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Obituary for
Prof. Jamil M. Khalifeh (March 1, 1950 - March 10, 2021)

Amman, Jordan

A Loving Husband and a Father, Distinguished Physicist, and a
Teacher

Professor Jamil Mahmoud Khalifeh passed on March 10 2021, in Amman
Jordan. He was 71 years old. He is survived by his wife Maha Khalifeh, his
daughters Nancy and Areej, and his sons Rami and Mahmoud.

Prof. Khalifeh was a very gentle and caring man with a level of infectious
optimism and joy for life and science. Many who learned from Prof.
Khalifeh described him as a generous and an inspirational mentor and a
friend. His friends, colleagues and students enjoyed his good humor, his
charm, and his enthusiasm. His family cherished his unconditional love,
his caring, and his smile. Prof. Khalifeh was a unique of individual and will
be missed by everyone who knew him.

Jamil Khalifeh was a professor of theoretical condensed matter physics at
the University of Jordan. Prof. Khalifeh received his BSc in physics from
the University of Jordan in 1972, and then completed his PhD on the
electronic structure of transition metal-based alloys from Louis Pasteur
University, France, in 1982. Such an analysis was important in its own
right, as a precision test of the electronic properties of metals, but also
served to further our understanding of semiconductors and insulators.

Upon establishing the PhD physics program at the University of Jordan
two decades ago, Prof. Khalifeh was thrilled to build a research group and
to have his former PhD students; the junior and senior faculty members
then, continue to collaborate with his group, and more importantly to
mediate their knowledge and skills to the new graduate students, so they
can take part in research at the condensed matter frontier, and to



participate in analyses that will undoubtedly lead to future prestigious
prizes. As a marvelous harvest, Prof. Khalifeh, being the group's leader,
was able to explore many analyses covering wide scope of the realm of
condensed matter (such as magnetic and electronic structures, defects in
solid, Hydrogen in metals, surfaces and interfaces, overlayers, Heusler
alloys, and catalysis) using innovative techniques and computational
facilities. He also examined analytically the applications of lattice Green's
function in mathematical physics. These calculations (over 170 peer-
reviewed articles) were published in a highly selective tier of prestigious
journals in physics. As a result, it was no wonder that Prof. Khalifeh had
received many honors and recognitions, including Scopus recognition for
his contribution to science in 2009, and the recognition of ISI web of
knowledge for contribution to science in 2011.

Prof. Khalifeh enjoyed teaching and interacting with students. His lectures
and presentations were notable for their clarity. He expressed himself
clearly and calmly. As decisive evidence of his excellent classroom and
communication abilities, he used to teach courses at all levels; from an
introductory general physics course, intended for non-technical majors, all
the way up to quite rigorous courses that appeal to graduate students.
With such diverse audiences, he was able to elucidate the themes of the
lectures properly, and give his students a great deal of guidance.

Prof. Khalifeh was in residence at numerous institutions for a considerable
time as a visiting professor; including Louis Pasteur University (1991,
1992, 1993, 1994, 1995), Warwick University - England (1990, 1991),
Alexander von Humboldt fellowship - Frankfurt University - Germany
(1991), Martin Luther University - Germany (1994, 1995), and ICTP -
Trieste - Italy (1983, 1985, 1987, 1990). He served as a member on the
editorial board of the International Journal of Science and Technology
(EIJST), Jordan Journal of Physics (JJP), and European International
Journal of Engineering and Emerging Technologies (IJEET). Prof. Khalifeh
chaired the physics department for two terms; (1989-1990) and (2007-
2009). He was the chairman of the 7" (2000) and 8" (2016) international
Petra school of physics that took place at the University of Jordan, and
was a founding member and patriarch of the Jordanian association of
physicists. Prof. Khalifeh was the editor of the Arabic version of the
textbook "Physics, Principles and Applications" by D. Giancoli, and the
editor of the Arabic version of the textbook "Conceptual Physical Science"
by P.Hewitt, J. Suchocki and L. Hewitt.

Mohammad Hussein
Physics Department - University of Jordan
Amman, Jordan



Obituary for

Prof. Saed O. Dababneh (February 11, 1963 - August 22, 2021)
Amman, Jordan

Professor Saed Odeh Dababneh was born on the 11" of February 1963 and passed on the 22"
of August 2019 aged 56, lived alongside his wife, Shereen Dababneh, and two kids Haneen and
Odeh.

Prof. Saed was described as an enthusiast for science and knowledge, but also a caring
teacher, a role model, a loving father, and a loyal friend and colleague. Prof. Saed was one of a
kind. Everyone who knew him would recognize his generosity and positive attitude towards life.
His family cherishes every memory, every smile, and every lesson he taught. His kids describe
him as the ideal father who never failed to make them proud. He will never be forgotten and will
always be missed for his brilliance.

Born in Amman Jordan, Prof. Saed started his studies and graduated from the National
Orthodox School, Amman. He then finished his B.Sc. in Physics from the University of Baghdad,
College of Sciences, 1986, after that his M.Sc. in Physics from the University of Jordan, Faculty
of Graduate Studies, 1990, and lastly his Ph.D. in Nuclear Physics from Heidelberg University
and Karlsruhe Institute of Technology (KIT), Germany in 2002.

Prof. Saed Dababneh was the dean of scientific research and a professor at Al-Balga Applied
University, Salt, Jordan. He established, managed, and supervised the graduate program in
nuclear physics at the University. He also worked as a visiting professor at the Institute for
Applied Physics, Goethe University, Frankfurt am Main, Germany during the summer of 2015,
2016, and 2017, and as Vice Chairman of the Board of Directors at Jordan Nuclear Regulatory
Commission (JNRC), Amman, Jordan, 2008-2012. He taught 17 courses as a professor some
of which include: Nuclear Reactor Physics, Nuclear Physics, Experimental Techniques in
Nuclear Physics, Computational Physics, Theoretical Nuclear Physics, Radiation Detection and
Measurement, Advanced Mathematical Physics, Advanced Statistical Physics, Accelerator
Physics, and other graduate and undergraduate courses.



Some of his positions, research, and other activities include; a technical visit to the CTBTO
headquarters to discuss and launch technical cooperation related to the radionuclide component
of the Verification Regime. The cooperation included benchmarking the results produced by
CTBTO's VGSL with those produced by GEANT4 Monte Carlo simulations, in addition to
scientific input for new/modified ideas on radioxenon (beta-gamma coincidence) measurements.
To add on, he also managed the King Abdullah Il Fund for Development (KAFD) supporting the
specialized graduate program in Applied Nuclear Physics at Al Balga Applied University, and
paid research visits to the European Organization for Nuclear Research (CERN), Geneva,
Switzerland, 2000-2004, and visited as a research scientist at the Institut fir Kernphysik,
Forschungszentrum Karlsruhe, Germany, and as a research associate to the Department of
Physics, University of Notre Dame, and at the Joint Institute for Nuclear Astrophysics, USA. He
also visited the scientific Institute of Nuclear Solid-State Physics (INFP), Forschungszentrum
Karlsruhe, Germany, and was a part of the Interregional Training Course on Interfacing in
Nuclear Experiments at The International Atomic Energy Agency, held in Antananarivo,
Madagascar. He was also a Member of the SESAME users committee, Amman, Jordan, and a
member of the Dissi Water Consultative Committee, Amman, Jordan, and many others.

Before his passing, he also started a laboratory for Radiation Measurements which is located at
Al-Balga Applied University, Salt, Jordan, which was named after him after his passing as the
Saed Dabanneh Laboratory (SDL). The SDL Lab is one of the few research labs in Jordan that
are specified in improving radiation measurement and different applications in nuclear security,
environmental applications, food, and water-related safety, and others. In 2018, the BALQARAD
Active Shielded Clover detector, the first of its kind in the Middle East, was acquired at the lab.
This detector was funded by the Scientific Research Support under the project “Improvement
and Adaptation of Ultra-Sensitive Coincidence Gamma-Ray Detection Array for Environmental,
Energy, Security, Water- and Food-Safety Applications”.

Prof. Saed has also achieved both the Georg Forster Fellowship award for Advanced
Researchers, the Alexander von Humboldt Foundation, and the Forschungszentrum Karlsruhe
INFP award. He was a very active member of the Jordanian Club of Humboldt Fellows.

Lastly, Professor Saed was very enthusiastic about learning, he always believed in his students
and guided many onto the roads of success. He was a gentle mentor with a lovable approach.
Losing him caused much pain to many and even after his passing his name still remains
remarkable and is respected.

Prof. Dr. Marwan S. Mousa
&
Haneen Saed Dababneh

Amman, Jordan
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Abstract: In this work, we are investigating the electronic and magnetic properties of the
new NiCrGa half-Heusler alloy (HHA), by using the ab-initio and Monte Carlo simulations
(MCSs). The ab-initio method is performed under the pseudo-potential method and the
generalized gradient approximation GGA. The density of states (DOS) and the band
structure calculations show that the alloy NiCrGa reveals a nearly half-metallic (HM)
behavior. In particular, the Slater-Pauling (SP) rule has been confirmed when using the
magnetic moments of the individual constituents of the NiCrGa compound. The Monte
Carlo simulations (MCSs) are accomplished using the Metropolis algorithm. In order to
determine the transition temperature, we are based on the behavior of the total
magnetization and susceptibility of this material. We also presented and discussed the
hysteresis loops of the half-Heusler compound, for fixed values of temperature, exchange
coupling interactions and crystal field. It is found that when increasing the crystal field, the
surface of the loops increases and vice versa.

Keywords: Half-Heusler alloy, NiCrGa, Slater pauling, DFT method, Monte Carlo study.

1. Introduction

The recent development of spintronics has
attracted much attention by several researches
[1-4]. The common character of materials used
in the spintronic applications is the half-metallic
ferromagnets behavior [5-10]. The first
materials expected to be half-metallic
ferromagnets were the half-Heusler alloys
NiMnSb and PtMnSb. These alloys crystallize
in cubic Cl,, structure [11-15]. In addition, the
Heusler alloy NiMnSb has been described to
exhibit a high Curie temperature [16]. It also
possesses an integral magnetic moment of 4.00
up per unit cell [17-21]. The Heusler alloys fall
into three separate categories: half-Heusler, full

Heusler and equiatomic quaternary Heusler
with XYZ, X2YZ and XYMZ formulations,
respectively, where X, Y and M are usually
atoms of transition metals or alkali-earth
metals and Z is a main group element.

Recently, a number of half-Heusler alloys
have been studied, such as: NaZrM (M =P, As,
Sb) [22], LiMnZ (Z=N, P, Si) [23], XYZ (X
=Li, Na, K and Rb, Y=Mg, Ca, Sr and Ba,
Z=B, Al and Ga) [24], MnPK [25] and LiZnM
(M =P and As) [26]. On the other hand, the
half-Heusler alloys have shown promising half-
metallic behaviors. For example, the half-

Corresponding Author: S. Idrissi

Email: samiraidrissi2013@gmail.com
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Heusler alloy LiCrS shows a half-metallic
property at its parameter of optimized lattice
constant with the magnetic moment value of
5.00 up [22, 27]. Moreover, Luo et al. [28] have
performed the electronic and magnetic properties
of the half-Heusler alloys: NiCrAl, NiCrGa and
NiCrln using the density functional theory
(DFT). There are some other computational
research studies on the other half-Heusler
materials [29-31]. In addition, several Ni-based
half-Heusler alloys have been investigated, such
as: NiCrZ (Z=Si, Ge, Ga, Al, In and As) [32]
and NiCrGa [33].

The purpose of this paper is to combine the
ab-initio and Monte Carlo simulations to
investigate the half-metallic behavior and the
critical magnetic properties of the Ni-based half-
Heusler alloy NiCrGa. We present our results in
the framework of the ab-initio study, using the
density functional theory (DFT) method under
the Quantum Espresso package. On the other
hand, we perform the Monte Carlo simulations
under using Metropolis algorithm. Indeed, some
of our recent works have been based on such
simulations applying not only the DFT method,
but also other numerical simulations [34, 35].

This work is organized as follows: In Section
2, we present and discuss the first principles and
calculations. In Section 3, we illustrate the
obtained results of ab-initio method including
the density of states and band structures of the
half-Heusler alloy NiCrGa. Also, the Slater
Pauling rule is presented and discussed. In
Section 3, we present the method and the
computational procedures of the Monte Carlo
simulations. Finally, we discuss the obtained
results of the latter method in Section 4 and we
give a summary in Section 5.

2. The Ab-initio Method for the
NiCrGa Half-Heusler Alloy

2.1 Structural Properties

The first principles and calculations were
performed using the Quantum Espresso (QE)
package [36], combined with the Density
Functional Theory (DFT), in order to investigate
the electronic and magnetic properties of the
half-Heusler alloy NiCrGa. For this purpose, we
have applied the ultra-soft pseudo-potential
approximation [37]. This method was used to
calculate the interaction between the atom core
and valence electrons in the studied alloy.
Furthermore, the exchange and correction
between electrons were calculated by the
generalized gradient approximation (GGA) [38-
39]. In the Brillouin zone integrations, we take
5x5x5 k-points. The plane-wave basis is set to a
cut-off energy value of 25 Ry. The convergence

energy is taken to be 1076 eV/atom.

The NiCrGa half-Heusler alloy (HHA)
crystallizes in the cubic structure belonging to
the space-group F-43m (216), as can be seen in
Fig.1. Our simulation has been performed
choosing the experimental lattice parameter
value a =b = ¢ = 5.80 A [33]. The NiCrGa alloy
(XYZ) crystallizes in the Cly, structure, with Ni
(X), Cr (Y) and Ga (Z) atoms occupying the
Wyckoff positions: 4¢ (1/4, 1/4, 1/4), 4b (1/2,
1/2, 1/2) and 4a (0, 0, 0), respectively. These
positions are derived from Ref. [33]. On the
other hand, the VESTA package [40] was used
to illustrate the geometry of the studied alloy, see
Fig.1.

FIG. 1. The geometry of the half-Heusler alloy NiCrGa, using VESTA software [40].
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2.2 Results of the Ab-initio Method

In order to investigate the total and the partial
density of states (DOS) of the half-Heusler alloy
NiCrGa, we report our results in Figs. 2(a) and
2(b), respectively. In fact, Fig. 2(a) represents
the total density of states for spin-up and spin-
down of the NiCrGa alloy. The non-symmetry
between spin-up and spin-down states confirms
the magnetic behavior of the studied material.
Also, at Fermi level, there are states of spin-up,
while there is almost an absence of spin-down
states. Such behavior supports the nearly HF

character of this compound. This finding is in
good agreement with [32-33]. On the other hand,
the partial density of states of the half-Heusler
alloy NiCrGa for the individual elements: Ni, Cr
and Ga is presented in Fig. 2(b). From this
figure, it is found that the Cr and Ni elements are
the most contributing to the total DOS of the
NiCrGa compound, while, the Cr element is the
only element contributing to the conduction band
(CB). Moreover, the magnetic behavior of the
half-Heusler alloy NiCrGa comes mainly from
the transition metals: Ni and Cr.
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FIG. 2. Total (a) and partial (b) density of states of the half Heusler alloy NiCrGa.

To investigate the band structures of the half-
Heusler alloy NiCrGa, we plot in Figs. 3(a) and
3(b) the obtained results for spin-up and spin-
down states, respectively. From these figures, it
is clear that at Fermi level, there are states of
spin-up in Fig. 3(a), while there is almost an
absence of spin-down states, see Fig. 3(b). In

other words, the studied material gathers two
behaviors: a metallic one in the spin-up channel
and a near semi-conductor one in the spin-down
channel. In this latter situation, the band gap
value in the spin-down channel is almost equal
to 0.4 eV.
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When combining the results of density of
states, see Figs. 2(a) and 2(b), and those of the
band structures, see Figs. 3(a) and 3(b), we
conclude that the NiCrGa alloy exhibits a nearly
HM behavior.

Concerning the (SP) rule, it can be defined in
this study following Refs. [41-43] that:

My =N,-18 (1)
Mr: Total spin magnetic moment.
N,: Total number of valence electrons.

To explicit the valence electrons for the
Heusler alloy NiCrGa unit cell, we use the

1

0.5

ﬁ:

-/\
=

Energy / eV
(=]

electronic configurations for individual atoms:
4s*3d® for Ni, 4s'3d’ for Cr and 4s*4p' for Ga.
Hence, the total number of valence electrons
(Ny) of the Heusler alloy NiCrGa is close to 19.
Using Eq. (1) of the Pauling Slater rule, we
found that Mt = 1.00 ug. This result is confirmed
in Table 1 for the total and the partial magnetic
moments of the (HHA) NiCrGa. This table
summarizes the total and partial magnetic
moments of the (HHA) NiCrGa with the
individual magnetic moment value of each
element: m(Ni), m(Cr) and m(Ga).
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FIG. 3. Band structures of the half-Heusler alloy NiCrGa: (a) spin-up and (b) spin-down.
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TABLE 1. Total and partial magnetic moments of the half-Heusler alloy NiCrGa with individual

magnetic moment value of each element: m(Ni),

m(Cr) and m(Ga).

Half-Heusler

alloy m(Nl) (HB)

m(Cr) (us)

Slater Pauling rule

m(Ga) (H.B) MTotal(lJ'B) My (IJ'B)

NiCrGa 0.51 1.60

-0.44 1.67 1.00

3. Powder X-Ray Diffraction Patterns
of the NiCrGa Heusler alloy

To simulate the powder X-Ray diffraction
patterns (diffractograms) of the NiCrGa Heusler
alloy in the Cl, structure, we use the VESTA
software package [40]. The powder X-Ray
diffraction patterns (diffractograms) of the

100 — (220)
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80—
70—
60 —

50—

Intensity

(111)

40 —
30 (200)
20 —

10—+

studied Heusler alloy are presented in Fig. 4. It is
found that the theoretical XRD spectrum is
similar to the experimental one shown in Ref.
[33]. Indeed, a more intense peak is appearing at
the (220) plane. Such behavior is a specific
character of single crystals.

10 20

T [ T I ! [ ! I T ! ! I
60 90 100 110
2 theta (degree)

FIG. 4. Powder X-Ray diffraction patterns of Heusler alloy NiCrGa using the Vesta software.

4. Method of Monte Carlo Simulations
4.1 Methodology of Simulations

Since the studied compound contains the
magnetic elements Ni and Cr as highlighted in
Section 2 by the ab-initio method, we apply the
MCS in order to deduce the critical magnetic
behavior of the NiCrGa alloy. Hence, we
propose the Hamiltonian of Eq. (2) to study the
magnetic properties of the half-Heusler
compound NiCrGa. The calculations are
accomplished under the Metropolis algorithm.
The periodic boundary conditions are imposed to
the unit cell lattice. The results of the studied
system are obtained for the specific super-cell

size 5x5x5. For each spin configuration, we
implement 10° Monte Carlo steps. For each
MCS, all sites of the system are visited
individually. A single-spin flip attempt is
accepted or rejected according to the Boltzmann
statistics.

The Hamiltonian modeling the half-Heusler
alloy NiCrGa can be expressed as:

H = —ni-ni 2ijSiSj —Jcr-cr 2k1 OOl
—Ini-cr ZikSiok —HXi (Si + 0y)
—As X Sf — A X 0f

@)
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where the magnetic spins S; = 1 correspond to
the Ni atoms, while ;=2 represents the Cr
atoms.

The exchange coupling interactions are: Jyini
between Ni atoms, Jc..c between Cr atoms and
Jni.crbetween Ni- Cr atoms.

It is worth to note that the exchange coupling
is the way in which two magnetic atoms (or ions)
in a specific material interact with each other.
When two magnetic atoms are situated very
close together, their electrons can interact
directly, in the same way as when forming a
chemical bond.

For simplicity, we will limit this study to the
unique crystal field: A = Ag = A;, where Ag is
the crystal field of the Ni ions and A, is the
crystal field of the Cr ions.

The total energy per site is given by:

1
= S<H> 3)

where N= Ng; + Ng, with Ny and Ng being the
numbers of o- and S-atoms in the super cell unit,
respectively.

ET

The partial and total magnetizations are
expressed as:

_ <ME>—<M>?

s — @)
<Mg2>—<M;>?
Xo =" fr )
2 _ 2
— <Mr*>-<Mp> (9)

kgT

where f =k;T and kg is the Boltzmann

B
constant. T is the absolute temperature. In the

following part, we will assume that kz=1.
4.2 Results of Monte Carlo Simulations

The obtained results of the MCS concerning
the thermal behavior of the partial and total
magnetizations and susceptibilities of the HHA
NiCrGa atoms are plotted in Figs. 5(a), 5(b) and
S(C) for Hzl, A=1 and JNi—Ni: JCr—Cr:JNi—Cr: 1. In
fact, Fig. 5(a) represents the magnetization and
susceptibility of the individual Ni atoms. From
this figure, it is clear that for very low
temperature values, the magnetization undergoes
the value mg =1. Moreover, the peak of the
susceptibility corresponds to the critical
temperature value Tc = 20 K. Concerning the
individual magnetization and susceptibility of
the Cr atoms, the obtained results are
summarized in Fig. 5(b). This figure confirms
the value m, = 2 for very low temperature. Also,

~
~

mg = Nizisl. (4)  the peak suscept'ibil?ty is located at Tex20 K.
s The total magnetization and susceptibility of the
— LZ, ) 5 (HHA) NiCrGa are presented in Fig. 5(c). From
mO' N L 0l ( ) . . .
o this figure, it is found that for low temperature
my = Nomg+Nsms (6) values, the results of the ground state phase of
No+ Ns the total magnetization show that my =
The partial and total susceptibilities are given ~ (mstmg)/2 = 1.5.
by:
Fig.5 (a)
T T T T T T T T T T 6x10®
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Fig. 5 (b)
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FIG. 5. The thermal behavior of the half-Heusler alloy NiCrGa for H=1, A =1 and Jxi.c; = Jeror = Inini = 1
(a) the partial magnetization and susceptibility of Ni atoms, (b) the partial magnetization and susceptibility of Cr
atoms and (c) the total magnetization and susceptibility.

In order to study the effect of different
exchange coupling interactions Jnini, Jorcr and
Jnicr on the behavior of the total magnetizations
of the (HHA) NiCrGa, we illustrate in Figs. 6(a),
6(b) and 6(c) the obtained results for H=1, T =
20 K and different crystal field values. In fact,
Fig. 6(a) corresponds to the effect of the
exchange coupling interaction Jyin; for fixed
values of Jer-cr = Jyicr = 1. From this figure, it is
seen that the effect of increasing exchange
coupling interaction Jyin; 1S to reach the
saturation values of the total magnetizations.
Indeed, this saturation is positive for positive
values of the crystal field A = +5 and 0, while
this saturation is negative for A = -5. Also, for
negative values of the parameter Jy;n;, the total
magnetizations are not affected by the increasing
this parameter. In Fig. 6(b), we provided the
effect of varying the exchange coupling

interaction parameter Jc..c, on the behavior of the
total magnetizations. From this figure, it is clear
that for negative values of the parameter Jyic,
the total magnetizations are not affected neither
by the increasing effect of Jyi.c,, for its negative
values, nor by the variations of the crystal field
A, see Fig. 6(b). For positive values of the
parameter Jc.c, the saturation of the total
magnetizations is positive for positive values of
the crystal field A = +5 and 0, whereas for A =
-5, the saturation is negative. Contrary to Fig.
6(a), Fig. 6(c) shows a similar, but inverse,
behavior in the sign of the total magnetization.
The only difference is that for A = 0, the total
magnetization undergoes a similar behavior to
that one of the value A = -5. These figures show
that the transitions of the magnetizations are of
second-order type.
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Fig. 6 (a)
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FIG. 6. The total magnetization of the half-Heusler alloy NiCrGa for H= 1, T = 20 K and selected values of the
crystal field: A= -5, 0 and +5: (a) as a function of the exchange coupling interaction Jy;.n; for Jer.cr = Inier = 1,
(b) as a function of the exchange coupling interaction Jcr.c; for Jnini = Ini.cr = 1 and (c) as a function of the
exchange coupling interaction Jy;.c; for Jnini = Jerer= 1.
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To complete this study, we provide Figs. 7(a),
7(b) and 7(c) that show the hysteresis loops of
the (HHA) NiCrGa, as a function of the external
magnetic field H. In Fig. 7(a), we illustrate the
obtained results for T = 15, A = 0 and selected
different values of the exchange couplings. This
figure shows that, when all exchange coupling
interactions take the value +1, the surface of the
hysteresis cycle is maximum. When fixing the
value -1 of Jc.c, the surface of the cycle
decreases and the steps corresponding to
intermediate states are appearing. For Jyicr = -1,
the surface of the cycle decreases more and
more. This surface tends towards the null value
when imposing the value -1 for all exchange
coupling interactions.

