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In this simulation study, the response of fiber Bragg grating (FBG) sensors is investigated and optimized. Uniform and nonuniform
FBG spectra with new component are suggested by fine selection with (COMSUL program) and compared theoretically under the
effect of several external strain values (0.005, 0.006, 0.007, 0.008, 0.009 and 0.01). These two types operation have been examined by
the Optisystem programmer. The measured sensitivity was based on VCSEL laser source with operation wavelengths of 1650, 1600,
and 1550 nm via non-uniform and uniform configuration. The achieved sensitivity was found to have different values; 5.7, 2.6, and
1.77, while the highest observed sensitivity value is recorded at a wavelength of 1550 nm. Accordingly, this wavelength was chosen to
advance the study. Temperatures of 20, 30, 40, 50, and 60 degrees Celsius were applied. Measured sensitivity between them varied,
and satisfied the following functions: sine, Gauss, and Boltzmann indicating altering in sensor responses.
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INTRODUCTION

Due to their sensitivity, dependability, low intrusiveness, galvanic insulation, and potential for quasi-distributed remote
measurements, optical fiber sensors based on fiber Bragg grating (FBG) technology are used in a variety of fields, including
civil engineering and aviation [1]. In addition, monitoring strain [2], vibration [3] and temperature [4].

Furthermore, the FBG sensor itself has recently been continuously enriched by research due to its applications in optical
communications [5], such as smart frequency filtering [5], [6], [7], dynamical encrypting with chaotic communications [8],
[91, [10], [11].

FBGs are extensively utilized in optical sensing and can compete with traditional electrical strain gauges to determine
various parameters, such as temperatures, strain, refractive index, pressure, gas, etc. Furthermore, FBG sensors have been
widely recognized for their features such as erosion resistance, resistance to electro-magnetic (EMI) and radio frequency
interference, and ability to operate in harsh environments where traditional sensors cannot [12].

Since more than few decades, FBG sensors have meets a lot of attention in the field of structural health monitoring [13]
[14]. Earlier application of these types of sensors is load screening and characterizing absolute strain and temperature
variations, either individually [15] or at the same time [16]. Changes in average strain and temperature would primarily cause
a change in the location of the resonance wavelength of the FBG output due to their linear wavelength shift response [17].
The whole reflection spectra of the sensor output signal are, however, affected by the strain (or even temperature) field.

The shape and wavelength shift of the reflection spectra were measured and studied by simulation in this study to
investigate the impacts of strain and temperature changes dispersed along the length of FBG sensors. Under these two
circumstances, shifts were examined using various FBG architectures.

More benefits than that mentioned above are recorded to FBG based sensors, such as small size, light weight, high
resolution, multiplexing capability, and immunity to electromagnetic fields. They have been used in biological diagnosing
and structural health monitoring [18]. Due to its uniquely intelligent physical properties, such as its innately huge
multiplexing capacities, remote sensing, resistance to electromagnetic fields, and safety, the uniform FBG sensor has been
extensively used in sensing applications [12]. The UFBG sensor are also used in dynamical spectral filters invented inside
fibers [19].

THEORETICAL CONCEPTS
The FBG transmits all wavelengths of light while reflecting some due to the periodic (or aperiodic) disruption in the
refractive index of its core, known as gratings. The Bragg wavelength, at which there is the most reflection, can be determined
by applying the following equation [15]:

Agr. = 2Ngpp A (1)
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where n¢yis the effective refractive index of the grating and A is the grating period.

Strain has two distinct impacts on a Bragg grating. First, the grating's Bragg wavelength will shift as a result of the
alteration in the physical distance between succeeding index modulations. Second, a change in refractive index brought on
by the strain-optic effect will result in a shift in the Bragg wavelength. For a specific change in strain, the change in a Bragg
grating's center wavelength is given by [20]:

aneff oA
Il 4 gy E]Al Q)

Mgy, = 2[A

where [ is the effective length.

An optical fiber's strain effect is depicted in equation (2). This is consistent with a shift in grating spacing and the strain-
optic-induced shift in refractive index. [20]. Under the condition of a uniform strain along the optical fiber axis and no
temperature changes, the wavelength shift is related to the strain via the elastic-optical coefficient Pe [20]:

Mgy = Ag,.(1 — Pe)e 3)
Equation (3) points out that the resulted shift in Bragg peak wavelength is linearly proportional to the applied strain. In the
sensing theory of FBG, the strain value should be expressed as;

€= Adpr.
~ Ag(1-Pe)

“

where ¢ is the strain along the lengthwise direction of the fiber and Pe is an effective strain optic constant, which is defined
as[1]:

ness
Pe = raarm ©
Such that P, and P;, are strain-optic tensor two components, and v is the ratio of Poisson. For a typical Germano-Silicate
optical fiber, pi1 = 0:113, p12 = 0:252, = 0:16, and nesr = 1.45, giving [21] Py, = 0:213.

SIMULATION PART
Selection for refractive index concentration by COMSOL Software

By applying the last values in eq. (5), we got the value of Pe (effective strain optic constant). The calculated value
of Pe was then used in eq. (3) for the specific wavelengths 1550, 1600, and 1650 nm for each strain value (0.005, 0.006,
0.007, 0.008, 0.009). Finally, we got the values of shift in wavelength for each value of strain, and for each wavelength,
as shown in tables 1, 2, and 3.

Via COMSOL simulation, numerical Finite Element Method (FEM) has been used for the modal analysis of an
optical fiber. This fiber is designed to investigate the effect of doping concentration of both core and clad silica glass to
the application as a sensor. The variation of the effective refractive index has a significant impact on the sensitivity of
such fiber sensors. The influence of doping silica optical fiber with Ge in a different concentration. Also doping
concentration effect on effective refractive index and optical intensity has been. The refractive index has been calculated
for the doped silica fiber with Ge samples by Sellmeier formula:

n(d) = [1 +ym AL ]1/2 6)

=172_32

For dopants GeO», n is the optical index at light wavelength A and 4; is a constant such that A;, 4,, ;3 and Aj, Aa,
Aj are called Sellmeier coefficients to be determined by the fitting process. This means measuring the refractive index of
the medium at least for six different wavelengths. In this study, identical last coefficients are calculated, to approximate
the dispersion curve.

Measurement of temperature by FBGs
Measurement of temperature, a crucial parameter in various sectors of industry, can be done with the help of FBGs. As
reported by Ref. [22], both low and high temperatures can be measured using FBGs with equal accuracy. However,
practically measurement of high temperature with FBGs poses some additional challenges compared to others. In this section,
we shall discuss the FBG-based temperature sensors subjected to no variation in other physical parameters of the FBG.

Analytical formulation for temperature measurement
The Bragg wavelength (4g) of an FBG can be expressed as [23] [17]:

Ay (T) = 2nepr (T)A(T) O]

Hence, a small change in operating temperature T will result a change in the peak wavelength which can be represented as
[17]:
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So, the change in the temperature can be retrieved directly from A2 [24]:
Apr. = ABT.(an,T + aA,T)5T = Apr.(§ + Br)OT = Ap, 6T )

Therefore, it is possible to control the mechanical and thermal expansion coefficients by changing the cross-section
characteristics. It is important that the packaging allows for a limited range of temperature variation. At high temperatures
approaching the melting point of the packaging material, the packaging starts to distort whereby the Young’s modulus
begins to change and thus the thermal expansion coefficient will no longer exist. The work has been done on achieving
the highest sensor sensitivity [25].

Simulation set-up design for FBG operation by Optisystem software

As given in Figure (1), a VCSEL laser source with 1550 nm operation wavelength is selected to submit the optical
signal. This source is followed with a directional coupler with equivalent splitting ratio. One of these two new paths is
considered as a reference path, while the remaining path represents the tested path. Both reference and tested paths include
a distinct FBG, i.e., the refence one contains a standard Uniform FBG sensor, the remaining path contains a laboratory
Nonuniform FBG sensor. Two types of observation tools are connected, which are, Optical spectrum analyzers (OSA) and
optical time domain, virtual oscilloscopes (OTV) both for track the development for passed signals during the experiment
conditions variations.

Optical Specjmm Apalyzer 3. ... ____
v ' Optical Spectrum Analyzer

Optical Spectrum Analyzer_2!

o Gnaninn:

Powsr Spiitter 12

< n ]

Figure 1. Simulation set-up for the investigated design.

RESULTS AND DISCUSSION
The two types of suggested FBGs have identical constant Bragg wavelengths before the application of the external
environmental effect. Original effective length in the software is changed by values 10, 20, 30 all in mm units. The selected
effective refractive index for both FBGs is nes=1.45, with length of 2mm.

Measurements for UFBG
Effect of strain on sensing wavelength shift
Three Bragg wavelengths (45,.) for investigated FBG sensors were tested, these wavelengths are: 1550, 1600 and
1650 nm. Calculations for the deflected wavelength shift is carried out manually and individually for each wavelength by

using of eq. (5). Where the measured shifts are resulted from the virtually applied strain. The latter effect selected values
are: (0.005, 0.006, 0.007, 0.008, 0.009, 0.01) um, as shown in tables 1.

Table 1. Theoretical computed wavelengths shift for tested UFBGs sensors Ap,

Initial wavelength Strain Experienced by Wavelength shift
Ag, (nm) FBG (nm)
0.005 6.1987755
0.006 7.4385306
0.007 8.6782857
1530 0.008 9.9180408
0.009 11.1577959
0.01 12.397551
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Initial wavelength Strain Experienced by Wavelength shift
Ag, (nm) FBG (nm)
0.005 6.398736
0.006 7.6784832
0.007 8.9582304
1600 0.008 10.2379776
0.009 11.5177248
0.01 12.797472
0.005 6.5986965
0.006 7.9184358
0.007 9.2381751
1630 0.008 10.5579144
0.009 11.8776537
0.01 13.197393

Results for the first run measurements are given in the following table (2) and resulted relations are shown in the
next Figure (2).

Table 2. Calculated sensitivity for indicated UFBGs sensors Ag,-,

Bragg wavelength Sensitivity
value Ag, (nm) (pm/’c)
1550 5.7
1600 2.6
1650 1.77

13 £—"— at 1550 nm/sensitivity 5.7pm/C
—e— at 1600 nm/sensitivity 2.6pm/C
at 1650 nm/sensitivity 1.77pm/C

Wavelength shift (nm)

T
0.0054  0.0063 0.0072 0.0081  0.0090  0.0099
Strain

Figure 2. Resulted for strain — wavelength relations to the tested UFBGs sensor.

According to calculated results for sensitivity given in table (4), the selection is located at the maximum value, which
is 5.7 pm/°c which corresponds to 1550 nm. A strain-wavelength A strain-wavelength relation, with an effective wavelength
of 1.45, is plotted in Figure (2), and the resultant shape is followed by a linear fitting. Accordingly, from Figure (2), part A,
1550 nm, the maximum measured sensitivity value is (5.7) corresponding to wavelength (1550) with a sensitivity of 5.7
pm/%c, while in the same figure, part B, 1600nm, the maximum measured sensitivity value is (2.6) corresponding to
wavelength (1600) with a sensitivity of 2.6 pm/°c, finally in part C, 1650nm, the maximum measured sensitivity value is
(1.77) corresponding to wavelength (1650) with a sensitivity of 1.77 pm/’c.

Effect of temperature on sensing wavelength shift

In current study, the stabilization of type I gratings complies with telecommunication requirements, thus the selected
temperature range is 20-60 °C, this is based on range given in Ref. [26]. In the following Figure (2), deflected measured
Bragg wavelength shift is plotted against sensitivity for seven temperature values, all ranging from 20 to 60 °C. The FBGs
parameters are as follows: effective refractive index of 1.45, length 2mm, wavelength of 1550nm. The temperature and
wavelength are changing as given in Figure 3(A), for an original length of 10 mm.

Temp. values range from 20.3331 to 60.067°C, while wavelengths range from 1.549976 nm to 1.54995272 nm. While
in the same figure, part (B), for the original length of 20mm, T values range from 20.0353 to 60.0672135°C, but wavelength
range from 1.54997726 to 1.54997686 nm. In part (C) from the same figure, for an original length of 30mm, the temperature
ranges from 19.9327865, to 59.9646844 °C, but the wavelength is now ranging from 1.54991417 to 1.54995338 nm. In part
(D), after doping, T values range from 20.0353156 to 59.8735475 °C, but wavelengths range from 1.54984538 to
1.54984468 nm.
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Figure 3. Results for temperature — shifted wavelengths with changed sensor temp.
(A) L=10mm, (B) L=20mm, (C) L=30mm (D) after dopping

For the same previous set-up, the transmitted power spectrum is observed separately for each FBG applied
temperature. Results are given in the following Figure (4), with which transmitted power behavior fluctuates from sine
function to Gauss. The temperature and wavelength are changed as the following form: in part (A) for the original length
10mm from 20.0353156 to 60.1583504 °C, but the transmitted power (TR) was changed from TR=8.96362864 to
9.02625248 °C. In part (B), for the original length of 20mm, T is changed from 20.0353156 to T=60.0672135 °C, but the
transmitted power is changed from TR=8.49448061 to 8.5161336 °C. Finally, in part (C), T is changed from 20.4226475
to 60.0672135 °C, while the transmitted power is changed from TR = 7.4483448 to 7.45740164 °C.
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Figure 4. Results for power- temperature variation in UFBG with lengths; 10 mm (B) 20 mm and, (C) 30 mm

Measurements of NUFBG

Effect of temperature on sensing wavelength shift

In this section, insertion of a signal of 1550 nm wavelength into the input of NUFBG has been carried out where the
FBG has specific active lengths; 10, 20, and 30mm and a constant effective refractive index of 1.45 with variable applied
temperature. Results observed from the deflection side give different responses, as shown in Figure (5) and its entire
subfigures A, B, C and D based on equation (6). As shown in part (A), the FBG active length was 10mm from T=20.1264
°C to T=59.9646844°C, but the wavelength ranged from 1.54989965 nm to 1.54996984 nm, as shown in part (A). The
FBG active length was 20 mm from T = 20.1264525°C to T = 59.9646844°C in part (B), but the wavelength ranged from
1.54992244 nm to 1.54984271 nm in part C. Finally, in part D, after doping, the effective refractive index is constant at
1.46 with variable applied temperature gives different responses as deflected wavelengths from T=19.8416496 °C to T=5
8735°C. The wavelengths are 1.54996967 nm to 1.54984357 nm.
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These results indicate the existence of three types of behavior functions followed by the NUFBG under the influence
of applied temperature. In the dopant case, these two functions are Boltzmann and sine in additional logarithm. Under the
influence of variable applied temperature, we expect to meet a different response than that measured by UFBG. Previous
results shown in Figure (3), indicates the response with only a sine function.

Effect of temperature on sensing power

In the case of measuring power instead of wavelength, the results for NUFBG response indicate variant Gauss
functions depending on active sensor wavelength, shown in Figure (6). In comparison to last section results, in which the
response obeys varied functions. For the same previous setup, transmitted spectrum power is measured for each applied
temperature. Observed values for temperature and wavelength is shown inside part (A) from that figure, for the original
length of 10 mm. While in part (B) and (C), another observed value is diagnosed. With comparisons by Ref. [27], the
current combination is 1.5 times larger sensitivity than it.
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Figure 6. Results for power-temperature relations for different NUFBGs lengths (L) in mm. (A) 10, (B) 20 and (C) 30.

Uniform and nonuniform FBG Sensor design of (L=10mm) active length with Bragg wave length 1550 nm tested
under temperatures (20- 60 °C) with step 10 degree.
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Figure 7. Measured values of wavelengths and intensity for uniform FBG before and after doping
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Where the values plotted in figure (7) are drawn from radio frequency spectra for all tested values which is given in

figure (8). In which the frequency shift is easy to observe versus the changed parameter in comparisons with multi regions
FBG that experimentally investigated by Ref. [6].
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Figure 8. Results for reflected spectra shift for: (A) Non-doped UFBG, (B) Doped UFBG, (C) Non-doped NUFBG, and
(D) Doped NUFBG.
CONCLUSIONS

Constructing FBG combination improves the sensing properties for the FBG sensor. Uniform and non-uniform FBGs

plays the role of precise filter to the temperature and strain fluctuations. The sensitivity becomes high with introducing
impurities of GeO, dopants. Results for shifted wavelength — applied temperature for a NUFBG shows variations from
Poltizman to Log. Functions, while the same measurements for power-temperature relations for lengths shows behaviors
fluctuated within one function which is a Gauss function.
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BIIJIUB TOIMAHTIB GeO: HA XAPAKTEPUCTHUKHU JATUNKA FBG
JJISI TEMITEPATYPH I TE®OPMAIIIT
Bacma A. JI:ka66ap?, Aiicep Xemen?, Maiisga ®aaxana®, Iemain Anb-Baiiaxani?
“Kagpeopa ¢hizuku, neoazoziunuii koneooic, ynieepcumem Mycmancipis, bazoao, Ipax
bCepeons wxona euoamnux yunie Ancanam, 2-it Kapx oupexmopam oceimu, bazoao, Ipax

Y 1mpoMy MOIEMIOBAIBHOMY JOCIHIIKCHHI JOCHIIKYETHCS Ta ONTHUMI3YETHCS BIATYK JATYMKIB BOJIOKOHHOi OpETTiBCHKOI PEIiTKU
(FBG). PiBHOMIpHIi Ta HeomHOopinHi cekTpr FBG 3 HOBUM KOMIIOHEHTOM IPOIOHYIOTHCS HIISXOM TOHKOTO BiOOpY 32 JOMOMOTOIO
(mporpama COMSUL) i TeopeTHYHO MOPIBHIOIOTHCS MiJ{ BIUIMBOM KUTBKOX 3Ha4eHb 30BHIMHBOI pedopmarii (0,005, 0,006, 0,007,
0,008, 0,009 i 0,01). Ii xBa TuIM poboTH Oynu mepeBipeni mporpamicrom Optisystem. BumipsHa gyTiauBicTs Oyia 3acHOBaHa Ha
nazepaomy Jukepeni VCSEL 3 po6ounmu gosxuHaMu XBuitb 1650, 1600 i 1550 HM yepe3 HepiBHOMIpHY Ta OIHOPIAHY KOHQIrypariro.
BusiBiieHo, 10 TOCATHYTa 4yTIHMBICTh Ma€ pi3Hi 3HaYeHHs; 5,7, 2,6 Ta 1,77, a HailbibIIe 3HAYCHHS YyTIIMBOCTI CIIOCTEPIragocs Ha
JnoBkuHI xBuiti 1550 uM. BinnosinHo, 111 noxuHa XBuiti Oyia oOpaHa A1t IPOCYBaHHS TOCIIPKSHHS. 3aCTOCOBYBAIUCS TEMIICPATypU
20, 30, 40, 50 i 60 rpagyciB Llenbcis. Bumipsina 4y TJIHBICTh MiXK HUMH 3MiHIOBaJIacs Ta 3a/10BOJIbHsUIA Taki GyHKLil: cuHyc, [aycc i
Bonerman, 1o Bkasye Ha 3MiHy BiANOBiJeH JaTdHKa.
Kurouosi ciioBa: oamuux FBG, dosorcuna xeuni bpezea; npysi#cHo-onmuynuil KoeiyicHm, mepmoonmuynHull epexm, meH300NmuyHuLl
egexm, popmyna 3enmaiicpa
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In this simulation study, Optisystem 18 software is used to monitor and study the effectiveness of side strain on selected lengths of two
virtual uniform fiber Bragg grating (FBG) sensors. The operational FBG sensor Bragg wavelength was 1550 nm, which is used to find
the measured shift in deflected light source optical spectrum. This value is also supplied by the light source to offer the minimum
absorption and attenuation during transmission inside the optical fiber. Reliability of the sensor and technique of transferring the signal
under such effect are screened. The investigation is also used to observe the shift in wavelength with altered applied side strain. The
influence of sensor active length on side strain sensitivity is studied where according to theory, the length of the FBG influences the
sensitivity via reflectivity R. The constructed sensor sensitivity is observed against length before and during the experiment. The
sensing principle, in essence, depends on tracking the wavelength shift due to the variation of such strain. Results achieved in this study
show an inverse relationship between sensor effective length and shift in the observed wavelength. The measured strain sensitivity is
carried out for the active sensor length, which ranges from 0.05 to 15 cm, with corresponding sensitivity values of 1.19 pm/°C to
0.9 pm/°C, respectively, under the same strain conditions. The empirical results also show the success of the suggested sensing system
in measuring strain. The strain measurement, ¢, is linearly increasing, identical to the increasing values of the wavelength shift of
Bragg. It's also been observed that the wavelength of Bragg is shifting during small ratios in the length protraction of the FBGs.
Keywords: Bragg-Grating; Elasto-Optic Effect; Optisystem, Strain-Sensor, Strain-Optic Tensor

PACS: 42.81.-i: 42.81. Pa

INTRODUCTION

Due to its properties such as; high sensitivity, small size, light weight, low price, material qualities, and sensing
capabilities, optical fiber has emerged as a possible candidate for sensing applications. Other primary advantages of fiber
optic sensors are chemical passivity, high temperature tolerance, immunity to electromagnetic interference, and long life
with the possibility of usage in a hazardous environment [1]. Optical fiber sensors based on FBG technology, from the
other hand, included additional advantages such as sensitivity, reliability, low intrusiveness, galvanic insulation, and the
possibility to provide quasi-distributed remote measurements. FBGs are extensively utilized in optical sensing and can
compete with traditional electrical strain gauges. To determine many parameters such as temperature, strain, refractive
index, pressure, etc. FBGs also have many applications in civil engineering and aeronautics [2]. Furthermore, FBG sensors
have received widespread recognition for features such as erosion resistance, immunity to electromagnetic and radio
frequency interference, and the ability to operate in harsh environments where traditional sensors cannot [3]. For the time
being, many interferometry techniques, including Mach-Zehnder and Fabry-Perot, have been suggested for heat sensing
implementation [4]. From the other hand, applications with FBGs includes in additional to sensing, laser experiments for
chaotic generation in parallel to sensing such as studies listed in Refs. [5] [6] [7].

THEORETICAL APPROACH

Despite the rotating cross-section of an optical fiber, examine only an average stack, in that the doubled layers are distinct
with indices of interleaved of refraction n; and n,, for core and cladding, respectively, where n; differs from n, in magnitude to
ensure the light guiding [8]. A light beam possessing monochromatic wavelength perpendicularly launches into the stack.
Suppose the thickness of all medium layer is controllable, one may discover once the thickness of each layer reaches A5 /4, in
where Ay is the relative wavelength in the medium, or Az = 4,/n,,, where ng,, is the average index of refractive of the
intermediate stack, such that all the reflected waves of light from the stack interfere constructively at the interface where light
is injected and give rise to a substantial reflection at wavelength A. If the number of layers is sufficient, and/or the medium
stacks refractive index modulation becomes deeper, eventual reflection will approach unity at Az. Subsequently, if the above
depicted refractive index grating is constructed in the center of the optical fiber, a fiber Bragg grating is produced.

For a single mode fiber, the only mode propagating is LPg,, if the fiber grating pitch is known as the thickness of
double layers of neighboring, the FBG condition (first order condition [1]) can then be expressed as [9]:

AB = ZneffA (1)

where n.s is the effective core index of refraction for fundamental mode.
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A portion of the propagating light scatters at each grating plane, which causes the scattered light to either transmit
or reflect at the grating planes. Destructive interference causes the reflected beams to cancel each other out if they are out
of phase. The reflected wave constructively interferes and back-reflects, satisfying the Bragg condition, when the light
rays reflected from each grating plane are in phase [1].

The influences of strain on a fiber grating have two-fold; firstly, the alteration in physical spacing between sequential
index amendments (fiber grating pitch) will cause a shift of Az and, secondly, the strain-optic influence will induce an
alteration in the index of the refraction causing additional shift of A5. Because of this, a technique to gauge temperature
and strain fluctuations has been made possible by changes in these two physical characteristics [1]. Periodic difference in
A inside the FBG, and the index of refractive affected the deflected wavelength [11]. Altering in last grating parameter
due to strain is calculated by the following Equation [10]:

My =2 [AZ2E 4, 2 Al ?)

a

where Ay is the change in Bragg's wavelength and [ is the effective length.

Last equation measures the strain influence on the FBG. This matches the influence of the grating spacing and the
strain-optic induced influence in index of refraction [8]. Under the case of a uniform strain along the axis of the optical
fiber and no temperature alteration, the shift of wavelength is linked to the strain (&,) by the coefficient of elastic-optical

(pe) [8][10]:
Adg = 25(1 = pe)e, 3

Equation (3) indicates that in the Bragg peak shift of wavelength is proportional to applied strain. In the sensing theory
of FBG, the strain value &, should be expressed as

Mg
& = Mp(-po) @
where ¢ is the strain direction along the lengthwise of the fiber, p, is calculated as the following [11]:
nZ
pe = (5)

p12—v(p11+p12)]

here p;4 and p;, are components of the strain-optic tensor, and v is the ratio of Poisson. For a model Germanium-Silicate
optical fiber, parameters for last equation are reported in Ref. [11] as the following: p;; = 0.113,p;, = 0.252,v = 0.16
and ngrr = 1.482.

A Bragg grating region is a result of a permanent periodic refraction index modulation in the core area of an optical
fiber when exposure to UV. The phenomenon of a permanent refractive index change is called photosensitivity, to enhance
this effect Germanium is doped into fiber core [1]. The magnitude of the change is also affected by the intensity and
duration of the exposure. The operations principle of an FBG sensor are observed by observing the shift in wavelength of
the output signal with the variations in the measurement as strain or the light reflected heat using an FBG [12].

There are various kinds of sensors obtainable using optical fiber. It is classified into three kinds: extrinsic, intrinsic, and
hybrid [13]. The optical characteristics of intrinsic type are sensitive to strain and temperature [14]. For the information
transition to a long-range site, extrinsic is the better option [15] [1]. Here, the length of the FBG influences the sensitivity
via reflectivity R, which is itself function to length of FBG and light wavelength according to the following Equation [1]:

Q2sinh?(sl)
Ak2sinh?(sl)+s2cosh?(sl)

R = (6)
where Ak is detuning of wave vector and (Q is a coupling coefficient.

Thus, length term (I) in last equation indicate an important factor of the grating when determining its sensitivity.
Different groups studied the relationship between the grating length and the sensitivity. When the direction of the highest
strain is parallel to the fiber axis, the sensitivity of FBGs to strain in the static is greatest, and it is least sensitive when it
is orthogonal to the axis [16]. According to Liang Ren et al., the lateral strain can be neglected in comparison with the
longitudinal strain of the fiber [17]. Frieden et al. reported that the longitudinal strain predominates on the optical fiber,
and the transverse strain sensed by the optical fiber is six times smaller than the surrounding transverse strain, also known
as a transverse or traction transverse bending [16].

Ref. [1] has developed FBG sensors which may be applied to scale the kinematics of body, by using optisystem
program software. This mode, huge long sensors, is wearable system that may watch most knee flexibility, motion, and
all the alterations during the full period of human motion [18].

Based on that, it is very desirable to discuss the variation of the strain sensitivity of FBG sensor systems with a selected
sensor length. This work represents an attempt to fulfill such a demand and also to develop a systematic approach for
deciding the sensor length corresponding to an application. The focus of this study is to analyze the execution of the
sensor while it is being used with a certain strain. Hence, the values of strain that can be applied to analyze the most useful
values of strain that can be used on the FBG. The paper calculations were all completed by applying simulation with the
software "Optisystem version 18" with the consideration for specific light source wavelength.
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SIMULATION SET-UP

As shown in Fig. (1), the set-up includes one source of white light, its light is lunched into a single mode fiber with
60 Km length. Two uniform FBG sensors, with Az = 1550 nm receives the light. These two sensors subject to selected
values of longitudinal strain, named "zz". Two optical nulls are used to close the effect of back-reflected portion or
transmitted light. Observations were recorded by using two optical spectrum analyses and three FBG sensors investigator.
FBG 1 can respond to both heat and strain whilst FBG 2 sensors is for only for scaling temperature. The FBG investigator
is for display the shift of wavelength from the reflecting spectra of both two FBG sensors, separately. Strain is selected to
vary from the value 0.005 to 0.01. All remaining parameters in the Optisystem software follow their default setting.
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Figure 1. Simulation set-up for double-filtered FBG sensor design

RESULTS AND DISCUSSIONS
The results are obtained by applying six various values of strain to analyze the effectiveness of axial strain on FBG. The resulted
shift in peak wavelength decreased with an increase in axial strain value. For comparisons, the theoretical computation of sensitivity
was first performed by applying Equation (3) for the value of temperature (3°C) and strain. Results for the theoretical computation of
peak shift by wavelength are shown in Tables (1, 2, and 3) for wavelengths of 1550, 1310, and 980 nm, respectively.
From Figure (2), we found that the sensitivity for each wavelength was different from the other, but the largest sensitivity was
found with A=1550 nm which equals 53 pm/pe, so the sensor of wavelength, 1550 nm, was chosen to make a simulation in this work.

Table 1. Computation for peak wavelength shift with 1.550 um.

Initial wavelength A5 (um) Temperature | Strain experienced by | Peak wavelength

C) FBG shift (nm)
0.0051 6.63820

0.0061 7.96584

0.0071 9.29348

1550 3 0.0081 10.6211
0.0091 11.9487

0.01 13.2764

Table 2. Calculation of peak wavelength shift with 1310 nm.

Tnitial wavelength A5 (nm) Temperature | Strain experienced by | Peak wavelength

(°C) FBG shift (nm)

0.005 5.61035

0.006 6.73242

0.007 7.85449

1310 3 0.008 8.97656
0.009 10.0986

0.01 11.2207

Table 3. Calculation of peak wavelength shift with 980 nm.

Initial wavelength A5 (nm) Temperature | Strain Experienced by | Peak wavelength

(°C) FBG shifted (nm)
0.005 4.1970
0.006 5.036
0.007 5.875
980 3 0.008 6.715
0.009 7.554

0.01 8.394
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Figure 2. Results for peak wavelength shift experienced by FBG versus strain.

Measured results for wavelength peak shifting according to simulations are given in Table 4. Fig. 3 displays shifting
of wavelength against strain experienced by FBG, theoretically. Sensor sensitivity shows directly proportional with
increasing of FBG active length within the range (0.05-15 cm). Also increasing the FBG active length shows linear
relation between wavelength shift as with applied strain variation showed in the same figure. Fig. 4 displays wavelength
peak shift against strain experienced by FBG via simulation. Figure 5 displays comparison between the theoretical
calculations and simulation results of the peck shifted of wavelength. The FBG sensor in Optisystem also has strain value
limitation that cause the wavelength were shifting when the value of strain changed.

Table 4. Results for peak wavelength shift calculations by simulation

Wavelength shifting(um)

. Temperature Strain experienced by Peak wavelength
Initial wavelength A5 (nm) change (°C) FBG shifted (nm)

0.0051 3.370
0.0061 4.054
0.0071 4.718
1550 3 0.0081 5.392
0.0091 6.000
0.01 6.740
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Figure 3. Results for theoretical calculations of shifted-
wavelength against strain experienced by FBG

Figure 4. Wavelength peak-shift against the strain experienced
by FBG (simulations)

From the Figure (5), the values of simulation and theory weren't the same due to the design of the parameter groups in the
simulation software. In addition, there was a special optical fiber composition used in the simulation that could influence the wavelength
values via dispersion, as mentioned in theory as material dispersion relations, such as Ref. [19]. Furthermore, the effects of the shift in
wavelength in a Bragg grating engraved in fiber with a diameter of 125 um and the index of effective index n,rr = 1.4473. This result
agrees will with experimental work reported by Ref. [20], while simulation results present better behaviors than theoretical calculations
in comparison with Ref. [21].

Figure 5 shows the relationship between wavelength shift of three different values of wave lengths and strain of six different
values. This work searches for the influence of the length of the sensor on the strain sensitivity of the FBG. Sensitivity for grating
region protection, pre-tensioning, the adhesive of the sensor, and the choice of length of the sensor are based on experimental work
presented by Ref. [22]. Concerns examined before and during the experimentation structure of an FBG sensor.

In general, an FBG sensor can be made in any length, where for every measurement, the system resolution defines the potential
accuracy and precision of its performance. For an FBG sensor system, the strain-to-length relationship is shown in Figure 6. This is an
inverse relationship between sensor length and strain. It is concluded that an integer multiplied by the FBG effective length of a longer
sensor has a better strain resolution. If the monitoring requirements have a resolution of 1 pm/ue suggested sensor active length will
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be (0.05 to 0.15) cm. If the size of the structure is relatively small, then a compromise has to be made between the sensor resolution
and gauge length.

According to the operating principle, the grating reflects the various wavelength components of the signal at various points along
the grating. Also, it's clear from the transportation that the Bragg wavelength results and the shift of Bragg wavelengths are
progressively increased with increased loading. If the used loading is uniform, then the shifting of wavelengths by Bragg happens
without amendment to the initial form of the spectrum. The strain of the 0.05 cm sensor was studied versus all results of shifted Bragg
wavelengths applied in simulation, as shown in Figure 7. When it is regular, shifts take place without adjustment of the initial spectrum
form. The strain is determined from the shift in wavelengths acquired under the used loading. The strain measurement &, obtained after
computation, is linearly increasing, identical to the increasing shifted Bragg wavelength value. So, a plot between the Bragg wavelength
shift and the strain for a 0.05 cm sensor is drawn as a straight line.
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Figure 5. Comparisons between and the simulation and Figure 6. Strain resolution of the FBG sensor (sensor accuracy)
theoretical shifted of wavelength

After application of longitudinal tense to FBG, during the test, the first and last identical transmission spectra observed by the
optical spectrum analyzer are displayed to proceed the shift of the Bragg wavelength. An alteration in load with sensor length equal to
15 cm is observed in this experiment, as displayed in Fig. 8.
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Figure 7. Shift of Wavelength against used strain for the
0.05 cm sensor (simulation)

Figure 8. Shift of wavelength against applied strain for the
15 cm sensors length

During the simulation run, the strain measurement for the 15 cm long sensor was studied versus each value of wavelength shift.
The strain measurement, &, is linearly increasing, identical to the increasing values of the wavelength shift of Bragg. It's also been
observed that the wavelength of Bragg is shifting during small ratios in the length protraction of the fiber gratings.

This test is carried out for two different lengths of grating, which are 0.05 and 15 cm. Analysis of the optical spectra was done
for the detected signal of Bragg wavelength. Figure 9 shows the relation between wavelength shift and intensity for the wavelengths
of 1550 nm, 1310 nm, and 980 nm on strain sensitivity.
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Figure 9. Relation between intensity and wavelength shift for; 1550, 1310 and 980 nm for mentioned strains




514
EEJP. 3 (2023) Wasmaa A. Jabbar, et al.

CONCLUSIONS

According to the consequence of simulations, shifted wavelengths have been observed with several active lengths
for virtual FBGs. Comparisons for observations based on theoretical calculations are carried out indicates that there is
only a little variation between simulation and theoretical results. Based on the FBG sensors suggested in the
experiment, the consequences show that efficient length is inversely related with shift in Bragg wavelength when axial
strain increased. This means FBG sensor is most sensitive to the shortest FBG sensor length and less sensitive to the
largest length of sensor due to the complicated math effect of reflectivity R parameter. It's also concluded from the
relationship of the theoretical computation against empirical values and then the linearity of the strain against the
shifted wavelength of Bragg that it may be applied in implementations in optical sensing as a sensor of high heat, a
sensor of fire alarm, a sensor of vibration, or a sensor of pressure.
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XAPAKTEPUCTHYHE JOCIIKEHHSA BIUIABY JTOBXKUHU JATUMKA 3 IIOJBIMHUM ®LIETPOM
HA UYTJIMBICTb 10 JE®OPMAIIIA
Bacma A. JIxxa66ap?, Aiicep Xemen?, Maiisaa ®aaxana®, Iemain Anb-Baiiaxani®
4/lenapmamenm @hizuxu, nedazoziynuil koneoic, ynigepcumem Mycmancipis, Bazoao, Ipax
bCepeons wxona Ancanamy, ynpaeninus oceimu Kapxa, Bazoao, Ipax

Y oMy MOZETIOBAIBEHOMY AOCIIIKEHHI MporpaMHue 3abe3nedeHHs Optisystem 18 BUKOPUCTOBY€EThCS ISt MOHITOPUHTY Ta BUBYCHHS
edexTuBHOCTI 00KOBOi Aedopmariii Ha BUOpPaHUX BiOpi3Kax ABOX BipTyalbHUX OMHOPIOHHX BOJOKOHHUX aaruymkiB bperra (FBG).
Jomxuna xBmii pododoro narunka FBG bperra cranosmna 1550 HM, [0 BUKOPHUCTOBYETBCS JUIS BU3HAYEHHS BHMIPSHOTO 3CYBY B
ONITHYHOMY CHEKTpi BIAXWJIEHOTO Jukepena cBimia. lle 3HaueHHS Takoxk 3a0e3NedyeThest JDKEpEeNioM CBIiTIa, o0 3a0e3NneduTH
MiHiMaJIbHE HONIMHAHHS Ta OCJIa0JIeHHs ITijT Jac Iepesadi BCceperHi ONTHIHOTO BOJIOKHA. [lepeBipeHo HafilfHICTh JaTINKa Ta TEXHIKY
nepeaadi CUrHally Ipy TakoMy BIDIMBI. JIOCHiIKyBaHHS TaKO)K BUKOPHCTOBYETHCS JJIsl CHOCTEPE)KEHHS 32 3CyBOM JOBXHMHH XBHII 3i
3MIHEHHM IIPUKJIAJCHAM OOKOBUM HaTaroM. JOCIIJDKYETHCSl BIUIMB aKTHBHOI JIOBKMHM JaTdika Ha YyTIMBICTE 1O OOKOBOT
nedopmauii, xe, 3rinHo 3 Teopieto, nomkuHa FBG BruiBae Ha 4y TIMBICTH 4epe3 BinOuBHY 3aatHicTh R. [ToOymoBany 4yTiMBicTh
JIaT4¥Ka CIoCTepiragach BiIHOCHO JOBKHUHY JI0 Ta I/l Yac eKCIIepUMEHTY. [IpUHIUIT 4y TIMBOCTI, IO CYTi, 3aJISKUTH Bifl BIJICTEKCHHS
3CYBY JOBXHHH XBHJII uepe3 3MiHy Takoi aedopmarii. Pesynapratu, oTpumaHi B IIbOMY AOCHTIIKCHHI, JEMOHCTPYIOTh OOCpHEHY
3aJIeKHICTh MK €(EKTHBHOIO TOBXHHOIO NAaTYWKa Ta 3MILICHHSIM CIIOCTEPEKYBaHOI IOBXHHH XBWIi. BuUMipsHa 49yTIUBICTE 10
nedopmanii IPOBOXUTECS AT HOBXKHWHH aKTUBHOTO JaTdMKa, ska KonuBaeThes Bim 0,05 mo 15 cM, 3 BIiONOBIIHUMHU 3HAYCHHSIMHU
gymmBocTi Bix 1,19 mM/°C mo 0,9 pm/°C, BigmoBigHo, 3a ogHaKoBHX yMOB nedopmanii. EMmipudaHi pe3yisraTé Takoxk MOKa3yloTh
YCHIIIHICTh 3alpOIIOHOBAHOI CHUCTEMM BHMiproBaHHs Jedopmarii. BumiproBana nedopmaris, €, JiHIHHO 3pocTae, iASHTUYHO
3pOCTAIOYMM 3HAUYCHHSIM 3CyBY JOBXKHHHM XBHII bperra. Byio Takox nmomiueHo, o JOBKHHA XBUIIi bperra 3MilyeTsest i yac Majux
koedinieHTiB nonowxeHHs noBxuHu FBG.

