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Elastic scattering of ' 0 by 'Si
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Differential cross sections were measured in small angular steps at forward angles for the elastic
scattering of '60 from ~sSi, 29Si, and Si at E~,b ——60 MeV and from 2ssi at six other incident energies
between 45 and 63 MeV. The angular position of a peak in the diffraction pattern at L9, =75 was
measured as a function of the incident energy between 55 and 63 MeV in 0.5 MeV steps. Close fits
to these angular distributions and those of other authors at energies between 41 and 81 MeV, some
spanning the whole angular range up to 180', and the excitation functions at 90' and 180', were ob-
tained in an optical model analysis. A consistent description of the data was found by the use of a
surface-transparent and parity-dependent potential with a real part able to generate a pocket in the
total potential. The real and imaginary strengths depend quite strongly and smoothly on the in-
cident energy. This potential shows a transition from surface transparency to strong absorption as
Ei,b approaches 81 MeV. The ambiguities in the strengths of the potential are discussed. The broad
dispersive potential resonances which are present in several partial waves at every energy are also
discussed and their relative importance is examined.

NUCLEAR REACTIONS ' 0+ 2 Si ' 0+ ~ Si, i60+ 30Si, E =45—63 MeV,
measured o.(E;0). Optical potential fit, E =41—81 MeV. Parameter ambiguities,

parity dependence, potential resonances.

I. INTRODUCTION

Even after two decades of effort, the understanding of
heavy-ion nucleus scattering at low energies is much less
satisfactory than our understanding of the scattering of
light ions from nuclei. There is no general agreement as
to the heavy ion systems for which the elastic and inelastic
scattering can be described by either strongly absorbing
potentials (SAP) or by potentials which are transparent in
the surface (STP), as to whether these potentials are ener-

gy dependent or not, or even whether the interaction be-
tween heavy ions can be adequately represented by a po-
tential. It is not clear, for example, whether the successful
application in some instances of potentials derived from
folding procedures is genuine, or true only for some sys-
tems or for data limited in angular range. There still ex-
ists, in connection with these and other forms of poten-
tials, the problem of how to formulate the criteria which
distinguish acceptable fits from those which are not ac-
ceptable. As a result, the same elastic scattering data are
often fitted with very different potentials, or subjected to
qualitatively different interpretations.

For example, angular distributions for the elastic
scattering of ' 0 and Si have been fitted previously in
the auerage (neglecting intermediate angle oscillations)
from E~,b ——33 to 66 MeV and closely (reproducing the os-
cillations) at 142.5 and 215.2 MeV with an energy-
independent, shallow real but strongly absorbing potential
of Woods-Saxon shape, known as potential E18.' Fits of
similar quality were obtained for the same data by use of a
very deep real potential derived from double folding to-
gether with an energy-dependent phenomenological
imaginary part.

In an attempt to better define the optical potential, we
initially made very detailed measurements of the elastic

scattering of ' 0 from ' ' Si at E~,b ——60 MeV. These
data revealed large oscillations in the cross sections for
0, ~55' which were not amenable to an optical model
analysis with strongly-absorbing potentials but were
closely reproduced with surface-transparent potentials.
Subsequently, complete angular distributions measured for
' 0+ Si at E~,b ——50.0 and 55.0 MeV showed large cross
sections at the far backward angles. ' Instead of fitting
these expanded data with a potential, the authors of Refs.
5 and 6 modified the matrix elements of the potential E18
by the addition of a single Regge pole whose position and
width in angular momentum space varied with the in-
cident energy. This approach yielded good fits at these
two energies. However, it was shown that the same data
could be fitted as well with STP, with STP having I-
dependent absorption, ' and also with a weakly absorbing
potential using an ingoing wave boundary condition. "
Systematic fitting of large angle data of Refs. 5 and 6 and
the angular distributions measured' by us at the forward
angles in the interval 45.0 &E~,b & 63.0 MeV showed that
simultaneous close fits at all these energies could be ob-
tained' only by introducing into an STP a smooth energy
dependence for its real and imaginary strengths. The use
of the I dependence in the absorption facilitated the fitting
of the enhanced cross sections at the very large angles.
Similar conclusions about the potential's energy depen-
dence were reached in an analysis' ' of the scattering of
' 0 from ' Mg

The measurements of the 180 excitation function'
(180' EF) created a new situation since none of the previ-
ously considered potentials could explain the prominent
gross structure which it contains. The authors of Ref. 14
suggested that each of the peaks in the excitation function
is caused by a potential resonance involving one or a few
partial waves, but no fit to the data was presented. One
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attempt' was made to fit the excitation function together
with the two complete angular distributions by an optical
potential. Although the angular distributions and the ap-
proximate positions of the peaks of the excitation function
were reproduced reasonably well, the strongly oscillatory
behavior of the excitation function was not fitted. We
have shown' that this failure to reproduce the excitation
function can be remedied by introducing a small parity
dependence into the STP, that is by multiplying the poten-
tial strengths by [I+ V( —I ) ] for each partial wave 1. C is
the coefficient of the parity dependence.

We have also shown' that reasonable agreement with
the angular distributions and 180' EF can be obtained
from a very simple inelastic transfer model. Addition of a
' C transfer amplitude, calculated in the distorted wave
Born approximation (DWBA), to the potential scattering
amplitude produced a good representation of the period
and magnitudes of the peaks in the excitation function.

In this paper we give experimental details on the ac-
quisition of our ' 0+ Si data, a fraction of which has
been previously presented in Refs. 3 and 10. We then dis-
cuss the properties of our STP, which fit the observed
strong diffractionlike patterns in the angular distributions
which SAP do not. We further show the sensitivity of the
STP fits to small changes in the optical parameters and
present details of the calculations with a parity- and
energy-dependent STP which produce a close fit to the
180' EF and good fits to the angular distributions.

We report on our principal new result, an energy-
dependent potential which closely reproduces all
' 0+ Si elastic data known to us between E~,b ——41 and
58 MeV and angular distributions at forward angles up to
81 MeV. This potential is strongly absorbing in the interi-
or and shows a transition from transparency to strong ab-
sorption in the surface as E~,b approaches the higher end
of this range.

We also discuss the ambiguities present in the real and
imaginary well depths. The nature of the resonances in-
herent in this potential are described and their relative im-
portance is investigated. Finally, we present experimental
data which point to the limits of the applicability of the
potential.

II. EXPERIMENTAL RESULTS

A. Data taken at Minnesota

We have measured differential cross sections for the
elastic scattering of ' 0 from Si, Si, and Si in the in-
terval 8 & O~,b & 52' using an ' 0 beam from the Universi-

ty of Minnesota MP Tandem Van de Graaff accelerator.
Data were taken for Si, Si, and Si at E~,b ——60.0 MeV
in steps of 0.5 and for Si at six additional energies,

E~,b ——45.0, 50.0, 55.0, 57.0, 58.0, and 63.0 MeV, in steps
of 0.67'. Some of the results, shown in Figs. 1 and 3—6 as
solid dots, have been presented ' previously.

The targets consisted of self-supporting silicon dioxide
foils, about 50 to 60 pg/cm thick and enriched in Si
(99.58%), Si (92.0%%uo), and Si (95.5%). The Si02 was
reduced in part to SiO during the evaporation from a tan-
talum boat. The target thickness was monitored by a sta-
tionary solid-state detector placed at —30. At all ener-
gies, except 60 MeV, the effects of the target deterioration
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FIG. 1. Differential cross sections a divided by the Ruther-
ford cross sections 0.~ for elastic scattering of ' 0 from ' Si
at E~,b ——60.0 MeV. The curves labeled A, B, C, D, E, and E18
were obtained with the corresponding parameter sets of Table I.
Insert: Absorption coefficients i)q= I —

~
Si

~

for parameter sets
A, B, and E18.

were minimized by continuously rotating the target in the
beam.

