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We report new cross-section and analyzing power data for the excitation by 318 MeV protons of
20 states of ' 0 below 14 MeV. The data for normal-parity isoscalar excitations are compared with
calculations based upon the nonrelativistic impulse approximation using both density-independent
and density-dependent interactions in the local-density approximation. These comparisons clearly
indicate that density-dependent modifications of the effective interaction are required. Although
the Paris-Hamburg, Nakayama-Love, and Ray interactions all predict significant medium
modifications, none describes the data particularly well. Therefore, we fitted an empirical effective
interaction to the data for five inelastic transitions simultaneously using a self-consistency cycle that
maintains consistency between transition potentials and microscopic distorting potentials. This in-
teraction describes the inelastic data as well as elastic data and data for Ca which were not includ-
ed in the fitting procedure. Therefore, the local-density approximation is supported by the phenom-
enology. However, medium modifications of the effective interaction are substantially stronger than
predicted and persist to low density. The optical potentials are similar to the Schrodinger-
equivalent potentials from the relativistic IA2 model, showing that the equivalent density depen-
dence due to virtual NN pairs is comparable to the short-range repulsion fitted to inelastic-
scattering data.

I. INTRODUCTION

For energies below about 200 MeV, the nonrelativistic
impulse approximation (NRIA) requires strong medium
modifications of the two-nucleon effective interaction to
describe elastic scattering and inelastic scattering to
normal-parity states of the target nucleus. ' The densi-
ty dependence of the effective interaction results primari-
ly from Pauli blocking and self-energy corrections and is
described qualitatively by nuclear matter calculations and
the local-density approximation (LDA). However, the
detailed predictions of these models vary considerably
with the approximation scheme, and a sound theoretical
method for evaluating these effects has not yet been es-
tablished. Therefore, it has been necessary to develop an
empirical effective interaction, motivated by the nuclear
matter theory, whose parameters can be fitted to a large

body of inelastic-scattering data. Empirical effective in-
teractions have been fitted for several energies below 200
Me V and have been shown to provide an excellent
description of the data. '

The strongest density dependence is exhibited by the
central spin-independent isoscalar component of the
effective interaction. The effect of Pauli blocking is
represented by a damping factor applied to the imaginary
central interaction. The effect of short-range correlations
upon the real central interaction can be represented by a
short-range repulsive interaction proportional to density.

As the energy increases, the effect of Pauli blocking
upon the absorption cross section is expected to decrease
with energy as E ' in accordance with the phase-space
model of Clementel and Villi. More detailed nuclear
matter calculations tend to confirm that the density
dependence of the imaginary central component of the
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effective interaction decreases rapidly with energy. On
the other hand, the density dependence of the real central
interaction is expected to vary more slowly with energy.
Hence, we might expect that, by 300 MeV, the imaginary
interaction will become similar to the free interaction
whereas the real interaction may retain significant density
dependence. However, the three nuclear matter calcula-
tions presently available for the 300-MeV regime differ
considerably in their predictions for the real central in-
teraction. Therefore, a phenomenological analysis is
still necessary.

At 500 MeV and above, the relativistic impulse ap-
proximation (RIA) has been shown to give a description
of elastic scattering, especially spin observables, that is
superior to the NRIA based upon the free interac-
tion. ' ' Alternatively, we have shown that the empiri-
cal interaction fitted to inelastic-scattering data also gives
an excellent description of elastic scattering that is at
least as accurate as the RIA for spin observables. ' How-
ever, the density dependence of the empirical effective in-
teraction is surprisingly strong. Therefore, it is of in-
terest to compare these approaches for an intermediate
energy such as 318 MeV.

In this paper we report new data for elastic and inelas-
tic scattering of 318-MeV protons by ' O. These data
will be compared with NRIA calculations based upon the
Franey-Love t matrix' and with LDA calculations based
upon several density-dependent effective interactions.
An empirical effective interaction is also fitted to the data
and compared with the IA2 model. '

The experiment is described in Sec. II. The various
models of the effective interaction are compared in Sec.
III. Calculations based upon these models are compared
with the data in Sec. IV and our conclusions. are summa-
rized in Sec. V.

II. EXPERIMENT

The experiment was performed using 318-MeV polar-
ized protons provided by the Los Alamos Meson Physics
Facility (LAMPF). The beam current was monitored by
a pair of ionization chambers following the target within
the scattering chamber. These monitors were normalized
by comparing elastic pp measurements made with a thin
CH2 target with calculations based upon Amdt phase
shifts. ' The polarization was monitored by a continuous
in-line polarimeter described in Ref. 17 and was typically
in the range 0.75—0.86. Several beryllium oxide (BeO)
foils with thicknesses between 23.7 and 101.7 mg/cm
were used as targets. The various targets gave cross sec-
tions which agreed within the estimated +5% normaliza-
tion uncertainty. In addition, two Be foils (26.8 and 47.3
mg/cm ) were used to collect data upon the beryllium
continuum below the oxygen states of interest.

