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‘Relativistic Study of
Proton-Nucleus Elastic
Scattering at Lower Energies

Li Yangguo

(Department of Physics, Shantou University, Guang Dong)

The Lorentz invariant relativistic optical potential has been discussed at energies below 300
MeV. The Dirac equation with scalar and vector potentials is exactly solved by the partial
wave method. The calculated results of proton-“Ca in the energy region 300-65 MeV are
presented and compared with the experimental data of the differential cross section
do/d(}, analyzing power A (6) and spin rotation function Q(6). It can be shown that the
improved relativistic optical potential fits data well.

1. INTRODUCTION

Since the early 1980’s, great successes on relativistic studies of the proton-nucleus interaction
have been achieved [1,2]. In the field of elastic scattering, problems studied have been focused on
characteristics of the relativistic optical potential. By solving the Dirac equation, in which the optical
potential is included, phenomenologically or microscopically [3,4], the experimental data, the
differential cross section do/dQQ, the analyzing power of the spin observable A,(0), and the spin
rotation function Q(6), can be well described. These three quantities are mutually independent and
form a set of complete measure. The above theoretical studies were mainly developed with the
inspiration from the meson exchange theory of the nuclear force proposed in recent years. With the
Lorentz invariant N-N scattering amplitudes, the optical potential in the Dirac equation in the
medium energy region could be derived in terms of the relativistic self-consistent field theory. In this
optical potential, all possible terms in the Lorentz transformation are included, and, at least, two of
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them, i.e. the scaler term S and the vector term V, are of equal importance in quantity. As a result,
convincing successes have been achieved in the higher energy region where the energy of the incident
proton, T, is greater than 500 MeV.

However, in the lower energy region where the energy of the incident proton is less than 300
MeV, it is difficult to explain the experimental data by using the optical potential in the relativistic
impulse approximation, because the scalar term S and the vector term V in this potential are too
Strong|[5,6]. Tjon [6] modified the optical potential by using the meson exchange theory and obtained
primarily a better result. In this paper, we further improve Tjon’s potential and study p + “Ca
scattering in the energy region between 65 MeV and 300 MeV. As a consequence, we obtain a better
agreement between the theoretical result and the experimental data.

2. MODIFICATION OF THE RELATIVISTIC OPTICAL POTENTIAL

The multi-scattering theory [2,3,4] has been developed by studying the relativistic proton-
nucleus elastic scattering. With this theory, the Dirac optical potential, U, has been derived. This
potential is the Lorentz invariant and has the following form:

Ugpe = S(r) + 7*V () + ¢ T, (r) + YP(r) + 7’r*4.(r), (1)

where S(r), 7*V,.(r), ¢*T,(r), ¥P(r) ,and v*7*4,.(T)are the scalar, vector, tensor,
pseudoscalar, and pseudovector potentials, respectively, and ¢** and v are 4 x 4 matrices in
Bjorken’s definition, respectively. The pseudoscalar and pseudovector potentials do not contribute
to Uy, because of the parity conservation, while the tensor potential has only 1% contribution to
U S0 it can be neglected [4]. By adopting this optical potential, one can successfully explain the
experimental data of spin observables in the energy region of above 500 MeV, but not properly
reproduced the experimental data in the energy region of below 300 MeV, because of the overstrong
S(r) and V(r) in the latter case [5,6] and other reasons. Therefore, Tjon[6] proposed a generalized
relativisticimpulse approximation method, namely, to consider the NN interaction in the whole Dirac
spinor space and use the gemerally accepted pseudovector m-meson exchange instead of the
pseudoscalar single T-meson exchange. After considering the parity conservation, the time-reversal
invariance, and the charge symmetry, one can obtain the optical potential in a more completed form

Uspe = S(r) + 7°V(r) + C(») [ —r P+"_’} —ia- yT(r)

m

— {Ses(r) + vV (r)}o + L — iy - rD(r) + F(r)a - p, @

where the last two terms comes from the off-shell effect of the NN amplitude. If one uses the on-
shell NN amplitudes, the last two terms vanish. The strengths of T(r) S s(r), and V5 (r) are about
1MeV. They are much smaller than those of the first three terms and thus can be neglected. Finally,
one can take the sum of the first three terms as the relativistic optical potential

—E7’°+‘y'p+rn] (3)

m

Uspe = S(r) + 7V () + C(r) [

Substituting Eq.(3) into the Dirac equation [4], and inserting a factor 1 + C(r)/m) into the
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wave function one obtains the equivalent Dirac equation

{a- p+8lm+3(1)] + P(r) + P )W) = EBO(), @

where the corresponding scalar, vector, and coulomb potentials are

Slony= S(r)/[l +_C7_i’_)]

P(r) = V(r)/[l + —%’—)} 4.1)

70 = Vc(r)/[l + —C%]

Itisclear that, due to the consideration of the pseudovector TN exchange, the strengths of S(r)
and V' (r) change greatly at the energy below 300 MeV. For instance, when T',is 100 MeV, the results
are less than half of those obtained with the pseudoscalar TN exchange. These strengths are slowly
increasing with decreasing T,. From this relativistic theory, one further knows that ¥'(r) and S(r)
have very strong strengths and opposite signs. The relativistic result depends very much on the
shapes of these potentials, which correspond to the density distributions of the scalar and vector
potentials [4]. In order to study the validity of the relativistic theory in the lower energy region,
examine the effect of the improvement, and reveal the existing problems, we choose the Saxon-
Woods form for potentials in Eq. (4), and exactly solve the Dirac equation.

