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We compute the analyzing power, A, and spin rotation, Q, for proton elastic scattering at 650
and 800 meV from target nuclei "0, ' Ca, and ' 'Pb, using both nonrelativistic multiple-scattering
theory and a relativistic impulse approximation model. We show that the nonrelativistic theory,
based on the Schrodinger equation with relativistic kinematics, and the relativistic model, based on
the Dirac equation, provide very similar and equally good descriptions of these spin observables
when electromagnetic spin-orbit contributions are included in both approaches. The nonrelativistic
model calculations include contributions from nuclear medium effects (Pauli blocking and binding

energy corrections) and also target nucleon two-body correlations. Medium effects and correlations
are not expected to be significant in the relativistic model based on the Dirac equation, and were not
included.

I. INTRODUCTION

One of the major attractions of medium energy nuclear
physics has been the possibility which it offers for the
description of processes such as nucleon-nucleus scatter-
ing within a microscopic framework in which a multiple-
scattering theory' is used to relate the nucleon-nucleus
optical potential directly to nucleon-nucleon (NN}
scattering phenomenology and to empirical or theoretical
nuclear matter densities. Two major topics of discussion
during the past decade have been the range of validity of
the nonrelativistic impulse approximation (NRIA), and
the importance of relativistic dynamics, in proton-
nucleus elastic scattering. Particular attention has
been focused on the spin observables: the analyzing
power, Ar and the spin-rotation parameter, Q. It has
been repeatedly shown that lowest-order nonrelativistic
impulse approximation calculations, based on the
Schrodinger equation with relativistic kinematics, meet
with severe difficulty in describing the experimental data
for A and Q for all incident energies, up to and includ-
ing 1 GeV. During the past few years it has been
demonstrated that the use of a relativistic version of the
impulse approximation —the so-called relativistic im-
pulse approximation, or RIA —accompanied by solution
of the Dirac equation, provide a dramatically better
overall description of A and Q, at least at incident ener-
gies higher than 400 MeV. '

However, at 800 MeV the relativistic approach exhibits
in its predictions of differential cross sections and spin
observables an unrealistic and vexing target mass depen-
dence. Furthermore, both relativistic and nonrelativistic
impulse approximation approaches fail at the lower ener-
gies, below 400 MeU. The lower-energy predictions of
both approaches may be improved dramatically by ex-
plicitly accounting for projectile-target nucleon ex-
change, and by using an effective interaction that takes
into account the nuclear medium. ' ' The lower-energy

predictions of the relativistic calculations are generally
satisfactory provided the pseudovector, rather than pseu-
doscalar, form of the NN Lorentz invariant amplitudes is
assumed. '

It is customary in the literature to compare the predic-
tions of the RIA model with those of the simplest, first-
order NRIA calculations in order to elucidate the contri-
butions of the virtual pair terms. However, for heavy
target nuclei at higher intermediate energies, this sort of
comparison is flawed because the RIA inherently in-

cludes a portion of the electromagnetic coupling of the
incident proton magnetic moment, while it is usually
completely excluded from the NRIA. Also, in recent
years, a number of important corrections to the impulse
approximation have been worked out within the NR
model. ' It is therefore timely to compare the RIA pre-
dictions and the available data with NR predictions
which include recent improvements, and to account
properly for magnetic moment coupling in both models.

In this work we will focus on the higher energies and
demonstrate the following two points. First, at 650 and
800 MeV, for nuclear targets of medium to heavy mass,
the success of the RIA-Dirac equation approach, as com-
pared to that of the usual NRIA calculation, is due in
part to the implicit inclusion in the Dirac approach of the
electromagnetic spin-orbit interaction depending upon
the magnetic moment of a pointlike, spin- —,

' "Dirac pro-
ton" projectile. Second, when spin-orbit effects due to
the actual, full proton magnetic moment are accounted
for in both approaches, and when target nucleon correla-
tions and medium corrections' are further included in
the NR model, both approaches provide similar and gen-
erally accurate descriptions of the 650- and 800-MeV spin
observable data for proton elastic scattering from ' 0,