Kuarouosi ciioBa: pewimka bpezea; enacmoonmuunuii epexm; Optisystem, cencop nanpyeu; oegpopmayiiitno-onmuiHus meH3op
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Prepared were pills coated with TiO2-epoxy nanocomposites, and their anti-corrosive properties were studied by examining the impact
of varying amounts of TiO2 nanoparticles in the epoxy resin. The anti-corrosive characteristics of pills were investigated employing
electrochemical impedance spectroscopy (EIS). Based on the EIS results, the sample containing 0.01 mg of TiO2 demonstrated the
highest impedance value, indicating superior corrosion resistance and better anti-corrosion properties than the other samples. Also, this
sample has the lowest corrosion current density among the all samples, with a value of 1.329E-07 mA/cm?, which shows that this
sample has the best corrosion resistance and a slower rate of corrosion compared to the other samples.

Keywords: Epoxy, TiO: nanoparticles; Nanocomposite,; Electrochemical Impedance Spectroscopy (ELS); Coatings, Sol-gel synthesis
PACS: 81.05.Lg, 81.15.-z, 81.20.Fw, 81.65.Kn

1. INTRODUCTION

Corrosion is a natural process that can occur when metallic materials are exposed to the environment. It is the gradual
degradation or deterioration of the material and its properties, typically a metal, due to electrochemical reactions occurring
at the surface. Corrosion can induce material damage and eventual destruction, leading to economic burden and endangering
human well-being and safety [1]. To prevent corrosion of metal materials, it is essential to apply a protective coating. This
practice is commonly employed globally to address a wide range of corrosion issues and mitigate their associated
consequences. Despite efforts to combat it, corrosion remains a major challenge for Steel-framed structures, as it can lead to
material property degradation, reduced Support capacity, compromised safety, and shortened Performance life of
structures [2]. Corrosion has attracted much research interest, and various methods have been developed to provide proper
protection. However, the cost of corrosion and its consequences can be substantial. Hence, it is imperative to persist in the
exploration and advancement of fresh approaches to combat corrosion and minimize its societal consequences. Accordingly,
discovering a corrosion prevention technique that is highly effective, sustainable, durable, environmentally friendly, and
economical is of utmost importance. The polymeric coating is a popular option for corrosion prevention because of its ease
of production and ability to create a barrier on the material surface. Epoxy resin is commonly used as an anticorrosion coating
due to its excellent adhesion, chemical resistance, and mechanical properties. Epoxy coatings are particularly effective in
protecting metal surfaces from corrosion caused by exposure to harsh environments, such as saltwater, acidic solutions, and
extreme temperatures. When applied as a coating, epoxy resin forms a hard, durable film that separates the metal surface
from its surrounding conditions. This protective coating impedes moisture, oxygen, and other corrosive agents from reaching
the metal surface, which helps to prevent corrosion [3.,4].

In recent decades, researchers have conducted numerous studies to enhance the barrier properties of polymeric
coatings [5-10]. One approach is to incorporate nanoscale particles into the polymer coatings, aiming to improve the
coatings' anticorrosion and protective characteristics through various pathways. Pore filling, matrix defect reduction, and
crack bowing, deflection and bridging are some of the methods identified [11]. Additionally, nano-additives can serve as
connecting bridges between matrix molecules, decreasing the total unoccupied volume and promoting bonding [12-14].
These mechanisms delay the infiltration activity, slowing the spread of corrosive substances within the coating and
reducing the corrosion rate on the material surface. To significantly improve the properties of epoxy, a larger interfacial
area within the epoxy and fillers is required, which is influenced by factors such as particle size, the uniformity of
nanoparticle distribution, and the volume proportion of nanoparticles in the epoxy matrix. TiO» nanoparticles are widely
used as useful nano-sized filler due to their photocatalytic effect [15].

This phenomenon causes the TiO nanoparticles to emit a large quantity of electrons when exposed to UV radiation.
The electrons that are emitted trigger a photochemical reaction that acts on the Corrosive substances present on the surface
of the coating, leading to additional corrosion inhibition. Although ultraviolet light can release radicals that may break
down the polymer coating layer's molecular structure, this mechanism also provides the nanoparticles with an
antimicrobial property that can eliminate bacteria found on the surface, potentially causing corrosion [16,17]. Because of
their photocatalytic effect, Titanium dioxide nanoparticles are widely used for their ability to inhibit odors, self-clean,
and resist fouling.
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The objective of this research was to examine how the anti-corrosion properties of pills coated with a TiO,-epoxy
nanocomposite were impacted by different quantities of TiO, nanoparticles. The anti-corrosion properties of the samples
were assessed by performing EIS after exposing the coated pills to a 1 M HCL solution. In addition, TiO, nanoparticles
were examined utilizing XRD, AFM, SEM, UV-Vis spectrophotometry, and FTIR to gain insight into their properties.
By investigating the relationship between the amount of TiO, and the Corrosion resistance of coatings, this study
contributes to the development of more effective coatings for various applications. The findings may also have
implications for the design of more efficient corrosion-resistant materials.

2. EXPERIMENTAL PROCEDURE
2.1. Synthesis of Titanium dioxide nanoparticles

TiO; nanoparticles were prepared via the sol-gel technique using Titanium tetra iso propoxide, ethanol (C,H¢O),
nitric acid (HNO3), and distilled water. First, the initial solution was prepared by dissolving a certain amount (2.5 ml) of
TTIP in 45 ml of solvent, including distilled water (37.5 ml) and ethanol (7.5 ml). This solution was stirred for 1h. Then,
drops of 1 ml of HNO3 were added to the solution until it became transparent and clear. The obtained solution was refluxed
at 70°C for 2h. After forming the gel, it was further slowly dried at 60°C for 3h. Finally, the prepared nano-powders were
annealed at 400°C for 3h in the furnace in an air atmosphere.

2.2. Preparation of TiO2-epoxy nanocomposites
To prepare TiO»-epoxy nanocomposites, the specified amount of TiO, nanoparticles (0.002, 0.004, 0.006 and 0.01
mg) was transferred into separate clean and dry beakers. An equal amount of epoxy (obtained from Ahlia Chemicals
Company) was added to each beaker, ensuring that the ratios were consistent across all mixtures. The contents of each
beaker were mixed thoroughly using a clean stirrer until a homogeneous mixture was obtained. Once the mixtures were
ready, they were sonicated using an ultrasonic bath for 2h to improve their dispersion. After that, the hardener was added
to the beaker and mixed for one minute.

2.3. Coating pills with TiOz-epoxy nanocomposites
Four iron pills measuring 1.5 cm in diameter and 3 mm in thickness were used as the substrate for coating. Prior to
coating, the iron pills were cleansed and degreased with acetone and subsequently dried completely. Using the spin
coating method, each iron pill was coated with the different TiO»-epoxy mixtures one at a time, starting with the mixture
containing 0.002 mg of TiO,, followed by 0.004 mg, and so on. After each coating, the pill was spun at a constant speed
of 2000 rpm for a set time to ensure uniform coverage of the TiO,-epoxy nanocomposite. After all plates were coated and
rotated, they were left at room temperature for at least 5 days to cure.

2.4. Characterization

The XRD spectra of titanium dioxide nanoparticles were recorded utilizing a D8 Advance Bruker system with Ni
filtering and Copper K-alpha radiation with a wavelength of 0.15406 nm, covering a 26 range of 20°-80°. A Nanosurf AG
Naio AFM was utilized to capture the AFM image of the TiO, nanoparticles. The SEM Vega 3LM was used to analyze the
morphology of both the nanoparticles and nanocomposites. The FTIR spectrums were recorded with Shimadzu 8300 over a
range of wave numbers from 400 to 4000 cm'. Optical analysis was conducted using the Unico 4802 dual beam
spectrophotometer. To assess the anti-corrosion characteristics of the coated pills, the samples were submerged ina 1 M HCI
solution, which served as an electrolyte and provided a conductive medium for the electrochemical reactions that occurred
during corrosion. Then, The EIS analysis was performed using Ivium Technology to investigate the anti-corrosion properties
of pills coated by TiO,-epoxy nanocomposites containing different amounts of TiO, nanoparticles.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis
The XRD pattern of the fabricated TiO»
101 nanoparticles is depicted in Figure 1. The
crystal planes of (101), (004), (200), (105),

1500

Z 1000 ] (204), and (215) are represented by diffraction
) peaks at 26 values of 25.23°, 37.76°, 47.87°,
%’ 53.89°, 62.55°, and 74.87°, as observed in the
8 XRD spectrum. The XRD pattern matches the
S 500

standard reference XRD pattern of TiO;
(JCPDS Card No.21-1272), thus verifying the
successful synthesis of anatase-phase TiO;
s = - > = = 8 panoparticles via the sol-gel method. The most
PO intense peak, located at 20 value of 25.23°,
indicates the preferred crystal plane of (101) for

Figure 1. XRD spectrum of prepared TiO2 nanoparticles. anatase phase of titanium oxide.
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3.2. AFM image
Performing atomic force microscope (AFM) analysis on TiO, nanoparticles offers valuable insights into the surface
morphology and properties of the nanoparticles. AFM image of TiO, nanoparticles is shown in Figure 2. The surface of
the fabricated titanium dioxide nanoparticles exhibits a rough and irregular texture, as evidenced by the root mean square
(RMS) height of 122.4 nm. Furthermore, the mean particle size was measured to be 76.84 nm. These results provide
valuable insights into the properties and potential applications of titanium dioxide nanoparticles in various fields,
including nanotechnology, materials science, and biomedicine.

2-Axis - Scan forward  Polynomial fit

Z-Axis - Scan forward  Polynomial fit

Palvnomial ft 37 2nm

Y* 273nm|
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Figure 2. AFM image of synthesized TiO2 nanoparticles

3.3. SEM Images

Examining the surface morphology of materials, such as titanium dioxide nanoparticles and TiO,-epoxy
nanocomposites, can be effectively achieved through the use of SEM. The SEM image of prepared TiO, nanoparticles
and TiO; (0.002 mg)-epoxy nanocomposite are shown in figure 3. Upon analyzing SEM images of TiO, nanoparticles
(Fig. 3a), it is evident that the surface is rough and irregular, with lumps of varying shapes and sizes present throughout.
The existence of irregular lumps at the nanoparticle surface is particularly noteworthy, as it suggests that the surface is
not homogeneous. This roughness and lack of uniformity is consistent with the results of atomic force microscopy, which
also showed a non-uniform and rough surface for these nanoparticles. According to Figure 3b, the SEM image of the
TiO; (0.002 mg)-epoxy nanocomposite revealed a polished and almost uniform surface (Fig. 3b). The SEM image showed
that the nanoparticles were distributed throughout the epoxy matrix, visible as small dots or clusters. Furthermore, the
distribution of the nanoparticles appeared to be uniform throughout the sample.

N

Figure 3. SEM micrographs of (a) TiO2 nanoparticles and (b) TiO2 (0.002 mg)-epoxy nanocomposite

3.4. UV-Vis spectroscopy
Titanium dioxide nanoparticles exhibit unique optical properties. In this study, the optical absorption properties of
TiO; nanoparticles were investigated by measuring their absorption spectrum using UV-Vis analysis. As illustrated in
Figure 4, the absorption curve showed a sharp absorption edge at a wavelength of 350 nm, which is a significant factor



519
Investigating the Impact of Varying Quantities of TiO, Nanoparticles... EEJP. 3 (2023)

for understanding the optical response of TiO, nanoparticles. The absorption edge is the wavelength at which the material
starts to absorb light due to valence-to-conduction band electronic transitions.
1

Absorbance
o
o
)

300 400 500 600 700 800 900 1000 1100
A (nm)

Figure 4. Optical absorption of synthesized TiO2 nanoparticles

3.5. FTIR
Figures 5 and 6 depict the FTIR spectra of TiO, nanoparticles and an epoxy-TiO> (0.002 mg) nanocomposite,
respectively. The FTIR spectrum for the anatase phase of TiO, nanoparticles displayed a broad vibration peak between
500 and 800 cm™!, which was attributed to vibrational mode associated with Ti-O bonds. The incorporation of TiO»
nanoparticles into the epoxy resin resulted in overlapping spectral features between 500 and 800 cm™!, due to the presence
of a minor concentration of TiO, nanoparticles in the epoxy resin matrix. The absorption band centered at 915 cm™ in the
epoxy-TiO, nanocomposite is indicating the bending motion of the C-O bond in the epoxy structure.
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Figure 5. FTIR spectra TiO2 nanoparticles
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Figure 6. FTIR spectra of epoxy-TiO2 (0.002 mg) nanocomposite
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3.6. EIS

EIS is a potent method employed to analyze and evaluate the ability of various coatings to resist corrosion. Corrosion
is a natural process that occurs when metals react with their environment, and it can lead to serious damage and
deterioration of structures. EIS can be used to evaluate the effectiveness of coatings in preventing corrosion by measuring
the electrical response of a coated metal sample to an alternating current (AC) signal. The process of conducting an EIS
analysis involves applying an AC signal with a range of frequencies to a coated metal sample submerged in an electrolytic
solution. The resulting electrical response is then measured and plotted on a graph called a Nyquist plot. The Nyquist
diagram is a graphical representation in the complex plane that shows the relationship between the real and imaginary
components of impedance. The curve obtained from the Nyquist plot is then analyzed to determine the coating's anti-
corrosion performance. The Nyquist plot obtained from an EIS analysis typically shows a semicircle that corresponds to
the impedance at the electrode/electrolyte interface. The semicircle observed in the Nyquist plot corresponds to the charge
transfer resistance, which represents the level of resistance that the coating offers to electron transfer at the interface
between the metal and electrolyte. By analyzing the shape and size of the semicircle, the coating's anti-corrosion properties
can be determined.

To analyze the graphs obtained from EIS analysis, an electrical equivalent circuit (EEC) diagram is often used. The
simplified electrical circuit diagram, also known as the equivalent circuit diagram, represents the physical mechanisms
occurring at the interface between the metal and electrolyte. The parameters of the circuit can be established by matching
the experimental quantities to the ECC diagram, which can then be employed to assess the anti-corrosive characteristics
of the coating. The EIS test results for different samples of TiO»-epoxy nanocomposite coated pills with varying amounts
of TiO, immersed to 1 M HCL for different time intervals were obtained by fitting an appropriate electrical equivalent
circuit (R1(R2C1)(R3C2)), consisting of three elements: R1 (The resistance of the solution), R2C1 (The resistance to
charge transfer at the external surface of the coating and its capacitance), and R3C2 (The resistance to charge transfer at
the internal surface of the coating and its capacitance), as shown in Figure 7.

R2 R3
— 1
R1
p————
(| C2
— —] |—

Figure 7. Equivalent electrical circuit (EEC)

Following this, the information was examined and condensed into Table 1. The values of R1, R2, R3, C1, and C2
change with time and TiO, concentration, indicating the progression of the corrosion process and the influence of the
TiO»-epoxy nanocomposite coating on the pills' susceptibility to corrosion, As indicated by Table 1.

Table 1. The EIS parameters of TiO2-epoxy nanocomposite coated pills after 15-, 30- and 90-minutes immersion time

Immersion time

Sample (min) RI (Q) R2 (Q) R3 (Q) C1(f) C2 (f)
15 4.66E-01 1.18E+01 1.63E+00 1.57E-04 1.10E-04
0.002mg TiO2 30 4.45E-01 1.10E+01 1.55E+00 1.47E-04 1.11E-04
90 4.55E-01 1.15E+01 1.58E+00 1.50E-04 1.11E-04
15 3.74E-01 7.98E+00 2.43E+00 1.56E-04 8.51E-05
0.004 mg TiO> 30 3.72E-01 9.08E+00 2.51E+00 1.44E-04 8.46E-05
90 3.72E-01 1.01E+01 2.48E+00 1.30E-04 8.58E-05
15 3.93E-01 2.75E+01 4.63E+00 1.30E-04 8.99E-05
0.006 mg TiO> 30 3.96E-01 2.86E+01 5.82E+00 1.37E-04 8.78E-05
90 3.97E-01 2.98E+01 5.94E+00 1.33E-04 8.73E-05
15 5.41E-01 6.91E+01 7.53E+00 2.99E-04 1.29E-04
0.01 mg TiO> 30 5.69E-01 9.06E+01 8.74E+00 2.62E-04 1.17E-04
90 5.77E-01 1.02E+02 9.77E+00 2.64E-04 1.15E-04

The Nyquist diagram of all samples, as shown in Figure 8, exhibits a semi-circular shape. It is important to note that
the diameter of the Nyquist diagram is directly related to the anti-corrosion properties of the sample, with larger diameters
indicating better anti-corrosion properties. By increasing the amount of titanium dioxide from 0.002 mg to 0.01 mg, the
impedance values increased. The pills with higher TiO, concentrations showed a slower rate of corrosion. Furthermore,
the sample with 0.01 mg of titanium dioxide demonstrated the highest impedance value, indicating superior corrosion
resistance and more effective corrosion protection compared to the others. The amount of titanium dioxide present in the
sample has a notable impact on its impedance and corrosion inhibition capabilities. Increasing the amount of titanium
dioxide results in higher impedance values, indicating better anti-corrosion properties. Incorporating TiO, into the epoxy
nanocomposite enhances the pills' ability to resist corrosion by producing a dense and protective coating on the pills'
surface, which impedes the penetration of acid and decelerates the corrosion process. TiO; is known for its excellent
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chemical stability, high surface area, and photocatalytic properties. When added to the epoxy nanocomposite, TiO,
particles act as physical barriers that limit the access of the acid to the pill's surface, which reduces the rate of corrosion
and the amount of material that is corroded. In addition, the TiO, particles improve the adherence of the coating to the
pill's exterior, thereby inhibiting the coating from peeling off and exposing the underlying metal to the corrosive
environment. The presence of TiO; particles improves the mechanical characteristics of the coating, providing it with
greater durability and strength against wear and abrasion. Furthermore, TiO, is known to have photocatalytic properties,
which can lead to the development of a self-cleaning coating on the pills' surface. When exposed to UV light, TiO»
particles generate reactive oxygen species that can break down organic contaminants and bacteria on the pills' surface,
leading to an enhancement in the coating's anti-corrosion performance.
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Figure 8. Nyquist plots of the TiO2-epoxy coated pills immersed in 1 M HCL with varying quantities of TiO2: (a) 0.002 mg,
(b) 0.004 mg, (c) 0.006 mg and (d) 0.01 mg, after 15-, 30- and 90-minutes immersion time

Additionally, the effect of immersion time on impedance and anti-corrosion properties was also investigated. As
seen in Figure 8, with an increase in the time of exposure to the solution, the impedance of all samples decreased, leading
to a decrease in the diameter of the Nyquist diagram and, as a result decrease in anti-corrosion properties. The impact of
immersion time on the anti-corrosive performance of coatings is an essential aspect of evaluating the durability and
effectiveness of materials in real-world applications. Corrosion is a natural process that occurs when metals react with
their environment, and it can cause significant damage and deterioration to structures and materials. Therefore, the ability
of coatings to prevent or resist corrosion over time is crucial in ensuring their long-term performance. As materials are
exposed to corrosive environments for extended periods, the effectiveness of coatings in preventing corrosion may
decrease. This decrease in effectiveness can be attributed to a variety of factors, such as the breakdown of the coating or
the depletion of its anti-corrosive agents. As a result, the anti-corrosive properties of the samples may weaken, leading to
an increase in the rate of corrosion over time. Studying the influence of immersion time on the ability of coatings to inhibit
corrosion can provide valuable insights into their long-term durability and effectiveness. By exposing coated materials to
corrosive environments for varying durations, researchers can evaluate the speed of corrosion and the effectiveness of the
protective film in preventing it. This information can then be used to improve the design and formulation of coatings,
ensuring that they remain effective in preventing corrosion over extended periods.

Tafel analysis was performed for all samples to assess the corrosion performance of the coatings. Assessing the
corrosion performance of metallic materials and coatings using this technique is a widely employed method. This analysis
is based on measuring the current density of the sample in a corrosive environment (jeorr) as a function of the applied
potential. To conduct a Tafel analysis, the sample is submerged in an electrolyte solution, and a slight potential difference
is introduced between the sample and a reference electrode. The current passing through the sample is computed and used
to calculate the corrosion current density. The potential is then varied over a range of values and the corresponding
corrosion current densities are recorded. The resulting data is then plotted in a Tafel diagram, which visually represents
the polarization curves of the sample for both its anodic and cathodic behavior. The anode part of the diagram represents
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the region where the sample is oxidized, and the cathode part represents the region where the sample is reduced. The
slope of the anodic part of the diagram, known as the anodic Tafel slope (B,), represents the rate at which the anodic
reaction increases with increasing potential. Similarly, the slope of the cathodic part of the diagram, known as the cathodic
Tafel slope (-Bc), represents the rate at which the cathodic reaction increases with decreasing potential. The direction of
the anode and cathode parts of the diagram depends on the type of corrosion mechanism involved. In general, the anode
part of the diagram is oriented towards more positive potentials, while the cathode part is oriented towards more negative
potentials. The intersection points of the anode and cathode parts of the diagram, known as the corrosion potential (Ecorr),
represents the equilibrium potential at which the anodic and cathodic reactions are balanced and no net current flows
through the sample. The intersection points of the anode and cathode parts of the graph, which is known as the Ecor,
represents the equilibrium potential where the anode and cathode reactions are balanced and no net current passes through
the sample. The jeorr is obtained by using this point of intersection. The jeorr is @ measure of the rate of corrosion on the
surface of the sample, expressed in units relative to the area of the surface being evaluated. The results obtained from a
Tafel diagram can yield valuable insights about the corrosion behavior of the sample. Lower values of jcor indicate better
corrosion resistance and slower corrosion rates, while higher values of jeor indicate higher corrosion rates and poorer
corrosion resistance.

Table 2 summarizes The Tafel parameters of TiO,-epoxy nanocomposite coated pills. Based on the data provided
in this table, sample with 0.01 mg TiO; has the least jcorr among the all samples, with a value of 1.329E-07 mA/cm?. This
indicates that this sample has the best corrosion resistance and lower resistance to corrosion compared to the other
samples. This may be attributed to the creation of a protective oxide layer on the sample's surface, which functions as a
protection to impede additional corrosion. The higher jeorr Values of the other samples suggest that they are more
susceptible to corrosion and may require additional protective coatings or surface treatments to improve their corrosion
resistance. Sample with 0.006 mg TiO; has the second-lowest jcorr value of 3.643E-06 mA/cm?, which is lower than the
Jjeorr Values of Sample with 0.004 and 0.002 mg TiO,, but higher than that of 0.01 mg TiO,. The sample with 0.002 mg
TiO; has the highest amount of corrosion jeor, with a value of 1.98E-04 mA/cm?, which shows the low resistance of this
sample against corrosion among all samples.

Table 2. The Tafel parameters of TiO2-epoxy nanocomposite coated pills.

Sample Econ/V (jeorr) Tafe/mA cm? Ba/V dec’! -Bc/V dec!
0.002 mg TiO2 -0.5476 1.98E-04 0.178 0.211
0.004 mg TiO2 -0.5697 7.292E-05 0.187 0.178
0.006 mg TiO2 -0.0971 3.643E-06 0.159 0.154
0.01 mg TiO2 -0.04391 1.329 E-07 0.155 0.146

4. CONCLUSION

The study aimed to explore the influence of varying quantities of titanium dioxide nanoparticles in epoxy resin on
the anti-corrosion characteristics of the TiO,-epoxy nanocomposite coated pills. Epoxy-TiO, nanocomposite coated pills
were prepared and subjected to EIS to evaluate their anti-corrosion properties. The results indicated that the sample
containing 0.01 mg of TiO, exhibited the highest impedance value, indicating superior corrosion resistance and better
anti-corrosion properties than the other samples. Additionally, this sample had the lowest corrosion current density among
all samples, with a value of 1.329E-07 mA/cm?, indicating the best corrosion resistance and a slower rate of corrosion
compared to the other samples. These findings have implications for the design of more efficient corrosion-resistant
materials.
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JOCJIIIKEHHS BILTUBY KOHIEHTPALIL HAHOYACTHAHOK TiO: HA AHTUKOPO3IAHI XAPAKTEPUCTHKH
TiO2-EITIOKCU I HAHOKOMITO3UTHUX ITIOKPUTTIB
Axwmen Ioparim Jlayn, Axmen Kacim AGay/ia
@akynvmem ¢hizuxu, Haykosuii konedoic, bazoadcvruii ynisepcumem, baeoao, Ipax

BuBueHi aHTHKOPO3iiiHi BIacTUBOCTI 3pa3KiB NOKpUTHX Ti02-eMOKCHA HAHOKOMITO3UTaMH, BiJi KOHIEHTpaLil HaHoyacTHHOK TiO2 B
CIMOKCU/IHIM CcMOJi. AHTHKOpO3ilHI XapaKTepUCTUKH 3pa3KiB IOCIIJDKYyBald 3a JIOIIOMOTOI0 eJIEKTPOXIMIUHOI iMIeqaHcHOT
criekrpockonii (EIS). 3rigno 3 pesynpraramu EIS, 3pasok, mo mictute 0,01 mr TiO:, mponeMOHCTpyBaB HaiiBHILE 3HAYCHHS
iMITe1aHCy, 10 BKa3ye Ha Kpallly CTIHKICTb 10 KOpOo3il Ta Kpallli aHTUKOPO3iiiHi BIaCTHBOCTI, HiX iHII 3pa3ku. Kpim Toro, neit 3pa3ok
Ma€ HalHWK4y HIIBHICTH CTPYyMy KOpO3ii cepen ycix 3paskiB, 3i 3nadennaM 1,329E-07 MA/cM?, 110 nokasye, 110 LEH 3pa3oK Mac
HalKpaIly KOpo3iifHy CTIMKICTb 1 HIKYY IIBHIKICTh KOPO3ii MOPIBHAHO 3 iHIITUMH 3pa3KaMu.

KurouoBi ciaoBa: enoxcuona cmona; nanouacmuuku TiOz; HanoKoMnosum, enekmpoximiuma imnedauncua cnekmpockonisa (EIS);
NOKpUMMSL, 301b-2€/lb CUHME3
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In this work, the effect of Multi-Wall Carbon Nanotubes (MWCNTSs) addition on the materials shielding properties
against Gamma radiation with an energy of 662 keV from a '*7Cs source is investigated. The linear attenuation
coeflicient of MWCNTs-based materials (gelatin-water mixture) with MWCNTSs concentrations of 0%, 5%, and 10% is
measured. To isolate the contribution of the MWCNTSs unique structure to the shielding capabilities, samples with the
same concentrations of activated carbon were fabricated and their linear attenuation coefficients were obtained. Also,
the linear and the mass attenuation coefficients are obtained theoretically for the same concentrations using the XCOM
program and compared with measured values. It is found that the addition of MWCNTSs by 5% or 10% has increased
the linear attenuation coefficient by around 5% when compared to the same concentrations of activated carbon. This
increase in the shielding capabilities against gamma radiation can be related to the interaction of gamma radiation with
the extraordinary geometry and structure of MWCNTs.

Keywords: Radiation; Shielding; Attenuation coefficient; XCOM; Multi-wall carbon Nanotubes
PACS: 78.70.-g; 87.50.Gi; 87.52.-g

1. INTRODUCTION

Carbon nanotubes (CNTSs), because of their outstanding physical and geometrical properties are considered
one of the key materials for many of the current and future technologies [1, 2, 3, 4]. So far, there is a large number
of studies focusing on the electrical, thermal, and mechanical properties of CNTs-based composites targeting
vast technological applications [5, 6]. However, when it comes to the interaction of gamma (v) radiation with
CNTs based composites there is a large number of studies that explore the effect of y irradiation on the electrical
and mechanical properties [7, 8]. Nevertheless, focusing on the shielding properties of CNTs-based composites
against 7 radiation has drawn less attention [9, 10]. One reason for this is related to the fact that shielding
capability against radiation is mainly directly proportional to the atomic numbers of the elements in the used
shielding material and their mass density [11]. However, engineering the shielding materials at the nano-scale
level has proven to enhance the shielding properties in some applications. For example, in previous studies by
Hassan et al. as in Ref.[12] and by El-Khatib et al. as in Ref.[13], aiming to fabricate better gamma radiation
shields, materials ( e.g., concrete, polymers) were doped with lead oxide nano-particles to enhance the shielding
properties due to the existence of the lead (Pb) element. In fact, lead is known as one of the best elements to
shield gamma radiation due to its large atomic number and its high mass density. In the X-ray range, in a work
by Fujimori et al. [9], the shielding properties against X-ray radiation were enhanced when CNTs are used in
comparison with other forms of carbon structures in highly oriented pyrolytic graphite (HOPG) and fullerenes
(Cgo). This enhancement in the shielding properties could not be explained by the known theories, which raises
the need for an alternative theoretical model to explain such enhancement. In a study by Zhang et al.[14], the
shielding capabilities of carbon nanotube (CNT)-based film materials against gamma-ray are investigated for
energies from 24'Am and '37Cs. The study shows that CNT films have higher shielding capabilities against
gamma radiation when compared with carbon fiber-reinforced composites, owing to the interaction of gamma
radiation with the outstanding cylindrical structure on the nanoscale. In another work by Viegas et al.[15], an
enhancement of X-ray shielding in the functionalized graphene oxide-based nanocomposites when compared to
MWCNTs is reported for energies between 6.9 to 22.1 keV. The study showed that the structure of carbon used
in the composite is an essential parameter to consider when studying the shielding properties. Moreover, the
work has pointed out that a new interaction mechanism between the graphene structure and the incident v-ray
could be responsible for such enhancement.
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Since most studies did not focus on the shielding against gamma radiation when CNTs are utilized at
least in the bulk case, it’s worth searching for potential contributions to the shielding capability against gamma
radiation due to the unique geometrical and structural properties of CNTs. Recently, there is an increasing
interest in the medical applications of CNTs for treating cancer by dielectric heating of infected tissues by
the application of microwave radiation [16]. In special cases, if gamma radiation therapy is used during the
existence of CNTs in the tissue, it is important to estimate the shielding level of CNTs to give the correct dose
of v radiation [17].

When studying the shielding capability of any material after the addition of CNTs, there are key parameters
to consider in such study, e.g., the geometry of CNTs (number of walls, diameter, and length), alignment and
orientation of CNTs, and their concentration in the hosting material. Another important parameter to consider
is the energy of the gamma radiation E. used, where E, is related to the wavelength A of y-ray as E., = hc/A
where h is the Planck’s constant and c is the speed of light [11]. In the current study, we are considering the
concentration of MWCNTSs parameter only which can be investigated within the available resources.

To investigate the effect of MWCNT's addition on the radiation shielding properties, the linear attenuation
coefficient (LAC) will be measured for a gelatin-water mixture that is doped with different concentrations of
MWCNTS against y-radiation from '*7Cs at 662 keV. Activated carbon is used in the current study as a control
variable (in terms of structure) to isolate the effect of the unique structure of MWCNTSs at such conditions.
The chemical structure of activated carbon is very close to pure graphite structure in which carbon atoms are
arranged as layers of connected hexagons [18]. To help understand the effect of MWCNTSs addition on the
shielding properties, the XCOM program will be used to calculate the mass attenuation coefficient p values
and the LAC values theoretically [19]. The importance of the XCOM program in the current study stems from
the fact that the XCOM program does not account for the structure of the shielding materials in general and
for the MWCNTs structure specifically. Such calculations can help isolate the contribution of the MWCNTs
structure when compared with the experimental measurements of the shielding properties.

One more important goal for the current work is to verify the need for a new theory to explain the
mechanism of interaction between the v radiation and the MWCNTSs at such an energy range. For the 7y rays
at an energy of 662 keV from the '37Cs, the dominant mechanism of interaction is the Compton effect at which
the 7 rays scattered at different angles 6 with less energy (depending on the angle) [20].

2. THEORY

For a radiation of a single energy ~ radiation with an intensity of I initially incident on the surface of a
material that has a thickness of z, the intensity of the gamma radiation after traveling a distance x inside the
material will drop according to the exponential attenuation law (Lambert-Beer law) as [21]:

I(z) = Iye” LAC® (1)

Here LAC represents the linear attenuation coefficient in units of em™!. For a shielding material with a
large LAC value, the intensity of v-rays gets attenuated dramatically as it travels through the material [21].
The total mass attenuation coefficient p for any shielding material is given as u = LAC//p, where p is the mass
density of the sample in units of g/cm?. For any chemical compound or a mixture of elements the u value can
be calculated theoretically using the following relation:

p= Z wi(LAC/p); (2)

where the fractional weight of the i*” component is w;. The value of ;1 can be obtained theoretically using
the XCOM program that is provided by the National institute of standards NIST (USA) [19]. Also, one can
find the Half Value Thickness (HVT), which is the thickness of the shielding material at which the radiation
intensity drops to one-half of its initial value, it can be calculated according to the following equation:

In2

HVT = —= (3)

The HVT value is a key parameter to consider when comparing the shielding capability of different
radiation-absorbing materials [22].

3. EXPERIMENTAL SETUP

3.1. Fabrication of the samples
In the current study, a mixture of gelatin and water was prepared as a hosting material for the MWCNTs
due to the simplicity of casting the samples and due to the good dispersion of the MWCNTSs into the mixture
after curing [16]. The host material mixture is fabricated out of gelatin (gelatin from bovine skin type B, Sigma-
Aldrich) and distilled water, as demonstrated in a work by Altarawneh et al.[23]. A small amount of p-toluic
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acid and n-propanol were added to the distilled water and gelatin to enhance the bonding in the host material
and to preserve it for longer periods of time [24]. Table 1 shows the percentage of the elements composing the
host material used in this work. The MWCNTs (supplied by Cheap Tubes Co., with a length of 10-20 um,
purity > 95 wt.% outer diameter 30-50 nm, and ash<1.5 wt.%) or the activated carbon (supplied by Acros
Organics BVBA Janssen Pharmaceutical, with grains size >1 pm ) of the desired concentrations were added
to the distilled water initially and sonicated using an ultrasonic processor (UP100H- Hielscher Ultrasonics
technology) for 30 minutes. Then, the gelatin and the rest of the components were added according to the
procedure described in Altarawneh et al.[23]. The samples containing the MWCNTSs or the activated carbon
were fabricated with concentrations by weight of 0, 5%, and 10% for each of them.

Table 1. The percentage of the main components of the hosting material mixture

p-toluic acid | n-propanol | deionized water | gelatin
0.080% 3.44% 81.84% 14.64%

The resultant mixtures with different concentrations and different fillers types were molded in 10 cm long
glass tubes with a diameter of 1.2 cm. The glass tubes containing the samples were sealed with thin plastic
sheets and left to cure at room temperature for five days. The final form of the samples is flexible cylindrical rods
that can be easily cut by a sharp blade. The mass density for each sample was measured and tabulated to be
used in the rest of the study. For each of the fabricated samples, the LAC value was measured as demonstrated
in the following subsection.

3.2. Experimental setup for studying Gamma radiation shielding capabilities
The setup used in this work to measure the LAC values is as demonstrated in Figure 1. The setup is
composed of a Sodium ITodide (Nal) detector (manufactured by Canberra, model: 2007P) that is housed in a
4.0 ¢m thickness lead shield to block radiation from background sources.

Cs 137 source ——>

Radioactive source Pb
holder

Sample

Pb collimator

Detector Shield (Pb)

Nal Detector

Figure 1. The schematic diagram of the setup used to measure the LAC values of each of the fabricated
samples.

The Nal detector was connected to an operating high voltage source of 700V (manufactured by Canberra,
model: 3102). The output signal was sent to an amplifier (manufactured by Ortec, model: 575A) where its
output is connected to a Multi-Channel Analyzer (MCA). The data from the MCA was acquired and plotted
on a computer monitor with the help of the MAESTRO Version 7.0 package ( supplied by Ortec).

The fabricated samples were inserted in the custom-made lead housing with a 1.2 cm internal diameter,
40.0 cm length, and 2.0 cm thickness. The detector was placed at a large enough distance to ensure narrow
beam geometry. The Cesium source (}*7Cs) has a pen shape with an outer diameter of 1.0 cm (supplied by
Amersham) that was inserted in a custom-made lead holder with a length of 8.0 cm. The sample thickness was
adjusted by pushing the sample out of the glass tube and by cutting it with a sharp blade. Inserting a small
amount of oil between the glass tube and the sample can help slide the sample in and out of the glass tube
during the adjustment of the thickness.

The fabricated samples were irradiated by gamma, radiation from the '37Cs source where the intensity was
collected for a time interval of 90 minutes. The values of the LAC were obtained by fitting Eq.1 using Igor
Pro 9 data analysis software (provided by Wavemetrics). Suitable background subtraction was conducted for
all collected intensity [25, 26].
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3.3. Calculations of the mass attenuation coefficients using the XCOM program

In the theoretical part of this work, the XCOM program is used to calculate the mass attenuation coefficients
of the fabricated samples at energies from 1 keV to 100 GeV. The XCOM program runs under the Windows
operating system on the Google Chrome web browser [27]. The elements percentages in each sample were
calculated initially and used in the XCOM program to calculate the mass attenuation coefficient for each
sample. In Table 2, the net percentages of the elements (carbon, oxygen, hydrogen, and nitrogen) making up
each of the fabricated samples were calculated.

Table 2. The elements percentage of the 0% host material, for the 5% additives of carbon, and for 10%
additives of carbon either in the activated carbon form or the MWCNTSs form.

% of carbon additives | % C | % H | %N | %O
0% 9.54 10.62 | 2.48 | 77.29
5% 13.82 | 10.11 | 2.36 | 73.63
10% 17.88 | 9.64 2.25 | 70.17

The output data generated by the XCOM program is tabulated and plotted for comparison. The theoretical
mass attenuation coefficient values are found for the fabricated samples using the XCOM program and plotted
as a function of energy as in Figure 2.
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Figure 2. The mass attenuation coefficients as calculated by the XCOM program for the samples with 0%,
5%, and 10% of carbon additives. The inset shows the values of p around the *7Cs energy of 0.662 MeV.

4. RESULTS AND DISCUSSION

The gamma radiation intensity I from the '37Cs source at 662 keV was collected using the setup described
earlier for different thicknesses of gelatin-water mixtures with no additives (0%), with the addition of MWCNTs
(5% and 10%), and with the addition of activated carbon (5% and 10%). After suitable background subtraction,
the intensities I for each of the five samples were plotted as a function of the sample’s thickness, and the values of
the LAC were obtained by fitting Eq.1. As it can be seen in Table 3 and in Figure 3-a., there is a small decrease
in the measured LAC values from 0.089 ¢cm~! down to 0.085 cm™' and 0.087 ¢m™! when the gelatin-water
mixture was doped with 5 % and 10% of activated carbon respectively.

