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Abstract An optical model analysis of the available data
for A = 8 (8He, 8Li and 8B) projectiles on different targets
with light, medium and heavy mass has been performed. A
systematic potential set based on a Woods–Saxon Poten-
tial shape was obtained. This potential describes the elas-
tic scattering angular distributions quite well. A more phys-
ical model within the framework of a semi-microscopic
approach, where the nuclear matter density distributions of
the 8B, 8Li and 8He projectiles have been calculated by using
a microscopic self-consistent relativistic mean field (RMF)
theory, was also considered. The agreement of the calcu-
lated angular distributions with the data was reasonable. An
improvement of the agreement could be achieved by chang-
ing the imaginary diffuseness parameter, which is a sensitive
parameter in these calculations.

1 Introduction

With the advent of facilities to produce light radioactive
beams, investigation of the interactions and structure of
exotic nuclei have been studied extensively [1]. These inves-
tigations have revealed that some weakly-bound unstable
nuclei, called exotic nuclei, exhibit characteristic features,
such as a halo or Borromean structures, as well as a soft dipole
excitation mode. An extensive review of the investigation of
halo nuclei can be found in Ref. [2], where a discussion of
experimental methods used to determine the exotic nature
of some of these nuclei is presented. The concept defining a
halo nucleus is the combination of a long tail in the density
distribution and a certain degree of decoupling between the
core and valence nucleons. Halos have been observed either
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in the form of one-nucleon halos, as in 8B and 11B, or two-
nucleon halos, as in 6He and 11Li, which, in the latter cases,
may form a Borromean structure. For a Borromean halo, the
spatial correlation between two-halo neutrons is an important
issue. In this sense, the radius and the matter distribution play
important roles in the structure of these nuclei. Apart from
specific structure effects, the shape of the nuclear density for
stable nuclides is nearly a Fermi distribution, with the dif-
fuseness approximately constant and a radius given roughly
by R = r0 × A1/3, where A is the number of nucleons in
the nucleus and r0 ≈ 1.3 fm. However, the situation changes
for light weakly-bound and exotic nuclei where clustering
phenomena are quite important.

In this work, we consider the A = 8 projectiles (8He, 8Li
and 8B), which are a quite interesting special case. They are
all radioactive, since there is no stable nucleus with mass A =
8, and weakly-bound. The 8He projectile, with a 2n separa-
tion energy of S2n = 2.140 MeV and J = 0+, is the the most
neutron-rich particle-stable nucleus known, with N/Z = 3.
Several experiments based on its interaction cross section and
proton scattering in inverse kinematics have been performed
to investigate the structure of 8He. An extensive review of
these experiments has been performed by Lapoux and Ala-
manos in Ref. [3]. The conclusion of this review, combined
with the conclusion from the interaction cross section mea-
surements of Ref. [4], is that 8He is more like a 4n skin
nucleus with a 4He core rather than a 6He+2n configuration.
However, as the remaining 7He nucleus is unbound when
one neutron is removed, it can also be considered to have a
Borromean structure. Elastic scattering for 8He on 208Pb has
been measured at an energy close to the Coulomb barrier [5].
An analysis in terms of a coupled reaction channel (CRC)
model with a Dipole Polarization Potential indicates that the
absorption due to single-neutron stripping takes place at large
radii [6]. On the other side of the isotopic chain, one has the
8B nucleus. It is a proton-rich nucleus with Jπ = 2+ and with
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the lowest proton binding energy known for a bound nucleus,
with Sp = 0.138 MeV, for the 7Be+p decay. This nucleus has
been found to have a proton halo configuration and the recent
intermediate energy proton elastic scattering measurement,
in inverse kinematics, performed for 8B, is the most striking
evidence in favor of the proton halo configuration [7]. The
8Li nucleus is the mirror of 8B, also with Jπ = 2+ and with
a neutron binding energy of Sn = 2.032 MeV, for the 7Li+n
decay. In terms of its configuration, the 8Li nucleus closely
resembles the other lithium isotopes [8]. Its binding energy
is not so small (Sn = 2.032 MeV), it is not a very neutron-rich
nucleus (N/Z = 1.7), and it has no anomalous structure.

