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Measurements of the differential cross sections and analyzing powers have been made for
'Si(n, no) and ' Si(n, n&) for incident neutron energies b'etween 8 and 17 MeV. These data have

been combined with previous differential and total cross-section data to obtain the most complete
data set for neutron scattering from Si over the 8~ MeV energy range. The data have been de-

scribed within the framework of a symmetric rotational model using phenomenological coupled-
channels calculations. Nuclear moments were deduced and they are in good agreement with those
obtained from electron scattering and Coulomb excitation measurements. Various calculations
were performed to determine the sensitivity of the data and calculations to the signs of the potential
deformation parameters pt and p4. The systematic analysis of the analyzing power data enabled the

determination of the deformation length for the spin-orbit potential. Comparisons between
neutron- and proton-scattering data and calculations were made to test the sensitivity of this type of
data to charge symmetry breaking in the nuclear force and to investigate the isospin dependence of
the absorptive part of the nucleon-nucleus scattering potential for ' Si. The results of these compar-
isons suggest that the differences between "Si+n and 'Si+p scattering can be attributed solely to
Coulomb effects.

I. INTRODUCTION

Nuclei in the 2s-1d shell are particularly interesting be-
cause of the highly collective nature of their low-lying ex-
c'ited states. One such nucleus which exemplifies the col-
lective features of this family of nuclei is Si. The large
static quadrupole moments of Si suggest that the low-

lying states are associated with rotational modes of exci-
tation. Within the scheme of the collective model of the
nucleus, excitations of the low-lying states set the per-
manently deformed nucleus into rotation about some
space fixed axis. The energy level spectrum provides ad-
ditional evidence of the rotational nature of the excited
states in Si. Electron scattering provides precise mea-
surements of the charge distribution and moments, and
the study of electromagnetic interactions is generally a
sensitive test of nuclear structure and the coupling con-
stants involved in the collective excitations. Since ha-
dronic probes are sensitive to the nuclear matter densi-
ties, knowledge obtained through elastic and inelastic
scattering of nucleons supply necessary information for a
complete description of the nuclear transition matrices.

The investigation of Si using nucleons as a probe has
progressed chronologically in the usual manner with the
proton-scattering data and analyses preceding that of the
neutron work. Analyses of Si(p,p') data over the ener-
gy range from 14 to 40 MeV with coupled-channels (CC)
calculations have yielded much information concerning
the deformation parameters p2 and p4 of the central po-
tential and the deformation parameter P, of the spin-
orbit potential. ' Only recently have neutron-scattering
data of comparable accuracy to the proton data be-

come available for this nucleus. With the exception of
one of the analyses in Ref. 4, CC analyses of these high
accuracy neutron data have been conducted only at single
energies or over narrow energy ranges spanning 10 MeV
at most. Consequently, conclusions about the energy
dependencies of the neutron-nucleus interaction for this
nucleus over broad energy ranges are quite limited. Even
the analyses by Austin and his collaborators, which
spanned the energy range from 11 to 40 MeV, only in-
cluded neutron differential cross sections at 4 or 5 ener-
gies, consequently leaving sizable energy gaps in their
study. Although the analysis of Martin included an im-
pressive set of neutron-scattering data, it was conducted
with a spherical optical model (SOM) which provided lit-
tle or no information about the collective properties of
the nuclear interaction.

The objectives of the present investigation are: (1) to
study the collective properties of the low-lying states in

Si using neutrons as a probe; (2) to determine the energy
dependences of the optical-model parameters for neutron
scattering from Si over a sizable energy range; (3) to
parametrize for the first time the spin-orbit part of the
optical-model potential for the Si+n scattering system;
and (4) to extract differences in the real and imaginary
parts of the optical-model potential derived by fitting
neutron- and proton-scattering data for the purpose of
testing for charge symmetry breaking (CSB) in the nu-
clear force and deducing information about the isospin
dependence of the absorptive part of the optical-model
potential for nucleon scattering from Si. The fulfillment
of these objectives required very accurate differential
cross sections o(0), vector analyzing powers A (8), and
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neutron total cross sections O. z- over a relatively wide en-

ergy range. The neutron facilities at the Triangle Univer-
sities Nuclear Laboratory (TUNL) were used to fill the

gaps in the existing cr(8) data from 8 to 17 MeV and to
provide a set of A~(8) data from 10 to 17 MeV. A pre-
liminary report on the present work was given at the
Burr Oak Conference in 1984.

II. THE NEUTRON DATA SET

The present analysis, which was carried out over a
wide energy range, utilized data from several references.
High quality neutron-scattering data from recent mea-
surements were collected and evaluated to form the most
complete set of o (8) and A (8) data for neutron scatter-
ing from Si. At energies where several independent
measurements existed, only the highest accuracy data
were used.

The data set for 0 (8) spans an energy range from 8 to
40 Me V and consists of 24 angular distributions.
Differential cross sections for elastic scattering and in-

elastic scattering to the first excited state at incident ener-
gies of 8.0, 10.0, 11.9, 14.0, and 16.9 MeV were measured
at TUNL. Data for elastic and inelastic scattering at 9.8
and 14.8 MeV were obtained from G. Haouat et al. of
Bruyeres-le-Chatel (BRC). The data at 11.0, 20.0, 21.7,
and 26.0 MeV were measured at Ohio University (OHO)
and were reported in Tailor's Ph.D. dissertation and in a
recent paper by Alarqon and Rapaport. The 0(8) for
elastic scattering at 30.3 and 40.0 MeV were measured at
Michigan State University (MSU) by DeVito et al. The
relative uncertainties in the elastic distributions ranged
from 2 to 5% and those in the inelastic data were 5 to
10%. All distributions had a 5% normalization uncer-
tainty. Neutron total cross sections were taken from
ENDF/B-5 for neutron energies below 20 MeV and from
the data of Larson et al. at higher energies.

All A~(8) data included in the data set were measured
at TUNL using the pulsed-polarized beam facilities to be
described in Sec. IIIB. The uncertainties in the A (8)
data ranged from 3 to 8 % for the elastic data and from 6
to 12%%uo for the inelastic distributions. There was a 2%
normalization uncertainty in these data due to the uncer-
tainty in the value of E~, the polarization transfer
coefficient for the H(d, n) He reaction. The arrow indi-
cates that the particle is polarized. Prior to these mea-
surements only one A~(8) angular distribution for

Si+ n had been reported above 8 MeV, that of Bottcher
et al. at 14.1 MeV. These latter data are discussed
below.

