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The relativistic microscopic optical potential (RMOP) of a nucleon above the
Fermi sea based on the Walecka's model is used to systematically analyze the
proton elastic scattering from nuclei for a variety of energies. It turns out that
the experimental data of the differential cross sections, the analyzing powers
and the spin rotation functions are reproduced satisfactorily except for large
angles. This simple model might be used in the nuclear transport theory and
heavy ion collision and to take account of both the nuclear medium and
relativistic effects.

1. INTRODUCTION

Recently more and more extensive and precise measurements have been made for
the elastic scattering of the proton from nuclei over broad ranges of proton energy and
target mass. These experiments include not only measurements of the differential cross
sections but also spin observable, such as the analyzing powers and the spin rotation
functions. These accurate experimental data have provided more information about the
nucleon-nucleus interaction, which can help to remove partly the ambiguity of the nuclear
potential, to critically check the microscopic nuclear optical potential in terms of a
two-body nucleon-nucleon interaction and to extract the effect of the nuclear medium and
other effects.

In the early 1980’s, the success of the Dirac phenomenology [2] and the relativistic
impulse approximation [3] in explaining and predicting the detailed structure of the spin
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observable for the proton-nucleus elastic scattering at high energies has aroused people’s
great interest in investigating the relativistic effects in nuclear physics. Our previous work
[1] calculated the relativistic microscopic optical potentials in the framework of the
Walecka’s model[4] with the effective Lagrangian density including nucieon, sigma and
omega mesons only to investigate both the relativistic and nuclear medium effects,
because the effect of the nuclear medium is important at £ < 300 MeV and cannot be
neglected. In the nuclear medium the effective meson-nucleon couplings go and g, are
adjusted by reproducing the nuclear matter saturation properties in the relativistic Hartree-
Fock approximation (RHFA). In our calculations the real part of the optical potentiai is
taken from the Hartree-Fock self-energy of a nucleon in the nuclear matter and the
imaginary part is calculated by the second order Feymann diagram of the self-energy. A
local RMOP for a finite nucleus can be obtained by the local density approximation (LDA).
Inthis paper we systematically analyze the experimental data of the proton-nucleus elastic
scattering, such as differential cross sections, do/dQ analyzing powers P(8) and spin
rotation functions Q(6). The theoretical calculations are in full agreement with the ex-
perimental data. In the region of the forward scattering with 8 < 70° the results not only
reproduce the differential cross sections quite well, but also give the detailed structures
of the spin observable. The comparisons of the RMOP with the phenomenological ones
are also given in this paper. It can be seen that the real parts of both potentials are rather
similar. But the difference of the imaginary parts is quite large and they even have different
Lorentz structures, which shows the ambiguities of the imaginary optical potentials.

The results show that the RMOP based on the Walecka’'s model in the lowest order
approximation is suitable in describing the proton-nucleus elastic scattering for various
target nuclei and a wide energy range Ep < 300 MeV. This simple model might be used
in the nuclear transport theory and heavy ion reaction and to take account of both the
nuclear medium and relativistic effects.

2. NUCLEON-NUCLEUS EFFECTIVE INTERACTION

We start from an effective Lagrangian density including nucleon, isoscalar mesons o
and w,

&L = F(ir*d, — M) + _;_- (8"08,0 — mic?) + %- miwto,
— _l_ F*F,, — g.badp — gudr 0, b (2.1)

With F,, = 8,0, — 8,w,, Where y, o, w, are the field operators of the nucleon, o and
mesons respectively. M, mg, my, are their corresponding masses and M = 938.9 MeV, my
= 550 MeV, m, = 783 MeV are taken in our calculations. The effective meson-nucleon
coupling constants in the nuclear medium g, and g. are adjusted by reproducing the
saturation properties of the nuclear matter, i.e. the nuclear matter is saturated at &; =
1.36 fm~" and the binding energy per nucleon is 15.75 MeV. One obtains that g2/4==
7.3, g2/4z = 10.9.
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The nucleon self-energy caused by the meson exchanges in the nuclear matter can
be written, in general, as

>) (kvs kF) =2 (kr’ kF) i 402 (k»’ kF) e 5 ézv (kvaki")a (22)

where 3¢, 3°, 3v, are the scalar self-energy, the time and space components of the vector
self-energy respectively. Generally, they are functions of the four-dimension momentum
%, of a nucleon and the density # of the nuclear matter.

In the lowest order approximation the real part of the nucleon self-energy above the
Fermi sea is the Hartree-Fock contribution and the lowest order contribution to the
imaginary part of the nucleon self-energy comes from the second order diagram, i.e. the
core polarization diagram. It is known that the self-energy of a nucleon in the nuclear
medium is identified with the nucleon-nucleus effective interaction, namely, the nuclear
optical potential.