At the far forward angles (8'(i9i,b(35') a split-pole
magnetic spectrograph was used. The lack of a target
backing made it necessary to detect all important charge
states since the charge-state fractions were not equilibrat-
ed. For this reason three position-sensitive solid-state
detectors were placed along the focal surface of the spec-
trograph, to collect simultaneously the three charge states
(6+, 7+, and 8+) of the ' 0 ions. Contributions from the
5+ charge state were measured and found to be negligible.
Thus all important charge states were included in calculat-
ing the yields. Use of the spectrograph at forward angles
allowed a clean separation of the elastic silicon peak from
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those due to the oxygen, carbon, and small amounts of
tantalum in the target.

Data from O~,b
——30 up to about 52' were taken by an

array of six ordinary surface-barrier detectors placed 2'
apart and positioned 16 cm from the target. At all angles
the angular acceptance of the spectrograph and of each of
the Si array detectors was 0.5'. The spectrograph data
were normalized to the detector-array data in the overlap
region, 30 &(9&,b(35'. The elastic scattering of ' 0 from
the Ta contamination, which is pure Rutherford scattering
(cr~) at 60.0 MeV, served as a further check on the overall
efficiency of the system. When using the detector array,
background made the largest contribution to the relative
experimental errors, which are -2% at 30' and —10% at
50'.

Absolute cross sections o. were derived from a normali-
zation of the data at the far forward angles to the optical
model predictions. At these angles the predicted o. differ
at most by 10% from o.z, and different potential sets
which provide satisfactory fits to the angular distributions
yield cross sections that agree to within about +3%. An
additional error of +5% results from an uncertainty of
+0.2' in the scattering angle so that the overall error in
the absolute normalization is estimated to be +6%.

With the six-detector array we have also measured, in
0.5 MeV steps between 55 and 63 MeV, the angular posi-
tion of the ninth peak in the angular distribution (counting
the top of the main rise above o/o. z ——1 as the first peak
in the diffraction pattern). The ninth peak was chosen be-
cause it provided the best combination of peak to valley
ratio and counting rate. These data and their analysis are
presented in Sec. III H.

B. Data from other laboratories

Differential cross sections for the elastic scattering of
' 0 from Si have also been measured at other labora-
tories. Complete angular distributions at E~,b ——50.0 (Ref.
5) and 55.0 (Ref. 6) MeV were measured by Braun-
Munzinger et al. , and at E~,b ——41.23 MeV by Gelbke
et al. ' A 180' excitation function was obtained by Bar-
rette ei al. '

These three angular distributions, like those obtained by
us, have pronounced oscillatory patterns, first found by
Siemssen et al. ' The work of Cramer et al. ' concentrated
on the gross features of the data in a wide energy range
from E~,b ——32.7 to 215.2 MeV, disregarding the oscilla-
tions between 32.7 and 81 MeV. Subsequent data taken by
Cramer et al. confirmed the existence of distinct oscilla-
tions between E~,b ——40 and 76 MeV. Very recently, three
complete angular distributions ' were obtained at
E~,b ——33.2, 35.7, and 38.2 MeV.

In the present work only angular distributions between
41.23 and 81 MeV are considered, together with the 180'
excitation function (180 EF) (Ref. 14) (30.5 &Eq,b (58
MeV) and the excitation function at 0, =90' (90' EF),
measured by Kubono et a/. ' in the energy interval
30.5&E~,b &70 MeV. The elastic scattering data for
' 0+ Si at E~» ——73.5 MeV were also fitted but are not
presented here because of their limited angular range.

Our forward angle data at E~,b ——55.0 MeV are in very
good agreement with those of Refs. 1 and 19, and at
E~,b ——45.0 MeV our data are in excellent agreement with

those from Ref. 20.
At E&,b

——50.0 and 55.0 MeV we have combined our
forward-angle data (I9, (78') with the data of Refs. 5
and 6 taken at larger angles (78 &8, &178.4). Our
data at 50 MeV for 0, ~40' are systematically lower
than the data of Ref. 5 by -20%. Therefore w'e renor-
malized the results of Ref. 5 by a factor of 0.80. This re-
normalization of the large-angle data was not done at 55.0
MeV since our data and those of Ref. 6 are in agreement
around 78 .

Another normalization problem was encountered when
the 180 EF of Barrette et al. ' became available. These
data were taken with a target of —100 pg/cm thickness
and a laboratory aperture of 80 mrad (horizontal) by 100
mrad (vertical). If the experimental angular distributions
from Refs. 5 and 6 (normalized by us at 50 MeV by a fac-
tor 0.8 and unchanged at 55 MeV) are averaged over this
aperture, the resulting cross sections are only about one
third of the values obtained in the measurement of the ex-
citation function at the corresponding center-of-target en-
ergies. It has been proposed that this discrepancy is due
to the intermediate structure observed in the excitation
function, and the use of targets of different thickness in
the experiments of Refs. 5, 6, and 14. However, the data
of Ref. 24, taken near 50 MeV with a thin target (20
pg/cm ), do not appear to support this claim. We have
therefore renormalized the large-angle parts (0, ) 150')
of the angular distributions to the 180' EF data. (In this
angular region the experimental technique was different
from the one used at the forward angles. ) The renormali-
zation factors are 2.9 at 50 MeV (only 2.3 without the pre-
viously mentioned factor of 0.8) and 3.1 at 55 MeV. Only
when the large-angle data are renormalized can the angu-
lar distribution and the excitation function data be fitted
simultaneously. No renormalization was done to the an-
gular distribution data of Ref. 18 at 41.23 MeV since the
cross sections near 180, when averaged over the accep-
tance aperture, yield a value only -30% lower than that
reported in Ref. 14, in contrast to the factors of about 3
mentioned above. We shall, however, also consider the al-
ternative that the three complete angular distributions are
correct at the very large angles, but that for energies
E~,b )45 MeV the 180 EF is overestimated by a factor of
-3. It will be shown in the next section that the conse-
quences of this alternative leave the essential features of
the optical potential unaffected.

III. ANALYSIS OF THE DATA WITH OPTICAL
POTENTIALS

A. General remarks

The elastic scattering data were analyzed with the opti-
cal model code RAROMp, which was modified for use
with heavy ions. The modifications include: composite
form factors made of normal Woods-Saxon (WS) shapes
together with WS derivatives, various form factors not of
WS shape, parity dependence in both real and imaginary
parts of the potential, I-dependent smooth cutoff in the
imaginary part, averaging of the cross sections over the
acceptance aperture at 180, and computation of elastic
scattering from independently derived matrix elements.
As in previous work on 0 scattering by lighter tar-
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gets, ' ' ' ' a fit for the elastic scattering of ' O from
Si, Si, and Si was judged good if it reproduced not

only (a) the average shape of the angular distribution, but
also (b) the phase and (c) the amplitude of the diffraction-
like structures.

Initially a six-parameter WS form was chosen for fitting
our data since for ' 0+ Si a close fit of the strongly oscil-
latory pattern contains sufficient information to yield at
least six independent parameters at one energy. The justi-
fication for this statement is as follows: If only a
Fresnel-type average shape of the angular distribution is
measured, the position, the width, the amplitude of the
main rise above o.R, and the slope of the exponential fall-
off after the main rise can determine at most four parame-
ters of the optical potential. Since the exponential falloff
is not smooth but has a superimposed Fraunhofer-type os-
cillatory structure, three more parameters can be deduced
in principle from the position, the period, and the ampli-
tude of these oscillations. Thus the total number of in-
dependently determinable parameters is seven, so that a
six-parameter potential should be free from parameter am-
biguities. If the oscillatory structure in the falloff is ig-
nored, the depth V and half-value radius R of the WS
form are usually connected, for constant diffuseness a, by
the relation

R
ln V+ —=const

a

of Igo.
When the Sommerfeld parameter

g=pZiZ2e /fi k

is of the order of 15 or larger, the oscillatory Fraunhofer-
type patterns in the angular distributions become rather
weak. Here p is the reduced mass and k is the wave num-
ber. Then the angular distribution shapes are close to sim-
ple Fresnel-type diffraction patterns because the scattering
is dominated by strong absorption and the Coulomb force.
Only the tail of the nuclear potential affects the shape of
the angular distributions. Such situations result in "Igo-
ambiguous" potentials, precluding the knowledge of where
the potential starts to deviate from the exponential form
which it has at large radii. The Igo ambiguity can be re-
moved for g (10 by carrying out precise measurements of
the elastic cross sections over a sufficiently large range of
angles, and then insisting on close fits to the data. In this
work (7.8 & q & 11.0) angular distributions with oscillatory
structures measured over all angles are used to deduce pa-
rameters of potential shapes more complicated than the
usual six-parameter WS form.

