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Differential cross sections have been measured for the elastic and inelastic scattering of 'O from
28Sj at 352 MeV. An optical model analysis has been performed for the elastic scattering data. Con-
siderable ambiguity was found. Potentials which are either transparent or strongly absorbing in the
surface region were obtained which give equally good fits to the data. The combined elastic and in-
elastic data were subjected to a coupled-channels analysis and the ambiguity was found to persist, in
contrast to previously reported one-nucleon transfer data whose analysis allowed us to discriminate
between the two types of potential. Other characteristics of the scattering are discussed.

I. INTRODUCTION

The results of optical-model analyses of heavy-ion elas-
tic scattering are often ambiguous because of the strong
absorption which is present. Frequently, the ambiguity is
almost complete at low incident energies E, not far above
the Coulomb barrier (typically E/ A <10 MeV). Then
one determines! > mainly the values of the real and
imaginary parts of the potential in the vicinity of some
strong absorption radius Rg, (typically Rgu
~[1.1(A4}* + A4}*)+2.7] fm), perhaps with some con-
straints upon the potential slopes in this region. At
higher energies (e.g., E/ A R 20 MeV), the projectile and
target nuclei may approach more closely before complete
absorption occurs and, in principle, one may learn more
about the potential in this surface region. Even then,
however, the potential may not be determined uniquely
because this requires either very precise measurements at
forward angles, or the accurate measurement of very
small cross sections at larger angles.

The work presented here provides another example of
this situation for '30+2!Si at E/4=19.54 MeV. We
have reported elsewhere* that the analysis of one-nucleon
transfer data, measured in the same experiment, enables
us to resolve clearly at least one kind of optical potential
ambiguity. Here we examine the ambiguities in more de-
tail and we also show that they cannot be resolved by
considering the results of the inelastic measurements.

We distinguish between two kinds of ambiguities. One
is a parameter ambiguity that arises because the function-
al form chosen (e.g., Woods-Saxon) is able, in the radial
region to which the scattering is sensitive, to reproduce
the same potential with a wide range of parameter values.
A well-known example is the Igo ambiguity.® The other
kind of ambiguity, with which we are more concerned in
the present work, is between conventional strong-
absorption potentials (Im | U | R Re | U | in the surface)
and surface-transparent ones (a surface region with
Im|U|{Re|U| surrounding a strongly absorbing
core). These two kinds of potentials result in different

38

(complex) phase shifts, but the elastic cross sections are
sufficiently similar in the limited angular region usually
covered experimentally, that typical measurements are
unable to distinguish clearly between them. This ambi-
guity is also related to the two extreme interpretations, !>
Fresnel (diffractive) or Coulomb-rainbow (refractive)
often applied to heavy-ion scattering at the lower ener-
gies.

A typical example of these ambiguities is provided by
analyses®’ of measurements on '%0+42%Si scattering,
which has been studied over a wide range of bombarding
energies up to 215 MeV. Many of the data were confined
to limited angular ranges in the forward direction. Ex-
tending the measurements to larger angles should help to
resolve the ambiguities. When this was done® at energies
of E/ A $3.5 MeV, including angles close to 180°, ambi-
guity remained, but it was established®® that the poten-
tial at these low energies was characterized by some sur-
face transparency which allowed relatively large cross
sections for scattering to 180°.

In the present work, we examine the scattering of the
adjacent system '80+28Si. We present results for elastic
and inelastic scattering at a bombarding energy of 352
MeV (E/A=19.5 MeV). These data, together with ear-
lier results obtained'® at 56 MeV (E/A =3.1 MeV, are
subjected to optical-model and coupled-channels analy-
ses. Potentials with various forms (Woods-Saxon,
Woods-Saxon-squared and folded) were wused. A
farside/nearside decomposition!! of the corresponding
scattering was performed and used to help in the inter-
pretation of the results.

During this experiment measurements were also made
of the single-nucleon transfer'? reactions 2Si('*0,70)*Si
and 2Si('30,°F)?’Al and the charge-exchange'® reaction
28Gi(130, 18F)28A1. The respective results and their analy-
ses have been presented elsewhere.!>!* We note, in par-
ticular, that a description of the nucleon transfer reac-
tions in terms of the distorted-wave Born approximation
provided strong evidence* against the validity of using a
surface-transparent potential at this energy, even though,
as we shall show, it cannot be ruled out on the basis of
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the elastic or inelastic measurements alone.

Experimental details and results are presented in Sec.
II. The optical-model analyses of the elastic scattering
data are described in Sec. III. Finally, in Sec. IV are dis-
cussed the results of a coupled-channel treatment of the
measured elastic and inelastic angular distributions.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The experiment was carried out with a 352 MeV 80
beam from the coupled tandem and cyclotron accelera-
tors at the Holifield Heavy Ion Research Facility
(HHIRF). A self-supporting natural silicon target
(92.2% *3Si) with a thickness of ~ 160 ug/cm? was used.
The scattered particles were momentum analyzed in the
HHIRF broad-range spectrograph (BRS) equipped with a
vertical drift chamber (VDC) at the focal plane followed
by a parallel-plate avalanche counter (PPAC) and a
segmented-anode ionization chamber. This detector sys-
tem,'*!> allows both focal plane position and scattering
angle measurement as well as charge and mass
identification. The elastic and inelastic scattering data
were acquired using five settings of the BRS magnetic
field. The angular acceptance was approximately 4° at
each setting. The data were obtained with ample overlap
in angle to permit reliable internormalization of the mea-
sured cross sections taken at different field and angle set-
tings. Since the angular distributions for both the inelas-
tic scattering cross sections and the ratio of elastic
scattering cross section to the Rutherford scattering cross
section are highly oscillatory over much of the measured
angular range, it is necessary to determine the cross sec-
tions in small angle bins. The angular resolution of the
VDC at the focal plane corresponds to less than 0.1° in
scattering angle at the target allowing extraction of the
elastic and inelastic angular distributions in 0.16° bins
over the angular range 2.6° < 0,,, < 14.1°. For the elastic
data, the measurements were later extended to 6,,, ~18°
in 0.5° bins. The overall energy resolution was ~220
keV (FWHM) with the dominant contribution arising
from straggling in the target.

