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Abstract

We test an applicability of Dirac optical model for
neutron elastic scattering at low energies. Real parts of
scalar and vector potentials are constrained by a
relativistic mean field approach to nuclear structure. We
find that by this way we are able to produce a good
agreement with experimental data.

1. Introduction

In recent years there has been growing interest in using
relativistic approaches in nuclear structure calculations
and scattering of nucleons on nuclei. Relativistic quantum
field theoretical approaches have been reviewed recently by
Celenza and Shakin [13 and Serot and Walecka [23. The
success of the RIA at intermediate energy proton scattering
is now well documented [33. Nuclear optical model studies
using the Dirac equation containing large canceling Lorentz
scalar and Lorentz four-vector potentials have shown its
superiority to the standard Schrodinger equation based
phenomenology £4] at higher energies.

Contrary to these previous studies, in this work we
present the results of an analysis of neutron-nucleus
elastic scattering at low energies. The aim is to test some
aspects of relativistic approach at this energy region. In
particular, we constrain the real parts of the optical
potentials by relativistic mean field calculations. To be
consistent with conventional studies and to facilitate the
comparison with nonrelativistic analyses we transform the
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Dirac equation to the Schro'dinger-like one with effective
central and spin-orbit potentials. The real parts of these
potentials are constructed using the aforementioned
relativistic fields. The imaginary part of the central
potential is then taken to be of conventional surface plus
volume terms. The imaginary spin-orbit potential is ignored.

The analysis presented here is made on some spin-zero
nuclei at energy region 8-40 MeV. We test the usefulness of
the Dirac approach and seek for a possible energy dependence
of the potential parameters.

In the next section we describe essentials of the
relativistic mean field approach to nuclear structure.
Section 3 is devoted to the Dirac optical model and its
transformation to the Schrodmger picture. In Sec. 4 we
present the results of our analysis and Section 5 gives
conclusions of this work.

2. Relativistic Mean Field Approach

We start with the Lagrangian density of the QHD-II
theory with scalar selfinteractions [2] which reads

LCy.ff,(o.

This includes the baryon field CyO, neutral scalar and
vector meson fields (a,w) and the charged isovector meson
field Cp) in a renormalizable field theory.

Exact solutions of the field equations given by the
Lagrangian density (1) are very complicated. Instead the
corresponding Euler-Lagrange equations are usually solved by
replacing the meson fields by their mean values Cthe so
called relativistic mean field approach - RMFA).

We restrict ourselves to the spin-zero closed shell
nuclei which possess the spherical symmetry. This symmetry
greatly simplifies calculations. As a result we obtain the
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coupled set of nonlinear differential equations which have
to be solved iteratively up to the selfconsistency is
reached. The details of this procedure may be found in ref.
[23. In particular, the baryon field y is given as a product
of single-particle spinors jf/a (a labels all relevant quantum
numbers) which obey the Dirac equations

f-i«V + pCM-SCr)) + VC r ) ] ^ = Ea\pa C2)

where the scalar potential is simply

C3)

while the vector potential has more complicated structure

VCr)=gC0uCr)+l/2.T3gppCr) C4)

The cr(r), coCr) and pCr) are the scalar cr-meson field, the
time-like component of the vector oo-meson field and the
time-like part of uncharged component of the
isovector-vector p-meson field, respectively. These fields
obey the second order radial Klein-Gordon equations with an
appropriate density as a source term.

At the end of the iterative selfconsistent procedure we
obtain:
- single-particle Dirac wave functions,
- single-particle spectra,
- proton and neutron baryon and scalar densities,
- mean meson fields, etc.

These quantities may be then used in other computations
which need nuclear structure information.

The Lagrangian C D has to be considered as an effective
Lagrangian and the meson masses and theirs couplings are to
be understood as effective parameters of the theory. Now
there are several parameter sets (see ref. [S3 for review
some of them) which are suitable for the RMFA calculations.
In the course of this work we use the RMFA parameters of
ref.163 which have been obtained by fitting the charge

POP
density distribution of LUOPb and have been approved also
for other closed-shell nuclei.
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3. Relativistic Optical Model

3.1 Dirac equation and its transformation

In most relativistic studies of nucleon scattering the
Dirac equation containing large Lorentz scalar,SCr), and
time-like component of Lorentz four-vector potential, VCr),
is used [73. These potentials are usually static, local and
spherically symmetric.