We find that potentials which predict the critical angu-
lar momentum l„ to be different (& 1A') from the grazing
angular momentum lg, do not give optimum fits. The l„
is determined by the S matrix such that

The lg, on the other hand is determined directly from the
experimental quarter-point angle 0«4 as defined by

0.($/4) =og (]/4)/4

via the classical relationship

1=scot( 2 Oir4) ~

Although l„=lg, appears to be a necessary condition, it
is not sufficient for a close fit.

B. Strongly absorbing potentials (SAP)

Extensive searching was first performed on the
' 0+ Si data at E~,b ——60.0 MeV by gridding on the po-
tential depths from 5 to 150 MeV for the real part and up
to 60 MeV for the imaginary part using standard dif-
fusivities, a„and a;, in the range from 0.5 to 0.8 frn.
These diffusivities are characteristic of strongly absorbing
potentials. It was found that the angular distributions
generated by these strongly absorbing potentials fit the
data well "in the average" up to 0, -50', but completely
fail to reproduce the large oscillations beyond. Predictions
with such a SAP, E18, are shown in Fig. 1. A similar
search using an SAP with an l-dependent smooth cutoff in
the imaginary part defined ' by

W(r, l) = 8'(r)I 1+e ' ] (2)

also proved fruitless.
If the ratio between the real and the imaginary strengths

of a strongly absorbing potential is made large, as in set A
of Table I, the oscillations beyond 50' are reproduced to
some extent, but at the cost of seriously underestimating
the data between the main rise and 0, ~50 (Fig. 1,
curve A). Thus the experimental 0~~4 is not reproduced in
this case and Is, differs significantly (by one unit) from I,„.
However, having l„=—lz, does not guarantee a close fit.
For example, at E~,b ——60 MeV, E18 with l„=lg, fits the
quarter point angle but does not reproduce the oscillatory
pattern of the data.

We have also tried fitting the data using potentials with
the real and the imaginary parts derived from double fold-
ing employing a Gaussian interaction of range 1.4 fm. In-
dependent adjustment of the strengths produced good fits
"in the average, " but did not fit the oscillatory structure.
If charge densities obtained by electron scattering from
' 0 and Si are folded with a Gaussian interaction, the re-
sulting folded potential has a "diffusivity" larger than 0.6
fm which is characteristic of SAP. Attempts to use a
real potentia1 from folding, together with a phenomeno-
logical absorption of the WS shape, also did not closely fit
the oscillations at E~,b ——50.0 and 55.0 MeV.

In brief, our investigation has shown that, at incident
laboratory energies between 40 and 80 MeV, strongly ab-
sorbing potentials do not furnish close fits to the elastic
scattering of ' 0 from Si, Si, and Si.

C. Surface-transparent potentials (STP)

The unacceptable fits obtained at 60 MeV with strongly
absorbing potentials (SAP) are in contrast to those (curves
B—D in Fig. 1) which were obtained using surface
transparent potentials (STP} of shallow real depth and rel-
atively weak centra1 absorption. The surface transparent
nature of these potentials (sets B—0 of Table I) stems pri-
marily from the fact that a; & a„whereas r; =r, and
8'& V. As a consequence, the absorption is only ——,'0 of
that of the SAP at the important Coulomb reflection ra-
dius R,„as defined by
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FIG. 3. Data points: o./uR for the elastic scattering of ' 0
from "Si at E~,b ——60.0 MeV. Points connected by solid and
dashed lines: optical model parameters and J /N as a function
of the angle up to which the data were included in the search for
a best fit.

partial wave is not confirmed by our potentials.
Another important property of the STP can be seen in

the insert of Fig. 1 which compares the absorption coeffi-
cients, r)i ——1 —

~
Si ~, for sets A, 8, and E18. The num-

ber of partial waves over which the absorption coefficients
change from 0.9 to 0.1 is a factor of 2 smaller for the STP
8 than for E18. We find that close fits require not only
that the falloff of the absorption coefficients be centered
near lg„but also that the cutoff about l„must be rather
narrow.

We now discuss how well the parameters of our poten-
tials are determined. If the data are limited to 0, (40',
the deduced parameters are "Igo ambiguous. " The addi-
tion of more data removes the Igo ambiguity and leads to
parameter sets with best fit values for all parameters
which, except for a;, change little as the angular range is
increased. Figure 3 shows parameters of the optical po-
tential yielding best fits (and the corresponding values of
X /N) as a function of the angle up to which the data were
included in the search. The best fit imaginary diffusivity
a; starts with a rather small value a;(0.1 fm, and in-
creases as more data are fitted, showing that the very
small values a; &0.2 fm arise from the limited extent of
the data. It will be demonstrated later (Sec. III D) that fits
to angular distributions extending over the whole angular
range lead to imaginary diffusivities a; =0.3 fm.
Nevertheless, even these more acceptable values of a; are
still considerably smaller than the "standard" value of
a; —=0.6 fm of the SAP. Similarly, the real diffusivities of
the STP cluster around a, =-0.45 fm, which is far short of

the equivalent diffusivities of double-folding potentials
(Sec. III 8) and phenomenological potentials such as E18.

In order to estimate the uncertainties in the best fit pa-
rameters of set 8 (Table I), we varied each parameter one
by one in small steps, and searched on all of the other pa-
rameters until the fits converged. All 60.0 MeU data
shown in Fig. 3 were included in the search. The percen-
tage of change in each of the six WS parameters needed to
produce (after searching) an increase of 50% in the value
of 7 /N are the following: 15% for V„2% for r„13%
for a„22% for 8'„, 1% for r;, and 93% for a;. These
numbers show that the best determined parameters are the
two radii and that a; is poorly determined.

In order to find out how far into the interior changes in
the potential affect the fit to the elastic scattering, we used
a modified version of the "notch" perturbation
method. ' A "notch" of Gaussian shape of width
a=0.5 fm (FWHM) was positioned at decreasing values
of r. The magnitude of the notch was set equal to
0.05V(r) for the real potential and to 0.20W(r) for the
imaginary potential. For ' O+ Si at E~,b ——60.0 MeV
we find that substantial ( ~ 50%%uo) changes in X /N occur at
values of r as small as 4.5 fm. This is significantly inside
the distance of closest approach (6.5 fm) for the grazing
partial wave and indicates the sensitivity of the fit to the
potential at small distances for this type of STP, which
has shallow interior absorption. In Sec. IIIF we describe
our energy-dependent potential with strong interior ab-
sorption (but which is otherwise similar to set 8) which
gives improved fits and is insensitive to changes at such
small radii.

Earlier versions of the STP sets 8 and D (Table I) have
been used successfully in a DWBA analysis of ' 0 + Si
inelastic data and in a coupled-channels analysis of
' 0+ Si elastic and inelastic data.