Table 3. The Measured and calculated parameters related to the attenuation of gamma radiation for 0%, 5%,
and 10% concentrations of carbon nanotubes and activated carbon.

Host Material | Activated carbon | MWCNT Activated carbon | MWCNT
concentration 0 5% 5% 10% 10%
LAC (Cm_l) 0.089 £ 0.001 | 0.085+ 0.001 0.089 £ 0.001 | 0.087 £ 0.001 0.091+£ 0.001
HVT (cm) 7.794 0.09 8.16% 0.09 7.79+ 0.09 7.97+ 0.09 7.62+ 0.08
p (g/cm?’) 1.06 + 0.01 1.08+ 0.01 1.09 + 0.01 1.10 £ 0.01 1.12+ 0.01
u(ch/g) exp 0.08440.001 0.07940.001 0.082+0.001 0.079+£0.001 0.081£0.001
fi(cm?/g) XCOM | 0.0854 0.0850 0.0850 0.0846 0.0846
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Figure 3. a) the LAC values for all the samples in this study, b) the HVT, ¢) the p values as obtained by
XCOM, and d) comparison between values of p from the XCOM program and the experimental values for the
different types and concentrations of carbon in the study.

In Figure 3-a, the decrease in the LAC values after the addition of activated carbon can be attributed
to the fact that the LAC value is less for materials that are composed of elements of smaller atomic numbers.
Particularly, increasing the concentration of carbon atoms in the sample results in reducing the concentrations
of the rest of the elements in the sample like oxygen and nitrogen which each has slightly a larger atomic number
(see Table 2 for the concentrations of the elements). However, the addition of MWCNTS to the gelatin-water
mixture (by 5% and 10%) results in an increase of about ~ 4.7% and 4.6% in the LAC values relative to the
gelatin-water mixture with 5% and 10% of activated carbon respectively. Since the concentration of carbon
(in the two forms, as activated carbon or MWCNTS) in the compared samples is the same, the extraordinary
structure of the MWCNTs is the only factor that can be responsible for such an increase in the LAC values.

The HV'T value of the gelatin-water mixture after the addition of 5% and 10% of MWCNTSs decreases with
4.5% and 4.3 % respectively when compared with the addition of activated carbon as demonstrated in Figure
3-b. Such a decrease in the HVT is due to the extra shielding from the interaction between the + radiation and
the MWCNTSs’ cylindrical geometry. The increase in the HVT value after the addition of activated carbon is
justified by the increase of carbon percentage in the mixture relative to oxygen and nitrogen.

The theoretical mass attenuation coefficients p for the gelatin-water mixture with the addition of 0%, 5%,
and 10% carbon obtained using the XCOM program were presented in figure 3-c. It’s evident in figure 3-c¢ that
the gelatin-water mixture has less p as the concentration of carbon is increased. However, the current experi-
mental results show that the addition of carbon in the MWCNTSs form has the opposite effect as demonstrated
in Figure 3-d. Particularly, while the addition of the activated carbon (for both 5% and 10% concentrations)
decreases the values of y, the addition of MWCNTSs increases the values of p for the same concentrations. Based
on this, it is clear that MWCNTSs due to their unique structure add extra shielding strength to the gelatin-water
mixture.

Since the MWCNT's geometry and structure appear to be the only factors enhancing the shielding proper-
ties, we should try to find a connection between the physical properties of the v radiation and the main features
of the MWCNTs structure and geometry. It’s noteworthy that the wavelength of the y-rays used in this study
at an energy of 0.662 MeV is around 1.87pm, where the interlayer spacing between the walls of the MWCNTs
is around 0.35 nm [28]. In this case, the ratio between the wavelength of v-ray and interlayer spacing size is
around 1:200. For such a small ratio between the wavelength and the interlayer spacing, one would expect
less interaction between the y-rays and the MWCNTSs. The ratio between the wavelength of the X-ray and
the interlayer spacing between the walls of MWCNTSs can be calculated as 1:20 in Fujimori et al. work [9],
where the used X-ray wavelength was 7.11 nm and the spacing between MWCNTSs walls was 0.35 nm. The
ratio in both cases can be correlated with the shielding capabilities where a stronger interaction is expected
for the X-rays case. Based on the values of the two ratios above, it can be concluded as the ratio between the
photon wavelength and the interlayer spacing is close to 1:1, the shielding capability against electromagnetic
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radiation would be stronger. This can be observed in the achieved shielding enhancement due to the addition of
MWCNTs against the X-ray radiation (50% enhancement, as in Ref.[9]) compared to the shielding enhancement
against the y-rays shielding in the current work (5% enhancement) when MWCNTSs are used.

5. CONCLUSIONS

In the current study, the LAC values for the gelatin-water mixture, for the gelatin-water mixture with
activated carbon addition (5% and 10%), and for MWCNTs addition (5% and 10%) are investigated experi-
mentally and theoretically. In contrast to the theoretical prediction of the XCOM program of a decrease in the
LAC values, the addition of MWCNTSs has increased the LAC values by 5% when compared to the addition
of activated carbon. The main reason for such an increase is only explained by the interaction of - radiation
with the unique structure of MWCNTs when compared with the activated carbon. It is recommended to use
the MWCNTs to enhance the shielding properties in the X-ray range rather than in the y-ray range due to
stronger interaction when the wavelength of the radiation is close to the interlayer spacing of the MWCNTs. In
the medical fields, if MWCNTs are introduced to enhance heating effects in living tissues due to the application
of microwaves radiation as many studies have proposed [17], v radiation therapy can be used too on the tissue
without the need to dramatically increase the radiation doses.
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Moas M. Auaprapayne®, Myras B. Asanaiiia®, Ycama 1. Anp-Mananar?©
* Kagpedpa Pisuxu, Yuisepcumem Myma, Aaxapax 61710, Hopdania
® Kagpedpa wimii, Ynisepcumem Myma, Aaxapax 61710, Hopdania
¢ Inemumym mexniunoi Timii Ynisepcumem imeni I'omgpida Binveesvma Jletbriva,
TI'annosep, Kaaninwmpacce 5, I'annosep Himeuwwumna

VY niit po6oTi posrasmaeTbca BIMB mofaBaHHa GararocTinaux Byrsenesux HanoTpy6ok (MWCNT) na expamyiodi Bia-
crusocti marepiasis. JT0C/IZKEHO raMMa-BULIPOMIiHIOBaHHH 3 eneprieio 662 keB Bij mxepesa 37Cs. Bumipsino koedinjenr
JIHI#HOTO 3aracanus maTepiamis Ha ocHOBI MWCNT (cymim kenarua-soma) 3 kormentparieio MWCNT 0%, 5% i 10%.
[1106 BuninmTu BHECOK yHiKAABHOI cTpykTypr MWCNT B expamyiodi MOXKIUBOCTI, OyJi BUTOTOBJIEHI 3PA3KH 3 TAKOIO K
KOHIIEHTPAIN€I0 aKTUBOBAHOIO BYTi/UIs Ta OTpuMaHi IxHi siHiiHI Koedinientn ocinabenusa. Kpim roro, miniitanit i maco-
Buil koedinienTr ocnabieHHs OTPUMaHI TEOPETUIHO JJId OJIHAKOBUX KOHIeHTpariii 3a gomomoron XCOM mporpavmu ta
[OPIBHAHO 13 BUMIpgHUMU 3HadeHHAMU. Busasieno, mo nomasaaaa MWCNTSs na 5% a6o 10% 36inbmumio miniiiauii Koe-
dinjent ocrabnennsa npubansao Ha 5% y MOPIBHAHHI 3 TUMH K KOHIEHTPAIisIMU aKTUBOBAHOTO ByTimg. 1le 36iyburenns
MOYKJIMBOCTEH eKpaHyBaHHs BiJ] raMMa-BUITPOMIHIOBAHHS MOYKe OyTH TIOB’sSI3aHe i3 B3a€MOIIEI0 FraMMa-BUITPOMIHIOBAHHS
3 reomeTpiero ta crpykryporo MWCNTs.

Kurouosi caoBa: padiauyia; expanysarta; xoediuienm ocaabaenna; XCOM; bazamocminti 6yaaeyest HaHompyoKxy
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Thermogravimetric (TG/DTG), thermoluminescence (TL), and X-ray powder diffraction (XRD) techniques were applied to characterize
samples collected from the archaeological site of Polutepe in Azerbaijan, dating to the Neolithic period, and gave new information on the
firing technology. The thermogravimetric analysis of ceramic shards from Polutepe revealed that the firing temperature of the samples was
in the range of 700°C, based on the presence of calcite in the sample. XRD analysis confirmed the presence of quartz, feldspar, and clay
minerals in the ceramic samples. According to XTD analysis the mineral composition of the ceramic sample from Polutepe site was as
follows: Quartz-33.8 mass%, Feldspar (albite)-21.7 mass%, Muscovite- 33.6 mass%, and Calcite- 10.9 mass%. TL glow-curve intensity
at 325°C was measured to estimate the historical dose of the sample, which was found to be 22.19+1.36 Gy. The concentration of U, Th,
and K were 2.24+0.20 ppm, 8.31+0.80 ppm, 2.39+0.23% respectively. Dose rate and age calculation were conducted using the DRAC,
version 1.2 and output results are as follows: Environmental dose rate: 3.46+0.19 mGy/a; Age of the sample: 4.400+530 BC years which
are in line with the stratigraphically estimated age of this area and with the radiocarbon age (4270+£160 BC) reported in our previous work.
The results obtained from this multidisciplinary approach provide insights into the firing technology and age of the ceramic samples.
Keywords: Thermogravimetry; X-ray powder diffraction; Ancient ceramic; Firing temperature; Clay; Quartz; Feldspar

PACS: 78.60.Kn

INTRODUCTION

Archaeology in modern times is adopting an interdisciplinary methodology that employs a range of instrumental
techniques to examine ancient artifacts. The defining characteristic of the Neolithic period is pottery, and a detailed
account of ancient pottery typically involves an explanation of its mineralogical, chemical, and thermal attributes. The
outcomes of the analyses conducted through these methods can help make significant findings in studies of dating and
the evolution of ancient technologies. Thermal analysis has been extensively employed to scrutinize ancient ceramics
using a variety of approaches such as powder X-ray diffraction, thermogravimetry, simultaneous thermal analysis, and
thermoluminescence.

To check the quality of ceramics, thermal analysis methods are widely used, allowing you to control the processes
during firing [1][2]. The traditional approach is that if gas is released from the sample during heat treatment, then the
thermal transformation of minerals in the clay composition is considered irreversible [3]-[7]. When reheating, i.e., when
a ceramic product is analyzed, exothermic reactions with gas release occur only at temperatures above the first heating.

Thermogravimetric studies of ancient ceramics and pottery are based on these considerations. Based on these studies,
the production conditions are reconstructed, and attempts are made to identify sources of raw clay, which enables
archaeologists to guess the technological level of the ancient potters and restore ancient trade links between regions by
comparing ceramics from different localities.

Ceramics usually consists of clay minerals and various additives like quartz, feldspars, calcite, etc. These minerals
contain unique information about the firing conditions of raw materials. Because quartz and feldspars are thermally very
stable, only clay and calcite constituent minerals undergo significant changes during firing. Clay minerals (smectites and
kaolinite) transform into an amorphous phase, while calcite decomposes to form CO,. The powder X-ray diffraction
(PXRD) [1] method provides adequate information on the mineral composition of ceramics, thereby allowing estimation
of the firing temperatures of ancient ceramics. And the presence of certain minerals helps to establish the origin of
ceramics. The possibility of measuring the TL luminescence properties of quartz in order to determine the firing
temperature of archeological ceramic artifacts was also investigated in [8].

MATERIALS AND METHODS

The Institute of Archeology, Ethnography, and Anthropology of ANAS provided samples of single fragments of
ceramics found at the archeological site Polutepe. It is located on the eastern outskirts of Uchtepe village of Jalilabad
region, Azerbaijan Republic, on the right (southern) bank of the Injachai river (39°19' 37. 67" N, 48° 27' 05.71" E) at
38 m above sea level. A ceramic sample for analysis was taken at the base of the furnace, at a depth of 6.3 m from the
standard reference point, 5.3 m into the Neolithic layer, and 0.7 m above the base of the settlement. Most of these
specimens are believed to be from the Neolithic period and may have been used for cooking or preserving food. The
samples were air-dried overnight at 50°C before analysis and finely powdered in an agate mortar.

7 Cite as: S. Mammadov, A. Ahadova, East Eur. J. Phys. 3, 531 (2023), https:/doi.org/10.26565/2312-4334-2023-3-61
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PXRD was performed using a D2Phaser (Bruker) diffractometer with Ni-filtered CuKa radiation on randomly
oriented samples. The samples were scanned at the region of 5<20 <75° at a scanning speed of 1.2°/min. Semi-
quantitative estimates of the abundance of the mineral phases were derived from the PXRD data, using the intensity of
specific reflections, the density, and the mass absorption coefficients of the elements for CuKa radiation.

Thermogravimetric and differential thermal analysis of ceramic powders were carried out in a Perkin Elmer
STA6000 Simultaneous Thermal Analyzer with the following parameters: heating range from ambient to 950°C, heating
rate 5°C, balance sensitivity- 0.1pg, and nitrogen gas flow-20 ml/min.

The Harshaw TLD 3500 Manual Reader is used to measure the characteristics of TL samples. TL measurements
were performed using a linear heating rate 20°C/s from 50°C to 400°C. Three aliquots of 5 mg each of the samples were
used for each measurement. TL data points represent the average of three different aliquots of the sample. A thin and
uniform layer of feldspar grains was laid on the planchet surface in order to get full contact that ensures uniform TL signal
from the sample.

In order to estimate the natural dose rate soil samples were collected from the site and U, Th, and K content analysis
by gamma spectrometry Canberra GR4520 which has a low-level gamma spectrometry system with 15 cm lead shielding
and high-resolution GeHP hyper pure germanium detector, having 43.5% resolution efficiency for 661.6 keV.

RESULTS AND DISCUSSIONS
Thermogravimetric analysis
The results of the TG and DTG analysis of the ceramic shred from Polutepe are presented in Fig. 1.
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Figure 1. TG, DTG and DTA curves of ceramic shred from Polutepe

The DTG curve has a small peak at about 100°C and a deep peak at 650-750°C. A large peak in the temperature
ranges from 100 to 400°C on the DTA curve indicates endothermic processes due to dehydration/dihydroxylation. Mass
loss figures are summarized in Table 1. The total mass loss (m3) is 11.8%. Mass loss in the region <350C occurs due to
dehydration (m1l) and is 4.05%, and mass loss due to dehydroxylation (m2) occurs in the region of 350C+600C and is
2.71%. Mass loss above a temperature of 600°C can be attributed to the decomposition of calcite (m3=5.12%) according
to the reaction:

CaCO3=Ca0O+CO,

There are different approaches in the literature for determining the firing temperature of ancient pottery [9]. The
basic idea of the thermogravimetric method is that only reversible thermal transformations will be detected if the sample
is heated a second time. Upon reheating, transformations not observed in the previous heating will be detected only at
temperatures above the upper-temperature limit of the first heating. The irreversibility of thermal transformations in clay
occurs due to chemical transformations with the release of gaseous products, the formation of new minerals, or irreversible
phase transformations.

Calcite is the most common “fingerprint” for determining the provenance of ceramics and, to some extent, for
determining the firing temperature since it can be added to ceramic paste or found in the original clays as a natural
impurity. The presence of calcite in ancient pottery is considered today the sign of low-temperature firing at about 700°C
[4]. The concentration of calcite in the investigated sample determined by XRD method is 5.12% ; therefore, according
to the traditional interpretation, the firing temperature of the samples was in the range of 700°C. The presence of calcite
in ceramic samples from Polutepe was studied by exposing the ceramic powder to hydrochloric acid. The ceramic powder
was kept in a 10% HCl solution for a week and periodically mixed. After that, the ceramic powder was thoroughly washed
and dried at a temperature of 50°C for 48 hours. The results of the TG/DTG analysis of a ceramic sample treated in an
HCI solution are shown in Figs. 2. The total mass loss (m3) is 8.28%. Mass loss in the region <350C occurs due to
dehydration (m1) and is 5.42%, and mass loss due to dehydroxylation (m2) occurs in the region of 350C+600°C and is
2.01%. Mass loss above a temperature of 600°C was 0.81 %, indicating the decomposition of the significant part of
calcite.
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Figure 2. TG/DTG/DTA analysis of a ceramic sample treated in HCI solution X-ray phase analysis also reveals the calcite in the
sample from Polutepe (Fig. 3).

Table 1. Mass-loss of ancient ceramic sample from Polutepe

Sample Mass loss Mass loss | Mass loss ml m2 m3 Total mass m2/ml
<350C, % <600C % | <850C, % % % % loss, %
Polutepe, natural 95.95 93.24 88.12 4.05 2.71 5.12 11.8 0.67
Polutepe, with HCI 94.58 92.57 91.76 542 2.01 0.81 8.28 0.37

Chemical and XRD analysis

XRD analysis of ceramic shreds reveals that all investigated samples contain similar minerals: quartz, feldspar,
and clay (Fig.3).

Feldspars (in our case, albite) can be introduced into the ceramic mass as a hardening or be present in the
composition of the original clay as a natural admixture since the clays themselves are weathering products of feldspar.
Quartz is a significant component of tempering materials and also exists in raw clay as a natural mixture. Quartz
undergoes a phase transition around 573°C when heated, but this process is reversible, and no signs of previous heating
could be detected after cooling.
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Figure 3. XRD patterns of ceramic shred from Polutepe. Mc-muscovite; Q-quartz; F-feldspar (albite); C-calcite.
According to XTD analysis the mineral composition of the ceramic sample from Polutepe site was as follows:

Quartz-33.8 mass%, Feldspar (albite)-21.7 mass%, Muscovite- 33.6 mass%, and Calcite- 10.9 mass%.
TL analysis
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Figure 4. TL glow-curve of quartz samples extracted from ancient ceramic at different additional laboratory doses. (1) The TL glow
curve of unirradiated quartz extracted from pottery sample. The four aliquots of quartz were irradiated with additional laboratory doses
4.6 (2); 9.2 (3); 13.8 (4); and 23 Gy (5) respectively. Dose rate- 0.194 Gy/s.

Fig. 4 illustrates the dose dependence of the TL glow curve from 0 to 24 Gy. Samples were irradiated with *°Co
gamma source then TL glow-curves measured after two days. Plotting the TL glow-curve intensity at 325°C against the
dose adsorbed and backward extrapolation enables the estimation of historical dose equal to 22.19+£1.36 Gy.



534
EEJP. 3 (2023) Sahib Mammadov, et al.

Soil sample collected from the close proximity of the pottery sample was air dried and kept in a closed environment
for one month. The concentration of U, Th, and K were 2.24+0.20 ppm, 8.31+0.80 ppm, 2.39+0.23 % respectively. Dose
rate and age calculation were conducted using the DRAC version 1.2 and output results are as follows: Environmental
dose rate: 3.46+0.19 mGy/a and; Age of the sample: 4.400+530 BC years which are in line with the stratigraphically
estimated age of this area and with the radiocarbon age (4270+160 BC) reported in our previous work [10].

CONCLUSIONS

TG and DTG analysis of the ceramic shred from Polutepe showed a total mass loss of 11.8%, with mass loss above
600°C attributed to the decomposition of calcite. The presence of calcite in the ceramic samples suggested a firing
temperature of around 700°C. The studied ceramic shred from Polutepe consisted, as it was deduced from XRPD studies,
mainly of quartz, calcite, feldspar (albite), and micas (muscovite).

The thermal properties of the studied ceramic sample from Polutepe obtained from the TG/DTG analysis were
consistent with their mineralogical data.

The TL glow curve and dose rate calculations indicated an estimated historical dose of 22.19+1.36 Gy and an age
of the sample of 4.400+530 BC years, respectively, which are in line with the stratigraphically estimated age of the area
and previous radiocarbon dating results.
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KOMIIVIEKCHE JOCJIJKEHHS 3PA3KIB KEPAMIKU HEOJIITY: TEXHOJIOT'TA BIAIIAJY TA BIK
Caxio Mamenos, AiideHi3 AxagoBa
Incmumym padiayitinux npoorem HAHA, Azepbaiioscan

Mertomu tepmorpasimetpii (TG/DTG), repmomominecriennii (TL) i perrtreniBeskoi nopommkosoi audpakmii (XRD) Gymu 3acTocoBani
JUIS XapaKTepUCTHKHU 3pa3KiB, 3i0paHux 3 apxeosorignoi crosiHky [omyTene B A3ep0aiipkaHi, 0 JaTyIOThCS MepioJioM HEOMiTy, 1 Janu
HOBY iH(opMaliro npo TexHoJorii Bianany. TepMorpaBiMeTpuuHui aHami3 yepenkiB kepamiku 3 [lomyrene mokasas, 1o TeMmeparypa
BiAnaiy 3paskiB Oyina B Mexxax 700°C, BUXO/4H 3 HASBHOCTI KJIBLUTY B 3pa3ky. XRD aHaui3 miTBepIUB HassBHICTH KBapILy, II0JILOBOTO
LINATy Ta ITHHUCTHX MiHEpaiB y 3pa3kax Kepamiku. 3a ranuMu X TD-ananizy, MiHepalbHUI CKIIa]] 3pa3ka KepaMiku 3 cTosHkd [lonmyTene
OyB TakuM: kBapil — 33,8 mac.%, mospoBuii mmar (anboit) — 21,7 mac.%, myckoBit — 33,6 mac.%, kaaeuut — 10,9 Mac.%. [HTeHCHBHICTD
kpuBoi cBitiHHA TL npu 325°C Oyna BuMipsiHa I71s OLIHKH 1CTOPUYHOT JO3H 3pa3ka, sika Busisracs 22,19+1,36 I'p. Konuenrpanii U, Th
i K cranoBumn 2,24+0,20 ppm, 8,31+0,80 ppm, 2,39+0,23% BigmosixHO. Po3paxyHOK HMOTYXHOCTI O3 Ta BiKy OyJIO IPOBEICHO 3a
noromoroto DRAC, Bepcist 1.2, 1 oTpuMaHi pe3ybTaTH TaKi: HOTYXKHICTb JIO3H B HABKOJIMIIHEOMY cepenosuii: 3,46+0,19 mI'p/pik; Bik
3paska: 4,400+530 pokiB 10 H.e., IO BiANOBiZae cTpaTUrpadidHO OLIHCHOMY BIKy i€l TepuTOpii Ta pagioBYIJIEIIEBOMY BIKY
(4270£160 no H.e.), PO sIKi MU HOBIJOMIISUIN B IIONepeIHii poOoTi. PesyibraTh, OTpuMaHi B pe3ysIbTaTi HbOro MyJIbTHIMCIUILTIHAPHOTO
IIXO/Y, JAIOTh 3MOT'Y 3pPO3yMITH TEXHOJIOTIIO BUITATY Ta BiK 3pa3KiB KepPaMiKH.

KirouoBi ciioBa: mepmocpasimempis; penmeeniecoka nROpOwKo8a OUGPaKyis; CMAaposuHHA Kepamika, memnepamypa 6iondauy;
2NUHA; K8APY, NOTbOBUI WNAMm
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The study aimed to improve the precision of dating historical landmarks, specifically the Ballabur castle in Lenkaran, Azerbaijan
Republic, using the thermoluminescence dating (TL) method. The annual dose rate, calculated with y-spectrometer equipped with a
hyper-pure germanium detector, was found to be 2.984+0.19 mGy/year. By employing an online dose rate and age calculator, the
sample's age was determined to be 920+50 years, consistent with the historical estimates of this region.

Keywords: Ballabur castle; Thermoluminescence dating; Annual dose rate; Quartz
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INTRODUCTION

Determining the age of archaeological artifacts poses a significant challenge in geological science and practice. This
method exploits the accumulation of nonequilibrium charge carriers on defects in dielectric materials caused by ionizing
radiation from natural radionuclides present in the objects being dated or their surroundings. The thermoluminescence
(TL) method has proven to be a reliable technique for dating archaeological ceramics [1]-[3]. In the case of fired bricks,
the determined age corresponds to the time elapsed between the firing of the product and their removal from the burial
site [4], [5].

The age of brickwork in many standing buildings from Azerbaijan's late medieval and early modern periods (11" to
19th centuries AD) can only be determined through historical records or by analyzing their design and style. However,
this typological dating method relies on the availability of written records. This research aims to establish a standardized
procedure for dating medieval brick structures in Azerbaijan. We collected two brick samples from the Ballabur castle in
Lankaran, Azerbaijan, which architectural experts have already estimated to be approximately 1000 years old.

MATERIALS AND METHODS

Quartz, a commonly occurring mineral in raw ceramic paste, undergoes a significant change during the heat
treatment (600-700°C). This change eliminates all previously accumulated charge carriers within the quartz, which have
been building up since the mineral's formation. Consequently, when employing the thermoluminescence method for
dating, a reset to a zero state occurs through the heating process during ceramics, bricks, or pottery manufacturing.

However, in solid materials like quartz crystals, there are traps at various energy levels for both electrons and holes.
To determine the age of ceramics, the trapped electrons' (or holes') lifetime at room temperature should be at least
10-20 times longer than the age of the studied objects. In practical terms, the TL peaks with a luminescence maximum of
230-375°C in quartz and feldspars are well-suited for dating purposes.

The methodology for using thermoluminescence (TL) to determine the absolute age of artifacts is based on the
observation that, up to a specific limit, the accumulation of TL in traps is roughly proportional to the radiation dose. This
dose, in turn, depends on the intensity of irradiation and the duration of exposure [6]. The age of the studied material was
calculated by experimentally determining the increase in TL per unit of absorbed radiation dose and the rate of natural
radioactivity according to the protocol described in [2], [7].

The experiment utilized quartz samples extracted from two bricks sourced from Bellabur Castle through
conventional chemical separation techniques [8]. The brick samples exhibit a light red color attributed to hematite (Fe>O3),
known for its strong coloring properties in pottery. Even a minimal concentration of 1% hematite was sufficient to produce
a reddish hue during the firing process under oxidizing conditions [4]. The brick sample underwent a series of steps,
including crushing and sieving, to obtain grain size fractions of 80 to 120 pm. The targeted grain fraction was then treated
with HC, subjected to heavy liquid separation, and etched in 40% HF [9], [10]. Precipitated fluorides were subsequently
dissolved using HCL. To ensure the purity of the quartz concentration, XRF analysis was performed, and the amount of
Si02 in the extracted samples was 98.5%.

As aresult of methodological advancements, it was discovered that the most favorable measurement outcomes were
achieved using powder samples weighing approximately 5 mg, with particle sizes ranging from 0.1 to 0.25 mm.

Before conducting the ED measurements, the grains underwent a preheating process to eliminate any influence from
unstable traps on luminescence counts. Experimenting determined that preheating the grains at 200°C for 12 minutes

7 Cite as: S. Mammadov, A. Abishov, East Eur. J. Phys. 3, 535 (2023), https://doi.org/10.26565/2312-4334-2023-3-62
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yielded relevant results. The uncertainties in the measurements were calculated, taking into account the losses caused by
anomalous fading.

The samples' natural TL (thermoluminescence) was recorded using the HarshowTLD 3500 Manual Reader. Each
non-irradiated sample underwent five measurements. For accurate TL analysis, it is crucial to maintain linearity during
the heating process. In this study, the sample was heated linearly up to 400°C at a rate of 5°C/s, which met the needs of
the TL analysis instruments. A 3 mm heat-absorbing filter (Schott KG-1) was positioned in front of the tube.

To safeguard the photomultiplier tube against blackbody radiation. The irradiation process was conducted at room
temperature using a °Co source at various dose levels ranging from 5 to 25 Gy. The dose rate of the ®°Co source was
determined using the Magnettech Miniscope MS400 EPR Spectrometer. The dose was measured using individually
wrapped BioMax Alanine Dosimeter Films with barcode labels developed by Eastman Kodak Company [11]. The
irradiated samples, weighing approximately 5+0.5 mg, were then read after two days in an N2 atmosphere using a
Harshaw 3500 manual reader, employing a linear heating rate of 5°C/s.

One of the fundamental steps in luminescence dating is calculating the annual dose rate, which represents the
radiation dose received by the sample per year. In our study, this dose rate comprises three components: i) the beta dose
contribution originating from the brick samples themselves, ii) the gamma dose contribution arising from the surrounding
soil, and iii) a specific contribution from cosmic radiation. Soil samples were collected close to the pottery sample to
determine the natural dose rate. The concentrations of Uranium, Thorium, and Potassium in the soil were measured using
the Canberra GR4520 gamma spectrometry system. This system is equipped with a high-resolution GeHP (hyper-pure
germanium) detector and 15 cm lead shielding, providing a resolution efficiency of 43.5% for 661.6 keV.

RESULTS AND DISCUSSIONS

When irradiated quartz grains are heated from room temperature to 500°C, multiple TL (thermoluminescence) peaks
can be observed [12]. In the case of quartz inclusions extracted from pottery, two peaks were identified above 300°C. The
peak observed at the temperature of 375°C is considered more favorable compared to the lower shoulder peak of around
325°C. Another peak that emerges under laboratory irradiation is observed around 110°C, the basis for the "pre-dose
dating" method. This method utilizes the peak height to monitor dose-dependent sensitivity changes after heating to
500°C. Fig. 1 depicts the dose-response of the TL glow curve, where samples were irradiated using a ®®°Co gamma source,
and TL glow curves were measured two days after irradiation.
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Figure 1. Dose-dependent TL intensity of irradiated quartz at various doses: (1)
Natural quartz extracted from the brick; Quartz irradiated at (2) 5 Gy, (3) 10 Gy,
(4) 15 Gy, (5) 20 Gy, and (6) 25 Gy

To assess the environmental dose rate, a soil sample collected near the pottery sample was air-dried and kept in a
closed environment for one month. The determined concentrations of Uranium (U), Thorium (Th), and Potassium (K)
were found to be 2.21+0.20 ppm, 9.71+1.10 ppm, and 1.90+0.10%, respectively.

To identify a stable temperature range for the glow curve of the samples, the plateau test, as described by [12], was
conducted. This procedure involved comparing the natural TL glow curve with the glow curve obtained after laboratory
irradiation. The region exhibiting a plateau indicated thermal stability, as the ratio between the natural TL signal and the
signal from the laboratory-irradiated sample remained constant. The archaeological dose was determined by integrating
the plateau region of the respective glow curves and subtracting the background signals recorded after each measurement.

By plotting the intensity of the TL glow-curve at 350°C against the absorbed dose and extrapolating backward, the
estimated historical dose was determined to be 2.93+0.30 Gy (Fig. 2).

Precise determination of the environmental radiation dose rate is crucial for trapped charge datings methods like
luminescence and electron spin resonance dating. While the calculation of the environmental radiation dose rate itself
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may not be mathematically intricate, incorporating multiple variables and accounting for uncertainties can present
challenges. The Dose Rate and Age Calculator (DRAC) has been developed as an accessible web-based tool [13] to
address this issue. DRAC allows users to swiftly calculate environmental dose rates for various trapped charge dating
applications by selecting a range of recently published attenuation and conversion factors that ensures robust and
reproducible environmental radiation dose rate calculations, enhancing the accuracy of age estimations [13]. Using the
DRAC version 1.2 software, dose rate and age calculations were performed. The output results are as follows: The
environmental dose rate was determined to be 2.98+0.19 Gy/ka (gray per kilo annum), indicating the rate of radiation
absorbed from the surroundings. The moisture content of a sample plays a significant role due to its impact on water dose
absorption. When archaeological samples contain water, it absorbs a portion of the radiation, impeding the radiation
energy from reaching the quartz grains. As a result, a dry sample's dose rate can be higher than a moist sample. This
disparity can potentially lead to an underestimation of the sample's age. Hence, it is crucial to determine the percentage
of water in the laboratory analysis of the samples and to consider when the dose rate is calculated.

Additionally, the cosmic dose rate, which refers to radiation from cosmic sources, was calculated to be
0.10+£0.01 Gy/ka. Based on these calculations, the sample's age was estimated to be 920£50 years.
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Figure 2. Relationship between TL signal intensity (in arbitrary units) and adsorbed dose
in quartz extracted from bricks at Ballabur Castle

CONCLUSION

Despite being in its preliminary stage and involving a limited range of samples, this study has successfully
showcased the potential of utilizing the TL technique on quartz inclusions for obtaining luminescence ages of late
medieval bricks. Applying the thermoluminescence (TL) dating method has provided valuable insights into the age
determination of archaeological ceramics, specifically in the case of the Ballabur castle in Lenkaran, Azerbaijan Republic.
By analyzing the TL peaks and conducting measurements on both irradiated and non-irradiated samples, significant
progress has been made in establishing a standardized procedure for dating medieval brick structures.

The assessment of the environmental dose rate and cosmic dose rate, conducted with the help of software like DRAC,
has provided vital information for age calculations. Considering factors such as the concentration of Uranium, Thorium,
and Potassium in the soil, along with the historical dose estimation from TL glow-curve intensity, the age of the sample
from the Ballabur castle was approximately 920+50 years.

These findings highlight the significance of TL dating methods in archaeological research, particularly for historical
ceramics. The established methodology and measurements presented in this study contribute to the broader understanding
and precise dating of medieval structures in Azerbaijan. Continued advancements in TL dating techniques will enhance
our knowledge of ancient civilizations and aid in uncovering past mysteries.
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YCHIXY B TEPMOJIOMIHECHEHTHOMY JATYBAHHI: ITPUKJIAL CEPEJHBOBIYHUX HETVISTHUX
KOHCTPYKIIIA B ASEPBAVMIKAHI
Caxi6 MamenoB, AKmnH AGiloB
Incmumym padiayitinux npoonem HAHA, Asepbaiioscan

JocnijykeHHsT Majlo Ha MeTi MOKPALIMTH TOYHICTh NaTyBaHHS ICTOPUYHMX IIaM’iTOK, 30KpeMa 3aMmKy bammalyp y Jlenkopawi,
Asep0Oaiipkanceka PecryOiika, 3a JIONOMOTol0 MeTOxy TepMoiroMiHecreHTHoro naryBanHs (TL). Piuna moryxHicts 103w,
po3paxoBaHa 3a JOMOMOIOI0 Y-CIIEKTPOMETpa, OCHAICHOrO JETEKTOPOM HAIYMCTOro repmadiio, BusiBuiacs 2,98+0,19 mIp/pik. 3a
JIOTIOMOTOI0 OHJIAH-KaJIBKYJISITOpa MOTY)KHOCTI JI03H Ta BiKy OyJ10 BU3HAYEHO, 1110 BiK 3pa3ka cTaHoBUTH 920+50 pokiB, 1110 BiAMOBigae
ICTOPUYHUM OLIIHKaM LBOTO PETiOHY.

KurouoBi ciioBa: 3amox Bannabyp,; mepmonoMiHecyennte 0amysants,; piuna ROMyx*CHICIb 003U, Keapy
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This research includes the manufacture of a polymeric nanocomposite consisting of silicone rubber/polyurethane as a base, with the
addition of the first filler of micro-lead with a ratio of 300 pphr and the second filler of nano-lead with different ratios (0, 0.2, 0.4, 0.6,
0.8 pphr). With the addition of hexane (liquid state) to the superposition using the casting technique at room temperature. The structural
properties of the surfaces of the samples were measured using Fourier transformation spectroscopy (FT-IR) and the scanning electron
microscope (SEM). In addition to studying the mechanical properties represented by each hardness, tensile, elongation, and elastic
modulus. (FT-IR) showed the absence of a chemical reaction for all samples. While SEM measurements showed a homogeneous
distribution of micro-lead and nano-lead in the presence of hexane equally, and there were no voids in the eyes of the prepared rubber
equally. For the mechanical properties, we see that the hardness, tensile strength and modulus of elasticity continue to improve with
the increase in the number of lead nanoparticles. And a decrease in elongation as a result of inverse proportion to the modulus of
elasticity. From the results obtained, this composite can be used in gamma ray attenuation applications in shielding, especially in
medical and industrial fields.

Keywords: Mechanical characteristics, Silicone rubber; Polyurethane; lead; Hexane; SiR-PU/micro-Pb/nano-Pb nanocomposites
PACS: 61.25.he, 68.35.B, 68.37.Hk, 68.60.Bs, 28.41.Qb

1. INTRODUCTION

A composite material is made of two or more different materials that are put together at a macroscopic level to create new
qualities that can't be made by the parts working alone. Each material has its own chemical, physical, and mechanical qualities,
unlike metal alloys [1]. Composites are made up of a reinforcing component and a matrix phase. Materials like polymers,
ceramics, and metals can serve as the matrix phase, while fibers, flakes, or particles provide the reinforcing phase with the
greater strength and stiffness. Most of the time, composite materials are put into four groups: fibrous composites, laminated
composites, particle composites, and others [2]. The potential of composites as a strengthening material for many issues related
to infrastructure deterioration has only recently become apparent to civil engineers and the building industry [3]. Composites
are made by combining different materials that all have useful mechanical and physical characteristics [4]. In numerous
engineering applications, the use of massive metals decreases the product's performance. Due to their high specific stiffness and
strength, polymer-based synthetic fibre composites began to be used in numerous applications in 1930 to surmount this
limitation [5]. The goal of making hybrid composites is to improve the composite characteristics by using multiple reinforcing
agents in a single polymer matrix. The reinforcement impact can be enhanced or diminished depending on whether multiple
reinforcing materials are used together [6]. Silicone rubber is a widely used manufactured elastomer because of its high quality
and versatility. Silicone rubber can be subdivided into various kinds based on differences in monomer, vulcanization conditions,
applicable environments, etc. [7]. Silicone rubber's molecular framework was built from Si-O links that alternated with one
another. The primary cause of silicone rubber's deterioration with age was the breakdown of its molecular structure in a hot
atmosphere. There were two major categories to the aging mechanism of silicone rubber in a thermal oxygen environment. A
rearrangement process was initiated, on the one hand, due to the breaking of the Si-O-Si bond. However, the silicone rubber
molecule chain structure was altered due to the oxidation of side groups [7]. Polyurethanes (PU) can be found in a wide variety
of contemporary products. They are a type of polymer that has found extensive application in the healthcare, transportation, and
manufacturing sectors. Polyurethanes can be found in a wide variety of goods, including furniture, coatings, adhesives, building
materials, fibers, paddings, paints, elastomers, and synthetic skins [8]. Today's catheters are typically made from polyurethane
or silicon elastomer. Catheter-related bloodstream infections and thrombotic complications happened significantly more
frequently with polyurethane catheters in a study comparing 698 venous-access ports implanted at the forearm made of both
materials. However, mechanical failures like disconnection and catheter breakage are on the rise in silicon. However, this finding
only applies to devices and catheters inserted through a brachial port, which are subjected to distinct mechanical forces than
those experienced through a chest port. Rubber may have an effect on catheter-related complications, as evidenced by the fact
that significant differences were observed with regard to the used catheter material [9]. Because effective radiation protection
materials are readily available, it is possible to use technologies that generate ionizing radiation, such as gamma rays and
radioactive sources, without risking one's health. In this context, advancements in efficacious radiation shielding materials have
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gained a significant importance, which motivates the researchers working in the field of nuclear radiation to continuously search
and fabricate new radiation, some of these studies are focused on developing composite materials by incorporation of various
filler materials in various matrices so that the various properties of these materials will be merged and one effective composite
radiation shield will be formed. In this respect, polymers are a good example because they are highly valued matrix materials
that can be used to develop gamma-ray barriers that are light weight, resilient, and malleable [10,11]. Nano-particles due to
extraordinary characteristics including a high surface-to-volume ratio, are incorporated into the polymer matrices to make
polymer-nanocomposites that have a wide range of applications for dosimetry, calorimetric, and radiation protection purposes
especially for diagnostic X-rays [12]. Silicon rubber matrix with nanomaterials can improve the gamma radiation attenuation
characteristics of nanocomposites because nanomaterials are more uniform and exert less force in the composite, thereby
enhancing the material's protective capacity [13]. Many fields, including manufacturing quality control, basic science,
astronomy, astrophysics, nuclear engineering, medicine, and even space exploration, have made significant use of X-ray and
gamma-ray technology. However, due to long-term exposure, ionizing radiation can be harmful to people working in the field,
to equipment, and to the ecosystem. Shielding is the most efficient way to block harmful rays in radiation uses. Since lead is the
most commonly used material for radiation shielding, its toxicity, weight, and disposal issues have severely constrained its
application. As a result, alloys and glasses have been developed as progressively more suitable replacements [ 14]. In this present
work, polymer nanocomposites were synthesized and its structural, mechanical and radiation properties were measured. From
the unique results obtained, it can be used in shielding applications, especially in the medical and industrial fields.

