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Dear authors and readers!
Dear colleagues!

As usual, in the Preface we inform the authors and readers about the latest significant achievements of
the journal. Journal and author metrics in the Scopus database depend on citation counts; so, due to these, the
CiteScore Tracker value reached 1.5 for the first time in August! This achievement confirms a significant step
toward increasing the journal's international visibility, expanding its readership and author base, and
strengthening its position within the global scientific community.

A significant event this summer was the invitation of a new member to the editorial board - Doctor of
Physical and Mathematical Sciences Konstantin Nikolaevich Volkov — researcher of the Faculty of
Engineering, Computing and the Environment, Kingston University, London. Professor Volkov K.N. is a
highly qualified and respected expert in fields such as heat and mass transfer, turbulence, laminar-to-turbulent
flow transition, two-phase flows, heat exchangers, computational fluid dynamics (CFD), numerical methods,
and aerospace engineering (ih 19). We are confident that professional experience will contribute strengthening
the journal’s metrics and expanding international scientific collaboration.

In this issue the Materials Science section new, original research results on the properties of materials
exposed to various influences are presented. Irradiation of the near-surface layers of the AINbTiVZr alloy
leads to changes in both structural and mechanical properties. Under ultra-high vacuum conditions, the
formation of an ordered surface layer—or a moiré-type superstructure—was observed, resulting from the
lattice mismatch between Fe and Pt(110). The enhanced efficacy and safety of biodegradable implants are
attributed to the selective degradation characteristics of a magnesium—zinc—zirconium—neodymium alloy
system featuring silver coatings. The efficiency of triplet-triplet energy transfer has been established, making
the 2848SL derivative a promising agent for photodynamic therapy. Anisotropic micro-strains play a decisive
role in the formation of the superconducting properties of YBCO films and influence their superconducting
characteristics.

The "Energy" section presents the results of research aimed at solving current energy problems, such as:
studying the effect of oxygen supply on the drying process of low-grade coals in the technology of their thermal
processing; modeling the steady-state operation of a nozzleless jet engine with a cylindrical solid-propellant
charge made of viscoelastic material; calculating the operating parameters of a hybrid wind-solar power plant
for autonomous energy supply in a sharply continental climate; and assessing the thermal output of the external
circuit of a ground-source heat pump.

The "Engineering" section presents the results of developing innovative research methods aimed at
improving the efficiency of technical devices and technologies: modernizing a thermal desorption
spectroscopy system to enhance the sensitivity of gas-phase mass spectrometry analysis; the determination of
rheological and deformation characteristics of dispersed materials, specifically sand-clay molding mixtures;
development of intelligent unmanned aerial vehicles with onboard computer vision to perform onboard human
detection and GPS-based localization in real-time

"Physics and Astronomy" section are devoted to studying the patterns of complex interactions at the
macroscopic level: the spectroscopy and structural properties of heavy quarkonium systems are investigated
within the Varshni—Hellmann potential model; a photometric analysis of the cataclysmic variable star DO Leo;
a cosmological model of an expanding Universe featuring a scalar-fermion interaction mediated by a Yukawa-
type coupling; and the results of direct N-body simulations of three Milky Way bulge globular clusters (Terzan
2, Terzan 4, Terzan 5) that evolving in a time-varying galactic potential.

We hope the presented articles will not only be interesting but also useful in preparing new publications
for researchers, teachers, graduate students, and postgraduates.

Please remember to cite the articles published in our journal.

And we look forward to seeing you among our readers and authors in the future.

With respect and hope for fruitful collaboration,
Editor-in-Chief, Professor Sakipova S.E.
September, 2026
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STUDY OF THE INFLUENCE OF THE TYPE AND ENERGY OF IONS
DURING IRRADIATION ON THE CHANGE IN THE STRUCTURAL AND
MECHANICAL PROPERTIES OF HIGH-ENTROPY AINbTiVZr ALLOY

Giniyatova Sh.G."?, Kozlovskiy A.L."?*, Iskakov K."2, Shadiyar D.",
Uglov V.V.3, Borgekov D.B."?

'NJSC L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
2|nstitute of Nuclear Physics of the ARKAE, Almaty, Kazakhstan
3Belarusian State University, Minsk, Belarus
* Corresponding author. kozlovskiy.a@inp.kz

Abstract. The main aim of this study is to identify the role of energy and type of incident ions during irradiation
of the near-surface layers of the AINDTiVZr alloy in alteration of the structural and mechanical properties, as well
as to determine the role of accumulation of structural damage on the softening of the near-surface layer depending
on the irradiation fluence. According to the data obtained, it was established that a change in the type of ions and
the energy of ions leads to a growth in the degree of structural damage associated with volumetric swelling, while
an increase in the energy of ions leads to an elevation in the degree of deformation distortions of the tensile type,
caused by an increase in ionization losses and cascade displacements, which elevate the concentration of defects in
the near-surface layer. It has been shown that the development of volumetric swelling processes and the
accumulation of defective clusters are the main factors causing a decrease in hardness and deterioration of the
mechanical characteristics of the irradiated material. The results obtained demonstrate that the type and energy of
incident ions, as well as the irradiation fluence, have a determining effect on the kinetics of degradation of
mechanical properties and radiation resistance of the near-surface layers of the alloy under study.

Keywords: high-entropy alloys, radiation resistance, resistance to degradation, radiation defects, structural
materials.

1. Introduction

In modern materials science, regarding the study of promising materials for new generation nuclear
reactors, high-entropy alloys have occupied a special place in the past few years, a distinctive feature of which
is a multicomponent composition, which includes five or more elements in similar atomic concentrations [1-
3]. In this case, the use of close ratios of components in the composition leads to the formation of a high
entropy of mixing, which in turn stabilizes simple crystalline structures through cationic substitution and
changes the physical and mechanical properties of the alloys. Due to these effects arising in the structure of
alloys, high-entropy alloys are considered one of the potential materials of the new generation, capable of
operating under conditions of high temperatures, large neutron fluxes and exposure to nuclear fission
fragments, as well as resistance to degradation processes upon contact with aggressive environments [4,5].
Unlike traditional alloys, in which one element is the main one and the others act as alloying additives, high-
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entropy alloys lack a dominant component, in them, the equilibrium ratio of elements leads to the formation
of a high configurational entropy of mixing, which determines the stability of the crystalline structure, as well
as the emergence of a complex field of local stresses and energy barriers for the diffusion of atoms, which
increases strength, ductility, thermal stability and resistance to external influences [6-8]. Another feature of
high-entropy alloys is their resistance to the corrosive effects of aggressive environments, including water
vapor, liquid metals, or molten salts, which makes high-entropy alloys potentially suitable for use in next-
generation reactors operating on alternative coolants such as lead, sodium, or molten salts [9,10].

It should also be noted that in recent years, much attention in the study of the properties of high-entropy
alloys has been paid to their resistance to the accumulation of radiation damage, as well as to assessment of
the likelihood of the formation of long-lived radioactive isotopes in alloys after high-dose irradiation [11,12].
In this regard, to restrain these processes in the production of high-entropy alloys, elements with low activation,
in particular, elements such as iron, chromium, vanadium, titanium, and tantalum, the use of which allows for
a significant reduction in the level of radioactive waste and simplification of reactor decommissioning
processes, are used [13-15]. High-entropy alloys play a significant role in thermonuclear energy, for
installations such as ITER and DEMO, whose materials must withstand high thermal loads, intense neutron
irradiation, and surface erosion upon contact with plasma [16,17]. In this case, much attention in this area is
paid to high-temperature refractory high-entropy alloys based on tungsten, niobium, molybdenum and
tantalum, which are considered as potential materials for the creation of divertors, plasma walls and other
structural components of thermonuclear installations [18-20].

High-entropy alloys are also being considered as materials for next-generation nuclear fuel cladding due
to their higher mechanical strength, oxidation resistance, and thermal stability compared to traditional
zirconium alloys, which improves the safety of nuclear reactor operation and increases the burnout efficiency
of nuclear fuel [21,22]. At the same time, despite the great prospects for the use of high-entropy alloys as
structural and functional materials for nuclear and thermonuclear energy, the widespread introduction of these
alloys today requires the search for and solution of a number of scientific and technological issues, the key of
which is the assessment of the mechanisms of destruction and softening of the near-surface layers of alloys
exposed to ionizing radiation. In particular, it is necessary to obtain new data on the mechanisms of defect
formation and their evolution depending on variations in irradiation conditions, including exposure to various
types of ionizing radiation, determine long-term structural stability and establish critical irradiation doses at
which the degradation of the near-surface layers becomes irreversible and can lead to destabilization of the
entire material.

In this regard, the main aim of this study is to identify the role of energy and type of incident ions during
irradiation of the near-surface layers of high-entropy AINbTiVZr alloy on the change in structural and
mechanical properties, as well as to determine the influence of the accumulation of structural damage caused
by irradiation on the softening processes depending on the irradiation fluence. Interest in this type of research
is driven by the need to expand our understanding of the patterns of ion ranges of different masses and energies
in materials, which is an important step in planning experiments on ion modeling of radiation effects, as well
as in analysis of the stability of promising materials, including high-entropy alloys, to the effects of intense
charged particle fluxes.

2. Materials and methods

A high-entropy alloy based on compounds of aluminum, niobium, titanium, vanadium and zirconium,
obtained by spark sintering methods from metal powders mixed in equal proportions of components, was
chosen as the object of research. The alloy sample was prepared by mixing the selected components in a
stoichiometric ratio of 20 at. % and subsequently melting the mixture using the electric-arc remelting method
in an argon atmosphere. The remelting process was repeated at least five times to ensure a uniform distribution
of elements within the alloy.

X-ray structural analysis of the alloy samples was performed using a D8 Advance ECO diffractometer;
X-rays were generated by a copper tube (Cu Ko wavelength = 1.54 A). Diffraction patterns were recorded in
Bragg-Brentano geometry over an angular range of 20 = 20—60° with a step size of 0.05°. Structural parameters
were determined using Diffrac. EVA v.4.2 software. Parameter refinement involved comparing the results with
reference values and identifying deviations caused by external factors, such as lattice distortions resulting from
alloy fabrication methods or ion irradiation. According to X-ray phase analysis data, the phase composition of
the alloy is characterized by a body-centered phase B2, enriched in aluminum and zirconium, as well as
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inclusions in the form of ZrsAl; and the Laves phase ZrAlV, the presence of which is due to their inclusion
near the grain boundaries of the main phase, which leads to the creation of additional strengthening effects due
to the formation of interphase boundaries and dislocation effects. The key reason for choosing the AINbTiVZr
alloy as the object of research is its belonging to the class of refractory high-entropy alloys, the combination
of elements in which ensures the stability of the material during operation in the operating temperature range
of 600 — 1000 °C, as well as possessing high heat resistance and oxidation resistance. The multicomponent
composition of the AINbTiVZr alloy leads to the creation of a large number of structural distortions of the
crystal lattice, which in turn complicates the migration of point defects and slows down diffusion processes,
thereby reducing the rate of accumulation of radiation damage and degradation of the alloy microstructure.

Modeling of radiation damage in the near-surface layers of the studied alloy samples was carried out at
the DC-60 heavy ion accelerator located at the Astana branch of the Institute of Nuclear Physics of the Ministry
of Energy of the Republic of Kazakhstan (Astana, Kazakhstan). Irradiation was carried out with O, Ar", Kr*
and Xe" ions with energies of 28 MeV, 70 MeV, 145 MeV and 230 MeV, respectively. Irradiation fluences
ranged from 5x10' to 10" ion/cm?. Irradiation was carried out at room temperature. The choice of ion types
for irradiation is determined by the need for a comprehensive study of the influence of the mass and energy of
incident particles on the processes of formation and accumulation of radiation defects in the material. The use
of ions with significantly different atomic masses makes it possible to reproduce various mechanisms of energy
transfer in the crystal lattice and to evaluate the nature of structural changes that occur under radiation
exposure.

The values of ionization losses, as well as changes in their profiles along the trajectory of ion movement
in the near-surface layers of alloys at irradiation fluence growth, were determined using the SRIM Pro 2013
software code. The assessment results of changes in the profiles are shown in Figure 1a, reflecting the change
in the values of ionization losses of ions along the trajectory, caused by the processes of elastic and inelastic
interactions during the collision of ions with the crystal structure. As can be seen from the data presented,
ionization losses during the interaction of incident ions with electrons, which are associated with the excitation
and subsequent ionization of electrons and electron shells, play a dominant role in alteration of the structural
features of the studied alloys during irradiation. Moreover, as the penetration depth increases, the role of
electron ionization losses decreases, while the contribution of electronic stopping power and nuclear stopping
power grows due to the increase in the concentration of elastic collisions of incident ions with atomic nuclei,
which leads to their displacement from the nodes of the crystal lattice. The maximum ion range is about 10 —
14 pm, and it should be noted that alteration of the type and energy of ions does not make a significant
difference in the maximum ion range, while alteration of the energy of ions plays a very important role in the
value of ionization losses and the kinetics of their changes along the ion range.

Table 1 shows the main characteristics of the interaction of incident ions with the crystalline structure of
the alloy during irradiation, reflecting the values of ionization losses, as well as the ion range in the near-
surface layers. Data for ionization loss values are given as a range of values observed at the maximum. For
electron ionization losses, these values were estimated at an ion range of up to 5 pm, while for nuclear
ionization losses, these values were determined based on the maximum achieved during the slowing down of
incident ions and their deceleration, at which ion-nucleus interactions dominate.

Table 1. Calculation data for ionization losses and ion range

Parameter Ion
Type of ion o' Ar* Kr* Xe"
Energy of ion, 28 MeV 70 MeV 145 MeV 230 MeV
MeV
Range of ion, pm 10.7+ 0.2 pm 10.8 £ 0.3 um 12.5+0.2 pm 13.8+0.4 pm
dE/dXnuclear, €V/nm 02-03 1.1-13 25-39 10-11
dE/dXetectron, €V/nm 25-30 6776 123 — 145 200 — 240

According to the presented data on the assessment results of ionization losses and ion range in the near-
surface layers of alloys, it can be concluded that an increase in ion energy from 28 MeV for O* to 145 MeV
and 230 MeV for Kr* and Xe" ions leads to a change in the ion range by no more than 2.0 — 3.0 um, and in the
case of Ar" ions with an energy of 70 MeV, the ion range is comparable to the range of O ions. In this case,
the change in the type of ions and interaction mechanisms has a clearly expressed dependence on the mass of
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the ions and the initial energy. In this case, the analysis of the ionization loss values showed that in the case of
heavy Kr" and Xe" ions, the ionization loss values are more than an order of magnitude higher than those of
O" ions, which is due to the greater intensity of the interaction of incident heavy ions with the electron and
nuclear subsystems, which leads to more intense slowing down of the ions. It should also be noted that lighter
O" ions, due to the peculiarities of interaction with the electron and nuclear subsystem at lower energy, are
able to penetrate to greater depths, due to lower values of ionization losses, especially when interacting with
nuclei. According to the presented calculations, it can be concluded that the use of these types of ions allows
the formation of a damaged area of approximately the same range in depth in alloy samples, which in turn can
be used to describe the structural and mechanical changes in the near-surface layers.

300 16 0.30
8~ 0", dE/dXeiecron ® O'ion
@~ Ar', dE/dXecron g o Arfion
A K", dE/d 14 T .25 L
2507 Xe", dE/d; 8; A Kr +|F)n
|-m—0*, dE/d 12 @ v Xe'ion
£ O AF, B € £ 0.20 1
£ 2009 A K B || 4 £ °
% Xe*, dE/dX yqear % ®
E T 3 0.15
§ 150 Ls 8 5 4
8 El =
© X= 5
3 e B 45 0.10
o
w100 w ©
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50 - ° é :
- =
2 = 0.00- 3 é i i T
0 0 T T T T
20 1E-4 0.001 0.01 0.1 1
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a) b)

Fig. 1. Results of calculations using the SRIM Pro software code: a) Values of change in ionization losses along the
trajectory of ions in the alloy; b) Dependence of the change in the value of atomic displacements for the studied ions
upon collision and change in irradiation fluence

Figure 1b shows the results of calculations of the values of atomic displacements depending on the
irradiation fluence, characterizing the number of displacements of atoms from the nodes of the crystal lattice
as a result of the interaction of incident ions with the crystal structure of the target. To estimate the dpa values,
the methodology described in [23] was used. Data are given for all types of considered ions used for irradiation
of alloy samples depending on the irradiation fluence. A general analysis of the obtained values indicates that
at low irradiation fluences (5%10'° - 5x10'!" ion/cm?) the degree of structural damage is extremely low and
does not differ significantly depending on the type of ions used for irradiation. In this case, the observed effects
are explained by the fact that at low irradiation fluences, a limited number of point defects are formed in the
material, such as vacancies and interstitial atoms, which can recombine with each other, and the areas where
these defects are formed are isolated from each other. At fluences above 10'? ion/cm?, the differences between
the effects of ions depending on their type and energy become more pronounced, which is explained by the
fact that heavy ions have a greater mass and higher momentum, as a result of which they transfer more energy
to the atoms of the crystal lattice during collisions. This leads to the formation of more intense displacement
cascades and an increase in the number of radiation defects formed. At the same time, light ions such as oxygen
lose more energy through ionization processes, which reduces the contribution of nuclear collisions and,
accordingly, reduces the level of structural damage.

The determination of structural damage in the near-surface layer of the AINbTiVZr alloy was carried out
by the assessment of changes in the structural parameters of the main phase B2 and further calculation of
changes in the structural damage degree based on changes in the crystal lattice volume in comparison with the
results for the initial samples with a change in the irradiation fluence. To assess the influence of accumulated
structural damage caused by irradiation with heavy ions of different energies on the change in the mechanical
properties of alloys, as well as to identify the role of changes in ionization losses and structural damage on the
degree of softening of damaged layers, a hardness assessment method was used.

Changes in sample hardness before and after testing were determined using an indentation method
employing a Vickers diamond pyramid indenter. The load applied to the indenter was approximately 10 N,
and the dwell time was about 15 seconds; the indenter was then moved a distance of approximately 30 pm,
and the measurements were repeated. At least 20 indentations were performed on each irradiated alloy sample.



Eurasian Physical Technical Journal, 2026, 23, 3(57) ISSN 1811-1165; e-ISSN 2413-2179 9

3. Results and discussion

One of the key parameters characterizing the degree of influence of heavy ions on the crystal structure is
the change in the volume of the crystal lattice of irradiated samples and its comparison with the results of the
initial values. In this case, for cubic lattices, the change in the crystal lattice volume characterizes the overall
deformation of the crystal structure, and the nature of the changes itself determines the type of deformation
distortions caused by the processes of interaction of ions with the material. Also, the use of this parameter
makes it possible to quantitatively estimate the degree of radiation-induced structural changes caused by the
accumulation of deformation distortions, and the value itself for cubic types of crystalline structures is an
integral characteristic of the deformation state, since the lattice parameters in cubic systems are the same in all
directions, which means that an increase or decrease in the volume of the crystalline structure reflects a change
in interatomic distances, as well as the total effect of radiation defects and their accumulation in the damaged
layer.

Figure 2 shows the assessment results of the change in the degree of volumetric swelling of the crystal
lattice caused by the accumulation of deformation distortions in the crystal structure, caused by the processes
of interaction of incident ions with the target material. The choice of crystal lattice volumetric expansion as an
evaluation parameter is based on the following assumptions. Structural damage resulting from the interaction
of incident ions with the crystal structure causes distortion due to the formation and subsequent migration of
defects and vacancies. In this instance, comparing the crystal lattice volumes of samples before and after
irradiation makes it possible to assess the extent of structural change caused by external factors, while the
nature of these changes allows for the identification of the type of deformation involved. According to the
assessment of the data obtained, the increase in the crystal lattice volume for irradiated samples indicates the
formation of tensile deformation stresses in the crystal structure caused by irradiation, the accumulation of
which is associated with the formation of vacancies and their subsequent agglomeration and the formation of
vacancy clusters. At the same time, the accumulation of vacancy defects leads to a growth in interatomic
distances, which consequently leads to an elevation in the crystal lattice parameters. The very nature of changes
in the value of volumetric swelling of the crystal lattice, shown in Figure 2a, indicates a cumulative effect
caused by a change in the irradiation fluence, as well as the direct influence of the energy and type of incident
ions on the degree of deformation distortions. In the case of lighter O" ions, changes in the volumetric swelling
degree are most pronounced at fluences above 10'* ion/cm?, while at irradiation with Kr* or Xe" ions, an
intensive growth in the volumetric swelling degree is observed at fluences above 5x10'' — 10'% ion/cm?. In the
case of irradiation with Ar" ions, the nature of changes in the degree of volumetric swelling is similar to the
changes caused by irradiation with O ions, but the degree of changes is somewhat higher. The dependencies
obtained are a direct confirmation of the role of changes in the type and energy of ions in the deformation-
induced distortion of the crystalline structure of the damaged layer. According to the data obtained, the higher
the energy of the incident ions, the more intense the change in the volumetric swelling of the damaged layer,
which is especially evident at high irradiation fluences.

In this case, an elevation in the irradiation fluence causes a reduction in the distance between structurally
altered areas that arise along the trajectory of ion movement in the damaged layer, thereby increasing the
density of damaged areas and their subsequent overlap. In this case, the size of the incident ions and their
energy play a key role in the size of these regions with increased defectiveness, which in turn leads to the fact
that the higher the energy of the ions, the larger the size of these regions, and accordingly the overlapping
effect is achieved at lower irradiation fluence values. Also, according to the data presented in Table 1, a change
in the type and energy of incident ions leads to an elevation in ionization losses, which, as a consequence, leads
to a growth in the intensity of cascade displacements, and, as a consequence, an increase in the concentration
of defects in the damaged area, which causes more intense distortions due to a higher density of defects and
vacancies in the damaged layer. Based on the obtained data on the dependence of changes in the degree of
volumetric swelling, and also taking into account the fact that the growth of deformation distortions occurs
when structurally altered areas overlap, it is possible to draw a conclusion about critical fluences at which the
nature of deformation processes changes and destabilization of the damaged layer grows.

In this case, at irradiation with O" or Ar" ions, the formation of overlapping defect regions is observed at
fluences above 10'* ion/cm?, while for heavy Kr* and Xe" ions, the overlapping of defect regions is observed
at fluences above 5%10'' — 10" ion/cm?, which in turn indicates a higher efficiency of heavy ions in the
initiation of structural changes due to the accumulation of radiation-induced defects and vacancies. An



10 Eurasian Physical Technical Journal, 2026, 23, 3(57) Materials science

assessment of the characteristic sizes of defective areas, taking into account the obtained critical fluence values
at which a sharp change in the volumetric swelling degree is observed and taking into account the assumption
of a uniform distribution of these areas in the material, showed that for O" and Ar" ions, the average sizes of
structurally altered areas are of the order of 3 — 5 nm, and for Kr" and Xe" ions, the characteristic sizes are of
the order of 10 — 20 nm. In this case, the overlap of defective areas leads to the formation of continuous zones
of increased defectiveness, which is accompanied by an increase in the density of deformation distortions of
the crystal lattice due to the active accumulation of vacancies, the formation of vacancy clusters, which
enhances the effect of local destabilization of the crystal structure of the near-surface layers. The overlap of
such damaged regions is accompanied by an increase in the concentration of vacancy defects and the formation
of vacancy clusters, nanopores and other defective structures, which are the main source of radiation-induced
volumetric swelling. The accumulation of such defects leads to a local increase in interatomic distances and
the formation of tensile deformations in the crystal lattice, which ultimately manifests itself in an increase in
the volume of the material. It should also be noted that at high ion energies, the contribution of ionization
energy losses associated with the excitation of the electronic subsystem of the material grows. This can lead
to additional local energy disturbances in the structure of the material and enhance the processes of defect
formation and atomic migration. In combination with nuclear collisions, such processes contribute to a more
intense development of radiation damage and an increase in volumetric swelling, which is most clearly seen
in the dependencies shown in Figure 2a for heavy Kr" and Xe" ions, for which the maximum change in the
volumetric swelling value at a fluence of 10'* ion/cm? is 2.8 % and 3.5 %, respectively, while for samples
irradiated with O* and Ar" ions, the maximum change in the volumetric swelling value is about 1.0 — 1.3 % at
a fluence of 10" ion/cm?.
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Fig. 2. Results of the assessment of changes in structural properties: a) results of changes in volumetric swelling
depending on irradiation fluence; b) results of changes in volumetric swelling depending on the damage degree

For a correct comparison of the degree of volumetric swelling caused by different types of ions during
irradiation, the dependence of the change in the volumetric swelling value on the degree of structural damage
caused by atomic displacements was plotted. The use of the atomic displacement parameter allows for an
objective comparison of the results of irradiation with different ions, since this parameter considers not only
the type and energy of the incident particles, but also the total density of defects arising during the collision of
ions with the crystal structure of the target material. The need to use such a dependence is due to the fact that
when irradiated with different ions, there are significant differences in the mechanisms of energy transfer to
the material, the depth of particle penetration, and the nature of the formation of displacement cascades. Light
ions, such as O, lose energy to a greater extent through ionization processes, interacting with the electron
subsystem of the material. At the same time, heavier ions such as Kr" and Xe" have significantly greater mass
and are able to initiate intense nuclear collisions, forming powerful cascades of atomic displacements. This
leads to the formation of different concentrations of radiation defects even at the same irradiation fluence
values. In this case, the construction of the dependence of volumetric swelling on the value of atomic
displacements makes it possible to determine how effectively the formation of defects affects the change in
the crystal lattice volume and the development of deformation distortions in the material. Analysis of the
presented dependencies in Figure 2b showed a direct correlation between the change in the volumetric swelling
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value and the value of atomic displacements caused by irradiation. According to the given dependencies, a
change in the type of ions leads to more pronounced structural degradation due to an increase in atomic
displacements caused by changes in ionization losses of ions and energy transfer mechanisms. In this case,
heavy ions transfer more energy to the atoms of the target crystal lattice, which leads to the formation of more
powerful displacement cascades and an increase in the concentration of vacancies, which leads to increased
destabilization of the near-surface layer. Moreover, the evaluation of the obtained dependencies makes it
possible to demonstrate more clearly the effect of alteration of the type and energy of ions during irradiation
on the kinetics of destabilization of the near-surface layers associated with the accumulation and subsequent
aggregation of vacancy defects arising as a result of irradiation. According to the presented dependencies, the
ion energy growth leads to an increase in the processes of energy transfer to the electron subsystem, thereby
increasing ionization electron losses (see the data presented in Table 1). For light ions, electron braking
becomes the dominant mechanism of energy loss, which is accompanied by excitation and ionization of atoms,
as well as a local increase in temperature in the ion passage area. These processes contribute to additional
changes in the structure of the material and can lead to the formation of tensile deformation distortions in the
crystal lattice.

The occurrence of such distortions is associated with the accumulation of vacancies and the expansion of
interatomic distances in damaged areas. As the ion energy grows, these effects intensify, leading to an increase
in local stresses and an elevation in the crystal lattice deformation degree. As a result, a more pronounced
change in the lattice parameters and an increase in the volume of material in the near-surface layer are
observed. At high particle energies, the contribution of ionization losses becomes dominant. Electronic
excitations can lead to local energy excitation of the lattice, which contributes to additional rearrangement of
the material structure and can enhance the processes of defect formation and atomic migration.

The main mechanism that determines the degree of structural damage is nuclear deceleration of ions,
associated with elastic collisions of incident particles with atoms of the crystal lattice. In such collisions, part
of the ion energy is transferred to the atoms of the material, which can leave their positions at the nodes of the
lattice. If the energy of the transmitted pulse exceeds the atom displacement threshold, Frenkel pairs, consisting
of'a vacancy and an interstitial atom, are formed. At high ion energies, such displacements can initiate cascades
of atomic collisions, as a result of which one displaced atom knocks out other atoms from the lattice nodes. As
a result, a region of local radiation damage with a high concentration of defects is formed, and in the case of
heavy Kr" and Xe" ions, the sizes of these regions are significantly larger than for lighter O" and Ar" ions,
which in turn leads to increased destabilization effects. The analysis of the obtained dependencies makes it
possible to more clearly demonstrate the effect of the type and energy of ions on the kinetics of destabilization
of the near-surface layers of the material. Heavy ions such as Kr* and Xe" cause more intense nuclear braking
processes and form more powerful displacement cascades, which leads to accelerated accumulation of defects.
As a result, there is an increase in the processes of vacancy clustering, pore formation and volumetric swelling
growth, which ultimately leads to more pronounced structural degradation of the near-surface layer of the
irradiated material.

Figure 3 reveals the assessment results of changes in the hardness of the studied alloy samples depending
on the irradiation fluence. According to the data presented in Figure 3a, it is evident that at low irradiation
fluences (below 10'? ion/cm?), the changes in the hardness values of the near-surface layer are practically no
different from the initial values, and the degree of change is no more than 0.2 — 0.5 % of the initial values. The
obtained results indicate that in the case of failure to achieve the effect of overlapping defective areas in the
damaged layer, changes in the structure of alloys due to the occurrence of point and vacancy defects do not
have a significant effect on the change and destabilization of mechanical properties. With an increase in
irradiation fluence above 10'? ion/cm?, at which the formation of the effect of overlapping defective areas is
observed for heavy ions, according to the presented data on changes in hardness, a reduction in values is
observed, which indicates a decrease in the resistance of the material to plastic deformation caused by
irradiation. The most pronounced change in hardness for samples irradiated with O" ions at a fluence of 10"
ion/cm? is approximately 520 — 525 HV, which, as a percentage relative to the initial values, is less than 4 %.
In the case of irradiation with Ar” ions, the reduction in hardness at a fluence of 10'* ion/cm? is approximately
515 - 517 HV, which is less than 5 % of the initial values.

In the case of heavy Kr" and Xe" ions, the decrease in hardness at a fluence of 10'* ion/cm? is more
pronounced than in the case of irradiation with light ions and is approximately 6 — 8 % of the initial values of
the hardness of the alloys. This behavior is due to the fact that heavy ions transfer more energy to the atoms of
the crystal lattice, forming more intense displacement cascades and increasing the concentration of vacancy
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defects. In this case, the decrease in hardness is associated with the development of processes of volumetric
swelling and the accumulation of defective clusters, which lead to a weakening of interatomic bonds and an
increase in local tensile deformations in the crystal lattice. The overlapping of defective areas at high fluences
contributes to the formation of zones of increased defectiveness, which leads to the softening of the near-
surface layer of the material.
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Fig. 3. Results of the assessment of changes in the mechanical properties of alloys: a) results of changes in hardness
depending on irradiation fluence; b) results of the assessment of the degree of hardness reduction during softening
depending on the value of atomic displacements caused by irradiation

Figure 3b demonstrates the assessment results of the degree of hardness reduction during softening
depending on the value of atomic displacements caused by irradiation. Analysis of the data obtained showed
that an elevation in the structural damage degree leads to a gradual increase in the value of the reduction in
hardness of the alloy under study. At small damage values (up to ~ 0.01 — 0.02 dpa), the reduction in hardness
remains insignificant and amounts to less than 1 — 2 %, which indicates a weak influence of the initial
accumulation of point defects on the mechanical properties of the material.

At this stage, most of the resulting vacancies and interstitial atoms can recombine without causing
significant degradation of the structure. As the degree of damage increases to ~0.05 — 0.10 dpa, a more
noticeable decrease in hardness, reaching approximately 2 — 3 %, is observed. This is due to an increase in the
concentration of radiation defects and the onset of their clustering, which leads to local distortions of the crystal
lattice and a decrease in the material's resistance to plastic deformation. At high damage values (~0.15 — 0.30
dpa), the reduction in hardness becomes most pronounced and can reach 6 — 8 %. In this area there is an active
accumulation and aggregation of vacancy defects, the formation of defective clusters and local areas of
disordered structure. The overlapping of displacement cascades leads to the formation of continuous zones of
increased defectiveness, which contributes to the destabilization of the near-surface layer and its softening.

Also, analysis of the data obtained showed that the degree of hardness reduction depends on the type of
incident ions. The most significant decrease in hardness is observed upon irradiation with heavy Xe" ions, for
which, at maximum damage values (~0.27 dpa), the decrease in hardness reaches about 7 — 8 %. Slightly lower
values are typical for Kr" ions, where the reduction in hardness is approximately 5 — 6 %. For Ar" ions, the
hardness reduction value is at the level of 3 — 4 %, whereas when irradiated with light O ions, the reduction
in hardness remains minimal and does not exceed 2 — 3 %. The obtained dependences are explained by the fact
that heavy ions transfer more energy to the atoms of the crystal lattice, forming more powerful displacement
cascades and causing a more intense accumulation of radiation defects. As a result, the destabilization degree
of the structure grows, which leads to a more pronounced softening of the material. Thus, the results presented
show that the reduction in hardness is directly related to the radiation damage degree, and the intensity of
material softening increases as dpa grows. In this case, the greatest influence on the change in mechanical
properties is exerted by heavy Kr" and Xe" ions, which cause the most significant degradation of the structure
of the near-surface layer.
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4. Conclusion

Analysis of structural changes in the near-surface layer depending on the type of incident ions made it
possible to estimate the onset of the formation of overlapping regions of defective inclusions in the damaged
layer, as well as to qualitatively assess the sizes of these regions formed along the trajectory of ion movement
in the material. According to the assessment, it was found that for light O" and Ar" ions the overlap of defective
inclusions is observed at fluences above 10'* ion/cm?, which makes it possible to conclude that the sizes of
defective areas are of the order of 3 — 5 nm. For heavy Kr" and Xe" ions, the overlap of defective regions,
which causes an increase in structural changes, is observed at fluences of the order of 5x10'! — 10'2 ion/cm?,
which makes it possible to conclude that the sizes of defective regions as a result of the interaction of ions with
the crystal structure are of the order of 10 — 20 nm, and the increase in size compared to light ions is due to the
formation of more powerful displacement cascades and an elevation in the contribution of electronic stopping
power and nuclear stopping power to structural changes caused by irradiation. The results obtained indicate
that the type of incident ions and the irradiation fluence value determine the nature of the formation of the
defective structure of the material, as well as the critical conditions under which the overlap of radiation-
induced damaged areas begins. Moreover, heavy ions form larger damage zones and cause the overlap of
defective areas at significantly lower fluences compared to light ions, which leads to more intense
destabilization of the near-surface layer of the material.

Based on the data obtained, it can be concluded that during description of structural damage and changes
in the mechanical properties of alloys irradiated with different ions, the most optimal parameter for comparison
of changes caused by irradiation is the degree of damage, and not the irradiation fluence.

Studies on the assessment of the mechanical properties of alloys showed that ion irradiation leads to a
gradual change in the mechanical properties of the near-surface layer of the alloy under study, expressed in a
decrease in microhardness as the irradiation fluence and the structural damage degree grow. It has been
established that the softening degree is directly related to the radiation damage value, characterized by the dpa
parameter: at low damage values, changes in mechanical properties remain insignificant, whereas with an
increase in the damage degree, a more pronounced reduction in hardness is observed. The greatest deterioration
in mechanical characteristics was recorded during irradiation with heavy Kr* and Xe" ions, which is associated
with the formation of more powerful displacement cascades and an increased concentration of vacancy defects
in the crystal lattice. It is shown that the accumulation and subsequent aggregation of vacancy defects, as well
as the overlap of damaged areas at high irradiation fluences, lead to increased deformation distortions of the
crystal structure and destabilization of the near-surface layer of the material. Moreover, the development of
volumetric swelling processes and the formation of defective clusters are the main factors causing a decrease
in hardness and deterioration of the mechanical properties of the irradiated material.
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Abstract. The structural evolution of Fe monolayers deposited on a Pt(110) surface was investigated under
ultra-high vacuum conditions using scanning tunneling microscopy, low-energy electron diffraction, and Auger
electron spectroscopy. A clean Pt(110) substrate exhibiting the characteristic (1*2) missing-row reconstruction
was prepared by repeated cycles of argon ion sputtering, oxidation, and high-temperature annealing. Surface
cleanliness and reconstruction were confirmed by Auger electron spectroscopy and low-energy electron diffraction,
while scanning tunneling microscopy imaging revealed an anisotropic terrace—step morphology with atomic rows
characteristic of the reconstructed Pt(110) surface. Fe monolayers were subsequently deposited on the clean
substrate at room temperature by electron-beam evaporation. Auger electron spectroscopy measurements
confirmed the presence of iron on the surface, together with minor carbon and oxygen contamination. Low-energy
electron diffraction patterns recorded after Fe deposition showed a noticeable modification of the substrate
diffraction features, indicating partial suppression of the original Pt(110)-(1X2) reconstruction. In addition, a
sixfold diffraction feature observed at higher electron energy suggests the formation of an ordered overlayer or
Moiré-type superstructure arising from the lattice mismatch between Fe and Pt(110). These results provide insight
into the growth behavior and interface structure of Fe monolayers on reconstructed Pt(110), and establish a basis
for future studies of iron oxide formation and redox transformations on this surface.

Keywords: Fe growth; Pt(110); surface reconstruction; epitaxial growth.

1. Introduction

Metal-oxide interfaces play a central role in many areas of surface science, heterogencous catalysis,
corrosion, and nanostructured materials research [1-3] . Ultrathin oxide films grown on metallic substrates
often exhibit structural, electronic, and catalytic properties that differ significantly from those of bulk oxides,
making them valuable model systems for studying fundamental processes at the atomic scale [4-6]. In
particular, well-defined oxide films supported on single-crystal metal surfaces provide an ideal platform for
investigating the relationship between surface structure, chemical composition, and catalytic activity under
controlled experimental conditions [7,8].

Metal surfaces, particularly noble metals, have long served as model substrates for investigations of thin
film growth and surface reactions because they combine high chemical stability with well-defined
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crystallographic structures [9,10]. Among noble metal substrates, platinum occupies a particularly important
position due to its broad technological relevance in heterogeneous catalysis and its strong interaction with a
wide range of adsorbates, metals, and oxide species. platinum surfaces are especially attractive due to their
technological relevance in catalysis and their ability to support a variety of adsorbates and thin film structures
[11,12]. Within the family of low-index platinum surfaces, Pt(110) has attracted special interest because of its
pronounced structural anisotropy and its tendency to reconstruct under vacuum conditions. among the low-
index platinum surfaces, Pt(110) has received considerable attention because of its pronounced surface
reconstruction and anisotropic atomic structure [13,14].Under ultra-high vacuum (UHV) conditions, the clean
Pt(110) surface reconstructs into a stable (1x2) missing-row structure [15,16]. In this reconstruction, every
second atomic row along the (110) direction is removed, resulting in parallel atomic rows separated by troughs
along the (001) direction [17,18]. As a result, the reconstructed surface displays a strongly anisotropic
morphology composed of terraces, atomic rows, and step edges, which can act as preferential sites for
adsorption, nucleation, and subsequent thin film growth [19].

A thorough examination of the structural and electronic characteristics of reconstructed Pt(110) surface
has been done through different techniques such as low-energy electron diffraction (LEED), scanning
tunneling microscopy (STM), and Auger electron spectroscopy (AES). [20]. Iron oxide thin films grown on
metal substrates have attracted significant attention due to their complex structural behavior and important
catalytic properties[20,21]. Iron oxides are widely used in applications such as environmental catalysis,
oxidation reactions, and magnetic materials [22,23]. When grown as ultrathin films on metal surfaces, iron
oxides can form a variety of structural phases depending on deposition conditions, oxygen exposure, and
annealing temperature [24,25]. These systems therefore provide valuable model platforms for investigating
oxide growth mechanisms, surface reconstructions, and redox processes at the nanoscale [1]. The Fe/Pt
interface is particularly interesting because of the lattice mismatch between iron and platinum, which can lead
to the formation of Moiré superstructures and other complex surface morphologies during film growth.

Previous studies have shown that the deposition of iron on noble metal substrates may result in different
growth modes, including island formation, layer-by-layer growth, or mixed growth mechanisms depending on
experimental conditions. Furthermore, exposure of iron films to oxygen can lead to the formation of various
iron oxide phases, whose structural and electronic properties depend strongly on film thickness and substrate
interactions. Understanding the oxidation and reduction behavior of iron oxide films on metal substrates is
important for clarifying the stability and transformation mechanisms of these systems under reactive
environments. Repeated oxidation—reduction cycles may significantly modify the morphology, composition,
and surface structure of oxide films. Investigating these processes at the atomic scale is therefore essential for
gaining deeper insight into the dynamics of oxide formation and reduction on metal surfaces.

In the present work, the growth and redox cycling of iron oxide films on a Pt(110) surface are investigated
using a combination of scanning tunneling microscopy (STM), low-energy electron diffraction (LEED), and
Auger electron spectroscopy (AES). A clean reconstructed Pt(110) surface is first prepared and characterized
under ultra-high vacuum conditions. Subsequently, iron monolayers are deposited on the substrate, and their
structural properties are analyzed. The system is then subjected to controlled oxidation and thermal annealing
cycles to study the formation and reduction of iron oxide films. Attention is given to the evolution of surface
morphology, structural ordering, and growth mechanisms during the oxidation—reduction cycling process.

2.Materials and Methods

2.1 Ultra-High Vacuum System

All experiments were carried out in an ultra-high vacuum (UHV) chamber equipped with facilities for
surface preparation and analysis. The base pressure of the system was maintained at approximately 6.4'° Torr
during the experiments. The chamber was equipped with low-energy electron diffraction (LEED), Auger
electron spectroscopy (AES), and scanning tunneling microscopy (STM) for structural and chemical
characterization of the surface.

2.2 Sample Preparation

The experiments were performed using a single-crystal Pt(110) sample with a diameter of 10 mm,
corresponding to a geometric surface area of approximately 78.5 mm?. Prior to measurements, the surface was
cleaned using repeated cycles of argon ion sputtering, oxidation, and thermal annealing. Sputtering was carried
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out using an Ar" ion beam for approximately 20 minutes with a beam current of about 2 pA and an argon
pressure of approximately 10 Pa.

Following sputtering, the sample was exposed to oxygen at a pressure of about 10 Pa for approximately
2 hours to remove residual carbon contamination from the surface. After the oxidation step, the sample was
heated to approximately 480 °C and subsequently annealed at temperatures up to 1000 K. This procedure
allowed carbon and oxygen contaminants to react and desorb from the surface, resulting in a clean Pt(110)
surface. The cleanliness and structural ordering of the surface were verified by AES and LEED measurements.
A well-defined (1%2) reconstruction characteristic of the Pt(110) missing-row structure was observed after the
cleaning procedure.

2.3 Surface Characterization

Auger electron spectroscopy (AES) was used to determine the elemental composition of the surface and
to monitor the presence of carbon, oxygen, and iron during the experiments. Characteristic Auger peaks
corresponding to carbon and oxygen were used to evaluate surface contamination during the cleaning process.

Low-energy electron diffraction (LEED) measurements were performed to investigate the surface
crystallographic structure and reconstruction of the Pt(110) surface. Diffraction patterns were recorded at
different electron energies to confirm the formation of the (1x2) reconstructed surface.

Surface morphology and atomic-scale structure were examined using scanning tunneling microscopy
(STM). STM measurements were performed in constant-current mode under UHV conditions. Typical
tunneling parameters corresponded to a tunnel barrier of 3—4 eV. STM images were acquired to investigate the
terrace structure, atomic rows, and step morphology of the reconstructed Pt(110) surface.

2.4 Iron Deposition

Fe was deposited on the clean Pt (110) surface at room temperature using an electron-beam evaporator.
The deposition rate and nominal film thickness were controlled using a calibrated quartz crystal thickness
monitor. The deposited Fe coverage corresponded to a few monolayers (ML), with an effective thickness of
approximately 0.18 nm (1.8 A) per Fe monolayer used for estimating the nominal coverage. After deposition,
the surface was characterized using AES and LEED to confirm the presence of iron and to examine the
structural changes induced by the deposited Fe atoms.

2.5 Oxidation and Reduction Cycles

Following iron deposition, the Fe/Pt(110) system was subjected to controlled oxidation and thermal
annealing cycles to study the formation and reduction of iron oxide monolayers. Oxidation of the surface was
performed by exposing the sample to oxygen under controlled conditions. Subsequent thermal annealing was
used to induce reduction processes and modify the surface structure. The structural evolution of the surface
during these oxidation—reduction cycles was monitored using AES, LEED, and STM measurements. Attention
was given to changes in surface morphology, diffraction patterns, and chemical composition to understand the
growth behavior of iron oxide monolayers and their transformation during repeated cycling processes.

3. Results and Discussion

3.1 Structure of the Clean Pt(110) Surface

It is a well-known fact that clean Pt(110) surface reconstructs into stable structure known as (1x2) missing
row type. The crystallographic properties of the surface are given below. A top view of an fcc(110) crystal is
shown in Figure 1. The surface consists of closed-packed rows in the [1-10] direction, separated by large
distances in the [001] direction.

Along the [001] direction of a (1x2) missing-row reconstructed fcc(110) surface the structure repeats
every four distances d=a/v/2 (where a=2.77A denotes the bulk nearest-neighbor distance for platinum). Note
that d is the smallest distance between atomic rows along the [001] direction if the second and deeper layers
are considered. the completely arranged (1x2) arrangement, the period of 4d corresponds to a phase difference
value of 27t. There exists a total of four distinguishable nonequivalently sublattice structures. Using them, it is
possible to create three kinds of displacements represented by: nm/2 where n is represented by 1,2 or 3. The
obtained shifts can be separated into two classes. The first-class defects having phase difference of =, 37,...
[Figures 2(b) and 2(c)] do not change the average height of surface level. The other class of defects causes a
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phase shift of /2 or 37/2 and are necessarily correlated with the surface step [Figures 2(d) and 2(e)]. In cases
when the defects belong only to the first class, phase shift of =, 3m,... , the surface fully preserves its flat
appearance. Depending on the defects at the surface, two completely distinct scenarios can happen: either
surface becomes non-planar or remains planar.