Ca, and Pb.
The portion of the nucleon-nucleus electromagnetic in-

teraction that involves the projectile magnetic moment
automatically appears in the Dirac approach, but also
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occurs quite naturally in the nonrelativistic approach. "
It has tended to be omitted in almost all nonrelativistic
calculations done to date because of accompanying nu-
merical difficulties. In the following we show that, within
the framework of the two models under consideration
here, the electromagnetic spin-orbit (EMSO) potential is
indispensable in obtaining a satisfactory description of
the spin observables A and RQ for proton-nucleus elas-
tic scattering at 650 and 800 MeV, at small scattering an-
gles, except for light target nuclei.

The elements of the calculations are briefly reviewed in
the next section. The results are presented and discussed
in Sec. III; a summary of the conclusions is given in Sec.
IV.

II. CALCULATIONAL DETAILS

A. Nonrelativistic approach

+(g +i])&]p&2p+(g ~)&]q&2q (2)

where subscripts 1 and 2 refer to the two nucleons, and a,
b, c, m, g, and h are complex amplitudes which are func-
tions of momentum transfer q. For incoming center-of-
momentum system nucleon wave number k and outgoing
wave number k', the direction of q is given by
q=(k —k')/~k —k'~. The notation a» means cr] j; the
other two unit vectors appearing in Eq. (2), n and p,
are defined as usual by p = ( k+ k' ) /~ k+ k'

~
and

n=(k Xk')/~kXk'~.
For elastic scattering of protons from spin-zero target

nuclei, amplitudes a (q) and c (q) make the predominant
contribution to the nuclear part of the proton-nucleus op-
tical potential. Amplitude a (q) for p +p contains a pure-
ly Coulombic term (in lowest order, a Rutherford ampli-
tude behaving like 1/q at small q), which leads in the
impulse approximation to the usual proton-nucleus
Coulomb potential. It is usual to suppress the Coulornbic
part of a and calculate the Coulomb potential directly
from the empirical nuclear charge distribution. ' The
electromagnetic contribution to amplitudes b and c (it is
the same for both amplitudes) behaves like 1/q at small q

The ingredients of the first-order multiple-scattering
description of the local proton-nucleus optical potential
are free proton-nucleon scattering amplitudes, f, and
ground-state nuclear matter densities. For the nonrela-
tivistic calculations, the proton matter densities p~(r)
were unfolded from the empirically known charge densi-
ties, ' ' while the neutron matter densities were con-
structed according to the recipe

( )
—

( )+[ HFB(
)

HFB( )] (1)

where the densities p
" were obtained from the

Hartree-Fock-Bogoliubov (HFB) calculations of
Decharge and Gogny. '

Proton-nucleon scattering amplitudes were obtained
from the recent SP89 phase-shift solution. ' The proton-
nucleon scattering amplitudes needed for the calculations
will be discussed in the Wolfenstein form,

f a +b(&ln % )2+nC (Dln +&2n )+mijn &2n

and arises from the interaction of the nucleon's magnetic
moment with a current due to the momentum of the pro-
ton. ' For p+p scattering, particle identity requires am-
plitude b to vanish, and charge independence requires
that the nuclear part of b also be zero for p + n scatter-
ing. For p + n the electromagnetic parts of amplitudes b

and c combine in such a way that the electromagnetic
contribution to the oz n(o]v. n} term is zero (nonzero)
where P (N) denotes a proton (neutron). "

However, for a spin-zero target, contributions from
u~ n terms in the p + n amplitude, and the target proton
clap. n term in the p+p amplitude, do not contribute to
the first-order proton-nucleus spin-orbit optical-model
potential. The principal contribution is from the projec-
tile proton cr~.n part of the NN amplitudes. Thus, the
proton-nucleus electromagnetic spin-orbit potential origi-
nates predominantly from the electromagnetic part of the
amplitude c(q) for p+p. The 1/q dependence of c re-
sults in an electromagnetic spin-orbit potential which
falls off like 1/r as r~oo, asymptotic behavior which
leads to gross convergence difficulties unless one solves
the dynamical equation containing it out to very large
distances before matching to ordinary Coulomb solu-
tions. Because of this, the electromagnetic contribution
to the spin-orbit potential has almost invariably been om-
itted in NRIA calculations of p+nucleus observables.
However, it is important to realize that solutions of the
Dirac equation automatically include the electromagnetic
spin-orbit contribution due to the spin- —, point particle
portion of the proton's full magnetic moment. The
remaining contribution, from the anomalous portion of
the proton s magnetic moment, is readily included in the
Dirac equation as a tensor term' and has usually been in-
corporated in proton-nucleus calculations. '

