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Abstract: The complex optical model has been widely used to describe the elastic scattering of the
nucleon-nucleus. The imaginary term of the optical potential takes into account the non-elastic
scattering processes. This term was taken to be a Woods-Saxon form factor or its derivative to
simulate the volume absorption or the absorption localized at the surface of the target, respectively.
In this study;, a fractional derivative of the Woods-Saxon potential with 0 < & < 1 was used, where
« = 0 and « = 1 give the volume and the surface absorption form factor, respectively.

Keywords: optical model; fractional calculus; differential cross section; phenomenological optical
potential

1. Introduction

In the center-of-mass frame, the Schrodinger equation simplifies the nucleon-nucleus
scattering problem to a particle scattered from a potential. This potential is considered
to be a complex one, with the real part describing elastic scattering processes and the
imaginary one taking into account the loss of flux from the incident beam owing to inelastic
collisions [1]. The shape of the potential reflects the type of nuclear interaction that a
nucleon experiences in the nucleus. On the other hand, the imaginary part of the optical
potential depicts the strength and position of the processes that exchange energy between
the incoming nucleon and the target nucleus. Furthermore, the absorption potential was
reported to be a mixture of volume and surface terms [2]. It was reported earlier that
the best fit to the experimental data could be obtained by using either surface or volume
absorption to obtain the differential cross section of elastic scattering of protons of >C and
160 [3-5]. On the other hand, in a global model of nucleon optical potential, it was found
that the surface absorption is dominant at low incident energies below 10 MeV; beyond that,
the volume absorption cannot be ignored. As the incident energy increases, the volume
absorption becomes more and more important, until it becomes the dominant term [6].

Fractional calculus is an extension of classical calculus that deals with integration
and differentiation operations of non-integer (fractional) orders. The notation of fractional
operators emerged almost concurrently with the creation of classical ones; the term “semi-
derivative” first appeared in a 1695 correspondence between 1'Hospital and Leibniz. Many
distinguished mathematicians have been interested in this subject since then [7,8]. As a
result, fractional calculus theory has advanced quickly, primarily as a basis for several
applied disciplines including fractional geometry, fractional dynamics, and others [9,10].
These days, the applications of fractional calculus are broad, so much so that it is acceptable
to say that the majority of processes in the real world are fractional-order systems. It is
important to note that fractional-order models are more accurate than integer-order models;
that is, the fractional-order model has more degrees of freedom than the equivalent classical
one, which is the main factor contributing to the success of fractional calculus applications.
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2. The Optical Potential

The conventional optical potential successfully describes the elastic scattering of a
nucleon off a nucleus for a wide range of energies and target nuclei. The central part of
the optical potential is a complex potential that consists of a real part and an imaginary
part. The real part represents the average potential from elastic scattering processes. The
imaginary part of the optical potential accounts for the loss of flux from the elastic channel
due to various inelastic processes, such as absorption, excitation, and transfer reactions [1].
The optical potential in its general form reads as

V(r) =V(r) +iW(r) 4+ Ve(r) + Vio(7), 1)

where V(r) is the real part of the potential, W(r) is the imaginary part of the potential,
V¢ (r) is the Coulomb potential, and Vs, (r) is the spin—orbit potential. The real part of the
central potential usually takes the form of the nucleus density, which has the shape of a
Woods—Saxon form factor

V(?’) = _Vof(r/ RO/ aO)/ (2)
where V) is the potential depth and f(, Rg,ag) takes the form

1

f(?', Ro,a0) = 14+ exp[(r — RO)/“O] ' ¥

where R is the mean radius and aj is the diffuseness parameter. The mean radius is given
as Ry = rgA!/3, in which A!/3 is the atomic mass of the target nucleus, where ¢ and ag are
to be determined by fitting the calculated differential cross section with experimental data.

