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The properties of KDB-5 grade silicon, including the concentration of electroactive manganese atoms, were 
studied after doping with manganese using the diffusion method in the temperature range of 1100÷1300 ˚C. 
It was observed that as the diffusion temperature increased within this range, the concentration of electroac-
tive manganese atoms decreased. At 1300 ˚C, the concentration of these atoms became significantly lower 
than that of the initial boron impurity. We propose that this behavior of manganese atoms may be due to the 
formation of electrically neutral quasi-molecular complexes between oxygen and manganese atoms located 
in neighboring lattice sites. During the formation of these electrically neutral complexes, tetrahedral cells 
of the Si2O

++Mn-- type are created within the silicon lattice. These cells slightly disturb the lattice periodic-
ity but are significantly different in properties from the elementary silicon cell. The chemical bond in these 
complexes is ionic-covalent, and the binding energy of the electron differs. As the concentration of these 
tetrahedral cells increases, various combinations can form, potentially leading to the creation of nanocrys-
tals of a new phase with distinct fundamental parameters.
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Аbstract. The properties of KDB-5 grade silicon, including the concentration of electroactive manganese 

atoms, were studied after doping with manganese using the diffusion method in the temperature range of 
1100÷1300 ˚C. It was observed that as the diffusion temperature increased within this range, the concentration 
of electroactive manganese atoms decreased. At 1300 ˚C, the concentration of these atoms became 
significantly lower than that of the initial boron impurity. We propose that this behavior of manganese atoms 
may be due to the formation of electrically neutral quasi-molecular complexes between oxygen and manganese 
atoms located in neighboring lattice sites. During the formation of these electrically neutral complexes, 
tetrahedral cells of the Si2O++Mn-- type are created within the silicon lattice. These cells slightly disturb the 
lattice periodicity but are significantly different in properties from the elementary silicon cell. The chemical 
bond in these complexes is ionic-covalent, and the binding energy of the electron differs. As the concentration 
of these tetrahedral cells increases, various combinations can form, potentially leading to the creation of 
nanocrystals of a new phase with distinct fundamental parameters.

Key words: silicon, manganese diffusion, oxygen, electrically neutral complex, solubility, binding energy.
PACS number(s): 61.46.+w.

1 Introduction

As is well known, thermal and radiation defects 
in silicon are primarily caused by optically active 
oxygen atoms. Therefore, controlling the state of 
oxygen atoms is of significant technological interest. 
Studying the interaction of nickel atoms with oxygen 
provides a useful model, as manganese atoms in 
silicon have a relatively high solubility (N ~ 1018 cm-

3) comparable to oxygen, and are mostly in an 
electrically neutral state [1-2]. The formation of 
electrically neutral O++Mn-- type in the silicon lattice. 
These new unit cells exhibit properties that differ 
significantly from those of the silicon unit cell. The 
chemical bonds in these new structures are ionic-
covalent, and the binding energy of the electrons 
differs as well. As the concentration of these unit 
cells increases, various combinations can form, 
potentially leading to the creation of nanocomplexes 
of a new phase with distinct fundamental parameters 
[3-5].

2 Materials and methods

Single-crystal p-type silicon with a resistivity of 
ρ=5 Ω·cm, obtained by the Czochralski method, was 
used as the starting material. The oxygen 
concentration in the samples was NO2=(5÷6)·1017 cm-

3, and the dislocation density was and the dislocation 
density was S=103cm-2. All samples underwent 
identical mechanical and chemical treatment. 
Manganese diffusion was carried out from the gas 
phase in evacuated quartz ampoules with a residual 
pressure of no more than P~10-4 mm Hg; each 
ampoule contained two samples of both types of 
material [6-8]. The diffusion time ranged from t=0.5 
to 1 hour.

The electrical parameters of the samples were 
determined by the Hall effect method, and the 
photoelectric properties were measured using an 
IKS-14 installation equipped with a special cryostat. 
An SEM-MIRA-3 electron microscope was used for 
analysis. The results of the study indicated that the 
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samples were uniformly doped throughout their 
volume.

Manganese diffusion was carried out at a 
temperature of T=1300˚C and a diffusion time of 0.5 
hours. The diffusion time was chosen in such a way 
as to ensure uniform doping of the samples 
throughout the entire volume. For all samples, the 
contacts were obtained by chemical nickel 
deposition.

3 Results and discission

We studied the effect of thermal annealing at 
specific temperatures for durations ranging from t=1 

to 10 hours, including oxidation in silicon (see Fig. 1). 
We examined the impact of thermal annealing for t=1 
to 10 hours on the parameters of control (initial) p-type 
samples with ρ=5 Ω·cm and on samples doped with 
Mn at T=1300˚C, which after doping had parameters 
close to the original. The results of these studies are 
presented in Figure 2. In the control (initial) samples 
annealed for more than t>5 hours, an increase in 
resistivity is observed, indicating the generation of 
thermal donors (curve 1). Meanwhile, the electrical 
parameters of the manganese-doped samples remain 
practically unchanged (curve 2) [8-10].

Electrical parameters of the studied samples at 
T=300K are given in Table 1.

a) b) c)

Figure 1 – Oxidation at different temperatures in silicon: 
a) 800˚C; b) 1100˚C and c) 1300 ˚C
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Figure 2 – Effect of thermal annealing. 1-control (initial) samples, 
2-samples alloyed with Mn at T = 1300 ˚C
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Table 1 – Values of electrical parameters of samples after diffusion at T=1300˚С (vacuum Р~10-6 mm Hg, rapid cooling)

Si <B,Mn>
Conductivity type Rx , 1/Ω•cm-1 𝜌𝜌𝜌𝜌, Ω·cm µ, cm2/V·s p, cm-3

p 1,3·103 5÷7 260÷270 (3.5÷3.8)1015

Control (Si<B>)
Conductivity type Rx, 1/Ω•cm-1 𝜌𝜌𝜌𝜌, Ω·cm µ, cm2/V·s p, cm-3

p 1,8·103 5,0 360 3,5·1015

The oxygen content (concentration of 
optically active interstitial oxygen atoms NO

opt)
was assessed using IR transmission spectra in the 

region of 1106 cm-1 (9 μm) measured on an FSM-
1202 infrared spectrometer at room temperature 
(see Fig. 3).
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Figure 3 – Dependence of the relative transmittance of the sample 
on the wavelength of the incident radiation. 1 – Si<Mn> 2 – control sample

Estimations of NO
opt were made using the well-

known formula [11-12]:

0

17 ln1103.3
I
I

d
N ОPТ

o ⋅⋅⋅=            (1)

where I and I0 are the intensities of incident and 
transmitted light, d is the thickness of the 
sample.

Using formula (1), we determined the 
concentration of optically active oxygen in silicon for 
the manganese-doped and control samples. Then we 
have:

1. Si < Mn >

0

17 ln1103.3
I
I

d
NОPТ

o ⋅⋅⋅= =2.5·1017 сm-3

2. Si < control >

0

17 ln1103.3
I
I

d
N ОPТ

o ⋅⋅⋅= =5.4·1017 сm-3

3. NО
оpt(control) – NО

оpt(Mn) =
=5.4·1017 –2.5·1017 = 2.9·1017 сm-3

The results show that the oxygen concentration 
decreases by a factor of 2.16. Therefore, it can be 
assumed that doping with manganese significantly 
reduces the amount of optically active oxygen.
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a) b)

Figure 4 – Electron diffraction patterns "for reflection" from a single-crystalline film 
of manganese oxide on silicon: a) at a resolution of 500 nm; b) at a resolution of 1 µm

Figure 5 – Electron diffraction patterns "for reflection" from
a single-crystalline film of manganese and oxygen on silicon

4 Consideration of the possible structures of 
manganese-oxygen complexes.

From a formal perspective, such formations can 
have the composition SikMnmOn, where the value of 
k is determined by the need to integrate the complex 
into the tetrahedral silicon lattice, with different 
possible charge states for all atoms. In this scenario, 
the requirements of tetrahedral coordination of 
surrounding bonds within the lattice, the absence of 
mechanical stress, and the presence of electronic 
configurations in the constituent atoms that ensure 
stable chemical bonding must be met.

In the simplest case, where m=n=1, the 
manganese-oxygen complex can formally adopt 
structures such as Mn+2O-2, Mn+1O-1, Mn0O0, Mn-

1O+1 and Mn-2O+2, supplemented with the required 

number of silicon atoms (k) to complete the lattice 
[13-15].

It is particularly important to emphasize that in 
such complexes, the conventional concepts of atomic 
valence and electronegativity may be altered. This is 
because the complex is not an isolated manganese-
oxygen molecule or a crystal of such molecules, but 
rather a part of the silicon crystal lattice. 
Consequently, the system must achieve a minimum 
of free energy within the silicon lattice environment. 
The presence of the silicon lattice imposes additional 
requirements on the structure of the complexes: 
tetrahedral coordination of surrounding bonds within 
the lattice, absence of significant mechanical stress, 
and appropriate electronic configurations of the 
constituent atoms to ensure stable chemical bonds 
both within and around the complex.
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1. Structure of Mn+2O-2. The bond between atoms 
is ionic, consistent with their electronegativity 
values. This structure aligns with traditional concepts 
of the chemical bond between oxygen and metals. 
The sum of the ionic radii of O-2 (0.14 nm) and Mn+2

(0.083 nm) totaling 0.223 nm, closely matches the 
two covalent radii of silicon (2 x 0.111 nm),
preventing lattice stress. However, the oxygen atom, 
with a fully completed (inert) outer shell, cannot 
effectively interact with the surrounding three silicon 
atoms, breaking these bonds. Even if two silicon 
bonds are closed to a neighbor, one broken bond 
remains, potentially detaching an electron and 
exhibiting electrical activity. Manganese in the Mn+2

state also has a stable outer shell, posing similar 
issues with external lattice bonds. 

2. Structure of Mn+1O-1. The bond between atoms 
is ionic, matching their electronegativity. The oxygen 
atom, with an incompletely filled (7-electron) outer 
shell, can interact effectively with one silicon atom, 
forming an oxygen-silicon ionic bond, while the 
other two bonds break. If two silicon bonds are closed 
to a neighbor, oxygen's electrical activity is absent. 
Manganese in the Mn+1 state also has one weakly 
bound electron and can form an ionic bond with one 
silicon atom, breaking the other two bonds. If two 
silicon bonds close to a neighbor, manganese's 
electrical activity is also absent.

3. Structure of Mn0O0. The bond between atoms 
is potentially covalent, not matching their 
electronegativity values. In this case, the oxygen 
atom, with an incompletely filled (6-electron) outer
shell, should exhibit acceptor properties towards 
surrounding silicon atoms. Manganese in the Mn0

state also lacks a stable outer shell, leading to issues 
with external bonds. 

4. Structure Mn-1O+1. The bond between atoms is 
ionic, not consistent with their electronegativity 
values. The oxygen atom, with an incompletely filled 
(5-electron) outer shell, can interact effectively with 
three silicon atoms, similar to a covalent bond, 
leaving two excess oxygen electrons that could create 
electrical activity. Manganese in the Mn-1 state also 
lacks a stable outer shell, introducing the possibility 
of electrical activity.

5. Structure of Mn-2O+2. The bond between atoms 
is ionic, not matching their electronegativity values. 
The oxygen atom, with an incompletely filled (4-
electron) outer shell, can interact effectively with 
three silicon atoms and manganese, forming an ionic-
covalent bond. This configuration should avoid 
electrical activity. Manganese in the Mn-2 state also 

has a 4-electron outer shell, allowing tetrahedral 
covalent bonds with neighbors without causing 
electrical activity.

The structure of site complexes between Mn 
atoms and Group VI elements in the silicon lattice is 
shown in Fig. 6. The distance between the atoms 
included in the complex differs slightly from the 
silicon-silicon distance in the lattice, since impurities 
during the formation of complexes are in site 
positions and are held in these positions by covalent 
bonds. Then distance =2.27 Å.

Figure 6 – Structure of site complexes between Mn atoms 
and Group VI elements in the silicon lattice

Calculated binding energy based on experimental 
results.

1) Si<MnO> dielectric constant of the interaction 
medium (silicon lattice) =12. Considering the 
impurity-impurity bond to be ionic and taking the 
charge multiplicity equal to unity, we can estimate 
the force of attraction between the oxygen and 
manganese atoms [16-18]:

9
2

2

1049,14 −⋅==
I

MnO r
kqF
ε

          (2)

Where: q= 1.6·10-19 C – electron charge,

coefficient k=9·109
2

2

C
mN ⋅

Then the minimum value of the binding energy 
between atoms in the complex can be estimated by 
the expression:

9 10

19

1,49 10 2.34 10

3,48 10 2.17
MnO IЕ Fr

J eV

− −

−

= = ⋅ ⋅ ⋅ =

= ⋅ =
(3)
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2) For Si<MnS>
ε =12, Ir =2,73 Å, q= 1.6·10-19 C,

k=9·109
2

2

C
mN ⋅

; 9
2

2

1003,14 −⋅==
I

MnS r
kqF
ε

(4)

9 10

19

1,03 10 2,34 10

2.41 10 1,5
MnS IЕ Fr

J eV

− −

−

= = ⋅ ⋅ ⋅ =

= ⋅ =
(5)

3) For Si<MnSe>
ε =12, Ir =2,84 Å, q = 1.6·10-19 C,

k=9·109
2

2

C
mN ⋅

;

10
2

2

1052,94 −⋅==
I

MnSe r
kqF
ε

             (6)

10 10

19

9,52 10 2,34 10

2.2 10 1,39
MnSe IЕ Fr

J eV

− −

−

= = ⋅ ⋅ ⋅ =

= ⋅ =
(7)

4) Si<MnTe>

ε =12, Ir =3.01 Å, q=1.6·10-19 C,

k=9·109
2

2

C
mN ⋅

; 10
2

2

105.84 −⋅==
I

MnTe r
kqF
ε

(8)

10 10

19

8.5 10 2.34 10

1.98 10 1,24
MnTe IЕ Fr

J eV

− −

−

= = ⋅ ⋅ ⋅ =

= ⋅ =
(9)

ЕMnO~2,17>ЕMnS~1,5>ЕMnSe~1,39>ЕMnTe ~1,24

The concentrations of Mn impurity atoms, group 
VI elements and their complexes are shown in Table 
3 [19-20].

Table 2 – Binding energies between Mn atoms and Group VI elements in the silicon lattice, calculated from the Coulomb interaction

Binary complexes Minimum binding energy Е, eV
Si2O++Mn-- 2,17
Si2S++Mn-- 1,5
Si2Se++Mn-- 1,39
Si2Te++Mn-- 1,24

Table 3 – Concentrations of impurity Mn atoms, group VI elements and their complexes

t, ˚C СMn, cm-3 СO, cm-3 СMnO, сm-3 Ns, сm-3

1300 2·1016 5·1017 4·1016 5·1022

t, ˚C СMn, сm-3 СS, сm-3 СMnS, сm-3 Ns, сm-3

1100 1,5·1016 5·1016 4·1015 3·1022

t, ˚C СMn, сm-3 СSe, сm-3 СMnSe, сm-3 Ns, сm-3

1250 2·1016 1·1017 1·1015 2,5·1022

t, ˚C СMn, сm-3 СTe, сm-3 СMnTe, сm-3 Ns, сm-3

1250 2·1016 5·1017 1·1015 2,5·1022

In this table:
T – complexation temperature for complex 

formation Si2Mn-- BVI++.
СMn – solubility of manganese at a given diffusion 

temperature.
СO – solubility of group VI elements at a given 

diffusion temperature.

СMnО – concentration of complexes of group VI 
elements and manganese.

Ns – atomic concentration.
Using the Arrhenius equation written for the 

equilibrium between complexes and individual 
impurity atoms at temperature T, we can write [21-
22]
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2

ln
RT
E

dT
d a=

α
                    (10)








 ⋅
=

ВА

АВ
а CC

CNkТЕ
4

ln                 (11)

ЕMnO ~1,46 eV> ЕMnS~1,24 eV>
> ЕMnSe~1.09 eV> ЕMnTe ~0.87 eV

It should be noted that the binding energy in 
complexes decreases with increasing sizes of Group 
VI element atoms.

Table 4 – Binding energies between Mn atoms and Group VI elements in the silicon lattice, calculated using the Arrhenius equation 

Binary complexes Binding energy, Е, eV
Si2O++Mn-- 1,46
Si2S++Mn-- 1,24
Si2Se++Mn-- 1,09
Si2Te++Mn-- 0,87

The patterns of decreased binding energy in 
complexes involving Mn and Group VI elements (O, 
S, Se, Te), as calculated from Coulomb interactions, 
align with the Gibbs energy trends [23-25]. 
Additionally, the calculated binding energies, using 
experimental values for the concentration of 
impurities and complexes, confirm this decrease in 
binding energy. From the analysis of experimental 
data and numerical calculations, we can conclude that 
the physical model of complex formation between 
manganese and Group VI element atoms is generally 
accurate.

5 Conclusions

Based on the results obtained, we propose a 
model for the formation of electrically neutral 
molecules resulting from the interaction between 
manganese and oxygen atoms. This model considers 
both lattice site and interstitial arrangements of 
manganese and oxygen atoms. The resulting silicon 
material contains a relatively high concentration N~ 
(3÷4)1016 cm-3 of tetrahedral cells of the Si2O++Mn--

type in the silicon lattice, which is of significant 
scientific and practical interest.

Research into methods to increase the 
concentration of these binary cells and explore their 
properties could pave the way for creating a new class 
of silicon-based materials for optoelectronic and 

photoelectric devices. Silicon enriched with binary 
cells of the Si2Mn--BVI++ type holds the potential to 
facilitate the development of innovative 
optoelectronic and nanoelectronic devices, as well as 
highly efficient silicon-based solar cells with 
parameters comparable to or better than those of 
expensive multi-stage photocells based on AIIIBV 
materials.

The diffusion conditions allow for a significant 
increase in the concentration of electroactive 
manganese atoms, thereby enhancing the described 
phenomena and expanding the functionality of 
manganese-doped silicon in optoelectronics and 
spintronics. Consequently, developing technology to 
boost the concentration of these binary cells in silicon 
is of great scientific and practical interest. This 
advancement could lead to the future creation of a 
new class of silicon-based materials for 
optoelectronic and photoelectric devices.
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This study demonstrates that the concentration of nickel atoms near the surface of solar cells is 2–3 orders of 
magnitude higher than in the bulk material, significantly enhancing the gettering rate at the surface. Using 
IR-microscopy, SEM, and SIMS, we found that the surface density of nickel clusters is approximately 
106–107 cm–2, with an average cluster diameter of 20–100 nm and a cluster concentration of 1011÷1015 cm–3 
Experimental results revealed that nickel clusters on the surface of silicon samples contain a substantial 
amount of oxygen and recombination impurities (Cu, Fe, Cr), indicating excellent gettering properties. We 
identified the physical mechanisms underlying the effects of nickel impurity atom diffusion and additional 
thermal annealing on the state of nickel atoms near the surface and base of the solar cells. Physical models 
were developed for the structure of nickel atom clusters in silicon and for the gettering process of fast-
diffusing impurities by these clusters. The binding energy of fast-diffusing impurity atoms with a nickel 
cluster was estimated to be approximately 1.39 eV. Calculations indicated that nickel doping can increase 
the lifetime of minority charge carriers by a factor of 2–4, and experimental results confirmed an increase 
in the lifetime of minority charge carriers by up to a factor of 2. These findings highlight the potential of 
nickel doping to enhance the performance and efficiency of silicon-based solar cells, offering a promising 
avenue for future research and development in photovoltaic technology.
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nickel impurity atom diffusion and additional thermal annealing on the state of nickel atoms near the surface and base of 
the solar cells. Physical models were developed for the structure of nickel atom clusters in silicon and for the gettering 
process of fast-diffusing impurities by these clusters. The binding energy of fast-diffusing impurity atoms with a nickel 
cluster was estimated to be approximately 1.39 eV. Calculations indicated that nickel doping can increase the lifetime of 
minority charge carriers by a factor of 2–4, and experimental results confirmed an increase in the lifetime of minority 
charge carriers by up to a factor of 2. These findings highlight the potential of nickel doping to enhance the performance 
and efficiency of silicon-based solar cells, offering a promising avenue for future research and development in 
photovoltaic technology.
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1 Introduction

In modern industrial production of solar cells 
(SCs), there is a trend toward increasing the use of 
solar-grade silicon due to its lower cost [1]. However, 
solar-grade silicon has a shorter minority carrier 
lifetime, making it challenging to achieve high 
conversion efficiency [2, 3]. To enhance the 
efficiency of silicon SCs, it is necessary to increase 
the collection coefficient and the lifetime of 
photogenerated charge carriers [4, 5], and to reduce 
optical and electrical energy losses [6]. Increasing the 
minority carrier lifetime in SCs [7, 8] can be achieved 
through the gettering of recombination centers by 
nickel clusters.