Often in the literature, the predictions of the relativis-
tic impulse approximation model have been compared to
NR multiple-scattering calculations which make use of a
simple, first-order microscopic optical potential. ' Be-
cause a major strength of the nonrelativistic approach is
the consistent framework it provides, within which
higher-order terms and corrections to the impulse ap-
proximation can be calculated, omission of such correc-
tions as well as the electromagnetic spin-orbit potential
when making comparisons to Dirac results can easily
give a misleading impression of inherent difficulties with
the nonrelativistic approach.

The first-order Watson optical potential is given by
the space Fourier transform of

where t, ( q) is the on-shell t-matrix corresponding to the
proton-ith nucleon scattering amplitude f, Lorentz-
transformed into the proton-nucleus center-of-
momentum system assuming Breit frame kinematics,
and p, (q) is the Fourier transform of the matter density

p, (r} The usual C. oulomb potential is included but the
electromagnetic spin-orbit term is customarily omitted.
Examples of such calculations are shown in Ref. 5.

For comparison to Dirac results in this work, we
present results of two types of NR calculations, differing
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only in the inclusion or omission of the electromagnetic
spin-orbit potential. However, in this work, we have in-
cluded two corrections to the first-order, impulse approx-
irnation optical potential in both sets of NR calculations.
The first correction accounts for Pauli, short-range
dynamical and center-of-mass two-body correlations in
the target nucleus state function ' and is included via a
second-order contribution, U,'P'„ to Eq. (3). This correla-
tion correction has fairly small effects on Q at all angles,
but makes a noticeable reduction in the A predictions at
the larger angles, and thus plays a role in achieving
overall good descriptions of the A data. The second
type of correction accounts for Pauli blocking of inter-
mediate NN scattering states and the binding energy of
the struck target nucleon, in terms of an effective,
density-dependent nucleon-nucleon t matrix. This in-
teraction was constructed by solving a nonrelativistic
coupled-channels isobar model. ' To obtain an effective,
on-momentum-shell scattering amplitude dependent on
the target-nucleon Fermi momentum kF, based on the
SP89 solutions, we used the recipe'

t (kF ) tSP89(0)+ [~ (kF) r (0)]Isobar Model (4)

where k~ varies from 0.0 to 1.36 fm ' as one moves from
free space into the nuclear interior.

As shown in Ref. 10, inclusion of medium corrections
("density dependence") tends to sharpen to some extent
the weak structure in the NRIA predictions of A and Q
at 650 and 800 MeV. At these energies, the most impor-
tant medium effect is the binding energy correction,
which does tend to move the predictions for A and Q to-
ward the data, but still leaves the overall description of
these observables in a rather poor state for all but the
lighter target nuclei. In general, the NR density-
dependent descriptions, including correlations, remain
vastly inferior to those provided by the RIA calculations
using the Dirac equation. ' In the RIA-Dirac equation
approach, correlation effects and medium corrections '

appear to be negligible, and thus were not included in the
Dirac calculations reported here.

