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Diff'erential cross sections and analyzing powers have been measured for the excitation by 318 MeV
protons of states of Ca below 7.2 MeV. The data for those normal-parity excitations for which transi-
tion densities are available from electroexcitation measurements are analyzed in terms of medium
modifications to the nucleon-nucleon interaction. We find that the empirical effective interaction previ-
ously fitted to ' Q(p, p') data at the same energy predicts Ca(p, p') very well. Density-dependent
modifications of the eff'ective interaction fitted to data for Ca or ' O, either independently or simultane-
ously, are virtually identical. The density dependence of the empirical interaction is considerably
stronger than that of interactions based upon nonrelativistic nuclear matter theory and persists to lower
density. The most significant differences are that the empirical interaction has a stronger repulsive core
and that absorption is enhanced at high density, contrary to expectations based upon Pauli blocking.
We also find substantial suppression of the spin-orbit interaction at low density and enhancement at high
density. Nevertheless, the independence of the effective interaction from the target supports the concept
of local nuclear matter density. We also find that optical potentials based upon the empirical eff'ective

interaction are very similar to Schrodinger-equivalent potentials based upon a relativistic impulse ap-
proximation model, suggesting that the empirical density dependence is similar to the equivalent density
dependence that arises from elimination of lower components from Dirac wave functions. Finally, the
results are compared with global optical potentials from Dirac phenomenology.

I. INTRODUCTION

A variety of theoretical [1—3] and phenomenological
[4,5] models of proton scattering for energies near 300
MeV have shown that the nonrelativistic effective in-
teraction depends strongly upon density. These models
rely upon the local density approximation (LDA) [6—9],
which more aptly would be designated an hypothesis,
that assumes that the effective interaction between an en-
ergetic projectile and a target nucleon depends upon the
local density in the interaction region but not upon the
specific target or transition. Theoretical calculations of
the effective interaction are then made for infinite nuclear
matter at several densities and applied to finite nuclei as-
suming that the nucleus resembles nuclear matter within
the interaction region.

Three calculations of the effective interaction for 318-
MeV protons are available. The Paris-Hamburg (PH) in-
teraction [1] uses the Paris potential [10] to evaluate the
correlated pair wave function in nuclear matter and then
uses an extension [7] of the Siemens averaging procedure
[ll] to construct an efFective interaction whose matrix
elements for uncorrelated states are similar, on average,
to those of correlated states. The Nakayama-Love (NL)
interaction [2] uses the Bonn potential [12] and a pseudo-

potential prescription designed to reproduce on-shell ma-
trix elements of the 6 matrix. Finally, the LR interaction
due to Ray [3] uses a coupled-channels nucleon-isobar
model [13] to evaluate the Watson optical potential [14]
for energies above pion threshold. Unfortunately, the
efFective interactions that emerge from these models,
which involve untested approximations, are significantly
different and these differences affect scattering calcula-
tions appreciably [4]. These ambiguities are not confined
to 300 MeV and complicate evaluation of the underlying
local density hypothesis upon which the scattering calcu-
lations are based [15,16].

We have developed an empirical model of medium
modifications to the effective interaction suitable for phe-
nomenological analysis of scattering data [15]. The mod-
el is designed to reproduce the qualitative features of the
nuclear matter calculations with a minimum number of
free parameters. Comparisons between the parameters
fitted to nuclear matter interactions and the parameters
fitted to scattering data are more enlightening than a
compilation of comparisons to individual angular distri-
butions. Data are analyzed by varying the most impor-
tant model parameters of the empirical effective interac-
tion beginning from theoretical estimates. We include
data for several states among several targets simultane-
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ously to maximize sensitivity to density dependence and
minimize vulnerability to peculiar characteristics of par-
ticular data sets.

Empirical effective interactions fitted to proton scatter-
ing from ' 0 have been reported for 135, 180, 318, and
500 MeV [15,16,4,5]. For energies below 300 MeV we
found that the density dependence of the empirical
effective interaction appears to be somewhat less than
theoretical estimates, but that modifications of the in-
teraction are required even as the density approaches
zero. This latter result convicts with a strict interpreta-
tion of the LDA, which would require the interaction for
low densities to reduce to the nucleon-nucleon t matrix in
free space. We suggested that nonlocal effects in a finite
nucleus might relax this restriction but still remain sus-
ceptible to a local description. Due to the finite extension
of nucleon orbitals, it is reasonable to expect that medi-
um modifications in the surface region are sensitive to the
greater densities nearby and are thus stronger than pre-
dicted by the LDA. Similarly, medium modifications in
the interior might be sensitive to the lower surface densi-
ties nearby and thus be weaker than predicted by the
LDA.