At the time of our measurement of A (8) at 14.0 MeV,
we became aware of a concurrent experiment at Erlangen
by Bottcher et al. Since very little A (8) data for neu-
tron scattering exists for energies above 8 MeV, except
for measurements from our lab, we welcomed a check on
our data. Unfortunately, the methods were not complete-
ly independent, since the code JANE is used at both labs
to correct the A (8) data for multiple-scattered neutrons
in the sample and for finite geometry effects. In their
measurement, a dc beam, rather than a pulsed beam, was
used and a proton-recoil spectrum stripping method was
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FIG. l. A comparison of the present A~(0) data at 14 MeV
to that of Bottcher et al. ' The circles are the TUNL data and
the crosses represent the Erlangen data. The curves are derived
from associated Legendre polynomial fits to A~(0)-a(0) of the
present data.

employed to unfold the yields for the elastic and inelastic
scattering.

Figure 1 is a comparison of the present A (8) data at
14.0 MeV to the Erlangen data at 14.1 MeV. %ith the
exception of the differences in the A (8) at 42' and near
115, the two data sets for elastic scattering are consistent
within about two standard deviations. The discrepancies
around 42' and 100 —115' occur in regions where o(8) is
relatively low. In such a situation it might be dificult to
properly separate the yields for the individual neutron
groups accurately using the techniques employed at Er-
langen. Because of the inconsistences between the
present data and the Erlangen data, the Erlangen data for
elastic scattering are not included in the A~(8) data set
for the present nuclear calculations. However, since the
A~(8) in the angular region around 42' was very sensitive
to the input parameters for the spin-orbit interaction in
the nuclear model calculations, the Erlangen data point
for elastic scattering at this angle was plotted along with
the TUNL data for comparison to the calculations.

The A (8) data for inelastic scattering are in fairer
agreement except at angles beyond 135'. The similarity
between the Erlangen inelastic scattering and elastic
scattering data beyond 135' suggest that perhaps there
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FIG. 2. TOF spectra at incident neutron enregies of 10 and
17 MeV. These spectra were obtained with a flight path of 6 m

at 0=70' and 0=60', respectively.

was difficulty in resolving the elastic and inelastic yields
using the Erlangen approach. In the time-of-flight (TOF)
method employed at TUNL, the energy resolution of the
experiment was more than adequate for resolving the
elastically scattered neutrons from those that were
inelastically scattered from the first excited state (see Fig.
2 and Ref. 8). Again, because of our concerns regarding
the resolution problems in the Erlangen technique, only
the TUNL data for inelastic scattering were used.

III. EXPERIMENTAL TECHNIQUES

Differential cross sections for neutron scattering from
natural silicon were measured at incident energies of
7.96, 9.95, 11.94, 13.97, and 16.92 MeV using the neutron
TOF spectrometer at TUNL. A gas deuterium target
was used to produce the neutrons via the H(d, n} He
source reaction. A deuterium pressure of 2 bar was
maintained in a cylindrical cell about 0.8 cm in diameter
and 3.16 cm long with its axis along the beam direction.

Because detailed descriptions of the facilities at TUNL
used to perform the neutron-scattering experiments have
been reported previously, ' only a brief discussion of
techniques used in the present o (9) and A (8) measure-
ments will be presented here.

A. Experimental techniques for cross-section measurements

The deuteron beam employed in these measurements
was accelerated by the tandem Van de Graaff at TUNL,
which has a maximum terminal voltage of 8 MV. The
beam was pulsed to permit the application of TOF tech-
niques for determining the energy of the scattered neu-
trons. The neutrons emanating from the H(d, n) He
source reaction at angles around 0 were scattered from
the silicon sample. The scattered neutrons were detected
by two heavily shielded liquid scintillators which were
positioned on opposite sides of the beam axis.

The scatterer was a cylinder with radius 1.18 cm and
height 2.53 cm made of natural silicon, which is 92.6%

Si. The silicon sample was suspended directly over the
pivot point of the two main detectors by a thin vertical
steel cable, so that the axis of the cylindrical sample was
perpendicular to the beam axis. The center-to-center dis-
tance from the neutron production target to the scatterer
was typically 10 cm.

The neutron flux was monitored with a 5 cm (thick) X 5
cm (diameter) liquid scintillator which viewed the pro-
duction target at a polar angle of 0' and an azimuthal an-
gle of 50' above the scattering plane. Absolute normali-
zation of the cross-section data was obtained by compar-
ing to neutron scattering from hydrogen.

The backgrounds in the TOF spectra were small and
found to be primarily due to sample-uncorrelated events
in the neutron detectors. The sample-uncorrelated back-
grounds were measured by accumulating TOF spectra
with the sample removed. Very little background
remained in the region of interest after the sample un-
correlated background was subtracted from the sample-in
spectra, indicating that the sample-correlated back-
grounds were negligible. Examples of the spectra with
sample-uncorrelated backgrounds subtracted are shown
in Fig. 2 for incident neutron energies of 10 and 17 MeV;
these plots illustrate the energy resolution of the TOF
spectrometer and the low sample-correlated backgrounds
obtained with the system.

Corrections to the data for effects due to the finite sizes
of the gas target, the silicon scatterer, and the neutron
detectors were computed with the Monte Carlo code EF-
FIGY. The code EFFIGY was also used to correct the data
for flux attenuation in the scatterer. The shift in the lab
angle due to averaging over the angular acceptance of the
scatterer and detector system was usually less than +1'
but was occasionally as high as +2.5' on the steep
forward-angle slope of the differential cross section for
elastic scattering. The flux attenuation in the scatterer
was generally less than 18%. The multiple-scattering
corrections were less than 7% at most angles but were as
high as 20% in the first minimum of the o (8}for elastic
scattering.

The relative uncertainties include counting statistics
and uncertainties in the Monte Carlo calculations. They
varied from 3 to 10% for elastic scattering and from 3 to
20% for inelastic scattering. In addition, there exists a
5% overall normalization uncertainty for each angular
distribution. However, the error bars associated with the
data presented in this paper and used in the optical-
model search procedures only reflect the relative uncer-
tainties.
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B. Experimental techniques

for the analyzing power measurements

The analyzing power experiments were conducted in

the same target room and used the same experimental ar-
rangement as the cross-section measurements. These
measurements were made at three incident neutron. ener-
gies: 10.0, 14.0, and 17.0 MeV. The polarized neutrons
were produced by the H(d, n) He reaction initiated with

polarized deuterons. Only the monoenergetic neutrons
emitted near 0' were used. The incident polarized deute-
rons were produced with a Lamb-shift source. As in the
o (8) measurements, the incident deuteron beam was

pulsed to enable the use of TOF techniques for deterrnin-

ing the energy of the scattered neutrons. This was
achieved by using the highly efficient three-phase bunch-

ing system described in Ref. 10. The polarization of the
deuteron beam was measured using the quench ratio
method" and was typically about 70%%uo on target. The
standard beam intensity on target was 160 nA. Although
this is a reasonable intensity for polarized beams, it is still
over a factor of 10 smaller than the 2 pA of unpolarized
beam used in the cr(8) measurements. Therefore, to in-

crease the counting rates in the A (8) experiments, the
deuterium gas pressure of the production target was in-
creased from the 2 bar used in the 0 (8) measurements to
8 bar. Consequently, the energy spreads in the A~(8}
measurements were normally around 460 keV full width
at half maximum (FWHM), instead of the 140 keV in the
o (8}measurements.