The local RMOP for a finite nucleus 2 (r,E) is a function of nucleon energy and can be
obtained by the local density approximation (LDA). The wave function of a nucleon obeys
the Dirac type equation,

[@-p(1 +32°) + 7%(M + 3*) — 3¢ = Eo 2.3)

By rearranging the above equation, a new form of the Dirac equation with scalar and vector
potentials only is obtained as follows:

[a-p+ (M +VU,) ‘+ Uolg = Eop, (2.4)

where
U"_E—E'M U_-—-Z"+EZ"

’ 0 Ty e .

1+ 23 14 2

To calculate the scattering amplitude of the nucleon-nucleus elastic scattéring one obtains
the Schrddinger type equation for the large components of the Dirac wave function by
eliminating the small component,

[p’ + ,Fl(r_);dr— D(r)? - p— Dzr) dDd(rr) a; L -- D(r)G(r)] ¢> =0, (2.5)

where

D(r)=M +U(r) + E — U(r) =V ()
G(r) =M +Ur) — E + Uy(r) + V.(#)

and V¢ is the Coulomb potential. In order to remove the first derivative term one introduces
the followir.g transformation,

r) m= *D(f) r
4> (r) = [ 0(r), (2.6)
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¢>(r) = p(r) atr> , i.e. they have exactly the same asymptotic behavior. Thus, the
Schrédinger type equation of the wave function is obtained,

pz E? — M?
[E+Um(r) VA +ULSa-L] p(r) = E=2 0 (2.7)

where the central and spin-orbit coupling potentials of the Schrédinger equivalent poten--
tials are as follows, respectively,

Ueen(r) = U, + % (Us(2M + Us) — (U, + V.)*]

L [ iy (#422) 4 2 (L et y)

2E

2r:D(r) dr dr # B0 " ar
PR 1 dD(r)
Usslr) 2ErD(r) dr °

The third term of the central potential, called the Darwin term, is small and negligible.

The Schrédinger equivalent potentials forthe p + “°Ca scattering at different incident
energies are calculated. The calculation shows that the depths of the central real potentials
decrease and the potentials are changed from being attractive to repulsive, as the energy
increases. At the intermediate energy around Ep = 200 MeV an attractive pocket is found
at the nuclear surface. This is the so called "wine bottle bottom" shape. The central
imaginary potentials are mainly surface absorption below several tens of MeV and become
volume dominant as the energy increases. The spin-orbit coupling potentials can be
directly obtained from the Dirac equation. They are surface-peaked and the strength
decreases for the real part and increases for the imaginary part as the energy increases.
These features are very similar to that of the phenomenological potentials.

3. PROTON-NUCLEUS ELASTIC SCATTERING

The calculations of the RMOP are performed for nuclear matter. The local RMOP for
a finite nucleus is obtained by the LDA. In other words, the RMOP at point r for a finite
nucleus is calculated by the RMOP in the nuclear matter which has the same density as
the finite nucleus at r. The density distributions of nuclei are taken from the Negele’s
empirical formula [5], except for light nuclei, such as 2C, 160,

r) = e ' 3.1
o(r) 1+cxp[_(r-—c)/a] 3.1

where pg is determined by the normalization,
34
4mc*(1 + 2a?/c?)

herea = 0.54 fm,c = (0.978 + 0.0206A”3) A”Sfm, and A is the nucleon number of the
target. The Gaussion type density distributions are chosen for '2C, 60 [6],

p(r) = po(1 + ar’/a’)cxp(— 1—:)
a
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L (2

where aand a are taken as 4/3 and 1.65 fm for '2C; and 2 and 1.76 fm for €0, respectively.
The amplitude of the proton scattering from a zero-spin nucleus can be expressed by
the spin dependent and spin independent parts,

Py =

F(8) = A(6) + o - #B(H) (8.3)

where o is the spin operator of the proton, n is the unit vector perpendicular to the
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FIG. 1 The differential cross sections of the proton elastic scattering from
a set of spherical target nuclei at £, = 65 MeV.
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FIG. 2 The spin observable, analyzing power P(6) and spin rotation
functions Q(6) of the proton elastic scattering from spherical nuclei at Ep

= 65 MeV.
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scattering plane, 0= k x Ef k and aare the unit vectors of the incident momentum and
the momentum transfer respectively. In terms of the scattering amplitude one can obtain
the differential cross section, the analyzing power and the spin rotation function respec-
tively,
do
25 = 14®1"+ |B(®)|? (3.4
P(8) = 2Re [A(68)B*(6)]
14(6)|* + [ B(8)|*
2Im [A(8)B*(9)]
(6) = (3.6)
14(6)|* + | B(6)]?

