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Effects of velocity-dependent and spin-orbit terms of the Skyrme interaction
on neutron elastic scattering observables
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Elastic scattering of a series of doubly closed-shell nuclei at low energy has been described in the framework of
optical potential model generated from the particle-vibration coupling approach on top of the collective excited
states obtained from the random-phase approximation. We focus on the effects of the spin-orbit and velocity-
dependent interaction on the angular distributions and analyzing powers by comparing these observables with
experimental data. It has been found that the contribution of the two-body velocity-dependent and two-body spin-
orbit terms are important to improve results for 16O, 40Ca, 48Ca, and 208Pb. The velocity-dependent interactions
strongly reduce the absorption on the surface while the spin-orbit interactions sightly increase the absorption in
the interior.
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I. INTRODUCTION

Microscopic optical potential model is expected to be a
reliable and predictable tool for nuclear reaction calculations
in the region of exotic nuclei [1,2]. To generate the micro-
scopic optical potential at low energy (E < 50 MeV) where
the specific nuclear structure effects become important, the
ab initio methods and nuclear structure models are promis-
ing approaches since they can link directly the underlying
nucleon-nucleon (NN) interaction to nucleon-nucleus (NA)
scattering observables. Although there has been impressive
progress over the past few years, the recent ab initio calcu-
lations (using the bare NN interaction) are still limited in
the light and medium regions [3–7]. Recently, the nuclear
many-body approaches [Hartree-Fock-Bogoliubov (HFB),
Hartree-Fock plus Bardeen–Cooper–Schrieffer (HF + BCS),
and (Quasiparticle) random phase approximation [(Q)RPA)]]
[8–15] based on self-consistent mean-field using the effective
phenomenological NN interaction (which breaks the explicit
link with the bare NN interaction) have proven their ability
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to describe globally a wide range of nuclear structure observ-
ables. This is a cornerstone for the so-called nuclear structure
models (NSM) could be used to build the microscopic optical
potential for nucleon elastic scattering by the light-, medium-,
and heavy-nuclei regions [16–23]. Let us show, for example,
the standard form of the widely used effective Skyrme inter-
action between two nucleons with space, spin, and isospin
variables ri, σi, and τi:

VSkyrme(r1, r2) = t0(1 + x0Pσ )δ(r) t0 term or central term

+ 1
2 t1(1 + x1Pσ )[k′2δ(r) + δ(r)k2] + t2(1 + x2Pσ )k′.δ(r)k

× t1, t2 term or velocity-dependent term

+ iW0(�σ1 + �σ2) · [k′ × δ(r)k] W0 term or spin-orbit term

+ 1
6 t3(1 + x3Pσ )ρα (R)δ(r) density-dependent term (1)

where r = r1 − r2, R = 1
2 (r1 + r2), k = 1

2i ( �∇1 − �∇2), k′ is
the Hermitian conjugate of k (acting on the left), Pσ = 1

2 (1 +
�σ1.�σ2) is the spin-exchange operator, and ρ is the total nu-
cleon density. The parameters t0, t1, t2, t3,W0, α, x0, x1, x2, x3

are obtained by fitting with experimental data [24,25].
So far, experimental data have been well reproduced with-

out ad hoc adjusted parameters on nucleon elastic scattering
[16] by 208Pb, neutron elastic scattering [18] by 16O, proton
inelastic scattering [17] by 24O, nucleon elastic scattering by
40Ca and 48Ca [19–21], and nucleon elastic scattering [22,23]
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FIG. 1. The calculated W (R, s = 0) for neutron elastic scattering by 16O, 40Ca, 48Ca, and 208Pb at different incident energies. The solid
(dashed) curve shows the calculation with (without) t1, t2 terms, respectively.

by 16O, 40Ca, 48Ca, and 208Pb in the framework of the NSM
(mostly with the Gogny and Skyrme interaction). However,
the main drawback of these models is that the precision is not
high compared with the phenomenological ones, especially
the intricate deviation with experimental data at backward
angles. Improvements can be done in three ways: first, in per-
forming the NSM models; second, in refitting new variants of
effective interaction which could simultaneously describe the
nuclear structure and nuclear reactions; and, third, building
a new generation of optical potential based on the combina-
tion of the phenomenological and microscopic approaches. In
all of these ways, the effects of each term of the effective
interaction on the scattering observables are very important.
For example, in our work, the calculation time increases by a
factor of 10 if the spin-orbit interaction is taken into account
in the particle-vibration coupling (PVC). Then, for the future

applications of NSM for heavy nuclei and/or systematic cal-
culations, we wonder whether the spin-orbit term could be
neglected in order to save the calculation time.