To minimize systematic errors the two neutron detec-
tors were positioned symmetrically on opposite sides of
the beam axis, thereby allowing a left-right asyrnrnetry
measurement at each angle. The spin quantization axis
of the incident deuteron beam was flipped at the source,
thus allowing a left-right asymmetry to be measured for
spin-up and spin-down incident beams. The spin-up and
spin-down left-right asymmetries were combined in the
usual manner to minimize instrumental asymmetries. '

The Monte Carlo computer code JANE85 was used to
correct the data for finite geometry effects, such as multi-
ple scattering and flux attenuation in the sample. This
code also determined the mean scattering angle due to
the finite geometry of the entire experimental arrange-
rnent. The adjustments to the scattering angles were nor-
rnally less than 1'. The multiple-scattering and flux-
attenuation corrections were generally smaller than 5%
of the measured A (8) for elastic scattering and less than
2% for inelastic scattering. The corrections to the data
for the angular resolution of the experiment were typical-
ly less than +0.02, except in the minima of the cr(8)
where they were as high as +0.12.

The relative uncertainties in the data are typically
about +0.04 for the elastic scattering measurements and
+0.07 for the inelastic scattering distributions. However,
in the minima of the cr(8) for elastic scattering the uncer-
tainties are occasionally as high as 0.08. In addition to
the relative uncertainties, there is an overall 3% normali-
zation uncertainty due to the uncertainty in the value of
K„"(O,Ed), the polarization transfer coefficient for the
H(d, n) He source reaction. The error bars shown on

the data presented in this paper do not reflect this latter
uncertainty, since it enters as a scale factor across each
angular distribution.

IV. COMPOUND NUCLEUS
CALCULATIONS FOR Si( n, n )

Compound-nucleus (CN) calculations were performed
using the computer code HAUSER*5, which was obtained
from the nuclear analysis group at the Hanford Engineer-
ing Development Laboratory. ' It has the capability of
predicting total cross sections for bombarding energies
up to 60 MeV. The code is based on three models of nu-
clear reactions: the statistical model (Hauser-Feshbach),
the preequilibrium model, and the statistical model for
direct reactions. We used the standard Hauser-Feshbach
model for the present calculations.

The calculations included four particle channels (n, p,
d, and a) plus the y-ray channel. All level density pa-
rameters were taken from Gilbert and Cameron. ' Al-
though the (n, y) cross section was negligible, it was in-
cluded for completeness. Two-particle exit channels such
as (n, 2n), (n,pn), and (n, an) were neglected because of
their large negative Q values and low cross sections at in-
cident energies below 15 MeV, where CN contributions
to scattering cross sections are most significant.

The particle transmission coefficients Tt were comput-
ed using optical-model parameters deduced from analyses
of elastic scattering data for each residual nucleus. [The
subscript 1 denotes the orbital angular momentum of the
incident (exiting) particle relative to the target (residual)
nucleus. ] The coefficients for the neutron channel were
computed with the CC code EcIs79 (Ref. 15) to explicitly
account for the large inelastic scattering cross sections
through coupling. All other TI's were calculated with
the code HAUSER*5, which used a SOM that did not in-
clude the spin-orbit interaction. The optical-model pa-
rameters used to compute the TI's were taken from Refs.
16—18 and are listed in Table I. Plots of the T&'s for
l =0, 2, and 4 are shown in Fig. 3. Only graphs for the
first three even values of I are shown since the CN angu-
lar distributions a &(8) are dominated by these angular
momenta.

The CN calculations give good descriptions to the re-
action cross sections, as shown in Fig. 4. Figure 4 is a
plot of the Si(n,p) and Si(n, a) cross sections for the
sum of the ground state and lower three excited states in

Al and Mg, respectively. The data are from Refs.
19—21 and the curves are our predictions using the code
HAUSER*5. The predicted total reaction cross sections
are also in reasonably good agreement with the experi-
mental data.

Width fluctuation corrections were applied to the CN
calculations following the method of Gruppelaar and
Reffo. This type of correction accounts for effects due
to correlations between the formation and decay channels
in the compound nucleus system and was administered as
a multiplicative factor W & The subscripts a and P
denote the entrance and exit channels, respectively.
Thus, all CN cross sections were modified as

0 p
—+o. p8' p,
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The differential cross section and analyzing power for the
direct reaction, cr (8) and 3 (0), were computed using
either the SOM or CC computer code. The differential
cross sections due to the CN formation cr (0) for elastic
scattering and inelastic scattering to the low-lying states
in Si were large at 10 MeV and decreased rapidly with
increasing energy. In fact, at 14.8 MeV the CN contribu-

where W.p- 1+25.plop and 5.p is the Kronicker delta
function. Since the number of degrees of freedom y& is
generaly about 2, the effect of W

&
is to enhance the elas-

tic CN cross section by roughly a factor of 2 and to leave
the the cross sections for the reaction channels essentially
unt:hanged.

The CN cross sections were incoherently added to the
results of our SOM and CC calculations. Figures 5 and 6
illustrate the influence of the CN contributions to the
scattering cross sections at 10.0 and 14.8 MeV. The mea-
sured analyzing power was interpreted as the weighted
average of an unpolarized constituent due to the CN for-
mation and a polarized component due to the direct in-
teraction between the incident neutron and the Si nu-
cleus:
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tions to the cross sections for scattering to the ground
and 2+ states were negligible as illustrated in Fig.
However, the CN contribution to the 4+ cross section
was still important at 14.8 MeV.
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V. THE SPHERICAL OPTICAL-MODEL
ANALYSIS OF Si(n, n)
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The SOM was an excellent tool for evaluating the
current data set in an economical way. In addition, it

rovided the initial set of optical-model parameters for
the more complicated and tedious CC calculations. In
the SOM analysis a complex potential with Woods-Saxon
form factors was used with the conventional form of the
spin-orbit interaction. The central potential consisted o

1 volume term, and surface and volume absorption
terms. Sensitivity tests showed that the description o e
A (8) data did not require the inclusion of an imaginary
spin-orbit term. The calculations were performed with a
modified version of the search code GENoA obtained from
F. Percy of the Oak Ridge National Laboratory. This
modified version of the code included a correction term
to approximately account for the Mott-Schwinger in-
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teraction. Corrections for CN contributions were ap-
plied to both o(0) and A (0) calculations at energies
below 14 MeV, as described in Sec. IV.