Scattered protons were analyzed using the high-
resolution spectrometer (HRS) and detected by the stan-
dard focal-plane array described in Ref. 18. From known
spectrometer constants, the beam energy was found to be
in the range 317.4+0.4 MeV. For each spectrometer set-
ting, the events were sorted into three equally spaced bins
of laboratory scattering angle that were +0.3 wide and

covered the useful acceptance. The spectra were ana-
lyzed with the ALLFIT program and methods described in
Refs. 2, 4, and 19. A typical fitted spectrum is shown in
Fig. 1, which illustrates the states analyzed herein. The
Be continuum was described using the positions and

widths deduced by Dixit et aI. Narrow peaks of ' Q
were described by the standard hyper-Gaussian line
shape. Peaks with intrinsic widths larger than 20 keV
were described as Lorentzian shapes convoluted with a
resolution function based upon the narrow peaks. The
positions and widths compiled in Ref. 21 were used. The
positions of closely spaced peaks were constrained to tab-
ulated values. Further details may be found in Ref. 22.

Data for 20 states below 14 MeV were collected for
laboratory angles between S and 47 in steps of 2'—3',
spanning the momentum transfer range 0.32 ~ q ~ 3. 18
fm '. In this paper we focus upon the normal-parity iso-
scalar states 0,+ (0.0 MeV), Oz+ (6.049 MeV), 03+ (12.053
MeV), 1, (7.117 MeV), 2,+ (6.917 MeV), 2&+ (9.847 MeV),
23+ (11.521 MeV), 3& (6.130 MeV), and 4&+ (10.353 MeV).
Data were also collected for the 2, state at 8.872 MeV,
the 0, state at 10.952 MeV, a (3,+42 ) doublet at 11.09
MeV, and seven additional states between 12.4 and 13.9
MeV. Complete data tables are on deposit with the Phys-
ics Auxiliary Publication Service (PAPS).

III. MODELS OF THE EFFECTIVE INTERACTION

A. Local-density approximation

The approximation scheme we employ to evaluate the
folding model of nucleon-nucleus scattering has been
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FICx. 1. Typical fitted spectrum for ' O(p, p') at T~ =318
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with multipolarity and excitation energy in units of MeV. Note
that the 03 and 11 states, which have strong interior transition
densities, are quite prominent. A broad bump corresponding to
two states in Be is also indicated.
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presented in considerable detail in Refs. 2 and 3. In this
section it is sufficient to outline those aspects of the mod-
el that are relevant to subsequent discussions.

In this paper we focus upon normal-parity isoscalar
transitions for which electr oexcitation measurements
determine the longitudinal form factor for q ~2.7 fm
with good accuracy. Furthermore, the transverse form
factors for these states are all very small. Hence, we as-
sume that all spin and current densities, including those
not sampled by electron scattering, are negligible. This
assumption is justified by the fact that spin and current
densities are systematically suppressed for collective exci-
tations and by the fact that the interaction that couples
to the matter density is much stronger than the interac-
tions that probe these spin and current densities. Similar-
ly, the matter interaction is much stronger than the iso-
vector interaction and charge symmetry ensures that the
proton and neutron transition densities for isoscalar exci-
tations of self-conjugate targets are very nearly equal.
Therefore, the proton transition densities obtained by un-
folding the nucleon finite size from the transition charge
densities measured with electron scattering suffice to
determine all nuclear structure quantities required to an-
alyze the transitions of interest in terms of the effective
interaction.

The effective interaction for normal-parity isoscalar
transitions with negligible spin and current contributions
reduces to

where q=k, —kf is the direct and Q=k;+kf is the ex-
change momentum transfer. We evaluate exchange con-
tributions using a local approximation.

Normal-parity isoscalar transitions are excited by
scattering potentials of the form

U(r)= U (r)+ U (r)+VF (r) Vcr, —1

where U is the potential obtained by folding the
Coulomb interaction with either the ground-state or tran-
sition charge density. The central and spin-orbit poten-
tials U and F are obtained by folding the matter tran-
sition density pj with central and spin-orbit components
of the effective interaction r and r according to

=2UJ ( r) =— dq q &'J( qr)re ( q, pG ( r) )pJ(q ) (4a)

=2FJ ( r) =— dq q a J(qr re (q pG( r) ')pJ( q (4b)

where pG is the local ground-state matter density. For
simplicity, the effective interaction is evaluated for the lo-

t(q)=t (q)+it (q)o n,
where o. describes the projectile spin and n is the unit
vector normal to the scattering plane. The t matrix in the
nucleon-nucleus (XA) frame is related to that in the
nucleon-nucleon (NN) frame by a Jacobian denoted g.
Following the notation of Ref. 2, it is convenient to intro-
duce the auxiliary quantity r via

res= qQ = —(k sinO)
2

where

ULS(, )= 1 aF
r Br

For consistency with previous analyses, the ground-state
density tabulated in Ref. 25 is used. However, an earlier
density due to Miska et al. produces a stronger max-
imum in the form factor near 3 fm ' and gives somewhat
better agreement with the large-angle elastic-scattering
data at this and lower energies. Fortunately, this minor
ambiguity does not affect the inelastic-scattering calcula-
tions and thus will not affect any of our conclusions.