Differential cross sections were determined from the
measured target thickness and integrated beam current.
An uncertainty of +10% 1is estimated in the absolute
cross sections attributed to uncertainties in measure-
ments of the target thickness and of the charge collection.

In Fig. 1 is shown the focal plane position spectrum of
80 scattering on ?%Si at 6,,=6.6°. The elastic
differential cross sections are displayed in Figs. 2 and 3.
The structure located near channel 1200 in the spectrum
represents excitations of the first 2% states in 28Si (1.78
MeV) and 0 (1.98 MeV). The yields for these two
groups were extracted using a Gaussian peak-fitting rou-
tine. Cross sections were also determined for the peak
near channel 1080 which corresponds to excitations of
the 3~ level at 6.88 MeV in 8Si. These inelastic cross
sections are discussed in Sec. IV. Other structures in the
spectrum correspond to mutual excitation of the first 2+
states in 'O and 2%Si (channel 1150), and states in 23Si at
4.62 MeV (47),7.42 MeV (27), and 10.18 MeV (37).

1681
150 l | T T A\
Qo
2si (%o, *®0) S
134 1= E(e.=352 MeV -
0
8,y =66°
"s - 4
100
9% |— —
+
2 | N +
z 77 " & o -
3 5 @ 3 &
o 8 T < o™
© - @ T
58 — 3 + ]
= [sV)
| &
" )
39 o -
g ¢
~
20 |- -
. ! I L !
1000 1040 1080 20 160 1200 1240

CHANNEL

FIG. 1. Energy spectrum of the elastic and inelastic scatter-
ing of 352 MeV '30 on ?%Si at 6,,,=6.6".

III. OPTICAL-MODEL ANALYSIS
OF ELASTIC SCATTERING
A. Introduction

Our approach to the analysis of the elastic cross sec-
tions for '30+28Si obtained in the present experiment
was guided by previous work on the adjacent system
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FIG. 2. '80+2%Si elastic cross sections, in ratio to the Ruth-

erford ones. The data are from the original measurements
which did not extend beyond 23°. The curves are optical-model
fits as described in the text, with parameter values given in
Table 1.
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FIG. 3. Optical-model fits to the elastic cross sections which
include the later measurements that extended back to 29°. The
potential parameters are given in Table 1.
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160 +-283i. Several interesting features emerged from the
latter studies and it is useful to compare them with the
present results for 30 scattering. For this purpose we
also reanalyzed the '®0 data obtained earlier'® at 56
MeV.

In one “global” study® of 'O scattering, elastic data
for 11 bombarding energies between 33 and 215 MeV
were fitted simultaneously in order to find an energy-
independent six-parameter potential of Woods-Saxon
(WS) form

U(r)=—Vfix,)—iWf(x,), (3.1a)

fix)=(e*+1)~Y x=(r—R)/a . (3.1b)

It was concluded that imposing the constraint of energy-
independence leads uniquely to a shallow potential, the
so-called E-18, with a real depth ¥~ 10 MeV and whose
imaginary part is deeper (W =23 MeV) but confined to
somewhat smaller radii so that it is “surface transpar-
ent.”!! (The parameter values for this potential are in-
cluded in Table I for reference purposes.)

It was later shown’ that equally good fits could be ob-
tained with a variety of other potentials with energy-
independent real parts, including one with a very deep
(~700 MeV) real part generated by the folding model,'®
provided the diffuseness of the imaginary parts were al-

TABLE 1. Optical-model parameters for elastic scattering. Parameter values with underbars were not varied during the search.
The Coulomb potential between two uniform charges (Ref. 19) of radii 3.68 and 4.05 fm was included except for the 4, A’ potentials

where a point plus uniform charge with radius parameter r. = 1.3 fm was used.

Energy 4 ry? ay W rw’ ay T4 Lg° Dg® Lg°© —0g°¢
Type (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (mb) (#) (fm) (#) (deg)
F 352 N=0.524¢ 277.4 0.7 0.946 2354 76.5 7.7 46 67
F' N =0.520¢ 298.2 0.7 0.951 2408
WF 352 141.3¢ 1.0 1.23 251.7 0.7 0.977 2405 77 7.7 52 32
WF’ 141.0° 1.0 1.23 280.5 0.7 0.977 2462
E-18 352 10 1.291 0.725 23.4 1.191 0.599 1949 75.5 7.6
E-18' 10 1.295 0.665 23.4 1.194 0.591 1947
A 352 100 0.971 0.652 44.1 1.043 1.051 2699 81 8.1 59 38
A’ 100 0.951 0.720 44.1 1.076 0.963 2595
S 352 50 1.077 0.641 43.0 1.041 1.004 2564 78 7.8 61 16
S’ 50 1.054 0.733 43.0 1.072 0.849 2311
F 56 N=0.9734 14.6 1.2 0.779 1476 25 8.8
WF 56 286.0° 1.0 1.23 13.4 1.2 0.707 1371 25 8.8
E-18 56 10 1.383 0.571 23.4 1.2 0.709 1493 25.5 9.0
sf 56 50 1.093 0.743 43.0 1.093 0.743 1494 25 8.8
E-188 33-215 10 1.35 0.618 23.4 1.23 0.552

AR, =r: (18134 2813)=5.657r,.
L is the angular momentum ( rounded to the nearest 0.5) for which d | S, | /dL is maximum, Dy is the distance of closest approach
on the Rutherford trajectory with L =L.

°Partial wave and scattering angle at which the nuclear rainbow occurs in scattering by the real part of the potential.

9Renormalization of the real folded potential: see text.
°The real potential is Woods-Saxon squared.
Potential constrained to have ry =ry, ay =ay.

¢Potential for '°0 + 2%Si scattering from Ref. 6.
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lowed to increase slowly and linearly with energy. These
potentials were not surface transparent.

