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Elastic and inelastic excitation functions for the systems '*C + 2*Si and '°O + *2°*°Si have been measured at
6.... = 180° from the Coulomb barrier up to E_,, = 45 MeV (°C + 2Si), E,,, = 52 MeV ("°O + **Si), and E_, = 32
MeV ('O + ?**Si). Over the whole energy range they all exhibit pronounced and regular broad oscillations
(0.5=6 = 1.5 MeV). Elastic and inelastic angular distributions up to 8, = 180° were taken at five of the maxima
and near a minimum of the excitation function for the system '®O 4 !Si. All angular distributions are oscillatory
and exhibit a strong backward rise. The data are discussed in terms of a coherent superposition of a background and
a resonant amplitude and in terms of the interference between the internal and barrier wave reflected by a deep

optical potential.

NUCLEAR REACTIONS !2C+ 28gi, 180 +28si, 160+ 291, 160+303i, measured

elastic and inelastic (6, E), 14 MeV<E_ <52 MeV, 15°<§

- ,
c.m. <180°, resonance

and optical potential analysis.

I. INTRODUCTION

Since the first observation® of unexpectedly large
cross sections near ¢, , =180° for elastic and in-
elastic scattering between medium heavy nuclei,
much experimental effort has been devoted to
systematic studies of these and related phenomena.
In these subsequent investigations, resonancelike
structures of width around 0.5<I'< 1.5 MeV were
found in large angle elastic scattering excitation
functions for the systems **0 +28Si and !2C +288i.2:3
Similar and possibly related structures were also
observed for the a-transfer reactions
24Mg(1%0, *2C)?8si (Refs. 4 and 5) and 28Si(*°0, *2C)328
(Refs. 6 and 7) near 6, . =0° and 180°. In addition
to these gross structures, a fine structure of width
in the rapnge 50<T' <300 keV is observed in many
systems®® and has recently been investigated ex-
tensively.?

The physical origin of the gross structures is,
as yet, not fully understood. Various explanations
have been proposed ranging from the occurrence of
possibly overlapping shape resonances in the ion-
ion potential® and scattering from surface trans-
parent optical potentials®™!! to more exotic effects
like explicit parity dependence of the ion-ion poten-
tial.}?*3 At present, none of these approaches
gives a consistent description of all the existing
data.

In the present paper, we report on an extensive
investigation of elastic and inelastic scattering
at large angles for the systems *2C + 28Si and
180 +288i. For both systems, data have been taken
over a wide energy range from near the Coulomb

24

barrier (E,,) to E, , =3X E ;. Over the whole
energy range, excitation functions taken at

0., =180° exhibit pronounced and regular gross
structures. Angular distributions taken at five of
the maxima and near a minimum in the *50+28Si
elastic scattering excitation function all display
oscillations at backward angles.

In order to investigate the question of whether
the observed structures are due to isolated reso-
nances, we have performed an analysis of the
angular distributions in terms of a coherent super-
position of a background and a resonance ampli-
tude. Furthermore, using a simple parametriza-
tion for the elastic S matrix and the Austern-Blair
relation’ to relate the inelastic to the elastic S
matrix, an alternative description of the elastic
and inelastic angular distributions has been tried
assuming an explicit parity dependence of the
elastic scattering amplitude. Comparison between
these model predictions should indicate how sensi-
tively such models can be tested on the basis of the
measured angular distributions.

For the system '°0+25Si, the measured data are
sufficiently complete so that one might hope to be
able to put constraints on the underlying ion-ion
potential. As has already been demonstrated,? 33
the sequence of dominant angular momenta deduced
from the elastic scattering angular distributions
are clearly not compatible with the predictions of
a simple shape resonance model in which the stand-
ing waves all have the same principal quantum
number. Therefore, shape resonances similar to
those invoked for the interpretation of *0 +%0
elastic scattering!® can only be responsible for the
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observed structures if the ion-ion potential is suf-
ficiently attractive (V,<-50 MeV) to allow the
“grazing” trajectory to intersect several closely
spaced Regge trajectories.?

As has been shown by Lee,!° optical model cal-
culations using such deep potentials produce struc-
tures in the ¢ =180° excitation function which
are qualitatively similar to those observed in the
data even if the absorptive strength used in the
calculations is sufficiently large for all shape
resonances to overlap. In order to check the pre-
dictions of this model more quantitatively, we have
performed calculations of angular distributions
and excitation functions using an S-matrix para-
metrization suggested by Lee'°''® and based on
the semiclassical analysis of his optical model
calculations. The question to be answered by such
a calculation is whether an optical model based
description of the backward angle excitation func-
tion may be successful in describing the observed
structures, especially if the radial shape of the
underlying optical potential is not restricted to a
Woods-Saxon shape, as has been successfully
tried in the analysis of elastic a-particle scatter-
ing.!” Fairly strong indications that the “reso-
nancelike” structure observed in backward-angle
elastic and forward angle transfer reactions are
not caused by isolated resonances has emerged
from detailed studies of channel-channel cross
correlations between elastic and inelastic scatter-
ing and transfer reactions.®!® In these analyses,
a high degree of correlation is only found between
elastic and inelastic scattering, while the correla-
tions between the a-transfer reaction and elastic
scattering in the corresponding entrance and exit
channels is generally very weak. Furthermore,
from a detailed Breit-Wigner analysis of angular
distributions for the reaction 2*Mg(*%0,2C) it was
found'® that at some energies, at least two reso-
nances contribute to the cross section.