According to Cheon et al. , the density dependence
of the effective interaction t' appropriate to inelastic
scattering is stronger than that within the elastic t(q, p)
produced by nuclear matter theories due to a rearrange-
ment factor of the form

t'=(1 +pBIBp)t . (7)

We have found at several energies between 100 and 500
MeV that this factor is essential to a consistent descrip-
tion of elastic and inelastic scattering with either theoret-
ical or empirical effective interactions. Therefore, this
factor is employed in the present analysis also.

B. Effective interactions

Following Hiifner and Mahaux, two calculations of
the Brueckner G matrix for an energetic nucleon propa-
gating through nuclear matter have been performed for
energies near 300 MeV. ' Both include similar Pauli
blocking and self-energy corrections, but use rather
different prescriptions for reducing nonlocal nuclear-
matter results to local pseudopotentials amenable to
scattering calculations. First, the Hamburg group used
the Paris potential to evaluate the G matrix and then
constructed an effective interaction according to the gen-
eralization of the Siemens averaging prescription
developed by Brieva and Rook. Hence, this interaction,
which we designate PH, includes off-shell information via
short-range correlations carried by the pair wave func-
tion. Next, Nakayama and Love (NL) developed an al-
ternative prescription for reducing the G matrix to pseu-
dopotential form that is designed to reproduce on-shell
matrix elements of a nuclear-matter calculation. This
method was applied using the Bonn potential. ' Al-
though these calculations use different nucleon-nucleon
potentials, the differences between the resulting effective
interactions appear to be too large to attribute to the
differences between the potentials alone and are probably
due to ambiguities in the reduction procedure.

Alternatively, Ray developed a method for evaluating
medium modifications to the Watson optical model for

ca1 density at the site of the projectile; the differences ob-
tained for alternative choices of local density, such as the
position of the struck nucleon or the two-body center of
mass, are much smaller than the ambiguities due to the
choice of interaction.

Similarly, the elastic optical potential has the form

U(r) = U (r)+ U (r)+ U (r)L o.,
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energies above pion threshold based upon a coupled-
channels nucleon-isobar model. This method also in-
cludes Pauli blocking and includes binding potentials for
intermediate nucleon and isobar states, but, unlike the
Brueckner models, does not include the projectile optical
potential in the energy denominator. Nevertheless, the
energy dependence of the binding potential results in a
repulsive contribution to the real central component of
the effective interaction that is similar to earlier G-matrix
calculations. The effect of isobar coupling is much small-
er.

Each of these interactions can be represented by the
parametrization '
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because, in the plane-wave approximation, the cross sec-
tion is proportional to ~It ~

and the analyzing power is

where ~= kF /1. 33 represents the local Fermi momentum
relative to saturation density and where t,f represents the
ith component of the free interaction at zero density.
The scale factors S, are normally fixed to unity for
theoretical interactions but may be allowed to vary in
phenomenological analyses of scattering data. The q
dependence is based upon the Yukawa expansion of the t
matrix, for which the exponent fI assumes the values l for
central, 2 for spin orbit (r ), and 3 for tensor com-
ponents. Similarly, 6=2 for tensor interactions and 6=0
otherwise. The damping factor d,. is most useful for the
imaginary part of the central interaction, for which the
Clementel-Villi model predicts a=2 and d ~E '. Simi-
larly, the density dependence of real parts of the effective
interaction is usually assumed to be proportional to den-
sity, so that y =3.

The free interaction t(q, O) used in Eq. (8) for the PH
and NL effective interactions is obtained by extrapolation
to zero density. A different procedure is used for the Ray
interaction. In that calculation, medium modifications
were calculated using the Lomon and Feshbach model
and then, before performing scattering calculations, the
difference between density-dependent and density-
independent interactions was added to a t-matrix con-
structed from the Amdt phase shifts. ' Hence, the
theoretical t matrix was replaced by a phenomenological
t matrix. Therefore, we fitted the Ray interaction using
Eq. (8) and the original low-density limit and then re-
placed t(q, O) with the Franey-Love (FL) t matrix. This
procedure reproduces the interactions of Ref. 8 quite
closely.