It should also be noted that the '®0 data used in those
studies were confined to scattering angles in the forward
hemisphere (6, ,, <30°at 215 MeV). At the highest ener-
gies, these angles are too small to reveal evidence of any
“farside dominance” or rainbow phenomena that might
distinguish between the various potentials.!""!” Further,
those analyses ignored the oscillations which were begin-
ning to appear for 8, ,, * 60° in the data for E ~50 to 70
MeV. These oscillations are now known® to extend to
180°—the so-called anomalous large angle scattering
(ALAS) phenomenon—at least for bombarding energies
in the range 30<E <55 MeV. These angular distribu-
tions have been fitted by use of a variety of optical poten-
tials, including one whose real part is a deep, folded one
with some surface modifications.” An important charac-
teristic of these potentials is a surface transparency that
decreases with increasing energy.

The earlier 180 data at 56 MeV considered here, and
shown in Fig. 4, are also confined to forward angles
(6. <90°), where the scattering is less sensitive to de-
tails of the potentials and ambiguities remain in the
optical-model analyses. In the present study, first an
optical-model analysis of the 352 MeV data with different
forms of potentials was applied only to the initial mea-
surements where 2.6°<6,,<14.1°. Later, further
optical-model searches were performed using the extend-
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FIG. 4. Comparison between measured elastic scattering at
56 MeV with optical-model fits obtained with the folding model
potential F and potential E-18 of Table I. The predictions for
the Woods-Saxon-squared potential WF are essentially identical
to those for the folding model, while the angular distribution
from potential S is very similar to that from E-18.
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ed data at larger angles to investigate whether additional
information could be obtained on the nature of the ap-
propriate optical potential.

We chose to pursue three types of WS potential ob-
tained from 'O studies, the shallow, surface transparent
E-18 type,® the deeper (V=100 MeV) A-type,” and the
intermediate (¥ =50) S-type,'? as well as a folded poten-
tial obtained using the M3Y interaction'® and the square
of a Woods-Saxon potential that is equivalent to it. The
data were fitted using the optical-model search program
PTOLEMY;!® representative results are shown in Figs. 2
and 3. We should note that the fits to the 352 MeV data
are not perfect (as indicated by typical values for X* of 3
to 5 per datum when uniform uncertainties of 10% are
assumed). The cross sections at the three most forward
angles are not reproduced correctly, while the structures
in the angular distribution that are predicted near 8° and
10° are a little out of phase with those observed.
Coupled-channels effects (Sec. IV) do not seem to remove
these discrepancies.

B. Folded real potential

The real potential was obtained by folding the M3Y
effective nucleon-nucleon interaction'® into the density
distributions of '%0 and 28Si. The latter was taken to be
twice the shell-model proton distribution determined
from electron scattering,20 while model B’ of Ref. 6 was
used for '*0. A phenomenological WS imaginary poten-
tial of the form (3.1) was included, as well as the
Coulomb potential between two uniform charge distribu-
tions'® of radii 3.68 and 4.05 fm, respectively. The real
potential was multiplied by a renormalization constant N;
this and the imaginary potential parameters were varied
for an optimum fit to the data in the angular range 4.8° to
23.1°, with the usual X? criterion.’” A value of N~1.0
would signify the validity of the folding model. The re-
sulting parameters are labeled F in Table I. The precise
values of the imaginary radius parameter were ambigu-
ous, although clearly ry needed to be smaller at the
higher energy. To stabilize the searches, we fixed
ry=0.7 fm at 352 MeV and ry,=1.2 fm at the lower en-
ergy. Potential F’' was obtained when the data between
23° and 29° were included in the fit.

A fit to the 56 MeV data, shown in Fig. 4, is easily ob-
tained with N =1. (Similar results with N close to unity
were found previously16 for other '*0+!%Si data in this
energy region.) However, fits to the 352 MeV cross sec-
tions (which are comparable to those obtained for poten-
tial S shown in Fig. 2) can only be obtained with the real
potential reduced in strength by a factor of 2 (N =0.52).

This strong energy dependence appears to be in strik-
ing contrast to the global 'O scattering results of Ref. 7
where a constant N was used from E =33 to 215 MeV.
When corrected for small differences in the interaction
used in that work, its value corresponds to N =0.8 here.
However, best fits obtained'® at individual energies do
show a comparable energy dependence in N. At the
lower energies, the optimum N =1.0 is found, but this
has decreased to N =~0.91 at 142 MeV and N~=0.76 at
215 MeV. A linear extrapolation to 352 MeV gives
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N =0.5, just as is found here for the '30 scattering. This
is illustrated in Fig. 5.

Such a strong energy dependence was not seen for oth-
er heavy-ion systems.'® A reduction in N from unity was
seen’! for °Ar scattering at 44 MeV/nucleon, but only to
N =0.7, when the same folding model was used. This en-
ergy is more than twice the 20 MeV/nucleon of the
present experiment. A density-dependent development?!
of the M3Y effective interaction, called DDM3Y, varies
with energy much more strongly than the original M3Y
one, and has been shown?? to reproduce ?C+!2C and
180 4 12C scattering for energies E / 4 from 9 to 94 MeV.
The same model gives a good account?® of '°04 28Si
scattering at E/ A4 =94 MeV, but when applied to this
system at lower energies, or to the present '30 +23Si data,
it still requires renormalization factors N not very
different from those needed for the original M3Y interac-
tion. Similar discrepancies were found?!' for other
heavy-ion systems in this low-to-intermediate energy re-
gion.

C. Woods-Saxon-squared potential

The folded real potential in the surface region can be
represented closely by the square of the WS form (3.1).
We continue to use the standard WS function for the
imaginary part. Then we have

U(r)=—V[f(x)P—iWf(xy) .