The analysis was conducted in two steps. First, single-
energy searches were done to obtain optimized parame-
ters at each energy where data were available. The avail-
able o (0) and A (0) distributions along with the o T data
were simultaneously fitted. The starting parameters for
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1p2

103

1Q2
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1 Q2

103

each single-energy search were those of Bottcher et al.
In order to define the spin-orbit parameters early in the
analysis, the energies at which both o (0) and A~(0) data
were available were considered first. The potential
strengths and geometry parameters of the real and imagi-
nary potentials were simultaneously varied, and care was
taken to avoid the notorious Vzr~, W~rr, and 8'Dal am-
biguities. The optical-model parameters are defined as in
Ref. 9. The rigorous constraints that rr) rz )r,p anda„)ar )a„,which were imposed by Van Oers et al.
were applied along with the requirement that all radius
and di6'useness parameters be greater than 1.0 and O.S
fm, respectively. The latter constraint was imposed be-
cause the A~(0) data consistently favored rso & 1.0 fm
and a„&0.5 fm, values which we felt were unphysical.
The radius and diffuseness parameters of the volume
imaginary potential were forced to be the same as those
of the surface imaginary well. The single-energy fits are
represented by the dashed curves in Figs. 7 and 8. The
resulting geometry parameters were averaged for use in
the next step.

The main goal in the second step was to obtain the en-
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ergy dependence of the strengths of the real potential V~

and the surface imaginary potential O'D. This was ac-
complished by searching only on V„and 8'D while hold-
ing the geometry parameters constant at the average
values deduced above in step one. The energy-averaged
geometry parameters were rz ——1.16 fm, az ——0.689 fm,

, ai ——0. 7, =1.01 fm, and a =0.500
fm. The strength of the spin-orbit well V„wasalso fixed
to the average value determined in step one, which was
V„=6.60 MeU. The volume absorption strength 8'v
could be suitably parametrized as

8 v =0 MeV fo E ( 13.3 MeV

and

W„=(—2.0+0.15E) MeV for E & 13.3 MeV .

The resulting fits are illustrated with the solid curves in
Figs. 7 and 8. The resultant potential strengths and cor-
responding volume integrals per nucleon are plotted in
Fig. 9. The potential strengths Vz and 8'D could be de-
scribed with simple linear energy dependences, as given
in Fig. 9.

The success of the SOM suggest that there are no ma-

jor problems with any of the data used in this analysis
and that the parameters deduced should provide a good
starting point for the CC calculations. Also, a good
descritpion of the o T data was obtained over the energy

range from 8 to 80 MeV using the linear energy depen-
deaces derived in the present analysis for neutron scatter-
ing data below 40 MeV. This agreement insures that the
potential used in our model is a good representation of
the mean nuclear field over the 8—80 MeV this energy
range.

UI. COUPLED-CHANNELS ANALYSIS OF 28Si( n, n)

The CC calculations used an optical potential and were
performed with Raynal's search code EcIs79. The 0+,
2+, and 4+ states were modeled as the lower levels of a
E =0+ rotational band. Starting with the average
geometry parameters deduced in our SOM analysis, both
geometry parameters and potential strengths were varied
to optimize the fits to the elastic and inelastic data at
each energy. As in the analysis using the SOM, the same
geometry was used for the surface and volume imaginary
potentials. Again, the A (8) data preferred r„&1.0 fm
and a„&0.5 fm. Consequently, we chose to fix these pa-
rameters to the values of r„=1.01 fm and a„=0.5 fm,
which we set as the physically realistic lower limits on the
radius and diffuseness parameters. After several itera--

tions, a set of energy-averaged geometry and deformation
parameters was derived. The resulting parameters were
r~ ——1.170 fm, a~ ——0.654 fm, ri ——1.278 fm, ar ——0.580
fm, r =1.010 fm, a„=0.500 fm, Pz

———0.38+0 01, a.nd

60 I I I
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FIG. 9. Plots of the potential strengths and corresponding volume integrals per nucleon resulting from the present SOM analysis.
The lines through the data points are least-square fits.
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FIG. 10. CC calculations of A~(8) at 14 and 17 MeV for elastic scattering and inelastic scattering to the first 2 state. The solid
curves represent calculations with 5„=5„the dashed curves are produced with 5„=25„andthe dotted curves correspond to 5„=0.
The data are described in Fig. 8.

and

WD =(1.66+0.39E}MeV for E & 11.0 MeV,

WD =(6.86—0.084E} MeV for E & 11.0 MeV .

p4 ——+0.18+0.02, where the parameters for the optical
potential are defined as in Ref. 9, and pz and p4 are the
quadrupole and hexadecapole deformation parameters.
The average strength of the spin-orbit potential was
V =6.0 MeV. The deformation length of the spin-orbit
potential 5 =P„R„wasvaried to optimize the fits to
the 2+ A (8) data. Figure 10 shows A (8) data at 14
and 17 MeV in comparison with CC calculations using
5„=0,5 =5„and5 =25„where 5, is the deformation
length of the central potential 5, =p, Rz with

Ra ra A' and P, re——Presenting either P2 or P4. The
best value of 5„wasdeduced to be 5~= (1.2+0.2)5, .

New fits to the data were obtained using a constant
geometry over the entire energy range from 8 to 40 MeV.
The geometry parameters were fixed to the above values,
and the volume absorption strength was held to the linear
relationship derived in the SOM analysis. The deforma-
tion parameters and spin-orbit potential strength were
also fixed to the above values. The fits were optimized at
each energy by searching on Vz and WD. The resulting
calculations are illustrated with the solid curves in Figs.
11 and 12 and will be referred to as set A. The resultant
values of Vz and WD were parametrized with the simple
linear energy dependences of

V„=(53.61—0.29E) MeV,
and

Plots of the potential strengths and the parametrizing
linear functions are shown in Fig. 13. The error bars on
V& and WD represent the uncertainty in determining
these parameters based on the accuracy of the data, the
ability of the model to properly represent the data, and
the correlation of these parameters to each other in the
calculations. Calculations using the above smooth energy
dependences are represented by the dashed curves in
Figs. 11 and 12 and are denoted as set B.