In terms of experiments, an effort has been made by sev-
eral laboratories to improve the intensity of their radioactive
ion beams. We can thus expect high precision measurements
of reaction channels induced by radioactive beams such as
8B, 8Li and 8He in the near future. These measurement will
be very welcome and they will permit the investigation of
finer details, such as deformation and core excitation in the
transfer, breakup and fusion channels. To help in this further
analysis, it will be important to establish a good global opti-
cal potential for the radioactive nuclei. In the present work
we report on a phenomenological analysis of available elastic
scattering data with A = 8 projectile. To this end we investi-
gated the possibility of establishing a global potential set to
describe elastic scattering for the 8B, 8Li and 8He projectiles
from light to heavy target nuclei at low energies.

Although a well understood process, elastic scattering still
attracts considerable interest due to its role in the investiga-
tion of the exotic features of halo nuclei, such as 6He, 8B, 11Li
and 11Be [1,9]. At low energy, cross sections for the elastic
process are quite large and the process is quite appropriate to
be used in association with radioactive ion beams, where the
beam intensities are limited. The unusual features of exotic
nuclei, such as a strong cluster configuration, small binding
energy and a large interaction cross section, are expected to
manifest themselves in the elastic scattering angular distri-
butions. For neutron-rich nuclei such as 11Be and 11Li, the
coupling effect is quite strong due to the Coulomb dipole
polarizability for 11Li [10,11] and the nuclear potential for
11Be [12,13]. The coupling effect due to the Coulomb dipole
is observed in the angular distribution of the elastic scatter-
ing in the damping of the Fresnel peak (nuclear-Coulomb
interference peak). For proton-rich 8B, on other hand, the
dipole polarizability is suppressed (due to confinement of
the valence proton inside its Coulomb and centrifugal barrier)
and the effect of the absorption in the angular distribution is
expected to be smaller [14,15] Analysis of elastic scattering
angular distributions measured at energies near the Coulomb
barrier can thus provide valuable information on both the
static and dynamical effects of weakly-bound nuclei.

The phenomenological approach, in which the interac-
tion between the colliding nuclei is represented by a com-

plex optical-model potential, is a very reliable and practical
method to analyze elastic scattering data. In this approach,
the intrinsic properties of the collision partners are not explic-
itly taken into account. On the other hand, the description of
the cross sections for elastic scattering is very sensitive to
the interaction potential between the projectile and the tar-
get nuclei and, thus, to the structure of the nuclei involved
in the collision. In the end, the strong synergy between the
configuration of the projectile and dynamics of the process
involved in reactions induced by exotic and weakly bound
(stable and radioactive) nuclei makes elastic scattering a pow-
erful tool for investigating the effect of cluster configurations
of weakly-bound and exotic nuclei. For nuclei with a halo
structure and low binding energy, the breakup and transfer
reactions may strongly compete with the elastic scattering
process. Due to the low binding energy, the cluster configu-
rations in these weakly bound nuclei can produce strong cou-
plings to the continuum, introducing a characteristic dynamic
polarization (attractive or repulsive) in the optical poten-
tial.

Global and systematic potentials have been developed and
are quite helpful in the analysis of elastic and reaction data.
Several old and new generations of such potentials have
been extensively used over the past years [16–23] in elas-
tic and reaction data analyses. Most of these global optical
potentials were developed for light particles and assume that
the depths, radii and diffuseness parameters of the optical
potentials have a simple dependence on the incident energy
and mass of the target. Few of these potentials embrace a
wide range of projectiles. The reason is exactly the differ-
ence in the cluster configurations of the several projectiles,
which can introduce different effects in the elastic scatter-
ing due to the reaction dynamics, such as strong collec-
tive excitation, breakup, and transfer reactions. Also, in the
elastic scattering analysis with an optical model, the partial
waves are mostly sensitive to the tail region of the potential,
and, thus, we can expect that several sets of parameters that
maintain a similar potential shape in the tail region would
give equivalent fits to the data [24]. However, by consider-
ing a wide range of masses for the projectile and/or target,
global or systematic potentials may reduce these ambigui-
ties in the optical model potential. In this present work we
perform optical model calculations with the aim of obtain-
ing a general and systematic potential set for A = 8 projec-
tile.