The values ¥'=270 MeV, r,=1.0 fm, and a,=1.23 fm
then fit the folded potential over the important radial re-
gion r =6 to 12 fm, where — ¥V ranges from 55 MeV to 10
keV. In order to fit the scattering data, we kept this
shape fixed, but varied the real depth ¥V, corresponding to
the variation of N in the folding model. The resulting po-
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FIG. 5. Renormalization factors N (E) for the real folded po-
tentials with the M3Y interaction, needed to fit 'O and '*O
scattering from 2%Si at various bombarding energies E. The
solid circle and solid triangle correspond to global fits to data
over the indicated energy range. The dashed line represents a
linear extrapolation of the results for '°0O at 142 and 215 MeV.
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tentials WF and WF' in Table I, correspond to fits to the
limited and extended data, respectively. They yield al-
most exactly the same scattering as the respective F-type
potentials, while their strengths ¥ correspond closely to
the N(56)=1, N(352)=0.5 found for them. Thus these
(WS)? potentials may be used as convenient analytical
substitutes for the numerical folded potential. No clear
improvement in reproducing the data was noticed with
the new F' (or WF’) potentials in comparison to the origi-
nal F (or WF) potential fits.

D. Woods-Saxon potentials

Here we use the standard potential form of Eq. (3.1).
We started from three types of potential that had been
obtained in earlier work: the A-type’ with =100 MeV,
the S-type!® with V=50 MeV, and the surface-
transparent E-18 type® with V=10 MeV. The S-type po-
tential had been obtained from analysis of elastic and
transfer data for '30+28Si at 56 MeV incident energy.
For each of these types, automatic searches were made
varying different combinations of the geometric parame-
ters: (ry=ry,ayp,ay), (ry,rw,ap=ay), and
(ry,rw,ay,ay ), keeping V,W fixed in each case. Very
similar values of X? were obtained (X?>~4-5 per datum
assuming a uniform 10% uncertainty for each experimen-
tal cross section) for the fits resulting from these different
searches and potential families. We found that varying
the value of W as well led to instability in the search pro-
cedure.

In Table I are shown the parameter values derived by
varying all four of the geometric parameters independent-
ly. The first of each pair listed for each type of potential
resulted from fits to the initial, limited (6, ,, <23.15°)
measured elastic cross sections, while the second (primed)
set was obtained from the extended measurements
(6, . $29.05°). In Fig. 2 we show the comparison of the
restricted data with optical-model predictions using the
three types of potential. A discrimination between the
different potentials is not possible. The amplitudes of the
oscillations in the angular distributions predicted by all
the potentials increase until 6, , =20°. Beyond this an-
gle, the E-18 oscillations remain roughly constant, while
those for the other potentials decrease in amplitude.
Especially striking is the very deep and narrow minimum
near 20° exhibited by each except the E-18. We return to
these characteristics in Sec. III G. Figure 3 shows that
even extending the data to 6, ;, ~29° did not enable us to
establish the nature of the optical potential. Fits with
comparable X? show noticeable deficiencies in different
angular regions.

E. Characteristics of the potentials

Later we show evidence that the scattering at 352 MeV
is only sensitive to the potential for separations r X 6 fm.
In this region, the 4 and S potentials are almost identi-
cal, while the F and WF potentials are very similar to
them. As Fig. 6 illustrates, these potentials are charac-
terized by |ImU | ) |ReU| for r 27 fm. The E-18 po-
tential shows quite the contrary behavior; the absorptive
part is weaker than the real, refractive part for r > 7.8
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fm, but stronger at smaller radii. This “surface tran-
sparency,” which is a general feature of E-18 type poten-
tials,%!1% is important for understanding the scattering
that they induce.!! It also results, at this energy, in a re-
action cross section o 4 which is some 20% smaller than
those calculated for the other types of potentials (Table
D.

The dashed curve in Fig. 4 shows the E-18 type fit to
the data'® taken at 56 MeV. It shows no oscillations
beyond 30°, although it is interesting to note that an ap-
parently similar E-18 type of potential used in a coupled-
channels treatment'® did result in oscillations at the
larger angles similar to those seen here (Fig. 4) for the
folded potential F. However, closer inspection shows
that, while the imaginary parts of these two E-18 type po-
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FIG. 6. The optical potentials S and E-18 for 80+ %Si at
352 MeV. The parameter values are given in Table I. At the

bottom is a scale showing the partial wave number L for which
the corresponding Rutherford orbit has r as its distance of
closest approach. The inset shows the density distributions of
the two nuclei when their centers are separated by 6 fm.
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tentials are almost identical, the real part of the one (with
V=19 MeV) from Ref. 10 is approximately twice the
strength of ours at all radii and hence leads to more re-
fraction in the surface region. Indeed our E-18 potential
at 56 MeV does not show a marked surface transparency
like that seen (Fig. 6) at 352 MeV; its real and imaginary
parts are roughly equal for peripheral collisions.

The S-type fit'® to the 56 MeV data is like that shown
in Fig. 4 for E-18. This S potential differs from the corre-
sponding one found at 352 MeV (Fig. 6) in that its real
and imaginary parts were constrained to have the same
shape; consequently the imaginary-to-real ratio is 0.86 at
all radii. Other searches in which the two parts were al-
lowed to have different shapes did result in this ratio be-
ing reduced in the surface region. The increased tran-
sparency in the surface then led to oscillations appearing
at the larger angles. This improved the agreement with
the data in this angular region, and reduced the overall
X2, but at the expense of poorer agreement at small angles
where the cross sections are oscillating about the Ruther-
ford values. For this reason, we preferred the con-
strained potential whose parameter values are included in
Table 1.

F. Comparison of results at 56 and 352 MeV

The analyses at both energies are subject to consider-
able ambiguities. Some general features can be discerned
when the optical-model results for the two energies are
compared. The real potential in the important surface re-
gion (r =~8-9 fm, say) needs to be roughly twice as strong
at the lower energy. This is seen most clearly for the
M3Y folding model which gives the same shape at both
energies but needs to be renormalized by N =0.54 at 352
MeV, whereas N =1 is satisfactory at 56 MeV. This is
similar to the results found for 'O+ 2%Si (Fig. 5). The S-
type potentials show the same trend. The effect is less
marked for the E-18 type, but still present.