The Dirac equation for nucleon scattering may be written
as

f«.p + (3iH + SCr)] - [E - VCrDljy = 0 C5)

This remembers the eq. Ca) of RMFA. Now, however, the optical
potentials S and V are complex quantities.

Often it is customary to eliminate the small components
of the Dirac spinor in eq.(5). One then obtains, without
loss of physical insights, the Schrodinger equation with
central and spin-orbit potentials. This procedure gives [73

'ar(r2rzA(r3'ar(r "^]j (6)

and

where
ACr)= [M +SCr) + E - V(r)]/CE + M) C8)

As one can see the explicit nonlinearities and energy
dependencies of the Schrodinger optical potentials IL__ and
U s o do occur in this approach, even if the scalar and vector
Dirac potentials S and V are energy independent. In
addition, the spin-orbit potential of the conventional model
arises naturally from reduction of the Dirac equation to
2-component Schrodinger form.
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3.2 Construction of real parts of Dirac potentials by using
RKFA fields

To utilize the results of the Sec. 2 we assume that the
relativistic scalar and vector potentials are given by the
bound-state relativistic mean meson fields. However, since
the nucleon finite-size effects are neglected in the RKFA,
the potentials really entering into the Dirac equation are
determined by folding over a suitable single-nucleon form
factor F(r). One may write

SRCr)= Jdr'.g^iO.FCIr-r'P C9)

for the real part of scalar potential, and

VRCr)= Jdr' (gw«Cr) + l/2.T3gppCr)].FC |r-r' |) CIO)

for the real part of vector potential.
The discussion of possible forms of the nucleon form

factor F is beyond the scope of this work. The detailed form
of FCr) is, however, not very important, as long as the
nucleon rms radius is approximated. Now it is almost
commonly accepted that the nucleon rms radius Cprecisely,
the baryon rms radius of the nucleon) should be smaller than
the typical electromagnetic rms radius of the proton which
is 0.85 fm.

In this work we have used the nucleon form factor of a
Gaussian form

F(r) = -137273 e xP[~ r 2 / t 2] C11)

with a range t=0.56 fm. This corresponds to the nucleon rms
radius of 0.69 fm. This range parameter has been obtained by
fitting the neutron elastic scattering on the Ca nucleus
at 19 MeV and has been used also for other nuclei and
energies.
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4. Analysis of Experimental Data

The aim of this work is to test the Dirac approach to
the low-energy neutron-nucleus elastic scattering and the
usefulness of the RMFA constraints on the real parts of the
Dirac optical potentials.

To facilitate the comparison with previous
nonrelativistic studies we have transformed the Dirac
equation (5) to the Schrodinger form. The real central and
spin-orbit potentials have been obtained by eqs. (6) and (7)
using the folded RMFA scalar and vector potentials. These
were scaled by factors Xs and \y, respectively, to account
for a possible energy dependence.

The effective Schrodinger central imaginary potential
has been taken as a sum of conventional volume ancj surface
terms

UjCr) = (Wv - 4aIWD^j:].f(rI,aI) , C12)

where the symbols have their usual meaning. The form factor
f(r,a) is of the Woods-Saxon type.

The model thus contains a total of six free parameters
which were varied to obtain fits to experimental neutron
elastic scattering data for each energy and each target.

We considered 40Ca, 54Fe and 208Pb targets at energies
from 8 to 40 MeV.

The final values of parameters are listed in Tabs. 1-3.
In Figs. 1-3 we show some representative results of neutron
elastic scattering on the nuclei considered. As we see the
acceptable fits to the data for all nuclei have been found.
The quality of fits as measured by * /N is comparable with
results obtained by the conventional Schrodinger
phenomenology. This indicate that the procedure used for the
construction of the real parts of Dirac optical potentials
is reasonable.

