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Differential cross sections o(8) and analyzing powers A„(8) for neutron scattering to the ground
and first 3 excited state of Ca have been measured in the energy range from 11 to 17 MeV. Elas-
tic and inelastic scattering measurements have been obtained for A~(8) at energies of 11.0, 13.9, and
16.9 MeV, the inelastic scattering data representing the first (n,n') measurements of A~(8) for this
nucleus. Differential cross sections for (n,n) and (n,n') have been obtained at 13.9 and 16.9 MeV.
Both the a(8) and A~(8) data at 13.9 MeV have been compared with previous measurements at this
energy and the agreement is good, typically within less than 3%%. These results have been combined
with other o(8) and A~(8) data and total cross section or measurements to form a large set of
scattering and reaction data for incident energies up to 80 MeV. This data set, along with 0(8) and
A„(8) measurements available for proton scattering in this energy range, has been described in the
framework of the coupled-channel formalism. This highly constrained analysis has led to a precise
determination of geometries, energy dependencies, and deformation parameters. Further analyses,
which dealt with simultaneous couplings to low- and high-energy excited states, have led to im-
proved descriptions of the elastic scattering measurements for cr(8) and A„(8) at backward angles.
These results confirm that real and virtual excitations of giant resonances cannot be ignored in the
description of the reaction mechanism. In this context, it has also been found that corrections to the
real central potentials, as estimated by Mahaux and Ngo from dispersion relations, help to further
improve the fits to elastic scattering observables.

I. INTRODUCTION

One of the issues in nucleon-nucleus scattering studies
is the determination of the properties geometries, energy
dependencies, and deformation parameters —of the
phenomenological, local, complex optical model potential
(OMP). Until recently, the gross properties of the OMP
have been deduced mainly from proton scattering mea-
surements performed for a variety of spherical and de-
formed nuclei up to intermediate energies. Rare are the
OMP analyses which have dealt simultaneously with both
neutron and proton scattering from a single nucleus and
over a broad energy range, partly because of the lack of
precise and systematic neutron scattering experiments at
incident energies E beyond 30 MeV.

Since Ca has been one of the most popular target nu-
clei used in nucleon scattering studies, many scattering
and reaction data are available up to at least 80 MeV.

This wealth of data makes Ca an attractive candidate
for studying the nucleon-nucleus OMP over a wide energy
range.

Such an investigation is the main subject of the present
work. The OMP analysis concentrates on measurements
available at incident energies below 80 MeV. The reason
for ignoring the proton scattering measurements available
beyond 80 MeV is that the nonrelativistic OMP model
that we are using might not be appropriate in the inter-
mediate energy range. '

In order to supplement the existing neutron-scattering
data base for incident energies between 10 and 20 MeV, an
important region for observing the interplay between sur-
face and volume absorption, additional neutron scattering
measurements have been performed. Differential cross
sections o.(8) and analyzing powers As(8) for elastic
scattering and inelastic scattering to the first 3 excited
state have been measured at 11.0, 13.9, and 16.9 MeV.

33 1129 1986 The American Physical Society



1130 G. M. HONORE et aL 33

The experimental setup as well as data reduction are brief-
ly presented in Sec. II. All the neutron scattering mea-
surements available for o(8) and A~(8) at incident ener-
gies between 10 and 40 MeV, as well as o ~ measurements
reported up to 80 MeV, have been combined in a
coupled-channel (CC) analysis. This study, based on the
vibrational model, is described in Sec. III A. In Sec. III 8,
the neutron GMP is converted into a proton OMP. Slight
modifications to the OMP parameters are necessary to
achieve the best overall representation of both neutron and
proton scattering observables. Since Ca is a T=O nu-
cleus, symmetry terms do not enter into the model and the
neutron and proton OMP well depths differ only by
Coulomb correction terms. Accordingly, it is possible to
determine whether the magnitude and variation with in-
cident energy of the imaginary Coulomb correction term,
as estimated from CC calculations, differs significantly
from those derived earlier from spherical optical model
(SOM) analyses. '3 Another outcome of the present work
is that one can compare directly the vibrational ampli-
tudes determined from the (n,n') and (p,p') scattering
analyses.

Although the overall description of the scattering ob-
servables is reasonably good, systematic deviations be-
tween the CC predictions and elastic scattering measure-
ments for o (8) and A„(8) exist at backward angles. In or-
der to improve the description of the elastic scattering
pattern in this region, CC calculations including couplings
to identified E2 and E3, T=O giant resonances have been
performed. These calculations require that the potentials
in the incoming and outgoing chaimels be properly
evaluated, especially in the energy range where dispersion
relation corrections to the real part of the optical potential
are significant. This study is presented in Sec. III C.