For energies above 300 MeV [4,5] we found that empir-
ical medium modifications are considerably stronger than
predicted by nonrelativistic models. Most notably, ab-
sorption represented by the imaginary central interaction
appears to be enhanced at high densities, whereas the
Pauli blocking mechanism predicts damping. Contrary
to the phase space Pauli blocking model of Clementel and
Villi [17], which predicts that the damping coefficient is
positive and is inversely proportional to energy, we found
a small negative coefficient at 318 MeV and a larger nega-
tive coefficient at 500 MeV. We also found that the
repulsive density-dependent contribution to the real cen-
tral interaction is substantially stronger than theoretical
estimates and is similar in strength at both 318 and 500
MeV, Finally, we found that the real spin-orbit interac-
tion is damped at low density and enhanced at high den-
sity for energies above 300 MeV. Therefore, there ap-
pears to be a distinct qualitative change in the effective
interaction that occurs near 300 MeV.

Previous analyses of the empirical efFective interaction
have fitted data for inelastic scattering only; predictions
for elastic data were then used as an independent test of
the self-consistency of the model. The primary motiva-
tion for fitting inelastic instead of elastic scattering data
was that the availability of various transition densities lo-
calized near the surface or with significant interior contri-
butions provides considerable differential sensitivity to
the density dependence of the effective interaction,
whereas elastic scattering is sensitive to an average over
the entire nuclear volume and does not clearly
differentiate between interior or surface contributions.
Some additional sensitivity to the density dependence of
the interaction is obtained by using distorted waves com-
puted from optical potentials evaluated by folding the
same effective interaction over the ground-state density,
so that changes in the interior interaction affect both the
distorted waves and the scattering potentials for transi-
tions with significant interior contributions. The success

of this procedure requires inclusion of a rearrangement
contribution, first derived by Cheon et al. [18], which
effectively doubles the density dependence of the efFective
interaction for inelastic scattering relative to that for nu-
clear matter or for elastic scattering. However, some of
the elastic scattering predictions made from interactions
fitted to inelastic scattering indicate that the empirical
density dependence may sometimes be too strong. There-
fore, in this paper we extend the fitting procedures to in-
clude elastic scattering data.

At 180 MeV we found that both ' 0 and Si(p,p')
could be fitted with a common interaction [16]. Similar-
ly, at 500 MeV we fitted interactions to inelastic scatter-
ing data for ' 0 and Ca and showed that the data for
both nuclei can be described very well with the same in-
teraction [5]. In this paper we report additional data for

Ca(p, p') at 318 MeV and find that the interaction fitted
to inelastic scattering from ' 0 fits both elastic and in-
elastic scattering by Ca very well. We also find that in-
teractions fitted to Ca elastic scattering data alone, or to

Ca inelastic scattering, or to both elastic and inelastic
scattering simultaneously, are very similar to the interac-
tion fitted to ' 0 inelastic scattering. The density depen-
dence of the real central component is somewhat smaller
when the interaction is fitted to Ca elastic scattering
alone, but good agreement with the inelastic scattering
data is still obtained for both nuclei. Therefore, conver-
gence among the 318-MeV interactions for both ' 0 and

Ca and for both elastic and inelastic scattering demon-
strates that the effective interaction is very nearly in-
dependent of both target and state, in agreement with the
local density hypothesis.

The experiment is described in Sec. II. The interaction
model and fitting procedures, including the extension to
elastic scattering, are presented in Sec. III. Fits to inelas-
tic scattering and elastic scattering are presented in Secs.
IV A and IV B, respectively. In Sec. IV C we show that
the interaction fitted to Ca data predicts elastic scatter-
ing for both ' 0 and Pb very well. The empirical
efFective interaction is compared with the IA2 version of
the relativistic impulse approximation [19] and with
Dirac phenomenology [20] in Sec. IVD. These compar-
isons are made using Schrodinger-equivalent optical po-
tentials. Finally, our conclusions are summarized in Sec.
V.

II. EXPERIMENT

The experiment was performed using 318-MeV protons
provided by the Los Alamos Meson Physics Facility
(LAMPF) to the High Resolution Spectrometer (HRS)
during two periods separated by about a year. Standard
equipment and techniques thoroughly documented else-
where were employed [21,22]. The beam energies, as
determined from known spectrometer properties, were
typically 318.3+0.2 MeV during the first period and
317.8+0.3 MeV during the second. The beam polariza-
tions were typically 0.7—0.8. Current monitors were cali-
brated by comparing measurements of pp elastic scatter-
ing made with CH2 targets with phase shift calculations
[23]. Two targets consisting of isotopically enriched
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III. EMPIRICAL EFFECTIVE INTERACTION
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parameters of 1m& were constrained to the parametriz-
ation of the LR interaction given in Ref. [4]. The mass
parameters p, =2.0 fm ' and p3=6.0 fm ' were chosen
to give a good description the LR interaction at 320
MeV. We have chosen to use the Franey-Love (FL) t ma-
trix to describe the free interaction [32].

B. Fitting procedures

The requirement that both the inelastic scattering po-
tentials and the distorted waves be generated from the
same effective interaction necessitates a self-consistency
cycle. Given an initial model of the effective interaction,
distorted waves and overlap integrals are computed for
each transition analyzed. The parameters of the effective
interaction are then adjusted to fit the data without varia-
tion of the distorted waves. The fitted parameters are
then used to compute new optical potentials, distorted
waves, and overlap integrals for the next fitting iteration.
To improve the stability of the procedure, the distorted
waves for a given iteration are based upon the average of
the parameters from the preceding two iterations.