The effectiveness of complex formation and 
gettering processes depends significantly on the 
mobility of impurity atoms in the lattice and their 

binding energy with the getter [9–11]. Therefore, an 
important task is to assess the structure of nickel 
clusters and the binding energy of impurity atoms 
with these clusters [12–15].

In work [16], the mechanisms and basic methods 
for obtaining atomic clusters were studied, and the 
possibilities for controlling the properties of cluster 
materials were analyzed. The physical essence of 
cluster formation in semiconductors is the system's 
tendency to achieve a state with minimal free energy, 
i.e., gradually restoring equilibrium.

Works [17, 18] investigate changes in the size 
and density of nickel clusters depending on the 
annealing temperature (T=650÷900 °C) and cooling
rate. It was found that as the annealing temperature 
decreases, cluster density decreases while their size 
increases. Similarly, a decrease in the cooling rate 
leads to a reduction in cluster density and an increase 
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in size. Using IR microscopy, studies [19, 20] 
discovered the self-organization of nickel clusters in 
a silicon lattice under conditions of diffusion doping 
and additional thermal annealing.

Nickel clusters easily form during both diffusion 
and additional thermal annealing, but they have 
minimal impact on the electrical parameters of the 
material itself during thermal annealing in the 
temperature range of T = 400÷1000 °C [21, 22].

While the above studies focused on nickel 
clusters in bulk silicon, they did not explore the 
formation of nickel clusters in the near-surface 
nickel-enriched region of silicon. For small clusters, 
the surface's contribution to the system's free energy 
change is significant, and the influence of elastic 
deformation increases with cluster size. Rigorous 
quantitative assessments of these effects are 
challenging because they require accurate cluster 
models. Therefore, as mentioned in [16], the concepts 
of “crystal lattice” or “surface” of a cluster are often 
used arbitrarily.

If clusters of nickel atoms possess gettering 
properties and can remove harmful impurities from 
the crystal, they positively affect the efficiency of 
solar cells (SCs). Based on this, it is assumed that 
additional doping of silicon SCs with nickel atoms 
should increase their efficiency by extending the 
minority carrier lifetime.

Systematic research into the effect of nickel 
impurity clusters on the parameters of silicon SCs is 
of significant practical interest, as nickel shows great 
promise due to the technological advantages of 
doping [23–25]. From a technological perspective, 
the deposition of a nickel metal layer onto the silicon 
surface can be achieved chemically [26, 27], 
allowing simultaneous processing of multiple wafers. 
Additionally, the diffusion of nickel atoms can be 
performed in open air at relatively low temperatures 
(Tdiff = 800–850°C). Consequently, the method of 
doping silicon with nickel atoms from a chemically 
deposited layer can be seamlessly integrated into 
existing industrial SC production processes.

However, models of nickel clusters are currently 
lacking, and the physical mechanisms by which 
nickel atom clusters affect the parameters of silicon 
SCs remain unclear. The purpose of this study was to 
demonstrate the effectiveness of introducing nickel 
impurities into silicon wafers used in photovoltaic 
converters, to elucidate the physical mechanisms by 
which nickel clusters influence the lifetime of 
minority charge carriers in silicon SCs, and to 
develop an appropriate physical model.

2 Methods and materials

To study the formation of clusters and silicides 
on the surface due to high nickel concentrations, the 
following investigations were carried out. The wafers 
were obtained using the Czochralski method, with a 
resistivity of 0.5 Ω·cm, a thickness of 380 μm, a 
minority carrier lifetime (τ) greater than 6 μs, an 
oxygen content of approximately NO2~ 7 × 1017 cm–3,
and a dislocation density (N) less than 102 cm–2. In a 
vacuum, a layer of pure nickel 1 µm thick was 
deposited onto the surface of the samples. Diffusion 
was carried out at Tdiff = 800–950 °C for 30 to 60 
minutes, and at Tdiff = 1000–1200 °C for 5 to 60 
minutes in an air atmosphere, followed by air cooling 
(without a boat). After diffusion, additional thermal 
annealing was conducted at Tann = 700–900 °C for 30 
to 60 minutes in an air atmosphere (~50–60 °C/s) to 
activate the gettering process of uncontrolled 
recombination impurities [26–28].

After each technological stage, chemical 
treatment was performed to remove residues of 
metallic nickel and silicon oxide from the surface 
(using a 3:1 mixture of HCl and HNO3, followed by 
49% HF and a water rinse). The surface was then 
cleaned with a hydrogen peroxide–ammonia 
solution. The samples were not ground or polished.

To study the formation of nickel clusters in 
silicon and their parameters, silicon samples doped 
with nickel were examined using an INFRAM-I
infrared microscope and a scanning electron 
microscope. The elemental composition of nickel 
clusters in the samples was analyzed using a 
TESCAN MIRA3 scanning electron microscope in 
X-ray microanalysis mode. Measurements were 
taken on both the front surface and the fracture 
surface of the samples. The fracture surfaces were 
scanned with a step size of 0.5 μm, starting from the 
front side (the side doped with nickel).

3 Results

Previously [26], the distribution of nickel atoms 
in the near-surface layer of silicon after diffusion was 
measured with a CAMECA IMS-6f Magnetic Sector 
SIMS mass spectrometer. It was found that the 
surface concentration of nickel reaches 
approximately nS ≈ (2–4) × 1021 cm–3, the thickness 
of the enriched layer is about d ~ 2–3 μm, and nickel 
is distributed almost uniformly throughout the bulk 
with a concentration of nNi ≈ 1016–7 × 1017 cm–3,
which confirms the published results [29].
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The sizes of nickel atom clusters in the obtained 
samples were measured with a TESCAN MIRA 3 
scanning electron microscope (see Fig. 1).

Based on the obtained results (IR microscopy, 
SEM, and SIMS), it was found that the surface 
density of nickel clusters is approximately 5×106 –
107 cm–2 on the front surface and about (4–5) ×106

cm–2 in the bulk of the material. The distribution of 
clusters in the bulk is nearly uniform, and their size 
is less than 0.5 μm (approximately 20–100 nm). 

These findings confirm the results of the previous 
studies [16, 28, 29]. It should be noted that these 
results were observed at all studied diffusion 
temperatures within the range of annealing 
temperatures of Tann = 800–900°C. Based on the 
obtained data, the concentrations of clusters (nk) were 
calculated to be approximately 1011–1013 cm–3 in the 
bulk of the sample and approximately 
1013–1015 cm–3 in the nearsurface region enriched 
with nickel.

a)
b)

Figure 1 - Images of the investigated points and clusters of nickel atoms in the bulk (a)
and on the surface (b) of the samples after additional thermal annealing at Tann = 800 °C

Changes in the size and state of nickel atom 
clusters in silicon were observed after additional 
thermal annealing. Annealing in the temperature 
range of Tann = 650–800 °C led to the coarsening of 
nickel clusters, while at Tann > 900 °C, the clusters 
underwent decomposition. 

The measurement of the cluster composition 
revealed that clusters (Fig. 2) on the surface of silicon 
primarily consist of silicon atoms (~84–86%) and 
nickel atoms (~13–15%). However, they also contain 
traces of copper (Cu), iron (Fe), chromium (Cr), and 
other elements [27]. This demonstrates the efficient 
gettering of harmful impurities by nickel clusters, 
which act as recombination centers in silicon. This 
can lead to a significant increase in the lifetime of 
minority charge carrier primarily due to the 
formation of nickel clusters in the near-surface 
layers.

Figure 2 - Impurity atoms clusters composition observed 
through probe elementary analysis using the scanning election 

microscope TESCAN MIRA 3

Using the same method, we determined the 
composition of nickel clusters after the additional 
thermal treatment (Tann = 800°C, t = 30 min). It was 
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found that, after the annealing, the concentration of 
nickel atoms increased by about 40–60%, oxygen, by 
approximately 30–35%, and fast-diffusing impurities 
(FDI), by about 30–50%, in comparison with the 
values before annealing. This demonstrates the 
efficient gettering of uncontrolled impurities by 
nickel clusters during the additional thermal 
annealing.

As the diffusion temperature increases, the 
solubility of nickel atoms in silicon also increases 
[30], leading to an increase in the concentration of 
clusters [20–22] and a decrease in the concentration 
of recombination centers (Cr) [28]. However, as a 
rule, with an increase in temperature and duration of 
diffusion, Cr increases [8, 31]; consequently, the 
lifetime of minority charge carriers (τ) decreases, 
which reduces the efficiency of SCs. 

Furthermore, for the formation of the front-side 
p–n junction of SCs, diffusion is typically carried out 
in the temperature range of Tdiff = 900–1050°C, which 
invariably leads to an increase in Cr and a reduction 
in τ by several times [3]. Therefore, it is necessary to 
optimize the technological conditions for gettering 
recombination defects by nickel atom clusters. 

It was demonstrated [27] that the enhancement of 
the efficiency of the SC is significantly contributed 
by the nickel-atom–enriched near-surface region of 
the SC. Additionally, it was shown that doping SCs 
with nickel atoms increases the carrier lifetime 
regardless of the method of introduction, and under 
optimal conditions, it can extend the carrier lifetime 
to 30–32 μs (up to double that of the reference SC, 
which has a carrier lifetime of 14–16 μs).

Thus [23–27], the optimal conditions for 
gettering with nickel atom clusters have been 
experimentally determined (nickel diffusion 
conditions – Tdiff = 800–850°C, additional thermal 
annealing – Tann = 750– 800°C), which can increase 
the efficiency of silicon SCs by 25–30%.

4 Discussion

4.1 Physical Model of the Structure of a Nickel 
Atom Cluster

During cooling after diffusion, nickel atoms in 
silicon form nuclei of clusters, and additional thermal 
annealing activates the processes of cluster formation 
and growth [16]. According to our measurements 
[26], nickel clusters primarily consist of silicon atoms 
and contain up to ~15% nickel atoms. Considering 
the high lability [28, 29] of nickel in clusters, it can 
be assumed that nickel atoms in clusters are in 

interstitial states (Nii) and do not form silicides. 
Electroneutral nickel atoms in clusters are in the 
nearest equivalent interstitial positions and form a 
cubic nickel sublattice, partially or completely filled.

The Nii configuration with the lowest energy is in 
a tetrahedral interstitial position [16] with a very 
small change in the lattice constant (displacement of 
the four nearest Si neighbor’s outward). The Nii –Si 
distance is 2.438 Å, while the distance between 
lattice atoms in the ideal silicon crystal is 2.367 Å. 
The population of the overlap in Ni–Si bonds is very 
low [7, 16], indicating minimal covalent interactions 
between Nii and Si atoms. Therefore, the binding 
forces between the silicon lattice and interstitial 
nickel atoms are weak, and the lattice has little effect 
on the nickel– nickel interaction within the cluster. It 
is most likely that the bonds between nickel atoms in 
the cluster are predominantly of a metallic nature. 
Metallic bonding explains the optical opacity of the 
clusters [20, 28, 31] and their high conductivity [14, 
32].

Let us estimate the distance RNi–Ni between nickel 
atoms in clusters (Figure 3 and Figure 4) based on the 
silicon lattice geometry (silicon lattice constant a = 
5.43 Å, distance between silicon atoms RSi–Si = 2.34 
Å, angle α = 109° [33]):

𝑅𝑅𝑅𝑅Ni−Ni = 𝑎𝑎𝑎𝑎 ∙
√2
2

   or 

  𝑅𝑅𝑅𝑅Ni−Ni = 2𝑅𝑅𝑅𝑅Si−Si ∙ sin �𝛼𝛼𝛼𝛼
2
� = 3.84 Å,  (1)

We also determined the distance RSi–Ni from the 
interstitial nickel atom to silicon atoms in the lattice:

𝑅𝑅𝑅𝑅Si−Ni = ��𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
2

�
2

+ �√2∙𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆−𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆
2

�
2

= 3.2 Å.    (2)

It was found that one unit cell of silicon contains 
four interstitial nickel atoms (NNi = 4) and eight 
silicon atoms (NSi = 8). Therefore, the maximum 
possible concentration Clim of nickel atoms in 
clusters is

𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = С𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙 ∙
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆
𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

= 2.5 ∙ 1022 см−3 (3)

where CSi is the concentration of silicon atoms in 1 
cm–3 (5 × 1022 cm–3) [33].

To assess the stability of the clusters formed in 
the silicon lattice, we calculated the binding energy 
ΔEk of Ni–Ni in clusters using different methods: 
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1. We used the Arrhenius equation at the 
temperature of cluster formation (additional 
annealing temperature T = 600–900°C).

The concentration (solubility) of nickel atoms in 
the silicon lattice [7, 30] can be estimated using the 
formula

С = С0 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎

𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�                 (4)

For nickel in silicon, C0 = 1.227 × 1024 cm–3 and 
Ea = 1.68 eV.

         

Figure 3 - Interstitial state of nickel atoms in the unit cell of the silicon lattice

Figure 4 - Structural model of a cluster of nickel atoms 
with metallic bonding in the silicon lattice

At the same time, nickel atoms in the silicon 
lattice are in equilibrium with clusters; therefore, the 
concentration (solubility) of nickel atoms in the 
silicon lattice can be determined by the formula [34, 
35]

С = С𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �− ∆𝐸𝐸𝐸𝐸𝑘𝑘𝑘𝑘1
𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

�             (5)

From Eqs. (4) and (5), the binding energy ΔEk1 of 
nickel atoms with the cluster can be found:

∆𝐸𝐸𝐸𝐸𝑘𝑘𝑘𝑘1 = 𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎 − 𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 �
С0
С𝑙𝑙𝑙𝑙𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙

� (6)

where k = 8.6 × 10–5 eV/K is the Boltzmann constant.
The calculation showed that the binding energy 

of nickel atoms with the nickel cluster at Tann = 1073 
K is ΔEk1 ≈ 1.32 eV. In the annealing temperature 
range of Tann = 873–1173 K, the binding energy takes 
values in the range of 1.26–1.34 eV.

2. ΔEk can also be estimated using the specific 
heat of vaporization of nickel atoms (ΔEt = 3.92 eV) 
[36]. To do this, we calculated the boundary energy 
ΔEk1 of binding between nickel atoms in the cluster, 
taking into account the change in distance between 
nickel atoms in the cluster in comparison with pure 
metal (assuming a quadratic interaction potential):
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∆𝐸𝐸𝐸𝐸𝑘𝑘𝑘𝑘2 = ∆𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡 ∙ �
𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆−𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆
′

𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆−𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆
�
2
≈ 1.66 e𝑉𝑉𝑉𝑉,    (7)

where '
Ni NiR − is the distance Ni–Ni in the nickel 

lattice (2.5 Å [36]) and RNi–Ni is the distance Ni–Ni in 
the nickel cluster (3.84 Å).

3. Another method is based on calculating the 
surface energy of the nickel cluster (surface energy σ
= E/S, where E is the binding energy of the adsorbate 
on the surface of the material, S = 4πR2 is the 
interaction area of the atom with the surface of the 
material, R = 1.25 Å is the radius of the nickel atom 
[33]), and the component σNi = 2280 erg/cm2 = 1.42 
× 1015 eV/cm2 [37]. Then, the binding energy of a 
single nickel atom with the nickel lattice is

∆𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙 = 𝜎𝜎𝜎𝜎𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙 ∙ 𝑆𝑆𝑆𝑆 ≈ 2.79 эВ.             (8)

Taking into account a similar change in 
interatomic distances within the cluster, we find the 
binding energy of a single nickel atom (adsorbate) 
with the nickel cluster in the silicon lattice:

∆𝐸𝐸𝐸𝐸𝑘𝑘𝑘𝑘3 = ∆𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙 ∙ �
𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆−𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆
′

𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆−𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆
�
2
≈ 1.18 эВ.    (9)

Let us calculate the average binding energy of 
nickel atoms with the nickel cluster using data 
obtained by various methods:

∆𝐸𝐸𝐸𝐸𝑘𝑘𝑘𝑘 = ∆𝐸𝐸𝐸𝐸𝐾𝐾𝐾𝐾1+∆𝐸𝐸𝐸𝐸𝐾𝐾𝐾𝐾2+∆𝐸𝐸𝐸𝐸𝐾𝐾𝐾𝐾3
3

≈ 1.39 эВ. (10)

Using the obtained value of the binding energy
and the Arrhenius equation, the concentration of 
nickel atoms in clusters can be calculated:

С = С𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �−
∆𝐸𝐸𝐸𝐸𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

�             (11)

where Ck is the concentration of nickel atoms in 
clusters and C is the residual concentration of nickel 
in the silicon lattice (outside the clusters). From here, 
it is easy to calculate the ratio of the concentrations 
of nickel atoms in clusters and in the silicon lattice:

С𝑘𝑘𝑘𝑘
С

= 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � ∆𝐸𝐸𝐸𝐸𝐾𝐾𝐾𝐾
𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

�                   (12)

Depending on the annealing temperature Tann =
873–1173 K, the ratio Ck/C ≈ 106 –108. Therefore, 
most of the nickel atoms after additional thermal 

annealing are located in clusters. Calculations 
showed that the maximum concentration of nickel 
atoms participating in cluster formation is Ck ≈ 3 × 
1022 cm–3 at Tann = 1073 K. This concentration is close 
to maximum theoretically possible solubility Clim (3) 
of nickel atoms in the cluster, which confirms the 
correctness of calculating the binding energy. 

Therefore, the binding energy of nickel atoms 
with the cluster is ΔEk ≈ 1.39 eV, and the 
concentration of nickel atoms in the clusters is 6–8
orders of magnitude higher than the residual 
concentration (solubility) of nickel in the silicon 
lattice. 

The maximum radius of nickel clusters can be 
determined as follows [38]:

𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘 = � 3
4𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘

∙ С0(𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆)−𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙−С

�
1/3

             (13)

where C0(Ni) is the solubility of nickel atoms (~1016–
1018 cm–3) in the bulk of monocrystalline silicon. 

Taking into account the constancy of the total 
amount of nickel in the silicon lattice, the size of 
clusters varies in the range from 20 nm to 1 μm, 
depending on the cluster concentration in the range 
of nk from 1010 to 1016 cm–3. This confirms the results 
of our experiment and the results obtained by other 
researchers [12, 16, 28, 29]. Importantly, the size and 
concentration of clusters, as well as the concentration 
of nickel atoms in clusters, depend on the number of 
defects in the crystal, mechanical stresses in it, as 
well as the temperature, time, and cooling rate after 
diffusion and additional thermal annealing. 
Therefore, the above estimates of cluster 
concentration are purely approximate.

4.2 Physical Model of Gettering by Nickel Atom 
Clusters

The analysis of the experimental results showed 
[17–27] that the formation of electroneutral nickel 
clusters reduces the concentration Cr of 
recombination centers; i.e., nickel clusters getter 
uncontrollable recombination impurities and purify 
the silicon crystal lattice. 