II. EXPERIMENT

A. Analyzing power measurements

The neutron analyzing power measurements A„(8) re-
ported in this work at 10.96, 13.90, and 16.92 MeV were
made at Triangle Universities Nuclear Laboratory
(TUNL) using pulsed-beam neutron time-of-flight (TOF)
techniques. Analyzing powers for elastic scattering have
been measured to within absolute uncertainties of between
0.02 and 0.05, and the inelastic scattering measurements
have typical uncertainties of between 0.04 and 0.07. The
arrangement of gas target, scatterer, and detectors was
similar to that described in Ref. 3. A deuteron beam from
the Lamb shift polarized ion source was pulsed and then
injected into the FN tandem Van de Graaff accelerator.
Beam polarization, as measured by the quench-ratio
method, was typically p, =0.7. After acceleration, the
beam was directed through a 6.35 pm Havar foil into a
deuterium-filled gas cell 3.16 cm long. Deuterium gas
pressure was typically maintained at 7.7 bar during these
measurements. Polarized neutrons were produced via the
polarization-transfer reaction 2H( d, n )iHe at 8=0'.

The calcium scattering sample was a right circular
cylinder, 2.5 cm in height and 2.5 cm in diameter. This
sample was suspended upon a thin wire with its axis of

symmetry perpendicular to the scattering plane. The
scatterer was composed of elemental calcium, which is
96.9% Ca.

Neutrons scattered by the sample were detected with
two heavily-shielded NE-218 liquid scintillators located in
the horizontal reaction plane. The center-to-center dis-
tances from the sample to the left and right detectors
were, respectively, 5.'7 m and 3.7 m at all energies. Time-
averaged beam currents, as measured at the deuterium gas
cell, were between 100 and 140 nA. Thresholds were set
electronically in each detector so that pulses with ampli-
tudes smaller than those associated with y rays from the
Compton edge of ' Cs were rejected. In addition to each
detector s intrinsic shielding of paraffin and lithium car-
bonate, tapered shadow bars of both copper and tungsten
were used to occlude the view of the direct neutron
source.

Measurements were made with left and right detectors
set at equal reaction angles, using the "two-detector,
spin-flip" method. Scattered neutrons were identified via
fast timing signals from the detectors and the capacitive
pickoff for the pulsed deuteron beam. Standard TOF
electronics were employed, and y-ray events were exclud-
ed from the TOF spectra by pulse-shape discrimination
methods. Figure 1(a) shows typical spectra for the right
detector at our highest incident energy, E„=16.9 MeV, at
laboratory angles of 8=45' and 150'. The spectra shown
are the calculated differences between measurements made
with the sample in place and corresponding spectra ob-
tained with the sample replaced by a bare sample hanger,
i.e., a sample-out configuration. Neutron TOF increases
from right to left. The peak seen at far right is due to
elastic scattering. Inelastic scattering to the low-lying 3
(E,=3.74 MeV), 2+ (E,=3.90 MeV), and 5 (E, =4.49
MeV) levels in Ca are seen as a broad peak around chan-
nel 350 in the 150' spectrum. The choice of windows is
indicated in the figure. Events that correspond to ine)as-
tic scattering to a particular excited state are not com-
pletely resolved at any angle. The method of extraction of
A„(8) data was dictated in large part by this fact, and is
explained in Sec. II C below.

B. Differential cross section measurements

The measurements of neutron differential cross six:tions
cr(8) reported here at 13.90 and 16.92 MeV were per-
formed with an experimental arrangement identical to
that described above for Ar(8), except that unpolarized
incident deuterons were used to produce unpolarized neu-
trons at 8=0. The relative uncertainties in the elastic
scattering cross sections are typically between 2% and
3%, and less than 5% in the inelastic scattering case. A
third 1iquid srintil1ator, suspended above the deuterium
gas cell, was used to monitor the primary neutron source
for normalization purposes. The yields were further nor-
mahzed to obtain absolute differential cross sections using
periodic measurements for n-p scattering from hydrogen
in a mell-characterized polyethylene sample and published
n-p scattering cross sections.

Figure 1(b) shows typical time-of-flight spectra for the
3.7 m detector at E,=16.9 MeV for angles 8=55' and
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FIG. 1. (a) Time-of-flight spectra for 16.9 MeV polarized neutrons scattered from calcium through laboratory angles of 8=45' and

8=150. Time increases from right to left. The figure indicates the windows used for extracting elastic and inelastic scattering cross
sections (see Sec. II C). (b) Time-of-fiight spectra for 16.9 MeV unpolarized neutrons scattered from calcium through laboratory an-
gles of 8=55' and 8=145'. Time increases from right to left. The figure indicates the windows used to extract analyzing powers for
elastic and inelastic scattering (see Sec. II C).

8=145. The description is similar to that of Fig. 1(a) in
Sec. II A above. The method of data extraction is
described below.