Previous analyses of the empirical effective interaction
have fitted only inelastic scattering data. This limitation
was partly motivated by practical considerations of com-
putation time and partly to preserve an independent
means of testing the internal consistency of the model.
The accuracy with which an interaction fitted to inelastic
scattering data alone is able to predict elastic scattering
data which were not included in the analysis constitutes a
stringent test of self-consistency. We indeed found that
interactions fitted to inelastic scattering data for 135-,
180-, 318-, and 500-MeV protons did predict elastic
scattering relatively accurately. However, there were in-
dications that the density dependence fitted to inelastic
scattering data may sometimes be stronger than needed
for an optimal fit of elastic scattering data. Therefore, it
is of interest to extend the fitting procedures to include
elastic scattering.

We represent the effective interaction r =g„a„t„asa
linear expansion where the t„represent basis functions
and the a, the parameters of the model, which in this
case include the free parameters [S;,b;, d; I and the fixed
parameters. The optical potential U =g„a„U„and the
scattering potentials EU„=+„a„hU„for each transition
can then be expressed as similar expansions based upon
the same parameters a„and X basis functions obtained
from folding each interaction term t„with the appropri-
ate nuclear density or transition density. In the distorted
wave approximation, the nucleon-nucleus scattering am-
plitude for inelastic scattering is then an expansion
T =g„Ta„hewr eaech basis function is obtained from
the overlap of the scattering potential with the current
set of distorted waves y. So that both elastic and inelastic
scattering may be computed from similar formulas, it is
convenient to define an auxiliary set of coefficients [c„,
n =O, N] where

cp =0 (inelastic)

=1 (elastic),

Tp(6) = — f(6) (elastic),2&

p
T„(6)= (X& ~ U„~X; ) (elastic, n )0),
T„(6)= (X& ~

b, U„~X, ) (inelastic),

(8a)

(8b)

(8c)

and where f (6) is the elastic scattering amplitude de-
duced from the phase shifts for the present set of distort-
ed waves. The factor (

—2m/p) is applied to the conven-
tional f (6) so that both elastic and inelastic amplitudes
are normalized consistently.

The observables are most efhciently evaluated as con-
tractions of the quadratic forms

X"ti (6)=Tr[ T"(6)oT"(6)'o.p. ]

which are independent of the fitting parameters and
hence may be computed and stored for each state at the
beginning of each cycle. We then find that the observ-
ables may be expressed as

do
dQ

P, P,I kI IP(6)
(2~)' k, (2j, +1) ' (10a)

Ip(6) =—g c„Xpp (6)c„*. ,2.. "

=1IpD p= —g c„X"p'(6)c„*.,a 2 n a

(10b)

(10c)

where j; is the target spin and where p; (pI) and k, (k&)
are reduced energies and projectile wave numbers in the
initial (final) channel.

The analyzing power 3 =B o and induced polariza-
tion P =Do are special elements of the depolarization
matrix D

&
where a and P denote the orientation of pro-

jectile polarization vectors in the initial and Anal chan-
nels, respectively [33]. For inelastic scattering& these
orientations are usually referred to helicity bases (S,N, L)
where L is along the momentum of the projectile in the
initial channel and the detected nucleon in the final chan-
nel and where N is normal to the scattering plane. For
elastic scattering, it is common to express the in-plane
polarization observable as the spin rotation function
SRF=D,„where the (x, y, z) basis is referred to laborato-
ry coordinates with z along the beam direction and y nor-
mal to the scattering plane; this system coincides with the
projectile helicity frame in the initial channel.

c„=a„(inelastic, n )0)

=5a„(elastic, n )0),
and where the coe%cients 5a„are the differences between
the current parameters and those that were used to com-
pute the distorted waves. The distorted-wave approxima-
tion to the scattering amplitudes for either elastic or in-
elastic scattering can then be expressed as expansions of
the form

N
T—g c„Tn

n=0

where
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This linear expansion analysis establishes the founda-
tion of an efficient search algorithm that is implemented
in the computer program LE@ [34]. The basis potentials
U„or AU„ for each state are independent of the interac-
tion coefFicients a„and hence may be computed once and
stored. Given a good initial guess for the parameters
Ia„ I, distorted waves y and scattering amplitudes T„ for
each transition can then be calculated and stored. It is
now a simple matter to minimize g with respect to the
coefficients of the quadratic forms in Eq. (10); we use an
algorithm based upon the CURFIT routine of Bevington
[35]. New distorted waves and scattering amplitudes are
then computed based upon the parameters of the preced-
ing iteration and a new optimization is performed. This
self-consistency cycle continues until both g and the pa-
rameters converge, usually in less than 10 iterations.

For the purpose of assigning similar weights to the
data for all states and observables throughout the fitted
range of momentum transfer, we fold additional uncer-
tainties of +5% into cross-section data and +0.05 into
data for spin observables. The fits are restricted to
momentum transfers q ~ 2.7 fm ', because both the elec-
tromagnetic form factors and the validity of the reaction
model tend to be limited to about twice the Fermi
momentum. Of course, data for the entire measured
range are plotted with their original error bars.