(001) plane

DN ' (170) plane

-
- (111) plane

Fig. 1. Schematic top view of the fcc Pt(110) surface showing the atomic arrangement and crystallographic directions.
The close-packed atomic rows run along the [110] direction, while the [001] direction corresponds to the spacing
between rows. The orientations of the (001), (110), and (111) crystallographic planes relative to the surface are
indicated.
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Fig. 2. Side view of the (1x2) reconstructed fcc(110) surface: (a) ideal surface with 4d periodicity along [001];
(b, ¢) antiphase domain walls with phase shifts of & and 37; (d, e) surface steps with phase shifts of 7/2 and 37/2.

110]

Figure 2 shows the (1x2) reconstructed fcc (110) surface in a side view with its surface characteristics.
As illustrated in Fig. 2(a), the surface has a period of 4d along the [001]. This represents the missing-row
mechanism. Here, the phase difference of 2n can be attributed to the distance between the two equivalent lattice
sites on the ideal reconstructed surface and gives rise to the fundamental periodicity level in the surface system.

Two major types of surface defects are identified. The first flaw occurs in antiphase domain walls as
indicated in Fig. 2(b) and Fig. 2(c). The phase difference in this case is either © or 3n. However, it must be
noted that these domain boundaries do not change the height of the surface as they represent simple movements
of the reconstructed rows.

The second type of defect corresponds to surface steps, as shown in Fig. 2(d) and Fig. 2(e). The phase
shift for this type of defect is n/2 and 3n/2, and there is a change in the mean surface level by a single interlayer
spacing. In contrast to the antiphase domain walls, the step defects involve a structural phase shift and a vertical
shift of the surface. As can be seen from Fig. 2(a-e), the reconstructed Pt(110)-(1x2) surface accommodates
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different types of defects by specific phase relationships, and this may play a significant role in the surface
morphology and influence the Fe growth processes.

The anisotropic morphology observed for the Pt(110) surface originates primarily from the intrinsic (1x2)
missing-row reconstruction of the clean surface. The reconstruction results from the removal of every second
atomic row from the outermost layer along the [001] direction, producing parallel close-packed Pt rows
separated by troughs. This structural arrangement gives rise to a pronounced anisotropy in the surface
morphology and creates nonequivalent sites, including terraces, troughs, and step edges.

The formation of the ordered anisotropic surface proceeds through several stages. First, Ar* ion sputtering
removes adsorbed contaminants and disrupts the outermost surface layers. Subsequent exposure to oxygen
promotes the conversion and removal of residual carbon-containing species during the following thermal
treatment. During high-temperature annealing, surface diffusion and atomic rearrangement become
sufficiently pronounced to restore the thermodynamically stable Pt(110)-(1x2) missing-row reconstruction.
Thus, the final anisotropic terrace—trough morphology is not produced directly by ion sputtering but results
from the reconstruction and ordering of the Pt surface during the subsequent thermal treatment.

3.2 Structural Characterization of the Fe/Pt(110) Interface

The Pt (110) surface has been widely studied using techniques such as Low Energy Electron Diffraction
(LEED), Auger Electron Spectroscopy (AES), and Scanning Tunneling Microscopy (STM), among others. In
the present study, AES was used to study the Pt (110) surface. The study revealed that carbon and oxygen were
present on the surface. To obtain a clean surface, Ar* ion bombardment coupled with an oxidation treatment
was used. Subsequently, the sample was flashed, which caused the carbon-oxygen species to react, leading to
desorption from the Pt (110) surface as depicted in Figure 3.
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Fig. 3. Temporal evolution of the C KLL Auger signal intensity during the cleaning procedure of the Pt(110)
surface. The initial transient region and subsequent quasi-stationary region are indicated.

The temporal evolution of the AES signals shown in Fig. 3—Fig. 5 provides information on the changes
occurring at the Pt(110) surface during the cleaning procedure. In particular, the characteristic C KLL and O
KLL Auger signals shown in Fig. 3 and Fig. 4, respectively, reflect changes in the surface concentrations of
carbon- and oxygen-containing species during Ar* ion sputtering, oxidation, and subsequent thermal treatment.
The initial transient response corresponds to the stage in which the surface composition and experimental
conditions are changing. With continued cleaning and thermal treatment, the intensities of the signals
associated with surface contaminants decrease and approach a quasi-stationary level. The stabilized response
observed in Fig. 5 indicates that the surface composition and experimental conditions have reached a relatively
stable state. The decrease in the C and O Auger signal intensities in Fig. 3 and Fig. 4, respectively, is interpreted
as a reduction in the surface concentrations of carbon- and oxygen-containing species. However, the
stabilization of the AES signal alone is not considered sufficient evidence of complete surface cleaning. The
cleanliness and structural ordering of the Pt(110) surface were therefore evaluated using the combined AES,
LEED, and STM results.
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Fig. 4. Temporal evolution of the O KLL Auger signal intensity during the cleaning and annealing treatment of
the Pt(110) surface. The transient and quasi-stationary regions are indicated.

The reduced C and O signals observed in Fig. 3 and Fig. 4, together with the well-defined Pt(110)-(1x2)
LEED pattern in Fig. 6 and the ordered terrace—step morphology observed by STM in Fig. 7-Fig. 9, provide
complementary evidence for effective removal of the major surface contaminants. The observed changes in
the AES signals may result from the combined effects of Ar* ion bombardment, oxidation, thermal treatment,
desorption of volatile surface species, and stabilization of the surface under UHV conditions. Therefore, the
temporal evolution of the AES signals shown in Fig. 3—Fig. 5 is considered together with the final AES, LEED,
and STM characterization when assessing the surface cleanliness and structural ordering.
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Fig. 5. Temporal evolution of the selected AES signal intensity associated with the Pt(110) surface after the
cleaning procedure, showing the transition from the initial transient regime to a stable quasi-stationary state.

The structural arrangement of the Pt(110) surface and the effect of Fe deposition were investigated using
low-energy electron diffraction (LEED). The LEED patterns recorded at different primary electron energies
are presented in Fig. 6(a—d): (a) and (b) correspond to the clean Pt(110) surface at electron energies of 76 and
84 eV, respectively, while (c) and (d) show the corresponding patterns after Fe deposition at 82 and 92 eV.
Following the annealing and flashing treatment, the clean Pt(110) surface exhibits well-defined and regularly
arranged diffraction spots, confirming the formation of a well-ordered crystalline surface and indicating the
successful removal of significant surface impurities. The patterns obtained at 76 and 84 eV (Fig. 6(a,b)) are
qualitatively similar, demonstrating that the overall surface structure remains unchanged with variation in the
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primary electron energy, although the relative intensities of the diffraction spots vary due to the energy
dependence of the electron scattering process. The characteristic (1x2) features associated with the missing-
row reconstruction of Pt(110) are clearly observed for the clean surface.

After Fe deposition, the characteristic (1x2) features become substantially less distinct [Fig. 6(c)],
indicating that the Fe overlayer partially suppresses or modifies the long-range order of the Pt(110) missing-
row reconstruction. At a primary electron energy of 92 eV (Fig. 6(d)), a distinct hexagonal diffraction pattern
is observed. The appearance of six-fold symmetry indicates the formation of an ordered Fe overlayer with a
periodicity different from that of the underlying Pt(110) substrate. This behavior can be associated with the
development of a Moiré-type surface superstructure resulting from the lattice mismatch between the Fe
overlayer and the Pt(110) surface. Thus, the LEED results demonstrate that Fe deposition modifies the
reconstructed Pt(110) surface while simultaneously promoting the formation of an ordered overlayer structure.

¢) d)

Fig. 6. LEED patterns obtained from the Pt(110) surface and Fe/Pt(110) system at different electron energies
after annealing and flashing: (a) clean Pt(110), Eo =76 eV; (b) clean Pt(110), Eo = 84 eV; (c) Fe/Pt(110), Eo =82 eV;
and (d) Fe/Pt(110), Eo =92 eV. Fe deposition partially suppresses the missing-row reconstruction, while the hexagonal
pattern in (d) indicates the formation of an ordered Fe overlayer.

Figure 7 shows a STM top view of the clean Pt(110) surface following the preparation process. As
indicated in Fig. 7(a), it is evident that the surface is well ordered with features that correspond to the missing-
row reconstructed Pt(110)-(1x2) surface. The presence of long-range features on the surface indicates that the
surface is anisotropic in nature. This is due to the presence of atomic rows and troughs on the surface that
result from the missing-row reconstruction. The STM image in Fig. 7(a) indicates that the surface is well
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ordered at long range. However, there is also evidence of step features on the surface, which is characteristic
of the missing-row reconstructed surface. The line profile in Fig. 7(b), which is indicated by the green line in
Fig. 7(a), indicates that there is significant height variation on the surface. This is due to the presence of features
on the surface that result in step features. The presence of the terrace-step configuration in Fig. 7(a,b) reveals
that the cleaning-annealing process was effective in creating a well-structured surface, which is essential for
further experimental work on Fe film depositions. The presence of terraces is also significant in Fe film growth
and oxidation.

.-vw

1A
T T T

a)
Fig. 7. STM image of the reconstructed Pt(110) surface: (a) topography showing long-range order with step features
and (b) line profile along the green line in (a), showing the terrace-step height variation. The well-structured surface
confirms the effectiveness of the cleaning-annealing process.

Figure 8 displays a constant current STM image of a reconstructed area of the Pt(110) surface that
possesses a (1x2) reconstruction, as well as a cross-sectional profile of the reconstructed area. As seen in Fig.
8(a), the surface features a well-ordered area characterized by rows of atomic features that are characteristic
of the missing row reconstructed Pt(110)-(1x2) surface. In addition to the well-ordered rows of atomic features,
a well-defined step-like feature appears near the right-hand side of the reconstructed area. As seen in Fig. 8(b),
the cross-sectional profile taken along the line shown in Fig. 8(a), a well-defined step appears on the surface,
indicating a step-like feature on the reconstructed area of the Pt(110)-(1x2) surface. The height difference of
the step appears to be around 1.4 A, characteristic of a monoatomic step that separates terraces on the
reconstructed surface. In addition, a finer corrugation, characterized by a height of approximately 0.85 A,
appears superimposed on the step profile.

o] 10 20 30 40 50
X [1un]

Fig.8. Constant-current STM image of (1x2) areas on the missing-row reconstructed Pt(110) surface: (a) 48 nm
x 48 nm topography; (b) cross-section along the line in (a), showing a downward step.
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The presence of well-ordered terraces and well-defined step edges in Fig. 8a,b implies that the Pt(110)
substrate was in a very well-prepared condition after the cleaning process. The step edges are believed to be
of prime importance during the process of Fe deposition because they might be used as nucleation centers for
the deposited atoms. Figure 9 displays a high-resolution STM image of the reconstructed Pt(110) surface
together with the corresponding cross-sectional profile taken perpendicular to the atomic rows along the [110]
direction. As shown in Fig. 9(a), the STM image clearly reveals the characteristic row structure of the
reconstructed Pt(110)-(1x2) surface. In addition to the well-defined row structure, several bright features are
observed, which can be attributed to surface adsorbates, such as oxygen- and carbon-containing species. The
line profile presented in Fig. 9(b), taken along the direction indicated in Fig. 9(a), reveals the surface
corrugation perpendicular to the atomic rows and confirms the periodicity associated with the Pt(110)-(1x2)
reconstruction. The measured corrugation reaches approximately 0.8 A, which is consistent with the
characteristic row structure of the reconstructed Pt(110) surface. These observations confirm that the substrate
is well ordered and suitably prepared for subsequent thin-film deposition experiments. Following preparation
and characterization of the clean Pt(110) substrate, Fe thin films were deposited at room temperature using an
electron-beam evaporator. The thickness of the deposited Fe films was monitored and calibrated using a quartz
crystal thickness monitor. The resulting Fe/Pt(110) surfaces were subsequently characterized by Auger
electron spectroscopy (AES) and low-energy electron diffraction (LEED) to evaluate their surface chemical
composition and structural ordering.
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Fig.9. Large-scale STM image of the Pt(110) surface: (a) 33 nm x 29 nm topography; (b) cross-section along the line in
(a), indicating the corrugation normal to the [110] rows.

The differentiated AES spectrum obtained after Fe deposition exhibits pronounced features in the 550—
730 eV energy range, which are characteristic of iron Auger transitions and confirm the successful formation
of an Fe overlayer on the reconstructed Pt(110) surface, as shown in Fig. 10.

In addition, weak signals attributed to carbon and oxygen are observed in Fig. 10, indicating minor
residual contamination and/or partial oxidation of the deposited film. Prior to Fe deposition, AES
measurements of the clean Pt(110) substrate showed almost no detectable oxygen or carbon, demonstrating
that these species became more evident only after Fe deposition. This behavior, as illustrated in Fig. 10, is
consistent with the higher chemical reactivity of Fe compared with Pt, which makes the deposited layer more
susceptible to adsorption of residual gases under UHV conditions.

The presence of an O Auger signal after Fe deposition should not be attributed exclusively to surface
contamination. Because Fe is considerably more reactive toward oxygen than Pt, the observed oxygen signal
may also originate from partial oxidation of the deposited Fe layer by residual oxygen-containing species under
the experimental conditions. Therefore, the O signal observed after Fe deposition is interpreted as a possible
combination of residual oxygen-containing adsorbates and partial oxidation of the Fe overlayer.

The LEED observations provide a basis for further investigation of the Fe/Pt(110) interface and its
evolution during oxidation and reduction. Scanning tunnelling microscopy (STM) is being employed to
characterize the surface morphology of the Fe overlayer at the nanoscale, with particular emphasis on its
growth mode, including the possible formation of islands and other interface-related structures. Further
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experiments will focus on the oxidation of Fe/Pt(110) to produce iron oxide films, followed by characterization
using Auger electron spectroscopy (AES) and LEED. Subsequent thermal annealing will be used to induce
oxygen desorption and reduction of the iron oxide surface, while AES, LEED, and STM will be employed to
monitor the associated structural, compositional, and morphological changes.
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Fig. 10. Auger electron spectrum (AES) of a Fe monolayer deposited on the Pt(110) surface. The spectrum
indicates the presence of iron with small contributions from carbon and oxygen, suggesting minor surface
contamination.

These experiments will provide further insight into the growth and stability of iron oxide films on
reconstructed Pt(110), their behavior during repeated oxidation—reduction cycles, and the morphological
evolution associated with the reduction process.

4. Conclusion

In this study, the growth and structural evolution of Fe overlayers on a Pt(110) surface were investigated
under ultra-high-vacuum (UHV) conditions using a combination of Auger electron spectroscopy (AES), low-
energy electron diffraction (LEED), and scanning tunneling microscopy (STM). The clean Pt(110) surface,
exhibiting the characteristic (1 % 2) missing-row reconstruction, was prepared through repeated cycles of Ar*
ion sputtering, oxidation, and annealing. AES confirmed the effective removal of carbon- and oxygen-
containing contaminants, while LEED demonstrated the formation of a well-ordered reconstructed surface.
STM revealed the characteristic step-and-terrace morphology of Pt(110), with atomic rows oriented along the
corresponding crystallographic directions. The observed step structure and surface corrugation were consistent
with the expected morphology of the missing-row reconstruction.

The deposition of Fe onto the reconstructed Pt(110) surface was confirmed by AES through the
appearance of Fe-related signals. Following Fe deposition, LEED revealed modifications of the characteristic
Pt(110) reconstruction, together with additional diffraction features attributed to the formation of a Moiré-type
superstructure. These observations demonstrate that Fe deposition significantly modifies the structural
ordering of the Pt(110) surface and results in the formation of a well-defined Fe/Pt(110) interface. The
structural characterization performed in the present study establishes Fe/Pt(110) as a suitable model system
for investigating the subsequent formation and evolution of iron oxide on a metallic substrate.

Future experiments will focus on the controlled oxidation of the Fe overlayer under UHV conditions. The
resulting iron oxide phases will be characterized using AES, LEED, and STM to determine their chemical
composition, crystallographic structure, and surface morphology. Particular attention will be paid to the effects
of Fe coverage, oxygen exposure, and annealing temperature on oxide formation and structural ordering. These
studies will provide insight into the oxidation behavior and structural evolution of Fe/Pt(110) interfaces and
contribute to a better understanding of model metal—oxide interfaces relevant to surface chemistry, catalysis,
and oxidation—reduction processes.
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Abstract. Biodegradable implants present significant challenges that hinder their widespread clinical
application despite their potential benefits. Key issues include inconsistent degradation rates, insufficient
mechanical strength, and the risk of inflammatory responses. These challenges must be addressed to enhance the
efficacy and safety of biodegradable implants. This study focuses on the selective degradation behavior of a
magnesium-zinc-zirconium-neodymium alloy coated with a silver layer of 200-300 and 500 nm in thickness. The
material is proposed for manufacturing biodegradable implants intended for bone fracture treatment. According to
the results of potential-dynamic studies of samples in the Ringer-Locke solution, it was found that its corrosion
potential was -1.444 and -1.466 V, and the corrosion current density was 0.5012 and 0.3981 mA/cm?, respectively.
The observed corrosion behavior of the studied samples is attributed to the distinctive characteristics of selective
degradation occurring in areas of localized corrosion damage. It was shown that the surface of the corrosion
damage of a sample with a coating thickness of 500 nm was enriched with zinc. For the sample with a 200-300 nm
coating, the localized corrosion area also became enriched in zinc, while the remaining elements dissolved in the
following sequence: magnesium, zirconium, silver, and neodymium.

Keywords: selective degradation, biodegradable implant, corrosion, osteosynthesis, Ringer-Locke solution,
magnesium alloys, silver coating.

1. Introduction

The development of biodegradable implants has gained considerable attention in modern orthopedics and
traumatology due to their ability to provide temporary mechanical support during bone healing and
subsequently degrade, eliminating the need for a second surgical removal. Despite the advantages, current
biodegradable implant materials — especially those based on magnesium (Mg) — face critical limitations,
including uncontrolled degradation rates, insufficient mechanical strength, and a lack of antibacterial
properties, which may compromise long-term clinical outcomes [1, 2].

Conventional orthopedic implants made from titanium or stainless steel are mechanically robust but
remain permanently in the body unless surgically removed, which introduces risks such as infection, stress
shielding, and complications from secondary surgery. On the other hand, biodegradable polymers often lack
the mechanical strength required for load-bearing applications. Thus, there is a strong demand for new-
generation biodegradable materials that cannot only degrade in a controlled manner but also provide adequate
mechanical support and prevent post-operative infections [3,4].
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Magnesium alloys have emerged as promising candidates due to their biocompatibility, as Mg and its
alloys are naturally present in the human body and play a vital role in various biological processes [3-9]. Unlike
traditional implant materials, Mg alloys degrade over time within the body, negating the need for surgical
removal as well as the degradation products are generally non-toxic and can be metabolized. Furthermore, the
elastic modulus of Mg alloys is closer to that of natural bone compared to other metallic implant materials
such as stainless stell and titanium alloys reducing the risk of stress shielding, a phenomenon where the implant
bears too much of the load leading to bone resorption and weakening [3-9].

Nonetheless, one of the key challenges remains controlling the corrosion and degradation rate in
physiological environments to ensure mechanical integrity during the healing period; rapid loss of strength or
volume due to hydrogen evolution and premature degradation must be addressed through alloying,
microstructure control and surface treatments. Extensive efforts have been made to enhance their corrosion
resistance and mechanical performance through alloying, grain refinement via severe plastic deformation and
the application of surface coatings [10-12]. For example, the work by Yousefpour et al. [13] demonstrated
enhanced corrosion control and mechanical integrity in Mg-based implants via tailored microstructures and
surface engineering. However, achieving both corrosion control and antibacterial functionality remains a
challenge. To address these shortcomings, this study investigates a novel magnesium-zinc-zirconium-
neodymium (NZ30K) alloy, further alloyed with silver (Ag) to form an NZ30K+ Ag alloy, and modified with
a silver cladding layer. Silver, well known for its broad spectrum of antibacterial activity, has gained attention
as a functional addition to Mg-based alloys. The inclusion of Ag serves a dual purpose: enhancing mechanical
properties and introducing antibacterial activity through the release of silver ions (Ag") ions during degradation
[14-16]. Previous studies have demonstrated that Ag addition into biodegradable Mg-based alloys can provide
antibacterial activity while also affecting their corrosion and degradation behaviour [17,18]. Furthermore,
silver cladding not only boosts surface antimicrobial performance but also offers a means to influence the
corrosion behaviour and degradation profile of the underlying alloy.

The NZ30K alloy was studied because the magnesium matrix ensures biodegradability, while zinc,
zirconium, and neodymium contribute to microstructural stability and mechanical properties. The addition of
silver is intended to provide an additional antibacterial effect and modify the corrosion behavior. Compared to
conventional biodegradable Mg-Zn and Mg-Ca alloys, the studied system combines multicomponent alloying
with a silver-containing surface layer. This allows for the evaluation of the influence of both bulk composition
and surface modification on localized corrosion.

Understanding the selective degradation behavior of such a composite system is critical for tailoring
degradation kinetics to match bone healing timelines. Therefore, this research focuses on the selective
degradation characteristics of NZ30K+Ag alloy implants with silver cladding of varying thickness (200-300
nm and 500 nm) in Ringer-Locke solution. The results aim to guide the development of next generation
biodegradable implants that address the current limitations in orthopedic applications by combining
mechanical integrity, antibacterial protection and controlled biodegradability.

2. Materials and methods

NZ30K magnesium alloy samples, alloyed with Ag, were produced by smelting in an aging process [17],
[19]. Cylindrical samples measuring 12 mm in diameter and 30 mm in length were prepared. The chemical
composition of the samples was determined using the X-ray spectral method using the Scanning electron
microscope EVO-40XVP, ZEISS, with INCA Energy 350 microanalysis system (Oxford) EHT=12.00 kV, as
summarized in Table 1. The elemental composition is given as it was obtained from the instrument's software.
These values are used to characterize the nominal composition of the alloy being analyzed.

Table 1. Chemical composition of the NZ30K+Ag alloy of the studied samples

Alloy Content of chemical elements, wt. %
Mg Zn Zr Nd Ag
NZ30K+Ag 95.57 0.69 0.86 2.79 0.09

The samples of the alloy under study were clad with a layer of silver 200-300 and 500 nm thick using a
600 mA DC magnetron sputtering system (DXT-450) equipped with a circular source and a target with Ag (50
mm in diameter) in a gas discharge. The vacuum chamber of the system was a cylinder with an internal
diameter and height of 500 mm cylindrical samples made of silver-alloyed NZ30K (Table 1) were chemically
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degreased and cleaned by ultrasonication in a hot ethanol bath for 10 minutes and dried in warm air. Then they
were mounted on a rotating (9 Hz) fixture located 90 mm from the sputtering source. Before deposition of the
silver coating, air was evacuated the chamber using a diffusion oil pump to achieve a residual pressure of 1-
107 Pa. The samples were ion-etched at a bias potential of 1000 V for 15 minutes at a pressure of 1.5 Pa. An
unbalanced magnetron, supplied from, was used in a 600 mA DC mode at 400 V. The silver coating was
applied at a constant magnetron power of 240 W and a substrate bias voltage of 100 V. The argon pressure in
the deposition chamber was 1.0 Pa. The time of silver deposition on the surface of the studied magnesium
alloy was 5 and 15 minutes for coating thicknesses of 200-300 and 500 nm. Two coating thicknesses were
selected to evaluate the influence of the silver layer thickness on the corrosion behavior of the alloy under the
same deposition conditions.

Corrosion tests of silver-clad samples were carried out in a Ringer-Locke solution (an aqueous solution
of un-distilled water with the following chemical reagents, procured from Beijing Chemical Works, in mg/l:
NaCl - 9; NaHCO3; CaCls; KC10.2; CHOg126 - 1) at a temperature of 20£1°C.

The establishment of a stationary value of the corrosion potential Ecor on the tested samples on the PN-
2MK-10A potentiostat in automatic mode has been recorded. The polarization curves were plotted on this
potentiostat after the corrosion potential was established on them, and then the potentials of the samples were
shifted in the forward and reverse directions at a scan rate of 1 mV/s. The surfaces of corrosion damage on the
samples on a JSM6360 scanning electron microscope with a JED-2300 energy dispersive microanalyzer has
been researched. The characteristic features of the selective degradation of NZ30K+Ag alloy components in
local corrosion damage were studied using the calculated selective degradation coefficients Zzn, Zz:, Zng, and
Zag, which were calculated by the formula:

, _ A(Zn,Zr,Nd, Ag) x Mg
(Zn,Zr,Nd,Ag) = AMg X (Zn,Zr,Nd,Ag)’

where A(Zn, Zr, Nd, Ag) is the difference between the content of Zn, Zr, Nd, Ag in the alloy before testing
and in localized corrosion damage, wt. %. Mg is magnesium content in NZ30K+Ag alloy, wt. %. AMg is the
difference between the Mg content in the alloy before testing and in localized corrosion damage, wt. %. Zn,
Zr, Nd, Ag are the content of Zn, Zr, Nd and Ag in the alloy before testing. Depletion of the element under
study relative to Mg occurs at Z > 1. Relative depletion occurs at Z = 1. Z < 1 indicates that the element is
depleted less rapidly than Mg or is relatively enriched in the analyzed region.

3. Results and discussion

The metallographic analysis of the surface of a localized pitting corrosion on an NZ30K+Ag alloy sample,
clad with a silver layer 200-300 nm thickness, revealed a distinctive microrelief pattern. This microrelief is
characteristic of the selective degradation observed in steels and alloys at anode regions (Figure 1). In
particular, corrosion pores, channels (Figures 1(a) and (b)) and tunnels (Figures 1(c) and (d)) have been
observed. At the same time, corrosion degradation of the alloy in the vicinity of the intermetallic inclusion was
recorded in (Figures 1(a) and (b)). Selective corrosion is caused by local heterogeneity in the alloy's
composition and structure. This promotes preferential dissolution near defects and intermetallic inclusions.
Further hydrolysis of the corrosion products and chlorides accumulation in these areas can acidify the local
environment and accelerate the formation of pits, pores, channels, and corrosion tunnels.

This is attributed [20] to defects in the alloy structure in these places and the increased porosity of oxide
films formed as a result of vacancy coagulation during the solid-phase diffusion of alloy components between
the solid solution and the inclusion. An acidic chloride-containing environment that accumulates in corrosion
damage due to the hydrolysis of corrosion products often leads to intensive growth of corrosion products by
the mechanisms inherent in pitting [21-22]. Under such conditions, corrosion losses from pitting decrease with
an increase in the specific magnetic susceptibility of steels and alloys [23].

The chemical composition of the alloy surface in the pitting corrosion formed as a result of contact
corrosion between the alloy and the coating in the Ringer-Locke solution by energy dispersive microanalysis
has been determined (Figure 1(a)), Table 2. An analysis of the data presented in Tables 1 and 2 indicate a
reduction in the content of Mg from 95.57 wt.% (Table 1) down to 94.23 wt.% (Table 2), Zn from 0.69 wt.%
(Table 1) to 0.37 wt.% (Table 2) and Nd from 2.79 wt.% (Table 1) to zero (Table 2). Conversely, Zr content
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increased from 0.86 wt.% (Table 1) to 1.04 wt. % (Table 2). This led to the selective degradation of metals in
the pitting corrosion (Figure 1(a)).

The characteristic features of this process were evaluated by the coefficients of selective degradation (Z)
of zinc, zirconium, neodymium, and silver, calculated according to the above formula, using the data from
Tables 1 and 2. The calculated coefficients Zzn, Zz, Zng, and Zag for the spectrum 1 location (Figure 1(a)) are
given in Table 3. According to the data from Table 3, the values were found to be greater than one. This showed
that Zn, Zr, Nd, and Ag dissolved from the surface of the pitting corrosion more intensively than magnesium.
In addition, the higher the value of the Z coefficients, the more intense the degradation of the chemical element
from the surface of the corrosion damage. Under these conditions, it can be noted that the degradation rate of
the components of the NZ30K+Ag alloy increased in the following order: Mg, Zr, Zn, Ag, Nd. Compared with
the initial alloy composition, the analysed region of pitting corrosion showed enrichment in Zr and depletion
in Mg, Zn, and Ag. The oncoming solid-phase diffusion of Zr, Zn, and O atoms in the surface layers of the
localized corrosion damage suggests increased formation of oxygen-containing corrosion products or oxide
species, since a sufficiently high oxygen content (4.36 wt. %) was found from Table 2. In addition, it is known
[24, 25], about the ability of Zn and Zr to form dense oxide films on the surface of magnesium alloys that can
resist corrosion, including in the Ringer-Locke solution. At the same time, it should be noted that the
degradation of solid solutions with a high content of electronegative component is mainly accompanied by
surface reorganization by solid-phase diffusion [25].

corrosion tunnel

corrosion tunnel

c) d)
Fig.1. SEM micrographs and localized analysis areas of corrosion damage surfaces of a sample made of NZ30K+Ag
alloy clad with a silver layer 200-300 nm thick. (a) Damage 1, spectrum 1. (b) Damage 1, spectrum 2. (c) Damage 2,
spectrum 1. (d) Damage 2, spectrum 2.

Table 2. Chemical composition of the surface of localized corrosion damage of a sample clad with a silver layer
0of 200-300 nm thickness (Figure 1)

Content of chemical elements, wt. %
No. Localized corrosion damage to the sample Mg 7n 7r Nd Ag o
1 Figure 1(a) 94.23 0.37 1.04 0.00 0.00 4.36
2 Figure 1(b) 90.66 0.42 0.63 0.00 1.94 6.25
3 Figure 1(c) 90.10 0.69 1.13 0.81 0.04 7.24
4 Figure 1(d) 77.31 0.53 0.53 0.00 2.01 19.62
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Table 3. Coefficients of selective degradation of Zn (Zzy), Zr (Zz:), Nd (Zna), and Ag (Za,) metals on the surface
of localized corrosion damage of a sample of silver clad with a thickness of 200...300 nm

. . Coefficients of selective degradation of metals from localized
Localized corrosion damage to .

No. the sample corrosion damage

P Zn Zix ZNd Zag
1 Figure 1(a) 259 11.7 55.9 55.9
2 Figure 1(b) 7.6 5.2 19.5 40.2
3 Figure 1(c) 0.0 5.5 12.4 9.8
4 Figure 1(d) 1.2 2.2 5.2 60.9

Research outlined in study [25] highlights that the selective degradation of metals from alloys facilitates
solid-phase diffusion and characterized by critical potentials. At these potentials, significant reorganization of
the surface layers occurs, resulting in the formation of pores, corrosion tunnels, and pitting. These surface
changes increase the material’s defectiveness and significantly reduce its corrosion resistance. Such damage
was found on the surface of localized corrosion damage of a sample made of NZ30K+Ag alloy clad with a
silver layer 200-300 nm thick (Figure 1), so its corrosion potential Ec.. -1.444 V, established during
electrochemical tests (Table 4), was critical for these processes. Under these conditions, the corrosion current
density . was quite high, 0.5012 mA/cm?, which correlates with the nature of the corrosion fracture of the
sample. It should be noted that the coefficients of the Tafel equation for the anodic b, = 0.113 and cathodic b
=-0.110 reactions are close (Table 4). However, the coefficient by is 0.003 less than b,. This indicates that the
activation energy of the cathodic reaction is higher [26]. This may be the reason for the slowdown in the
corrosion degradation of the alloy.

Table 4. Electrochemical parameters of the studied samples of NZ30K+Ag alloy clad with a layer of silver in
Ringer-Locke solution

No. Coating thickness, Corrosion potential, Corrosion current density, Tafel coefficients
nm Ecorr icorry, MA/ cm?
b« ba
1 200-300 -1.444 0.5012 -0.110 0.113
2 500 -1.466 0.3981 -0.113 0.103

The energy dispersive analysis of the surface of the test sample in the aforementioned pitting corrosion
(Figure 1(b), spectrum 2) showed that its chemical composition changed significantly, particularly, the content
of Mg and Zr decreased down to 90.66 and 0.63 wt. %, respectively (Table 2). This determined the nature of
the selective degradation of metals in the corrosion damage. From the analysis of the data in Ne 2 of Table 2,
it can be noted that the intensity of degradation of alloy components in it increased in the following order: Mg,
Zr, Zn, Nd, and Ag. Under such conditions, the surface of the corrosion damage (Figure 1(b), spectrum 2) was
enriched with Mg and depleted in Zr, Zn, Nd, and Ag. The observed redistribution of elements may involve
surface diffusion processes associated with selective dissolution, as reported for metal alloys undergoing
dealloying [24]. In contrast to spectrum 1 (Figure 1(a)), the intensity of selective degradation of these chemical
elements was much lower, since its selective degradation coefficients were less than Ne 1.2 (Table 3). This
trend led to the formation of a denser oxide film at the site of spectrum 2 (figure 1(b)), since the oxygen content
here was 1.4 times higher than in spectrum 1 (Figure 1(a) and Table 2).

It was found that the content of Mg in another pitting corrosion on the surface of the sample clad with a
silver layer 200-300 nm thick (Figure 1 c) decreased, and Zn, Zr, and Nd increased relative to its content on
the surface (Figures 1(a) and (b)), Ne 1, 2 (Table 2). It should be noted that the Ag content decreased by 48.5
times. This contributed to a significant decrease in the coefficients of selective degradation Zz, Zrngag Ne3
from table 3. The analysis of these coefficients showed that the intensity of degradation of alloy components
in the pitting corrosion spectrum 1 from Figure 1(c) increased in the following order: Zn, Mg, Zr, Ag, and Nd.
This caused the enrichment of its surface with Zn and the depletion of Mg, Zr, Ag, and Nd. Under such
conditions, the solid-phase diffusion of Zn atoms was directed to the nanovolume of the alloy, and Mg, Zr,
Ag, and Nd to the surface of the pitting corrosion. The accumulation of Zn in the surface layers contributed to
the formation of self-protective oxide films in this area, since the oxygen content here increased up to 7.24 wt.
% of Ne 3 (Table 2). However, in the upper left corner (Figure 1(b)), pores, corrosion channels, and tunnels
were found, which, according to [24], may be due to the selective degradation of the alloy components Mg
and Nd with the most electronegative values of the standard electrode potential. At the same time, the corrosive
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medium in the pores could be acidified due to the hydrolysis of corrosion products, which caused its
development into localized corrosion damage of the alloy up to 100 um in size (upper left corner of Figure
1(c)), which grew by mechanisms inherent in pitting corrosion [26].

A decrease in the content of Mg, Zn, Zr, and Nd and an increase in Ag up to 2.01 wt. % were found on
the surface of the pitting corrosion located 200 um to the right of spectrum 1 (Figure 1(c)). % spectrum 2
Figure 1(d). This affected its selective degradation coefficients, Ne 4 of Table 2. From the analysis of these
coefficients, it can be noted that the intensity of corrosion degradation of alloy components increased in the
following order: Mg, Zn, Zr, Nd, and Ag. Thus, it turns out that the surface of the localized corrosion damage
was enriched with Mg and depleted in Zn, Zr, Nd, and Ag. This compositional redistribution may be associated
with selective dissolution and possible solid-state redistribution of alloying elements of Mg atoms into the
alloy nanovolume, and Zn, Zr, Nd, and Ag to the surface of the localized corrosion damage. Summarizing the
above, it can be noted that the NZ30K+Ag alloy sample clad with a 200-300 nm silver layer underwent intense
contact and crevice corrosion with the formation of localized corrosion damage, where the alloy components
dissolved selectively.

Table 5. Chemical composition of the surface of localized corrosion damage of a sample clad with a silver layer
of 500 thickness (Fig. 2)

No. Localized corrosion damage to the sample Content of chemical elements, wt. %

Mg Zn Zr Nd Ag (0]
1 Figure 2(a) 89.53 0.54 3.6 1.39 0.0 4.94
2 Figure 2(b) 90.76 0.52 0.0 0.0 2.68 6.04

Table 6. Coefficients of selective degradation of Zn (Zzy), Zr (Zz:), Nd (Zng) and Ag (Zag) from the surface of
localized corrosion damage of a 500-thick silver clad sample (Fig. 2)

No. | Localized corrosion damage to the sample Coefficients of selective degradation of metals from
localized corrosion damage
Zin Lz ZNd Zag

1 Figure 2(a) 34 50.4 7.9 15.8

2 Figure 2(b) 0.58 19.9 19.9 619.8

In particular, the surface of the corrosion damage was mainly enriched with Mg, and in some areas with
Zn, but severely depleted in Nd and, especially, Ag. The latter have the most negative (Nd =-2.7V) and positive
(Ag =+0.799V) values of the standard electrode potential, which could be the reason for the acceleration of
solid-phase diffusion of Nd atoms to the surface of corrosion damage by silver. A sample of NZ30K+Ag alloy
clad with a 500 nm thick silver layer was also subjected to contact and crevice corrosion. According to the
results of energy dispersion analysis of the surface of localized corrosion damage (Figure 2(a)), it was found
that the content of Mg, Zn, Nd, and Ag decreased and Zr increased (Tables 1 and 5).

%

400mx
a) b)
Fig. 2. SEM micrographs and localized analysis areas of corrosion damage of a sample of NZ30K+Ag alloy clad with a
500 nm thick silver layer. (a) Spectrum 1. (b) Spectrum 2.

b
m

The values in Tables 2 and 5 correspond to individual EDS measurements performed at the regions
marked in Figures 1 and 2 and therefore represent local chemical compositions rather than surface-averaged
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values. Analysis of the coefficients of selective degradation of alloy components (Table 6) showed that they
dissolved in the following order: Mg, Zn, Nd, Ag, and Zr. This resulted in the enrichment of the surface of
corrosion damage with Mg and the depletion of Zn, Nd, Ag, and Zr, which caused its solid-phase diffusion to
its surface, and Mg atoms in the opposite direction. It should be noted that on the surface of the corrosion
damage of the sample, localized degradation of the alloy in the vicinity of intermetallic inclusions was also
detected (Figure 2(a)) and the microrelief is inherent in the selective degradation of steels and alloys, as
mentioned above. Under such conditions, the corrosion potential E..» = -1.466V and the corrosion current
density ico = 0.3981 mA/cm? were established on the surface of the sample (table 4). Thus, the potential E.o
of the sample was 0.022 V negative, and iq. was 0.1031 mA/cm? less than that of the sample with a coating
thickness of 200-300 nm.

Zr and Nd were not detected on the surface (Figure 2(b) and Table 5), but the content of Ag and oxygen
increased. The initial Ag content of the alloy was very low (0.09 wt%, Table 1), while local EDS analysis
revealed 2.68 wt% Ag (Table 5). This increase is most likely due to the presence of residual silver coating or
localized accumulation of Ag-containing corrosion products. This influenced the nature of the selective
degradation of the alloy components; particularly, it was found that the intensity of its degradation in the local
corrosion damage increased in the following sequence: Zn, Mg, Zr, Nd, and Ag. Under such conditions, the
surface became enriched with Zn while experiencing a depletion of Mg, Zr, Nd, and Ag. This redistribution
triggered the solid-phase diffusion of Zn atoms into the alloy’s nanovolume, with Mg, Zr, Nd, and Ag
migrating in the opposite direction. The solid-phase diffusion of Mg atoms, as the main component of the
NZ30K+Ag alloy with a high negative value of the standard electrode potential (-2.363V), contributed to the
formation of nonequilibrium vacancies that coagulated into pores [27] (Figure 2(b)). Acidified corrosion
products accumulated in them [25], which formed corrosion tunnels due to leakage from the pores under the
influence of gravity. This tendency was observed in work [26] on heat exchanger plates subjected to pitting
and crevice corrosion.

In summary, it can be noted that the sample of NZ30K+Ag alloy coated with a 500 nm thick layer of
silver was subjected to contact and crevice corrosion. The intensity of its corrosion destruction was lower than
that of the sample with a coating thickness of 200-300 nm. This is due to the above characteristic features of
its selective degradation in longitudinal corrosion damage.

4. Conclusions

NZ30K+Ag alloy samples with silver coatings of 200-300 and 500 nm thickness were tested for contact
and crevice corrosion in Ringer-Locke solution. Potentiodynamic polarization tests revealed corrosion
potentials (Ecor) of -1.444 V and -1.466 V, and corrosion current densities of 0.5012 and 0.3981 mA/cm?,
respectively. These values reflect the alloys susceptibility to selective degradation during localized corrosion.

The surface analysis of corrosion-damaged areas indicated that for the 200-300 nm coated samples, the
sequence of selective degradation followed either Mg, Zr, Zn, Nd, Ag or Mg, Zn, Zr, Nd, Ag, with Mg
enrichment observed in the affected regions. For the 500 nm coating, the selective degradation sequence
depended on the analyzed localized corrosion region. For Figure 2(a), the sequence was Mg, Zn, Ag, Zr,
whereas for Figure 2(b) it was Zn, Mg, Zr, Nd, and Ag.

Further surface characterization revealed Zn enrichment in localized corrosion zones of 200-300 nm
coatings, with degradation proceeding as Zn, Mg, Zr, Ag, and Nd. For the 500 nm coatings, the sequence was
Zr, Mg, Nd, Zn, and Ag. These degradation patterns are characteristic of progressive localized corrosion and
suggest concurrent repair and stabilization processes occurring at the corrosion sites.
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PHOTONICS OF BENZ [C, D] INDOLE-BASED POLYMETHINE DYES
MOLECULES AND SINGLET OXYGEN SENSITIZATION
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Abstract. This study presents a comparative study of the photophysical properties of the basic polymethine
dye bcd based on benzfc,d]indole and its modified derivative 2848SL. Replacing the phenyl groups (Ph) at the
nitrogen atoms with butyl radicals (Bu), as well as introducing phenylmercapto groups (-SPh) into the 2848SL
molecule, improves electron conjugation, resulting in a bathochromic shift of the absorption and fluorescence
maxima to the near-IR region. This modification was found to increase the lifetime of the triplet state from 21.1 to
33.2 us and leads to an increase of the quantum yield of singlet oxygen generation O('Ag) to 0.10. The obtained
results confirm the effectiveness of triplet-triplet energy transfer, making the 2848SL derivative a promising agent
for photodynamic therapy.

Keywords: benz[c,dJindole, polymethine dyes, intersystem crossing, triplet state, singlet oxygen, photodynamic
therapy.

1. Introduction

The development of organic photosensitizers in the near-infrared (IR) range is a key challenge in modern
biophotonics and photodynamic therapy (PDT) for cancer [1-3]. The key requirement for such molecules is
the ability to effectively absorb light within the «therapeutic transparency window of biological tissues» (700—
1100 nm) and possess a high quantum yield of singlet oxygen generation (O2('Ag)) [1,4].

The main method for shifting the absorption bands of polymethine dyes (PD) to the long-wavelength
region of the spectrum is the lengthening of the polymethine chain [5]. However, such an increase of chain
length causes a violation of the uniformity of the charge distribution in the dye chromophore. That leads to
strong nucleophilic solvation in liquid and polymeric media. Such solvation causes a decrease in the absorption
intensity in the near-IR range of the spectrum [6]. In addition, the lengthening of the polymethine chain leads
to a decrease of the photostability and thermal stability of the dyes [5]. A real breakthrough in this area is the
use of the heterocyclic ring of benz[c,d]indole. Due to the rigid, developed aromatic n-system, it provides a
bathochromic shift of up to 800—1000 nm with a minimal chain length, while maintaining high extinction and
stability of the molecule [1].

A fundamental spectral feature of all benz[c,d]indole derivatives is their extremely low fluorescence
quantum yields (¢), which do not exceed a few percent [7]. Until recently, it was believed that the
benz[c,d]indole residue merely enhances bond order heterogeneity and vibronic interactions, converting all
excitation energy into heat. This undoubtedly opens up possibilities for photothermal therapy.
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By analogy with classical heterocyclic systems, the rigid n-system of the benz[c,d]indole nucleus forms
a spatially closed electron circuit — a conditional «loop». According to modern quantum chemical concepts
[8], the peculiarities of m-electron delocalization in such a circuit during the optical transition determine the
specific overlap of the wave functions of the singlet and triplet states. The resulting effective configurational
perturbations dramatically enhance the spin-orbit interaction in the molecule. This weakens the quantum-
mechanical prohibition on changes in multiplicity and sharply increases the rate constant of intersystem
crossing (kisc) between the singlet (S1) and triplet (T1) levels [9-13].

Thus, the energy of the absorbed quantum of light is not simply wasted on heating the medium, but is
effectively accumulated in the long-lived triplet level (T;) of the dye. Since the triplet state of the dye molecule
is capable of interacting energetically and according to the laws of spin conservation with the ground triplet
state of molecular oxygen (O2(°Z)), efficient energy transfer occurs. The result of this process is the
sensitization of Ox('Ay).

This paper presents the spectral and luminescence characteristics of benz[c,d]indole-based PDs and
evaluates their potential as agents for generating O2('A,).

2. Materials and methods

To establish the «structure — property» relationship, a comparative analysis of two systems was carried
out: the basic symmetric dye bed and the modified derivative 2848SL, which were synthesized at the Institute
of Organic Chemistry of the National Academy of Sciences of Ukraine (Kyiv). The chemical structures of the
benz[c,d]indole polymethine dyes studied in the work are shown in Fig. 1.