C. Data reduction and corrections

It can be seen in Figs. 1(a) and (b) that the resolution of
the TOF spectrometer was not sufficient to resolve the
group of excited states 3, 2+, and 5 in the TOF spec-
tra. We chose to extract information about these states in
the following manner: In the case of cross sections, win-
dows were set to include neutrons scattered to all three
states, giving a yield that was then converted to a com-
bined (3, 2+, 5 ) cross section. No evidence of excita-
tion of the low-lying 0+ state was seen. In order to obtain
more detailed information from the polarization measure-
ments, we took advantage of the fact that A~(8) is a ratio,
and we were therefore not constrained to include all
events from any particular reaction, as long as we con-
sistently used the same window for the spin-up as for the
spin-down configuration. This allowed us to set windows
that excluded most events due to scattering to the 5
state. Due to the large uncertainties, analyzing power
data for this state could not be used in the analysis. The

overlap of peaks from the 2+ and 3 excited states is so
complete that an analyzing power was calculated only for
the sum of these peaks.

No attempt was made to further reduce either the cross
sections or analyzing powers extracted by this method to
their individual constituents. However, in the coupled-
channel analysis, calculations of the observables were
made for the individual states and a weighted sum was
compared to the data. In the case of the cr(8) data from
Ref. 5 at 11.0 and 20.0 MeV, cross sections for the
resolved 3 state (as well as 2+ and 5 at 11.0 MeV) were
available. We compared our CC calculations at these en-
ergies and found the agreement to be good, giving in-
creased confidence in the systematics of our summed cal-
culations.

The observables cr(8) and A„(8) are defined in theory
for scattering from a point sample into a point detector.
Corrections for the finite geometry of the sample and ap-
paratus, as well as for multiple scattering were made to
both sets of data. The differential cross sections were
corrected using the Monte Carlo code EFFIGY15,
developed at TUNL, which corrects for relative detector
efficiency and attenuation in the sample as well. The
corrections to A„(8) are considerably more involved. The
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Monte Carlo code JA.NE, which was written in part by one
of the authors (W.T.) at the Universitit Tubingen, was
used for this task.

III. COUPLED-CHANNEL ANALYSIS

A. Neutron+ ~Ca potential

Since the first 3 (E„=3.74 MeV) excited state has not
been resolved from the neighboring 2+ (E„=3.90 MeV)
and 5 (E,=4.49 MeV) levels in the measurements per-
formed in our laboratory at 11.0, 13.9, and 16.9 MeV, the
coupling scheme (0+, 3, 2+, 5 ) has been assumed in
the CC calculations. All calculations were conducted us-
ing the computer code Ec1879, written by Raynal. The
excited 0+ (E„=3.35 MeV} level was not considered since

I

it is not actually a collective state. The other states treat-
ed explicitly in the calculations are assumed to be surface
vibrations and are represented as such in a first-order vi-
brational model. The central and noncentral transition
potentials are assumed to be complex, and relativistic
kinematics are used in the calculations for E& 30 MeV.
The net effect of relativistic compared to nonrelativistic
kinematics is to increase the CC predictions for o T by a
few percent, and to slightly alter the shape and phase of
the predicted angular distributions. Finally, the CC cal-
culations are conducted in such a way that the deforma-
tion lengths 5i (5)I=PiR, where A, =2, 3, and 5) have
identical values for all A,-transition terms in the OMP.
The deformed optical potential U, using standard nota-
tion, ' is written as follows:

U = —Vf (r R„,a„) iW f—(rRd, a~)+i4a~ W~ (r,R~,a~} 2ik„—( V»+i W»)Vf (rR», a») X & &,
dr

where the form factors are of the Woods-Saxon —type

f(r,R;,a; ) = t 1+exp[(r —R; )ja;] I

with

Rg ——r; A '~ 1+g ai~Fi„, A, =2,3,5,

and the vibration amplitudes Pi are related to the phonon
operators ai„as defined in Ref. 8.

The data base consisted of measurements performed in
several laboratories. The az data were taken from Refs.
11 and 12, and the published A„(8) and cr(8) measure-
ments were obtained from Refs. 3, 5, and 13. The new
TUNL a(8) and A~(8) measurements were important for
determining the features of the spin-orbit potential and
for providing more guidance in mapping the interplay be-
tween surface ( Wg }and volume ( W„) absorption. The o z

measurements' at incident energies between 70 and 80
MeV were very useful in establishing the proper balance
between W& and W„, so that the volume integral of sur-
face plus volume absorption does not display any patho-
logical behavior as E increases up to 80 MeV.