The Coulomb potential is taken as a potential of a uniformly charged sphere with
reduced radius Rc = rc A3 fm, where r. is known as the Coulomb radius, which is
rc = 1.3 fm in this analysis. The Coulomb potential is zero in the neutron case, while in
the proton case, it is given by

Ze? 2 2\ s

73(3RC—1" ) 1fr<RC
Velr) =4 2% , : @
£e if r > Rc

T

The spin-orbit potential Vs, () takes the form of a Thomas type:

h )zldf(r/VS()raso)
2mgc’ T dr

Vso(”) = (Vso +iWso)( c-1, )

where (an’7)2 = 2 fm?, in which my is the pion mass and V;, and W;, are the real and
imaginary depths of the spin—orbit potential.
The imaginary part of the conventional optical potential is, typically, taken as a mixture

of the Woods—Saxon form and its derivative, which reads as

WIr) = —iWof (1 7o, a5) + diagw, LT ), ©

and the function f(r, 7y, ay) is the Woods—Saxon form

1

f(r,ri,a;) = 1+ exp[(r — rwAY3) /ay]’

(7)

where W, and W; are the volume and the surface depths. The parameters W,, W;, r,,, and
ay, are to be adjusted by the fitting procedure.
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3. Fractional Absorption Term

For the arbitrary function f(r), the Liouville-type fractional derivative is defined as

TF) = £ = Lps(y(r). ®

For the Woods-Saxon form f(r) = Equation (8) reads as [11]

1
1+exp[(r—rwAl/3) /ay)’

F = g Faa(roAY? = 1) Jaw), ®)

where Fg(x) is the Fermi-Dirac integral of the fractional order B, which is in this case
—2 < B < —1for 0 < a < 1. The Fermi-Dirac integral is given by

- B (h—r)y—1
Fp = 1+/3 / dh WP (1 + e=1)~1) (10)
and the derivative of it is p
S E(r) = Fga(r) (11)
SO we may write
Foq(r) = 1 4 /Oo dh h=%(1 4 =) 71, (12)
- I'(1—a)dro

In the frame of the fractional derivative, the absorption term of the optical potential

can be written as [11]
WIX(”) = Waa;aF—a—l((Rw - 7)/ﬂw)/

Ro — 1 A/, (49

The Fermi-Dirac integral in Equation (10) must be evaluated numerically in order
to be used in the fitting algorithm to determine the parameters of the optical potential,
as follows:

(i) For x < 0, where x = (Ry — r)/ay and using the expansion

Ehix i( )n+1 n(h—x)
P —)"en Y, (14)
1+ eh * n=1
one can obtain
00 n—l—l
Z ﬁ +1 Y or<o (15)

(ii) For x > 0, the integral in Equation (10) is rewritten in terms of the sum of two
integrals

o) = gy () P e [T fa ), e

so using the substitutions i = x(1 — y) and h = x(1 + y) in the first and second integrals,
respectively, we obtain [12]

xB+1
)(1+ (B+1)[Ap(x) — Bg(x)]), (17)

/ y

1
/0 1+exy

Fg(x) =

where

(18)
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The integral Ag(x) converges for x > 0, while the integral Bg(x) converges for all x.

Apg(x) is now written as
© (14 B
Ap(x) = /O Ut ay,

1+ ew
‘ (19)

(-Dku@, p+2,x),

ngk

k=1

where U(1,p + 2,x) denotes the standard irregular solution of the confluent hyperge-
ometric Equation [13], which can be accurately evaluated using the continued fraction
representation
1- 2—
Bl 1 1=Bl 2 2=B 3, g

1]
U, p+2,x) = T |1+| Tttt TR

The integral Bg(x) can be evaluated using [12]

1 —k
Bg(x) = 1+,B Ze *M(1+B,2+4 B, kx), (21)
where M(1+ B,2 + B, k x) denotes the usual confluent hypergeometric function [13], which
can be effectively evaluated using the continued fraction representation
1 x| z| cx| 2x| (c+1)x|

M(,c,x)=——+— — — 22
(1,¢ ) 11 |c+\c+1 |c+2+|c+3 lc+4 + @2)

The series in Equations (19) and (21) can be evaluated with very high accuracy using
the Levin method [14]. The Fermi-Dirac integral in Equation (17) is accurate for values
of B > —1; in order to evaluate it for —2 < B < —1, as in the case of F_,_1(r) where
0 < & < 1, the following relation is used:

Foqa(r) = Foa(r) (23)

4. Results and Discussion

The Fermi-Dirac integrals are related to the polylogarithm function as
F_y_1(r) = Li_o(—¢"). (24)

A computer code in Visual Basic was written to calculate F4(r), and the output of
the program was compared with that was calculated using Mathematica built-in poly-
logarithm function for different values of «, as shown in Figure 1, to ensure the accuracy
of calculations.