Q Q < O
) & (>
N/BF_/ 2N N NG
4 3 \

PhJ \\Ph Bu BF4 Bu
bed 2848SL

Fig.1. Structural formulas of the studied benz[c,d]indole PDs

The structural differences between the base dye bed and the derivative 2848SL include the substitution
of phenyl groups (Ph) at the nitrogen atoms of the indole cores with butyl radicals (Bu) and the introduction
of electron-donating phenylmercapto groups (-SPh) into the heterocyclic core structure. These changes of the
chemical structure provide more efficient conjugation of the n-system in the 2848SL molecule. That explains
the observed bathochromic shift of the absorption and fluorescence maxima to the near-IR region compared
to the base compound bcd.

Ethanol was used as the liquid medium. The dye concentration in the ethanol solutions was 103 mol/L.
Measurements were performed in quartz cuvettes with a 10 mm optical path length. Electronic absorption
spectra of the solutions and films were recorded in the spectral range of 200—1100 nm on a Cary 300 automated
dual-beam spectrophotometer (Agilent). Fluorescence spectra were measured on a CaryEclipse
spectrofluorimeter (Agilent). The kinetics of triplet state deactivation and singlet oxygen phosphorescence
were studied on an FLS 1000 stationary spectrometer (Edinburgh Instr.). A tunable laser system (SolarLS) was
used as a source of pulsed photoexcitation. It consisted of a solid-state Nd:YAG laser LQ529 and a parametric
light generator OPO LP604 with the following output radiation parameters: pulse energy up to 47 mJ and a
repetition rate of 10 Hz. The formation of Ox('As) was confirmed by direct recording of its emission at 1270
nm. Mathematical analysis, deconvolution, and approximation of the experimental decay curves with
multiexponential functions were performed using the Fluoracle software package (Edinburgh Instr.).

The quantum yield (@,) of Ox('A,) generation was determined using the relative method [14] according

to the formula:
o) = 03 (2) (2)-(22) 0
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where S, and S; — integrated phosphorescence intensities of O2('A;) at a wavelength of 1270 nm for the
sample under study and the standard, respectively; f, and fg; — fractions of light absorbed by the sample and
the standard at the excitation wavelength (f=1-10"", where D is the optical density); P, and Pg; — excitation

laser power during measurements of the sample and the standard; ijt — 0x('A,) quantum yield for the standard
compound. Rose Bengal (RB) was used as the standard [15,16]. Measurements of O»('A,) phosphorescence
decay kinetics were performed at room temperature in an open cuvette (1 cm) to allow free access of oxygen.
The integrated intensity was calculated by numerically integrating the experimental decay curves using the
trapezoidal rule in OriginPro 8.0 software [17].

3. Results and discussion

A preliminary analysis of the electronic absorption and fluorescence spectra of compound bed confirmed
that the incorporation of the rigid benz[c,d]indole heterocyclic core, possessing the developed aromatic n-
system, provides substantial shifts of the electronic transitions into the near-IR region without the need to
lengthen the polymethine chain [1,18]. That is consistent with the well-known ability of a number of
heterocyclic terminal groups (4-pyrylium, 4-thiopyrylium, and benz[c,d]indole) to shift the absorption and
emission bands of cyanine dyes deep into the near-IR region owing to the nature of the terminal fragment [19].
Measurements showed that the main absorption band of the dye lies in the 600-800 nm region and has an
asymmetric shape, characteristic of polymethine dyes, with a gentle rise and a vibrational maximum at the
short-wavelength edge. In the UV region of the spectrum, a declining absorption curve was recorded in the
250-500 nm region (Fig. 2).
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Fig.2. Absorption and fluorescence spectra of PD bed (a) and 2848SL (b) in solution (ethanol, 10~ mol/L)

The fluorescence spectra of PD bcd are almost mirror-symmetrical to their absorption spectra. In solution,
the absorption band maximum of PD bcd is at 760 nm with a shoulder at approximately 690 nm. The
fluorescence band maximum is at 790 nm.

The incorporation of a phenylmercapto group (-SPh) into the benz[c,d]indole core shifts the absorption
and fluorescence bands of PD into the near-IR region [18]. Replacing the phenyl groups on the nitrogen atoms
with butyl groups alleviates steric hindrance. In the case of bcd, phenyl groups disrupt the planarity of the
chromophore and partially interrupt conjugation along the chain; in contrast, the butyl groups in 2848SL do
not interfere in this way, resulting in a more planar molecule and more effective conjugation, which further
enhances the bathochromic shift. Thus, the shift in the absorption maximum from 760 to 800 nm and the
fluorescence maximum from 790 to 830 nm results from the combined effect of the electronic influence of the
—SPh group and improved molecular conjugation achieved by replacing Ph with Bu.

To study the dynamics of triplet states and singlet-triplet annihilation processes, the dyes were embedded
in a solid polyvinyl butyral (PVB, 7.5%) matrix. The delayed fluorescence (DF) kinetic curves of the studied
compounds are shown in the Fig. 3. As can be seen from the graphs, a characteristic increase of luminescence
intensity is observed for both compounds, followed by monoexponential decay. Calculation of the triplet state
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lifetimes revealed significant differences between the samples. The triplet state lifetime for the base bed dye
is 21.1+0.7 ps, while for the modified 2848SL compound, it increases to 33.2+0.8 ps. The increased triplet
lifetime in the 2848SL derivative indicates more effective protection of the triplet level from nonradiative
deactivation, which is ensured by a change in the molecular structure. The observed DF indicates the presence

of long-lived triplet states of the dye.
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Fig.3. Kinetics of the DF of bed and 2848SL dyes in PVB films (7.5%) at atmospheric pressure

To quantitatively assess the photosensitizing capacity, the O2('A,) phosphorescence decay kinetics was
recorded at a wavelength of 1270 nm under pulsed laser excitation (Fig. 4). Comparative analysis showed that
the photosensitizing activity of the dye 2848SL significantly exceeds that of the base compound bcd.

2848SL

2000

1500 ~

1000 -

Intensity (a.u.)

Time (us)
Fig.4. Decay kinetics of Ox('A,) sensitized by dyes bed and 2848SL in ethanol, C=10" mol/L

Kinetic analysis allowed us to determine the lifetime t and quantum yields @ of O('A,) for both systems.
When excited at 760 nm, the bed dye demonstrated a lifetime of 4.22+0.57 ps and ®,=0.02. In turn, for the
2848SL dye, when excited at 800 nm, the lifetime was 7.08+0.9 us and ®,=0.10. The higher signal intensity
and increased values of these parameters in the presence of 2848SL indicate the efficiency of photoinduced
energy transfer processes in this system [20].



Eurasian Physical Technical Journal, 2026, 23, 3(57) ISSN 1811-1165; e-ISSN 2413-2179 41

The obtained experimental data indicate that Ox('A,) is generated due to energy transfer from the dye to
0,(’Z,"). When dye triplets collide with oxygen molecules, the quintet, triplet, and singlet states of the collision
complex [T...3E, ] are formed (reaction 2). For the singlet, the decay reaction with the formation of the Sy
state of the dyes and O,('A,) is spin-allowed.

T+ 02y ) — [T...35 15— So + 0x('Ay) )

This interaction facilitates overcoming the spin inhibition during the collision of a triplet-excited dye with
an oxygen molecule in its ground triplet state. As a result, an efficient energy transfer occurs, accompanied by
a change in the spin state of the oxygen molecule and the generation of its Ox('Ay).

0,('A,) molecules, emitting phosphorescence, deactivate into the ground state of O,(3Z,):

lAg — 3Zg_+ hUPhos (3)

Thus, the obtained results confirm that the studied benz[c,d]indole dyes effectively sensitize O2('A) due
to triplet-triplet energy transfer, that makes them promising agents for photodynamic therapy.

4. Conclusion

This study presents a comparative study of the photophysical properties of the benz[c,d]indole
polymethine dyes bcd and 2848SL. It was experimentally demonstrated that the introduction of a
phenylmercapto group (-SPh) and butyl substituents into the 2848SL structure leads to a bathochromic shift of
the absorption and fluorescence bands to the near-IR region (absorption maximum at 800 nm, fluorescence
maximum at 830 nm), that corresponds to the «therapeutic window» of biological tissues.

Measurements of the delayed fluorescence kinetics revealed an increase of the triplet state lifetime from
21.1+0.7 ps for bed to 33.2+0.8 ps for 2848SL, indicating more effective protection of the triplet level from
nonradiative deactivation.

Oxygen phosphorescence detection at 1270 nm confirmed O»('A,) generation. For the bed dye, upon
excitation at 760 nm, the O2('A,) lifetime was 4.22+0.57 ps with a quantum yield of ®,=0.02, while for
2848SL, upon excitation at 800 nm, these parameters increased to 7.08+0.9 us and ®»=0.10.

Thus, structural modification of benz[c,d]indole dyes provides the targeted enhancement of the triplet
channel and significantly increases the efficiency of Ox('A,) sensitization. The 2848SL dye exhibits higher
photosensitizing activity than the parent bcd, making it a promising agent for photodynamic therapy and
photocatalysis.

The obtained results demonstrate the potential of benz[c,d]indole derivatives for combined photodynamic
and photothermal therapy, owing to a combination of near-IR absorption, effective generation of Ox('A,) and
the predominance of thermal relaxation over fluorescence — features that enable a dual mechanism of action
that is innovative for this class of compounds.
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Abstract. The anisotropic microstrain and its relationship with the out-of-plane texture and superconducting
properties of YBa>Cu3O7.s (YBCO) films grown onto SrTiOsz (100) and LaAlOs (100) single-crystal substrates by
the chemical solution deposition sol-gel technique are considered. X-ray diffraction analysis present (001)
reflections from the YBCO phase in both films, with c-axis grain fraction values of 8§8% and 81% for the SrTiO;
and LaAlOs, respectively. The w-scan measurements around the (005) reflection reveal a multi-layer structure for
both films: three sub-layers with Aw = 0.35 °, 0.83 ° and 1.0 ° for YBCO/SrTiOs, and two sub-layers with Aw =
0.45° and 2.0° for YBCO/LaAlOs. Microstructural analysis using Debye-Scherrer and Williamson-Hall methods
indicates that the YBCO films exhibit significant anisotropic microstrain, with the strain state being more
homogeneous on LaAlOs than on SrTiOs. The superconducting properties show a strong dependence on
microstrain: The YBCO film on LaAlOs exhibit a higher onset critical temperature (T¢onsery = 92 K) compared to
that grown onto SrTiOs (Tgionsery = 78 K), despite the latter having a higher degree of c-axis texture. This work
demonstrates that anisotropic microstrain plays a dominant role in determining the superconducting properties of
YBCO films grown by the chemical solution deposition technique, highlighting that structural texture alone is not
the only factor governing superconducting performance.

Keywords: superconductivity, anisotropic microstrain, out-of-plane texture, sol-gel, chemical solution deposition.

1. Introduction

The discovery of high-temperature superconductors (HTS) in complex oxides such as the cuprates has
enormously increased the interest in growing epitaxial thin films of a wide range of transition metal oxides
displaying remarkable functional properties [1, 2]. Among these materials, YBa;Cu3O7.5 (YBCO) has emerged
as one of the most promising candidates for technological applications due to its ability to transport high critical
current densities at the boiling point of liquid nitrogen (77 K). However, the strongly anisotropic nature of
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YBCO, characterized by a short coherence length and a large anisotropy in their physical properties, imposes
requirements on the films microstructure to achieve optimal superconducting performance. From this, the
anisotropy is an intrinsic factor that dictates the magnetic properties of YBCO, thus having a great impact for
many applications [3]. The anisotropy of YBCO makes it necessary to use epitaxial layers with biaxial texture,
i.e., with good out-of-plane and in-plane orientation, to achieve critical current densities (/- (B, T)) higher than
10° A/em? at 77 K [3, 4]. In thin films, texture refers to the relative ordering of crystallites to a particular
direction of growth, called the texture axis [4, 5]. Out-of-plane texture, which refers to the orientation of the
crystallographic axes with respect to the substrate normal, is particularly crucial due determines the alignment
of the superconducting CuO, planes. A high uniaxial texture, where the grains grow with their c-axis
perpendicular to the substrate, is essential for maximizing current transport [6]. Contrariwise, the presence of
a-axis oriented grains or the formation of 90° grain boundaries can strongly deteriorate the critical currents
and therefore the potential applications [7]. Quantifying the degree of texture in YBCO layers is commonly
achieved by various experimental techniques, such as X-ray diffraction (XRD), pole figure analysis, m-scans
(rocking curves), Raman spectroscopy and electron microscopy [8].

Chemical solution deposition (CSD), and in particular the sol-gel method, has emerged as a low-cost and
highly scalable alternative for the fabrication of YBCO superconducting films [9, 10]. Unlike vacuum
deposition techniques, CSD does not require expensive equipment and offers precise control over
stoichiometry and microstructure [11]. Among the advantages of the fluorine-free sol-gel method are the
stability of the precursor solution, a denser film microstructure, and the elimination of HF formation during
processing [12, 13]. The combination of sol-gel chemistry with deposition techniques such as ink-jet printing
offers significant advantages, including reduced waste of the precursor solution, production in long lengths,
and the possibility of switching from depositing a coating to a multifilamentary superconductor [14]. This
makes the CSD route an attractive option for the industrial production of coated conductors [15]. Moreover,
these solution processes provide better homogeneity and composition control than other techniques like
sputtering or MOCVD, and can render easiness of coating on substrates with various shapes and forms by
simple techniques such as dip coating.

Despite the advances in the growth of YBCO films, there is a gap in the quantitative understanding of
how out-of-plane texture, microstrain, and anisotropic microstrain together influence the superconducting
properties. Most studies have focused on texture characterization, but few have systematically addressed how
structural inhomogeneities, such as the microstrain generated during growth, affect the superconducting
properties [10, 16]. The microstrain in the crystallites can affect the width of the diffraction peaks and is
therefore a crucial parameter that must be considered in an accurate microstructural analysis [17]. Furthermore,
the stress between the substrate and the YBCO lattice significantly affects the in-plane and out-of-plane
orientations, as well as the growth parameter window [18]. Understanding this relationship is essential for
optimizing growth conditions and maximizing superconducting performance. In particular, the correlation
between uniaxial texture and anisotropic microstrain has been scarcely explored, despite its importance for
confirming the high ordering of the CuO, superconducting planes [3, 6].

From this, the aim of the present work is to investigate the anisotropic microstrain and its relationship
with the out-of-plane texture and the superconducting properties of YBCO films grown on SrTiO; (100) and
LaAlOs (100) single-crystal substrates by the chemical solution deposition (CSD) sol-gel technique. The out-
of-plane texture was analysed by X-ray diffraction technique, where rocking curves (®-scans) around the (005)
reflection provide information about the degree of inclination of the c-axes of the superconducting grains with
respect to the growth direction. The microstrain and crystallite size were evaluated using both the Debye-
Scherrer and Williamson-Hall methods to separate the contributions of crystallite size and lattice strain to the
peak broadening, enabling a detailed analysis of the microstrain anisotropy. The superconducting properties
were correlated with the out-of-plane texture parameters (Aw) and the microstrain ().

2. Experimental Methodology

The superconducting YBCO films were prepared by a chemical solution deposition (CSD) followed by
thermal treatments, according to the procedure reported elsewhere [10, 20]. In brief, for a solution containing
1.5 g of YBCO 1.3487gr of Cu acetate (Cu (OOCCH3),°H,0), 0.7613 g of Y acetate (Y (OOCCH3)3°4H,0)
and 1.1502 g of Ba acetate (Ba (OOCCH3),) were reacted. The acetates were mixed and completely dissolved
in a solution of ethanol (C,HsOH) and oxalic acid (H,C,O4) (ratio 1:1). Subsequently, the solution left to decant
12 h in a matrix of oxalic acid and ethanol alcohol, subjected to a magnetic stirrer at 250 rpm to ensure a correct
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homogeneity in the mixture. The resulting product is a precursor solution comprising of oxalates of Y, Ba and
Cu in a colloidal matrix of oxalic acid. These oxalates were then deposited onto substrates of strontium titanate
(SrTiO3) (100) and lanthanum aluminate (LaAlOs;) (100) by using a Fisher pipette. The sample was
immediately dried at 40 °C in order to remove volatile elements. This process was repeated 7 times.

The crystallization and epitaxial growth of the YBCO layer was achieved by ex sifu heat treatments, as
represented in Fig. 1. The film was heated and sintered at 860 °C in a tubular furnace (LENTON LTF-PTF
Model 16/610) in oxygen atmosphere for 12h, and subsequently re-oxygenated at 600 °C. The furnace was
programmed to anneal and to quench the sample at the same ratio (1 °C/min).

860°C 860°C

Drying

Oxygenation

Gel film YBCO film
BB et film: precursor layer after coating p [ cotcinated film: after heat treatment to remove organics. = . YBCO film: high-temperature processed superconducting film

Fig.1. Schematic representation for the ex-situ heat treatments performed on CSD YBCO films on LaAlO3 and
SrTiO; substrates. The slow heating rate (1 °C/min) released volatile hydrocarbons. The YBCO superconducting films
are obtained after oxygenating the samples at 860 °C.

The crystallization of the sample was studied by X-ray diffraction (XRD). The data were collected from
8° to 80° (0.04° step) using a powder universal diffractometer Bruker D8 with Cu K,1 radiation (A =1.54056
A). The texture analysis was achieved by Rocking Curves measurements around the reflection (005) 20 =
38.72 ° with 0.02 ° (w) step and time step 6 seconds by 15° to 23° intervals. The surface morphology of the
film was inspected using a NIKON ME600OL optical microscope. Magnetic measurements were performed
using a Quantum Design DC-MPMS-SQUID magnetometer equipped with a 7 T superconducting magnet.
The superconducting transition temperature T was determined from temperature-dependent measurements of
the magnetization M (T) under Hgy = 100 and 500 Oe.

3. Results and discussion

Figure 2 shows the surface morphology of the YBCO films on SrTiO3; and LaAlOs substrates obtained
by the oxalate CSD route and after oxygenation at 860 °C. The results reveal that the samples consist on
granular films where the YBCO grains are uniformly dispersed over the substrates surface and forming small
groups.

Figure 3 shows the XRD patterns of the annealed YBCO films on SrTiOz and LaAlOj3 substrates obtained
by CSD. The presence of the peaks (003), (004), (005), (006) and (007) reveal epitaxial growth in the c-
direction or texture axis. The strong reflections (black in colour) (100), (200) and (300) correspond to the
SrTiOs and LaAlO; substrates. The Y>BaCuOs (Y211), CuO and Y»Os are also detected as secondary phases.
The Y211 phase (PDF card 78-1719 [3]) is detected by the reflections around 25.92°, 30.40°, 40.96° and
61.52°. The CuO phase might be present due to inhomogeneities in the starting precursor solution [3]. This
phase is observed in relative minor amount with reflections around 27.72° (just observed on YBCO/STO
sample) and 35.56°. Whereas, the Y,Os reflections are around 58.32° and 68.08°.

The out-of-plane texture of the formed films was analysed from the fraction of c-axis orientation, fg, by
using Eq. (1):

IOOS _ fC' Igtoasnd (1)
1290 7 (1 = )10

where, Istang 1S the standard intensity obtained for randomly oriented samples (PDF card 40-159 [3]).
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a) b)
Fig.2. Optical microscope images of the YBCO film on (a) SrTiO; and (b) LaAlOs substrate, obtained by CSD and
annealing. The images are 5x magnified.
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Fig.3. XRD pattern of an annealed YBCO film on SrTiOs; (top) and LaAlO; (bottom) substrate obtained by CSD.

We obtain fg = 0.88 and 0.81 for the YBCO onto SrTiO3; and LaAlOs substrates, respectively. Therefore,
88% of the superconductor phase in the YBCO on SrTiOs; and 81% on LaAlO; followed the preferential
orientation given by the substrate. These values have been achieved since the lattice constant of both substrates
are quite similar to that of YBCO orthorhombic. Thus, a higher percentage of out-of-plane textured grains
better are obtained for YBCO on SrTiO; than on LaAlOs.

3.1 Microstructural Analysis: Crystallite Size and Microstrain.
To evaluate the microstructural parameters, a first approximation of the crystallite size D was obtained

using the Debye-Scherrer equation [3, 21], neglecting peak broadening caused by residual stress:

KA
(2)

D=——
Bcorr cos ehkl

Here, D is the average crystallite size (hereinafter Dgcherrer), A is the wavelength of the applied X-ray,
By 1s the Bragg’s angle, B.or 18 the instrumentally corrected full width at half maximum (FWHM) in radians,

and K= 0.916 is the Scherrer constant [21]. The obtained Dgcperrer Values are summarized in Table 1.
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However, microstrain within the crystallites also contributes to peak broadening [22], requiring a more
accurate analysis. From this, the Williamson Hall method was used to simultaneously determine the lattice
strain (g) and the crystallite size (in following Dyyy) using the equation [22]:

KA :
Beorrc0s® = —— + 4&sind 3)

Dwn
The lattice strain (&) was obtained from the slope of the linear fit of 3y,;c0s6 vs 4sin6 plots for the main

diffraction peaks, while the intercept KA/Dyyy yields the volume-weighted crystallite size (Dyy). The WH
data are listed in Table 1, while Williamson-Hall plots and microstructural parameters obtained results are
summarized in Figure 4.

Table 1. Main diffraction peaks and both Debye-Scherrer and Williamson Hall analysis data.

g;‘em Phase| (hkl) [20() | 0() | Bobs | Bobs (rad) g;;; "(S;;";)'e ‘ij;’j;’ 4sing |Vscherrer| Docherrer
(004) 130.40 |15.20 | 0.22 0.003839 | 0.002094 | 0.00322 | 0.00311 | 1.048 48.0
YBCO (005) |38.72 [19.36 | 0.20 0.003491 0.002268 | 0.00266 | 0.00251 | 1.327 58.1 472
(006) |46.60 |23.30 | 0.28 0.004887 | 0.002443 | 0.00423 | 0.00388 | 1.582 36.6 ’
(007) [53.52 |26.76 | 0.25 0.004363 0.002792 | 0.00335 | 0.00299 | 1.799 46.2
YB (102) 12592 |12.96 | 0.16 0.002792 | 0.002094 | 0.00185 | 0.00180 | 0.896 83.6
co/ | v211 (112) 130.40 |15.20 | 0.16 0.002792 | 0.002094 | 0.00185 | 0.00179 | 1.048 83.6 555
STO (321) 14096 {2048 | 0.32 0.005585 0.002443 | 0.00502 | 0.00470 | 1.400 30.8 )
(330) [61.52 |30.76 | 0.40 0.006981 0.002792 | 0.00640 | 0.00550 | 2.048 242
Cuo (110) [27.72 |13.86 | 0.16 0.002792 | 0.002094 | 0.00185 | 0.00180 | 0.958 83.6 1108
(002) |35.56 [17.78 | 0.145 | 0.002531 0.002268 | 0.00112 | 0.00107 | 1.221 138 )
Y,0s (440) 15832 [29.16 | 0.36 0.006283 0.002792 | 0.00563 | 0.00492 | 1.946 27.5 278
(622) |68.12 |34.06 | 0.36 0.006283 0.002967 | 0.00554 | 0.00459 | 2.242 28.0 )
(004) [30.48 |15.24 | 0.24 0.004188 | 0.002094 | 0.00363 | 0.00350 | 1.051 42.6
YBCO (005) [38.74 |19.37 | 0.22 0.003839 | 0.002268 | 0.00309 | 0.00292 | 1.328 50.0 432
YB (006) 146.60 [23.30 | 0.28 0.004887 | 0.002443 | 0.00423 | 0.00388 | 1.582 36.6 ’
CO/ (007) |53.48 [26.74 | 0.26 0.004538 | 0.002792 | 0.00357 | 0.00319 | 1.798 43.4
LA (102) [25.80 [12.90 | 0.16 0.002792 | 0.002094 | 0.00185 | 0.00180 | 0.892 83.6
O Y211 | (330) |58.44 [29.22 | 0.36 0.006283 0.002792 | 0.00563 | 0.00492 | 1.950 27.5 45.1
(303) [61.56 [30.78 | 0.40 0.006981 0.002792 | 0.00640 | 0.00550 | 2.049 242
Y20 | (622) | 68.08 [34.04 | 0.36 0.006283 0.002967 | 0.00554 | 0.00459 | 2.241 28.0 28.0

The Debye-Scherrer crystallite sizes (Dgcperrer) for the YBCO phase in the films on SrTiOs and LaAlOs
are 47.2 nm and 43.2 nm, respectively (Table 1). This difference, although modest, indicates that the YBCO
grains are slightly larger on the SrTiO; substrate. This is somewhat surprising given that LaAlO3 has the
smaller lattice mismatch magnitude (-0.83%) compared to SrTiO; (+1.35%). The larger crystallite size on STO
may therefore be attributed to other factors beyond the lattice mismatch, such as differences in surface energy,
interfacial chemistry, and nucleation kinetics between the two substrates. For the Y211 secondary phase, the
average Dgcperrer Values are 55.5 nm (STO) and 45.1 nm (LAO), while CuO (only in STO) shows a larger size
of ~111 nm and Y»0O; exhibits the smallest and most consistent size (~28 nm) on both substrates.

The Williamson-Hall analysis, which separates the contributions of crystallite size and microstrain, yields
significantly larger crystallite sizes (Dyyy) for YBCO: 85.2 nm (STO) and 81.0 nm (LAO), estimated from the
intercept. This discrepancy between Dgcherrer and Dywy is attributed to the presence of microstrain, which
contributes to the peak broadening and is accounted for in the WH method. The microstrain values (€) obtained
from the slopes of the WH plots are 0.0275% for YBCO on STO and slightly lower for LAO (~0.025%), while
the Y211 phase exhibits similar strain values (~0.0275%). Notably, the lower strain in the YBCO phase on
LAO, despite its poorer texture, suggests that the strain is not the main factor limiting the out-of-plane texture;
rather, the lattice mismatch and the substrate-film interface quality play a more critical role.

A crucial aspect of this analysis is the anisotropic nature of the microstrain. The orthorhombic structure
of YBCO gives rise to different strain contributions along the crystallographic axes, which are not captured by
the uniform deformation model (UDM) commonly used in WH analysis. Additionally, the oriented growth of
the YBCO phase promotes the appearance of anisotropic microstrain. The linearity of the WH fits, as indicated
by the R? values, is reasonable for the secondary phase Y211 (0.776 and 0.991 for STO and LAO, respectively)
but poor for YBCO (0.059 for STO and 0.0004 for LAO). This poor linearity for YBCO is a direct consequence
of the anisotropic microstrain present in the orthorhombic lattice, where the strain is not isotropic but rather
distributed differently along the a-, b- and c-axes.
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In contrast, the no-oriented growth structure of Y211 (orthorhombic) allows a better linear fit, indicating
that the strain in this secondary phase is more isotropic and well described by the UDM. The low R? for YBCO
also reflects the fact that the peak broadening in this phase is not purely dominated by size and strain effects,
but also by the presence of structural defects and the strong texture, which introduce additional strain
anisotropy. The good agreement between the Dgcpeprer and Dyyy for the Y211 phase (55.5 nm and 81.4 nm on
STO; 45.1 nm and 77.8 nm on LAO) suggests that the strain contribution in this secondary phase is relatively
uniform and well described by the UDM. The larger WH size indicates that the crystallites are less strained
than the YBCO matrix, which is consistent with their formation as isolated precipitates during the thermal
treatment [23].
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Fig.4. Williamson Hall plots of YBCO phase from a) YBCO/STO and b) YBCO/LAO samples; W-H plots from Y211
phase from and ¢) Y211/STO and d) Y211/LAO samples.

The anisotropic microstrain analysis reveals that the YBCO films on both substrates exhibit significant
strain heterogeneity, which directly influences the superconducting properties. The STO substrate, with a
larger lattice mismatch (+1.35%), induces a higher tensile strain in the YBCO lattice compared to the LAO
substrate (-0.83%). This higher strain on STO leads to a higher density of structural defects and oxygen
disorder, which ultimately affects the superconducting transition temperature (T¢). Conversely, the lower strain
on LAO favours an optimal oxygen ordering and a higher hole doping level in the CuO: planes, thereby
promoting a higher T¢ despite the lower degree of c-axis texture (fg = 0.81 for LAO vs 0.88 for STO). This
highlights that the anisotropic microstrain, rather than the out-of-plane texture alone, plays a dominant role in
determining the superconducting properties of these films.

3.2 Out-of-plane texture: Rocking curves

The out-of-plane texture was analysed by rocking curves XRD around the (005) reflection. This reflection
was chosen because its intensity is higher than the other (001) reflections and also because its position in XRD
plot (around 26 = 38.72°) is far away from any other reflection from the substrate (in particular the (200)
reflection). The Figure 5 shows the results for the two films and the Aw values are listed in Table 2. The
FWHM (full width half maximum) value of the Rocking curve provides relevant information about the degree
of inclination of the c-axes of the superconducting grains with respect to the normal of the plane substrate.

Each Gaussian function provides different Aw values meaning that the films consist on multilayers of
YBCO of different texture [7]. Since the texture of the films is strongly influenced by the substrate, the smaller
Aw values in each sample should correspond to layers close to the YBCO/substrate interface, whereas high
Aw values represent textures of layers close to the surface of the film.
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Fig.5. (a) The rocking curve is a measure of the degree of inclination in the grains with respect to the normal of the
substrate (z'). (b) Rocking curves measurements corresponding to the (005) reflection for YBCO/STO. Is observed the
presence of three textured groups of YBCO crystallites with different inclination angles values (Aw); (¢) RC
measurement of the YBCO/LaAlO3; sample where two textured layers groups are observed.

Table 2. f; values and Full width at the half maximums (FWHM, Aw) of the rocking curves corresponding to the
reflection (005) for YBCO films obtained by the oxalate CSD route on SrTiO; and LaAlOs substrates and after

oxygenation at 860 °C.
fs Ao
0.35° (Close to the film/ substrate interface)

0.83° (Intermediate YBCO crystallites group)

Lattice constant mismatch (Aa)

YBCO/STO
+
1.35 0.88 1.0° (Close to the surface)
0.45° (Close to the film/ substrate interface)
YBCO/LAO -0.83 0.81 2.0° (Close to the surface)

Note that the sample deposited on LaAlO; presents only two layers with different texture although the
inner layer presents the poorest texture (with Aw =0.45°) compared to those from the other samples. Despite
the YBCO film deposited on SrTiOs contains three layers with different texture, the texture of its inner layer

is the best (Aw =0.35°).

3.3 Superconducting properties: Correlation with Texture and Microstrain
The temperature dependence of the magnetic moment (Fig. 6) reveals a marked difference in the
superconducting properties of the YBCO films on SrTiO; and LaAlOs. The sample grown on LAO exhibits a
sharp diamagnetic transition with an onset critical temperature Te(onsetry = 92 K, while the film on STO shows
a significantly lower T¢(onsery = 78 K. This notable difference is attributed to the combined effect of out-of-
plane texture and anisotropic microstrain. The LAO substrate, with a smaller lattice mismatch (-0.83%),
induces a lower strain state in the YBCO lattice, resulting in a more homogeneous distribution of strain and a
lower density of structural defects. This lower strain favours an optimal oxygen ordering and a higher hole
doping level in the CuO; planes, thereby promoting a higher Tc. On the other hand, the relative larger tensile
strain imposed by the STO substrate (+1.35%) introduces a higher density of structural defects and oxygen
disorder, which effectively suppresses T to 78 K. Interestingly, although the STO substrate yields a higher
degree of c-axis texture (fg = 0.88) compared with the LAO (fs = 0.81) and a slightly larger crystallite size
(47.2 nm and 43.2 nm for STO and LAO, respectively), the final T¢ is more strongly influenced by the
anisotropic microstrain and the resulting oxygen stoichiometry than by the purely structural texture. This
finding highlights the critical role of microstrain anisotropy in determining the superconducting performance
of YBCO films. A distinctive feature observed in the ZFC curve of the YBCO/STO sample is a clear increase
in the magnetic moment below 15K, indicating a paramagnetic contribution that superimposes on the
diamagnetic signal. This low-temperature paramagnetic tail is not observed in the YBCO/LAO sample,
suggesting a higher concentration of magnetic secondary phases in the YBCO/STO film. As confirmed by the
XRD analysis (Fig. 3 and Table 1), the YBCO/STO sample exhibits a larger relative abundance of CuO and
Y211 phases. Both of these secondary phases contain magnetic Cu?* ions: CuO is antiferromagnetic below
230 K but retains a net paramagnetic or weak ferromagnetic moment at very low temperatures, while Y211 is
known to exhibit antiferromagnetic correlations that can give rise to a Curie-type paramagnetic response.
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Fig.6. Temperature dependence of the magnetic moment for YBCO films grown on (a) STO and (b) LAO
substrates, measured under Hgy; = 100 and 500 Oe (ZFC and FC modes). The insets show the first derivative of the
ZFC curves, highlighting the onset critical temperature.

The presence of these magnetic contributions, particularly at temperatures below 15 K, competes with
the Meissner shielding, reducing the effective diamagnetic moment and making the ZFC branch less negative.
This effect also complicates the precise determination of the lower critical field and the shielding fraction for
the STO sample.

4. Conclusion

The anisotropic microstrain and its relationship with the out-of-plane texture and the superconducting
properties of YBCO films grown by chemical solution deposition onto SrTiO; and LaAlOj; substrates were
investigated. The structural and textural analysis revealed that both films exhibit epitaxial growth in the c-
direction, with a higher fraction of c-axis oriented grains on SrTiO; (88%) compared to LaAlOs (81%). The
w-scans further demonstrated that the films are composed of multiple sub-layers with distinct out-of-plane
textures, indicating a complex growth mode influenced by the substrate. The YBCO/STO film exhibited three
textured sub-layers with Aw values of 0.35°, 0.83°, and 1.0°, while the YBCO/LAO film showed two sub-
layers with Aw = 0.45° and 2.0°. This multilayer structure reflects the evolution of the texture from the
substrate interface to the film surface, where the best texture is achieved near the interface. A crucial finding
emerged from the microstructural analysis using both Debye-Scherrer and Williamson-Hall methods, which
revealed the presence of significant anisotropic microstrain in the YBCO films. The poor linearity of the
Williamson-Hall fits for the YBCO phase (R* = 0.059 for STO and 0.0004 for LAO), in contrast to the excellent
linearity for the secondary Y211 phase (R*> = 0.776 for STO and 0.991 for LAO), is a direct consequence of
the anisotropic strain distribution in the orthorhombic YBCO lattice. This indicates that the strain is not
isotropic but varies along the crystallographic axes, which is a critical factor influencing the properties of the
film. The microstrain values obtained were 0.0275% for YBCO on STO and slightly lower (~0.025%) for
LAO, with the Y211 phase exhibiting similar strain values (~0.0275%). The lower strain on LAO, despite its
poorer texture, suggests that the lattice mismatch and substrate-film interface quality play a more critical role
in determining the strain state than the out-of-plane texture alone.

The superconducting properties were found to be strongly correlated with the anisotropic microstrain
rather than with the out-of-plane texture alone. The YBCO film on LAO, despite having a lower degree of c-
axis texture (fg = 0.81), exhibited a significantly higher onset critical temperature (T¢(onser) = 92 K) compared
to the film on STO (T¢(onsery ® 78 K). This is attributed to the lower lattice mismatch of LAO (-0.83%)
inducing a more homogeneous strain distribution and a lower density of structural defects, which favor optimal
oxygen ordering and hole doping in the CuO; planes. Conversely, the larger tensile strain imposed by the STO
substrate (+1.35%) introduces a higher density of structural defects and oxygen disorder, effectively
suppressing T.. Additionally, the presence of a paramagnetic upturn at low temperatures in the YBCO/STO
sample, attributed to magnetic secondary phases (CuO and Y211), further confirms the higher degree of
structural and chemical inhomogeneity in this film. This study shows that anisotropic microstrain is a crucial
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parameter that governs the superconducting performance of CSD-derived YBCO films. While achieving a
high degree of out-of-plane texture is important, minimizing anisotropic microstrain through appropriate
substrate selection or strain engineering is essential for optimizing the superconducting properties.
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Abstract. The article presents the results of oxygen addition effect at the low-rank coal drying in the
coal heat treatment technology. Drying, as one of the stages of the technology, is carried out by diffusion
method, using an oxygen addition in a quantity of 2%. The results of the study show the possibility of
intensifying moisture removal by the proposed method at the expense of intensifying oxidation processes
in diffusion conditions of porous body. Coal has effective and closed porosity. The increased
concentration of oxygen in air creates conditions for intensifying oxidation reactions in the effective
porosity. In the matrix of the porous body of coal, heat is emitted and temperatures rise. Quantity of the
heat produced by the low-temperature reaction of oxygen in coal elements (~1.24-10> W) allows to
increase the temperature of the total mass of coal approximately to the 60°C. Due to the increase in
temperature, the dynamic pressure in the flow through the open porosity increases (~6.18-10°Pa). As a
sequence, the static pressure is reduced to negative value (down to negative 100 Pa) in closed pores. The
reduction of external pressure alters the gas equilibrium, which leads to the effect of destruction of
capillary condensate and promotes moisture release. The final mass fraction of H>O as a result of
diffusion method of drying when the oxygen content of the air is raised during the drying process for 1
hour in a range from=~2.9to0 5.8 %.

Keywords: coal, oxygen, diffusion drying, porosity, static pressure.

1. Introduction

The trend of development of clean coal technologies not only in Kazakhstan, but also worldwide requires
finding simple solutions to obtain economically and environmentally attractive methods. In this direction, the
effect could be achieved by using domestic coal reserves in the technology of the releasing volatile gases.
Typically, gas generation technologies are taking stage by stage, including drying processes, processes of the
thermal treatment and the releasing of the volatile gases [1,2]. Drying is one of the most responsible steps in
the preparation of low-rank coals, because of the significant moisture coal content. However, such coals are
highly efficient for pyrolysis, gasification and liquefaction [3], where careful preparation of the coal to
processes is required. Today, well-proven coal preparation technologies with effective moisture removal, such
as «evaporative drying technologies, rotary-drying, fluidized-bed drying, hot oil immersion drying, as well as
non-evaporative drying technologies such as hydrothermal drying, mechanical/thermal drying, etc.», are
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summarized in many sources but they [4,5] have significant shortcoming - the electric energy consumption in
dryers per 1 kg of H>O removed in a range from 300 kJ to 11000 kJ. In the direction of reducing energy costs,
drying technologies are being developed for gasification using the filtration method with the use of «combined
mechanical extrusion-hot air/microwave drying» taking into account slow oxidation and increased temperature
[6]. Technologies have an economic advantage over the above, but are limited to an initial moisture content of
up to 50%. Slow oxidation with rising temperatures within the porous coal will cause changes in all system
parameters, including fragmentary changes in pore structures. The paper [7] presents studies on fragmentary
changes and changes in the morphology of low-rank coals with increased temperature due to slow oxidation
process in a diffusion. The authors show that the influence of the surface porous structure of coal on the
oxidation process is determined by the movement of oxygen through open pores during oxygen adsorption due
to increased concentration with subsequent intensification of reaction kinetics. At the same time, the authors
of works [8-10] present the evolution of functional groups of different types of coal, including low rank, and
the formation of volatile substances at low temperatures (up to 30°C) oxidation of alkynes, alkenes, etc. their
high reactive capacity and corresponding rise in temperature from oxygen reactions. On this basis, it can be
argued that in coal, as in the thermodynamic system, heat and mass exchange processes occur which do not
exclude removal of moisture from the "coal-drying chamber" system. This assumption was taken as the basis
of studies on the possibility of drying intensification by diffusion when using an oxygen additive in the
diffusion stream. The aim of the study is to determine coal efficiency of drying by diffusion, taking into account
the addition of oxygen for intensification of drying during thermal treatment of low-rank coal.

2. Material and Methods

The object of the study is a coal-drying chamber (fig.1.a) for the generating volatile gases technology
(fig.1.b) and presented in more detail in [10,11] for release of CHs, CO, H»in coal gasification process. In the
studies, a method based on the simulation of the movement of continuous medium and discrete phase was used
to determine the final moisture of coal as a porous body in the pattern of the coal-drying chamber. The drying
chamber has a volume 0,0359m? and the surface area 1,0824 m?. The pattern is scalable for pilot coal gas
generation technology. Drying is carried out by the flow of the rising air, with the addition of oxygen in the
amount of 2% of the air volume, supplied at a rate of 0.8 m/s during 1 hour through perforated openings into
the coal matrix in mass 48.4 kg.
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1 — coal-drying chamber; 2 — isothermal heating chamber; gas generation chamber; 4 — inert gas delivery capacity;
5 — volatile gases collection and storage capacity; 6 — volatile gas transport pipeline; 7 — inert gas pipeline; 8 — coal
transporter.
Fig.1. Physico-mathematical pattern of the thermal coal treatment installation for the release of volatile gases: a —
pattern of the technology; b — pattern of coal-drying chamber in technology.

The gas generation technology from coal presented (fig. 1.b) is implemented through energy activation
of the element-element bonds of coal during the three main stages: drying, isothermal heating; release of
volatile combustible gases [11]. The challenge of the technology is to create optimal conditions at each stage
to maximize the release of the volatile gases from coal. Drying of coal involves preparing the coal with
parameters that have the greatest positive effect on the subsequent process in the isothermal chamber. The
scientific novelty of the research is to determine the effect of the addition of 2% oxygen to air during the drying



56 Eurasian Physical Technical Journal, 2026, 23, 3(57) Energy

stage of low-grade coal through diffusion in a ball chamber of heat treatment technology. Low-rank Coke
weakly sintering coal (Kazakhstan, Ekibastuz Deposit) was used as the material under investigation,
corresponding to the classification of Coal Mv (coals with mechanical viscosity), the physico-mechanical
characteristics were obtained experimentally in [10], which as a porous body are presented in the table. 1 and
represented in [11,12].

Tablel. Analytical properties of coal MV

Density, Isotropic thermal Specific heat, Transmissivity, Pore volume, | Mass, [kg]
[kg/m’] conductivity, [W/m C°] [J/kg °C] [s] [m*/kg]
1100 0.32 1200 0.7 0.0067 76.5

To achieve the objective of assessing the effect of oxygen-added drying with the diffusion method on
water removal intensity, tasks must be performed:

1. To analyze the oxygen addition (2%) in the air composition on the effect of the increase in coal
temperature and dynamic diffusion flow pressure;

2. To analyze the drying intensity of coal depending on the increase in dynamic pressure and the
occurrence of negative static pressure.

To solve these problems, simulation of the diffusion drying process through a coal matrix was used in the
Ansys Academic Research CFD environment using the engineering modules «Flow through a porous media»
and «Species transport», which allows the forecasting and control of moisture flows in relation to temperature,
static, dynamic pressure, chemical reactions, species... etc. As boundary conditions, the "velocity inlet"
conditions at the inlet of the drying chamber and the "pressure outlet" conditions at the outlet in a given area
of geometry are taken into account, as presented in table 2 and the properties of coal and air according to tables
1 and 3.

Table 2. Boundary conditions

Velocity Turbulent Turbulent Temperature, | Backflow total | Mass inlet | Mass outlet | Initial
magnitude, intensity, viscosity K] temperature, fraction O, | fraction O, | moisture,
[m/s [% ratio [K
] 0] ] 4]
0.8 5 5 290 300 0.23 0,21 | 60
Table 3. Physical properties of airant
Density, Specific heat, Thermal Viscosity, Molecular Standart state Turbulent
[kg/m3] [J/kgK] conductivity, [kg/m-s] weight, entropy, dissipation rate,
[W/m-K] [kg/k-mol] [J/kgmol-K] [J/kgmol-K]
1.225 1006.43 0.0242 1.7894e-05 28.966 194336 0.007468
Table 4. Physical properties of coal
Density, | Specific  heat, | Thermal Initial temperature, Permeability, Pore volume,
[kg/m?] | [J/kgK] conductivity, [MD] (m¥/kg)
[W/m'K] [K]
1100 802.3 0.243 290 28.966 0.00036

The computational grid parameters accepted for calculation with independent similarity are shown in
Table 5. Analysis of the grid independence shows a discrepancy in the size of cells 2 times not more than 3
percent. Dynamic mesh selection for drying chamber is shown in figure 2.
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Table 5. Mesh parameters

Target Inflation option Mesh metric Mesh metric Pinch Sizing
skewness Element quality Element quality tolerance | nodes | elements
0.000009 | Transition | Max | Grows | Min | Max | Everage | Standard [m]

ratio layers | rate [m] [m] [m] deviation
0.272 40 1.2 | 2.0354e- | 1m | 0.57015 | 0.00376 | 3.117e- | 4178330 | 2307966
0004 0.04

Y

0,500 {m) A
z X

Fig.2. Dynamic mesh selection for drying chamber

0,000 0250

0125 0,375

In addition, under the conditions of oxygen transfer to porous space, it is necessary to take into account
the parameters of the model of the porous medium. Table 6 presents the body coal porous zone conditions.
Tabmuua 6. Porous zone conditions.

Table 6. Body coal porous zone conditions

Relative velocity Viscous resistance (Inverse Effective diffusion Effective thermal
resistance absolutely permeability) in all coefficient conductivity,
directions [m?/s] [W/m-K]
[1/m?]
Viscous resistance 3.45e+13 4.8-10° 0.243

In the simulation, a kinetic-diffusive scheme of coal oxidation under self-heating is used In the
simulation, a kinetic-diffusive scheme of coal oxidation under self-heating was used «Viscous Standard k-e
(2-eqn) in the realizable k-epsilon model and standard wall functions. The drying time was based on the
"Pseudo Time step" value of 1 second with 3,000 operations, which corresponds to the 50 min drying process.