The comparison of Figs. 7 and 8 for the SOM to Figs.
11 and 12 for the CC calculations shows that the two
models describe the cr(8) for elastic scattering equally
mell, except for the 8-11 MeV energy region where the
CC model does notably better. Both models are about
equally successful for describing the A (8) data; each has
some problems, but in different angular regions. %e
found that the CC searches quite closely preserved most
of the parameters derived using the SOM. However,
since neutrons which are removed from the elastic Aux
through inelastic scattering to the 2+ and 4+ states are
explicitly accounted for in the CC model, WD was small-
er in the CC calculations than had been deduced using
the SOM. More specifically, the values of WD used in the
CC calculations were about 20% smaller than the SOM
values over the 10—40 MeV energy range.

Because the predictions of the analyzing power for
neutron scattering from Si have been shown by
Bottcher et al. to be very sensitive to the sign of p2, we
have performed calculations to test the sensitivity of the
present data and model to the signs of pz and p4. The
A (8) data at 10 MeV were not included in these tests be-
cause of the large CN contributions at this low energy.
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In each case the geometry parameters and the value of

V„listed above were used, 8'z was set to zero, and Vz

and 8'D were searched on to optimize the fits. Also, the

magnitudes of Pz and P4 were fixed to their optimum

values for 14 and 17 MeV. The results are shown in Figs.

14 and 15.
The fits to the data at 14 and 17 MeV preferred an ob-

late shaped potential (Pz&0) with P4&0. The descrip-
tions of the o (8) data for elastic scattering at back angles
were very sensitive to the sign of Pz, with slightly better
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FIG. 12. The A„(8)for elastic and inelastic scattering of neutrons. The curves are the same as in Fig. 11. The data are the present
measurements.

fits resulting for pz &0. The quality of the fits to the o (8)
data for inelastic scattering to the 2+ state were about
the same for both signs of Pz. However, this observable
showed strong sensitivity to the sign of p4. In particular,
the calculations with p4&0 fell substantially below the
data. The calculations of o(8) for scattering to the 4+
state showed little sensitivity to the signs of Pz and P4.

In general, most of the sensitivity to the signs of pz and

p~ in the calculation of the A~(8) for elastic scattering
was in the backward angle region, 0, ~ 110'. However,
at 14 MeV the calculated A (8) for elastic scattering
around 0, =42 was extremely sensitive to the sign of
p4. Bottcher et al. cited a similar sensitivity to the
values of the parameters for the spin-orbit potential, espe-
cially to a . In the present analysis, it was found that
the A (8) in this narrow angular region is also very sensi-
tive to the parametrization of the real central potential.
These findings suggest that the high sensitivity of A (8)
around 0, =42 to the optical-model parameters is due
to some delicate interference and not an indication of an

important physical phenomenon. That is, since A (8) is

inversely proportional to cr(8), the combination of partial
waves necessary to produce the very deep minimum in
the elastic scattering o(8) around 8, ~ =42' is also re-

sponsible for the strong sensitivity of A (8) at this angle.
Because of this delicate interference of partial waves in
the angular region around the minimum of cr(8), small
changes in the optical-model parameters can produce
drastic shape differences in A (8) in this angular region.
Therefore, the description of the A (8) data in this nar-

row angular region should not be used as a test for deter-
mining the sign of P4.

As expected, the data and calculations for back angle
scattering showed a significantly higher sensitivity to the
shape of the nuclear potential than did the forward angle
scattering. In fact, the most sensitive observables to the
signs of Pz and P4 were the back angle A (8) for inelastic
scattering to the 2+ and 4+ states, respectively. In all
cases the data Preferred Pz &0 and P4&0. These findings
were consistent with the accepted signs of pz and p4.
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dashed extensions are extrapolations based on fitting neutron to-
tal cross sections.

VII. DETERMINATION OF MULTIPOLE
MOMENTS FROM Si(n, n') DATA

The normalized nuclear moments were calculated from
our scattering potential as prescribed by Mackintosh.
The values of Pz and P4 deduced in Sec. VI give

Qzo ———1.49+0.05 fm and Q4o ——21.44+1.83 fm for the
quadrupole and hexadecapole nuclear moments, respec-
tively. These values are in excellent agreement with oth-
er hadron-scattering experiments. ' Table II gives a
comparison of the present results to multipole moments
determined using inelastic electron scattering,
Coulomb excitation measurements, Doppler-shift at-
tenuation methods (DSAM), 3 and a deformed Hartree-
Fock calculation with the Skyrme interaction (SII). '

Only the magnitude of the moments are presented in
Table II since the signs are not well determined in most
measurements. The static moments Q(2+) and Q(4+)
for the present analysis were taken as the product of N,
the neutron number, times the normalized nuclear mo-
ments. The intrinsic moments Qo and Ho were computed
from the static moments as described by Bohr and Mot-
telson. Multiplying the normalized moments by N in-
stead of A permitted direct comparison to the elec-
tromagnetic (EM) results, since N and Z are equal for
28S1

Table II also illustrates the probe dependence in deter-
mining the transition probabilities. In the framework of
the collective nuclear model, the transition probabilities
are related to the intrinsic moments by
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FIG. 15. Same as Fig. 14 except at an incident neutron energy of 17 MeV.

and

B(E4: 0+ 4+)= ~eao ~'.
16m

More details are given in Refs. 31 and 32. The mean life-
time ~ measured in Ref. 30 was converted to a B(E2)
value using the relationship given by Stelson and Grod-
zlns.

The intrinsic quadrupole moment and associated
B (E2) value deduced in the present work are 10—20%
larger than those obtained using EM probes. There are
two possible reasons for this discrepancy. First, accord-
ing to Satchler's theorem the normalized moments of
the scattering potential are equal to the nuclear moments
of the mass distribution only if the potential can be de-

rived from a density independent folding potential.
Perhaps the observed differences are an indication that
the present optical potential can be obtained only with a
density dependent nucleon-nucleon (N N) interact-ion.
Second, while hadronic probes interact via the strong
force and therefore sample the entire nuclear rnatter dis-
tribution, EM probes couple only to the nuclear charge
and current densities. Perhaps the observed discrepan-
cies are due to small differences in the charge and mass
distributions in the nucleus.

The present value of the intrinsic hexadecapole mo-
ment is about four times larger than the values obtained
from (e, e') measurements and roughly 2.5 times larger
than the Hartree-Fock calculations predict. Understand-
ably, Q4o should be very sensitive to density dependent

TABLE II. Multipole moments and transition probabilities for 'Si as a function of measurement technique. The Q(2+) and

Q (4 ) are the static quadrupole and hexadecapole moments, respectively. Qo and Ho are the corresponding intrinsic moments.