IV. RESULTS

A. Comparison between interactions for ' O and Ca

Inelastic scattering calculations based upon the t ma-
trix of Franey and Love (FL), the effective interaction of
Ray (LR), and the empirical effective interaction (EI-3)
are compared with the data in Figs. 3—5. We find that
the impulse approximation, represented by the FL in-
teraction, produces angular distributions whose struc-
tures are generally too oscillatory and analyzing powers
that are systematically more positive than the data, par-
ticularly at small momentum transfers. The FL cross
sections fall well below the high-q data for several states,
especially the 5& state. The density dependence of the
LR interaction produces considerable improvement be-
tween theory and experiment, particularly for the 5i
cross section calculation, but still does not adequately
suppress the low-q analyzing power or the oscillation of
the 2,+ cross section. We also find that the elastic cross
section is too small at low momentum transfers. Similar
results were found for ' 0 at 318 MeV also [4].

Notice that the cross-section angular distributions for
the second and third 3 states are distinctly different
from the first, indicating sensitivity to the differences be-
tween these transition densities. The strong interior lobes
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FIG. 3. Calculations for the 3&, 32, and 33 states of "Ca based upon the FL and LR interactions, shown as short-dashed and

long-dashed curves, are compared with fits to the inelastic scattering data, shown by the solid lines. Difterences between fits made us-

ing inelastic data for "0and Ca, either individually or simultaneously, are indistinguishable on these figures.
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TABLE I. Comparison between theoretical and empirical models of the effective interaction for
318-MeV nucleons. Parentheses indicate a constrained parameter. The notations "in" or "el" indicate
fits to inelastic or elastic data. The ranges were chosen as p& =2.0 fm ' and @3=6.0 fm '. The units
are MeV-fm' for b, and MeV-fm' for b3.

Model

PH
NL
LR
EI-1
EI-2
EI-3
EI-4e
EI-4
EI-5

Si

(1.0)
(1.0)
(1.0)
1.068
1.039
1.070
1.06S
1.122
1.136

60.1

35.2
61.2

144.7
140.0
142.2
90.6

120.4
131.9

S2

(1.0)
(1.0)
(1.0)
1.021
1.003
1.001
0.927
1.010
1.031

0.057
0.219
0.267

—0.067
—0.014
—0.042
—0.02S
—0.029
—0.059

S3

(1.0)
(1.0)
(1.0)
0.833
0.776
0.781
0.849
0.794
0.810

1.17
0.40
1.74
7.14
5.25
5.88
3.28
5.45
6.07

Data set(s)

"0 in
Ca in'0 Ca in

4'Ca el
Ca el+in

' 0 Ca el+in

of the 32 and 33 transition densities, displayed in Fig. 2,
enhance the ratios between the second and first peaks of
the cross section for these states. These enhancements
demonstrate that there is enough penetrability at this en-
ergy to sample the effective interaction near saturation
density.

Three fits of the empirical effective interaction to in-
elastic scattering data for 318-MeV protons are compared
in Table I. Interaction EI-i, reported in Ref. [4], was
fitted to inelastic scattering data for five states of ' 0

simultaneously. Interaction EI-2 was fitted to the present
inelastic data for these six states of Ca. Interaction EI-
3 was fitted to both data sets simultaneously, comprising
a total of 22 angular distributions among 11 states. All
three analyses began with initial parameters taken from
the LR interaction and consisted of self-consistency cy-
cles in which the distorting potentials for each iteration
were constructed from the average of the fitted parame-
ters from the previous two iterations. It is remarkable
that despite the substantial difference between the initial
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FIG. 4. Calculations for the 0&+, 2&+, and 5& states of Ca based upon the FL and LR interactions, shown as short-dashed and
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and final parameter sets, and fluctuations early in the
search paths, independent fits to data for different nuclei
converge upon almost identical effective interactions.
Most of the parameters fitted to the combined data set lie
between the fits made to the two independent data sets.
The differences between these three interactions, which
produce virtually indistinguishable scattering calcula-
tions, are inconsequential.

The differences between LR and EI calculations for
Ca are generally smaller than previously found for ' 0

because, with less absorption, scattering from ' 0 is more
sensitive to the nuclear interior. Nevertheless, the same
interaction describes the data for both nuclei very well,
supporting the hypothesis that the effective interaction
depends primarily upon local density rather than the de-
tailed structure of a specific target. For " Ca we find that
the 2&+ cross section is improved significantly and that the
large positive analyzing powers predicted for all states by
both the FL and LR interactions near q = 1 fm ' are re-
duced so that better agreement with the data is achieved.

Calculations for elastic scattering by Ca predicted by
the interaction fitted to inelastic scattering from ' 0 are
compared in Fig. 5 with our cross section and analyzing
power data and with the measurements of the spin rota-
tion function (SRF) reported in Ref. [36]. Calculations
based upon the density-independent FL interaction and

the density-dependent LR interaction are also shown for
comparison. Although the LR interaction achieves a
significant improvement over the impulse approximation,
its low-q analyzing power predictions remain too large.
We also notice that the LR interaction predicts low-q
cross sections significantly below the elastic data for Ca
and that this deficiency is even larger for ' 0 elastic
scattering [4]. The enhanced density dependence of the
Ret and Re+ components of the empirical interaction
is needed to reproduce the detailed oscillatory structure
of both the analyzing power and spin rotation data using
a Schrodinger representation of the reaction. Reduction
of the LR damping parameter d2 restores the low-q elas-
tic cross-section predictions to agreement with the data.