2. MATERIALS AND METHODS

The materials used in the present work are silicone rubber and polyurethane as matrix, while micro-lead and
nanoparticles are used as additives; a sensitive electrical scale for weighing small amounts of samples [15] with a hardness
measuring instrument for measuring the rubber's hardness [16]; the (Shore-A) hardness tester (H-17A, Congenix-Wallac)
tested hardness experimentally, English (Kingston) [17]. Silicone rubber is combined with a specific amount of (SiRgopphr-
PU,pphr/micro-pbsoopphr) nano-Pb powder (99.5% purity, 50 nm diameter) is then doped at quantities of (0, 0.2, 0.4, 0.6,
0.8 pphr) where the mixture was stirred for 15 minutes using a Stirrer (HT-120DX) and hexane to fill the gaps and
homogenise the lead material by casting, to make nanocomposites of (SiRgo/PUx/micro-pbsp/nano-pbog). The rubber
samples were tested by Fourier infrared spectroscopy (FT-IR) with the wavelength range (600-4000) cm-1 [18]. Scanning
Electron Microscope (SEM) and measuring some mechanical characteristics of rigidity represented by the hardness, tensile,
elongation and modulus of elastic [19]. And radiation characteristics using two elements, Cs137 and Co60, by an American-
made Geiger counter [20].

3. RESULT AND DISCUSSION
Figure 1 represents the FT-IR spectra of the rubber composite of (SiRgo/PUx/micro-pbsge/nano-pbys), with hexane
in the rang (600-4000) cm™, where it was observed that there are no apparent changes in the radiation spectrum. Infrared
for the rubber composite [21].
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Figure 1. Plot of rubber composite (SiRso/PU2o/micro-Pbsoo/nano-Pbo.s) of the sample without hexane and within hexane

Even when the loading ratios changed, the presence of hexane closed the gaps in the rubber composite, and the
lead distribution was equally distributed. The FTIR spectra displayed the unique bonds of vibrations. The FTIR spectra
displayed the distinctive bonds of vibrations. These spectra of silicone rubber's distinctive peaks stretch from the
functional groups generated in the composites when the crosslinker weight ratio increased. Absorption peaks at
1258.4 ¢cm™!,790.75 cm ™!, and 1010.90 cm ™! were attributable to methyl groups and Si-O bonds, respectively. The results
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suggested that methyl groups on the side-chain were degraded during the corona process and the polymer main-chain
became decomposed [22].

Figure 2. The sample consisting of (SiRso/PUs/micro-pbsgo/nano-pbog) was viewed on a scanning electron
microscope (SEM) (Hitachi, Japan) before mixing the hexane. Image (B) shows lead heterogeneity and voids in the
composite sample, while image (A) shows nanoparticles evenly distributed and no voids after mixing hexane. The two
images are the same and have the same components and amounts [23-25]. Figure 3 shows the distribution function in
numbers (B, B1), the diameter and area of the nanolead volume without hexane, and (A, A1), the diameter and volume
area of the nano lead with hexane. This shows that the nano lead is evenly distributed over the sample. The polymeric
chains crosslinked in image (A, A1) [26-27].
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Figure 3. Plot of particles distributive function for (A, A1) represents the diameter and volume area of Nano-lead when hexane is
added. (B, B1) represent the diameter and volume area of Nano-lead without adding hexane.

Table 1 represents the components of all batches of the composite (SiRso/PUx/micro-pbsg) with different weight
ratios of Nano-Pb (0, 0.2, 0.4, 0.6, 0.8 pphr). Table 2 represents the results of examining the mechanical properties of
hardness, tensile strength, elongation, and modulus of elasticity.

Table 1. Represented by fixed weight ratios of (SiR/PU/micro-Pb) with different weight ratios of (nano-Pb)

Sample No SiRso (pphr) + PUz¢ (pphr) (micro-pb) (pphr) (Nano-pb) (pphr)
Sam 1 100 300 0
Sam 2 100 300 0.2
Sam 3 100 300 0.4
Sam 4 100 300 0.6
Sam 5 100 300 0.8
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Table 2. Represents the results of the mechanical characteristics examination represented by hardness, tensile, elongation and modulus
of elasticity.

Sample No Hardness Tensile Strength  Elongation at  Elastic Modulus
(Shore A) (Mpa) % (Mpa)
Sam 1 29.7 0.544 127.5 4.2x1073
Sam 2 30.1 0.564 125.5 4.4x1073
Sam 3 325 0.577 120.5 4.7x107
Sam 4 34.0 0.597 117.5 5.0x103
Sam 5 347 0.614 113.5 5.4x107

Figure 4. It is clear that the measured hardness values for the surface of the rubber doughs increased gradually and
irregularly with the increase in the amount of the additive (Nano-Pb). The reason for this is due to the interference that
occurs between the supporting material and the base material, which increases the value of the hardness. The reason for
this is due to the occurrence of some cross-linking between the rubber chains and the additive inside the prepared dough
that is responsible for resisting the external forces applied to it, which increases the hardness of the surface of the prepared
material and this agrees with previous research [28].
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Figures 5, 6 and 7 show the effect of Nano-lead powder additive with loading ratios (0,0.2,0.4,0.6,0.8 pphr) on some
mechanical characteristics such as tensile, modulus of elasticity and elongation of the rubber composite consisting of
silicone rubber (80). and polyurethane (20) for rubber batches, and as a result of the comparison between the effects of

mechanical tests (tensile resistance, modulus of elasticity and elongation) as well as the radiation characteristics of the
batches models [29].
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Figure 7. Represents change the elongation for different blends
samples

The sample (5) with components (SiRgo/PUs¢/micro-pbsgg) with (nano-pbg s) pphr was more appropriate. It achieved
the mechanical characteristics as we notice from the figures a slight increase in the tensile strength, modulus of elasticity
and a decrease in the amount of elongation with the increase in the loading ratio of the Nano-lead powder [30]. This is
due to the rise in the physical bonding and the cohesion of the filler with rubber. The Nano lead powder (Pb-nano) has a
small granular size that increases the surface area for diffusion and, thus, the formation of a larger amount of crosslinking
with the rubber chains, and this is consistent with previous research [31]. It is also noted from the numbers that the
decrease in the elongation diagram is explained based on the material’s arrival to the point of application, where the
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material continues to resist until its resistance collapses as a result of the lack of space between the rubbers. The chains,
as they are in a certain percentage, do not bear the added material, which leads to cracks and toxins in the sample.
Flexibility, and this is consistent with previous research [32]. As for the increase in the modulus of elasticity, it can
indicate a strong drop in elongation, and as a result of its inverse proportion to the modulus of elasticity property [33].
Due to the obvious increase in the modulus of elasticity and tensile strength, the loading percentage of the nano-additive
material is increased.

Figure 8 shows the graphical relationship between thickness and penetrating radiation (N) when using a Cs
radiation source and different loading ratios of (Pb-nano). Where a decrease in the value of the thickness of the half X1,
and an increase in both linear and mass absorption coefficients were observed with increasing loading ratios. This is due
to the efficiency of the prepared composite in absorbing and attenuating the rays used, and this efficiency increases with
increasing the loading percentage of lead nano powder [34] (see Table 3.). From equations (1,2) we obtain the linear
absorption coefficient (i) and the mass (pm).
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Figure 8. Graphical relationship between thickness and the number of penetrating radiation (N) when using a source (Cs'¥’) for
different loading ratios of (Pb-nano).

Table 3. Linear and mass absorption coefficient and half thickness of cesium source Cs'*’ for different loading ratios of Pb-nano
powder for rubber samples.

Batch No Nano-Pb X172 (mm) p (em™) im (cm?*/gm)
A 0 1.678 4.131 1.487
B 0.2 1.390 4.987 1.622
C 0.4 1.288 5.381 1.723
D 0.6 1.178 5.887 1.877
E 0.8 1.186 5.842 1.861

Figure 9 represents the results obtained for the Co® cobalt source. The second source of electromagnetic radiation,
the Co® source, was used to examine the superimposed rubber models. We observed a decrease in the thickness of the
half when the percentage of additive loading was increased. Basically about the number of particles in the radiation
path [35], see Table 4.
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Figure 9. Graphical relationship between thickness and the number of penetrating radiation (N) when using a source (Co®) for
different loading ratios of (Nano-Pb)
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Table 4. Linear and mass absorption coefficient and half thickness of cobalt source Co® for different loading ratios of nano-Pb powder
for rubber samples.

Batch No Nano-Pb X1/2 (mm) p (cm™) im (cm?%gm)
A 0 1.624 4.269 1.537
B 0.2 1.389 4.991 1.623
C 0.4 1.234 5.616 1.799
D 0.6 1.108 6.253 1.994
E 0.8 0.985 7.040 2.243

4. CONCLUSIONS

The purpose of this research is to better understand the characteristics of (SiRgso/PUsx/micro-pbsgo/nano-pbgs)
nanostructures for use as radiation shielding in the medical and industrial fields. These findings from our study allow us
to conclude:

1- When nano lead powder was added to the batch for the prepared composite of (SiRgo/PUz/micro-Pbsgo) with a
ratio of (0.8pphr) on the mechanical properties, it led to an increase in tensile strength, hardness modulus and modulus of
elasticity with a decrease in elongation.

2- The prepared rubber batch samples were examined with the FTIR device, and it was noted that there was no
change in the rubber composites and We gradually obtained a physical correlation in all the composites.

3- Also, the rubber batch samples examined by the (SEM) device were examined, as the lead was distributed evenly,
and there were no voids on the samples prepared in the presence of hexane.

4- The lowest thickness and the largest linear and mass absorption coefficients were obtained at the loading ratio
of 300 pphr and 0.8 pphr when using the Co® source.

5- The samples were tested for attenuation of radiation from the sources Cs'3” and Co®® whose decay energy is
1.17563 MeV and 2.82307 MeV, respectively. The results indicated that the linear absorption coefficient (i) and mass
absorption coefficient (j1m) are continually growing, while the half-thickness (Xi,) is decreasing with ray attenuation.

6- The sample was selected (SiRgo/PUs¢/micro-Pbsgo/nano-Pbys) it can be used in armor applications as an armor
suit to protect workers in the medical and industrial fields.
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BIIVINB HAHOYACTHUHOK CBHUHITIO HA CTPYKTYPHI, MOP®OJIOTTYHI TA MEXAHIYHI
XAPAKTEPUCTHKH (SiR-PU/Micro-Pb) KOMIIO3UTIB TA 3ACTOCYBAHHSA
JJIA 3AXUCTY BIJ BUITPOMIHIOBAHHSA
Myca Xasan Haem?, Camip Xacan Xaai Ans-Hecpasi®, Moxammen X. Aan Maamopi®
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e mocipKEeHHs BKITFOYAe BUTOTOBJICHHSI TOJTIMEPHOT0 HAHOKOMITO3HTY, 1[0 CKJIAJAETHCS 13 CHITIKOHOBOTO KayJyKy/TIONiypeTaHy sk OCHOBH,
3 IOJABaHHSIM TIEPIIOTro HAITOBHIOBAYA 3 MIKPOCBHHINIO 13 criBBigHOmEeHHsM 300 pphr Ta apyroro HaNoBHIOBa4a 3 HAHOCBHHINO 3 PI3HUMHA
cniBBinHomeHHsmMu (0, 0,2, 0,4, 0,6, 0,8 pphr). 3 HomaBaHHAM rekcaHy (PiIKWIl CTaH) O CYIEPIIO3UIT METOIOM JIUTTS MPU KiMHATHIH
Temrepatypi. CTpyKTypHI BIaCTUBOCTI OBEPXOHB 3pa3KiB BUMIPIOBAJIN 32 JIONIOMOT'OI0 crieKTpockoii 3 neperBopeHHsM Oyp’e (FT-IR) ta
CKaHYIOUOro eJIeKTpoHHOro Mikpockorna (SEM). Takok BHBYaIMCh MEXaHIYHI BIACTHBOCTI, acaMe TBEpHICTb, PO3TATYBAHHS, BiTHOCHE
MOJIOBXKeHHsI Ta MoxyJib TipyxHocTi. (FT-IR) noka3sas BincyTHicTh XimMidHOT peaxwii /utst Beix 3paskiB. Y Toit yac sk SEM BuMiproBaHHs
TIOKa3aJIy PIBHOMIPHHUH PO3MOALT MIKPO- T2 HAHO-CBUHIIIO B IIPUCYTHOCTI TeKCaHy, 1 BIICYTHICTh MyCTOT B ITiAroTOBIEHiH rymi. CTOCOBHO
MEXaHIYHUX BIACTUBOCTEH CIIOCTEPIraJioch, IO TBEPAICTh, MEXa MIITHOCTI Ta MOZYJIb IIPY>KHOCTI TIOKPAIITYBAJIHCS 31 30UTBIICHHSM KUTBKOCTI
HAHOYACTHHOK CBHHLIO i 3MEHILIECHHS II0JIOBXKEHHS B Pe3yJIbTaTi 00EPHEHO MPOIOPLIHHO MOJYIIIO MPY)KHOCTI. 3 OTPUMaHHX Pe3yJIbTaTiB
BHJTHO IIIO IS CIIOJTyKa MO>Ke OyTH BUKOPHCTaHa IS OCJIa0JICHHs FaMMa-BHIIPOMIHIOBAHHSI, 0COOJIMBO B MEIUIIVHI Ta IIPOMHUCIIOBOCTI.
KarouoBi cioBa: mexauiuni xapaxmepucmuku, CUniKoHo8a 2yma; noniypeman; ceuneyw, cexcat; SiR-PU/mixpo-Pb:nano-Pb
HAHOKOMNO3UMU
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This study uses the chemical precipitation method to investigate the structural and optical properties of MgO:SnO2 nanoparticles. The
thin films were deposited by the spin coating technique on glass substrates. X-ray diffraction analysis proved the crystalline structure
of prepared thin films, with the peaks corresponding to the (110), (101), (200), (211), and (220) planes, with the tetragonal SnO2
crystal structure. Fourier transforms infrared (FTIR), and scanning electron microscope (SEM) are used to characterize the functional
groups, shape, and dimensions of synthesized metal oxide nanoparticles. The optical properties of the films were studied by UV-Vis
spectroscopy. The bandgap energy was estimated to be in the range of (3.9-3.4 e¢V). The refractive index and extinction coefficient of
the films were also determined, and the results indicated that the films had good transparency in the visible region. The study
concludes that MgO:SnO: thin films obtained by the spin coating technique have potential applications in optoelectronics and gas
Sensors.

Keywords: MgO:SnO: films; Spin coating technique; Precipitation method, Structure; Optical properties

PACS: 73.20.At, 78.20.-¢, 77.55.+f

INTRODUCTION

MgO:SnO, nanoparticles are composite particles consisting of magnesium oxide (MgO) and tin dioxide (SnO») in the
form of nanoparticles. These nanoparticles can be synthesized using various methods, including sol-gel [1,2], co-
precipitation [3], and hydrothermal methods [4]. MgO:SnO, nanoparticles have attracted significant attention due to their
unique properties, such as high surface area, high reactivity, and good stability [5]. These properties make them suitable for
various applications, including gas sensing, catalysis, energy storage, and biomedical applications. One of the main
applications of MgO:SnO, nanoparticles is in gas sensing [6]. These nanoparticles have been shown to exhibit excellent
sensitivity and selectivity towards various gases, such as CO, NO,, and H; [7]. The high surface area of the nanoparticles
provides a large surface area for gas adsorption, while the SnO, component provides a high catalytic activity for gas
oxidation. In addition, MgO:SnO, nanoparticles have been investigated for their catalytic activity in various reactions, such
as CO oxidation, methanol synthesis, and photocatalysis [8]. The unique properties of the nanoparticles, such as their size
and composition, can be tuned to optimize their catalytic activity [9]. MgO:SnO, nanoparticles also show promise in
energy storage applications, such as in lithium-ion batteries [10,11]. The nanoparticles can be used as anode materials due
to their high lithium-ion storage capacity and good cycling stability. Furthermore, MgO:SnO, nanoparticles have potential
biomedical applications, such as in drug delivery and cancer therapy [12]. The nanoparticles can be functionalized with
various ligands and drugs to target specific cells or tissues, and their high stability and biocompatibility make them suitable
for in vivo applications. Overall, MgO:SnO, nanoparticles have a wide range of potential applications due to their unique
properties and can be synthesized using various methods [13,14].

Spin coating is a popular method for depositing thin films, especially for research and development purposes, due to
its ease of use, low cost, and compatibility with various materials. In this method, a liquid solution containing the desired
precursor materials is first applied onto a spinning substrate, such as a glass or silicon wafer [15,16]. The centrifugal force
generated by the spinning causes the solution to spread uniformly across the substrate and evaporate, leaving behind a thin
film on the surface [17]. MgO:SnO> thin films obtained by spin coating have potential applications in various fields,
including optoelectronics [18], and gas sensors [19]. The properties of the thin films, such as their thickness, composition,
and morphology, can be tuned by adjusting the concentration and ratio of the precursor materials in the solution and the
spin-coating parameters, such as spin speed, spin time, and temperature [20].

The study aimed to characterize MgO:SnO» by Co-Precipitation method and prepares thin films by spin coating and
study the structural properties of the nanoparticles using XRD analysis, determine the surface morphology using SEM,
investigate the optical properties of the thin films using UV-Vis spectroscopy, and study the properties of MgO:SnO, thin
films obtained by spin coating.

EXPERIMENTAL PART
1. Materials. Magnesium chloride MgCl,¢H,O, Tin chloride SnCl,,H>O, Ammonium hydroxide solution,
Deionized water
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2. Equipment. Magnetic stirrer (China-Wincom Co. Ltd.), Glass beaker, Centrifuge (China-Wincom Co. Ltd.),
Drying oven (Germany -Memmert UE 500 Lab Oven), Spin coating device (Britain-Ossila co.).

3. Procedure. Weigh out the desired amounts of Magnesium chloride and tin (IV) chloride and dissolve them in
deionized water separately, Slowly add the Magnesium chloride solution to the tin chloride solution while stirring
continuously with a magnetic stirrer with percentages MgO;.x: SnO; x (x=0.2,0.3,0.4,0.5), adding Ammonium hydroxide
solution to the mixture until the pH reaches around 9, The mixture will turn white and a precipitate will form, Continue
stirring the mixture for another 2-3 hours to ensure complete precipitation of the nanoparticles, Centrifuge the mixture at a
high speed (around 10,000 rpm) for 15-20 minutes to collect the precipitate, Washing the precipitate with deionized water
to remove any impurities and residual reactants. Finally Drying the nanoparticles in an oven at a low temperature (around
80°C) for several hours until all the solvent is evaporated and the nanoparticles are fully dried and Calcination at 800°C.

The MgOi: SnO; x (x=0.2,0.3,0.4,0.5), thin films were prepared by the addition (the MgO;.x: SnO, nanoparticles
dissolved in ethylene glycol with a mass ratio (0.1:10) at room temperature), the MgO, SnO,, and MgO:SnO,
concentration was 0.1 g. Glass substrates were successively cleaned with acetone, ethanol, and deionized water. MgO,
Sn0,, and MgO:SnO;, thin films were deposited on the glass substrates by spin coating at room temperature with a rate
of 2000 rpm for 30 s, the spin-coating step, the films were heated on a hot plate at 30-50 °C in the air for 10 min to
remove organic contaminations.

RESULTS AND DISCUSSION

The X-ray diffraction (XRD) test was carried out on prepared samples to determine the crystal structure type and the
crystalline size using an x-ray (Shimadzu-6000) diffractometer, with wavelength (A=1.54060°A) and voltage (40 KV).
Fig. 1 shows the obtained XRD patterns of prepared samples. The detected peaks at (206 = 36.98°, 42.97°, 62.39°, 74.8° and
78.75°) of the crystalline planes (111), (002), (022), (113), and (222) demonstrated the formation of cubic MgO structure,
space group (Fm-3m no. 225), with lattice parameters (a=b=c= 4.2060 A°) and (a=p=y=90°), which well agreed with the
standard data (JCPDS 98-016-9450). While the peaks at (20 = 26.59°, 33.89°, 37.96°, 51.79°, 54.77°, 57.85°, 61.9°, 64.77°,
65.99°, 71.31° and 78.74°) of the planes (110), (011), (020), (121), (220), (002), (130), (112), (031), (002) , and (231)
attributed to the Cassiterite tetragonal SnO, structure, space group (P42/mnm no.136), with lattice parameters
(a=b=4.7360 A and ¢ = 3.1850 A) and (a=P=y=90°) corresponded to the standard data (JCPDS 98-003-9173). As shown
in Fig. 1(a,b).
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Figure 1. XRD patterns of synthesized samples

The XRD results revealed the highly pure crystalline structure of the synthesized MgO, SnO,, and MgO:SnO»
nanoparticles, where there are no impurities peaks appearing in the obtained XRD patterns. After doping with MgO,
observed that the crystal structure of SnO; has not changed in all MgO ratios (50, 60, 70 and 80 wt. %), suggesting that
the Mg ions were incorporated within the SnO, crystalline lattice, cassiterite tetragonal structure of pure MgO:SnO
nanoparticles with space group (P42/mnm no.136) obtained. The XRD patterns demonstrated that the peaks intensity of
pure SnO; decreased after the doping process, while the full-width half maximum value (FWHM) increased, which can
be attributed to the SnO; crystalline growth decreased by Mg ions doping as shown in Fig. 1(c,d,e,f), this is due to the
smaller diameter of Mg ions (0.067 nm) compared to the tin ions (0.071 nm) [21, 22].

The crystalline sizes of the pure MgO, SnO, and different ratio (50, 60, 70 and 80 wt. %) of Mg ions doped SnO,
were calculated depending on the highest XRD peak using Scherrer’s equation [23], to be (24.5 nm), (35.42 nm),
(19.89 nm), (18.97 nm), (14.55 nm), (14.11 nm) respectively. The results indicated a clear decrease in crystalline size
with the doping Mg ions ratio, as a result of the difference in the ion size of Sn and Mg ions [24].

The samples have been investigated using the FTIR test to determine the functional groups within the prepared
materials. The FTIR spectra of MgO, SnO,, and MgO:SnO, powder in the wavenumber range (500-4000 cm™') are
shown in Fig. 8. The stretching and bending vibrations of metal-oxygen (MgO and SnO,) bonds detected at the range
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(1500-900 cm"), spectroscopic evidence points to the presence of Sn-O and Mg-O vibrations bonds at the broad peak
centered around (616 cm™) [23].
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Figure 2. FTIR curve of synthesized samples

Figure 3 presents the results of Scanning Electronic Microscopy images and particle size distributions of prepared
samples. The synthesized nanoparticles exhibited a semi-spherical nanoparticle of all samples, as shown in
Fig. 3 (a,b,c,d,e,f). The results revealed that the average particle size of pure MgO is about (117.93 nm), while the
smaller average particle size (90.07 mn) for pure SnO, nanoparticles. As presented in Fig. 3(a, b), the SEM images
clearly show that the SnO» nanoparticles are approximately identical in size. Fig. 3(c,d,e,f) showed the morphology of
MgO nanoparticles doped with different ratios of SnO,. The SEM images revealed the agglomeration of doped
nanoparticles with semi-spherical shapes, and the MgO:SnO, nanoparticles gathered as clusters. Finally, the SEM image
demonstrated that the average particle size significantly decreased with the doping with the SnO,, to be (48.71 nm),
(48.5 nm), (50.05 nm) and (50.3 nm) of the SnO; ratio (50, 60, 70 and 80 wt. %) respectively, which can be attributed to
the smaller ionic radius of Sn ions compared with Mg ions [24, 25].
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Figure 3. SEM images and particle size distribution of prepared samples (a) pure MgO, (b) pure SnOz, (c) MgO.5): SnO2(0.5),
(d) MgO.6): SnO20.4), (€) MgO (0.7): SnO02(0.3), (f) MgO(0.8): SnO2(0.2)
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UV-Vis absorption spectroscopy is a useful technique to investigate the optical properties of prepared films. The
films were deposited on glass substrates using the spin coating technique. Optical measurements are conducted in the
range of 200-1200 nm to determine the optical parameters. The optical absorption and transmission spectra of the MgO
nanoparticles revealed a change in the band gap transition as the concentration of SnO> is increased, with a higher
percentage of dopant, there is a small shift toward the longer wavelength region. The sharp increase in the spectra at the
absorption edge demonstrates highly crystalline nanoparticles with few surface defects within the films [26, 27].
Transmittance and reflectance were calculated separately, the transmittance spectra of the films are plotted as a function
of the wavelength of incident light of all MgO:SnO, samples. The transmittance spectra is directly related to the
concentration of SnO,, It is worth noting that the maximum value of reflectance occurs at a wavelength of 350 nm and
decreases with the visible wavelength as shown in Fig. 4.
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Figure 4. (a) Transmittance and (b) reflectance spectra of prepared MgO:SnO: films

The absorption coefficient (o) was determined using the following equation, which was derived from the
absorptance spectrum [28]:

o= 23032 0

The absorbance (A) is used in the calculation of the absorption coefficient (a), As depicted in Fig. 5, the
absorption coefficient (o) decreases as the concentration of MgO increases. This is attributed to the increase in the
energy gap that occurs with higher concentrations of MgO.

The absorption coefficient (o)) describes how well a material can absorb light at a particular wavelength. In the
case of MgO: SnO; film, an increase in the concentration of MgO leads to a widening of the bandgap [29], which is the
energy range where electrons are not available to absorb photons [30,31]. This means that fewer photons are absorbed
by the film, resulting in a decrease in the absorption coefficient (). Therefore, as the concentration of MgO increases,
the film becomes less efficient in absorbing light, causing a decrease in the absorption coefficient, which agreed with
the results [32, 33].
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Figure 5. Absorption coefficient (o) of prepared MgO:SnO: films

Fig. 6 shows the bandgap energy of pure MgO film, pure SnO, film, and MgO:SnO; films. The bandgap energy of
the sample can be determined using the formula [34,35] :
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ah9 = C(hd — E,)'/2

2

Assuming a constant value (C) for the absorption coefficient (o), the bandgap energies of MgO: SnO»
nanoparticles were approximately 3.9 eV, while those of tin oxides were around 3.6 eV. The bandgap energy of pure
MgO was approximately 3.5 eV. These values were obtained for (MgO) (SnO,) (MgO: SnO,) films. When these two
materials are combined in the form of a composite film, their bandgap energies are affected by several factors, including
the concentration of the materials and the degree of crystallinity [36]. The addition of SnO, to MgO can cause the
bandgap energy to decrease, as observed in the case of the MgO:SnO; films. This is due to the change in the electronic

structure of the composite film, which arises from the interaction between the two materials [37,38].
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By using relation (3), the refractive index of both pure MgO, SnO, films, and (MgO: SnO,) films has been

calculated [39].
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Figure 7. (a) Refractive index and (b) extinction coefficient curves of prepared films

The absorption spectra can be used to calculate the extinction coefficient from the equation (4) [40,41]:

oA
k=2 )

The fundamental dielectric constant is shown in Figure 8. We can see that the value of 60% Mg0:40%Sn0O; is
maximum (5) at the photon Energy (3.5¢V), while the value of 70% Mg0:30% SnO, decreases to (3) at the wavelength.
(3.5eV). The values of (n,) and (ko) are connected to the real () and imaginary (&) components of the dielectric
constant, The formulae (5) and (6) were utilized to calculate the values of (&) and (&;), respectively [42, 43]:
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Figure 8. (a) Real part and (b) imaginary part of dielectric constant curves of prepared films

Figure 8(a) presents the real dielectric constant with the highest value of 5.21 observed at a photon energy of
3.5 eV of the 60%Mg0:40%Sn0O; film, while the lowest value of 3.18 is observed at the photon energy of 3.25 eV of
the 70%Mg0:30%Sn0O, film. Figure 8(b) illustrates the imaginary dielectric constant, with the highest value of
0.384 observed at a photon energy of 1.3 eV for the Pure MgO film, and the lowest value of 0.023 observed at the
photon energy of 0.384 eV for the 70%Mg0:30%SnO; film. In general, both the real and imaginary dielectric constants
exhibited a change in the behavior with an increase in the doping ratio [44,45].

CONCLUSIONS
The co-precipitation method proved successful in synthesizing MgO, SnO», and MgO:SnO, nanoparticles with
distinct characteristics. X-ray diffraction analysis revealed an average crystallite size of 33 nm, while particle size
analyzer results indicated an average particle size of 22 nm. The samples exhibited different crystal structures, with
MgO having a cubic structure, SnO, nanoparticles showing a tetragonal structure, and MgO:SnO, displaying a
tetragonal structure as well. SEM images provided further evidence of spherical and aggregated particles with a
granular crystalline structure. The nanoparticles were further characterized using UV-Vis spectroscopy. It was observed
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that increasing the SnO; concentration doping led to enhanced transmittance in the MgO:SnO; films. Moreover, the
energy band gap increased with higher SnO, concentration, the refractive index, extinction coefficient, and real and
imaginary dielectric constant components of the material also increased with rising SnO, concentration. The
synthesized nanoparticles have potential applications in various fields, such as optoelectronics, and sensors.
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MOJIIIIIEHHS CTPYKTYPHUX TA ONITHYHUX BJACTUBOCTEM
HAHOCTPYKTYPHHX IIJIIBOK MgO: SnO:
P.X. A106?, Myxamman X. Aab-Timimi?, M.3. A6ayLiax®
“Jlenapmamenm ¢hizuxu, Haykosuil Koneooxc, yHisepcumem /isna, Ipax

bYnpaeninna docrioocens mamepianie, Minicmepcmeo nayxu i mexnonozit, Ipax
VY 1npoMy HOCIIKEHHI BUKOPHUCTOBYETBCS METOJ XIMIYHOTO OCA/PKEHHS IJISI JOCIIJDKCHHS CTPYKTYpPHUX 1 ONTHYHHUX BIACTUBOCTEH
Ha"oyacTUHOK MgO:SnO2. Touki uiiBku Oyl HaHECEHI METOIOM HEeHTPH(YTyBaHHSI HA CKIISTHI MiIKIaAKd. PeHTreHOCTpYKTYpHHUI
aHaJi3 MiATBEPAUB KPUCTANIYHY CTPYKTYPY OTPUMAHHMX TOHKHX IUTIBOK 3 IiKaMH, IO BigmoBinaroTh miommHaM (110), (101), (200),
(211) i (220), 3 TerparoHaNBEHOIO KPHCTATIYHOIO CTPyKTyporo SnOa. IndpauepBona ®yp’e crnexrpomerpis (FTIR) i ckanyroumii
enekTpoHHui Mikpockon (SEM), BAKOPHUCTOBYBaIH [UIsl XapaKTePUCTHKK (QYHKLIOHATBHUX IPYIL, (OPMH Ta PO3MIpIB CHHTE30BaHUX
HAHOYACTHHOK OKCHAy Metany. ONTHYHI BIaCTHBOCTI IUTIBOK BHBYAIIM 3a JOMOMOroo crekrpockomnii UV-Vis. Enepris 3a0oponeHol
30HH Oyma ouiHeHa B miamasoHi (3,9-3,4 eB). Takox Oyn0 BH3HAYEHO TMOKa3HHWK 3aJIOMIICHHS Ta KOE(IIIEHT €KCTHHKIII IUTIBOK.
PesynbpraTi mokasainy, MmO IUTIBKM MalOTh XOPOIIY MPO30pPiCTh Y BUANUMINA obmacti. Y mocmimkeHHI 3po0IeHO BUCHOBOK, IO TOHKI
wiiBkd MgO:SnO2, TEXHIKOIO MOKPUTTS METOROM LEHTPU(YTyBaHHS, MAlOTh MOTEHLIHHE 3aCTOCYBaHHS B ONTOEJIEKTPOHIN Ta y
ra30BHX JaTYHKaXx.
KurouoBi cioBa: niisku MgO:SnO:z; mexuika cnino6020 noKpumnisi;, Memoo 0CAONCEHHS, CIMPYKMypa,; ONMu4Hi 61acCmueocmi
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Solid-state dye-sensitized solar cells (SSDSC) have been fabricated using two different metal oxide materials, graphene oxide and
titanium oxide, are used as hole and electron transport materials, respectively. The N719 dye ruthenium between the hole and electron
transport materials to act as an absorber layer in your Go/N719dye/TiOz solar cells. Through the SCAPS-1D simulation, it was found
that the Go/N719dye/TiOz solar cells have significantly improved the performance of the solar cells compared to the Go/TiOz solar
cells. Specifically, the short circuit current (Jsc) has increased from 0.17 mA/cm? to 1 mA/cm?, the open circuit voltage (Voc) has
increased from 0.2 V to 1 V, and the power conversion efficiency (n) has increased from 0.02% to 2.5%. Additionally, Various factors
that can affect the performance of Go/N719 dye/TiO: solar cells. It was found that the optimal dye thickness for achieving high short
circuit current density, high power conversion efficiency, and high open circuit voltage is between 200nm and 300nm. Furthermore,
the operating temperature of the solar cells also affects their performance. Increasing the operating temperature negatively affects the
open circuit voltage and power conversion efficiency of the cells, while the short circuit current density is slightly enhanced. Finally,
the efficiency of a solar cell can be affected by the type of metal used for the electrode and the type of semiconductor material used in
the cell. In Ni and Cu electrodes solar cells ohmic contacts allow for efficient transfer of electrons, whereas Schottky barriers can
impede electron flow and reduce efficiency in Mo and Ag electrodes solar cells.

Keywords: SCAPS; Graphene oxide; Operating temperature; Thickness, Work function; Parameter of solar cells

PACS: 42.79.Ek, 78.20.Bh, 72.80.Le, 73.30.y, 73.40.Kp

1. INTRODUCTION

Photovoltaic (PV) technology is used to convert sunlight into electricity, and it typically involves the use of solar
cells made of semiconductor materials such as silicon [1.2] Hybrid photovoltaic cells have different semiconductor layers
and junctions that allow them to create hole-electron pairs more efficiently, which leads to better performance such as
Dye-sensitized solar cells (DSSCs). This device is a specific type of hybrid PV cell that uses a layer of organic dye to
absorb light and create electron-hole pairs, which are then transported to an electrode by a layer of inorganic Nano-
crystalline material [2-4]. They several advantages over traditional silicon-based solar cells, including lower production
costs and the ability to generate electricity in low-light conditions. However, they also have some limitations, such as
lower efficiency and shorter lifespan. Nevertheless, DSSCs are a promising technology that could help to make solar
energy more accessible and affordable in the future [4].

The common hole conductor used in fabricating dye-sensitized MOSCs (Metal-Oxide-Semiconductor Cells) is an
electrolyte composed of an iodine couple dissolved in an organic solvent [3,5]. This electrolyte plays a crucial role in the
functioning of the MOSCs by providing the pathway for the transport of holes from the dye to the electrode. However, as
known, there are certain problems associated with using electrolyte as the hole conductor. One of the main issues is the
requirement for a good seal to prevent any leakage of the electrolyte, which can be challenging to achieve over long
periods of time [5]. This leakage can not only affect the performance of the MOSCs but can also pose safety risks. To
overcome this problem, researchers have been exploring alternative hole conductors, such as solid-state hole conductors
or organic hole-transporting materials. These materials can offer improved stability and reliability compared to
electrolytes, while also reducing the risk of leakage and increasing the lifetime of MOSCs. For example, solid-state
materials such as PEDOT: PSS have been investigated as an alternative to electrolytes as the hole conductor in MOSCs.
PEDOT:PSS has several advantages, such as high work function, high conductivity, high optical transmittance, easy
solution process ability, and potential application on flexible substrates, which make it an attractive material for MOSCs
and other solar cell application [ 6]. Recently m Yuhan Wu produced high efficiency solar cells of 18% utilizing bromide
(KBr) into poly (3,4-ethylenedioxythiophene): polystyrene sulfonate) (PEDOT:PSS) to improve its own conductivity and
interfacial charge transfer [7]. On other hand, there are also some drawbacks to using PEDOT:PSS as a hole transport
layer. PEDOT:PSS can also be sensitive to moisture, leading to decreased performance and stability over time [8]. As a
result, researchers are actively exploring alternative hole transport materials that can offer better performance, stability,
and cost-effectiveness. Some promising options include metal oxides (such as TiO, or SnO), conjugated polymers (such
as PTB7 or P3HT), and carbon-based materials (such as graphene or carbon nanotubes). Graphene oxide (GO) has been
investigated as a potential alternative to PEDOT:PSS as a hole transport material in solar cells. GO has several interesting
properties, including a band gap energy of 3.5 eV, excellent transparency, low production cost, large scale production

7 Cite as: Hmoud Al Dmour, East Eur. J. Phys. 3, 555 (2023), https:/doi.org/10.26565/2312-4334-2023-3-65
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capability, good solubility in many solvents, and high hole mobility [5,8]. Due to these properties, GO has been
demonstrated to be a promising material for improving the efficiency of solar cells. Its high transparency allows for more
light to pass through the cell and be absorbed by the active layer, while its high hole mobility can facilitate the transport
of charge carriers and reduce the recombination of electrons and holes. Other important part in DSSCs is ruthenium dyes.
It has indeed been extensively studied in photochemistry due to their remarkable properties such as chemical stability,
excited state reactivity, luminescence, and long excited state lifetime [9,10].