The other feature noticeable from Table I, except for
the E-18 type, is that the imaginary diffuseness a,, needs
to be appreciably larger at the high energy. This is also
reminiscent of the behavior found’ for °0 +28Si scatter-
ing, where a; ~1 fm was required at the highest ener-
gies. The effect is reversed, however, for the E-18 poten-
tial. An energy dependence of the imaginary potential is
not unexpected;’* it has been seen clearly at low ener-
gies,’ but it is not known what form it might take at an
energy as high as 352 MeV.

G. Partial-wave decomposition

The elastic scattering matrix is S; = | S; | exp(2i68, ),
where 8, is the (real) phase shift and L denotes the Lth
partial wave with angular momentum A=L + 3 in units
of h. It is convenient? to write it in terms of its modulus
MA)=1|S._s_1,,| and the quantal deflection function
O(A)=2(dd; /dL); _,_,,,- The departure of n(A) from
unity is a measure of the absorption for that partial wave,
while the observed scattering angle is 6= | © |. Because
the identification of ©(A) with the classical deflection
function is no longer strictly valid when the potential is
complex, it is more meaningful to consider!”?* the ©(A)
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generated by scattering from the real part of the potential
alone (i.e.,, with W =0). Examination of the absorption
profiles (A) and the deflection functions ©(A) gives fur-
ther insights into the nature of the various potentials that
fit a given set of data.

The moduli n(A) for the 352 MeV potentials are shown
in Fig. 7. The lower scale indicates the distance of closest
approach D(A) for the Rutherford trajectory with angu-
lar momenta A. The classical trajectories D R 6 fm are
perturbed very little by the nuclear potentials, so that this
scale gives some indication of the radial region in which
the potentials are being sampled. All the potentials ex-
cept E-18 result in total absorption, 7(A)=0, for A <60
(and hence D <6 fm), and 99% absorption (1 —7>=0.99)
for A=70 (D=7 fm). As the inset to Fig. 6 shows, D =6
fm already represents considerable overlap of the density
distributions of the two interacting nuclei. Scattering by
the E-18 potential samples slightly smaller radii. The
“surface transparency” of E-18 is manifest by 7(A) for
the potential being appreciably larger in the “surface” re-
gion 60<SA <110, or 6 fm SD <11 fm. This behavior
reflects the relative strengths of the corresponding ab-
sorptive potentials in the surface region (see Fig. 6). We
have shown elsewhere* that these differences in 7(A) have
important consequences for a distorted-waves treatment
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FIG. 7. The moduli n(A)=]|S,| for A=L+1 of the
partial-wave scattering matrix elements for some of the 352
MeV potentials given in Table I. [The n(A) for the WF poten-
tial is almost identical with that for potential F.] The crosses
(+) mark the “strong absorption” A for which dn(X)/dA is a
maximum. Also shown are the deflection functions
O(A)=2(dd /dL), evaluated at L =A — '3, for scattering by the
real parts of these potentials. The notation NR denotes the nu-
clear rainbow and CR means Coulomb rainbow. The lower
abscissa scale shows the distance of closest approach D(A) for a
classical Rutherford trajectory with angular momentum Afi.
Note the suppressed zeros on the abscissa scales.

of nucleon transfer reactions. We note also that the ab-
sorption profile for the other potentials are not identical,
F being least absorptive. This fact emphasizes that sur-
face transparency is not necessarily correlated with a
“shallow” potential, if by this is meant the depth of the
potential at small radii (the value of ¥ for WS or WS? po-
tentials). The F potential is nearly 400 MeV deep at
r =0, but it is the potential value in the surface that
determines the character of the scattering.

Also marked in Fig. 7 are points at which dn(A)/dA
has a maximum for each potential. The corresponding
Ap closely approximate the critical A=A defined by
Frahn,? and the associated D(Ay) play the role of strong
absorption radii. Their values are included in Table I.
The partial-wave contributions to peripheral, nonelastic
direct reactions tend to peak for A=A provided the re-
actions are reasonably well matched kinematically.*

The deflection functions ©(A) for scattering by the real
parts of the potentials are shown in the upper part of Fig.
7. They are all very different, but, except for E-18, these
differences are only large for those values of A for which
n(A) is very small. That is, the strong absorption for
A £70 prevents the differences in the ©(A) from being ob-
served. In particular, although the real part of each of
the deeper potentials has the capacity to produce a “nu-
clear rainbow” [points for negative ©=0yg at which
dO(L)/dA=0], such rainbows never appear in the actual
scattering.!”?® The real part of the E-18 potential is too
weak to give rise to any negative angle scattering (in the
classical sense) although it exhibits a very weak rainbow
with ©=2°and A=70.

All the potentials give rise to a “Coulomb rainbow”.!
At 352 MeV it occurs with O =4° at A=100 for the E-
18 potential and A =96 for the other potentials.

Thus we see from these various results that the E-18
type of potential, and the other, deeper ones, represent
two distinct ways of interpreting the available data in
terms of scattering with different physical characteristics.
These differences are further emphasized in the next sec-
tion, and are very similar to those found for the 160 4 28gi
system.!!

H. Farside/nearside decompositions

The deflection functions ©(A) just discussed imply that
the potentials, except the E-18, can sustain negative-
angle, or farside scattering. However, the absorption
profiles 77(A) indicate that particles which traverse classi-
cal trajectories that are deflected to negative angles
O < —10° are strongly absorbed; these angles are in sha-
dow. Quantitatively, wave diffraction at the edge of the
absorptive region allows leakage into this shadow with an
intensity that falls in a roughly exponential way with in-
creasing angle. The presence of an attractive real poten-
tial in the surface enhances this farside scattering, reduc-
ing the slope of the exponential decay.

Similarly, although nearside scattering (i.e., to positive
©O) is not classically allowed for © % 4°, diffraction allows
larger angles to be illuminated, again with an intensity
that falls exponentially. In this case, the attractive poten-
tial resists scattering to the larger angles, causing the ex-
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ponential decay to be steeper.