We attribute the mechanism of gettering by 
nickel atom clusters to the following principles: 

– the gettering properties of nickel clusters are 
determined by the metallic bonding forces acting in 
them. Since the metallic bonding forces primarily 
depend on the concentration of electrons (metal 
atoms) [30, 39], all metallic uncontrollable impurity 
atoms have binding energies close to ΔEk ≈ 1.39 eV; 
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– there is always a large number of macrodefects 
on the surface, leading to intense nickel precipitation. 
The precipitates are virtually pure metal and have 
higher binding energies with fast-diffusing impurities 
(FDI) (up to ~2.7 eV for monocrystalline nickel 
[32]); therefore, the precipitates have better gettering 
properties than clusters; 

– in the near-surface region, the concentration of 
nickel atoms is higher than that in the bulk by 2–3
orders of magnitude [30, 26]; therefore, the gettering 
rate in the near-surface region is higher due to the 
greater amounts of formed clusters and precipitates 
[23–27]; 

– the gettering process by nickel clusters is 
intensified by additional thermal annealing, which 
accelerates the attainment of equilibrium. However, 
too high annealing temperatures can lead to the 
decomposition of nickel clusters and precipitates 
[27–29]. Therefore, there is an optimal temperature 
at which the gettering of FDI is maximum; 

– the gettering properties of clusters can be 
enhanced if uncontrollable impurity atoms form 
intermetallic compounds with nickel because this 
increases the binding energy with FDI atoms.

To determine the effect of cluster concentration 
on gettering, the ratio of the concentration of FDI 
atoms in the clusters to that in the silicon lattice 

           С𝑟𝑟𝑟𝑟
С𝑟𝑟𝑟𝑟𝑘𝑘𝑘𝑘

= 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � ∆𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟
𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

�                    (14)

where Сrk is the concentration of FDI such as Cu, Fe, 
Cr, etc., in the clusters; Сr is the residual 
concentration of FDI in the silicon lattice (outside the 
clusters); and Тann is the annealing temperature. 
Depending on the annealing temperature in the range 
of T = 873– 1173 K, the ratio Сr/Crk varies from 106

to 108, respectively.
The concentration of recombination centers in 

silicon doped with nickel atoms after thermal 
annealing is determined from the equation (15) where 
is the initial concentration of FDI in the silicon 
lattice, Cr is the residual concentration of FDI in the 
silicon lattice (outside the clusters), and ΔCr is the 
decrease in the FDI concentration due to gettering by 
nickel clusters. 

From Eq. (15), it is possible to determine the 
change in the concentration of recombination centers:

𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟 = 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟0 − ∆𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟                (15)

Depending on the initial concentration of FDI 
(≈1011–1013 cm–3) and the ratio of the concentrations 
of FDI atoms in the clusters and in the silicon lattice 
(Cr/Crk ≈ 106 –108 cm–3) under the conditions of 
additional thermal annealing (T = 873–1173 K), the 
change in the concentration of recombination centers 
(Cr/Сr0) is estimated to be within the range of 0.3–0.5.

Thus, the doping with nickel atoms and the 
formation of clusters in silicon reduce the 
concentration of uncontrolled recombination 
impurities by 50–70% in comparison with the initial 
value, which corresponds to a change in the 
concentration of FDI (Cr0/Сr) by a factor of 2–4.

Using the change in the concentration of 
recombination centers, the change in the bulk lifetime 
τ of minority charge carriers:

in the reference (nickel-free) solar cells

    𝜏𝜏𝜏𝜏0 = 1
𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟0𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡ℎ𝜎𝜎𝜎𝜎

                      (17)

in the SC doped with nickel atoms,

𝜏𝜏𝜏𝜏𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙 = 1
𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡ℎ𝜎𝜎𝜎𝜎

                  (18)

where vth is the thermal velocity of carriers and σ is 
the capture cross-section of recombination centers.

Using Eqs. (17) and (18), we determine the 
relationship 

𝜏𝜏𝜏𝜏𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆
𝜏𝜏𝜏𝜏0

= 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟0
𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟

                           (19)

Thus, the lifetime of minority charge carriers in 
the solar cell base after doping with nickel atoms and 
additional thermal annealing should increase by a 
factor of 2–4. These data are also supported by the 
results obtained in [16, 17, 22].

It was experimentally shown that the lifetime of 
minority charge carriers in the base of a solar cell 
doped with nickel atoms increases by a factor of up 
to 2 in comparison with the reference sample [15]. 
This confirms the correctness of the proposed 
gettering model and the calculations performed.

5 Conclusions

The optimal conditions for gettering by nickel 
clusters were experimentally determined to be within 
a nickel diffusion temperature range of 800–850°C 
and an additional thermal annealing temperature 
range of 750–800°C.
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Based on IR microscopy, SEM, and SIMS 
results, the surface density of nickel clusters was 
found to be approximately 106-107 cm–2, with an 
average cluster diameter of 20–100 nm and a cluster 
concentration of about 1011–1015 cm–3.

A physical model for the structure of a nickel 
atom cluster in silicon was developed. It was shown 
that the binding energy of nickel atoms to a cluster is 
approximately ΔEk ≈ 1.39 eV, and the concentration 
of nickel atoms in clusters is 6–8 times higher than 
the residual concentration (solubility) of nickel in the 
silicon lattice.

Calculations indicated that nickel doping can 
increase the lifetime of minority charge carriers by a 

factor of 2–4. Experimental results confirmed an 
increase in the lifetime of minority charge carriers by 
up to a factor of 2.
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Interest in composite ceramics based on oxide and nitride compounds is due to the combination of their 
structural, strength and thermophysical parameters. Moreover, in the case of composites based on xSi3N4 
– (1-x)ZrO2, the strength parameters, as well as resistance to thermal expansion, are determined by the 
characteristics of zirconium dioxide, while the thermophysical parameters are determined by silicon nitride, 
for which the thermal conductivity values are almost an order of magnitude higher than for zirconium dioxide. 
The main method for production of composite xSi3N4 – (1-x)ZrO2 ceramics was the mechanochemical 
solid-phase synthesis method using high-speed grinding and thermal annealing, used to stabilize structural 
deformations caused by mechanical action. During the research, it was determined that a change in the 
ratio of ceramic components due to an increase in the contribution of Si3N4 in the composition leads to an 
increase in thermophysical parameters, the change of which is due to the higher thermal conductivity of 
silicon nitride. In turn, a change in thermophysical parameters, and as a consequence, an alteration in the 
rate of heat transfer due to phonon mechanisms, causes an elevation in resistance to external influences 
during thermal shocks. Experiments to determine resistance to thermal influences have shown that the 
presence of a high density of dislocations in the near-surface layer of ceramics contributes to a rise in 
resistance to temperature changes, alongside external mechanical influences, which is expressed in less 
pronounced trends in decreasing hardness indicators during heat resistance tests. 

Key words: composite ceramics, thermal stability, thermophysical parameters, silicon nitride, zirconium 
dioxide, dislocation strengthening. 
PACS number(s): 28.41.Bm.

1 Introduction

Over the past few years, in the field of structural 
materials, the main emphasis has been placed on 
increasing the resistance of new types of materials 
to external influences, alongside their ability to 
operate under extreme conditions, including elevated 
temperatures, high doses of radiation damage, 
exposure to aggressive media, etc. [1,2]. Among the 
most promising materials in this research area  are 
high-entropy alloys based on refractory compounds, 
as well as composite ceramics, which are a 
combination of oxide, nitride and carbide compounds 
of aluminum, silicon, zirconium, niobium, tantalum 
or tungsten [3-5]. 

At the same time, the key limiting factor for the 
widespread use of composite ceramics based on oxide 

and nitride compounds is the low thermophysical 
parameters, in particular, thermal conductivity 
indicators, which in the case of ceramics are about 
2-50 W/Km, while for steels and alloys these 
indicators are two orders of magnitude higher [6,7]. 
It should also be noted that in most cases, nitride 
ceramics have higher thermal conductivity than oxide 
ceramics, however, oxide ceramics have fairly high 
resistance to external influences, which determines 
their strength properties [8,9]. In this regard, one 
of the important areas of research in the field of 
creating composite ceramics is the search for new 
methodological approaches to improve the strength 
characteristics of ceramics, the main goal of which 
is to preserve the phase and elemental composition. 
In particular, one of the ways to increase resistance 
to external influences, including mechanical and 
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thermal, is the use of ceramics with nano-sized grains, 
interest in which is due to their unique properties, 
which are caused by the presence of a large number 
of grain boundaries, as well as dislocations. In this 
case, changing the grain size allows you to vary the 
dislocation density, as well as the packing density 
of grains, which eliminates the presence of a large 
number of voids in the volume of ceramics, which 
also allows you to solve a number of problems 
associated with the porosity of ceramic materials. 

The dislocation strengthening factor associated 
with size effects is considered as one of the ways 
to increase the resistance of materials, including 
composite ceramics, to external influences, such as 
thermal effects, high-temperature aging associated 
with degradation and embrittlement, and radiation 
damage [10-12]. In this case, the variation in the 
density of dislocations can be carried out both by 
crushing grains under external mechanical loads 
and by changing the variation in the concentration 
of components in the composition of composite 
ceramics. If in the first case, the change in dislocations 
is directly dependent on the grain sizes, then in the 
case of variations in the components, the change 
in dislocation density depends on many factors, 
including the phase composition of the composites, 
the change of which directly depends on the conditions 
for obtaining ceramics [13, 14]. The combination 
of two methods of changing the dislocation density 
makes it possible to obtain high-strength ceramics 
that can withstand large mechanical loads, as well as 
maintain the stability of strength properties during 
long-term exposure to external factors, such as high 
temperatures or thermal shocks. Moreover, earlier, 
in [15], it was shown that the most effective way to 
change the dislocation density due to mechanical 
influences is high-speed grinding in planetary mills 
with subsequent thermal stabilization of the phase 
composition by removing deformation distortions 
in the structure of composite ceramics arising under 
external mechanical influences.

The main aim of the presented study is to 
determine the influence of dislocation strengthening 
caused by size effects in xSi3N4 – (1-x)ZrO2 on the 
change in resistance to thermal shocks resulting from 
extreme operating conditions [16-18]. At the same 
time, during the experiments, dependencies were 
obtained for changes not only in strength properties, 
i.e. changes in the hardness values of ceramics before 
and after external influences, but also in maintaining 
the stability of thermophysical parameters, the change 
of which is directly related to deformation distortions 
that occur during embrittlement and softening of 
ceramics. Interest in this type of ceramics is primarily 

due to the possibility of creating high-strength 
ceramics due to the strength properties of zirconium 
dioxide, which have high thermal conductivity, 
which is due to the presence of silicon nitride in the 
composition of composite ceramics, which has fairly 
high thermal conductivity in comparison with oxide 
materials [19, 20]. 

2 Methodology

To obtain samples of composite ceramics based 
on xSi3N4 – (1-x)ZrO2 compounds, mechanochemical 
solid-phase synthesis combined with thermal sintering 
of the samples was used. The synthesis was carried 
out using chemical reagents of 99.95 % purity; the 
initial powders were purchased from Sigma Aldrich 
(Sigma Aldrich, USA). The grain sizes of the original 
powders were on the order of 5 – 10 µm. To give them 
nanosizes, a high-speed grinding method was used 
in a planetary mill PULVERISETTE 6 classic line 
(Fritsch, Berlin, Germany). The grinding speed was 
600 rpm, the time of mechanical action of the grinding 
media was about 30 minutes. Thermal sintering in 
a muffle furnace at a temperature of 1500°C for 5 
hours was chosen to stabilize the crystal structure, 
initiate phase transformation processes, and also 
reduce mechanically induced deformation distortions 
in the crystal structure of ceramics during grinding. 
At the same time, the selection of temperature and 
annealing time conditions was carried out a priori to 
prevent the occurrence of effects of thermal fusion 
and agglomeration of grains into large agglomerates, 
eliminating the occurrence of the effect of dislocation 
strengthening associated with the size factor. 

The grain sizes of the studied ceramics were 
determined using the optical laser diffraction method 
implemented on an ANALYSETTE 22 NeXT Nano 
particle analyzer (Fritsch, Berlin, Germany). 

Figure 1 reveals data on alterations in grain sizes 
depending on the concentration of components in the 
ceramic composition, obtained by analyzing grain 
size distribution diagrams in the form of average 
values with measurement error. The formation of 
dislocation strengthening associated with the size 
factor was carried out by varying the concentration of 
components in the ceramic composition in the range 
x from 0.1 to 0.5 M, changing which during high-
speed grinding results in more intensive crushing of 
grains and their reduction by more than 2 times. At 
the same time, a reduction in grain size, as is evident 
from the data presented in Figure 1, leads to the effect 
of an elevation in dislocations and the volumetric 
contribution of grain boundaries. This effect is most 
pronounced at Si3N4 concentrations above 0.25 M in 



25

Kenzhina I.E. et al.                                                                                           Phys. Sci. Technol., Vol. 11 (No. 1-2), 2024: 23-31

the ceramic composition. According to the presented 
data, a decline in grain size by more than 2 times 
leads to a growth in the dislocation density of the 
volume fraction of grain boundaries by more than 3.5 

– 4 times, which indicates that even small changes in 
grain size allow one to vary the dislocation density, 
changes in which can be used to create strengthening 
effects [21-23].
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Figure 1 – Results of a comparative analysis of changes in grain sizes,  
dislocation density and volumetric contribution of grain boundaries

Determination of the influence of variations in the 
ratio of components in xSi3N4 – (1-x)ZrO2 ceramics on 
changes in thermophysical parameters, in particular, 
on changes in the thermal conductivity coefficient, 
was carried out using the method of measuring 
longitudinal thermal flow. The measurements were 
carried out on ceramic samples pressed into tablets 
with a diameter of 10 mm and a thickness of about 1 
mm, which made it possible to eliminate the effects 
of uneven heat transfer and also reduce heat losses 
in a small volume. The measurements were carried 
out using a thermal conductivity meter KIT-800 (KB 
Teplofon, Russia).

The determination of strength properties, in 
particular, the hardness values of ceramics, alongside 
their changes depending on external influences, 
including thermal tests for heat resistance, was 
carried out by the indentation method, implemented 
using a Duroline M1 microhardness tester (Metkon, 
Bursa, Turkey). 

The thermal stability of the studied xSi3N4 – 
(1-x)ZrO2 ceramics, obtained by mechanochemical 
grinding, was assessed through experimental work, 

consisting of rapid thermal heating of samples to 
a temperature of 1000 °C, holding them at this 
temperature for 1 hour and subsequent rapid removal 
to air in order to create a sharp temperature gradient 
that can lead to the initiation of oxidation processes 
and destabilization of the strength properties of 
ceramics. The heating rate of the samples was about 
50 °C/min. For testing, a muffle furnace was used 
with the ability to control the temperature inside the 
chamber with an accuracy of about ±5°C, which is 
an acceptable error parameter for high-temperature 
effects. Determination of the influence of hardening 
factors in this case was carried out by assessment 
of the change in the strength and thermophysical 
parameters of ceramics before and after heat resistance 
tests. Determination of the effect of dislocation 
strengthening on maintaining stability after thermal 
tests was carried out by comparative analysis of 
changes in the degree of hardness degradation after 
5 successive test cycles with changes in dislocation 
density, presented in Figure 1. Calculation of the 
strength degradation degree was carried out by 
comparing the hardness value in the initial state and 
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after 5 successive test cycles, which, in terms of 
percentage, made it possible to estimate the amount 
of softening caused by thermal effects. 

3 Results and discussion 

Figure 2 demonstrates the results of alterations 
in the thermal conductivity coefficient for xSi3N4 
– (1-x)ZrO2 ceramics with varying component 
concentrations. Changes in the thermal conductivity 
coefficient observed in the presented dependence 
reflect the direct influence of the ratio of components 
in the composition on the increase in thermal 
conductivity. In the case of low concentrations of 
Si3N4 (less than 0.2 M), the thermal conductivity 
coefficient is less than 2 W/m×K, a value characteristic 
of ZrO2 ceramics, the thermal conductivity value of 
which is significantly lower than for nitride ceramics. 
In the case when the Si3N4 concentration is greater 
than 0.25 M, an increase in the thermal conductivity 

coefficient to 4 – 10 W/m×K is observed, depending 
on the Si3N4 concentration in the composition. Such 
changes in thermal conductivity are due to the effect 
associated with higher thermal conductivity of Si3N4, 
the contribution of which increases with increasing 
concentration in the ceramic composition. It should 
be noted that, according to the data presented in 
Figure 2, the mechanisms of changes in thermal 
conductivity at high concentrations of Si3N4 are 
not significantly affected by changes in grain sizes, 
since in the case of thermophysical parameters, 
a key role in determination of the heat transfer 
mechanisms is played by phonon mechanisms, which 
are the rescattering of phonons that carry heat, and 
in the case of a large number of small grains, the 
rescattering effect can be slowed down. However, 
the thermophysical parameters of Si3N4 themselves 
in this case suppress the size effect, which results 
in thermal conductivity growth when the ratio of 
components in the ceramic composition changes.
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Figure 2 – Data on changes in the thermal conductivity coefficient  
for xSi3N4 – (1-x)ZrO2 ceramics depending on variations in the concentration of components

Figure 3 illustrates the results of changes in the 
hardness of xSi3N4 – (1-x)ZrO2 ceramics during heat 
resistance tests, which were carried out to establish 
the stability of the strength properties of ceramics 
under external thermal influences. Assessing the data 
on changes in hardness values for xSi3N4 – (1-x)ZrO2 
ceramics in the initial state, it can be concluded that a 
decline in grain size from 200 – 210 nm, characteristic 
of low Si3N4 concentrations in ceramics up to 110 
– 140 nm, characteristic of Si3N4 concentrations of 
more than 0.2 M, leads to an elevation in hardness. 

Such changes are due to the effect of dislocation 
strengthening, which manifests itself for ceramics 
with small grain sizes and causes strengthening, as 
well as an increase in stability to mechanical stress, 
which can be assessed by the shape and imprints of the 
indenter, characterized by the absence of microcracks 
near the tops of the imprint pyramid. Moreover, 
according to the data presented, an alteration in grain 
size, caused by a variation in the ratio of components 
in the composition of ceramics, results in hardness 
growth by more than 1.4 – 1.5 times compared to ZrO2 
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ceramics, without adding Si3N4 to them. From which 
it can be concluded that the variation in the ratio of 
the components determines the processes of grain 
crushing when the Si3N4 concentration in the ceramics 
reaches more than 0.2 M, which indicates that at low 
concentrations of Si3N4 in the ceramics, the dominant 

role in determining the strength parameters is played 
by ZrO2. In the case when the Si3N4 concentration is 
more than 0.2 M, strengthening is due to the effects 
of grain crushing and boundary effects, leading to the 
emergence of additional barriers to the propagation 
of microcracks that arise under mechanical stress.
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Figure 3 – Results of measurements of hardness values 
of the studied samples contingent upon the number of heat resistance test cycles

The overall view of the presented dependences 
of alterations in hardness values during heat 
resistance tests indicates that with a small number 
of thermal changes (1 – 2 consecutive tests), 
the decrease in hardness values is within the 
permissible error, and the deviation is no more 
than 0.1 %. In this case, a change in the ratio of 
components in xSi3N4 – (1-x)ZrO2 ceramics results 
in a decrease in the hardness value deviation from 
the initial value. The main changes in hardness 
values are observed after 2-3 cycles, while the 
trend of changes in hardness is different for the 
ceramics under study. The observed reduction in 
the hardness values of ceramics after 2-3 successive 
cycles of heat resistance tests is due to degradation 
associated with deformation processes resulting 
from thermal expansion of the crystal lattice and 
subsequent sudden cooling. In the case where ZrO2 
dominates in the composition of xSi3N4 – (1-x)

ZrO2 ceramics, the trend of hardness deterioration 
as a result of successive tests is more pronounced, 
and the maximum deviation (∆Hardness) is 
more than 12 % compared to the initial value, 
which indicates a fairly pronounced softening 
of ceramics as a result of thermal tests for heat 
resistance. In the case of ceramics in which the 
Si3N4 concentration is more than 0.2 M, the value 
of ∆Hardness is no more than 3.0 – 3.2 %, which is 
acceptable for such tests, and such a small change 
indicates a fairly high resistance of the ceramics to 
external influences. including thermal expansion 
and deformation distortion of the structure caused 
by a sharp change in the temperature of the sample. 