In order to show the effect of varying the
temperature on the hysteresis cycles, we plot in
Fig. 7(b) such behavior for A = 1, Jxini = Jerer =

Jnier = 1 and selected different values of
temperature T =20 K, T=55K and T = 150 K.
It is found that the surface of the hysteresis
cycles decreases and consequently the
corresponding coercive field, see Fig. 7(b). The
effect of varying the crystal field on the
hysteresis loops is summarized in Fig. 7(c) for T
=25 K, Inini = Jorer = Jnicer = 1 and selected
values of the crystal field A=0, A=2and A =4.
It is clear that when increasing the crystal field,
the surface of the loops increases and vice versa.
To confirm such results, we illustrate in Fig. 8
the coercive field dependency on the crystal field
for T =25 K and JNi-Ni = JCr-Cr = JNi-Cr =1.1Itis
found that when increasing the crystal field, the
corresponding coercive field increases to reach
the value H. = 3.75 at the crystal field value of
A=4,

Fig.7 (a)
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Fig.7 (c)
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FIG. 7. Hysteresis loops of the half-Heusler alloy NiCrGa: (a) for T = 15 K, A =0 and selected different values
of the exchange coupling, (b) for A= 1, Jxini = Jer.cr = Inicer = 1 and selected different values of temperature T =
20K, T=55Kand T= 150 K and (c) for T =25 K, Jnini = Jercr= Inicer = 1 and selected values of the crystal
field A=0,A=2and A=4.
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FIG. 8. Coercive field of Heusler alloy NiCrGa dependency on the crystal field for T =25 K and Jyini = Jerar =
INier=1.

5. Conclusion

In this paper, we have studied the electronic
and magnetic properties as well as the critical
behavior of the NiCrGa alloy using Monte Carlo
simulations and DFT calculations.

The density of states (DOS) showed that this
material exhibits a nearly half-metallic (HM)
behavior. Moreover, the SP rule has been
confirmed when using the magnetic moments of
the individual constituents of the NiCrGa
compound.

On other hand, the Monte Carlo method has
been performed under the Metropolis algorithm
to simulate the critical behavior of the half-

116

Heusler NiCrGa alloy. Also, we have presented
and discussed the magnetizations and
susceptibilities as functions of temperature and
other physical parameters.

To complete this study, we presented and
illustrated the hysteresis loops of the (HHA)
NiCrGa, for selected values of temperature,
exchange coupling interactions and crystal field.
It is found that when increasing the crystal field,
the surface of the loops increases and vice versa.
In particular, we have shown that when
increasing the crystal field, the corresponding
coercive field increases.
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Abstract: Far away objects seem to appear smaller than the original size. There is
confusion about the concept of the perceived size of objects based on distance. In this
work, new mathematical formulae are given for the apparent size of objects in both isoscele
view and scalene view in terms of absolute distance. The new formulae for the temperature
of black bodies and the true diameter of luminous objects are obtained from the apparent
size relations. The present study will highlight the diameter of luminous objects and the

expression for the temperature of black bodies.

Keywords: Apparent size, Appearance, Isoscele view, Scalene view.

1. Introduction

The apparent size of an object changes with
the distance and orientation of the object. The
parallel lines seem to be converged at some
point. Boring (1964) [1] gave only a theoretical
explanation of the concept of converging parallel
lines. A few years ago, many experiments were
conducted on the perceived size of objects based
on distance. Holway and Boring (1941)
developed the concept of perceived size of
objects based on perceived distance. According
to them, the perceived size is a function of
perceived distance. In many studies, there is
evidence that the relationship between perceived
size and distance is unclear [2]. The constancy in
the apparent size of the object is commonly
known as size constancy and is also based on the
perceptual distance from the observer [1]. The
application of Titius-Bode law [3] to study the
exoplanetary systems results showed that it can
be applied to predict the positions of exoplanets
and to study their deviations. The Schwarzschild
spacetime [4] is applied to determine the relation
between the observed flux and the strength of
gravitational field of a neutron star and the
emission angle. Thouless (1931) concluded that
the apparent size of the object agrees with the

absolute size constancy with the angle subtended
by the object. The accurate values of the
apparent size of the objects couldn’t be given
and the useful applications were not developed
from the relationships of perceived size. The
concept of apparent size of the object with the
absolute distance is not analyzed. So, in this
study, new formulae are obtained based on the
absolute distance to objects from the observer.
The formulae given in this work can be used to
study the perceived size of the object and the
applications introduced from the apparent size
relationships. The derived relationships from
apparent size formulae are the true diameter
expression for the luminous body and the
temperature of black-body expression. The
temperature of the blac-kbody is expressed only
in terms of angular subtense and the apparent
intensity of that black-body. The applications
derived in this work can play a dominant role in
astronomy.

In this work, we are considering a unique
view that can range from 0° to 180° by keeping
the apparent size and perceived size terms to be
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the same. Consider an isoscele view of visual
angle 8 towards length s of two points A and B.

Let d be the absolute distance from the
observer O to the midpoint of the length s. The
apparent length of AB decreases with the
distance d from the observer due to the decrease
in visual angle. At 8 =0,5S =0, where, S =
apparent length and s = absolute length.

2. Law of Appearance

The visible length $ to the observer is directly
proportional to the square of the absolute length
s of the object and inversely proportional to the
square of the absolute distance d from the
observer O to the midpoint of the length of the
object AB (Fig. 1).

S PE

- S

\/

o
FIG. 1. Isoscele view from O towards length s.

So, by removing the proportionality limit, we
get:
2
=% (1)
where, d = distance to the midpoint of the length
of an object from the observer (in isoscele view),
s = absolute length of the object. Here, the
constant k is relative. It depends on the person or
instrument like a telescope. We can deduce the
law of size constancy from the required
appearance law (1).

For the same apparent size of images, S, =
S2
51 S2
di  dy’
This is the law of size constancy in terms of
absolute distance. From this result, Emmert’s
law holds only for the same apparent size of
objects.
120

(2)

3. Apparent Size of the Object in
Terms of Angular Diameter

Consider the isoscele view of visual angle 6
towards length s of two points A and B. Let d be
the absolute distance from the observer to the
midpoint of the length s. Due to isoscele view,
the distance between point A and the observer o
and the distance between point B and the
observer o are equal. Let us call this distance OA
= r. By cosine law, s> =12 +r? — 2r?cos®@,

then we obtaind = % and again
s cot(g)

simplifying this, we will get d = 2 We can

use this in (1) to get:

§$= 4ktan??. 3)

This is the relation to the apparent size of the
object in terms of angular arc. If we know the
angular subtense of the object, we can determine
the apparent size of the object without having the
true size of the object.

Here, If d = s, then S = k. Hence, (3) is based
on this condition, S =k, then we get § = m and
6 = 53.13010235°. The value of 8 = 7 can be
ruled out due to that the apparent size of the
object is undetermined at the visual angle /80°.
So, at the value of 6 = 53.13010235°, the
apparent length is equal to the constant k if and
only ifd = s.

4. Constant for Appearance Formula

The constant k is relative. If we consider the
scale of the sun for apparent size, the sun
appears as a basketball-size of 24.2 cm in
diameter. The distance between the sun and earth
ds = 149597871 km and the diameter of the
sun sg = 1.3927 X 10° km. We can obtain the
value of a constant by using (1); that is:

k = 2.79222904678658 km . “4)

5. Apparent Size of Moon

We calculate the apparent size of the moon to
support the appearance law (1). So, the distance
between earth and moon d,,, = 384,400 km and
the diameter of the moon s, = 3474.2 km. By
substituting these values in (1), we can get the
apparent size of the moon $=22.80cm.
Therefore, the apparent sizes of the sun and
moon are having closer values due to closer
values of their angular diameters.
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6. Apparent Size of the Venus

The closest distance between earth and venus
d, =38 x10% km. The diameter of venus
s, = 12104 km. By substituting these values in
(1), we can get the apparent size of venus
$=0.2832968 mm. Due to more reflection
from the surface of venus, we observe that the
size of venus is a little more than that.

In the real world, we don’t stick only to the
isoscele view. Often, we also encounter the
scalene view.

7. View in a Scalene Triangle Form

If the line is aligned in the view so that the
visual angle is 0°, then the apparent size of the
line is zero. So, if we consider a scalene view of
length AB (Fig. 1), this can be projected into the
half part AC of the isoscele view and the view
having 0° visual angle. Let ZABC = «a and by
applying sine rule to A40AB, we get s X
(sina) = ry sin ;. If we use this in (1), we get
§’ = ktan? 0,. This is the apparent size of the
projected scalene view into the isoscele view.
Also, by dividing the required $’ with sina to
get the apparent size S of scalene view AB, we
get:

§ ks tan?0, c
" rysin@; ®)

If 8; = 0, then (5) tends to isoscele view

(Fig. 2). Then,

. kstan? 6
$= ) (6)

(%)2 + d?sin 6

€&—
| N —74.B
4 a >
/ -
/ r
. /’/
- 7
P A
0 (
g} 7 r 7= (o / d
% \ /
A/ - \
= /
> .
/ - b
p e
=
P =
/- —_
0 ;
<€ % >

FIG. 2. View in the form of scalene triangle from
observer O.

o1

X
X, -
FIG. 3. Scalene view reduced to isoscele view with
angular size 0.

This is the isoscele view relation obtained
from the scalene view in Eq. (5). By arranging
Eq. (6) in terms of only angular size, substituting

0
tG .
= SCOZ 2), we will get:

. ktan?6
8= 5 - @)
cos(i)

If we plot the relations of the isoscele view of
Egs. (3) & (7) in the same graph (Graph 1), we
will see that both curves are coinciding with
each other at smaller angular arcs of the objects.

But, when we zoom Graph 1 vigorously, we
will see that the curves do not perfectly coincide
with each other (Graph 2).

We can find an error in isoscele view Eq. (7)
obtained from scalene relation by subtracting
isoscele Eq. (3). So, we can plot the error curve
by the difference of Egs. (7) & (3) using
MATLAB.

The scalene relation is a good approximation
for only small angular sizes of objects or far
away objects. The error in scalene relation
increases if the angular size of the object
increases.
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Y 10° Plot of Isoceles view function and Isoceles view function obtained from Scalene relation
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GRAPH 1. Curves of Egs. (3) & (7).
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40 Plot of Errorin Isoceles view formula obtained from Scalene view function
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GRAPH 3. Error curve obtained by the difference of the functions from Egs. (7) and (3).

8. Apparent Size of the Moon by
Scalene View Relation

The apparent size of the moon can also be
found through the isoscele view obtained from
the scalene view relation to support the required
Eq. (6). So, the distance between moon and earth
d,;, = 384,400 km, the diameter of the moon
Sm = 3474.2 km and the angular arc of the
moon 6, = 0.52°. If we find the apparent size
of the moon by substituting these values in (6),
we get the apparent size of the moon, S,, =
22.90 cm.

The apparent size of the moon calculated by
using the isoscele view Eq. (1) is 22.80 cm. It is
almost similar to the apparent size calculation of
the moon by using scalene view Eq. (6).

9. Diameter of the Luminous Object

We perceive that the intensity of far away
luminous bodies is smaller than the absolute
intensity. So, the apparent intensity is given as:

[~ Y g ®

where, L = luminosity of the body, d = distance
measured from the body to our view.
Substituting the value of distance d obtained
from apparent intensity Eq. (8) in the appearance

formula (1) gives S = 4”k521/L. We can use

this in the isoscele view relation in terms of
angular size (8),

_ ke 0
ST |m 2 )

which is the relation to the diameter of the
luminous object. From this, we can derive the
temperature of the black body using Stefan-
Boltzmann's law.

10. Temperature of the Black Body

The temperature of black bodies will be
derived with the help of (9). By Stefan
Boltzmann Law for black bodies [5], luminosity
is given as

L = 4noT*R? (10)

where ¢ = Stefan Boltzmann constant = 5.67 X
1078 W/m2K*, R = radius of the black body and
T = temperature in kelvin. We can substitute the
Stefan-Boltzmann law (10) and S = 2R directly
in Eq. (9), where, R = radius of the black body
and S = diameter of that black body. So, we get:
__ 4lloT*R? 20

o tan 5 (11)

SZ
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If we simplify Eq. (11) further, we will get:
1

T=[ - ] (12)

2
n<-
ota 2

where [ represents the apparent intensity of the
black body. So, the temperature of black bodies
can be found if the angular arc and apparent
intensity are known, which can be measured
directly.

11. Diameter of the Sun

The diameter of the sun can be easily
determined to support Eq. (9) by substituting the
required values in that equation. So, the angular
arc of the sun, 6 = 0.5334°, the apparent
intensity of the sun, I, = 1360.8 W/m? and
the luminosity of the sun, L = 3.827 x 102° I/,
We can use these values in (9) to obtain the
diameter of the sun, s = 1.39 x 10 km

12. Temperature of the Sun

Similarly, the temperature of the sun can be
determined by the temperature Eq. (12), because
all stars are black bodies. The apparent Intensity
of the sun, I =1370W/m? and the angular
diameter of the sun, 6 = 0.5334°. We got,

1

4
T = [ ! 29] , then using this, we will get the
o tan ;

temperature of the sun,7 = 5778.73 K.

13. Conclusions

We have derived the relationships for
apparent sizes in both isoscele and scalene

views. Also, we derived the relative constant to
verify the appearance law in calculating the
apparent sizes of objects. Applications, such as
the expression for the diameter of luminous
objects and the expression for the temperature of
black bodies, are also developed from the
apparent size relationships.

Appendix I

In this appendix, we calculate the diameter of

. 6
the Sirius star from s = \/gtanz to support the

above derivation for the diameter relation. So,
the luminosity of Sirius, L =25.4L0O. So,

L =254 x3.827 x 10%® W and the apparent
1=107"-2
accurate angular diameter measurement was
recently found [6]. So, the angular arc of Sirius,
S = 563 + 0.08 arcms = 15638888 x
107%°, then we get the diameter of Sirius,

S=2.4x10°km.

intensity of Sirius, The new

Appendix 11

In this appendix, we calculate the temperature

to support the derivation of the temperature
1

4
relation, T = [ ! 9] . So, the angular arc of

2
n<—
ota 2

Sirius, 6 = 1.5638888 x 107¢° and the
apparent intensity of Sirius, I = 10~7W /m?.
From there, we get the temperature of the Sirius
star, T = 9864.56 K. Here, the approximate
value of the apparent intensity of Sirius is taken.
So, that is why the calculated value is
approximately close to the absolute temperature.

References

[1] Boring, E.G., The American Journal of
Psychology, 53 (2) (1940) 293.

[2] Kaufman, J., King, T., Bai, S., Kaufman, L.,
Edlund, S. and Noble, R., Spatial Vision, 19
(5) (2006) 439.

[3] Altaie, M.B., Yousef, Z. and Al-Sharif, A.I;
Jordan J. Phys., 9 (2) (2016) 123.

124

[4] Alobayde, M.A. and Khaleel, S.E., Jordan J.
Phys., 6 (1) (2013) 27.

[5] LoPresto, M.C. and Hagoort, N., The Physics
Teacher, 49 (2) (2011) 113.

[6] Davis, J. and Tango, W.J., Nature, 323
(1986) 234.



Volume 15, Number 2, 2022. pp. 125-136

Jordan Journal of Physics

ARTICLE

Enhancement of Secondary Gamma Radiation Flux Energies in the
Energy Region from 1400 Kev to 1500 Kev during Lunar Eclipse on

June 16, 2011 at Udaipur, India

Devendra Pareek and Pallavi Sengar

Department of Physics, Bhupal Nobles’ University, Udaipur, India.

Doi: https://doi.org/10.47011/15.2.3

Received on: 08/10/2020; Accepted on: 18/01/2021

Abstract: The lunar eclipse at Udaipur (27° 43’ 12.00” N, 75° 28” 48.01” E), India was
experimentally observed on June 16, 2011 using ground-based Nal (TI) scintillation
detector. Cadences of data were collected at intervals of half an hour. The analyzed data
revealed a significant enhancement in the energy region from 1400 keV to 1500 keV of
secondary gamma radiation flux (SGRF) on comparison to pre- and after lunar eclipse
days. On June 16, we observed additional peaks in the energy spectrum of SGR flux in the
energy region extending from 1461.010 keV to 1472.536 keV during the progress of lunar
eclipse. We interpret such enhancement of SGR flux energies on the basis of combined
phenomenon of gravitational lensing effect of Sun and Earth as well as the Sun’s magnetic
field and the interplanetary magnetic field. Due to such combined effect, primary cosmic and
solar radiations bend and may cause strong hitting on the less air surface of the Moon,
resulting into emission of secondary particle flux mostly gamma radiation, high energy
photo electrons, hard X -radiation, muons, protons and neutrons which may be regarded as
back scattering from the Moon surface. Energy of backscattered secondary flux is large
enough that it gives such enhancement in the energy region from 1400 keV to 1500 keV
during lunar eclipse observation. Also, due to combined gravitational effect, cosmic
radiation bent and impinged deep inside the atmosphere of Earth, producing a large shower
of secondary radiation particles. These collective effects may give such enhancement of
secondary gamma radiation flux energies.

Keywords: Lunar eclipse, Solar magnetic field, Interplanetary magnetic field, Gravitational

lensing, Bending of primary cosmic and solar radiations.

1. Introduction

Cosmic radiation - known as galactic cosmic
radiation (GCR) - is high-energy charged particles
and a composition of cosmic radiation form about
89% of protons, 10% of helium, and about 1% of
other heavier elements, such as carbon, oxygen,
magnesium, silicon and iron [12]. Charged cosmic
particles radiation is almost isotropically
distributed and propagates through interplanetary
space while arriving on Earth [9]. If these
particles have energies of the order of 10 TeV or
lower, then they will bend under the influence of
solar and interplanectary magnetic fields [8].

Energetic particles that are associated with
energetic events on the Sun, known as solar
radiation (SR), are accelerated in interplanetary
space. It is believed that the bending of cosmic
flux becomes significant when the Moon is in
the line joining the centers of the Sun and the
Earth during the eclipse [1], [6], [20], [2], [3]

It was observed that when the
electromagnetic radiation passes near a massive
object, then due to gravitational field of the
object, it bends. Such phenomenon is called
gravitational lensing. The object could be a
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galaxy, a star or a cluster of galaxies. This was
proved by A. S. Eddington and collaborators in a
famous experiment during a total solar eclipse in
1919.

Due to the combined effect of gravitational
lensing, strong solar and interplanetary magnetic
fields, the primary high-energy cosmic radiation
and solar radiation bend. These bent radiations
strike on the airless surface of the Moon.
Therefore, from surface of the moon; mostly
gamma radiation, high-energy photo electrons,
hard x-rays, muons, protons and neutrons are
emitted as secondary emission in the range of
several hundred keV to MeV [13], [21], [22].

It is very interesting to collect data of
radiation during different celestial events
occurring at various times, because it is observed
that during such events, GCR and SR are
modulated. When high-energy GCR and SR
undergo collisions with atoms of the upper

atmosphere, they produce a cascade of
"secondary" particles known as secondary
radiation (SR) and produce a shower of

secondary particles. These particles increase

rapidly as these move downward in the
atmosphere and in each interaction, the particles
lose energy. Small fraction of these particles
usually comes down to the ground because of the
large width of secondary cosmic shower. These
particles are detected by appropriate detectors on
ground [11], [7].

The secondary radiation can be divided into
three components as electromagnetic component,
hadronic component and mesonic component. In
the electromagnetic component, there is a
presence of electrons and gamma radiation.
Hadronic component has low-energy protons and
neutrons, while mesonic component has pions,
muons, neutrinos and kaons. The secondary flux
has one component of secondary gamma
radiation which is measured by efficient
scintillation detectors.

On 15™ and 16™ June 2011, a Lunar eclipse
was witnessed over much of Europe, much of
Asia, Australia, Africa, South America, the
Pacific, Atlantic, the Indian Ocean and
Antarctica [Fig. 1].

FIG. 1. Lunar eclipse.

2. Celestial Events and Variation of Radiation Flux

Many ground-based experimental studies for
observing secondary cosmic and solar radiation
flux were conducted during normal days and on
days of special celestial events, such as solar
eclipse, lunar eclipse, appearance of a comet in
the sky, phases of the Moon and closest
approach of Venus, with help of scintillation
counter.

In lunar-eclipse studies, variation of secondary
cosmic and solar gamma radiation flux at some
energy had been observed. Such interesting

126

finding can be explained on the basis of bending
of primary cosmic radiation and solar radiation by
the combined effect of the magnetic field of the
Sun and the interplanetary magnetic field, the
combined gravitational lensing effect of Sun and
Earth and the backscattered secondary flux form
the Moon [16]

To observe the variation of secondary
radiation, we conducted an experimental study
during lunar eclipse on June 16, 2011 at
Udaipur, India.
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3. Experimental Set-up and Observations

In this experimental study, an efficient
scintillation detector of Model 802 was used, made
by: Canberra Genie 2000, to detect SCGR
(secondary cosmic gamma radiation) produced by
the GCR and SR during partial lunar eclipse in the
energy range from 2 keV to 2048 keV [Fig. 2].
Diameter of the detector crystal is 50 mm with a
thickness of 44.5 mm. Nal (TI) crystal is optically
coupled with photo multiplier tube (PMT) of
Model 2007P. To provide high-tension voltage,
high-tension voltage supply Model 3102D of 1100
Volts DC was connected with integral line. Using
negative polarity of spectroscopic amplifier Model
2022, the negative signal of about 0.5 Volt was
amplified to a 5-Volt positive pulse, then the

signal was fed to a multi-channel analyzer with
1024 energy channels for acquisition and analysis.
The detector system was put into a 2.5-inch lead
shield with a small opening pointed towards the
partial lunar eclipse. We collected data as a
function of time after intervals of half an hour and
the data files were stored in computer from 12.00
AM t03.30 AM on June 15, 16 and 17, 2011. June
15 was a pre-eclipse normal day and June 17 was
a post-eclipse day. In India, lunar eclipse began
from June 15 at 11.53 PM and ended on June 16 at
3.32 AM. Maximum eclipse was at 1.43 AM. The
energy calibration was observed to be 2.0 keV per
challgnel using the standard radioactive source
Cs™.

FIG. 2. Scintillation detector.

4. Analysis and Results

As depicted in the panels of Figs. 3, 4 and 5,
the energy spectra of SGR flux on pre-eclipse day
(15™ June), partial eclipse day (16™ June) and post-
eclipse day (17" June) in the energy range
between 800 keV and 2000 keV were taken from
12.00 AM to 3.30 AM with a duration of half an
hour integrated data files.

Panels of Figs. 6, 7 and 8 show the existence
of specific peaks with the progress of time from
12.00 AM to 3.30 AM. We used Lorentz peak fit
concept in order to understand the characteristics
and energy variation of SGR flux peaks in the
energy range from 1300 keV to 1600 keV.
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FIG. 7. Lorentz fit for specific peaks in data of SGRF on partial lunar-eclipse day.
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FIG. 8. Lorentz fit for specific peaks in data of SGRF on post-partial lunar-eclipse day.