We have assumed simple functional forms to represent
the variation with energy of the potential depths (see
Table I). A linear variation with energy seems to be a

reasonable assumption for the real central potential V.
We have identified the need of a non-negligible strength
for the volume absorption potential above a critical in-
cident energy. This critical energy is not well defined in
cases where the cr(8) data are scarce in the 10—30 MeV
energy range. Some data in this region are indeed avail-
able for Ca. For this nucleus, the optimum value attri-
buted to the critical energy is 20 MeV, and we estimated
the uncertainty in this figure to be +2 MeV. The reason
for attributing this relatively large uncertainty is the in-
herent ambiguity in the interplay between surface and
volume absorption at these energies. This ambiguity
could perhaps be resolved if more a(8) measurements
were available between 17 and 26 MeV. It is also related
to our oversimphfied representation of the reaction mech-
anism (see Sec. III C), which restricted us from fully ex-
ploiting the sensitivity of the backward angle region of
o(8} for elastic scattering to W~ and W„. According to
our parametrization, the surface absorption vanishes at an
incident energy of 66 MeV, but clearly this figure is not
well defined. Additional differential measurements will
be needed above 40 MeV to trace more precisely the inter-
play between W~ and W„above 20 MeV (see Sec. III8).

On the other hand, we found that the real part V of
the spin-orbit interaction is nearly E independent (see

TABLE I. Neutron + Ca optical potential parameters. Potential depths are in MeV; geometrical
parameters in fm. Relativistic kinematics are used above 30 MeV.

V =50. 1 —0.254E
JY„=0.0
$V„=O.16(E—20}
8'g ——3.72+0. 18E
8"g ——7.32—0.16(E—20)
V~ =5.42 —0.024E

=0.600

(0&E&80}
{0&E&20}

(20&E &80)
(0&E &20)

(20&E &80)
(O&E &80}
{0&E&80)

r„=1.25 rg ——1.25 r~=1.02
a„=0.65 a~ ——0.58 a =0.50
P„(3 )=0.329 P„(2+)=0.088 P„(5 ) =0.243
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Table I), as predicted by nuclear matter calculations. '

When comparing the geometries of the real spin-orbit po-
tential as deduced from the present analysis to those from
an earlier SOM analysis of Ca in a restricted energy

range, in which a~=0.27 fm, one notices that this dif-
fuseness takes on a quite different value from that ob-

tained in the SOM work. The enlarged energy range in
conjunction with the CC description helps to restore a
more physical value for a„, that is close to values found
empirically when parametrizing charge distributions. '5

We checked that our representation of the spin-orbit po-
tential makes sense by performing CC calculations in
which we used a semimicroscopic spin-orbit potential, de-
rived' from Hartree-Fock point proton and neutron den-

sities, ' and found that the A~(e) predictions barely devi-

ate from the above results. '

We found that the full spin-orbit potential needs to be
complex at incident energies between 10 and 17 MeV, but
found no clear evidence that it should be deformed. In
this energy range the imaginary part of the so potential
has a depth 8'„estimated to be between + 1.0 and
+0.5 MeV. As there are no A„(e) data available for

neutrons at higher energies, an accurate determination of
the energy dependence of W was not possible; therefore

0

0 60 120 180
e, „{deg)

FIG. 3. Neutron elastic scattering from ~Ca for A~(8). For
other comments, see the caption of Fig. 2. The data are from
the present work at 11.0, 13.9, and 16.9 MeV, and from Ref. 3.
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W~ was taken to be energy independent for the model in
this section. The optimum value for W~ (see Table I) is
positive, a result at variance with model predictions"
and experimental evidence for proton scattering at higher
incident energies, ' but in keeping with other TUNL re-
sults for spherical nuclei. ~ This energy dependence is
reexamined in Sec. III B.
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FIG. 2. Neutron elastic scattering from Ca. The labora-

tories of origin are indicated at right. Comparison of the elastic
scattering measurements for o(8) (dots) and CC calculations
(solid and dashed curves) described in Sec. III. The measure-

ments are from the present work at 13.9 and 16.9 MeV, and

from Refs. 3, 5, and 13.

FIG. 4. Neutron inelastic scattering to the first 3 state of
Ca. The o(e) data are from the present work. The figure

shows how the CC calculations of Sec. IIIA (solid curves) for
a(3 ), o(5 ), and cr(2+) add up to represent the unresolved

cr(3 ) measurements. The dashed curves represent the CC pre-
diction from Sec. III B of the combined contributions.
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FIG. 5. Neutron inelastic scattering to the first 3 state of
~Ca. The A~(8) data are from the present work. The contribu-
tions from A~(2+) and A„(3 ), as predicted in our modeling,
are summed according to the cross section vreights in order to
compare to the unresolved measurements. The solid and dashed
curves are CC calculations described in Secs. IIIA and IIIB,
respectively.

analysis. Some plausible explanations for the partial
failure of our CC predictions are discussed in Sec. III C.

The sensitivity of the analyzing power calculations to
the presence of the imaginary so term W~ is demonstrat-
ed in Fig. 6. This figure compares the 16.9 MeV analyz-
ing power data for neutron elastic scattering to CC calcu-
lations made with the optimum value W =0.6 MeV, and
with 8'~=1.2 MeV, and W„=O. This figure clearly
demonstrates the need for the inclusion of this term, as
well as the general sensitivity of the data to the presence
of 8' .