This study aims to examine various factors that affect the performance of the solar cell, such as the presence of N719
Ruthenium dye, the thickness of the dye layer, the work function of the back contact, and the temperature. This
information can provide insights into optimizing the design and performance of the solar cell. SCAPS-1D simulation
package is a powerful tool for modeling the physical and electrical behavior of solar cells, including the absorption of
light, generation and transport of charge carriers, and recombination processes [11]. It can simulate the effect of different
parameters on the device performance, allowing for the optimization of the solar cell design.

2. NUMERICAL MODELING AND STRUCTURE DEVICE

Solar Cell Capacitance Simulator (SCAPS-1D) is a one-dimensional solar cell simulation program developed by the
department of Electronics and Information Systems (ELIS) at the University of Gent, Belgium [11]. The purpose of
SCAPS-1D is to simulate and evaluate the performance of Single-Step Deposition-Synthesized Solar Cells (SSDSC). It
is also capable of modeling a variety of solar cell parameters and characteristics, including electrical and optical
properties, interface and bulk recombination, and temperature and illumination dependence. SCAPS-1D uses a drift-
diffusion approach to simulate carrier transport and considers the effects of doping, carrier lifetime, and surface
recombination velocity on the cell's performance. The program has been validated against experimental data and has been
used in various research studies to analyze the performance of different types of solar cells. Initially, the program was
used to simulate the performance of solar cells made of CulnSe; and CdTe materials [11]. Later on, researchers began
using the program to simulate the performance of crystalline solar cells and other types of materials [12].

This work has utilized SCAPS, a modeling software for solar cells, to investigate how certain parameters of the cells
are affected by varying factors. Specifically, the thickness of the dye layer, operating temperature, and work function of
the back contact were examined, and the efficiency, short circuit current density, and fill factor were extracted as
parameters of interest. This was accomplished by analyzing the current density versus voltage of the solar cells under
different experimental conditions. The SSDSC is a layered structure consisting of main layers): Graphen oxide (Go), nano
crystalline Titanium oxide (TiO2), N719 Ruthenium Dye, back contact and front contact. Figure 1 show schematic

diagrams of TiO,/dye/Go solar cells.
Substrate —
Sn02:Fn electrode

Tio2 layer

NT719 Ruthenium Dye

Al electrode

Figure 1. Schematic of the GO/N719dye/nc-TiOz solar cells

From previous literatures (13-15) Tables 1 and 2 present the input parameters used in SCAPS simulators for studying
the performance of solar cells.

Table 1. Parameters for TiO2, Go and N719 Ruthenium Dye

Material properties TIO:2 Go N719 Ruthenium Dye
Thickness(nm) 2000 200 Vary
Bandgap (ev) 3.2 3.25 2.37
Electron affinity(ev) 4.200 1.9 3.9
dielectric permittivity(relative) 10 3 30

CB effective density of states (1/cm?) 2.000E+17 2.2E+21 2.400E+20
VB effective density of states (1/cm?) 6.000E+17 1.8E+21 2.500E+20
Electron mobility (cm?® /Vs) 100 100 5

hole mobility (cm? /Vs) 25 300 5
Shallow uniform donor density ND (1/cm?) 1.000E+17 0 0
Shallow uniform acceptor density ND (1/cm?) 0 1 E+16 1 E+17
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Table 2. Parameters of back and front contacts

Parameters Back contact Front contact
Surface recombination velocity of electrons 1.00E+5 1.00E+5
Surface recombination velocity of holes 1.00E+7 1.00E+7
Metal work function(ev) 5.1 4.4

3. RESULTS AND DISCUSSION
3-1 Simulation of TiO2/N719-dye/Go and TiO2/Go solar cells
The J-V characteristics and performance of two different types of solar cells, TiO2/N719-dye/GO (three layers) and
TiO2/Go (two layers), have been studied using SCAPS simulations under standard simulated solar light of AM 1.5G
(100mW/cm?). Based on the results in figure 1, the TiO2/N719-dye/Go solar cell exhibits the best performance with an
open circuit voltage (Voc) of 1.02V, short current density (Jsc) of 3.5mA/cm?, and a maximum output power (Puax) of
0.9mW/cm?. The fill factor of the three-layer solar cells was around 0.67, calculated using equation 1 [16].

I,V P
— _m'm — max 1
IV, IV, W

sc ' oc sc ' oc

FF

The power conversion efficiency (1) of a solar cell is given by the ratio of the maximum output power (Pmax) to the
power of the incident light (Pin). Mathematically, it can be expressed as:

P
— max 2
=5 2

in

The maximum output power (Pmax) can be obtained by multiplying the open-circuit voltage (V) and the short-
circuit current density (Jsc), and then multiplying the result by the fill factor (FF) of the solar cell. Therefore, we can
express Pmax as:

Pmax = VocxJscxFF 3)
Substituting equation (2) into equation (1), we get:

_ Voc xJsc X FF
P

in

“

From equation (4), It is clear that the fill factor (FF) plays a crucial role in determining the power conversion
efficiency (1) of a solar cell. A high fill factor indicates that the solar cell is able to convert a higher fraction of the incident
light into electrical power, resulting in a higher efficiency. On the other hand, a low fill factor indicates that the solar cell
is not able to utilize the incident light efficiently, resulting in a lower efficiency. It's important to note that no additional
defects or recombination reactions were introduced in each layer during the simulation.
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Figure 2. a) J -V characteristics of Go/DYE/Ti0z solar cell and (b) J -V characteristics of Go /TiOz solar cell under illumination

The study found that a three-layer device composed of TiO», dye, and Go showed an efficiency of 2.5% based on
numerical simulations, which is higher than the reported 0.9% efficiency in recent literature [17]. Further investigated
were conducted on three-layer solar cell by varying the thickness of the dye layer and the work function of the back
contact and operating temperature, this could provide data on the relationship between these parameters and the efficiency
of the solar cells. This data could then be analyzed to identify optimal values for these parameters that result in the highest
efficiency. This process of optimizing the design of a solar cell is an important step in improving its performance and
could lead to the development of more efficient and cost-effective solar energy technologies.
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3-2. Effect of Thickness of N719 dye layer on solar cells

In dye-sensitized solar cells, the thickness of the dye layer plays an important role in the absorption of photons and
the separation of photogenerated carriers at the interfaces between the dye layer and the metal oxide layer. The dye layer
is responsible for absorbing light and transferring the energy to the metal oxide layer, where it generates electron-hole
pairs. Figure 3 shows the dependence of various photovoltaic parameters on the thickness of dye, which was changed in
the range of 10-300nm.

Figure 3a specifically shows the variation of V,. with a change in the thickness of the dye layer. It appears that at
10 nm thickness, Voc was initially around 0.94V, but as the thickness of the dye layer increased, Voc also increased to
reach 1.06V at 300 nm thickness. According to Figure 3b and c, the short-circuit current (Jsc) and efficiency of the three-
layer solar cells increased with an increase in the thickness of the dye layer. At a thickness of 200 nm, the Jsc and
efficiency reached approximately 3.5 mA/cm? and 2.5%, respectively. However, as the thickness of the dye layer
increased beyond 200 nm, the enhancement of Jsc and efficiency became very slow, indicating that there is an optimal
thickness range for maximizing these parameters. This behavior can be explained by the fact that an increase in the
thickness of the dye layer leads to the absorption of more light by the device, which generates more excitons (electron-
hole pairs) that can contribute to the photocurrent. However, beyond a certain thickness, the additional dye molecules
may not contribute significantly to the generation of excitons, leading to a plateau in the Jsc and efficiency values. A
thinner dye layer may produce lower short-circuit current density and efficiency because of several factors. One of these
factors is an increase in the recombination rate near the interfaces between the graphene oxide (GO)/dye and dye/ TiO,
layers, which can limit the photocurrent generation. Additionally, a thinner dye layer may not absorb enough light,
resulting in a lower photocurrent. Furthermore, the thickness of the dye layer should not be larger than the diffusion length
of charge carriers, as a thick layer can reduce the short-circuit current density due to an increase in series resistance. In
Figure 3d, the behavior of the fill factor was almost constant at the beginning, but it then declines for dye layers thicker
than 100 nm, reaching a value of 67 at a thickness of 200 nm. This behavior indicates an increase in the series resistance,
which can affect the fill factor. As the thickness of the dye layer increases, the series resistance also increases, leading to
a decrease in the fill factor.
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Figure 3. Photovoltaic performance parameters at various thickness of dye layer as: (a) Voc, (b) Jsc, (c) efficiency, and (d) FF

3-3. Effect of operating temperature on the performance of N719 dye layer on solar cells
The effect of temperature on the performance of solar cells is a crucial factor to consider for achieving optimal
efficiency and durability. This section examines the effect of temperature on the performance of TiO,/dye/Go solar cell.
Figure 4a shows the temperature of solar cells increases, the short circuit current density increases slightly due to improved
light absorption and generation of electron and hole pairs. That is attributed to thermal energy breaks some of the bonds
between the atoms or molecules in the material, causing the band gap to decrease. This allows electrons to absorb photons
with lower energies, which results in improved light absorption and increased generation of electron and hole pairs [18].
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As a result, the short circuit current density increases slightly at higher temperatures, reaching 0.35 mA/cm? at high
temperature. As the temperature of solar cells increases, more electrons and/or hole carriers are generated, leading to an
increase in the reverse saturation current density (Jo). According to the Shockley diode equation (4) , there is an inverse
relationship between the reverse saturation current density and the open circuit voltage [19].

y KT {ln(l+ j } . (5)

q

o

Where, Voc is the open circuit voltage,A is ideally factor, q is elementary charge, Kg is Boltsman constant , Jo is reverse
current.

This means that an increase in Jo will lead to a decrease in the open circuit voltage. Therefore, as the temperature of
solar cells increases, the open circuit voltage will decrease, as observed in Figure 4b. The operating temperature of a solar
cell can have a significant impact on its power conversion efficiency (Figure 4 ¢). At higher temperatures, there can be
changes in the properties of the semiconductor materials used in the solar cell, which can lead to a decrease in efficiency.
This degradation in efficiency is due to changes in the physical and chemical properties of the semiconductor materials
used in the solar cells [18,19]. That is attributed to change in the characteristics of semiconductors used in the solar cells.
The high temperature causes to change in the electron and hole mobility, carrier concentrations and band gaps of the
materials. For example, the band gap of semiconductor become narrow at high temperature which my lead the increase
the recombination of electrons and holes while traveling across the region decrease of efficiency output power of the
device (Jsc Voc ) [18]. The increase in fill factor (FF) of a solar cell from 67% to 72% with increasing temperature up to
450 k is likely due to a reduction in the series resistance within the bulk region of the solar cell. Series resistance is the
sum of the resistances within a solar cell that limit the flow of current. As the temperature increases, the resistance of the
bulk material of the solar cell decreases. This reduction in resistance can lead to a decrease in the voltage drop across the
cell, resulting in an increase in the fill factor.

1.1 3.3 I
1 3.48 ,_,-f""-"
o m
= oo | 346 /)
& (a) X3 /
i 344 - g (b)
S 0.8 A E /
= 342 o M
£ 07 2
34 /
0.6 1 338 |
0.5 T T ] 2136
250 300 350 400 450 500 250 350 450
Temeprature (K) Temperature (K)
a b
73 - 2.5 -
2.4 -
72 | (9) 53 |
71 - =
- 2.2 (d)
- 70 - S>-- 2.1
o g 2
69 - ]
& 1.9 -
68 - 1.8 -
1.7 -
67 - 16 -
66 T T 1 15 T T T 1
250 300 350 400 450 500 250 300 350 400 450 500
Temperature (K) Temperature {(K)
c d

Figure 4. Photovoltaic performance parameters at various thickness of dye layer as: (a) Voc (b) Jsc, (c) efficiency and (d) FF

3.4 Effect of back-contact workfucntion

In solar cells, it is important to optimize the alignment of energy levels of materials and work function of electrodes
to ensure efficient charge transfer and minimize energy losses. To achieve this, the energy levels of the materials and
electrodes must be aligned properly so that the charge carriers can flow efficiently from one to another without losing
energy. It is desirable to have a small energy level offset between the electrodes and the hole transport layer in order to
maximize the efficiency of the solar cell. A small offset can facilitate the injection of holes from the hole transport layer
into the electrode, leading to efficient charge extraction and high photocurrent. Figure 5 demonstrates the impact of
changing the back contact work function of a solar cell using different electrodes. Specifically, the back contact work
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function is varied from 5.04 ev to 4.26ev, and the electrodes used include nickel, silver, copper, molybdenum, and
tungsten. According to the graph, the change in Jsc (short-circuit current density) is minimal, with only a 0.02 mA/cm?
difference observed between the different electrodes. However, the open-circuit voltage decreases slightly from 1.03 V
to 0.95 V. The more significant impact is observed in the efficiency and fill factor parameters, as indicated in Figure Sc
and 5d. The efficiency of the solar cell decreases considerably with the change in back contact work function, with the
maximum efficiency dropping from approximately 20% to 14%. Similarly, the fill factor parameter also decreases with
the change in back contact work function, indicating that the cell's ability to convert light into electricity is reduced.
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Figure 5. Photovoltaic performance parameters at various Back-contact workfucntion (eV) as: (a) — Voc, (b) — Jsc,
(c) — FF, and (d) — efficiency

The performance of solar cells is affected by the type of junction created at the interface between the electrode and
HTM (hole transport material), as reported by studies [20]. The efficiency obtained in Ag, MO electrode, and Mo solar
cells was low due to the large energy barrier at the interface that impedes the flow of the active layer to the electrode.
This barrier is known as a Schottky barrier and arises from the difference in work function between the LUMO (lowest
unoccupied molecular orbital) of graphene oxide (5.1 eV) and the work function of Ag and Mo (4.26, 4.36 eV). On the
contrary, solar cells with Ni and Cu electrodes show high efficiency because an ohmic contact is formed between graphene
oxide and the Ni and Cu electrodes. This is attributed to the small difference between the LUMO of GO and the work
function of the electrodes, which facilitates efficient charge transfer and helps to form an ohmic contact.

4. CONCLUSION

The SCAPS-1D simulation was utilized to investigate the impact of several parameters on the performance of
Ti02/N719-dye/GO solar cells. These parameters included the thickness of the dye layer, operating temperature, and work
function of the back contact. The simulation results indicated that the Go/N719dye/TiO2 solar cells demonstrated higher
Jsc, Voc, and 1) compared to the Go/TiO2 solar cells. The Jsc increased from 0.17 mA/cm? to 1 mA/cm?, the Voc increased
from 0.2 V to 1 V, and the 1 increased from 0.02% to 2.5%. These enhancements were ascribed to the improved light
absorption and charge transport through the interface due to the presence of the dye layer. Furthermore, it was found that
the optimal dye layer thickness for achieving high Jsc, Voc, and ) was between 200nm and 300nm. However, increasing
the dye layer thickness resulted in a decrease in the fill factor. Moreover, the increase in operating temperature had a
negative impact on the Voc and n, while slightly enhancing the Jsc. This is due to changes in the electron and hole
mobility, carrier concentrations, and band gaps of the materials at high temperatures. The type of electrode used also
influences the efficiency of TiO»/dye/Go solar cells. Ni and Cu electrodes create low resistance at the interface with Go,
while Ag and M electrodes create a high barrier that inhibits the flow of charge carriers across it.
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SCAPS YHCJIOBHUI AHAJII3 OB’EMHOI'O TETEPOIIEPEXO/ITY COHAYHOI' O EJJEMEHTY
OKCHU/J I'PA®EHY/TI02, CEHCUBIJIN30BAHOI'O BAPBHUKOM PYTEHIIO n719
Xmyn Aas JImyp
Kageopa izuxu, Paxynemem npupodnuyux nayx, Yuisepcumem Myma, Myma, Hopoanisa

TBeproTinbHi ceHcnbini3oBaHi 10 6apeHuKa corsati exeMenTd (SSDSC) Oynu BUrOTOBIEHI 3 BAKOPHCTAHHSIM ABOX Pi3HHX METaT00KCHAHNX
MarepianiB, okcuay rpadeHy Ta OKCHIAYy THTaHy, SIKi BUKOPHUCTOBYIOTHCS SIK MaTtepiand Ui TPaHCIOPTYBaHHS [ipOK Ta €JIEKTPOHIB
BianoBigHO. bapBHuk PyTteHid-N719 mix marepianamu i TPaHCHOPTYBAaHHS TIPOK 1 €JIEKTPOHIB, i€ SK IIap MOIVIMHAYa Y COHSYHUX
enemenTax Go/N719dye/TiOz. 3a monomororo mozpemoBanust SCAPS-1D Gyno BusiBieHo, mo consuni 6arapei Go/N719dye/TiO2 3nauHO
TIOKPAIIIUTN MPOAYKTUBHICTH COHSMHHX €JIEMEHTIB MOPIBHSIHO 3 constaHuMH eneMeHTamMu Go/TiOz2. 30kpeMa, cTpyM KOPOTKOTO 3aMHUKaHHS
(Jsc) 36imbumses 3 0,17 MA/em? 1o 1 MA/cm?, Hanpyra xonocroro xony (Voc) 3pocia 3 0,2 B 1o 1 B, a edeKTuBHICTS nepeTBOPEHHS
notyHocti (1) 3pocia 3 0,02 % 1o 2,5 %. Kpim Toro, pisHOMaHITHI (h)akTopy MOXYTh BIUIMBATH Ha IPOLYKTHBHICTh COHSYHUX Oatapeid
Go/N719 dye/TiOz. Byno BusiBieHO, 1110 ONTHMaJIbHA TOBILMHA OapBHUKA JUIS IOCSTHEHHS BUCOKO] IIUTBHOCTI CTPYMY KOPOTKOT'O 3aMHUKaHHS,
BHCOKOI €(peKTUBHOCTI IEPETBOPSHHS ITOTYKHOCTI Ta BUCOKOI HAIIPYTH X0JI0CTOro X0y cranoBuTsb Big 200 HM 10 300 am. Kpim Toro, poboya
TeMIIepaTypa COHSYHHX OaTapeii Tako)K BIUTMBAE HA iX NPOAyKTHBHICTb. [linBuiieHHs po6o4oi TeMIiepaTypy HeraTHBHO BIUIMBAE HA HATIPYTY
XOJIOCTOTO X0y Ta €PEeKTUBHICTh MEPETBOPEHHS MOTYKHOCTI €JIEMEHTIB, Y TOH Yac SK IMUIBHICTh CTPYMY KOPOTKOTO 3aMHUKaHHS TPOXH
i IBHITy€eThCs. HapemTi, eeKTHBHICTE COHSYHOI OaTapel MOKe 3aJIeXKaTH BijI THITY METaly, IKHI BAKOPUCTOBYETHCS IS €IICKTPO/IA, 1 THITY
HaMiBIPOBIHUKOBOTO MaTepialty, SIKHii BUKOPHCTOBYETHCS B KOMIpI. Y comsraHMX enemenTax 3 Ni Ta Cu enekTposaMu OMivHI KOHTaKTH
3a0e3nedyloTh eheKTHBHY Iepenady eNeKTpoHiB, Tomi sk Oap’epu IIIoTTKi MOXKYTH IEpemIKo/pKaTH MOTOKY €JIEKTPOHIB 1 3HIDKYBATH
e(heKTHBHICTh COHSYHUX EJIEMEHTIB i3 enleKkTpoamMu Mo Ta Ag.

Kuaruoei cinosa: SCAPS; oxcuod epagheny, poboua memnepamypa, moswuna, poooua GyHKyis, napamempu COHIUHUX eIeMEHMIE
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The scattering theory's main objective is to comprehend an object by hurling something at it. One can learn details about an object by
observing how it bounces off other objects. The potential that exists between the two particles is the thing that one seeks to comprehend.
In a time-independent approach to scattering, one assumes that the incident beam has been activated for a very long time and that the
entire system is in a stationary state. For short-range local potentials, the variable phase methodology is highly useful in solving
quantum mechanical scattering problems. Variable phase methodology/phase-function technique has been explicitly utilized for non-
relativistic nucleon-nucleon scattering phenomenon with the fundamental central local potential term and without spin-orbit force.
Working under this methodology, scattering phase shifts, total scattering cross section, and Differential cross section have been
investigated for a new nuclear potential model “Shifted Deng-Fan potential”. Real nucleon-nucleon scattering systems (n-p) and (p-p)
have been treated for this purpose with partial waves up to ¢ =2 in the low and moderate energy region. For ¢ >0 waves, interacting
repulsive barrier potential has been incorporated with the existing central part. Our results for the considered potential model show a
close contest with that of the experimental data.

Keywords: Shifted Deng-Fan Potential; Phase function method; Scattering Phase shifts; Scattering cross sections; (n-p) and (p-p)
systems

PACS: 03.65.Nk; 21.30.Fe; 13.75.Cs; 24.10.-i

INTRODUCTION

It is a well-known fact that the exact solution of the Schrédinger equation is significant in quantum mechanics as
they enclose all necessary information regarding the quantum system under consideration. Most of the quantum systems
can only be treated by approximation methodologies [1,2,3], as exact analytic solutions are feasible only for a few simple
cases such as the hydrogen atom, the harmonic oscillator and others [4,5,6] in all partial waves and all energies. In a quest
to find a suitable potential for diatomic interaction to describe the vibrational spectrum, Deng and Fan, in 1957, proposed
a new molecular potential model [7] that is exponential in nature and was called Generalized Morse potential [8]. This
potential is a modification of the Morse potential also known as Deng-Fan molecular potential (DF). Numerous studies
were performed for this potential by researchers in various applications [9]. This potential has been adequately utilized in
describing the nucleons’ mobility in the mean field produced from the interactions of the nuclei [10]. Dong treated the
Deng-fan potential as a pertinent alternative to the Morse potential for vibrational spectrum and electromagnetic
transitions [11,12] of the diatomic molecules. Mesa [13] applied this potential for energy spectra studies of the diatomic
molecules. Oyewumi [14] utilized the Nikiforov—Uvarov method to obtain bound state solutions of the Deng—Fan
molecular potential for several diatomic molecules like HCI, LiH, H2 and so on. Many of the other works have been
accomplished with this potential via different quantum mechanical wave equations [15-22] by utilizing several standard
approximation prescriptions to the solution in both relativistic and non-relativistic domains.

A modified form of the DF called Shifted Deng-Fan potential (SDF)was proposed by Hamzavi et al. in 2012[23]
for the calculation of ro-vibrational energy levels for few of the diatomic molecules. In the modified form, the DF potential
is shifted by the dissociation energy (D). Ref. [23] also demonstrated that DF and Morse potential are qualitatively similar
but SDF and Morse potentials are very much similar for large values of r i.e in the regions r = r. and r >1., however, they
differ at r = 0. Here, r. is the equilibrium diatomic separation. Louis [24] solved the Dirac equation for the Manning-
Rosen plus shifted Deng-Fan (MRSDF) potential in the presence of spin and pseudospin (pspin) symmetries and by
including a Coulomb-like tensor potential. All of above works [7-24] pertains to molecular spectroscopy and molecular
dynamics. Within the framework of the shifted Deng Fan potential (SDF), Sajedi [25] studied the cluster structure of
astrophysically important !°Ne nucleus. In recent past, working with the exponential class of potentials, our group
obtained exact analytical solution of the elastic Deng Fan potential [26] scattering of a particle in S-wave and obtained
the phase parameters using the Jost function methodology for the systems under consideration in the nuclear realm.

In this article, we present the study of the non-relativistic nuclear scattering treatment of the SDF potential in terms
of the fundamental nucleon-nucleon scattering both charged and uncharged. In support of our justification, we present
phase shift observables, total scattering cross section for proton-neutron (p-n) and proton-proton (p-p) scattering &
differential cross section studies for proton-proton (p-p) scattering. A comparison is drawn for the obtained data against
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the well-established experimental data. This is indirect way of knowing how much the SDF potential model treatment is
justified in nuclear realm. We make use of the standard Phase function approach (PFM) [27] for numerical solution of
the Schrodinger wave equation for motion of a particle in the SDF potential. Our study on the selected systems reproduces
well consistent data in phase parameters, elastic scattering cross section and differential cross section for partial wave
calculations up to {= 2.

2. METHODOLOGY
Computing scattering phase shifts J, (k) as a function of centre of mass energy (Ec,_m =k” >0 in the theoretical

limit of #° / 2m= 1) is one among the core problems of quantum scattering theory. Phase-function method (PFM) [27] is

an alternative to the traditional Schrédinger equation approach. This technique is powerful for its capability in
straightforward physical interpretation of its equations and basic quantities. Moreover, it introduces the same type of
approach in the bound state problem. This methodology [27] arises from the fact in the theory that certain second order
linear homogeneous differential equations can be reduced to their first order non-linear equations of Riccati type called

Riccati equations. The Riccati equations are satisfied by the phase functions &, (k,r) that is having the meaning of the

phase shifts at each point of the wave function for scattering by the potential ¥ (r) cut-off at that point. Similar

investigations with PFM have been made by authors treating the local [28-34] and nonlocal [35-37] potentials. With the
Shifted Deng Fan (SDF) [23-25] potential in all partial wave treatment, we incorporate a screened centrifugal barrier
which is repulsive term. Thus, with a modified form of SDF potential [26], the effective potential becomes

—ar —2ar f["l‘l
G T L L S )

(l_e—ar) 2(1—670”)2 V2

Where v, , v, and v, are the strength parameters with dimension of fm? and « is the inverse range parameter with

(M

dimension of fm™! and r is the inter nucleon distance between the particles.
For a local potential [1-3,6-33], J,(k, r) satisfies a first-order non-linear differential equation [27] written as

8, (k,r)= kW (1) cos 8, (k,r) J, (k) —sin &, (k, ), (k) | )

where j,(kr) and A,(kr) are the Riccati-Bessel and Riccati Neuman functions [38].

The resulting Phase equations for S, P and D waves and corresponding £ =0,1&2 values
8, (e,r) ==kv () sin (8,(k, ) + i) T, 3)
’ Vr)r . 2
S, (k,r)= —](37[5111 (8,(k,r)+kr) —krcos (6, (k,r)+kr) 4)
and
’ 3 3 2
6, (k,r)= —k—lV(r)Kk2 ~— ljsin (6,(k,r)+kr) —k—cos(§2(k,r) + kr)} i ®)
r v

The quantity k represents the momentum of the scattering particle (center of mass momentum) and is related to the
centre of mass energy by the relation k =</2mE /7 . Thus, k* is the energy of the scattering particle in the limit of 7 =1
and 2m =1 where m is the mass of the particle (reduced mass of the two particle system) scattering off the considered

potential. Phase equation is solved initializing from the origin up to the asymptotic region, given the initial condition
9,(k,0)=0. In the course of solving the phase equation, the phase J,(k,r) is built up by the potential in additive manner

as one moves away from the origin to its asymptotic value which implies 6, (k) = Lim J,(k,r) . One can also calculate the

amplitude function 4, (k,r) by utilizing the phase function 9, (k,r),

3. RESULTS AND DISCUSSIONS
Nuclear shifted Deng Fan potential (SDF) (Eq. (1)) is parameterized for the standard phase shifts [39, 40] of different
states of the (n-p) and (p-p) systems by solving the differential equations (3)-(5) numerically. Proper optimization to the
step size of the ‘ 7> value is significant in the phase accumulation calculation within the range of the interaction. Thus,

one has to judiciously optimize the step size in order to have proper phase parameters. The parameters for different states
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of the (n-p) system are given in Table 1. For stated states of the (p-p) system, we have utilized the same corresponding
(n-p) states’ parameters as it is an established fact that for nuclear force, (n-p) and (p-p) interactions are equivalent. But
with (p-p), a Coulombic repulsion force is associated. To take care of this Coulomb force in (p-p) interaction, a Coulombic

potential term is added to the existing nuclear SDF (Eq.1).

Table 1. List of parameters for states of (n-p) scattering system

System States a(fm™) v1(fm?) v2(fm2) v0(fm2)

n-p/p-p S, 0.868 207174 20.050 0.014
381 0.874 -2.000 1.760 -0.235
1P, 0.756 -2.165 2.980 -0.006
3Po 0.874 -3.430 2.500 -0.045
3Py 0.756 -2.250 3.550 -0.010
3P, 0.756 -2.410 1.300 -0.010
D, 0.350 -1.700 0.005 -0.060
3Dy 0.017 -0.550 5.800 -0.0102
3D, 0.400 -1.682 0.050 -0.011
3Ds3 0.350 -2.865 0.003 -0.008

Solving the equations (3)-(5), with the substitution of the values of the parameters from Table 1, we calculate the
scattering phase shifts for neutron-proton (n-p) and (p-p) systems up to partial waves ¢ =2. We have used the calculated
reduced mass to be m,, =0.5039 amu for the n-p system, and the value of n / 2m=41.47MeV fin® . In our numerical

routine, the parameters are given free running to fit the desired phase shifts for the various states of the concerned systems.
The (n-p) scattering phase shifts are presented in the Figures 1-3.

Phase shifts §(degree)

Figure 1. (n-p) S-wave scattering phase shifts as a function of
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Figure 3. (n-p) D-wave scattering phase shifts as a function of
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And the (p-p) scattering phase shifts are presented in the Figure 4. From the figures of obtained results, one can see
that our obtained phase shifts are in close agreement with the experimental results of Gross and Stadler [39] and Wiringa
[40] data. Fig. 1 shows that the parameters for the 3S; and 'S, states from Table 1 for (n-p) system reproduces the close
experimental phase parameter results of Ref. [39] up to laboratory energy 50 MeV. Similarly, Figs. 2 & 3 depict the phase
shift values for the P- and D- wave states and show close agreement with the results of Ref. [39]. However, the P-wave
states *Ppand *P; show some deviation in phase shift around the laboratory energy of 25 MeV although the trend is exactly
matching. Beyond 50 MeV, the phase shifts start differing significantly with the energy for the reason that with increasing
energy, the reaction channels come into effect dominantly over the elastic channel. Also, for (p-p) scattering in Fig. 4,
shows correct trend for different states with some deviation in the phase shift results with increasing laboratory energy.
The difference in their numerical values is for the reason that nuclear potentials are highly state dependent and cannot be
generated properly from any known interaction unlike atomic cases. And in our case, the potential is only the spherical
central term without spin-dependence and tensor potential.

For the Shifted Deng Fan Potential (SDF) model scattering of the (n-p) and (p-p) systems, the interacting potential
forms for all the partial wave states have been presented in Figs. 5- 8. It is an well-established fact that nuclear potentials
are highly state dependent and therefore potentials for each different states of S-, P- and D- waves are shown in Figs. 5-8,

against the variable ‘r’ for the (n-p) and (p-p) systems. From these figures, one can notice that the potentials are fully
consistent with the phase shifts produced.
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4. SCATTERING CROSS SECTION

In general, two particle interactions, a beam of particles is directed at a layer of matter. The effect of this layer is
composed additively of the effects of the individual units and the individual nuclei act as independent scattering centers.
Upon scattering, scattered current is uniformly distributed over a sphere of radius 7. The cross section of a scattering is
then defined as the ratio of number of events of a given type per unit time per nucleus to the number of incident particles
per unit area per unit time [41,42]. The concept of cross section cannot be used if many scattering centers are taken to act
coherently with incident ones. Scattering cross section in core of its idea is an effective area proportional to the intrinsic
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rate at which a given radiation-target interaction occurs. Dimensionally cross section is an area with the base unit of barn
(10" meter). We desire to investigate to what extent our SDF model calculations will be able to reproduce realistic cross
section data in view of small discrepancies between the results of our phase shift analysis and of other calculations.

For combined coulomb and nuclear potential scattering as for charged particle interaction, the differential scattering
amplitude is expressed as

Sc(0) = fc(0)+ £,(0), (6)
where
n L A
f(6)= —{m} exp[ —inInsin®(6/2) +2io,(17) ] . (7
and
£,.(0)= %i(% +1)exp(2io, (1)) F,(cos 8) (exp(2i6; ) —1) . ®)
LY =0

The quantity &, is the Coulomb-distorted nuclear phase shift. The negative sign in front of Eq. (7) originates from
the fact that the Coulomb force between two protons is repulsive. The Coulomb-distorted nuclear cross section o,.(8) is

given by
0,(0)=| 1O+ 1,6 =|/,0) . (10)
For identical particle, like (p-p), scattering
a(0)=|/ O+ f(x-0) . (11)

One may calculate the total scattering cross section by integrating the differential cross section o(6) over the entire
solid angle and the angle integrated cross section is

4rr & .
GS=F;(2L+1)sm25f , (12)

where 0, is the total scattering phase shift.

Note that this integrated cross section is sometimes called the total cross section because it is the total after
integration over all angles. The elastic scattering of neutrons by proton and proton by proton have been investigated by a
number of researchers [43-48]. In the present text we calculate differential and total scattering cross sections for the (p-p)
& (n-p) systems and compare them with the data [47- 48] available in the literature by exploiting Eqgs. (7)- (12). The (p-p)
differential cross sections are portrayed in Figs. 9 & 10 together with the Ref. [47] over the whole angular range. However,
the experimental results [47] are available only up to angle 50°. We have obtained satisfying data from our calculation
for two different laboratory energies of 6.141MeV and 9.918 MeV as shown in Figs. 9 &10 consecutively.
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Figure 9. Differential p-p scattering cross section as a function Figure 10. Differential p-p scattering cross sectionasa function

of @ at ELa=6.141 MeV of & at Eav=9.918 MeV

The angular distributions for 6.141 MeV differ quantitatively in a narrow margin with those of Slobodrian et al. [47]
up to angle 20° while for larger energy 9.918 MeV our results are in good conformity with Ref. [47]. Total cross section
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results for both the systems (n-p) and (p-p) have been obtained up to laboratory energies of 50 MeV (Figs. 11 & 12) and
compared with the experimental data [48].

The total cross section calculations are performed including the contributions of S, P and D waves for neutron-
proton (n-p) and proton-proton (p-p) scattering systems. Our (n-p) cross sectional data are in excellent agreement with
the Arndt data [48] while for (p-p) system it shows qualitative agreement but with a slight quantitative disagreement in
the energy range 2- 20 MeV.
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Figure 11. (n-p) total scattering cross section as a function of

laboratory energy Figure 12. Total p-p scattering data with laboratory energy

5. CONCLUSIONS

We have parameterized the Shifted Deng Fan potential [23-25] for the phase shift parameters of the (n-p) and (p-p),
spin independent, non-relativistic quantum nuclear scattering. Thus, obtained phase shifts along with the parameters are used
to obtain total scattering cross section and differential scattering cross section values. Having obtained close agreements for
scattering phase parameters with standard data of Gross and Stadler [38] & Wiringa [39], differential cross section data with
Slobodrian [47], total cross section results with Arndt et al. [48], it is vivid that under standard PFM [27], Shifted Deng Fan
potential (SDF) model scattering has the capability of producing the correct nature of phase shifts of respective states. And
this simple minded, only three parameter attractive potential suffices to reproduce the most of the low energy nuclear
interaction environment. In future, our group is aiming to explore this potential with other standard methodologies and
several newer real scattering systems. We are hopeful that the present representation of the SDF potential in nuclear domain
in the context of non-relativistic quantum scattering physics is expected to explore new possibilities.
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A physical model is formulated for the motion of liquid inclusions in a crystal in the field of forces caused by the presence of radiation point
defects. The model is based on a statistical approach to the processes of induced transitions of structural elements of a crystalline matrix at
the interfacial boundary with its solution. From the energy principle, an analytical dependence of the velocity of a spherical azimuthally
symmetric inclusion on its size is obtained, considering the threshold nature of the motion. It is shown that the theoretical dependence
correlates well with experimental results obtained for inclusions of aqueous saturated solution in potassium chloride crystals irradiated by
high-energy electrons. The proposed model of the radiation-induced motion of a liquid inclusion is dynamic and allows us to interpret the
nature of inclusion velocity changes in the crystal over time to determine the characteristic energy parameters of point defects.
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The problem of radiation defect formation remains one of the most important topics in radiation damage physics
and radiation materials science. Understanding the mechanisms of radiation defect formation in solids is necessary to
increase the resistance of materials used in power generation or radioactive material storage, and to develop new
materials (including nanostructured materials) with special properties that cannot be achieved by conventional synthesis
methods (see [1] and references therein).

The problem of radiation defect formation also remains relevant for further improvement of technologies and
methods for increasing the radiation resistance of semiconductor materials for various critical applications [2, 3],
including the creation of X/y-ray detectors (see [4, 5] and references in them).

At the same time, the problem of radiation defect formation has not been solved even for the simplest in-structure
alkali halide crystals [6]. Although for more than a hundred years, alkali halide crystals, ionic systems with a simple
electronic and crystal structure, have been model objects for studying radiation damage in materials caused by various
types of radiation. It is known that irradiation of alkali metal halide crystals can produce Frenkel defect pairs in both the
anionic and cationic sublattices. However, particular shockless formation mechanisms of Frenkel cation pairs
(associated with the decay of various electronic excitations) remain unclear even today.

For many decades, alkali halide crystals have been topical objects not only for fundamental research but also for
various applications. Optical media for recording and storing information, laser media, near-infrared light filters,
thermoluminescent dosimeters, etc., have been proposed on their basis. [7]. One application of lithium fluoride, for
example, is its use in the biological shielding of neutron-powered nuclear reactors. There are prospects for using lithium
as an active element in thermonuclear fusion.

Our interest in the problem of the radiation defects formation and their subsequent dynamics during the thermal
activation of alkali halide crystals in the medium temperature range (~300-600 K) is primarily due to the previously
discovered effects of mass transfer on singular crystal faces modified by electron irradiation in vacuum [8] and in the
process spontaneous migration of saturated solution inclusions in electron-irradiated water-soluble crystals (see [9] and
references therein).

Study of surface mass transfer processes leading to elementary steps bunching is topical due to the need to obtain
substrates for the production of low-dimensional structures (see [10—12] and references therein). And a study of motion
and transformation of the shape of saturated solution inclusions in water-soluble crystals in the field of thermodynamic
driving forces of various nature is of interest, in particular, for elucidating the mechanisms of crystallization under
terrestrial conditions that exclude convective heat and mass transfer, which negatively affects the perfection of obtained
crystals (see [13, 14] and references therein).

The purpose of this work is to construct a physical model of the motion of liquid inclusions in a crystal in the field
of forces caused by the inhomogeneous distribution of radiation-induced point defects. As was shown earlier (see [9]
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and references therein), the presence of such thermodynamic nonequilibrium defects at a certain difference in their
concentration can cause a chaotic inclusion motion at room temperatures under isothermal conditions. The presence of a
dynamic model that adequately interprets the experimental data (including the time dependence of the inclusion
velocity) may allow a better understanding of the radiation defect formation processes in alkali halide crystals.

PROBLEM STATEMENT
One of the experimentally detected features of the radiation-induced motion of liquid inclusions in crystals is the
conservation of a rounded shape close to the equilibrium shape during their motion (see [9] and references therein).
Let us consider the case when the inclusion in the matrix has a spherical shape with a radius R, (see Fig. 1). To
describe such an inclusion shape, a spherical coordinate system is introduced:

x =rsin(0) cos(p), y =rsin(@) sin(p), z =rcos(h), )

where r=+/x"+)*+2%,cos(0)=zr", tg(@) = yx", 0<r<e,0<<7,0<p<2r.