On the other hand, analyzing powers for q & 1 fm
now fall systematically below the data for inelastic
scattering. This tendency is also seen for ' 0 even
though the low-q data are not as complete as these [4].
Therefore, it is likely that a common defect remains in
the reaction mechanism rather than in the nuclear struc-
ture. One possibility is that the Cheon rearrangement
model is not suKciently accurate at this energy. For ' 0
we found that the interaction fitted to inelastic scattering
data produces changes in the elastic calculations that, al-
though qualitatively correct, appear to be too strong;
however, similar calculations for Ca are more accurate.
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ly.

Alternatively, the density dependence of the imaginary
spin-orbit interaction is too small to fit to the data but
may not be accurately predicted by the LR model. Final-
ly, the empirical interaction requires a model of the free
interaction as input, yet finds it necessary to scale the
spin-orbit interaction for zero density. Perhaps the
remaining systematic error in the effective interaction is
due to q-dependent modifications of the low-density in-
teraction that are not adequately represented by scaling.

The density dependence of the empirical interaction is
illustrated in Fig. 6 by comparing optical potentials for

Ca for the free interaction (short dashes), the LR
theoretical effective interaction (long dashes), and the

EI-3 empirical effective interaction (solid). The repulsive
contribution to Ret is about twice as strong for the
empirical interaction as it is for the LR interaction, re-
sulting in a positive central depth of about 1] MeV for
Re U instead of about —2 for the LR interaction or —12
for the FL t matrix. For ImU, on the other hand, Pauli
blocking in the LR interaction damps the absorptive po-
tential in the interior, whereas absorption in the empiri-
cal interaction is slightly enhanced with respect to the t
matrix. This result can be interpreted either as a change
in the blocking mechanism or as a new contribution to
the absorptive interaction that is present for energies
above 300 MeV [4,5].

The parameters of the empirical interactions are com-
pared in Table I with the LR theory and, for ease of com-
parison, with simplified parametrizations of the PH and
NL interactions using the same choice of ranges; more
accurate but more complicated parametrizations may be
found in Ref. [4]. Comparing the parameters of the
empirical interaction with those of the LR theory, we
find that it is primarily the decrease in dz that improves
the low-q elastic cross section. The corresponding pa-
rameter of the PH model is smaller and hence, as noted
in Ref. [4], this interaction gives more accurate low-q
cross sections than either the LR or NL interactions.
Similarly, reduction of S3 is primarily responsible for re-
ducing the low-q analyzing power calculations whereas
increasing b] yields the improvement in high-q cross sec-
tion. Although the precise values of the fitted parameters
are affected by correlations among the parameters and by
the choice of ranges, these essential characteristics of the
empirical effective interaction remain unambiguous. On
the other hand, changes in the S&, S2, and b3 parameters
are used by the fit primarily for fine tuning; in fact, little
is lost by constraining both S& and S2 to unity. We also
find that b3 is not strongly determined by these data.
Nevertheless, it is encouraging that all three fits to the in-
elastic data yield essentially the same parameters. Evi-
dently, these data are of sufhcient quality to determine
the interaction uniquely.
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FICx. 7. Calculations for elastic scattering based upon interactions Atted to elastic scattering alone or in conjunction with inelastic
scattering from Ca are shown as dashed or solid curves, respectively.
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B. Fits to elastic scattering

To test the self-consistency relationship between elastic
and inelastic scattering, we performed a fit (EI-4e) to the
elastic scattering data for Ca alone, including our cross
section and analyzing power measurements and the spin
rotation data of Ref. [36]. We also performed a fit (EI-4)
to the elastic and inelastic scattering data for Ca simul-
taneously. These fits were initiated using the EI-3 param-
eters previously fit to inelastic scattering for ' 0 and

Ca. The resulting parameters are also listed in Table I
and the fits to the data are compared in Figs. 7 —9. The
primary difference between these interactions is found in
the b

&
parameter; elastic scattering favors a smaller value

for b& than inelastic scattering so that the simultaneous
fit of elastic and inelastic scattering arrives at an inter-
mediate value. The effects of these differences in b& upon
the observables and upon y are quite small. Reduction
of bi tends to yield slightly smaller cross sections for
large momentum transfers and slightly larger analyzing
powers for small momentum transfers. The former effect
improves the agreement for elastic scattering but worsens
the agreement for several inelastic transitions. The latter
effect tends to improve the agreement with data below
the first peak of the analyzing power but gives predictions
that are somewhat too large immediately before the first
sharp oscillation of the analyzing power.