Figure 4 reveals a comparison of variations 
in the softening value (decrease in hardness after 
5 successive cycles of heat resistance tests) and 
dislocation density associated with changes in grain 
sizes in xSi3N4 – (1-x)ZrO2 ceramics.
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Figure 4 – Comparison of the softening value after 5 cycles 
 and dislocation density in xSi3N4 – (1-x)ZrO2 ceramics

The general view of the presented dependence 
of the variation in the softening value (decrease in 
hardness after 5 cycles of heat resistance tests) on 
the dislocation density indicates the positive effect 
of increasing the dislocation density on maintaining 
the stability of hardness during thermal tests. It is 
important to highlight that the most pronounced 
alterations are observed with an elevation in 
dislocation density from 0.02×109 m-2 to 0.04-
0.05×109 m-2, at which the softening resistance 
growth is more than fourfold (from 12 % to 3 %). In 
turn, a further increase in dislocation density does not 
lead to such a pronounced change in the resistance 
to degradation of strength properties, which can be 
explained by effects associated with dimensional 
factors, as well as the phase composition of ceramics. 
The influence of the phase composition in this case 
may be that with an increase in Si3N4 composition, 
which results in hardness growth in the initial state, 
as well as a decrease in grain size, in the case of 
long-term thermal tests, it does not contribute to 
higher stability under thermal influences, as well as 
mechanical loads.

Figure 5 demonstrates the comparison results 
of changes in the thermal conductivity coefficient 
of the studied xSi3N4 – (1-x)ZrO2 ceramics after 5 
successive cycles of heat resistance tests, reflecting 
the influence of dislocation strengthening factors on 
resistance to thermal influences.

The general appearance of the data presented 
reflects the direct influence of both the size factor, 
which determines dislocation strengthening, and the 
influence of variations in the ratio of components 

in the composition of ceramics. In the case when 
ZrO2 dominates in the composition of ceramics, 
the degradation of strength and thermophysical 
parameters is maximum and amounts to more than 
8 – 12 % after five test cycles. Such a strong decrease 
is due to heat transfer mechanisms, which in the case 
of low thermal conductivity of ZrO2 result in thermal 
expansion coefficient growth, which in turn plays an 
important role in the volumetric change of the heated 
material due to an increase in the vibration amplitude 
of atoms in the crystal lattice. In this case, a sharp 
change in temperature (the so-called thermal shock) 
and low thermal conductivity lead to the occurrence of 
deformation structural distortions caused by thermal 
expansion and slow heat transfer. As a result, not 
only volumetric distortion of the crystalline structure 
occurs, but also the formation of highly disordered 
inclusions in the ceramic composition, a rise in the 
number of which as a result of successive thermal 
effects results in surface layer destabilization, and as 
a consequence, a decrease in hardness and resistance 
to external mechanical influences. A change in the 
thermophysical parameters of xSi3N4 – (1-x)ZrO2 
ceramics with an increase in the concentration of Si3N4 
in the composition leads to an increase in the stability 
of the strength and thermophysical parameters, and 
their decrease after five cycles of successive tests 
is no more than 3 – 3.3 % of the initial value. Such 
small alterations are due to heat transfer mechanisms 
due to the contribution to the thermal conductivity 
of Si3N4, which leads to the fact that with sharp 
temperature changes, the influence of the disorder 
factor caused by changes in the amplitude of thermal 
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vibrations is less pronounced than in the case of ZrO2 
dominance. Also, in this case, the stabilization of 
strength properties is influenced by the dislocation 
strengthening factor, the influence of which is 
expressed in the creation of additional dissipative 
barriers that restrain deformation distortion resulting 
from thermal effects. From the analysis it follows 
that the formation of composite ceramics in which 
the ratio of components is close to equal makes it 

possible to obtain high-strength ceramics with good 
resistance to thermal shock, as well as having fairly 
high thermal conductivity in comparison with ZrO2. 
At the same time, the use of high-speed mechanical-
chemical grinding makes it possible to obtain nano-
sized composite ceramics, the grain size of which is 
about 100 – 120 nm, which causes the presence of 
dislocation strengthening associated with the size 
factor.
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Figure 5 – Comparison of the results of changes in thermal conductivity coefficient  
and hardness degradation during heat resistance tests

4 Conclusions 

The paper presents the assessment results 
of changes in the thermophysical and strength 
parameters of xSi3N4 – (1-x)ZrO2 ceramics during 
heat resistance tests (i.e., under a sharp temperature 
change). According to the studies carried out, it was 
found that a variation in the ratio of components 
in ceramics, caused by a rise in Si3N4 in the 
composition, results in accelerated fragmentation 
of grains during mechanical grinding, which in 
turn determines a change in the dislocation density 
and volume fraction of grain boundaries in the 
composition of ceramics.

According to the assessment of changes in 
thermophysical parameters, it was determined that 
an increase in the composition of xSi3N4 – (1-x)
ZrO2 ceramics Si3N4 by more than 0.2 M leads to an 
increase in the thermal conductivity coefficient from 
2 W/m×K to 9 – 10 W/m×K, which in turn results 

in stabilization of thermophysical parameters under 
external influences.

During determination of the main mechanisms of 
softening caused by thermal effects, it was determined 
that the most significant alterations in hardness are 
associated both with the size effect, which consists 
in the fact that at Si3N4 concentrations in xSi3N4 – 
(1-x)ZrO2 ceramics above 0.2 M, a sharp decrease in 
grain size is observed, leading to the appearance of a 
large number of dislocations and grain boundaries. In 
this case, a variation in dislocation density causes the 
strengthening of ceramics, both in the case of initial 
values and during heat resistance tests.

According to the assessment of alterations in 
the hardness indicators of the studied xSi3N4 – 
(1-x)ZrO2 ceramic samples after heat resistance 
tests, it was found that an increase in dislocation 
density from 0.02×109 m-2 to 0.04 – 0.08×109 m-2 
leads to an increase in the stability of ceramics by 
more than 3.0 – 3.5 times. In this case, the most 
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significant changes in stability indicators are 
observed when the dislocation density changes 
from 0.02×109 m-2 to 0.04×109 m-2, while a further 
increase in dislocation density does not have a 
significant effect on the change in degradation 
resistance indicators.

Further research in this direction will be related 
to the study of the prospects for using the dislocation 
strengthening factor to maintain the stability of 
composite ceramics under external influences, 
including gas swelling and radiation damage caused 
by exposure to both low-energy and high-energy ions. 
The main goal of such research will be to expand 

opportunities in the search for alternative structural 
materials with high thermal conductivity, strength, 
and resistance to external influences. 
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The analysis presented in this concise review is directed towards evaluating the contemporary trends 
and practical implementations of the ELU-4 electronic linear accelerator across a broad spectrum of 
scientific and technological domains. The ELU-4 linear electron accelerator represents a key technological 
achievement in the field of accelerator technology in general and linear electronic accelerators in particular. 
Various aspects of the use of ELU-4 are considered, starting from its application in medicine, ecology, 
verification of computer models for calculating the effects of radiation, space applications, research on the 
effect of electronic irradiation on various materials and devices, including semiconductor devices, ending 
with its fundamental research of materials. Current data presented in scientific articles and reports from 
the last ten years are researched and analysed. This succinct review not only underscores the conventional 
applications of this accelerator but also underscores its potential in nascent fields of science and technology. 
The incorporation of ELU-4 into diverse research and engineering endeavors presents notable prospects for 
innovation and the advancement of scientific knowledge frontiers.

Key words: accelerator, electron, ELU-4, irradiation, radiation.
PACS number(s): 07.77.Ka.

1 Introduction

Electronic linear accelerators hold a distinguished 
position among the principal instruments in 
contemporary science and technology, offering 
unparalleled opportunities for investigating materials 
and processes at the molecular level [1-5]. Within 
this concise review, we aim to delineate the recent 
advancements and diverse applications of the ELU-4 
electronic linear accelerator across various scientific 
and technical domains.

As a flagship representative of the current 
generation of electronic linear accelerators, ELU-4 
garners attention in research domains concerned 

with the ramifications of irradiation on materials. It 
conducts experiments geared towards scrutinizing 
the effects of electron irradiation on a plethora 
of materials, encompassing semiconductors, 
composites tailored for space applications, and 
materials integral to radiation shielding endeavors 
[6-19].

Moreover, ELU-4 assumes a pivotal role in 
validating and complementing computational 
models, thereby fortifying their accuracy in matters 
pertaining to the effects of radiation on materials 
[20-22]. Furthermore, the accelerator finds utility in 
fundamental research endeavors aimed at elucidating 
the impact of irradiation on materials [23, 24] and the 
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synthesis of novel materials endowed with distinctive 
properties [25, 26].

The principal objective of this article is to furnish 
an concise overview of the prevailing applications of 
ELU-4 in scientific research and engineering realms. 
We will delve into its contributions across a myriad of 
domains, encompassing materials science, radiation 
protection, space technology, and fundamental 
scientific inquiry. The outcomes and potentialities 
associated with ELU-4 usage signify a substantial 
stride towards the advancement of contemporary 
technologies and foundational scientific research.

2 Effect of irradiation at the ELU-4 electron 
accelerator on the electrical properties of materials

The work conducted by Mustafayev S.N. and co-
authors focuses on investigating the repercussions 
of electron irradiation on TlGaS2 single crystals, 
materials renowned for their responsiveness to 
visible and X-ray radiation. Following irradiation 
with varying doses of electron flux from the ELU-4 
accelerator, operating at an energy of 4 MeV, ranging 
from 2.1·10¹² to 2.4·10²° e/cm², notable alterations 
in dielectric properties and conductivity are 
observed. These alterations manifest in a reduction 
of the real component of the complex dielectric 
constant at elevated frequencies, an augmentation 
in conductivity, and a shift in the mode of charge 
transfer through localized states proximate to the 
Fermi level [27].

In recent years, there has been a burgeoning 
utilization of low-dimensional semiconductor 
materials, including 2D chalcogenides, in micro- 
and nanoelectronics, photonics, and spintronics. 
Investigating the impacts of X-rays, gamma radiation, 
and high-energy charged particle fluxes on the 
physical characteristics of semiconductor materials 
has emerged as an imperative task. Asadov S.M. and 
Mustafaeva S.N., in their research, scrutinized layered 
single crystals of gallium-containing chalcogenide 
(GaS), grown utilizing the Bridgman method, 
exhibiting p-type conductivity. These single crystals 
displayed a hexagonal lattice structure characterized 
by lattice parameters a = 3.58 Å and c = 15.47 Å.

The authors discerned trends in alterations of 
dielectric properties and transverse conductivity in 
layered GaS single crystals contingent upon electron 
irradiation with an energy of 4 MeV and diverse 
radiation doses (2·1012 and 1013 cm2). It was revealed 
that irradiation engenders an augmentation in the 
real component of the complex dielectric constant, a 
reduction in the imaginary component, the dielectric 
loss tangent, and AC conductivity. Notably, at specific 

irradiation doses (2·1012 – 1013 cm-2), conduction 
losses were observed in GaS. The modifications 
in AC conductivity in GaS, both pre- and post-
irradiation, were attributed to the hopping mechanism 
of charge transfer along states localized proximate to 
the Fermi level, exhibiting a characteristic frequency 
dependence of AC conductivity on f0.7-0.8 within the 
frequency range f = 5·104 – 107 Hz.

Furthermore, it was found that at temperatures 
ranging from 140-238 K, layered GaS single crystals 
demonstrate hopping conductivity across their 
layers under a constant electric field, predicated 
on a variable hopping length along states localized 
in the vicinity of the Fermi level. At temperatures 
below 140 K, activation-free hopping conduction 
was discerned.

The analysis of DC- and AC-conductivity of 
GaS single crystals enabled the authors to estimate 
the density of states proximate to the Fermi level, 
their energy dispersion, average hopping distances, 
and activation energy. Additionally, the article 
investigated the impact of irradiation on parameters 
of states localized within the band gap [28].

3 Effect of electron irradiation on the 
characteristics of electronic components and 
devices 

In their study, O. V. Dvornikov and colleagues 
[29] investigate the impact of a 4 MeV electron flux 
and gamma radiation from 60Co on the characteristics 
of silicon complementary bipolar transistors (BT) and 
a broadband operational amplifier (OPA) constructed 
based on them.

The operational amplifier functions comprise a 
voltage-controlled current source, an output emitter 
follower, and PTAT (Proportional To Absolute 
Temperature) current sources. The circuit is designed 
with high radiation resistance mechanisms, including 
input current compensation, bias current stabilization, 
zero offset voltage minimization, and performance 
maintenance.

The authors conduct measurements on the current 
transfer coefficient, cutoff frequency, Early voltage, 
forward voltage drop across the emitter junction, 
current consumption, zero offset voltage, and open-
loop voltage gain of both the BT and op-amp before 
and after irradiation. Notably, despite a significant 
reduction in the current transfer coefficient of the 
transistors, the op-amp parameters exhibit minimal 
change when subjected to ionizing radiation.

Their findings underscore that an op-amp 
constructed using complementary BT serves 
as a radiation-resistant analog device suitable 
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for incorporation into systems tasked with 
preprocessing signals from multi-element 
photodetectors [29].

The work of Miskevich S. A. et al. concentrates 
on developing semiconductor devices resilient 
to ionizing radiation for application in nuclear 
power engineering and spacecraft. The authors 
have proposed a physical and mathematical model 
delineating the radiative alteration in the lifetime 
of charge carriers in silicon under the influence of a 

flux of 4 MeV electrons. They devised a method to 
calculate the change in hole lifetime and evaluated 
the electrical characteristics of a bipolar transistor 
post-irradiation. The results reveal a significant 
decline in the transistor characteristics upon 
irradiation with fast electrons. As depicted in Figure 
1 and Figure 2, the developed model concurs with 
experimental observations, facilitating its utilization 
in software for modeling radiation-induced changes 
in semiconductor devices [30].

Figure 1 – Electrical characteristics of the transistor before  
and after irradiation with 4 MeV electrons [30]

In another paper, Miskevich S.A. et al. [31] 
investigated the spatial distribution of nonequilibrium 
minority charge carriers in bipolar transistors 
before and during radiation exposure. The analysis 
focused on the p-p-p bipolar transistor KT3107A 
manufactured by INTEGRAL JSC. The device 
irradiation was conducted using the linear accelerator 
ELU-4 with electron energy Eе= 4 MeV. The pulse 
duration was 5 μs, and the pulse repetition rate was 
200 Hz. The electron flux density varied within the 
range of (5-10)1011 cm-2c-1, while the electron fluence 
ranged from 5∙1013 to 2∙1015 cm-2 [32].

Both modeling and experimental investigations 
revealed consistent results: a notable deterioration 
in the electrical characteristics of bipolar transistors 
upon irradiation with fast electrons of 4 MeV energy. 
This deterioration was evident in the decrease of 
output current and gain, along with an increase in 
base current (refer to Fig. 1b) [32].

Strelchuk A. M. et al. [33] conducted a study 
on the radiation resistance of commercial Schottky 

diodes based on silicon carbide (4H-SiC) with 
varying doping levels. Three types of diodes with 
differing levels of n-type conductivity doping were 
investigated. These diodes underwent irradiation 
with electrons and protons of different energies: 0.9 
MeV electron irradiation was conducted at the RTE-
1V accelerator, 3.5 MeV at the ELU-4 accelerator, 
and 15 MeV proton irradiation was carried out at the 
MHz-20 cyclotron.

Through analysis of current and voltage under 
forward and reverse bias conditions, the researchers 
identified several effects associated with the impact 
of irradiation on diode characteristics. Notably, they 
observed that the series resistance emerged as the 
most radiation-sensitive parameter across all diode 
types (refer to Fig. 3).

The researchers also observed a threshold dose 
of irradiation, below which the resistance practically 
remains unchanged. However, upon surpassing 
this threshold, the series resistance of the diodes 
exhibited a sharp increase, demonstrating a step 
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dependence with an exponent ranging from 10 to 
17, and reaching values of about 109 Ohm without 
signs of saturation. In contrast, the breakdown 
voltage and pre-breakdown current were less 
sensitive to irradiation and began to exhibit 
significant changes only at higher irradiation doses 
[33].

The study conducted by Bumai Yu. A. et al. 
[34] investigates the impact of high-energy charged 
particles on light-emitting diodes (LEDs) based on 
heterostructures. It demonstrates that irradiation 
with fast electrons (4 MeV) can induce defects in the 
diode structure, consequently affecting their optical 
and electrical characteristics.

Figure 2 – Input characteristics of BT before and after electron irradiation [30]

Figure 3 – Dependences of the series differential resistance of Schottky diodes  
of the first (SD1), second (SD2) and third (SD3) types on the irradiation dose 

 by electrons (e) with energies of 0.9, 3.5 MeV and protons (p) with energy of 15 MeV [33]
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Various Helio LEDs (1 W) with differing 
luminescence and low-power Nichia LEDs (90 mV) 
were employed in the experiment. Irradiation of all 
diodes was carried out using an ELU-4 accelerator 
with varying parameters of electron energy and 
fluence.

The findings of the paper reveal that nitride-based 
LEDs exhibit greater resilience to degradation under 
irradiation compared to phosphide-based LEDs, 
particularly in the red color range. Alterations in the 
light emission spectra and Urbach energy suggest a 
potential increase in defects at the interfaces.

Furthermore, the authors observed that with 
increasing fluence of fast electrons, the temperature of 
the electronic subsystem decreases for nitride LEDs 
but increases for red diodes, thereby influencing their 
luminous characteristics.

In conclusion, the study underscores the influence 
of irradiation on the electrical and optical properties 
of diverse types of light-emitting diodes. It delineates 
patterns of changes under irradiation and speculates 
on the feasibility of restoring the optical power of 
irradiated nitride-based diodes [34].

4 Application of ELU-4 for space applications 
and radiation protection

Materials employed in space applications are 
subject to electron fluxes spanning a broad energy 
spectrum. These particles can induce thermal 
ionization within dielectric materials, leading 
to the accumulation of uncompensated electric 
charge, thus engendering radiation electrification 
and substantial alterations in dielectric electrical 
properties. Consequently, the electrical breakdown 
of dielectrics stands as a primary cause for the 
malfunction of electronic and electrical spacecraft 
equipment. N. I. Cherkashin’s study [35] is 
dedicated to investigating the impact of a beam of 
fast electrons on a polymer composite utilized for 
cosmic radiation shielding.

Utilizing the Monte Carlo method and conducting 
experimental irradiation of composite samples at 
the ELU-4 electron accelerator, the author reveals 
that the depth of maximum accumulated energy 
concentration within the composite varies: 1.5 mm 
for electrons with an energy of 1 MeV, 2.7 mm for 1.5 
MeV, and 4.6 mm for 2 MeV. Relative to protective 
materials comprising heavy metals like lead or 
bismuth, the effective range within the considered 
composite is several times greater. Additionally, 
the intensity of bremsstrahlung radiation is notably 
reduced, representing an advantageous characteristic 
compared to heavy metal-based materials.

The study demonstrates that a polymer composite 
consisting of fluoroplastic filled with modified 
bismuth oxide exhibits high radiation resistance and 
protective efficacy attributable to the presence of a 
space charge [35].

In the work by Panyushkin N.N. [36], the 
feasibility of calculating and experimentally 
predicting radiation dose effects and the radiation 
resistance of CMOS integrated circuits (ICs) 
is explored. The approach centers on utilizing 
predetermined parameters – specifically, the initial 
switching voltage and the absolute increase in power 
source current post-radiation testing.