For the second set of NR model calculations, the elec-
trornagnetic spin-orbit potential was included in the
Schrodinger equation using the approach discussed in
Ref. 11. The first-order EMSO potential resulting from
the impulse approximation has the asymptotic form

(UEMso «')a I, (5)

with UE&so a complex number. It was multiplied by a
Gaussian weighting factor exp[ —a(r —rso) ], and the
observables A and Q were calculated as a function of pa-
rameter a. The quantity rs& was taken as about 1.1 fm
X A ' . The specific values of a used in the calculations
were 0.01, 0.02, and 0.03 fm . The quantities A (O, a)
and Q ( 8,a ) were then extrapolated to a =0. The
relevant range of cx, and knowledge of the functional
dependence on a of A (H, a) and Q(0, a) necessary in ex-
trapolating to u =0, were obtained by performing
Glauber calculations for various values of o., including
a=0, as discussed in Ref. 11. For Pb, the eikonal ap-
proxirnation becomes very unrealistic for angles greater

than 15', and the Glauber calculations for A and Q
could not be used as a guide to extrapolation, ' fortunately,
no guide was required, since at these angles, Q and A for
p+ Pb at 650 and 800 MeV are weak, smooth func-
tions of a.

With a=0.01 fm the tail of the EMSO potential is
still quite long and relatively large radii for matching to
Coulomb solutions (about 20 fm), and many partial waves
(110 to 145 depending upon target mass and incident en-

ergy) were used in the Schrodinger equation calculations.
To give an idea of the size of the electromagnetic spin-
orbit term, at 800 MeV the values of UE&so are, in MeV-
fm for p + Pb, Ca, and ' 0, respectively, ( —3.465,
—0.244), (

—0.874, —0.0622), and ( —0.372, —0.026).
For 650 MeV, the values, in the same order, are (

—3.764,
—0.249), (

—0.945, —0.0678), and (
—0.398, —0.028).

The NR calculations including correlations, medium
effects and the electromagnetic spin-orbit potential are
shown as solid curves in the figures. Corresponding NR
calculations in which the EMSO potential is suppressed
are shown as dash-dot curves. We have not included
"off-shell" or "full-folding" corrections as recently dis-
cussed by several authors. Such effects are presum-
ably most important for lower energies and lighter nuclei;
however, lack of adequate knowledge of the off-shell be-
havior of the nucleon-nucleon interaction at energies
above 400 MeV makes estimates difficult. The results of
Ref. 27 suggest that at 650 and 800 MeV these additional
corrections to the impulse approximation are expected to
be rather small.

+FT+1 +2@v (6)

The five, complex amplitudes in Eq. (6) were obtained
from the SP89 NN Wolfenstein amplitudes using Eq. (18)
in Ref. 5. The form for I' assumed in Eq. (6) is by no
means unique. However, for the nuclei and energies be-
ing discussed here, the RIA results are very similar to the
relativistic IA2 results of Ref. 6, which are based on co-
variant meson-exchange theory together with the use of a
very general form for the NN Lorentz invariant ampli-
tudes. The relativistic NN t matrix in the proton-nucleus
center-of-momentum system with Breit frame kinematics
was then obtained from Eq. (20) in Ref. 5 and used to
generate the proton-nuc1eus optical potential.

For spin-zero targets the nuclear part of the resulting
first-order RIA optical potential has the form

URlA Us (q) + Uv(q)1 ' 2l a UT(q)— . (7)

with y the usual timelike component of the four-
component Dirac y matrix, a the usual Dirac vector ma-
trix,

Up =s, v(q) = g t', (q)p', (q)
I =P, n

(8)

B. Relativistic approach

The RIA-Dirac equation calculations presented here
were based on the local form for the NN Lorentz-
invariant amplitude of Ref. 3, given by

F =F~+Fpy )y2+F~y] y2„+F„y)y]y2y2„
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and

i =p, n

(9)

er programs that would be necessary in order to integrate
out to the ten or more times larger matching radii re-
quired to eliminate these small, back-angle oscillations.

In Eqs. (8) and (9), t, (q) is the relativistic NN t matrix
while p~(q) are momentum-space Fourier transforms of
the scalar, vector and tensor (SVT) nuclear matter densi-
ties. The vector densities p, „(r) were identical to
those used in the NR calculations, while the scalar densi-
ties were constructed according to the prescription

(10)

where the relativistic mean-field (RMF) densities used as
a guide in the construction of p; (r) were those of
Horowitz and Serot. The tensor densities used in Eq.
(9) were taken directly from Ref. 28.