The optical potentials that emerge from fits including

elastic scattering data for Ca are compared in Fig. 10 to
those from fits to inelastic scattering alone. We find that
the differences between the various interactions are very
small for the spin-orbit and the imaginary central poten-
tials, but that the differences between the b

&
parameters

for these interactions produce significant variations of the
real central potential in the interior. The strong b, in ei-
ther EI-1 or EI-3 leads to the largest positive potential in
the interior, whereas the smaller repulsion in the EI-4e fit
to elastic scattering produces a shallower potential in the
interior. Because the fits to the elastic data are not that
different, we conclude that there must be a significant un-
certainty in the value of b &. Nevertheless, it is clear that
b, is substantially larger than predicted by the LR in-
teraction. We will also find in Sec. IV C that the EI-4 re-
sult, fitted to both elastic and inelastic scattering, is al-
most identical to the prediction of the relativistic IA2
model. Therefore, we favor the result with an intermedi-
ate value for b

&
that compromises between the tendency

of inelastic data to favor larger b, and elastic data to
favor smaller b&.

Finally, we performed a fit to the entire data set, ' 0
and Ca elastic and inelastic, and obtained the result la-
beled EI-5 in Table I. The properties of this interaction
are intermediate between EI-3 and EI-4, as expected.

The small but systematic discrepancies that remain in
low-q analyzing power calculations and the sensitivity of
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for low-q to b& suggest that modification of the
momentum transfer dependence of the real central in-
teraction might improve the fit to the data. We per-
formed fits to the elastic and inelastic scattering data for

Ca, both independently and simultaneously, varying p&
in steps of 0.5 fm ' between 1.0 and 2.5 fm '. We find
that slightly better fits to the elastic data can be obtained
using smaller values of p& and larger values of b„such
that the real central interaction is reduced for q near
3 fm ' but is preserved for q near 1 fm '. The remaining
five parameters are almost independent of the choice of
p&. Fits to the inelastic data, on the other hand, prefer
somewhat larger values of p&. Thus, when fitting elastic
and inelastic data simultaneously, we find that the origi-
nal value of p, =2.0 fm ' corresponds to a shallow g
minimum and that variation of p, does not systematically
improve the fit to the analyzing power data. We also at-
tempted to fit the strength of the imaginary spin-orbit in-
teraction, which was constrained in earlier analyses, but
again find that the data are insensitive to even relatively
large changes in this component of the interaction. We
did not attempt to modify the low density interaction tI
beyond the usual application of scale factors; hence, inac-
curacies in the q dependence of one or more of these com-
ponents of the model could contribute to the remaining
systematic errors.
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C. Mass independence of the empirical effective interaction

The consistency obtained in Sec. IV A between interac-
tions fitted to inelastic scattering from ' 0 and Ca, ei-
ther independently or simultaneously, supports the hy-
pothesis that medium depend solely upon local density
and are independent of target or state. The consistency
obtained in Sec. IV 8 between interactions fitted to elastic
and inelastic scattering, either independently or simul-
taneously, supports the accuracy of the rearrangement
factor relating elastic and inelastic effective interactions.
It is also of interest to test the effective interaction for
heavier nuclei, such as Pb, which should represent a
better approximation to infinite nuclear matter. Howev-
er, the neutron excess presents several complications.
First, in the absence of reliable independent measure-
ments of neutron transition densities for nuclei with
X & Z, fits of the empirical effective interaction to inelas-
tic scattering data must necessarily be restricted to self-
conjugate targets. In fact, we have demonstrated that
once the effective interaction has been calibrated using
data for self-conjugate targets, neutron transition densi-
ties for other targets can be measured with proton inelas-
tic scattering [37—39]; of course, it is not possible to fit
both the interaction and the structure to the same set of
data. Second, medium modifications to the effective in-

teraction may depend upon the neutron excess, but no
theoretical calculations of the effective interaction for
asymmetric nuclear matter are available for energies near
300 MeV. Therefore, rather than attempt to fit the in-
teraction to data for nuclei more massive than calcium,
we simply compare data and calculations for elastic
scattering that use the present model of the empirical in-
teraction and the best available models of the ground-
state density.

Calculations for ' 0 and Pb based on EI-4, the in-
teraction fitted to both elastic and inelastic scattering
from Ca, are compared in Fig. 11 with calculations
based on the FL t matrix and the LR interaction. For
' 0 we unfold the proton form factor from the charge
density of Ref. [40] and assume that p„=p„. For Pb
we use the densities of Ref. [41] constructed by adding a
theoretical calculation [42] (DDHFB) of p„—pz to the pz
deduced from electron scattering. The cross section and
analyzing power for ' O(p, p') at 318 MeV are from Ref.
[4]. Cross-section data for Pb(p, p') at 318 MeV from
Ref. [43] are shown as open circles. Unfortunately, no
Ay or SRF data for Pb are available at this same ener-
gy. The closest available data for 3 are at 300 MeV and
for SRF are at 290 MeV, taken from Refs. [44] and [45),
respectively. The 300-MeV cross-section data are also
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particular, use of this ratio reduces the number of decades spanned by these data from 9 to only 3 and enhances clarity considerably.
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shown in Fig. 11 as solid circles.
Excellent agreement is obtained with the data for 0,