First of all, the angular distribution of neutron scattering off 2% Pb was fitted using the
conventional optical potential at various incident energies by minimizing the quantity x?,
which is given by

2
B = Texp (6:) — 01 (6)
NZN Z Aaexp(e) ’ @)

where N is the number of experimental data points, oy, (6;) and oy, (6;) are the experimental
and calculated differential cross sections, and AO’exp(Qi) is the experimental error, which
was estimated to be (10%). The geometric parameters were fixed during fitting, while the
potential depths of the real and imaginary parts of the potential were allowed to vary. In
addition, the spin part was fixed for all energies. The fixed parameters are tabulated in
Table 1.
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Figure 1. (Color online) Calculation of the fractional derivative using Mathematica built-in polylogarithm
function (red) and using Visual Basic code (black) at different values of a: (a) pure surface, « = 1, (b) & = 0.75,
(¢) « = 0.5, (d) pure volume, & = 0.

Table 1. The conventional optical potential fixed parameters used in the fitting analysis of neutron—
208 pp elastic scattering.

ro (fm) ap (fm) 7w (fm) Vso (fm) 5o (fm)

1.207 0.688 1.262 0.629 1.125 0.601 55 1.116 0.557

ap (fm) 1, (fm)  a, (fm) aso (fm)

Table 2 shows the depth parameters of the conventional optical potential at each
incident energy. In inspecting Table 2, it is clear that the surface term of the imaginary part
of the optical potential is dominant at low energy, and as the projectile energy increases,
the surface term tends to be small and the volume term dominates. In other words, as the
energy of the incident neutron increases, the surface term changes to the volume term as
expected [1,6,15].

Table 2. The conventional optical potential depths result from fitting analysis of neutron-28 Pb elastic
scattering in the conventional optical potential.

E (MeV) Vo (MeV) Ws (MeV) W, (MeV) x2
10 46.1 5.1 0.3 0.7
13.9 45.3 59 0.5 1.2
16.9 45.1 52 1.1 54
24 43.1 52 2.0 3.3
30 40.8 4.8 4.0 2.0
40 38.5 51 4.8 24
70 31.7 4.3 5.1 1.1
90 23.2 32 9.1 53

Furthermore, the real and spin orbit terms obtained by fitting the experimental data
with conventional optical potentials were used in the fractional optical potentials to obtain
the depth, geometric parameters, and order of the fractional derivative of the Woods-Saxon
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potential « in (13). These parameters appear in Table 3. It is clear from the table that « is
about (1) at low energies and tends to decrease with increasing incident energy. This is a
significant piece of evidence of the smooth transition from the surface term to the volume
term in the optical potential with the increasing energy of the incident projectile.

Table 3. The parameters of the fractional absorption term in the optical potential, r;, = 1.233 fm,
ay = 0.723 fm.

E (MeV) W, (MeV) « x2
10 46 0.981 1.5
13.9 4.7 0.888 1.2
16.9 44 0.85 438
24 42 0.749 45

30 43 0.644 2.9

40 4.7 0.613 4.6

70 42 0.616 26

90 3.5 0.283 6.7

The results of fitting to the experimental data for both conventional optical potentials
are shown in Figure 2. It is clear from the figure that there are no noticeable differences
between the two potentials, and this is reinforced by the values of x? in Tables 2 and 3.