A comparison between the present predictions and nr
data' between 500 keV and 80 MeV has been reported
earlier. ' There is a good overall agreement, to within 3%
between the calculations and these measurements, as well
as with the energy-averaged representation of the oi.
data" down to 500 keV.

The calculations for the observables o(8) and A„(8) are
shown as solid curves in Figs. 2—5. The overall agree-
ment between the measurements and the curves is reason-
ably good. In particular, the agreement achieved in the
present work at 11 and 20 MeV for the 3 cr(8) data as
well as for the 5 o(8) data at 11 MeV is as good as that
of the DWBA analysis in Ref. 5. Without compromising
the agreement at 11 and 20 MeV, the model description of
cr(8) for the unresolved 3 state, as measured at 13.9 and
16.9 MeV, can be improved's for 8~ 60 by inserting an
E2 transition from the 3 and 5 states in the coupling
scheme. However, this effectively changes the collective
picture from a linear to an anharmonic vibrational model.

In viewing Figs. 2 and 3, one notices some weakness in
our CC calculations. In particular, it can be seen that our
predictions for elastic scattering get relatively worse as E
decreases from 17 to 10 MeV. The results of Hauser-
Feshbach calculations showed that this behavior is not
due to compound-elastic effects. It was frustrating to dis-
cover that no significant improvement in the description
of the 9.9 MeV u(8) and A~(8) elastic scattering data is
achieved when shifting from a SOM analysis' to a CC

8. Nucleon + ~Ca potential

e»sting o(8) and &,(8) measurements for
p + Ca were combined with the neutron data set
analyzed in Sec. IIIA to define a single OMP, valid for
both neutrons and protons. The set of proton scattering
measurements is specified in Table II. The available mea-
surements for the reaction cross section era have also
been used as additional constraints.

It is relatively easy to convert the neutron OMP into a
proton OMP for Ca, since this is a T=O nucleus; the
OMP well depths for neutrons and protons differ only by
the complex Coulomb correction term ' ' AUc (5Uc
=b Vs+id Wc) if the geometries are identical for neu-
tron and proton scattering and independent of incident en-
ergy.

The OMP parameters determined in Sce. IIIA do not
reproduce the proton data if 5Vc is set equal to the usual
value' ' of 0.46Z/A'~ (MeV) and b, WC is set ' to
b Wc+0 at incident energies below 45 MeV. In order to
describe both sets of data, the geometries had to be modi-
fied and the energy dependencies of the potential depths
needed to be reoptimized by replacing the functional
forms so far assumed for 8'q(E) and W'„(E) with more
appropriate ones. These functions are shown in Table III.
These forms are still somewhat arbitrary but fulfill the re-
quirement that the absorptive potential should not in-
crease without bound with increasing incident energy.
They also incorporate the information that the absorptive
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TABLE II. Reference list for the p+ Ca scattering mea-

surements considered in the CC analysis. The symbol x at-
tached to either o(8) or A~(8) means that data exist for the ob-
servable at a specific incident energy.

17.5
18.2
19.6
21.0
23.5
24.9'
26.3
28.5
30.0'
30.3
34 8a

35.8
39.8'
40.0
45.5
48.0
49.0
61.4
6s.o'
75.0'
80.2

a(8} Reference

23
24
24
24,25
25
26
25 27
28
26
29,30
26
31
26
32
31
25
33
34
35,36
37
19,39

'Measured cr(e) for inelastic scattering to the 3 and 5 low-

lying states also exist (Ref. 26}.
Data below 90' are from Ref. 35; data above 90' are from Ref.

36,
'Data renormalized as suggested by van Oers (Ref. 38).

potential behaves like (E —eF) near the Fermi energy eF,
as predicted by the Fermi gas model. For the sake of
simplicity, the mean value FF ———,

' [eF(n)+eF(p)] has been

assumed throughout (eF —8.5——MeV).
Comparing the geometries shown in Tables I and III,

one sees that they are different. The proton data carried
considerably more weight than the neutron data in the

combined analysis, due to the greater number of available
proton scattering measurements. Since most of the proton
scattering data were for energies between 20 and 80 MeV,
whereas the neutron scattering data were mainly for ener-

gies below 20 MeV, these differences may indicate that as-
suming E-independent geometries in the whole energy
range is not appropriate. For instance, the radius r„of
the real central potential changes from r„=1.25 fin (see
Table I) to r„=1.23 fm (see Table III). By looking at the
global (p,p) scattering analysis performed by Nadasen
et al. in the energy range from 80 to 180 MeV, it ap-
pears that r„prefers an even lower value (r„=1.21 fm).
Therefore, there is some evidence from our work and that
of Ref. 39 that one cannot assume fixed geometries in
OMP analysis conducted over a very broad energy range.