These ideas are formalized*'"!” in an exact decomposi-
tion of the scattering amplitude into farside (F) and near-
side (N) components, f(0)=fy(0)+fr(8). This was
done for the potentials obtained in the present work; two
examples are shown in Fig. 8. Plotted are the quantities
In[27sin(8)o(6)], where for the nearside alone, o(6)
=on(0)=|fy(6)|% for the farside alone, o(8)
=0p(0)=|fp(0)|? and for their coherent sum,
a(@)=|f(O)|%

The F, WF, and S potentials give results qualitatively
similar to those shown for 4 in Fig. 8. At small angles,
the nearside scattering is dominant, but the attractive nu-
clear potential, gives oy and o different slopes, so that
eventually they are equal. This crossover occurs for a
scattering angle 6~20° for these potentials, and their in-
terference produces a very deep minimum near that an-
gle. The interference oscillations die out on either side of
the crossover angle. The farside dominates at larger an-
gles and the angular distribution assumes a smooth fal-
loﬁ-.ll,17

In the absence of absorption, interference between the
two components of the farside amplitude that contribute
for a given deflection when 0> © > Oy, corresponding
to the two branches of the deflection function (see Fig. 7),
would have produced the Airy maxima and minima that
characterize a rainbow.!” This is illustrated in Fig. 8
where the farside cross section calculated for potential A4
but with W =0 is also shown. Potentials S, F, and WF
also show rainbows in their farside amplitudes when we
put W =0, but with different rainbow angles Oyy (Fig. 7
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and Table I). Thus the farside cross section for potential
F, with ©yg=—67°, shows Airy oscillations over the
whole angular region studied here, whereas that for po-
tential S, with ©Oyg= —16°, only shows the last Airy
minimum before the primary rainbow maximum, at
0=2°. In any case, absorption has removed any traces of
these rainbow patterns of the farside scattering from the
full, complex, potentials. Such rainbows cannot be ob-
served and we are left with simple farside dominance.!”

The E-18 potential provides quite a different behavior.
After nearside dominance at small angles, the near and
far components fall roughly parallel, so that their in-
terference pattern continues with oscillations of approxi-
mately constant amplitude. The very similar results for
160 +28Sj scattering at 215 MeV with this type of poten-
tial have been interpreted!! in terms of a “black ball en-
closed in a glass casing” and that same discussion is valid
here.

The inclusion of the data extending out to 6~29°
drives the search to potentials with a near/far crossover
in the range 6~22°-26°, even with the E-18 type. The
behavior of the near/far components for the E-18’ poten-
tial is similar to the E-18 case shown in Fig. 8 except that
the near branch does not bend upward for 6% 20° and the
far-branch falls off a little less steeply, resulting in a
crossover near §=23°. Since the near and far amplitudes
for E-18' do not diverge rapidly for angles beyond the
crossover, their interference oscillations continue just like
they do for E-18 in Fig. 8, but now with the farside one
dominant.

These results imply that the two kinds of scattering ex-
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FIG. 8. Nearside/farside decomposition of the scattering at 352 MeV by potentials A and E-18. Also shown is the farside cross
section for scattering by the real part of potential 4 without absorption (W =0); Oy on this curve indicates the nuclear rainbow an-

gle obtained from Fig. 7.
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hibited in Fig. 8 could be distinguished unambiguously by
precise measurements of the cross sections for scattering
angles out to 40°, say. The present data are still
insufficient to allow a choice to be made between different
potentials. (A similar ambiguity remains for 'O+ 2*Si
scattering, where the measurements also stop close to the
near-far crossover angle predicted by the deeper poten-
tials.)

I. Summary of elastic analysis

Despite the extension of the elastic measurements out
to 29° the optical-model analysis remains ambiguous, and
the results obtained are very similar in character to those
found for %0+ 28Si scattering at 215 MeV. However, the
allowed potentials fall into two categories. The first,
represented by the E-18 type, are surface transparent.
All potentials imply that nearside scattering is dominant
for 8 <20°, but the E-18 type predicts that nearside domi-
nance continues to larger angles. (The E-18’ that results
when the extended data are included, does have a near-
far crossover, but otherwise the characteristics of the
scattering by this potential remain similar to those for E-
18.) The second category is comprised of more strongly
absorbing potentials but whose real parts are sufficiently
attractive in the surface that farside scattering dominates
for 6>20°. Including the elastic data for the larger an-
gles results in potentials for which the near-far crossover
occurs at slightly larger angles. The deflection functions
for scattering by the real parts of the E-18 type potential
give no indication of a nuclear rainbow, whereas the po-
tentials of the second category do. However, the strong
absorption that is present for low partial waves eliminates
all trace of such rainbows in the actual scattering.

We shall see in the next section that these conclusions
are not changed when the effects of couplings to inelastic
channels are included explicitly by doing coupled-
channels calculations.

IV. ANALYSIS OF INELASTIC SCATTERING

Cross sections were extracted for the excitation of the
lowest 27 states in the projectile (1.98 MeV) and the tar-
get (1.78 MeV), as well as for the 6.88 MeV excitation, as-
sumed to be due to a known 3~ state!®?® in 2*Si. These
are shown in Figs. 9 and 10. The strongest group was
that for excitation of the 2% in ?8Si, and preliminary cal-
culations indicated that the distorted-wave Born approxi-
mation® was not adequate for its analysis. Coupled-
channels calculations® were made using the program
PTOLEMY.!®

A. The 27 excitation in 23Si

There is evidence?’ that, to some approximation, the
nucleus 2Si can be regarded as an axially symmetric, ob-
late, rotor. We adopted that model and introduced the
deformation into the corresponding Woods-Saxon optical
potential (3.1) in the usual way,"® U(r)—U(r,8), by
defining radii in the body-fixed frame of axes,

R,—R,;+8YY%0), 4.1
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where i =V or W for the real and imaginary parts, re-
spectively. The radial parts of the corresponding 2*-pole
coupling potentials were then obtained by projection,’

Up(r)=2m [ U(r,0)¥3(6)sin6d0 . 4.2)

Only the quadrupole, A=2, term was included here.
Coulomb excitation was included using 360 partial waves,
although its effect is small except at the most forward an-
gles. Also, this 27 state is known?’ to have a large, posi-
tive quadrupole moment, so allowance was made for its
reorientation by both nuclear and Coulomb couplings. A
recent evaluation®® gives B(E2)=326 e?fm* for this
transition, and this value was used. In the symmetric, ob-
late, rotor model this implies a quadrupole moment for
the 2 state of +16.4 e fm?, compared to the measured?’
value of +17.5+2.9 e fm*.