The article highlights that prevailing methods 
for predicting product durability necessitate sample 
irradiation and prolonged annealing at elevated 
temperatures. In contrast, the author’s method 
obviates these processes, relying instead on initial 
values of select electrical parameters controlled 
during product fabrication. This methodology 
enables the determination of product durability 
via test exposure to ionizing radiation both before 
and after irradiation. The resultant measurement 
data facilitate the development of models ensuring 
product radiation resistance aligns with technical 
specifications. Two parameters – threshold switching 
voltage and current consumption – are utilized 
for prediction due to variations in production lots 
and sample sensitivity to radiation effects. The 
method hinges on theoretically and experimentally 
ascertaining the radiation resistance of CMOS 
integrated circuits utilizing initial values of predicted 
electrical parameters controlled during production.

Experimental data concerning the CMOS IC 
564 LE5, comprising five samples of 2 NOR gates, 
were employed. Irradiation was conducted using the 
ELU-4 linear electron accelerator with an energy of 4 
MeV within a fluence range spanning 0.1 to 3.0 times 
the critical electron flux for this IC type. The study 
yielded the following outcomes: a predicted error 
of approximately 7% for the threshold switching 
voltage and about 4% for current consumption. 
These values closely align with measurement error, 
affirming the method’s efficacy in selecting more 
resilient samples and ensuring requisite radiation 
resistance [36].

Bogatyrev Yu.V. and colleagues [37] present 
findings from studies on radiation protection 
utilizing tungsten-copper composites. The efficacy 
of these shields is evaluated based on transistor 
parameter changes under electron irradiation, with 
absorbed dose in the IMO crystal being calculated. 
Experimental evidence demonstrates that these 
screens reduce radiation by factors ranging from 
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10 to 104 in the energy range of 0.5-6 MeV. The 
experimental methodology encompasses screen 
fabrication, morphological and chemical composition 
analysis, and irradiation using the ELU-4 linear 
electron accelerator (refer to Figure 4).

The authors have successfully developed 
W77.5Cu22.5 composite materials through solid-
phase synthesis for application as radiation shields 

in metal-ceramic integrated circuits (ICs). These 
materials exhibit excellent solderability using inert 
fluxes and comply with contemporary technologi-
cal requirements. Experimental investigations in the 
study demonstrated that shields ranging in thickness 
from 1.21 to 1.49 mm yield maximum shielding ef-
ficiency (K, = 143-155) for p-MOS transistors like 
IN74AC04.

Figure 4 – Schematic of radiation shield testing [37]

Modelling efforts conducted by the authors illus-
trate that the developed W77.5Cu22.5 screens effectively 
attenuate electron radiation within the energy range 
of 0.5 to 6 MeV (K,4040). Regarding protons of cos-
mic origin (with energies spanning from 0.04 to 500 
MeV for a 60° orbital inclination and a circular orbit 
at an altitude of 300 km), these screens provide up to 
a 6-fold reduction in absorbed dose.

Furthermore, the study reveals that the effective-
ness of radiation shields may vary depending on the 
orbit type. Optimal results were attained in orbits 
characterized by high electron contribution, such as 
GEO, GLONASS, and VEO. Conversely, for orbits 
with a predominant proton contribution, like ISS and 
circular polar orbits, the screens exhibited reduced 
efficacy.

Overall, the research findings underscore the 
promising potential of the developed material and 
technology for fabricating more radiation-resistant 
enclosures for the next generation of electronic com-
ponents utilized in rocket and space technology [37].

In their work, D. I. Tishkevich et al. [38] un-
derscore the significance of bismuth as a promising 
material for safeguarding microelectronics products 
from ionizing radiation. Studies reveal that bismuth 
coatings exhibit distinct crystalline structures that 

evolve with increasing thickness and the introduction 
of various additives. Experimental investigations 
demonstrate the high efficacy of bismuth shields at 
specific thickness values (around 2 g/cm²) and at-
tenuation coefficients (equal to 156).

Particular emphasis is placed on the potential 
of bismuth for radiation shielding, considering its 
intrinsic properties and optimal exposure param-
eters. The fabrication technique for these coatings 
involves electrochemical deposition, supplemented 
by Ni-P chemical deposition to enhance adhesion. 
Experiments investigating the radiation-protective 
properties of bismuth-based shields on test struc-
tures of p-channel MOPTs (CMOS IC elements) 
subjected to electron irradiation with energies rang-
ing from 1.6 to 1.8 MeV and exposure doses up to 
5·1014 cm2 indicate that as the reduced shield thick-
ness increases from 1.1 to 2.7 g/cm2, the shielding 
efficiency coefficient Ke rises from 95 to 165. The 
relationship between Ke and reduced thickness can 
be modeled by a second-degree polynomial. Opti-
mal values of reduced thickness, considering mass 
and dimensional parameters, lie approximately 
within the range of 1.7-2.0 g/cm2. Beyond a thick-
ness of 2 g/cm2, increasing shield thickness does 
not significantly enhance Ke, primarily due to the 
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prevalence of absorbed dose from braking radiation 
by the protected samples.

The paper concludes by accentuating the poten-
tial efficacy of bismuth as an efficient material for ra-
diation protection in microelectronics [38].

It is noteworthy that contemporary space ex-
ploration is poised on the brink of pioneering new 
spacefaring technologies. Nations such as the United 
States of America, Russia, Europe, China, and Japan 
are vigorously pursuing the discovery and develop-
ment of novel structural and functional materials to 
enhance space technology systems. Both fundamen-
tal and applied research endeavors are underway, 
spanning the realms of near and deep space, to fa-
cilitate the study and peaceful exploration of outer 
space. Concurrently, ground and space infrastructure 
is being established and refined, while innovative 
technologies are being forged in diverse domains 
including space materials science and instrumenta-
tion, natural resource and geophysical monitoring, 
and space biotechnology and medicine, with the aim 
of addressing the socio-economic challenges facing 
spacefaring nations.

The involvement of Kazakhstani cosmonauts in 
space experiments aboard manned complexes has 
yielded invaluable findings, laying the groundwork 
for the emergence of a novel scientific discipline in 
Kazakhstan: space materials science and instrumen-
tation.

Therefore, in the study by Musabayev et al. [39], 
the findings regarding the comprehensive effects of 
outer space factors, including radiation, on materi-
als and the devices derived from them are presented. 
The paper delineates a model illustrating the effects 
of single heavy cosmic ray nuclei (CRN) on com-
ponents of onboard electronic equipment. Typically, 
extensive groundwork is conducted under terrestrial 
conditions to simulate the radiation effects on materi-
als employed in space equipment before embarking 
on space experiments aboard manned complexes.

Given the aforementioned context, it is impera-
tive to investigate the influence of space radiation, 
including its electronic component, on materials and 
associated devices under terrestrial simulation con-
ditions. Linear accelerators, cyclotrons, synchropha-
sotrons, and other radiation sources are commonly 
employed for this purpose.

5 Effects of irradiation on materials, defect 
formation and synthesis of new materials

The paper by Voitovich A. P. et al. [40] delves 
into the characteristics of radiation-induced defects in 
crystals, their utility in the detection and measurement 

of ionizing radiation in electronics, and the potential 
application of nanocrystals harboring such defects 
as biological sensors. The researchers irradiated 
wafers with a robust stream of high-energy electrons, 
possessing an energy of 4 MeV and a fluence of 
1013 electrons/cm2, at room temperature utilizing an 
Electronica ELU-4 linear electron accelerator for 
several seconds. This irradiation induced defects in 
the material; however, these defects did not propagate 
far enough to interact with other parts of the material 
and elicit reactions. The authors demonstrated 
that the fragmentation of irradiated LiF crystals 
engendered new defects, with the concentrations of 
these defects remaining stable at room temperature 
for prolonged periods. Furthermore, UV irradiation 
on nanocrystals subsequent to the completion of 
center formation processes significantly amplifies the 
defect concentration. Additionally, various radiation 
defects were observed in unirradiated nanocrystals, 
underscoring the significance of processes occurring 
during crystal fragmentation [40].

Naumova O. V. et al. [41] conducted a study 
to investigate the impact of ionizing radiation on 
mineral raw materials used in silicon production, 
a crucial material in solar energy applications. The 
experiment involved irradiating chalcedony powder 
with braking gamma-rays using an accelerator. 
The duration of irradiation was determined by the 
accelerator parameters, including beam current, 
power, and distance to the irradiated object.

This nano-exposure technique facilitated the 
intensification of production processes, leading 
to alterations in the material’s microstructure and 
the formation of structures characterized by high 
homogeneity, density, and uniform distribution of 
impurities. The mechanism underlying the effect of 
braking gamma-rays on powder raw materials lies in 
their potent and diverse impact.

The authors assert that the developed methodology, 
based on irradiating raw components with braking 
gamma-rays, has demonstrated the possibility of 
controlled alteration of material properties, which 
holds significant scientific and practical importance. 
This approach enables the production of materials 
with unique properties inaccessible by existing 
methods.

Moreover, the authors suggest that utilizing 
accelerator technology as a “tool” for controlling 
complex processes in manufacturing presents novel 
opportunities for addressing important challenges, 
including enhancing the parameters of semiconductor 
structures.

The article presents an experiment that, for the 
first time, enables the examination of structural 
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changes occurring in mineral raw materials during 
the production of polycrystalline silicon under the 
influence of ionizing radiation. The findings of the 
study are expected to enhance the technologies for 
deep processing of rock-forming minerals based on 
chalcedony, leading to more effective enrichment 
and purification of raw materials during silicon 
production.

These results highlight remarkable changes in the 
structure of technical silicon products achieved using 
radiation technology. With the high homogeneity 
of the obtained materials, it becomes feasible to 
fabricate solar cells with reproducible parameters for 
new light-emitting devices.

Furthermore, the study revealed the potential of 
obtaining nanostructured materials in the creation 
of complex silicon structures incorporating alloying 
additives. This advancement could lead to the 
production of photovoltaic cells capable of efficiently 
harnessing the entire spectrum of solar energy [41].

6 Application of the ELU4 accelerator in the 
verification of computer models to assess the 
effects of electron irradiation on materials

The scientific team led by Prof. Pivovarov Y.L. at 
Tomsk Polytechnic University has undertaken several 
studies in recent years focusing on various aspects of 
the interaction between relativistic electrons and ions 
with oriented crystals.

In theoretical studies and computer simulations 
reported in [42-45], investigations were conducted 
on the scattering of 255 MeV electrons by axial and 
in-plane channeling in silicon crystals. Experiments 
were conducted at the linear accelerator of the 
synchrotron SAGA-LS (Japan). The simulation 
outcomes exhibit good agreement with experimental 
data, indicating the applicability of the utilized 
models in the computer code developed by the 
authors [46].

Another series of works explored the generation 
of photons possessing orbital angular momentum, 
known as twisted photons, using different emission 
schemes. These twisted photons offer additional 
degrees of freedom and can potentially overcome 
the diffraction limit, increase the bandwidth of 
telecommunication channels, and facilitate quantum 
cryptography. Calculations presented in [47] 
evaluated the probability of emission of twisted 
photons by axially symmetric particle clots, while 
[48] demonstrated that transient radiation and 
Vavilov-Cherenkov radiation possess orbital angular 
momentum for narrow relativistic Gaussian beams 
of electrons and ions. Additionally, investigations 

in [49, 50] examined the generation of twisted 
photons in axial and in-plane channeling of 255 MeV 
electrons in thin silicon crystals. The periodicity of 
the projection of the total angular momentum of a 
photon as a function of photon energy was also 
uncovered in [50].

In a separate line of inquiry, theoretical studies 
were conducted on positron generation utilizing a 
hybrid scheme [51]. In this scheme, electrons pass 
through an oriented crystal (silicon or tungsten) 
to generate radiation, which is then fed into an 
amorphous converter where electron-positron 
pairs are generated. These studies, detailed in [52], 
encompassed computer modeling for both coherent 
and incoherent braking radiation in crystalline 
targets of silicon and germanium. Calculations were 
performed to determine the optimal thickness of the 
converter for maximal positron yield, and the energy 
spectrum of emitted positron beams was calculated 
for the optimal converter thickness.

These research endeavors hold relevance for the 
ELU-4 accelerator. Conducting similar investigations 
with the ELU-4 accelerator could unveil novel 
characteristics of relativistic electron treatment 
and enable the production of radiation with unique 
properties.

7 Conclusions

In conclusion, electron linear accelerators, 
notably the ELU-4, stand as indispensable assets in 
contemporary scientific and technical exploration. 
The comprehensive review and analysis of data 
underscore the broad spectrum of applications 
afforded by the ELU-4 across diverse fields of science 
and technology.

Foremost among its applications is the probing 
of material responses to electron irradiation. 
This facet finds utility in investigations spanning 
semiconductors, space-grade composites, and the 
characterization of radiation shielding materials. The 
ELU-4 furnishes an optimal environment for such 
studies, facilitating nuanced examinations of material 
behaviors under varying irradiation levels.

Moreover, electron linear accelerators have 
proven instrumental in tasks ranging from validating 
computational models and assessing radiation 
shielding materials to fundamental inquiries into 
irradiation effects and materials synthesis. These 
endeavors constitute pivotal pillars supporting the 
advancement of contemporary technology and the 
frontiers of scientific inquiry.

In light of these findings, the ELU-4 emerges as 
a versatile and potent tool across scientific research 
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and engineering domains. Its exceptional capabilities 
in electron irradiation, coupled with cutting-edge 
analytical and modeling methodologies, position it 
as an indispensable resource for the scientific and 

engineering community. It remains at the forefront 
of innovative research and development endeavors, 
driving progress and fostering breakthroughs in 
knowledge and technology.
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Wireless Mesh Networks (WMNs) remain integral to various sectors due to their adaptability and scalability, 
providing robust connectivity where traditional wired networks are impractical. From facilitating smart 
city initiatives to enabling disaster recovery efforts and supporting industrial automation, WMNs play a 
pivotal role in modern networking applications. Their versatility extends to rural connectivity, underscoring 
their relevance across diverse scenarios. Recent research in WMNs has honed in on optimizing gateway 
placement and selection to bolster network performance and ensure efficient data transmission. This paper 
introduces a novel approach to maximize average throughput by strategically positioning gateways within 
the mesh topology. Inspired by Coulomb’s law, which has been previously employed in network analysis, 
this approach aims to improve network performance by strategically positioning gateways for optimization. 
Comprehensive simulations and analyses carried out in this research demonstrate the effectiveness of the 
proposed method in enhancing both throughput and network efficiency. By leveraging physics-based 
models such as Coulomb’s law, the study offers an objective means to optimize gateway placement—a 
critical component in WMN design. These findings provide invaluable insights for network designers 
and operators, guiding informed decision-making processes for gateway deployment across a spectrum 
of WMN deployments. As such, this research contributes significantly to the ongoing evolution of WMN 
optimization strategies, reaffirming the indispensable role of gateway placement in establishing resilient 
and efficient wireless communication infrastructures. 

Key words: WMN, Coulomb’s law, network analysis, gateway placement.
PACS number(s): 01.30.−y; 07.05.Tp; 07.50.Qx.

1 Introduction

WMN continue to hold significance and offer 
potential in contemporary networking landscapes 
due to their flexibility, scalability, and capacity for 
self-organization. They find applicability across a 
broad spectrum of uses, spanning from household 
networking to expansive urban installations and 
industrial environments [1]. WMNs prove especially 
adept at expanding network reach and capability in a 
resource-efficient manner. Their adaptability makes 
them particularly well-suited for scenarios where the 
installation of conventional wired networks is either 
economically impractical or logistically challenging 
[2]. WMNs can dynamically respond to alterations 

in network structure, environmental factors, and user 
requirements. 

The structure of a Wireless Mesh Network (WMN) 
involves mesh clients (MCs), gateways (GWs), and 
mesh routers (MRs). MRs with low mobility form a 
wireless backbone network within their designated 
service areas, serving as both traffic relays and 
access points for MCs [3]. This dual functionality 
renders them suitable for diverse usage scenarios. 
GWs hold pivotal roles in network architecture, 
bridging connectivity between the wireless backbone 
(comprising MRs) and external networks such as the 
Internet. They act as ingress and egress points for 
data traffic entering or exiting the WMN, facilitating 
essential communication pathways. Previous studies 
have highlighted the importance of strategically 
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positioning gateways, with a focus on addressing 
challenges such as identifying the most effective 
locations and quantities of gateways. Researchers 
have extensively investigated this aspect [7-11]. 
For instance, in [12], authors propose heuristic 
methods utilizing various wireless link models to 
iteratively select the best gateway positions in order 
to fulfill Quality of Service (QoS) requirements for 
associated nodes. In another study [13], an algorithm 
is introduced to recursively compute the minimum 
weighted dominating set, aiding in optimal gateway 
placements while upholding user QoS expectations. 
It’s noteworthy that determining the most 
suitable gateway placements necessitates intricate 
computations, thus inviting further exploration  
[14].

This research proposes enhancing throughput and 
efficiency in Wireless Mesh Networks by optimizing 
the placement of a single gateway, leveraging 
Coulomb’s law. This approach draws from a method 
previously employed by Zhang et al. in the analysis 
of fractal networks [15].

This article is structured as follows: Section 
2 discusses the issue of gateway node placement. 
Section 3 presents our approach for calculating 
gateway placement. Finally, Section 4 outlines 
the key findings and conclusions derived from our 
investigation.

2 Gateway node placement 

The Generalized Network Design Problem 
(GNP) is categorized as NP-hard [16]. Past studies 
have concentrated on developing efficient heuristic 
algorithms to achieve near-optimal solutions. 
Typically, the GNP is formulated as an Integer Linear 
Program (ILP) to ascertain the minimum number of 
gateway nodes needed for a given WMN backbone 
network, while adhering to specific Quality of 
Service (QoS) constraints. These constraints usually 
encompass communication delay, relay load, and 
gateway throughput, all of which significantly 
influence network performance.

Numerous heuristic algorithms have been 
proposed to tackle the GNP, aiming to minimize 
the number of gateway nodes while satisfying the 
mentioned QoS constraints [16-19]. Additionally, 
some research has integrated a secondary objective 
of reducing the number of hops between a mesh 
router (RN) and its designated gateway [20, 21]. One 
method suggested for addressing the combined RNP-
GNP problem involves employing the heuristic graph 
clustering technique delineated in [22] among these 
algorithms.

3 Model description 

The box-covering method used in fractal network 
algorithms by Zhang et al. was adopted to calculate 
the single gateway placement of the network [23]. 
Two nodes within the network, designated as node 1 
and node 2, each characterized by a specific electric 
charge q1 and q2 and separated by a distance r, 
were considered. The electrostatic interaction force 
between these nodes was determined by formula (1):

 ,                       (1)

The interaction strength between nodes is directly 
proportional to the multiplication of their attributes 
and inversely proportional to the square of the 
distance between them. Our research methodology 
involves modelling interactions within complex 
networks using a node degree-based repulsion 
algorithm. In this algorithm, we consider each node’s 
degree as its ‘charge’ in the network and compute 
repulsive forces based on node connectivity. The first 
step is to calculate the Euclidean distances between 
nodes to measure their straight-line distance in a 
two-dimensional space. Then, we systematically 
evaluated the interactions between network nodes, 
including quantifying the cumulative force exerted 
by neighbouring nodes for each node. Then, we 
systematically evaluated the interactions between 
network nodes, including quantifying the cumulative 
force exerted by neighbouring nodes for each node. 
Then, we systematically evaluated the interactions 
between network nodes, including quantifying the 
cumulative force exerted by neighbouring nodes for 
each node. This is essential for gauging its overall 
influence within the network. By using Coulomb’s 
law, we calculated the electrostatic interaction force 
between nodes within a specific coverage radius. We 
then accumulated the resulting forces to represent 
the combined impact of neighbouring nodes on each 
individual node. The calculated forces were stored 
for further analysis, which allowed us to identify 
influential nodes by sorting them based on their 
computed forces.

The analysis concluded by measuring the average 
network throughput in NS3, which provided crucial 
insights into the network’s performance. To simulate 
real-world data flow scenarios, each node was treated 
as a gateway and linked to a server (NS3) responsible 
for packet transmission. By systematically connecting 
a server to each gateway node and calculating the 
average throughput, we gained a comprehensive 
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understanding of how data transmission efficiency 
varied across different nodes within the network.