D. Energy dependence of the surface
transparent potentials

The elastic scattering data between E~,b ——45.0 and 63.0
MeV presented in this paper (Figs. 4—6), some of which
were discussed in Ref. 10, show a systematic shift of the
oscillatory pattern toward small angles as the energy is in-
creased. This shift is larger than that predicted by energy
independent optical potentials. Free searches with six-
parameter WS forms at each of the eight energies produce
potentials with nearly equal geometry parameters and a
systematic increase of the real and imaginary strengths
with energy. The geometry parameters are similar to
those of set 8 in Table I. With the real geometry fixed,
the energy dependence of the real depth is very nearly
linear. The dependence of the imaginary depth can be tak-
en either as linear, if the imaginary radius is allowed to in-
crease linearly with the energy while the diffusivity a; is
kept constant or, equivalently, as quadratic (or exponen-
tial) if both r; and a; are kept constant. The increase in
the real well depth with energy maintains a nearly con-
stant depth of the pocket in V„,(r, ls, ) over the whole ener-
gy range. However, the width of the pocket for lz, de-
creases with increasing incident energy.

The complete angular distributions at Ei,b ——50.0 and
55.0 MeV can be also closely fitted with such STP, provid-
ed that the imaginary diffusivity a; is increased from
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FIG. 5. o/og for ' 0+ Si at E],b ——41.23, 50.0, and 55.0
MeV. Solid data points: this work; open data points: data of
Ref. 18 (41.23 MeV), Ref. 5 (50.0 MeV), and Ref. 6 (55.0 MeV).
Solid lines: fits with set G.

partial waves I & ls, by means of an I dependence [Eq. (2)]
leads to a further increase in the cross sections at very
large angles. In Ref. 10 we have shown excellent fits to
the angular distributions in the interval 45&E~,b&63
MeV using such I-dependent potentials. The fits shown in
Figs. 4—7 were obtained with optical potentials which are
energy and parity dependent (but contain no I dependence).
These potentials are described in Sec. III E after a discus-

I

IJ

10 20 30 40 50 60 70 80 90
e~~ (deg j

1.0

0.1

I I I I I [ I f I I I I I I I & I I I l I I I l I I j I [ j

FIG. 4. o/o. ~ for ' 0+ Si at Elab —4S.0, 53.0, S7.0, 58.0,
60.0, and 63.0 MeV. Dashed lines: fits with potential set G
(Table III); solid lines: set H (Table III) with modified energy
dependence for E~»&57.0 MeV (Sec. IIIF). Data from this

work, except for E&,b ——53.0, which are from Ref. 1.

a; &0.2 to -0.3 fm, and a small adjustment is made in the
imaginary radius r;. The effect of these adjustments is a
reduction of the absorption in the vicinity of the "pocket, "
resulting in an enhancement of the cross sections at very
large angles. This strong dependence of the large angle
cross sections on the absorption in the pocket is consistent
with the findings of Brink and Takigawa. Using a semi-
classical method, they separated the contributions to the
cross sections from the inside and from the outside of the
potential barrier. According to their results, the cross sec-
tions at large angles are mainly due to the contributions
from the pocket.

Additional reduction of the absorption of this STP for

1.0

0.1

b

b

0.01
'

10

20 40 60 80 100 120 'l 40 160 180

8, (deg }

FIG. 6. Same as Fig. 5 except for solid lines which were ob-
tained with best fit potential set H.
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FIG. '7. o/o~ for ' 0+ Si at O~,b
——90 as a function of E~»

(90' EF of Ref. 22). Solid line: prediction with set H; broken
line: prediction with set G.

6035

sion of the 180' EF (Ref. 14) which requires parity depen-
dence for a close fit. '

Since the angular distributions are measured up to near
90 in the c.m. and fitted closely and systematically by an
(energy dependent) optical potential, it is not surprising
that the 8, =90' EF (Ref. 22) (Fig. 7) is also fitted. This
we have verified in the energy interval 45 (E~,b & 63 MeV
by generating the 90 EF from the potentia1 given in Ref.
10. However, a serious problem arises when close fits are
sought simultaneously to the angular distributions and the
180 EF (Fig. 8). The difficulties become evident when
one tries to fit the 180 EF with an energy-dependent STP
like the one given in Ref. 10. For this purpose, the
imaginary parameters were made to vary smoothly with
energy, and the computed ratio o/O. z at 180 was aver-
aged over the acceptance aperture. One finds that
(o /cr~ ),„calculated from such a potential yields peak-to-
valley ratios of -5:4, far short of -5:1 exhibited by the
data. Moreover, in the interval 45 & E~» (58 MeV,
(o./o.z ),„shows peaks at energies at which consecutive an-
gular momenta become the grazing angular momenta, i.e.,
approximately twice as many peaks are predicted as are
seen in the data. Thus, while the STP from Ref. 10 pro-
vides close fits to the angular distributions measured for
45&E&,b &63 MeV, and to the 90 EF even outside this
energy interval, it does not fit the gross structure of the
180' EF. We find' that close fits to all these data can be
achieved if the STP is also made parity dependent by mul-
tiplying the well depths by a factor [1+C(—1)'] {Sec.
III E).

OQ6-

OQ5-
+I

o 0.04
—

O.O3-&

Q~ oo2-&

o.oi-
ol
30 35 40 45 50 55 60 65

Et b(M v)

FIG. 8. g/g& for ' 0+ ' Si at g~,b
——180' (180' EF of Ref.

14). Short-dashed line: calculated with set G, setting
C„=C;=0; long-dashed line: fit with set G- (Table III); solid
line: fit with set H (Table III).

It has been known for some time that in the scattering
of lighter incident ions the exchange effects arising from
the Pauli principle lead to exchange terms in the effective
optical potential of the Wigner and Majorana types. Cal-
culations based on the resonating group theory (RGT)
show that these effects can be approximately accounted
for by adding to the direct potential the exchange term

V,„(r,l) = V, (r)+( —1)'Vb{r) .

The Wigner-type term V, (r) represents mainly the ex-
change of one nucleon. It has an appreciable magnitude
when compared with the direct potential but is of shorter
range. Its contribution to the cross section is limited to
forward angles. The Majorana-type term {—1) V&(r) ac-
counts mainly for the exchange of the core cluster, and the
RGT calculations estimate Vb(r) to be relatively small and
also of short range.

However, even when only a small parity dependent term
is included in the optical potential, the partial cancellation
of the scattering amplitudes (from consecutive I) close to
180 is considerably reduced. The cancellation can be seen

TABLE II. Values of the grazing (Ig, ) and of the critical (3,,)
angular momenta at the maxima of the 180 EF.

(MeV)
lg„

Icr

41.23
17.7
17.3

45.0
19.6
19.7

50.0
22.2
22.4

55.0
24.7
24.8

Alternative descriptions of the gross structure in the
180' EF are of two kinds: The first kind assumes a direct
scattering process and regards the peaks in the 180' EF as
coming from potential resonances, involving one (or a few)
partial waves. ' ' ' According to the second kind,
each peak in the gross structure of the 180' EF arises from
a number of closely spaced excited states in the compound
nucleus Ti. This mechanism rests on two further as-
sumptions: (a) A special group of excited states results
from barrier-top resonances and the quasimolecular struc-
ture of the intermediate scattering system. (b) These con-
figurations are only weakly coupled to other states, and
feed preferentially back into the elastic channel, instead of
into other channels.

Neither type of description has led to satisfactory fits to
the 180 EF. The angular distributions at energies corre-
sponding to peaks in the EF have shapes at large angles
like ~PI(cosg, ) ~, where l-ls, . These values of angu-
lar momentum (Table II) differ by at least two units for
consecutive peaks. Descriptions of the first type do not
explain the lack of peaks corresponding to consecutive
values of I. The second kind of description is unattractive
since the 180 EF for elastic scattering of ' C+ Si and
' 0+ Ca, corresponding to the compound systems Ca
and Ni, respectively, also have well-defined gross struc-
tures ' similar to those in the ' O+ Si 180' EF. %'e
believe that these similarities are more likely to stem from
a common underlying phenomenon such as exchange ef-
fects (leading to a parity dependence) rather than to be re-
lated to the very different spectra of the three compound
systems.