The organization of this paper is as follows. In Sect. 2,
the method and formalism used in the present work are
described in detail. A new set of A = 8 OMP parameters
is presented and comparison with the experimental data is
exhibited. In Sect. 3, the results of the double-folding analy-
sis with calculated densities are presented. Finally, we present
a summary of the results and the conclusions of the study in
Sect. 4.
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Table 1 Systems considered in the present work and their correspond-
ing references. The cross sections were extracted from the EXFOR
database [26]. Those indicated by asterisks were obtained directly from
the author of the corresponding work

System ELab (MeV) References

8B+12C 25.8 Barioni-11 [27]
8B+27Al (*) 15.3, 21.7 Morcelle-17 [28]
8B+58Ni 20.7, 23.4, 25.3, Aguilera-09 [29]

27.2, 29.3
8B+208Pb (*) 50.0 Mazzocco-19 [30]
8B+208Pb 178.0 Yang-18 [31]
8He+208Pb 16.0, 22.0 Duran-18 [5]
8Li+12C 14.0 Becchetti-93 [32]
8Li+12C 23.9 Barioni-09 [33]
8Li+58Ni 19.6 Becchetti-93 [32]
8Li+58Ni (*) 26.1 Santos-19 [34]
8Li+90Zr 18.5, 21.5 Pakou-15 [35]
8Li+208Pb 25.3, 29.0, 30.0, 34.4 Kolata-02 [36]
8Li+209Bi 38.2, 39.9, 40.9 Cook-18 [37]

2 Optical model analysis

In this paper we perform optical model calculations with
the aim of obtaining a systematic potential set for A = 8
projectiles. For this purpose, we analyze several experimental
elastic scattering angular distributions (ratio to Rutherford)
for 8B, 8Li and 8He on different targets, as listed in Table 1.

The total effective potential in the optical model consists
of the Coulomb, centrifugal, and nuclear potentials:

Vtotal(r) = VNuclear (r) + VCoulomb(r) + VCentr (r), (1)

where, the Coulomb and centrifugal potentials are well
known. The Coulomb potential [38] due to a charge ZPe
interacting with a charge ZT e distributed uniformly over a
sphere of radius Rc is given by:

VCoulomb(r) = 1

4πε0

ZP ZT e2

r
, r ≥ RC

= 1

4πε0

ZP ZT e2

r

(
3 − r2

R2
C

)
, r < RC (2)

where RC is the Coulomb radius, taken as r0C×(A1/3
P +A1/3

T )

fm, with r0C = 1.24, in our calculations, and ZP and ZT the
charges of the projectile (target) P(T) nuclei, respectively.

The centrifugal potential is given by:

VCentr (r) = h̄2l(l + 1)

2μr2 (3)

where μ is the reduced mass of the colliding pair.

2.1 OM with Woods–Saxon potentials

For the real and imaginary parts of the complex Vnuclear (r)
potential, we first considered a Woods–Saxon form as shown
in Eq. 4 below.

VN (R) = V0

1 + exp(R − RV )/aV ]
+ i

W0

1 + exp[(R − RW )/aW ] , (4)

where RV,W = rV,W (A1/3
P + A1/3

T ), AP and AT are the mass
numbers of the projectile and target nuclei.

This complex Woods–Saxon potential has six parameters
to be adjusted. After checking the parameters used in the orig-
inal publication of each data set listed in Table 1, we decided
to consider the depth for the real and imaginary potentials,
V0 = 250 MeV and W0 = 10 MeV, respectively, as well as the
diffuseness parameters, aV = aW = 1.0 fm as fixed param-
eters and to search for the best radius parameters. The best
values obtained for the reduced radii were rv = 0.75 fm and
rW = 1.25 fm. A fine tuning of the diffuseness parameters
was then performed by searching for the values that would
give the minimum chi-square for each energy data set. The
final values obtained for all the systems are listed in Table 2.
It is important to mention that our analysis shows a stronger
sensitivity to the diffuseness parameter (real and imaginary)
than to the radius parameters, which was the reason these
parameters were chosen for the fine tuning.