The time-dependent energy spectrum analysis
clearly showed that with the progress of the
eclipse, the energy of the observed peak varied
consistently from 1461.010 keV to 1472.536
keV on the eclipse day. The figures above show
clearly that in comparison to normal days (15
and 17), on the eclipse day, there is an increase

of energies of SGRF (secondary gamma
radiation flux). The following tables represent
the energies of SGRF on pre-lunar eclipse day,
lunar eclipse day and post-lunar eclipse day
using Figs. 6, 7 and 8, respectively.
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SGREF energies
on 15 June 2011(Energy Table)

Sr. No. Time Energy (keV) Mean
1 12.00 — 12.30 A.M. 1447.64
2 12.30-1.00 A.M. 1447.989
3 1.00 - 1.30 A.M. 1450.07
4 1.30 -2.00 A.M. 1454.889 1451.82671 keV
5 2.00-2.30 A M. 1451.003
6 2.30-3.00 A M. 1454.546
7 3.00-3.30 A.M. 1456.65

on 16 June 2011 (Energy Table)

Sr. No. Time Energy (keV) Mean
1 12.00-12.30 A.M. 1461.010
2 12.30-1.00 A.M. 1461.642
3 1.00 - 1.30 A.M. 1465.442
4 1.30 -2.00 A.M. 1464.627 1465.201 keV
5 2.00-2.30 AM. 1465.969
6 2.30-3.00 A M. 1465.181
7 3.00-3.30 AM. 1472.536

on 17 June 2011 (Energy Table)

Sr. No. Time Energy (keV) Mean
1 12.00- 12.30 A.M. 1443.79
2 12.30 - 1.00 A.M. 1446.76
3 1.00 - 1.30 A.M. 1449.271
4 1.30 -2.00 A.M. 1450.216 1450.329 keV
5 2.00-2.30 AM. 1452.616
6 2.30-3.00 A M. 1452.977
7 3.00-3.30 A.M. 1456.67

Using panels of Figs. 6, 7, 8 and the tables  post- and lunar eclipse days, showing that there
above, Figs. 9 and 10 clearly represent the is an increase in energies of SGRF on lunar-
energy variation of SGRF peaks in the energy  eclipse day in comparison to other days, which is
range from 1400 keV to 1500 keV on the pre-,  noticeable on the lunar-eclipse day.
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5. Discussion

The probable reasons in this present study for
the enhancement of SGR flux energies in the
energy range from 1400 keV to 1500 keV are as
follows:

1. Due to the combined effect of gravitational
lensing, strong solar and interplanetary
magnetic fields, the primary high-energy
cosmic radiation and solar radiation bend.
These bent radiations strike on the surface of
the Moon. From the surface of the Moon,
mostly gamma radiation, high-energy photo
electrons, hard x-rays, muons, protons and
neutrons are emitted as secondary emission in
the range of several hundred keV to MeV.
These secondary emissions may produce the
enhancement of SGR flux energies in the
energy range from 1400 keV to 1500 keV
which is reported in this present study.

2. Bent primary cosmic radiation and solar
radiation  penetrate deep inside the

atmosphere of the Earth, which produces
more showers of secondary radiation
particles. This secondary flux reaches the
surface of Earth and may produce such
enhancement of SGRF energies in the energy
range from 1400 keV to 1500 keV

6. Conclusion

From points (1) and (2) above, we can
understand that as the eclipse progresses, there is
an unusual enhancement of SGRF energies in the
energy range between 1400 keV and 1500 keV.
This is a new observation reported in the present
study for the first time during lunar eclipse and
may be examined in detail with more statistics in
the next experimental studies.
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Abstract: In this study, the Schrodinger equation was solved with a superposition of the
Hulthen potential and generalized inverse quadratic Yukawa potential model using the
Nikiforov-Uvarov (NU) method. For completeness, we also calculated the wave function.
To validate our results, the numerical bound state energy eigenvalues was computed for
various principal n and angular momentum £ quantum numbers. With the aid of the
Hellmann-Feynman theorem, the expressions for the expectation values of the square of
inverse of position, 772, inverse of position, r~!, kinetic energy, T and square of

momentum, p are calculated. By adjusting the potential parameters, special cases of the
potential were considered, resulting in Generalized Inverse Quadratic Yukawa potential,
Hulthen potential, Coulomb potential, Kratzer potential, Inversely Quadratic Yukawa
potential and Coulomb plus inverse square potential, respectively. Their energy eigenvalue
expressions and numerical computations agreed with the literature.

Keywords: Schrodinger equation, Hulthen potential (HP), Generalized inverse quadratic
Yukawa potential (GIQYP), Nikiforov-Uvarov method.
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1. Introduction

It is well established that the exact solutions
of the Schrodinger equation contain all the
necessary information for a quantum system.
This is attributed to the fact that the
eigenfunctions associated with these problems
contain very pertinent information regarding the
quantum systems under consideration [1-4].

Recently, researchers have showed great
interest in the analytical solutions of the
Schrédinger equation with some physical
potential models by using different methods [5];
the asymptotic iteration method (AIM) [6,7],
exact-quantization rules [8-10], the Nikiforov—

Uvarov (NU) method [11-20], supersymmetric
quantum mechanics (SUSYQM) [21], Wentzel-
Kramers-Brillion  and  Jeffery (WKBJ)
approximation method [22-24], the Nikiforov—
Uvarov-functional analysis method (NUFA)
[25,26],the series expansion method [27-30] and
SO on.

Hulthen potential is one of the important
molecular potentials used in different areas of
physics, such as nuclear and particle, atomic and
condensed matter physics and chemical physics,
to describe the interaction between two atoms
[31].

Corresponding Author: C. O. Edet
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Several works have been carried out on this
potential. For instance, the asymptotic iteration
method has been applied to obtain the solution of
the Schrodinger equation with Hulthen potential
[32-34].

The Klein-Gordon equation has previously
been solved with a position-dependent mass [35,
36]. Authors in Ref. [37,38] solved the
Schrodinger equation with Hulthen plus ringed-
shaped potential and [31] solved the Schrodinger
equation for the interaction of Coulomb and
Hulthen potentials within the framework of
supersymmetric approach and Nikiforov-Uvarov
method.

The generalized inverse quadratic Yukawa
potential (GIQYP) is a combination of the
inverse quadratic Yukawa (IQY) and the
Yukawa potentials. It is asymptotic to a finite
value as r — oo and becomes infinite at r = 0
[39].

In the present work, we attempt to investigate
the bound-state solutions of the non-relativistic
radial Schrédinger equation with the interaction
of Hulthen plus Generalized Inverse Quadratic
Yukawa potential:

Voe 20T
1_6—2(11‘

V() =— -V, U?, (1a)

-1
V(r)(eV) °  a=0.0lfm

2 a=0.1fm'1

° o=0.001fm™

6 8 10

) r( fm)

where V; is the coupling strength of the
potential, a is the screening parameter, V; is the
strength of the potential, r(fm) is the radial

e—ar

distance to the particleand U = 1 + —.
Hence, Eq. (1a) can be rewritten as:

Voe—2ar Be~Qr  ge—2ar

V() = - -C- » (b

1_6—2(11‘ r T'Z
where A =C =V; and B = 2V;.

In Fig. 1a and Fig. 1b, we show the shape of
the potential under study as it varies with » for
different values of the adjustable screening
parameter and for potentials: HP, GIQYP and
HPGIQYP, respectively.

The work is organized as follows. We present
a brief review of the Nikiforov-Uvarov method
in Section 2, while in Section 3, this method is
applied to obtain the bound-state solutions of the
Hulthen plus Generalized Inverse Quadratic
Yukawa potential (HPGIQYP). In Section 4, we
deduce some special cases by adjusting some
parameters of the potential and Section 5
presents the results and discussion. We use the
Hellman-Feynmann theorem to calculate the
expectation values of some physical observables
in Section 6 and finally, our concluding remarks
are captured in Section 7.

¢ HP
° GIQYP
© HPGIQYP

V(r)(eV)

2
o

r( fm)

FIG. 1. (a) The shape of the Hulthen potential plus generalized inverse quadratic Yukawa potential for V, = 4 =
C = 1.00eV and B = 2eV by varying values of a. (b) The shape of the Hulthen potential, generalized inverse
quadratic Yukawa and Hulthen potential plus generalized inverse quadratic Yukawa potential for V; = 5eV, A =
C =1.00eV,B=2eVanda =01fm™L.
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2. Review of the Nikiforov-Uvarov
Method

The Nikiforov-Uvarov (NU) method is based
on solving hypergeometric-type second-order
differential equations by means of special
orthogonal functions [40]. The main equation
which is closely associated with the method is
given in the following form [40];

VDBV D+ Z2W@D =0 @)

where o(z) and 6(z) are polynomials at most
second-degree, T(z) is a first-degree polynomial
and Y(z) is a function of the hypergeometric
type.

The exact solution of Eq. (2) can be obtained
by using the following transformation:

Y(2) = ¢(2)y(2). 3)

This transformation reduces Eq. (2) into a
hypergeometric-type equation of the form:

a(2)y"(z) + 1(2)y'(z) + 2y(2) = 0. 4)

The function ¢(s) can be defined as the
logarithm derivative:

'@ _ n@

@ o2 ®)
where

n(z) = S [1(2) - #1()] (©)

with 7m(z) being at most a first-degree
polynomial. The second ¥ (z) being v, (z) in Eq.
(3) is the hypergeometric function with its
polynomial solution given by Rodrigues relation:

M () = ar o™
Y™ () = 2o ()p(2)] )
Here, B, is the normalization constant and

p(z) is the weight function which must satisfy
the conditions:

(6(@)p@) = o(2)(2); (8)
(2) = ©(2) + 2n(2). 9)

It should be noted that the derivative of 7(s)

with respect to s should be negative. The
eigenfunctions and eigenvalues can be obtained
using the definition of the following function

7(s) and parameter A, respectively:

n(z) =
ﬂ%y&J@gﬁqigw+m@
(10)
where
k=1-—n'(2). (i

The value of £ can be obtained by setting the
discriminant of the square root in Eq. (10) equal
to zero. As such, the new eigenvalue equation
can be given as:

n(n-1)

A = —n1'(2) — c"(z),n=0,12,..(12)

3. Bound-state Solution with Hulthen
and Generalized Inverse Quadratic
Yukawa Potential

The radial Schrédinger equation can be given

as [41]:
2

Tt 2By~ V) L2 Ry = 0, (13)
where p is the reduced mass, Ep is the energy
spectrum, # is the reduced Planck’s constant and
nand! are the radial and orbital angular
momentum quantum numbers, respectively (or
vibration-rotation quantum number in quantum
chemistry). Substituting Eq. (1b) into Eq. (13)
gives:

dZR 2# —2a Be—(ZT
ot [Enl + et CH +
Ae—2%r h2€(€+1) _
— ]Rm =0. (14)
Employing the Greene and Aldrich

approximation scheme [42], which is given by:

1 4q?e2ar

.l (15)

T'2 (1 e—ZaT‘)Z
Eq. (14) becomes;

d?Rypy; e—2ar Be—ar

2

— +h‘2‘[Enl+ e +

Ae—2ar 2h2€(£’+1)zxze'2"‘r

2z n(1—e=2ar)2 ] nl = 0' (16)

d%Ryp(7) 2u

) [t O -

e—szr)Z +V e—szr(l —szr) +

ZBae—szr(l _ —szr) +4Aa2 —4ar __

Zflzf{’ 1 2,-2ar

Bt Ry (1) = 0. (17)

Eq. (17) can be simplified and introducing the
following dimensionless abbreviations:
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(. _ HE+ON 1
En = ez ke=@B+5-1-2fe(Gy-n). @6
_ BV
b= e From Eq. (9), the parameter 7 (s) becomes:
{y=200+1) }, (18)
_ KB
=~ a T(S)=1—2$—2[</G+y—n)+ sn)s—
2uA
\ N=" \/_] 27)
&nl
and using the transformation s = e 2%", we "
obtain: Referring to Eq. (11), the constant A is
d®Rne(r) _ 4 2 2 @Rne(S) 2 4Rn(s) obtained as:
vz = 4a“s 2z T 4a‘s e (19)

Substituting Egs. (18) and (19) into Eq. (17)
yields:

d?Rp(s) 1-s dRpy(s) 1

2
ds? s(1-s) ds + s2(1-s)2 [ S (Sn +

B+6—m+sQe+p+6—vy)—

en]Rne(s) =0 . (20)

By comparing Egs. (20) and (2), we obtain
the following parameters:

( i(s)=1-s
{ o(s) =s(1—-y5) } 0
6(s)=—s*(eptB+6—-m [

+sQep, +p+8—v) — &,

Substituting these polynomials into Eq. (21)
gives:

n(s) = —>+/(@=K)s?+ (b +k)s+c, (22)

where:

a=%+sn+ﬁ+6—n
b=-2e,—B—6+V( (23)
c=¢,
To find the constant %, the discriminant of

the expression under the square root of Eq. (22)
must be equal to zero. As such, we have that:

ki=@+6-pr2fe,(ry-n). @4

Substituting Eq. (24) into Eq. (22) yields:

n(s) = —%i [( G+y—n)+ sn)s—
Jg—] (25)

From our knowledge of NU method, we
choose the expression 7(s), where the function
7(s) has a negative derivative. This is given by:
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/1=—%—< ’G+y—n)+ sn)+
B+5-1-2fe(Gy-n). @

Employing Eq. (12) and taking that:

T’(s)=—2—2< G+y—n)+ sn)<0

(29)
and
c'(s)=-2, (30)
we have:

2

2
1 ﬁ+6—n—(n+%+ Eﬂ/—n) 61)

En =~ .

"o (n+;+ /§+y_n)

Substituting Eq. (23) into Eq. (31) yields the
energy eigenvalue equation of the Hulthen plus
Generalized Inverse Quadratic Yukawa potential
in the form:

KVo KB 2uA

E,p=—C— h?a? 20202 hZa_ 2 _
o=
2 (n+§+ E+£’(£’+1)—2:—2A>

2

2uA

<n+%+\/%+£(€+1)—?) . (32

The corresponding wave functions can be
evaluated by substituting m(s) and a(s) from
Eq. (25) and Eq. (21), respectively, into Eq. (5).

Solving the first-order differential equation
gives:

1 1
O(s) = sVEn (1 — 5)2 VT (33)

The weight function p(s) from Eq. (8) can be
obtained as:
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1
p(s) = s2Ven(1 — )N (34)
From the Rodrigues relation of Eq. (7), we
obtain:
(2 &n,2 Eﬂ/—n)
yn(s) = Nn,lpn (1 - ZS): (35)

where Pn(g"g) is the Jacobi polynomial.

Substituting @(s) and y,(s) from Eq. (33)
and Eq. (35), respectively, into Eq. (3), we
obtain the radial wave function as:

R,(s) =
Nn'ls\/a(l -

4. Deductions from Eq. (32)

In this section, we take some adjustments of
constants in Eq. (1b), noting that A=C =V;
and B = 2V, to have the following cases:

a. Generalized Inverse Quadratic Yukawa
Potential

If V4 = 0, Eq. (1b) reduces to the Generalized
Inverse Quadratic Yukawa potential:

Ve =y (1+ e:")z. 37)

and then Eq. (32) becomes:

2

P i i s G0
nt 1 H 2(n+%(1+@)) ’
(38)
where
0= J(2€ +1)2 — 221, 39)

Eq. (38) is in full agreement with the results
in Eq. (24) of [39].

b. Hulthen Potential

IfV; = 0 and V, = Ze?a, Eq. (1b) reduces to
the Hulthen potential:

Zelq e™207
V() = o (40)
and Eq. (32) becomes:
_ h2a? uze? (n+£+1) 2
Enf - 2u [hzzx(n+{’+1) - 2 ] (41)

Eq. (41) is identical with the energy
eigenvalues formula given in Eq. (32) of Ref.
[26].

¢. Coulomb Potential

fA=C=V,=0, a—> 0 and V, =0, Eq.
(1b) reduces to the Coulomb potential and the
energy from Eq. (32) becomes:

uB?
2
th(n+%+ E+{’({’+1)>
Eq. (42) is very consistent with the result
obtained in Eq. (101) of Ref. [29].
d. Kratzer Potential

Ifa - 0 and Vy = 0 and if we set A = =V},
B = 2V; and C = —V;, then Eq. (1b) reduces to

Ene=-— (42)

Vr) =C-2+5 (43)
Eq. (32) becomes:

uB?
2(n4ls 2 2ud)
2h (n+2+ 4+£’(t’+1)+ hZ)

Eq. (44) is very consistent with the result
obtained in Eq. (125) of Ref. [29].

En,p,=C—

(44)

e. Inversely Quadratic Yukawa Potential

If V():O, A:_Vl, B:2V1, C:V1 and
C = B = 0, the potential Eq. (1b) reduces to the
Inverse Quadratic Yukawa potential

A -2ar
V() = - (45)
Eq. (32) becomes:
272
W2 2:—ZA+(n+%+ EH’({’H)—Z:—ZA)
E. ,=—2< . (46
nt

2 (n+%+ EH’({’H)—Z:—ZA)
Eq. (46) is identical to the results in; Eq. (37)
of Ref. [33].

f. Coulomb Plus Inverse-Square Potential

Ifweset C =0,Vy=0and a = 0, Eq. (1b)
reduces to the Coulomb plus Inverse-Square
potentia

V) = -2+ 5 (47)
Eq. (32) becomes:

uB?

2(n4ly 2 2uA)
2h (n+2+ SHE+D+5 )

Ene=- (48)
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5. Results and Discussion

In the present consideration, the energy
eigenvalues of the Hulthen potential plus
Generalized Inverse Quadratic Yukawa potential
were computed using Eq. (32). The explicit
values of these energies for different principal
and angular quantum numbers are given in Table
2.

For comparison and validation of our results,
we have also computed the energy eigenvalues
of the Generalized Inverse Quadratic Yukawa
potential using the energy equation given in Eq.
(38) as a special case. The results in Table 1
show for energy eigenvalue of GIYQP that for a
fixed value of the azimuthal quantum number /,
the energy spectrum increases slowly with an
increase in the principal quantum number 7 ; for
small adjustable screening parameter « for

weak potential coupling strength V|in the range

0.5 — 1.0 fm™1, which is in good agreement with
the results in Table 1 of Ref. [39]. In Table 2
(which shows the results of our work), the
energy eigenvalues of HPGIYQP are shown. We
have observed that, as the state (n, 1) increases
(i.e., from ground state to first excited state,
second excited state ... etc.), there is a slow
increase in the energy eigenvalues. But when the
coupling strengths of the potential increase in a
particular potential range, there is a rapid
decrease in the energy eigenvalues in any state.
More so, it is seen that the energy eigenvalues
are very sensitive to the potential range
(screening parameter) as they decrease more
rapidly as the screening parameter decreases in
all states.

However, Figs. 2a-2¢ give graphical
expressions of Table 2, re-affirming the above
observations. Fig. 2d shows the dependence of
energy on the screening parameter for p-wave
which is consistent with the above observations.
The relationship between the energy spectrum
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and the screening parameter is an exponential
increasing function. So, for screening parameter
0.02 < a < 1.0eV, there are exponential
increases in the energy spectrum. Finally, Fig. 2e
and Fig. 2f present the relationships of
dependence of the energy spectrum on the
potential strength J; and the coupling strength

V.. Both curves establish a decaying exponential

relationship. Figs. 2e and 2f show that the
highest energy possible for all states is when
Vy=0elV, after which as V| increases, the

energy eigenvalue curves for different states fall
towards zero.

6. Hellmann-Feynman Theorem (HFT)

This theorem is so invaluable for obtaining
the expectation values of physical observables
for any value of the principal and angular
momentum quantum numbers n,/. This can

however be achieved if the Hamiltonian H of a
given quantum system is known. So, the theory

states that [43] if the Hamiltonian A (q) of a
physical system, the energy eigenvalues E (q)
and eigenfunction l//(q) all depend on the

parameter ¢, then:
(’)En( ) 9H(q)
LD = (@ |52 Y (@] (49)

provided that the v/, (q) associated normalized

eigenfunction is continuous with respect to ¢ .

However, the effective Hamiltonian containing

the potential which corresponds to the non-

relativistic spectrum given by Eq. (32) is:

7 n? d?

A= it
Be—ar

r r2

l(l+1)—

—_e-zar

Ce—ZaT‘

(50)
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FIG. 2. Energy eigenvalues of the non-relativistic Hulthen potential plus generalized inverse quadratic Yukawa
potential against (a) £ for various values of n. Vy = 0.6fm™%, V; = 0.5fm™* and @ = 0.1fm™1, (b) against n for
various values of £. V; = 0.6 fm™%, V/; = 0.5fm™! and @ = 0.1fm™1, (c) against £ for various values of n.

Vo = 1fm ™1, V; = 1fm™! and @ = 0.1fm™1, (d) against a for various values of “n and £”. V, = 0.6fm™1,V; =
0.5fm™1, (e) against V; for various values of “n and €”.,V; = 0.5 fm~! and (f) against V; for various values of “n
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a. Expectation Value < P>

Here, we let ¢ =/ in Eq. (49).

200 = (@) |22 Dy (51

Takmg the partial derivative of Eq. (32) with
respect to I, we have:

aEnl(l) Zfl a? 1
2
1
- 52
][ n+ +A 2’1] (52)
where

uvy uB 2uc
2h2a? h2a h2

g =

53
A= \/+l(l+1)—£ &)

and

(@) |52 e O]) = - L+ DE2) (59)

Then, on equating Eq. (52) and Eq. (54), we
find:

L + 1 i
(n+tea)’

v”>=§{ —n+%+4

1
n+§+l

(55)
b. Expectation Value < r >

Letting g =B, in Eq. (49), and taking the
partial derivative of Eq. (32) with respect to B,

u
0En(B) _  2h*a® jzg o 1
aB 2u n+%+l n+%+l nts +4
(56)
Similarly,

W B[ SL| 9 (B)|) = —eerr ). (57)
Then, on equating Eq. (56) and Eq. (57), we
obtain:

— 2h% a? g
(r™1) = B

o 1
e |l——-—-n+-+1|.
2k n+; 1ia n+-+4 2

(58)

c. Expectation Values < p° > and <7 > or
the Viral Theorem

Here, we take the partial derivative of Eq.
(32) with respect to u to obtain:
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B 2C
|r(n+ +A)(2h2(112+h2a hZ) +o-2E ]I
Ew(W) _ "2q2 | n+s 12 2hZ2 ‘o 2 |
o 2 l (n+1+1)2 ZhZAJ
2

2,2
+ |2 _ntisa
2p® [n+5+2 2

(59)
and
Wi (0 [5L2] Y 0]y = —ﬁ(ﬁj% E
) = —i[ﬁ —v]= —i(T} (60)

So, on equating Eq. (59) and Eq. (60), we
obtain:

I[(n+%+l)(2f:;ﬁ+%—;—g)+ ;—CA ]I
h2 2 n+>+1 212 2C
T . > +o——|-
= l (nete2) "sz
P _p+lia.
2 [nt+3+2 2
(61)
But,
—2(T) = —— (p?) (62)
u
So,
[n+ +l (zhzaz hlzga hz) 2C ]
n 2 flzl
07) = | - |
p un“a | (n+ +A) |
| +o—2 |
2h22
- h?a®|— —n+%+/1]
(63)

7. Conclusion

In this study, we have presented the
approximate analytical bound-state solutions of
the Schrédinger equation for an interaction of the
Hulthen potential with the Generalized Inverse
Quadratic Yukawa potential obtained within the
Nikiforov-Uvarov framework. The
corresponding  energy  eigenvalues  and
eigenfunctions were computed for different
quantum states and the adjustable screening
parameter was obtained. Expectation values of
some physical observables have also been
calculated using the Hellmann-Feynmann
Theorem (HFT). Further, special cases of our
potential have been discussed and for limiting
cases, our results conform to those of available
literature.
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Abstract: Advances in gamma-ray spectroscopy allow for excellent background
suppression and increased efficiency using composite Clover detectors with combinations
of active shields. The events from such combinations, registered in list mode and analyzed
offline, promote significant sensitivity improvements for gamma detection. This study
utilizes the modularity of such composite of high-purity germanium radiation detectors to
investigate their applicability in different possible fields. A comprehensive survey is
conducted on the appropriate radioactive isotope serving each application. According to its
decay scheme, investigation on the proper modes of operation for each isotope is carried
out by Monte Carlo simulation applied to the Clover detector geometry. Addback factor
measurements were performed using the newly acquired BALQARAD Clover. In an
offline analysis through self-developed software, the Clover direct and addback
performances are deduced versus gamma-ray energy. Measurement results obtained using
the Clover detectors agree reasonably well with those obtained by Monte Carlo simulation.