3. Results and discussion

3.1 Analysis results and discussion of oxygen addition (2%) in the air composition on the effect
of the increase in coal temperature and dynamic diffusion flow pressure.

To predict the increase in temperature and dynamic pressure of the diffusion flow in an effective coal of
internal heating is due to an increase in oxygen concentration and intensification of the kinetics of reactions
with heat release [13]. Low-rank coals have a developed, both open and closed porosity, which creates
heterogeneity of properties such as heat conductivity, heat capacity, density, etc., in the coal matrix that
determine the conditions for the intensity of oxidation reaction kinetics at a given velocity. In turn, temperature
causes a change in dynamic pressure directly related to the velocity of the diffusion flow. The kinetic model
of internal heating in a coal layer can be represented by the following dependencies, according to [14]:
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or, o, 0T
l-¢)Cp, —%=—| A —= k(T,)C.
(-e)cp =21 s o e, )

where Tox (K), C. (KJ/kg), po(m/kg), Ac, O. is relatively concentration and temperature of oxygen, heat
capacity and density of coal, heat of oxygen reaction with coal elements; & is oxygen diffusion coefficient and
€ is temperature coefficient of oxygen sorption rate; A — thermal conductivity of coal efficient coefficient
(W/mK).

Temperature coefficient of oxygen sorption rate, taking into account the unevenness of the velocity
distribution [15]:

oC 0 oC

—=—|D, == |-k(T,)C.,

X ax{ . ax} (T.)C. @
and

k(T,)=k,+E(T, -T,), 3)

where E is activation energy for the low-rank coal presented is 1 -11 kcal/mole; ¢ is kinetic ratio of oxygen

. . . C
concentration change in layer is equal o
0

The concentration of oxygen at the coal surface will be determined by its air content, taking into account
convective heat exchange between coal and air. If the oxygen concentration in the supplied air is considered
constant, then the system can be supplemented by boundary conditions:

or, (0.1)
ox
C[O;T] =C,,
T[x;O] =T,

2 =a(Z,[0.7])-T, @)

The intensity of convective heat exchange between coal and oxygen-containing air under given geometric
conditions is determined by a number Nu, directly dependent on the heat exchange coefficient a (heat transfer
coefficient (W/m?K)), the geometric characteristics of the drying installation and the coefficient of thermal
conductivity of coal. At the same time, the oxygen diffusion process in the coal layer is carried out at a given
concentration, so as an initial boundary conditions it is decided on the stationary equation of the change in
oxygen concentration under diffusion conditions:

C[x0]=C, exp(—xq [k/D, ) (5)

The maximum heat reaction in the coal is observed on the surface at the highest possible concentration
of oxygen. Due to the heat conductivity of coal, which directly depends on density and porosity, layers will be
heated deep down according to the temperature gradient direction. On this basis it can be written:

Tc[x,t]—>T

ox?

X —> 0

C, [x,t] —0;x > ©

Simulation showed (fig. 3. a, b) that in the process of diffusion drying zones with maximum mass fraction
of oxygen (fig. 3.a) are formed, reaching 0.23 in which there is a maximum can be increase in temperature to
348 K (fig. 4) due to the emission of heat ¢, = 1.24 102 W (fig. 3.b). But at the same time, the maximum

coal temperature does not exceed the low-grade coals' self-ignition temperatures (t = 130°C — 150°C). Average
temperature by volume of coal during drying when the initial air temperature is set T = 18°C, consists of t =

60°C. In addition, an amount of CO; is generated during the self-heating process, which determines whether
the risk of self-ignition can be reduced.
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As noted above, chemical reactions in a given temperature range occur through the reaction of oxygen to
coal. Of course, the concentration of oxygen on the surface of coal plays a major role, and the addition of
active oxygen will help to accelerate the oxidation process and increase temperature and pressure. The line
graph presented in fig. 4 shows the dependence of temperature rise, heat reaction, oxygen concentration and
dynamic pressure. Fig. 4 shows that the proposed method gradually increases coal temperature from 291 K to
355 K in different zones of the coal matrix throughout the drying process. The oxidation reaction begins with
a mass fraction of oxygen on the coal surface ~1.42-10° Oy per one kg of air, corresponds to the mean value
of heat reaction C,~ 0.62:102*W.

The maximum amount of heat reaction by the flow of oxygen approximately C, consists of ~1.24-10 at

the mass fraction of the oxygen O~ 1.42-:10° O,/ per one kg of air. The dynamic pressure growth rate in the
flow reaches Ps~ 6.18:107 Pa.

Mass fraction of 02 Heat Reaction

— 400e-01
3.868-01

Fig.3. O, mass fraction and heat of oxygen reaction with coal during the diffusion drying process: a — O, mass
fraction; b — heat of oxygen reaction with coal.
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Fig.4. Dependence of temperature rise, heat reaction on the surface oxygen concentration of coal and dynamic pressure.

3.2 Analysis results and discussion of the drying intensity of coal depending on the increase in
dynamic pressure and the occurrence of negative static pressure.

The intensity of the drying n process is determined by the total transport of moisture through the coal
body during the process. According to the theory of heat mass exchange, the total water transfer through a
porous body under diffusion conditions is defined as [15 -21]:

G, :J. (]F 'nF)dF> (7

F
where nr is normal vector to the surface; jr=f(x; y, z; 7) is the flow of matter.
The density of the flow of matter (moisture) is defined by both a molecular and a convective component
that occurs in this process:

j = ja'i/?r ’ jconv = —ngradm : pmva (8)

where is D the diffusion coefficient of a two-component mixture consisting of water and air.
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The external mass exchange is characterized by the intensity of the flow emitted from a wet coal surface,
according to Dalton’s Law of the partial pressure:

g =o' (05, ~(0R))dF, ©)

where o' is the moisture coefficient, which depends on the hydrodynamic conditions of the environment; ¢

is coefficient taking into account the reduction of the water vapour above the surface of coal partial pressure

(interior body coal).
293

¢=0.091-10"*7", (10)

where . is temperature of environment.

Fig. 5. a ,b shows the model of drying in a diffusion chamber, taking into account at least 23% oxygen
content. According to fig. 5 (a), the mass moisture fraction in the respective coal zones may vary from 0.60 (at
the interior body inlet) to 0.01 (at the interior body outlet) during drying. According to figure 5 (b), maximum
mass fraction on the perimeter of the chamber is observed at the exit from the drying chamber and on the
surface of the coal (interior body coal and interior body outlet). On the interior body outlet mass fraction of
water consists of no more than ~ 0.02. At the same time, at the inlet of the coal-drying chamber (interior body
inlet) mass fraction of water consists of for about =~ 0.06. The calculation model is based on the initialization
and calculation of the activity of all chamber zones during the process in the total mass of coal, taking into
account the total moisture. (Wet basis model)

Mass Fraction of H20

5 80e-01

Mass Fraction of H20

~body_inlet
r-body_outiet

1.45€-01
1 16e-01

8.70e-02

2000 -01500 -0.1000 -0.0500 0.0000 0.0500 0.1000 0.1500 0.2000 0.2500

Position (m)

a b

Fig.5. Mass fraction of H,O release during the diffusion drying process: a — in common; b — on the perimeter of
the chamber.

According to the abovementioned equations (7 - 9), a significant influence on the intensity of the removal
of moisture from the low-grade coal matrix is caused by the magnitude of the dynamic pressure when the
temperature changes accordingly [20, 21]. Low-rank coals have a closed porosity, with moisture that can
exceed more than 40%. Taking into account the Kelvin's equation for a model of pore-containing matrix drying
[22], Knudsen’s diffusion law, and also considering the gas permeability of an unconsolidated porous medium
[23] and the above represented equations (7 - 10) the water rate equation for drying low-rank coal can be
presented:

DT*"(P,-P,
Jo—ane 2T B R, (11)
R d
where T is the medium temperature (K), R is the equilibrium gas constant, M is molar mass of water.
Figure 6 shows a line graph of the dehumidification in the coal matrix as a function of static, dynamic
pressure and temperature.
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Fig.6. Dependence H,O mole fraction from dynamic pressure and absolute temperature during the diffusion
drying process.

The intensity of moisture (H>O) release in the process increases significantly with increasing dynamic
pressure in a range from Py~ 2% to 65% under conditions of the negative static pressure Py =~ -100 before it
became positive. It is suggested that, the changing in pressure alters the gas Kelvin's equilibrium, which leads
to the effect of destruction of capillary condensate and promotes moisture release [24]. Thus, it can be argued
that diffusion drying with the addition of 2% active oxygen has a positive effect on drying intensity. In addition,
the self-heating effect of coal at a temperature increase of up to 60 °C also has a positive impact on further
heat treatment of low-rank coal. To confirm the effectiveness of this method compared to vacuum drying, the
final moisture content results obtained in this study (#2) were compared with the results (#1) obtained from
experimental low-grade coal formation in a ball pit diffusion chamber - dryer in the vacuum of identical
gasification technology. [24-27] and presented in Table 4.

Table 7. Comparison of the simulation and experimental data of vacuum drying

Experimental group Average density Static Pressure Average final moisture
[kg/m’] [Pa] [70]
#1 980 ~-0.025 ~5.17
#1 950 ~-0.102 ~1.03
#1 917 ~ -0.475 ~2.37
#1 1000 ~-0.475 ~2.38
#1 1100 ~ -0.478 ~2.38
#2 1100 ~-0.100 ~2.9-58

Comparative analysis of results showed that the active addition of oxygen during low-rank coal drying
promotes drying intensification in a similar way to the conditions for creating diffusional dryers when creating
vacuum even at higher coal density.

4, Conclusion

Evaluating of the oxygen addition at the low-rank coal drying in the heat treatment technology in amount
of 2% shows, that intensification of moisture removal occurs along the chain «increase in oxygen concentration
— reaction with heat release — rise in temperature — increase in dynamic pressure — decrease static pressure to
negative», which leads to conditions that promote internal moisture output from coal. At this:

1. The results of analysis of the influence of the addition of oxygen in the amount of 2% in the air
composition on the effect of the increase in coal temperature showed the possibility of increasing the
temperature of coal from 291 K to 355 K in different zones of the coal matrix due to intensification of oxidation
reactions in zones of concentration increase oxygen from =~ 1.42:10~ Oyper kg of coal.

2. The results of analysis of coal drying intensity relative to temperature rise and dynamic and static
pressure change showed that it is possible to dry coal with an initial humidity of 60% when moisture is finally
removed to 2,9 - 5.8% due to reduced pressure contributing to the release of moisture.
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THE INFLUENCE OF THERMOSTATTING TEMPERATURE ON THE
IGNITION AND DEFORMATION DYNAMICS OF A CYLINDRICAL
CHARGE IN A NOZZLELESS PROPULSION DEVICE
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Abstract. This article presents the results of numerical simulation of the transition to steady-state operation
of a nozzle less propulsion device (NPD) with a cylindrical viscoelastic solid propellant charge. The study was
performed in a two-dimensional axisymmetric formulation, taking into account the coupled interaction of viscous
compressible combustion products and a deformable charge. The viscoelastic behavior of the propellant is
described using Prony series and the Williams-Landel-Ferry temperature-time shift function. It was found that an
increase in the initial thermostatting temperature of the charge reduces its ignition time and decreases the initial
shear modulus, which leads to a more than twofold increase in surface movement. It is shown that low initial
temperatures lead to a decrease in propellant chamber pressure, while an increase in temperature by 115 °C
increases the maximum pressure by 25 atm. The convergence of the numerical solution on three computational
grids is assessed.

Keywords: nozzle less propulsion device, viscoelastic charge, ignition of the charge, coupled simulation.
1. Introduction

Nozzle less propulsion devices (NPD) are of considerable interest for use in the launch stages of integral
rocket-ramjet systems due to their high reliability, structural simplicity, no need for detachable nozzle
equipment, and reduced requirements for thermal protection [1-3]. Based on a simplified physical
mathematical model proposed in [4] for analyzing the intra chamber processes of the NPD, the following was
established. The outlet cylindrical shape section results in 14% momentum loss compared to classical
propulsion device. At the same time, the formation of a conical outlet charge channel section can contribute to
an increase in the efficiency of the NPD, on condition that the reduction in the active combustion surface area
remains relatively small. The observed deformation of the solid propellant charge due to significant pressure
differences in the channel during the initial section of the NPD operation creates a risk of instability in the
functioning of the propulsion device due to the mutual influence of deformation and gas-dynamic processes.
To ensure a reliable assessment of the design's performance, it is crucial to conduct coupled modeling of gas
dynamics and stress-strain state.

The viscoelastic properties of modern mixed solid propellant (the time dependence of the shear and elastic
modules) significantly influence the assessment of the stress-strain state of the charge. In [5], a modeling of
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the dynamic response of the SP charge to the initial load from the pressure increase was carried out using a
quasi-static elastic analysis; taking into account the viscoelastic properties of the HTPB (transient analysis).

It was found that the first method gives overestimated response values relative to the second. An analysis
of a solid propellant charge viscoelastic behavior of an NPD under the action of a gas-dynamic load during the
initial period of its operation under various thermostatting conditions charge, assuming that the channel surface
ignites instantly, was conducted in [6]. It was shown that an increase in the charge thermostatting temperature
of the solid propellant leads to a decrease in the maximum pressure in the NPD combustion chamber due to an
increase in the cross-sectional area of the channel.

In the work [7-9] an analysis was carried out of the two-pulse solid rocket engine starting operation. The
study is based on the joint solution of: a system of three-dimensional non-stationary equations for a viscous
heat-conducting gas; a system of equations of the mechanics of deformable solids; the heat transport equation
— for calculating the propellant surface temperature. It is shown that for a 0.9 m charge in length and a channel
diameter of 0.08 m, in case of rigid fixation of the nozzle block, with an increase in pressure from 0.1 MPa to
23.6 MPa, the amplitude of longitudinal oscillations of the charge surface can reach 10 mm, and lateral — 3
mm. In the paper [10], a viscoelastic structural analysis was performed to evaluate the influence of the insert
properties on the distribution of stresses and strains along the insert/fuel interface in a solid-propellant
propulsion device. The analysis was conducted based on a simplified two-dimensional axisymmetric model
using the Ansys software package. The results showed that during the initial period of engine operation, under
the influence of a load caused by an increase in pressure, the stresses along the interface increase with an
increase in the initial modulus of elasticity and decrease with an increase in its Poisson's ratio.

The aim of this work is to study the influence of thermostatting conditions on the cylindrical viscoelastic
charge of a solid propellant behavior under the action of a gas-dynamic load in NPD during the period when
the engine reaches a steady-state operating mode, taking into account the gradual ignition of the solid
propellant charge surface.

2. Physical statement of the problem

Figure 1 shows a cutout of a model nozzleless engine. The engine consists of a cylindrical solid propellant
charge 1 attached to the engine body 2, an igniter 3, and a combustion chamber 4, which is initially closed by
aplug 5. The left end surface and the cylindrical surface 6 of the charge are the surfaces capable of combustion.
The right end surface 7 is armored. Combustion products entering from the combustion surface flow out
through the boundary 8 after the plug is opened.

3

Fig.1. Sectional view of a model nozzleless engine: 1 — SP charge, 2 — housing, 3 — igniter device, 4 — combustion
chamber, 5 — plug, 6 — combustion surface, 7 — inert surface, 8 — outlet boundary; A — control point

It is assumed that, at the initial moment, igniter 3 is triggered, the combustion products of which enter
the combustion chamber filled with air and heat the surface of the charge 6 through convective, conductive,
and radiant heat exchange. The igniter operates for a time #;, ensuring a mass flow equal to Gi;. After the
charge surface temperature reaches the ignition temperature, mass and energy begin to flow from the
combustion surface into the combustion chamber. After the pressure on the plug surface exceeds the
breakdown pressure ps, combustion products flow out of the combustion chamber.

The combustion products are assumed to be a three-component viscous compressible gas, with unsteady
flow. The solid propellant charge is taken to be a visco-hyperelastic body, which is deformed under the action
of the gas-dynamic load arising from the combustion products, altering the combustion surface. This, in turn,
causes a change in the combustion chamber pressure, leading to a change in the charge's stress-strain state.
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3. System of equations for the stress-strain state of a charge

To describe the effects of hyperelasticity, the Neo-Hooke model is used, and to describe the effects of
viscoelasticity, the generalized Maxwell model is used, in which the relaxation modules of elasticity are
approximated by Prony series [11].

Mass conservation equation

ap,
dt +10.3'V/cV,s-,k :Oa (1)
Equation of motion for particle
Thi g @
Ps — = Oy ki»
dr? Kok

L . du,, .
where u,; — the movement of a particle inthe medium; 7, = T’ — the velocity of the movement of the
’ ’ t

particles in the medium.
Finite strain tensor
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The relationship between stresses and strains for a visco-hyperelastic body is:
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where G(#) — is the relaxation shear modulus; K(z) — is the relaxation volume modulus, I_l =1,/J7";
L=+ +25; 3,45, 23 — eigenvalues of matrices C; = FFy; , F; =0x;/0X; — are the components of the
strain gradient tensor, J =det(£; ).

The dependence of relaxation modules on time is approximated by Prony series [11]:

B ~2(1+v)
G(1) =Gyg(t), K(1)= 3(1_2V)Gog(t) @)
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where o, and 7, — are the coefficients of the Prony series; a(7) — is the temperature-time shift function; G,

— is the initial shear modulus; v — is the Poisson's ratio, g(?) — is the relative relaxation modulus.
The temperature-time shift function a(7) according to the Williams-Landel-Ferry model [12] has the

form:

log a(T) = M

> 9
a, +T-T, ©)
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4. System of equations for the viscous compressible gas flow
To describe the flow of combustion products in the combustion chamber, the Navier-Stokes equations

for a multi-component compressible heat-conducting gas are used.
Continuity equation

0 op,V,
P Pewk g (10)
ot Ox;,

Mass conservation equation of ignition gas

0pg&iq +apg§ing,k _ 0 ( . aéigj, (11)

o o, ox \E o,

Mass conservation equation of propellant gas

0 0 g 0
pg&.apr 4 pg&p; g.k :i P D ; %pr +S., (12)
ot axk axk &P axk

Mass fractions conservation equation
éig+&pr+iair:17 (13)
Momentum equation

Vg, . Ve Vo _6_p+ Otq ik

= & (14)
ot ox;, ox;  Ox,
Energy conservation equation
apgeg angg,khg 0 6Tg i k
o + o, :a }\ga*ﬁg’ﬂc i +a£](ri,si)dQ—4a6Tg +Sg, (15)
Radiative intensity transfer equation
aI(r.s,)s, ol* o ¥
—2 2 i (a+o,)(r,s)=an’ +—=1(r,s,)dQ, (16)
(a0, )= e T 2 [
| v}
where e, = ﬁ£+7g — the total internal energy of the gas; h, =e, +2 _ the total enthalpy of the gas;
—1Ipg Pq

3
Vg = 1;1 Vg, — the square of the velocity vector; 7

. ov,. oV, v, .
..« — the viscous stress tensor, Mg( ei, Pek 2 g”J

o, oy, 3 ° o

; t —time; x — the spatial coordinate; p — the pressure; V' — the velocity; & — the specific heat ratio at constant

pressure to the specific heat capacity at constant volume for a gas mixture; &,, — ignition gas mass fraction, is

ig
the mass fraction of the fuel gas, &, — the mass fraction of air, a — the radiation absorption coefficient, c —
the Stefan-Boltzmann constant, 5.67-10*W/(m’K*), o, — the scattering coefficient, n — the refractive index,
s, —the components of the radiation direction vector, », —the components of the position vector, 2 —the solid

angle, S,, Sy — the specific mass gain and energy gain due to propellant combustion, respectively.
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Equation of state

3
p:pngE]&jRj’ (17)

where R, =R, /M ;» R, —the universal gas constant; M; — the molar mass of the jth component.

In this formulation of the problem, the burning surface is replaced by a solid wall, and the mass gain and
energy gain of gases is modeled through source terms in the continuity equation (10), in the propellant gas
mass conservation equation (12), and in the energy conservation equation (15) [13]: S = pruy, po(x; Ry ),
SE

T,S,, where R, — the function describing the combustion surface; ¢, , — the specific heat capacity

=Cp.pr p-pr

of the propellant gas at constant pressure, p, — the fuel density. u,, =y, exp(BTg,O) — the fuel combustion rate
at 1 atm [14], u, — the pre-exponential factor, § — the coefficient of sensitivity of the combustion rate to the

initial temperature T,

temperature coefficient, v, , T, — the reference values of the exponent and the initial temperature, 7, — the

V) =V, Tk, (Ty o —T,;) — the exponent in the combustion rate law, k, — the

propellant combustion temperature, 8(x;; R, ) — Dirac delta function.

4. Boundary conditions

For a solid body: plane of symmetry: «,,, =0 — equality to zero of normal displacements; condition of
fixing: u,; =0 — displacements in all directions are equal to zero.

For gas: non-deformable solid wall: V, , =0; igniter: p,V, , =Ggn t;, —t , T=T,, §, =1, §,. =0

where n ¢ — Heaviside function; deformable solid wall, propellant: p V, , =G, t;,, =t , T=1T1,, §, =1,

§,» =0; channel outlet: p = p, — at subsonic flow the pressure is equal to the environmental pressure; plane

9o

of symmetry: Ve =0, e 0, 0= pgs&igs&pr Vo VoroP - The interface between the surface of a solid
and a gas:
Ogm = —P+Tg,, — equality of normal stresses in propellant and gas; o, ,; =Ty 5 Ogpr, =Tgm, —

equality of shear stresses in propellant and gas; V,; =V, ;

— equality of the movement speeds of propellant and
. | - i .
gas particles. / =—| n°e oT, —(1 —sw) J. I-5,dQ |, where €, — wall emissivity.
n 0
The propellant surface temperature is determined from the solution of an ordinary differential equation
obtained by the method of integral relations using an approximation of the temperature profile inside the

propellant by a third-order parabola [15]

w

dt 3gprer (T,-1,,) (20, -T,-T,,)

ar, 4 ¢ (7. -T.)

(18)

with the initial condition: 7,,|_ =T,

wn

where ¢,, — the heat flow from the gas to the propellant surface, A, —

the propellant thermal conductivity coefficient, ¢, — the propellant specific heat capacity coefficient

5. Numerical technique

The computational domain is a sector of a cylindrical domain, fig. 1, in which the angle between the
section planes drawn along the axis is 10°. For the numerical solution of the system equations (1)—(9)
describing the stress-strain state of the charge, the finite element method with linear shape functions for eight-
point hexagonal elements was used. The numerical solution of the system equations describing the flow of
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combustion products (10)—(17) was performed using the Patankar method on a grid with hexagonal cells using
an implicit upwind scheme of second-order accuracy in spatial variables for the convective terms of the
equations and first-order accuracy in time. The implementation of these methods was carried out in the Ansys
computing package in the Workbench environment using the Transient Structural and Fluent modules,
respectively, data exchange between them was carried out using the System Coupling module. At each time
step, 20 iterations were performed solving the system of hydrodynamic equations. At each stage of load-
displacement coupling, 5 iterations were performed. The time step size was chosen to be 107° s, and the end
time was 0.1 s. The ordinary differential equation (18) was solved using Euler's method.

6. The discussion of the results

For the numerical solution of the problem, the following parameter values were adopted. The charge
length is 125 cm, web thickness is 7 cm, the charge channel radius is 4 cm, the gap width between the left ends
of the combustion chamber and the charge is 1 cm, the width and height of the areas to the right of the charge
are 19 cm and 21 cm, respectively. The thermophysical parameters of the combustion products are given in
Table 1, the characteristics of the solid propellant are given in Table 2, the Prony series coefficients for the
model propellant at a temperature of 20°C are given in Table 3 [16], the initial shear modules depending on
temperature and Poisson's ratio are given in Table 4, the coefficients of the temperature-time shift function are
given in Table 5 [17].

Table 1. Thermophysical properties.
Properties Air Gas from solid propellant Gas from the ignition device
Specific heat, J/(kg-K) 1006 1900 800
Molar weight, kg/kmol 29 24 55
Dynamic viscosity, Pa-c 1.79-10°° 8107 4107
Thermal conductivity, W/(m-K) 0.0242 0.25 0.1
Table 2. Solid propellant properties.
Pre-exponential factor, ug, mm/s 2.309 Combustion temperature, K 2900
Sensitivity coefficient, B, K! 2.972:107 Propellant density, kg/m? 1700
Temperature coefficient, kr, K™ -1.5-10* Thermal conductivity, W/(m-K) 0.6
Reference indicator, vy 0.41 Specific heat capacity, J/(kg-K) 1400
Reference initial temperature, T, K 343 Ignition temperature, K 600

Table 3. Prony series coefficients for propellant. Table 4. Initial values of the shear modulus and

Poisson's ratio.

) i Ti, C
0 | 0.0436666 T.°C | Go, MPa y
1| 0.0114570 5106 45 90
2 | 0.0055763 5105 20 50 0.4999
3 | 02436390 1104 70 30
4 | 02486060 | 2.5.10°
5 0.1022000 5.104 Table 5. Coefficients of the function a(T),
6 | 0.1285610 1.10°3 equation (9).
7 | 00833416 | 2.510° af] ]| -S4
8 | 00551554 | 5.10° a, K | 770.27
To. K 293
9 | 00537361 | 15102
10| 0.0190610 5102

The absorption coefficient of gas mixture radiation was taken to be 80 m™! [18]. As estimates show [6],
by the time of 0.1 s the relative shear modulus reaches its lowest value of ~0.0487, (equation (8)), which is
practically independent of the propellant temperature in the range from —45°C to +70°C. Therefore, further
calculations were carried out up to the specified time.

Figure 2 shows the effect of the initial temperature on the ignition front propagation across the charge
surface. Increasing the initial temperature leads to a decrease in the ignition time of the charge surface, with
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complete ignition of the end surface occurring much later than that of the cylindrical surface. The increase in
the slope of the ignition curve for the end surface, fig. 2b, is due to the trapping of relatively cold gas at the
dead end of the gap, resulting in an increase in the time it takes for the charge surface to warm up to ignition
temperature. It should be noted that the thermal error in calculating the ignition time, which was due to the
time step used in solving equation (18), amounted to approximately 3 ms.

50 80
—1 —1
—2 Y 70 1—> //
40 {__ _
=3 / 60 3
1 50
1] 30 1 1
S — v g 40
2 / 2 >
=50 / - 30 /
— 3 v 2 3
/
/ | ’___// 20 e
10 7 — —_—
] 10 —
0 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11
X, m y,m
a) b)

Fig.2. Dependence of surface ignition time on coordinate: a — cylindrical surface, b — end surface;
1—-Ty=-45°C,2—-Ty=20°C, 3—-T, = 70°C.

Low initial shear modulus values, typical for propellants with high thermostatting temperatures, lead to
large displacements of the propellant surface, fig. 3. Reducing the shear modulus from 90 MPa to 30 MPa
caused by high thermostatting temperatures resulted in a more than twofold increase in the displacement of
point A from the equilibrium position, both axially and radially. The non-monotonic behavior of the curves up
to the 20-30 ms time point is due to the operation of the igniter and the failure of the plug, which lead to
significantly non-stationary processes in the combustion chamber.

12 8
:; 3 T | 7 :;
1071 3 7 —3 3
6
E 8 / / E 5
E . / 2 E A // 2 /
-~ s
% « o N e e —
/ / L i / / /
’ ﬁ 2 :j\_// ! é { ,’k\_//
0
’ 0 20 40 60 80 100 0 20 40 60 80 100
t,ms t, ms
a) b)

Fig.3. Dependence of the control point movement on time: a — longitudinal coordinate, b — radial coordinate;
1-Ty=-45°C, 2-T)=20°C, 3— Ty =70°C.

Low initial charge temperatures lead to low pressures in the combustion chamber. Increasing the initial
temperature by 115 degrees increases the maximum pressure by 25 atm, which is associated with an increase
in the propellant combustion rate with increasing initial temperature. The dependence of the combustion rate
on the initial temperature has a greater influence on the increase in pressure in the combustion chamber than
the dependence of the elastic modulus on the initial temperature, when lower values of the elastic modulus
lead to an increase in the cross-sectional area of the channel and a subsequent decrease in pressure [6].
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Fig.4. Pressure distribution on the combustion surface at the time of 0.1 s:
1-Ty=-45°C,2—-Ty=20°C, 3—-T, = 70°C.

1.25

To study the convergence of the numerical solution, calculations were performed on three meshes, the
parameters of which are given in Table 6. The number of elements and cells in the rotationally direction was
equal to 1, which corresponds to an axisymmetric approximation. The calculations were performed with a time
step of 107 s.

Table 6. Mesh parameters for convergence study.

Cell size along the x-axis and Number of cells in the gas Number of elements in the
Mesh name : . .
y-axis, mm region charge region
Mesh Nel 10 1074 875
Mesh Ne2 5 4296 3500
Mesh Ne3 2.5 17184 14000

. . : . - / L2
Convergence of the numerical solution is verified using the L, norm ||x|| =.]-> xi2 . The convergence
n .

1=
condition requires satisfying the inequality

(19)

||L7h/2 —ﬁh/4|| < ||L7h —ﬁh/zn ,

where 1, is the numerical solution vector obtained on the mesh 1 with step size 4, 1, is that on the mesh 2,

and u,,, is that on the mesh 3. Table 7 presents the norms of the differences between solutions obtained on

successive meshes for the pressure distribution along the channel axis at £ = 100 ms, the dependence of the
cylindrical surface ignition time on the longitudinal coordinate, and the radial displacement of point A over
time. As the table shows, the convergence condition (19) is satisfied for all key parameters.

Table 7. Norms of the differences between numerical solutions on successive grids

i i =i 62 = tia
P, atm 0.705 0.297
tign, MS 4.185 2.365
Ay, mm 0.319 0.197

The pressure distribution along the charge combustion surface at a time of 100 ms is shown in fig. 5.
Curve 1 corresponds to mesh Nel, curve 2 — mesh Ne2, and curve 3 — mesh Ne3.

Fig. 6 shows the effect of the computational mesh on the dependence of the ignition time of a cylindrical
charge surface on the longitudinal coordinate for propellant with an initial shear modulus of 70 MPa (7, =
20°C).
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Fig.5. The effect of the mesh on the pressure distribution along the channel axis:
1 —mesh Nel, 2 — Ne2, 3 — Ne3; T =20°C.
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Fig.6. The effect of the mesh on the dependence of the ignition time on the longitudinal coordinate:
1 —mesh Nel, 2 —Ne2, 3 — Ne3; Tp=20°C

7. Conclusions

The conducted study demonstrates the critical dependence of the dynamics of the NPD reaching a steady-
state mode on the initial temperature of charge thermostatting. Increasing the temperature accelerates surface
ignition but significantly reduces the propellant’s shear modulus, which causes deformations (axial and radial)
to more than double. This creates a risk of engine instability due to changes in the channel geometry. The two
competitive effects determine combustion chamber pressure: an increase in the combustion rate as the
propellant heats up (increasing pressure) and an increase in the flow area due to material softening (decreasing
pressure). Practical NPD design requires considering not only the gas dynamics but also the viscoelastic
properties of the propellant over a wide temperature range (from —45°C to +70°C). The obtained results can
be used to optimize operating conditions and improve the reliability of nozzleless propulsion devises.
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Abstract. This study investigates the operating parameters of a hybrid wind—solar power plant for autonomous
electricity supply in the sharply continental climate of central Kazakhstan. The plant consisted of a 600 W wind
turbine, four 200 W photovoltaic panels, a 12 V battery and a charge controller, the load being separated between
alternating-current and direct-current circuits. Field measurements were carried out continuously during 2025
near Karaganda. The measured generation varied seasonally from 4.0 to 6.7 kWh/day, giving an annual output of
1993 kWh, the winter minimum falling to the level of the winter load. The monthly photovoltaic and wind outputs
proved strongly anti-correlated, the Pearson coefficient being —0.81, which quantifies the seasonal
complementarity of the two resources. A sizing criterion based on the coefficient of variation of the monthly
generation and on a seasonal reserve factor is proposed. Raising the wind capacity to 1000 W while reducing the
array to two 200 W panels lowers the coefficient of variation from 16.4 to 6.3 % and raises the December output
from 4.0 to 5.5 kWh/day. Direct supply of the direct-current loads without inversion saves 25.8 % of the energy
delivered to them and 18.9 % at plant level.

Keywords: solar energy, hybrid power system, photovoltaic panels, autonomous power supply, seasonal
generation, renewable energy, seasonal complementarity, direct-current distribution

1. Introduction

Currently, renewable energy sources are developing actively in Kazakhstan: their share of electricity
generation exceeded 7 % in 2025 against less than 1 % ten years earlier [1, 2]. The country ranks ninth in the
world by territory and has a low population density among 20.5 million inhabitants [3]. One of the directions
of development of its energy sector is the creation of decentralised supply systems for remote consumers of
ultra-low power, without which the development of agriculture, of new lands and of small business in such
areas is impossible [4]. Due to the long distances of power transmission lines, considerable energy losses
arise, and the construction of new lines is costly and, in some cases, may not pay for itself even after 25 years
[5]. Developing renewable sources at the point of consumption removes this obstacle and makes it possible to
use remote farmland and pastures [6]. According to open sources, the average duration of sunshine in
Kazakhstan is 2200 to 3000 hours per year and the annual solar radiation per unit area is 1100 to 1900 kWh/m?,
the mean incident power on the Earth’s surface being 110 to 190 W/m? and the radiation increasing from north
to south from 4100 to 5300 MJ/m? [7].
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The climate of the country is sharply continental almost everywhere. In the south there are many clear
days in summer, high air temperatures and little precipitation through the year; in central and northern
Kazakhstan there are fewer sunny days in winter, the winds are strong and the peak temperatures fall to —40
°C for short periods. In the west the Caspian Sea moderates the frosts although the winter winds are strong,
and in the east the climate is more humid with winters as cold as in the north. The Kyzylorda region has the
greatest solar potential, with 3100 hours of sunshine and about 2000 kWh/m? per year, while the potential of
the country as a whole is estimated at up to 2.5 billion kWh [8].

Photovoltaic capacity of up to 50 000 MW per year is planned or already under construction [9]. Whereas
solar panels are more promising for the southern regions, hybrid plants combining wind turbines with solar
panels can be implemented in central Kazakhstan, where such a combination operates more efficiently in a
sharply continental climate and exploits the wind potential during the winter season [10]. Northern and central
Kazakhstan contain a significant amount of land suitable for agriculture. About 50 % of the territory has wind
speeds of 4 to 5 m/s at a height of 30 m, the highest potential being in the Caspian region and in northern and
southern Kazakhstan [11]. In central Kazakhstan the annual mean wind speed is 4 to 6 m/s, which is not always
sufficient for high-capacity industrial turbines [12]. There are nevertheless several dozen locations with steady
winds; at Osakarovka a wind plant of 150 MW consisting of 21 turbines of 7.7 MW each is under construction
[13]. The highest wind speeds occur in January and February, in summer the mean speed decreases by half,
and gusty and occasionally hurricane-force winds are characteristic of the region.

In addition to large wind turbines, low-capacity wind generators can be used in combination with solar
panels. A mobile version can also be used for private livestock farms. This article presents the results of
research on a hybrid wind—solar power plant (HWSPP) for energy supply to remote autonomous consumers,
which is planned to be used in rural areas in the future.

Published studies of hybrid wind—solar systems in Kazakhstan are predominantly resource or policy
assessments made at the level of national and regional energy balances [4]. Experimental data for installations
of ultra-low rated power operated continuously for a full year under a sharply continental climate remain scarce
[13]. Design recommendations are usually formulated as an approximately equal distribution of wind and
photovoltaic capacities, without an explicit criterion linking the capacity ratio to the seasonal uniformity of
generation [14]. The present work reports a full year of field measurements, quantifies the seasonal
complementarity of the resources at the site, and formulates such a criterion.

2. Methods of research

Figure 1 shows a photograph of the hybrid wind—solar power plant designed to supply energy to remote
autonomous consumers. The plant was installed on a 40-foot shipping container used as a utility and storage
facility by the emergency service of the Fedorov Reservoir, Karaganda. The solar panels were mounted on a
frame of shaped metal profiles and oriented to the south, with no tilt adjustment and no sun-tracking system
throughout the research period. The wind generator was mounted on a mast of steel pipe at a height of 9 m
above the ground and is equipped with a tail vane for orientation into the wind flow.

The panels were kept in a fixed position throughout the study period in order to ensure consistent
measurement conditions. The effect of a manually adjustable tilt, corrected twice a year for the winter and
summer positions, is evaluated quantitatively in Section 3, and a slotted bracket allowing this adjustment has
been included in the design of the next prototype.

Figure 2 presents a schematic diagram of the configuration of the plant. It consists of a high-speed three-
blade wind turbine with a synchronous electrical generator 1 and silicon solar panels 2, all connected in parallel
at the same nominal voltage of 12 V. The generator 1 and the panels 2 are connected to a charge controller 3
and thence to a battery 4. The three-phase alternating current of the generator is converted to direct current by
a full-wave rectifier with six diodes.All generated energy was stored in the battery (4) and supplied to
consumers located inside the 40-foot shipping container via two 12 V direct current lines. The charge controller
(3), battery (4), and inverter (5) were also placed inside the container. The distance from the power source to
the most remote consumer inside the container did not exceed 10 m. In close proximity to the container, there
is a caretaker’s house (an insulated container), where two people reside year-round.

To simplify the plant and reduce the overall electrical energy losses, 12 V direct-current lines were
adopted, which eliminated the need for a common voltage inversion and for an alternating-current network
with unnecessary conversions. A 200 Ah lead-acid battery from a truck served as the storage unit, and a 2 kW
inverter was switched on only for appliances operating solely on alternating current, such as a microwave oven,
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a low-power welding inverter, a drill and an angle grinder. Consumers able to work on 12 V direct current,
including a water heater, lighting lamps, a laptop and charging units for various devices, were connected
through DC/DC converters. Separating the load by current type and connecting the direct-current consumers
directly to the line reduced energy losses by up to 30 % [14].

N
5
220V 50Hz
>
f\J f--lZ \
Fig. 1. Photograph of the experimental hybrid Fig. 2. Schematic diagram of the experimental hybrid wind—
wind—solar power plant solar power plant

The experiment ran continuously throughout 2025 at an average annual load of 3 kWh/day, reaching 4
kWh/day in autumn and winter and falling to 2 kWh/day in summer and spring. The plant comprises four 200
W solar panels and one 600 W wind turbine, both manufactured in China; Table 1 gives the number of energy
sources and the average electrical load by season. A conventional automotive-type lead-acid battery was selected
primarily for its low cost and local availability. Under the regular deep-discharge cycles and the low ambient temperatures,
down to —40 °C, typical of the region, the usable capacity and service life of such a battery are considerably lower than
the manufacturer-rated values obtained under standard conditions. Alternatives that are more resistant to temperature and
to cycling, namely valve-regulated gel and lithium iron phosphate cells, are compared with it in Table 7 of Section 3.

Table 1. Information on the number of energy sources and the average electrical load by season

. . Average
Wm(%;";erbme Nu&?;& of Number of Solar Electrical
Season Turbines Turbines (600 Solar Panel Type/Power Paneﬁl}i1 C(}21§)O W Igzzgolr)ly
(600 W each) W each) KWh/day
Spring, Solar panels type HH-
summer HY —600 ! POLY — 200 W 4 2
Autumn, Solar panels type HH-
winter HY — 600 ! POLY -200 W 4 4

Table 2 presents the characteristics of the solar panels used in the field experiments. The delivery package
does not include a mounting frame, a DC 12 V to AC 220 V / 50 Hz inverter, or a battery. Table 3 presents the
characteristics of the wind generator used in the field experiments. The delivery package does not include a
mast, a 24-220 V inverter, or a battery.

Table 2. Characteristics of the HH-POLY — 200 W solar panel

Parameter Units Value and Description

Rated power W 200

Nominal voltage \Y 12

Material Polycrystalline silicon

Declared efficiency (according to the datasheet) o 18 at cell level; 16.8 at modyle le\{el, calculated from
the overall dimensions

Number of cells pcs 64

Overall dimensions mm 1530*780*30

Weight kg 14

Country of manufacture China
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Table 3. Characteristics of the HY—600 wind generator

Parameter Units Value and Description

Number of blades pcs 3

Rotor diameter m 2,5

Maximum peak power of the wind generator W 700

Rated power of the wind generator W 600

Installation height m 9 (standard delivgry mast 6 m; a 9 m mast
was used in the experiment)

Number of phases of the permanent magnet synchronous pes 3

generator

Output voltage \% 12\24

Starting wind speed m/s 2,5

Wind speed at which the wind generator reaches 100% /s 8

power

Wind generation range m/s 3-25

Operating rotor rotational speed rpm 450

Service life years 15

Axis of rotation Horizontal

Wind orientation Mechanical

Transmission of generated current to the controller Via slip rings

Country of manufacture China

The research was carried out under the climatic conditions of Karaganda in central Kazakhstan, a zone
with a sharply continental climate and significant temperature fluctuations, where hot summers and cold
winters create a number of difficulties for the operation of renewable sources [15]. The geographical
coordinates are 49°48' N and 73°07" E, and the field experiments were performed at a test site in the area of
the Fedorov Reservoir. Figure 3 shows a map indicating the settlements and the location of the city. The annual
number of sunshine hours is about 2300 and the average solar radiation intensity about 1300 kWh/m? per year.
The panels were installed in a fixed position without a tracking system and oriented to the south, at a zenith
angle of 50° and an azimuth of 180°, the total surface area being 4.8 m?. A single lead-acid battery of 200 Ah
and 12 V served as the storage system, capable of autonomous operation for 14 hours in summer and 7 hours
in winter.

Figure 4 presents a schematic electrical diagram of the HWSPP. In addition to the main equipment
previously described in Figure 2, it also shows the measuring and control instruments that were used to obtain
experimental data. The sources of electrical energy are a three-phase synchronous generator 1 with a rectifier
2, whose maximum peak power is 700 W and nominal power 600 W, the output voltage being selectable
between 12 and 24 V, with 12 V chosen. The energy source also includes four solar panels 3, whose number
remained unchanged throughout the experiment. All sources are connected through two 12 V direct-current
lines to a charge controller 6. Each line carries a combined digital voltmeter 4 and ammeter 5 in a single
housing with an LED display, used for real-time monitoring of the source parameters without data storage.

‘‘‘‘‘
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Fig. 3. Map indicating settlements and the location of the city ~ Fig. 4. Schematic electrical diagram of the HWSPP.
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Electrical energy from sources 1 and 3 is supplied to the charge controller 6 and stored in the battery 7,
from which it is delivered to consumers through a 12 V direct-current line. To record the generated energy,
digital ATORCH DC power detectors 8 were used, capable of storing data and transmitting them over the
internet to a server; each source had its own detector, so that the energy of the wind turbine and of the panels
was measured separately. The energy then passes to a distribution unit 9 dividing it into two 12 V lines, one
feeding an inverter 10 for loads with inductive characteristics and the other delivering direct current directly.
The measuring instruments used are listed in Table 4.

Table 4. Measuring instruments

Name Parameters Resolution Accuracy Country of
manufacture
.. . Measurement of current and voltage. DC .
Digital combined 0-100 V with a 100 A shuntand a 0.28- | O-0L s 2% China

voltmeter and ammeter inch LED display 001V

Laser non-contact . . .
. Measurement of wind turbine rotational .
- . +(0.5% +
tachometer Victor speed in the range of 2.5-99999 rpm 0.1 rpm (0.5%+1) China

DM6234P

Infrared pyrometer ADA Temperature measurement in the range

TemPro 650 Hygro P » £ 0.1°C +1.5% China
A00658 from —50 to +650 °C

To measure current, voltage and power and to account for the generated electrical energy, a digital
ATORCH DT3010 DC power detector made in China was used, with a measurement accuracy of =1 %, a
voltage range of 0 to 300 V DC and a current range of 0 to 100 A at resolutions of 0.05 V and 0.05 A, an
energy range of 0 to 10 kWh at a resolution of 0.01 Wh and a temperature range of —10 to 99 °C at a resolution
of 1 °C.

R s S

DCOUT
Hiftt

LEEZ O

System power /i aRD R P
| FRAHFTEORER! , SONNOC4-IN
ot <78V, Systeon powes DC 4- 30V

0~300V/0~ 1004/

DC 8~300VIN—V-IN
HER  ERA  BARR

Battery capacity/OC Power Detector

Fig. 5. ATORCH DT3010 wattmeter: (a) front view; (b) rear view with connection diagram

The appearance of the detector is shown in Figure 5: a monochrome liquid-crystal display and a control
button on the front side, and the connection diagram to the electrical network with three terminals on the back
of the housing. The seasonal uniformity of generation was evaluated by two dimensionless indicators
calculated from the twelve-monthly mean values of daily generation Ei. The first is the coefficient of seasonal
non-uniformity

ks = Enax / Emin (1
and the second is the coefficient of variation of the monthly series

CV=0t/E, (2)
where F is the standard deviation of the twelve monthly means and E is their arithmetic mean. The reliability
of supply was characterised by the seasonal reserve factor

ke = Eyin/ Ly, 3)
where L. is the average daily load in the autumn and winter period.
A configuration was considered acceptable when k; was not lower than 1.2, which leaves a margin for
the consecutive calm and overcast days that monthly means do not resolve.
The extent to which the two resources compensate each other over the year was quantified by the Pearson
linear correlation coefficient between the monthly series of photovoltaic and wind generation
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Tow = 2 (Epsi = Ep)(Evii = E) / [Z (Epi = Ep)? » 2 (Evi = E)]7, (C))
a negative value of which indicates seasonal complementarity of the resources. This indicator is widely used
in the joint planning of wind and photovoltaic capacities and permits a direct comparison of the results obtained
at the test site with published data for other regions [19].