4 Results 

This section presents the results that demonstrate 
the impact of gateway location on force and 
throughput for two types of topologies: grid and 
random. To construct the networks, we used the NS-3 
simulation program with the parameters outlined in 
Table 1. To determine the throughput between nodes 
in these networks, we used the existing OLSR routing 
algorithm.

In Figure 1(a), an example of a deployed grid 
network configuration of 5x5, consisting of 25 nodes, 
is shown. In this network, four mesh routers are 
highlighted with their respective coverage depicted 
by a yellow circle, and in the middle, a gateway node 
is specially chosen as a yellow node. Figure 1(b) 
illustrates the calculated force per throughput ratios 
in a grid network.

Table 1 – Parameters used for NS-3 simulation program

Network simulator NS-3.40
Channel type Wireless channel
Propagation model Friis Propagation Loss Model
Network interface type Phy/Wireless Phy
Mac type Mac/802.11ac
Interface Queue type Drop Tail/PriQueue
Link layer type LL
Antenna Model Single Antenna
Traffic type CBR
Transport protocol UDP
Simulation time 50 s
Packet size 1024
Simulation area 1000m*1000m
Mobility model Constant
Protocol OLSR

 a b
Figure 1 (a) – Illustration of a Grid network with a Gateway placed 

 at the Center; (b) – Force-to-Throughput Ratio

Figure 1(b) illustrates a direct positive correlation 
between force and throughput, suggesting that higher 
force values correspond to increased throughput. 
Selecting a node with the highest force could serve 
as an effective strategy for gateway placement. In 
Figure 2 (a), a random network comprising 25 nodes 

is depicted, where 9 mesh routers along with their 
respective coverage highlighted by a yellow circle 
and a centrally located gateway node is specially 
chosen as a yellow node. Figure 2 (b) illustrates the 
calculated force per throughput ratios in a random 
network.
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 a b

Figure 2 (a) – Illustration of a random network with a Gateway placed  
at the Center; (b) – Force-to-Throughput Ratio

Figure 2 (b) demonstrates a clear direct 
correlation between force and throughput, indicating 
that higher force values are associated with increased 
throughput. Opting for a node with the highest force 
might prove to be an efficient strategy for selecting 
gateway placement. These results underscore the 
critical role of gateway placement in determining 
network throughput and emphasize the importance 
of strategic decision-making in network design and 
optimisation efforts.

5 Conclusions

Our study investigated the impact of gateway 
placement on two common network topologies: 
random and grid. Our analysis revealed distinct 
behaviours in each topology.

In the random network topology, which is 
characterized by a decentralized and irregular 
node arrangement, strategic gateway placement 
remained crucial. Although the network is inherently 
unpredictable, our findings suggest a clear correlation 
between force and throughput, indicating that optimal 
gateway positioning can significantly enhance 
network performance.

In contrast, in the grid network topology, where 
nodes are organized in a structured and uniform 
manner, the impact of gateway placement was more 

pronounced. By strategically placing gateways within 
the grid, we observed a direct positive correlation 
between force and throughput. This study emphasizes 
the significance of taking network topology into 
account when devising gateway placement strategies. 
Structured layouts may provide more predictable 
outcomes.

Our research contributes to the ongoing efforts 
in optimizing wireless mesh networks and highlights 
the importance of gateway placement as a key 
factor in achieving robust and efficient wireless 
communication networks. Further research could 
investigate additional factors and algorithms to 
enhance WMN performance in various deployment 
scenarios by improving gateway placement strategies.
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In this paper, the synthesis of high-quality nanostructured zinc oxide (ZnO) and zinc oxide-graphene oxide 
(ZnO-GO) nanocomposites was carried out by a simple and efficient cost-effective chemical bath deposition 
method. The effect of different GO concentrations as well as thermal treatment on the structural, optical and 
photoluminescent properties of ZnO-GO semiconductor composites was investigated. All the synthesised 
samples were studied by electron microscopy, energy dispersive X-ray and Raman spectroscopy. ZnO 
usually exhibits luminescence in the visible region of the spectrum due to various intrinsic defects. This 
emission can be controlled by surface modification, doping and various treatments of the synthesised 
materials after synthesis. The considered ZnO-GO composites were subjected to thermal treatment in air at 
375°C for one hour. The study of photoluminescence spectra showed that the heat treatment affects different 
types of optical recombination in the considered samples of zinc oxide – graphene oxide composites. The 
improved photoluminescence properties of ZnO-GO nanocomposites make them promising for application 
in various optical devices of nano- and microelectronics.

Key words: zinc oxide, chemical bath deposition, optical properties, photoluminescence, raman spectra, 
heat treatment.
PACS number(s): 78.67.Bf, 87.64.– t, 81.10.Dn, 78.55.Et.

1 Introduction

Zinc oxide based nanostructures are very 
interesting for scientist materials due to its wide range 
of applications [1, 2]. In addition, nanostructured 
ZnO is an inexpensive, safe and relatively simple 
semiconductor material to fabricate [3]. The 
chemical and physical properties of zinc oxide 
nanoparticles can be easily modified by controlling 
the morphology, using different synthesis methods 
or different precursors [4]. ZnO belongs to inorganic 
compounds of semiconductor group II-IV. Zinc 
oxide nanoparticles are white powder, insoluble in 
water. The bandgap width is 3.37 eV and binding 
energy is 60 MeV, which provides high chemical, 
electrical and thermal stability [5, 6]. Due to their 
optical, electrical and photocatalytic properties, 
zinc oxide nanoparticles are used in solar cells, as 

photocatalysts, in chemical sensors, piezoelectric 
nanogenerators, light-emitting diodes and many 
other electronic devices [7 – 11].

Currently, many studies are devoted to graphene, 
graphene oxide and composites based on it. The 
interest in these materials is due to the fact that they 
have unique electronic and crystalline properties 
arising from the nature of charge carriers that behave 
like relativistic particles [12]. Graphene consists 
of only carbon atoms, connected by sp2 – hybrid 
orbitals forming a honeycomb lattice [13]. In turn, 
graphene oxide is a two-dimensional material with 
such peculiarities as large specific surface area, high 
optical transparency and electron transfer capabilities 
[14]. The above properties allow to consider one as a 
promising material for bio-application. Commercially 
produced graphene oxide can be used in solar cells, 
hydrogen storage, transparent conductive films, 
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polymer composites, in biomedicine, nanoelectronic 
devices and in biosensors [15 – 17].

An analysis of literature data showed that 
modification of nanostructured zinc oxide by adding 
graphene oxide to the solution effectively prevents 
aggregation of ZnO particles and provides high 
stability in the environment [18]. The large specific 
surface area of graphene oxide and wide forbidden 
zone of ZnO particles can significantly improve the 
electrochemical properties of ZnO-GO composites 
compared to pure zinc oxide or graphene oxide.

One of the most urgent issues is the synthesis 
of nanostructures with specified, i.e. necessary for 
this or that application, properties. For this purpose, 
it is necessary to develop controlled methods for 
obtaining nanoparticles and determine the optimal 
parameters [19]. In order to obtain active ZnO-GO 
composites with the required properties, various 
treatments are used. Air annealing, hydrogen 
atmosphere annealing, hydrogen plasma treatment, 
etc. are often applied. The thermal treatment is one 
of the most valuable techniques that can significantly 
affect the properties of nanostructured materials. 
Many researchers reported that treatment affects 
the physicochemical properties of zinc oxide and 
zinc oxide based composites [20-22]. Annealing 
as a surface treatment process can not only remove 
surface impurities or defects, but also it can change 
the surface desorption and absorption of oxygen 
molecules, leading to the surface states improvement 
of nanocomposites [23]. It is commonly known that 
photoconductivity in nanostructures is controlled by 
the desorption or adsorption of oxygen on the surface, 
hence the thermal treatment leads to the improves the 
photosensitivity as well as photoresponse of ZnO by 
modifying the surface and improving the structure 
[24]. In turn, annealing in hydrogen atmosphere 
is often used to improvement of the optical and 
electrical characteristics of nanoparticles, because 
hydrogen atoms can passivate broken bonds on the 
surface and energy band gap states [25].

In this work, the optical, structural, as well 
as photocatalytic properties of ZnO, ZnO-GO 
semiconductor materials synthesised by a simple, 
economical and low temperature chemical solution 
deposition method subjected to heat treatment in air 
were studied.

2 Materials and methods 

Zinc oxide (ZnO) and zinc oxide-graphene oxide 
(ZnO-GO) nanostructured semiconductor materials 
were synthesized at room temperature by chemical 
bath deposition [2]. An aqueous solution of 50mM 

zinc acetate dihydrate ((CH3COO)2Zn×2H2O, 98% 
purity) was used for the synthesis of zinc oxide. 
The beaker containing this solution was placed on a 
magnetic stirrer. 0.7M aqueous solution of sodium 
hydroxide (NaOH, 98% purity, Component-Reaktiv, 
Russia) was added gradually to the zinc acetate 
solution while stirring thoroughly. Subsequently, 
the precipitated zinc oxide was thoroughly washed 
with distilled water during centrifugation and dried in 
atmosphere at 115°C for half a day. Sample #1 was 
synthesised in this way.

According to the literature [26], the following 
chemical reactions occur during low temperature 
chemical bath deposition of zinc oxide:

2NaOH + Zn(CH3COO)2×2H2O → 
→ 2CH3COONa + Zn(OH)2 + 2H2O,

2H2O + Zn(OH)2 → 2OH- + 
+ 2H2O +Zn2+ →  [Zn(OH)4]

2,

[Zn(OH)4]
2– → 2H2O + ZnO2

-2,

  2H2O + ZnO2 
-2 → 2OH− + ZnO.

During zinc oxide-graphene oxide composites 
synthesis the difference was only that an aqueous 
solution of zinc acetate dihydrate was mixed with 
an aqueous solution of prepared graphene oxide 
synthesised by Hammer’s method [27], and then a 
solution with alkali was added dropwise. The GO 
concentration was 0.1 wt.% (sample #2) and 0.2 wt.% 
(sample #3). Samples #4 and #5 were synthesised 
by thermal annealing a portion of samples #2 and 
#3, respectively, in an atmosphere at 375°C for one 
hour. The temperature of 375°C is the minimum at 
which significant changes in the photoluminescence 
spectra and Raman spectroscopy spectra of ZnO-GO 
samples are observed.

3 Results and discussion 

An electron scanning microscope (JEOL, JSM-
6490 LA) was used to study the morphology of ZnO 
and ZnO-GO synthesised samples. The analysis of the 
morphology of ZnO and ZnO-GO samples by SEM 
showed that zinc oxide and zinc oxide – graphene oxide 
composites at low-temperature synthesis by chemical 
bath deposition grow as two-dimensional thin plates 
with length and height of the order of several hundred 
nanometres. The thickness of the plates was of the 
order of a few tens of nanometres (Figures 1, 2). No 
significant difference in the structure of ZnO-GO and 
ZnO samples was observed.
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а b

c

Figure 1 – SEM of samples: a – ZnO (sample #1),  
b – ZnO-GO (sample #2), с – ZnO-GO (sample #3)

Elemental analysis (EDAX) was carried out for 
samples #2, #3, #4 and #5 by energy dispersive X-ray 
spectroscopy, which showed that all the samples 
considered contain carbon (C), oxygen (O) and zinc 
(Zn) atoms (Figure 3).

It is noticed that in sample #3 there is more carbon 
than in sample #2, which is explained by the large 
content of GO in the growth solution. After thermal 
annealing of ZnO-GO samples #2 and #3 at 375°C 
in air, the content of carbon atoms in these samples 
decreased, which is apparently due to the release of 
carbon dioxide during thermal air treatment of the 
samples.

Optical density spectra of the synthesised 
nanostructured samples were studied on a 
PerkinElmer, UV/Vis Lambda35 spectrophotometer. 
The optical properties of ZnO and ZnO-GO samples 

were studied by spectroscopy in the UV and 
visible region. Optical density spectra of ZnO and 
ZnO-GO samples are presented in Figure 4a. The 
spectra demonstrate significant UV-absorption and 
negligible absorption in the visible region. ZnO 
possesses by a broad UV-absorption peak (360-400 
nm), characterized hexagonal wurtzite phase of ZnO. 
The band gap of a pure ZnO sample and ZnO-GO 
composites was estimated using the Tauc’s ratio for 
allowed direct transitions:

(αhν) = A (hν – Eg)
n,

where hν is the photon energy, α is the coefficient of 
absorption, A is the proportionality factor, n = 0.5, 
since zinc oxide is a direct-gap semiconductor mate-
rial [28].
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a b

Figure 2 – SEM of samples: a –ZnO-GO (sample #4), b – ZnO-GO (sample #5)

a b

c d

Figure 3 – EDAX ZnO-GO samples: a – sample #2, b – sample #3, c – sample #4, d – sample #5
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a b

Figure 4 – Optical properties of ZnO and ZnO-GO samples: 
 (a) absorption spectra, (b) Tauc Plot diagrams

The extrapolation the linear part of the depen-
dence of (αhν)2 on hν allow estimate band gap energy 
in the optical range Eg (Figure 4b). The Eg value of all 
samples is on the order of (3.2±0.15) eV.

Photoluminescence (PL) spectra were measured 
at room temperature using a Cary-Eclipse 
spectrophotometer. A xenon lamp emitting at a 
wavelength of 300 nm provided optical excitation.

Photoluminescent properties of semiconductor 
nanostructures are actively investigated with the 
prospect of subsequent application in biological 
markers, lasers, organic light-emitting diodes, 
quantum electronics, etc. Photoluminescence spectra 
were measured and studied for all ZnO and ZnO- 
GO samples. Figure 5 shows the photoluminescence 
spectra measured at room temperature. The excitation 
energy used (4.1 eV) is higher than Eg of ZnO 
(3.37eV), so the electron from the valence band due 
to excitation can both move to the conduction band 
and to deep levels inside the forbidden band [29]. In 
the FL spectra of the considered ZnO and ZnO-GO 
samples, two emission bands are observed: one in 
the UV region (385 nm) and the other in the visible 
region (450-650 nm). The UV emission peak at 385 
nm corresponds to the near-band emission (NBE) 
of ZnO and is due to the radiative recombination 
of free excitons [30]. When the size of nanocrystals 
decreases, sample impurities and various defects 
come to the surface as a result an increasing in 
the fraction of surface atoms providing impurity 
photoluminescence (DLE). The ratio of NBE and 
DLE intensities is often related to the crystal quality 
and the state of trapped defects.

The photoluminescence spectra show that 
samples #2 and #3 exhibit visible emission in the 

yellow and yellow-orange regions with a peak at 
wavelengths of 565 nm and 581 nm, respectively. The 
radiative recombination of localised electrons with 
deeply trapped holes in oxygen interstitials located 
at 2.2 and 2.14 eV below the conduction band results 
in yellow and yellow-orange luminescence (DLE) 
bands, respectively [31]. It was observed that after 
atmospheric heat treatment at 375°C in ZnO-GO 
samples #4 and #5, the DLE band shifts from yellow 
to green region. The nature of green luminescence 
in ZnO is the most controversial; there are many 
hypotheses to explain this luminescence [30-33]. 
According to some of them, the green luminescence 
band observed at 505 nm can be associated with 
recombination of electrons in singly ionised oxygen 
vacancies with photoexcited holes in the valence band 
[30, 32]. In this case, samples # 4 and # 5 showed 
typical edge emission of the band at 383 nm. It was 
noted that the PL intensity of the UV-band decreased 
after heat treatment, which may be explained by the 
partial dissociation of the exciton bound to the donor 
[32]. Thus, it is obvious from the photoluminescence 
spectra that annealing of the synthesised nanoparticles 
clears the samples of moisture and affects various 
types of optical recombination [33].

Raman scattering for all synthesised samples was 
examined by a Solver Spectrum spectrometer. The 
excitation was carried out by means of a blue laser at 
473 nm. The Raman spectra of the synthesised samples 
are shown in Figure 6. The spectrum of ZnO sample #1 
(Figure 6a) shows the presence of peaks at 100 cm-1, 
330 cm-1, 437 cm-1, 575 cm-1 and 1150 cm-1. The peak 
at 330cm-1 corresponds to zone-boundary phonons of 
hexagonal ZnO, while the peak at 437 cm-1, belongs 
to the characteristic E2 (High) mode of the wurtzite 
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phase of ZnO [35]. The peak present at 575 cm-1, 
belong to transverse optical modes with A1 symmetry 
and longitudinal optical (Low) modes characteristic of 
defects (oxygen deficiency) present in ZnO [36]. The 
observed peak at 1150 cm-1 corresponds to the phonon 
scattering phenomenon [37].

The spectra of ZnO-GO samples (Figure 6b) 
show two main peaks at 1350 cm-1 and 1588 cm-1, 
characterised by the D and G bands, respectively. 
The D band arises due to defects sp3, and the G band 
due to the planar vibrations of carbon atoms sp2 and 
the twice degenerate phonon mode [38].

After thermal treatment of the ZnO-GO samples, 
the peaks characteristic of the presence of GO in the 
samples do not appear (Figure 6c), which seems to 
be due to the reduction of carbon atoms (Figure 3) 
and also as a result of the green DLE luminescence 
increasing after thermal treatment (Figure 5).

Figure 5 – Photoluminescence (PL) spectra of ZnO-GO 
and ZnO samples

a b

c

Figure 6 – Raman spectra: a – ZnO (sample #1), b – ZnO-GO (sample #3), 
c – ZnO-GO (sample #5)
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4 Conclusions

Nanostructured ZnO and ZnO-GO samples 
were synthesised by a simple low-cost method of 
chemical bath deposition. The morphology, as well 
as electrochemical and structural characteristics of 
the synthesised ZnO and ZnO-GO samples were 
studied. The results of the study of the synthesised 
samples by SEM showed that the synthesised 
samples grow as two-dimensional thin plates with 
length and height of the order of a few hundred 
nanometres and thickness of the order of a few 
tens of nanometres. It was demonstrated that the 
thermal treatment of the synthesised ZnO-GO 
nanoparticles in air at 375°C is not only able to 

affect various types of optical recombination. 
Thus, the proposed method of synthesis of ZnO-
GO and ZnO nanoparticles with subsequent heat 
treatment allows controlling their luminescent and 
structural properties, which makes these materials 
promising for application in the production of 
white light-emitting diodes, display devices, 
biological labelling and other optical devices of 
nanoelectronics.
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Starch-based biopolymers derived from renewable resources offer a sustainable alternative to plastic 
packaging. One of the main advantages of starch-based biopolymers is their ability to biodegrade, 
as well as being economical due to the availability and low cost of starch. This makes them more 
economically attractive for producers and consumers. Although there are still problems with improving 
their properties. This research centered on developing a biodegradable biofilm from oxidized corn starch 
and carboxymethylcellulose, using succinic anhydride as a crosslinker. The biofilm’s mechanical strength, 
water absorption, and biodegradability were evaluated and compared to a commercial biopolymer. The 
biofilm exhibited a strength of 0.78 MPa, absorbed 0.21% water, and had a biodegradability rate of 0.008%. 
These findings suggest that the biofilm has significant potential for industrial applications, particularly 
in the biofilms and bioplastics sector. This study contributes to the ongoing global efforts to create 
sustainable alternatives to conventional plastic packaging, a critical aspect of environmental preservation. 
The promising characteristics of the synthesized biofilm indicate its potential to significantly influence 
the future of packaging materials. This research marks a progressive step in the pursuit of sustainable 
packaging solutions. 

Key words: starch, biofilm, cellulose, biodegradable, composite film.
PACS number(s): 82.35.Lr.