The result of this Woods–Saxon optical potential analysis
is shown by the solid black lines in Fig. 1 for the 8B+12C
and 8B+27Al systems, in Fig. 2 for the 8B+58Ni system, in
Fig. 3 for the 8B+208Pb and 8He+208Pb systems, in Fig. 4 for
the 8Li+12C system, in Fig. 5 for the 8Li+58Ni and 8Li+90Ar
systems and in Fig. 6 for the 8Li+208Pb and 8Li+209Bi sys-
tems. As observed in the figures, this systematic potential
describes all of the data sets quite well. Also, as seen from
the table, the diffuseness parameter of the real part varies
from 0.5 to 1.0 fm, while the diffuseness parameter of the
imaginary part varies from 0.75 to 1.40 fm. The larger val-
ues for the imaginary diffuseness parameter, obtained for all
A = 8 projectiles on the 208Pb target, might be an indica-
tion of the importance of the absorption due to the coupling
to direct reactions such as breakup and/or transfer. It is also
important to mention that due to the lack of data spanning a
broader range of energy, it was not possible to establish an
energy dependence for the parameters, as for instance, that
obtained for the 9Be projectile in Ref. [23].

The need to change the diffuseness parameter to improve
the agreement between the calculation and the data might
also be an indication that the density distributions for these
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Table 2 Systems considered in the present analysis extracted from
EXFOR [26]. The Woods–Saxon potential parameters are: V = 250
MeV, W = 10 MeV, rV = 0.75 fm, rW = 1.25 fm

System Energies aV aW
ELab (MeV)

8B+12C 25.8 0.75 1.00
8B+27Al 15.3 0.75 1.00

21.7 0.95 0.90
8B+58Ni 20.7 0.60 1.05

23.4 0.60 1.05

25.3 0.55 1.01

27.2 0.60 1.10

29.2 0.60 1.00
8B+208Pb 50.0 0.80 1.25

178.0 1.00 1.25
8He+208Pb 16.0 0.80 1.35

22.0 0.80 1.40
8Li+12C 14.0 0.60 1.00

23.9 0.50 1.00
8Li+58Ni 19.6 0.9 0.9

26.1 0.65 0.75
8Li+90Zr 18.5 1.05 0.80

21.5 1.00 0.80
8Li+208Pb 25.3 1.1 1.30

29.0 1.0 1.20

30.0 0.75 1.25

34.4 0.75 1.30
8Li+209Bi 38.2 1.0 0.95

39.9 1.0 0.95

40.9 1.0 0.90

projectiles might play an important role in the elastic scat-
tering.

2.2 OM with phenomenological potential

To perform an optical model analysis on the available data
with a more physical model, we have also considered the
framework of the semi-microscopic approach. In this model
the real part of the complex optical potential is given by a dou-
ble folding potential, while the imaginary part is a Woods–
Saxon shaped potential with the parameters W0 = 10 MeV,
aW = 1.0 fm and rW = 1.25 fm. This imaginary potential is the
same as the one used in the previous analysis. The complex
nuclear potential in this model is then given by:

VN (R) = NR VDF (R) + i
W0

1 + exp [(R − RW )/aW ]
, (5)
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Fig. 1 Elastic scattering angular distributions for the 8B+12C [27] and
8B+27Al [28] systems. The black solid line is the result with the Woods–
Saxon potential and the blue dashed line is the result of the phenomeno-
logical potential described in the text

where VDF (R) is the double folding potential, which is eval-
uated by folding the nuclear matter distributions with the
effective nucleon-nucleon interaction (νnn):

VDF (R) =
∫

dr1

∫
dr2 ρp(r1) ρt (r2) νNN (r12), (6)

where ρP (r1) and ρT (r2) are the nuclear matter densities of
the projectile and target nuclei, r12 = R − r1 + r2 and NR

is the normalization factor.
The nuclear matter density distributions for the 8B, 8Li

and 8He projectiles have been calculated by using a micro-
scopic self-consistent relativistic mean field (RMF) model
with the DD-ME2 interaction [39,40]. The density distribu-
tion for each of these projectiles is shown in Fig. 7. As can be
observed in the figure, the density for the neutron-rich iso-
bar, 8He, is the one with the largest spacial extension. This
is actually compatible with the large values of the imagi-
nary diffuseness parameter obtained for 8He in the previous
Woods–Saxon potential analysis. The density distributions
for the targets, 27Al, 58Ni, 90Zr, 208Pb and 200Bi, were taken
from Hartree–Fock–Bogolubov (HFB) calculations based on
the BSk2 Skyrme force [41].