We expect® the potential deformation length 8} in Eq.
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FIG. 9. Differential cross sections for the elastic scattering
and for the excitation of the 2+ state of 28Si. The curves are the
results of coupled-channels calculations treating 2*Si as an ob-
late rotor with a potential deformation length 8= —1.2 fm.
The potentials SCC and E-18CC correspond to potentials S’ and
E-18' of Table I except for reductions in the values of ay
(aw=0.73 fm for SCC, ay =0.535 fm for E-18CC).
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(4.1) to be comparable to the corresponding deformation
length 85 of the 2Si charge distribution deduced from the
measured B (E2) value for this transition. If we assume
that the 28Si charge distribution?® has a Woods-Saxon
shape with R,=3.14 fm, a.,=0.536 fm, and that the
transition charge density is given by deforming this, using
the same procedure as in Egs. (4.1) and (4.2), we deduce
8§~ —1.2 fm (oblate) or + 1.6 fm (prolate). However,
electron scattering measurements?’ indicate that the tran-
sition charge density deviates somewhat from the shape
given by this prescription, so that we cannot expect a pre-
cise correspondence between optical-model and charge
deformation lengths.

Studies were made based upon all three types of
Woods-Saxon potentials E-18’, 4, and S’, listed in Table
I. The feedback of the coupling onto the elastic scatter-
ing mostly results in a dampening effect, causing the elas-
tic differential cross sections to fall off somewhat faster
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FIG. 10. Differential cross sections for the excitation of the
2% state in '®*0 and the 3~ state in 2*Si. The curves were ob-
tained from coupled-channels calculations, assuming in each
case a simple harmonic vibration, with a potential deformation
length of 8Y=0.72 fm or 8Y=0.64 fm. The solid curves corre-
spond to using the S’ optical potential and coupling only the
ground state and the particular excited state. The dashed
curves result from using the SCC potential and including also
the coupling between the ground state and the 1.78 MeV 2+
state of 28Si.
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with increasing angle compared to the one-channel cases
discussed earlier. We looked for the simplest adjustment
that could be made to the optical potential parameters
listed in Table I that would restore the agreement with
the elastic scattering measurements when used in a
0*7-27% coupled-channels calculation. Frequently it is as-
sumed that a small reduction in the strength W of the
imaginary potential will be sufficient, but we found that
the optimum one-parameter variation was a reduction of
10-15 % in the imaginary diffuseness ay,. Reducing aj
also reduces the rate of fall with increasing angle of the
inelastic cross sections. The remaining adjustable param-
eter is the potential deformation length 8). Both the
magnitudes of the inelastic cross sections, and the degree
of dampening of the elastic cross sections, are roughly
proportional to (8))2. Consequently the variations in ay,
and 8) allowed by the data are correlated. The curves
shown in Fig. 9 were obtained by choosing 8Y= —1.2 fm,
as suggested by the measured B(E2), and associated ay,
values of 0.535 fm for potential E-18CC (a 10% reduction
from ay,=0.591 fm for E-18') and 0.73 fm for potential
SCC (a 14% reduction from ay,=0.849 fm for S’). Com-
parable fits were obtained with 8= —1.2 fm by replac-
ing ap,=0.963 fm for the 4’ potential by ay,=~0.83 fm.

The fits to the elastic data are comparable to those ob-
tained with the one-channel optical potentials (Figs. 2
and 3, and Ref. 14) and have similar characteristics. For
example, the S-type results in deeper minima than the E-
18 type, and shows evidence for a far-near crossover near
6=20°. In particular, the discrepancies noted earlier be-
tween the optical-model predictions and the data at the
smaller angles are not removed by explicitly including the
quadrupole coupling.

The agreement with the inelastic data is quite good for
all three potentials, and is of similar quality to the elastic
fits. More important is that all three require approxi-
mately the same deformation length, 8y~ —1.2 fm, so
that the magnitudes of the inelastic cross sections cannot
be used to discriminate between the potentials. This is in
striking contrast to the results for one-nucleon transfer
reactions®!'? where the surface-transparent E-18 type po-
tential predicts cross sections as much as a factor of 3
larger than do the A or S types. The reason for this
difference in behavior is easy to see. The coupling in-
teraction responsible for the transfer reactions is essen-
tially the same in all three cases (predominantly’ the
binding potential for the transferred nucleon), and only
the distorted waves vary for the three potentials.'* In
contrast, use of the deformed potential model for inelas-
tic scattering implies a strong correlation between elastic
and inelastic processes,2 the elastic and inelastic cou-
plings being determined by the same potential. Then im-
posing the constraint that the elastic data be fit tends to
result in similar inelastic cross sections.

Some other characteristics of the coupled-channels cal-
culations may be noted. Within the rotational model, the
results are dependent® upon the sign of 8,. Repeating the
calculations just discussed, but with a positive (prolate)
6,, gives inelastic cross sections of similar magnitude but
with oscillations shifted forward in angle by about 3%
(about 1° at 17°, or about one-fifth of the spacing between
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successive peaks in this angular region). This shift arises
mainly from the reorientation of the 27 state; switching
off this coupling gives rise to very similar angular distri-
butions for either sign of §,. [They are not identical be-
cause the projection (4.2) itself contains small contribu-
tions from (8,)* and higher odd powers.]