Keywords: Geant4, HPGe, Clover-type detector, Detector modeling and simulation, Modes

of operation, Addback factor.

Introduction

While standard gamma-ray spectrometry is
commonly used to satisfy various requirements,
many significant applications involving highly
sensitive detection and gamma-ray measurement
are hampered by ambient backgrounds and need
enhanced signal-to-background ratios. Therefore,
due to crystal size restriction, poor time
characteristics and large Doppler broadening of
the energy spectrum, standard spectroscopy is
not well-suited for such applications. Nowadays,
the increasing number of stations around the
world for radiation detection equipment, mainly
gamma-ray detectors, reflects the public interest
in radioactive wastes and other contaminations
in the surrounding environment. Recent
advances using composite and segmented HPGe

Clover detectors as active shields in conjunction
with scintillators provide high degrees of
versatility for various kinds of ambient, cosmic
and sample relevant to background suppression.
Besides, attempts to maximize efficiency by
measuring at close geometry with standard
setups are combined with severe associated
effects, like summing, and limiting the
measurement's  accuracy. Combined with
extensive Monte Carlo simulations, the essential
corrections due to self-absorption, extended
source and true coincidence summing can be
reliably obtained, allowing for accurate
measurement combined with high efficiency.
Therefore, in addition to national security
applications, food and water radiological
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protection, energy and natural resource
applications, many environmental radioactivity
measurements are foreseen to benefit from such
a sensitive system.

Continued global research dedicated to the
detection of low activities and yields by specific
gamma signatures is reported in various
literature articles [1-5], which revealed steady
improvements through the use of arrays of Ge
detectors in resolving power, efficiency and high
ratio of full-energy to partial-energy events.

Researchers were motivated to investigate
further the early encouraging results of using
Clover HPGe detectors in several applications
and fields. Dababneh ef al., (2004) examined the
benefits and disadvantages of different modes of
operation. An experimental approach for
determining the summing correction factor was
formulated for the setup of two Clover HPGe
detectors of the Karlsruhe Research Center in
Germany [6]. Besides, in 2014, Dababneh ef al.,
reported on a setup of Clover HPGe detector in
coincidence with specified energy windows in
BGO counters covering a large solid angle and
combined with large plastic veto counters, which
led to a significantly improved sensitivity that
allows for clear identification of specific v-
transitions [7]. Different modes of operation
have been tested for optimizing the final
experimental setup. Sarmiento et al. used an
experimental setup consisting of composite Ge
and strongly segmented Si detectors in 2012 to
investigate the nuclear structure of the heaviest
elements [8]. A comparison between the
simulated detector response of complex decay
modes and the experimental data was
constructed. A contrast was constructed between
the simulated detector response of complex
modes of decay and the experimental data [8].
The results provided an excellent testing
scenario for new gating and triggering
possibilities. Furthermore, a Canberra CryoPulse
5 high-purity germanium (HPGe) semiconductor
detector was used to classify and quantify the
isotopes that emit gamma in ports and waterways
[9]. An experimental setup consisting of §
segmented Clover HPGe detectors [10] has also
investigated collective excitation and single-
particle state interaction. For any composite
detector, the full detection mode is calculated by
simultaneously testing direct and addback
modes. The addback mode's advantage arises
when the escaped events from one crystal may
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be recorded in the other crystals. This
substantially increases the contribution to the
full-energy peak (FEP) efficiency and reduces
the Compton continuum [11].

Despite the above research efforts, when
complex isotopes are involved in the decay mode
or complicated calculation methods, many
measurement difficulties can arise. It is worth
mentioning here that there is no widely used
integrated measurement method with well-
defined calculation techniques. This study aims
to perform a comprehensive analysis and review
of different radioactive elements, analyze the
application used and analyze preferable modes
of operation based on the isotope decay scheme.
This can be carried out with a validated and
well-controlled measurement method via a
newly acquired active shielded Clover detector
named BALQARAD Clover, located at Saed
Dababneh Laboratory (SDL) for Radiation
Measurements at Al-Balqa Applied University in
Salt, Jordan. The BALQARAD Clover, to the
best of our knowledge, is the first of its kind in
the Middle East and in the Arab world. A model
was developed by Geant4 code for the Clover
and then validated after comparison was
performed between experimental and simulated
data using various radioactive point sources.
Finally, for the BALQARAD Clover, the
addition factor as a function of gamma energy
was also calculated.

Materials and Methods
Clover Detector Setup

The BALQARAD detection system is a
composite detection array consisting of four
high-purity germanium crystals of the N-type
arranged as Clover-shaped and different
scintillator types. Each crystal's size is 60 mm in
diameter and 60 mm in length and each crystal
has a relative efficiency of 40%. For the
BALQARAD Clover, a highly segmented active
shield is specifically designed and consists of
several BGO  (BisGe;Opp) and  CsI(TI)
scintillators surrounding the Clover (front, side
and back scintillators). Large plastic scintillator
panels fixed on top, right and left sides of the
setup were used to select or reject particular
Clover signals according to different criteria,
mainly reducing cosmic-ray backgrounds. Each
of Ge crystals and active shields provides
energy-time information recorded event-by-
event in the list file.
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Modes of Operation

Different modes of operation are used for
counting and analyzing the data. The perfect
mode used for sample characterization depends
on the decay scheme of the studied nuclide, the
energies of gamma being analyzed and other
nuclides in the sample that may interfere with
the analysis being performed. As a result of the
addback mode, events that are registered within
a given timing window and then added together
are considered. By adding Compton's energies
scattered among all the crystals, the full-energy
peak is populated by more events and the
Compton continuum is reduced. Therefore, less
background continuum at low energy will be
provided in the spectrum. If two or more photons
are emitted simultaneously and detected in
separate crystals, the addback mode integrates
these energies before binning them into the
spectrum. This true coincidence summing is the
drawback of using the addback mode. Thus,
when studying radionuclides with cascade
gammas in the addback mode, careful
consideration must be taken. When each of the
crystals is treated as a separated detector, then
the operation is called direct mode. In this mode,
each signal is registered separately and then the

(a)

number of counts is added together, channel by
channel, into the final direct mode spectrum
summed up. Due to the solid angle, the direct
mode is not oversensitive to true coincidence
summing, although Compton's continuum is
much higher.

Geant4 Model of the Clover Crystals

Monte Carlo simulation has been conducted
to investigate the BALQARAD detection
system's characteristics in various operation
modes for different isotopes. Therefore, the
experimental setup shown in Fig. 1 was modeled
using the toolkit Geant4 [12] and extensive
simulation runs were performed. The detector's
model geometry consisted of the four Ge
crystals, the scintillators surrounding them, the
front shield of the BGO, the side shield of the
BGO and the back catcher of the Csl, as well as
the canisters containing these components. The
lead shield and the source housings have also
been modeled. It is worth mentioning here that
the validation of the scintillation detectors output
of the BALQARAD system will not be included
in the current study.

FIG. 1. The BALQARAD active shielded Clover detector at Al-Balga Applied University in Jordan. (a) Right
panel: side pictures of the Clover and the active shield of the system. Left panel: The Monte Carlo model
prepared using Geant4 showing the different components of the active shield and the Clover four crystals. (b)
Sketch of the Boolean structure of the Clover crystals, which was constructed by detailed Geant4 simulation.
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In the design, four germanium crystals were
specified; each one was separately identified.
Each crystal is a composite of many geometric
shapes designed and then fused to obtain the
crystal's final shape, as shown in Fig. 1. We first
describe the crystal's geometry and construct the
physical structure by thorough assignment of its
component material, such as density, atomic
number and mass number. Finally, the physical
and geometrical definitions are linked together
and the final crystal coordination is determined
in the defined world.

Addback Factor

The addback factor F is defined as the ratio of
the FEP detection efficiency of the addback
mode to that of the direct mode. Therefore, the
addback factor measures the increase in the FEP
efficiency for a certain gamma-ray of energy E,

[11].

Duchene explored the main feature of
photopeak detection efficiency in composite
detectors such as Clover in 1999 and the findings
were contrasted with those obtained by
simulation [3]. He found that the fit of the
experimental data leads to an expression for the

addback factor F (Ey) =1+ f(E,), where f is

the addition factor that directly depends on the
photon energy. The photoelectric effect is
dominant at gamma-ray energy below 130 keV.
Consequently, the FEP normally does not
contribute much to multiple events and both
direct and addback modes are the same. The
addback factor F is equivalent to 1 (= 0) over
an energy range of less than 130 keV. The
Compton scattering probability is increased at
higher energies (above 130 keV) due to photon
scattering in more than one crystal. The addition
factor begins to increase with energy, as the
addback mode would be more efficient.
Therefore, the present work aims to test the
BALQARAD device addback factor (F) using
several gamma-ray energies obtained from “’Co,
B7Cs and **Na point sources. For this purpose,
the Clover's physical model was developed and
the additional factor equation was obtained and
compared with the simulated one.
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Results and Discussion

The geometry was evaluated wusing a
hypothetical Geant4 particle called Geantino (a
non-interacting particle), after creating a Monte
Carlo code based on comprehensive modeling of
the device architecture. To verify the modeled
geometry, which was perfectly matched with the
real one, the particle-tracking information was
used. A special simulation run was also carried
out to compare our built code's performance to
the experimental measurements.

The Validation of BALQARAD Clover
Simulation Model

A comparison was carried out between
experimental data and the results obtained from
the simulation. In the validation process, several
point sources (*’Co, "*’Cs and **Na) located at 24
mm from the Clover’s front side were used. The
source-detector distance used in the validity was
settled at 24 cm, typically to avoid high detection
dead time. Table 1 shows the full peak net area
for the point sources in the addback and direct
modes. It is evident that the simulated and
measured net areas are in good agreement, with
an average error percentage of less than 6%. It is
also clear that the addback mode is better than
the direct mode for all isotopes due to the high
addback efficiency in the full-energy peak on the
expense of the corresponding Compton
continuum. Measurements of a simple decay
scheme, as in "’Cs source with energy 661.65
keV where Compton scattering is the dominant
interaction, confirmed the addback gain as
illustrated in the gamma-ray spectrum in Fig. 2a.
In more complex decay schemes, such as “’Co
and *Na, two full energy peaks appear in
coincidence. This will reduce the events
recorded at the full-energy peak and cause the
summing peak's appearance as shown in “Co
and “Na gamma-ray spectrum in Fig. 2b and
Fig. 2c, respectively. It can be seen that in each
spectrum, the addback mode is higher than the
direct one. For *Na, the slight difference
between the two modes occurs due to the strong
annihilation peak at 511 keV observed in the
*Na isotope. Therefore, the summing peak is
considered high in the case of the addback mode,
since the full and the annihilation peaks
coincide.
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TABLE 1. Experimental and simulated full-peak net areas for “Co, *’Cs and **Na point sources.

Source B7Cs 0Co Na
Energy Peak 661 keV 1173 keV 1332 keV 1274 keV
Direct Experimental 710057 149040 133963 39020
Simulation 747316 147298 133168 37360
Percentage error (%) 5% 1% 0.5% 4%
Experimental 933151 185027 167071 39345
Addback  “qilation 984908 180790 164531 38651
Percentage error (%) 5% 2% 1% 1%
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FIG. 2. Gamma-ray spectra in different modes of operation. The observed full peak is compared with the
simulated peak; both peaks confirmed the addback gain for (a) *’Cs, (b) “°Co and (c) **Na; the slight difference
between the two modes in **Na is observed due to the summing peak at 1785 keV as a result of 511 keV and
1274 keV addition.
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Simulated Detection Mode for Different
Radionuclides

A literature survey shows that, for safety
applications, the radiation content of various
radiological, environmental, food and water
samples has been reviewed. Each application
involves measuring a particular radioisotope for
a specific sample composition with its decay
scheme. All radionuclides of concern in various
applications that are part of the pathways leading
to internal and external exposure are involved in
the summarized survey in Table 2.

The well-validated simulation code was used
to run a simulation to determine the radionuclide
addback/direct mode in various environmental

ROOT environment [30] is consequently used to
finalize the analysis and to evaluate the counts in
these two modes. The perfect mode to be used in
any sample depends on the decay scheme of the
studied nuclide, the energies of gamma that
being analyzed and other nuclides in the sample
which may interfere with the analysis being
performed. One million events at the energies of
interest were found to be sufficient to achieve
satisfactory statistics. It is well known that
photopeak interference occurs in complicated
spectra produced from some environmental
materials. For example, a typical case is the 186
keV photopeak, generated from the U and
*?6Ra photons of 185.72 keV and 186.25 keV,
respectively [31].

applications. A separate code written in the
TABLE 2. List of radionuclides of interest for different applications.
Application ggldiorzlgclidg:26 - S - - - References
Water 210},}6’ 230%%1’ 90&?’2241{1}15231{1;’ Cs, Ra, Ra, Po, [13-16]
SH, “C, 5'Cr, ®Mn, “Co, ©Zn, ®Kr, ™Sr, Tc, ™Ru,
Air 106R 1zssb 129 1311, ]37CS, ]44Ce, ]54Eu, ]SSEu, 234U, 235U, [17]
238U 238P 239P u, 240Pu, UIA
TR L TR T
S,”Co, “’Sr, "Ru, ~'Cs, “'Cs, Ce, H C Tc
' TCo, 'Cs, Sr, **Pu, *°Pu, 7Py, 235U, 232Th, 226Ra’
Soil 210Pb 40K 228A 214 : 222R 131 134C lznge, 9SNb [21-23]
Spices Ra, 232Th, 4OK [24]
Brazil nuts ““Ra, “'Ra, “*Ra [25]
Coal =Y, 226R Z]OP _Tpb. ZT], 2Ra, K [26]
Oil and gas 238U R, Z]OP zlon’ ™R 232Th ™ Ra. PRa [26]
Phosphate rocks 3 SU, 232Th, 226Ra, Ra, 4OK [26]
Fertilizer production U, “°Th, “*Ra [26]
Building materials “6Ra, ’Th, K [27,28]
Rare metals =¥y, ¥Th, K [29]

However, the use of the Clover system allows
for identifying such events in terms of direct and
addback modes with high sensitivity. Table 3
summarizes the isotopes of interest in the
environmental applications, the counts in both
direct and addback modes for each isotope's full-
energy peaks, and finally, the preferred operation
mode for each isotope due to the complexity of
the decay scheme. For gamma emitters of low-
energy range (less than 130 keV) such as '*I,
which has a simple decay scheme and emitting
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gamma-ray of energy = 39.5 keV, the direct
mode and addback mode are the same and
appear to be in harmony at low-energy region
due to the dominance of photoelectric effect. The
behavior in the addback mode is better than in
the direct mode because of the superiority of the
Compton effect for higher energies (above 130
keV), as in the case of *’K with a simple decay
scheme characterized by its dominant gamma
line at 1460.820 keV with 10.66% relative
intensity.
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TABLE 3. The simulated peak net area recorded by addback and direct modes for isotopes that may be
used in different applications.
Gamma Intensity  Direct  Addback Preferred operation

Nuclide energy (keV) (%) netarea  netarea mode
Th 63.29 3.7 95260 66151 Direct
214Bj 609.320 4549 239382 221785 Direct
214Bj 768.360 4.894 20639 18873 Direct
214Bj 934.056 3.107 11394 10752 Direct
214B; 1120.294 14.92 47450 47290 Both
214B; 1238.122 5.834 16889 16832 Both

235y, z:iBi 1377.669 3.988 11384 14364 Addback
Bi  1407.988 2.394 5899 5968 Addback
214B; 1509.210 2.130 5361 5698 Addback
2UBi 1729.595 2.878 7616 12851 Addback
214B; 1764.491 15.30 35503 42286 Addback
214B; 1847.429 2.025 4872 7215 Addback
24Bi 2204.059 4.924 9354 11432 Addback
"’Ra 186.211 3.64 50366 38219 Direct
24pp  241.9950 7.251 91381 81017 Direct
24py  295.2228 18.42 197532 185453 Direct
24pp  351.9321 35.60 327074 314925 Direct
214B;4 609.320 45.49 244968 239571 Direct
214B;4 768.360 4.894 20603 20066 Both
214B;4 934.056 3.107 11593 11574 Both
2M4Bi 1120.294 14.92 48827 51226 Addback
2R, *MBi 1238.122 5.834 17240 18200 Addback
2B 1377.669 3.988 11675 15311 Addback
24Bi 1407.988 2.394 5890 6240 Addback
2MBi 1509.210 2.130 5602 6139 Addback
2M4Bi 1729.595 2.878 7642 13943 Addback
24Bi 1764.491 15.30 35631 45263 Addback
24Bi 1847.429 2.025 5016 7759 Addback
24Bi 2204.059 4.924 9752 12616 Addback
A 129.065 2.42 46973 30801 Direct
28Ac209.253 3.89 60827 47027 Direct
212pp 238.632 43.6 516350 411188 Direct
BAc 270.245 3.46 48365 36452 Direct
28A¢ 328.000 2.95 37135 29168 Direct
28A¢ 338320 1127 113876 102628 Direct
B2y, Ac 463.004 4.40 29916 24927 Direct
212g; 727.330 6.67 30177 28729 Direct
2Ac 794.947 4.25 19723 17478 Direct
28A¢ 911.204 25.8 94982 99604 Addback
2Ac 964.766 4.99 18318 18685 Both
BAc 968.971 15.8 54711 57703 Addback
28A¢ 1588.20 3.22 8060 9305 Addback
------ K 1460.820 10.66 30356 43364 Addback
------ B7Cs 661.657 85.10 466011 614233 Addback
------ “Tpp 46.539 4.25 83107 83573 Both
------ “Ra 240.986 4.10 50129 44752 Direct
Ra 144.235 3.27 63108 60106 Direct
------ Ra 154.208 5.70 106522 102944 Direct
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Nuclide Gamma Intensity  Direct  Addback Preferred operation
energy (keV) (%) netarea  net area mode
“Ra 269.463 13.9 159912 168859 Addback
Ra 323.871 3.99 34906 38125 Addback
Ra 338.282 2.84 23974 26526 Addback
------ lcr 320.0824 9.910 104427 123046 Addback
------ *Mn 834.848  99.9760 453507 614488 Addback
“Co 1173.228 99.85 329146 404409 Addback
""" OCo 1332492  99.9826 297208 366926 Addback
------ ®7n 1115.539 50.04 182279 253582 Addback
------ ®Kr 513.997 0.434 2889 3741 Addback
™Ru  497.085 91.0 640853 810077 Addback
""" Ry 610.333 5.76 33602 44224 Addback
™Sb 176.314 6.84 110480 106298 Direct
8b 427.874 29.6 237780 291185 Addback
8b 463.365 10.49 79268 101993 Addback
------ 28b 600.597 17.65 104273 135082 Addback
8b 606.713 4.98 29377 37962 Addback
8b 635.950 11.22 63330 84218 Addback
------ 2y 39.578 7.51 143884 145440 Both
BT 80.185 2.62 58006 48723 Direct
| 284.305 6.12 69965 74362 Addback
------ | 364.489 81.5 757827 918408 Addback
| 636.989 7.16 40545 53346 Addback
------ i Ce 133.515 11.09 216271 207295 Direct
“Eu 123.0706 40.4 790576 687963 Direct
“Eu 247.9290 6.89 81733 68840 Direct
SYEu 591.755 4.95 27690 27563 both
“Eu 723.3014 20.06 95466 104538 Addback
BBy 756.8020 4.52 19849 19350 Direct
""" BBy 873.1834 12.08 50387 54728 Addback
SYEu 996.29 10.48 43048 56802 Addback
ey 1004.76 18.01 65759 81286 Addback
PRy 1274.429 34.8 109927 139796 Addback
S Eu 86.5479 30.7 703934 711483 Addback
""" Eu 105.3083 21.1 465286 473785 Addback
------ 2y 53.20 0.1230 25146 18045 Direct
------ TAm  59.5409 35.9 1032390 734439 Direct
BiCs 563.246 8.338 48301 45903 Direct
Bics 569.331 15373 86988 82722 Direct
Bics 604.721 97.62 539785 586465 Addback
______ Bics 795.864 85.46 377127 424450 Addback
Bics 801.953 8.688 36859 37773 Addback
Bics  1365.185 3.017 10372 19894 Addback
P2 295.9565 28.71 290490 241766 Direct
P 308.4550 29.70 291476 251717 Direct
P 316.5061 82.86 813063 769592 Direct
______ P2 468.0688 47.84 333895 354465 Addback
2y 588.5810 4.522 24581 23995 Direct
2 604.411 8.216 52665 81939 Addback
1921 612.426 5.34 37139 67763 Addback
Ac 129.065 2.42 46722 30574 Direct
------ BAc 209.253 3.89 60353 46628 Direct
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Nuclide Gamma Intensity  Direct  Addback Preferred operation
energy (keV) (%) netarea  net area mode
Ac 270.245 3.46 48997 36966 Direct
BAc 328.000 2.95 37440 29227 Direct
28Ac 338320 11.2 113617 102526 Direct
28Ac 463.004 4.40 30008 24968 Direct
2Ac 794.947 4.25 19237 17154 Direct
A 911.204 25.8 95052 100085 Addback
2Ac 964.766 4.99 18510 18724 Both
28Ac 968.971 15.8 54594 57456 Addback
TBj 609.320 4549 256754 284582 Addback
214Bj 768.360 4.894 21747 23831 Addback
214B;4 934.056 3.107 11764 13323 Addback
214B; 1120.294 14.92 51117 59571 Addback
214B; 1238.122 5.834 18278 21672 Addback
9B 1377.669 3.988 12175 17988 Addback
...... 2UBi 1407.988 2.394 6206 7390 Addback
214B; 1509.210 2.130 5895 7205 Addback
2B 1729.595 2.878 8037 15795 Addback
214B; 1764.491 15.30 37576 53803 Addback
24Bi 1847.429 2.025 5240 9233 Addback
24Bi 2204.059 4.924 10140 14795 Addback
mTe 459.60 7.7 57422 69809 Addback
""" 129m e 487.39 1.42 10532 14276 Addback
------ “Nb 765.803 99.808 484958 651595 Addback
------ Ra 13.52 1.60 3097 1663 Direct
------ Ra 32431 2.77 28457 33224 Addback

However, for radionuclides with complex
decay schemes such as ***Ac and *'*Bi (Fig. 3
depicts the simulated complex decay schemes of
*“Bi), which are the decay products of natural
radioactive decay chains, it is observed from the
simulation spectra that the addback mode is poor
due to coincidence summing. The secular

Simulation
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equilibrium occurs in a radioactive decay chain
when the daughter's half-life is much shorter
than that of the parent radionuclide. In this

situation, the parent's decay rate and the
production rate of the daughter are
approximately constant.
Addback
— Direct
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FIG. 3. Simulated *'*Bi gamma-ray spectra for both addback and direct modes, where the *'*Bi dominant
gamma line is at 609.32 keV with 45.49 % relative intensity.
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Addback Factor

The addition factor (f) has been performed
after measuring the addback factor (F) over
different gamma energies obtained from “’Co,
B’Cs and 'PBa point sources. The acquired
experimental data was fitted to get an equation
compared to the simulated one given in Table 4
and Fig. 4a. The ratio is approximately one,

because the Compton scattering is very low at
lower energies. With the increase in gamma-ray
radiation, the addback factor begins to rise, so
Compton's scattering becomes more probable.
The addback factor becomes almost constant at
very high energy, although the likelihood of
scattering is still dominant compared with
photoelectric absorption in the second crystal.

TABLE 4. The simulated addition factors for several gamma energies compared with those obtained

from the experimental results.

Energy (keV) Additiop factor Addi'tion factor
f (Experimental) f(Simulated)
356 0.10773£0.0029 0.12060+0.00318
661 0.2544£0.00355 0.25576+0.00381
1173 0.30734+0.00306 0.30172+0.00305
1332 0.32484+0.00319 0.31388+0.00322

The fitted addition factor equation is
expressed, according to Duchene (1999), by the
relationship with E, in keV [3]:

P, + P,InE, ,E, > 130 keV
f(Ey) = {

0,E, <130 keV.