In order to obtain information on the dependence
of the enhanced backward angle scattering on the
neutron number of the target or projectile, we
have also performed studies of the excitation func-
tions for the systems 80 +29:3°Si, In contrast to
measurements for the systems °Be +28Si, 13C +285i,2°
and 80 +288i (Ref. 21), cross sections near 6_
=180° for %0 +2%3°Gi are only reduced by a factor
of ~5 from those observed for 0 +28Sji, Further-
more, the gross structures found in their excita-
tion function are very similar, suggesting a dy-
namical rather than structural origin of the ob-
served phenomena.

After a description, in Sec. II, of the experiment-
al methods used to obtain the data, the results of
the measurements are presented in Sec. II}I.22 The
analysis of the data in terms of the various models

is described in Sec. IV. Section V contains a dis-
cussion of the neutron excess dependence.

II. EXPERIMENTAL METHOD

The elastic and inelastic scattering angular dis-
tributions for the systems 0 +28:3°Sj at angles
6 m S 100° were obtained using the **0 beams of
the State University of New York at Stony Brook
FN tandem Van de Graaff facility. For these mea-
surements natural SiO and enriched 3°SiO, targets
of 50-100 ug/cm? thickness were used. The for-
ward angle angular distributions were measured
using silicon surface barrier detectors, with the
exception of the data at E, , =34.8 MeV, where
the data in the range 20< 6 < 150° were obtained
with standard A E-E surface barrier detector
telescopes. Data at large center of mass angles
were obtained using the 2%:29%8j beams from the
Brookhaven National Laboratory MP tandem Van
de Graaff accelerators. The angular distribution
at large center of mass angles and the 6, =180°
excitation functions were obtained by detecting the
recoiling ®0 or 2C ions in a 60 cm long dual wire
proportional counter placed in the focal plane of
the Brookhaven quadrupole-dipole-dipole-dipole
(QDDD) spectrometer. Particle identification was
obtained by measuring the specific energy loss,
energy, and position along the focal plane of the
ions. By kinematically reversing the reaction,
i.e., using silicon as a projectile and detecting
the recoiling !2C or !®0 ions at forward laboratory
angles, the recoiling ions have high energies and
can be easily detected. Furthermore, in reversing
the reaction, the ratio betweenthe solid angle in
the center of mass and laboratory system is con-
siderably enhanced; this is particularly important
at intermediate angles where the cross section is
small and the kinematic broadening (dE/d6) is
large. Typical spectra measured in this way are
seen in Fig. 1. The energy resolution is complete-
ly determined by the target thickness and reflects
the difference in energy loss between the projectile
and recoil ions in the target. Self-supporting
ALQ, targets of 50-200 ug/cm? thickness and 2C
targets of 50-100 ug/cm? thickness were used.
For normalization purposes a 5 ug/cm? thick gold
layer was evaporated on some of the targets. As
seen in Fig. 1, a complete separation of the elastic
and inelastic peaks was always possible. At or

‘near 6,,, =0° the identification of the recoiling ions

is more difficult due to the degeneracy that often
exists between the 1%0Q(8*) and !2C(6*) recoiling ions
and one of the charge states of the projectile. The
projectile component was moved off the focal plane
by placing a Ni foil in front of the entrance slits
of the spectrometer. The difference in energy loss
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FIG. 1. Energ?z spectra for the reactions
120(2851,120)2881’ GO(ZSSi,mO)ZBSi’ and 160(308i’160)308i
obtained at and near 6,,,=0° with the QDDD spectro-
meter. The peak at the left end of the spectra is due
to the inelastic excitation of higher excited states and it
extends beyond the edge of the focal plane detector.

between the beam and recoiling °0 and '2C ions re-
moved the degeneracy so that no appreciable back-
ground is observed evenat 6,,, = 0°(see Fig.1). The
energy spread caused by the energy loss straggling
of the recoil ions in this additional foil is a negli-
gible contribution to the overall energy resolution.
The data in the angular range 100<6, . <150°
for the angular distribution at £ =22.7 and 24.1
MeV were measured using a position sensitive
parallel plate avalanche counter (PPAC) placed at
the entrance of the QDDD spectrometer. A mask
in front of the PPAC permitted simultaneous mea-
surements at four angles separated by 1° in the
laboratory. A cross section of the PPAC is shown
in Fig. 2. Two unsupported foils of ~100 pg/cm?
polypropylene served as pressure foils. In be-
tween, two highly parallel, stretched foils of
~T5 ug/cm? polypropylene served as supports for
the conductive material of the cathode and anode.
A gold film of approximately 40 ug/cm? thickness
was sputtered on one foil in 1 mm strips separated
by 0.5 mm to serve as cathode. A gold coated foil
of comparable thickness served as the anode. Each
strip of the cathode was connected to one tap of a
delay line. The position of the avalanche discharge
caused by a passing ion was then determined by the
‘centroid of the charge distribution induced on the
nearby cathode strips. The delay between the
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FIG. 2. (a) Schematic view of the parallel plate ava-
lanche counter used in connection with the QDDD spectro-
meter. (b) Angular resolution obtained with this device