Changing the sign of &, also effects the elastic scatter-
ing, but in the opposite sense to the inelastic; a positive 8,
moves the oscillations in the elastic scattering backward
by about the same degree. Thus the present results may
be said to provide further support for the hypothesis that
28Si is an oblate rotor, to the extent that we reproduce
both elastic and inelastic angular distributions with this
assumption. Unfortunately, the quality of the fits does
not allow us to make a stronger statement.

Frequently the multipole coupling is taken to be the
first term in a Taylor expansion!? of the projection in-
tegral (4.2),

U (r)=—-8YdU(r)/dr . 4.3)

This would be exact for the excitation of a single phonon
of a 2*-pole harmonic shape vibration. We also made this
assumption (with A =2) for the 1.78 MeV 2+ state of **Si
(although it is inconsistent with the observation’’ of a
large quadrupole moment for this state). Then we ob-
tained differential cross sections that were very similar (in
the angular region 6 <20° spanned by the data) to those
shown in Fig. 9 for an oblate rotor, provided the value of
8Y was reduced by about 15%.

Finally, we note that the deformation of the imaginary
optical potential plays a very important role in the excita-
tion of this state. The imaginary part of the coupling
dominates over the real part at all the angles studied
(6 <30°), especially for the E-18 type potential. Further,
the angular distributions produced by using either the
real or the imaginary coupling by itself show oscillations
with different periods, corresponding to the different
‘“‘geometries” (especially the radii) of the associated po-
tentials. It is their coherent sum which is responsible for
the patterns seen in Fig. 9.

B. The 2+ excitation in 20

In this case, the coupling (4.3) was used with A =2; that
is, the excitation was treated as a harmonic vibration.
The value B(E2)=45.1 e’fm* was adopted.?® If a
Woods-Saxon shape with R, =2.525 fm, a,=0.45 fm is
assumed for the ®O charge distribution, and the prescrip-
tion (4.1) is used, this corresponds to a deformation
length 65=1.09 fm.

Only the S’-type potentials were used. Two ap-
proaches were taken. In one, only this excitation and the
ground state were coupled, using potential S’ of Table I.
The results for 85 =0.72 fm are labeled 0*-2* in Fig. 10.
In the other, the coupling between the ground state and
the 2% state of 28Si was included explicitly, and the
modified S’ potential (a,;;=0.73 fm) was used. The re-
sults, obtained with the same &%, are labeled 0*-27,
0*-2% in Fig. 10. We see that the explicit inclusion of
the 28Si excitation has some effect on the angular distribu-
tion of the '®0 excitation, but it does not improve the
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agreement with the data. The measurements for 6% 9°
are consistent with 89’ ~0.7-0.9 fm, but these values
overpredict the cross sections for smaller angles. (Values
of '~0.8-0.9 fm were obtained for this transition upon
analysis of 2°°Pb + '*0 measurements®® at 120 MeV.)

C. The 3~ excitation in 28Si

A number of nuclei in this mass region exhibit?® strong
3~ excitations with energies ~6-8 MeV, including one
in 28Si at 6.88 MeV. We identify this with the strong
group seen in the present experiment at 6.88 MeV (see
Fig. 1. The quoted strength’® corresponds to
B(E3)1=(3910+650) e?fm®. This gives 85~(1.1£0.1)
fm if a harmonic vibrator is assumed, with the prescrip-
tion (4.1) and an rms radius® of 3.147 fm for the ground-
state charge distribution.

The same procedure was used as for the 2+ of '%0; the
S’-type potentials were used together with the vibrational
coupling (4.3) with A=3. Figure 10 shows the results
with the coupling to the 2% state of 28Si being included
explicitly (labeled 0t-37,0%7-2%) and without this cou-
pling (labeled 0*-37). In both cases a potential octupole
deformation length of 8)=0.64 fm was assumed.
Coulomb excitation was included but has negligible
effect. The most forward cross sections are reproduced
fairly well, but the measured oscillations become out of
phase with the theoretical ones at larger angles. The
reasons for this discrepancy are not understood. There is
a known?® 4% level in 2%Si at 6.89 MeV, but there is no
evidence that it is strongly coupled to the ground state,
and its coupling via the 1.78 MeV 27 state is not particu-
larly strong. Further, the results of some exploratory cal-
culations along these lines did not suggest any simple ex-
planation of the observed angular distribution.

V. CONCLUSIONS

We have presented results for the elastic and inelastic
scattering of 'O on 2Si at 351.7 MeV (E/A4=19.54
MeV). Optical-model analysis of the elastic measure-
ments led to ambiguous results, with the allowed optical
potentials falling into two categories which are either
strongly absorbing or transparent in the surface region.
The two types also exhibit very different deflection func-
tions and give rise to scattering with different
farside/nearside decompositions. Use of the folding mod-
el'®2! for the real part resulted in potentials of the strong-
ly absorbing type, while the real strengths had to be re-
duced by renormalization factors N ~0.5.

It has been demonstrated elsewhere*!? that the two
categories of optical potential yield very different predic-
tions for the magnitudes of one-nucleon transfer cross
sections at this energy. In contrast, we have shown here
that they predict cross sections of very similar magni-
tudes for the excitation of collective states by inelastic
scattering, consequently these cannot be used to discrim-
inate between the potentials. We interpret this difference
in behavior in the following way. Our understanding'>
of strong excitations, expressed in our use of the collec-
tive (deformed potential) model, is that there is a strong
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correlation between these inelastic amplitudes and the
elastic ones.? This involves the use of a transition poten-
tial which is derived from the optical potential used, so
that an ambiguity in the latter carries over to the former.
The distorted-wave Born approximation description of
transfer reactions, on the other hand, involves essentially
the same transition interaction whatever the optical po-
tentials, but the use of different optical potentials results
in distorted waves with different characteristics.

Finally, we note that the various optical potentials do
not result in identical scattering. There are small
differences in the predicted angular distribution shapes,

both for elastic and inelastic scattering, although they
provide equivalent fits to the present data.
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