Measurement

(e,e')

Coulomb ex.
208pb (28Sj 28Si)

DSAM
(~=0.677+0.035 ps)

HF calc. (SII)
(charge moments)

(n, n)

Multipole moments
Static Intrinsic

Q(2+)
(fm )

18.3+0.9
17.7+0.9
17.5+2.4

Q(4+ )

(fm )

74.5+12.0
70.9+3.6

Qo
(fm )

64+3
62+3

61.3+8.4

57.221.516.3+0.4

11317.1

73.0+2.520.9+0.7 300+26

Ho
(fm )

205+33
195' 10

310

826+70

20.2+0.9
19.5+0.9
18.7+0.5

86.7+14.0
82.5+4.2

18.1+0.5

18.9 130

23.0+0.8 349+30

Transition probabilities
[8(E2:0+~2+)]' [8(E4:0+~4+)]' 2

(e.fm ) (e -fm") Ref.

27
28
29

30

31

Present
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effects, departures from collective nuclear motion, and

small differences in the charge and matter distributions.

Also, it has been observed that the value for Q4O deter-

mined from hadron scattering data can vary considerably
between analyses using the same probe. Furthermore,
it is not uncommon for the values of Q4O determined us-

ing hadronic probes to be larger by factors of 2 —4 than
those deduced from (e, e') scattering and EM data.
Perhaps a better determination of P4 will bring the
hadron-scattering results in closer agreement with (e, e'}
measurements. This could be achieved by making high

quality measurements of angular distributions for neu-

tron scattering to the 4+ state. Such measurements are
essential at energies above 20 MeV, where CN contribu-
tions are small.

VIII. COMPARISONS OF THE ANALYSES
FOR ~SSi(n, n }AND 28Si(p,p)

same nuclear model used in the present CC analysis of
the neutron-scattering data. The central potential
geometry parameters, the deformation parameters, and
the spin-orbit potential parameters were all fixed to the
values deduced in the neutron analysis. The potential
strengths Vz, WD, and 8'& were searched on at each en-

ergy. The resulting fits to the data are represented by the
dashed curves and are labeled as parameter set C in Figs.
16 and 17. The description of the o(8) data for elastic
scattering is quite good except at the extreme backward
angles where the influence of indirect reaction processes
is greatest. Better fits were obtained to the inelastic o (8)
data; however, at extreme back angles the trend of the
calculations seemed higher than that suggested by the
data. The spin-orbit parameters derived in the neutron
analysis produced good representations of the A (8}data
for elastic scattering and reasonable fits to the inelastic

A. Coulomb correction to the real central potential

A direct comparison between analyses of neutron- and
proton-scattering data gives the generic "Coulomb
correction" terms to the optical potential. In addition to
simply accounting for the slowing down of the incident
protons by the Coulomb repulsion of the nucleus, these
correction terms also include effects from all isospin
dependent reaction mechanisms and forces. Although
such comparisons do not provide information about
specific aspects of the isospin differences between neutron
and proton scattering, they are a useful guide for predict-
ing proton-nucleus potentials from the corresponding
Coulomb-free neutron-nucleus potentials.

For T =0 nuclei the real part of the central potential
may be written as the sum of a neutron-nucleus potential
plus a Coulomb correction term:

V(r, E)=V„(r,E)+b, V, (r, E) .

If V„(r,E) and b, V, (r, E) have the same radial depen-
dence, which is normally taken to be the Woods-Saxon
volume form, then only the relative strengths need to be
considered:

V(E)=V„(E)+b,V, (E) .

Assuming a linear energy dependence for V„(E)will per-
mit b, V, (E) to be essentially energy independent. Thus,
the strengths of the nuclear potential for neutron and
proton scattering can be expressed as

V„(E)= Vo aE, —

and

V (E)= V, aE +b, V, = V„(E—)+b, V, .
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Of course, this is assuming that the neutron- and proton-
scattering data can be described using the same geometry
parameters and the same energy dependence on the
strength of the real potential.

To extract the Coulomb correction 6 V, to the real cen-
tral potential, the proton-scattering data of De Leo
et al. ' and de Swiniarsi et al. ' were analyzed with the
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FIG. 16. Comparison of CC calculations to o.(0) data for
elastic and inelastic scattering of protons from Si. The data
are from Refs. 2 and 36. See text for descriptions of the curves.
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scattering data, particularly above 20 MeV.
The resulting potential strengths for the real well Vz

are plotted in Fig. 18 as open circles in comparison to the
corresponding values obtained in the neutron analysis
(solid circles). The solid and dashed lines in Fig. 18 are
least-square fits to Vz for neutrons and protons, respec-
tively. The fits were made with the constraint that the
slope of the line used to describe the proton points be the
same as that derived in fitting the neutron data. Assum-

ing the slopes of the lines are correct, the uncertainties in

the intercepts for the neutron and proton lines are +0.91
and +0.70 MeV, respectively. Thus, the Coulomb
correction to the real potential AV, is 0.33+1.15 MeV.
This is roughly 5.5 times smaller than the anticipated
value of 1.85 MeV obtained by modeling Si as a uni-

form charge distribution of radius R, =r, A ' with

r, =1.25 fm.
Within the uncertainty of its determination, hV, is

consistent with zero. This result is similar to the previ-
ous findings of Winfield et al. , implying that the real
parts of the optical-model potential for neutron and pro-
ton scattering from Si are indistinguishable. This sug-
gests that some mechanism must be compensating for the
known momentum shift of the incident protons. One
possibility, as cited in Ref. 4, is charge symmetry break-
ing in the nuclear force. The best experimental values of
the N-N scattering lengths are a = —17.900+0.005 anda„„=—18.50+0.05 fm, which indicate a small viola-
tion of charge symmetry. According to Winfield et al.
this difference in N Nscatterin-g lengths produces a 5%
deeper potential for neutron scattering than for proton
scattering from Si. This is about the same size as the
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FIG. 18. Plot of potential strengths of the real well vs in-
cident projectile energy. Comparison of (n, n) and (p,p) analy-
ses to extract the Coulomb correction to the real part of the
optical-model potential. The solid and dashed lines are least-
square fits to the neutron and proton potential points, respec-
tively.

B. Coulomb correction to the imaginary potential

value expected for 6 V, based on the energy dependence
of V(E), but it is in the opposite direction. However,
even though the CSB effects are the correct magnitude
and in the proper direction to explain the small observed
AV„nucleon scattering from Si is a many-body system
over which most of the fundamental N-N forces are aver-
aged and in which detailed knowledge about the effects of
the nuclear medium is critical for proper interpretation of
the system. Another explanation for the small hV, is

simply that the influence of open reaction channels on
scattering observables for the Si+ n and Si+p systems
is isospin dependent. For instance, the cross sections and

Q values for the (n, particle) reactions are quite different
from the corresponding (p,particle) reactions. Within the
approximations of the CC model, these differences should
be reflected in a natural way in the parametrization of the
imaginary potential.