The static proton-nucleus Coulomb potential, Uc, adds
to the vector term in Eq. (7). The anomalous magnetic
moment contribution was included as an additional ten-
sor potential of the form (in coordinate space), '

Kp (j
i — a r Uc(r),

2M' Br

where vp is the additional factor required to give the pro-
ton its correct magnetic moment (Kp 1.79), and Mt, is
the proton mass. The main effect of the often-omitted
nuclear tensor potential [Eq. (9)] on Q and A, for the
lighter target nuclei, is to reduce the overall magnitude of
the RIA predicted values slightly, generally by less than
0.03. For the medium and heavier target nuclei, the nu-
clear tensor potential enhances the structure in A~ and Q
slightly, by making the minima slightly deeper, generally
by amounts ranging from 0.03 to 0.1. Its effects for medi-
um to heavy target nuclei are smaller than and distinc-
tively different from those of the anomalous magnetic
moment contribution, and not confined to a particular
angular region. All of the resulting RIA-Dirac equation
predictions of A and Q observables, using Eq. (7), are
shown as dashed curves in the figures.

The Dirac equation was numerically integrated out to
25 fm, including up to 180 partial waves. Because the
Dirac solutions are matched to Dirac Coulomb state
functions, which include the point-proton portion of the
EMSO effect, convergence problems were not as severe
for the Dirac solutions as for the Schrodinger equation
solutions. Even so, in both approaches, we are matching
at a large but finite radius (20—25 fm) to asymptotic
Coulomb solutions that do not include the full EMSO
effect, and as a consequence there are small, unphysical
oscillations in both Dirac and Schrodinger predictions for
A and Q for p + Ca at 800 MeV for angles greater than
20', for p + Pb at 650 MeV for angles greater than 25',
and at 800 MeV for angles greater than 17, as seen in
Fig. 3. (Siinilar unphysical oscillations show up in the
Schrodinger and Dirac calculation results as plotted in
Ref. 8.) Since the effects on A and Q of the electromag-
netic spin-orbit term, with which we are mainly con-
cerned in the present work, show up most dramatically at
small angles (0 to 15 ), we have not carried out the exten-
sive modifications to the Schrodinger and Dirac comput-

III. DISCUSSION OF RESULTS

Figure 1 shows the results of the NR and RIA calcula-
tions for p +' 0 at 650 and 800 MeV. Here predictions
of the nonrelativistic model with electromagnetic spin-
orbit potential, correlations and medium corrections
(solid curves in all figure), hereinafter referred to as
"NR-EMSO" calculations, are quite similar to those of
the RIA (dashed curves in all figures). NR calculations
which do not include the EMSO potential are shown for
comparison as dash-dot curves (in all figures). The effects
of the EMSO potential are fairly small at both energies,
except for Q at 800 MeV, near the first maximum at 12'.
The description of A at 650 and 800 MeV is slightly
better for the NR-EMSO than for the RIA while the two
descriptions of the 650 MeV Q data and the forward an-
gle 800 MeV Q data are comparable. The NR-EMSO
description of the larger angle 800 MeV Q data is
significantly better than that provided by the RIA; the
RIA predicts a deep minimum at 22' that does not exist
in the data. The 650 MeV data are from Ref. 29, the 800
MeV data from Refs. 8 and 30. The Q data shown for
650 MeV have been reconstructed from the data for relat-
ed parameter P shown in Ref. 29, using the correspond-
ing A data, with error in Q taken as proportional to the
quoted error in P.

Figure 2 shows the results for p + Ca, also at 650 and
800 MeV. In the vicinity of the first sharp structure in
A (around 8' at 650 MeV, 7.5' at 800 MeV), the EMSO
potential is indispensable in providing a realistic descrip-
tion. Indeed, the NR-EMSO and RIA results are quite
similar at all angles, particularly at 650 MeV. The pre-
dictions of both models provide an overall, quantitative
representation of the Ay data, when the electromagnetic
spin-orbit term is included. For the Q data, the NR-
EMSO and RIA predictions are also quite similar, with
the RIA being somewhat larger at all angles and in very
slightly better agreement with the data forward of 15'.
Without the EMSO term at 800 MeV, the NR calcula-
tions are seen to be unable to provide enough structure in

Q, at the first maximum at about 7.5', to come anywhere
near the experimental data. Overall, the quality of the fit
to the data is virtually the same for both NR-EMSO and
RIA models, and good overall. The data for 650 MeV
are from Ref. 29, while those for 800 MeV are from Refs.
8 and 31.