Our primary concern in the present paper is the
behaviour of the scaling factors A.s and Xy. We left out,
therefore, the discussion of the imaginary optical potential
parameters. In Fig. 4 we show the unsealed real parts of
vector and scalar potentials for the Ca nucleus as
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TABLE 1: Optical model parameters for cuoPb + n

CMeV)

7.75
20.0
22.0
24.0
30.3

40.0

0.673

0.761

0.723

0.777

0.708

0.694

0.626

0.719
0.677

0.738

0.663

0.649

-wv
(MeV)

0.00

1.18
1.30

2.04

4.28

8.50

(MeV)

7.02

8.47
8.34

7.60

6.39

2.38

rI
Cfm)

1.249
1.185
1.246

1.243

1.227
1.274

aI
Cfm)

0.440
0.456
0.476

0.441

0.475

0.470

15.0
11.9
12.2

29.1

7.6

16.6

Exp. data
[Ref]

[9]
[ 10]
[10]
[103

[11]

[11]

TABLE 2: Optical model parameters for Ca + n

En
CMeV)

9.91
11.91
13.91
19.0
21.7
25.5
30.3

40.0

0.725

0.691

0.716
0.673

0.719
0.702
0.702

0.693

0.673

0.632

0.655

0.629

0.669
0.653
0.651

0.663

WV
CMeV)

0.00

0.00

0.00

0.00

0.00

0.52
0.35

2.76

CMeV)

10.51

5.88

9.56

10.30

8.47

9.61
8.29

4.71

rI
Cfm)

0.827
1.151
1.282
1.106
1.187

1.161
1.198
1.256

aI
Cfm)

0.449

0.560

0.408

0.488

0.566

0.526

0.552

0.543

*2/N

1.70
0.85
0.78
5.77
8.63

4.66
2.85
11.6

Exp. data
[Ref]

[12]

[12]

[12]

[13]

[13]

[13]

[14]

[14]

54,TABLE 3: Optical model parameters for Fe + n

En
CMeV)

W WV WD r I a I
CMeV) CMeV) Cfm) Cfm)

Exp. data

[Ref]

7.96 0.704 0.657 0.60 13.20 1.021

13.92 0.711 0.667 2.52 6.38 1.209

20.0 0.687 0.640 2.22 7.20 1.249

26.0 0.706 0.664 1.13 8.35 1.132

0.386 6.62 [15]

0.552 4.18 [15]

0.495 9.20 [16]

0.547 10.30 [16]
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obtained by folding the RMFA fields with the Gaussian form
factors. The results for other nuclei are similar. The
dependence of the scaling factors for the scalar and vector
potentials on energy are shown in Fig.5 and Fig. 6,
respectively. We see that these scaling factors show no
significant energy dependence. In addition, they seem to be
the same also for all three nuclei involved in our analysis.
These are very encouraging results. This is an indication
that one may construct by this way the reliable global
optical potential parameter set (at least for real
potentials). The procedure used also provides the link
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Fig. 7: The effective real central potential Csol id line)
compared to the phenomenological one (dashed line) for Ca.
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Fig. 8: As in Fig. 7 for the spin-orbit potential.

between the nuclear structure RMFA calculations and the
Dirac CSchrodinger) optical model phenomenology.

The average values of the scaling factors Xs and Xy are
0.709 and 0.663, respectively. Thus the strengths of the
real scalar and vector potentials to be used in the
relativistic scattering calculations are damped by about 30%
in comparison with the strengths used in the RMFA. These
findings agree well with the results of S. Hama et al.[83,
where a similar approach has been used to study the proton
elastic scattering at intermediate energies. This damping
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may be probably resolved by simultaneous fitting of both the
ground-state and scattering problems together.

At the end of this section we compare the effective real
central and spin-orbit potentials as obtained by the eqs. (6)
and (7) with the phenomenological terms obtained by the
conventional optical model analysis. This is done in Figs. 7
and 8 for the case of 40Ca at 19 MeV. We see that the
effective potentials correctly reproduce the
phenomenological terms both in character as well as in
absolute values.

5. Summary

We have shown that Dirac optical model potentials, real
parts of which are constrained by the relativistic mean
field calculations, may be used for reliable description of
neutron elastic scattering also at low energies. The model
has been tested on Ca, Fe and ^uoPb spin-zero nuclei.
The results indicate that scaling factors for real parts of
Dirac potentials are essentially energy independent. This
opens the possibility to construct a reliable global
parameterization of Dirac optical potentials.
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