For an azimuthal-symmetric inclusion, all unknown quantities do not depend on the angle ¢, therefore one can
assume @ = 0 anywhere. Variables r and 6 remain independent. The gradient of inhomogeneity in the radiation
defects density p(#) (see Fig. 1) is directed at a polar angle 8 = 0. Thus, on opposite hemispheres of the

inclusion, the radiation defect density differs by a small amount pzp_pl ~ ((Zﬁo)ﬁ) << 1, that is, the following

2

inequality can be considered valid:

P2= P ((ﬁo)V)pz << 1.
P2 P2

On the other hand, one assumes that the density of defects is so high that the distance between them is small
compared to the size of the inclusion in the direction of the crystal inhomogeneity. This condition is equivalent
to inequality Roi/ﬁ >> 1, where p = Wy 12x fOR f:p(?)rzdr sin 8 d@ is the average density of radiation defects
in the crystal volume with radius R >> R,.

Thus, to consider the macroscopic inclusion motion along the direction of radiation defect inhomogeneous
distribution, the conditions have the following form:

Rop2

IR -1
(i/ﬁ)_1 << R, << <M> . 2)

Figure 1 shows a schematic diagram of the inclusion in a crystal.

Figure. 1. Location diagram of a spherical azimuthally symmetric inclusion in a crystalline matrix.

The velocity of the spherical inclusion is assumed to be VO. To simplify the calculations, let us move to the
reference frame where the inclusion is at rest. Then the velocities of the crystal matrix and the radiation defects are

given in the form ﬁ(R) =V(R) - VO, |I70| > |I7(R)|, where I7(R) = I7(R0 + (R —Ry)I(R — RO)) is the velocity of



572
EEJP. 3 (2023) Oleksandr P. Kulyk, et al.

the spherical inclusion of radius R, V(R,) = V, is the inclusion velocity corresponding to the inclusion size threshold
value Ry, at which U = 0. Here 9(x) is a unit function of the form 9(x < 0) = 0; 9(x = 0) = 1.

Thus, in the chosen reference frame, the crystal matrix with radiation defects either is at rest at R < R, or moves
in the negative axis 6 direction (8 = ) when the inclusion size is larger than the critical: R > R,,.

In the new frame of reference the crystal matrix moves with a velocity ﬁ(RO) = (UT(RO); Ug (RO)), where
U,(Ry) = Uy = U(Ry)E,, Up(Ry) = Ugy = U(Ry)&g, &,,8, are unit vectors along the radial # and polar 6 axes,
respectively.

The inclusion in the crystal contains a solvent that facilitates stress relaxation in the crystal due to
accelerated diffusion and transfer of the matrix material in the solvent from the front hemisphere to the back. At
that, the experimental fact of the inclusion motion without a significant change in its shape indicates the
transition of matrix atoms into solution from the front inclusion surface, and an equal to it deposition of atoms
from the solution onto the matrix on the back inclusion surface.

Such processes of matrix atom dissolution and crystallization are observed only in the field of forces of
inhomogeneously stressed crystal, to which radiation defect inhomogeneous distribution can be referred.
Therefore, the inhomogeneous distribution of point defects can be considered as a force that initiates inclusion
displacement.

The processes of matrix atom transitions into solution and back have a probabilistic nature. Therefore, a two-level
system can be used to describe such transitions.

STATISTICAL APPROACH

The processes occurring on the front and back surfaces of a spherical inclusion are similar to those observed when
a crystal grows from a supersaturated solvent (vapor or liquid), or when it is dissolved in an unsaturated solvent [15-17].
Therefore, the previously developed models for describing such processes are also applicable to the description of the
crystal inclusion motion, since they are based on the processes of crystal growth and dissolution.

The presence of a high defect density on the front inclusion surface makes the solvent unsaturated, and this surface
dissolves. In turn, on the spherical inclusion back surface, where the defect density is lowered and the solvent is
supersaturated, the growth is observed. Thus, the presence of a radiation defect density gradient causes the inclusion
displacement in the direction of this gradient.

Let us consider a model that can explain the inclusion motion along the defect density gradient in a radiation-
damaged crystal. In accordance with the above, the inclusion motion occurs in the direction of the axis 8. In this model,
the following statistical approach is used to describe the process of inclusion motion in the matrix.

The elementary processes of the matrix atom transitions into solution and back on the front inclusion surface will
be considered in the concept of a two-level system shown in Fig. 2.

1 & &
h
o Wi Woy
s
2 ! 2
n,

Figure 2. Scheme of a two-level system with populations n; and n,, energies &; and &,, transition probabilities: y;, — spontaneous,
w;, and w,, — induced

In Fig. 2, the arrows show the directions of atom transitions from one level to another: spontaneous transitions
with probability u;,, induced transitions with probabilities w;, and w,,. In Fig. 2, level 1 corresponds to the matrix
atoms in the solvent, and level 2 corresponds to those held on the matrix surface.

In a stable crystal, when the difference in defect densities is less than the critical one, there is no inclusion motion.
In this state, the difference between the free energies of an atom in the solvent and on the matrix surface is positive [18],
ie. & > &.

Spontaneous transitions reduce the free energy of an atom in solution. Therefore, atoms spontaneously move from
level 1 to level 2. The probability of spontaneous transitions i, determines the probability of a spontaneous transition
of an atom in 1 second. Spontaneous transitions from the upper level to the lower level (g; = &) are described by

equations:

dni(t) _ dny(t) _

Fra —H12ny (8), - M2y (8), (3)
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where n, ,(t) are the populations of levels 1, 2 as functions of time t, u,, is the probability of spontaneous transition.
Since the inclusion displacement is observed only when the defect density difference on its front and back surfaces is
higher than the critical one, it is assumed that the probability of the induced transition w;,, also depends on the
externally created difference between the point defect densities on the front and back inclusion surfaces. Then the
probability of induced transitions can be represented as:

Win = @im(p(20 + ©) = p(20)) = “ZEW =W, N, @)

. . . . . . . - a; .
where indices i, m take values 1, 2, (i # m), a;,, are constant values, W is the inclusion volume, Wy, = Z’Z’B W, is the

proportionality factor, W, is the characteristic volume of a solvent molecule, N is the number of solvent atoms
(molecules) in the inclusion volume.
At the initial moment, the number of solvent atoms is denoted by the value N(t)|,—o = Ny, and it is assumed to be
sufficiently large, i.e. Ny >> 1, o, Where g = 14 (t) |29, N29 = N2 (t)]¢=0.
Consideration of induced processes caused by inhomogeneity of point defect density changes the form of the
initial equations (4):

dn, (1) _

_ — dnz(t)
o — (M, + W, N)n, +w, Nn,,

= (12 + W2 N)ny — Wy Nn,. ®)

Equation (6) should be supplemented by the equation for changing the solvent atom number N(t), providing
induced processes in the two-level system:

dN(t

O = (12 + WiaN )1y (0 + 2 N, (0). ©)

From the condition of statistical equilibrium in a two-level system the Einstein relation follows — py, = wy, =

Wy [19, 18]. This relation, for the case when induced processes dominate over spontaneous ones (Ny >> nyq, 1ny0),
greatly simplifies the initial system of equations (5), (6):

) (o (= ()N (0 252 = (1, (0) =M OIND. (D)

dnl(t)_ 12 (n2(8) =y (D)N (L), ar

For spherically symmetric inclusions, the unknown quantities nq, n,, N, i1, in equations (7) become dependent on
the coordinates Ry + 7, 6, + 6, where 7 and 8 correspond to a small (|f| << Ry, |§ | << |8,]) deviation of the radius

and polar angle from R, and 8, respectively.
Under these conditions, equations (7) are transformed to the form:

ony ong | Ugg Ong _
ot + Uy 97 | Ro+7 08 ti2(ny —ny)N,
6n2 anz Ugg Ony
—= = — — N
+Upo—= py R 7 35 t2(ny —mN, (®)
AN N | Ugg ON _
ac PUroge ¥ Ro+7 00 Haz(nz —n)N,

where .U12(R0 + 7,6, + 5) is the function of #and 8.
Let us find solutions to equations (8) in the simple case when the probability of induced transitions y;, can be
represented as an expansion in a Taylor series in small displacements # and 8 [20]:

1z (Ro + 7,00 + 0) = 1o (Ro,00) X (1 + s Bty = (F7) "1 (R, 00) + B2, ©)
where F =78, + 7y - 89,V = era—r + ey - 1+r 669, g =Ry -2 sm( ) R, - 0 (see Fig. 1). Further, in the calculations,

the sign " ~ " is omitted.
Consider the case when expansion (9) contains only odd powers r. Then expression (9) takes the form:

ti2(Ro + 7,80+ 0) = p15(Ry, 0p) X (1 + Yaci Ao T4 9/19): (10
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1 1 82" 1u15(Ro,00) 1, = 1 dp12(Ro,
#12(Ro.00) (2n-1)! grzn-1 0T U2 (RoB0) a0
induced transition probability on r under the condition 4, ,,,_; > 0 corresponds to the inclusion front surface, where the
density of radiation defects increases with rising r. In this case, the matrix material dissolution is observed because the
induced transition probability in the matrix is greater compared to the induced transition probability in the solution. This
follows from the fact that the terms in (10) proportional to odd powers change sign, because in the solution r < 0.

On the back inclusion surface A, ;,,_; < 0, and therefore the deposition of the dissolved crystal atoms on the matrix

surface is observed, since the value of the probability of induced transitions in the matrix is less than in the solution.
r2Ar1 | T*Ar3 | RoB%1g

where A, 55,1 = B0), Choosing such a power dependence of the

Based on the type of expansion chosen in (10), a new variable is introduced é(t,7,6) =t +

2Upg  4Uro 2Ugg
Then equations (8) can be transformed to the form:
a ] aN
S8 =z —=n)N, T2 = —p(n, —ny)N, o= —p(n; = n)N, (11)

where, for simplification, the following notation is used u = pt1,(Ro, 6,).

The form of equation system (11) completely coincides with the form of equation system (7), with the only
difference that the argument of system (11) is the function &(r, 8, t). Therefore, the solutions of system (11) coincide
with the solutions of (7), where argument t must be replaced by argument &(r, 8, t), and u,, must be replaced by p.

VELOCITY OF THE SPHERICAL AZIMUTHAL-SYMMETRIC INCLUSION

To determine the inclusion velocity V, the plane of constant phase is set. This plane is defined by:
§t,r,0)=D (12)

where D is the constant.

It follows from equation (12) that for a given time t = tz and D = Dy, it is possible to construct a second-order
azimuthal-symmetric surface, which determines the dependence of its radial coordinate on r the polar angle 6.

If one fixes D = Dg, then over time the azimuthal-symmetric surface of the second order moves in space together
with the matrix with a velocity of Ug. This velocity is determined from the expression for the total time derivative of the
equation (12):

373 RoBAg 1

T0 0 6o T

T

1+
U

Up =0, (13)

dr . . . do . .
where Ug = d—z is the radial velocity of a constant phase surface, Ug = ro;is the polar velocity of a constant phase
surface.

The angular velocity of the constant phase surface is expressed in terms of the surface radial velocity, based on the
following considerations. Since the matrix moves as a whole, and the spherical inclusion is at rest and does not change
its shape, the polar velocity Uy of a point on its surface at 8 = g is equal to the radial velocity of a point on its surface at
6= 0, ie. U@ = UR'

On this basis, it follows from (13):

Ax
Up=——7— 14
R B+x2+Cx* (14)
r U TUpg A R3A
wherex = = A=-2r0 p=TUro Ao _ Rolrz
Ro RoAr1 2 Ugo RoAra Ara
Assuming r = R in (14), the dependence of the matrix velocity on the spherical inclusion radius is obtained:
Axp
Up=—-——"——= 15
R B+xi+Cx’ (15)

where x; = R/R,.
Expression (15) determines the matrix velocity in the frame of reference where the inclusion is at rest. In the
laboratory frame of reference, where the matrix is at rest, the inclusion velocity has the opposite sign:

_ Axp
B+xk+Cxp

Uk (16)

nm nm

where the sign "" already determines the inclusion velocity. Further, the sign "™ is omitted.
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Since the inclusion motion is observed only at radii exceeding the threshold value of the inclusion radius R, it is
possible to replace xg — x; — 1 in (16), which corresponds to the transition to the calculation of velocity dependence
not on the inclusion radius R, but on its exceeding the threshold value.

Thus, taking into account the above replacement and equation (16), it follows that for small inclusion radii, when

[xg — 1| << 1and A > 0,B > 0, its velocity linearly increases as Vi =V, + g (xg — 1) with increasing inclusion
radius. As the inclusion radius increases, the velocity reaches a maximum value and then, at |[xg — 1| >> 1, decreases
asVp = 1, +$,whereA >0,C>0.

R

ENERGY INTERPRETATION OF THE INCLUSION VELOCITY
The spherical inclusion velocity Uy can be related to the matrix velocity U, using the energy relations.
The flow of point radiation defects with density p(z) creates a "wind" moving at speed Uz = U,,. The wind
pressure force of radiation defects on the inclusion is equal to the difference in pressure forces on its front and back
hemispheres with an area of the order of S = wR3:

1 1
F,=C, E(pz — P )mDSUr20 =C, EﬂmDWUrzoa (]7)

where mp, is the effective mass of a point defect, W = mRJ is the volume of the order of inclusion volume, C,, is the

dimensionless resistance coefficient, § = % is the density gradient of radiation defects, p,, p; are the radiation
0

defect densities at the front and back poles of the spherical inclusion, respectively.
If the inclusion moves with velocity V' in the direction of the force (17), its velocity Uy is lower, and therefore the
pressure force decreases:

Fp = Co5 BmpW (Upy = V2. (18)
The power produced by the pressure force (17) is equal to:
P, = CW%[?mDW(UrO -2V (19)
It follows from (19) that the maximum power is achieved at V' = % [21], and is equal to:
PR =~ Cy= fmp WUy, (20)

The maximum power (20) is chosen based on the principle of least action, which determines the way of optimal
stress relief in the crystal: the radiation stress of the crystal must be reset in the minimum time. The maximum power of
the inclusion motion corresponds to the minimum time of stress relaxation in the crystal.

Thus, expression (20) determines the maximum power, which the inclusion gains by the wind of radiation defects
blowing over it.

On the other hand, this power is spent on overcoming the resistance force F, which opposes the inclusion motion.
The power expended to move an inclusion over a distance r(t + At) — r(t) in little time At is determined by the
following expression:

Ax
= FR 2 47
At—0 B+x“+Cx

r(t+A4t)—r(t) dr
( At ) = Fg dt

Pa = Fu i,

21
where Fr = k(U,g — V) = %KUTO is the resistance force created by the inhomogeneity of the radiation defect density

distribution and k is the coefficient of proportionality.
From the equality P, = Pg, the velocity of inclusion motion U, is defined, assuming that the coordinate r is equal
to the coordinate of the front inclusion face r = R:

V = VO + F(.xR), (22)

SXR _ 4 K
B+x3+Cxy’ "~ 3BmpWRoAr,
To determine the parameters V;, 4, B, C in (22), the experimental data [22] are used.

where F(xg) =
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In Fig. 3, the solid line corresponds to the graph constructed using the analytical expression (22) and experimental
data are shown with a marker o.

1.5
F(xg)

V-0.08
000000

0.5

Figure 3. Dependence of the inclusion velocity on its longitudinal size (markers o correspond to experimental points),
Vo =0.08-1071% m/s [22],5 = 2.8,B = 0.5,C = 0.5.

Comparison of theoretical calculations with experimental data indicates an adequate description of the experiment
by the proposed theoretical model.

CONCLUSIONS

In the present work, a physical model of the liquid inclusion motion in the field of forces due to the inhomogeneous
distribution of radiation point defects has been developed based on the statistical approach to the processes of induced
transitions of matrix atoms into solution and back. The analytical dependence of the velocity of a spherical azimuthally
symmetric inclusion on its size is obtained from the energy principle. It is shown that the analytical expression for the
inclusion velocity describes the experimental results quite well. The proposed model of radiation-induced inclusion
motion can be used to estimate the characteristic energy parameters of point defects inhomogeneously distributed in a
crystalline medium.
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MOJIEJIb PAJIAIIIIMHO-THAYKOBAHOI'O PYXY PIIKAX BKJIIOUEHB Y KPUCTAJII
Ounexcanap I1. Kyauk?, Oxcana B. logmmsanosa®, Muxaiiio 1O. lleBuenko™*,
Bikrop I. Tkauenko™, Ipuna B. I'apsiuecbka?, Topy Aoki?
“Xapxiecvkuul Hayionanvhuil yHieepcumem imeni B.H. Kapa3sina, Xapxie, Yxpaina
bHayionanvnuii aepoxocmiunuii ynisepcumem “Xapxiscouti agiayitinuii incmumym”, Xapxis, Yipaina
CHHI] “Xapxiecoxuil ghizuxo-mexuiynuil incmumym’” HAH Yxpainu, Xapxie, Yrpaina
Hayroeo-docnionuii incmumym enexmponixu, Yuisepcumem IlTuzyoxu, Xamamayy, SAnonis

CoopmynboBaHo Gi3HIHYy MOJENb PYXy PIAKMX BKIIOYEHb Y KPUCTAN y IOJI CHJI, CIIPUYMHEHHX HASBHICTIO TOYKOBHX JEe(EKTiB
panianiifHoro noxo/pkeHHs. B ocHOBY Mozieni NOKJIaieHO CTaTUCTUYHMI MiXiA O MPOLECiB iIHAYKOBAHHUX IEPEXOiB CTPYKTYPHUX
€JIEMEHTIB KPHUCTAIIYHOI MaTPHUIll Ha MiK(a3Hii rpaHuIli 3 BIACHUM PO3UYMHOM. 3 €HEPreTHYHOrO MPUHIMITY OTPUMAHO aHATITHIHY
3aJIeKHICTh MIBHIKOCTI CHEPUUHOro a3UMyTAIbHO-CUMETPUYHOT0 BKIIOUYCHHS BiZl HOro po3mipy, L0 BPaxOBYE MOPOTOBUiT XapakTep
pyxy. ITokazaHo, 1110 TeOpeTHYHA 3aJEXKHICTb JOOPE KOPEIIOE 3 eKCIIEPUMEHTAIBHUMH PE3yJIbTaTaMH, OTPUMAaHHMH JUIS BKJIIOYEHb
HACHYEHOTO BOJHOTO PO3YMHY B KpHCTalaX XJOPUAY Kalilo, OMPOMIHEHHX BHCOKOCHEPTETHYHHMH €IEeKTPOHAMH. 3alpONOHOBAHA
MOJIENTb  paliallifHO-1HIYKOBAHOTO PYXy PIOKOTO BKIIOYCHHS € JUHAMIYHOIO 1 JIO3BOJISIE IHTEPHpPETYBaTH XapakTep 3MiHH
MIBAAKOCTEH BKIIIOUCHB Y KPHUCTANI y Yaci A BU3HAUCHHS XapaKTePHUX CHEPreTUYHHUX apaMeTpiB TOUKOBUX JIE(EKTIB.
KnrouoBi cioBa: xpucmaniuna mampuysn, mouxosi Oedexmu; 6KIIOUEHHA DPO3YUHY, pAOIayiiHO-iIHOYKOSAHUI PyX, Midcghazna
medrea; CmamucmuyHull nioxio
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Three-nucleon systems are essential for the investigation of many-body forces in nuclear physics. Well-grounded
parametrization of their vertex functions with further application for the calculation of cross-sections in nonlocal QED
approach provides the ground for investigation of the variety of multi-particle systems. In present paper we describe the
process of parametrization of two-particle photo-breakup amplitudes of three-nucleon systems (*H, *He). We provide
the general description of the wave function construction for three-nucleon systems as well as the parametrization of
their vertex functions accounting two- and three-nucleon interactions based on meson exchange current formalism. In
our calculations we account first and second order one-pion exchange terms and the term related to the exchange of
w and p mesons. The three-nucleon interaction potential is given as a sum of attraction (two-pion exchange) term
and appropriate repulsive part. Based on the variational ”Urbana + Model VII” amplitudes we provide the results for
energy dependence of differential cross-section of *He(y,p)d reaction at proton angle § = 90° from the threshold up
to E, = 40 MeV and compare theoretical predictions with the available experimental data. The investigation is also
provided for angular cross-section distributions at high photon energies (E, = 30545 MeV; 365 +5 MeV; 450 + 10 MeV
and 675 + 50 MeV). Correct description of 3H, *He photo-disintegration processes in a unified approach based on the
gauge nature of the electromagnetic field implies application of this model for other multi-particle systems.

Keywords: Three-nucleon system; Photo-breakup; Cross-section; Amplitude; Many-body force; Meson-exchange current

PACS: 24.10.Cn, 25.20.-x

1. INTRODUCTION

The main goal of studying multi-particle systems in nuclear physics is to obtain the most complete descrip-
tion of the interactions between nucleons. This question is still open, while the charge independence of nuclear
forces is a well-established fact both at low and high energies. In most cases, theoretical methods applied to
multi-particle systems are extensions of the well-studied two-body problem. The most sensitive candidate for
obtaining information about pure nuclear interactions is the binding energy of the tritium and helium-3 nuclei.
Such information can be obtained through the study of three-nucleon systems in the presence of electromag-
netic and weak interactions. In other words, one of the sources of information about sub-nuclear interactions
is the electromagnetic breakup processes and the investigation of momentum distributions of constituent sets
corresponding to different structural levels of matter. It’s worth noting that a satisfactory analytical expression
for the nuclear potential, covering the entire energy scale inside the nucleus, currently does not exist. At this
stage, questions arise about the construction of the wave function components, which can be addressed based
on the meson-exchange current (MEC) formalism.

Three-body systems are the simplest multi-particle systems. Essentially, they don’t have a simple analytical
solution (as in the two-body case) and their behavior cannot be predicted using statistical methods (as in the
multi-particle case). Extending the two-body approximation to the three-body case can provide qualitative
information about the importance and nature of three-body forces. The idea that there might exist a force
between three bodies that cannot be represented as a sum of two-body interactions has no analogy in classical
physics. However, there are indications that three-body forces might play an important role in nuclear physics.
For instance, Brown and Green [1] in 1969 suggested that about 2 MeV of nuclear binding energy arises due to
the presence of a specific multi-particle force. There are indications that the contribution of three-body forces
to the behavior of strongly interacting three-nucleon systems must be significant, particularly proportional to
the magnitude of the recoil in the ground state when the emitted particle has electromagnetic nature.

T Cite as: P. Kuznietsov, Yu.A. Kasatkin, V.F. Klepikov, East Eur. J. Phys. 3, 578 (2023), https://doi.org/10.26565/
2312-4334-2023-3-68
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2. CONSTRUCTING THE WAVE FUNCTION OF A THREE-NUCLEON SYSTEM

The usual spin and isospin dependence of nuclear forces in three-particle systems introduces algebraic issues
that can be easily overcome. On the other hand, the short-range nature of nuclear interactions incorporates a
more complex problem, which involves approximating complex wave functions with trial functions that have a
simple analytical expression.

The presence of non-central forces significantly complicates the wave function of a three-nucleon system. In
reality, for such systems, there are only three absolute quantum numbers. These are the quantum number of total
angular momentum (J = 1/2), parity (11), and isospin (T' = 1/2). However, if central forces are represented as
a "mixture” of usual (Wigner) and spatial-exchange (Majorana) forces, then permutations of spatial positions
of particles within the nucleus are allowed. These generate additional quantum numbers associated with the
invariance of the wave function with respect to such permutations. A three-nucleon system can have only three
such quantum numbers (three irreducible representations of the permutation group of three objects). There are
completely symmetric, completely anti-symmetric, and one ”mixed” representation.

Thus, the charge independence of nuclear forces yields three possible states 2.5; s2 - The dominant state
for a three-nucleon system under the influence of central forces is the symmetric S-state (with a probability of
around 90%), such that L = 0, S = 1/2 and the wave function is fully symmetric. In this work, we will limit
our consideration to this state. In turn, the "mixed” state is typically denoted as S’. The probability of this
state does not exceed 1-2%.

For three-particle systems, the theory starts with 9 coordinates describing the position of each of the
three particles rq(z1,y1,21),r2(22, Y2, 22), rs(xs3, y3, 23). The center-of-mass symmetry reduces the task to 6
coordinates. These coordinates are defining the size and shape of the triangle formed by the three nucleons.
For instance, these could be the three sides of the triangle (712,723,731) and the three Euler angles («, 8,7 ),
determining the orientation of this triangle in space relative to some standard orientation. Invoking symmetry
groups eliminates the need to write explicit angular dependence in wave functions. This leads to transitioning
from a set of six independent partial differential equations to a set of sixteen coupled equations involving only
three independent variables. It’s evident, that finding the solution for such a set of equations inevitably leads
to the application of variational calculus.

Based on the above, the wave function of the ground state should be written as a sum of products, each
containing three factors: inner wave function (A factor depending on the lengths of the triangle sides); angular”
part of the wave function ( factor depending on the Euler angles, determining the triangle’s position in space);
”spin-isospin” part of the wave function (A factor depending on the spin and isospin functions of each nucleon).
At present paper we attempt to define the first two parts of the total wave function, as long as the second and
third factors can be combined using Clebsch-Gordan coefficients into a single term.

For the triangle sides, the following notations can be used: x1 = ro3; T2 = r31; 3 = T12. Permutation
of particles 1 and 2 leads to the permutation of x1 — 731 = %2, T2 — re3 = z1, while leaving unchanged
r3 — r19 = x3. Thus, the permutation of particles corresponds to the permutations between x1;xo;x3. An
arbitrary function f(x1,xs2,x3) can be symmetric, antisymmetric, or can belong to a mixed representation of
the permutation group of three objects. In the simplest case, when there’s only one function u(z), we can create
only a symmetric function of the product f(z1,z9,z3) = u(z1)u(x2)u(zs). Having two functions u(z) and v(z)
allows creating both symmetric and ”mixed” states. An example of such a state can be found in [19]. Finally,
with 3 functions, one can create a state:

f(z1, 22, 3) = det U((a:l) v(x2) v(arg)) (1)

which refutes the assertion that there is no antisymmetric S-function for three-nucleon systems. However, there
is an evidence [2] that such a state is not observed in the ground state of a three-nucleon system.

3. PARAMETERIZATION OF THREE-NUCLEON SYSTEM VERTEX FUNCTIONS

To parameterize the vertices of strong interaction, we follow the works [4], [5] where for the nuclei *H and
3He the results of variational calculations are presented for ? Urbana+Model VII” and ” Argonne+Model VII”,
as well as Faddeev calculations for the ” Argonne+Model VII”.

We start from the solution of 3-body Schrédinger equation:

HU = BV (2)

2
H= Z —;Lmv% Z v + Z Vijk (3)

i=1,3 i<j<3 i<j<k<3



580
EEJP.3(2023) Pylyp Kuznietsov, et al.

where the potentials v;; and Vj;;, describe the two- and three-nucleon interactions, respectively. In many-body
calculations for nuclei and nuclear matter, two-nucleon interactions are commonly expressed in the form of an

operator:
vig =y vP(ri;)OF; (4)
p

where vP(r;;) are functions of distances between particles, and OY; is represented as a set of operators. The
model currently takes into account fourteen different operators. For the radial functions ,we use the expansion:

oP(riz) = B (riz) + v (i) + 05 (1) ()

which includes one-pion exchange in the first and second-order (terms v2(r;;);v%(r;;) ) as well as exchange of
w and p mesons ( term v%(r;;)). For one-pion exchange in the first order the non-zero terms are related only to
(0i05)(7i7;) and S;;(7;7;) operators. They are chosen as:

e M

wr

DT (1) = 3,488 (1 — ¢~ (6)

Sii(7i7;) 3 3 e M —ecr?y\2
. =3488(1+ — 4+ ——)——(1 —
v (r) =3.488(1 + o + (,ur)z) o (1—e ) (7)

where ;1 = 0.7fm~!.We note that selecting the multiplier (1 — (3_"2)2 stimulates the p-meson exchange effect.

Denoting e;:r (1 —e )2 = Yy(r) and (1 + % + (#i)z)%:‘”(l — e=")2 = T,.(r) the potentials for one-pion
exchange in the first order can be rewritten as:
{777 (1) = 3.488Y(r) (8)
w27 (1) = 3.488T (1) 9)
One-pion exchange in the second order is chosen in form:
v (r) = IiPT2(r) (10)

Such a choice of v} facilitates accounting of three-nucleon interactions.

The exchange of w and p mesons is taken as a sum of two Woods-Saxon potentials. This choice is dictated
by the fact that the size of nucleons must be at least of the order of the Compton wavelength of w and p mesons.
Thus:

0§ (r) = SPW(r) + SPW'(r) (11)
where W(r) = —L—% and W'(r) = —L—. The values of parameters c, I?, ST, S’? are obtained from phase
1+e a 1+e af

shift analysis and presented in [7].
Three-nucleon interactions are described by the potential Vj;j. It’s expressed as:

Vijk = Vi?kM + Vi?k (12)

where sz M is the Fujita-Miyazawa three-nucleon interaction potential due to a two-pion exchange. It describes
attraction and can be written as:

VEM =57 —0.0833{(ri7y), (7i7) Horng, e} + i[(mj), (i) i ] (13)

cyc

where x;; = S;;Tx(755) + (050;)Yx(r45). In turn, Viﬁc describes repulsion and is expressed as:

Vil = > UoT 3 (ri) T3 (rir) (14)

cyc

where the coefficient Uy = 0.0038.

All calculations are performed using the Monte Carlo simulation method based on realistic Hamiltonians
that consider both two-nucleon and three-nucleon interactions. These Hamiltonians provide satisfactory binding
energies and densities for light nuclei and nuclear matter. We mark that the results of calculations for d + p
momentum distributions in 3He nucleus at low momentum transfers are in good agreement with the results of
electron scattering analysis in the plane-wave impulse approximation. However, the values observed at high
momentum transfers are slightly larger for the chosen approach.
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The variational wave function ¥, is expressed as a symmetric product of correlation operators. Indeed, in
the case of central forces, the ground state is the S-state, which is described by a spherically symmetric wave
function. The ground 2S;state is symmetric with respect to the spatial coordinates of the nucleon pair and
anti-symmetric with respect to their spins. It has the form:

U, = {ST] i) @+ Y ([ £7) P (i) 0%} @ (15)

1<j P k#j

where S is symmetrizer, and the factor ], £ fi’;k reflects the effect from other particles in uP. Correlations
induced by the Coulomb potential are neglected, so Fi; = f¢(r;;)(1 + >, uP(r;)O};) are identical for 3He and
3H nuclei. The pair correlation F;; can be rewritten as:

Fij = ffj(l + UU(TZ‘j)O'in + UtT(Tij)SijTiTj). (16)

It contains central f{;, tensor u'"(r;;), and spin u?(r;;) correlations.

The behavior of correlation functions at large r in three-nucleon systems is determined by considering the
decay of the investigated nucleus. For instance, denoting R as the distance between selected nucleon an the
center of mass of the system and considering the wave function in the region where R is large, the wave function
for 2H — d + n is determined from the formula:

—k'R 11 3 3 11
< 2 + )Yé;] (17)

U(d+nR— 0) = R

where z is asymptotic ration of D-wave and S-wave, K’ can be found from the equation %K 12 = E;— E; and
YJLAﬁ represent spin and angular wave functions.
The dependence of the variational wave function at large R is given by:

|

1
2

Uy (d +n; R — o0) = [f(R)*{[1 - 4" (R)]Y,

U (R)Y ) (18)

ol N

assuming three-particle fipj . factor to be unity.
By comparing (17) and (18) we finally obtain f¢(r — o), u%(r — oco) and u'™(r — 00). The explicit forms
3

are taken from [2].

,\,‘w Nl

of the spin and angular wave functions: Y3 and Y,
2

4. RESULTS AND DISCUSSION

Denoting ¥o(mg,r1) as the wave function of the deuteron with spin projection mg, and ¥3(ms,t3) as
the ground state of the three-nucleon system with spin and isospin projections mg and t3 we can define the
two-particle amplitude Agp,(mq, my, ms, k) as follows:

[ 3 1. icene 1
Agp(mg, my, ms, k) = m/drl..drglﬂg(md,rlz)xT(Z’),mp,5)@ ik(rs RlZ)\Dg(mg,§) (19)

The square of the amplitude gives the probability of the deuteron and protonto be in states mq and m,
and a relative momentum k in the ground state of 3He. In formula (19) the effect of antisymmetrization of the
d+p state is contained in the multiplier v/3. Antisymmetrization introduces a factor \/g for the normalization

and a factor of 3, which takes into account that any nucleon number can act as a proton. Expanding plane
waves using Bessel functions, we obtain:

Aap(ma,mp,mz, k) = _(=i)' Al (ma, mp, ms, k)Y (K) (20)

L,m

The angle averaged d + p momentum distribution in 3He is given by:

1 m
Nap(k) = - Yo AR (ma,my,ms, k) (21)

md,mp,l,m

The results of the calculations of the two-particle amplitudes are taken from [4]. In general, it’s evident
that variational and Faddeev calculations yield quite similar results. This fact points to the equivalence of
Faddeev and variational calculations. However, we note that a slight difference in momentum distributions
obtained from the Urbana and Argonne models is primarily due to the difference in radii obtained in these
models. Nevertheless, the binding energy is not very sensitive to changes in radius, and therefore the accuracy
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Figure 1. *He two-body N, amplitudes in fm3.

of variational calculations for computed radius is not very high. The error in the calculations is comparable
to the difference between the radii obtained from different models, which suggests that differences in results
between the two models are only related to approximation in the calculations. Here we present the results of
calculations with the variational ” Urbana+Model VII” and ” Argonne+Model VII” and for Faddeev calculations
in ” Argonne+Model VII” amplitude Ny, of He ploted on Figure 1.

120
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Figure 2. The energy (# = 90°) dependence of the differential cross-section of the process v +32 He — p +d
from the threshold up to 40 MeV in photon energy. Experimental data are taken from [13], [14].

On Figure 2 the energy dependence of the differential cross-section is shown for the helium-3 nucleus with
the proton’s emission angle in the center-of-mass system equal to 90 degrees. The solid line represents the
results of theoretical calculations. The dashed line represents calculations without accounting the non-local
contact part of the diagram [10]. We provide the comparison of calculations for the approach, developed by
authors in [8] with the experimental data on the cross-section energy dependence at a fixed angle of emitted
nucleon [13], [14]. It can be seen that the theoretical curve is in satisfactory agreement with the experimental
data from the disintegration threshold to a photon energy of 40 MeV. The peak cross-section is represented
by different data sets [12], [13], [14] in the range from 80 to 120 ub/sr. The process may be described if only
the gauge invariance is preserved strictly and is brought into agreement with the law of conservation of the
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four-momentum in the amplitude while applying the requirement of the general covariant scheme. As can be
seen in this figure, there is a satisfactory agreement between the theoretical curve and experimental data from
the threshold of splitting up to 40 MeV in photon energy.
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Figure 3. Angular distributions of differential cross-sections for ®He(vy,p)d reaction in the center of mass
system for different energies.

By expanding the cross-section with respect to the proton’s emission angle at a fixed photon energy,
it’s possible to trace the evolution of the cross-section’s shape as the energy increases. In this work we present
theoretical distributions of cross-sections at high photon energies (E, = 305+£5 MeV; 365+5 MeV; 450+£10 MeV
and 675450 MeV) and compare them with experimental data from [15]. The calculations are conducted for the
two-particle breakup of helium-3 nuclei yield to the angular distributions of cross-sections shown on Figure 3. It
can be seen that the proton peak does not disappeared at high energies except the energy E, = 675+50 MeV.
Using the explicit relativistic formulation of the theory [11] removes the question of the role of relativistic
corrections and imposes no limitations on its use in various energy regimes and different kinematic conditions.
As a result, it provides broad possibilities for conducting research on the structure of non-local fields of matter
based on unified requirements.
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AMIUJIITYAIN IBOYACTUHKOBOT'O ©0OTO PO3IMIEIIJIEHHSA AJIEP 3H, 3He
B HEJIOKAJIBHOMY KE/ IIIAXO/JI
Munun Kysuenos®”, FOpiit A. Kacarkin®, B’auecnas ®. Kienikos
¢ Xapriscvrull nayionasvrul yrnisepcumem im. B.H. Kapasina, matidan Ceobodu, 4, 61022, Xapwxie, Yrpaina
b Incmumym eaexmpodisuru ma padiayitnus meznonozit Hayiornarvnot axademii nayx Yrpainu,
eys. depnuwescora, 28, n/c 8812, 61022, Xapxis, Yxpaina
T pHOXHYKJIOHHI CHCTEMH BiAIrpaloTh BaKJIMBY POJIb Y BUBUEHHI 0AraToO<aCTUHKOBHUX CHII B sitepHiil dizumi. O0rpyrToBana
mapaMeTpu3aris iX BepITUHHUX (DYHKIIH 3 MOJAIBIINM 3aCTOCYBAHHSAM JIJIsT O0UNC/IEHHS epepi3iB peakIiiii B HeJIOKAIb-
vomy KEJI migxomi mae OCHOBY JjTsi TOCJTPKEHHS MMUPOKOTO CIIEKTPY 06araro4acTUHKOBUX CHCTEM. ¥ JAaHHIN CTaTTi MU
IIPOBOAMMO MAPAMETPHU3AINI0 AMILIITY/T IBOXIACTHHKOBOTO (hOTO-PO3MALY TPUHYKIOHHUX CUCTEM (?’H7 3He). Mu Hama€MO0
3arajIbHMI OIKIC KOHCTPYKINI XBU/Ib0BOI DYHKIII AJI CHCTEM 3 TPHOMA HYKJIOHAMH, & TAKOXK [IapaMeTPU3AIiio 11 BepuInH-
HUX (YHKIHH 3 ypaxyBaHHSM IBOX- Ta TPHOXHYKJIOHHUX B3a€MOii HA OCHOBI (hopMatizMy 0O6MiHy Me30HAMHU. Y HAITIX
OGIMC/IEHHSIX MU BPAXOBYEMO B3A€MO/III 33 PAXyHOK OJHO IMIOHHOrO OOMIHY y IEpIIOMY Ta APYIOMY MOPSIAKAX Ta TEPM,
OB’ s13aHUI 3 0OMIHOM w Ta p Me30HAMH. [loTeHIias TPHOXHYKIIOHHOI B3a€MOII PO3PAXOBAHO K CyMy IIOTEHIAIy IIPHU-
TaxiHEA (32 PaxyHOK OOMiHY /BOMA IMOHAMY) Ta BIANOBLAHOI wacTWHM, fKa Bimnosimae 3a Bimmrosxysamas. Ha ocHoBi
Bapianitiaux amruritys "Urbana + Model VII"orpumano pesyiabraru [ijisi eHEPreTUYIHOI 3a/1€2KHOCTI AudepeHIiaabLHoro
mepepisy peaxmii > He(vy,p)d mpu kyri mporomy 6 = 90° Bix mopory mo E, = 60 MeB. Teopermuni mepeafadeHms mo-
PIBHSIHO 3 HAaSBHUMHU €KCIIEPUMEHTAJIHbHIME JAHUMU. TaK0oXK IPOBEIEHO JOC/TIIKEHHS I8 KyTOBUX PO3IOILIIB Iepepi3iB
IIpu BUCOKUX eHeprisx ¢orouis (E, = 305 £ 5 MeB; 365 + 5 MeB; 450 + 10 MeB ra 675 + 50 MeB). KoppekrHauii omuc
npomecis ¢oro-posmenenas “H, 3He B eaumoMmy mimxomi Ha OCHOBI Kasi6pOBAHOI HPHPOIM €IEKTPOMATHITHOTO IIOJIS
mepe10avae 3aCTOCYBAHHS IIHOTO MiAXOMY TSl iHMUX 0AaraTO9acTUHKOBUX CHCTEM.
Kiro4uoBi ciioBa: mpunykaonna cucmema; @Gomoposnad; mepepis; amnaimyoa; 06a2amovacmunHKo8a CuAG; ME30H-
00MIHHUT cMPYM
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Protein nanoparticles are currently regarded as promising biocompatible and biodegradable systems for targeted delivery of different
types of pharmacological agents. Prior to fabricating such kind of drug nanocarriers it is reasonable to evaluate the drug-protein binding
affinity and possible interaction modes using the computational tools, particularly, the molecular docking technique. The present study
was undertaken to evaluate the possibility of creating the protein nanoparticles carrying the antiviral drugs and cyanine dyes as
visualizing agents. The components of the examined systems included endogenous functional proteins cytochrome c, serum albumin,
lysozyme and insulin, antiviral drugs favipiravir, molnupiravir, nirmatrelvir and ritonavir, mono- and heptamethinecyanine dyes. Using
the multiple ligand simultaneous docking technique, it was demonstrated that: i) the drugs and the dyes occupy different binding sites
on the protein molecule and do not interfere with each other; ii) the heptamethines AK7-5 and AK7-6 possess the highest affinity for
the proteins; iii) among the examined systems the strongest complexes are formed between the heptamethine dyes and serum albumin.
Taken together, the results obtained indicate that albumin-based nanoparticles functionalized by the heptamethine cyanine dyes can be
used for targeted delivery of the explored antiviral agents.