Finally, in Fig. 3, the results for p + Pb at 650 and
800 MeV are shown. The RIA provides a better descrip-
tion of A at 650 MeV, with the NR-EMSO prediction
having a bit too much structure, whereas the NR-EMSO
provides a better description of the 800 MeV A data, the
RIA prediction not having enough structure. The NR
predictions omitting the EMSO potential are very poor
for both energies. The structure predicted for A is not
only washed out, but out of phase with the data, for an-
gles less than 15. It is not surprising that the largest
effects of the EMSO term are seen for the target nucleus
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FIG. 1. Analyzing power, A», and spin rotation, Q, for proton elastic scattering from '60 at 650 and 800 MeV. The 650 MeV data
are from Ref. 29, the 800 MeV data from Refs. 8 and 30. The solid curves are the nonrelativistic (NR) predictions, including elec-
tromagnetic spin-orbit (EMSO) potential, medium modifications, and correlations. The dashed curves are the Dirac (RIA) predic-
tions. The dot-dashed curves are NR predictions without the EMSO potential, but including correlations and medium modifications.
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with the largest charge.
The RIA predictions for Q have less structure at for-

ward angles, compared to the NR-EMSO predictions, at
both energies. The 800 MeV Q data do not provide a fine
enough mesh for critical comparisons, but seem to be fit

slightly better by the NR-EMSO. However, both models
provide good descriptions of the available data. The NR
predictions omitting the EMSO term show almost no
structure for angles less than 15', at either energy, and
bear little resemblance to the data. The experimental
data for 650 MeV are from Ref. 32, while those for 800
MeV are from Refs. 8 and 11.

Our results lead to the following general observations
concerning description of A and Q. (1) Both the RIA
and the NR-EMSO models provide very similar and
equally good overall predictions for the 650 and 800 MeV
data. (2) For Pb, the EMSO potential accounts almost
totally for the very drastic improvement in the first-order
NRIA predictions at forward angles. (3) For Ca, the
EMSO potential accounts for roughly half of the im-
provement seen, with the remainder due to inclusion of
medium effects and correlations. ' (4) For ' 0, much of
the improvement over lowest-order NRIA calculations
for A is due to correlations ' ' and medium effects, '

whereas for Q, especially at 800 MeV, the EMSO poten-
tial still plays a significant role in providing agreement
with the data at the first peak at 12'. (5) The 800 MeV

and Q RIA predictions display an erroneous mass
dependence, such that the curves for ' 0 have too much
structure, those for Ca agree well with the data, while
the A prediction (at least) for Pb has too little struc-
ture. (6) The NR-EMSO predictions do not display such

erroneous trends.
The quality of the predictions as compared to data, and

the improvements obtained when various effects are in-
cluded, of course depend upon the theoretical model be-
ing used, and on the approximations adopted in the cal-
culations. However, it is important to realize that the
EMSO effect, being electromagnetic in origin, is not sub-
ject to the much stronger model dependence familiar in
descriptions of the strong nucleon-nucleus interaction.
Note that, for instance, while correlations and medium
modifications ' ' ' ' have very different effects in the
RIA and NRIA, the effects of the EMSO potential are
very similar in both approaches. (A good display of the
effects of the EMSO potential in the RIA is found in
Figs. 6 and 8 of Ref. 8, where results of calculations with
a point-proton magnetic moment are compared to those
with the full, anomalous magnetic moment. ) In terms of
the NR-EMSO model used here, we therefore see no
reason why inclusion of further corrections (e.g. , off-shell
and full-folding eff'ects ) should qualitatively affect our
conclusions concerning the importance of the EMSO
contribution Likewise, for the RIA model, correlations,
medium corrections and off-shell effects ' ' are unlikely
to affect our conclusions, or those of Ref. 8, qualitatively.