but the situation for Pb is more complicated. Al-
though it appears that the LR interaction gives the most
accurate description of both the cross section and analyz-
ing power data, part of this agreement may be fortuitous.
As q increases, the discrepancy between the EI-4 calcula-
tion of the cross section and the data for 300 MeV in-
creases; however, the 318-MeV cross-section data are
somewhat higher at the difFraction peaks and are closer
to the EI-4 cross sections. Furthermore, modest changes
of the neutron distribution can account for the remaining
discrepancies with the cross-section data. We also find
that although EI-4 gives a better description of the SRF
data than LR, the LR calculation is more accurate for
the analyzing power at low q. Although the sharp struc-
ture in A near 1 fm ' can be reproduced by fitting an
interaction to this data, with a result closer to LR than to
EI-4, the reliability of such an analysis is difBcult to as-
sess in light of uncertainties in the neutron density.

Calculations based upon EI-3 and electroexcitation
transition densities were compared with data for S(p,p')
at 318 MeV in Ref. [39]. We found that good agreement
was obtained for this target whose mass lies between
those u.sed to fit the interaction. Therefore, there
presently exists no evidence for significant mass depen-
dence in the efFective interaction for the range A = 16—40
and little indication for appreciable mass dependence for
3 &40. Nevertheless, both the continuing need to apply
scale factors to the free interaction and the energy depen-
dence of the comparison between empirical and theoreti-
cal interactions suggest that efFects due to the finite size
of nuclei do require further theoretical investigation. 20 & ( i

l
s 0.0

above 300 MeV. For 200 MeV and below, the IA2 model
is not nearly as successful in its calculations of elastic
scattering. Murdock and Horowitz [48] have shown that
substantial improvement of relativistic elastic scattering
calculations can be obtained by applying an ad hoc Pauli
blocking correction to the imaginary central potential.
Nonrelativistic LDA calculations naturally include Pauli
blocking and are therefore more successful than the IA2
model for energies near 200 MeV. Nevertheless, we have
found that significant improvement over LDA calcula-
tions based upon interactions from nuclear matter theory
can still be obtained using the empirical efFective interac-
tion [49]. The real central optical potential then agrees
well with the IA2 model, but the imaginary central po-
tential is damped. Evidently, the repulsive contribution
to the IA2 interaction from NN pairs agrees with the
data for 200 MeV, but Pauli blocking must still be added
to the IA2 model to obtain an accurate description of ab-
sorption. Even though nuclear matter theory would sug-
gest that Pauli blocking remains important at 300 MeV,
the apparent absence or diminution of this efFect upon the
empirical efFective interaction leads to good agreement
with the IA2 model already by 300 MeV.

We also compare the EI-4 optical potentials with those
of Fit 1 from the Dirac phenomenology (DP-1) of Hama
et al. [20] (long dashes) in Fig. 12. The empirical poten-
tials exhibit more structure than the DP-1 model, which
describes the geometry using simple analytic functions
which may not be entirely appropriate for a nucleus as
small as calcium. The real central potential from DP-1 is

D. Comparison with relativistic models

These results may be compared with relativistic models
of proton elastic scattering via Schrodinger-equivalent
potentials which are constructed to give the same elastic
scattering with the Schrodinger equation as did the origi-
nal potentials in the Dirac equation. We compare the
EI-4 optical potential with the theoretical prediction of
the IA2 version of the relativistic impulse approximation
of Ottenstein et al. [19] (long dashes) in Fig. 12. The no
pairs limit of the IA2 potential is also shown by dotted
curves. The latter neglects coupling to virtual XX pairs,
thus representing the nonrelativistic impulse approxima-
tion for the meson-exchange potential of Ref. [46]. The
no-pairs approximation to IA2 is qualitatively similar to
calculations based upon the FL t matrix. Coupling to
virtual XX pairs can be described as a source of density
dependence in the e6'ective interaction [47]. The dom-
inant efFect may be described as a repulsive contribution
to Ret that is apparently somewhat stronger than that
of the nonrelativistic LR interaction, but which is similar
to that of the empirical interaction. The density depen-
dence of the imaginary central component of the IA2 in-
teraction is quite small and the corresponding potential is
nearly identical with the empirical result.

The optical potentials predicted by the IA2 model are
close to those for the empirical interaction for energies
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FIG. 12. Relativistic models of the p + Ca optical potential
near 300 MeV are compared with potentials from the EI-4 in-
teraction. The no-pairs limit of the IA2 is illustrated by dotted
lines, while full IA2 potentials are shown as short-dashed lines.
The latter are quite close to the potentials based upon the
empirical effective interaction (solid lines). The potentials from
Dirac phenomenology, version DP-1, are shown as long-dashed
lines.
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similar to the EI-3 potential shown in Fig. 6, except for
the oscillation near 2 fm, but is substantially stronger
than EI-4 in the interior. Similarly, the spin-orbit poten-
tials are similar near the surface but the DP-I model is
not capable of reproducing the interior oscillation.
Perhaps the most significant difference is that the DP-1
imaginary central potential is about 15% smaller than ei-
ther the EI or the IA-2 results. Nevertheless, the DP-1
imaginary central potential remains nearly 25% stronger
than the prediction of the LR model (Fig. 6), supporting
our conclusion that the damping effect predicted by that
model is not present for energies above 300 MeV. Very
similar comparisons between Dirac phenomenology and
potentials based upon either the empirical or LR interac-
tions were made at 500 MeV also [5].