On the other hand, a plot of the absorption term in the optical potential calculated by
the Woods—Saxon and its derivative and that calculated by the fractional derivative of the
Woods—Saxon at different incident energies are shown in Figure 3. From the figure, one can
conclude the following. The two potentials seem to be the same for large r (say, r > 8.5 fm),
which is at the the surface of the target nuclei. As we go deep into the nuclei, the difference
is observed between the two potentials; this difference becomes more significant as the
incident energy is increased and the volume term of the Woods-Saxon potential becomes
dominant. Although the difference is clear between the two models in the inner region of
the nucleus, this did not significantly affect the calculation of the differential cross section
o(6), which is clearly evident from the values of x2. This is clear evidence that most of the
absorption takes place near the surface and away from the inner region of the nucleus.

However, it is well-known that due to the ambiguity associated with the real and
imaginary parts of the optical potential, it is difficult to strictly define the optical potential
parameters. A more convenient way to study the behavior of the optical potential is with
volume integrals, which are relatively independent of the geometric parameters of the
optical potential and give insight on the behavior of the optical potentials, such as the
functions of mass, energy, and nuclear asymmetry [16].

The volume integrals per nucleon of the absorption part of the optical potential are
given by

4 [*® 5
Jw/A=— re W(r)dr. (26)
A Jo

A comparison between the energy dependence of [y /A obtained by using Woods—
Saxon and its derivative as the absorption term and that obtained using the fractional
derivative of the Woods—Saxon is shown in Figure 4. Although the two absorption terms
are different in the inner region of the nucleus, the volume integrals are almost the same.
Again, this indicates that this difference in the inner region of the nucleus has no significant
effect on absorption.
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Figure 2. (Color online) Elastic neutron scattering from 2%8Pb. Incident neutron laboratory energies
are indicated at the respective angular distributions. The distributions at the bottom represent true
cross-section values, while the others are multiplied by factors of 103,109, ... Data from [17,18].
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Figure 3. (Color online) Absorption term in the optical potential using Woods—-Saxon form factor and
its derivative (black dashed line) and using the fractional derivative of Woods-Saxon form (blue solid
line): (a) 10 MeV, & = 0.981, (b) 24 MeV, « = 0.749, (c) 40 MeV, a = 0.613, (d) 90 MeV, a = 283.
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Figure 4. (Color online) Comparison between the energy dependence of Jiy/ A obtained by using
Woods-Saxon and its derivative (red squares) as the absorption term and that obtained by using the
fractional derivative of Woods—Saxon (blue triangles). The solid lines are drawn to guide the eye.

5. Conclusions

In this study, the fractional derivative of the Woods—Saxon form factor as an absorption
term in the optical model was examined and compared to the traditional one, which is a
Woods—Saxon form and its derivative. As the fractional derivative order « of the Woods-
Saxon form factor changes from (1) to (0), its shape transforms from a purely surface to
a purely volume one. For values of 0 < a < 1, it represents a mixture of surface and
volume absorption, which was achieved by adding the volume and absorption terms to the
conventional optical potential.
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visualization. All authors have read and agreed to the published version of the manuscript.



Atoms 2024, 12,37 90f9

Funding: This research received no external funding.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, [Ibrahim Ghabar], upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Feshbach, H,; Porter, C.; Weisskopf, V. Model for nuclear reactions with neutrons. Phys. Rev. 1954, 96, 448-464. [CrossRef]

2. Van Oers, W.; Cameron, J. Optical-Model Analysis of p-léO Elastic Scattering from 23-53 MeV. Phys. Rev. 1969, 184, 1061-1067.
[CrossRef]

3. Craig, R.; Dore, J.; Greenlees, G.; Lowe, J.; Watson, D. The elastic and inelastic scattering of 20-28 MeV polarized protons by
carbon. Nucl. Phys. 1966, 79, 177-187. [CrossRef]

4. Kobayashi, S. Elastic and inelastic scattering of protons by oxygen in the energy region of 6.9 MeV to 15.6 MeV. J. Phys. Soc. Jpn.
1960, 15, 1164-1174. [CrossRef]

5. Fannon, |J.; Burge, E.; Smith, D.; Ganguly, N. Elastic and inelastic scattering of 50 MeV protons by 12C and 0. Nucl. Phys. A
1967, 97, 263-281. [CrossRef]