In the pioneering work of Ref. [16], the spin-orbit,
velocity-dependent, and spin-dependent terms have been
dropped in the residual interaction of the PVC. Later, the
two-body spin-dependent terms, the spin-orbit terms, and the
Coulomb term have been neglected in the continuum RPA as
well as in the continuum PVC calculations [18]. Also, due to
the difficulty in the treatment of the continuum, the velocity-
dependent terms have been approximately treated by the
Landau-Migdal approximation. To the best of our knowledge,
the only existing works of Refs. [26,27] have investigated the
role of velocity-dependent and spin-orbit terms but only for
nuclear structure quantities such as single-particle energies,
spectroscopic factors, and the effective mass. Therefore, the
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FIG. 2. Angular distributions of neutron elastic scattering by 16O, 40Ca, 48Ca, and 208Pb at different incident energies below 50 MeV. The
interaction SLy5 has been used. The solid (dashed) curve shows the calculation with (without) t1, t2 terms, respectively. The experimental data
points are taken from Ref. [33].

effects of self-consistency in using interactions on the nuclear
reactions observables has never been clarified in the available
literature.

As far as we know, there are two fully self-consistent cal-
culations by G. Blanchon et al. [21] (with Gogny interaction)
and T. V. Nhan Hao et al. [23] (with Skyrme interaction)
where the effective phenomenological interactions have been
fully and consistently used in the whole process. These calcu-
lations open the possibility to investigate the role of each term
of the effective interaction.

In this paper, we will systematically investigate the ef-
fects of the velocity-dependent and spin-orbit terms on the
imaginary part of the optical potential, angular distributions,
and analyzing power for neutron elastic scattering off light,

medium, and heavy doubly closed shell nuclei at incident
energies below 50 MeV.

II. FORMALISM

According to Refs. [22,23], the optical potential is

Vopt = VHF + ��(ω), (2)

where

��(ω) = �(ω) − 1
2�(2)(ω). (3)

In Eqs. (2) and (3), VHF is a static Skyrme-Hartree-Fock
mean field which is real, local, and energy independent. The
locality arises from the zero-range character of the effective
Skyrme interaction. This is one of the limits of using the
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FIG. 3. Same with Fig. 2 but for analyzing power.

effective Skyrme interaction since the nonlocality plays an
important role in describing this mean-field potential as in the
dispersive optical potential [28,29]. This potential provides a
major contribution to the real part of the optical potential. The
dynamical potential, ��, is nonlocal, complex, and energy
dependent. These properties arise from channel coupling as
shown in Ref. [30]. This potential gives the major contribution
to the imaginary part which is responsible for the absorption
of the optical potential. The real part of �� is small compared
with the VHF potential. The first-order �(ω) is the contribu-
tion from coupling to the phonon built from the particle-hole
correlations. To take into account the issue of the Pauli prin-
ciple correction, �(2)(ω) is the second-order potential (SOP)
generated from uncorrelated particle-hole contribution, and ω

is the nucleon incident energy. It is worthwhile to mention
that the optical potentials at the positive and negative energies
are naturally and consistently connected. Then it could be
useful to apply this potential to the (d,p) reaction models as
the dispersive optical potential [31].

Using the partial wave expansion with the imposed spheri-
cal symmetry, the (l, j) components of �(ω) are given by

�
(l j)
αβ (ω) ≡ 〈εα, l j||�(ω)||εβ, l j〉

= ĵ−1
α ĵ−1

β

( ∑
nL,A>F

〈α||V ||A, nL〉〈A, nL||V ||β〉
ω − εA − ωnL + iη

+
∑

nL,a<F

〈α||V ||a, nL〉〈a, nL||V ||β〉
ω − εa + ωnL − iη

)
, (4)

where α, β are generic single-particle states, a (A) de-
notes the hole (particle) single-particle states, ε j are the
single-particle energies, ωnL are the nth phonon energies with
multipolarity L, ĵ = (2 j + 1)1/2, and the symbol F denotes
the Fermi level. The parameter η = 1.5 is introduced to
perform the energy averaging on the potential ��(ω). The re-
duced matrix elements 〈i||V || j, nL〉 are the particle-vibration
couplings calculated as in Refs. [23,26,27]. The residual inter-
action V has been fully treated and consistently used. To get
the angular distributions and analyzing powers, we solve the
Schrödinger equation by using the standard DWBA98 code
[32] within the nonlocal, complex, and energy-dependent mi-
croscopic optical potential Vopt.

