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Results of relativistic and nonrelativistic impulse approximation calculations are compared for p+ Ca
elastic scattering observables between 181 and 1040 MeV. At 400 MeV and above, the relativistic ap-

proach is superior, especially with regard to spin observables. Below 400 MeV, neither calculation agrees
well with experiment.

NUCLEAR REACTIONS Energy dependence of the relativistic impulse approxima-
tion, Dirac phenomenology, invariant nucleon-nucleon amplitudes, nucleon-nucleus

elastic scattering, E„=181-1040 MeV.

Recently, several authors have concluded that the general
features of Dirac optical potential phenomenology' for inter-
mediate energy proton+ nucleus elastic scattering can be ex-
plained in terms of nucleon-nucleon (N-N) phenomenology
by way of the relativistic impulse approximation (RIA).2 s

In this approach the Dirac optical potential is obtained by
folding the N-N invariant scalar and vector amplitudes6 with
appropriate scalar and vector densities for the target nu-
cleus. * For the relativistic case, this procedure has not
been rigorously justified, but it is a reasonable extension of
nonrelativistic (NR) multiple scattering theory, 2 and agree-
ment with experiment establishes its pragmatic value. Here
we examine the energy dependence of the RIA for p+ Ca
elastic scattering from 181 to 1040 MeV. We contrast the
relativistic and NR IA predictions and also compare the RIA
with Dirac phenomenology.

For spin saturated target nuclei, the Dirac optical potential
in the IA (Refs. 2-4 and 8) has contributions from scalar,
vector, and tensor invariant amplitudes; however, by far the
largest contributions arise from the scalar and vector terms.
In this case,

U.&t(q) = — iFs(q)ps(q)+y'+v(q)pv(q)l,

+ F~yi'pi"y2'y2„+ Fr~i""~2„. . (2)

where k is the proton-nucleus center-of-momentum (c.m. )
wave number, q is the momentum transfer, pq and py are
the scalar and vector densities, respectively, and Fg and Fy
are the scalar and vector N-N invariant amplitudes. These
latter quantities are obtained by expressing the N-N scatter-
ing matrix in the following covariant form:

F (q ) = Fs + I' vy i"y2)a+ I' py I y 2'

We computed p+ Ca elastic scattering observables at
181, 300, 400, 500, 613, 650, 800, and 1040 MeV for com-
parison with experiment. The relativistic Hartree calcula-
tions of Ref. 7 provided the proton and neutron, scalar and
vector densities, while the invariant N-N amplitudes were
obtained from the global energy independent phase shift
solution, SP82, of Amdt. As in Ref. 4, the N-N invariant
amplitudes were used directly, without approximation.

Predictions and data' ' for 181, 400, 613, and 1040 MeV
are shown in Figs. 1-4. The RIA results are indicated by
solid curves, the NR, first order Kerman-McManus-Thaler
(KMT) (Ref. 14) IA results by dashed curves. At 181 and
300 MeV, the RIA differential cross sections are too large
and the analyzing powers are too small. At 400 MeV and
above, both the differential cross sections and the analyzing
powers agree well with the experimental data, with the best
agreement occurring at 500 MeV. Results at 613 and 650
MeV are essentially the same. (New data from LAMPF at
650 MeV should be available in the near future. ) The 500
and 800 MeV predictions are shown in Figs. 1 and 2 of Ref.
4. Predictions for the spin rotation function are also in

good agreement with existing data. On the other hand, the
KMT-IA predictions for do/d 0 display minima which are
too deep for E ~ 613 MeV but are good at 800 and 1040
MeV. The analyzing powers and spin rotation predictions
are poor at all energies; however, second order KMT-IA
predictions that include electromagnetic spin orbit contribu-
tions" are in better agreement with the data at 800 MeV
(Ref. 16) than that shown by the dashed curves in Fig. 2 of
Ref. 4.

Comparison of the RIA with the results of Dirac
phenomenology' reveals several interesting features. First,
the reactive content, as measured by the total reaction cross
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the corresponding phenomenological values at every energy.
Comparing the volume integrals of phenomenological and
RIA vector and scalar potentials provides another measure
of the validity of the IA. Table I gives RIA to Dirac
phenomenological volume integral ratios. ' The agreement
for the real potentials is very good in general except at 181
and 800 MeV and is substantially better than for the imag-
inary potentials. The largest discrepancy, around 300-500
MeV, for the imaginary potentials, mainly reflects differ-
ences in the central strengths of the imaginary RIA and
phenomenological potentials. These results clearly indicate
that similar studies of the energy dependence for other tar-
gets are called for, and such studies are in progress.

In this paper we have examined in detail the energy
dependence of the relativistic impulse approximation for
p+ Ca elastic scattering throughout the intermediate ener-
gy range. We find that the RIA predictions are in good

agreement with all the elastic observables for E ~ 400 MeV,
whereas the first order KMT-IA predictions for do./dA are
adequate only above 800 MeV, and. the spin observables are
poorly reproduced at all energies. The failure of the RIA
model at lower energies may be due to medium effects (not
included in the RIA), which have been shown to be impor-
tant in explaining the Dirac phenomenology at lower ener-
gies. These effects will be the subject of future investiga-
tions.
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