Unfortunately, these three free interactions are rather
discordant. The isoscalar spin-independent central and
spin-orbit components of the PH, NL, and FL t matrices
are compared in Fig. 2. It is also instructive to compare
the quantities
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FIG. 2. Free t matrices for the PH (solid), NL (dots), and FL
(dashes) interactions at 318 MeV, including knockon exchange.

equal to this 3 . The disturbingly large variations shown
in Fig. 3 for these quantities will translate into ambigui-
ties in the NRIA calculations based upon these interac-
tions. Most notably, the interaction strength is much
lower for the NL interaction than for the PH and FL in-
teractions, probably because the NL calculation extrapo-
lates the Bonn potential well beyond its intended energy
regime. The difference between the real central com-
ponents of the PH and FL t matrices at large momentum
transfers was also noted at lower energies and is prob-
ably due to the fact that the prescription used by the PH
calculation to construct the effective interaction does not
properly reduce to the t matrix at zero density. However,
the discrepancy between the Retz~ components of these
interactions is much larger at 318 MeV than it is for ener-
gies below 200 MeV.

The density dependence of these three models of the
effective interaction is compared in Figs. 4 and 5. Param-
eters fitted to these interactions are collected in Table I.
For all three interactions, the density dependence of Ret
can be represented as a short-ranged repulsive contribu-
tion proportional to density. Although the strength of
this term is similar for the PH and Ray calculations, both
the free and the density-dependent terms of the NL in-
teraction are only about half as strong. The density
dependence of Imt for both NL and Ray interactions
can be described by nearly pure damping and have simi-
lar strengths, but the density dependence of this com-
ponent of the PH interaction is weaker and requires a
significant Yukawa contribution. The density depen-
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containing six free parameters (S„bf, $2, d2, S3, and
b3). The mass parameters elf=2. 0 fm ' and p3=6. 0
fm ' were chosen to give a good description of the Ray
interaction at 320 MeV.

Although the PH interaction gives the best available
theoretical description of both elastic- and inelastic-

dence of the spin-orbit interaction is of similar strength
for all three interactions, but the sign of the density-
dependent contribution to Imr for the NL interaction
is opposite that of the others.

Therefore, all three calculations predict that medium
modifications to the efFective interaction remain impor-
tant at 318 MeV. However, it is clear from the lack of
consensus among the theories that a phenomenological
analysis of density dependence will be needed for a quan-
titative description of the efFective interaction useful to
nuclear structure applications, such as extraction of neu-
tron transition densities. " For this purpose we use the
simpler parametrization

20

10
O~

o
(b)

1 2
q (&m ')

1 2
q (fm ')

1 2
q (fm ')

scattering data for energies below 200 MeV, and will be
seen in the following section to also describe proton
scattering at 318 MeV relatively well, we choose to base
phenomenological analyses of these data upon the FL in-
teraction instead for several reasons. First, the Paris po-

FIG. 4. (a) Central components of the PH, NL, and Ray
effective interactions. The symbols show these interactions for
kF=0. 6 (triangles), 1.0 (crosses), and 1.4 fm ' (diamonds). In
each panel the curves show two parameter fits to the density
and momentum-transfer dependence of medium modifications
to each of the interactions. No fit is shown for the Ray interac-
tion because the reparametrized interaction after replacement of
the free interaction is displayed. (b) Spin-orbit components of
the PH, NL, and Ray e8'ective interactions are displayed along
with fits to the medium modifications, using the same legend as
(a).
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tential is not strictly applicable to energies above pion
threshold. Second, the difference between the FL interac-
tion and the PH interaction for zero density is too large
at 318 MeV. This discrepancy may be due to the fact
that the method used to evaluate the effective interaction
involves a ratio between correlated and uncorrelated ma-
trix elements for which the denominator is small near 300
MeV and may amplify defects of the model. Third, fits
using the PH interaction for t tend to be unstable but
generally produce small values for 5& which have the
effect of suppressing Retoo at high q anyway. Fourth, fits
based upon the FL interaction were found to be much
more stable and to produce scale factors closer to unity.
Finally, the FL interaction should provide a better model

0 2 3
q (fm ')

of the free interaction and is applicable to higher ener-
gies. Therefore, we use the FL t matrix for t and model
the medium corrections upon the Ray interaction for en-
ergies above 300 MeV.

IV. RESULTS

A. Impulse approximation

In this section we compare the data for elastic scatter-
ing and for three of the strongest inelastic transitions

FIG. 6. Elastic-scattering calculations for p+' 0 at 318
MeV in the impulse approximation are compared with the
present data. The cross section is shown as ratio to Rutherford
(o. ) to enhance detail. Solid lines are based upon the PH in-

teraction, dots upon NL, and dashes upon FL.

TABLE I. Reparametrization of theoretical effective interactions.