The matter density distribution for 12C has been assumed
to be a two-parameter Fermi function:

ρT (r1) = ρ0

1 + exp( r1−a
c )

, (7)

where the parameters ρ0, a and c have been chosen to repro-
duce the rms matter radius of 12C [42].
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Fig. 3 Elastic scattering angular distributions for the 8B+208Pb [30,31]
and 8He+208Pb [5] systems. The double-dot dashed line corresponds to
the CDCC calculation for the 8B+208Pb system extracted from Ref. [30]

We have chosen the realistic Michigan-three-range-Yukawa
(M3Y ) effective nucleon–nucleon interaction [43]:

νNN (r) = 7999
e−4r

4r
− 2134

e−2.5r

2.5r
+ J00(E) δ(r), (8)
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Fig. 4 Elastic scattering angular distributions for the 8Li+12C system
at 14.0 MeV [32] and at 23.9 MeV [33]
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where J00(E) represents the exchange term, since nucleon
exchange is possible between projectile and target. J00(E)

has a linear energy-dependence and is expressed as

J00(E) = 276 [1 − 0.005 E/AP ] (MeV). (9)
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Using the above phenomenological potential model we
have calculated the elastic-scattering angular distributions for
the 8B, 8Li and 8He projectiles on several targets with low,
medium and heavy mass. The calculations with the present
potential model are compared to the experimental angular
distributions in Figs. 1, 2, 3, 4 5 and 6. The blue dashed lines in
the figures correspond to the calculation without any change
in the parameters. In general, the agreement between the cal-
culated cross sections and the elastic data can be considered
reasonably good. This can also be considered an important
achievement since the projectiles have completely different

configurations. Next we discuss with more details the results
for each projectile.

For 8B on the light targets, 12C and 27Al, the agreement
of the calculation, using the phenomenological potential, the
blue dashed line, with the elastic data is very good, see Fig. 1.
Actually, the agreement is better with the phenomenologi-
cal potential than with the systematic adjusted Woods-Saxon
potential (solid black line). For the 8B+58Ni system the agree-
ment with the phenomenological potential and the data is
poorer, as can be seen by the blue dashed line in Fig. 2. Since
the imaginary diffuseness parameter in the previous analysis
with Woods–Saxon potential was shown to be quite sensi-
tive in the calculation, we decided to change this parameter
slightly. The agreement of the calculation with the angular
distribution at incident energy ELab = 23.40 MeV improved
by changing aW from 1.0 to 0.8 fm. However, for the incident
energy ELab = 25.32 MeV, good agreement was achieved
only by changing the normalization of the real part (given
by a double-folding potential) from NR = 1.0 to NR = 0.2,
as shown by the green dot-dashed line in Fig. 2. The need
of a shallower potential to describe the data might be an
indication that a repulsive real surface polarization potential,
related to the effect of breakup on the elastic scattering, might
be important to describe the data.

For the 8B+208Pb system, shown in Fig. 3, the phenomeno-
logical potential describes the data quite well at higher inci-
dent energy (3 times the Coulomb Barrier), including the
Fresnel peak region. However, our phenomenological poten-
tial, given by the dashed blue line, could not describe the
data at energy close to the Coulomb barrier, where strong
absorption is evident. Improvement of the agreement can
be achieved simply by changing the imaginary diffuseness
parameter from aW = 1.0 fm to 1.25 fm. The strong absorp-
tion for this system has already been discussed in Ref. [30].
Although, breakup has been found to be quite strong at sub-
barrier energies, as reported in Ref. [44], the continuum
discretization coupled channel (CDCC) calculations, which
would take into account the influence of the elastic breakup
in the angular distribution, failed to reproduce these data.
This has been considered by the authors as due to the limi-
tation in the description of 8B as an inert core of 7Be plus a
valence proton particle. More data for 8B elastic scattering
and breakup on heavy targets at energies close to the Coulomb
barrier would be very welcome to better understand the rea-
son for the strong absorption.

For 8He projectile there is only one set of data measured
with the 208Pb target, at two incident energies close to the
Coulomb barrier (slightly above and slightly below). Our
phenomenological potential surprisingly describes the data
measured above the Coulomb barrier better than that below,
where we would expected less influence of the nuclear poten-
tial. It would be interesting to see if the phenomenologi-
cal potential can describe data obtained at higher energies.
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Again, improvement of the agreement with the low energy
data has been achieved by changing the imaginary diffuse-
ness parameter from aW = 1.0 fm to 1.25 fm, as shown by
the green dot-dashed line in Fig. 3.