Keywords: Antiviral agents; Protein nanoparticles;, Drug nanocarriers,; Cyanine dyes; Molecular docking

PACS: 87.14.C++c, 87.16.Dg

During the last decades the nanostructured drug delivery systems (DDS) such as liposomes, polymeric, lipidic,
protein and inorganic nanoparticles, nanotubes, fullerenes, dendrimers and many others, have become a subject of
considerable research interest in biomedical field [1-3]. Particular attention is devoted to protein nanoparticles which have
numerous advantages among which are: i) biocompatibility and biodegradability; ii) a weak or negligible immune
response; iii) controlled size and stability; iv) a possibility of drug protection from enzymatic degradation and renal
clearance; v) mild preparation and drug encapsulation conditions; vi) an opportunity for surface modification and
functionalization with tissue-specific ligands; vii) protein abundance in natural sources; viii) easy synthesis process and
cost-effectiveness [4-6]. The use of proteins makes it possible to deliver the drugs with low aqueous solubility. The first
endogenous protein utilized for preparing the nanoparticles was the blood serum albumin. A remarkable ability of human
serum albumin to reversibly bind hydrophobic molecules provided a basis for obtaining the albumin-bound formulation
of the antitumor low soluble drug paclitaxel (Abraxane) [7]. Due to their amphiphilic nature, proteins can interact with
both hydrophilic and hydrophobic drugs. Along with albumin, the nanoparticles were fabricated from a variety of animal
(gelatin, collagen, casein, silk fibroin) and plant (zein, gliadin, lectin, soy protein) [4,8]. Protein nanoparticles are currently
used in cancer therapy, lung treatment, vaccine production, etc [9]. To create the protein-based drug delivery system it is
necessary to ascertain whether the protein can simultaneously interact with a drug and functionalizing molecules, such as
targeting, stabilizing or visualizing agents. The cyanine dyes fluorescing in the near-infrared region, in the optical
windows of biological samples are among the most promising visualizing agents for DDS. In view of this, it seems of
interest to evaluate the possibility of concurrent binding of antiviral drugs and cyanine fluorescent dyes. A series of the
examined endogenous proteins included cytochrome ¢ (Ct), serum albumin (SA), lysozyme (Lz), insulin (Ins). These
proteins play important roles in the electron transport (Ct), blood circulation (SA), innate immune (Lz) and endocrine
(Ins) systems. The antiviral drugs were represented by favipiravir, molnupiravir, nirmatrelvir and ritonavir. The aim of in
the present study was to characterize the ternary complexes protein-drug-dye using the technique of multiple ligand
simultaneous docking (MLSD).

MATERIALS AND METHODS
Molecular docking studies
The set of the investigated pharmaceuticals included favipiravir, molnupiravir, nirmatrelvir and ritonavir [10]. The
examined drug structures as well as monomethine and heptamethine cyanine dyes (Figure 1) were built in MarvinSketch
(version 18.10.0) and optimized in Avogadro (version 1.1.0) using the Universal Force Field with the steepest descent
algorithm [11,12]. The counterions were not added to the dye structures in order to save the molecular charges. The three-
dimensional X-ray crystal structures of the examined proteins were obtained from the Protein Data Bank using the PDB
IDs 1REX, 3140, 3ZCF, 6M4R for lysozyme, insulin, cytochrome ¢ and serum albumin, respectively. The proteins were
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taken in the native monomeric form. The SA structural model was prepared using the DockPrep module of UCSF Chimera
molecular software by removing the water molecules and addition of polar hydrogen atoms and Kollman charges [13].
The blind docking of the drugs with the proteins was performed using the PatchDock server
(http://bioinfo3d.cs.tau.ac.il/PatchDock/php.php) in which the molecular docking algorithm is focused on the finding of
maximal surface shape complementarity along with the minimal amounts of steric clashes [14]. Subsequently, the top-
scored docked drug-protein complexes were considered as a receptor for docking of the second ligand, one representative
of the monomethine or heptamethine cyanine dyes, using the PatchDock server. The control dye-protein systems were
also considered. In order to identify the amino acid residues constituting the binding sites and to analyse the types of the
drug-protein and the dye-protein contacts, the protein-ligand interaction profiler (PLIP, https://plip-
tool.biotec.tudresden.de/plip-web/plip/index) was employed [15]. The selected docking poses were visualized with the
UCSF Chimera software (version 1.14) in which the docking models with the best geometric shape complementary were
combined in the same picture to achieve the best visibility of the binding sites [16].

Favipiravir Molnupiravir

Nirmatrelvir

Ritonavir

Figure 1. Structural formulas of the examined antiviral drugs and cyanine dyes

RESULTS AND DISCUSSION

Shown in Figs 2-5 are the highest-score ternary complexes protein-drug-dye recovered for cytochrome c (Fig.2),
albumin (Fig. 3), lysozyme (Fig. 4) and insulin (Fig. 5). It can be seen that in the cases of Ct, Lz and Ins the binding sites
for the investigated mono- and heptamethines are located rather close to each other in the vicinity of the protein surface.
Meanwhile, the drugs penetrate deeper into the interior of Ct, Lz and Ins, occupying the sites different from that of the
cyanine dyes. In the case of albumin, the antiviral agents and the dyes reside in the distinct protein pockets.

The analysis of the geometric shape complementarity scores and approximate interface areas derived for the
cytochrome c-drug-dye complexes (Table 1) revealed that: i) the drugs do not exert influence only on the dye-protein
affinity and interface area, only in the cases of AK-1-2-20 for all drugs and AK7-6 for molnupiravir these parameters
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slightly decrease; ii) the dye-protein affinity follows the order: AK7-5 > AK7-6 > AK-1-2-20 > AK-1-2-19 > AK-1-2-17
> AK-1-2-18; iii) the interface area decreases in the order: AK7-6 > AK7-5 > AK-1-2-19 > AK-1-2-20 > AK-1-2-17 >
AK-1-2-18 for all drugs except molnupiravir for which AK7-5 has higher area than AK7-6.

Favipiravir Molnupiravir

AK1-2-17

Nirmatrelvir Ritonavir

AKI-2-17

Molnupiravir 477,

Figure 3. The highest-score docking positions obtained for albumin using the MLSD in PatchDock.
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Favipiravir

AK7-5

' arizas o € B8 b 1K1-2-18
5
¢ 2%
wrs i i '
[y ak1-2-17 Nirmatrelvir Ritonavir
: -2-17
&) o aApiapy A

Figure 4. The highest-score docking positions obtained for lysozyme using the MLSD in PatchDock.

AKI-2-18

N\ AK1.2190m AKI-2-17 Molnupiravir
I’
e \ fg/ AKI-2-17k1.2.18
AKI1-2-20 ey i

AK1-2-17 / Ritonavir

Figure 5. The highest-score docking positions obtained for insulin using the MLSD in PatchDock.
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Table 1. The geometric shape complementarity score and approximate interface area of the complex derived for the cytochrome c-
drug-dye systems (F- Favipiravir, M — Molnupiravir, N - Nirmatrelvir, R — Ritonavir).

Cytochrome ¢

Score Approximate interface area of the complex, A2
Dye
F M N R - F M N R -
- 2220 | 3648 | 4292 | 6062 237.40 | 38430 | 57630 | 797.80

AK-1-2-17 4642 | 4642 | 4642 | 4642 | 4642 | 608.50 | 608.50 | 608.50 | 608.50 608.50
AK-1-2-18 4572 | 4544 | 4572 | 4572 | 4572 | 580.00 | 544.00 | 580.00 | 580.00 580.00
AK-1-2-19 5414 | 5414 | 5414 | 5414 | 5414 | 744.10 | 744.10 | 744.10 | 744.10 744.10
AK-1-2-20 5476 | 5476 | 5476 | 5476 | 5582 | 716.20 | 716.20 | 716.20 | 716.20 757.70
AK7-5 6174 | 6174 | 6174 | 6174 | 6174 | 819.80 | 819.80 | 819.80 | 819.80 819.80
AK7-6 5842 | 5716 | 5842 | 5842 | 5842 | 846.40 | 732.90 | 846.40 | 846.40 846.40

The data acquired for the albumin-drug-dye complexes (Table 2) show a greater variability. The dye-protein affinity
remains the same for the systems AK-1-2-17 + F/N, AK-1-2-18 + F/N, AK-1-2-19 + N, AK-1-2-20 + F/M/N. AK7-5 + N,
AK7-6 +F/M/N; decreases in the systems AK-1-2-18 + M/R, AK-1-2-20 + R, AK7-5 + F/M/R, AK7-6 + R; and increases
in the systems AK-1-2-19 + F/M/R. The highest albumin-dye affinity was observed for AK7-6 (F, M, N) and
AK7-5 (N, R).

Table 2. The geometric shape complementarity score and approximate interface area of the complex derived for the albumin-drug-dye
systems (F- Favipiravir, M — Molnupiravir, N - Nirmatrelvir, R — Ritonavir).

Serum albumin
Score Approximate interface area of the complex, A2
Dye
F M N R - F M N R -
- 2900 | 5054 | 6212 | 8412 343.60 | 553.10 | 719.50 | 1036.60
AK-1-2-17 6444 | 6052 | 6444 | 6058 | 6444 | 747.70 | 756.70 | 747.70 754.60 747.70
AK-1-2-18 6522 | 6420 | 6522 | 6420 | 6522 | 740.90 | 758.00 | 740.90 758.00 740.90
AK-1-2-19 6936 | 6936 | 6790 | 6932 | 6790 | 886.60 | 886.60 | 867.40 885.60 867.40
AK-1-2-20 6924 | 6924 | 6924 | 6804 | 6924 | 935.80 | 935.80 | 930.40 766.70 930.40
AK7-5 6942 | 6940 | 7204 | 7016 | 7204 | 768.80 | 768.20 | 950.10 920.10 950.10
AK7-6 7022 | 7022 | 7022 | 6954 | 7022 | 891.80 | 891.80 | 891.80 916.90 891.80

In the lysozyme-drug-dye systems (Table 3) the dye-protein affinity was found to follow the order: AK7-5 > AK-1-
2-20 > AK7-6 > AK-1-2-19 > AK-1-2-18 > AK-1-2-17, while in the case of insulin (Table 4) the highest affinity for the
protein was observed for AK-1-2-19 (F), AK7-6 (M), AK7-5 (N, R). The PLIP analysis of the driving forces of the
cyanine-protein binding revealed essential role of hydrophobic interactions for all dye-protein complexes under study.
The other types of interactions involve hydrogen bonds, salt and water bridges, as well as more rarely occurring n-stacking
and m-cation interactions. Notably, the strongest complexes formed by heptamethines with Cyt, SA, Lz and Ins are
stabilized exclusively by hydrophobic interactions.

Table 3. The geometric shape complementarity score and approximate interface area of the complex derived for the lysozyme-drug-
dye systems (F- Favipiravir, M — Molnupiravir, N - Nirmatrelvir, R — Ritonavir).

Lysozyme
Score Approximate interface area of the complex, A?
Dye
F M N R - F M N R -
- 2184 | 3628 | 4690 | 5922 24540 | -54.84 | 52230 | 702.70

AK-1-2-17 4986 | 4636 | 4612 | 4668 | 4986 | 527.70 | 553.60 | 518.20 | 527.40 527.70
AK-1-2-18 5366 | 4874 | 4874 | 4874 | 5366 | 600.10 | 55530 | 55530 | 555.30 600.10
AK-1-2-19 5432 | 5432 | 5432 | 5314 | 5432 | 666.10 | 666.10 | 666.10 | 691.30 666.10
AK-1-2-20 5760 | 5760 | 5760 | 5752 | 5760 | 789.00 | 789.00 | 789.00 | 789.00 789.00
AK7-5 5886 | 5886 | 5886 | 5886 | 5886 | 739.30 | 739.30 | 739.30 | 739.30 739.30
AK7-6 5734 | 5472 | 5472 | 5492 | 5734 | 663.80 | 692.80 | 692.80 | 727.10 663.80
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Table 4. The geometric shape complementarity score and approximate interface area of the complex derived for the insulin-drug-dye
systems (F- Favipiravir, M — Molnupiravir, N - Nirmatrelvir, R — Ritonavir).

Insulin
Score Approximate interface area of the complex, A?
Dye
F M N R - F M N R -
- 1944 | 2826 | 3544 | 4582 244.40 | 327.80 | 410.40 | 619.30

AK-1-2-17 3888 | 3802 | 3784 | 4030 | 3888 | 443.20 | 416.20 | 457.90 | 472.30 443.20
AK-1-2-18 4000 | 3898 | 3862 | 4130 | 4022 | 454.80 | 489.00 | 493.20 | 490.90 475.10
AK-1-2-19 5022 | 4954 | 4954 | 5102 | 5022 | 652.60 | 578.70 | 578.70 | 601.90 652.60
AK-1-2-20 4886 | 4920 | 4920 | 5024 | 4886 | 613.70 | 591.30 | 591.30 | 578.50 613.70

AK7-5 4816 | 5096 | 5048 | 5554 | 4816 | 613.00 | 638.00 | 570.80 | 708.70 613.00
AK7-6 4858 | 5274 | 4858 | 4738 | 4858 | 649.40 | 688.10 | 649.40 | 557.00 649.40
CONCLUSIONS

To summarize, in the present study the multiple ligand simultaneous docking technique was used to investigate the
interactions between four functionally important proteins (cytochrome c, serum albumin, lysozyme and insulin), four
antiviral drugs (favipiravir, molnupiravir, nirmatrelvir and ritonavir) and cyanine dyes (four monomethines and two
heptamethines). It was found that: i) in most systems the drugs and the dyes interact with different binding sites on the
protein molecule suggesting that there is no marked interference between the drugs and the dyes; ii) the heptamethines
AK?7-5 and AK7-6 form the strongest complexes with the proteins; iii) among the examined proteins the highest affinity
binding of heptamethines is observed for albumin molecule where the dyes are located within the protein cavities. Overall,
our findings suggest that the systems containing albumin and heptamethines are the most prospective for fabricating the
protein nanoparticles for targeted delivery of the investigated antiviral drugs.
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OJHOYACHHUM JOKIHI IPOTUBIPY CHUX ATEHTIB TA IIAHIHOBUX BAPBHHUKIB 3 BLLIKAMHA
Oubra KutnsakiBcbka, Yiasna Tapa6apa, Katepuna Byc, Banepis TpycoBa, 'anuna I'opGenko
Kageopa meouunoi @izuxu ma biomeduunux nanomexuonozii, Xapkiecokuii Hayionanvhuil ynisepcumem imeni B.H. Kapasina
m. Ceoboou 4, Xapxie, 61022, Vrpaina

BinKkoBi HaHOYACTMHKHM Hapasi pO3IVISNAIOTHCS SIK MEPCIEKTHBHI OiocyMicHI Ta OioAerpajoBHI CHCTEMM JUIS LIJIECHPSIMOBaHOI
JIOCTaBKK (papMakoJIOTIUHMX arcHTiB pi3HUX KiaciB. [lepen CTBOpEHHSM HAHOCITB JIiKiB TAKOTO THITY JOUIIBHO 3MIHCHUTH OI[IHKY
CIIOPITHEHOCTI JIKapPChKUX MpenapariB 10 O1IKIB Ta 0XapaKTepru3yBaTH MOXKJIUBI CIIOCOOH B3a€MO/IIT 3 BUKOPHCTAHHSIM KOMIT FOTEPHHX
MiIX0/IiB, 30KpeMa, METOAY MOJEKYJSIPHOTO MOKiHTY. JaHe mociipkeHHs Oyiio MpoBeeHe 3 METOI0 OL[IHKA MOXKIMBOCTI CTBOPSHHS
OUTKOBHX HAHOYACTHHOK, HABAaHTAXXCHUX IMPOTHBIPYCHHMH IIperapaTaMH Ta I[iaHiIHOBUMH OapBHHUKaMH y SIKOCTI Bi3yami3ylOUHmx
areHTiB. KOMITOHEHTH AOCTIIKYBaHHX CHCTEM Oy MpEACTaBlICHI €HAOTCHHUMH (YyHKIIOHATBHUMH OUTKaMH IUTOXPOMOM C,
CHPOBATKOBHM alIbOYMIHOM, JII30IIMMOM Ta IHCYJTIHOM; IIPOTUBIPYCHUMH areHTamMH (haBilmipaBipoM, MOJIHYIIIPiBipOM, HipMaTpeIBipoM
1 piTOHaBIpOM; MOHO- Ta TeNTAMETHHOBAMH LiaHIHOBUMHU OapBHHKaMH. 3 BHKOPHCTAHHSM METOJY OJHOYACHOTO MOJIEKYJISIPHOTO
JIOKIHTY 0araThoX JIiranziiB 0yJo mpoJeMOHCTPOBAHO, II0: 1) JTIKapChKi IpenapaT Ta OapBHUKY 3aiiMalOTh Pi3HI LEHTPH 3B’ SI3yBaHHI
Ha O11KOBIi Monekyi; ii) rentameturn AK7-5 Ta AK7-6 MaroTh HaliBHUIIy CIIOPiTHEHICTH O OLJIKIB; 1i1) cepe/ MOCTiHKEHUX CUCTEM
HaWMILHIII KOMIUIEKCH YTBOPIOIOTHCS MK TeNTaMETHHOBUMH OapBHHKaMH Ta CHPOBATKOBUM anbOyMiHOM. B 1iomy, orpumani
pe3ynbTaTH CBiAYaTh MPO Te, 10 HAHOYACTHMHKH Ha OCHOBI anbOyMmiHy, (yHKIIOHANi30BaHI TenTaMETHHOBHMH MLiaHiHOBUMU
OapBHHKaMH, MOXYTb OYTH 3aCTOCOBaHI JJIsl TAPTeTHOI JOCTaBKU JOCHIIKyBaHUX MPOTHUBIPYCHUX areHTIB.

KurouoBi ciioBa: npomugipycui acenmu, 6i1K06i HAHOYACTMUHKU, HAHOHOCIT 1iKi8, YIAHIHOBI 6APEHUKU, MONEKYIAPHUL OOKIHE
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The optical output of a semiconductor laser can fluctuate chaotically by modulating its direct current in limited conditions of the
modulated current signal parameters in terms of modulation frequency and modulation index. In this work, single, double, and chaotic
pulses of an InGaAsP laser with direct current modulation, are numerically presented through a bifurcation diagram. Numerically, the
unidirectional optical coupling system realizes chaotic synchronization between two identical InGaAsP lasers with direct current
modulation, as the transmitter/receiver configuration. The transmission time for transmitting light from the transmitted laser to the
received laser is essential for controlling the quality of chaos synchronization. The transmission time applies on the order of
nanoseconds. Chaos synchronization quality is estimated by a correlation plot and calculated by the cross-correlation coefficient. This
study observed the best synchronization quality (complete chaos synchronization) when the two lasers are identical. On the other hand,
the chaotic synchronization between two non-identical InGaAsP lasers was investigated. In this case, complete chaos synchronization
is not found, and the quality of chaotic synchronization was observed to decrease as the mismatch between the parameters of the two
lasers increased.

Keywords: InGaAsP laser; Chaos synchronization; Direct current modulation; Optical coupling; Cross-correlation coefficient
PACS: 05.45.Xt, 05.45.Vx, 42.79.Sz, 05.45.-a, 42.65.Sf

1. INTRODUCTION

After the great success in the late last century in realizing chaos synchronization [1], chaos synchronization has been
extensively investigated in various nonlinear dynamical systems [2-7]. Chaos synchronization represents the key to the
success of chaotic communication systems, as the quality of the recovered message depends on the quality of
synchronization between the transmitter and the receiver in chaotic communication systems [8-14]. Many studies have
focused on the synchronization in chaotic systems of semiconductor lasers (SLs) with optical feedback [8,9,14-17], optical
injection [10,11,18], and optoelectronic feedback [12,13,19,20]. In contrast, a few investigations have been published on
the chaos synchronization and communication of SLs with direct current modulation [21,22]. The scant investigations of
SLs with direct current modulation because the SLs have chaotic oscillations only under limited conditions. Also, it may
be because the oscillation frequency of relaxation determines the modulation in direct current modulation, where the
modulation efficiency decreases, and the intensity modulation becomes difficult as the modulation frequency is larger
than the oscillation frequency of relaxation [23].

A solitary semiconductor laser (SL) is a very stable system. SL is easy to be destabilized by adding an extra degree of
freedom when the SL is subjected to an external perturbation. Indeed, perturbed lasers show a chaotic oscillation. SL can be
destabilized by the direct modulation of its current [24-28]. The direct current modulation exhibits doubled-period and chaos
in some range of the modulation frequency and the modulation current [29,30]. The direct current modulation provides a
third degree of freedom, which is responsible for making the nonlinear system non-autonomous [31].

In this paper, we numerically investigate the synchronization of a chaotic optical system consisting of two InGaAsP
lasers with direct current modulation, which are unidirectionally coupled. Chaos synchronization can occur between two
InGaAsP lasers (one the transmitter and the other the receiver) when a small proportion of the transmitter laser output
power is optically coupled with the receiver laser. This synchronization method has been numerically investigated by
Jones et al. They showed the synchronization of their optical model of self-pulsed semiconductor lasers with direct current
modulation can be achieved by optical coupling [32]. In this study, the chaotic region of InGaAsP laser output with
modulation index is shown by a bifurcation diagram. More importantly, the transmission time between the transmitter
and the receiver was taken into account. The transmission time is executed on the order of nanoseconds. Also, the quality
of the synchronization in this chaotic optical system is examined, where the cross-correlation coefficient is calculated
between the output powers of the two identical and non-identical lasers.

2. SYNCHRONIZATION MODEL
The schematic diagram for the unidirectional optical coupling system, as transmitter/receiver configuration, is given
in Fig. 1. The two semiconductor lasers are modulated with a sinusoidal current of GHz frequency. An optical isolator
(OI) is ordinarily utilized to achieve one-way optical coupling between the two lasers. This optical coupling system can
be modeled via the normalized rate equation of the photon density, S, and the carrier density, N, which is based on

7 Cite as: M.H.H. Al-Jassani, A I Faris, H.H. Khudhur, East Eur. J. Phys. 3, 592 (2023), https://doi.org/10.26565/2312-4334-2023-3-70
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Agrawal's model of the InGaAsP laser with direct current modulation [30]. The rate equations of the optical coupling
system are given by:

ﬁ=L(Nt_‘§(1_gst)St -S +ﬁthSt, (1)
a 7,\ 1-0
ds, :L(N, _5(1—£S,)Sr -8, +ﬂN"JS’ +kS,(1-T), ()
a7, 1-0
dn, 1( 1 N, -6
— = | ——N, ——2—5, | A3)
dt Tc Ilh ’ 1_5

Where 7., and 7, are the electron and photon lifetimes. J = nu/ng where ny, and ny are the threshold carrier density and
the carrier density for transparency respectively, f is the spontaneous emission factor, and ¢ is the nonlinear gain reduction
factor.

Modulating Signal Modulating Signal

Ol kS,(r=T)

Transmitter | r—— T _ 1 Receiver
SL SL

Figure 1. Schematic diagram for unidirectionally optical coupling system.
The modulating signal for the two lasers is given by [30]:

[=1,,, +1,sinQxf,1) 4)

Where 7, is the bias current, and m, fn, are the index and frequency of modulation, respectively. Here, 7, and r of the
sub-position in the equations denote the transmitter and the receiver respectively. Eq.2 is written for the receiver only to
effect synchronization between the two lasers by the term of delayed optical coupling from the transmitter. The coupling
term is denoted in Eq.2 as £ S (t-T), where S; (t-T) is the photon density of the transmitter laser, which is optically injected
into the receiver laser after the time-delayed for the transmission, T is the transmission time for transmitting light from
the transmitted laser to the received laser, and £ is the optical coupling given as [32]:

1_
(T. j%) 5)

Where x is the portion of the transmitter optical power coupled into the receiver, is referred to as the optical coupling
level, the mirror reflectivity of the receiver laser facing the transmitter laser, R = 0.32, and the round-trip time inside the
laser cavity, 7= 2//vg, where the cavity length of InGaAsP laser, / = In(R)/(1/7,1 v¢- @), the group velocity, vg = ¢/n, ¢ is
the speed of light in vacuum, the effective refractive index of InGaAsP laser, 1. = 4, and for simplicity the losses factor
of InGaAsP laser, a = 0 [23]. Matlab program is used to solve the model of the optical coupling system as a delay
differential equations. The parameter values of InGaAsP lasers used in the numerical simulations of the chaotic optical
coupling system are listed in Table 1.

k=x

Table 1. The parameter values of the two InGaAsP lasers used for simulation [30].

Symbol Value
Tph 6 ps
T 3ns
0.692
€ 104
p 5%1073
m 0.57
In m Im
I 1.5
S 0.8 GHz

3. RESULTS AND DISCUSSION
In the beginning, attention is paid to the generation of chaos in the InGaAsP laser. By the modulation frequency of
the laser close to the relaxation oscillation frequency with large values of the modulation index, the dynamics of the laser
becomes chaotic, as shown in the bifurcation diagram in Fig.2.
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Figure 2, shows the bifurcation diagram of the peak series of laser pulses against the modulation index for a
modulation frequency fixed at 0.8 GHz. It indicates the regions of single, doubled, and chaotic pulses which have been
numerically published by Agrawal in Ref. 30.

To effect chaos synchronization between two InGaAsP lasers, the receiver laser is coupled to the transmitter laser by
it is receiving a portion of the transmitter output power with the transmission time T. T is executed in the order of
nanoseconds (similar to the order of the modulation time tm = 1/f = 1.25 ns). The time series of the chaotic outputs of
the transmitter and the receiver lasers are plotted to highlight how well the chaotic outputs are synchronized, and the
output power of the transmitter laser and the output power of the receiver laser are used to estimate the quality of chaos
synchronization by the correlation plot.

9

st 4

7 4

Output power (a.u.)
R wn [

[

0 . . . L L L L L
0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1

Modulation index

Figure 2. Bifurcation diagram of the laser output power against modulation index. The laser bias current is 1.5, and the modulation
frequency is 0.8 GHz.

The chaotic time series and the correlation plot of the output powers for the transmitter and the receiver lasers at the
same modulation conditions for both lasers Iyn=1.5In, mi, = 0.57, frn = 0.8 GHz, and the optical coupling conditions are
x = 1%, and T varies in the order of nanoseconds, are shown in Fig. 3, and Fig. 4, respectively.
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Figure 3. Chaotic fluctuations time series of transmitter and receiver for different transmission times (a) lzm ns, (b) 27m ns,
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optical coupling level is fixed at 1%. All modulation conditions and the parameters values of the two lasers are identical

In Fig. 3(a—i) when the transmission time is an odd integer number of the modulation time, the receiver's chaotic outputs
are poor copies of the transmitter's chaotic outputs, as there is a large shifting between the chaotic fluctuations time series of the
transmitter and receiver. This explains the poor quality estimation of synchronization as shown by the correlation plots in Fig.
4(a,c,e,g,1). While, the receiver's chaotic outputs are good copies of the transmitter's chaotic outputs. This is because the very
small shifting between the chaotic fluctuations time series of the transmitter and receiver when the transmission time is an even
integer number of the modulation time as shown in Fig. 3(a—i). So, the estimation of the good quality of synchronization as
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shown by the correlation plots in Fig. 4(b,d,fh). When the transmission time is increased, the shifting between the chaotic
fluctuations time series of the transmitter and the receiver decreases, as shown in Fig. 3(j—-1). Therefore, the receiver's chaotic
outputs are excellent copies of the transmitter's chaotic outputs, and this explains the estimation of the excellent quality of
synchronization as shown by the correlation plots in Fig. 4(j-1). The best case for synchronization is observed when the
transmission time reaches 13.4ty, as shown in Fig. 3(m), where the receiver's chaotic output is an exact copy of the transmitter's
chaotic output. Therefore, the distribution of all data points is a 45° diagonal line as shown by the correlation plot in Fig. 4(m),
which indicates the receiver is completely driven by the transmitter.
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Figure 4. Transmitter output power against receiver output power. All modulation conditions and the parameters values of the two
lasers are the same as in Fig. 3

To calculate the chaos synchronization quality between the two lasers, a method similar to that used in Ref. 5. A
cross-correlation coefficient, C, is calculated between the transmitter and the receiver output powers, which, for better
synchronization, would give a large value of | C | close to unity sometimes reaching unity. The cross-correlation
coefficient against the transmission time for the case in Fig. 3, and Fig. 4, and for more optical coupling up to 20%, is
shown in Fig. 4.
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—X=4%
x=6% |
x=8%
—Xx=10%| -
x=12%
—x=14%
—Xx=16%
x=18%
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Cross-correlation coefficient

Transmission time ( Th,)

Figure 5. The cross-correlation coefficient against transmission time for optical coupling levels extends from 1% to 20%. %. Here, the
transmission time on the order of nanoseconds. All modulation conditions and the parameters values of the two lasers are identical

In Fig. 5, before the best chaos synchronization quality (T = 13.41y,), the chaos synchronization quality decreases
when the optical coupling level increases. Importantly, it can be seen that the chaos synchronization quality for each
optical coupling level has a somewhat periodic behavior as a function of the transmission time. This behavior, in turn
leads to synchronization quality being equal for each optical coupling level especially when all transmission times are an
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even integer of modulation time and also at some transmission times are an odd integer of modulation time (see the
intersection points of the curves in the figure). Although the model is not described in terms of the electric field and phase
of the two lasers, this behavior of the chaos synchronization quality and the intersection points of the curves are a
consequence of the optical coherence nature between the two lasers, which is achieved because the transmission time is
on the same order as the modulation time (in other words, the same order as the time series of the output oscillations of
the two lasers). The intersection points of the curves are not observed when the transmission time is applied on the order
of picoseconds (no the same order as the modulation time) as shown in Fig. 6, and this confirms that the intersection
points in Fig. 5 are attributable to the optical coherence between the chaotic output of two lasers.

Figure 6. The cross-correlation coefficient against transmission time for optical coupling levels extends from 1% to 20%. Here, the
transmission time on the order of picoseconds. All modulation conditions and the parameters values of the two lasers are identical

Moreover, for all-optical coupling levels, the best synchronization quality can be seen in Fig. 5 when the
transmission time is equal to T = 13.4t, and beyond, where the cross-correlation coefficient is equal to C = 1. This
confirms the estimation of the chaos synchronization quality of the correlation plot in Fig. 4(m). In this situation of
synchronization quality is called complete synchronization.

In Fig. 6 for each optical coupling level and the transmission time is very small about (1ps-10ps), complete chaos
synchronization is observed, where the cross-correlation coefficient is about C = 1. This result is similar to when the
transmission time is neglected. It is not included here; the optical coupling system has been its carry out without taking
into account the transmission time and applied coupling levels are the same as in Fig. 6. Here, the model of an optical
coupling system is solved as ordinary differential equations.

Now, the synchronization between the two lasers for non-identical parameter values will be verified by changing
the values of some parameters of one laser, such as changing the bias current and the modulation index, which are the
two most experimentally changeable parameters. Figure 7, shows the chaotic time series and the correlation plot of the
output powers for the transmitter and the receiver when 1% of the optical output of the transmitter is coupled to the
receiver with a transmission time of T = 13.41,, for three different receiver bias currents. The transmitter bias current is
fixed at Iy = 1.5In, and the other modulation conditions for both lasers are m¢,= 0.57, fn = 0.8 GHz.
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Figure 7. Chaotic fluctuations time series of transmitter and receiver (lift side), and transmitter output power against receiver output
power for different laser bias currents of the receiver (right side): (a,al) 1.5Im, (b,b1) 1.505Iw, (c,c1) 1.511w, and (d,d1) 1.515In. The
bias current of the transmitter laser is fixed at 1.5In. The optical coupling level and the transmission time are fixed at 1% and 13.4z,
respectively. The other modulation conditions and the parameters values of the two lasers are identical

In Fig. 7(b-d) the small change in the bias current affects the relaxation oscillation frequency of the receiver laser
which determines the modulation frequency of the laser subject to the direct current modulation, resulting in a frequency
mismatch between the two lasers. Therefore, when the receiver's bias current increases and at the same time the
transmitter’s bias current is kept constant, the receiver's chaotic outputs become poor copies of the transmitter's chaotic
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outputs. This deteriorates the estimation of synchronization quality as shown by the correlation plots in Fig. 7(b1-d1).
Figure 8, shows the chaotic time series and the correlation plot of the output powers for the transmitter and the receiver
when 1% of the optical output of the transmitter is coupled to the receiver with a transmission time of T = 13.41,, for three
different modulation indexes of the receiver. The modulation index of the transmitter is fixed at m¢ = 0.57, and the other
modulation conditions for both lasers are Iy = 1.5, and fm = 0.8 GHz.
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Figure 8. Chaotic fluctuations time series of transmitter and receiver (lift side), and transmitter output power against receiver output
power for different laser modulation indexes of the receiver (right side): (a, al) m: = 0.57, (b, bl) m; = 0.572, (c, c1) m:= 0. 574, and
(d, d1) mr = 0. 576. The transmitter laser modulation index is fixed at m¢= 0. 57. The optical coupling level and the transmission time
are fixed at 1% and 13.4zx respectively. The other modulation conditions and the parameters values of the two lasers are identical

In Fig. 8(b-d) a slight change in the modulation index affects the amplitude of chaotic output with the keep the
frequency of the receiver laser, resulting in a mismatch of the chaotic output amplitudes between the two lasers. Therefore,
the increases of receiver's modulation index and at the same time the transmitter's modulation index is kept constant, the
chaotic outputs of the receiver become poor copies of the transmitter's chaotic outputs. This deteriorates the estimation of
synchronization quality as shown by the correlation plots in Fig. 8 (b1-d1). The cross-correlation coefficient against non-
identical parameters for the case in Fig. 7, and Fig. 8, and for more values of non-identical parameters and optical coupling
level up to 20%, are shown in Fig. 9.

From Figs. 9(a), and (b), for each optical coupling level, the chaos synchronization quality is calculated to be
constant for each value of non-identical parameters. This is because the coupling between the two lasers was done
optically (see Eq.2), and this does not affect the electrical non-identical parameters (bias current and modulation index,
see Eq.4). Also, it’s evident, since the modulation frequency is not as sensitive to the modulation index as to the bias
current, so the drop in synchronization in the case of mismatching modulation indexes is seen as less than in the case of
mismatching bias currents between the two lasers.
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Figure 9. The cross-correlation coefficient against: (a) receiver bias current, and (b) receiver modulation index. The transmission time
is fixed at 13.47», and the optical coupling level extends from 1% to 20%. The other modulation conditions and the parameters values
of the two lasers are identical.

4. CONCLUSION
Chaos synchronization is numerically investigated using two InGaAsP lasers with direct current modulation. The
cross-correlation coefficient between the transmitter's output powers and the receiver's output powers is calculated when
a few percent of the optical power of the transmitter is optically coupled to the receiver. The transmission time played an
important role in the chaos synchronization quality. The transmission time is equal to T = 13.4t,, that achieves the best
quality of the chaos synchronization, complete synchronization, as the synchronization quality is calculated by the cross-
correlation coefficient which is equal to C = 1. On the other hand, the quality of synchronization between two non-
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identical lasers is investigated. Here, the quality of synchronization decreases as the mismatch between the parameters of
the two lasers increases.
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CUHXPOHI3ALISA XAOCY B InGaAsP JIASEPAX
Moxammen X.X. Aub-Ixaccani?, Akin I ®@apic®, Xyceiin X. Xyaxyp”
“@isuynuit paxyremem Haykosozo konedacy Kygcokozo ynisepcumemy, Haoxcag, Ipax
bTonosne ynpasninns ocsimu ¢ Anv-Hadxcap Anv-Awpach, Minicmepemeo oceimu, Hadocag, Ipax

ONTHYHUH BUXiTHAN CHTHAJ HAMiBIPOBIJHUKOBOTO Jla3epa MOYKE XaOTHYHO KOJMBATUCS MUIIXOM MOIYJIAMLII HOTO MOCTIHOTO CTpyMy B
00MEXEHHX yMOBax IapaMeTpiB CUTHATY MOIYJIbOBAHOTO CTPYMY 3 TOUKH 30pY YaCTOTH MOJYJIALII Ta iHAeKCy MomyIsii. Y maHii poboTi
OJIMHWYHI, TOJBIfHI Ta XaOTHYHI iMITynbcH Jazepa Ha InGaAsP 3 MomyIsIi€ro MOCTIHHOTO CTPyMy YHCEIBHO TIPEACTaBJCHI dYepes
OidypxauiiiHy niarpamy. YrcensHO, cCTeMa OJJHOCIIPSIMOBAHOTO ONTUYHOIO CIIOJIYYEHHS pealli3y€e XaoTHUHY CHHXPOHI3alil0 MK JABOMa
inenTnyHMMHE Jazepamu InGaAsP 3 Moxynsiiero mocriiiHoro crpymy, sik koHiryparis nepenaBava/mpuiiMada. Yac nepenadi cBiTia Bif
nasepa € BXIIMBHM ISl KOHTPOJIO SIKOCTI CHHXPOHI3aii xaocy. Yac mepenadi CTAaHOBUTh HAHOCEKYHH. SIKICTb CHHXpOHi3aLii xaocy
OLIHIOETBCS KOPEIHLIHIM rpadikoM i po3paxoByeThCs 3a KoedillieHTOM Kpoc-KOpesiLii. ¥ JOCHIiDKeHH] CIOCTepeKEHO HAKpaILly SKiCTh
CHHXPpOHI3allii (TOBHA XaOTHYHA CHHXPOHI3AL1isT), KOJIU [IBA JIA3€PH 1IeHTHYHI. 3 iHIIOro 00Ky, TOCTIPKyBaIacs XaOTHYHA CHHXPOHI3ALISI MK
JIBOMA HeileHTHIHUMH Jazepamu Ha InGaAsP. YV oMy BHIa Ky TIOBHA XaOTHYHA CHHXPOHI3ALlSI HE BIABIICHA, 1 CIIOCTEPIraiocs 3HIKCHHS
SIKOCTI XaOTHYHOI CHHXPOHI3ALIi1 31 30UIBIIICHHSIM HEBIATIOBITHOCTI MK ITapaMeTpaMH JBOX Ja3epiB.
Kuarouosi cioBa: InGaAdsP naszep; cunxpouizayisi Xxaocy; MoOyiayis NOCMILIHO20 CMPYMy;, ONMuYHUL 38 130K, Koeiyicnm Kpoc-
Kopensayii
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The paper examines the properties of CdS thin film, which is used for window material of solar cells and optical devices. The cadmium
sulfide (CdS) thin film was prepared by sol-gel method on glass and ITO substrate. Prepared thin film dried in a vacuum oven at 70°C.
Thin film and powder of CdS characterized for structural, optical, and electrical properties by X-ray Diffractometer (XRD), UV-Visible
spectrometer, and Keithley spectrometer. The average crystallite sizes, micro strain and dislocation density of the samples were
calculated by the Debye Scherrer formula. The optical band gap of CdS calculated by the Tauc-plot method and obtained 2.40 and
2.41eV for powder and film. The absorption wavelength of CdS is decreased near 280nm and becomes flat in the higher wavelength
region. The FTIR spectrometer is used to identification of unknown materials and bond formation. The bond formation, imperfections
and impurities were observed by the PL spectrometer. Keithley spectrometer is used for I-V characteristics and calculates electrical
resistivity by Ohms law.