The saving obtained by supplying the direct-current loads without inversion was determined by
comparing the energy withdrawn from the battery in two supply schemes for the same useful load. In the
conventional scheme the whole load passes through the inverter and the direct-current appliances are then fed
through mains adapters, so that the energy withdrawn per day is

WaS = EgS/(”]inv : na,?) + EaS/i/]inv + Po T, (5)
whereas in the scheme adopted in this work the direct-current appliances are fed from the 12 V line through a
DC/DC converter and the energy withdrawn is

W.s = E,s/ (1,8 - ) + EuS/ Niny + Po Ton, (6)
where E;s and E.s are the daily energy demands of the direct-current and alternating-current appliances, Niny,
N and 1.s are the efficiencies of the inverter, of the mains adapters and of the DC/DC converter, 1; accounts
for the ohmic loss in the 12 V line, Po is the no-load power of the inverter and t is the time during which the
inverter remains energised.

The loss factor of the line was calculated as 1 = 1 — I?’R/P with R = 21p/S the loop resistance of a copper
cable of length I = 10 m and cross-section S =4 mm?. The efficiencies were taken as mi.y = 0.78 at the part
load characteristic of this plant, 1., = 0.85 and n,s = 0.92, and the no-load power of the inverter as 8 W, these
values being consistent with the measured data for low-voltage direct-current distribution reported in [20]. The
expected generation of the proposed configuration, shown in Figure 9, was obtained by applying the measured
monthly wind resource to the power curve of a 1000 W wind generator with a rotor diameter of 3.2 m against
2.5 m for the machine tested, the swept area being 1.64 times larger at the same cut-in speed of 2.5 m/s, and
by scaling the measured photovoltaic generation in proportion to the installed capacity. The result exceeds by
8 to 14 % the value given by proportional scaling of the rated power, which is reported below as a conservative
bound.

3. Results and Discussion

Figure 6 shows the average values of the electrical energy generated by the solar panels, kWh/day, against
the month of the year. The values are averaged over the 30 or 31 days of each month: every day was recorded
on the server as a separate value of the energy generated over 24 hours, and the values were summed and
divided by the number of days automatically by the server software. Depending on the weather, the daily
deviations ranged from 0.1 to 2 kWh/day. The graph in Figure 6 reflects only the energy generated by the four
HH-POLY 200 W solar panels. Figure 7 presents, by the same processing method, the average daily generation
of the HY—600 wind turbine over the twelve months of continuous operation; some days of each month were
nearly windless and others had high generation, but the averaged value was used throughout.

Daily electricity generation, kWh/day
w
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Fig. 6. Graph of the obtained average values of the electrical energy generated by solar panels, kWh/day.
1 — Average electrical load in winter and autumn, kWh/day; 2 — Average electrical load in summer and spring,
kWh/day.
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Daily electricity generation, kWh/day
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Fig. 7. Graph of the obtained average values of the electrical energy generated by the wind turbine, kWh/day.
Average electrical load: 1 — in winter and autumn; 2 — in summer and spring.

Comparison of Figures 6 and 7 shows that the resources are in seasonal opposition: photovoltaic
generation peaks at 4.54 kWh/day in June and falls to 1.38 kWh/day in December, whereas wind generation
peaks at 2.70 kWh/day in January and falls to 1.60 kWh/day in July. The Pearson coefficient between the two
monthly series, from equation 4, is —0.81, which indicates a strong seasonal complementarity at the test site
and is more negative than the range from —0.3 to —0.6 usually reported for continental sites of the middle
latitudes [19]. The coefficient of variation is 35.2 % for the photovoltaic component and 15.6 % for the wind
component, so the wind resource is the more uniform of the two over the year.

Figure 8 shows the total electrical energy generated by the plant over the year by the wind turbine and
the solar panels together. The proposed configuration converts solar radiation more efficiently during the
summer period, while in the winter season more energy is supplied by the wind turbine. In the summer months
the plant operates with a surplus, the generation exceeding the consumer demand by more than 4 kWh/day.
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Fig. 8. Graph of the total amount of electrical energy generated by the HWSPP over the year, kWh/day. 1 — Average
electrical load in winter and autumn, kWh/day; 2 — Average electrical load in summer and spring, kWh/day.

Integration of the measured monthly means over the year gives 1167.7 kWh for the photovoltaic array
and 805.0 kWh for the wind generator, that is 1993.4 kWh for the plant, or 5.46 kWh/day on average. The
specific yield of the array is 1460 kWh per kilowatt and the capacity factor of the wind generator is 15.3 %.
The photovoltaic share of the annual output is 58.6 %, but it falls to 40.9 % in the three winter months and
rises to 70.9 % in the three summer months, which follows directly from the fixed tilt. The coefficient of
seasonal non-uniformity from equation 1 is 1.683 and the coefficient of variation from equation 2 is 16.4 %.
The lowest monthly value, 4.00 kWh/day in December, coincides with the winter load of 4 kWh/day, so that
the reserve factor from equation 3 falls to 1.00: the plant covers the load in the monthly mean but retains no
margin for consecutive calm and overcast days and no surplus for restoring the battery.

The excess energy can be used for water heating, for various equipment and electric tools, for repair work
with a small welding inverter, or for driving an electric pump to irrigate crops grown close to the source [16].
In the winter months the monthly mean generation falls to the level of the winter load itself, so that the seasonal
reserve factor drops to unity; the plant does not enter a deficit in the monthly balance, but any sequence of
calm and overcast days immediately leads to an emergency operating mode in which part of the consumers
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has to be disconnected, and the battery cannot be brought back to a full state of charge [17]. For central
Kazakhstan the most rational solution for remote autonomous consumers of low power is therefore a hybrid
plant in which the capacities are matched to the seasonal structure of the resources rather than distributed
equally.

The experiment showed that with one 600 W wind turbine and four 200 W solar panels a relatively
balanced operation of the plant cannot be achieved. With this configuration the summer load can be raised to
5 or 6 kWh/day, but in December and January there is a risk of an emergency operating mode [18]. After
theoretical calculation and analytical forecasting, it is proposed to use a 1000 W wind turbine, or two units of
500 W, together with two 200 W solar panels. Figure 9 presents the results of the numerical modelling of the
expected generation. To place the results with respect to published work, the measured indicators were
compared with those reported for hybrid installations of comparable and of larger rated power, as shown in
Table 5. The capacity factor of 15.3 % obtained at a hub height of 9 m is consistent with the 12 to 18 % reported
for small wind machines at continental sites with mean wind speeds of 4 to 6 m/s [16]. The specific
photovoltaic yield of 1460 kWh per kilowatt exceeds the values normally quoted for northern Kazakhstan,
which is explained by the high proportion of clear days in the cold season and by the low module temperature.
The essential difference from published configurations concerns the wind share of the installed capacity: in
[13] and [15] the capacities are distributed approximately equally, whereas at a site with a complementarity
coefficient of —0.81 the uniformity of generation is governed by a wind share close to 70 %.
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Fig. 9. Results of numerical modeling of the analytical forecast of the expected volume of electrical energy
generation. 1 — Average electrical load in winter and autumn, kWh/day; 2 — Average electrical load in summer and
spring, kWh/day; 3 — Total load regardless of the season, kWh/day.

Table 5. Comparison of the results obtained with published data on hybrid wind—solar systems

Source Object and rated power Wind share of Type of data Key reported indicator
installed capacity, %
[13] Hybrid wind—solar complex ~50 Calculation Equal distribution of capacities
recommended
[14] Wind-solar plant with diesel 40-60 Optimisation Composition governed by the
generators diesel share
[15] Principles of construction of hybrid ~ 50 Analytical Equal distribution of capacities
plants recommended
[16] Review of hybrid wind—solar systems various Review No site-specific sizing criterion
This work, 600 W wind + 800 W PV 43 Field measurement, 12 CV 16.4 %; December output 4.00
tested months kWh/day; reserve factor 1.00
This work, 1000 W wind + 400 W PV 71 Forecast from the CV 6.3 %; December output 5.54
proposed measured series kWh/day; reserve factor 1.39

The recommendation to provide a seasonally adjustable tilt was examined quantitatively. For the latitude of 49.8°
N the biannual optimum angles are about 65° for the cold season and 35° for the warm one, against the fixed 50° used.
Raising the tilt from 50 to 65° in December increases the beam component at solar noon by 7.7 % and the ground view
factor from 0.125 to 0.202 at a snow albedo of 0.7, while the sky view factor falls from 0.821 to 0.711; an isotropic-sky
calculation at a diffuse fraction of 0.5 gives a net gain of 6.8 % in the plane-of-array irradiation, raising the December
output of the array from 1.38 to 1.47 kWh/day, the annual gain of 3 to 4 % agreeing with data for European sites at the
same latitude [22]. At plant level the effect is small: since the array supplies only 34.5 % of the December output, the
monthly minimum rises from 4.00 to 4.06 kWh/day, by 1.6 %, whereas rebalancing the capacities raises it to 5.54
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kWh/day, by 38.5 %. Seasonal adjustment is therefore an inexpensive measure requiring a slotted bracket and two
operations per year, but it cannot by itself remove the seasonal imbalance.

The saving obtained by supplying the direct-current loads at 12 V without inversion was evaluated from equations
5 and 6 for the measured load composition, in which appliances able to operate directly on direct current account for
about 70 % of the annual consumption. For the same useful load the conventional scheme withdraws 4.415 kWh/day from
the battery against 3.276 kWh/day for the scheme adopted here, a saving of 25.8 % of the energy delivered to those
appliances and of 18.9 % at plant level; the value of 30 % quoted earlier is an upper bound reached only when the inverter
works below 10 % of its rated power and stays energised around the clock. The transition to a low distribution voltage
also has an unfavourable side: at a mean current of 9.72 A the ohmic loss in a copper cable of 4 mm? cross-section over
a 10 m run reaches 8.27 W, that is 7.1 % of the transmitted power against less than 0.1 % at 220 V, so the admissible
length of the line here does not exceed 15 m, beyond which 24 or 48 V becomes preferable [20]. The advantage of direct-
current distribution as such, one to two percentage points of overall efficiency, is far smaller, since the saving arises
mainly from the elimination of two conversion stages [21].

The technical indicators of the two configurations are collected in Table 6. The uniform year-round load that the
tested configuration can carry is limited by its December output to 4 kWh/day, whereas the proposed configuration carries
5 kWh/day while retaining a seasonal reserve factor of 1.39, and its annual generation is 7.7 % higher, 2146 against 1993
kWh, despite the photovoltaic array being halved. The gain therefore comes not from an increase in the installed capacity
but from matching the capacity ratio to the seasonal structure of the resources at the site.

The choice of the storage unit was reconsidered in the light of the operating conditions. The starter lead-acid battery
is not intended for cyclic duty: under regular discharge to 50 % of capacity and at the winter temperatures inside the
container, corrosion of the positive grid, sulphation and stratification of the electrolyte develop rapidly, and the service
life predicted by weighted ampere-hour throughput models falls to two or three years against five to twelve for stationary
OPzS cells [23]. Three options are compared in Table 7. Lithium iron phosphate cells give a usable depth of discharge of
80 % against 50 % and a cycle life about ten times longer, but must not be charged below 0 °C without an integrated
heater, which in central Kazakhstan requires a management system with self-heating. Valve-regulated gel cells tolerate
cyclic duty and temperatures down to —30 °C far better than starter batteries, need no maintenance and extend the
replacement interval to five or six years; for an unheated container the gel battery is therefore recommended as the base
option, and lithium iron phosphate with a heated management system where maintenance visits are difficult.

Table 6. Technical indicators of the configurations examined

Indicator Unit Tested 600 W + 800 W Proposed 1000 W + 400 W

Annual generation kWh 1993 2146

Minimum monthly mean generation kWh/day 4.00 542
Coefficient of seasonal non-uniformity ks - 1.683 1.227
Coefficient of variation of monthly % 16.4 6.3

generation

Seasonal reserve factor in December k. - 1.00 1.39

Uniform year-round load supplied reliably kWh/day 4.0 5.0

Table 7. Comparison of storage options for the proposed configuration

Indicator Starter lead-acid Valve-regulated gel Lithium iron phosphate
Nominal capacity at 12 V, Ah 200 200 150
Usable depth of discharge, % 50 50 80
Usable energy, kWh 1.20 1.20 1.54
Cycle life at the stated depth of discharge 300400 600-800 3000—-4000
Minimum charging temperature, °C -20 =30 0 without an integrated

heater

Expected replacement interval, years 2-3 5-6 10

The measurements cover a single calendar year, which is the principal limitation of this work. The
representativeness of 2025 was assessed against the long-term climatic characteristics of the site: the annual
sunshine duration of about 2300 hours and the mean wind speed of 4 to 6 m/s at a height of 30 m correspond
to the long-term normals for central Kazakhstan [12], and the measured capacity factor and specific yield lie
within the expected ranges. With an interannual variability of wind energy production whose normalised
interquartile range has a median of about 3.4 % and reaches 13.5 % at the least favourable sites [24], and a
variability of the annual solar irradiation of 4 to 6 %, the December output lies between 3.5 and 4.5 kWh/day
for the tested configuration and between 4.8 and 6.3 kWh/day for the proposed one, so the conclusion on the
winter reserve holds over the whole interval. The conservative estimate by proportional scaling gives 4.76
kWh/day and a coefficient of variation of 6.7 %. Monitoring will continue for at least three further years with
hourly recording of the load profile.
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4. Conclusions

The scientific novelty of the study lies in the following:

- a circuit solution has been developed and tested in the field in which the load of an autonomous plant
is separated between an alternating-current circuit and a direct-current circuit, the appliances able to operate
on direct current being fed from the 12 V bus without inversion, and the annual dependences of the electrical
parameters of the plant operating under this solution have been obtained from continuous measurements and
are presented in Figures 6 to 8; the saving has been quantified as 25.8 % of the energy delivered to the direct-
current appliances and 18.9 % at plant level, while the ohmic loss of the 12 V line, 7.1 % over a 10 m run,
bounds the admissible length of that line at 15 m and defines the field of application of the solution;

- for the first time for the conditions of central Kazakhstan, the Karaganda region, the seasonal
complementarity of the wind and solar resources has been quantified from a continuous year of field
measurements, the Pearson correlation coefficient between the monthly photovoltaic and wind outputs being
—0.81, which is markedly more negative than the values from —0.3 to —0.6 usually reported for continental
sites of the middle latitudes;

- areproducible criterion for selecting the ratio of the installed wind and photovoltaic capacities has been
formulated, in which the ratio is chosen so as to minimise the coefficient of variation of the monthly generation
subject to a seasonal reserve factor of not less than 1.2; applied to the measured series, this criterion gives a
wind share of about 70 % of the installed capacity, whereas the approximately equal distribution of capacities
recommended in earlier work gives a coefficient of variation 2.6 times higher, 16.4 % against 6.3 %;

- the effect of a seasonal adjustment of the tilt of the photovoltaic panels has been evaluated quantitatively against
the rebalancing of the installed capacities, and it has been shown that for a plant with this capacity ratio the adjustment
raises the December output by only 1.6 % against 38.5 % obtained by rebalancing, which establishes the order in which
the two measures should be applied.

The practical significance of the work lies in the fact that the proposed configuration, a 1000 W wind
turbine or two 500 W units together with two 200 W solar panels, allows:

- raising the minimum monthly mean generation in December from 4.00 to 5.54 kWh/day and the seasonal
reserve factor from 1.00 to 1.39, and reducing the coefficient of variation of the monthly generation from 16.4
to 6.3 %;

- raising the uniform year-round load that can be supplied reliably from 4 to 5 kWh/day;

- halving the number of photovoltaic modules and the area of the mounting frame, which lowers the snow
and wind load on the supporting structure and the labour of clearing snow from the array, while the generation
in the winter months nevertheless increases.

Thus, the results of the study confirm the feasibility of widespread application of hybrid wind—solar
systems of ultra-small and small capacity for decentralized power supply in rural and remote areas of central
and northern Kazakhstan. Optimization of the ratio between wind and solar generation, taking into account
regional climatic characteristics, can significantly improve the uniformity of generation and the reliability of
supply of such systems, contributing to the development of agriculture, small business, and the development
of new lands.

The principal limitation is the duration of the observations, one calendar year; its representativeness has been
verified against the long-term climatic normals of the site and the published interannual variability of the resources, and
the conclusions hold over the resulting interval. Monitoring is to be continued for at least three further years with hourly
recording of the load profile. For an unheated container a valve-regulated gel battery is recommended instead of the starter
battery used, since it extends the replacement interval from two or three to five or six years.
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Abstract: The article presents an evaluation of the performance of a ground-source heat pump system
designed to maintain a specific temperature regime within a biogas bioreactor. The novelty and distinctive feature
of the installation lie in its use of renewable thermal energy sources. For the first time, a system with an external
ground-source heat pump circuit consisting of four boreholes with copper U-shaped tubes through which the
coolant circulates has been developed. The system's design, operating principle, and technical specifications are
described. An assessment of the thermal energy output, accounting for the efficiency characteristic of the external
circuit of a ground-source heat pump is shown.

Keywords: bioreactor, borehole, ground-source heat pump, heat pump, thermal efficiency.
1. Introduction

In the context of global climate change and depletion of natural resources, the transition to sustainable
energy sources such as biogas is becoming a necessary condition for ensuring energy security and
environmental sustainability. Indeed, a significant portion of industrial and household organic waste can serve
as feedstock for the production of biogas and biomethane, paving the way for one of the most promising and
vital trends in the evolution of the modern energy sector [1-9].

Biomethane and biogas, produced through the anaerobic digestion of organic waste (manure, sewage
sludge, food waste, agro-industrial by-products, biological residues, etc.), possess significant energy value, as
they can be used as fuel or for the generation of electricity and heat. The environmentally safe processing of
agricultural waste to produce biogas makes it possible to minimize carbon emissions, reduce dependence on
fossil fuels, and cut operating costs [10]. Producing biogas from waste as an effective solution for mitigating
negative environmental impacts represents a significant step toward adopting renewable energy sources and
establishing a sustainable global energy system [2, 7]. Along with agricultural waste, kitchen waste from
catering establishments also serves as a promising substrate for decentralized biogas production, facilitating
the implementation of circular economy principles and providing a cost-effective solution to energy supply
and waste management issues on university campuses [6]. It is essential to adopt advanced anaerobic digestion
technologies that optimize traditional digestion systems at wastewater treatment plants and waste processing
facilities. These innovations—such as thermal hydrolysis and staged digestion—encompass pretreatment
methods and system modifications that boost biogas yields and enhance bio-waste processing. Hundreds of
biomethane production facilities have been established and are successfully operating in many countries,
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integrating it into their national energy systems using advanced digestion technologies to achieve energy
neutrality — or even positive energy. A solar ground-source heat pump system featuring a vertical borehole
heat exchanger was developed and experimentally tested under the climatic conditions of Almaty and Astana
[10, 11]. Modern 3D numerical models of heat and mass transfer and fluid dynamics were created and verified
using experimental data, enabling a detailed analysis of the system's performance. Experimental studies
demonstrated that the system achieves a coefficient of performance in the range of 2.11-2.76, confirming its
energy efficiency.

Due to its vast land resources and favorable climatic conditions, Kazakhstan possesses significant
potential for the development of agriculture and livestock farming. Biomass generated during grain
harvesting—specifically large volumes of straw—can be viewed as a potential substrate for biogas production.
Livestock waste complements these plant-based residues. As the global community strives for a cleaner and
more sustainable energy future, the development of sustainable energy innovations must help address global
challenges related to the energy transition and the achievement of carbon neutrality. From a practical
standpoint, the primary objectives for most farms acquiring a biogas plant are energy savings and waste
management. Depending on the characteristics of the biomass being processed, different operating modes are
employed to ensure effective anaerobic digestion: mesophilic (temperature range of 35-38°C) or thermophilic
(50-55°C) [4, 5]. The biogas production process relies on the anaerobic digestion of organic matter within a
sealed vessel (bioreactor) in the absence of oxygen; microorganisms break down the organic material, releasing
methane and carbon dioxide [8, 10-13]. The efficiency of the biogas production process depends directly on
maintaining a stable temperature within the bioreactor. Clearly, the climatic conditions of Central Kazakhstan
necessitate continuous heating of the bioreactor.

Practice shows that the efficiency of the biomass fermentation process and biogas production directly
depends on the temperature regime inside the reactor [5, 8, 14]. There are indicated the need to maintain a
biomass heating regime within the bioreactor that ensures the efficient extraction of valuable components. For
mesophilic processes, the optimal fermentation temperature should be maintained in the 42—48°C range,
requiring the bioreactor's thermal regime to be consistently upheld regardless of seasonal ambient temperature
fluctuations throughout the year. The biomass inside the bioreactor chamber must be mixed regularly [12].

As shown in an effective solution for maintaining the thermal regime of a bioreactor is the use of a so-
called “water jacket” (thermal jacket), consisting of parallel pipes placed inside the lower part of the bioreactor
body together with a special bubbling device. A heated fluid circulates through the jacket's pipes within the
vessel, maintaining the temperature within the range required for active biomass fermentation. [15] presents
experimental results in which the water jacket was heated by burning coal-water slurry in a specially designed
unit featuring a radially rotating nozzle. However, despite the efficiency gains achieved by enriching coal-
water fuel through electrohydraulic processing, its use as a heat source for biomass remains relatively costly
in terms of practical implementation.

Therefore, it is proposed to use more accessible renewable thermal energy sources—specifically, a
ground-source heat pump combined with a solar panel system. The GSHP utilizes heat from the ground and is
supplemented, as needed, by electrical units powered by the solar panels.

The proposed overall concept for the bioreactor heating system comprises three main components:

1) A ground-source heat pump (GSHP) that extracts heat from deep soil layers;

2) An electricity generation system using solar photovoltaic panels;

3) A controlled heating system designed to distribute thermal energy throughout the bioreactor volume
to ensure uniform heating of the biomass.

At this stage, the implementation of a ground-source heat pump is being considered, along with the
determination of the thermal capacity required to maintain the bioreactor's thermal regime, taking into account
the specified volume of biomass to be processed.

2. Methodology of experimental research

The object of the study is the thermal control system for a cylindrical bioreactor designed to produce
biogas through the processing of organic agricultural waste. The design layout and operating principle of the
bioreactor are described in detail in [16]. The technical result of the solution is improved energy efficiency
through connection to renewable energy sources; enhanced quality of biogas and fertilizers due to uniform
mixing and temperature control; and reduced operating costs combined with a simplified design. The stated
technical result is achieved by a proposed bioreactor for processing organic waste, comprising a cylindrical
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body, pipes for loading, unloading, and draining, a sparging channel, heating eclements, a pressure gauge, a
thermometer, and a mechanical stirrer connected to a reduction gear.

The heating elements are positioned in the lower part of the bioreactor along its perimeter, the sparging
channel is also located in the lower part of the body, and the bioreactor's power supply system is connected to
a renewable electricity source.

2.1 Design and operating principle of a ground source heat pump

The ground-source heat pump system comprises three circuits: an external circuit located in the ground
that collects thermal energy; a second circuit consisting of the heat pump itself, where the heat-transfer fluid
enters the evaporator and its temperature is raised to the required level; and a third circuit that directly serves
the bioreactor heating system. Let us consider the external circuit of the bioreactor's thermal control system,
which utilizes a ground-source heat pump (GSHP). The GSHP operates on a principal inverse to that of a
standard refrigerator: it extracts low-grade heat from the environment (soil, water, or air), raises its
temperature, and transfers it to the heating system. In this instance, the GSHP utilizes heat from the ground at
a depth where the temperature is far more stable than at the surface. At depths of approximately 20 meters or
more, the soil does not freeze, even when surface temperatures drop to between —35°C and —40°C. The Earth's
subsurface layer acts as a thermal reservoir with virtually unlimited capacity. This phenomenon is successfully
employed in numerous technologies for both residential heating and the support of various industrial processes.

The GSHP operates by transferring low-temperature heat from the deep soil (a stable heat source) to the
end-user via a closed-loop system utilizing a refrigerant and a compressor [16]. The pump extracts low-grade
heat from the ground through a heat-transfer fluid circuit (using antifreeze), evaporates the refrigerant,
compresses it to raise its temperature, and transfers the heat to the heating system; the cooled refrigerant then
returns to the evaporator. To implement the GSHP, preparatory work was carried out at the experimental site,
resulting in the drilling of four boreholes, each 21 meters deep and spaced 5 meters apart (Fig. 1).

B | B | P |

{

a) | b)
Fig.1. Ground-source heat pump experimental site:
a) general view of borehole drilling; b) blue markers indicate boreholes along the trench.

U-shaped copper pipes with a diameter of 32 mm are installed in the drilled boreholes; each is encased in
an outer plastic casing pipe with a diameter of 150 mm (Fig. 2). The U-shaped copper pipes are completely
filled with heat-transfer fluid, leaving no voids. At the top, the vertically installed U-shaped pipes are connected
in series. In the lower section of the borehole, the space between the vertical pipes inside the plastic casing is
filled with groundwater from a depth of 4 m to 20 m below the surface — meaning the so-called groundwater
zone spans 16 m. The outer pipe is hermetically sealed at the top. The upper space inside the plastic casing
between the copper pipes is filled with air; thus, the air zone extends from 0 to 4 m below the surface.
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A powerful pump circulates the heat transfer fluid (an ethylene glycol solution/antifreeze) under pressure
through all four boreholes: it flows first into the outermost copper U-shaped pipe of the first borehole, then
passes under pressure from the top into the adjacent second borehole, and so on. Upon exiting the fourth
borehole, the heated fluid passes through a heat exchanger assisted by a compressor into a secondary circuit,
where it transfers heat to a "water jacket" system to warm the organic mass within the bioreactor. The spent,
cooled fluid is then pumped back into the geothermal boreholes. No additional cooling equipment is required
to return the fluid to the primary geothermal circuit in the ground and prepare it to absorb heat again; this
occurs naturally due to the physics of the refrigeration cycle and the inherent properties of the soil. Thus, the
heat transfer fluid continuously circulates counter-clockwise through the geothermal piping.

Pump 2 Heat exchanger Heated coolant
—@—{WWWW
VWWWWWW Pump 1
— W)= = —
Cooled coolant 1 2
N -,'! ‘‘ ... e _I'I‘.’-.'
| ©0-am) o s
'..'...JL __________ S o e B W Celaiihied 8 B B GRS
E )
21m
(total depth) Groundwater zone
(4-20 m)

Fig.2. Scheme of a ground-source heat pump system consisting of four boreholes.

Preliminary tests have shown that the heat transfer fluid (antifreeze) can heat up to 60°C or higher during
compression. Further temperature increases are undesirable, as the fluid does not have sufficient time to return
to the groundwater temperature after cooling. To prevent further heating and accelerate the recovery time, it is
necessary to install an automatic control system to adjust the pump pressure, thereby regulating the flow rate
of the heat transfer fluid through the circuit.

3. Estimation of the thermal output of a ground source heat pump

Let us determine the amount of heat required to heat a given quantity of biomass. The bioreactor is a
cylindrical vessel with a length of 2 m and a diameter of 1.44 m. The steel wall thickness is 4 mm [15, 16]. In
practice, the bioreactor vessel is filled to approximately two-thirds of its volume with an organic mixture of
cattle manure and water.

The volume of the biomass to be processed, accounting for the wall thickness of the cylindrical bioreactor
vessel, is

V= 3,14x0,68 2x 1,92 x2/3= 1,86 m*

The amount of heat required to heat the given quantity of biomass is determined using the standard
formula:

Q=Vw x pw x ¢ x At=1.86 x 10° x 4200 x 30 = 23.436 x 10° J = 6,510 kWh

where py, is the density of the heat carrier and c is the specific heat capacity of water is 4,200 J/(kg-°C).
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Thus, the objective is to maintain nearly 2 tons of biomass within a specified temperature range. The
target heating temperature for the bioreactor’s "water jacket" is +42°C, even if the ambient temperature drops
to —30°C. It is common practice to use a non-freezing heat transfer fluid—ethylene glycol (ethanediol,
chemical formula C:HsO2)—in sub-zero temperatures. This is the simplest dihydric alcohol; it appears as a
clear, odorless liquid with an oily consistency and a sweet taste. While the substance is highly miscible with
water, it is highly toxic to humans and animals and is classified as a moderately hazardous substance (Hazard
Class 3). Its key property is that it significantly lowers the freezing point of aqueous mixtures, preventing the
fluid from freezing in cold conditions. The proposed technology leverages the stable temperature of
groundwater (+3 to +8°C). Therefore, it is crucial to accurately calculate the parameters of the ground-loop
heat exchanger's primary circuit to prevent the borehole from freezing. To determine the limiting pressure and
temperature values, the thermal capacity of the ground heat exchanger based on fundamental heat balance
principles, accounting for heat losses will be calculate.

In a ground-source heat pump system, the cooling of the heat transfer fluid occurs automatically as part
of the system's operation. The cooling process within the expansion valve works as follows: after the fluid in
the internal circuit has transferred its heat to the storage heat exchanger (at +42°C) and condensed, it passes
through a thermostatic expansion valve (TXV) or throttle. At this point, the fluid pressure drops sharply,
causing its temperature to plummet instantly to below-freezing levels (e.g., -2°C to -5°C). Next, thermal
regeneration takes place in the ground: the "super-cooled" fluid (at 0°C) is circulated back underground to a
depth of 20 meters. Since the temperature of the surrounding groundwater remains stable at +3°C or +8°C, the
carth acts as a constant, reliable heat source. As the fluid flows through the underground piping, it absorbs heat
from the earth, warming back up to its initial +3°C to +8°C range before returning to the pump, thereby
completing the cycle.

The length of the circuit - specifically, the length of the pipes carrying the heat transfer fluid—must
strictly correspond to the required heat extraction rate. In this instance, the ground-source heat pump (GSHP)
circuit consists of copper U-tubes with a diameter of 32 mm, arranged in series across four boreholes 20 meters
deep and filled with the heat transfer fluid (see Fig. 2).

Heat transfer per meter of pipe depends on numerous factors, such as soil type, installation depth, and the
thermal conductivity of the soil and groundwater. The designed GSHP system utilizes geothermal heat from a
depth of 20 meters, where the temperature is more stable than at the surface. Calculating the parameters of the
GSHP primary circuit requires determining the ethylene glycol flow rate and the thermal power output needed
to supply sufficient heat to warm the specified volume of biomass.

An ethylene glycol solution with a freezing point of -13°C is used as the heat transfer fluid in the primary
circuit. The specific heat capacity of an aqueous ethylene glycol solution depends on its concentration and
temperature, typically ranging from 3.1 to 4.1 kJ/(kg:°C). Pure water has the highest heat capacity (4.2
kJ/(kg-°C)), whereas pure ethylene glycol is approximately 2.4 kJ/(kg-°C).

For the calculation, the solution properties at 0°C are used: density is 1050 kg/m? (1.05 g/cm?®) and heat
capacity is 3.94 kJ/(kg-K). When using an ethylene glycol solution, the pressure loss within the pipe is 1.5
times higher than with water. To calculate the parameters of the heat pump unit's primary circuit, it is necessary
to determine the ethylene glycol flow rate.

The temperature difference is assumed to be: AT =30 °C. The loop length of each U-shaped copper pipe
is 40 m, the distance between the pipes is 5 m, hence the total length of the copper pipeline with coolant is

L =40m*4+15=175m;

Volume of pumped coolant: V= 3,14x 0,16 x 175 = 14,07 m’

When compressed, the coolant heats up; the amount of heat it transfers per unit time is equal to:

Qt=Vix p x ¢ x AT = 14,07 m3x1050 kg/m> x 3,94 kJ/(kg-°C) x (30°C) = 1745.81 kJ = 0.489 kWh

Depending on the soil type and condition (dry sand, clay, or water-saturated soil), a U-shaped geothermal
probe extracts an average of 30 to 50 W of thermal energy per linear meter. The total thermal power extracted
from the ground for the geothermal heat pump will be 175 m x 40 W/m = 7 kW (low-potential heat). To
determine the volume of a 50% ethylene glycol solution that can be heated, we compare the thermal power of
the heat pump with the flow rate of the coolant.
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4. Results and discussion

For a circuit thermal output of 7 kW, the heat carrier flow rate must be very low is only about 160 liters
per hour (0.044 L/s). The fluid velocity in a 32 mm pipe would then be approximately 0.07 m/s (this speed
corresponds to laminar flow, which impairs heat exchange; therefore, it is more efficient to use a high-flow
circulation pump while heating the system cyclically). The total length is 175 m. Assuming a heat yield q of
approximately 40-50 W per linear meter of the borehole, the external circuit circulation pump speed must be
adjusted so that the temperature difference (delta) between the outgoing and returning heat carrier is about
3°C-5°C. To set the circulation pump speed to achieve a temperature difference (AT) within the 3°C-5°C
range, the required volumetric flow rate (V) of the coolant is calculated. Clearly, maintaining the required
temperature involves costs associated with compensating for heat losses through the walls and via exhaust
gases, as well as the energy required to heat the contents, etc. Heat losses through the walls and ventilation
losses must be taken into account; approximately 30% should be added to the calculated value. Since there is
a closed-loop ground-source heat pump (GSHP) circuit consisting of copper U-tubes filled with heat transfer
fluid, the calculation is based on the thermal power that this circuit can consistently extract from the ground.

1) Calculation of the circuit's thermal power. Given that the total length of piping in the boreholes is 175
meters, and assuming a heat extraction rate of (40—50) W per linear meter, the total thermal power (Q) extracted
from the ground by the external circuit is:

Minimum: Q1 = 175 m x 40 W/m = 7,000 W (7.0 kW)

Maximum: Q2 =175 m x 50 W/m = 8,750 W (8.75 kW)

2) Calculation of required flow rate. For a propylene glycol-based heat transfer fluid (average specific
heat capacity Cp=3.8kJ/(kg-°C) and density p =1030 kg/m?, the required flow rate is calculated using the
formula:

_ @
- Cpp-AT

Depending on the required temperature difference for each borehole, the circulation pump must provide
the following flow rates:

Target temperature difference, With specific heat With specific heat dissipation
(ATg) dissipation q =40 W/m (7.0 q=750 W/m (8.75 kW)
kW)
at ATy = 3°C (max flow) ~35,8 liters per minute ~74,52 liters per minute
at ATz = 5°C (min flow) 21,42 liters per minute ~44, 70 liters per minute

Calculations show that the circulation pump must circulate the heat transfer fluid at a rate ranging from
21.42 to 44.7 liters per minute. In the experiments, flow meters were used to regulate pump operation within
the GSHP system. Flow regulators were installed on the ground-loop distribution manifold, where the pipelines
from all four boreholes converge. Since the boreholes are connected to the manifold in series, the flow meters
had to be adjusted to ensure an equal volume of heat transfer fluid flowed through each of the four boreholes
(approximately 5.3—11.2 1/min per borehole). Additionally, the strength limitations of the GSHP system's
copper piping had to be taken into account. Copper pipes with a 32 mm diameter (commonly used in heating
and air conditioning systems) have the following characteristics: operating pressure typically does not exceed
2.5-4.0 MPa (25-40 bar), whereas the burst pressure (maximum) ranges from approximately 15 to 30 MPa
(150-300 bar), depending on wall thickness (1-1.5 mm) and copper hardness.

It is also necessary to consider the system's hydraulics—specifically, pressure losses. This is because, at
a temperature of -8°C, a 50% ethylene glycol solution becomes highly viscous; its kinematic viscosity
increases by approximately four to five times compared to water. Consequently, the flow of the heat transfer
fluid through the pipes is impeded, resulting in high friction losses (dynamic pressure).

When using a standard three-speed pressure-boosting pump, in this case, a LEO dry-rotor circulation
pump with a power rating of 1500 W—the system first switches to speed 2, and the heat pump compressor
starts up. After 20—30 minutes of continuous compressor operation, readings are taken from the external circuit
temperature sensors (at the ground loop outlet and inlet).

If the temperature difference exceeds 5°C, the pump speed must be increased. Conversely, if the
temperature difference is less than 3°C, the flow rate of the heat transfer fluid can be reduced to save electricity.
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This adjustment makes it possible to ensure that the length of 175 meters of the circuit through 4 wells
completely covers the needs of the system without the risk of freezing of the coolant. And it helps prevent the
risk of unwanted overcooling of the coolant.

4. Conclusion

Biogas production from biomass offers potential as an alternative energy source, particularly given the
abundance of biomass resources in Kazakhstan. The study analyzes biogas production technologies—focusing
on their results and innovative aspects—specifically for regions remote from traditional energy sources. While
biogas represents an environmentally beneficial alternative for reducing emissions and managing waste, it is
crucial to implement advanced technologies incorporating methane sensors and to rigorously address
environmental controls within these processes. Such measures will minimize potential harm to local
populations while ensuring the long-term sustainability of biogas and biomethane production and promoting
the adoption of these clean energy sources.

An assessment of the thermal energy output, accounting for the efficiency characteristic of the external
circuit of a ground-source heat pump is shown. Comparing the calculation results with test measurements leads
to the conclusion that the capacity of the designed ground-source heat pump system comprising four 20-meter-
deep boreholes is sufficient to reliably meet the requirements for cooling or heating the heat transfer fluid
within the specified temperature range.

Monitoring data of the developed system operation and results of measuring its performance indicators
during extended experimental testing under autumn-winter climatic conditions will be obtained. Subsequently,
a more detailed analysis of heat transfer for each borehole is planned, utilizing modern software suites to
determine the optimal operating parameters of the developed geothermal heat pump system.
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Abstract. This paper presents the results of an engineering and technical development aimed at modernizing
a thermal desorption spectroscopy (TDS) system to enhance the sensitivity of gas-phase mass spectrometry analysis.
The measurement system was integrated with a high-sensitivity DLS-20 mass spectrometer operating in conjunction
with an RGA-100 quadrupole residual gas analyzer. A vacuum circuit separation scheme utilizing an adjustable
leak valve was implemented, providing precise gas flow control and ensuring the stable operation of the DLS-20
analyzer in the low-pressure regime. The relevance of this work stems from the investigation of processes and the
determination of gas release mechanisms from tritium-breeding materials, where hydrogen isotopes (primarily as
HT molecules) and helium are generated simultaneously. During mass spectrometry analysis, their signals overlap
at the mass-to-charge ratio of m/z=4, which complicates the interpretation of TDS experimental data. It is
demonstrated that adjusting the opening degree of the mechanical leak valve allows for a more than 30-fold
reduction in the gas flow entering the analyzer. The system was calibrated using helium-deuterium mixtures,
revealing that the detection sensitivity for deuterium is approximately 2.7 times higher than that for helium. Reliable
resolution of the helium, HT, and D; peaks was achieved. The obtained results demonstrate the feasibility of utilizing
the modernized setup for high-sensitivity investigations of tritium, hydrogen isotope, and helium release processes,
as well as for improving the reliability of TDS spectra interpretation.

Keywords: thermal desorption spectroscopy (TDS), mass spectrometry, tritium-breeding materials, gas evolution
mechanisms.

1. Introduction

The method of thermal desorption spectroscopy (TDS) is widely applied to investigate the processes of
gas retention and release from solid materials [1,2]. This method provides comprehensive information on the
mechanisms of gas diffusion, trapping, and detrapping, as well as the energetic characteristics of gas atom
interactions with crystal lattice defects [3,4]. TDS studies acquire particular relevance when examining
materials intended for use in nuclear and thermonuclear power plants. In such materials, neutron irradiation
simultaneously generates hydrogen isotopes, including tritium, alongside helium produced via nuclear
reactions [5,6]. Investigating the retention and release processes of these gases represents a pivotal task in
evaluating the performance and operational lifetime of materials under service conditions [7-9]. One of the
primary challenges in the mass spectrometry analysis of gas evolution is the overlap of signals from different
gases with close mass numbers. Specifically, in studies of tritium-breeding materials, tritium release frequently
occurs in the form of HT molecules, which are detected at the mass-to-charge ratio of m/z=4. Since the helium
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signal is recorded in the exact same region, interpreting the results using standard quadrupole mass
spectrometers becomes significantly hindered. An additional complexity arises from the presence of
background hydrogen in vacuum systems, which can substantially exceed the flux of hydrogen isotopes
evolving from the investigated sample. This constrains the sensitivity of the method and reduces the reliability
of analyzing gas release processes. Consequently, there is a clear need to enhance the sensitivity of TDS
measurement systems and develop approaches for a more accurate analysis of the gas phase composition,
particularly in cases involving overlapping signals of helium and hydrogen isotopes. From an engineering
perspective, this problem can be addressed by modernizing the TDS setup through the integration of high-
sensitivity mass spectrometers and the implementation of managed gas flow separation schemes between
different components of the vacuum system. The objective of the present work is to upgrade the existing
thermal desorption spectroscopy system by integrating a DLS-20 high-resolution mass spectrometer, and to
investigate the capabilities of the proposed measurement scheme for registering low-intensity gas flows and
analyzing hydrogen isotopes and helium, including tasks associated with tritium release.

2. Methods

Experimental Setup

The key concept behind modernizing the thermal desorption spectroscopy (TDS) setup was to expand the
existing measurement scheme by integrating an additional high-sensitivity DLS-20 mass spectrometer. The
upgraded system comprises two mass spectrometers: an RGA-100 quadrupole residual gas analyzer [10]
(Stanford Research Systems) and a DLS-20 mass spectrometer (Hiden Analytical Limited) [11], each
connected to its own vacuum system equipped with independent turbomolecular pumps. This configuration
ensures optimal operating conditions for each analyzer and enhances measurement stability across a wide
pressure range. The connection between the TDS chamber and the DLS-20 mass spectrometer chamber is
established via an adjustable leak valve (L1, serving as a throttling element), which allows for precise control
of the gas flow entering the high-sensitivity analyzer. The implementation of independent vacuum circuits and
the adjustable leak valve represents a key element of the modernization, enabling the DLS-20 mass
spectrometer to operate in the low-pressure regime regardless of the pressure level inside the TDS chamber.
This feature is of paramount importance for registering low-intensity gas flows and performing high-sensitivity
measurements. The RGA-100 mass spectrometer is capable of recording gas spectra in the mass range from 1
to 100 amu. The principle of gas detection is based on the ionization of a small fraction of gas molecules; the
resulting positive ions are subsequently separated by mass and measured using a Faraday cup as the detector.

The DLS-20 is a quadrupole mass spectrometer featuring ultra-high mass resolution (up to Am = 0.005
amu) and an increased quadrupole rod diameter of 20 mm (which provides enhanced sensitivity). It offers two
operational modes:

1. RGA (Zone 1): a wide mass range mode (up to ~200 amu);

2. zhRGA (Zone H): an ultra-high-resolution mode (up to ~22.5 amu).

The instrument utilizes an ion-counting secondary electron multiplier (SEM) as a detector, which ensures
high sensitivity combined with a low background noise level. Since the recommended maximum operating
pressure for the SEM detector is 5x10-6 Torr, the pressure within the DLS-20 mass spectrometer chamber was
maintained below this threshold throughout the experiments. To achieve this operating regime, a gas flow
regulation scheme between the setup chambers was implemented.

The vacuum system comprised the following components:

* RGA-100 quadrupole mass spectrometer;

» DLS-20 quadrupole mass spectrometer;

» Turbomolecular pumps (assigned to each vacuum circuit);

* Scroll (roughing) pump;

* lonization vacuum gauges;

* Diaphragm vacuum gauge;

* Qas inlet system.

A schematic diagram of the modernized setup is depicted in Figure 1. The newly integrated elements
associated with the DLS-20 mass spectrometer and its corresponding vacuum system are highlighted in red.
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Fig 1. Schematic diagram of the modernized TDS setup integrated with the high-sensitivity DLS-20 mass spectrometer:
MS1 — RGA-100 mass spectrometer; MS2 — DLS-20 mass spectrometer; TMN1 — turbomolecular pump of the RGA-
100 vacuum circuit; TMN2 — turbomolecular pump of the DLS-20 vacuum circuit; SP1 — scroll (roughing) pump of the
RGA-100 vacuum circuit; SP2 — scroll (roughing) pump of the DLS-20 vacuum circuit; NT — nitrogen trap; P1 —
ionization vacuum gauge in the mass spectrometer chamber; L1 — leak valve between the TDS and DLS-20 chambers;
L2 — leak valve for the controlled inlet of gas (atmospheric air or the helium-deuterium mixture) into the TDS chamber;
P2 — ionization vacuum gauge in the experimental device chamber; P3 — diaphragm vacuum gauge; V — vacuum valves;
G —replaceable gas cylinder; 1 — loading flange; 2 — cooling system; 3 — experimental device; 4 — heating element; 5 —
thermocouple; 6 — crucible with the sample.”

3. Results

Investigation of the Leak Valve Opening Influence on Gas Flow

At the first stage of the work, experiments were performed to evaluate the feasibility of regulating gas
flows from the TDS + RGA-100 chamber into the chamber of the high-sensitivity DLS-20 mass spectrometer
operating in the wide-range (RGA) mode. Mass spectrometry measurements were conducted at various
opening degrees of the adjustable leak valve (L1) connecting the chambers of the setup.