The differential cross-section predictions (not shown)
are negligibly affected by the EMSO potential and medi-
um corrections. The 800 MeV SP89 NN amplitudes pre-
dict slightly smaller magnitudes for the differential cross
sections compared to results using the older SP82 solu-
tion, shown in Refs. 8 and 10. The RIA and NR-EMSO
predictions at 800 MeV are therefore essentially the same
as shown in Fig. 3 of Ref. 8, except for a slight reduction
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in overall magnitude. The NR-EMSO differential cross-
section predictions for 650 MeV are very nearly the same
as shown in Ref. 10. The corresponding RIA predictions
are also very similar, except that the diffractive minima
for ' 0 and Pb are less deep, resulting in somewhat im-

proved descriptions of the available data.
In general, the differential cross-section predictions of

both models are fairly satisfactory, but the diffractive os-
cillations are shifted very slightly to smaller angles rela-
tive to the data. This indicates that the overall radial ex-
tent of the imaginary, spin-independent optical potential
is a bit too large (by about 0.1 —0.2 fm) in both models.
This mysterious problem is discussed further in Refs. 5
and 10.

At 800 MeV the RIA differential cross-section predic-
tions display an unrealistic mass dependence, so that the
predictions for Pb are in good agreement with data,
but for ' 0 become too small in overall magnitude, with
minima which are much too deep. It is interesting that a
similar, though much less severe, trend is seen in the
NR-EMSO predictions. This unrealistic dependence of
the relativistic results on target mass is not observed at
650 MeV.

The effects of the EMSO potential are, in general, less
important at lower energies and for lighter nuclei. How-
ever, including this potential in NR calculations at 500
MeV, for instance those in Ref. 10 which already include
medium corrections and correlations, would provide fur-
ther improvement in the description of data. The NR
differential cross-section and A predictions would, how-
ever, remain inferior to those made by the RIA. The NR
density-dependent predictions for the spin rotation ob-
servables at 500 MeV are comparable to those of the RIA
for ' 0, and Ca, but remain inferior for Pb. An
EMSO contribution would be expected to improve the
NR spin rotation prediction for 500 MeV p+ Pb. We
feel that further studies of the NR model predictions at
500 MeV would need to include the EMSO potential,
along with such off-shell and full-folding effects as dis-
cussed in Refs. 24-27, which are currently believed to be
significant at this and lower energies.

IV. CONCLUDING SUMMARY

In this work we pointed out that a part of the success
of the RIA-Dirac equation model in describing proton-

nucleus elastic-scattering data at 650 and 800 MeV, for
medium to heavy nuclei, is due to the automatic inclusion
of electromagnetic effects involving a portion of the pro-
jectile proton's magnetic moment. We went on to show
that, for the models under consideration, generally
equivalent and fairly good descriptions of the 650 and
800 MeV A and Q data can be obtained from both the
relativistic Dirac equation approach and the nonrelativis-
tic Schrodinger equation approach, provided the EMSO
potential associated with the full proton magnetic mo-
ment is included in both calculations, and the NR calcu-
lation also includes correlations and nuclear medium
corrections. Based on the standard set of approximations
used in implementation of the NR and RIA models, we
found that including the electromagnetic coupling associ-
ated with the full projectile proton magnetic moment re-
sulted in generally improved descriptions of the spin ob-
servable data. Most of the improvement in the lowest-
order NRIA predictions at forward angles for Ca and

Pb is due to the EMSO correction, although it is less
important for ' O. Furthermore, the unrealistic mass
dependence in the 800 MeV RIA spin observable predic-
tions (seen primarily in A ) is not observed in the NR-
EMSO calculations. Finally, the problem of explaining
the angular positions of the diffractive minima in the
differential cross sections persists. While the successes of
both the RIA and NR-EMSO models, of course, depend
on the standard approximations made in carrying out the
calculations, we do not expect qualitative changes in the
conclusions drawn here, concerning the importance of an
electromagnetic spin-orbit potential, as our description of
nuclear processes becomes more sophisticated. It is
hoped that this work will help to motivate such further
improvements in both the nonrelativistic and relativistic
scat tering models.
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