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First calculations based on an impulse-approximation Dirac optical potential are pre-
sented. All input parameters are constrained by other experimentally determined quanti-
ties. Excellent agreement with T& =500 MeVP poy

+ 0 and Ca elastic scattering data is
demonstrated. The differences between the relativistic and nonrelativistic results are
explored in detail.
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As Dirac showed over fifty years ago, the spin-
—,
' character of electrons is intimately linked with
relativity. Nucleons, although not fundamental
Dirac particles, can usually be treated as such
to good approximation. Over the past few years,
an essentially phenomenological Dirac potential
for proton-nucleus elastic scattering has been
developed. ' ' Strong scalar and fourth-compo-
nent vector potentials in the Dirac equation pro-
vide an economical picture of many of the fea-
tures of the scattering process. While it has
been known for some time that the real parts of
these potentials are qualitatively consistent with
the relativistic one -boson-exchange description
of NN scattering and with measured nuclear den-
sities, ' a quantitative understanding of them is
just beginning to emerge. In the energy range
below ~200 MeV, it has been shown" that the
phenomenological potential strengths are con-
sistent with nucleon self -energies calculated with
use of relativistic models of infinite nuclear mat-
ter. Recently, we have derived an expression
for an impulse approximation, or "Ip, "Dirac
optical potential and have found' the strengths
of these potentials to be qualitatively consistent
with phenomenology for bombarding energies
above ~200 MeV.

In the present paper, we present the first inter-
mediate-energy p-nucleus elastic scattering cal-
culations based on the relativistic tp potential of
Ref. 8. As will be discussed below, all input pa-

rameters are fixed by other experimentally de-
termined quantities and consequently compar-
ison with the extensive data which are available
constitutes a particularly informative test of the
Dirac approach.

The specific processes we have examined are
the elastic scattering of protons from the spin-
saturated nuclei "0 and "Ca at energies between
181 and 800 MeV. It is interesting to note that
the 500-MeV p z& + "Ca data pose a significant
problem for nonrelativistic multiple-scattering
theories. For example, Hoffmann et al. ' en-
countered difficulty in reproducing the analyzing-
power data with refined Kerman-McManus-Thaler
calculations" and suggested this as evidence of

a breakdown of the impulse approximation at 500
MeV. Subsequent calculations by Barlett, Hoff-

mann, and Ray" have shown that use of medium-
modified density-dependent t matrices improves
the situation only slightly.

The Dirac optical potential used in the present
calculations is given by'

(p'I U..I p&

where rn is the nucleon mass, p is the projectile-
target center-of momentum frame three-momen-
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turn, 40 is the {relativistic) target ground state, a,nd

Q~ Ey(l, 2) =Ez+y(1) y(2)E&+y (1)y (2)Ez+y5(1)y5(2)y(l) y(2)E~ +a»(1)v" (2)E~. (2)

where p~ and p~ are scalar and (fourth-compo-
nent) vector densities, respectively. If we as-
sume 4', to be a product wave function, these den-
sities can be written in configuration space in
terms of the target single-particle wave functions
as follows:

= p t(r) —p i(r), (3a)

p,(r) = g~. t5(r r, -)e, . p, {=r)+p i{r), (3b)

where

p~(r)= Zl~; I', pi(r)= 2 I~, I' (3c)

are the large- and small-component densities,
respectively. Note that the vector density is the
probability density and that elastic electron scat-
tering constrains the vector density of the pro-
tons. The scalar density has no nonrelativistic
analog. For nuclei it is approximately equal to
the vector density.

Our relativistic NN invariant amplitude is de-
termined from NN phase shifts" as described in
Ref. 12. Simple Yukawa functions are used to
parametrize the q dependence with separate
strengths and ranges for the real and imaginary
parts. These amplitudes are consistent with the
notion that the NN force is characterized by a
strong intermediate-range attraction (o meson)
and short-range repulsion (cu meson). The den-
sities of Eq. (3) which we use are based on rela-
tivistic single-particle wave functions which are
consistent with elastic electron scattering. The
single-particle wave functions used give the

is the relativistic form of the NN invariant ampli-
tude. '" If we assume a spin-saturated target, the
nuclear matrix element shown in Eq. {1)implies a
trace over the spin of one of the nucleons in Eq.
(2). Upon also assuming a, local form for the E's,
we obtain, in momentum space, the scalar and

vector potentials

U..(q) =(-4»p/~)[. Es(e)ps(e') +y'Ev(e) pv(V)1,

phenomenological single-particle binding ener-
gies and a proton vector density which, when
folded with a phenomenological proton charge
distribution, ' is consistent with e + "Ca elastic
scattering data. " The bound-state Dirac poten-
tials are consistent with the real parts of phenom-
enological low-energy p+ "Ca Dirac optical po-
tentials. ' Following this procedure, we generate
neutron densities and a proton scalar density
which are consistent with the phenomenologically
determined proton vector density. The small-
component densities IEq. (3c)] account for about
2%%uo of the total probability.

The Dirac equation containing the resulting op-
tical potential from Eq. (3) was solved numerical-
ly. Calculated values of the cross section, the
analyzing power, and the spin-rotation param-
eter, Q, are compared with 500-MeV p &

+"Ca
data'" in Fig. 1. The agreement is extraordinary
for a theoretically based calculation, especially
for the spin observables. It is comparable to a
phenomenological analysis" and definitely su-
perior to the nonrelativistic impulse-approxima-
tion calculations of Refs. 9 and 11. Similar agree-
ment is found for 500-MeV p z& + "0 analyzing-
power data. " At 800 MeV, the agreement with
the ' Ca data" is also very good, if perhaps not
so extraordinary as that shown in Fig. 1. At 181
MeV, the calculations reproduce the data' only
qualitatively, suggesting that the impulse approx-
imation may be appreciably poorer at that energy.