for the reaction %0(%si, ¥0)*%si. Each peak is separated
by 6,5,=1°.

strips is adjusted to optimize counting-rate capa-
bilities or position resolution. In the present ex-
periment a delay of 10 ns between adjacent strips
was used to produce a position resolution of less
than 1 mm with greater than 98% detection effi-
ciency at a counting rate of 30 kHz. With n-heptane
gas at approximately 5 Torr the total areal density
of the detector was ~500 pug/cm?,

The measurement of the 6, , =180° (6,,,=0°) ex-
citation functions was done using a horizontal and
vertical aperture of AQ =80x100 (mrad)2. Due to
the decrease in the difference of the range for the
beam particles and recoiling ions, the excitation
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functions below E_ =21 MeV for the systems
160 +28:29,%0g] were measured at 6, =175.4°

(6,4, =2.3°) with an aperture of AQ =30x100 (mrad)?.

This has little effect on the shape of the excitation
function since at these low energies, the angular
distributions do not vary appreciably in the angular
range 175<6_ <180°,

Relative cross sections were obtained by normal-
izing to two monitor detectors placed symmetrical-
ly on either side of the beam. The absolute nor-
malization of the angular distributions at forward
angles (6, , =100°) was obtained by measuring
at far forward angles where the cross section fol-
lows the Rutherford law. The uncertainty in this
range is believed to be +15%. Relative normaliza-
tion of the angular distributions at large angles
obtained with the spectrometer were corrected
for the charge state distribution of the outgoing
ions. The charge state distribution was measured
at several angles for each angular distribution and
interpolated at the other angles. Results were
found to agree within 10% with the predicted dis-
tributions of Ref. 23. The absolute normalization
of the backward angles data was determined both
from the overlap with the forward angle near
6..n. =100° and by detecting ?°Si ions elastically
scattered from %0 at far forward angles whenever
possible. The uncertainty in the absolute cross
section is estimated to be +30% except for the ang-
ular distribution at E_ , =34.8 MeV, where data
in the range 90°s6_ , <150° and 150°<6, . <180°
were obtained with two different setups, increas-
ing the uncertainty for the data at the largest
angles (150<6, ., <180°) to +50%.

The relative normalization of the excitation func-
tions was obtained by monitoring the ions scattered
from a thin gold layer evaporated onto the targets.
Measurements were repeated at many energies to
check for possible changes in the target thickness.
The charge state distribution was also determined
at several energies and the data were corrected
accordingly at all energies. For the systems
16Q +28:29,30gj the absolute normalization was done
assuming that the cross section at the lowest ener-
gies follows the Rutherford law. For the system
12C +288i, the absolute cross sections were ob-
tained by normalizing to the Rutherford elastic
scattering of 28Si by the '*C target at E_ , =22.5
MeV over the laboratory range from 5° to 12°. The

error on the absolute scale is estimated to be +25%.

Since most angular distributions were measured
with relatively thin targets (=50 ug/cm?®) the energy
averaging over the fine structure® is less than for
the excitation functions where thicker targets
(=100 pg/cm?) were used. This and the large
angular averaging used in the measurement of the
excitation functions make for large uncertainties

in any comparison of the absolute cross section of
the angular distribution and excitation function
data. These considerations may explain the dis-
crepancy of roughly a factor of 2 between the nor-
malization of the angular distributions and excita-
tion functions at E,  =34.8 MeV apparent, for ex-
ample, from a comparison of Figs. 4 and 7. All
center of mass energies have been corrected for
the energy loss in the targets.

III. EXPERIMENTAL RESULTS

Excitation functions measured at 6, , =180° for
elastic and inelastic scattering of *2C +288i and
180 +288i are presented in Figs. 3 and 4. Part of
these excitation functions have been published pre-
viously.? In both channels of the two reactions,
the cross sections are dominated by a series of
regularly spaced structures with large peak to
valley ratios and widths of I'=1-5 MeV. However,
there are also qualitative differences between the
two systems. For example, in the case of %0 +28Si
the envelope of the cross section drops between 20
and 36 MeV but then increases fairly dramatically
to a maximum near E_ =46 MeV. At energies
E_ . >50 MeV the structures seem to disappear
altogether. This is in contrast to the data for
12C +285i where the envelope of the cross section
is nearly constant over the whole energy range
and a disappearance of the structures at the upper