The following operating modes were considered:

1. Leak valve fully open;

2. Leak valve fully closed;

3. Leak valve open by one turn;

4. Leak valve open by a half turn;

5. Leak valve open by a quarter turn.

At an initial system pressure of approximately 1.3x10° Torr, the mass spectra of the main gas-phase
components were recorded. The dependence of the gas partial pressures within the setup chambers on the
various opening degrees of the leak valve is shown in Figure 2.

The quasi-equilibrium readings of the mass spectrometers are summarized in Table 1. Data for signals
with low intensity and high noise levels (m/z = 2 and m/z = 44) were omitted, as they were not utilized in the
subsequent analysis. During the experiments, a controlled inlet of atmospheric gases into the TDS chamber
was established via a mechanical leak valve (L2). This approach ensured a quasi-stationary composition of the
gas phase, which was then used to analyze the changes in gas flows between the setup chambers. Consequently,
further evaluations of the reduction coefficients for gas flows from the TDS chamber to the DLS-20 mass
spectrometer chamber were carried out for the atmospheric components.

Nitrogen N, was selected as the primary tracer gas because it provided the lowest error in determining
the flow reduction coefficients. Water vapor exhibited a prolonged stabilization time to reach a quasi-
equilibrium state, which led to an increase in measurement error. In the case of oxygen at a small leak valve
opening degree (1/4 turn), the recorded flow was insufficiently high, causing a significant increase in the
relative error (Table 2). Thus, it is demonstrated that adjusting the opening degree of the leak valve allows for
a more than 30-fold reduction in the gas flow entering the DLS-20 mass spectrometer chamber. This operating
mode can be utilized when the pressure inside the TDS chamber increases, thereby ensuring stable operating
conditions for the high-sensitivity analyzer.
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Fig 2. Diagram of changes in the partial pressures of various gases within the setup chambers at different
positions of the valve between them.

Table 1. Quasi-equilibrium readings of the mass spectrometers at different stages of the experiment.

M 2 18 28 32 44
Gas H2 H20 N2 02 Cco2
RGA-100 (1) 3,55E-08 1,97E-07 2,79E-08 4,93E-09 3,70E-09
RGA-100 (2) 1,02E-07 3,81E-07 6,90E-08 9,88E-09 7,90E-09
RGA-100 (3) 6,40E-08 3,03E-07 4,90E-08 7,60E-09 5,00E-09
RGA-100 (4) 6,90E-08 3,15E-07 5,30E-08 8,11E-09 6,30E-09
RGA-100 (5) 9,30E-08 3,72E-07 6,72E-08 9,76E-09 7,80E-09
DLS-20 (1) - 1,87E+05 1,71E+04 4,45E+03 -
DLS-20 (2) - 3,90E+04 1 40E+03 4,00E+02 -
DLS-20 (3) - 1,10E+05 1,00E+04 2,50E+03 -
DLS-20 (4) - 9,30E+04 7,75E+03 1,50E+03 -
DLS-20 (5) - 5,30E+04 1,92E+03 6,00E-+02 -
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Table 2. Flow reduction factors (k) from the TDS chamber to the DLS-20 chamber at different positions of the
connecting valve.

28 32 28 32
Gas type N2 02 N2 02
Flow into the system, rel. units
(during registration) k Error % k Error %
1-the system is open 1,57E+04 4,15E+03 1,000 1,3 1,000 4,8
3 system is open by 1 turn of the
valve 8,60E+03 2,20E+03 0,548 2,3 0,530 9,1
4 the system is open by half a
turn of the valve 6,35E+03 1,45E+03 0,405 3,1 0,349 13,8
5 the system is open by % turn
of the valve 5,20E+02 2,00E+02 0,033 38,5 0,048 100,0

In the considered mode, the measurement noise level was approximately 200 arbitrary units (arb. u.),
which corresponds to a pressure of the order of 2x107!° Torr according to the RGA-100 readings. Meanwhile,
the minimum detectable signal that provides an acceptable measurement accuracy is around 1000 arb. u.,
corresponding to a pressure of about 1x10? Torr. It should be noted that as the opening degree of the leak
valve decreases, the pressure detection sensitivity in the TDS chamber drops proportionally to the flow
attenuation factor k. For instance, when the leak valve is open by 1/4 turn, the flow reduction factor is k = 30,
which corresponds to the effective signal recording by the DLS-20 mass spectrometer at pressures above 3x10
8 Torr in the RGA-100 chamber. The operational parameters of the DLS-20 mass spectrometer in this mode
are shown in Table 3.

Table 3. Operational parameters of the DLS-20 mass spectrometer in the wide-range (RGA) mode during the
experiment.

Group Parameter Value Units
Detector discriminator -10 %
multiplier 1700 v
Filter focus -90 \"
Quad delta-m 0 %
pre-post-bias 0.0 \Y
resolution 0 %
Source cage 3.0 v
electron-energy 70.0 v
emission 1.0 pA
Other CRV _range 7 -
CRV _resolution 6 bit
DeadBandTime 0 ms
mass 30.0 amu
mode-change-delay 1000 ms

Experiments with Helium-Deuterium Mixtures

RGA-100 partial pressures in Torr are obtained by multiplying the raw registered (relative-unit) signal
by the gas-specific ionization coefficient, and giving an approximate, order-of-magnitude comparison between
the DLS-20 raw count rate and the corresponding RGA-100 partial pressure under the reported operating
conditions. At the next stage of the work, calibration experiments for the DLS-20 mass spectrometer operating
in the ultra-high resolution zhRGA mode were performed using pre-prepared helium-deuterium mixtures. Gas
mixtures with a specified component ratio were prepared in volumes V1 and V1+V2 (with a volume ratio of
V2/V1=1.75) and subsequently transferred into the replaceable gas cylinder (G). Further experiments were
conducted using this cylinder as the source of the working gas. The gas was supplied to the vacuum chamber
of the setup via a mechanical leak valve (L2) in a controlled continuous inlet mode. During the experiments,
the signals from both the RGA-100 and DLS-20 mass spectrometers were recorded simultaneously, allowing
for a comparison of the readings from the two analyzers and an evaluation of the gas-phase composition in the
system. Typical mass spectra of helium and deuterium recorded in the setup chamber are shown in Figure 3.
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Fig 3. Typical mass spectra of helium and deuterium within the setup chamber.

According to the recorded mass numbers, when the helium-deuterium mixture is supplied to the setup
chamber, the following values are obtained via the DLS-20: m/z (He)=4.038 and m/z (D2)~4.068.

During the calibration of the DLS-20, the ultra-high resolution zhRGA mode differs from the standard
wide-range RGA mode (see Figure 3) only by the following parameters:

— delta-m (0—20 %):: Determines the effective mass peak width (Am) and its narrowing degree
(decreasing this value enhances the resolution and improves the separation of close masses);

— pre-post-bias (0—15 V):: Sets the potentials before and after the quadrupole to adjust ion energy,
which influences transmission efficiency and detection sensitivity;

— resolution (0—50 %): A tuning parameter for the quadrupole resolution; increasing this value
improves mass separation but may reduce signal intensity;

— mass (46—5.5 amu):

The mass scanning range in the zhRGA mode, optimized for the analysis of light gases and isotopes;
emission (1—100 pA): The emission current of the electron gun in the ion source, which determines ionization
intensity; increasing the current elevates the signal but accelerates cathode degradation. The experimental
diagram along with a qualitative description of the stages are presented in Fig.4 and Table 4.

Table 4. Measured helium and deuterium flow into the system for various inlet modes.

Inlet Pressure | He-D2 | Chamber M4 M6 He D2 (DLS20) He-D2 ratio Note
pressure | D2 at ratio pressure RGA RGA (DLS20) (according Working
He, the inlet P Pressure | Pressure to DLS-20) with:
Torr
1 707- 0 1-0 1,7E-5 1.2E-5 Back- 37970 200 1-0 pure He.
672 ground (Background)
707~ 0 1-0 3,6E-5 ~3E-5 Back- | 44050- 200 1-0
672 ground | 38540 | (Background)
247 0 1-0 9,1E-6 | ~8,6E- | Back- 12360 200 1-0
6 ground (Background)
2 90 440 0.17- 6,2E-5 | ~5.6E- | ~5.25E- | 4690 57110 0.076- a mixture
0.83 5 7 0.924 of He-D2
gases.
3 0 690 0-1 - 9,5E-5 | 1,61E-6 102990 0-1 pure D2.
251 0-1 - 2.7E-5 | 1.52E-7 28890 0-1
4 440 89 0,83- 2.81E- | 3.65E-8 | 20300 12690 0.61-0.39 | a mixture
0,17 5 of He-D2
158 31 0,83- 6.26E- | 4.37E-9 6160 4280 0.59-0.41 gases.
0,17 6
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Fig 4. Diagram of experiments with the inlet of helium-deuterium mixtures into the setup chamber.

Based on the obtained data (Table 4), the intensities of the helium and deuterium mass spectrometry
signals recorded by the DLS-20 mass spectrometer were plotted as a function of the inlet pressure of the
corresponding gases (Figure 5). Analysis of the results revealed that both the sensitivity and the calibration
factor for deuterium exceed those for helium by approximately 2.67 times.
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Fig 5. Peak intensities for helium and deuterium measured by the DLS-20 as a function of the inlet pressure of the
corresponding gases.
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This discrepancy must be taken into account during the quantitative interpretation of mass spectrometry
data. The experiments were conducted with the leak valve opening degree corresponding to 1/4 turn.

4. Discussion

The conducted experiments demonstrated that the use of an adjustable leak valve allows for effective
control over the gas flow entering the chamber of the high-sensitivity DLS-20 mass spectrometer from the
investigated sample. It was established that decreasing the opening degree of the leak valve can reduce the gas
flow by a factor of more than 30. This ensures stable operation of the analyzer within its optimal pressure range
and prevents its overload during pressure increases inside the TDS chamber.

Calibration experiments with helium-deuterium mixtures indicated that the intensities of the helium and
deuterium mass spectrometry signals recorded by the DLS-20 depend linearly on the inlet pressure of the
corresponding gases. The obtained relationships confirm the validity of the proposed measurement scheme
and the feasibility of performing a quantitative analysis of the gas-phase composition. A comparison of the
detection sensitivities for different gases revealed that the calibration factor for deuterium is approximately
2.67 times higher than that for helium. This result must be taken into account during the quantitative
interpretation of mass spectrometry data, particularly when analyzing mixtures containing hydrogen isotopes.

The proposed measurement scheme can be employed in studies of materials exhibiting simultaneous
release of helium and hydrogen isotopes, including tritium. Under conditions where signals overlap in the
mass-to-charge ratio region of m/z = 4, the modernized system enhances the reliability of gas-phase analysis
and reduces uncertainty in the interpretation of TDS experimental results.

5. Conclusion

The thermal desorption spectroscopy setup was modernized by integrating a high-sensitivity DLS-20
mass spectrometer and implementing a vacuum circuit separation scheme using an adjustable leak valve. The
proposed solution expands the range of detectable gas flows and enhances measurement stability. The
conducted studies confirmed the performance of the proposed scheme and the feasibility of its application for
the quantitative mass spectrometry analysis of the gas phase. It is demonstrated that the upgraded setup enables
the detection of low-intensity gas flows and allows for sensitivity calibration across various components. The
practical significance of this work lies in the applicability of the developed measurement scheme to investigate
gas evolution processes from materials characterized by the simultaneous release of hydrogen isotopes and
helium (e.g., beryllium-containing materials). Under conditions where signals overlap in the mass-to-charge
ratio region of m/z = 4, the proposed approach improves the reliability of TDS experimental data interpretation.
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MODERNIZATION OF THE METHODOLOGY AND INSTALLATION
OF TRIAXIAL COMPRESSION FOR THE STUDY OF RHEOLOGICAL
PROPERTIES OF DISPERSED MEDIA
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Abstract. The article discusses the determination of rheological and deformation characteristics of dispersed
materials, specifically sand-clay molding mixtures. The authors present the design of a triaxial compression
apparatus developed on the basis of a standard stabilometer, incorporating the principles of similarity theory. The
study reveals that the presence of residual plastic deformations causes nonlinearity in the material layer formation
process. Particular attention is paid to the analysis of the deformation modulus and its dependence on medium
density, particle diameter and the internal friction coefficient. The results obtained allow for a more accurate
prediction of the behavior of cohesive and non-cohesive bulk media under load, which is essential for optimizing
technological processes in foundry production and related industries.

Keywords: dispersed materials, rheology, stabilometer, triaxial compression, deformation modulus,
molding mixture.

1. Introduction

When processing dispersed and lump materials, both cohesive (such as molding mixtures) and
non-cohesive (such as coke and limestone), their physical, mechanical, and rheological properties,
including elasticity, plasticity, and strength, are crucial. One of the key parameters that determines
the deformation behavior of dispersed media under load (including compression in the absence of
lateral expansion) is the deformation modulus.

According to the literature data [1, 2], the value of the deformation modulus M is determined by
the density of the material , the particle diameter s, the coefficient of internal friction vy, and a number
of other factors, among which the three listed indicators have a dominant influence. It is known that
an increase in the initial density of the medium naturally increases the deformation modulus. The
coefficient of internal friction, which reflects the resistance of the medium to shear deformation
during fracture, also increases as the packing of particles becomes denser, leading to an increase in
the deformation modulus [3]. Conversely, the effect of dispersion (particle size) is the opposite: an
increase in the average particle diameter causes a decrease in the deformation modulus.
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Due to the multidirectional and interconnected nature of these factors, it is difficult to
analytically predict their complex impact, which is critical for theoretical calculations and practical
applications. Based on this, a plan was developed for experimental studies to quantify the dependence
of the deformation modulus on key physical and mechanical characteristics of the medium.

2. Materials and Methods

To solve the research problems, a modernized experimental triaxial compression setup was
assembled (Fig. 1). It allows for independent setting of the two principal stresses vertical 7, and
lateral 7,. ,,. and measurement of the corresponding principal relative strains j, and j;. .. Axial pressure
on the specimen is exerted directly through a piston of the same diameter. As a result, when the
specimen is compressed, its lateral expansion is possible only with the corresponding removal of
some of the water filling the chamber. This device can be classified as a type stabilometer B, in which
the lateral pressure is not simultaneously all-round, the axial pressure can be set independently of the
lateral pressure and, in particular, be less than the latter or equal to zero. The stabilometer schematic
is shown in Fig. 2. The instrument allows for compression testing, determining the lateral pressure
coefficient and deformability characteristics, as well as the strength of the specimen [4].

T
DL ED

Fig.1. The scheme of the experimental setup: 1-crane; 2-dynamometer; 3-stabilometer; 4-frame for attaching a type B
stabilometer; 5-spring; 6-air pump for supplying air to the compensator tank; 7-compensator tank; 8-pressure gauge.

Fig. 2. Scheme of the experimental stabilometer: 1 — TdL 7682-1 dial gauge for measuring vertical deformations;

2 —upper cover; 3 — tap for regulating lateral pressure; 4 — lower cover; 5 — lower piston; 6 — tap for supplying water; 7

— pressure gauge for measuring lateral pressure; 8 — water inside the working chamber; 9 — sample; 10 — rubber cover;
11 — working chamber H = 300mm,® = 400mm; 12 — piston for vertical deepening of the sample @= 136mm.
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2.1 Principle of Operation of the Experimental Setup

The design and experimental procedure for the developed testing apparatus (stabilometer) are as follows.
The particulate material under study 9, pre-enclosed in an elastic rubber membrane 10 to prevent contact with
the working medium, is placed inside the pressure chamber 11. The sealed specimen is rigidly fixed in the
vertical direction between the lower 5 and upper 12 pistons (loading plungers). Following specimen
installation, the internal volume of the chamber 11 is filled with distilled water. When the stopcock 3 is closed,
the hydraulic system becomes completely sealed. Due to the practical incompressibility of water, the lateral
(radial) expansion of the particulate material during vertical loading is restricted to zero, ensuring strict
confined compression conditions. Consequently, the radial stress 7,, = 7,, generated within the closed volume
of the fluid due to material lateral pressure is continuously recorded by a standard pressure gauge 7. The
measured hydraulic pressure is taken as the true lateral pressure of the medium under study.

2.2 Methodological Features of the Experimental Procedure

During the preparation and execution of the experiments, maintaining two key technological conditions
is critical:

— Absolute tightness of the hydraulic circuit. Even minimal leakage of the working fluid from the
chamber 11 leads to uncontrolled radial deformation of the specimen, which fundamentally distorts the
measured values of the lateral pressure coefficient.

— Complete deaeration of the system. Air trapped within the water, the pressure gauge 7, and the
connecting lines must be fully evacuated (via vacuuming or flushing with deaerated water). The presence of
gas microbubbles, which possess high compressibility, violates the condition of rigid lateral confinement and
significantly reduces the accuracy of deformation characteristics determination.

2.3 Analytical Capabilities of the Method

The developed design of the apparatus enables comprehensive compression testing of particulate media
with stable, real-time parameter tracking. Based on the experimental results, the following parameters are
determined:

— The coefficient of lateral earth pressure at rest (lateral pressure coefficient of the particulate material)
&

— Key deformation characteristics (modulus of deformation, coefficient of relative compressibility);

— The shear strength envelope (ultimate shear resistance) of the specimen under specified loading paths.

The limited height of the sample, in the presence of friction at the points of contact between the stamp
and the bottom of the device, causes the sample to expand unevenly in height.

To eliminate these shortcomings, the authors [5] recommend that the height of the sample in the
experiments be at least twice its diameter.

Taking into account the test methodology [6], compression tests were carried out according to two testing
schemes, the difference between which was that at each stage of loading in the first scheme the vertical load
was maintained constant, in the second — this load changed.

The experiments were conducted in the following order:

1. The stabilometer was loaded with material at a temperature corresponding to the ambient temperature
in the laboratory.

2. The load was applied to the sample smoothly, avoiding impacts, in steps. The average rate of load
increase was 30—50 kPa/min.

3. Each pressure step was maintained until the vertical deformation stabilized, not exceeding 0.0001 mm
in 15 minutes.

4. Readings from the vertical and lateral pressure measuring devices, as well as the indicator, were
recorded in the test log at each pressure stage 15 minutes after the set pressure was established.

5. Testing was terminated when the vertical pressure reached Pb = 480 kPa.

6. After completion of the test, the material sample was unloaded by resetting the vertical and lateral
pressures to zero and removed from the stabilometer chamber.

The shear strength study on a triaxial apparatus was also conducted using two schemes. In the first, a
fixed, constant lateral pressure was maintained throughout the experiment while the vertical load varied; in the
second, after applying the vertical load and holding for ten minutes at the initial stage, the vertical load was
increased until the specimen failed [7]. Subsequently, a high lateral pressure was created in the chamber, and
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a gradually increasing vertical load was again applied to the specimen. Tests using both schemes were
conducted at lateral pressures equal to 20, 40, 60, 80, and 100 kPa. It should be noted that the experiments
using the second scheme were considered accelerated, since they were three times faster in duration compared
to the tests using the first scheme.

As is known [8], for longitudinal deformations in the direction of the 7, y, and z axes, in the general case
of a three-dimensional stress-strain state, these dependencies are as follows:

Cu(Ty+Ty) Ty u(Te+Ty) . t-u(Trty)

jp=Ttrt) g S o = (1)

where parameters M and u are quantitative characteristics of the deformability of the medium under study.

A compression test involves the vertical deformation (compression) of a cylindrical sample of dispersed
materials in a rigid ring (cage). The sample is in a uniform triaxial stress state characterized by normal stresses:
T, =71, T, =T, = €T, Considering compression tests as a special case of triaxial deformation, when: j,. =
Jy = 0, depending on (1) was found:

2
3)

Jz =

I ==
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e

It is easy to see that, based on the results of measurements of the compression stress Q and compression
Aq of the sample, it is impossible to determine M and u separately; one can only find the value of the expression
that contains both quantities simultaneously:

. A 1-2u
Jz _ A4 _ Ty
T qoT M (4)

where j, — initial relative deformation of the sample before applying the current pressure stage (dimensionless
quantity); T — increment of vertical stress at this stage (t = 7; — 73,), kPa; 7; — final (specified) vertical stress

at the fixed loading stage, kPa; t; —initial vertical (axial) stress, kPa; Aq — absolute vertical strain (compression
1-2u?

1-u
coefficient accounting for the constraint of lateral expansion / rigid confinement in a stabilometer); u —
Poisson's ratio; M — deformation modulus (elasticity/compaction modulus), kPa.

Usually, Poisson's ratio u is taken from reference data, and then M is found from relation (4). For the case

of a limited pressure range T = 7, — Tp,:
b bt

. _jn-li o —
Jz = 1+l - 1+j (TL Th) 1+j (5)

displacement) (mm); g, — initial height of the specimen (mm); — lateral constraint coefficient (a

where j, — initial relative deformation (strain) of the sample before applying the current pressure stage; [, —
initial relative deformation of the sample before applying the current pressure step, (dimensionless quantity);
l; — final relative deformation of the sample at the controlled test stage, (dimensionless value); b — the
compaction (compression) coefficient of a dispersed material, which characterizes the compliance of its
framework and structural variability under external load, kPa™'. From expressions (2) and (5) we obtain the
relationship between M, u and b:

M= (120 (©)

b 1-u
Statistical Analysis
All experiments were performed in at least three independent replicates (#n=3). The experimental data
were statistically analyzed using Microsoft Excel and Origin software. Results are presented as mean +
standard deviation (X + SD) or mean with a 95% confidence interval. The variance (S?) and standard error of

SD . - . oy .
the mean (SE = \/_ﬁ) were calculated to verify data reproducibility. Final parameter estimation and functional

approximations were performed using the multivariate least squares method.
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To validate the proposed methodology, a series of triaxial compression experiments was carried out on
several dispersed materials. The obtained deformation and strength characteristics are presented below. The
experimental results showed that the modulus M, as well as the lateral pressure and Poisson coefficients,
largely depend on the porosity of the layer. These difficulties in determining M and u can be avoided by
measuring the 7, = 7,, values at each loading stage. Then, from the 7, = f(t,) dependence graph (Fig. 3a)
approximated by a straight line of the form y = kx + b, one can easily obtain the lateral pressure coefficient
& = £ Then, from the j, = f(t,) dependence graphs, also approximated by a straight line (Fig. 3 b), one can

Tz

. AT 1-2u?
determine the modulus M = —2-qa, a =
Aj, 1-u

impossibility of lateral expansion. Poisson's ratio can be determined as u = i The values of these

, where a is a coefficient that takes into account the

coefficients for some materials are given in Tablel.

Table 1. MechMechanical properties of the investigated materials (mean + SD, n = 3).

Parameter Limestone Limestone Sand Sand Coke Coke Scheme
Scheme 1 Scheme 2 Scheme 1 Scheme 2 Scheme 1 2
Deformation modulus, M, MPa 1.58+0.05 1.54+0.04 1.95+0.06 1.94+0.05 7.67+0.18 7.72+0.21
Lateral pressure coefficient, (75,000 073002 039£0.01 039001  025£0.01  0.26£0.01
dimensionless
Poisson's ratio, dimensionless  0.44+0.01 0.42+0.01  0.30+0.01 0.30+0.01 0.18+0.01  0.21+0.01
160 0,07
——1 oo I~ e
’ 3 —o—14
120 —olz 0,05
<
& g0 5004
e 3 0,03
l—)
40 0,02
0,01
0 0
0 40 80 120 160 200 240 280 0 40 80 120 160 200 240 280
1,, kPa 1,, kPa
a) b)

1 — limestone, Modul 1; 2 — coke, Modul 1; 1 — limestone, Modul 1; 2 — sand, Modul 1;
3 - koksik, Modul 2; 4 — grit, Modul 1 3 — grains, Modul 1; 4 — coke, Modul 1
Fig. 3. The effect of vertical stress on the value of: a) lateral stress and b) relative deformation for different materials.

The primary characteristics of the reference materials used during the experimental validation are
systematically presented in Table 2.

Table 2. The primary characteristics of the reference materials

Parameter Sand Iron ore Coke Limestone Iron ore concentrate
concentrate grit

Equivalent particle diameter, 10°m | 0.16 0.08 2.00 0.63 2.00

Density, kg/m? 2923 3547 1652 2801 3686

Hovering speed, m/s 2.8 1.6 7.9 5.8 9.2

Internal friction coefficient 1.42 0.92 0.94 0.55 0.51

Layer porosity, m*/m?3 0.36 0.29 0.56 0.47 0.53

To determine the strength characteristics [9, 10], dependence graphs were constructed j, = f (7, — 7,) at
different values of lateral pressure 7, (Fig. 4). The values were determined from the graphs (7, — 7,.),
corresponding to the moment of specimen destruction. Figure 4 shows the classic deformation curves of a
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granular medium at four fixed levels of lateral pressure. The physical meaning of the curves is as follows: the
graph clearly demonstrates the nonlinear nature of the medium's deformation. The point where the curve
becomes almost vertical corresponds to the moment when the final equilibrium is reached and the sample
breaks (shears). The greater the material's bearing capacity, the greater the stress deviation at which failure
occurs T, — T,. These figures serve as an experimental confirmation that the presence of residual plastic
deformations determines the strictly nonlinear nature of the formation and compaction of the layers of
dispersed media. The coordinates of the fracture points (7> and 7) shown in this figure are directly used by
the authors in the article for mathematical analysis.

The angle of internal friction and adhesion were determined as tany = ;—;Fl, c= %, where F and T are
coordinates determined from the expressions:
p_p_ p p
FtERURTEL . 7=l(Rf-NyeP) ()

n3(e2)’ - (%)’ n

where TE and Tf are 7, the 7, values of and at specimen failure; # is the number of tests.

0,06
0,05
0,04 —o—1
N
*=0,03 ——2
0,02 3
0,01 —— 4
0
0 70 140 210 280 350 420 490

T, — 1, kPa

Fig. 4. Dependence of the relative strain of the grit (Modul 2) on the value of 7, — 7,
1 — 7, =20 kPa; 2 — 40 xPa; 3 — 60 xPa; 4 — 80 Pa.

The calculated parameter values are presented in Table 3. A comparison of experimental and known from
the literature [11] values of the angle of internal friction (tan y) showed that their maximum difference does
not exceed 10%, which indicates not only the qualitative but also the quantitative correspondence of the data
we obtained to real conditions [12,13]. Based on this information, an experimental plan developed to evaluate
the dependence of the deformation modulus on the above-mentioned parameters [14, 15].

Table 3. Strength characteristics of the investigated materials (mean £+ SD, n = 3)

Parameter Coke breeze Coke breeze Sand Sand Limestone Limestone
Scheme 1 Scheme 2 Scheme 1 Scheme 2 Scheme 1 Scheme 2
Internal ﬁ‘gg;’n angle, ¢, 43+1.1 44412 3140.8 3240.9 3541.0 34+0.9
Internal friction
coefficient, tan ¢, 0.92+0.03 0.91+0.03 0.61+0.02 0.58+0.02 0.70+0.02 0.68+0.02
dimensionless

The objective was to determine the influence of the main characteristics of the dispersed medium. In other
words, the deformation modulus is a parameter. The factors chosen were material density §, particle diameter
s and the coefficient of internal friction y. The number and values of the levels of the variable factors were
determined (Table 4). The factor levels presented in Table 4 were established on the basis of the physical and
mechanical properties of the investigated dispersed materials summarized in Table 2. The planning matrix was
implemented by varying the density, equivalent particle diameter and internal friction angle within the
experimentally observed ranges.
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Table 4. Factor levels

Levels Level 1 Level 2 Level 3 Level 4 Level 5
Particle diameter (s), mm 0.2 0.4 0.8 1.6 3.2
Density (6), % .1073 1.1 1.2 1.3 1.4 1.5
coefficient of internal friction (y), deg 22 24 26 28 30

The choice of five levels motivated by the fact that the number of experiments is not very large (only 25)
yet sufficient to identify the required pattern of dependence [16]. With three levels identifying the pattern of
dependence is difficult due to the limited number of control points. Next, a planning matrix was compiled for
the three-factor five-level experiment [17]. The planning matrix is shown in Table 5.

The following difficulty arose when planning the experiment. Since the coefficient of internal friction is
related to density, not all levels could be filled with the same values. The experimental results are presented in
Table 6. Experiments were conducted using a stabilometer. Each experiment was repeated at least three times.
meaning it consisted of at least three trials. The arithmetic mean standard error and variance were determined
using standard methods. In subsequent calculations the arithmetic mean values were used as the closest
approximation to the actual values. Final data processing and approximation of the empirical relationships
were carried out based on the multivariate least squares method [18].

Table 5. Planning matrix

Levels 1 |2 4 |5 7 |8 |9 |10 {11 |12 |13 |14 15 |16 |I7 |18 [19 RO PI P2 PR3 P4 P5
Density(é‘),%'lo_3 1)1 1)1 212121233333 |4[4|4(4|4|5]5|5]5]|5
Particle diameter (s), mm 112 1]1 31121412343 [5]3]|3[4|5]|5|4|5]4]5
coefficient of internal friction (| 1 | 2 415 1]2]4[5]1]4|3|5]2|5]2]4]3]1]2]3]5]1]4
Table 6. Parameter values (M£SD, MPa)
Level M, M, M, M, M +SD
1 29.8 29.9 30.1 30 29.954+0.13
2 32.8 329 332 33 32.98+0.17
3 39.9 40.1 40.2 40 40.05+0.23
4 37.8 379 38.1 38 37.95+0.18
5 419 42.1 422 42 42.05+0.27
6 31.8 31.9 322 32 31.97+0.15
7 389 39.1 39.2 39 39.05+0.19
8 39.8 39.9 40.1 40 39.95+0.22
9 44.7 44.9 45.2 45 44.95+0.32
10 48.7 48.8 48.9 49 48.85+0.34
11 438 43.9 44.1 44 43.95+0.29
12 44.6 449 452 45 44.92+0.31
13 41.7 41.8 41.9 42 41.8540.25
14 56.8 56.9 57.1 57 56.95+0.42
15 40.6 40.8 41.2 41 40.90+0.24
16 60.8 60.9 61.1 61 60.95+0.45
17 48.7 48.8 48.9 49 48.8540.35
18 47.6 47.9 48.2 48 47.924+0.34
19 45.8 45.9 46.1 46 45.95+0.32
20 43.1 432 433 43 43.15+0.28
21 41.8 41.9 42.1 42 41.95+0.26
22 47.7 47.8 47.2 48 47.67+0.33
23 64.8 64.9 65.1 65 64.95+0.50
24 44.7 448 45.2 45 44.92+0.30
25 61.8 61.9 62.1 62 61.95+0.46

Note: Values are represented as mean = standard deviation for n = 3 trials.

First paired dependencies were determined by sampling. After sampling the experimental results for each
level of each factor five-point paired partial dependencies were obtained between the deformation modulus
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and density the angle of internal friction and particle size [19]. The influence of factors on the deformation
modulusis shown in Figure 5. Private point dependencies were obtained after ranking the results by increasing

each factor and were described mathematically.
The corresponding correlation equations were found using the least squares method. They have the
following form: M,= 2y-9, Ms= 27.3-6'8, M= 40.1's7%2. These values were then substituted into the

empirical multifactorial equation of Protodyakonov [20]:

Z;‘: Yi
Yn =S5 (®)
where y, — multifactor equation of M.M. Protodyakonov; y; — partial functions; y,,— average value of all

experimental results taken into account; k — number of factors (partial functions).
Thus. we constructed a generalized formula that takes into account all factors:

_ Ms-M, Mg  27.3-8%%-40.1-57°%-(2y - 9)
T (Mg)? 2023.2004
where y — angle of internal friction, deg; § — material density, % +1073; s — particle diameter, mm.

=0.54-5702.5%8.(2y -9 9

60 60
—@—calc —@—exp
50 50
o &
S =
40 > 40
S —@—calc —@—exp =
30 30
20 22 24 26 28 30 32 0 1 2 3 4
8, kg -m3 s, mm
a) b)
60
55
50
©
o 45
=
~ 40
=
35 —@—calc —@—exp
30
20 22 24 26 28 30 32
y.deg
c)

Fig. 5. Effect of deformation modulus:
a) density; b) particle size; c) the internal friction coefficient.

The minus sign indicates that the effect of the corresponding factor is inversely proportional: the greater
the factor, the smaller the parameter M. An increase in the density of the granular medium leads to an increase
in the deformation modulus. The increase in deformation with a decrease in particle size can be explained as
follows: the smaller the material, the more densely it packs together, the greater the number of interparticle
contacts, and the greater the force required for deformation.

To assess the goodness of fit, the nonlinear multiple correlation coefficient was used [21]:
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2
(n-1) 2?:1()’expi_3/thei)

R = >
(n-k-1) E?=1(Yexpi_3/avei)

(10)

where n — number of data points; k£ — number of active factors (equal to one for partial dependencies); Yexpi —
experimental value of the result; y;p.; — theoretical (calculated) value; y,,.; — the average experimental value.

Based on the calculation results, the correlation coefficient was found for n=25 and k=3. It is equal to
R=0.8, and the significance is t=10.17>2, which indicates the adequacy of the generalized equation. The error
of the equation was calculated using the formula and amounted to 11%:

Z?:l(Yexpi_Ythei)z
(n—k-1) (1 1)

o=

The experimental results showed that the deformation modulus is significantly influenced by material
density, particle size, and the coefficient of internal friction. An increase in density and internal friction
coefficient leads to higher stiffness of the medium, whereas an increase in particle diameter causes a decrease
in the deformation modulus. The triaxial compression tests also demonstrated the nonlinear character of
deformation and compaction processes caused by residual plastic strains. The determined strength and
deformation characteristics are in good agreement with published data, with deviations not exceeding 10%,
confirming the reliability of the proposed approach.

4. Discussion

The experimental results demonstrate that the deformation behavior of dispersed media under triaxial
compression is governed primarily by three interrelated factors: material density, particle size, and the internal
friction coefficient. An increase in density leads to a more compact particle arrangement and a larger number
of interparticle contacts, resulting in higher resistance to deformation and, consequently, an increase in the
deformation modulus. This tendency agrees with the classical concepts of granular media mechanics and soil
behavior reported in previous studies [1-3].

The influence of particle size is opposite. As the equivalent particle diameter increases, the deformation
modulus decreases because the contact area between particles is reduced and the packing becomes less dense.
Similar relationships have been reported in studies devoted to the mechanical behavior of granular soils and
particulate materials under compression [9-13]. The obtained results confirm that particle size should be
considered together with density rather than as an independent parameter.

The internal friction coefficient also has a significant influence on the deformation characteristics.
Materials possessing larger internal friction angles exhibit higher stiffness and greater resistance to irreversible
deformation. This observation is consistent with the physical interpretation of shear resistance in granular
systems and agrees with the published experimental data on triaxial compression and shear testing [5, 6, 11].

An important result of this study is the experimental confirmation of the nonlinear character of
deformation during confined compression. The observed nonlinearity is associated with the accumulation of
residual plastic strains and progressive rearrangement of particles inside the granular structure. As loading
increases, the contact network evolves continuously, leading to changes in stress redistribution and stiffness.
This behavior confirms that linear elastic models are insufficient for describing the deformation of dispersed
media over a wide loading range. Unlike many previous investigations that primarily focused on determining
mechanical characteristics of soils or granular materials, the present work emphasizes the modernization of
the experimental methodology and testing apparatus.

The proposed triaxial compression setup provides independent control of axial and lateral stresses while
ensuring continuous measurement of deformation parameters. Such an approach improves the reliability of
determining deformation characteristics and extends the applicability of the stabilometer to a wider range of
dispersed materials. In contrast to previous studies, the present work combines modernization of the
experimental apparatus with a validated methodology for determining both deformation and strength
characteristics of dispersed media within a single triaxial testing procedure. The adequacy of the obtained
empirical model is supported by the multiple nonlinear correlation coefficient (R=0.8), indicating satisfactory
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agreement between the calculated and experimental values. The error of the equation was calculated using the
formula and amounted to 11% is acceptable for engineering applications involving heterogeneous granular
media, where natural variability of material properties is unavoidable.

The proposed methodology may therefore be used not only for laboratory determination of deformation
properties but also for engineering prediction of the mechanical behavior of cohesive and non-cohesive
dispersed materials in metallurgical, mining and foundry technologies. Further studies should investigate the
influence of moisture content, particle shape, loading rate and cyclic loading on the rheological characteristics
of dispersed systems.

5 Conclusions

1. A modernized triaxial compression methodology based on a standard stabilometer has been developed
for determining the rheological, deformation and strength characteristics of dispersed media under controlled
loading conditions. The proposed experimental setup provides independent control of axial and lateral stresses,
thereby improving the reliability and reproducibility of experimental measurements.

2. Experimental investigations demonstrated that the deformation modulus of dispersed materials is
primarily governed by material density, equivalent particle diameter, and the internal friction coefficient. An
increase in density and internal friction results in higher stiffness of the granular medium, whereas an increase
in particle size leads to a reduction in the deformation modulus.

3. The triaxial compression tests confirmed the nonlinear character of deformation caused by progressive
particle rearrangement and the accumulation of residual plastic strains. This behavior should be taken into
account when describing the mechanical response of cohesive and non-cohesive dispersed materials under
compression.

4. An empirical multifactor model describing the dependence of the deformation modulus on the
governing parameters was developed using the results of a planned experiment. The adequacy of the model
was confirmed by satisfactory agreement between the calculated and experimental data (R = 0.8), while the
average prediction error did not exceed 11%.

5. The proposed methodology and the modernized experimental apparatus may be used for laboratory
determination of deformation characteristics and for engineering prediction of the behavior of dispersed
materials in metallurgical, foundry, mining and other technological processes involving bulk media. Further
investigations should consider the influence of moisture content, particle shape and loading rate on the
rheological behavior of dispersed systems.
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AUTONOMOUS SEARCH AND RESCUE DRONE WITH REAL-TIME YOLO
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Abstract. The development of intelligent unmanned aerial vehicles with onboard computer vision capabilities
is increasingly relevant to search and rescue operations. However, real-time human detection on compact UAV
platforms remains challenging due to limited computational resources, varying environmental conditions, and the
small size of distant targets. This study presents a UAV-based human detection and localization system integrating
a Raspberry Pi 4 Model B, YOLOVS, and u-blox NEO-M8N GPS. The system performs onboard processing of the
video stream and associates detected targets with the UAV's geographical position. The YOLOvS model was trained
using the VisDrone2019-DET dataset and evaluated through real-world flight experiments under different
distances, altitudes, and lighting conditions. The system achieved an average detection confidence of 0.67, with a
maximum confidence of 0.81, and a real-time processing speed of 4—8 FPS. Human targets were detected at
distances of up to 30 m, while GPS positioning errors ranged from 1.6 to 2.8 m, with a mean error of approximately
2.12 m. The results demonstrate the capability of the proposed UAV platform to perform onboard human detection
and GPS-based localization in real-time, providing a basis for UAV-assisted search and rescue applications.

Keywords: Unmanned aerial vehicles, search and rescue, object detection, computer vision, autonomous
navigation, embedded systems, real-time processing.

1. Introduction

Unmanned aerial vehicles (UAVs) have become an important technology for search and rescue (SAR)
operations, providing rapid aerial surveillance, efficient coverage of large areas, and direct access to hazardous
or inaccessible locations. Compared with traditional ground searches, UAVs can reduce response time and
improve situational awareness by transmitting live video and collecting geographic information during flight.
These capabilities are especially valuable in forests, mountainous terrain, and disaster-affected areas [1-3].

Recent advances in artificial intelligence have significantly improved the autonomy of UAV systems.
Computer vision algorithms, particularly the YOLO family of object detectors, enable drones to identify people
in aerial images with high processing speed, making them suitable for real-time applications on embedded
platforms. Combined with GPS navigation, onboard detection allows each identified target to be associated
with geographic coordinates, providing rescue teams with accurate location information [4,5].

Despite these advances, practical deployment of UAV-based SAR systems remains challenging because
human targets often appear as small objects against complex aerial backgrounds, while varying illumination,
shadows, and limited onboard computational resources can affect detection performance. Previous studies have
addressed lightweight object detection and autonomous navigation; however, practical UAV-based SAR
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systems still face challenges in combining real-time onboard inference with GPS-based localization and
reliable field operation on resource-constrained embedded platforms [6-11].

This study presents the design and experimental validation of an autonomous FPV UAV based on
Raspberry Pi 4 that integrates lightweight YOLO-based human detection with GPS navigation. The proposed
system performs onboard real-time video processing, associates detected human targets with GPS coordinates,
and records detection data to support search and rescue operations.

The main contributions of this work are:

1) Development and engineering integration of a compact, Raspberry Pi 4-based UAV platform for
onboard human target detection;

2) Implementation of real-time YOLOv8 detection synchronized with GPS coordinates using standard,
unmodified network architecture;

3) Experimental validation of the complete hardware—software system under real flight conditions,
evaluating detection accuracy, processing speed, and GPS positioning error.

The article is organized into five sections. Section II presents related work on UAV-based search-and-
rescue systems and deep learning-based object detection. Section III describes the materials and methods,
including the proposed UAV system architecture, hardware and software configuration, YOLOVS training, and
experimental methodology. Section IV presents the experimental results, including YOLOvVS detection
performance, real-time inference results, and GPS positioning accuracy. Section V concludes the study by
summarizing the main findings and outlining directions for future work.

2. Related Works

Recent studies have investigated deep learning-based methods for human and object detection in UAV-
assisted search and rescue applications. In [3], the authors developed a drone-based autonomous human
identification system for real-time search and rescue missions. The proposed approach combines human
detection with UAV-based localization and autonomous operation. In [2], the authors investigated autonomous
human detection using a lightweight deep learning model deployed on embedded UAV hardware. In [8], the
authors presented a state-of-the-art review of human detection from UAV imagery for search and rescue
missions, covering existing detection methods, datasets, and evaluation approaches.

YOLO-based architectures have been widely investigated for real-time detection in aerial imagery. In [1],
the authors studied YOLO-based detection for real-time search and rescue and evaluated different architectural
modifications, including FPN, BiFPN, PB-FPN, an additional P2 detection head, attention modules, and
deconvolution. The experiments were conducted using VisDrone for initial training and the Heridal dataset for
SAR-specific fine-tuning. The best-performing configuration achieved a mAP@50 of 0.802 while maintaining
real-time inference on Jetson Nano hardware.

In [6], the authors proposed an enhanced YOLO11 model for maritime search and rescue object detection.
The architecture incorporates a Space-to-Depth module in the backbone, content-aware upsampling in the
neck, and an additional detection head for shallow features. The proposed modifications were designed to
improve the detection of small, overlapping, and rarely occurring objects. Experiments on the SeaDronesSee
dataset showed improved performance compared with YOLOvS, YOLOI11, and MambaYOLO, including
under lightweight model configurations. In [7], the authors investigated small-object detection for maritime
search and rescue using a virtual testbed developed in Unreal Engine. The study focused on customizing YOLO
models and using a simulated environment for training and evaluation. The virtual testbed was used to
reproduce different maritime SAR conditions and to investigate the performance of object detection models
under controlled scenarios. Model architecture and computational efficiency have also been investigated in
UAV-based SAR applications. In [9], the authors evaluated different backbone architectures for YOLOv10
across several model variants, including Nano, Small, Medium, Large, and X-Large configurations. The study
compared EfficientNet, GhostNet, MobileNet, ResNet50, and Swin backbones in terms of detection accuracy,
inference speed, and computational requirements. The YOLOv10-Nano configuration with a MobileNet
backbone achieved 80.5 FPS with a mAP@0.5:0.95 of 0.3945, while larger configurations provided higher
detection accuracy at increased computational cost.

Thermal infrared imagery has also been investigated with YOLO-based object detection. In [12], the
authors evaluated YOLO models for object detection in thermal infrared images. The study examined the
performance of different YOLO architectures on thermal data and investigated their applicability to object
detection under conditions where thermal information can provide an alternative to visible-spectrum imagery.
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Autonomous UAV navigation has been considered together with computer vision-based detection. In
[13], the authors investigated autonomous UAV navigation for search and rescue missions using computer
vision and convolutional neural networks. The system combines visual perception with UAV navigation and
object tracking. At the multi-UAV level, in [4], the authors proposed an open collaborative platform for
multiple drones supporting search and rescue operations. The platform addresses coordination and information
exchange between UAVs during SAR missions. In [5], the authors developed an autonomous search and rescue
drone integrating onboard computing, flight control, and deep learning-based object detection.

In [10], the authors reviewed smart drone technologies for security surveillance and search and rescue
applications, including sensing, artificial intelligence, autonomous operation, and communication
technologies. In [11], the authors reviewed metaheuristic algorithms for node placement in UAV
communication networks, covering optimization approaches for UAV-assisted communication systems.
However, existing approaches still have limitations related to small-object detection, computational
complexity, and real-time deployment. Architectural modifications can improve detection accuracy but may
increase model complexity, while lightweight models can reduce computational requirements at the cost of
detection performance.

3. Materials and Methods

3.1 System Architecture

The proposed UAV system consists of two main components: the flight platform and the ground
equipment. The flight platform integrates the propulsion system, flight controller, GPS/compass module,
onboard computing unit, camera, battery, and communication receiver. The ground equipment provides remote
control and monitoring of the UAV during operation. The flight controller is responsible for real-time flight
stabilization, sensor processing, and motor control, while the Raspberry Pi 4 Model B performs onboard image
processing and YOLO-based object detection. The camera provides a real-time video stream to the Raspberry
Pi, where individual frames are processed to identify objects of interest. The u-blox NEO-M&8N GPS module
provides the current geographical position of the UAV, which is associated with the detected objects [14]. The
separation of flight-control and computational functions allows the flight controller to maintain stable UAV
operation independently of the computational load generated by the object detection process. The overall
electrical and data connections between the main components of the proposed platform are illustrated in Fig.1.