The results for 8Li in the light 12C target are shown in
Fig. 4. Our phenomenological potential gives a reasonable
description of the data. Small improvement could be obtained
by changing the imaginary diffuseness parameter for the
lower energy data set and the normalization of the real part
for the higher energy data set, as indicated in the figure. Data
for 8Li on medium (58Ni and 90Zr) targets is present in Fig. 5.
As can be seen in the figures, our phenomenological poten-
tial could describe well the data for the 8Li+58Ni system at
19.6 MeV, where the data is more scattered, but it could not
describe the elastic data for the higher energy, 26.1 MeV.
For the 90Zr target, an improvement has been achieved by
changing the imaginary diffuseness parameter, as indicated
in the figure. However, for the 8Li+58Ni system at 26.1 MeV
the situation is quite complicated. Usually, folding poten-
tials tend to overestimate the experimental data at backward
angles. For this data set, the folding model underpredicts the
cross section at backward angles. We have tried to change
the imaginary diffuseness parameter as well as the normal-
ization of the real part of the optical potential. It seems that to
improve the agreement a shallower real potential is required.
The authors in Ref. [34] have considered the spin-orbit effect
to explain the data, since Jπ = 2+ for 8Li. Coupled-channel
analyses for the elastic scattering of 8Li have shown that
neutron transfer reactions are quite important to describe the
elastic scattering data [35,36]. Our optical potential model
could not reproduce this effect, indicating the necessity of
extra surface terms in the potential.

For the 208Pb target, our model overpredicts the cross sec-
tions at backward angles. Thus, increasing the diffuseness
parameter was enough to increase the absorption and improve
the description of the data, as can be seen in Fig. 6. However,
for the 58Ni and 209Bi targets, our model underpredicted the
cross sections at backward angles. Using a smaller value for
the diffuseness parameter decreases the absorption at back-
ward angles, improving the agreement with the data in this
angular region, but also produces less absorption at the Fres-
nel peak, as can be seen for the 209Bi target in Fig. 6. The
observed damping of the Fresnel peak in the data for the
8Li+209Bi is an indication of strong absorption at more for-
ward angles, possible due to a neutron transfer reaction as
observed in Ref. [35]. Using our phenomenological model
calculation as a benchmark, we can see that there is a target
effect in the elastic data for 8Li+208Pb and 8Li+209Bi sys-
tems. This might be an indication that coupling effects due
to transfer reactions might be stronger for the 209Bi target.

3 Summary

We present a set of potentials for A = 8 (8He, 8Li and 8B)
projectiles based on the traditional Woods–Saxon potential
shape and on a phenomenological potential, which consists
of a mixing of a double-folding potential for the real part
and a Woods–Saxon form for the imaginary part of the com-
plex potential. The parameters of the Woods–Saxon based
potential were obtained by performing a systematic analy-
sis on the data available for the 8B, 8Li and 8He projec-
tiles on several targets of light, medium and heavy mass.
This systematic potential was found to be sensitive to the
real and imaginary diffuseness parameters. This systematic
potential might be useful in further calculations of reactions
using these projectiles. We also developed a phenomenolog-
ical potential considering a real double-folding potential and
imaginary Woods–Saxon imaginary potential. The double-
folding potential consisted of the M3Y nucleon–nucleon
interaction folded with densities calculated using a micro-
scopic self-consistent relativistic mean field (RMF) theory.
Comparisons with the experimental data show that the cal-
culated angular distributions are in good agreement with the
existing experimental data. For some angular distributions, a
fine tuning on the imaginary diffuseness parameter was nec-
essary to better describe the data. However, for 8B+58Ni and
8Li+58Ni systems an extra modification to a shallower real
potential was also necessary to better describe the data. This
might be an indication of the importance of a repulsive real
surface polarization potential, possibly due to effect of direct
reactions (transfer and/or breakup) in the elastic scattering of
these systems. We should emphasize that these projectiles are
all radioactive and 8B and 8He are considered exotic nuclei.
The obtained phenomenological potential should thus also be
considered in further analyses of reactions induced by these
projectiles. The procedure applied here can be applied to
other halo-type nuclei and a similar analysis for the 10C, 10B
and 10Be projectiles is under development. The contribution
of Professor Hussein to scattering theory is quite extensive
[9,45–51]. With this work we intend to honor his memory
and legacy in the field.
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