Due to the lack of higher-energy neutron data, it is not
clear whether an energy dependence of the geometrical pa-
rameters would be different for proton and neutron
scattering. The somewhat different energy dependencies
found for the real and the imaginary central potentials in
the neutron + Ca and the nucleon + ~Ca analyses
might also be caused by the fact that the n + Ca
analysis relies heavily on data in a very restricted energy
range. Although our n+Ca analysis was done before
the refined nucleon + Ca analysis, a satisfactory neutron
solution —not optimal from the point of view of chi-
squared, however~an be obtained using the same func-
tional forms as in the combined potential. In most cases,
the regions of chi-squared minima are quite fiat. More
accurate neutron data will be required to better determine
the parameter values of the n + Ca analysis.

Other important results of our combined (n, n) and (p,p)
scattering analysis is that the spin-orbit potential must be
complex, and P should be set to zero. Assuming P„&0
produces significant changes in the predictions for 0(8)
and Ar(8) and the chi-squared values increase systemati-
cally, very often by more than 50%. The potential depth
V~ is nearly energy independent, as found in Sec. IIIA.
In contrast, W varies with incident energy as illustrated
in Fig. 7. Although the estimated uncertainties attached
to the W~ values are large, there is a definite tendency
for W to be positive at lower energies and negative at

TABLE III. Nucleon + Ca optical potential parameters. Potential depths are in MeV; geometrical

parameters in fm. The subscript n indicates that the potential is given as it is defined for neutrons. Po-
tentials without subscript prefixes are common to both neutrons and protons. Relativistic kinematics
are used above 30 MeV.

„V=50.66—0.33E
EVc ——2.84 MeV
IV„=0.0012(E F„)'exp[ ——[0.~(E—eF) ]]
„Wd ——0.0341(E—rF )2 exp [ —[0.0509(E —rF )]]
„kg ——6.50—0.045(E —20)

'c~o.o Me
V =5.6—0.008E
8'~ = 1.17—0.024E

(0&E &80}
(O&E &8O)
(0&E &80)
(0&E &20)

(20&E &80)
(0&E &45}
(0&E &80)
(O&E &8O)

r„=1.23 rd ——1.23 r„=1.05
a„=0.68 ad ——0.58 a =0.60
P, (3-)=0.320 P„(2+)=0.088 P„(5-)=0.210

'See the text; 0 & b, W'c & 1.6 MeV.
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FIG. '7. Variation with incident energy of the imaginary

spin-orbit potential depth. The 8'„values shown above 17

MeV are derived from A„(8) data (Refs. 23—39) for proton

scattering. The other 8' values are derived from A„(8) data
measured at TUNI. (present work and Ref. 3) for neutron

scattering. The dashed curve is an extrapolation from Ref. 40
and the cross is from Ref. 19.

higher energies, crossing zero around 50 MeV. There ex-

ists no nuclear structure model to describe this pattern.
On the other hand, the feature that W is negative at
higher incident energies is in agreeinent with recent (p,p)
analyses' ' (illustrated as a dashed curve and the symbol

X in Fig. 7) and with the Dirac phenomenology. ' At
lower energies, the W~ values deduced from the neutron
scattering analysis and the nucleon scattering analysis
have comparable magnitudes. This agreement is con-
sistent with the picture that, except for the usual Coulomb
correction t~nns, the n + Ca and p + Ca optical poten-
tials are identical.

Another finding is that b Wc is a surface term. Its
depth decreases from 1.6 MeV to zero as E increases from
17 to 45 MeV. These findings are in good agreement with
earlier results ' based on SOM analyses, showing that the
CC analysis neither removes nor alters the basic behavior
of SWAN. The energy dependence of A Wc, although not
complicated, has not been well represented by any obvious
analytic function. It has been tabulated but has not been
pararnetrized as yet.

The description of cr(8) from the OMP parameters of
Table III (shown as dashed curves in Figs. 2 and 3) is of
comparable quality to that obtained with the parameters
of Table I. On the other hand, the new elastic scattering
predictions for A„(8) get worse. The results obtained for
proton elastic scattering with the OMP parameters of
Table III are shown as sohd curves in Figs. 8 and 9. The
elastic scattering measurements for cr(8) are well
described except at backward angles. Likewise, the pre-

)C(—

Cb 30—
b ir

LC(—

48~0

V

1Cf—

i

18060 1 20
8 (deg )

FIG. 8. The (p,p) scattering cross sections for ~Ca. The
measurements are from Refs. 23—39. The solid curves
represent CC calculations based on the OMP parameters listed
in Table III.

dictions for A~(8) (see Fig. 9) are also poor at backward
angles, and become even worse at 65 MeV for 8p90'.
Our CC analyses do not help to remove the backward an-

gle anomaly mentioned earlier for a variety of nuclei
with mass A ~ 70. In the next section we illustrate how to
explain part of this anomaly in the elastic channel.