Fig.1. Architecture of the Autonomous Drone System.

Figure 2 presents the functional architecture of the proposed UAV system. The architecture is divided
into two main subsystems: flight control and Al-based processing. The flight-control subsystem consists of the
flight controller, electronic speed controllers (ESCs), and motors, which provide UAV stabilization and
propulsion.
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Fig.2. Functional architecture of the proposed UAV-based object detection system.

The Al subsystem includes the camera, Raspberry Pi onboard computer, and YOLO detection model.
The camera provides image data to the Raspberry Pi, where YOLO performs real-time object detection. The
detected objects are subsequently associated with the UAV's GPS position to obtain their geographical
coordinates.

3.2 Hardware Configuration

The UAV platform was assembled using commercial components for flight control, propulsion,
navigation, communication, and onboard computing. The main hardware components and their functions are
summarized in Table 1. The F405 flight controller with an integrated 65A 4-in-1 ESC serves as the main flight-
control unit. It is based on the STM32F405 ARM Cortex-M4 microcontroller and ICM42688P IMU, providing
real-time sensor processing, flight stabilization, and motor control. The integrated ESC controls four EMAX
RS2205 2300KV brushless motors equipped with HQ5045 BN propellers [15]. Navigation is provided by the
u-blox NEO-M8N GPS module with an integrated compass.

Table 1. Hardware configuration of the proposed UAV platform.

Component Model / Specification Function
Flight controller F405 + STM32F405 + ICM42688P Flight stabilization and sensor
processing
ESC and | 65A 4-in-1 ESC, EMAX RS2205 2300KV x4, | Motor control and propulsion
propulsion HQ5045 BN
GPS/Compass u-blox NEO-M8N Positioning and orientation
Onboard Raspberry Pi 4 Model B Image processing and YOLO
computing inference
Power system 4S LiPo, 4200 mAh UAYV and onboard power supply

The module supports multiple GNSS constellations and communicates with the flight controller through
UART. The FlySky FS-iA6B receiver provides wireless remote-control communication with the flight
controller. The Raspberry Pi 4 Model B is used as the onboard computing platform for image processing and
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YOLO-based object detection. The flight controller and Raspberry Pi operate as separate processing units,
allowing flight stabilization and Al-based image processing to be performed independently. The UAV is
powered by a LiPower 4200 mAh 4S LiPo battery. A DC-DC step-down converter provides a regulated 5 V
supply for the Raspberry Pi to ensure stable onboard computing during operation.

3.3 Software Pipeline and YOLO Training Configuration

The YOLOVS8 model was trained on the VisDrone2019-DET [16] dataset using an NVIDIA GeForce
RTX 4090 GPU. The training pipeline was configured for 100 epochs with a batch size of 16 and an image
resolution of 1280 x 720 pixels. Standard data augmentation techniques provided by the Ultralytics [17]
framework were applied during training to enhance model robustness under varying illumination and aerial
perspectives, including mosaic augmentation, random horizontal flipping, HSV color space jittering (hue,
saturation, value), and random scaling. Following training, the optimized weights were deployed directly onto
the Raspberry Pi 4 Model B onboard computer for real-time inference using the CPU runtime environment.

For each detected object, the system records the detection information together with the corresponding
UAV positional data obtained from the GPS module. The resulting data include the detected class, confidence
score, bounding-box coordinates, geographical coordinates, and timestamp. This pipeline enables real-time
object detection and provides the information required for subsequent evaluation of the UAV-based detection
and localization system.

3.4 Experimental Methodology

The proposed UAV-based object detection system was evaluated through real-world flight experiments
using a human target. A total of 5 flight tests were conducted at an approximate flight altitude of 5 m, with the
UAV-to-target distance reaching up to 30 m during the experiments. Each test flight evaluated the system
localization accuracy over one of five pre-designated ground reference points. Onboard positional telemetry
was recorded using the u-blox NEO-M8N GPS module. Reliable positional accuracy was maintained during
flights with a 3D fix status, 11 active satellites, and a Position Dilution of Precision (PDOP) of 1.87. Ground
truth coordinates for the reference points were measured prior to the flights using a high-precision handheld
GNSS receiver with differential correction as a baseline for comparison. The detection capability of the system
was evaluated under different environmental and operational conditions, including clear weather, cloudy
conditions, direct sunlight, shadowed areas, moving targets, and different flight conditions. During each flight,
the camera provided a 1280 x 720 video stream to the Raspberry Pi 4 Model B, where the YOLOv8 model
performed onboard real-time inference.

The detection performance was evaluated using precision, recall, Fl-score, mAP@0.5, and
mAP@0.5:0.95. Precision and recall were calculated as:

recision = —F 1
precision = ——, )]
TP
recall = —— , (2)
TP+FN

where TP denotes true positive detections, FP denotes false positive detections, and FN denotes false
negative detections.

The mAP@0.5 metric was used to evaluate the mean Average Precision at an IoU threshold of 0.5, while
mAP@0.5:0.95 represents the mean Average Precision calculated over IoU thresholds from 0.5 to 0.95 with a
step of 0.05. The real-time performance of the system was evaluated using the frames per second (FPS) metric:

N
FPS =— 3)
where N is the number of processed frames and T is the processing time in seconds.
GPS performance was evaluated using the coordinates obtained from the u-blox NEO-M8N module
during flight. The localization error was determined by comparing the recorded position with the corresponding
reference position.
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4. Results

The experimental results demonstrate the performance of the proposed Raspberry Pi-based YOLO
detection system under real-world UAV operating conditions. The trained YOLOv8 model was evaluated
using the VisDrone2019-DET dataset, which contains aerial images from 10 object classes, including
pedestrian and people. A Precision—Recall (PR) curve was used to evaluate the detection performance of the
trained model, as shown in Figure 3.

Precision-Recall Curve
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Fig.3. Precision and Recall Curve.

The system achieved an average detection confidence of 0.67, with a maximum confidence of 0.81. The
real-time processing speed ranged from 4 to 8 FPS, while human targets were detected at distances of up to 30
m. The GPS-based localization error was approximately 2 m. The class-wise evaluation showed different
detection performance across the object categories. Table 2 presents detection performance of YOLOvS model.

Table 2. Detection performance of YOLOvVS8 on VisDrone2019-DET dataset.

Class AP@0.5
Bus 0.954
Car 0.920
Pedestrian 0.863
Motor 0.853
Van 0.766
People 0.763
Truck 0.714
Tricycle 0.627
Bicycle 0.476
Awning-tricycle 0.341
All classes (Overall mAP@0.5) 0.742

The highest AP was obtained for bus (0.954), followed by pedestrian (0.863), motor (0.853), and people
(0.763). The lowest AP was observed for awning-tricycle (0.341). The overall mAP@0.5 was 0.742. The real-
world performance of the complete hardware and software architecture was evaluated during field flight
operations. The onboard metrics, including processing speed, detection confidence levels, operating range, and
positioning accuracy, are detailed in Table 3. The real-time detection results obtained from UAV camera
frames are presented in Figure 4, demonstrating the detection of human targets during flight.
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Table 3. Performance results.

Experimental Parameter Measured Value
Target Detection Class Human (Pedestrian / Person)
Onboard Hardware Platform Raspberry Pi 4 Model B
Video Stream Resolution 1280 x 720 px
Onboard Processing Speed 4-8 FPS
Average Detection Confidence 0.67
Maximum Detection Confidence 0.81
Maximum Detection Distance Upto30m
Mean GPS Localization Error ~2.12m

As shown in Figure 4, the YOLOvV8 model successfully detected human targets in the UAV video frames
by generating bounding boxes and confidence scores. The confidence values varied depending on the target

distance and apparent object size, with higher confidence observed for closer targets and lower confidence for
more distant individuals.

Fig. 4. Real-time human detection using the proposed UAV system.

As shown in Figure 4, the YOLOvV8 model successfully detected human targets in the UAV video frames
by generating bounding boxes and confidence scores. The confidence values varied depending on the target
distance and apparent object size, with higher confidence observed for closer targets and lower confidence for
more distant individuals. The UAV demonstrated stable flight and reliable GPS positioning during the
experiments. The GPS data obtained during flight were successfully associated with the detected targets for
subsequent localization. The UAV position obtained from the satellite navigation system during the experiment
is presented in Figure 5.

Fig. 5. GPS position of the UAV during the experimental flight.
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The GPS measurements showed positioning errors ranging from 1.6 to 2.8 m across the five reference
points. The mean positioning error across all measurement points was 2.12 m, with a standard deviation (SD)
of 0.44 m and a Root Mean Square Error (RMSE) of 2.16 m. The lowest error of 1.6 m was obtained at Point
3, while the highest error of 2.8 m was observed at Point 2. These statistical metrics demonstrate consistently
positioning repeatability of the onboard navigation system under real flight conditions. The GPS positioning
results obtained at the five reference points are presented in Table 4.

Table 4. GPS positioning accuracy at five reference points.

Measurement Point Reference Coordinates GPS Measurement Error (m)
Point 1 43.2381°E, 76.9452° N 43.2383°, 76.9450° 2.1
Point 2 43.2395°E, 76.9468° N 43.2393°,76.9471° 2.8
Point 3 43.2402° E, 76.9445° N 43.2404°, 76.9446° 1.6
Point 4 43.2378°E, 76.9479° N 43.2376°, 76.9478° 1.9
Point 5 43.2391°E, 76.9461° N 43.2390°, 76.9463° 22

The experimental results showed that the detection performance varied depending on target distance,
illumination, object motion, and environmental conditions. Higher confidence values were generally obtained
for closer targets under favorable lighting conditions, while distant or low-light targets resulted in lower
detection confidence and loss of occasional detection. UAV motion and increased computational load also
affected the real-time processing performance. Despite these factors, the proposed system successfully
combined YOLO-based human detection with GPS positioning, allowing detected targets to be associated with
their geographical coordinates during UAV operation. A quantitative comparison with recent related works is
summarized in Table 5.

Table 5. Performance comparison with related UAV-based object detection systems.

Ref. Model Target / Dataset Hardware Platform Accuracy Speed
(mAP@0.5) (FPS)
[1] Modified YOLO VisDrone / Heridal NVIDIA 0.802 ~15-25
(FPN/BiFPN)
[6] Enhanced YOLO11 SeaDronesSee Embedded / GPU - -
[9] YOLOv10-Nano VisDrone / Desktop/Workstation 0.394 80.5
(MobileNet) Benchmark GPU
Proposed Standard YOLOvS VisDrone / Real Raspberry Pi 4 Model B 0.742 4-8
System Flight (CPU)

Compared to high-throughput implementations such as [9], which achieved 80.5 FPS using YOLOv10-
Nano on high-performance desktop GPU hardware, the proposed system operates at a lower rate of 4 to 8 FPS.
This difference is primarily due to the severe hardware constraints of the Raspberry Pi 4 Model B, which relies
exclusively on a quad-core ARM Cortex-A72 CPU without dedicated Neural Processing Units (NPUs) or
onboard discrete GPUs.

Despite operating at lower frame rates than GPU-based systems, a processing speed of 4 to 8 FPS remains
fully adequate for real-time UAV search and rescue operations. Assuming a standard search flight speed of 2
to 4 m/s at an altitude of approximately 5 m, processing 4 to 8 FPS provides updated target detections and
synchronized GPS coordinates every 125 to 250 milliseconds. This spatial and temporal resolution ensures
continuous coverage without localization blind spots, confirming the practical real-time applicability of the
proposed low-cost, CPU-based system.
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5. Conclusion

This study presented a UAV-based real-time human detection and localization system integrating the
YOLOvVS model, Raspberry Pi 4 Model B, and u-blox NEO-M8N GPS module. The proposed system was
designed to perform onboard object detection while simultaneously obtaining the geographical position of the
UAV during flight.

The YOLOv8 model was trained using the VisDrone2019-DET dataset and evaluated under real-world
UAV operating conditions. Experimental results showed an average detection confidence of 0.67, with a
maximum confidence of 0.81. The onboard system achieved a processing speed of 4-8 FPS and detected human
targets at distances of up to 30 m using a 1280 x 720 video stream. The GPS evaluation demonstrated
positioning errors ranging from 1.6 to 2.8 m, with a mean error of approximately 2.12 m across five reference
points. The obtained results indicate that the system can combine real-time human detection with GPS-based
positional information during UAV operation. The main limitations were related to the computational
resources of the Raspberry Pi 4, reduced detection confidence for distant or low-light targets, and variations
caused by object motion and environmental conditions.

Future work will focus on improving real-time inference efficiency, enhancing detection performance for
small and distant targets, and integrating more accurate localization and tracking methods for autonomous
search-and-rescue missions.
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Abstract. The spectroscopy and structural properties of heavy quarkonium systems are investigated within
the Varshni—Hellmann potential model. The radial Schrodinger equation is solved analytically using the Nikiforov—
Uvarov method to obtain the energy eigenvalues and normalized wavefunctions of charmonium and bottomonium
states. The calculated mass spectra are compared with available experimental data and results from previous
theoretical studies. The present model yields sum of absolute deviations (SADs) of 0.002 GeV and 0.003, with
corresponding mean absolute errors of 0.00029 GeV and 0.00038 GeV for bottomonium and charmonium,
respectively. The corresponding wavefunctions are examined to characterize the spatial structure of the bound
states. In addition, the wavefunctions at the origin are used within the Van Royen—Weisskopf formalism to calculate
the leptonic decay widths and vector decay constants of the J/w(1S) and Y(1S) states. The calculated leptonic widths
are 4.467 keV for Jiy(1S) and 1.190 keV for Y(1S)), compared with the experimental values of 5.55 keV and 1.340
keV, respectively. The results demonstrate that the Varshni—Hellmann potential provides an analytically tractable
framework for describing heavy quarkonium mass spectra, wavefunctions, and selected decay properties. The
framework may provide a basis for future investigations of exotic hadronic systems and quarkonium behaviour in
extreme quantum chromodynamics environments.

Keywords: Heavy Mesons; Varshni-Hellmann Potential; Quark—antiquark interactions; Schrodinger Equation; Quarkonium
Spectroscopy.

1. Introduction

Quark—antiquark interactions lie at the foundation of hadron physics and quantum chromodynamics
(QCD), providing the fundamental mechanism responsible for binding quarks into mesons and baryons. Heavy
mesons, which are bound states of a heavy quark and its antiquark such as charmonium and bottomonium [1],
serve as particularly insightful probes of the non-perturbative regime of QCD. The relatively large masses of
the constituent quarks result in low internal velocities, enabling the application of non-relativistic quantum
mechanics to their dynamics. This allows theoretical models based on the Schrédinger equation to capture key
features of heavy mesons, including their energy spectra, decay properties, spatial structures, and transition
rates [2]. Accurate modeling of these systems not only deepens our understanding of QCD in the strong-
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coupling regime but also provides essential benchmarks for interpreting experimental results from high-energy
physics facilities. Historically, traditional potential models have formed the backbone of quarkonium
spectroscopy. Among these, the Cornell potential has been particularly influential due to its simple yet effective
form, combining a Coulomb-like term at short distances with a linear confining term at long ranges [3,4]. This
formulation successfully reproduces ground-state masses and low-lying excitations of charmonium and
bottomonium while capturing the essential feature of confinement in QCD.

However, recent high-precision experiments at LHCb, Belle II, BESIII, and other facilities have revealed
a variety of new meson states, including exotic configurations such as tetraquarks, pentaquarks, and other
multiquark systems. These discoveries challenge the explanatory power of conventional potentials and
highlight the need for more flexible models capable of incorporating medium effects, screening phenomena,
and complex inter-quark interactions [5—7]. To address these challenges, several alternative potentials have
been proposed. The Varshni potential, originally developed in molecular physics, introduces a tunable
interplay between attractive and repulsive forces, making it particularly suitable for modeling intermediate-
range interactions [8]. In the context of quarkonium, it captures the delicate balance between binding and
repulsive effects that influence radial excitations and level spacings. The Hellmann potential, on the other
hand, combines a Coulomb term with a Yukawa-type screening component, effectively describing quark—
antiquark interactions in environments where screening, thermal fluctuations, or density effects modify the
effective potential [9]. Both potentials extend the flexibility of conventional models, incorporating phenomena
such as finite-range screening, medium-induced weakening of confinement, and modifications to excited-state
energy levels. Extensive theoretical studies have demonstrated the efficacy of these exponential potentials
when applied to quarkonium systems. Purohit et al. [10] employed the Linear plus Modified Yukawa Potential
with the Nikiforov—Uvarov (NU) method to study heavy—light meson spectra, reporting good agreement with
experimental data, particularly for low-lying states. Rai and Rathaud [11] employed the Hellmann potential
with relativistic and one-pion exchange corrections to compute dimesonic molecular mass spectra and decay
widths, reporting good agreement with experimental states. Inyang et al. [12] applied the Nikiforov—Uvarov
(NU) method to derive analytical energy spectra for several mesonic systems, extending the approach to
exponential-type potentials and reinforcing the versatility of semi-analytical methods in quarkonium
spectroscopy [2,13]. Complementary calculations using Dyson—Schwinger equations by Yin et al. [14]
provided independent evaluations of ground-state meson and baryon masses, serving as reliable benchmarks
for potential-based models. Hybrid approaches, such as the modified Kratzer plus screened Coulomb potential
studied by Ibekwe et al. [15], further demonstrated that analytical methods can produce spectra consistent with
experimental observations.

The investigation of thermodynamic and medium-dependent effects has also been an active area of
research. Abu-Shady and Fath-Allah [16] employed generalized fractional Klein—Gordon and Schrodinger
equations to explore the influence of temperature, plasma anisotropy, topological defects, and baryonic
chemical potential on charmonium and bottomonium binding energies and wavefunctions. Their results
indicate that increasing temperature generally reduces binding energies, while anisotropy and topological
defects can enhance binding. Fractional models consistently yield lower binding energies and suppressed
wavefunctions relative to classical cases, demonstrating the potential of fractional calculus in capturing
complex medium effects. Additionally, screened potentials have been widely used to study quarkonium
dissociation and medium modifications, with methods such as the NU method and the Asymptotic Iteration
Method (AIM) providing accurate predictions for mass spectra under varying physical conditions [17,18].
Despite these advances, a combined potential that integrates the strengths of both Varshni and Hellmann forms
has not yet been systematically explored. The Varshni—-Hellmann potential (VHP) [19] merges the
intermediate-range flexibility of the Varshni form with the short-range Coulomb binding and long-range
Yukawa screening of the Hellmann potential. This combination provides a framework to model quark
confinement more accurately across all distance scales while retaining analytical tractability. Although similar
hybrid potentials have been applied in information-theoretic analyses [20], their systematic application to
heavy meson spectroscopy remains novel. The primary objective of this study is to investigate the Varshni—
Hellmann potential (VHP) as a unified framework for describing heavy quarkonium systems. The non-
relativistic radial Schrédinger equation is solved analytically using the Nikiforov—Uvarov method to obtain
energy eigenvalues and wavefunctions, which are used to calculate the mass spectra, wavefunctions at the
origin, leptonic widths, and vector decay constants of charmonium and bottomonium states. The results are
compared with experimental data and selected theoretical predictions to assess the model’s predictive
capability.
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The novelty lies in the systematic application of the combined VHP to both charmonium and
bottomonium spectroscopy and related S-wave decay observables. Although the Varshni and Hellmann
potentials have been studied separately, and their combination has been applied to selected quantum and
molecular systems, its unified application to heavy quarkonium remains limited. This study therefore provides
a consistent assessment of the VHP for describing the spectroscopic and structural properties of heavy
quarkonium,

The sections that follow introduce the formalism of the Varshni—Hellmann potential and outline the
implementation of the NU method for deriving analytical solutions. Computed mass spectra and structural
observables are subsequently presented and compared with experimental data and theoretical predictions. The
work concludes with an analysis of the results and a summary of the key findings.

The VHP is of the form [19]:

C, De*™
B e

r r

B —ar
V()= - 2 , m

where A4,,B,,C,,and D, are potential strength parameters, 7 is inter nuclear distance, and « is the

screening parameter.
To model the potential describing the quark—antiquark interaction, we perform a series expansion of the
exponential terms in Eq. (1) up to third order, which yields:

V(r)=—ﬂ“+ﬂbr—ﬂcr2+ﬂd 2)

7
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2. Analytical Treatment of the Varshni-Hellmann Potential

The Schrodinger equation (SE), which describes the quantum dynamics of a particle subject to a potential,
provides the framework for calculating the energy eigenvalues and corresponding wave functions of the
system. In the present study, the SE is expressed as [2]

d*v (r 2 I(1+1

Zf(){h—”w vy -1 )}m,(mo
“4)

Here, £ and p represent the angular momentum quantum number and the reduced mass of the quarkonium

system, respectively, while r denotes the inter-particle distance and # is the reduced Planck constant.
Substituting Eq. (2) into Eq. (4), we obtain:

2
d W"’z(r)+[§+%—alr+a2r2—%}w,ﬂ(r)ﬂ 5)
dr r r
where,
2u 2up,
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By performing a coordinate transformation in Eq. (5), we set x = — . Differentiating accordingly,
r

simplifying, and substituting back into Eq. (5) yields

d’y (x) 2d 1 o «
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. . L a a, . .
We now introduce an appropriate approximation scheme for the terms —- and—j , in order to facilitate
X X

analytical treatment of the equation. Let us assume that the meson possesses a characteristic radius 7 . Based
on this, we employ an approximation scheme by expanding the relevant terms in a power series about 1y , i.e.,

1

around the point O, = r—, up to second order. At this stage, the series expansion is carried out around a
0
characteristic radius r,, which corresponds to the most probable interquark separation in the bound state. For
heavy quarkonium systems, the large quark masses and the confining interaction lead to a strong spatial
localization of the radial wavefunctions around ry. As a result, the dominant contributions to bound-state
observables arise from this region. Consequently, it remains reliable over the physically relevant domain of
the bound state. This procedure follows the Pekeris approximation, which deforms the centrifugal term into a
solvable form and enables the application of the Nikiforov—Uvarov method [21]. In the present calculation,

the same value of (J,=0.1000) was used for both charmonium and bottomonium, as indicated in Table 1, to
maintain consistency in the Pekeris approximation.
By setting y =x— 0, and expanding around ) = 0, the function can be expressed as a power series in

X, given by:
2
b o, O, 0,
Analogously,
a, 6 8x 3x°
x2 2 [502 503 504

Inserting Egs. (8) and (9) into Eq. (7) yields:

d*w(x) 2xdy(x) 1
dx’ +? dx +x—4[—5+a3x—ﬁx2]y/(x):0 (10)
Such that
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A comparison between Eq. (10) and Eq. (A1) gives

F(x)=2x, o(x)=x

6(x)=—c+ax— px’ (12)
o'(x)=2x, o"(x)=2

Inserting Eq. (12) into Eq. (A9) yields

ﬁ(x):i\/g—a3x+(ﬁ+k)x2 (13)
The value of k is obtained by computing the discriminant of the radicand, resulting in
2
-4
p =% —4Pe (14)
de

Inserting Eq. (14) into Eq. (13) yields:
a.x &

r(x)=1| 2=-—

(NZ Je

The negative branch is selected to satisfy the NU bound-state condition t'(x) < 0 and to ensure physically
acceptable, normalizable solutions.
Differentiation then gives:

a,

16
s (16)

(15)

7' (x)=-
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Inserting Egs. (12) and (16) into Eq. (A7) yields:
a;x

T(x):2x—T+T (17)
Taking the derivative of Eq. (17) yields

T'(x)=2-—F+ (18)

JE
With the aid of Eq. (A10), we arrive at:
o, -4ps «
A== p -— (19)
4 2/e
By proceeding with Eq. (A11), we obtain the following result
A ="5 (20)

N

Upon equating Egs. (19) and (20), and using Egs. (3) and (6), the expression for the energy eigenvalue
becomes Eq. (21). The total radial wavefunction is written as l//(x ) = ¢(x )J/(x ) , where ¢(X ) is obtained

from the logarithmic derivative relation in Eq. (A4), and the polynomial solutions ) (X ) are generated using

the Rodrigues formula in Eq. (A5), leading to the normalized wavefunction given in Eq. (22).

B’ Do’ B’ 3D,a’
E, = A, +ad,B,—aD,+ b D 3A4Ba 3D
0, 0, 26, 26,
— 12
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2 2) welt " onlsy ’ ’
The solution for the wavefunction, involving Laguerre polynomials, takes the form
Wnl(x) anx 2\/— X\/—L\/—[ 28 j (22)
xe
The constant N, is the normalization factor, derived using the following condition
[y, (r)dr =1 (23)
0

To evaluate the mass spectra of heavy quarkonium systems (e.g., charmonium and bottomonium),
composed of quark—antiquark pairs of the same flavor, we employ the following relation [22]:

M =2m+E, (24)

In this framework, m denotes the quark mass, while £, represents the corresponding energy eigenvalues.
Substituting Eq. (21) into Eq. (24), we obtain the expressions for the mass spectra of the VHP:

3 3 2 2
M:2m+AO+0{AOBO—aDO+AOBO2a _Dﬂg _3AOBoa +3Doa
50 50 250 250

i T2

2 3u 2, 2 16u 3 3
o “(4,B,+C, —Do)+hz§02(—AoBoa +a*D, )~ o5 (~4,B,a* + Do)
8u 2
n+;+ \/(H;j " h;él' (-4’ +a’D,)- hz/; i (~ 4B’ +a’D,)
0 0 |

(25)
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3. Decay Constants and Transition Rates

The predictive power of a potential model for heavy quarkonia extends beyond the mass spectrum to
observables such as leptonic widths and vector decay constants. These quantities depend on the short-distance
behaviour of the quarkonium wavefunction and, for an S-wave state, specifically on the finite radial
wavefunction at the origin, (R(0)). It is therefore important to distinguish between the reduced radial function

(o)

which encapsulates the short-distance behavior of the quark—antiquark system [23]. From Eq. (22), the radial
wavefunction can be further expressed as

and the physical radial function. These observables are sensitive to the wavefunction at the origin,

2

V() = N, e L2 (2k,r) 26)
where L** are the associated Laguerre polynomials, s and &, are the parameters determined by the NU

procedure and N, is the normalization constant defined in Eq. (23)
For S-wave states (£=0), the radial wavefunction obtained in Eq. (26) becomes

W,o(r)=N,r’e Sz (2k r) 27

Evaluating this at the origin gives

V,o(0)=lim N, e L (2kyr) (28)

Since € =1 as r — 0 and the associated Laguerre polynomial satisfies

19 (0) = C(n+Q+1) (29)
r (Q + 1) n!

Putting QO = 2s into Eq. (29) gives

L(nzs’(O): F(n+2s+1) (30)
r ( 25+ 1) n!

Hence, i O(O)zN OM imr* 3D

" " T(2s+1)n! 0
The probability density at the origin is given as
n+2s+ 1) ”
Vool ‘ =[N, £2S—+1)’1,J limr 32)

3.1 Leptonic widths
For heavy quarkonium systems, leptonic decay widths are governed by the short-distance behavior of the
quark—antiquark wavefunction. The total wavefunction is written as /() = R(r)Y, (6, @) ,where the radial

function satisfies R(I’ ) =Y (V ) / ¥ with X (l’ ) denoting the reduced radial wavefunction. For S-wave states (£ =
0), the spherical harmonic reduces to Y, =1/+/4x ,and therefore the wavefunction at the origin is given by

r 1
w(0)= &) —— .Consequently, the physically relevant quantity entering leptonic decay widths is
r=0 N
2 2
‘l// (0)‘ = ‘ ;((0)‘ / (472') . Accordingly, the Van Royen—Weisskopf formula for the leptonic decay width
of a vector meson, including the leading-order QCD radiative correction, is written as [24].

L (V>ee)= 167;;’69 (o) [1—1_2—“}, (33)
v T
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where o, =1/137.036 is the fine-structure constant, e, is the heavy-quark charge, My is the vector meson

mass, and ¢, is the QCD running coupling.

3.2 Vector decay constants
The leptonic decay constant fy is defined through the matrix element of the vector current and is related
to the leptonic width by [24]:
4ra’e)
[ (V—oee)=—L271-(16/37)a 34
ee ( ) 3MV fV [ ( ) S:' ( )

leading to

Equations (33) and (35) together allow the extraction of decay constants directly from the normalized
wavefunctions obtained with the Varshni—-Hellmann potential. Experimental reference values for leptonic
widths are available in the Particle Data Group listings [26], enabling direct comparison with theoretical

2
9

(35)

predictions.
The mean absolute error (MAE) is given as
l T E
ﬁZ|Mf - M| (36)

The variables appearing in this expression are defined as follows: N denotes the number of available
experimental data points, ME represents the experimental values, and MT corresponds to the theoretically
calculated values.

4. Discussion of results

The mass spectra of charmonium and bottomonium states, from 1S to 1F, were computed using Eq. (25).
The potential parameters were determined simultaneously from the experimentally established (1S), (2S), (3S),
and (4S) mass levels for each quarkonium system, subject to the physical constraints given in Table 1.
Reference values were taken from Refs. [27,28].

Table 1. Parameters of the Varshni—Hellmann potential and the corresponding properties of the heavy mesons.

Parameters Charmonium Bottomonium
Ao 1.3400 GeV 1.6100 GeV
Bo 4.9675 GeV-! 4.6513 GeV'!
Co 0.9217 5.4212
Do 6.6565 7.4885
a 0.0100 GeV 0.0100 GeV
50 0.1000 0.1000
H 0.6045 GeV 2.4115 GeV

Constituent quark masses of 1.209 GeV for charmonium and 4.823 GeV for bottomonium yield reduced
masses of 0.6045 GeV and 2.4115 GeV, respectively [29]. The results, summarized in Tables 2 and 3,
demonstrate the effectiveness of the Varshni—Hellmann potential, which combines a short-range Coulomb-
like term with a long-range screened interaction, capturing essential QCD features such as asymptotic freedom
at short distances and confinement at intermediate ranges. For bottomonium, the calculated masses show an
agreement with experimental data across all states, from the tightly bound 1S to higher excitations such as 4S
and 1D. The model reproduces fine spectral structures arising from the strong binding of the heavy quark,
which leads to compressed spatial configurations, sharper wavefunctions, and wider level spacings,
characteristic features of the heavy-quark regime in QCD.
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Table 2. Mass spectra of bottomonium (GeV) for Varshni—Hellmann potential

State Pres(e;)n\;v \;vork [22] [18] Experiment [27,28] Error (PW) Error [22] FEII‘rgo]r
1S 9.460 9.460 9.462 9.460 0.000 0.000 0.002
28 10.023 10.023 10.027 10.023 0.000 0.000 0.004
1P 9.899 9.619 9.963 9.899 0.000 0.280 0.064
2P 10.260 10.114 10.299 10.260 0.000 0.146 0.039
3S 10.356 10.355 10.361 10.355 0.001 0.000 0.006
4S 10.580 10.567 10.624 10.580 0.000 0.013 0.044
1D 10.165 9.864 10.209 10.164 0.001 0.300 0.045
2D 10.307 - - - - - -
IF 10.210 - - - - - -

Note: “—” indicates that no corresponding experimental or reference value is available; the present-work value is

therefore a model prediction.

Table 3. Mass spectra of charmonium (GeV) for Varshni—Hellmann potential

State Pres(e}?\sv \;vork [22] [18] Experiment [27,28] Error (PW) Error [22] EEIlT;]r
1S 3.096 3.096 3.096 3.096 0.000 0.000 0.000
28 3.686 3.686 3.672 3.686 0.000 0.000 0.014
1P 3.525 3.255 3.521 3.525 0.000 0.270 0.004
2P 3.773 3.779 3.951 3.773 0.000 0.006 0.178
3S 4.040 4.040 4.085 4.040 0.000 0.000 0.045
48 4.264 4.269 4.433 4.263 0.001 0.006 0.170
1D 3.771 3.504 3.800 3.770 0.001 0.266 0.030
2D 4.160 - - 4.159 0.001 - -
1F 3.962 - - - — — —

Note: “—” indicates that no corresponding experimental or reference value is available; the present-work value is

therefore a model prediction.

For bottomonium, the present work (PW) shows good agreement with the experimental value, with a sum
of absolute deviations (SAD) of 0.002 GeV and a mean absolute error (MAE) of 0.00029 GeV, compared with
0.204 GeV and 0.02914 GeV, respectively, for Ref. [18], and 0.739 GeV and 0.10557 GeV for Ref. [22].
Similarly, for charmonium, PW gives a sum of absolute deviations (SAD) of 0.003 GeV and a mean absolute
error (MAE) of 0.00038 GeV, substantially lower than those of Ref. [18] (0.441 GeV, 0.06300 GeV) and Ref.
[22] (0.548 GeV, 0.07829 GeV). These results demonstrate the accuracy of the Varshni—Hellmann potential
in reproducing the observed heavy-quarkonium mass spectra. Using established values of the wavefunction at

the origin|R,,, (0)] =0.81Gel and R, (o)‘2 =6.48GeV”,a (m,)=0.26,5 (m,) = 0.18 together with the

Van Royen—Weisskopf formula and the one-loop QCD correction in Eq. (33), the leptonic widths and vector
decay constants listed in Table 4 were evaluated. The results in Table 4 show that the calculated leptonic widths
provide reasonable, although not exact, agreement with the experimental values. For JAy(1S), the calculated
width of 4.467 keV differs from the experimental value of (5.55+0.145) keV by approximately 20%. For
Y(1S), the calculated width of 1.190 keV differs from the experimental value of (1.340+0.018) keV by
approximately 11%.
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Fig.1 Mass spectra as a function of the screening parameter for different angular quantum numbers

These deviations indicate that, although the present non-relativistic treatment captures the dominant
short-distance contribution, the decay observables remain sensitive to effects not explicitly included in the
present model, including higher-order QCD radiative corrections, relativistic corrections, and uncertainties
associated with the chosen strong-coupling scale. Therefore, the decay-width results should be regarded as an
additional validation of the model rather than as a precision determination of the leptonic widths.

Table 4: Leptonic widths (I'ee) and vector decay constants (fv)for S-wave heavy mesons.

State T, (Kel) 1y (Mev) PDG T, (KeV)[26]
J/V(LS‘) 4.467 374 5.550+0.140

1.190 674 1.340+0.018
Y(15)

Figure 1 illustrates the dependence of the calculated mass spectrum on the screening parameter (o) for
orbital angular quantum numbers £ = 0, 1, and 2. The parameter (o) controls the exponential screening of the
long-range component of the Varshni—-Hellmann interaction and therefore determines the effective range over
which the corresponding attractive interaction remains significant. As (o) increases, the long-range interaction
becomes more strongly screened, modifying the effective binding between the quark and antiquark and
producing a systematic shift in the energy eigenvalues and meson masses. The approximately linear increase
in the calculated masses with (a) over the range considered indicates that screening produces a smooth
modification of the quark—antiquark interaction for the parameter values investigated. States with higher
angular momentum are additionally affected by the centrifugal contribution, which leads to differences in their
spectral response to changes in (a)). The observed dependence therefore reflects the combined effects of short-
distance binding, screened long-range interaction, and the centrifugal contribution.

Wavefunction profiles in Figs. 2 and 3 reveal further structural features. For charmonium (Fig. 2), the
wavefunctions exhibit radial nodes and spatial broadening with increasing excitation, consistent with weaker
binding. In contrast, bottomonium wavefunctions (Fig. 3) remain sharply localized near the origin, reflecting
the strong binding and compact size characteristic of systems dominated by a heavy quark mass. These results
demonstrate the robustness of the Varshni—-Hellmann potential as a reliable and analytically tractable
framework for modeling heavy quark—antiquark systems. Its success in reproducing experimental spectra and
capturing key spatial and dynamical features highlights its value for studying not only charmonium and
bottomonium but also exotic hadronic states and quarkonium behavior under extreme QCD conditions such as
those probed in heavy-ion collisions.
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Fig.2. Wavefunctions of charmonium for different S states.
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Fig.3 Wavefunctions of bottomonium for different S states.

4. Conclusion

In this study, the Varshni—Hellmann potential was employed to investigate the spectroscopy and
structural properties of heavy quark—antiquark systems. The Schrodinger equation was solved analytically
using the Nikiforov—Uvarov method, yielding energy spectra and corresponding wavefunctions for different
orbital states. The model reproduces the experimental mass spectra with high accuracy, with a sum of absolute
deviations (SAD) of 0.002 GeV and a mean absolute error (MAE) of 0.00029 GeV for bottomonium, and SAD
0f 0.003 GeV and MAE 0f 0.00038 GeV for charmonium. This close agreement demonstrates the effectiveness
of the combined Coulomb-like short-range and screened long-range components of the potential, together with
the fitted model parameters.

The calculated leptonic widths and decay constants of the S-wave states, obtained within the Van Royen—
Weisskopf framework, show reasonable agreement with the Particle Data Group values and results from
phenomenological and lattice QCD studies. Predictions for the P- and D-wave states provide an additional
assessment of the model beyond the S-wave states used for parameter determination. Overall, the Varshni—
Hellmann potential provides an analytically tractable and effective framework for describing heavy
quarkonium spectra and related decay observables. Future studies may extend this framework to exotic
hadronic systems and medium-dependent quarkonium properties in extreme QCD environments, including
screening and dissociation phenomena.
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APPENDIX A: Review of Nikiforov-Uvarov (NU) method

The NU method was proposed by Nikiforov and Uvarov [33] to transform Schrédinger-like equations

into a second-order differential equation via a coordinate transformation X = x(r) , of the form

e F0) W)
V) Y ) (=0 (a1

where 6(x), and O'(x) are polynomials, at most second degree and T (x) isa first-degree polynomial.

The exact solution of Eq.(A1) can be obtain by using the transformation.

v (x)=4(x)(x) (A2)

This transformation reduces Eq.(A1) into a hypergeometric-type equation of the form

o (x)y"(x)+7(x)y' (x)+ Ay (x) =0 (A3)
The function ¢(x) can be defined as the logarithm derivative

() _ () s
#(x) o(x)

With 77(x) being at most a first-degree polynomial. The second part of y (x) being y(x) in Eq.(A2) is

the hypergeometric function with its polynomial solution given by Rodrigues relation as

B, d"
x)=—n" o"(x)p(x A5

r(x)= s el () ()] (85

Where Bnl is the normalization constant and ,O(X ) the weight function which satisfies the condition
below;

(o(x)p(x)) =7(x)p(x) (A6)
where, also

7(x)=7(x)+27(x) (A7)

For bound solutions, it is required that

7' (x)<0 (A8)

The eigenfunctions and eigenvalues can be obtained using the definition of the following function 7 (x)

and parameter A, respectively:
ﬂ(x) = o"(x)z— f(x) + \/{o"(x)z— f(x)j - &(x) + kO'(x) (A9)

And
A=k +7r'(x) (A10)

The value of & can be obtained by setting the discriminant in the square root in Eq. (A9) equal to zero.
As such, the new eigenvalues equation can be given as

A+nt (x)+ (”2 Do (x)=0,(n=0,1,2...) (A11)
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PHOTOMETRIC VARIABILITY OF DO LEO BASED ON TESS DATA
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Abstract. This article presents a photometric analysis of the cataclysmic variable star DO Leo. The main
focus is on TESS observational data, in particular sector 72. The main focus of this work is the analysis of TESS
data. This work investigates the TESS light curve of DO Leo obtained in Sector 72, which has not been previously
analyzed in detail. This data set allows us to examine cycle-to-cycle variability and characteristic photometric
modulation. The analysis reveals pronounced short-period variability with a period of approximately 5.6 hours,
consistent with the previously reported orbital period of DO Leo. At the same time, cycle-to-cycle amplitude
variations were identified, indicating that the shape of the light curve and the depth of the modulation vary. To
further estimate the period, the Lomb—Scargle method was applied, confirming the derived period. Bootstrap
resampling was used to estimate the period uncertainty. Ultimately, the obtained results confirm the nature of DO
Leo and highlight the importance of this object for studying instability processes in cataclysmic variable stars.

Keywords: CVS, eclipsing binary systems, photometric variability, light curves, TESS.
1. Introduction

Cataclysmic variables (CVs) are interacting binary systems in which one of the components, a white
dwarf, accretes matter from a low-mass compagnon orbiting it. The observed variability of such systems is
due to several physical processes, such as instability of the accretion disk, magnetic control of the mass flux
in magnetic systems, and thermonuclear flares on the surface of a white dwarf in novae [1].

In the evolution of cataclysmic variables, special attention is paid to the relationship between the observed
variability and the accretion regime, the evolution of the orbital period due to the loss of angular momentum.
Great importance is still attached to the problem of period discontinuity and the discrepancy between the
theoretically predicted and observed spatial density of such systems [2].

In recent studies of eclipsing cataclysmic variables, it has been noted that their variability is influenced
by changes in the structure of the accretion flow and the physical condition of the disk, as well as changes in
the rate of mass transfer. For example, in the work of Kara et al. [3] analysis of the AY Psc system of the Z
Cam type showed that the rate of mass transfer varies between different states, which affects changes in the
accretion disk. Similarly, Medina Rodriguez et al. [4], observing the VY Scl SDSS J154453.60+255348.8 type
system, found that the photometric behavior depends on the accretion regime, while the accretion disk is
present in the high state and more suppressed in the low state. It can be concluded that the observed variability
is due not only to orbital motion in the binary system, but also to changes in the accreting flow.

Recent TESS observations have significantly expanded the possibilities for studying cataclysmic
variables due to the availability of long and nearly continuous light curves. Bruch [5] demonstrated the
effectiveness of TESS data for detecting periodic variability and determining or refining orbital periods in
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cataclysmic variables. Ellagany et al. [6] analyzed TESS photometry of eclipsing CVs to determine orbital
periods and eclipse epochs and to investigate possible orbital-period changes. More recently, Dag et al. [7]
performed a systematic analysis of TESS observations of a large sample of cataclysmic variables and
candidates using Lomb—Scargle periodograms to identify coherent periodic signals. These studies demonstrate
the effectiveness of TESS photometry for investigating orbital and short-term variability in cataclysmic
systems.

One of the most prominent representatives of the CVs class is DO Leo (TIC 61285257). In the work of
Abbott et al. [8], spectroscopic and photometric analysis showed that the observed eclipse is approximately
1™.5 deep and the period = 5.63 hours. More recently, Subebekova et al. [9] included DO Leo in a catalog of
eclipsing cataclysmic variables based on TESS observations, reporting an orbital period of approximately 5.62
hours. The DO Leo spectrum contains emission lines of hydrogen, He I, and a pronounced He II-line A4686,
which indicates a high degree of gas ionization and makes this object particularly interesting from the point of
view of its classification [8]. According to modern Gaia DR3 data, DO Leo has a brightness of G = 16.87 and
a parallax of about 0.805+0.075 wt, which corresponds to a distance of 1.18 = 0.10 kpc [2]. Additional
opportunities for studying this object are provided by the TESS (Transiting Exoplanet Survey Satellite)
observations, which provide continuous photometric time series suitable for studying the stability of periodic
signals and the detailed shape of the light curve [10].

In this paper, the photometric variability of DO Leo is analyzed using TESS data, with a focus on Sector
72. The aim of this study is to characterize short-term modulation, evaluate its cycle-to-cycle stability, and
investigate variations in the shape and amplitude of the light curve.

2. Observations and data analysis.

Photometric data used in this work were obtained with TESS. Sector 72 was selected, and SPOC data for
TIC 61285257 (DO Leo) with a frequency of 200s was used. This sector has not been analyzed before and the
choice is due to the presence of a homogeneous and almost continuous time series suitable for studying the
short-term photometric variability of an object. The data was uploaded and initially processed using the
Barbara A. Mikulski Archive for Space Telescopes (MAST) [11] and the lightkurve package in the Python
environment. The processing also included removing invalid values (NaN) and normalizing the flow for further
analysis. To study the object, the light curve of sector 72 was divided into local maxima and minima. Since
the observed signal contains both relatively deep brightness dips and smaller local modulations, using all the
identified minima would introduce an additional error in determining the cycle. Therefore, local minima
located close to the maxima were used to determine individual cycles. This provides a more uniform
description of the signal in a short time interval by suppressing false long intervals caused by deeper minima,
that is, large drops in brightness. The cycle was determined by the distance between successive local minima.

For additional verification, an independent search was performed for the period along the light curve for
sector 72 using the Lomb-Scargle method. The uncertainty of the Lomb-Scargle period was estimated using
an initial resampling procedure that was applied to the original time series. In each implementation, the light
curve was resampled and replaced. And the final period was taken as the median of the resulting deviation of
this distribution.

3. Results

At the first stage, the TESS light curve for DO Leo in sector 72 was studied. Figure 1 shows that the
observed signal has a complex structure and represents a short-period component of variability. Since the
purpose of this analysis was to trace local short-period modulation, only the last minima were used to determine
individual cycles of variability. This avoids misidentification of cycles caused by deep drops in brightness.
Based on the identified maxima and selected local minima, the light curve was divided into cycles. The
boundaries of individual cycles were determined by minima associated with short-period modulation.

After dividing the light curve of DO Leo into cycles, a period was determined for each cycle and is
presented in Figure 2. Looking at the figure, it is clear that the periods fluctuate around a single average value
about 5.6 hours. However, slight deviations are also observed in the first and last approximately ten cycles.
These deviations may be attributed to variations in the light curve itself and to changes in the orbital motion
of the system from cycle to cycle. This indicates the presence of repetitive modulation, a constant short-term
component in the variability of the system.
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Fig. 1. The light curve of DO Leo in sector 72. The black dots correspond to the maxima, while blue dots - to the
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Fig. 2. Dependence of the period on the cycle. The red dashed line indicates the average value of the period ~ 5.6 h.