-end of the energy range is not as obvious. The

maximum at E, =46 MeV for the system %0 +28si
is all the more surprising if compared to available
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FIG. 3. Excitation functions for elastic and inelastic
scattering of 12C+2%Si measured at 6, ,, =180°. The
solid angle used in this measurement was A
= (80 x100)(mrad)®. Vertical bars represent the statisti-
cal error only.
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FIG. 4. Excitation function for elastic and inelastic
scattering of 160 42851 measured at 6., m =180°. The solid
angle in this measurement was A €= (80 x100) (mrad)?.
Vertical bars represent the statistical error only.

forward angle data. The measured forward angle
cross section?? at this energy drops exponentially,
without exhibiting oscillations, to a value of
do/dog,, <5.10 at 6, =60°. Yet, from the

8,... =180° excitation function, do/dog,,~0.04 at
E, . ~46 MeV (see Fig. 4), which corresponds

to do/dog,,,(180°) ~0.08 after correcting for the
averaging due to the large solid angle used in the
excitation function measurements. The present
data, therefore, correspond to a backward rise

of many orders of magnitude. It is also interesting
to note that the widths and the spacings of the
structures do not seem to increase with increasing
bombarding energy.

It is especially obvious for the system !2C +28Si
that each of the gross structures is fragmented,
exhibiting a finer structure of width 50<I'<300
keV. This is also true for the system 60 +288i,
but not visible in Fig. 4 because of energy averag-
ing in the target. Detailed measurements and
analyses of these finer structures have been re-
ported elsewhere.® Since, in the present paper,
the focus is on the gross structures, the measured
excitation functions have been computer-averaged
using a running Gaussian average with widths of
0.8 and 0.91 MeV for '2C +28Si and '°0 +22Si, re-
spectively. These energy averaged excitation
functions are shown in Figs. 5 and 6. This pro-
cedure, in addition to emphasizing the regularity
of the structures, also demonstrates the high de-
gree of correlation between elastic and inelastic
scattering, especially for the case of 0 +288i,

T T T

0.08
oot 28 (12c 120)28g; |
0.06} - 8 m.= 180"
0.05} - A =0.8MeV
@x . - o
\: 004t .
oo3f  ioon S )
0.02f .- LUl g )
001} * "\.:“ ."”'-.,.‘. 1
+ '-../"’
04l 285i('2¢,'2c) %8si (2*) -
o
. 8.m = 180
0 Be.m.=0.8MeV
> 03r - - )
£ s
] .
T oz} L
5 ot
o
0.1+ . e
1 1 i AL e ol

20 30 40
E¢.m. (MeV)

FIG. 5. Computer averaged excitation functions at
6,.,. = 180° for 12C+258i. The averaging interval is
Ag m =0.8 MeV.

For the system !%0+28Si, extensive angular dis-
tributions have been measured at five maxima
and near a minimum of the elastic excitation func-
tion. The data for the elastic scattering angular
distributions are shown in Fig. 7. All angular dis-
tributions are strongly oscillatory, even the one
near a minimum of the excitation function. This
is in contrast to measured angular distributions
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FIG. 6. Computer averaged excitation functions at
0c. . =180° for 160 +283i. The averaging interval is
Aq.m, =0.91 MeV.
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FIG. 7. Elastic scattering angular distributions for
the system 160 +28gj, All data have been taken at en-
ergies corresponding to maxima in the excitation func-
tion except for the distribution at E_  ,=22.7 MeV,
which is near a minimum.

for the system '2C +285i,® where it was reported
that “off-resonance” angular distributions generally
are flat and structureless. For the higher ener-
gies, E_ >24 MeV, the backward angle part ex-
hibits oscillations very similar to those predicted
by the square of a single Legendre polynomial.

The envelope of the angular distributions exhibits

a very strong backward rise which follows, or is
even steeper than, the 1/sing envelope of the
square of a single Legendre polynomial. Measured
angular distributions for the inelastic scattering

to the first excited state in 2%Si (E*=1.78 MeV,
J=2*) are presented in Fig. 8. While the angular .
distribution measured at the lowest energy (E,_ .
=21.1 MeV) is fairly structureless, the angular
distributions get increasingly oscillatory at the
higher energies with a pronounced rise towards
backward angles. An interesting feature of these
angular distributions is that they all have a relative
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FIG. 8. Angular distributions for the inelastic scat-
tering to the first excited state in 28Si (E*=1.78 MeV,
J=2%.

minimum at _ , =180°. If we describe the reaction
in a coordinate system in which the quantization
axis is chosen along the beam direction, then the
relative minimum at 6_, =180° shows that magnet-
ic substates with m #0 are dominantly populated

in the inelastic reaction since at 6., =180°, only

m =0 components of the scattering amplitude can
contribute. '