6. Koning, A.J.; Delaroche, J.P. Local and global nucleon optical models from 1 keV to 200 MeV. Nucl. Phys. A 2003, 713, 231-310.
[CrossRef]

7. Leibniz, G.W. Leibnizens Gesammelte Werke; im Verlage der Hahnschen Hofbuchhandlung: Hannover, Germany, 1846.

8. Euler, L. De progressionibus transcendentibus seu quarum termini generales algebraice dari nequeunt. Comment. Acad. Sci.
Petropolitanae 1738, 5, 36-57.

9. Shgqair, M,; Ghabar, I.; Burqan, A. Using Laplace residual power series method in solving coupled fractional neutron diffusion
equations with delayed neutrons system. Fractal Fract. 2023, 7, 219. [CrossRef]

10. El-Ajou, A.; Shqair, M.; Ghabar, I; Burqan, A.; Saadeh, R. A solution for the neutron diffusion equation in the spherical and
hemispherical reactors using the residual power series. Front. Phys. 2023, 11, 1229142. [CrossRef]

11. Herrmann, R. Fractional calculus within the optical model used in nuclear and particle physics. J. Phys. G Nucl. Part. Phys. 2023,
50, 065102. [CrossRef]

12.  Thompson, ].S. High Speed Numerical Integration of Fermi Dirac Integrals. Ph.D. Thesis, Naval Postgraduate School, Monterey,
CA, USA, 199%.

13.  Abramowitz, M.; Stegun, I.A. Handbook of Mathematical Functions with Formulas, Graphs, and Mathematical Tables; US Government
Printing Office: Washington, DC, USA, 1970.

14. Levin, D. Development of non-linear transformations for improving convergence of sequences. Int. |. Comput. Math. 1972,
3, 371-388. [CrossRef]

15. Alameer, S.; Jaghoub, M.; Ghabar, I. Nucleon-nucleus velocity-dependent optical model: Revisited. J. Phys. G Nucl. Part. Phys.
2021, 49, 015106. [CrossRef]

16. Rapaport, J.; Kulkarni, V.; Finlay, R. A global optical-model analysis of neutron elastic scattering data. Nucl. Phys. A 1979,
330, 15-28. [CrossRef]

17.  Floyd, C.E., Jr. Scattering of Polarized Fast Neutrons from Beryllium-9, IRON-54, COPPER-65, and LEAD-208: The Determination
of the Nucleon-Nucleus Spin-Orbit Interaction. Ph.D. Thesis, Duke University, Durham, NC, USA, 1981.

18. Brown, D.A.; Chadwick, M.B.; Capote, R.; Kahler, A.C.; Trkov, A.; Herman, M.W.; Sonzogni, A.A.; Danon, Y.; Carlson, A.D.; Dunn,

M.; et al. ENDF/B-VIILO0: The 8" Major Release of the Nuclear Reaction Data Library with CIELO-project Cross Sections, New
Standards and Thermal Scattering Data. Nucl. Data Sheets 2018, 148, 1-142. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1103/PhysRev.96.448
http://dx.doi.org/10.1103/PhysRev.184.1061
http://dx.doi.org/10.1016/0029-5582(66)90400-7
http://dx.doi.org/10.1143/JPSJ.15.1164
http://dx.doi.org/10.1016/0375-9474(67)90487-3
http://dx.doi.org/10.1016/S0375-9474(02)01321-0
http://dx.doi.org/10.3390/fractalfract7030219
http://dx.doi.org/10.3389/fphy.2023.1229142
http://dx.doi.org/10.1088/1361-6471/acbe58
http://dx.doi.org/10.1080/00207167308803075
http://dx.doi.org/10.1088/1361-6471/ac38c2
http://dx.doi.org/10.1016/0375-9474(79)90533-5
http://dx.doi.org/10.1016/j.nds.2018.02.001

	Introduction
	The Optical Potential
	Fractional Absorption Term
	Results and Discussion
	Conclusions
	References