1 Introduction

Plastic is a product with wide potential, which is 
obtained from petroleum raw materials. Currently, 
due to the low mechanical properties and moisture 
permeability of plastic products, the largest area 
of consumption is the production of packaging 
materials. In addition, more than 42% of all plastic 
materials are used in this industry [1-3]. This has led 
to the excessive accumulation of household plastic 
waste and the creation of an island of plastic waste. 
Because of plastic is chemically and mechanically 
stable, the process of its decomposition in the 
environment is very slow. As a result, the soil layer, 
atmosphere and hydrosphere are in great danger [4, 
5]. In this regard, the last ten years, the development 
and production of biodegradable films based on 

biopolymers: starch, cellulose, pectin and chitosan 
has started to develop rapidly. In particular, the scope 
of starch-based biofilms is increasing everyday [6, 
7]. However, due to the special hydrophilicity and 
mechanical properties of starch, it becomes brittle 
and therefore requires starch modification. [8, 9]. 

In the study [10], a starch-chitosan-based 
packaging for food products with antibacterial 
properties was developed, which can reduce the 
amount of Escherichia coli up to 23.8%, and 
Staphylococcus aureus up to 25.6%. Also, in research 
[11], a package for storing lamb was developed by 
modifying the starch-pectin composite with broccoli 
leaf polyphenols. In addition, by oxidizing starch 
with a strong oxidation agent, increasing the carboxyl 
and carbonyl groups in its molecule, it is possible 
to obtain thermoplastic starch for film production 
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which was reported by researchers [12]. This, in turn, 
proves that it is possible to modify starch with other 
monomers. 

Based on the research of scientists related to 
biofilms, it can be seen that the biodegradation, 
physical and chemical properties of materials obtained 
by modifying oxidized starch with biomonomers are 
effective. 

In this regard, current study investigated the 
possibility of obtaining biodegradable biofilm by 
modifying oxidized corn starch with a cellulose ester 
derivative in the presence of a crosslinking agent. 

2 Materials and methods

2.1 Materials
H2O2 (STST 177-88, 30%), starch (STST 32159-

2013), carboxyl methylcellulose (STST 5.588-70), 
succinic anhydride (Sigma Aldrich), glycerin (STST 
6259-75) and distilled water. All reagents were used 
without preliminary purification.

2.2 Oxidation of starch
A suspension of corn starch and distilled water 

in a ratio of 1:10 g/ml was intensively stirred 
continuously in a flask with a rotary cooler at a 
temperature of 80±2°C for 1 hour until a stable 
solution was formed. The resulting thick solution 
was cooled to a temperature of 25±2°С. Then, 100 
ml of 8% hydrogen peroxide solution was added 
dropwise to the prepared starch thick solution. The 
resulting mixture was continuously stirred at room 
temperature for 24 hours, and the prepared suspension 
was neutralized with distilled water until pH=7 using 
a centrifuge. The neutralized suspension was dried to 
a constant mass in a vacuum cabinet (Grodtorgmash 
DC-80, Belarus) at a temperature of 50±2°С. The 
dried mass was ground to obtain a film.

2.3 Starch/carboxyl methylcellulose (CMC) 
biofilm preparation 

In order to develop a biodegradable film, 0.875 
g of oxidized starch was weighed into 50 ml of a 
pre-prepared 5% carboxymethyl cellulose (CMC) 
solution and continuously stirred in a magnetic stirrer 
until a homogeneous solution was formed. Further, 
0.75 g of succinic anhydride and 7.5 ml of glycerol 
were added to the prepared solution and stirred for 
another 30 minutes until a homogeneous mixture 
was formed. The resulting mixture was poured into a 
disk-shaped plate and placed in a vacuum cabinet at 
a temperature of 60±2°C for 16 hours. As a result, a 
film was obtained Figure 1.

 

Figure 1 – Obtained biofilm from Starchoxd/CMC

2.4 FTIR analysis

The analysis was performed using an FT-801 
FTIR spectrometer (Simex, Russia), with a resolution 
of 1 cm-1 at a range of 300-4700 cm-1, at a temperature 
of 25±10ºC, in accordance with the standard method. 
An accessory was used to measure attenuated total 
reflection (ATR) and specular-diffuse reflection 
(SDR).

2.5 Mechanical Characterization
The mechanical characteristics of the biofilm was 

studied using a texture analyzer (TA-3000, LabSol, 
China) with a measured load range of 0.01–60N and 
a loading speed range of 0.0005–500 mm/min. The 
data registration was performed automatically using 
a computer. During the testing of the samples under 
a load of 0.01 N, the movement speed was 0.1 mm/
min. The samples were tested until the maximum 
tensile force was reached or before the sample 
became deformed.

2.6 Water absorption and biodegradation 
properties

The film sample was prepared and dried at 50°C 
for 24 hours. The dried film was placed in a buffer 
solution with a pH of 5.5 for 3 days, removed from 
the water and dried using a filter paper, and its weight 
was measured with an accuracy of 0.0001 g.

3 Results and disscussion

3.1 FTIR analysis of oxidized starch
Figure 2 shows the result of FTIR analysis of 

oxidized starch compared to the original starch. In the 
figure 2a represented spectra region between 3500-
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3000 cm-1 indicates the presence of OH groups and 
signal on 1653 cm-1 is characterized by the absorption 
of the C-O bond [13,14]. Corresponding absorption 
of all CH2 groups was identified on 2868 cm-1. The 
absorption at 1147 cm-1, 1078 cm-1 and 990 cm-1, 
respectively, reflects the valence oscillations of the 
C-O bond, C-O-H and C-O-C groups in the glucose 
ring. The absorption signals 855 cm-1, 856 cm-1 
and 867 cm-1 indicate a β-glycosidic bond [15,16]. 
In Figure 2b, absorption of C=O bond in carboxyl 
and carbonyl groups formed in oxidized starch was 
observed in the range of 2100-2150 cm-1 [17].

 

Figure 2 – FTIR spectrum of a-initial starch;  
b- oxidized starch

3.2 FTIR analysis of biofilm
Figure 3 shows the relative FTIR spectrum of the 

starch/CMC biofilm with the original monomers. The 
intensity of the signal can be noticed in the absorption 
region of 1710 cm-1, characteristic of the carboxyl 
groups in the molecule of oxidized starch and CMC, 
is maximally reduced in the spectrum of the biofilm. 
This may be due to the fact that during the synthesis, 
the bonding agent succinic anhydride leads to low 

intensity by cross-linking the carboxyl groups in the 
monomer molecule [18-20].

Figure 3 – FTIR spectrum of biofilm Starchoxd/CMC

3.3 Mechanical Characterization
During the study, the mechanical properties 

and water absorption properties of the biofilm were 
compared with the polyester-based biodegradable 
commercial product TAPIOPLAST (SMS 
Corporation, Thailand). The result of studying the 
mechanical properties of the biofilm is shown in 
Figure 4. The commercial product TAPIOPLAST 
has been found to have a mechanical strength of 2.5 
MPa. The mechanical strength limit was to be found, 
of starch/CMC biofilm is equal to 0.78 MPa, that is, 
3 times smaller than that of TAPIOPLAST. This is 
because the main composition of the TAPIOPLAST 
film can be synthetic polyester in addition to the 
biodegradable component.

In the studies [21, 22], it was determined that the 
mechanical strength limits of films based on oat starch and 
topaca starch are equal to 0.36 and 0.78 MPa. It shows 
that the result obtained in this study corresponds to the 
indicators of the previous study.
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Figure 4 – Plot of mechanical strength of Starchoxd/CMC 
biofilm compared to commercial film

3.4 Water absorption and biodegradation 
properties

Short-term biodegradability of Starchoxd/
CMC-based biofilm compared with commercial 
product TAPIOPLAST (Table 1). Since the pH 
of the surface layer of the soil is between 5.5 and 
6.5, the biodegradation properties of biofilms were 
studied over a period of 3 days using a weak acid 
buffer solution with a pH of 5.5 as a soil model. In 
addition, the property of water absorption in this 
environment was also determined. According to 
the obtained results, the degree of water absorption 
of polyester-based biodegradable commercial 
product TAPIOPLAST was 0.19%, and the degree 
of biodegradation was 0.0001%. Starchoxd/CMC 
biofilm had a water absorption degree of 0.21% and a 
biodegradation degree of 0.008%. The values of the 
degree of water absorption of both obtained samples 

were insignificant and showed that the Starchoxd/CMC 
film was exposed to biodegradation for a longer time 
[23,24]. 

Table 1 – Starchoxd/CMC comparative values of the short-
term biodegradation rate of the biofilm based on the 
commercial product TAPIOPLAST

Sample Water absorption 
degree, %

Biodegradability, 
%

TAPIOPLAST 0,19% 0,0001
Biofilm 0,21% 0,008

4 Conclusions

The chemical structure of the Starchoxd/CMC bio-
film obtained during the study revealed that the cross-
linking agent succinic anhydride binds the carboxyl 
groups in the starch and CMC molecules. In addition, 
the biodegradation, mechanical and water-swelling 
properties of the obtained biofilm were compared 
with the commercial film TAPIOPLAST. As a result, 
the mechanical strength limit of Starchoxd/CMC bio-
film was 0.78 MPa. The degree of water absorption 
was to be determined in a short period of time was 
0.21%, and the degree of biodegradation was equal to 
0.008%. The Starchoxd/CMC biofilm obtained within 
the framework of this study has the potential to be 
used in the development of food packaging, mulch-
ing coatings in agriculture, and drug-carrying cap-
sules in pharmaceuticals.
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The focus of this article is to research technology for reducing greenhouse gas emissions, such as carbon 
dioxide and nitrogen, produced by internal combustion engines when liquid fuels are burned in them to 
minimize humans’ negative impact on the environment. Based on statistical data, the work presents an 
analysis of the dynamics of local and global emissions into the atmosphere in recent years and preventive 
measures to reduce them for decarbonization. The mathematical model is based on basic conservation 
equations that explain the liquid fuels combustion process in high turbulence. The paper outlines the outcomes 
of computational experiments that were carried out to determine the best conditions for the combustion of 
liquid fuels (petrol and heptane). The droplet injection rate in the combustion chamber at high turbulence 
was analyzed to determine the atomization and combustion processes. Optimum combustion parameters for 
petrol and heptane were identified. The temperature and dispersion characteristics of the fuel-air mixture, 
along with the concentration fields of combustion products such as CO2 and N2, and the aerodynamics of 
multiphase flow for two types of liquid fuels were determined through computational experiments. The 
optimum combustion modes for petrol and heptane were determined based on the attained results, which can 
facilitate rational fuel combustion, reduce the number of released harmful emissions, and enhance engine 
efficiency. Implementing the optimum parameters that were achieved for the combustion of hydrocarbon 
liquid fuels in the combustion chambers of actual heat engines will minimize the anthropogenic load on 
the surrounding atmosphere with the release of greenhouse gases, promote decarbonization in the energy 
sector, and reduce the carbon footprint.
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Abstract. The focus of this article is to research technology for reducing greenhouse gas emissions, such as carbon 
dioxide and nitrogen, produced by internal combustion engines when liquid fuels are burned in them to minimize
humans’ negative impact on the environment. Based on statistical data, the work presents an analysis of the dynamics of 
local and global emissions into the atmosphere in recent years and preventive measures to reduce them for 
decarbonization. The mathematical model is based on basic conservation equations that explain the liquid fuels 
combustion process in high turbulence. The paper outlines the outcomes of computational experiments that were carried 
out to determine the best conditions for the combustion of liquid fuels (petrol and heptane). The droplet injection rate in 
the combustion chamber at high turbulence was analyzed to determine the atomization and combustion processes. 
Optimum combustion parameters for petrol and heptane were identified. The temperature and dispersion characteristics 
of the fuel-air mixture, along with the concentration fields of combustion products such as CO2 and N2, and the 
aerodynamics of multiphase flow for two types of liquid fuels were determined through computational experiments. 
The optimum combustion modes for petrol and heptane were determined based on the attained results, which can 
facilitate rational fuel combustion, reduce the number of released harmful emissions, and enhance engine efficiency. 
Implementing the optimum parameters that were achieved for the combustion of hydrocarbon liquid fuels in the 
combustion chambers of actual heat engines will minimize the anthropogenic load on the surrounding atmosphere with 
the release of greenhouse gases, promote decarbonization in the energy sector, and reduce the carbon footprint.

Key words: combustion, liquid fuels, decarbonization, greenhouse gases, harmful emissions.
PACS number(s): -47.70.Fw.

1 Introduction

Global environmental threats are greatly 
exacerbated by air pollution. The International 
Labour Organization defines air pollution as the 
presence of dangerous or harmful substances in the 
air without specifying their physical form. Fossil 
fuel combustion, agriculture, and mining are just 
some of the factors that contribute to air pollution. 
The air pollutants that are most prevalent and 
substantial include carbon dioxide, sulfur dioxide, 
nitrogen oxides, and dust.

Most countries around the world have always 
been concerned about carbon dioxide emissions. 
This is because the increase in the amount of gas 

produced has serious consequences for the climate 
and the environment. The effects are so severe and 
broad that they involve modifications to climate 
conditions, increases in ocean levels, melting 
glaciers, unpredictability of precipitation, and even 
depletion of the ozone layer.

The complex global picture of carbon dioxide 
emissions in 2023 reflects the ongoing struggle 
between economic development and environmental 
sustainability. The entire global community will still 
be affected by global CO2 emissions even as 
awareness increases and efforts are made to 
transition to cleaner energy sources in 2023. 
Emissions trends indicate a need for urgent action to 
address climate change, with both setbacks and 
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progress seen this year. The greenhouse effect is 
amplified by the accumulation of CO2 and other 
greenhouse gas emissions in the atmosphere, which 
traps heat and causes global temperatures to rise. 
This warming contributes to climate change by 
affecting ecosystems, weather patterns, sea levels, 
and overall environmental sustainability [1-3].

According to the International Energy Agency, 
global energy CO2 emissions rose by 1.1% in 2023 
to reach a new record high of 37.4 billion tonnes. 
The electricity and heat generation sector recorded 
the largest increase in emissions. Emissions from 
the electricity and heat sector increased by 1.8% to a 
historic high of 14.7 billion tonnes. The main reason 
for this increase was the switch from gas to coal in 
many regions, which led to a 2.1 percent increase in 
CO2 emissions from coal-fired power generation
[4].

A complex global scenario with record high 
levels and regional differences is evident in the 
analysis of carbon dioxide emissions in 2023, 
resulting in urgent action to combat climate change.
To keep global temperatures under control, the EU 
has pledged to achieve a 55 percent reduction in 

greenhouse gas emissions by the decade apex
compared to 1990 levels and to reach "net zero" by 
2050. According to the report of the European 
Scientific Advisory Council on Climate Change, the 
27 Member States need to reduce emissions about 
twice as fast as they have been doing so on average 
over the past 17 years.

Kazakhstan's atmosphere in 2023 is heavily 
polluted by sulfur dioxide, nitrogen oxides, carbon 
oxides, ammonia, and hydrogen sulfide. From the 
total volume of pollutants emitted into the 
atmospheric air, 80.7 percent were gaseous and 
liquid substances and 19.3 percent were solid 
substances (Fig.1) [5, 6].

Decarbonization is the process of replacing 
fossil fuel-based systems with electricity that is 
produced using low-carbon resources such as 
renewable energy. Traditional energy sources such 
as coal, oil, and natural gas cannot be abandoned 
due to our current level of technology. Nonetheless, 
it is already possible to boost the effectiveness of 
their utilization to decrease emissions. Climate 
stabilization cannot be achieved without the energy 
system's complete decarbonization.

Figure 1 – Emissions of pollutants into the air 
by consistency for 2023, thousand tons

Low-carbon energy sources are used to reduce 
carbon dioxide emissions by decarbonization, which 
results in reducing greenhouse gas emissions. The 
global economy should be completely decarbonized 
by 2050, carbon taxes must be introduced, and 
adaptation to climate change must be stepped up by 

the international community [7, 8]. Despite this, 
carbon dioxide emissions are still on a plateau and 
are rapidly rising. The idea of carbon neutrality and 
zero emissions means that the number of emissions 
produced is not greater than the carbon engrossed by
forests and oceans.
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Scientific and technological progress is 
accompanied by an increase in environmental 
pollution, which can change its indicators and 
parameters. Under these conditions, it is necessary 
to study the impact of various pollutants on the 
environment, assess possible negative 
environmental consequences, and relying on the 
outcomes of the assessment, if necessary, implement 
local or global measures to prevent them promptly
[9].

The increase in carbon dioxide emissions and its 
concentration in the air changes the functioning of 
the carbon cycle that has developed over the 
centuries and, together with other gases, the 
greenhouse effect on the Earth, which has a general 
tendency to increase, causing climate warming.

It is very important to establish the scientific 
basis for an intensive technological process that 
integrates the use of fuels and their wastes and 
eliminates the detrimental effects of their production 
on the biosphere. The present-day methodology of 
nature security and energy sparing infers the choice 
of the foremost successful accomplishments of 
scientific and innovative advance, among which 
three fundamental bunches of measures are 
highlighted: utilization, energy modernization, and 
accelerated energy sparing. In this respect, and the 
light of the Euro natural benchmarks rules, it is 
essential to move forward the quality of internal 
combustion motors, which in turn are controlled by 
the liquid fuel injection framework.

2 Mathematical model of liquid particles 
spray and combustion in a reacting flow

Equations of fluid phase motion, droplet 
evaporation, energy, and mass transfer with 
appropriate initial and boundary conditions 
determine the mathematical representation of liquid 
fuel atomization and combustion [10-16].

The m component's continuity equation is 
written in the following manner [10-13]:
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where ρm is the m component’s mass density, ρ is 
the full mass density, and u is fluid velocity. The 

liquid's continuity equation (1) can be obtained by 
summing the equation of the overall phases.:
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The liquid phase’s momentum transfer equation 
is expressed in this way [11, 12]:
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where the laminar flows have a zero value of A0,
and turbulent flows have a unity value of A0.

The following formula describes the viscous 
stress tensor [11]:
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Droplet spraying requires phase transformations 
to maintain the law of conservation of internal 
energy [13]:
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The relation is responsible for determining the 
heat flux vector J [9, 14]:

∑ ∇−∇−=
m mmhDTKJ ),/( ρρρ



         (6)

where T is liquid temperature, hm is the m 
component’s enthalpy, c

Q is used to describe the 

heat produced by a chemical reaction, s
Q is the 

amount of heat that fuel injection brings.
Models with two differential equations are more 

flexible in engineering calculations of turbulent 
flows. The model with two differential equations is 
the most frequently used one in technical flows. In 
this k ε− model, the kinetic energy of turbulence 
and its dissipation rate are solved through the use of 
two equations. [15, 16]:
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These are standard k ε− equations. The 
model's simplicity, good convergence, and accuracy 
make it the most used model for modeling a wide 
range of turbulent flows. The popularity of this 
turbulence model is due to its simplicity, cost-
effectiveness, and accurate prediction of the 
properties of both non-reacting and burning flows.
The model can be successfully used to calculate the 
characteristics of a reacting flow with chemical 
transformations due to its ability to work well at 
high Reynolds numbers and high flow turbulence.
The experiment has led to the determination of 
model constants 

1
cε ,

2
cε ,

3
cε , kσ , εσ [17]. The 

empirical determination of standard values for these 
constants is commonly used in engineering 
calculations.

3 Physical statement of the problem and 
computing mesh

A quantitative assessment of harmful 
anthropogenic gaseous emissions emitted during 
heat engine operation has been conducted by 
computer studies of the combustion processes of 
two kinds of liquid hydrocarbon fuels in combustion 
chambers. The following fuels were used in this 
work: petrol and heptane. Carbon dioxide and water 
are produced by the combustion of these fuels in the 
combustion chamber.

Petrol is the fuel used most frequently in cars. 
Automobile and motorcycle engines use automotive 
petrol as fuel, and it can also be used to make engine 
components for other purposes. The colorless liquid 
known as petrol is a mixture of hydrocarbons of 
different structures and can boil at a temperature of 
33-205°C. It is employed in vehicles designed for 

both cargo and passengers, as well as individual 
motor vehicles.