In Fig. 9, excitation functions at 6, , =180° (or
near 180°; see Sec. II) are compared for the sys-
tems 0 +28:29%:305j in the energy range 14<E_
<33 MeV. These data show that the resonancelike
structures observed for *2C +28Si and 0 +28Si are
not confined to a-like systems, but rather are
only moderately damped by the addition of one or
two neutrons to the 28Si nucleus. The spacings and
widths of the structures for %0 +29:3°Gij are, indeed,
very similar to those observed for *0+28Si. This
behavior of the cross section at large angles ap-
pears to be a fairly general phenomenon and sug-
gests a common reaction mechanism.,

In the following sections, various models pro-
posed for understanding the present data are in-
vestigated with special emphasis on the question
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FIG. 9. Comparison of elastic scattering excitation
functions at ,_, =180° for the systems %0 +28:230g;,

of whether the reported structures are due to iso-
lated resonances or caused by a dynamic mech-
anism in the ion-ion potential. The analysis con-
centrates entirely on the %0 +28Si system since
complete angular distributions exist only for this
system and the qualitative features of the excitation
functions for the system !2C +28Si are very similar
to those for the system 60+ 28Si.

IV. ANALYSIS OF THE DATA

A. Isolated resonances

In order to assess the possibility that the ob-
.served structures correspond to isolated states
in the composite system (A =44 for **0+28Si), we
have performed a simple resonance analysis of the
measured angular distributions. For elastic scat-
tering of spinless particles, the scattering ampli-
tude is expanded in partial waves

f(e) =fCoul(9) +—27'1}-e- Z (2l + 1)62"01(5’ - 1)PI(COSQ) *

(1)

In our analysis, the nuclear part of the S-matrix
element, S,, is composed of a background and a
resonant part

S, =S3+SF 0, 505 (2)

where the background S-matrix S9 is obtained from
an optical model calculation using a strongly ab-
sorbing potential. The resonance part is assumed
to have a Breit-Wigner energy dependence

DeZiO
E-Eg+il/2’

. 2380
SE =—je IR
R

(3)
where 5?,R is the nuclear background phase, D and
I are the partial and total width, respectively,
and ¢ is a “resonance mixing phase.” In the pre-
sent investigation, the choice of the optical model
potential generating the background S-matrix ele-
ments was dictated by the requirement that all
standing wave resonances be sufficiently wide so
that the cross section as a function of energy is
smooth. For simplicity, we have chosen the poten-
tial E18 of Ref. 24, which is very strongly absorb-
ing and fulfills the above condition. At backward
angles, calculations using this optical potential
generally underestimate the measured cross sec-
tions by several orders of magnitude.!

In Fig. 10 the results of these optical model and
resonance calculations are compared to the mea-
sured angular distributions for five energies cor-
responding to maxima in the excitation function.
For these calculations the resonance mixing phase
¢ was fixed at 0°. It is clear from this figure that
the resonance parametrization accounts for the
salient features observed in the angular distribu-
tions, especially at backward angles, though the
middle angle region (100<6, , <140°) is usually
not as well reproduced. The spin values quoted
in Table I are uncertain to +17, due mainly to the
uncertainty in the background amplitude at low
energy and to the angular and statistical uncertain-
ties in the data at high energy.

“On resonance” the calculated angular distribu-
tions mainly depend on the ratio D/T which is fixed
by the cross section near 180°. An interesting re-
sult of the above calculations is that the ratio D/T
depends nearly exponentially on energy, as shown
in Table I. In a resonance interpretation of the
present data one may speculate that, since T is
essentially energy independent (see Figs. 5 and 6),
the partial elastic width exhausts a smaller and
smaller fraction of the total width as energy, and,
therefore, the number of open channels, in-
creases,

In order to find out whether the angular distribu-
tion measured at E,  =22.7 MeV, i.e., between
two maxima of the excitation function, can also
be described by the resonance parametrization, we
have performed a set of calculations using a back-
ground S matrix plus two resonances at E3’=21.1
MeV with J¥=9", and E2=24.1 MeV with J 2 =16",
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FIG. 10. Optical model plus resonance calculations
for the system %0 +2Si assuming a resonance mixing
phase =0°. For further details, see text and Table I.

The “spins” of these resonances, the values of
D/T, and the resonance mixing phase ¢ were fixed
from their experimental widths and by fitting the
measured angular distributions at 21.1 and 24.1
MeV as well as the excitation function in this ener-
gy region. For this analysis one has, of course, to
take proper account of the energy dependence of
the partial elastic width D. In R-matrix theory,

TABLE I. Single resonance parameters used for the
calculation of the angular distributions presented in
Fig. 10.

Eqpm. (MeV) Jr D/T
21.1 9 0.077
24.1 16 0.070
26.2 16 0.048
31.6 22 .- 0.020
34.8 24 0.016

this energy dependence can be expressed in terms

of the penetrability P and reduced width v, 4 for
the state, i.e.,
D=2-P- v, 2, (42)

where P is written in terms of the regular and
irregular Coulomb wave functions as

KR

P=———FJR2+GJR2.