It is of course crucial to understand which in-
gredients of the relativistic calculations are re-
sponsible for the improvement over the nonrela-
tivistic results. We recall that the Dirac equa-
tion containing scalar and fourth-component vec-
tor potentials can be reduced without approxima-
tion to the form of a Schrodinger equation con-
taining effective central and spin-orbit potentials.
Using the usual nonrelativistic expressions for
the tp optical potential" and the formulas given
in Ref. 12 for the central and spin-orbit ÃN ampli-
tudes, A„b and C&,b, in terms of the relativistic
invariants, E&, we can directly compare the rela-
tivistic and nonrelativistic potentials. (In the fol-
lowing we ignore small contributions to C„b from
E„and E~.) For the configuration-space central
potentials we find, again ignoring Coulomb and
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FIG. 1. Data for p + oca elastic scattering at T =500 MeV compared with full relativistic (solid line) and non-
relativistic (dashed line) t p calculations. The nonrelativistic calculations employ a form of the NN t matrix which
explicitly contains the ranges of the scalar and vector contributions (see text for explanation).

1/& effects,

V„„,"= -4~i [(p/Z)E, (0) + (p/m)E, (0)]p„„,(r),
V„„, = —4~i [(p/E)E~(0)p„„(r) +(p/m)E„(0) p„„,(r)] + (Vz' —V„')/2E+ V~„„,.„,

where V~ and V„are the scalar and vector potentials constituting the first two terms of Eq. (4b) and
the explicit form of the Darwin term is given by Host, Shepard, and Murdock. " The subscripts on the
densities indicate that the appropriate point density is folded over the range of the relevant XN inter-
action. For example, p„„,(r) is obtained by folding the vector point density, p», over the range of
A i,b. The spin-orbit potentials are

V, , =+ 2mi — - - —[E~(0)-E»(0)] ——p, , (r), (5a)

V, , =+2 ' —
)

B '( )——[E (0)p„,( ) E (0)p„„,( )], (5b)

where B = 1 —( V» —V~)/(E+ m).
The relativistic effective central potential dif-

fers from its nonrelativistic counterpart by
quadratic and Darwin terms. Also, the scalar
density enters only in the relativistic potentials.
Beyond this, however, the differences are subtle
geometrical ones. For example, the relativistic
spin-orbit potential contains an extra factor,
B '(r), which enhances the spin-orbit strength in
the nuclear interior just as the small components
of the projectile wave function are enhanced as a
result of the strong vector and scalar optical po-
tentials. " This is consistent with the fact that,
relativistically, the spin-orbit interaction origi-
nates with the small components. Equations (4)
and (5) also indicate that the folding of the NN in-
teraction with the nuclear density is done dif-
ferently in the two cases. In principle, such a
distinction should be irrelevant, since the same
information is contained in both the relativistic

! and the nonrelativistie forms of the phenomeno-
logical KN amplitude. However, in practice,
when the NN amplitude is approximated by con-
venient functional forms such as the Yukawa
functions used here, some information is lost and
details of the folding procedures can be impor-
tant. This is most pronounced for the central
potential where there is a great deal of cancella-
tion between the vector and scalar contributions.

Nonrelativistic ealeulations where folding is
done over A&, b and C&, b with real and imaginary
parts parametrized as single Yukawa functions
are in very poor agreement with the spin observ-
ables. In contrast, nonrelativistic calculations
using the relativistic form of the NN amplitude
(represented by the dashed curves in Fig. 1) are
in much better accord with experiment. Here
A„b is taken to be the appropriate (algebraic)
sum" of E~ and E~ therefore becomes the dif-
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ference of Yukawa functions. Similarly C»b is
treated as the appropriate" difference of F~ and

F~ which corresponds to the sum of Yukawa func-
tions. Although in better agreement with the ana-
lyzing-power data, the present nonrelativistic
calculations are less accurate than the optical-
model results of Ref. 9 which incorporate folding
over the exact NN amplitude and include second-
order terms.

By construction, the calculations shown in Fig.
1 employ identical forms of the NN interaction.
Therefore the differences between the solid and
dashed curves can be attributed entirely to rela-
tivistic effects. The uniquely relativistic Darwin
potential has long been known to have little in-
fluence on elastic scattering' and we reach the
same conclusion here. However, the remaining
relativistic features, the B factor in the effec-
tive spin-orbit potential [Eq. (5b)], the quadratic
terms in the effective central potential [Eq. (4b)],
and the nonzero difference between p, and p ~
[Eq. (Sc)], are about equally responsible for the
differences between the dashed and solid curves
in Fig. 1. Note that the B ' factor increases the
strength of the effective spin-orbit potential in
the nuclear interior, consistent with the finding
by Hoffmann et al. ' that arbitrarily increasing
Im C in nonrelativistic calculations results in im-
proved. agreement with the forward-angle analyz-
ing-power data. The fact that the difference be-
tween p~ and p~ has an appreciable effect on the
calculated spin observables is potentially exciting
because this difference depends on the small com-
ponents of the target nucleons [Eq. (3c)]. The
suggestion' that it may eventually be feasible to
learn about the relativistic properties of nuclear
wave functions through nucleon-nucleus elastic
scattering measurements is now a definite pos-
sibility.

The impulse-approximation Dirac optical po-
tential excels in predicting the spin observables
for pz& + "0 and "Ca elastic scattering at T~ = 500
MeV. This is in marked contrast to the standard
nonrelativistic approaches which fail to account
for these data. Our calculations emphasize again
the essential role that relativity plays in under-

standing spin.
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