The fitting parameters of the experimental
results acquired from BALQARAD Clover were
P, = -0.83052 and P, = 0.16172. The
experimental values are comparable with the
simulated full geometry performance, with P,=
-0.77315 and P, = 0.15276 fitting parameters
(compare two datasets in Fig. 4a and Fig. 4b).
The two datasets exhibit the same behavior as
predicted and provide a strong agreement

between the established Clover model and the
actual experiment with satisfactory evidence.
After the validation of the Clover simulation
code, it is possible now to adopt the code and run
the simulation with isotopes of wide energy
range such as; '7Ba (356.01 keV with 62.05%),
P4Cs (604.72 keV with 97.62%, 569.33 keV
with 15.4% and 795.86 keV with 85.5%), *'Cs
(661.66 keV with 85.1%), *Y (898.04 keV with
93.7% and 1836.06 with 99.2%) and “Co (1173
keV with 99.85% and 1332.49 keV with
99.98%). The new fitting parameters for
simulated addback factor with different isotopes
with wide energy range are shown in Fig. 4c.

7.4
nergy (keV)

(a) =  Experimental addition factor
b ggg Linear fit curve
5 O
+ 025
& gfg P1= -0.83052 £ 0.01914
5 0.10 P2= 0.16172 £ 0.00287
=
© 0.05
Fo0049—r>7—Fr—+——F—F+—F—F—F—F—— 77—
5.6 5.8 6.0 6.2 6.4 6.6 6.8 7.0 Tl
(b) 5 ggg = Simulated addition factor
o 0.25 Linear fit curve
S 0.20
S 0.15 P1= -0.77315 £ 0.03101
= e P,= 0.15276 + 0.00492
E 0.00 v T v T v T v T T v T v T v T v 1
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- 035
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8 0.25 Linear fit curve
S 0.
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FIG. 4. The linear fit for (a) experimental and (b) simulated addition factors for available radionuclides in the
radiation lab. (¢) The linear fit for the simulated addition factor for a set of isotopes with a wide range of energy.
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Conclusions

To examine possible applications, we have
used the modularity of composite HPGe
radiation detectors. Comprehensive Monte Carlo
simulations based on detailed modeling of the
system geometry were performed and compared
with the obtained data experimentally. After
using the Geant4 model, the results have shown
that it is a highly valuable tool for simulating
the HPGe system response. The measured
addback factor F (Ey) is larger than or equal to
one. The measured addition factor has
underlined strong agreement between the two
sets of data by using experimental and simulated
data. For each application, a detailed survey was

performed on the appropriate radioactive isotope
and the desired operating mode of the Clover
detector was determined. Further research into
the perception of regional patterns in
radionuclides is inspired by the early promising
results of using Clover HPGe detectors in many
applications and fields.
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Abstract: Normally incident electromagnetic wave on a collisional, inhomogeneous
magnetoplasma slab has been treated as a multilayered system of homogeneous sub-cells
within the transfer matrix method. For incident wave frequencies much above the ion
cyclotron frequency, the extraordinary elliptically polarized wave mode is relevant for
wave propagation normal to a dc-magnetic field. For a sinusoidal plasma density profile,
the transmittance, reflectance and absorbance are plotted versus wave frequency

normalized to electron cyclotron frequency @, / ,, for different ratios of electron

cyclotron to electron plasma frequencies. For fixed @, and by varying the wave

frequency, the curves of the transmittance and reflectance show two pass and two stop

bands. When the ratio of cyclotron frequency to plasma frequency @, / o, is increased,

all bands shift to the region of low wave frequency, the pass bands become broader and the
stop bands become narrower. The absorbance show three absorption bands; namely, two
collisional absorption bands of evanescent waves at the X-wave cut-off frequencies and a
resonance absorption band at the upper hybrid frequency. It has also been found that a
homogeneous plasma slab overestimates the collisional absorption at cut-offs and has a
broader absorption band of the upper hybrid resonance.

Keywords: Waves in inhomogeneous

Reflectance, Absorbance, Transmittance.

1. Introduction

Scattering, interaction and propagation of
electromagnetic waves in a magnetoplasma have
been attracting many researchers [1-10] due to
the wide range of applications that includes, but
is not limited to, atmospheric and space plasma,
stealth plasma, telecommunications, fabricated
industrial absorbers and filters, as well as other
applications.

Due to their unique electrical and dynamical
properties, plasmas support a wide range of
plasma oscillations and waves. The importance
of waves in plasmas as non-perturbing
diagnostic, probing and exciting tools, makes
plasma waves one of the active sub--disciplines
in plasma physics research [11-15]. Of practical

magnetoplasma,

Upper hybrid resonance,

and theoretical interest are the classification,
understanding and characterization of linear
and/or nonlinear waves in different regimes of
plasma.

Owing to its wide range of variables, a
plasma slab can be especially engineered and its
parameters controlled in a way to tailor the
material with the attempted optical properties to
serve the intended application. By interacting
with the tailored slab, the electromagnetic wave
properties are then studied and the effect of the
different plasma parameters on the reflection,
absorption and transmission of the EM--wave is
discussed.
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Gurel and Oncu [3] studied the interaction of
EM-waves with a strongly collisional plasma
slab of partially linear and partially sinusoidal
density profile and found that highly collisional
and high-density plasma greatly absorbs the
electromagnetic wave power along a wide
frequency band.

AL-Khateeb et al. [8] used the forward
recursion approach to study the characteristics of
EM-wave perpendicular propagation in a
collisional plasma slab in the GHz range for a set
of parameters that may suit reentry blackout. The
forward recursion method showed results that
are consistent with those shown in the literature
using the scattering matrix method qualitatively
and qualitatively. Laroussi [16] and Hu [17] used
the scattering matrix method to obtain
reflectance, absorbance and transmittance of
EM-waves in an inhomogeneous plasma slab.

In this work, inhomogeneous magnetoplasma
with a sinusoidal plasma density profile is
considered. The magnetoplasma will be treated
as a multilayered system of homogeneous sub-
slabs within the Max-Born transfer matrix
technique [10, 18, 19]. The present work is a
continuation of the work published recently by
Rawwaqa et al. [10], where they studied the
characteristics of waves propagating along the
ambient magnetic field resulting in right and left
circularly polarized waves (R-waves and L-
waves). The present study, however, treats the
case of wave propagation normal to an externally
applied magnetic field with the wave modes
supported by the magnetoplasma being of

z

extraordinary nature (X-waves) with elliptical
polarization. The X-waves have a completely
different nature from that of the R-wave and L-
wave in terms of resonance and cut-off behaviors
that affect magnitude, morphology and intervals
of reflection, absorption and transmission. The
paper is organized as follows: In Section II, we
present the model equations. Numerical results
are presented in Section IIl. Finally, in section
IV, we discuss the main results and conclusions.

II. Model Equations

Fig. 1 shows the geometry of the plasma slab,
where we assume that waves are normally
incident from the left semi-infinite medium into
the bound plasma slab of width a . The dielectric
permittivity of left and right semi-infinite

regions are €, and €, , respectively.

Assume an incident linearly polarized plane
wave in the  y-direction such that

E(z,t)= VE,(z,t)and the incident, reflected

and transmitted waves are propagating along the
x-axis perpendicular to a background uniform

magnetostatic field B= ZB,, as shown in Fig. 1.
As the wave propagates into the magnetoplasma
slab, it induces an electric field £ along/; and

thus becomes partly longitudinal and partly
transverse. Wave modes in a magnetoplasma
slab with the induced electric field being normal
to the dc-magnetic field tend to be elliptically
polarized [12-14].

—_—> k

A B-Field

R
-
- —_— —_—
. Inhomogeneous .
L-Region plasma slab R-Region
> x
x=0 X=a

FIG. 1. Bound inhomogeneous plasma slab in a dc-magnetic field.

The inhomogeneous plasma slab is divided
into NV sufficiently thin homogeneous layers of
widthd, ., —d, , where m=1,2,3,......, N [10,

m+1
18, 20]. The electromagnetic fields at the inner
face of the exit layer m = N are related to the
fields at the input interface of incidence by the
162

well-established global transfer matrix M of the
whole multilayered structure; namely,

N M., M
M:HMm:[ 11 12]’ (1)
m=1 M2] M22
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coso,, . sin o,
M, = Vo ; )
iy, sind,  cosod,

where M stands for the m™ layer transfer

matrix. The parameters ¥, and O, for normal
incidence are as follows:

Y =N Hu€m = HoCo\Em > 5m demym , )

where @ is the angular frequency of the
incident wave, Uy Emy A and &, are,
respectively, the mf" layer permeability,

permittivity, width and dielectric function. All
necessary information to characterize the
propagation of electromagnetic waves across the
inhomogeneous plasma slab is contained in Egs.
(1-3). The complex transmission 7 and
reflection p coefficients in terms of global

transfer matrix elements are [18, 20]:

2
7= i . @
YoM +yy M, + My, +y,.M,,
p= Y M +yy My, -M, -y .M, (5)

YoM +y Y M, + My, +y,M,, .

The corresponding reflectance R  and

transmittance 7T are obtained as R = pp and

T= fgr 77" . The absorbance (A) is defined as
8/,
A=1-R-T.

IT1. Numerical Results

We assume a sinusoidal plasma density
which is appropriate for ionospheric applications

. X a
such that n,(x)=n,, sin— for 0 < x < ) and
a

n,(x)=n,,[1 —sinz(x—g)] for L <x<a ,
a 2 2

where n,, is the peak density of plasma

electrons. For wave propagation perpendicular to
the applied magnetic field, a magnetoplasma of
cold electrons and cold immobile ions supports
both ordinary (O) and extraordinary (X)

transverse electromagnetic wave modes. Since
the ordinary wave is unaffected by the magnetic
field, only the X-wave will be considered [22-
24].

The X-wave has two pass bands in the
frequency ranges ®, <w<wm,and © > w,
which are separated by a stop band in the

frequency range @,, <® < @, . Here, @, is the
electron plasma frequency, @, 1is the upper

hybrid frequency, @, and @, are, respectively,

the left and right cut-off frequencies of the X-
wave [12]-[14]. They are given by the following
formulae;

3 3 en
a)uh = a)pe +a)w 5 a)pe = < 5 (6)
6On/le
1 3 T O
W, =3 o, +40,, — 2“ , 7
1 0}
O = o), +4w), + 2 . (8)

The m" layer dielectric function for the X-
wave is given by [21]:

(m) _
O 2 2
[1 Wpe,m I Wpe,m
w(w—wce,m—JjVe,m) w(w+wce,m—jVem) (9)
1 w—jve,m w%e,m ’

®  (0-jvem)?-wiem
where o, , and v, = are the electron plasma
frequency and the collision frequency with
neutrals of the m"” sub-slab, respectively.
In all numerical examples presented below,

we use normalized quantities and therefore, we
initiate the calculations by an arbitrary incident

wave frequency @ = @,,. In all calculations to
follow, we adopt the normalized width of the
plasma slaba/ A, =5. The normalized electron
plasma frequency in each plasma slab can take
one of the values®,, /@, = 1/4/2,1,4/2 . The
normalized collision frequency of electrons with
neutrals has a fixed ratio ofv,/®, =0.01,

which accounts for
collisional damping.

weak, but relevant,

To characterize the X-wave propagation in an
inhomogeneous magnetoplasma slab, we use the
ratiow, /®,, as an independent variable.
Accordingly, the magnetic field increases by
moving to the left at fixed wave frequency @, or
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the wave frequency increases as we move to the
right at a fixed value of the dc-magnetic field.

In Figs. 2-4, we plot the reflectance,
transmittance and absorbance versus @, / @,, for
three different plasma frequencies. For each
fixed value of the cyclotron frequency and by
varying the wave frequency @,, the curves of
Figs. 2 and 3 show two pass and two stop bands.
The pass bands are in the frequency ranges
0, <o, <0, andw, > ®w,, and the
corresponding stop bands are such that

O<w, <o, ando, <o, <o,.

With increasing the ratiow,, / @, , all bands

are shifted to the left. The pass bands of the
transmittance become broader (Fig. 2), while the
corresponding stop bands of the reflectance
become narrower (Fig. 3). We observe the same
behavior in the absorbance curves of Fig. 4. The
absorbance curves show the appearance of three
absorption bands. From left to right, the first and
third bands of each curve are due to collisional
absorption of evanescent waves at the cut-off

frequencies @, = @, and @, = @, , respectively.
The second (middle) absorption band is due to
upper hybrid resonance which is localized
around @,, .

X-wave in inhomogeneous plasma slab: a/\g = 5, v./wpe = 0.01

1.0

09 -

=
%
T

1
Q9
T

06 =

05 -

04 =

Transmittance T

=
W
T

=
()
T

0.1

0.0 &=

FIG. 2. Transmittance for inhomogeneous magnetoplasma slab.
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Reflectance R

Absorbance A

1.0

09

=
%

=
9

=
a

05

04

03

0.2

X-wave in inhomogeneous plasma slab: a/\g = 5, v./wp. = 0.01

25

Wee

FIG. 3. Reflectance for inhomogeneous magnetoplasma slab.

X-wave in inhomogeneous plasma slab: a/A\o = 5, v./wp. = 0.01

FIG.4: Absorbance for inhomogeneous magnetoplasma slab.
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To complete the discussion on the X-wave
propagation characteristics in an inhomogeneous
magnetoplasma slab of finite thickness, we plot
in Figs. 5 and 6 the curves of R and A4 for
homogeneous and inhomogeneous
magnetoplasma slabs. We observe from Fig. 5
that the stop bandw,, < @, < @ is narrower for
a homogeneous slab, while the second stop band
0<w, <w, is broader. The ripples in curves of

R for the homogeneous plasma slab are of
geometrical nature and are due to the in-plasma
interferences. The ripples in R are smeared out
for an inhomogeneous plasma slab.

The absorbance curves of Fig. 6 show the
appearance of three absorption bands for the
homogeneous plasma slab. These absorption
bands are due to the collisional absorption of
evanescent waves and to the upper hybrid
resonance. We observe that the effect of
inhomogeneity is to down shift the absorption
(and the stop) bands to the left toward lower
wave frequencies. From Fig. 6, we see that a
homogeneous plasma slab  overestimates
collisional absorption at cut-offs and broadens
the upper hybrid resonance absorption band.

X-wave in magnetoplasma slab: a/\o = 5, Ve /wpe = 0.01, wee = wp
1.0 I ) - T T v T v

0.9
0.8
0.7

06 |
05

;04 =

Reflectance R
P p—— e
T Y i | | w—

03 -

02 =

@
bl

0.1 =

v== Homogeneous "
== [nhomogeneous -

25

Wo

Wee

FIG. 5. Reflectance for homogeneous and inhomogeneous magnetoplasma slabs.
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X-wave in magnetoplasma slab: a/\o = 5, v /wpe = 0.01, wee = wp

1.0 pr T v T

09 -

Absorbance A

T v T o
v== 1 Homogeneous 1
Y = [nhomogeneous -

Wo

Wee

FIG. 6. Absorbance for homogeneous and inhomogeneous magnetoplasma slabs.

IV. Conclusion

In this paper, we investigate the propagation
characteristics of a normally incident
electromagnetic wave on a cold, weakly
collisional and inhomogeneous magnetoplasma
slab. Within the transfer matrix technique and
for sinusoidal plasma density profile, the
inhomogeneous slab is treated as a multilayered
system of homogenecous sub-slabs. We only
considered electron motion for wave frequencies
much above the ion cyclotron frequency. For
wave propagation perpendicular to a static
magnetic field, only the elliptically polarized
extraordinary wave is coupled to the electrons.

In Figures 2-6, the transmittance, reflectance
and absorbance are plotted versus ®,/®,, for

different
frequencies. By varying the wave frequency @,

ratios of cyclotron to plasma

for fixedw_ , the curves of transmittance and

ce

reflectance show two pass and two stop bands.
When the ratiow,, / o, is increased, the bands
shift to the region of low wave frequency, the

pass bands become broader and the stop bands
become narrower.

Curves of the absorbance show three
absorption bands. The first and third bands (from
left to right) of each curve are collisional
absorption bands of evanescent waves at the cut-

off frequencies®, andw®,, respectively. The

middle absorption band is due to the upper
hybrid resonance.

X-wave propagation characteristics in an
inhomogeneous magnetoplasma slab of finite
thickness have been compared with those of a
homogeneous plasma slab. The stop band
0, <0, <wopfor a

homogeneous slab is

narrower, while the stop band0<w, <, is

broader. The ripples in the reflectance curves for
the homogenecous slab due to in-plasma
interferences are washed out by inhomogeneity.
The effect of the inhomogeneity on the
absorbance curves of Fig.6 is to down shift the
absorption (and the stop) bands to the left toward
lower wave frequencies.

A homogeneous plasma slab overestimates a
collisional absorption at cut-offs and broadens
the upper hybrid resonance absorption band.
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Abstract: Graphene is a single layer of two-dimensional carbon atoms bound in a
hexagonal lattice structure with zero band gap semiconductor. Chemical vapor deposition
(CVD) is one of the most promising, inexpensive and readily ways for synthesizing
monolayer pristine graphene. We have synthesized monolayer graphene shaped in semi-
curve woven frabic-graphene (SWF-G) on SiO,/Si substrate. Using Raman spectroscopy,
we studied the central suspended portion (i.e., 1-6) of it exerting compression (stress) to the
graphene supported on the substrate. The concentration of hole impurities on either side of
the central position of semi-curve woven fabric-graphene (SWF-G) is more than on its
central position. The variation of such hole doping concentration results in an upshift of 2D
peak position (pos(2D)) which is opposite for high electron doping even if there is no
intentional control of doping. The synthesized graphene is a single-layer high-quality new
structure graphene.

Keywords: Semi-curve woven fabric-graphene, Raman spectroscopy, Charge impurities,

Compression, Doping.

Introduction

Graphene is a two-dimensional single layer of
carbon atoms bound in a hexagonal lattice
structure with zero band gap semiconductor [1].
Graphene is now further expected to play an
important role in future nanoscience and
nanotechnology due to its exceptional electrical
conductivity, high carrier mobility, high thermal
conductivity, high optical transparency and
super-hydrophobicity [2]. Chemical vapor
deposition (CVD) is one of the most promising,
inexpensive and readily ways for fabricating
high-quality and large-area graphene. The
synthesis of monolayer pristine graphene using
CVD method across thin copper (Cu) foil of any
size presents interesting possibilities for
structural techniques. Graphene is formed based
on the principle of decomposition of methane
gas over a Cu substrate typically held at 1020 °C
and of low solubility of carbon in Cu, such that
the growth is self-limited to a single layer of

graphene [3]. There are different structures of
graphene, like long twisted graphene tube in
millimeter length with self-supportive, partially
collapsed and vertically suspended graphene [4],
graphene microtubings [5], 3-D pillared
graphene [6] and plane graphene, that have
different chemical, electrical and mechanical
properties.

The ionized impurities such as Na’ on the
silica (Si0,) film and charged impurities
introduced during the transfer process of CVD
graphene induce charge puddles [7]. The
impurities existing in the graphene-covered
Si0,/Si wafer strongly influence the electronic
properties of graphene [8, 9, 10]. The silanol
(SiOH), a hydrophilic film formed on a SiO,/Si
wafer, easily attracts polar adsorbates such as
water molecules and causes carrier doping in the
graphene after being transferred onto SiO,/Si
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wafer [11, 12, 9]. The chemical functionalization
is used to shift the Fermi energy of graphene
through charge transfer [7] as well as to
introduce the energy band gap in a designed
manner. This chemical functionalization rate and
yield can be altered by using different supporting
substrates [13]. An experiment suggests that
when graphene is transferred onto the
hydrophobic film such as polydimethylsiloxane
(PDMS), the number of impurities and defects
created by chemical molecules can be reduced
[14]. Charge transfer complexes can be used for
room-temperature deintercalation of metal atoms
located between graphene and a substrate, so that
the electronic properties of graphene are
controlled [15]. However, research findings on
the existence of doping with charge impurities
and charge puddles in the semi-curve woven
fabric-graphene (SWF-G or sometimes written
as SGWF-G) on SiO,/Si substrate have not been
found. Along with this, it was a big challenge to
tailor and assemble graphene into well-defined
configuration such as SWF-G due to the lack of
scalable assembly method for graphene
nanostructure. In this research, we have studied
the doping due to charge impurities on the
different positions of SWF-G along with its way
of new structure.

Experimental Details

CVD is the most useful technique for the
synthesis of high-quality and large-area
monolayer graphene. In this work, we used a
thin foil of Cu with a thickness of 25
micrometers (um) and a copper wire woven
mesh (CWWM) having a diameter of 56 pum
(Alfa-Aesar). Then, the CWWM made up using

(@)

56-um diameter was kept over the 25-um
thickness Cu foil, as shown in schematic Fig.
1(a). Fig. 1(b) represents the schematic figure of
semi-circular copper wire for the synthesis of
CVD graphene. The template shown in Fig. 1(a)
was employed into the thermal CVD silica
chamber for the subsequent growth of SWF-G.
In the initial phase, the chamber pressure was
maintained at about 10> Torr and then Argon
(Ar) gas was let into it at the rate of 99 sccm
(sccm — standard cubic centimeters per minute)
together with heating till the temperature reached
950 °C. The chamber was again adjusted to
reach the temperature of 1020 °C and then
Hydrogen (H,) gas was started to pass through it
at the temperature of 1003 °C for 1 hour at the
rate of 99 sccm. After 1 hour cleaning with the
H, gas at 1020 °C temperature, methane (CHy)
gas was passed into the hot-silica chamber with a
gas flow rate of 21 sccm for 15 minutes at
around 9.7 Torr pressure such that the system
carried out the growth of SWF-G on the copper
wire woven mesh-copper template. Finally, the
sample was cooled rapidly at room temperature
under Ar ambient atmosphere. The SWEF-
G/copper wire woven mesh-copper was spin-
coated with polymethylmethacrylate (PMMA)
followed by copper etching with ferric chloride
(FeCl3). Then, this PMMA/SWF-G was rinsed
with deionized (DI) water more than five times
(for approximately 30 minutes each). PMMA on
the top of SWF-G was removed with the help of
acetone for about 30 minutes used after the
PMMA/SWF-G was transferred onto a bare
SiO,/Si wafer. At last, the sample of SWF-
G/S10,/Si was cleaned by rinsing it into the DI
water for more than five times again.

(b)

(L LS

(LLLLL L L L LS LAF
(LLLLL L L L LD ” ‘4
LLLLLSL L L L LA
(LSS LS

FIG. 1. (a) Schematic figure of copper foil with a thickness of 25 um and copper wire woven mesh with a
diameter of 56 um placed over a copper foil. (b) Schematic figure of semi-circular copper wire for the synthesis
of CVD graphene.

Results and Discussion

Raman spectroscopy is a sensitive tool for
distinguishing single layer, bilayer and multi-
layer graphene and for detecting the electronic
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properties of graphene [16]. It is also sensitive to
defects [17], carrier doping level [18] and strains
[19]. Here, we used Raman system (Inviva) with
1800 lines/mm grating, 532 nm excitation laser
with 50X objective lens to confirm graphene
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layer and charge impurities. The laser power was
kept sufficiently lower than the damage
threshold of graphene to avoid any heat-induced
effects.

Fig. 2(a) shows the optical images of SWF-
G/S10,/Si and it contains semi-curve hollow
tube-graphene. Here Fig. 2(b) clearly confirms

L

At

m?z{*ﬁs”r A7

that the synthesized graphene shape is semi-
curve hollow tube-graphene on SiO,/Si substrate.
In Fig. 2(c), the semi-curve hollow tube-
graphene is assigned with the schematic semi-
curve red line having different red spot positions
and numbers of about 4.5 um distance to each
other for taking Raman spectrum.

FIG. 2. (a) Woven fabric-graphene (WF-G) on SiO,/Si. (b) Figure confirming that the synthesized graphene
shape is semi-curve hollow tube graphene on SiO,/Si substrate. (c) 11 different positions of the focused laser
scanned across the semi-curve woven fabric-graphene surface on SiO,/Si with the line mapping (red line with

dot — schematic) interval of points at about 4.5 pm distance for taking Raman spectrum.