E. Parity dependence of the optical potential
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most clearly for 0=180 where consecutive P1(cos0) alter-
nate between + 1 (even l) and —1 (odd 1). Thus, introduc-
ing a constant difference between the nuclear potentials
for the even and odd partial waves upsets this cancella-
tion. We note, however, that there is no simple relation-
ship between the parity dependent part of the potential and
the resulting changes in the S-matrix elements (see Sec.
IV A).

Core exchange effects are large if the incident and the
target nuclei differ by one or a few nucleons. In the
present case Vb(r) corresponding to the exchange of the
core cluster is expected to be quite small because ' 0 and

Si differ by twelve nucleons. Other exchange effects cal-
culated in the Born approximation which contribute to the
scattering amplitude either at forward angles, due to the
exchange of two or three nucleons, or at the backward an-
gles, due to the exchange of fewer nucleons than the core,
are even less important and can be neglected.

Optical potentials with parity dependence have been
successfully used in the analysis" of experimental data in-
volving light ions. For heavier systems such as ' C+ ' C
and ' 0+ ' 0, the parity-dependent term has been calcu-
lated in the distorted wave Born approximation (DWBA)
assuming, respectively, one nucleon and two-nucleon
exchange. Similarly, a phenomenological study ' of the
elastic scattering of ' O from Ne has pointed to the need
for an odd-even exchange term in the effective potential.
A microscopic study of the elastic scattering of ' 0 from

Si by the generator coordinate method yielded real phase
shifts which did not display any parity dependence. These
calculations (and many such calculations for heavier sys-
tems) are rather crude approximations since they can ac-
count only very poorly for the neglect of the large number
of open nonelastic channels. Further, the conclusion
that the generator coordinate method does not produce a
parity dependence in the phase shifts is unconvincing since
the 180 EF is not fit and no attempt. was made to fit the
angular distributions.

We now describe the simultaneous fitting of the angular
distributions and the 180 EF using an optical potential
with an empirical parity dependence. The effective parity
dependence is assumed to be of the form

V,tr(r, i) = V(r)[1+C,( —1) ]

+i&(r)[1+C,( —1)'] .

V, (r) [Eq. (6)] is thus contained in V(r) and W(r) and
Vb(r) has been assumed to have the same shape as the
parity-independent part of the potential. The (energy-
dependent) coefficients, C„and C;, then give the relative
strengths of the real and imaginary parity dependence.
From resonating-group theory, C, is expected to decline
exponentially as the incident energy increases. In fitting
we used an energy-dependent STP similar to the one in
Ref. 10 but with constant geometries and without the l
dependence in 8' [Eq. (2)].

By gridding on C„and C;, and searching on V and 8',
we find that good simultaneous fits can be generated with
the exponential energy dependence for C, as predicted by
theory. We also find that the dependence on C; is very
weak. The real and imaginary strengths of the STP in-
crease linearly and exponentially with energy, respectively.
The fits require this particular type of energy dependence
when the real and imaginary geometries are kept constant.
This potential (with C; set equal to C, ) is listed as set G in
Table III and has been reported elsewhere. ' The angular
distributions generated by it are shown in Figs. 4 and 5,
and the 90' and 180' EF are shown in Figs. 7 and 8. Al-
though the values of C, and C; are found to be quite small
(at E~,b ——SS.O MeV, C, =C; = —0.0020), as might be ex-
pected, they are crucial for fitting the 180 EF. Without
parity dependence, the calculated EF has approximately
twice as many peaks as the data and inadequate peak-to-
valley ratios (Fig. 8.)

Systematic close fits to angular distributions measured
up to 0, (90', where the effects of C, and C; are negli-
gible, determine the real part of the potential quite well in
the pocket and beyond, and only somewhat less well the
absorption. The potential is even more precisely deter-
mined by complete angular distributions. With a potential
determined by the data at forward angles, fitting of the
180' excitation function requires the sign of C„ to be nega-
tive, since a positive C, produces a predicted excitation

TABLE III. Optical model parameters for ' O+ Si elastic
scattering at energies 41(EI,b(63 MeV. All energies and po-
tential strengths are in MeV; the reduced radii and the diffusivi-
ties are in fm.

Set G

0.1

10 2

V, =0.453E]ab+ 1.715, r, = 1.323, a, =0.485
W„=0.0082 exp[0. 905(E")'~ ], r; = 1.350, a; =0.300
C„=C; = —0.112exp( —0.0731E[,b), rc,„l——1.0

where E =E, +Q = ~E~,b+11.4

Set H

V, =0.453E~ab+1.715, r, = 1.323, a, =0.485
W„=2V„r;=0.890, a; =0.485

Wq ——0.0696 exp(0. 0658E~,b ),

rd ——1.296, aq ——0.210—0.310 (see text)
Cp —0.208 exp( —0.063 1Elab ), Cg =0, rco [ ——1 ~ 0

/
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FIG. 9. o./~& for O+ Si at O, m )90' and E~ab ——41.23
MeV (data of Ref. 18). Solid line: fit with set H
(C,.= —0.0155); broken line: calculation with set H, setting
C„=O.
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function out of phase with the data. Setting C, =O has
dramatic effects on the cross sections beyond 90. This is
shown, for example, in Fig. 9 for set H (to be discussed in
the next section} at E;» ——41.23 MeV. Setting C; =0
leaves the quality of the fit almost unchanged. The uncer-
tainties (Sec. IIIC) in the parameters of set CJ, given in
Table III, are approximately the same as those for set 8
(of Table I). The cross sections at the very large angles are
particularly sensitive to a change in C, or, equivalently, to
a relatively smaller change in W, . For example, at
E~,b ——55.0 MeV o. (180 ) is reduced to one third by a 20%
increase in 8' or by a 60% decrease in C, .

I I I I I I I I I I

wo-

25

o ZO- X~g ~ y/ 15

0'1.25

I I I I I I I I

F. Potential with composite absorption

Fits generated by set G for the three complete angular
distributions (Fig. 5) have several shortcomings: (1) At
E&» ——50.0 and 55.0 MeV the calculated cross sections at
0, —100' are too large. (2) The last three peaks in these
angular distributions are not equally well fitted, in con-
trast to the fit with an I-dependent absorption, ' the peak
near 160' being especially low. (3) The angular distribu-
tion based on set G at E~» ——41.23 MeV has only four
peaks at the very large angles, one less than the data.

Since the forward angle diffraction pattern is closely
reproduced in all angular distributions in the interval
45 (E~» & 63 MeV, we conclude that the real part of the
optical potential is well determined. Indeed, we find that
these deficiencies are reduced by changing only the
imaginary potential in the region of the pocket and in the
interior. Extensive searching resulted in the excellent fits
to the complete angular distributions shown in Fig. 6. Set
H has the same real part as set G, but a composite absorp-
tion made of a WS interior (W„,r;,a;) part and an indepen-
dent WS derivative (8d, rd, ad} peak in the surface, cen-
tered at Rd ——7.2 fm. The increase in the interior absorp-
tion required an increase in the magnitude of the parity
dependence parameter C, . For example, at E~» ——55.0
MeV, C, is —0.0065 for set H, compared to —0.0020 for
set G. In set H, C; has been set to zero at all energies. All
parameters of the imaginary geometry are constant except
Qd, the diffusivity of the WS derivative.