Component

Ret oo
c

Imt 00
c

Re+

Im+

0
3.O fm
2.O fm

0

3.O fm
6.0 fm

1.0 fm
1.0 fm

Coefficients

a~, (MeVfm')
a ~2 (MeV fm')
a» (MeVfm')

dp

a» (MeV fm )

a3, (MeV fm')
a32 (MeV fm )

d4
a4, (MeV fm')
a42 (Mevfm )

PH

—24.05
83.22
0

0.151
—15.87

—4.05
3.70

—0.119
2.70
0

NL

9.73
18.53
0

0.280
—9.46

—5.00
3.45

0.135
1.85
0

Ray

0
0

61.19

0.267
0

0
1.74

0
0

—1.55

'The density dependence of each term is proportional to ~ and we set y =a for simplicity. Note that
5=0 throughout and P= 1 for central and P=2 for spin-orbit components.

An entry of 0 is to be interpreted as a delta function with p ' =0.
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distorted waves are employed. The imaginary part of the
central interaction dominates the inelastic cross section
and the optical potential for this energy. Although the
relative weakness of this component of the NL interac-
tion might suggest that the cross sections calculated us-
ing this interaction would be much smaller than calculat-
ed using the other interactions, the absorptive potential is
also weaker. This effect can be seen in the ImU curves
in Fig. 8. Apparently the enhanced Aux compensates for
the reduced transition strength so that inelastic cross sec-
tions for all three interactions remain similar in the im-
pulse approximation.

The NRIA calculations are most accurate for the 2&+

state, for which the transition density peaks at the largest
radius, and are least accurate for the 1 state, for which
the transition density has a strong interior lobe. The
transition density for the 3 state peaks at an intermedi-
ate radius and the impulse approximation achieves inter-
mediate quality. For momentum transfers larger than
about 1.5 fm ', the 3 calculations would be improved
by a repulsive contribution to the interaction that shifts
the angular distributions outward. This effect is reminis-
cent of similar effects for lower projectile energies' and
can be attributed to the density dependence of the real
part of the central interaction. However, whereas NRIA
calculations for the 1, state produce cross sections for
energies below 200 MeV that are considerably larger than
the data for low momentum transfers, ' the NRIA cal-
culations for 318 MeV are below the data for all q (3
fm

Upon comparison between Figs. 8 and 9, we observe that
the largest effects due to density dependence are to be
found in the central potentials. Pauli blocking suppresses
the absorptive potential with little change in shape,
whereas the short-range repulsive contribution to Ret
sharpens the interior structure of the real potential.

LDA calculations for elastic scattering are compared
with the data in Fig. 10. The enhanced repulsion in Ret
pushes the angular distributions outward and thereby im-
proves the description of the data. However, the damp-
ing of ImU predicted by the NL and Ray interactions
results in a reduction of the cross section that is too large.
This effect is smaller for the PH interaction, which there-
fore gives a much better description of the cross-section
data. Note that structure near 3 fm ' is probably due to
a third peak in the elastic form factor and is described
better when the density of Ref. 26 is used instead of the
smoother density of Ref. 25.

Therefore, of the available theories of the effective in-
teraction, the PH model continues at this energy to give
the best fit to elastic-scattering data as also found for
lower energies. ' However, even this model overpredicts
the forward-angle analyzing power. This problem,
characteristic of the NRIA for F. =300—800 MeV,
remains even after Pauli blocking and dispersion correc-
tions to the effective interaction are applied.

Inelastic-scattering calculations for the 1] 2&, and 3&

states are compared with the data in Fig. 11. All of the
calculations employ self-consistent distorted waves and
transition densities from electron-scattering measure-

B. Local-density approximation

LDA calculations of optical potentials based upon the
PH, NL, and Ray interactions are compared in Fig. 9. 10
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tion were fitted to the cross-section and analyzing power
data for five states of ' 0 simultaneously, including the
1, , 2i+, 23+, 3&, and 4,+ states. These are the states for
which the reaction mechanism and nuclear structure are
known best. The transition density for the 1& state is
peaked in the interior and is thus most sensitive to the
high-density properties of the effective interaction.

Although Figs. 14 and 15 display the full angular range
spanned by the experiment, the fit was limited to momen-
tum transfers q ~ 2.7 fm for which the transition densi-
ties are known accurately from electroexcitation mea-
surements. We also show the 03+ state, which has good
interior sensitivity, even though it was excluded from the
fit. Additional uncertainties of 5% for cross sections
and +0.05 for analyzing powers were folded into the ex-
perimental error bars to smooth the relative weights as-
signed to various states and momentum transfers.