Fig. 3(a) shows the Raman spectra at 11
different positions of SWF-G with G peak
position (pos(G)) and 2D peak position
(pos(2D)) at 1594+4 cm’' and 2684+4 cm’,
respectively, from the central position 1-6. Here,
the G peak (E,; mode) is related to the C-C in-
plane stretching for all sp® carbon atoms and the
2D peak (G’ mode) is related to the second-order
double-resonance process [20]. Raman Ip/Ig
intensity ratio of the central semi-curve hollow
tube graphene with the value of 1.93 to about
1.41 on either side indicates that the graphene is
a monolayer graphene. In the same figure, the D
peak position is 1346+3 cm™ on either side of
position 1-6 and such D peak is the dominant sp”
Raman signature of disorder or defects. In Fig.

3(b), pos(G) and pos(2D) peaks of 1-5, 1-4, 1-3,
1-2, 1-1 positions and 1-7, 1-8, 1-9, 1-10, 1-11
positions reveal the blue shift as compared to the
pos(G) and pos(2D) peak of central position 1-6.
This blue shift on either side of the central laser
focused position is attributed to the compression
strain [21] of semi-curve hollow tube woven
fabric graphene film. The Raman spectra of
pos(G) and pos(2D) peaks increase on either side
of the central position in a sense that the central
portion (i.e., position 1-6) of graphene is making
compression stress to the graphene supported on
the substrate. Slight upshifts of pos(G) = 7 cm™
and pos(2D) = 7 cm’ indicate a small
compression.
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FIG. 3. (a) Raman spectra of SWF-G at 11 different positions. (b) The spectra with the G peak on the left and 2D
peak on the right in which pos(G) and pos(2D) upshift from central position (i.e., 1-6) of SWF-G. (¢) Linear fit
for the pos(G) and pos(2D) with their blue color error bars and green color error bars for G peak position and 2D

peak position, respectively. (d) FWHM of pos(2D) with their error bars and laser focused at 11 different

positions with a distance of about 4.5 pm to each other on the SWF-G.

173



Article

Rai and Yadav

The graphene sample checked here is a
monolayer graphene, as it is CVD-synthesized.
The integrated intensity ratio of the 2D and G
peaks (Iop/lg) is related to the doping with
charged impurities in which a larger I,p/Ig refers
to a smaller amount of charged impurities and
vice versa [14]. The upshift of the G band also
reflects the doping with charged impurities [22].
However, this peak shift is less sensitive to
doping than the I,p/Ig ratio [18]. In Fig. 3(b), the
intensities of 2D peaks at different focused
positions are different in which 2D peak
intensities gradually decrease on either side of
the central position (i.e., at 1-6), but all G peak
spectra have nearly the same intensity due to the
very weak substrate charged impurities effect on
the G-band intensity. Fig. 3(c) has a linear fit
that correlates pos(2D) and pos(G) with their
respective error bars (blue color) for G peak
position and green color error bars for 2D peak
position. Like the pos(G) peak, the pos(2D) peak
upshifts in the same excitation energy. This
allows to distinguish electron - from hole -
doping in graphene [23, 24]. Fig. 3(c) also shows
that pos(2D) peaks at different focused positions;
ie, at 1-1, 1-11, 1-2, 1-10 and 1-3, 1-9 is
sensitive to doping as compared to pos(2D)
peaks at 1-4, 1-8, 1-5, 1-7, 1-6 positions. The
variation of the pos(2D) peak shift is mainly due
to the hole doping resulting in an upshift and
which is opposite for high-electron doing [18]
even if there is no intentional control of doping.
Adsorbents induced chemical doping, substrate
and water could explain the p-doping [25] on
positions 1-1, 1-11, 1-2, 1-10 and 1-3, 1-9. Fig.
3(d) shows the plot of 11 different laser focused
positions and Full Width at Half Maximum
(FWHM) of 2D peak with their error bars having
values +0.294 for position 1-1, +0.301 for
position 1-2, £0.337 for position 1-3, +£0.33 for
position 1-4, £0.361 for position 1-5, £0.319 for
position 1-6, £0.32 for position 1-7, +£0.422 for
position 1-8, £0.223 for position1-9, +0.294 for
position 1-10 and £0.25 for position 1-11. From
Ref. [25] and Fig. 3(c), Fig. 3(d) indicates that
FWHM of 2D peak decrease corresponds to the
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pos(2D) peak increase on either side of position
1-6. This is quite similar to what we observed in
intentionally doped graphene, where the Fermi
energy was modulated using a gate [26].

In Fig. 4(a), the Raman 2D band was fitted
with  Lorentzian-shaped curve at various
positions of the SWF-G sample. The symmetric
shape and narrow width of the 2D band [27]
suggest that the synthesized graphene is in fact
of a single layer and the situation background of
graphene quality is understood. Since the Raman
spectrum of graphene is on the SiO, substrate
and there is no fluorescence effect, this 2D band
Lorentzian has the phonon flat background.
Raman spectrum in Fig. 4(b) shows Lorentzian
line shape fit of the G peak of single-layer
graphene. Fig. 4(c) has FWHM of G peak and
Ref. [28] studied that the peak pos(G) band in
Fig. 3(c) and FWHM of G band have an inverse
relation in monolayer-graphene sample. Fig. 4(d)
shows the G peak position and the L,p/Ig ratio as
a function of position of laser focused points in
SWF-G (or SGWF-G). The different I,p/I ratios
at different positions are: at position 1-1, Ip/Ig =
1.41, at position 1-2, Ip/Ig = 1.42, at position 1-
3, Lp/lg = 1.64, at position 1-4, L,p/Ig = 1.78; at
position 1-5, Ip/Ig = 1.9, at position 1-6, I,p/Ig =
1.93, at position 1-7, Ip/Ig = 1.89, at position 1-
8, Lip/lg = 1.79, at position 1-9, Lp/Ig = 1.6, at
position 1-10, I,p/Ig = 1.41 and at position 1-11,
Lp/lg = 1.4. This clearly shows a large variation
with hole doping: at low doping, the 2D peak
intensity is stronger than the G peak intensity
such that Lp/Ig ratio is 1.93 (maximum) at that
central position 1-6 and this is due to the no-
substrate effect on the top of semi-curve hollow
graphene. The decreases in maximum Ip/Ig ratio
on either side corresponds to the blue shift in the
2D peaks [29] for other laser focused positions.
At high doping, the Lp/lg ratio is low and
corresponds to 1.41 at position 1-1, while at
position 1-11, I,p/Ig= 1.4. This may indicate that
the doping on the graphene is due to the charge
transfer from the underlying substrate SiO,/Si.
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FIG. 4. (a) Raman spectrum (black dot line) of SWF-G fitted by Lorentzian fitting (red line). (b) Lorentzian fit of
the G peak. (c¢) FWHM and its error bars for G peak at 11 different positions. (d) Pos(G) and L,p/I ratio as
function of 11 different laser focused positions of SWF-G or SGWF-G. An inset in the bottom left of the figure
contains nearly the same intensity of the G peak.

Conclusions

We presented a systematic analysis of the
Raman spectra of deposited semi-curve woven
fabric-graphene on SiO,/Si substrate. The
increasing pos(G) and pos(2D) peak on either
side of the central portion (i.e., position 1-6) of
graphene is making compression (stress) to the
graphene supported on the substrate. The large
variation in Raman parameters is assigned to
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inhomogeneous unintentional hole doping from
substrate’s charge impurities. In particular, we
show how graphene doping levels vary within
the same flake depending on the distance
between the graphene and substrate. Such
structure of graphene (SWF-G) might have
future applications on supercapacitor and
hydrogen energy storage devices.
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Abstract: The approximate solutions of Schrdodinger equation for the newly proposed
Varshni-Hellmann potential (VHP) are obtained within the framework of the Nikiforov-
Uvarov method by employing the Greene-Aldrich approximation scheme to deal with the
centrifugal term. The numerical results of the ro-vibrational energies and normalized
wavefunction in closed form are obtained in terms of Jacobi polynomials for various
quantum states of the diatomic molecules of LiH, TiH, CrH and ScN, respectively.

Four special cases of the potential are also studied and their numerical energy eigenvalues

evaluated are in agreement with those reported in the existing literature. Also, the behavior

of the energy spectra for the ground state of the selected diatomic molecules is illustrated

graphically.

Keywords: Schrodinger equation; Varshni-Hellmann potential, Nikiforov-Uvarov method,
Diatomic molecules.

1. Introduction

The exact and approximate solutions of
quantum wave equations like Schrodinger,

equation, researchers have dedicated much
attention to solving the radial Schrodinger

Lippmann-Schwinger, Klein-Gordon and Dirac
equations, have been a striking research area
under discussion in physics, chemistry and
applied mathematics [1-4]. The Schrodinger
equation is a second-order differential equation
used in solving quantum mechanical problems
[5]. The eigenvalues and wave functions contain
considerable  information about quantum
systems, such as atomic structure, quantum
electrodynamics and vibrations in molecules [6-
9]. The wave functions and their equivalent
eigenvalues give considerable information on
describing different quantum systems, such as
the atomic structure theory, quantum-chemical
theory, quantum electrodynamics theory and
theory of molecular vibrations [6-9]. With the
experimental proof of the Schrodinger wave

equation with different analytical methods to
obtain approximate bound-state solutions for
some physical potential models, such as Yukawa
potential [10], Wood-Saxon potential [11],
Eckart potential [12], generalized Morse
potential [13], Makorov potential [14], Hulthen
potential [15], Hellmann potential [16], ... etc.,
by using certain approximation schemes. The
most widely used approximation was introduced
by Pekeris [17] and another form was suggested
by Greene and Aldrich [18].

Efforts have been made by many researchers
to solve the Schrodinger and Klein-Gordon
equations by the superposition of different
potentials, which can be used for a wider range
of applications [19, 20]. For example, William et
al. studied Hulthen potential together with
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Hellmann potential [21], Ahmadov et al. solved
the Klein-Gordon equation by Manning-Rosen
plus a class of Yukawa potentials [22], Manning-
Rosen potential plus a ring-shaped like potential
[23], Aspoukeh and Hamad studied the Klein-
Gordon equation for vector and scalar Hellmann
plus modified Kratzer potentials [24] and Hans
Hellmann investigated the Schrédinger equation
with a linear combination of Coulomb and
Yukawa potential, which is called Hellmann
potential [25]. The Hellmann potential has been
applied to several branches in physics, such as
atomic physics, plasma physics, solid-state
physics, ... etc. [26-30], as well as in the study
of electron-core [31], electron-ion [32] and
inner-shell ionization problems and alkali
hydride molecules [33]. The bound-state energy
eigenvalues have been obtained by other
researchers in Refs. [34-41]. The Hellmann
potential is of the form [25, 42-46]:

_ﬂr
V(r) =54 de

r r

(1

where » is the inter-nuclear distance,c, and d
are the strengths of Coulomb and Yukawa
potentials and [ is the screening parameter.
The Varshni potential is of the form [47]:

7

V(r) za[l—ée_ﬂ’} Q)

where a and b are the strengths of the Varshni
potential, respectively and fis the screening

parameter which controls the shape of the
potential energy curve. Varshni potential is a
short-range repulsive potential energy function
which has been investigated within the
formalism of the Schrédinger equation and plays
a fundamental role in chemical and molecular
physics. Many authors have worked on this
potential, such as in Refs. [48, 49].

In this study, we attempt to study the radial
Schrodinger equation with a newly proposed
potential obtained by the superposition of
Varshni and Hellmann potential (VHP). The
potential is of the form:

-Br -pr
V(r):a—abe ¢, de 3)

r r r

The shape of this potential as a function of
inter-nuclear distance of LiH, TiH, CrH and ScN
diatomic molecules is presented in Fig. 1.
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FIG. 1. Variation of Varshni plus Hellmann potential as a function of 7 for the selected diatomic molecules.
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2. Bound-state Solutions of the
Schrodinger Equation with VHP

The radial part of the Schrédinger equation is
given by [50, 51]:

danl(T')
dr?

1(1+1)
D Ry (r) = 0

4)

where u is the reduced mass, E , is the energy

+ % B -V -

spectrum to be determined, % is the reduced
Planck’s constant, » is the inter-particle

distance, V(r)is the interacting potential,

[(0+1)

2
r

the radial and orbital angular momentum
quantum numbers, respectively. In solving
Eq.(4) analytically, we introduce the Greene-
Aldrich approximation scheme [18,52 ] to deal
with the centrifugal barrier. This approximation
scheme is a good approximation to the
centrifugal barrier which is valid for § << 1 and
is given as:

1.
P (l—e_ﬂ’)2 '

Substituting Eq. (3) and Eq. (5) into Eq. (4),
we have:

2 —Br
dR_m(T)Jr[Z_#(Em_aJrabﬁe B

is the centrifugal term and 7 and / are

)

dr? h2 (1—e=A7r) * (1-e~F7) -
e—ﬁr 2
L) - E R =0 ©

By using coordinate transformation:
x=e’. (7

we obtain the differential equation of the form:

d?R(x) . 1-x dR(x) 1 _ ,
ax? " x(1-x) dx | x2(1-x)2 [—(e+¢o)x? +
Re+¢y—¢)x—(e—¢1+y)IR(x) =0

3
where
_ ZﬂEnl 2[1[.{ _ Zab# Zd[.t _
—& = hzﬁz - hZﬁzlgO - flzﬁ _m,g‘l =
2 =11+ 1) )
hZﬁ 4 .

Comparing Egs. (8) and (Al),we have the
following parameters:

6(x) = —(e+¢o)x? + (2e + ¢p — ¢)x —
(e—¢+y)olx) =x(1-x),T(x) =1~
x}. (10)
Substituting Eq. (10) into Eq. (A9), we

obtain:

ﬂ(x)z—gi\/(A—k)x2+(k+B)x+C (11)
where

A=%+£+(;O,B=—(2£+(;0—(;1),C=£—
¢ +v). (12)

To find the constant & , the discriminant of the
expression under the square root of Eq. (11)
must be equal to zero. As such, we have:

1
k:g0+g]—2yi21/8—g]+7/ ;/+Z. (13)

Substituting Eq. (13) into Eq. (11), we obtain:

n(x)=—§i<m+ /y+§)x—
Ve=¢i+y, (14)

with 7 (x) being obtained as:

T(x) =1—-2x—2/e—¢; +yx—2 /y+%x+

2\e—¢1 +vy. (15)

Taking the derivative of Eq. (15) with respect
to x, we have:

7' (x)= —2—2(m+\/@] . (16)

Referring to Eq. (A10), we define the
constant A as:

1 1
A=—s—Ve—¢g+y- /V+;+CO+C1—
1
2y —2\Je—¢1 +Y Y+ - (17)

Also, taking the derivative of o(x) with
respect to x from Eq. (10), we have:

o' (x)=-2. (18)

Substituting Egs. (15) and (18) into Eq.
(Al1), we obtain:
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A, =n2+n+2n(1/8—g] +7/+‘/7/+%]. (19)

Equating Egs. (17) and (19) and substituting
Eq.(9) yield the energy eigenvalues equation of
the Varshni plus Hellmann potential in the form:
bt = B?h21(1+1)

a+ T — fc—

B2 [(n+l+1)2+2ab“+2"l—“—2ﬂ+l(l+1)]2

n2B  h2B h2B
(n+1+1)

8u

(20)
To obtain the corresponding wave function,
we consider Eq. (A4) and upon substituting Eqgs.

(10) and (14) and integrating, we get:

¢(x)=xVa (1—x)H;7 : (21)

To get the hypergeometric function, we first
determine the weight function of Eq. (A6); upon
differentiating the left hand side we obtain:

p'(x) _z(x)-o'(x)
PR (22)

Substituting Eqgs. (14) and (10) into Eq. (22)
and integrating, we simplify obtain:

1
p(x) — x2 E—gity (1 _x)2 Z*’V ) (23)

By substituting Egs. (10) and (23) into Eq.
(AS), we obtain the Rodrigues equation as:

y(x) =
anx—Zx/E—CﬁY(l —

x)—Zﬁﬂ/ an [x””m(l — x)"”ﬁ”’]
dxn

(24)

where N

. 1s the normalization constant.

Equation (24) is a equivalent to:

2= +7.2 l+y
Pn[ J‘T] (1-2x) (25)
where pn(a’ﬁ ) is the Jacobi Polynomial. The

wave function is given as:

Yo (x) =
NpyxVeE—sity (1 —

1t (2 e=¢1+7.2 /1+y)
207N+ p Y- 20,

182

(26)

Using the normalization condition, we obtain
the normalization constant as follows:

[l dr=1.
0

From our coordinate transformation of Eq.
(7), we have:

v, (x)‘2 dx=1.

27

(28)

|
Bx
By letting y =1—2x, we have:

= 2
N2 1 - 2yety 1 4 142 %+y <2‘/£+y.2 %ﬂ/)
) ) T e
2 n

B 2
-1
=1. (29)
Let
=142/ —1=2 [+ =
v=1+ 4+y,v = " Y, u=
2\/£+y}. (30)

By substituting Eq. (30) into Eq. (29), we
have:

N? ‘(1—y]”(1+y]” (2u01) T2

Z P dy=1.

155 (B y ] dy
@31

According to Onate and Ojonubah [53], the
integral of the form in Eq. (31) can be expressed
as:

X

e 149\ [ p(2x,2y-1)_ ]2
[ (5) () [0 ap =

2Ir(x+n+1)r(y+n+1)
nixI'(x+y+n+1)

(32)

Hence, by comparing Eq. (31) with the
standard integral of Eq. (32), we obtain the
normalization constant as:

nluf I'(u+v+n+1)

g :\/ZF(u+n+1)F(U+n+l) '

(33)

3. Results and Discussion

In this section, we present the numerical
results of the energy eigenvalues in atomic mass

units (h =2u= 1) of VHP as a function of the

screening parameter for 1S, 2S, 2P, 3S, 3P, 3d,
4S and 4P states with three different values of
the potential range: a =—-1,b=1,c=1,d = —1,;
a=-2,b=2,c=2,d=—-2and a=1, b=
—1, ¢ =4, d = —4, respectively, as presented
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in Table 1. It is observed that as the potential
range increases, the energy of the system
decreases. It is also observed that as the orbital
angular momentum quantum number increases,
the energy of the system increases. We then
apply the spectroscopic data obtained from Ref.
[54], as presented in Table 2, to compute the ro-
vibrational energies of VHP for the diatomic
molecules of LiH, TiH, CrH and ScN with the
help of Eq. (20) and the numerical computation

is presented in Table 3. Here, we have
implemented the conversions:
hc =

1amu = 931.494028 MeV/c? and

1973.29 eVA [55]. It is observed that for each
vibrational quantum number, the ro-vibrational
energy increases with the increase in the
rotational quantum number, for each selected
diatomic molecule.

TABLE 1. Energy eigenvalues () ) of the VHP in atomic mass units (h = 2u = 1).

a=-1,b=1, a=-2,b=2, a=1b=-1,
State “ c=1d=-1 c=2,d=-2 c=4d=—4
Is 0.025 3237656250 ~17.95015625 1923765625
0.050 -3.225625000 ~17.90062500 -19.22562500
0.075 -3.213906249 ~17.85140626 1921390625
0.100 3.202500000 1780250000 1920250000
0.150 -3.180625000 ~17.70562499 ~19.18062500
2s 0.025 ~1.550625000 ~5.950625000 ~4.050625000
0.050 ~1.540000000 5.902500000 4.040000000
0.075 - 1.530625000 -5.855625002 -4.030625000
0.100 ~1.522500000 -5.810000000 - 4.022500000
0.150 - 1.510000000 -5.722499998 ~4.010000000
2p 0.025 T1.540351562 ~5.924726562 ~4.021601562
0.050 ~1.517656250 - 5.848906250 -3.980156250
0.075 - 1.494414062 £5.772539065 -3.938164062
0.100 -1.470625000 -5.695625000 -3.895625000
0.150 ~1.421406250 -5.540156250 - 3.808906250
3 0.025 ~1.238906250 T3.729184028 T1.238906250
0.050 -1.230625000 -3.683402778 -1.230625000
0.075 -1.225156250 -3.640434028 -1.225156250
0.100 ~1.222500000 -3.600277778 ~1.222500000
0.150 -1.225625000 -3.528402777 -1.225625000
3p 0.025 T1.233819444 3717152778 1225486111
0.050 ~1.218611111 -3.657500000 ~1.201944445
0.075 -1.204375000 -3.598819444 -1.179375000
0.100 119111111 3541111111 1157777778
0.150 - 1.167500000 -3.428611110 ~1.117500000
3d 0.025 -1.227517361 -3.703906250 -1.210850695
0.050 ~1.227517361 -3.626736111 - 1.168402778
0.075 ~1.172656250 -3.546267361 ~1.122656250
0.100 - 1.140277778 - 3.462500000 1073611111
0.150 - 1.065625000 -3.285069444 ~0.9656250000
as 0.025 ~1.130625000 ~2.952500000 ~0.2556250000
0.050 - 1.125625000 ~2.910000000 -0.2506250000
0.075 ~1.125625000 ~2.872500000 ~0.2506250000
0.100 ~1.130625000 ~2.840000000 -0.2556250000
0.150 1.155625000 2.790000000 -0.2806249998
ap 0.025 T1.127353516 ~2.945322266 ~0.2476660160
0.050 ~1.117226562 -2.893789062 -0.2328515620
0.075 1110244141 -2.845400390 ~0.2211816405
0.100 ~1.106406250 ~2.800156250 -0.2126562500
0.150 ~1.108164062 ~2.719101562 -0.2050390622
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TABLE 2. Model parameters for some selected diatomic molecules in this study [57].

Molecule u(amu) a [AO 7 ]
LiH 0.880122100 1.12800
TiH 0.987371000 1.32408
CrH 0.988976000 1.52179
ScN 10.68277100 1.50680

TABLE 3. Energy spectra (in eV) of Varshni plus Hellmann potential for various » and/quantum

numbers of LiH, TiH, CrH and ScN diatomic molecules.

n [ LiH TiH CrH ScN

0 0 -3.256755417 -3.649087811 -4.044803588 -4.013711055
1 0 -3.259021670 -3.651871246 -4.048474354 -4.014044221
1 1 -3.258350187 -3.651046525 -4.047386719 -4.013945505
2 0 -3.262798757 -3.656510305 -4.054592298 -4.014599497
2 1 -3.263601388 -3.657496105 -4.055892360 -4.014717493
2 2 -3.259897954 -3.652947508 -4.049893716 -4.014173045
3 0 -3.268086680 -3.663004987 -4.063157419 -4.015376884
3 1 -3.270383149 -3.665825534 -4.066877128 -4.015714492
3 2 -3.268170615 -3.663108077 -4.063293372 -4.015389223
3 3 -3.261426672 -3.654825096 -4.052369861 -4.014397784
4 0 -3.274885437 -3.671355293 -4.074169717 -4.016376381
4 1 -3.278683508 -3.676020123 -4.080321649 -4.016934742
4 2 -3.277968774 -3.675142279 -4.079163956 -4.016829668
4 3 -3.272725415 -3.668702331 -4.070671018 -4.016058832
4 4 -3.248634679 -3.656693577 -4.054833994 -4.014621434
5 0 -3.283195030 -3.681561221 -4.087629193 -4.017597989
5 1 -3.288498369 -3.688074838 -4.096219285 -4.018377642
5 2 -3.289285583 -3.689041704 -4.097494377 -4.018493372
5 3 -3.285545217 -3.684447747 -4.091435914 -4.017943494
5 4 -3.277272556 -3.674287178 -4.078036258 -4.016727315
5 5 -3.264465670 -3.658557625 -4.057292283 -4.014844553

We have presented the plot of energy spectra
of VHP as a function of vibrational quantum
number in the ground state in Figs. 2-5. It is
observed that there is a decrease in energy in the

potential

ground state as the vibrational and rotational

184

strengths a, c.

quantum numbers increase. In Figs. 6 and 7, we
plotted the energy spectra of VHP versus the

Here, the energy

decreases as the potential strengths increase.
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Special Cases Ey =
. . Zh21(1+1
In this sub-section, we present the energy ﬁz—,i) —Pc—
eigenvalues for adjusted VHP as special cases in (D242 ()14 D]
order to test for the accuracy of our results. o n2g ¢ (34)

1) By setting the Varshni potential strength to
zero in Eq. (20); i.e., a = b =0, we obtain the
energy eigenvalue equation for Hellmann
potential as:

8u (n+1+1)

Eq. (34) is in agreement with Eq. (38) of Ref.
[21]. The numerical energy eigenvalues are
presented in Table 4 forc = 2 and d = —1. The
results are in good agreement with the earlier
results of [21] with NU and AP, as well as the
PT method of [56].