The predictions for inelastic scattering observables are
reasonably good for both neutrons and protons. These are
shown as dashed curves for (n,n') scattering in Figs. 4 and

5, and as solid curves for (p,p') scattering to the 3 and
5 excited states in Fig. 10. The description (not shown)
of the o(8) measurements at 11 and 20 MeV for (n,n')

scattering is as good as it is with the parameters of Sec.
IIIA. A comparison between the values of p3 and p5
found from (n,n') and those from (p,p') scattering analy-
ses shows that within uncertainties of about 5%,
pi(n, n')=pi(p, p') for A. =3 and 5. This result indicates
that core-polarization effects are much less important for
double-closed-shell nuclei than they are for single-closed-
sheu nuclei. "

C. Coupling to giant resonances
and dispersion relation effects

There have been severaI attempts to improve the
description of the nondiffractionlike pattern of the proton
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FIG. 9. The {p,p) analyzing powers for Ca. See caption of
Fig. 8.

elastic scattering cross sections at backward angles for
light and medium mass nuclei (2~70), including Ca.
Improved descriptions of o(8) have been achieved by con-
sidering nonstandard radial form factors, I-dependent
potentials, (p,d,p) intermediate processes, 6 model-
independent analyses, and coupling to giant reso-
nances. This last work deals with isoscalar giant reso-
nances (IGR's) treated in CC calculations as surface

00 ~ ~ ~, ~ 10I~Co(p, p'&

10-

l-

10

E
1

—10-

Q.l—

Ex 5756MeV
0.1 —$ =1.&04 frn

Ex= 4.49l MeV

O.Ql - 8 =0.885&rri

18Q 0
8, (deg)

180

FIG. 10. The (p,p') scattering cross sections for the 3 and
5 excited states. The measurements are from Ref. 26. See the
caption of Fig. 8.

modes of excitation.
In the present analysis, the method outlined in Ref. 48

has been adopted. The sensitivity calculations to be
shown below deal with coupling to the L=2
(E,=17.8+0.3 MeV) and 1.=3 (E„=31+2MeV) IGR
states as identified in Refs. 49 and 50. These excited
states exhaust 40% and 20% of the energy-weighted sum
rules, respectively. Therefore, we have adopted the values

p2 (IGR) =0.164 and p3 (IGR) =0.138 and used the cou-
pling scheme (0+, 3i, 2+, 32 ). Here, the 2+ and 3z lev-
els are the giant resonances, and 3, is the low-lying
( E„=3.74 MeV) octupole state.

Since the local OMP is energy dependent, the real and
imaginary potentials in the incoming and outgoing chan-
nels have to be properly evaluated at negative as well as
positive energies, and, in particular, in the vicinity of the
Fermi energy, a region which has been studied at length
by Mahaux and Ngo via dispersion relations. At in-
cident energies such that

~

E FF
~

&—10 MeV, the correc-
tions to the real central part of the OMP as predicted in
Ref. 4 are dominated by surface terms. When E departs
from this energy window, the corrections to the real po-
tential change from a surface-dominated to a volume-
dominated radial shape. At sufficiently high (positive or
negative) energies, these volume correction terms can be
absorbed into, and act as renormalization terms for the
real part of the semimicroscopic optical potential (the
Hartree-Fock term) defined in Ref. 4. In phenomenologi-
cal OMP analyses, these volume correction terms are im-
plicitly incorporated in the depth of the (Woods-Saxon)
real central potential. If the dispersion relation correc-
tions are treated explicitly in the phenomenological OMP
analyses, just the surface components of the corrections
have to be considered.

We are aware of the existence of few other studies in
which dispersion relations have been used in analyses of
nucleon-scattering data. A recent attempt to describe nu-
cleon elastic and inelastic scattering from ' 0 in this
manner has been made at Ohio University. The result ob-
tained is a significant improvement in the phasing of the
predictions for o(8) at backward angles. ' Smith et al.
have also explored dispersion-relation corrections to the
real potential in their recent (n,n) scattering analysis of
'Nb, by allowing a modification to the function energy

dependence of the volume integral of this potential in the
Fermi energy region. It is worth noting, however, that
these analyses take into account only the effects due to
dispersion-relation modifications to the volume integral of
the real potential, and ignore effects that are related to the
shape of the potential itself.

For Ca, we took advantage of the information con-
tained in Ref. 4 on the radial shapes of the corrections to
the real part of the neutron OMP. The surface corn-
ponents of the correction terms have been modeled as
derivatives of %oods-Saxon shapes and inserted directly
into the CC calculations based on the parameters of Table
III. The imaginary potentials have been assumed to be
symmetric with respect to eF. An illustration is given in
Fig. 11 for the incident neutron energy E,=16.9 MeV.
There is a definite and significant improvement in the
a'(8) and A„(8) predictions (dashed curves) compared to
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FIG. 11. Comparison of ~ca{n,n) Ca data to CC calcula-
tions at E„=16.9 MeV. The solid curve is from the parameters
of Table III and includes coupling to low-lying states only {see
the text); the dashed curve includes dispersion-relation correc-
tions and coupling to giant resonances.