(4b)
Since the spin values J, are always close to the
grazing angular momentum, P normally varies
quite strongly with energy. In principle, the level
shift and the energy dependence of the total width
T should also be taken into account. In the present
calculations, the former quantity was found to be
quite small compared to the total width and, there-
fore, of little influence on the results. The energy
dependence of I" was neglected in the present work,
mainly because it involves a sum over many open
channels and cannot easily be estimated. Further-
more, it has been shown in a similar analysis (see
Ref. 19) that an energy dependence of T equal to
that of D has negligible influence on the results.

If this resonance model is correct, then the above
parameters completely determine the angular dis-
tributions at all energies between EJ’ and E2 and,
therefore, the angular distribution at 22.7 MeV
should be correctly predicted. The results of
these calculations are shown in Fig. 11. The spin
values, reduced widths, and total widths used are
presented in Table II. Surprisingly, although the
angular distributions at the maxima of the excita-
tion function are again, as in Fig. 10, rather well
reproduced, the shape of the angular distribution
at 22.7 MeV is not well fitted by these calculations.
The situation does not improve if the spin values
for the two resonances are changed by +1 unit of

7. Therefore, the oscillatory shape of the angular
distribution at E, =22.7 MeV is probably not
caused by interference between two resonances.

It should, however, be noted that the assumed
background cross section is about an order of
magnitude smaller than the measured cross sec-
tion at the minimum of the excitation function;



1018 P. BRAUN-MUNZINGER er al. 24

28160 160)28;
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FIG. 11. Two level resonance analyses of the elastic
scattering angular distributions corresponding to the
peaks at E, =21 and 24.1 MeV and near a minimum
in between. The insert shows the excitation function
predicted by this calculation and the positions (arrows)
of the measured angular distributions.

consequently, the calculations are very insensitive
to details of the background amplitude. This situa-
tion could, of course, be drastically changed if a
different, less strongly absorbing potential is used
to generate the background.

Summarizing the results of the optical model +
resonance calculations, one finds that while the
angular distributions at or near the maxima of the
excitation function can be successfully described
using such a parametrization, the angular distribu-
tion near a minimum is not well described by this
procedure. This casts some doubt on the inter-
pretation of the data in terms of isolated reso-
nances. Furthermore, the spin sequence obtained
by these calculations is fairly irregular (see Table
I) and completely excludes an interpretation of the
present data in terms of a single rotational band.

B. Parity dependent optical model

It was shown in Ref. 12 that introducing an em-
pirical parity dependence into the optical model po-
tential yields a good description of the low energy
part of the 6, , =180° excitation function and also
predicts reasonably well some of the measured
angular distributions. Partly due to the large
numbers of free parameters, attempts have not
been made to improve on the description given in
Ref. 12, Rather, in this section, we want to dis-
cuss very briefly a simple parametrization includ-
ing a parity dependence and apply this to a descrip-
tion of both elastic and inelastic scattering. In this

TABLE II. Parameters used in the two resonances
plus background calculations shown in Fig. 11.

elastic

E . m Yred r

MeV) Jg (MeV1/2) (MeV) ®
21.1 9 5.5x10~2 1.0 0°
24.1 16 6.5x1072 1.6 0°

model, the nuclear part of the elastic S matrix is
written as

S, =80+2A(-)" - A1), (5a)

where, for simplicity, the form factor f() is pa-
rametrized in terms of the background S-matrix

© 8% via

FO=]88(1= s3] . (5b)

In addition to S, the only adjustable parameter is
then the amplitude A. The calculations using this
parametrization illustrate that once the elastic
scattering cross section is reproduced, there is
essentially no new information on the dynamics
of the reaction necessary to describe the inelastic
scattering over the full angular range. To demon-
strate this we have, for simplicity, computed S
in terms of the diffraction model of Frahn and
Venter,?® and adjusted the “background” param-
eters?® to reproduce the forward angle part of the
elastic scattering cross section. Adding a parity
dependent amplitude of A=0.01 then yields elastic
cross sections which fairly well describe the mea-
sured data (see Fig. 12). Using the elastic S-ma-
trix elements obtained in this way, we have com-
puted the cross section for the inelastic scattering
288i(1%Q, 160)28si* (2*, 1.78 MeV) in the Austern-
Blair approximation.}* The results of these cal-
culations are shown in Fig. 13, It is surprising
how well this simple model describes the data,
even including the minimum at 6, , =180°. This
result illustrates that except for the deformation
length, the inelastic scattering does not contain
more information on the reaction mechanism than
elastic scattering, even if the cross sections are
known over the full angular range 30< 6, = 180°
It should be noted that in the calculation of Ref.
12 the optical model potential used is very weakly
absorbing. In fact, near E, =21 MeV, the central
depth of the imaginary potential is only 1.4 MeV so
that effects from potential resonances, especially
for the surface partial waves, should be important.
Furthermore, the frequency of the oscillations ob-
served in the angular distributions at 26.2, 24.1,
and 22.7 MeV is not well reproduced by these cal-
culations, indicating the possible need for a modi-
fication of the optical model potential. Lastly,
as explained in the following section, a deep opti-
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FIG. 12. Strong absorption plus parity dependence
calculations compared to '°0 +2%Si elastic scattering
angular distributions. For details, see text.

cal model potential may generate an S matrix
similar to that produced by the above model with-
out explicitly introducing a parity dependent term
into the optical model potential.