TABLE 4. Energy eigenvalues (¢ ) in atomic mass units (h =2u= 1) of Hellmann potential as a

function of the screening parameter ¢ fora = b = 0,c =2 andd = —1.

State a Present method (NU) [52] (AP) [52] (PT) [53]
1S 0.001 -2.250500250 -2.250 500 -2.248 981 -2.249 000
0.005 -2.252506250 -2.252 506 -2.244 993 -2.245010
0.01 -2.255025000 -2.255 025 -2.240 030 -2.240 050
2S 0.001 -0.5630010000 -0.563 001 -0.561 502 -0.561 502
0.005 -0.5650250000 -0.565 025 -0.557 549 -0.557 550
0.01 -0.5676000000 -0.567 600 - 0.552 697 - 0.552 697
2P 0.001 -0.5622502500 -0.563 000 -0.561 502 -0.561 502
0.005 -0.5612562500 -0.565 000 -0.557 541 -0.557 541

0.01 -0.5600250000 -0.567 500 - 0.552 664 -0.552 664
3S 0.001 -0.2505022500 -0.250 502 -0.249 004 -0.249 004
0.005 -0.2525562500 -0.252 556 -0245 110 -0.245 111
0.01 -0.2552250000 -0.255 225 -0.240 435 -0.240 435
3p 0.001 -0.2501680278 -0.250 501 -0.249 004 -0.249 004
0.005 -0.2508673611 -0.252 531 -0.245 102 -0.245 103

0.01 -0.2518027778 -0.255 125 -0.240 404 -0:240 404

3d 0.001 -0.2495002500 -0.250 833 -0.249 003 -0.249 003
0.005 -0.2475062500 -0.254 151 -0.245 086 -0.245 086

0.01 -0.2450250000 -0.258 269 -0.240 341 -0.240 341

4S 0.001 -0.1411290000 -0.141 129 -0.139 633 -0.139 633
0.005 -0.1432250000 -0.143 225 -0.135 819 -0.135 819

0.01 -0.1460250000 -0.146 025 -0.131 380 -0.131 381

4p 0.001 -0.1409405625 -0.141 128 -0.139 632 0.139 633
0.005 -0.1422640625 -0.143 200 -0.135 811 0.135 811

0.01 -0.1440562500 -0.145 925 -0.131 350 -0.131 351

4d 0.001 -0.1405640625 -0.141 314 -0.139 632 -0.139 632
0.005 -0.1403515625 -0.144 089 -0.135 795 -0.135 796

0.01 -0.1401562500 -0.147 606 -0.131 290 -0.131 290

4f 0.001 -0.1400002500 -0.141 686 -0.139 631 -0.139 631
0.005 -0.1375062500 -0.145 902 -0.135 772 -0.135 772

0.01 -0.1344000000 -0.151 106 -0.131 200 -0.131 200

2) If we set the Hellmann potential strength to  E,; =

zero in Eq. (20); i.e., c=d =0, we obtain
the energy eigenvalue equation for Varshni
potential as:

188
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2abu
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+1(1+1)

a

2u 8u

(n+1+1)

(35)



Solutions of the Non-relativistic Equation Interacting with the Varshni-Hellmann Potential Model with Some Selected
Diatomic Molecules

The numerical energy eigenvalues are
presented in Table 5 for three ranges of Varshni
potential strength. It is observed that as the
screening parameter increases, the energy of the
system decreases. Similarly, by interchanging
Varshni potential strength, the energy increases
in the same proportion as the screening
parameter increases. In order to test the accuracy
of our results, we compared the result of Varshni
potential with the result of Ebomwonyi et al.
[49] who used the formula method. As can be
seen from Table 5, our result is in agreement
with previous results.

3) If we set a=b=c=0 in Eq. (20), we
obtain the energy eigenvalues for Yukawa
potential as:

2, 2du
_ BRI+ BEA2 (n+1+1) +h2ﬁ+l(l+1)

Enl -

2u 8u (n+1+1)

(36)

It is observed that as the screening parameter
increases, the energy eigenvalue increases. The
results are in good agreement with the earlier
results of [57] with AIM and [58] of the
numerical method.

TABLE 5. Energy eigenvalues (ey ) in atomic mass units (h =2u= 1) of Varshni potential as a

function of the screening parameter « .

Present method (FM) [48] Present method  Present method
State o a=b=-1  a=b=-1 a=-Lb=-2 a=-2,b=-1
1S 0.001 -1.063124562 - -2.001000250 -3.001000250
0.050 -1.092656250 - -2.050625000 -3.050625000

0.100 -1.120625000 - -2.102500000 -3.102500000

2S 0.001 -1.063001000 - -1.251001000 -2.251001000
0.050 -1.090000000 - -1.302500000 -2.302500000

0.100 -1.122500000 - -1.360000000 -2.360000000

2P 0.001 -1.063124562 -1.0617502 -1.251249562 -2.251249562
0.050 -1.092656250 -1.0256250 -1.311406250 -2.311406250

0.100 -1.120625000 -0.9900000 -1.370625000 -2.370625000

3S 0.001 -1.028280028 - -1.112113361 -2.112113361
0.050 -1.058402778 - -1.166736111 -2.166736111

0.100 -1.100277778 - -1.233611111 -2.233611111

3p 0.001 -1.028334111 - -1.112223000 -2.112223000
0.050 -1.057500000 - -1.168611111 -2.168611111

0.100 -1.091111111 - -1.230000000 -2.230000000

3d 0.001 -1.028386250 - 1.0269447 -1.112330694 -2.112330694
0.050 -1.051736111 - 0.9867361 -1.165625000 -2.165625000

0.100 -1.062500000 - 0.9469444 -1.206944444 -2.206944444

4S 0.001 -1.016129000 - -1.063504000 -2.063504000
0.050 -1.050625000 - -1.122500000 -2.122500000

0.100 -1.105625000 - -1.202500000 -2.202500000

4p 0.001 -1.016158766 - 1.0150656 -1.063565016 -2.063565016
0.050 -1.048476562 - 0.9951563 -1.121914062 -2.121914062

0.100 -1.093906250 - 0.9900000 -1.193906250 -2.193906250

4d 0.001 -1.028386250 - 1.0149391 -1.063624062 -2.063624062
0.050 -1.051736111 - 0.9851563 -1.116406250 -2.116406250

0.100 -1.062500000 - 0.9625000 -1.063624062 -2.165625000

4f 0.001 -1.016212391 - 1.0147502 -1.063681141 -2.063681141
0.050 -1.029414062 - 0.9725000 -1.105976562 -2.105976562

0.100 -1.011406250 - 0.9306250 -1.117656250 -2.117656250

4) If weset a=b=d =[=0 in Eq. (20), we
obtain the energy eigenvalues for Coulomb
potential as:

pc’
E, =—— =
2 (n+1+1)
The result of Eq. (37) is consistent with the
result obtained by Eq. (36) in Ref. [47].

(37)
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TABLE 6. Energy cigenvalues (¢)) in atomic mass units(h= ,Lt=l) of Yukawa potential as a

function of the screening parameter & with d = /2 .

AIM[54]

Numerical[55]

State (04 Present method SUSY[56]

I 0.002 - 0.9954605000 —0.99600 —0.99600 —0.99601

0.005 -0.9835031250 —0.99003 —0.99004 —0.99000

0.010 —0.980100000 —0.98014 —0.98015 —0.98010

0.020 —0.960400000 —0.96059 —0.96059 —0.96060

0.025 —0.950620000 —0.95092 —0.95092 —0.95090

0.050 —0.90250000 —0.90363 —0.90363 —0.90360

2S 0.002 —0.24601000 —0.24602 —0.24602 —0.24600

0.005 —0.24010000 —0.24014 —0.24015 —0.24010

0.010 —0.23040000 —0.23058 —0.23059 —0.20360

0.020 —0.21160000 —0.21229 —0.21230 —0.21230

0.025 —0.20250000 —0.20355 —0.20355 —0.23060

0.050 —0.16000000 —0.16354 —0.16351 —0.16350

2P 0.002 —0.24601000 —0.24601 —0.24602 —0.24600

0.005 —0.24010000 —0.24012 —0.24012 —0.24010

0.010 —0.23040000 —0.23049 —0.23049 —0.23050

0.020 —0.21160000 —0.21192 -0.21192 -0.21190

0.025 —0.20250000 —0.20298 —0.20299 —0.20300

0.050 —0.16000000 —0.16148 —0.16144 —0.16150

3p 0.002 —0.10714000 —0.10716 —0.10716 —0.10720

0.005 —0.10133000 —0.10141 —0.10142 —0.10140

0.010 —0.09201000 —0.09230 —0.09231 —0.09231

0.020 —0.07471000 —0.07570 —0.07570 —0.07570

0.025 —0.06673000 —0.06815 —0.06814 —0.06816

0.050 —0.03361000 —0.03711 —0.03739 —0.03712

3d 0.002 ~0.10714000 —0.10715 —0.10715 ~0.10720

0.005 ~0.10133000 ~0.10136 ~0.10140 ~0.10140

0.010 —0.09201000 —0.09212 —0.09212 —0.09212

0.020 —0.07471000 —0.07503 —0.07502 —0.07503

0.025 —0.06673000 —0.06714 —0.06713 —0.06715

0.050 —0.03361000 —0.03383 —0.03388 —0.03383

4. Conclusion the ground-state energy spectra obtained
. . - . graphically.
In this study, the radial Schrédinger equation
for the newly proposed Varshni-Hellmann  Appendix: Review of Nikiforov-

potential (VHP) is obtained within the
framework of the Nikiforov-Uvarov method by
employing the Greene-Aldrich approximation
scheme to the centrifugal term. The numerical
results obtained of the ro-vibrational energies for
LiH, TiH, CrH and ScN diatomic molecules

are observed to increase with an increase in the
quantum state considered. It is noticed that the
selected molecular diatomic molecules studied in
this work have similar behaviors. By adjusting
the potential strength, we deduced four special
cases with their numerical energy eigenvalues.
The results obtained are in agreement with those
of the works of other researchers using different
methods. Also, we have discussed the results of
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Uvarov (NU) Method

The NU method according to Nikiforov and
Uvarov is used to transform Schrddinger-like
equations into a second-order differential
equation through a coordinate transformation
x = x(r) of the form [57, 58]:

S (x)
+ 2

o’ ()
where &(x) and o(x) are polynomials, at most
second-degree, while 7(x) is a first-degree

g

l,//"(x)+ml// y(x)=0 (Al

polynomial.



Solutions of the Non-relativistic Equation Interacting with the Varshni-Hellmann Potential Model with Some Selected
Diatomic Molecules

The exact solution of Eq. (Al) can be
obtained by using the transformation:

v (x)=¢(x)y(x). (A2)

This transformation reduces Eq.(Al) into a
hypergeometric-type equation of the form:

G()C) y”(x) +T(x) y'(x) + /ly(x) =0. (A3)

The functiong(x) can be defined as the
logarithm derivative:

P _7(x)
#(x) o(x)

with 7(x) being at most a first-degree

(A4)

polynomial. The second part of the wave
function in Eq. (A2) is a hypergeometric-type
function obtained by Rodrigues relation:

y(x) = Lo (x) p()]

A5
p(x) dx" (A3)

where an is the normalization constant and

p(X) the weight function which satisfies the

condition below;

(o(x)p(x) =7 (x)p(x)

(A6)

where also

T(x)zf(x)+27r(x). (A7)
For bound solutions, it is required that:

d

M <0. (A)
dx

The eigenfunctions and eigenvalues can be
obtained using the definition of the following

function 7 (x) and parameter A, respectively:

m(x) =

T(a)—5 "(x)-% 2
o (x)2 LG \/(f’ (x)z T(")) —6(x) + ko (x)
(A9)

and

A=k +7r'(x). (A10)
The value of k can be obtained by setting the
discriminant in the square root in Eq. (A9) equal
to zero. As such, the new eigenvalue equation
can be given as
’ nn-1)
Ap +n1'(x) +——0 x)=0,(n=

0,12,...). (All)
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Abstract: We reported a significant variation of secondary gamma radiation flux (SGR) in
month November 2018 and month September 2019 at Udaipur during transit of Sun across
constellations. The data was collected as a function of time using a ground-based Nal (T1)
scintillation detector. We interpret such variation of SGR flux on the basis of combined
gravitational pulling along with gravitational lensing effect on background radiation by the
Sun, constellations and radiation from constellations.

Keywords: Cosmic radiation, Sun, Solar radiation, Secondary gamma radiation, Libra
constellation, Virgo constellation, Planets, Gravitational pulling, Gravitational lensing.

Introduction

High-energy charged particles named cosmic
radiation travel at nearly the speed of light.
Composition of cosmic radiation is about 89%
protons, 10% helium and about 1% other heavier
elements [8]. Such radiation is isotropically
distributed and propagates through space while
arriving on the Earth [5]. When cosmic radiation
(CR) and solar radiation (SR) collide with atoms
of the atmosphere of the Earth, they produce
“secondary” radiation. Such radiation contains
pions, muons, neutrinos, gamma radiation,
electrons and positrons. Presence of gamma
radiation in secondary radiation is known as
secondary gamma radiation (SGR), which can be
detected using an appropriate detector on ground
(3, 7]

It was observed that when the
electromagnetic radiation passes near a massive
object, then due to gravitational field of the
object, it bends. This phenomenon is called
gravitational lensing. This object may be a
galaxy, a star or a cluster of galaxies [4, 9, 10].
This phenomenon was proved by A. S.

Eddington and collaborators in a famous
experiment during a total solar eclipse in 1919.

Due to gravitational force of the celestial
object, it provides gravitational pull-on
background radiation.

Many scientist groups, such as Bhattcharya et
al. [2], Kandemir et al. [6], Nayak et al. [11],
Bhaskar et al. [1] and Pareek et al. [12], observed
the variation of secondary radiation flux during
solar eclipse.

During lunar eclipse, Pareek et al. [13]
observed a variation in secondary gamma
radiation flux. Such interesting finding during
lunar eclipse can be explained on the basis of
bending of primary cosmic radiation and solar
radiation combined with gravitational lensing
effect of Sun and Earth and back-scattered
secondary radiation from the Moon.

Pareek at al. [14] conducted an experimental
study using a scintillation counter for phases of
the Moon in the month of September 2000. This
experimental study had been planned to observe
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gravitational lensing effect. During observation,
the Moon passes background of Capricornus
constellation on September 9 and 10, 2000. On
these dates, we observed an abrupt change in the
energy spectra of secondary gamma radiation
due to gravitational lensing effect.

With the fact that during different celestial
events happening in the sky, the flux of cosmic
and solar radiation is modulated, we attempted to
see the combined gravitational lensing and
gravitational pulling effect of celestial objects on
radiations from constellations. We conducted a
ground-based experimental study using a
scintillation detector at Udaipur, India during
transit of the Sun across constellations.

Experimental Setup and Observations

In the experimental studies for months of
November 2018 and September 2019, we used a

scintillation detector (GR611M) to collect the

h )

secondary gamma radiation flux. Nal (T1) crystal
was 50 mm in thickness and 44.5 mm in diameter
and optically coupled with a photo multiplier tube
and connected to a high-tension voltage supply of
2000 Volts DC (HV 502). Using the negative
polarity of a linear amplifier (LA 520), a negative
signal of about 0.5 Volt was amplified to a 5-Volts
positive pulse. This signal was fed to an analog
digital counter circuit (SC 530). This digital circuit
has a counter circuit (CT 541A) to count the
secondary cosmic radiation particles. The
scintillation counter was kept open to collect the
counts every date for three hours and with the
same LLD. This scintillation counter was
shielded with lead. This setup [Fig. 1] was
placed in the Astronomy Laboratory of the
Department of Physics. Data was collected in the
month of November 2018 from 2:00 PM to 5:00
PM and in the month of September 2019 from
12:00PM to 3:00 PM at Udaipur, India.

FIG. 1. Experimental setup.

Analysis and Results

Depicted in Table 1 are the integrated counts of
secondary gamma radiation flux for the month of
November 2018.

Using Table 1, we made Fig. 2 to show the
relationship between the dates of the month of
November and the integrated counts of secondary
gamma radiation flux:
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TABLE 1. Integrated counts of secondary
gamma radiation flux for November 2018.
Sr. No. Date Integrated Counts
1 13 2159
2 14 2120
3 16 1395
4 17 971
5 19 990
6 20 958
7 26 1120
8 27 997
9 28 326
10 30 422
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November 2018

Integrated Counts
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Date

FIG. 2. Relationship between the dates of November 2018 and integrated counts of secondary gamma radiation.

The dates of observation were 13, 14, 16, 17,
19, 20, 26, 27, 28 and 30 November 2018. The
secondary gamma radiation flux decreased from
2159 to 958 counts from 13 November to 20
November. On 26 November, the counts were
1120 and then decreased on 30 November.

For the month of September 2019, we started
observation from 4 September. The dates of
observation were 4, 5, 11, 19, 20, 21, 23 and 28
September 2019. The secondary gamma
radiation flux increased from 1916 to 2200
counts. From 4 September onwards, the Sun was
approaching Virgo constellation and on 28
September, we observed highest counts because
the Sun, planet Venus and planet Mercury were
in constellation Virgo. All these events produced
combined gravitational lensing effect and
gravitational pulling effect on background
radiation. For the month September 2019, the

integrated counts of secondary gamma radiation
are given in Table 2.

TABLE 2. Integrated counts of secondary
gamma radiation flux for September 2019.

Sr. No. Date Integrated Counts
1 4 1916
2 5 1987
3 11 1960
4 19 2055
5 20 2093
6 21 2048
7 23 2156
8 28 2200

Using Table 2, we made Fig. 3 to show the
relationship between the dates of the month of
September and the integrated counts of secondary
gamma radiation flux:

'september 2019

2300 -
2250
2200 -
2150
21004
2050
2000 °
1950
1900 - e
1850
1800 -

INTEGRATED COUNTS

T T T T T T T T T T T T T T 1
O N < © OO NT O 0O N T © 0O
T m  — N AN ANANN M

DATE

FIG. 3. Relationship between the dates of September 2019 and integrated counts of secondary gamma radiation.
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Discussion

For the Month of November 2018

1. On 13 November, the Sun was in the Libra
constellation and on other dates, the Sun was
shifted away from this constellation; so there
was a decrease in counts. This clearly
represents the combined gravitational lensing
effect and gravitational pulling effect on the
background radiation due to constellation
Libra and the Sun.

2. On 13 November, radiation coming from
constellation Libra exposed the Sun to
gravitational lensing effect. Therefore, more
radiation was bent, which may produce a
stronger shower of secondary gamma radiation
particles in the atmosphere of the Earth.

3. On 26 November, again there was an increase
in the integrated counts. On this date, the Sun
was close to planets Jupiter and Mercury.
Therefore, due to combined gravitational
lensing and gravitational pulling by the Sun
and planets Jupiter and Mercury, there was an
increase in the counts of secondary gamma
radiation flux.

Therefore, on 13 and 26 November, more
radiation came and bent. This bent radiation
impringed deep inside the atmosphere of the
Earth, which produced more secondary gamma
radiation particles that give such variation in
November.

For the Month of September 2019

1. From Table 2 and Fig. 3, we concluded that
from 4 September onwards, integrated counts
increased and on 28 September, the highest
counts were observed. From 4 September
onwards, the sun was approaching Virgo
constellation and on 28 September, the Sun,
planet Venus and planet Mercury were in
constellation Virgo. All these events
produced combined gravitational pulling
effect and gravitational lensing effect on
background radiation.

2. From 4 September onwards, the Sun was
approaching Virgo constellation and radiation
coming from constellation Virgo exposed the
Sun gravitational lensing effect. Therefore,
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more radiation was bent, which may have
produced a stronger shower of secondary
gamma radiation particles in the atmosphere
of the Earth.

As mentioned in points 1 and 2, background
radiation and radiation from constellations bent.
This more bent radiation penetrated deep inside
the atmosphere of the Earth, hence producing
secondary gamma radiation that gave such
variation in the integrated counts of secondary
gamma radiation in the month of September.

These experimental studies are unique and for
the first time, such variation of secondary
gamma radiation flux during transit of the Sun
across constellations was reported.

Conclusion

These experimental studies gave the
conclusion that due to combined gravitational
pulling and gravitational lensing effects of the
celestial  objects and  radiation  from
constellations on the surface of the Earth, the
secondary gamma radiation flux varies during
transit of the Sun across constellations.

Acknowledgements

The authors are thankful to the students
Robin Choudhary, Digvijay Singh Chouhan,
Chirag Ameta, Ayush Patidar, Himani Gour,
Vishal Chipa, Gourav Purohit, Bharti Ameta,
Deepika Choubisa, Kavita Sharma, Madan
Lakara, Mahaveer Singh Shekhawat, Nidhi Jain,
Pooja Menaria, Nisha Tanwar, Shalini Vaishnav,
Shrinka Rathore, Shriya Sen and Tarun Sikligar
for their he;p in conducting the experimental
study in November 2018. Thanks are also due to
the students Dinesh Suthar, Aditi Ameta, Bharat
Gehlot, Hitesh Chouhan, Parag Vaishnav,
Rakesh Parihar, Rahul Panusa, Ranjita Janwa,
Chinkal Suthar, Diptika Chundawat, Nisha
Kunwar Charan, Robin Choudhary, Digvijay
Singh Chouhan, Chirag Ameta, Divyansh
Chouhan, Om parkash Choudhary, Darshan
Kotiya and Mohsib Pathan, who were involved
in the experimental study conducted in
September 2019.



Transit of the Sun across Constellations Libra, Virgo and Variation of Secondary Gamma Radiation Flux in the Months of
November 2018 and September 2019, Respectively at Udaipur, India

References

[1] Bhaskara, A., Purohit, A., Hemalatha, M.,
Pai, C., Raghav, A., Gurada, C., Radha, S.,
Yadav, V., Desai, V., Chitnis, A., Sarpotdar,
P. and Patankar, A., Astroparticle Physics, 35
(5) (2011) 223.

[2] Bhattacharyya, A., Biswas, S., Chatterjee,
B.K., Das, M., Das, P.K., Das, T.K., De,
T.K., Engineer, M.H., Mukherjee, R.N.,
Raha, S., Roy, S.C., Saha, S.K., Sen, A.K.,
Sinha, B. and Syam, D., Astrophysics and
Space Science, 250 (1997) 313.

[3] Chilingarian, A., Daryan, A., Arakelyan, K.,
Hovhannisyan, A., Mailyan, B., Melkumyan,
L., Hovsepyan, G., Chilingaryan, S.,
Reymers, A. and Vanyan, L., Physical
Review D, 82 (4) (2010) 043009.

[4] Walsh, D. et al., Nature, 279 (5712) (1979)
381-4.

[5] Fulks, G.J., Journal of Geophysical Research,
80 (1975) 1701.

[6] Kandemir, G. et al., ASP Conference Series,
205 (2000) 202.

[7] Kodama, M., Physical Society of Japan, 52
(1983) 1503.

[8] Longair, M.S., "High-energy Astrophysics
1", 2" Edn., (Pub.Cambridge University
Press, 1992).

[9] Mellier, Y., Annual Review of Astronomy
and Astrophysics, 37 (1999) 127.

[10] Narayan, R. and Bartelmann, M., "Lectures
on gravitational lensing", (1996),
https://arxiv.org/abs/astro-ph/9606001.

[11] Nayak, P.K. et al., Astroparticle Physics, 32
(2010) 286.

[12] Pareek, D., Jaaffrey, S.N.A., Talesra, K.P.,
Yadav, R. and Ameta, S., Research Journal of
Physical Sciences, 1 (5) (2013) 22.

[13] Pareek, D. et al., Research Journal of
Physical Sciences, 1 (4) (2013) 22.