10000

the CC calculation of Sec. III B (solid curves) in the whole
angular range. Still better agreement with the data could
be achieved by reoptimizing the potential parameters, for
instance, by increasing W~ by about 0.3 MeV. Another
example is given for (p,p) scattering at 30.3 MeV in Fig.
12. Here, too, the predictions (dashed curves} are better:
comparing the two calculations, the chi-squared drops by

60% and 100% for cr(8) and Ay(8), respectively.
More guidance form the OMP theory is required to ex-

tend these CC analyses to the whole body of existing
scattering measurements. Our preliminary efforts to
reanalyze the a(8) and A~(8) data in the context of cou-
pling to IGR's systematically indicate that improved fits
could be obtained at incident energies up to 50 MeV. Our
study indicates that the effect of coupling to giant reso-
nances predominates over dispersion-relation effects at en-

ergies below 40—50 MeV. Beyond these energies, cou-
pling to the 2+ (E„=17.8 MeV) and 3 (E„=31MeV)
giant resonances has minimal effects on the OMP predic-
tions. Obviously, the reason is that we are too far in ener-

gy from these resonances. Improving the fits to cr(8) and
A~(8) for (p,p) scattering at 65 MeV, for instance, re-

quires additional information on the existence, location,
and strength of giant resonances at higher excitation ener-
gies. Exploring the excitation energy region above
E„=31 MeV, we have found that locating an E3 strength
at 75 MeV significantly improves the fit' to A„(8) for
8&90'. This surprising result is highly speculative, and
should not be interpreted as the demonstration that a 3
IGR actually exists in the vicinity of E, =75 MeV.

Nevertheless, one cannot ignore that a large amount of
E3 strength is missing above 31 MeV excitation energy.
It is unlikely that the suggested 3 (E,=75 MeV} state is
a simple particle-hole (i.e., RPA) excitation, since it is lo-
cated at too high an excitation energy. On the other
hand, it is interesting that this excitation energy is very
close to that (E,=SO MeV) of one of the structures ob-
served in Ca+ Ca collisions at 400 MeV. The origin
of these structures is not completely understood, howev-
er it is quite possible that they might be interpreted in
terms of target multiphonon excitations built on giant res-
onances. s Further experimental explorations of the exci-
tation energy region well above 31 MeV would certainly
be very useful in the identification of new collective exci-
tations in Ca.

1000—
Ep =30.5 MeV

LING TO l OW- LY) NG STATES ONLY

LING TO IGR
IV. SUMMARY

t00—
E

~0—
b

&,0

0,0

-0.5

—I.Q 1 1 I

60 I 20
g, (deg)

180

FIG. 12. Comparison of Ca{p,p) Ca data to CC calcula-
tions at Ep =30.3 MeV. See the caption of Fig. 11.

The new (n,n) and (n,n'} scattering measurements per-
formed at TUNL for cr(8) and A„(8) between 11 and 17
MeV have been combined with other neutron data avail-
able up to 80 MeV to trace the properties of the local
OMP for the n+ Ca system over a broad energy range.
From this analysis based on the coupled-channel formal-
ism, we have mapped the interplay between surface and
volume absorption.

Additional information on this W&-8'„ interplay is
gained from the wealth of (p,p) scattering measurements
for o(8) and A~(8) available up to 80 MeV. The spin-
orbit potential has been determined to be spherical and
complex, and its imaginary part is energy-dependent and
positive at incident energies below 50 MeV and negative
at higher energies. This property cannot be explained by
nuclear matter theory. It is also at variance with the
Dirac phenomenology. Comparing (n,n') and (p,p')
scattering, it is found that the collective excitations m

Ca do not depend upon the isospin structure of the
probe.
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Coupling to giant resonances has minor effects on the
tr(8) and A„(8) predictions for elastic scattering above 40
MeV. Therefore, it does not seem to be of key importance
in solving the long-standing problem (i.e., backward-angle
anomaly) observed in elastic scattering from Ca in this
energy range. On the other hand, this coupling certainly
improves the description of the nucleon elastic scattering
observables at lower incident energies. In this context,
corrections to the real potential induced by dispersion re-
lations have been found to substantially alter and some-
times improve the optical model predictions for elastic
scattering. More elaborate conclusions concerning the im-

portance of these corrections to the optical model predic-
tions might be obtained from a reanalysis of the scattering
measurements, incorporating precise information on the
surface term of the scattering potential as induced by
dispersion relations.
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