We first analyze the experimental data of the proton elastic scattering from a set of
spherical target nuclei, such as '2C, 60, 40ca, SENi, 90z, 11831 and 2%8py at Ep =65
MeV[7]. The elastic differential cross sections are shown in Fig. 1, where the points are

(8.5)
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FIG. 3 The differencial cross sections of p + “0Ca. The experimental data

are taken from Ref.[8].
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FIG. 4 The analyzing powers of p + “°Ca. [8]

the experimental values and the solid lines are the theoretical results in terms of the RMOP
It is found that the theoretical calculations can reproduce the experimental diffraction
pattern. At the forward angles 6 < 70° the agreement of the theoretical results with the
experiments is quite satisfactory. At the backward angles the theoretical values are
overestimated. The spin observable, the analyzing powers and the spin rotation functions
are shown in Fig. 2. The agreement of the theoretical result with the experiments is similar
to that for the differential cross sections. The calculations can describe the detailed
structure of the spin observable at small angles and deviate from the experiments at large
angles. The scattering at large angles, i.e. with a large momentum transfer, are mainly
determined by the interior structure of the nuclear potential, we have adopted the empirical
density and LDA for a finite nucleus used in our calculations, which can not give the
detailed structure of the nuclear density distribution and the nonlocal properties of the
nuclear potentials.

We also analyze the experimental data of the proton elastic scattering from 40ca with
a variety of incident energies. The differential cross sections and analyzing powers for the
incident energies from 30 MeV to 180 MeV are given in Figs.3 and 4. Due to the lack of
the experimental data, the resuits of the spin rotation functions have not been shown here.

To investigate the properties of the nuclear potentials, the comparisons of the RMOP
with the phenomenological potentials [9] are made. The p + 40cq scattering at Ep = 65
Mev is taken as an example and the results are shown in Fig. 5. It shows that their real



290 High Energy Physics and Nuclear Physics

400

p+ ‘°Ca
200F ImU,x10 E,=65MeV

(McV)

- 400

6 8

FIG. 5§ The comparison of the RMOP (solid lines) withthe phenomenologi-
cal ones (dashed lines).

parts are very similar. The strengths of the real scalar potential Us and vector potential Ug
are about several hundred MeV, but they have opposite signs and the cancellation of each
otherresults in the fact that the strength of the real central parts the Schrédinger equivalent
potential is about several tens of MeV. Their variations with respect to the radial variable r
are summed up and produce naturally the real part of spin-orbit potential. In contrast, the
imaginary parts of the RMOP and the phenomenological potentials are quite different and
they even have different Lorentz structures. It should be pointed out that the imaginary
parts of the phenomenological potentials have some ambiguities. The one given by Clark
etal.[10] is similar to ours and has the same Lorentz structures as ours. Due tothe different
Lorentz structures, the imaginary part of the central potential of the Schradinger equivalent
potential for the phenomenological one[9] is obtained by adding the imaginary parts of
the scalar and vector potentials. The imaginary spin-orbit potentials are negative and
opposite to the microscopic ones in sign. Since the imaginary spin-orbit potentials are
very small at low energies, such as Ep = 65 MeV, it has little influence on the results.

4. DISCUSSION

Based on the Walecka’s model and starting from an effective Lagrangian density with
the sigma and omega mesons only we have calculated the RMOP in the lowest order
approximations. The systematical analyses of the proton elastic scattering from a variety
of spherical target nuclei, from '2C to 2°8Pb, with the incident proton energies below 200
MeV have been made in this work. The theoretical results are in full agreement with the
experimental data. Our calculations reproduce the differentiai cross sections and describe
the detailed structures of the spin observable at forward angles 9 < 70°. It should be
emphasized that there are no free parameters for the scattering problem in this simple
model. The effective meson-nucleon coupling constants g and g., are determined by the
ground state properties. It may indicate that the scattering properties of a nucleon from
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the nucleus are mainly described by the ground state properties of the target nucleus in
the energy region below 300 MeV. The target nuclei keep their ground state properties
without being disturbed even at the incident energies of several hundred MeV. It was
studied [4] that the mean field approximation based on the Walecka's model could
describe the ground state properties of finite nuclei quite well, such as the single particle
levels, charge and density distributions and so on. Our resuits also show that the RMOP
based on the Walecka's model are adequate for describing the elastic scattering of a
nucleon from a variety of spherical nuclei in alarge energy region of Ep < 300 MeV. It also
indicatesthat the effective Lagrangiandetermined by ground state properties can describe
both the ground state and the low lying state properties and the problem of the scattering
of single particle for Ep < 300 MeV. This model may be used in the nucleartransport theory
and heavy ion collision and to take account of both the nuclear medium and relativistic
effects. : '

It should be pointed out here that Yamaguchi et al.[11] have systematically analyzed
the elastic proton scattering data for energies of 65 MeV to 200 MeV by using the
nucleon-nucleus effective interactions in the framework of the nonrelativistic Brueckner-
Hartree-Fock approximation and good agreement with the experiments is obtained. But
the optical potentials given in Ref. 12 are calculated in the lowest order approximation
based on the effective Skyrme interaction and are only adequate to the scattering at
energies below several tens of MeV. Recently there have been some investigations of the
RMOP in the framework of the relativistic Brueckner-Hartree-Fock approximation [13], but
the applications of the theory to the analyses of the experimental data have not been seen
in literature. However, direct evidence of the relativistic effects in the nucleon scattering
for E < 300 MeV cannot be concluded from our investigation in this paper.
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