The empirical interaction was modeled upon the Ray
interaction. The FL t matrix was used for the free in-
teraction t (q, 0) and the masses p &

=2.0 fm ' and
p3=6.0 fm which gave good fits to the Ray interaction
were used. The analysis began using the parameters list-
ed in Table I for the Ray interaction as initial estimates
for the empirical interaction. The density dependence of
the imaginary spin-orbit interaction is not strong enough
to fit and was held fixed. The six free parameters were
fitted to the inelastic-scattering data using a self-
consistency cycle in which distorted waves for a given in-
teraction were based upon the average of the parameters
produced by the preceding two interactions. '

The fit to the data is compared with the results of the
free interaction and the Ray effective interaction in Figs.
14 and 15. The empirical effective interaction provides a
much better fit to the 1& and 3i cross-section data and
to the low-q analyzing powers for all of the states. The
changes observed for states with surface-peaked densities
are somewhat smaller than for interior densities but the
fitted interaction always produces at least some improve-
ment in the calculated analyzing powers and high-q cross
sections. Thus, we find that an effective interaction
which depends upon local density is capable of con-
sistently describing inelastic-scattering data for many
states of a given target simultaneously. Furthermore, we
have found that the same interaction gives an excellent
description of inelastic scattering for Ca and that when
both sets of data are included in a global analysis essen-
tially the same parameters emerge. Therefore, the
LDA appears to apply very well to the scattering of 318-
MeV protons.

Elastic-scattering calculations are compared with the
data in Fig. 16. Although these data were not included in
the analysis, the analyzing power prediction is nonethe-
less improved, particularly at low momentum transfers.

10

10

10-'
1.0

0.5

0.0

:l

G

—1.0
1 2 3

q (fm ')

FIG. 16. Elastic-scattering calculations for p+' 0 at 318
MeV based upon the empirical interaction fitted to inelastic-
scattering data are shown as solid lines. Note that the elastic
data were not included in the fitting procedure. Nevertheless,
the results are superior to the IA (dots) and to the LDA (dashes)
based upon the Ray interaction.

The elastic cross section is improved near 1.2 fm, but
the outward shift at larger q appears to be somewhat too
large. However, discrepancies for larger momentum
transfer may be attributed to deficiencies in the ground-
state density fitted to electron-scattering data that are
limited to q 3.0 fm . Similar improvements of
elastic-scattering calculations for Ca are also obtained
with the empirical effective interaction.

The parameters of the empirical effective interaction
are compared with initial estimates based upon the Ray
interaction in Table II. The central and spin-orbit com-
ponents of the empirical interaction are plotted in Fig. 17
and should be compared with the theoretical interactions
plotted in Figs. 4 and 5. We find that the density depen-
dence of the real central interaction is stronger at low q
for the empirical interaction than for any of the theoreti-
cal interactions, but that the strength at high q is inter-
mediate between the PH and Ray interactions. The den-
sity dependence of Imt is smaller than predicted and of
opposite sign, such that absorption appears to increase
slightly with density rather than being damped according

TABLE II. Comparison of empirical effective interaction with predictions of the Ray model.

Interaction

Ray
Empirical

S,

1.0
1.068

b& (MeV fm )

61.2
144.7

1.0
1.021

d2

0.267
—0.067

S3

0
0.833

b, (MeVfm')

1.74
7.14
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to estimates based upon Pauli blocking. Note that the
central scale factors S, and S2 are slightly larger than
unity at this energy, but that S3 =0.83 remains consistent
with results for lower energies for which all three scale
factors tend to near 0.8. On the other hand, the density
dependence of Ret is substantially stronger for the
empirical interaction than for any of the theories shown
in Fig. 4.

The uniqueness of these results was studied by using a
grid search in which each of the six parameters was
stepped along a specified grid of values. For each grid
point, the remaining five parameters were fitted using the
customary self-consistency cycle. No alternative solution
was found. In particular, the grid confirms the values
found for b&, dz, and S3 as essential features of the
effective interaction for proton inelastic scattering at 318
MeV. However, the unusually large density dependence
found for Ret at this energy may not be firmly estab-
lished because the y surface is soft with respect to b3.
Nevertheless, similar values for b3 are also obtained at
500 MeV (Ret. 14) and for Ca(p, p') at 318 MeV.