1.0

0,5-

-0.5-

1.0

0.5—

00

-05—

-10
0

MeV, 25.3MeV

20,3MeV

I

20.3 MeV

) I ( I I i I I I

30 60 90 120 15Q I BQ 0 30 60 90 120 150 180

~c m
(deg)

Because of the ambiguities between O'D and 8 z, it is
not very useful to make comparisons of these parameters
obtained in different analyses, even if the same geometries
are used. Consequently, in extracting the Coulomb
correction terms to the imaginary parts of the optical po-
tential, volume integrals per nucleon (J~/A ) are usually
compared instead of potential strengths. In the upper
half of Fig. 19 the horizontal band represents an energy-
independent least-squares fit (and its associated uncer-
tainty) to the values of Jz /A derived in the neutron
analysis. The 8 MeV point was excluded from the fit. In
fitting the neutron data the points above 25 MeV were
given less weight than the lower energy points, since they
appear to be systematically too high (also see Fig. 13).
The weighted average of the neutron points was
(J~/A)„=96.46+4. 12 MeV fm. The Coulomb correc-
tion to the imaginary potential (b J+,/A), was defined as

FIG. 17. Comparisons of CC calculations to A~(8) data for
elastic and inelastic scattering of protons. The data are from
Ref. 1. See text for descriptions of the curves.

(b J~/A), =(J~/A )~
—(J~/A)„

=(J~/A) —96.46 MeV. fm
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FIG. 19. Plot of volume integrals per nucleon of the imagi-

nary potential vs incident projectile energy. Comparison of
(n, n) and (p,p) analyses to extract the Coulomb correction to
the imaginary part of the optical-model potential. Fits to the

data points are described in the text.

(EJn /A), =[—(2.53+3.25)] MeV fm
for E&19.8 MeV .

The values obtained in this analysis for neutron energies
below 20 MeV are very similar to those deduced by
DeVito et al. in their SOM analysis. However, the
present results are considerably smaller than those of
DeVito et al. for neutron energies above 20 MeV.
These differences are probably due to coupling effects, as
mentioned by Winfield et al. , and to our ignoring the
uncharacteristically high values of WD at 26 and 30 MeV
for the neutron case.

C. Sensitivity of Sts to optical-model parameters for Si(p,p)

To investigate the poor fits to the backward angle o(8}
data for proton elastic scattering, the geometry paraxne-
ters were searched on individually. The back angle o.(8)
was most sensitive to r& and a . Decreasing rz and/or
increasing a improved the description of the back angle

The resulting volume integrals for the Coulomb correc-
tion are plotted in the lower half of Fig. 19. A least-
squares fit to these (EJn /A), points yielded

(EJn, /A ) =[(3.69+0.26)E —(75.61+4.36)] MeV fm

for E &19.8 MeV,

and

cr(8} data but slightly degraded the quality of the fits to
the A (8) data for elastic scattering. To improve the fits
to the proton data the spin-orbit parameters used in pa-
rameter set C, which were the same as those used in our
neutron analysis, were replaced by the parameters of De
Leo et al. (V =6.0 MeV, r„=1.07 fm, a~=0.78 fm,
and 5„=5,). For direct comparison between the poten-
tial strengths obtained in this analysis with those derived
in set C, the geometry parameters and the deformation
parameters of the central potential were fixed to the
values used in set C. The fits were optimized at each en-

ergy by searching on Vz, Wz, and Wz. The calculated
cr(8) and A„(8)are displayed as solid curves in Figs. 16
and 17, and the resulting parameters are referred to as set
D. The descriptions of the backward angle o(8) data
were improved, but only slightly, while the fits to the
A„(8)data for elastic scattering were somewhat wor-
sened. The description of the A (8) data for inelastic
scattering was roughly the same as that obtained with pa-
rameter set C. The resulting potential strengths were sta-
tistically indistinguishable from those in set C. This is an
indication that our technique for extracting the Coulomb
correction to the proton potential is only weakly depen-
dent on the choice of parameters for the spin-orbit poten-
tial, provided the parameters produce reasonable fits to
the data.

D. Test for CSB and isospin dependent efFects
in ~SSi(n, n) and Si(p,p) scattering

We further extended the comparisons of Si(n, n) and
Si(p,p) to better understand the differences in the in-

teraction of protons and neutrons with this T =0 nucleus
and to try to disentangle the nuclear force effects from
the pure Coulomb influences in the scattering process.
The proton data were reanalyzed, and this time the
momentum shift of the incident protons due to the
Coulomb repulsion by the charge in the target nucleus
was explicitly incorporated in the CC calculations. The
Vz's for the new analysis were derived from the parame-
trization of the real potential strengths in set 8 of the
neutron analysis. The values of Vz were computed by
shifting the neutron values down in energy an amount
AE„the mean energy shift of the incident protons. That
is, V (E)= V„(E hE, ). The va—lue of hE, =5.7 MeV,
which was deduced by Winfield et al. and corresponds
to a 6V, of 1.65 MeV for the central potential, was used
in these calculations. All geometry parameters and de-
formations parameters were fixed to the values used in
the neutron analysis. The spin-orbit potential parameters
were also held to the values derived in the neutron
analysis. Single-energy fits were performed by searching
on WD and Wv. The resulting fits are shown in Figs. 16
and 17 as the dotted curves and are referred to as set E.
These calculations illustrate that equal quality fits to the
proton data can be achieved either by searching on Vz,
WD, and Wv as in set C or by starting with the Vz from
the neutron analysis and applying the proper Coulomb
correction to it (without including the canceling effect
due to CSB) and then searching only on WD and Wv.
The 5V, deduced in the above two approaches were 0.33
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FIG. 20. Comparison of volume integrals per nucleon for the
imaginary part of the optical-model potential for neutron and
proton scattering. The proton points have been shifted down in
energy by AE, =5.7 MeV to account for the momentum loss of
the incident protons due to Coulomb repulsion by the target nu-

cleus.

and 1.65 MeV, respectively. The difference in the value
of 5V, is mainly due to ambiguities between the real and
imaginary parts of the optical-model potential. This am-
biguity in trading off the effects of the Coulomb interac-
tion between the real and imaginary potentials causes at
least a 1.3 MeV uncertainty in determining 6 V, . Such a
large uncertainty suggests that the uncertainty assigned
by Winfield et al. to their determination of the CSB
term in the Si+nucleon scattering system should be in-
creased. These large errors indicate that the extraction of
CSB effects from many-body systems such as

Si+nucleon is an extremely complicated task, which is
very model dependent and somewhat limited by the accu-
racy of nucleon-nucleus scattering data.