After that, an additional check was carried out to determine the period using the Lomb-Scargle method.
Figure 3 shows a periodogram where a prominent peak indicates a period value of about 5.63 hours, which
confirms the cycle-based analysis and the repeating signal.

0.16
fffff Best period = 5.62954 h

0.14 4

15 5.0 55 6.0 6.5 7.0
Period [hours]

Fig. 3. Lomb-Scargle periodogram of DO Leo in sector 72.

However, it should be borne in mind that the two methods used should be considered as separate
approaches, since the cycle-based method is sensitive to selected local minima, while the Lomb-Scargle
method considers the complete structure of the light curve. The uncertainty of the period calculated by the
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Lomb-Scargle method was determined using an initial re-sampling of the light curve. The resulting distribution
of periods gives the total value of the period. This provides a reliable statistical estimate of the observed signal.

The results obtained were collected and presented in Table 1. The photometric variability of the object is
non-permanent and may indicate changes in the light curve due to the contribution of components in the
system. It may also be related to the geometry and physical component of the accreting substance.

Table 1. Comparison of periods of DO Leo with different methods.

Method Period (h)
Cycle-based analysis 5.67
Lomb-Scargle 5.63
Bootstrap Lomb-Scargle 5.63 £ 0.001

At the next stage, each cycle was phased out, and Figure 4 shows the overall light curve. Superimposing
the light curves on top of each other allows us to study the average shape of the modulation, and it can be seen
that most of the data describes a certain profile of the light curve. This result indicates the presence of constant
short-period modulation and is consistent with the results of the cycle analysis. A light curve with an average
period of 5.6 hours was also highlighted.

At the same time, noticeable differences remain from cycle to cycle, both in amplitude and in the detailed
shape of the profile. These deviations are expressed in changes in the depth of the minima, the height of the
maxima, and minor phase-dependent distortions of the folded profiles. This behavior indicates that although
the system exhibits repetitive short-term modulation, the detailed photometric response is not strictly
stationary.

1.1
% 1.0 > PRGN < A X
ﬁ ~ A ” \'«_,_J’ ~ % _ ~ g o
E (N - N _f/ A TR & ’ v, -~
[} MR s WS o
E 0.9 1 S g2
0.8
-=-- Period = 5.67429 h
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Phase

Fig. 4. The light curves of individual cycles of DO Leo.
The red dashed line highlights the modulation combined with a period of 5.67 h.

In addition, for each selected cycle, the oscillation amplitude was calculated as the difference between
the maximum and neighboring minima. This analysis makes it possible to assess how stable the modulation
depth changes from cycle to cycle. It also allows you to check whether its intensity remains constant.

The resulting amplitude value is shown in Figure 5. It is noticeable that the amplitude value between
maxima and minima of the light curve fluctuates within a range of 0.18. These cycle-to-cycle variations exhibit
pronounced modulation. This behavior is consistent with our findings, which show that despite the presence
of a stable periodic component, the shape of the light curve of DO Leo and amplitude vary. That is, they do
not remain strictly constant.
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Fig. 5. Dependence of the amplitude on the sector cycle 72.
The red dashed line corresponds to the average value of 0.1867.

4. Conclusion

This work was based on an analysis of DO Leo photometric variability using TESS data. The main
analysis was based on the determination of the period by cycles; an additional check was the Lomb-Scargle
analysis. As a result, a persistent short-term modulation with a characteristic period of about 5.6 hours was
detected. Repeated bootstrap resampling was used to estimate the uncertainty of the derived period.

The obtained light curves show that there is a general modulation scheme, but the shape and depth of the
variability is not strictly constant. Therefore, the photometric behavior of the object is not strictly stable, but
involves a change in amplitude from cycle to cycle. This confirms the assumption that the detected signal is at
least partially related to the variability of the system's orbit.

With catastrophic variables, this behavior is naturally expected if the accretion disk evolves over time. In
this context, cycle-based analysis, the Lomb-Scargle periodogram, and initial uncertainty estimates provide
additional information about the repetitive and non-stationary components of the observed signal.

Taken together, these results indicate that the DO Leo variability is determined by the interaction between
a recurring short-term component and unsteady processes most likely related to the accretion disk and its
evolving structure.
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COSMOLOGICAL EVOLUTION DYNAMICS AND OM(Z) DIAGNOSTIC IN A
SCALAR-FERMION MODEL WITH A GENERALIZED SCALE FACTOR
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Abstract. A cosmological model of an expanding Universe with scalar—fermion interactions is considered. Our
model is based on the interaction of scalar and fermion fields via a Yukawa-type coupling, which influences the
development of cosmological expansion in its late stages. The generalized scale factor is used to study the evolution
and dynamics of the system. This approach allows us to explore various expansion regimes and analyze the
contribution of fields, namely, the scalar and fermion components, to the total energy density and pressure. The
viability of the cosmological evolution model is studied using the dimensionless Hubble parameter and the Om(z)
diagnostic. The behavior obtained differs from the standard ACDM case, where the parameter Om(z) remains
constant. Our results show that the effective component of dark energy dynamically evolves as the Universe expands.
Our analysis demonstrates that the interaction of scalar and fermion fields can significantly influence the history
and evolution of the expansion and lead to stable cosmological behavior. The proposed model can be used for
further studies of dark energy interaction scenarios.

Keywords: Scalar—fermion interaction, Yukawa coupling, cosmic acceleration, dark energy models, Om(z)
parameter.

1. Introduction

The physical nature of the accelerating expansion of the Universe remains one of the central open
problems in modern cosmology [1-3]. Observational data indicate that the expansion rate increases in the late
stages, while within the standard formulation of general relativity, such behavior cannot be explained without
introducing an additional component. This motivates us to consider extended cosmological scenarios in which
the effective energy content of the Universe changes and does not remain constant. In this context, scalar field
models have proven particularly effective, as they offer a flexible framework capable of describing various
evolutionary regimes of our Universe [4—6]. At the same time, we can usefully consider interactions between
scalar and fermionic fields [7—13]. Coupling with fermionic matter makes additional contributions to the total
energy density and pressure, thereby influencing the overall dynamics and evolution of the expansion [7,8].
Yukawa-type interactions represent one of the simplest and most consistent ways to account for such effects
[12,13]. To analyze the expansion history in a model-independent manner, we typically use diagnostic
quantities. One of the most informative tools is the parameter Om(z), defined as [14,15]

E?(2) -1
1+2)3-1
where the dimensionless Hubble function is given by

om(z) = (M
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E(z) = %Z) )

This diagnostic parameter allows us to track the evolution of the expansion rate and distinguish between
different dark energy scenarios without specifying a specific cosmological model. A cosmological model with
scalar-fermion interactions is considered within a framework that uses a generalized form of the chosen scale
factor. Our goal is to investigate how the interaction term influences the expansion dynamics so that we can
analyze the resulting behavior using the diagnostic parameter Om(z).

2.Theoretical Framework and Research Methods

2.1. Field equations and Cosmological Dynamics

A cosmological model in which a scalar field is coupled to a fermionic sector is considered. Here we will
work only with the scalar-fermionic system and neglect any additional contribution of matter. Our system
dynamics are described by the action [7,8,12,13]

1 1 - - - -
5= [ atxy=g 3R+ 0,0 0,6 — V(@) - Mg + 5 (D — DY) V)| ©)

where, ¢ is the scalar field, ¥ is the fermionic spinor field, and v is its Dirac conjugate.

The function U(¢) denotes the scalar field potential, while V(1)) describes the fermionic self-
interaction potential. The parameter A characterizes the interaction between the scalar and fermionic sectors.
To do this, we use the Friedman-Lemaitre-Robertson-Walker spatially flat metric [4]

ds? = dt? — a?(t)(dx? + dy? + dz?), (4)

where, a(t) is the cosmological scale factor describing the expansion dynamics of the Universe.
The effective Lagrangian takes the form

1. - Lo s -
L =—3ad? +a* |32 = U(@) — Ay + 3 (v —y°w) -V, ®

here, the dot denotes differentiation with respect to the cosmic time t. Together with the Friedmann—
Robertson—Walker metric (4), the equations of motion derived from the action (3) take the following form

3H? = p, (6)

—2H — 3H? = p, (7)

$ +3H$ + 52+ Wy = 0, (8)
Y+ 2HY +iy° 5+ iy P = 0, )
§4 2 Hip - i%y“ ~ iAppy® =0 (10)

The effective energy density and pressure are given by

p =2 b2+ U(P) + Adyonh + V(). (1)

av
a@p)

p =502 —U@) + PP — V(). (12)
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First, the Dirac equations are solved, and the evolution equation for the fermionic bilinear invariant is
then obtained:

d , r - Lz g0V AV
W)+ 3HEY) + i (Py° 25— Syp) = 0. (13)
For the nonlinear fermionic self-interaction [7,8]

V= 8)", (14)

here, §; is a constant parameter and n determines the power-law form of the fermionic self-interaction
potential. This equation gives

- c
VY= (15)
where C is an integration constant. Therefore, the fermionic potential becomes to
v=6,(5) =25 (16)
0\ g3 a3n

Substituting Friedmann equations, we get

3H? =22 + U(¢) + 22 CM’ +2

3n , (17)
—2H - 3H? = 2% — (18)
2.2. Reconstruction of the Scalar-Fermion System
The generalized scale factor [9] is used in the analysis.
a(t) = a + pe?’t?, (19)

where the constants a, 8, yand § control the dynamical behavior of the expansion.
This combination of the exponential and power-law scale factor goes beyond simple power-law models
and allows for a richer set of evolutionary modes. At the same time, the exponential has the property of a

super-de Sitter solution due to t?, characterized by faster dynamics. Figure 1 illustrates the dynamical
evolution of the generalized scale factor with cosmic time.

a(t)

oot — Exponential (6 = 0)
[ e Power-Law (y = 0)
20f e Hybrid (y > 0, 6 > 0)

K
i I -

0.5F .-
L .

Fig.1. Evolution of the hybrid scale factor a(t) for different parameter values: the exponential expansion regime (6 =
0), the power-law expansion regime (y = 0, dashed curve), and the hybrid expansion regime (y = 0,6 = 0, dotted
curve).
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For all considered parameter sets, the scale factor increases monotonically, describing an expanding
Universe. Larger values of the parameter 8 lead to a more rapid growth of a(t), indicating an enhanced
expansion rate. At later stages, the expansion becomes significantly accelerated due to the exponential
contribution in the chosen parametrization.

The corresponding Hubble parameter is

_ 2Be?® 28 1(ye? + 6)

20
a+ Pertit2s 20
The derivative of the Hubble parameter follows directly from the explicit form of H(¢):
g = Be¥t? t28-2[4y2t4 12y (45 +1)t2 +26(25—1)](a+/3eyt2 t25)—4/32e2Yf2 t*0-2(5+yt2)? 1)

(a+pert? t25)2
To obtain an explicit expression for the scalar field, we define the form of self-interaction potential as
U($) =5m?¢?. (22)
For convenience, we combine the Friedmann equations by subtracting the pressure equation from the
energy density equation, which leads to
p—p=6H?+2H. (23)

Using the previously obtained expressions for p and p, we rewrite the left-hand side as

cA 60C
p—p=m?*+5¢+(2—n (24)
By equating both expressions, we obtain the following algebraic equation for the scalar field
m2¢? + qb +(2- — (6H? + 2H) = 0. (25)
The corresponding solution for the scalar field is [13]
——+J——4-m2 |- n)5°C —(6H2+2H)] (26)
2m?2 )
Substituting the obtained the scalar field solution into the potential yields
2
_ 1 cA [ 2
V(@) = = ( 4 J 4m? |2 —n + 2H)]> 27)

3.Results and Discussion

3.1. Observational constraints

To work with observational data, a transition to redshift terms is required. The cosmological time t is not
tied to a specific scale, which makes it difficult to determine the exact time intervals. The redshift z, on the
contrary, allows for an accurate determination of the moment of an event. The transition to redshift terms is
made according to the formula

a(®) =7 (28)
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The transition to redshift terms leads to a dimensionless Hubble parameter of the form
E(z) = 2B8,/y5eSW (1+W)

(s ) ) @

1
)8> is the Lambert function.

(1+2) -«
B

However, working with observational data requires dimensional calibration of the Hubble parameter, so
E(z) is transformed using the formula H(z) = HyE(z), where H, is the value of the Hubble parameter in the
modern era at z = 0. The following sets of observational data are used to verify the model and select
parameters:

1. Cosmic Chronometers (CC) [16] is a set of model-independent measurements of the Hubble H(z)
function obtained from the differential ages of passive galaxies in the range up to about z ~ 2.

2. Baryonic Acoustic Oscillations (BAO) datasets SDSS and DESI [17] contain measurements of the
characteristic scale of baryon acoustic oscillations in the distribution of galaxies and quasars, usually in the
form of combinations of distances (angular and radial) and the Hubble scale at different redshifts. They provide
geometric constraints on cosmological parameters through the standard BAO ruler.

3. Pantheon+ with SHOES [18] is a combined data set of type la Pantheon+ supernovae with local
calibration of distances from SHOES, providing measurements of the distance module in a wide range of
redshifts and direct reference to the Hubble HO scale.The likelihood formula is used for calculations:

- Y
where W —W<6(

2
InL = —%XZ — _lzl (Hmod(zi)_Hobs> , (30)

2 UHobs

where Hp,oq is the Hubble function of the model, Hops is the observational Hubble parameter and gy, _ is the
error of observations.

The Cobaya MCMC Bayesian analysis code with the Gelman-Rubin convergence criterion R — 1 < 0.01
was used to analyze the parameter values. The calculation results are shown in Figure 2 and Table 1.

I CC
m BAO (SDSS + DESI)
Il Pantheon+ with SHOES
1.0f
Lol
0.8+
0.4r
> 02}

\'\
0.0f AN
0.6} '

w 041
60 70 80 0.8 1.0 0.0 0.2
Ho B 1% 5]

Fig.2. Constraints on cosmological parameters obtained from three independent datasets: CC (red), BAO (green)
and Pantheon+ with SHOES calibration (blue) with confidence levels 1o and 2¢.
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Table 1. Parameter values in the 1o confidence interval

Dataset Hy,ms~tMpc™?! B y )
CcC 68.60812433 0.89219:9¢4 0.14619:982 0.359%9:972
BAO (SDSS+DESI) 68.79314 743 0.89413-046 0.135%3:928 0.354%991%
Pantheon+
with SHOES 70.4721483¢ 0.88219971 0.075%9932 0.46313:566

3.2. Scalar-Field Evolution
Since the values of the scale factor parameters are known, the next step is to study the dynamics of the
scalar field [9—13], the results of which are shown in Figure 3.

)
orf L e m =10
0.6F
i 1)
1 o
o5F %
04F

0.3F

0.2F

0.1F

Fig.3. Evolution of the scalar field for different values of the parameter m: m = 10 (dotted), m = 15 (dashed),
and m = 20. The scale-factor parameters are determined from the mean values reported in Table 1. The remaining
model parameters are fixed at C = 0.5,4 = 0.8, n = 2, and §, = 0.3.

Figure 3 shows the time evolution of the scalar field. The field changes more rapidly at early stages, while
at later times its variation becomes smoother, indicating a transition toward a more stable dynamical regime.

3.3. Energy Density and Pressure Evolution
The total energy density is given by the Friedmann equation

p = 3H? (31)

Using Eq. (20), the total energy density becomes

2
_ 2BeVt’ £26-1(§4yt2) 32
p= 3[ a+Bevrt?t28 ] ) (32)
The bosonic energy density is
1 1
pp =5 9% +-m*¢?, (33)

where the scalar field ¢ (t) is given by (26).
The Yukawa interaction contribution to the energy density is

CA
Pyukawa = F(p (34)

Using Eqgs. (19) and (26), the Yukawa contribution becomes
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C%2%2  caA |[c222
- 7 — 4m2 [(2 - Tl)

Pyukawa 2m?2

SoCM
a3n

— (6H? + 2H)] 35)

a® — a3

This expression is obtained by substituting the scalar-field solution into the Yukawa interaction term,
which explicitly reveals how the interaction contribution is governed by the scalar-field dynamics and its
coupling to the fermionic sector [12,13]. The fermionic energy density is

5oC™
Pfermion = £3n . (36)
Using Eq. (19), we obtain
Pfermion = 5oy 2ayen (37)
aof
[ P
of v 7T Po
I L R Pyukawa
20 _ = Pfermion
10f
ol e . 2o t
15

Fig.4The time evolution of the energy density p(t) and its components: pg (dashed), pyykawq (dotted) and
Pfermion (dot-dashed) with constant values: C = 0.5,4 = 0.8,n = 2,m = 20, and §, = 0.3.

Figure 4 shows how the total energy density and its components evolve with cosmic time. All curves
decrease with increasing ¢, indicating a decrease in the effective energy density due to cosmic expansion and
the gradual suppression of interaction terms in the late stages of the Universe. The Yukawa and fermion terms
decrease rapidly and become almost negligible at later stages.

In contrast, the boson part changes more slowly and largely determine the characteristic behavior of the
total energy density. This indicates that the contribution of the scalar field dominates the dynamics at later
stages, while the other terms primarily influence the early stages of evolution rather than the later ones [4—6].
The pressure of the scalar field is

1;, 1
Py =5 9% — m?¢2. (38)
where ¢(t) is defined by Eq. (26).
The fermionic pressure is
8oC™
Pfermion = (n—-1) ;311 . (39)

Using Eq. (19), the following expression is obtained:

SoC™
Pfermion = (n— 1)( ° (40)

I
a+ﬁe7f2t25)
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Fig.5. The time evolution of the energy density p(t) and its components: py (dashed), and pgermion (dot-dashed)
with constant values C = 0.5,4 = 0.8,n = 2,m = 20, and §, = 0.3.

Figure 5 shows how the pressure component behaves in the model under consideration. In the early stages,
we can see that the total pressure takes negative values and then gradually approaches zero as the system
evolves. The scalar sector determines the overall dynamics, while the fermion contribution is secondary and
rapidly diminishes. This behavior reflects the diminishing role of material structures during the cosmic
expansion of the Universe.

3.4. Om(z) Diagnostic Analysis

In this section, we analyze the evolution of the proposed cosmological model using the diagnostic function
Om(z), which provides a convenient tool for examining the expansion dynamics and distinguishing between
different dark energy scenarios without specifying a particular model [14,15]. Using the Hubble parameter
given in Eq. (20), the dimensionless Hubble function can be written as (29).The obtained expressions make it
possible to study the evolution of £(z) and compare it with the standard ACDM cosmology. The Om diagnostic
parameter is defined as (1)

E(2)

3.5F e
")
C4d
30f
25f
200 < T
15 — Pantheon+ 0.1F — Pantheon+
s s s s Loy
10 ) ) ) ) ) 05 1.0 15 2.0 25
05 1.0 1.5 2.0 25 °
Fig.6. The function E (z) as a function of the redshift zin  Fig.7. The function Om(z) as a function of the redshift z
the interval 0 < z < 2.5 in the interval 0 < z < 2.5

It is observed that the curves exhibit a pronounced variation at small values of z, indicating an active
dynamical regime at late times. As z increases, the behavior gradually transitions toward a nearly constant and
stable profile. Such a trend suggests that the considered model deviates from the standard ACDMscenario, for
which the Om(z) parameter remains constant over redshift. The behavior of the parameter Om(z) gives us
important insight into the phenomenon of dark energy within the framework of our proposed model [14]. We
observed deviations from constant behavior, indicating a deviation from the constant ACDM scenario,
suggesting the presence of a dynamic component to dark energy [14,15].
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4.Conclusions

Using a generalized scale factor, we analyzed a cosmological model with scalar-fermion interactions.
This approach allowed us to describe a broader class of expansion regimes without imposing any restrictive
assumptions on the dynamics of our Universe.

The field equations of the model are obtained, and the corresponding expressions for the energy density
and pressure of all relevant components are derived. Our results show that the interaction between the scalar
and fermion sectors leads to a nontrivial modification of cosmological evolution, especially in the late stages
of the Universe.

Our reconstructed Hubble function E(z) exhibits smooth and physically consistent behavior over the
redshift range under consideration. However, we discovered that the diagnostic parameter Om(z) does not
remain constant, indicating a clear deviation from the standard ACDM scenario. The results obtained indicate
the dynamical nature of the effective dark energy component in the model. The behavior we obtained suggests
that the scalar field makes the dominant contribution to the overall dynamics in the late stages of evolution,
while the fermionic component becomes secondary as the Universe expands.

The proposed model provides a consistent phenomenological description of cosmic evolution and can
serve as an alternative approach to modeling dark energy using interacting fields [9—13].
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Abstract. The results of direct N-body simulations of three Milky Way bulge globular clusters — Terzan 2,
Terzan 4, and Terzan 5 — evolving in a time-varying galactic potential derived from the IllustrisTNG-100
cosmological database over 8 Gyr are presented. Incorporating full stellar evolution and compact remnant
formation, we quantify the probability and efficiency of stellar accretion onto the Galactic nuclear star cluster
(NSC) during close pericentre passages of these three clusters. To parametrize the effect of dynamical friction in
the dense central environment, we introduce a velocity reduction factor (V..q) ranging from 1.00 to 0.10. It was
found that all three clusters contribute stars to the NSC even in the absence of velocity reduction, with a combined
bound stellar count of ~730 stars and a total accreted mass of ~278 Mo at Vyeq = 1.00, growing to ~5420 stars and
~1175 Mo at Viea = 0.10. Terzan 4 is the dominant contributor across all velocity reduction factors, reflecting its
more frequent and closer pericentre passages near the Galactic centre. The mass distribution of accreted stars
reveals a bimodal structure: a low-mass component below ~1 Mo whose capture is independent of V,.q, and a
prominent high-mass tail extending to ~20 Mo corresponding to neutron stars and black holes, which grows with
decreasing Vi.q. Notably, Terzan 4 is the only cluster for which white dwarfs are also captured by the NSC at every
Viea value. Our results suggest that the Terzan family represents a more significant source of compact remnants for
the Galactic NSC than previously studied clusters, while confirming that tidal stripping of surviving globular
clusters alone cannot account for the total NSC mass.

Keywords: Globular Cluster, Nuclear Star cluster, Dynamical evolution, Milky Way, Time-variable galactic potential,
N-body modelling, star accretion.

1. Introduction

Nuclear star clusters (NSCs) are among the densest and most massive stellar systems and are found in
the centers of most late-type galaxies [1]. In the case of the Milky Way (MW), the mass of the NSC is estimated
to be ~107 Mo [2]. Its stellar population includes both old and relatively young components, indicating a
complex formation history [3]. One of the proposed formation mechanisms for NSCs is the migration and
subsequent dissolution of globular clusters (GCs) due to dynamical friction, leading to their accretion onto the
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Galactic Centre (GalC) [4, 5]. Numerical models show that this process can proceed efficiently on
cosmological timescales [6]. However, a number of studies suggest that the contribution of this mechanism is
likely limited and can account for only a fraction of the NSC mass, while the remaining portion is formed
through in situ star formation or gas accretion [7, 8]. An additional growth channel for NSCs can be associated
not with the complete disruption of clusters, but with partial stellar mass loss during close passages through
the GalC. In this case, even surviving clusters may contribute to the stellar population of the NSC [9]. It should
be noted that the efficiency of this mechanism strongly depends on the orbital parameters of the clusters, their
internal structure, and their evolutionary history [10].

In our previous works [6, 11], we investigated the dynamical evolution of six MW GCs (NGC 6401, NGC
6642, Palomar 6, NGC 6681, NGC 6981, and HP 1) selected based on a high probability of close passages to
the GalC, using direct N-body simulations in a time-dependent potential derived from the cosmological
database IllustrisTNG-100 [12, 13]. We showed that most of these clusters, which are predominantly bulge
clusters, lose up to 70-90% of their mass over ~8 Gyr. A significant fraction of the stripped stars may
potentially contribute to the formation of the NSC. However, only one GC - NGC 6642 exhibits a contribution

to the NSC (primarily stars with masses < 1 Mo) of less than 0.1% of the current NSC mass, highlighting the
strong dependence of the process on specific GC’s orbital and structural properties.

At the same time, several bulge GCs, including Terzan 2, Terzan 4, and Terzan 5, were not included in
the previous analysis, despite their proximity to the GalC and their potentially important dynamical role. These
objects are of particular interest because, in addition to their close proximity to the GalC, they show signs of
strong gravitational interactions with other clusters [14], which may significantly affect both their internal
evolution and orbital dynamics. Terzan 5 occupies a special place, as its nature remains under debate. Unlike
typical GCs, it exhibits a complex chemical and stellar structure, which has led to hypotheses that it may be
the remnant of a protogalactic fragment or the product of mergers between multiple systems [15, 16]. This
makes it a potentially non-standard source of stars for the NSC and warrants separate consideration. These
three clusters were selected as a direct continuation of our previous study [6], in which we examined stellar
accretion from clusters with close pericentre passages near the Galactic Centre but with apocentres located far
from it (4-20 kpc). In the present work, we extend this analysis to clusters that evolve entirely within the
central region of the Galaxy: Terzan 2, Terzan 4, and Terzan 5 all have apocentric distances of only 1-2 kpc,
making them a natural sample for probing the accretion efficiency of clusters permanently confined to the
Galactic Centre environment.

In this work, we focus on these three GCs, Terzan 2, Terzan 4, and Terzan 5, to assess their possible
contribution to the formation and growth of the MW NSC. To this end, we perform direct N-body simulations
of their evolution in a time-dependent galactic potential, including stellar evolution and the formation of
compact remnants. This approach allows us to quantitatively evaluate the transfer of stars into the central
region and its dependence on the properties of individual systems.

2. Initial conditions for physical models, modelling and mass loss

The initial conditions for each of the three selected Terzan-family clusters were chosen individually in
order to reproduce the evolution of their masses and spatial characteristics. The initial stellar masses in each

cluster were sampled from the Kroupa initial mass function [17] in the range 0.08-100 Mo. The individual
metallicity of each cluster was taken into account in the subsequent stellar-evolution treatment [18]. To
construct equilibrium initial models, we used King models [ 19] characterised by two free parameters: the half-
mass radius rwm and the dimensionless concentration parameter Wy. Thus, for each cluster, three key initial
parameters — the mass M, rm, and Wo — were selected at t = —8 Gyr relative to the present day. Their values
were chosen so that, by the present epoch, the model clusters reproduced the observed properties of their real
counterparts. The details of the fitting procedure are given in our earlier work [6], whereas a more complete
description of the numerical setup is presented in our recent article [20]. The initial masses, half-mass radii,
King concentration parameters, and metallicities adopted for the Terzan 2, Terzan 4, and Terzan 5 models at (t
= —8 Gyr) Gyr are summarised in Table 1.

In addition, a scaling approach in which one numerical particle represents ten real stars of the same type
was used. A detailed justification and description of this method are provided in [21]. The full N-body
simulations were carried out using the parallel high-order @-GPU code! [22], into which a time-dependent
MW-like galactic potential was incorporated.
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Table 1. Initial physical characteristics at -8 Gyr for the Terzans.

GC M, 10°M o N Thm, PC Wo Zm, 1073
Ter2 1.1 1916 827 5.0 9.0 3.17
Ter4 1.3 2 265 341 5.0 9.0 0.50
Ter5 2.3 4 007 900 5.0 3.0 3.17

A model with ID 411321 from the [1lustrisTNG-100 cosmological database was aaccepted [12, 13], whose
properties are close to those of the MW at zero redshift. In addition, a single-star evolution prescription [23]
was implemented in the code. Together, these components allowed us to improve the physical realism of our
simulations. The mass evolution of Terzan 2, Terzan 4, and Terzan 5 over 8 Gyr is shown in Fig. 1. Terzan 2
and Terzan 4 exhibit similar mass-loss histories, each losing approximately 75% of its initial mass by the
present day, whereas Terzan 5 loses about 45%. In Fig. 2 we present the large-scale view of today's density
distributions for Terzans family after the 8 Gyr of dynamical evolution, which was calculated based on
Equation (1) from our previous article [6].
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It should be noted that based on applied Kroupa mass function for our stellar single generation
prescription, we obtain the following total numbers of proto-stellar remnants — black holes (BH), neutron
stars (NS), and white dwarfs (WD) — for each cluster: Terzan 2: BH = 3190, NS = 12030, WD = 172720;
Terzan 4: BH = 3890, NS = 17070, WD = 218280; Terzan 5: BH = 5840, NS = 22630, WD = 321700. Due to
the implementation of up-to-date natal kick prescription for BH and NS in our dynamical modelling, after 8
Gyr of evolution we obtain the next amount of the BH and NS which are still bound to their host GCs: Terzan
2: BH = 1780, NS = 840, WD = 93130; Terzan 4: BH = 2280, NS = 1460, WD = 101730; Terzan 5: BH =
3980, NS =2930, WD = 315720. As expected, almost all of them are located in the central region of the GCs,
less than GC's tidal radii.

3. Results and discussion

To evaluate the probability of stellar accumulation onto the Galactic NSC from Terzan 2, Terzan 4, and
Terzan 5, we followed individual stellar trajectories throughout the full 8 Gyr of dynamical evolution and
started to record each event in which a star entered the inner GalC zone within D < 100 pc. After that, we
identified the closest approach (minimum distance) to the NSC and calculated the status of the star in relation
to the NSC — whether it was bound or not. Following the approach of Ishchenko et al. (2024) [6], we
introduced a relative velocity reduction factor V4 to account for the effect of dynamical friction in the dense
central environment, which is not explicitly modelled in our N-body simulations. The bound status of each star
during its closest passage near the NSC potential was evaluated using the energy criterion:

_ (MNsc+m*

¥ )
Epouna = — R + Vieq 0.5 V*Z, (1)

where MNSC is the NSC mass, R. is the separation between the NSC and the star, and V. is the relative velocity
between them. Stars with E} ;.4 < 0 are considered bound to the NSC. This parameterisation allows us to
explore a range of dynamical friction scenarios from the no-friction limit (Vq = 1.00) to strong deceleration
(Vrea = 0.10).

Fig. 3 shows the cumulative number distributions of NSC-bound stars as a function of their orbital
parameters — pericentric distance 1. and orbital eccentricity ecc for the combined Terzans. As V.4 decreases,
the maximum pericentric distance of bound stars shifts to larger values, reflecting the artificial velocity
reduction applied in the energy estimate (Eq. 1). The bound particles generally exhibit high orbital
eccentricities (Z0.8), and consequently large semimajor axes.
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Fig. 3. Cumulative number distributions of particles bound to the NSC as a function of the orbital parameters —
pericentric distance rper and orbital eccentricity ecc - shown for different velocity reduction factors for the three Terzan
clusters.

The total number of bound stars and their accumulated masses for all Vieq values are summarised
in Table 2. The total present-day masses of the three clusters are: Terzan 2 — 6.70x104 Mo, Terzan 4
—8.19x10* Mo, and Terzan 5 — 1.25x10° Mo, giving a combined mass of 2.74x10° Mo.
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Table 2. Total number of the bound particles with the NSC and their masses with different velocity reduction.

Vied Ter2 Terd Ter5 Ter2+Terd+Ter5
MO, % Na % MO, % Ns % MO, % Ns % MO, % Ny %
Vied 4.643¢+01, 130, 2.032e+02, 470, 2.793e+01, 130, 2.775e¢+02, 730,
1.00 0.06926 5.18 0.2481 1.72 0.02234 1.96 0.1013 2.00
Vied 7.577e+01, 220, 2.346e+02 630, 3.917e+01, 160, 3.496e+02, 1010,
0.80 0.1130 3.69 0.2865 1.81 0.03134 1.65 0.1276 2.00
Vied 9.022e+01, 250, 2.393e+02, 670, 7.477e+01, 220, 4.042¢+02, 1140,
0.75 0.1346 3.12 0.2921 1.81 0.05983 1.96 0.1476 2.03
Vied 1.199¢+02, 350, 2.838e+02, 820, 1.453e+02, 400, 5.490e+02, 1570,
0.60 0.1789 2.71 0.3465 1.86 0.1163 2.17 0.2004 2.08
Vied 1.367¢+02, 430, 3.314e+02, 970, 1.834¢+02, 480, 6.515e+02, 1880,
0.50 0.2039 2.67 0.4047 2.01 0.1467 1.98 0.2379 2.12
Vied 1.490e+02, 530, 3.682e+02, 1130, 2.222e102, 580, 7.394e+02, 2240,
0.40 0.2223 2.75 0.4496 2.14 0.1778 1.99 0.27 2.21
Vied 1.683¢+02, 690, 4.169¢+02, 1450, 2.381e+02, 710, 8.232e¢1+02, 2850,
0.30 0.2510 3.12 0.5091 2.5 0.1905 2.22 0.3006 2.54
Vied 1.930e+02, 900, 4.918e+02, 1860, 2.785e+02, 1000, 9.633e+02, 3760,
0.20 0.288 3.51 0.6005 2.93 0.2229 2.69 0.3517 2.98
Vied 2.318e+02, 1210, 6.017e+02, 2710, 3.416e+02, 1500, 11.75¢+02, 5420,
0.10 0.3458 4.38 0.7347 4.03 0.2733 3.71 0.4290 4.00

* M, % — accreted mass as a percentage of the cluster's total present-day mass; N, % — number of unique bound stars
as a percentage of the total number of bound-star records (repeated close passages of the same star counted separately).

Even in the absence of velocity reduction (Vg = 1.00), all three clusters contribute stars to the NSC:
Terzan 2 contributes ~130 stars (~46 Mo, 0.069% by mass), Terzan 4 ~470 stars (~203 Mo, 0.25%), and Terzan
5 ~130 stars (~28 Mo, 0.022%). The combined system delivers ~730 stars with a total mass of ~278 Mo at Vreq

= 1.00. As Vyq decreases to 0.10, this grows to ~5420 stars and ~1175 Mo for the combined system, with
Terzan 4 consistently providing the largest absolute contribution across all reduction factors.

Fig. 4 shows the cumulative stellar mass distributions as a function of individual stellar mass at the
moment of closest approach to the GalC for Vieq = 1.00, 0.75, 0.50, and 0.20 (combined Ter2 + Ter4 + Ter5).
The number of low-mass stars (below 1 Mo) bound to the NSC remains constant across all four velocity

reduction factors: 160 stars with a total mass of ~3.82 Me. This value is the same for all V.4, indicating that
the capture of low-mass stars is entirely independent of velocity deceleration and is governed purely by the
orbital dynamics during close pericentre passages. However, given that 160 stars represents a statistically small
sample relative to the total bound population, this low-mass component is not shown in Fig. 4 to avoid
misleading visual impressions at this scale; it is reported here in the text for completeness. The distributions in
Fig. 4 therefore begin at ~1 Mo and are dominated by the high-mass tail corresponding to NSs and BHs, which
grows progressively with decreasing Vi, reflecting the increasing efficiency of compact remnant capture
under stronger velocity deceleration. This is consistent with the findings of Ishchenko et al. (2024) [6] for NGC
6642, where the vast majority of accreted objects are low-mass stars — in our case, however, the Terzan family
shows a much more prominent compact remnant contribution even at realistic Vrq values.

The relative efficiency with which each cluster contributes stars and remnants to the NSC can be
understood in terms of which stars actually reach the central region: these are predominantly stars that have
become unbound from their host cluster and populate its tidal tails, rather than stars still gravitationally bound
to the cluster core. Terzan 5 retains an unusually dense core even after 8 Gyr of evolution, owing to its compact
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initial half-mass radius (~2 pc) and high initial concentration parameter (W0 = 8; see Fig. 1), which limits the
fraction of stars lost into tidal tails and therefore available for capture by the NSC — accounting for its
comparatively low contribution relative to its total mass despite being the most massive of the three clusters.
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Fig. 4. Cumulative number of stars bound to the NSC as a function of individual stellar mass (in Me) for Ter2 + Ter4 +
Ter5 at the moment of closest approach to the GalC, shown for four velocity reduction factors (V.a = 1.00, 0.75, 0.50,
and 0.20). Note: the low-mass component (< 1 M) is omitted for clarity and reported separately in the text.

Terzan 2 and Terzan 4, by contrast, lose a comparable fraction of their mass into tidal tails over the same
period; the larger accreted population from Terzan 4 therefore reflects its orbit, whose pericentre lies closer to
the Galactic Centre, rather than a difference in mass-loss efficiency between the two clusters.

The fraction of compact stellar remnants — BHs and NSs — captured by the NSC is presented in Fig. 5,
separately for each cluster and their combined contribution. These fractions increase substantially with
decreasing Vreq: at 0.10, Terzan 4 reaches 6.94% bound BHs and 13.42% bound NSs (270 BHs, 2290 NSs),
the highest values in the sample. Terzan 2 reaches 2.82% bound BHs and 9.23% bound NSs (90 BHs, 1110
NSs), and Terzan 5 reaches 3.25% bound BHs and 5.79% bound NSs (190 BHs, 1310 NSs) at the same
reduction factor.

Notably, Terzan 4 is the only cluster in our sample for which compact remnants of all three types — BHs,
NSs, and WDs — are captured by the NSC. Specifically, 10 WDs are bound to the NSC from Terzan 4
consistently across all Vieq values, while no WDs are captured from Terzan 2 or Terzan 5 at any V4. This can
be attributed to the particularly dense and frequent dynamical interaction of Terzan 4 with the NSC, which
makes it the most strongly coupled cluster to the GalC environment among the three. Despite the always-high
natal kick velocities associated with NS formation, the number of NSC-bound NSs is comparable to — and in
many cases exceeds — the number of bound BHs. This behaviour is consistent with findings in Ishchenko et al.
(2024) [6] and reflects the large total number of NSs formed relative to BHs, which compensates for their
lower retention probability. The contribution of the captured NSs to the NSC and their implications for the
gamma-ray flux from the GalC are discussed in detail in Kalambay et al. (2026) [24].

In [20], the long-term dynamical evolution of Terzan 2, Terzan 4, and Terzan 5 was studied in detail
through high-resolution direct N-body simulations over 8 Gyr. It was demonstrated that all three clusters
undergo substantial mass loss: Terzan 2 and Terzan 4 each lose approximately 75% of their initial mass, while
Terzan 5 loses about 45%. Multiple close encounters between the clusters were identified, with the most
significant interactions occurring between the Ter2-Ter4 and Ter4-Ter5 pairs, in some cases with separations
smaller than the sum of their tidal radii. Terzan 4 was found to be the most dynamically active cluster, driving
triaxial deformations in Terzan 2 and Terzan 5 through repeated gravitational perturbations. In the present
work, the analysis is extended by focusing on the second key aspect: the probability and efficiency of stellar
and compact remnant accretion onto the Galactic NSC during close pericentre passages of these three clusters.
These three clusters were selected as representatives of the GC population located closest to the GalC, making
them natural candidates for NSC mass growth through tidal stripping. The contribution of each cluster to the
stellar population and compact object content of the Galactic NSC was quantified using the velocity reduction
factor Viq to parametrise the effect of dynamical friction in the dense central environment.
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Fig. 5. Fraction of compact stellar remnants (BHs and NSs) bound to the NSC for Terzan 2, Terzan 4, Terzan 5,
and their combined contribution (Ter2 + Ter4 + Ter5), shown across ten velocity reduction factors (Vred = 0.10-1.00);
BHs and NSs are distinguished by different colours and symbols.

The mass distribution of the accreted stellar population reveals a clear bimodal structure (Fig. 4). The
number of low-mass stars (below 1 Mo) bound to the NSC remains constant across all four velocity reduction

factors: 160 stars (scaled from 16 simulation particles) with a total mass of ~3.82 Me. This indicates that the
capture of low-mass stars is independent of V¢ and is governed purely by orbital dynamics during close
pericentre passages. Due to the small size of this low-mass sample relative to the total bound population, it is
not shown in Fig. 4 but is reported here for completeness. The distributions in Fig. 4 are therefore dominated
by the high-mass tail extending up to ~20 Me, corresponding to NSs and BHs, which grows progressively with
decreasing V4. This behaviour is qualitatively different from what was found for NGC 6642 in Ishchenko et
al. (2024) [6], where the accreted population was dominated by low-mass stars with negligible compact
remnant contribution at realistic Viq values. The Terzan clusters, particularly Terzan 4, thus represent a
potentially more significant source of compact remnants for the Galactic NSC.

Compact remnants are captured by the NSC across all Vieq values. At Vg = 0.10, Terzan 4 contributes
270 BHs (6.94%) and 2290 NSs (13.42%), the highest fractions in the sample; Terzan 2 contributes 90 BHs
(2.82%) and 1110 NSs (9.23%); and Terzan 5 contributes 190 BHs (3.25%) and 1310 NSs (5.79%).
Additionally, Terzan 4 is the only cluster for which 10 WDs are captured by the NSC consistently at every Viea
value, attributable to its uniquely dense and frequent dynamical coupling with the GalC environment. Despite
the always-high natal kick velocities associated with NS formation, the number of NSC-bound NSs is
comparable to or exceeds that of BHs in all three clusters, owing to the much larger total number of NSs formed
over the course of cluster evolution. This disproportionate remnant contribution may locally enhance the BH
and NS content of the Galactic NSC relative to a standard stellar population. The implications of the captured
NSs for the gamma-ray flux from the GalC are discussed in detail in Kalambay et al. (2026) [24].

4. Conclusion

The main results of this study are as follows. Terzan 2 provides a moderate but consistent contribution
across all Vieq values, reaching ~1210 stars and ~232 Mo at Vg = 0.10. While its absolute contribution is lower
than that of Terzan 4, it remains significant across the full range of velocity reduction factors, reflecting its
relatively compact orbit and frequent pericentre passages near the GalC. At Vieq = 1.00, Terzan 2 already
delivers ~130 stars (~46 Mo), confirming that stellar capture occurs even without any velocity deceleration.
Only BHs and NSs are captured from Terzan 2; no WDs are bound to the NSC at any Veq value.

Terzan 4 is the dominant contributor across all V4 values, both in stellar number and total accreted mass,
reaching ~2700 stars and ~602 Mo at Vi.q = 0.10. Its higher contribution compared to the other two clusters
reflects its orbital properties — in particular more frequent and closer pericentre passages near the GalC — and
is further evidenced by the unique capture of compact remnants of all three types (BHs, NSs, and WDs) at
every Vrq value, which is not observed for Terzan 2 or Terzan 5. Terzan 5 contributes ~1500 stars and ~342



Eurasian Physical Technical Journal, 2026, 23, 3(57) ISSN 1811-1165; e-ISSN 2413-2179 161

Mo at Vieq = 0.10, making it the second largest contributor by stellar number in the sample. Despite being the

most massive cluster of the three — with a present-day mass of ~1.25 x 10° Mo — its contribution as a fraction
of its total mass remains the smallest among the three clusters, reflecting the lower orbital coupling of Terzan

5 with the NSC compared to Terzan 4. At Vg = 1.00, Terzan 5 contributes ~130 stars (~28 Mo), comparable
in number to Terzan 2. Similar to Terzan 2, no WDs are captured from Terzan 5 at any Vq value, and the
captured remnant population consists exclusively of BHs and NSs.

Taken together, these results indicate that all three members of the Terzan family are capable of
contributing stars and compact remnants to the Galactic NSC, with Terzan 4 being the most efficient
contributor across all remnant types. The efficiency of this process depends critically on the degree of velocity
deceleration experienced by stars during their closest passages through the NSC potential. A significant
contribution even at Vg = 1.00 distinguishes the Terzan clusters from several of the clusters studied in
Ishchenko et al. (2024) [6], where NSC-bound stars only appeared at lower Vi values, and underlines the
importance of the specific orbital configurations of Terzan 2, Terzan 4, and Terzan 5.

An additional contribution may originate from clusters that were disrupted early in the Galaxy’s history
and are therefore absent from the present-day GC population. In work [25], we investigated this channel using
150 theoretical GC models evolved in a time-dependent Milky Way-like potential from 10 to 5 Gyr ago,
including stellar evolution. Accretion onto the proto-NSC was most efficient during the first billion years of
evolution, with the most compact models providing the largest total contribution. The accreted stellar

population was dominated by low-mass stars (~ 0.33 Mo). The total accreted mass from these models reached

approximately 4 x 10° Mo, corresponding to about 2% of the present-day NSC mass of 2 x 10" Mo) adopted
in that study. An extended estimate incorporating higher-mass cluster models, under the assumption of the
same frequency distribution as for the lower-mass population, yielded a contribution of approximately 6%.
This estimate was interpreted as a conservative lower limit within the adopted modelling framework. These
findings indicate that early cluster disruption can provide an additional contribution beyond that inferred from
surviving GCs, although the populations considered in that study do not reproduce the entire present-day NSC
mass.

The present results, together with those of Ishchenko et al. (2024) & Kuvatova et al. (2026) [6, 25],
consistently show that individual surviving MW GCs do not provide substantial stellar accretion to the NSC
under realistic dynamical friction conditions. Even in the most favourable cases — such as Terzan 4 and NGC

6642 — the accreted mass represents only a small fraction of the NSC total mass of ~107 Mo. This confirms
that the inspiral and tidal stripping of surviving clusters alone cannot account for the formation of the Galactic
NSC, and that other channels — such as the complete dissolution of now-defunct clusters or in situ star
formation — must have played a dominant role in its assembly. Thus, summarizing the results obtained in this
study and the two preceding papers, we can conclude that, based on the N-body modeling, the current mass of
the NSC could not have formed solely through the accretion of stars from globular clusters—whether those
observed today or those that may have been disrupted by now. Most likely, both mechanisms are involved in
such a process, including formation of stars from gas that has previously migrated to the galactic center.
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