Ambiguities in the choice of mass parameters p, and
the weighting of data sets were found to produce only
unimportant variations in the precise values of the fitted
parameters while leaving the essential features of the in-
teraction unaffected. For example, if we supplement the
damping factor used in Eq. (10b) with a Yukawa contri-
bution so that

10' Imt (q, ~)=(S2 —d2I~ )Imt (q, O)+b2(r [1+(qlp, ) j
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FIG. 17. {a) Central and spin-orbit components of the empir-
ical interaction are shown for three densities: kF =0.6 (trian-
gles), 1.0 {crosses), and ).4 fm ' (diamonds). {b) Matter interac-
tions and analyzing powers in the plane-wave approximation
are shown for the empirical interaction at three densities:
kF =0.6 {triangles), 1.0 (crosses), and 1.4 fm ' (diamonds).

with pz=2. 0 fm ', we can find an equivalent fit to the
data which produces essentially the same interaction
plotted in Fig. 17 using d2=0 and a negative value of b2.
Alternatively, the damping parameter d2 could be con-
strained to nuclear matter estimates of Pauli blocking
provided that b2 becomes even more negative. For exam-
ple, if d2 =0.267 is held fixed to the value extracted from
the Ray interaction, then a Ilt based upon Eq. (11) yields
b2 = —67 MeV fm with insignificant changes in the
remaining parameters. The resulting interaction is prac-
tically indistinguishable from Fig. 17. Similar results are
also found at 500 MeV. ' Therefore, we can interpret the
anomalous negative result for dz as an indication that a
new absorption mechanism strong enough to mask the
Pauli blocking effect operates at energies above 300 MeV.

We have also attempted to fit the data using the PH
model for the free interaction. Unlike the analyses made
for energies below 200 MeV, where better fits are ob-
tained using the PH instead of the FL t matrix, at this en-
ergy we find that fits based upon the PH interaction tend
to be unstable and are definitely inferior to fits based
upon the FL t matrix. Although such fits tend to give
smaller values of b, , the real central scale factor S, is
usually less than 0.5. Evidently, the fitting procedure
uses S, to suppress Ret for zero density because it is un-
realistically strong at high momentum transfer. Howev-
er, fits using either free interaction produce similar in-
teractions for higher densities even though the parame-
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ters differ. Hence, we believe that the essential charac-
teristics of the empirical effective interaction are well
determined despite possible ambiguities in the best choice
of free interactions and other details of the model.

Therefore, the density dependence of the effective in-
teraction fitted to inelastic-scattering data for 318-MeV
protons is substantially stronger than predicted by nonre-
lativistic theories of nuclear matter. The real central in-
teraction contains a strong short-range repulsive contri-
bution proportional to density, whereas damping of the
imaginary central interaction due to Pauli blocking ap-
pears to be absent or even reversed. If we assume that
Pauli blocking continues to follow the E ' trend from
lower energies, this result might suggest that a new ab-
sorption mechanism occurs for energies above pion
threshold that is strong enough to mask the expected
damping effect. Similar results are also found at 500
MeV. Yet, below 200 MeV, the density dependence of
the empirical interaction is somewhat less than predicted
by nuclear-matter theory. Further investigations will be
needed to clarify the qualitative change in medium
modifications of the proton-nucleus effective interaction
that appears to occur near 300 MeV.

D. Comparison with IA2

Ottenstein et aI. ' have performed a systematic
analysis of elastic-scattering results for the RIA using a
meson-exchange model designated IA2. It has been sug-
gested that the principal difference between relativistic
and nonrelativistic versions of the impulse approximation
should be identified with the contribution of virtual NN
pairs in the medium. %'hen reduced to Schrodinger
form, the contribution of virtual NN pairs amounts to an
effective density dependence which can be described as

primarily a short-ranged interaction. '

The Schrodinger-equivalent IA2 optical potentials are
compared with the present results in Fig. 18. The pair
contributions to the spin-orbit and the imaginary central
potentials are quite modest and these potentials agree
well with the phenomenological results. The agreement
for the imaginary central potential, which dominates the
cross section and which is significantly larger than the
LDA predictions of Fig. 9, is particularly impressive.
Also, note that the spin-orbit potential is not especially
inAuential for small radii.

The pair contribution to the real central potential, on
the other hand, is strong and positive. This contribution
is strongest in the interior where the density is large and
becomes small in the surface. The net result is very simi-
lar to the PH potential shown in Fig. 9. The empirical
result is similar in shape but boasts a somewhat stronger
repulsive density dependence.

Elastic-scattering calculations based upon these IA2
potentials are compared with the data in Fig. 19~ The
agreement with the data is slightly better than we ob-
tained with the interaction fitted to inelastic scattering.
However, a direct comparison cannot actually be made
because the IA2 calculations used the Dirac-Hartree
wave functions of Horowitz and Serot rather than the
experimental density we used. Nevertheless, the fact that
our elastic calculations appear to contain slightly too
much repulsion suggests that the best fit to the data
would be obtained with a real central potential closer to
the IA2 result.

At lower energies, such as 200 MeV, the IA2 model

10

Q(p p)0',

20 2.0 10'

10 1.0

0.0

b

10'

—20
0

)
—10

—1.0
(D

CL'

—2.0
0.5

10
1.0

0.5

0.0

—20 0.0

—30 '

E
—40 I

2 4

i (fm)

I I

2 4

r (fm)

I

1 2 3
q (fm ')

FIG. 18. Optical potentials based upon the empirical interac-
tion (solid) are compared with complete (dashes) and "no-pairs"
(dots) Schrodinger-equivalent potentials from the IA2 model.