Keywords: Ultra-Sonication; CdS; XRD, UV-Visible, Electrical Properties

PACS: 43.35.Zc; 61.10.Nz; 87.64.Cc; 73.61.—t

1. INTRODUCTION

The cadmium sulphide (CdS) is II-VI group material. This is one of the most investigated semiconductors in the
form of thin film. The creation and utilization of energy have been a cornerstone considers the improvement of human
development. Sun-powered energy is accessible in the majority of the areas around world and supplies gigantic green
energy that can undoubtedly cover world energy requests [1]. Cadmium sulfide (CdS) is the most normally utilized in
window layer materials for high-productive cadmium telluride (CdTe) and chalcopyrite polycrystalline thin film of
photovoltaic gadgets [2]. Cadmium sulfide (CdS) is a very important material in II-VI group compound semiconductors
in optoelectronic devices, and extensive research and development efforts have been undertaken. The utilization of
sustainable and non-contaminating energy has acquired for significance on the planet because of the weariness of
petroleum products and the elevated degrees of contamination created by non-renewable energy source use. A promising
type of perfect and sustainable power is hydrogen, created by the separation of water utilizing sunlight-based energy [3].

Quantum confinement effects in semiconductor nanoparticles are known to make their structural, electrical and
optical properties significantly used with different from those of the bulk material [4]. Cadmium telluride has a direct
band gap of 1.43 eV that is a good match to the solar spectrum for solar cell applications. The surface recombination
velocity for CdTe is large so that a hetero junction structure is better suited for CdTe solar cells. Cadmium sulfide have
band gap of 2.43 eV is a tunable window material for a CdS/CdTe heterojunction solar cell [5]. The cadmium (Cd) nuclei
48 and sulphur nuclei contains 16 protons with only single pair of the magic proton number Z = 50 and 20 respectively,
so they are providing nuclear properties like the sub shell effect and also provides outstanding test case for nuclear model
calculations [6]. Thin films of CdS have used in many devices as electrochemical cells, metal Schottky barrier cells, light
emitting diodes (LED), photo sensor detection, semiconductor lasers, thin films transistor, photo detectors,
photoluminescence, photosensitization, photo catalytic properties solar cellular and gas sensor [6-9]. CdS used in the bulk
as well as in the nano-scale form of thin film and quantum dot. Often CdS semiconductor has been worked for a long time
and it has been very a fascinating material due to its band gap value, n-type conductivity and high transparency for
optoelectronic device applications. The n-type CdS semiconductor can be utilized as a window layer along with retention
layers of CdTe or CIGS to create high-effective sunlight-based cells [10]. Cadmium telluride (CdTe) and CdS based
slender film sun-oriented cells have drawn in for overall exploration consideration throughout recent many years to foster
minimal expense and high productivity sun powered chargers appropriate for photovoltaic sun-based energy change. It is
a special interesting choice due to its appropriate band gap (2.42 eV) relatively high absorption coefficients, particular
optical properties and pattern of fabrication. CdS exhibits n-type semi conduction properties due to sulfur deficiency. The
dispersion parameters of the pure and F: CdS films were used to determine the nonlinear optical susceptibility [12-14].
The highest 1.25% efficiency was obtained from inexpensive materials in this used porous CdS as a photo electrode [15].
Many techniques as spin coating radio frequency, vacuum evaporation, sputtering, electro-deposition, molecular beam

7 Cite as: ].L. Sharma, S.K. Jain, B. Tripathi, M.C. Mishra, East Eur. J. Phys. 3, 599 (2023), https://doi.org/10.26565/2312-4334-2023-3-71
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epitaxial (MBE), metal organic chemical vapor deposition (MOCVD), pulsed laser evaporation, spray pyrolysis
deposition (SPD), micelle method, chemical bath deposition (CBD), close-spaced sublimation (CSS) and successive ionic
layer adsorption have been used to synthesis thin films for a good quality and long time. These techniques have also been
used for the preparation of CdS films [16-17]. The synthesis of nanoparticles for the green approach is favored over
traditional methodologies due to environmental concerns [21].

In the present work CdS thin films synthesized by spin coating method. Films dried in vacuum oven at 70°C and
24 hours to analyzed structural, optical and electrical properties of powder and thin films of CdS.

2. Experimental details
2.1. Solution preparation method

Cadmium sulphide (CdS) yellow colour and powder form purchased from Sigmachemie specialty Pvt. Ltd.
(Amaranth West, Maharashtra) with 144.47g mol™!' molecular weight and 99.9% and above purity. Dichloromethane
(CH2Cly) Qualikemes, Propane -2-ol ((CH3)CHOH), ans Triton X-100 were also purchased Fine chem. Pvt. Ltd. in liquid
form. Cadmium sulphide (CdS), dichloromethane (CH,Cl,), propane -2-ol ((CH3),CHOH) were used to prepared CdS
solution. Dichloromethane (CH,Cl,) and propane -2-ol ((CH3)CHOH) were taken with 10:1 volume ratio 0.5 wt% CdS
powder was dissolved in the mixed co-solvents. The color of the CdS solution was yellow. After that the CdS solution
was stirred on the hot plate of magnetic stirrer for 8 hours at room temperature. After stirring a small amount of triton
X-100 was added in the solution to make uniform and high-quality surface of CdS thin films.

2.2. Deposition of CdS thin films
The CdS thin film was synthesized on glass and ITO surface by using spin coating method. The glass substrate was
first cleaned with acetone and DI water. The CdS precursor solution was spin coated one time on glass and ITO 1x1 cm?
surface at speeds of 1500 rpm for 60 sec. The prepared CdS films were dried at 70°C in vacuum oven.

. ____
) O = 3 y
— — ;;\.
w Pr eneJZ»oI Magneticstirrer/ I
dS solytions =~
K 0 l

CdS film |
Substrate 1—-

4

Spin Coating

Thin Films

Figure 1. Schematic diagram of CdS thin film deposition process

3. CHARACTERIZATION
The X-ray Diffraction (XRD) spectra have been collected of powder and thin film of CdS sample by using copper
(Cu) Ko Bruker AXS Single Crystal X-ray Diffractometer (modal Apex II) in the range (20) 10°-80° with step size 1/100°.
UV-visible and FTIR spectra have collected shimadzu (UV-2600) wave length range 200-900nm, ALPHA Bruker FTIR
spectroscopy (ECO-ATR) in the transmittance mode at room temperature in the wave number range 4000-200 cm™.
Horiba FluoroMax-4 spectrometer have used for photoluminescence spectra (PL). Current—voltage curves were obtained
by a Keithley M236 source measure unit.

4. Results and discussion
4.1. Structural studies (X-Ray diffraction)

The structural analysis of CdS powder and synthesized CdS thin film was studied using X-ray diffraction pattern.
XRD pattern of the CdS illustrated in below Figure 1 which presents the indexed of cubic structure of CdS (JCPDS — file
No. 10-0454) with prominent peaks observed corresponding to the reflections at (111), (220), (311) planes at angles 26
equal to 26.680, 43.570, 52.060 respectively. The sharp peaks of thin film Figure a) indicating transparency of thin film.
XRD pattern in Figure b) intensity decreases and FWHM width increases indicating that the difference of particle sizes
between film and powder. The d-spacing for both samples can be evaluated from the position of the major peak at about
26.06°.

The average particle size of the CdS calculated using Scherer formula

D=k\ / ficos0,

where, constant k is a shape factor usually = 0.94, D is the average crystalline size, A is the wavelength of X-ray radiation,
f is also a constant define by the full-width at half-maximum (FMWH) of the peak, and 0 is the diffraction angle.
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The lattice constant of synthesized CdS is found to be equal to a=b = ¢ =5.86 A°, which is close to reported values
of cubic CdS by literature of review [17].
The crystallites size and dislocation density can be found from
5=1/D2

The lattice strain in the film can be found by,
_ Bcoso
4

Table 1. Shows the results of thin film and powder of CdS

S.N. | Sample name Average particle Dislocation density | Strain (¢) | Energy Band gap Resistivity (px10-%)
size (D) (nm) %) (eV) (Q-cm)
1 CdS Thin Film 34.45 0.08426 0.3279 2.41 3.351
2 CdS Powder 26.06 0.01472 0.12639 2.40 4.166
é (a)CdS Film 3509 (b) CdS Powder
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Figure 2. X-Ray diffraction pattern of a) CdS Thin film b) CdS powder

4.2. Scanning electron microscope
SEM microscope produces images of material by scanning of the surface. The SEM measurements were performed
of CdS thin films to study their surface morphology with different images. The particle size distribution and corresponding
Gaussian curve fitting of sample is show in Figure 3. It has observed that the CdS thin film surface become uniform and
particle distribute everywhere but random conformed amorphous shapes. SEM image clarify that the thin film surface
was smooth, random distribution of particles and contains spherically formed grains. The surface was enclosed in grains
with uniform size. The thin sheets display no cracks or pin prick in the materials [26].
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Figure 3. SEM image of CdS thin film

4.3. Optical studies
UV-Visible absorption spectrum of the cadmium sulphide powder and films are show in Figure 4. The optical
properties of CdS reflected on the UV-Visible spectral data in the region of 370-400 nm wavelengths with a red shift of
absorption wavelength. The results of above analysis are similar to other researcher by literature. A strong absorption in
the ultraviolet region was observed at wavelength about 397 nm, 400 nm for film and powder respectively. Which was
fairly blue shifted from the absorption edge due to quantum confinement effects [16, 18].
The optical band gap of CdS powder and film calculated using Tauc’s plot method. The Tauc’s equation

ahv =B (hv-Eg)" (1)
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is used, where the absorption coefficient is a, the energy of photon is hv, B is an also constant, Eg is the band gap and

= 1/2 for direct allowed transition. The optical band gap is decided from the boundaries gotten of a straight contraction
of the term (ahv)?, [27] whose convergence with the x-axis (in a=0) gives the optical band gap. This graphical
interpretation starts by replacing the wavelength values to energy level using the equation (1), which comes from:
Eg =ch/A. To obtain absorption coefficient by measured absorbance assume that sample thickness is 1pm which is
measured by cross section of SEM micrograph of the Sample a = 2.303A/t, ‘A’ measured by UV-Visible spectrometer
and ‘t’ sample thickness. According to Figure 4 band gap obtained CdS powder 2.40 eV and CdS film 2.41 eV
approximately equal.
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Figure 4. a) Absorption v/s wave length, 4b) Band gap by Tauc’s plot method

4.4. Fourier transforms infrared spectra (FTIR)

Figure 5 shows the Fourier transform infrared (FTIR) spectra of deposited powder and films are recorded on a FTIR
spectrometer. The more vibration in powder form and less vibration in film represent good agreement with solvent. The
FTIR spectra CdS conforming to the existence of constitutional elements functional group and chemical bonding between
Cd and S. FTIR spectra were lies from 400 to 4000 Cm™! at room temperature. The absorption bands of FTIR spectra on
wave number 1030-1070 cm! represents the S = O sulphide group. The sharp bending at the infrared active spectrum due
to absorption band 1365¢cm™'-1465 cm’!, it is indicated by C—H and N-H bonding goes to 1580-1650 cm™!.The prominent
2250 cm’! caused by C=N. The powder form of CdS shows water molecules stretching O—H between 3000-3550 cm™!
due to solvent. The band at 720 cm ™! relate to the Cd—S bond which substantiate the formation of CdS particles [22].
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Figure 5. FTIR graphs of powder and film of CdS

4.5. Photoluminescence spectra (PL)

Photoluminescence (PL) spectroscopy has been used to study of the photo luminescence spectra of CdS powder and
films with an excitation wavelength of 507 nm. The PL spectra of the deposited CdS powder and films have been recorded
the wavelength range between 600 nm — 650 nm (Fig. 6). PL spectra indicate of the CdS exhibited two distinct PL bands
but the peak positions and PL intensities of the powder and film were remains same due to different physical condition
of cadmium sources [19]. The PL emission peaks centered around 630 nm for powder and film both. CdS shows band to
band transition and direct band gap.



603

To Study the Cadmium Sulphide Thin Films Synthesis by Simple Spin Coating... EEJP. 3 (2023)
2000004
= CdS Powder 50004
180000+ ——Cd Thin film
4000+
160000+
3000+
5 100004 2
I K
S 1200004 2 20004
z =
100000+
10004
800004
O
600004
L) v L) v L) v L) v L] v L) v 1) v
L I S B S B S NN S B B B 625 650 675 700 725 750 775

625 650 675 700 725 750 775

Wavelength (nm)
wavelength (nm)

Figure 6. PL graph of powder and thin film CdS

4.6. Electrical studies (V-I Characteristics)
Figure 7 Shows I-V characteristics of the CdS films, were traced out by the Keithley spectrometer. The non Ohmic
I-V characteristics can be attributed to the schottky contacts between CdS and metal contacts by silver paste. The current
difference A/ is defined as current Imax - Imin at a specific bias voltage. Imax is the maximum current and Imin is the
minimum currents on the linear part of the curve. The electrical resistivity is calculated using p = VA/IL, where / is the
current in mA, L the thickness of the sample (1um), ¥ the applied voltage, and A is the cross-section area of the sample.
The calculated resistivity of film and powder were 3.351 Q-cm, 4.166 Q-cm respectively [25, 26].
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0.002 =
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0.000 = e gy ey ey
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Figure 7. I-V Characteristics of powder and thin film CdS

5. CONCLUSION
In this paper spin coating method is used for CdS thin film. The prepared thin film has a bandgap of 2.41 eV. X-ray diffraction
spectra show that film exists in the cubic phase. FTIR spectra confirmed sharp and strong bonding of composition. PL spectra indicate
one strong visible emission band at about 630 nm for CdS. Intensity decreases of thin film comparatively to powder form due to bond
formation. SEM image shows that particles are distributed randomly on the surface of thin films. The obtained resistivity of the CdS
thin film was 3.351 Q-cm.
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JOCJTIIKEHHS CHHTE3Y TOHKIX IVIIBOK CYJb®IAY KAJAMIIO OTPUMAHUX METOJIOM
MMPOCTOT'O OBEPTAHHS U151 3BACTOCYBAHHSI B EHEPT'ETHIII
Hxarmoxan Jlaa apma?, C.K. xeiin®, Banbpam Tpinari¢, M.C. Mimpa?
“Vuigepcumem Paooic Piwi bxapmapi Mamcia, Aneap-301001, Inois
bKagpeopa ¢izuxu Maninanvcvroeo ynisepcumemy Jocatinyp, Hocaiinyp-302017, Indis
‘Kagpeopa gizuxu, C.C. Jocaiin Cyo00 xonedxuc, Jocaiinyp-302004, Inoia
“Kagpeopa ¢hizuxu, P.P. depaicasnuii xonedac, Aneap -304001, Indin
VY crarTi KoCHiPKeHO BiIacTHBOCTI TOHKOI IutiBKK CdS, sika BUKOPUCTOBYETHCS AJIsl BUTOTOBJICHHS! BIKOHHMX MarepiajliB COHSYHUX
Oarapeil Ta onTUYHUX MPUCTPOiB. ToHKa MuTiBKa Cyabdiny kammito (CdS), orprMana 3051b-Teb METOAOM Ha ckii Ta migknami [TO.
[TixroroBneHy TOHKY IUTIBKY CyIIaTh y BakyyMHiii nedi mpu 70 °C. Tonka rutiBka ta nopourok CdS xapakTepu3ytoThest CTPYKTYPHUMH,
ONTUYHUMH Ta EJNEKTPUYHHMH BIACTHBOCTSAMHU 3a JOINOMOIOI peHTreHiBcbkoro audpakromerpa (XRD), Y®-Bumumoro
crekTpoMeTpa Ta crekrtpomerpa Keirtmi. CepemHi po3Mmipu KpUCTaNiTiB, Mikpoaedopmallii Ta TyCTHHY IUCIOKaliil 3pa3kiB
po3paxoByIoTh 3a popmyioro [ebas Lleppepa. Llnpuna 3a6opoHenoi 3ouu CdS, po3paxoBana merogom Tauc-plot, craHoBuTh 2,40
Ta 2,41 eB s nmopomky Ta miBku. Jloskuna xBuii nornuHaHHSA CdS pantoBo 3MeHIryeTsest Outst 280 HM 1 cTae IIOCKOI0 Y BHINIK
obnacti mosxuH xBuiIb. Crekrpomerp FTIR BuKOpHCTOBYETBCS JuIst imeHTH]IKAII] MaTepianiB i yTBOPEHHS 3B’SI3KiB. Y TBOPCHHS
3B’s13KiB, JedeKkTiB Ta IOMIIIOK crocrepiranu Ha crekrpoMeTpi KeiTni, skuii BUKOpHUCTOBYeThCs A BuUMipioBaHHs BAX i
OOYHCIIEHHS THTOMOTO €JIEKTPUYHOTO ONOpy 3a 3akoHOM OMa.
Kurouosi ciioBa: yrempaszeykosa oopooka; CdS; XRD; euoumuii YD; enekmpuuni eracmugocmi
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The effect of plasma activation of reactive gas on the process of reactive magnetron synthesis of oxide coatings was theoretically and
experimentally investigated using a radio-frequency inductively coupled plasma source, which creates a flow of activated reactive gas
directed towards the surface on which the oxide coating is deposited. The reactive gas passes through a dense inductively coupled
plasma located inside the plasma source, while argon is supplied through a separate channel near the magnetron. A theoretical model
has been built allowing the calculation of spatial distributions of fluxes of metal atoms and molecules of activated reaction gas, as well
as the stoichiometry area of the synthesized coatings. Calculations were performed on the example of aluminum oxide. It was found
that the plasma activation of the reactive gas allows to increase the sticking coefficient of oxygen to the surface of the growing coating
from values less than 0.1 for non-activated molecular oxygen to 0.9 when 500 W of RF power is introduced into the inductive discharge.
In order to verify the developed model, experiments were conducted on depositing an aluminum oxide film on glass substrates located
at different distances from the magnetron target, followed by measuring the distribution of film transparency along the substrate length
and comparing it with the calculated distribution. A comparison of the calculation results with the experimental data shows a good
agreement in the entire studied range of parameters. Based on the generalization of the obtained results, an empirical rule was
formulated that the power ratio of the magnetron discharge and the plasma activator should be approximately 8:1.

Keywords: Reactive magnetron synthesis, Inductively coupled plasma, Plasma activation of reactive gas, Mathematical simulation
PACS: 52.77.Dq

INTRODUCTION

Reactive magnetron sputtering is one of the promising methods for the synthesis of high-quality coatings of metal
oxides or nitrides on the surface of various products for mechanical engineering, microelectronics, optics, and also for
medical applications. A significant disadvantage of the reactive magnetron sputtering is the interaction of the reactive gas
not only with the growing film but also with the surface of the magnetron target. Because of this, the target is covered
with oxide film causing a decrease in the sputtering rate and the appearance of process instability. The main challenge of
reactive magnetron sputtering is the preferential delivery of reactive gas to the surface of the growing film keeping the
magnetron target non-oxidized.

It is known that when alumina coatings are deposited by reactive magnetron synthesis, one of the main problems is the
low sticking coefficient of molecular oxygen to the aluminum surface. In particular, in [1], the sticking coefficient of oxygen
molecules to an atomically pure aluminum surface in ultrahigh vacuum was experimentally measured, while it was found that
the probability of an oxygen molecule in the ground state sticking to the aluminum surface at room temperature is about 2%. In
[2], similar results were obtained using mathematical modeling by the molecular dynamics method. The results of [3, 4] show
that even in conditions typical for industrial technologies (not perfect vacuum, limited surface cleanliness), the sticking
coefficient of molecular oxygen to the surface of a growing film in the process of reactive magnetron synthesis does not exceed
several percent and the ratio of the flows of oxygen and aluminum required to obtain a stoichiometric film is at least 17.

Since in the reactive magnetron synthesis of Al>Os it is necessary to achieve a high sticking coefficient of oxygen to
the almost completely oxidized surface of the growing film, the described results of fundamental studies of molecular oxygen
sticking to the atomically clean surface of aluminum can be applied to the description of the synthesis of stoichiometric films
of aluminum oxide only indirectly. Therefore, for the practical use of scientific data, it is necessary to build a mathematical
model based on the results of systematic measurements of the stoichiometric composition of the synthesized coatings at
different ratios of metal and reactive gas flows. As we showed earlier [5], an extremely important role is played not only by
the value of the reactive gas flow, but also by the oxygen state (vibrational excitation and dissociation degree of the
molecules), and plasma activation of the reactive gas flow can increase the oxygen sticking coefficient dramatically.

Attempts to use plasma activation of reactive gas are known, moreover, in almost any magnetron sputtering system
(especially when using an unbalanced magnetron), gas activation occurs in the magnetron plasma, but the effect of such
activation is usually small, and to this day there is no clear understanding of the mechanisms of plasma activation and
precise "recipes" for the organization of technological processes.

Plasma is a powerful tool, but its effect on gas is quite complex: ionization, excitation, dissociation, and the
relationship between these processes strongly depends on the type and pressure of the gas, the density and temperature of

7 Cite as: S.V. Dudin, S.D. Yakovin, A.V. Zykov, East Eur. J. Phys. 3, 606 (2023), https://doi.org/10.26565/2312-4334-2023-3-72
© S.V. Dudin, S.D. Yakovin, A.V. Zykov, 2023
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electrons, and the properties of the surfaces limiting the plasma. It is very difficult to separate these effects, so here we
use the term "plasma activation", under which we understand the complex effect of plasma on a neutral gas, which
increases its reactive properties. The effectiveness of plasma activation in reactive magnetron synthesis can be quantified
through an increase in the sticking coefficient of the reactive gas.

It is well known that additional activation of the reactive gas significantly improves gas utilization, thus reducing
the required gas flow rate that allows the target sputtering in metallic mode. To increase the degree of activation of reactive
gas particles, magnetron sputtering technology with additional ionization was used. In particular, this is described in [6].
The process of film growth during reactive deposition consists of two stages. The first is the condensation of the material
sputtered from the target. The second is the reaction of the film material with the reactive gas. It was shown that an
increase in the plasma density near the substrate by means of an additional inductively coupled discharge makes it possible
to increase the activity of the gas and the sticking coefficient of its molecules to the growing film. However, this approach
puts RF power not only into the reactive gas but also into the sputtering gas (which takes most of the gas mixture) that
greatly reduces the efficiency of the system. In addition, this power is deposited into a large volume of plasma, which
also leads to its inefficient use.

In this paper, we explore a different approach. The reactive gas passes through a dense inductively coupled plasma
localized inside a dedicated plasma source, while argon is fed through a separate channel near the magnetron. As a result
of the concentration of high RF power in a small volume, a dense plasma is created there, which makes it possible to
achieve a higher degree of activation of the reactive gas. As a result, a directed flow of activated reactive gas is formed,
which, if the process is properly organized, can be delivered directly to the surface of the growing film. Taking into
account the complexity of choosing the optimal geometry of the system a mathematical model has been developed and
experimentally verified that is described below.

EXPERIMENTAL RESULTS

The process of reactive magnetron sputtering was studied using the multifunctional Cluster lon-Plasma System (CIPS)
[7], which consists of compatible sources of fluxes of metal atoms, ions, and chemically active particles for a complex effect
on the growing film. In the current research, the unbalanced magnetron was used in pair with the gas-activating plasma
source. The layout of the system may be found in [7]. The RF inductively coupled plasma source is designed to create a flow
of activated reactive gas particles, as well as a flow of slow ions and electrons. It can be also used to clean the surface of
processed parts prior to coating deposition. The ICP source is located inside the vacuum chamber and can be moved, which
allows choosing the optimal ratio between the distances from the sample to the magnetron and to the plasma source. The
plasma in such a source is concentrated in a chamber made of a ceramic tube (Fig. 1).

At the outlet of the source, a metal grid is installed,
which limits the plasma and ensures a pressure difference
between the source and the technological chamber. An RF
generator with a frequency of 13.56 MHz and a power of
up to 1 kW is connected to the inductor coil through a
matching circuit. Fig. 2 presents a photo of the
simultaneous operation of the magnetron and the plasma
source. Details of the gas activation in plasma are
discussed in [8].

When studying the transparency of oxide films

Figure 1. ICP source for reactive gas activation depending on stoichiometry, an interesting fact was found:
anon-stoichiometric film is more transparent to long-wave
light with the greatest transparency in the infrared range. This phenomenon is illustrated in Fig. 3.
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Figure 2. Photograph of the simultaneous Figure 3. Distribution of the transparency of the alumina film along the sample for
operation of the magnetron and the plasma radiation with different wavelengths: 650 nm (red line), 450 nm (blue line), 550 nm
source. (green line). On the right edge of the sample, the film is completely stoichiometric
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THEORETICAL MODEL
To improve the understanding of the process of plasma activation of the reactive gas during reactive magnetron
synthesis of oxide coatings, a mathematical model was built, which is described below.
The dependence of the current density of argon ions on the target surface from the radius is given by the following
piecewise linear approximation:

R2—R1_‘F_R1+R2|]’ W

7.0)=[" _

where R/ =2 cm and R2 =7 cm are the inner and outer radii of the erosion area of the magnetron target. The normalization
constant for this dependence was determined by calculating the integral current of argon ions on the target, which is equal
to the magnetron discharge current measured in the experiment:

1Ar7norm = f;:z JAr (r)'z'ﬂ'-}"d]/" (2)

The flux density of sputtered aluminum atoms at a point with coordinates r, z through a surface located at an angle
as to the axis of the magnetron is determined by the following expression:
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In this expression, the sputtering coefficient S is defined as a function of the discharge voltage U:
U
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Fig. 4 shows the calculated distributions of the aluminum film deposition rate at different distances from the
magnetron. The diagram of the relative location of the magnetron target, the oxygen plasma activator, and the substrate
is shown in Fig. 5. All calculations and experiments were performed with the magnetron current of 7.8 A, magnetron
voltage of 520 V, and oxygen flow rate of 20 sccm.
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Figure 4. Calculated distributions of the aluminum film deposition = Figure 5. Schematic of the relative location of the magnetron
rate in pm/h at different distances from the magnetron. The curves target, the oxygen plasma activator, and the substrate.
correspond to the following distances from the magnetron target The dotted line shows the axis of the plasma activator.
(from top to bottom): 5, 10, 15, 20, 30, 50 cm Coordinates are in cm

The molecular oxygen flux density at the point with coordinates 7, z (the coordinate origin is in the center of the
outlet of the plasma source) through the surface located at an angle f; to the axis of the reactive gas activator is determined
by an expression similar to (3):



609
Nucleon-Nucleon Elastic Scattering for Motion in The Shifted Deng-Fan Potential EEJP. 3 (2023)

. Ry 4y’ cos(f3
]oz(r,z):zf0 . %-J —:(z S>><

02

-
cos(fq)
<z2 +7 "2 cos(<,0))2

(&)

2417+ 1" + 27 cos (i) + —r sin (i)’ —(—r—r"-cos(g) — z-tan (6 )|

X dedr

In this expression, Rp; = 4 c¢m is the radius of the plasma source, J,,, = 1/ TR, .

To convert the coordinates to the system with the origin in the center of the magnetron target, the following
expression may be applied:

oo (1:2) = Jos [(r—xoz)-cos(aoz)—i—(z—yoz) sin (g, ) = (r—xg, ) -sin (g, )+ (2 = vy, ) -cos(aoz)} (6)

In addition, it is necessary to take into account the isotropic flow j,, ., of non-activated oxygen with the partial
pressure p,, from the chamber to the substrate:
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The calculated spatial distributions of aluminum and oxygen flux density on the substrate, which is perpendicular to
the magnetron axis, are shown in Fig. 6.
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Figure 6. Calculated spatial distributions of aluminum (left) and oxygen (right) flux density on a substrate perpendicular to the
magnetron axis (the coordinate scale is the same as in Fig. 5).

Now we can write the stoichiometric ratio

E::i.IOZ'K'jé)2+j020st (8)
3 Ly Ja

Here, K is the sticking coefficient of activated oxygen to the surface of the growing film. The expression (7) Takes
into account the fact that the oxygen comes to the film surface from two sources: the directed flow of activated oxygen
from the plasma source and the isotropic flow of the residual oxygen from the chamber, which is accounted for using the
partial pressure po;.

In order to compare the results of calculations with experimental data on the dependence of film transparency on
process parameters, it is necessary to know the dependence of transparency on film stoichiometry. This dependence was
taken from [9]. Fig. 7 shows the experimental values of transparency compared to the analytical approximation.

It should be noted that the film transparency depends not only on its stoichiometry but also on its thickness. In the
described model, the absorption of light is considered to be proportional to the thickness of the coating, which was
calculated at each spatial point, based on the local flow of aluminum. Examples of calculated distributions of coating
thickness along samples located at different distances from the magnetron symmetrically and perpendicularly to its axis
are shown in Fig. 8.
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Thus, using the above expressions, we can calculate the stoichiometric ratio and transparency of the film at any point
of the technological chamber at any size and relative location of the magnetron, the substrate, and the plasma activator of
the reactive gas, and finally, at arbitrary process parameters. Fig. 9 shows the calculated spatial distributions of the
stoichiometric ratio and transparency of the film in the process chamber. It can be seen that near the magnetron, where
the flow of aluminum is high, it is impossible to obtain a stoichiometric film, at the same time there is a rather large region
of stoichiometry, in which the samples should be placed during technological processes.
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Figure 9. Spatial distributions of the stoichiometric ratio (left) and film transparency (right) in the technological chamber
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26 cm from the magnetron target. The lower pictures compare theoretical (red) and experimental (blue) transparency cource along
the sample for the distance of 22 cm (left) and 26 cm (right)
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To verify the developed model, experiments were carried out on depositing an aluminum oxide film to glass
substrates located at different distances from the magnetron target, followed by measuring the distribution of film
transparency (at 600 nm wavelength) along the length of the substrate and comparing it with the calculated distribution.
All the parameters were input into the model according to the experimental conditions, excluding the sticking coefficient
for oxygen, which is predominantly unknown. Then, the sticking coefficient was iteratively fit to achieve the maximum
possible accordance between the calculation result and the experimental data. The results of calculations, experiments,
and their comparison are shown in Fig. 10.
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Figure 11. Dependence of the oxygen sticking coefficient on RF power supplied to the plasma activator

The obtained results allow us to find a very important principle of the process of plasma activation of reactive gas,
namely the dependence of the oxygen sticking coefficient on the RF power supplied to the plasma activator. The found
dependence is shown in Fig. 11. It is quite obvious that the sticking coefficient increases with increasing RF power input
into the gas-activator plasma source and approaches almost unity at a power of 500 W or more. Thus, the further increase
of RF power does not make sense, which is very important in view of the high price of powerful RF generators. To
generalize the obtained results, it is possible to formulate the following empirical rule: the power ratio of the magnetron
discharge and the plasma activator should be approximately 8:1.

CONCLUSION

In this paper, we discussed the possibility of improvement of the technology of reactive magnetron sputtering by
addition to the sputtering system of a dedicated plasma source activating the reactive gas being passed through the dense
plasma inside the source. The source creates a flow of activated reactive gas directed towards the surface on which the
oxide coating is deposited. It has been shown that when alumina coatings are deposited by reactive magnetron synthesis,
the problem of the low sticking coefficient of molecular oxygen to the aluminum surface can be solved if sufficient RF
power is input to the source. This possibility of plasma activation of reactive gas in the process of reactive magnetron
synthesis of oxide coatings was theoretically and experimentally investigated. The theoretical model has been built that
allows the calculation of spatial distributions of flows of metal and reaction gas, as well as the stoichiometry area of the
synthesized coatings. Calculations were performed on the example of aluminum oxide. It was found that the plasma
activation of the reactive gas allows to increase significantly the sticking coefficient of oxygen to the surface of the
growing coating. In our experiments, the sticking coefficient changed from values less than 0.1 without additional gas
activation to 0.9 when 500 W of RF power was introduced into the inductive discharge.

The developed model has been experimentally verified. In the experiments, an aluminum oxide film was deposited
on glass substrates located at different distances from the magnetron target at different levels of RF power input. The
resulting distribution of film transparency along the substrate was measured and compared with the simulation output. A
comparison of the calculation results with the experimental data shows a good agreement in the entire studied range of
parameters. Analyzing the obtained results, we formulated an empirical rule giving the way of estimation of the additional
RF power required to reach the oxygen sticking coefficient close to unity. According to this rule, the optimal power ratio
of the magnetron discharge and the plasma activator should be approximately 8:1.
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BILJIMB IVIA3MOBOI AKTUBAIIII PEAKTUBHOTI'O T'A3Y IIPY PEAKTUBHOMY
MATHETPOHHOMY PO3IIMJIEHHI
Craniciaas B. lynin, Cranicaas JI. SIkosin, Ouexcanap B. 3ukos
Xapxisckuti nayionanonuu ynieepcumem imeni B.H. Kapa3zina
matioan Ceoboou 4, Xapxis, 61022, Yrpaina
TeopeTHYHO Ta EKCHEepPUMEHTAJIbHO [OCIIPKEHO BIUIMB IUIa3MOBOI aKTHBAllii PEaKTUBHOIO rasy Ha IPOLEC PEaKTUBHOIO
MarHeTPOHHOIO CHHTE3Y OKCHJIHMX IIOKPUTTIB 3 BUKOpUCTaHHAM BY iHIyKUiHHOrO JpKepena IUIa3MM, SKE CTBOPIOE IOTIK
aKTHBOBAHOTO PEAKTUBHOI'O Ta3y, CIPSIMOBAaHUH y HANpsIMKY HOBEPXHi, Ha SIKy HAaHOCHUTHCS OKCHIHE IOKPHUTTS. PeakTuBHHil ra3
MIPOXOIUTH Yepe3 IiIbHY iHAYKTUBHO 3B'S3aHy IUIa3My, PO3TAIIOBaHY BCEPENWHI Keperna IUIa3MH, TOl sIK aproH MOAAEThCS depes
OKpeMUii KaHai Mooy MaraerpoHa. [1o0ygoBaHO TEOpETHUHY MOJETb, SIKA JO3BOJISIE PO3PAaXyBaTH MPOCTOPOBI PO3IOIIIH OTOKIB
aTOMIB METally Ta MOJICKYJI aKTHBOBAHOIO PEAKLiHHOIO ra3y, a TAKOXK PO3IMOALI CTEXiOMETpii CHHTE30BaHUX MOKPUTTIB. BuKoHaHO
PO3paxyHKH Ha MPUKIIAIi OKCUIY alroMiHi0. BUsABIIECHO, 10 MIa3MOBa aKTHBALlIS PEAKTUBHOTO ra3y J03BOJISIE 301IbIINTH KOCQIllieHT
MIPWJIMIIAHHS KHCHIO JI0 HOBEPXHI MOKPHTTS, 10 3pOCTAE, Bi 3Ha4YeHb, MeHIIMX 3a 0,1 Ui HEAaKTHBOBAHOTO MOJIEKYJISIPHOTO KHCHIO,
no 0,9 mpu BBemenHi B iHgykuiduuid po3psa BYU motyxkuocti 500 BT [{ns mepeBipku po3pobieHoi Mopeni Oyiau HpoBedeHi
SKCIICPUMEHTH 3 HAHECCHHs IUIIBKH OKCHIY AJIOMIHII0 Ha CKJISHI MiJKJIAJK{, PO3TAIlOBaHI HA PIi3HUX BIJCTAHAX BiA MillleHi
MarHeTpoHa, 3 TOJAJBIINM BUMIPIOBAaHHSAM PO3MOAUTY MPO30POCTi IUTIBKM MO JOBXHHI MiAKJIAAKA Ta MOPIBHSHHAM HOTO 3
PO3paxyHKOBHM pO3MOniIoM. [IopiBHSIHHS pe3yabTaTiB po3paxyHKiB 3 eKCIIEPIMEHTAIbHUMHE JaHUMH JIEMOHCTPYE 100pe Y3roHKEHHS
B YCHOMY JIOCTI/DKEHOMY Aiara3oHi mapaMerpiB. Ha mijcrasi y3aransHeHHS OTPHMaHUX Pe3yNbTaTiB Oyino chopMyIb0BaHE eMITipHIHE
TIPABHJIO, IO CITIBBIHOIICHHS MOTY>KHOCTEI MarHETPOHHOTO PO3PsTy Ta INIa3MOBOTO aKTHBATopa Mae OyTu mpubiansHo 8:1.
KurouoBi cnoBa: peakmuenuii macnemponnuti cunmes, iHOyKIMUGHO 36 S3aHa NAA3Md, NAA3MOBA AKMUBAYIS PeaKMUEHO20 2a3Y,
Mamemamuure MOOen08aHH s
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Special Notes

1. Use International System of Units (SI system). 2. It is undesirable to use acronyms in the titles. Please define the acronym on its first use in the paper. 3. Refer
to isotopes as '“C, *H, “Co, etc.
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