We note that the additional imaginary WS derivative
peak of set H is very similar to the (I-dependent) polariza-
tion potential which results from coupling to excited
states of the colliding nuclei. Although the determination
of the composite absorption here was done empirically, it
is interesting that the search determined the optimum ra-
dius (Rd =7.2 fm) to be very close to the half-value radius
of the real potential (R„=-7.35 fm). Calculation' of the
imaginary polarization potential places it near this radius
when the coupling is of collective form. Furthermore,
since the real polarization potential is smaller relative to
the bare real potential and is located somewhat inside the
bare potential half-value radius, it is reasonable that we
have found no need for a surface peaked term in the real
part of the potential. The magnitude of the surface peak
(set H) is similar to that from calculations we have done
for the polarization potentials of partial waves around lg,
including collective coupling to the first excited state of
28S.

In fitting ihe data it was found that there is some ambi-
guity between the two imaginary diffusivities a; and ad

—1.0

—0.1
4 6 7 8

r(~m)
FIG. 10. Top: total potential energy V„,(r, l) [Eq. (4)] be-

tween I =13 and 18 for set G (same as for set H) at E~,b ——41.23
MeV. Bottom: dashed-double-dotted lines: —8'(r) = —8'~(r )

for set 6 at E~,b ——41.23 and 55.0 MeV; dashed lines, dashed-
dotted lines, and solid lines are —W~(r), —8'D(r), and the sum
—W(r) = —&~(r) —8'D(r), respectively, of set H.

and the strength of the surface absorption 8'd. Good fits
were obtained between 40 and 58 MeV with 8' =2V„
u;

—=a„=0.485 frn, r; =0.89 fm, and rd ——1.296 fm. An ex-
ponentially increasing energy dependence was required for
8'd and a linear energy dependence was indicated for ad,
which in.creases from 0.21 fm at E)» ——41.23 MeV to
0.310 fm at E~» ——50.0 MeV. Above 50 MeV, ad is con-
stant. The composite absorption with its interior and sur-
face components is shown in Fig. 10 for E~» ——41.23 and
55.0 MeV. It is readily seen that the surface part of the
composite absorption (set H) is similar to that of potential
G, but. there is considerably more absorption in the interi-
or. For E~» ——41.23 MeV the upper part of Fig. 10 shows
the positions of the "pockets" and barrier tops of V„, [Eq.
(4)] for partial waves 13(I(18. The reduced absorption
of set H near the center of the pocket is important in re-
moving the deficiencies (1)—(3).

Set H also generates close fits to the angular distribu-
tions measured at E&,b ——66.0, 69.0, and 72.0 MeV, ' if
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FIG. 12. Energy dependence of the strengths of the compos-
ite absorption. Broken lines: set H (Table III); open dots: best
fit values, connected by solid line. The two points not connected
by a solid line are the central values of the absorption (solid lines
in Fig. 13) obtained from a more complicated shape (see text)
than used at the lower energies.
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8c ~(deg j

FIG. 11. cr/cr~ for ' 0+ Si at E~,b ——66.0, 69.0, 72.0, 76.0,
and 81.0 MeV (data of Ref. 20). The fits were obtained using
the real part of optical potential H and the W(r) shown in Fig.
13.

100- I I I I I I I I I

modifications are made in the energy dependence of W„
and Wd. Fits to the angular distributions with this modi-
fied absorption are shown in Fig. 11. The modified energy
dependences for W„and Wd are shown as the solid lines
in Fig. 12. The dashed lines represent the energy depen-
dence of 8'„,8'd as given by the formulae in Table III.
Even angular distributions between 57 and 63 MeV (Ehb)
for 0, &60 are improved somewhat by this modifica-
tion, but below 57 MeV its effects are negligible. Predic-
tions at these energies with the modified composite ab-
sorption are shown in Fig. 4 as the solid lines.

The modified total absorption W(r) for the three ener-
gies E~,b ——66.0, 69.0, and 72.0 MeV are shown in Fig. 13
(solid lines). Also shown as solid lines in Fig. 13 are the
best fit W(r) for 76.0 and 81.0 MeV, which have substan-
tially different shapes because of a need for an absorptive
tail at r &9 fm. This tail and a large interior absorption,
in addition to the surface peak centered near 7.2 fm, could
not be generated by a simple addition of a volume absorp-
tion W~ and a surface absorption WD as in set H. Fits
with such a simple sum lead to the broken lines for 76.0
and 81.0 MeV with unrealistically small absorption inside.
When the interior absorptions at these two energies were
increased to generate the solid lines of Fig. 13, a somewhat

10=

6 8 10
r(fmj

FIG. 13. Composite absorption 8'(r)= 8'~(r)+ WD(r) of the
best fit potentials between E~,b ——66.0 and 81.0 MeV (solid lines)
and alternative absorptions (broken lines) that yield nearly
equivalent fits at the two highest energies.
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TABLE IV. Values (in MeV) of the total imaginary potential, —W(r) = —W~(r) —WD(r), and of its
surface derivative part, —WD(r), at the Coulomb reflection radius, R„=8.7 fm and —WD(r) at r=7. 1

fm (near the center of the pocket) for the modified potential set H (see Fig. 13) at energies 66 & E~,b & 81
MeV.

81.0

—W (8.7 fm)
—WD (8.7 fm)
—WD (7.1 fm)

0.112
0.096
5.52

0.22
0.20
6.38

0.26
0.25
7.76

0.28
0.26
8.28

0.45
0.27
9.05

1.36
0.43

11.4

better fit was obtained than with the 8'(r) represented by
the broken lines. The need for the more complicated
shape of the imaginary potential in the surface may be due
to the increasing importance of the polarization potentials
associated with nuclear reactions, in addition to the inelas-
tic excitations mentioned previously.

The most interesting feature of the radial dependence of
W(r) shown in Fig. 13 is the change in character from
surface transparency to strong absorption as the energy in-
creases. Table IV lists the values for the absorption at the
Coulomb reflection radius, R„=8.7 fm, and at r=7.1 fm,
the center of the pocket, both for I =lg, . At the center of
the pocket, near E~,b ——76.0 MeV, the absorption becomes
comparable to 8.9 MeV, the value of the absorption of the
SAP E18 at this radius 8'(7. l fm)=8.9 MeV. Similarly,
between 76 and 81 MeV, the absorption at R„approaches
and exceeds that of E18.

Since the rise of surface absorption with increasing en-
ergy reduces the relative importance of the interior, the
dashed lines in Fig. 13 at 76 and 81 MeV generate fits to
the data only slightly inferior to those obtained with the
solid lines.

The (energy-dependent) real potential does not require
any modification up to 81 MeV. However, if the energy
dependence of our STP set G or H is used to extrapolate
the potential to E~,b ——142.5 and 212 MeV, the data of
Ref. 1 are not fitted. Attempts to fit these data with the
small real diffusivity (a„=0.485 fm) which was necessary
at lower energies were unsuccessful. Best fit potentials
(e.g. , E18} at the higher energies have values of a„&0.6
fm, have no pocket in V„, for l near lg„and are strongly
absorbing.

As mentioned in Sec. II B there is a discrepancy between
the 180' EF data' and the results of averaging (over the
acceptance aperture) the experimental angular distribu-
tions at 50.0 (Ref. 5) and 55.0 MeV (Ref. 6). Since the
180 EF was measured' ' twice and no disagreement was

20(

wO~ /
e / /.~' Gc ~&180

I
/

5.
C.fTl.

20 25 50 55 40 45 50 55
V, (MeV)

FIG. 14. g per point as a function of real well depth V, at
E~,b ——55.0 MeV. Upper points: all data were included in the
search; lower points: only data for 0, & 90' were included.

reported, we have adjusted the large angle angular distri-
bution data as described in Sec. II8. If, however, it is as-
sumed that the 180 EF is overestimated and that the re-
ported angular distributions are correct, then the latter can
be fitted by simply changing the coefficient C„ofset H to

C„=2.60exp[ —0. 124E»b (MeV)] .

This new energy dependence does not change the value of
C„at 41.23 MeV, but approximately halves the value at 50
and 55 MeV. Thus, this discrepancy does not affect the
essential features of potential sets G or H.