3. CALCULATIONS OF OPTICAL POTENTIALS IN THE DIRAC EQUATION

In order to obtain do/dQ, A,(9) and Q(f) in the proton-nucleus elastic scattering process, the
relativistic optical potential described in Eq.(4) is employed and the Dirac equation is exactly solved
by using the partial wave method in the coordinate space. The strengths of S(r) and V' (r) are chosen
to be those in Ref. [6], and the shapes of these potentials are taken in the Saxon-Woods form

§(") = V:f:(") + ’-W:],w:(r)s}

ﬁ(") = Vofo(r) + iWofue(r), 4)
and
1 .
ilr) = 1+ R (=5, ws, 0, Tw0) 6)

The coulomb potential 77 (r) is chosen according to the homogenous charge distribution [4].
In this optical potential, 12 parameters at most are required. Compared with the nonrelativistic
description in which 12 parameters are required to describe the optical potential including the spin-
orbit term, this means that the number of parameters in the relativistic description is not increased.
The parameters of shapes of all nuclear optical potentials at T, = 500 MeV have been given in Ref.
[4]. By starting with these values and referring to our or others’[8] findings that small changes of
shapes of optical potentials, i.e., small changes of the nuclear density distribution, would greatly affect
the values of spin observable, such as A,(6) and Q(8), these parameters can be further adjusted until
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FIGURE 1 The scattering differential cross section
of p +*“Ca, Energy I: 300 MeV; II: 200 MeV;
III: 181.7 MeV. Dots are the experimental data.
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FIGURE 2 The scattering differential cross section of

p + “Caat T, = 65 MeV. Dots are the experimental data,
the solid and dashed curves are theoretical results

with parameter sets III and I, respectively.
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FIGURE 3 The analyzing power A,(8) FIGURE 4 Same as Fig.3, except
and the spin rotation function Q(6) T, = 200 MeV.

of p + “Caat T, = 300 MeV. Dots
are the experimental data and the
curves are theoretical results.

the experimental data are better reproduced. In practical calculation, it is rather difficult to optimize
the values of the multitude of parameters, even with an automatic search program. In order to
overcome this difficulty, the sieve method was repeatedly used until the best result is obtained. In this
method, all variables are divided into several groups and two to three variables containing in one
group, are varied each time.

The reduction of the Dirac equation has been discussed in Ref. [4]. After calculating the

amplitudes of the spin normal term F,(f) and the spin flip term F,(6), the scattering amplitude can
be written as

M(6)=F(6)+o- nF,(6), @)

where o'is the Pauli matrix for the incident proton, and 4# = #; X £, is the unit vector perpendicular

to the scattering plane. Consequently, the differential cross section can be expressed as

4e P2 + | Fi(0)]%

dQ )
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TABLE 1
The Parameters of the Optical Potential

ene: 1% R ; v, R, a, § 48 R Qo I, = . Bore
(M:%‘y) (MeuV) (f:;) (f:;) (MeV) | (fm) (fm) [(MeV) | (fm)| (fm) |(MeV)| (fm) | (fm)

65 I 362. 3.519 0.637 | —450. 3.488 0.664 | —18.9 | 4.1 0.5 13,78} 3.42 | 0.35

I 362. 3.519 0.637 | —450. 3.488 0.664 | —18.9 | 4.1 0.5 13.78] 3.42 1 0.33

111 362.5 | 3.519 | 0.637 | —454.1 3.488 | 0.664 | —18.9 | 4.1 0.5 13.78 3.472_ 0:10
181.3 320.9 | 3.587 | 0.618 | —439.2 3.556 | 0.646 | —71.30| 3.8 0.6 57.07| 3.76 | 0.55
200. 301.9 | 3.587 | 0.618 | —406.8| 3.556 | 0.646 | —74.3 | 3.83 | 0.623 | 69.27| 3.83 | 0.58
300. 281.2 | 3.587 | 0.618 | —399.9| 3.556 | 0.646 | —83.6 | 3.9 0.615 | 84.57] 3.9 | 0.6
the analyzing power can be written as

4,(8) = ZRECF(OFFO))
’ | Fi(0) | + [FiO) | 9)
and the spin rotation function can be calculated by
0(6) = 2Im(F (B)F(6))
- » ’
|Fu(6)* + | F.(6) |2 (10)

The calculated results, which are the best results at the present moment, for the p + “Ca
system in the energy region from 65 MeV to 300 MeV are plotted in Figs.1-6. The experimental
data [5,9] are also plotted in these figures. The parameters of optical potentials for the theoretical

1

Ay(0)

Q(0)
L =]

FIGURE 5 Same as Fig.3, except T, = 1817 MeV.
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FIGURE 6 Same as Fig.3, except T, = 65 MeV. The dashed and dot-dashed

curves are results with parameter sets III and I, respectively.
calculation are tabulated in Table 1. In the case of T, = 65 MeV, the computation is performed in
the angular region from 0° to 180°.