Figure 20 shows the resulting J~/A from the above
calculations plotted as a function of E~ —hE, in compar-
ison with the values obtained in the neutron analysis.
Such a comparison should reflect isospin dependences in
the Si+nucleon interaction. The neutron and proton
parameters are statistically indistinguishable, except
around 30 MeV. Thjs difference is primarily caused by
the abnormally large increase in the volume integrals of
the neutron analysis between 22 and 26 MeV, suggesting
the opening of a strong(n, particle) channel or the excita-
tion of a broad resonance, neither of which is anticipated.
No such broad structure is evident in the proton parame-
ters in Fig. 20. More neutron-scattering data in the ener-

gy range from 22 to 50 MeV would be helpful for under-
standing this anomalous behavior. High accuracy mea-
surements of the o (8) for elastic scattering, especially in
the backward angle region, and for inelastic scattering to
the 2+ and 4+ states would be extremely useful, since the
calculations of these observables are quite sensitive to
8'D as illustrated in Fig. 11 by comparing the solid and
dashed curves.

IX. SUMMARY AND CONCLUSIONS

The most complete set of differential cross sections and
analyzing powers for neutron scattering from Si over
the 8 —40 MeV energy range has been compiled and de-
scribed within the framework of a symmetric rotational
model. Compound nucleus contributions to the data for
elastic scattering and inelastic scattering to the 2+ state
were found to be negligible above 14 MeV. This was not
the case for inelastic scattering to the 4+ state, in which
compound nucleus effects were significant up to about 20
MeV.

Sensitivities of the observables to the magnitude and
signs of the deformation parameters were studied. The
spin-orbit potential was found to be about 20% more de-
formed than the central potential; that is,
5» ——(1.2+0.2)5, . Better fits to the back angle o (8) data
for elastic scattering were obtained with an oblate-shaped
potential (P2&0). The cr(8) for inelastic scattering to the
2 state required a positive P4. In addition, the back an-

gle A~(8) for inelastic scattering to the 2+ and 4+ states
were extremely sensitive to the signs of P2 and P4, with
the data preferring Pz&0 and P4&0. These findings are
consistent with the theoretical predictions in Refs. 25 and
31. The values of Pz

———0.38+0.01 and

P4 ——+0.18+0.02 deduced in the present work are con-
sistent with the results of other (n, n') and (p,p') scatter-
ing measurements. '

The values for the intrinsic quadrupole moment Qo de-
duced in the present analysis of Si(n, n') data and other
hadron-scattering experiments' are consistently larger
than the values extracted for this quantity from (e, e')
and EM studies. Although the differences are rela-
tively small, generally less than two to three standard de-
viations, this feature could be evidence for: (i) density-
dependent effects, (ii) breakdown of the collective model,
or (iii) subtle differences between the charge and matter
distributions in Si. According to Satchler's theorem,
the normalized nuclear moments of a deformed optical
potential equal the moments of the nuclear matter distri-
bution only if the optical potential can be derived from a
density-independent folding potential. Density depen-
dence in the efFective N-N interaction used in a folding
model tends to enhance the size of the quadrupole mo-
ment. The direction of this effect is consistent with the
discrepancies between hadron-scattering experiments and
(e, e') and EM measurements. A failure of the collective
model to properly describe the nuclear motion should not
cause the above discrepancies, since the hadron-
scattering, (e, e') and EM data were all analyzed with the
same type of collective model. ' Furthermore, it has
been demonstrated that the proton and neutron distribu-
tions in light nuclei are approximately equal. Therefore,
in the case of light nuclei like Si, it is reasonable to con-
clude that the enhanced Qo deduced in the present
analysis and in other hadron-scattering experiments is
more likely to be caused by a density dependence in the
effective N-N interaction needed to generate the optical
potential than by a difference in the charge and matter
distributions.

The models used to extract the hexadecapole moment
Ho are extremely sensitive to: (i) the effects caused by
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density dependence in the effective N-X interaction used
in the folding model, (ii) breakdown of the collective nu-

clear model, and (iii) subtle differences between the
charge and rnatter distributions. It is probably reason-
able to assume that the symmetric rotational model is
capable of determining Ho to +5%. Therefore, the large
discrepancy between the value for Ho obtained in the
present work and that from (e, e') measurements must be
caused by the combination of density dependence in the
effective N-X interaction and small differences in the
charge and matter distributions. Our results suggest that
the neutron distribution is slightly more deformed than
the protons.

The standard Coulomb correction terms to the real and
imaginary parts of the optical-model potential have been
determined. The Coulomb correction to the real well was
found to be very small, that is, EV, =0.33+1.15 MeV.
This is roughly Ave times smaller than the anticipated
value of 1.8 MeV obtained when Si is modeled as a uni-
formly charged sphere. The corrections to the imaginary
potential were also small, provided the uncharacteristic
behavior of the neutron parameters above 20 MeV is
neglected. Better neutron data in the 25-50 MeV energy
region is desirable to clarify this behavior.

To better understand the small values for the Coulomb
correction terms extracted using the standard method
and to address the issue of charge symmetry breaking
effects in the Si+nucleon scattering system, the

Si(p,p) data were reanalyzed using the geometry param-
eters of our Si(n, n) analysis. The potential strengths of
the real well were computed from the neutron values by

reducing the (proton) projectile energy by an amount
hE, =5.70 MeV derived by Winfield et al. , thus giving
V~(E)=V„(E hE—, ). The surface and volume imagi-
nary potential strengths were left as free parameters in
single-energy searches. The volume integrals of the imag-
inary potentials for the neutron and proton analyses were
compared by shifting the incident proton energy down by
hE, . It was found that when the proton energy is adjust-
ed for the momentum shift due to the Coulomb repulsion
of the target nucleus, the volume integrals of the real and
imaginary potentials for proton and neutron scattering
from Si are indistinguishable within the assigned uncer-
tainties. This latter approach for comparing Si(n, n)
and Si(p,p) scattering processes strongly suggests that
[within the framework of this analysis and the accuracy
of the available (n, n) and (p,p) data] the observable
differences between neutron and proton scattering from

Si can be accounted for without introducing charge
symmetry breaking. In fact, our calculations show that
the primary difference between the neutron- and proton-
scattering potentials can be solely attributed to the
Coulomb force. Although the influences of CSB are un-

doubtedly present in nucleon-nucleus scattering, the ex-
traction of these effects from many-body systems is an
enormously complex problem which is extremely model
dependent and somewhat limited by the accuracy of
nucleon-nucleus scattering data.
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