G. Ambiguities in the optical potential

Optical potentials are known to be subject to consider-
able ambiguity, (see, e.g. , Ref. 28}. We have therefore in-
vestigated the ambiguities present in the STP sets C and D
(Table I) for ' 0+ ' Si at 60 MeV and in sets G and H
(Table II) for ' 0+ Si between 45.0 and 63.0 MeV. For
all these cases, the ambiguities in the strength of the real
potential were obtained by gridding on the real strength V,
and searching until convergence on all other parameters
except C, and C;, which were kept constant and equal.
The findings which we describe in the following for set G
(' 0+ Si) at 55 MeV are typical of the results for the
other systems and energies.

Figure 14 shows 7 /X as a function of V„. Two sets of
searches were done, one including only the forward angle
data, 0, &90', the other including all angles. Distinct
minima in g /X were found at values of V, which are
nearly the same for the two cases. We note the following:

(1) The parameters of set G are associated with the first
minimum shown near V„=24 MeV and there are no mini-
ma for smaller values of V, .

(2) Equivalent (with respect to X /N) minima are found
for depths up to at least 150 MeV.

(3) The spacing in V, between consecutive minima is
about 14 MeV.

(4) There is also a discrete spacing in W, between con-
secutive minima, of about 0.7 MeV.

(5) The real and imaginary diffusivities at the minima
are nearly constant: a„=—0.46 fm, a;-=0.18 fm (forward
angle data only), and a;—:0.24 fm (data at all angles).

(6) As the well depth increases by discrete amounts be-
tween minima, the radius decreases according to the rela-
tionship

ln V+A/a =const .

This is true for both the real and imaginary potentials.
As a result of condition (6), the real potential at and

beyond the barrier top (rb=8.2 fm) is the same for all
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TABLE V. The differences b V and hW (MeV) in the real
and imaginary well depths between the first few consecutive
minima in g /W as a function of E],i, (MeV). The Woods-Saxon
parameters at each energy can be obtained from this table and
set G (Table III) in the manner discussed in the text for E],p ——55
MeV.

80-

Elab 45.0

11.0
0.55

SO.O

13.0
0.65

55.0

14.0
0.70

60.0

15.2
0.72

63.0

15.7
0.83

cu 75-

E
Qo

minima. However, these equivalent real potentials differ
significantly inside the barrier top radius. In particular,
the depth of the pocket for l near lg, increases in discrete
steps. Each increase produces an additional node in the
real and imaginary parts of the radial wave function in the
pocket. This corresponds to the presence of an additional
potential resonance state. If the absorption is set to zero,
increasing V, by about 14 MeV produces a 180' increase in
the real phase shift for l near lg, .

With V, -=14 MeV below that for the first minimum
(Fig. 14}, there is no pocket in V„, (for l=ls„). The fact
that no fits are obtained here [condition (1)] indicates the
importance of having a pocket. This is further seen by
perturbing V„, in the region of the pocket leaving the bar-
rier top unaffected. In this case, the cross sections for-
ward of O, -60' are little changed, but the larger angle
oscillations are shifted. This finding, i.e., that the larger
angle (8, & 60') cross sections contain significant contri-
butions from the pocket region, is similar to the result of
Brink and Takigawa for the elastic scattering of a + Ca.

The discrete increase in W„[condition (4)] is under-
standable as a consequence of the need for maintaining a
constant mean-free path A, in the middle of the pocket (at
r -7 fm}. Here (with Ei,;„and W in MeV and p in u}

1/2
Ek;„(r)

A, =4.6 (8)
pW (r)

fm,

where

Ekm(r}=Ec.m.
—1 ccui(r} 1 ncc1("} .

At the minima of Fig. 14, A, is -2 fm in the pocket.
The study of the ambiguities for ' 0+ Si at energies

other than 55 MeV has shown that the discrete spacings
4V and 68' between consecutive minima increase sys-
tematically with energy (Table V). This increase is possi-
bly a result of the larger spacing between resonant states
due to the increasingly narrower pocket for lg, as the in-
cident energy increases.

The parabolas obtained in investigating the potential
ambiguities for nine-param'eter sets such as set H have
minima in close agreement with those for six-parameter
sets, such as shown in Fig. 14. The nine-parameter pa-
rabolas are much shallower due to the greater flexibility
provided by the three additional parameters. Between the
rninirna, converged fits obtained with nine-parameter sets
are quite acceptable, having 7 /N within 50% of the best
fits. However, constant geometries and smooth energy
dependencies for the strengths are obtained only for pa-
rameter sets near the minima.

70

65
s 1 g i i i I s I

55 60
E~ }, (MeV)

FIG. 15. Angular position 0, of the ninth and tenth peaks
in the angular distribution as a function of Ehi, . (The maximum
value of o /o. & in the main rise is counted as the first peak. ) The
arrows (labeled by I) indicate the energies at which E, is
tangential to V„,(r, l) at the barrier top (r =rq). Broken line:
calculated with set H; solid lines: calculated with an I-dependent
potential close to set 11 of Ref. 10.

H. Possible I dependence in the optical potential

Our STP are able to reproduce the forward angle dif-
fraction patterns measured in 3—5 MeV steps over a wide
energy range How. ever, a detailed (0.5 MeV steps) mea-
surement of the energy dependence of this oscillatory
structure revealed an additional feature which is not
reproduced by our potentials. The results of the measure-
ment of the angular position of the ninth peak in the an-
gular distribution as a function of incident energy are
shown in Fig. 15. We find a pattern of alternating energy
intervals over which the peak position changers first very
little and then moves forward two to three times more
rapidly. This behavior is quite different from that given
by simple diffraction models in which the location of a
given peak varies smoothly with energy (or equivalently
with the wave number k) as

kR sinO/2=const .

The energies around which the peak is nearly stationary
("plateaus" ) are spaced by approximately 2.5 MeV. This
spacing is very close to the difference in centrifugal energy
at the barrier top (rb ——8.2 fm) for adjacent angular mo-
menta,

2(l + 1)A'
cen 2

2pl'h,

Furthermore, the centers of these plateaus occur at ener-
gies at which E, is tangential to the barrier top (sets G
and H) for consecutive integer I. These energies and the
associated angular mornenta are marked by arrows in Fig.
15.

Although sets G and H reproduce the location of the
peaks at energies where angular distributions have been
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TABLE VI. S-matrix elements SI ——e ' for ' 0+ Si elastic scattering at E~,b ——55.0 MeV calculated with set G. All listed values
are multiplied by 100.

S,~C, =C, = —0.002 SI ( C, =C; =0.0) AS( ——SI —SI

ImhSI [bS(/

16
17
18
19
20
21
22
23
24
25
26
27
28

—7.10
—5.19
+ 2.90

+ 10.66
+ 12.17
+ 5.75
+ 1.68

+ 17.27
+ 40.25
+ 60.10
+ 85.81
+ 95.66
+ 98.55

—1.41
+ 3.88
+ 6.53
+ 2.71
—4.92
—4.54

+ 12.34
+ 32.90
+ 39.07
+ 44.64
+ 36.73
+ 22.57
+ 13.46

—7.03
—5.03
+ 2.62

+ 10.82
+ 12.30
+ 5.47
+ 1.69

+ 17.57
+ 40.17
+ 60.16
+ 85.72
+ 95.69
+ 98.54

—1.64
+ 4.08
+ 6.54
+ 2.48
—4.69
—4.49

+ 12.00
+ 33.00
+ 39.20
+ 44.71
+ 36.79
+ 22.52
+ 13.49

—0.070
—0.16
+ 0.28
—0.16
—0.13
+ 0.28
—0.01
—0.30
+ 0.08
—0.06
—0.09
—0.03
+ 0.01

+ 0.23
—0.20
—0.010
+ 0.23
—0.23
—0.05
+ 0.34
—0.10
—0.13
—0.07
—0.06
+ 0.05
—0.03