FICx. 19. Elastic-scattering calculations based upon the IA2
potentials (dashes) are compared with 318-MeV data for ' O
and with calculations based upon the empirical interaction
fitted to inelastic-scattering data (solid).
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does not describe elastic-scattering data this well —it
tends to produce cross sections that are too large and
analyzing powers without adequate oscillation ampli-
tude. ' These deficiencies can be reduced by applying an
ad hoc Pauli blocking factor to the imaginary central
potential motivated by the Clementel-Villi model. At 200
MeV we find that the empirical effective interaction fitted
to inelastic-scattering data produces a real central poten-
tial that is similar to the IA2 prediction, but that the
imaginary potential is damped.

V. CONCLUSIONS

We have obtained new data for the scattering of 318-
MeV protons by ' 0 and find that substantial medium
modifications of the central and spin-orbit interactions
are required to describe normal-parity isoscalar excita-
tions even at this energy. Although several theoretical
models predict significant density dependence of similar
form, none is able to consistently describe the data with
enough accuracy to be useful for quantitative structure
studies, such as the extraction of neutron transition den-
sities. Nevertheless, an empirical effective interaction
similar to those we employ in the 100—200-MeV regime
fits the data quite well. With only six free parameters,
this interaction was fitted to cross-section and analyzing
power data for five states simu1taneously, a total of ten
angular distributions. Furthermore, the same interaction
also fits elastic-scattering data and data for "Ca that
were not included in the analysis. " Therefore, the empir-
ical effective interaction is a function only of local density
and is independent of both target and state, in agreement
with the LDA hypothesis.

The empirical effective interaction differs from theoret-
ical predictions in several significant respects. We find
that the repulsive contribution to the real central interac-
tion is considerably stronger than predicted by nonrela-
tivistic theories of the effective interaction in nuclear
matter. We also find that the damping coefficient applied
to the imaginary central interaction is smaller in rnagni-
tude and of opposite sign than predicted. Hence, rather
than describing damping of absorption due to Pauli
blocking, the phenomenological result suggests that the
absorptive interaction is enhanced for energies near 318
MeV. Furthermore, a similar analysis at 500 MeV re-
veals a similar effect with greater magnitude. ' There-
fore, a new absorption mechanism not present in existing
theories seems to appear for energies above 300 MeV and
may be associated with the pion threshold.

In addition, the density dependence of the spin-orbit
interaction appears to be significantly stronger than
theoretical predictions. However, we also find that the
spin-orbit interaction is suppressed by a factor of about
0.8 at low density. This finding is consistent with similar

results for the empirical effective interaction at lower en-
ergies but is not consistent with a strict interpretation of
the local-density approximation, which would require the
effective interaction to heal to the free interaction at zero
density. We have speculated that the radial extent of nu-
cleon orbitals may produce a nonlocal effect in finite nu-
clei that is approximated in the LDA by variations of the
interaction at low density. '

The present results have also been compared with the
relativistic IA2 model for elastic scattering. We find that
the optical potentials that emerge from the phenomeno-
logical analysis are similar to the Schrodinger-equivalent
potentials predicted by Ottenstein et al. ' The virtual-
pair contribution that differentiates between relativistic
and nonrelativistic versions of the impulse approximation
can evidently be represented by an effective density
dependence similar to the present phenomenology. Most
notably, virtual pairs produce a repulsive contribution to
the real central interaction similar to the empirical result
and larger than predicted by nonrelativistic nuclear
matter calculations.

Insofar as the effective interaction for nucleon-nucleus
scattering is a function only of local density, the fitted in-
teraction subsumes Pauli blocking, dispersive, and rela-
tivistic effects. In addition, Arellano et a/. ' have shown
that fu11-folding corrections can produce effects upon
elastic scattering similar in magnitude to the Pauli block-
ing corrections estimated by nuclear-matter theory.
Furthermore, it is suggested that the off-shell t matrix
can be approximated by a local expression similar to the
LDA model we employ. Other full-folding calculations
based upon the Bonn potential appear to receive large
contributions from the delta resonance; these effects
may also be modified in the medium and affect the com-
parison between empirical and theoretical effective in-
teractions. Although the magnitude of off-shell effects
has been disputed, " the empirical interaction would tend
to absorb such effects also. A clear separation of these
contributions will require relativistic fu11-folding calcula-
tions which include medium modifications due to Pauli
blocking, dispersion, isobars, and possibly renormaliza-
tion of meson effective masses. " The success of our
empirical interaction suggests that it wi11 be profitable to
reduce such a calculation to a similar form so that
theoretical predictions of the density-dependent parame-
ters could be compared to their fitted values.
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