4. ANALYSIS AND DISCUSSION

From these figures, one can see that in the cases of T, = 300, 700, and 181.3 MeV, very good
agreements between the calculated do/d, A,(6), and Q(6) and the experimental data in the
experimental angular region are obtained. Compared with the results obtained in the relativistic
impulse approximation, such as the results published by Hynes and Cleak et al. [5], and those
obtained by using the non-relativistic optical potential, our result looks better. At T, = 200 MeV,
it is very similar to that given by Wallace [6] at the Beijing International Symposium on Medium
Energy Physics. At lower energy, T, = 65 MeV, since the experimental data published by Sakagochi
et al. [9] recently span over a wide angular range, we give the result in the whole angular region. At
angles smaller than 90°, the differential cross section almost coincides with the experimental data.
At angles larger than 90°, the deviation of the theoretical do/d2 from the experimental data is not
too large and the calculated positions of peaks and dips of do/dQ} curves are quite close to the
experimental ones. The calculated analyzing power A,(6) and spin rotation function Q(6) coincide
with the experimental data at angles smaller than 30°, almost fit the experimental data at angles
smaller than 60°, but only give the general features for angles larger than 90°. This indicates that
the theory should be further improved. Ma et al. [10] studied this problem at the same energy by
using the relativistic optical potential derived from the ¢ and w meson fields. Their result is much
worse than ours. Their theoretical differential cross section has a large deviation at angles larger than
50° and differs by an order of magnitude at angles larger than 90°. In comparison, the deviation in
our case is within a factor of 2. The same situation holds for their calculated A,(6) and Q(8).
Moreover, in the non-relativistic optical potential model including the spin-orbit interaction term,
there are 12 adjustable parameters. By using this potential, one is still unable to explain the behavior
in the larger angle region. In order to generally describe the experimental data, one has to introduce
artificially an angular momentum / related potential, such as -V (-1) f(r.), where f(r,) is a
potential shape function. Thus, one has to employ, at least, three more adjustable parameters.
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FIGURE 7V (r) and V (r) of the elastic scattering of p + “Ca, the
solid and dashed curves represent the real and imaginary parts of
these potentials, I, II, III and IV denote the energies of the

proton are 300, 200, 200, 181.7, and 65 MeV, respectively.

It should be pointed out that although we have obtained a rather satisfactory S-V optical
potential, the spin dependent observable are still very sensitive to the change of the optical potential.
AtT, = 65 MeV, we give three sets of the calculated resultsin Table 1. From this table, one can see
that tiny changes on optical potentials cause large deviations on A,(6) and Q(f). Especially, in the
larger angular region, these deviations become even larger. This is very similar to Hynes’ [8] analysis
and his quantitative relation between the deviations and changes of the potential strengths, the
density distribution, etc.. This is helpful for deeper understanding the behavior of the nucleon in the
nucleus.

The calculated central potential and the real and imaginary parts of the spin-orbit potential at
several energies are plotted in Fig. 7. Together with the result [3] in higher energy region, one finds
that these potentials change smoothly with respect to the energy in the whole energy region (50 MeV
< T, < 1000 MeV). Wallace has pointed out that at energy above 500 MeV, the improved result is
very close to that obtained by using the relativistic impulse approximation in earlier days. These
indicate that the pseudovector T meson exchange model is necessary in the lower energy region.
Furthermore, at energies between 200 to 300 MeV, the attractive central potential becomes
repulsive. This relativistic result is similar to that obtained from earlier phase shift analysis. From
Table 1, one can clearly see that S(r) and V(r) are both strong but with opposite signs, consequently,
the central potential is weak and the spin interaction is very strong. It should be mentioned that in
Table 1, the parameters of the optical potential at energies above 181MeV are quite different from
those given by Kobos [5]. Since there were no experimental data of the spin rotation function for “°Ca
to compare with at that time, their parameters of the optical potential in different sets as well as their
results for spin observable are quite different.

From the above analyses, one can see that the generalized S-V Dirac optical potential in the
relativistic impulse approximation is a rather successful potential. At energies above 100 MeV, the
relativistic description is always better than the nonrelativistic one. At energies below 100 MeV, the
result is still satisfactory. It should be further mentioned that some other phenomena would affect
the nuclear scattering result. For instance, the Pauli blocking effect and the other nuclear matter
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correction become more important in the lower energy region. The impulse approximation is not a
good one in the lower energy and larger angular region.
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