+ 0.069
+ 0.16
—0.28
—0.17
+ 0.16
—0.29
+ 0.052
—0.27
—0.19
—0.021
—0.059
+ 0.24
—0.23

—0.23
+ 0.20
—0.008
—0.26
+ 0.25
+ 0.067
—0.34
+ 0.23
+ 0.091
—0.15
+ 0.27
+ 0.088
—0.050

0.240
0.256
0.280
0.280
0.264
0.284
0.340
0.316
0.153
0.092
0.108
0.058
0.032

fitted, in between these energies they fail to describe the
plateaus and subsequent sudden shifts in position [broken
line (set H) in Fig. 15]. The only potential for which we
have seen this structure is a STP with l-dependent absorp-
tion [Eq. (2)]. The solid curves in Fig. 15 were generated
using a (smoothly energy-dependent) potential close to Set
11 of Ref. 10. These calculations reproduce the period of
the shifts in position but not their magnitude. This set has
not been adjusted (by including a parity dependence) to
reproduce the 180 EF, but the existence of sudden shifts
in the diffraction pattern from use of the l dependence
suggests the need for more absorption for partial waves
below lg, and less absorption for l & lg, than is provided by
set G or H.

IV. DISCUSSION OF PARITY DEPENDENCE
AND POTENTIAL RESONANCES

A. Parity dependence and S-matrix elements

%'e have introduced the parity-dependent term
C( —1) V(r) into the potential in order to fit simultane-
ously the angular distributions and the 180' EF. The usu-
al optical potential which implicitly includes some effects
of antisymrnetrization between the projectile and target
nucleons is insufficient in this regard for this extensive set
of data. Introducing a small ( —1) tenn into the potential
has been a successful approach to account for this defi-
ciency.

%'e have investigated the effects of the parity dependent
term in the potential on the nuclear S-matrix elements
since it is sometimes suggested that such a term leads to
an odd-even l staggering in SI. In Table VI we list the S-
matrix elements calculated with set G at E],b ——55 MeV
with (SI) and without (SI ) parity dependence. Also listed
are the changes,

LS'( ——Sg —Si,
the fractional changes

p= ~I /(S( —1),
and

~
~I

~
due to including the odd-even term in the po-

tential. It is seen that the magnitudes
~
~~

~

are of the
same order as C„(-0.2%), but that the real and ima-
ginary parts of ESI do not consistently alternate in sign.
Indeed, Mackintosh and Kobos have shown that, in gen-
eral, the effect of a sma11 change in the optical potential
on the S matrix is not simple. We note also that both the
real and imaginary parts of SI have some structure, in
contrast to the smooth profile characteristic of SAP. The
S-matrix elements from set H (not listed) have less struc-
ture since the interior absorption is larger for set H than
for set G.

An attempt by Frahn et al. to fit the 180 EF and the
55 MeV angular distribution by including an odd-even
staggering directly in the S-matrix elements led to a
reasonable fit to the EF but failed to reproduce the angu-
lar distribution between t9, =40 and 80'.

B. Resonances and phases shifts

Currently, there is a great deal of discussion involving
partial wave resonances as the source of the structure in
both the large angle cross sections and the excitation func-
tions for 1ighter heavy ion scattering in general and for
0+ Si in particular. We have shown, in Sec. IIIE,

however, that a systematic fit to the 180 EF and angular
distributions at several energies can be obtained without
invoking isolated partial wave resonances. Rather, the
data can be reproduced by an interference between the
scattering amplitude due to a parity independent optical
potential and that due to an additional parity-dependent
term. In this subsection, we describe in detail the charac-
ter, location and width of the partial wave resonances
which do exist in potential sets G and H and evaluate the
relative importance of individual partial waves. It will be
shown that at any given energy there are several resonat-
ing partial waves whose widths are very broad (-1—3
MeV in the c.m. system). These resonances exist naturally
in the best fit potentials instead of being introduced
ad hoc. In the following, we discuss these effects for sets
G and H. Set G is typical of other STP (Refs. 9, 10, 12,
13, 15, and 19) deduced from the scattering of ' O by s-d
shell nuclei in that its real and imaginary parts are rather
shallow in the interior. However, set H provides better
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fits to the data, principally because of the larger interior
absorption which makes the ' 0+ Si system opaque at
small radii.

Figure 16 shows the energy dependence of the real nu-
clear phase shift 5~ calculated with set G with the absorp-
tion set to zero. Since the real part of potential set H
differs from set G only in the parity dependence, it shows
very similar behavior. For this case involving a purely
real potential, scattering resonances occur at energies

E, (Mev)
25 30 35 40

I I i I I I I I I I I I I i I I I I I I I 1 i I I I I I I i

+50-
12 1415 1617 18 lg 20 21 22 23 24 25 2613

0-

CD

~ —100-
dC

-200-

5535 40 45 50 60 65
F1Qb(MeV)

FIG. 17. Real phase shifts 5~ as a function of El,b from set
H. The values for the partial waves are placed at the respective
positive maxima in 5~ and also at 5~ ———190' for identification.
The insert is an enlarged version of 6~ (El,b) for the l = 18 partial
wave between 37 and 50 MeV. Note the appearance of a small
bump at the energy where E, is tangential to V, $ orfor I =18
(E~,b ——41.2 M V). This is the "remnant" of the n =0 potential
resonance.

E (MeVj

FIG. 16. Real phase shifts 5~ for 1=0—29 as a function of
E, calculated with potential set G setting 8'=0.

40 45 50 65
E

~
+b(MeV)

FIG. 18. Imaginary phase shifts 6I in radians from set H as a
function of E~,b. The numbers give the partial wave (t. Also in-
dicated are the series of n =0, 1, and 2 potential resonances.

35 55 60

where 5i (n——+ —,
'

)m, n =0, 1,2, . . . . Here n =0 refers to
the first resonance in the potential neglecting any possible
bound states. It is clear that at any energy above the
Coulomb barrier, there are several resonating partial
waves. For example, at E, =35 MeV, the grazing par-
tial wave, I =25, is at its first resonance (n =0), l =22 is
at its second resonance (n =1), and a range of lower par-
tial waves centered around l =17 are near their respective
third resonances (n =2).

In contrast to the simple potential resonances exhibited
by the energy dependence of the real phase shifts calculat-
ed with no absorption, the resonances calculated with the
full set G or H have a very different character. Due to the
presenceresence of absorption, there are no longer any simple po-
tential resonances involving a change of m radians in the
phase shift. Instead, the resonances are broadened and
strongly damped such that the change in phase shift
across the resonance energy is much less than ~ and most
often negative. These features are typical of dispersive res-
onances at which there is an increased loss of flux to
nonelastic channels. The resonances are shifted to higher
energy from those of Fig. 16 (with 8'=0).

As discussed in Sec. IIIF, potential set H removes
several shortcomings in the fits with set G by use of a
deeper interior absorption and a somewhat larger parity
dependence. As can be seen from Fig. 17, this stronger in-
terior absorption produces dispersive resonances for all n
and 1. Due to the weaker surface absorption of set H, the
remnant of the n =0 resonance is clearly visible as a
modulation of the tail of the n = 1 resonance (see the in-
sert to Fig. 17). The parity dependence produces a pro-
nounced bunching of the n =-1 resonance energies for
neighboring odd-even partial wave pairs. This bunching
decreases with increasing incident energy due to the weak-
ening parity dependence of the potential. In addition to
the bunching, the odd-even dependence of the potential
also causes a systematic difference in the width of the
n =1 resonances for odd (wider) and even (narrower) par-
tial waves.

It can be seen from Fig. 18 that the imaginary phase
shifts 5I(E~,b) have local maxima at the energies where the
real phase shifts show resonances. This increased absorp-
tion

—45I

at the resonance energy may be related to the increased
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