We believe that it would be worth investigating wheth-
er an alternative fit can be found within the framework of
Dirac phenomenology with characteristics closer to the
present results, even if g is not quite as good. The good
qualitative agreement obtained between the empirical
effective interaction and both relativistic and nonrela-
tivistic models of medium modifications suggests that the
very strong repulsion required to reproduce the DP-1 real
central potential in the interior is unlikely to properly
represent the first-order optical potential for nuclear
matter. It is more likely that reduction of ReU can be
compensated by enhancement of ImU with little effect
upon the quality of the Dirac fit to the data.

Elastic scattering calculations for Ca based upon
these potentials from relativistic models are compared
with the data and with our EI-4 results in Fig. 13. Dirac
phenomenology provides an excellent description of the
data even though these data were not included in the
analysis of Hama et al. [20]. The IA2 calculations are
less successful: even though the pair contributions im-
prove both the cross section and the analyzing power, the
IA2 calculations remain significantly above the cross-
section data for large momentum transfer. Given the
close similarity between the IA2 and EI-4 central poten-
tials, this level of disagreement between scattering calcu-

lations appears surprising. The difficulty may be related
to the fact that the IA2 real central and spin-orbit poten-
tials are slightly too strong for large radii, perhaps
rejecting an inaccuracy in the model of the free nucleon-
nucleon interaction. Also note that we are using IA2 po-
tentials calculated for 300 MeV, the nearest energy for
which they are available. Finally, the IA2 calculations
employ densities calculated by Horowitz and Serot [50] in
the Dirac-Hartree approximation which may contribute
to the differences observed at large momentum transfer.
Therefore, the qualitative agreement between the IA2
and EI-4 potentials themselves is probably more
significant than the disagreement between scattering cal-
culations, which appear to amplify small differences.

V. CONCLUSIONS

We have measured elastic and inelastic scattering of
318 MeV protons from Ca and have analyzed the cross
section and analyzing power data for normal-parity states
using an empirical model of the density dependence of
the effective interaction originally based upon nonrela-
tivistic theories of nuclear matter. We find that the
effective interaction for 318 MeV protons depends strong-
ly upon local density, but is nearly independent of nu-
cleus or final state. Fits to data for ' 0 and Ca, either
independently or simultaneously, yield virtually identical
interactions. In fact, the interaction fitted to inelastic
scattering from ' 0 fits both elastic and inelastic scatter-
ing from " Ca equally as well as does a fit to that data it-
self. The essential characteristics of the empirical
effective interaction are independent of ambiguities in the
free interaction or details of the parametrization and
fitting procedures. Therefore, the hypothesis that medi-
um modifications of the effective interaction depend pri-
marily upon the density in the interaction region and not
upon details of nuclear structure is confirmed by our re-
sults.

The empirical effective interaction differs from the re-
sults of recent nonrelativistic theories in two important
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respects. First, the repulsive contribution to the real cen-
tral interaction appears to be about twice as strong as
predicted by nonrelativistic theories. Second, Pauli
blocking of absorption appears to be obscured by a new
absorptive mechanism which is strong enough to cancel
the Pauli effect and to produce a small enhancement of
absorption. Both of these effects are also present and are
stronger for the empirical effective interaction fitted to
' 0 and Ca(p, p') data for 500-MeV protons.

Optical potentials calculated from the empirical
effective interaction were compared with the
Schrodinger-equivalent potentials from the relativistic
IA2 model and from Dirac phenomenology. The density
dependence arising in the IA2 model from coupling to
virtual XX pairs is very similar to our nonrelativistic fit
to inelastic scattering data. These potentials are also
similar to Dirac phenomenology, but have somewhat
more structure than can be accommodated by simple an-
alytic functions. As also found at 500 MeV, the empiri-
cal interaction and the IA2 model produce somewhat
stronger imaginary and weaker real central potentials
than Dirac phenomenology.

The ability of an interaction fitted to inelastic scatter-
ing by ' 0 to reproduce both elastic and inelastic scatter-
ing from Ca is truly remarkable. We find that above
300 MeV the optical potentials from the empirical in-

teraction are closer to those of relativistic models than to
those from nonrelativistic theories of the effective interac-
tion, but that below 200 MeV the nonrelativistic nuclear
matter models are more successful. Therefore, it would
appear profitable to merge the approaches by inclusion of
Pauli blocking and self-energy corrections in a relativistic
theory of the effective interaction in nuclear matter. For
a more quantitative understanding of proton scattering, it
will be necessary to perform further study of finite-
nucleus corrections to the LDA and of full-folding
corrections [51], both of which are implicitly subsumed
by the empirical interaction. The success of the empirical
effective interaction suggests that a parametrization of
this type should remain a useful representation and vehi-
cle for comparison of models of proton-nucleus scatter-
ing.
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