C. Interference between internal wave and barrier wave

From a semiclassical analysis of optical model
calculations it has been shown?”"2° that for most
optical potentials the nuclear part of the elastic

S matrix can be separated into two parts:
S=nf+n], (6)

corresponding to reflection of the incident wave at
the external barrier (n®) and single or multiple
reflection from the interior of the potential (n?%.
The interference between the barrier wave and the
internal wave then gives rise to characteristic
structures in angular distributions and excitation
functions. For example, it can be shown [see Eq.
(4.6) in Ref. 27] that for a nuclear potential V,(#)
which is nearly constant in the internal region, the
difference between the phase 62 of the barrier wave
and the phase 6 of the internal wave is linear in
angular momentum with a slope near -7/2, i.e.,

2(68 = 8!) m—7 * L+£(E), (7

where f(E) is a function of energy to be discussed

T T T T T T T T T T T T T T T T T
28g; (160 '60)28si (2*)

\
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do 7dQ (mb /sr)
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o
O
(o]
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FIG. 13. Predictions of the strong absorption plus
parity dependence parametrization for the inelastic
scattering of %0+ 283i, using the Austern-Blair approxi-
mation.

below. Using Eq. (7), the S matrix can be ap-

- proximated by ¢

Infl(=)le¥ &
Szznlﬂ[l'i'—ﬂ%—— . (8)
1

As can be seen, this phase difference introduces
an even-odd staggering in the S matrix similar to
the one obtained by explicitly introducing a parity
dependence into the potential. Furthermore, using
this result, it has been shown!® that the energy
spacing of structures in the 6, , =180° excitation
function caused by the interference between the
internal wave and the barrier wave is roughly given
by

AE=~2/(dl,. /dE), (9

where [, is the grazing angular momentum. This
simple estimate agrees relatively well with our
measured data. Optical model calculations'® with
a choice of parameters guided by the above con-
siderations indeed produced structures similar to
those observed in the 6, =180° excitation func-
tion. However, the peak to valley ratio of the
structures is generally too small and strongly de-
creases for increasing energy, contrary to what
is observed in the data (see Fig. 4). These results
are interesting enough to warrant further investi-
gation of this model. Rather than trying to im-
prove on Lee’s optical potential,'® we have started
from the simple parametrizations for the barrier
and internal wave given in Refs. 10 and 16. Using
these prescriptions, the barrier wave S matrix
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is approximated by Ericson’s parametrization,°:3!
i.e., -

nf:[l +e-iTBe(lgr-l)/AB]-l : (10)

Similarly, the magnitude of the internal wave is
written as

7711='Uo" [1 +ei716(l'lgr)/AI]-1 . (11)

Semiclassical considerations predict A;=24,, so
the parameters involved in Eqgs. (10) and (11) are
lgs Vg Yp Ap, and nf. The value of I, is fixed by
optical model calculations using strongly absorb-
ing potentials; v, and v, have been set equal to

m/2 (all results are insensitive to the specific
choice of this angle) and A, has been fixed at A,
=1.15, which is consistent with the predictions of
optical model calculations. The magnitude of the
internal wave, of course, depends on the amount of
absorption present and has been chosen to decrease
exponentially with energy, i.e., n{=C,e"%4%e.m.,
From a fit to the envelope of the 6, =180° cross
section the parameters C, and C, were fixed to be
4 and 0.17, respectively. For the phase difference
between the internal wave and the barrier wave we
have used Eq. (7) and approximated f(E) by f(E)
=C,+C, ' E_ . The parameters C, and C, are not
free, but are intimately connected to the shape
resonances in the underlying optical model poten-
tial. At each energy corresponding to a shape
resonance, the internal and barrier wave interfere
destructively, )

0I-0B=(n+3) -, (12)

where 7z is the principal quantum number of the
resonance. Of course, since the absorption is not
very weak, these shape resonances are not isolated
but strongly overlapping as indicated by the small
value of nf.}%® Yet, dynamically, only those shape
resonances whose energy and angular momentum
lie close to the grazing trajectory, will contribute
to the cross section. This point has already been
proposed in Ref. 2 as a possible explanation of the
backward scattering anomalies. Therefore, a
specific choice of C, and C, corresponds to a tra-
jectory of shape resonances in the ion-ion poten-
tial. For potentials of the class used by Lee'® one
finds that C, varies smoothly from 1.2 to 0.4 as the
energy increases from E_ =20 to 40 MeV. (The
parameter C, just fixes the overall phase of the
structure near 180° and is relatively unimportant.)
Using parameters in this range, a series of calcu-
lations of excitation functions and angular distribu-
tions were performed for the system %0 +288i.
Typical results are shown in Figs. 14 and 15. It is
obvious from these figures that many aspects of the
data are well reproduced by the calculations. The
peak to valley ratio and the frequency of the oscil-

IZIBSIi('s‘O,’IGO’)ZE;SiI ' ' E

E
o

0.01¢

Ecm=31.8MeV

0.00!