III. RESULTS AND DISCUSSION

We start by solving the radial HF equations in the co-
ordinate space with the radial mesh size is 0.1 fm and the
maximum value of the radial coordinate is set to be 15
fm. To describe the doubly closed-shell nuclei, the spherical
symmetry has been imposed. To calculate particle states at
positive energy, the continuum is discretized by imposing box
boundary conditions. The NN effective phenomenological in-
teraction SLy5 [25] has been used consistently in the whole
process: mean-field, RPA, and PVC calculations. The ground
states and various excited states are built on the HF solu-
tions obtained from the fully self-consistent RPA calculations
[14]. We select all the natural parity RPA excited states with
the multipolarity L from 0 to 5 whose energies are smaller
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FIG. 4. The calculated W (R, s = 0) for neutron elastic scattering by 16O, 40Ca, 48Ca, and 208Pb at different incident energies. The solid
(dashed) curve shows the calculation with (without) spin-orbit term, respectively.

than 50 MeV and fraction of the total isoscalar or isovector
strength are larger than 5% for the particle-vibration coupling
calculations. The unnatural parity states have been dropped in
the recent calculation. That is why, in this paper, we cannot
investigate the effects of the spin-dependent terms. Note that
all of these parameters are fixed for all calculated nuclei at all
corresponding energies.

First, we perform two different calculations with and with-
out t1, t2 terms in the residual interaction of PVC. To see the
effects of these terms on the imaginary part of the optical po-
tential, we plot the shape of diagonal contributions W (R, s =
0), where W (R, s) = ∑

l j
2 j+1

4π
Im��l j (r, r′, ω), where R =

1
2 (r + r′) corresponds to the radius and shape of Im��, and
s = r − r′ shows its nonlocality. Figure 1 shows the calcula-
tions of W (R, s = 0) with and without t1, t2 terms for neutron
elastic scattering by 16O, 40Ca, 48Ca, and 208Pb at different

incident energies. It is of interest to see that, for all nuclei, the
calculation with t1, t2 terms strongly reduce the absorption on
the surface. The same effects appear in the interior region but
they are much smaller. This reduction is due to the fact that the
velocity-dependent part of the Skyrme force tends to reduce
the coupling strength to phonons confirmed by Ref. [26]. As
is well known, the velocity-dependent terms simulate some-
how the finite range of Skyrme interaction in the PVC [16].
Therefore, the finite-range effects neglected in Ref. [16] (or
only approximated by the Laudau-Migdal approximation in
Ref. [18]) play an important role in describing the imaginary
part of the optical potential, especially on the surface. To see
clearly the role of t1, t2 terms, in Figs. 2 and 3, we systemati-
cally calculate the angular distributions and analyzing power
for neutron elastic scattering by 16O, 40Ca, 48Ca, and 208Pb at
different incident energies. The obtained results show that the
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FIG. 5. Angular distributions of neutron elastic scattering by 16O, 40Ca, 48Ca, and 208Pb at different incident energies below 50 MeV. The
interaction SLy5 has been used. The dotted dashed (solid) curve shows the calculation with (without) spin-orbit terms, respectively. The dashed
line shows the calculation without spin-orbit term in both RPA and PVC. The experimental data points are taken from Ref. [33].

inclusion of t1, t2 terms strongly improves the agreement of
angular distributions with experimental data. The t1, t2 terms
do not give a systematic effect for the analyzing powers. For
example, the inclusion of these terms gives a better results for
48Ca at 7.97 MeV, whereas it is worse for 208Pb at 10.0 MeV.

Figure 4 shows the calculations of W (R, s = 0) with and
without spin-orbit terms for neutron elastic scattering by
16O, 40Ca, 48Ca, and 208Pb at different incident energies. The
obtained results show that the absorption strongly increases
in the interior and sightly increases on the surface when
the spin-orbit term is taken into account. It means that the
spin-orbit part of the Skyrme interaction tends to increase
the coupling strength to phonons. At the same energies and
nuclei, the obtained results indicate that the effects of the
velocity-dependent terms on the absorption part of the optical

potential are much stronger than ones of the spin-orbit terms.
Figures 5 and 6 show the angular distributions and analyzing
power for neutron elastic scattering by 16O, 40Ca, 48Ca, and
208Pb at different incident energies for there cases: with spin-
orbit term in both PVC and RPA, with spin-orbit term in RPA
but not in PVC, and without spin-orbit term in both PVC
and RPA. For almost cases, the calculation with spin-orbit
terms in both RPA and PVC gives the best angular distribu-
tions and analyzing powers compared with experimental data.
Also, the inclusion of the spin-orbit term in RPA improves
the agreement with experimental data. The obtained angular
distributions and analyzing powers show that the effects of
spin-orbit term is small in the heavy system but not negligible.
Therefore, the spin-orbit term is needed even the calculation
is very time-consuming.
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FIG. 6. Same with Fig. 5 but for analyzing power.

This work is a further step forward to develop a new
generation of optical potential for the unstable nuclei region
where the experimental data of the neutron elastic scattering
are scarce. The obtained information will be useful to build the
framework for new potentials. We propose in the near future
to investigate the sensitivity of the elastic scattering observ-
ables on each parameters of the effective Skyrme interactions.
Together with the obtained results in this paper, we will get
enough information in the stable region before building the
optical potential in the exotic nuclei region.
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