[14] Pareek, D. et al., International Journal of
Scientific Research, Ahmedabad, 3 (5) (2014)
6.

199






Volume 15, Number 2, 2022. pp. 201-206

Jordan Journal of Physics

ARTICLE

Decrement of Secondary Gamma Radiation Flux during Solar
Eclipses on January 4, 2011 and December 26, 2019 at Udaipur,
India

Devendra Pareek and Pallavi Sengar

Department of Physics, Bhupal Nobles’ University, Udaipur, India.

Doi: https://doi.org/10.47011/15.2.10

Received on: 19/12/2020; Accepted on: 18/01/2021

The solar eclipses at Udaipur (27° 43> 12.00"N, 75° 28’ 48.01”E), India were
experimentally observed on January 4, 2011 and December 26, 2019 using a ground-based
Nal (T1) scintillation detector. For the solar eclipse on January 4, 2011, the data files were
stored in a computer for a thirty-minute duration from 14.30 IST to 15.00 IST on pre-
eclipse normal days as well as on post-eclipse normal days and also on partial eclipse day
(January 4, 2011). For solar eclipse on December 26, 2019, cadences of data were collected
for three hours from 8 AM to 11 AM on pre-eclipse normal days as well as on post-eclipse
normal days and also on eclipse day (December 26, 2019). The analyzed data revealed
significant decrement of secondary gamma radiation flux (SGR) on solar eclipse day
(January 4, 2011) of about 10 % and on solar eclipse day (December 26, 2019) of about 17
% 1in the counts of SGR flux on comparison to average counts of normal days. We interpret
such decrement of SGR flux on the basis of obstruction effect produced by the Moon during
solar eclipses.

Keywords: Solar eclipse, Cosmic radiation, Solar radiation, Secondary gamma radiation,

Obstruction effect by the Moon.

Introduction

High-energy charged particles represent about
89% of nuclei of protons, 10% of nuclei of helium
and about 1% of nuclei of others heavier elements,
such as carbon, oxygen, magnesium, silicon and
iron, known as cosmic radiation [9]. The cosmic
radiation (CR) is almost isotropically distributed
and propagates through space while arriving on
the Earth [6]. Radiation coming from the Sun is
known as solar radiation (SR) and has energetic
particles that are associated with energetic events
on the Sun.

It was observed by many scientist groups that
during different celestial events, cosmic
radiation and solar radiation are modulated.
Modulated radiation strikes the atmosphere of
the Earth, causing the formation of secondary
radiation flux. Such secondary radiation flux

contains an electromagnetic component known
as secondary gamma radiation and detected by
appropriate detectors on ground [8, 4]. On
January 4, 2011, a partial solar eclipse was
witnessed over Europe, the Arabian Peninsula,
North Africa, eastern, north-western and
southern Asia including northern and western
parts of India, as shown in Fig. 1.

On January 4, 2011 in India at Udaipur,
Rajasthan, where the first contact P1 began at
11:40:11.3 IST, the fourth contact P4 ended at
16:00:53 IST and the maximum partial eclipse
occurred at 14:20:00 IST. The eclipse magnitude
recorded at above geometric coordinates was
0.8576 with gamma=1.0627, Saros series =151,
member = 14 of 72. The geometric coordinates
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of the Sun and the Moon at maximum eclipse
were R.A. = 18h59ml14.9s, Dec. = - 220
44°21.1”, S.D. = 00016’15.9”, H.P. =
00000’8.9” and R.A. = 18h58m23.85 Dec. =
-21046°01.2”7, S.D = 00015°18.17, H.P.
00056°09.6” res.

2011 Jan 04
08:52 TD

Partial
Saros 151

v

Gam. = 1.0626 Mag. = 0.8576

FIG. 1. Partial solar eclipse witnessed on Jan. 4, 2011.

On December 26, 2019, a solar eclipse was
witnessed over Eastern Europe, much of Asia,
north and west Australia, east Africa and the
Pacific and Indian Oceans as shown in Fig. 2.

Annular 2019 Dec 26

s Alt = 66°

Gam. =0.4135 Dur. = 03m40s

FIG. 2. Solar eclipse witnessed on Dec. 26, 2019.

On December 26, 2019, there was an annular
solar eclipse at Udaipur, India from 8.00 AM to
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11.00 AM with gamma = 0.4135, magnitude =
0.9701, Saros series =132 and member = 46 of
71.

Solar [Eclipse and Variation of

Radiation Flux

Many scientist groups, such as Ananda Rao,
J.N. [1], Bhaskar et al. [2], Bhattcharya et al. [3],
Chintalapudi, S.N. et al. [5], Kandemir, G. et al.
[7] and Nayak et al. [10], observed the variation of
secondary radiation flux during solar eclipse.

To observe the decrement in secondary gamma
radiation flux caused by ground-based solar
eclipses: (January 4, 2011), (26 December 2019),
studies at Udaipur, India were conducted using a
scintillation counter system.

Local Temperature and Whether at
Udaipur
TABLE 1. The conditions of temperature and

whether on pre-, post- and eclipse days for
solar eclipse on January 4, 2011.

Temperature (O,
Date Whether Max. Min.
2.1.2011 Sunny 18 7
3.1.2011 Sunny 17 6
4.1.2011 Sunny 17 6
5.1.2011 Sunny 18 5
6.1.2011 Sunny 19 6

TABLE 2. The conditions of temperature for solar
eclipse on December 26, 2019.

Temperature (o)
Date Max. Min.
23.12.2019 25 19
25.12.2019 24 18
26.12.2019 21 15
27.12.2019 23 14
28.12.2019 22 13

Experimental Set-up and Observations

For the experimental study of solar eclipse on
January 4, 2011, the scintillation detector used
was of Model 802 (make: Canberra Genie 2000)
to detect SGR flux produced during partial solar
eclipse [Fig. 3]. Secondary radiation flux was
incident on an Nal (Tl) crystal, 50 mm in
thickness and 44.5 mm in diameter. This detector
was coupled with a photo multiplier tube (PMT)
of Model 2007P. This counter system has a high-
tension voltage supply of Model 3102D with
1100 Volts DC. Using negative polarity of a
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spectroscopic amplifier of Model 2022, a
negative signal of about 0.5 Volt was amplified
to a 5-Volt positive pulse. The signal was fed to
a multi-channel analyzer with a multi-channel
buffer of 1024 energy channels. The detector
was put into a lead shield. The data files were
stored in a computer for half an hour duration
from 14.30 IST to 15.00 IST on pre-eclipse
normal days 2,3 January as well as on post-
eclipse days 5, 6 January 2011 and also on
partial-eclipse day January 4, 2011.

S .

For the experimental study of solar eclipse on
December 26, 2019, a scintillation detector [Fig.
4] of Model (GR611M) was used to detect the
secondary gamma radiation flux. The radiations
were allowed to enter the Nal (T1) crystal of 14”
width x 10” height x 11.5” depth optically coupled
with a photo multiplier tube. This integral line was
connected to a high-tension voltage supply of
2000 Volts DC (HV 502). A negative signal of
about 0.5 Volt was amplified to a 5-Volt positive
pulse using the negative polarity of the linear
amplifier (LA 520). This signal was fed to an
analog - to - digital counter circuit (SC 530). This
digital circuit has a counter circuit (CT 541A) to
count the secondary gamma radiation particles.

Scintillation counter was kept open to collect
the counts as a function of time. This scintillation
counter was shielded with lead. Data was
collected from 8:00 AM to 11:00 AM on 23, 25,
26, 27 and 28 December 2019. The pre-eclipse
days were 23, 25 and the post-eclipse days were
27, 28. On 26 December 2019, there was an
annular solar eclipse at Udaipur, India from 8.00
AM to 11.00 AM.

FIG. 4. Scintillation counter system.
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Analysis and Results

TABLE 3. Integrated counts on the pre-, post- and
solar eclipse days of secondary gamma
radiation for solar eclipse on January 4, 2011.

Sr. Integrated
No. Date Counts

1 2 (Pre-eclipse Day) 56553

2 3 (Pre-eclipse Day) 56672

3 4 (Solar Eclipse Day) 52524

4 5 (Post-eclipse Day) 60343

5 6 (Post-eclipse Day) 60990

By using Table 3, we made Fig. 5 to show the
integrated counts versus date on pre-eclipse days
2, 3, post-eclipse days 5, 6 and solar eclipse day
January 4, 2011.

Table 3 and Fig. 5 clearly show that on the
pre-eclipse days 2 and 3, the integrated counts
were 56553 and 56672, respectively. On the
solar eclipse date of January 4, the counts were
52524. On the post-eclipse dates 5 and 6, the
integrated counts were 60343 and 60990,
respectively. When the average of integrated
counts of all normal days 2, 3, 5 and 6 was
taken, then the integrated counts were 58639.
Therefore, in comparison, the average counts on
solar eclipse day were decreased by 6115. To see
the variation in secondary gamma radiation on
the eclipse day, we used the following formula:

% of variation =
Average counts of normal days—counts on eclipse day

x 100.

Average counts of normal days

Solar Eclipse Study on January 4,2011

woWuy

*
|

®
o

1 L) I L I

4
<

D ate

FIG. 5. Integrated counts of secondary gamma radiation versus date for solar eclipse on 4 Jan. 2011.

Using this formula, on the eclipse day, there
is about 10 % decrement in the counts of SGR
flux in comparison to the average counts on
normal days.

TABLE 4. Integrated counts of secondary gamma
radiation flux on the pre-, post- and solar
eclipse days for solar eclipse on December 26,
2019.

Sr. Integrated
No. Date Counts

1 23 (Pre-eclipse Day) 4892

2 25 (Pre-eclipse Day) 5378

3 26 (Solar Eclipse Day) 4183

4 27 (Post-eclipse Day) 4895

5 28 (Post-eclipse Day) 5183
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By using Table 4, we made Fig. 6 to show the
integrated gamma radiation counts versus date on
pre-eclipse days, post-eclipse days and solar
eclipse day.

Table 4 and Fig. 6 clearly show that on the
pre-eclipse days 23 and 25, the integrated counts
were 4892 and 5378, respectively. On the solar
eclipse day 26, the counts were 4183. On the
post-eclipse days 27 and 28, the integrated
counts were 4895 and 5183, respectively. The
average of integrated counts of all normal days
23, 25, 27 and 28 was 5087. Therefore, in
comparison, on the solar eclipse day, the
integrated counts were decreased by 904.
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SolarEclipse Studyon 26 December , 2019
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FIG. 6. Integrated counts of secondary gamma radiation versus date for solar eclipse on 26 Dec. 2019.

To see the variation in secondary gamma
radiation on the eclipse day, we used the
following formula:

% of variation

Average counts of normal days — counts on eclipse day

- Average counts of normal days

X 100.

Using this formula, on the solar eclipse day,
there is about 17 % reduction in the counts of
SGR flux in comparison to the average counts on
normal days.

Discussion

The probable reason in these present
experimental studies for the decrement in SGR
flux is as follows:

* During solar eclipse, the Moon comes
between Sun and Earth. Therefore, the Moon
acts as a big umbrella and cuts solar and
cosmic radiations which are coming towards

the atmosphere of the Earth. Hence, the
production of secondary gamma radiation is
less. Therefore, we observed a decrement of
secondary gamma radiation by about 10 % on
the solar eclipse day (January 4,2011) and 17
% on the solar eclipse day (December 26,
2019) in comparison to pre- and post-eclipse
days.

Conclusion

From the results, we understand that the
decrement of secondary gamma radiation flux
was due to the obstruction effect produced by the
Moon on radiations (CR and SR) during solar
eclipse day.
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Abstract: Escherichia coli (E. coli), (190CRC) is one of the most common waterborne
pathogens. It exists in drinking water and most of the water diseases are associated with it.
The permanent inactivation of E.coli from water requires its DNA distortion, that makes it
ineffective for regeneration. The underwater plasma discharge in capillary tube induces
reactive oxidant species {OH- radicals, Ozone (O;), hydrogen peroxide (H,O,) and reactive
oxygen (O)}. Ultraviolet (UV) radiations are most important shock waves that play a vital
role for complete degradation of E.coli from water. In the current study, the effects of
plasma for different oxygen injection rates and applied voltages on DNA distortion of
E.coli have been reported. The bactericidal tests including DNA and protein leakage of
plasma-treated water showed complete distortion of E.coli DNA structure and sterilization

of water from bacteria.

Keywords: Capillary discharge, E.coli, DNA, Protein leakage, Sterilization.

1. Introduction

Plasma discharge in aqueous systems has
attracted the attention of researchers around the
globe due to its novel applications in water
purification,  waste treatment, industrial,
agricultural, nanotechnology, semiconductors,
material processing and antibacterial activities
[1-5]. The required chemical reactions for such
applications can be enhanced by plasma-induced
ultraviolet (UV) radiations, shock waves,
reactive oxidant species (ROSs) as well as
charged particles [6]. In recent years, many
studies on plasma types, like corona, arc and
spark discharges within water and on the surface
of water, have been conducted. Different (AC,
DC and RF) power sources and electrode
assemblies; i.e., pin-pin, pin-plate and plate-plate
configurations, have been tested for performance

judgement [7-11]. Capillary discharge has
proven to be an advantageous technique as
compared with the previous approaches in
perspective of power consumption for large-
volume flowing-water treatment, device
portability, system cost and discharge
controllability [12-15]. The capillary-produced
plasma is supposed to be uniform with average
electron density rising to 1x10”cm™ and average
electron temperature around 2eV [16]. Such
uniform plasmas are of great interest for
advanced medical, biological and agricultural
applications. In this study, we have implemented
underwater capillary discharge technique and
reported the results for E.coli DNA distortion for
various values of applied voltages and oxygen
injection rates.
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Habib Bukhari

Email: mwagqar.ahmed@riphah.edu.pk
Email: vckohsaruniversity@gmail.com



Article

Ahmed et al.

2. Materials and Methods
2.1 Experimental Details

Plasma discharge was initiated in a quartzd
capillary tube (outer diameter =4mm, inner
Diameter 2mm, inner, thickness= Imm).
Alternating voltage was applied across two
tungsten electrodes (diameter =0.5mm), through
a high-frequency (758 kHz) plasma generator
CTP-2000S. Fig. 1(a) shows an illustration of the
experimental setup, while Fig. 1(b) shows a
visual view of capillary discharge. The
separation between two electrodes where
discharge occurred was kept at Smm. The water
flow was kept at 0.1 L/min, while the flow of
oxygen was controlled by a mass-flow controller
TELEDYNE-500P and injected by a medical

19|ul 1838\

Water

Detectio
System

Spectrum
V e

syringe to initiate water bubbles and gas
channels inside the capillary. This drastically
reduced the required power to initiate the
discharge and induced a high concentration of
reactive oxidant species useful for disinfection.
Emission spectrum was recorded by an Avantes
multichannel spectrometer (having an optical
resolution of 0.06nm-1.3nm), to determine the
concentration of reactive oxidant species (OH
radicals, O;, H and O). The treated water was
tested by the micro-well dilution method, readily
after plasma treatment. Later, it was periodically
examined after every 12 hours up to 48 hours to
detect whether there is a regeneration of E. coli
in water with the passage of time and an impact
of plasma treatment on the geometry of bacterial
colonies.

—
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FIG. 1. (a) Schematic diagram of capillary discharge. (b) Visual view of capillary discharge.
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2.2 Bacterial Strains Used and Growth

Conditions

Multidrug-resistant ~strains isolated from
clinical Escherichia coli (190 CRC) samples
(resistant ~ to  ampicillin, erythromycin,
ciprofloxacin, nalidixic acid, streptomycin,
sulfamethoxazole —trimethoprim, gentamycin)
were collected from Microbiology and Public
Health Lab, COMSATS University, Pakistan.
Escherichia coli was revived on Luria-Bertani
(LB) broth (Sigma-Aldrich, Ireland, Ltd.) agar
plates. For each set of experiments overnight (16
to 18 hrs), bacterial cultures were grown in
Lauria broth at 37°C and used for investigations.

2.3 Bacterial Cell Survival Assay

Overnight, culture of each bacterial strain
(~10" CFU) was used to inoculate autoclaved
distilled water to make water suspensions. These
suspensions were then used to prepare different
groups of experimental design (with and without
treatment) and were then exposed to plasma for
different treatment times. Each sample was then
serially diluted, spot-plated onto LB agar and the
plates were incubated at 37°C for 24 hrs. The
number of colonies on each plate was counted
and the colony-forming units per ml (CFU/ml)
were calculated using the following formula:

Colony — forming units(CFU/ml) =

No.of colonies X Dilution factor

(1

The killing % overall inactivation efficiency
of plasma was calculated using the following
formula:

Killing % =
No.ofCFU/mlin treated samples
( N No.of CFU/mlin untreated control samples

Volume of culture plated

) «100.
(2)

Untreated water suspension and un-
inoculated water were used as positive and
negative controls.

2.4 DNA and Protein Leakage Assay

Nightlong grown bacteria cultures were
exposed to plasma. The samples were
centrifuged at 14000 RPM and the supernatant
was moved through a 0.22 um (TS). By using
Nano-drops, the DNA measurement was
performed and Bradford assay was used for the
perception of protein in the supernatant
(Sampathkumar et al., 2003). Leakage index was
calculated by using the following formulae:

DNA Leakage Index = (TS 0.D 260 — UTSQD 260)/

TTSob 260 (3)
Protein Leakage Index = (TCSOD 595 UTSQD 595)/
TTSop s9s 4

Untreated samples (UTS) and Triton X-100
(TTS)-treated cells were used as negative and
positive  controls. All experiments were
performed in triplicate and repeated thrice.

3. Results and Discussion

Visual, biological and statistical methods
were used to investigate and report the DNA
distortion efficiency of capillary discharge.

3.1 Plasma Emission Spectrum

Due to intrusive nature, optical emission
spectroscopy (OES) is a fundamental diagnostic
tool, wused for determining the plasma
composition and concentration of highly reactive
oxidant species, which play a vital role in the
plasma sterilization process.

Typical emission spectrum of underwater
capillary discharge is presented in Fig. 2. The
spectrum reveals the existence of highly reactive
oxidant species (OH =309nm, UV radiations =
240-400nm, Reactive oxygen = 777 and 844nm
and Ozone =883nm).

After discharge occurrence, the dissociation
of O,atomic oxygen was formed, while due to
collision of electrons and water molecules,
reactive hydrogen (H, = 656 nm, Hg = 444nm)
was formed as mentioned in the following
reactions [17]:

0,+e—>0"+0+2e (5)
0,+e—->0"+0 (6)
H,0+e—->H+OH+e 7

Ozone (O3) having a redox potential of 2.07
V was generated when diatomic oxygen gets
converted into atomic ions (OF) by plasma
electrons and oxygen radicals and later, these

radicals undergo three —body reaction to
generate Ozone given as [17, 18, 19]:
0+0,+M-0;+M (8)

Ozone-produced OH' radicals react with
(OH™) and H,0, as given in the following
reactions :

0; + 20H™ = OH' + HO", + 0, )
O3+H202 —)OH+H0*2+02 (10)
209
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FIG. 2. Typical plasma emission spectrum.

After generating plasma, the transitions
(excitations to the ground states) of atomic and
molecular species cause emission of UV
radiations, observed from the emission spectrum.
The emission spectrum represents variation in
UV radiation and OH radical densities as a
function of applied voltage for different flow
rates. Due to increasing applied voltage and
oxygen rate, the power of discharge pulses
increased prominently. The production of OH
Radicals and UV radiation also increased and a
much brighter discharge spectrum was observed.
Since OH' radicals have a short half-life (10~8s),
the decay of OH' radicals further triggers the
production of other reactive species, such as O;.
The electron temperature rises with the increase
in applied voltage, which ultimately enhances
the production rates of OH' radicals and UV
radiation. Similarly, with the increase in gas-
flow rate, electrons will effectively participate in

collisional processes, resulting in the creation of
more reactive species like OH' radicals and
increasing UV radiation intensity.

3.2 E.coli Inactivation by Plasma Discharge

E.coli colonies after plasma treatment under
different experimental conditions are shown in
Fig. 3 in the form of typical images of LB agar
plates, while the graphical illustration of all
E.coli CFUs is presented in Fig. 4. After plasma
treatment, at 3Kv, the CFU was reduced from 88
to 2 at 300sccm (standard cubic centimeter per
minute) and 600sccm; at 4Kv, the CFU was
reduced from 185 to 1 at 300sccm and 600scem;
at 5Kv, the CFU was reduced from 290 to 5 at
300sccm and 600sccm; at 6Kv, the CFU was
reduced from 61 to 10 at 300sccm and 600sccm;
at 7Kv, the CFU was reduced from 278 to 66 at
300sccm and 600sccm.

FIG. 3. Typical images of LB agar plates representing E.coli colonies for: (a) 300 sccm O,, 6kV applied voltage.
(b) 400 sccm O, 5kV applied voltage. (c) 500 sccm O,, 4kV applied voltage. (d) 600 sccm O,, 4kV applied
voltage.
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FIG. 4. CFUs of E.coli under different oxygen injection rates at various applied voltages.

Oxygen shows a remarkable influence on the
inactivation of FE.coli due to its potential
resistance for the growth of bacterial cells.
Increased oxygen injection rates encourage
greater leakage of ROS from respiratory chain,
which affects the DNA and metalloenzymes.
This in turn leads towards mutagenesis and
impaired growth. The OH" radical, UV radiations
and shock waves have participated mainly in the
inactivation of E.coli. They interact directly with
bacteria in water, destroy the DNA structure and
disable mutation. Shock waves also to increase
the exposure of micro-organisms inactivation by
scattering the colonies in liquid.

3.3 Deoxyribonucleic Acid (DNA) Analysis
and Protein Leakage Tests

Proteins are important bio-molecules which
play an important role in balancing bacterial cell
physiological activity. The plasma treatment-
induced DNA leakage and protein leakage
through membrane of E. coli cell are represented
in Fig. 5 and Fig. 6, respectively. The DNA
damage of isolated nuclei is dependent on the
concentration of oxygen. Protein concentrations
were found to decrease with the increase in
oxygen flow rate, which in turn damages the
DNA of E. coli. The protein and DNA of gross
untreated  E.coli sample decreased to
0.413ug/mL and 0.011, respectively after 600

sccm at 4kV. DNA and protein leakage leads to
bacteria killing by inhibiting antioxidant
machinery that damages the membrane protein
as well as a cascade of DNA repair. Being the
heredity material, DNA is a very important
component of the cell and is comprised of a
double helix structure. By increasing the oxygen
injection rate, the concentration of reactive
species also increases, which in turn elevates the
rate of DNA and protein leakage. Underwater
plasma discharge multiple reactive species (OH",
0,, RO, RH and UV) were involved in DNA
distortion. Most of the DNA damage was caused
by ionizing radiations mediated by hydroxyl
radical (OH") and quintessential reactive oxygen
species. Such distortion involves strand splits,
caused by the hydroxyl radical by abstracting a
deoxyribose hydrogen atom. The presence of UV
radiation and other genotoxic chemicals resulted
in single and double breaks of the DNA strands.
DNA double strand breaks (DSBs) are the most
deleterious among various forms of distortion,
because they involve both DNA strands and may
result in the loss of genetic material. At large
concentrations, oxygen-free radicals or more
commonly reactive oxygen species (ROSs) may
inflict harm to the composition of cells, lipids,
proteins and DNA, resulting in oxidative stress
that has been implicated in a variety of diseases.
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FIG. 6. Protein leakage test of E.coli under different oxygen injection rates and applied potentials.

4. Conclusions

Underwater plasma discharge is a novel
technique for inactivation of micro-organisms.
The inactivation of E.coli due to interaction of
reactive oxidant species with DNA of gram
negative E.coli has been studied, which reports
that the injection rate of oxygen (300 to 600
sccm) and potential (3kV to 7kV) enhance the
concentrations of OH' radicals, O, reactive
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oxygen and UV radiations. At high oxygen
injection rate and high potential, an increase in
inactivation efficiency of E.coli is observed. The
presence of ROSs resulted in DNA and protein
leakage leads to the permanent inactivation of
E.coli. Underwater plasma discharge is an
effective and non-toxic approach for sterilization
of water.
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