Ty

0.0001E

1 1 1 1 1 1 1 1 1. 1 1
6] 30 60 90 120 150 180
6. (deg)

FIG. 14. Comparison of elastic scattering angular
distributions for %0 +28Sj with the predictions of the
barrier-wave—internal-wave interference model as
described in the text.

T T T T T T T

| EBSi(IGO‘IGO)ZSSi |
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« —— CALCULATION
> 0.06f
~N
b
) L
0.04
0.02f

FIG. 15. Comparison of the computer averaged ex-
citation function at 6, . =180° for 160 + 2854 (dotted line)
with the predictions of the barrier-wave—internal-wave
interference model (solid line). The parameters used

. in the calculation are given in the text.
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lations in the excitation function at 6, , =180°are
¢orrectly predicted. A satisfactory fit is also ob-
tained for the angular distributions, as is evi-
denced in Fig. 14 simultaneously for positions cor-
responding to maxima and a minimum in the ex-
citation function. It should be noted that even
though the calculations do use relatively many pa-
rameters, most of them are determined by the
semiclassical arguments underlying Eq. (7) and the
resonance condition stated in Eq. (12). On the
other hand, our results cannot be considered quan-
titative proof of this model as it is not simple to
determine the underlying ion-ion potential from
our parametrization. However, the present re-
sults indicate clearly that the observed struc-
tures at backward angles may be explained by
dynamical models without having to resort to the
picture of isolated resonances. The interference
between barrier and internal waves is an import-
ant effect even if the underlying shape resonances
are strongly overlapping.

V. NEUTRON EXCESS DEPENDENCE

The data shown in Fig. 9 clearly indicate that
the “anomalous” large angle scattering is not re-
stricted to systems consisting of a-particle nuclei
but rather persists even if one or two neutrons are
added to the heavy partner. The average reduction
in cross section is about a factor of 5, but the
spacings and width of the structures are very
similar to those observed for the system %0 +288i,
A previous investigation® of the system 0 +28Si
had revealed a reduction of the elastic cross sec-
tion near 6, , =180° by more than two orders of
magnitude over the one observed for the system
1860+288i, This large difference might be due to
the fact that in 80 the two additional neutrons
occupy a new major shell with a corresponding
increase in their rms radius.

The strong structures observed for the systems
160 +2%305j are again very difficult to understand
in a description involving isolated shape reso-
nances. In order to reduce the average cross sec-
tion the absorptive strength W has to be increased.
Increasing the absorption, however, invariably in-
creases the width of the structures according to
'~ T4y +2W; consequently, the structures
should be very much smeared out for the systems
160 +29308i, a result at variance with our obser-
vations. On the other hand, the interference be-
tween barrier wave and internal wave explains
such an effect quite naturally. In this model, in-
creased absorption could decrease both the cross
sections due to the barrier wave and due to the in-

ternal wave, so that the interference pattern may
be essentially unchanged.

VI. CONCLUSION

In the present investigation we have shown that
the existing data in large angle elastic scattering
for systems such as *0+28Si cannot easily be de-
scribed by models invoking isolated resonances as
the cause of the observed broad structures. An
explicit parity dependent term in the optical model
potential may yield a successful description of the
existing data. However, by using semiclassical
arguments, it was shown?’ that similar 7 depen-
dences in the nuclear part of the elastic S matrix
can also be produced in the optical model without
an explicit angular momentum dependent potential.

If the real potential is deep and the absorption

moderate, the interference between the internal
and barrier wave gives rise to structures in an-
gular distributions and excitation functions which
are very similar to those observed in the experi-
mental data. If the pocket in the potential disap-
pears, the distinction between the barrier wave
and the internal wave is lost. This will result in
a reduction of the cross section and the absence
of interference effects. Inspection of our data
shows that for the system 0 +2%Si, there is in-
deed a strong decrease of the g, , =180° cross
section for energies E_ >45 MeV (see Fig. 3).
It would be very interesting to pursue similar
measurements to higher energies. They may pro-
vide fairly precise information on the depth of
the real part of the interaction potential between
heavy ions and would lend further support to the
interpretation that for these medium heavy sys-
tems, the observed structures are caused by an
interference between internal and barrier waves.

The present analysis of the data shows that the
peaks observed in the excitation functions cannot
be associated with isolated states in the compo-
site system. However, the interference effect
described above is closely related to the (over-
lapping) shape resonances in the ion-ion potential.
A mapping of the position of these standing waves
could provide otherwise inaccessible information
on the interaction between complex nuclei.
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