The liquid heptane, which is colorless and 
flammable, is used as rocket fuel and has a low flash 
point of around 4°C and a high auto-ignition 
temperature of 223°C. Heptane vapors in air have an 
area of ignition that is 1.1-6.7 % (by volume). 
Heptane is a hydrocarbon from the paraffin series 
and is categorized as a hazardous substance [18].

Burning liquid fuel is only possible due to the 
flame, which is then pre-sprayed into small droplets.
Several factors can affect the combustion process, 
including the combustion chamber design, the 
oxygen concentration of the supplied air, and the
injection pressure. The combustion of liquid fuel 
involves multiple stages.

The first stage involves heating the liquid fuel to 
boiling point and vaporizing it, followed by 
combustion in the second stage. Figure 2 illustrates 
how liquid fuel droplets burn. The fuel's combustion 
process occurs first after the droplets start 
vaporizing since their boiling point is lower than the 
ignition temperature. The combustion surface is 
penetrated by air through the resulting combustion 
products. The combustion rate is dependent on the 
size of the combustion surface, which is dependent 
on the degree of atomization of the liquid fuel. The 
greater the degree of atomization, the faster and 
more complete the combustion process.

A combustion zone is created near the droplet 
by the spherical surface, which has a diameter that is 
1-5 times larger than the droplet's size. The droplet 
evaporates as a result of radiation heat from the 
combustion zone. Liquid fuel vapors and 
combustion products exist in the space between the 
droplet and the combustion zone. Air and 
combustion products can be found outside of the 
combustion zone. Fuel vapors are diffused into the 
combustion zone from the interior, and oxygen from 
the exterior. The chemical reaction is initiated by 
these components, which is followed by the release 
of heat and the formation of combustion products 
[19].

The cylindrical combustion chamber is 15 cm 
high and 4 cm in diameter (Fig.3). As depicted in 
Figure 4, the combustion chamber’s general form is 
shown. The calculation space comprises of 600 
cells. The fuel burns at 4 ms. The combustion 
chamber is filled with liquid fuel through a circular 
nozzle embedded in the middle of the chamber’s 
lower part. The fuel droplet injection takes 1.4 ms to 
complete. Fuel injection speed is 250 m/s. Rapid 
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vaporization of the fuel after injection leads to 
combustion in the gas phase.

1 – oxidant and combustion products dissemination zone,
2 – liquid, 3 – fuel vapor, 4 – liquid droplet

Figure 2 – Liquid fuel’s single droplet combustion plot

The wall's temperature in the combustion 
chamber is 353 K. The chamber's initial gas 
temperature is approximately 900 K. 300 K is the 
injected fuel’s temperature. The injected droplets' 
initial radius is 3 µm. The angle for droplet injection 
is 10 degrees.

Figure 3 also shows an axisymmetric structured 
computational grid used when conducting a 
numerical experiment in 3D modeling. The 
chamber’s three-dimensional geometry is 
implemented by the SETUP subroutine by reading 
the initial design data using the OFFSET input 
option, considering the actual dimensions of the 
combustion chamber [10, 14, 20].

Figure 3 – The combustion chamber’s computer model and 
the prospect of the computing mesh created from the OFFSET option

4 Modeling results

The work’s objective is to investigate the liquid 
fuel injection speed impact on combustion by 
applying computer modeling techniques that solve 
for the differential equations of complex turbulent 
flows. The speed of how the liquid fuels were put 
into the chamber went from 150 to 350 m/s. Figure 
4 displays how the flame temperature changes when 
the injecting liquid fuel droplets’ speed is increased.
The research focused on the fuel’s injection rate and 
its influence on the maximum temperature achieved 
during the burning process. At speeds below 150 
m/s, liquid fuels fail to ignite due to insufficient 
injection speed.

The most efficient combustion process of petrol
occurs at the fuel injection speed of 200 m/s; at this 
time the temperature in the chamber takes the value 
of 2417 K. The effective speed of heptane is 250 

m/s. The maximum temperature at a given heptane 
droplet injection rate is 2177 K. Heptane's 
maximum gas temperature in the combustion 
chamber and the amount of carbon dioxide produced 
from burning the fuel depending on how fast the 
droplets are injected. At these injection rates, the
fuel burns without residue, the concentration of 
produced CO2 is the lowest (Fig.5), and the chamber
becomes extremely heated.

The graph in Figure 5 illustrates the correlation 
between the injection speed of petrol and heptane 
and the amount of carbon dioxide released in the 
combustion chamber. For petrol, at the optimum 
injection speed of 200 m/s, the concentration of CO2

produced is minimal, its value was 0.182 g/g. And at 
the combustion of heptane much less greenhouse 
gas is emitted (0.127 g/g) in comparison with petrol,
which is an indicator of good calorific value of fuel, 
high mobility of its droplets, and active reacting 
chemical medium.
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Figure 4 – Change in the maximum combustion temperature of liquid fuel droplets 
with an increase in their injection rate: red line – petrol, green line – heptane

Figure 5 – Effect of liquid fuel droplet injection rate on carbon dioxide CO2 distribution:
red line – petrol, green line – heptane

Figures 6-14 exhibit the computer simulation
results showing how liquid fuel burns in the 
chamber with droplets moving at an optimum speed.

Figures 6 and 7 demonstrate the liquid fuel 
droplets spread in the combustion chamber when 
it’s injected at the proper speed. Flow visualization 
is presented at different time moments.

Analyzing the particle dispersion in Figures 6 
and 7, during the combustion process, petrol 
droplets are concentrated at a 2 cm height in the 
combustion chamber, and heptane droplets up to 1 
cm. Since heptane has a high surface tension, this 
affects the mobility and active reaction of its 
droplets with the oxidizing medium. In this regard, 

it it’s safe to say that petrol droplets occupy a larger 
chamber area compared to heptane.

Similar distribution patterns of liquid fuel 
droplets (octane and dodecane) were observed by 
the authors in their studies [21-23]. Small fuel 
droplets and high levels of turbulence were 
determined to result in improved mixing with the 
oxidizer. This leads to plasma-chemical reactions 
taking place throughout the interior of the 
combustion chamber. These high-temperature 
energy processes are associated with the creation of 
environmentally friendly, energy-efficient, and 
energy-saving fuel technologies with minimal 
anthropogenic influence.
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a) 1,1 ms b) 1,8 ms c) 3 ms

Figure 6 –The petrol droplets dispersion by size at optimum injection speed 200 m/s

a) 1,1 ms b) 1,8 ms c) 3 ms

Figure 7 – The heptane droplets dispersion by size at optimum injection speed 250 m/s

Figures 8 and 9 illustrate the fluctuation in peak 
temperatures for petrol and heptane in the 
combustion chamber at various time intervals. The 
graph in Figure 8 demonstrates the fluctuations in 
temperature within the fuel chamber for petrol. The
hottest spot in the flame, which is at the center, 
reaches 3.6 cm high in the combustion chamber. The 
temperature in the remaining part of the chamber 
rises to 1133 K. Petrol can withstand temperatures of 
up to 2427 K while heptane can tolerate temperatures 
of up to 2177 K. Since the core of the heptane flare is 
at a chamber height of 4.2 cm.

Thus, with optimal temperature and speed of 
injected droplets, as well as rational combustion and 
proper organization of this process, it is conceivable
to reduce the formation of such intermediate 

reaction products as carbon monoxide and soot, 
which greatly harm the operation of the thermal 
engine [24].

Graphs 10 and 11 illustrate the fluctuations in 
carbon dioxide concentration at different altitudes 
within a combustion chamber while burning petrol 
and heptane. Up to 1.8 ms, no carbon dioxide is 
formed and the combustion process does not occur. 
While the CO2 concentration for petrol is 0.012 g/g 
at the initial time of 1.8 ms, during the last 4 ms of 
combustion time its value reaches up to 0.182 g/g. 
The combustion products reach their maximum 
values in the central part of the flare, also the 
maximum temperature values are observed here.
The quantity of carbon dioxide formed during 
heptane combustion was 0.127 g/g.
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a) 1,1 ms b) 1,8 ms c) 3 ms d) 4 ms

Figure 8 – Temperature profile during petrol combustion at different moments of time

a) 1,1 ms b) 1,8 mc c) 3 ms d) 4 ms

Figure 9 – Temperature profile during heptane combustion at different moments of time
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a) 1,1 ms b) 1,8 ms c) 3 ms d) 4 ms

Figure 10 – Changes in CO2 concentration fields during petrol combustion at different moments of time

Figures 12-13 show the change in nitrogen 
concentration with time. The highest amount of CO2

changes at 1.5 ms. This time, the fuel is fully put 
into the combustion chamber, turned into vapor, and 
the chemical reaction starts.

In Figure 14, the rate at which the gas is moving 
in the combustion chamber is shown after 0.5 ms

during two different types of fuel (petrol and 
heptane) combustion. Petrol droplets are injected 
into the chamber at a speed of 200 m/s, and the gas 
inside the chamber is stationary, after injection 
liquid particles entrain the gas and acquire some 
speed, the graph of which is shown in 
Figure 14, a. 

a) 1,1 ms b) 1,8 ms c) 3 ms d) 4 ms

Figure 11 – Changes in CO2 concentration fields during heptane combustion at different time moments
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a) 1,1 ms b) 1,8 ms c) 3 ms d) 4 ms

Figure 12 – Nitrogen concentration distribution during petrol combustion at different time moments

 
a) 1,1 ms b) 1,8 ms c) 3 ms d) 4 ms

Figure 13 – Nitrogen concentration distribution during heptane combustion at different time moments

a) petrol b) heptane

Figure 14 – Speed distribution in the combustion chamber during petrol and heptane combustion
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The highest speed is observed in the middle of 
the combustion chamber, at a distance of about 1 cm 
from the center. Figure 14, b presents the results of 
speed calculations of heptane droplets in the 
combustion chamber at the same moment as for
petrol. The optimum heptane droplet rate was 250 
m/s.

5 Conclusions

This research focuses on understanding the 
combustion mechanisms of two different types of 
liquid fuel. It endeavors to find the most favorable 
air dynamics during turbulence and utilizes 
mathematical analysis to assess carbon dioxide 
generation in the combustion chamber.

When the injection speed is less than 200 m/s, 
there is no combustion because the speed is not fast 
enough to start and maintain the burning process.
The optimum injection speed for liquid petrol is 200 
m/s, while heptane is 250 m/s. As the fuel is ignited, 
the temperature inside the combustion chamber 
increases due to the accelerated spraying of fuel 
droplets.

How the distribution of specific chemicals and 
the temperature in the combustion chamber varies 
for two different fuels were determined. The liquid 
fuels combustion results in the creation of carbon 

dioxide, leading to a rise in temperature within the 
combustion chamber and a faster burning of the 
fuel.

The use of computer models in studying the 
impact of turbulence on the dispersion of liquid 
particles in fuel combustion reveals an increased 
spread of fuel droplets. The combustion process is 
enhanced by the increased mixing area for fuel and 
air.

Our research findings can contribute to 
enhancing the efficiency of internal combustion 
engines. This will assist in increasing fuel efficiency 
and reducing detrimental emissions.

The application of the obtained optimal 
parameters in real thermal and technological 
installations will reduce the anthropogenic load on 
the surrounding atmosphere, which grows with the 
intensity of greenhouse gas emissions. Such 
methods of decarbonization in the energy sector 
contribute to the full implementation of sustainable 
global development goals.
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1 Introduction

Nowadays, much attention is paid to the 
scientific design of chemical reactors and 
installations in which chemical transformation 
phenomena complicated by turbulent heat and mass 
transfer processes take place. In the systems under 
consideration, there are complex physical and 
chemical processes, the components of which are: 
gas flow motion, mass transfer, heat transfer, and 
chemical transformation. At the center of attention 
of numerous researches of chemical transformation 
processes in turbulence conditions is the question of 
the influence of gas-dynamic characteristics of 
mixing turbulent flows on conditions of the course 
of chemical processes, and also on possibilities of 
control of these processes through various external 
influences [1].

It is known that knowledge only of average 
values of such pulsating quantities as velocity, 
temperature, concentrations of reacting components, 
and reaction products is insufficient for a complete 
description of complex processes of chemical 
transformation under conditions of non-

exothermicity and turbulence even in those cases 
when the influence of the chemical reaction on the 
gas dynamic characteristics of the system can be 
neglected. The strong and ambiguous interaction 
between the chemistry and dynamics of liquids and 
gases seriously complicates both the experimental 
study of reacting flows and the creation of a more or 
less rigorous theory. Therefore, numerical 
simulations can be successfully used to predict and 
study the behavior of such complex systems.

Experimental observations and approximate 
theoretical models suggest laws that a physical 
system must obey. Using numerical experiments it 
is possible to check the fulfillment of these laws, 
obtain quantitative predictions, and compare these 
predictions with the results of known experiments. 
A rigorous quantitative calculation of a diffusive 
turbulent plume of finite size is very difficult, but 
this very task is of the greatest practical interest. As 
the analysis of scientific publications shows, a 
rigorous theory of turbulent combustion is far from 
being complete at the moment. There are various 
approaches to modeling turbulent reacting systems 
that require further development and refinement, as 
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well as their application for solving specific 
problems.

Modern fuel combustion modeling techniques 
are designed to determine high combustion 
efficiency and minimum emission of pollutants into 
the atmosphere. They are widely used in designing 
and optimizing practical combustion systems 
because, compared to experimental testing and 
prototyping, the development costs of mathematical 
and computer simulations are very low. Today, no 
real progress in design or optimization can be made 
without numerical or computer simulations [2, 3].

The work used a model of turbulent combustion, 
which is based on the density of the probability 
function, the theory of combustion of atomized fuel 
under combustion conditions in diesel engines. This 
approach, applied earlier by the authors of [4-6], 
takes into account the effects of turbulence and 
random dynamics of vaporized gas droplets, which 
affect the average rate of chemical kinetics of the 
processes. Also in the paper, a probability density 
function for the variables describing the gas medium 
is given, where vaporized gas-liquid mixture 
droplets are considered in terms of source terms. 

Phenomenological models aim to represent the 
most significant characteristics of spray formation 
without consuming huge amounts of computational 
resources. The first category of phenomenological 
models consists of simple Lagrangian models, 
which have been frequently used in industrial 
numerical codes for the last thirty years. In such 
models, the precursor mechanisms for the initial 
breakup of a gas jet are surface instabilities [7, 8], 
particle distribution [9], spontaneous breakup [10], 
jet turbulence [11, 12], and cavitation [13-15]. 

The classical theory uses the assumption of the 
similarity of diffusion and thermal phenomena in 
the vicinity of gas particles. This assumption allows 
one to analytically determine the particle lifetime, 
flame temperature, distance from the particle surface 
to the flame front, and some other parameters. 
However, concerning modern problems, especially 
the problems of controlling the combustion of jets 
and reducing the output of harmful substances 
during combustion, such a simple model is not very 
effective. To solve such problems, data on the 
dynamics of physical and chemical processes in the 
particle itself and its vicinity are required. For 
example, [16] presents the results of the analysis of 
the vaporization of a single droplet using the model 
of independent diffusion of components – fuel 
vapors, oxygen, and nitrogen.

Efficient combustion of gaseous fuels in 
promising engines and power plants requires good 
mixing and, consequently, sufficient length of the 
burnout section. When burning hydrocarbons, it is 
necessary to consider that their kinetic properties are 
worse compared to hydrogen, which is reflected in 
the increase of chemical reaction times in the 
ignition and combustion processes by more than an 
order of magnitude.

Most of the 90% of harmful substances in the air 
of megacities are harmful waste emitted by vehicles, 
soot, smoke, toxic compounds emitted by burning 
petroleum fuels at thermal power plants, and heavy 
metals. Methane is considered an environmentally 
efficient fuel. In engines running on methane, the 
content of carbon monoxide is 2-3 times lower, and 
nitrogen oxides are emitted half as much. The 
amount of smoke is reduced by 9 times compared to 
liquid fuels, and it does not contain sulfur and lead.
The high safety of methane also depends on its
physical properties. In countries where natural gas 
vehicles are used, such as Italy and Germany, there 
is a reward when a vehicle is converted to natural 
gas. In many countries, methane vehicles also have 
a lower transport tax. The idea of lower taxation for 
owners of methane-fueled vehicles in many 
countries is being discussed by the Ministry of 
Energy. 

The purpose of this research was to investigate 
the characteristics of methane particles in a reactive 
flowing gas. Numerical models for calculating 
complex turbulent flows were used to assist in their 
analysis of the intricate gas movement.

2 Numerical model of turbulent flow 
calculation

Direct numerical modeling of turbulent flows is 
inefficient and prohibitively expensive, as a 
significant number of computational resources are 
expended to capture small eddy structures that 
contain negligible amounts of turbulence kinetic 
energy. Large eddy modeling of turbulent flows is 
an intermediate method between DNS and RANS 
and is increasingly being used as a tool to study 
turbulence dynamics in technical applications. 

The main difference between LES and DNS lies 
in the concept of the filtering procedure for LES, the 
separation of small-scale and large-scale structures 
[17-19]. In large eddy simulation, large eddies are 
directly resolved on the numerical grid and time, 
while the smallest subgrid-scale eddies are modeled.
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In LES approach, large eddy structures are 
simulated, which depend on boundary conditions 
and consist of most of the kinetic energy of the 
flow. The basic premise of this approach is that the 
largest vortices carry the maximum Reynolds 
stresses and must be calculated. Small scales or
SubGrid Scales (SGS) contain low values of 
Reynolds stresses, in addition, small-scale 
turbulence is close to isotropic and has near-
universal characteristics that are more amenable to 
modeling.

Modeling of turbulent flows consists of four 
steps: 

1. Spatial filtering;
2. Obtaining filtered Navier-Stokes equations;
3. Modelling of unresolved movements;
4. Numerical solution.
In LES, large scales are resolved, and only 

small-scale structures are simulated. Large scales 
are derived at the expense of the flow geometry and 
can change with changes in the flow geometry. 
Small scales, involving the dissipation of turbulence 
kinetic energy, are generally universal and easily 
simulated. The spatial filtering operation 
decomposes the flow field into two components, the 
first of which is resolvable (filtered) and the second 
is subgrid.  

The filtered continuity, momentum, and mass 
equations are written as follows. 

The filtered mass conservation equation is 
written as follows:

i
mass

i

u S
t x

ρρ ∂∂ + =
∂ ∂



 . (1)

The filtered momentum conservation equation 
looks like this:

i j iji
mom

j i j

u uu pg S
t x x x
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The filtered equation of conservation of internal 
energy of the system is written as follows:

j j j ij
energy
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The anisotropic part of the Reynolds subgrid 
stress, whose value is unknown, can be modeled 
using the Boussinesq approach [20]: 

1
3

s s
tij ij ijkk Sσ δ σ µ− = − 


. (4)

Here ijσ plays a similar role in the filtered 
equations as the Reynolds stress tensor in RANS. 

ijS denotes the strain rate tensor in the filtered
scale:
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The choice of the function for the filter is one of 
the central points in the modeling of large eddies. 
Some of the commonly used filters are given below
[21]. 

Volume-averaged box filter is:
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Gaussian filter is:
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The shortened Fourier filter is: 
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3 Results of computer simulations

This paper presents the results of numerical 
modeling of the processes of atomization and 
combustion of gaseous methane at varying initial 
values of the Sauter mean radius of its particles in a 
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model combustion chamber. As a result of computer 
simulation, the graphs of particle size distribution, 
profiles of combustion temperature, and reaction 
products along the height of the combustion 
chamber at values of 25, 50, 75, 100, and 125 μm
droplets’ Sauter mean radius were obtained.

Figure 1 shows the distribution of the 
longitudinal component of the velocity during 

methane combustion in the combustion chamber at 
different values of the Sauter mean radius. As can 
be seen from the figure, at an initial value of 25 
microns, the velocity will have a maximum value of 
200 m/s. As the particle radius increases, the 
velocity decreases along the height of the chamber. 
At the last values of 100 and 125 microns, the 
velocity tends to a minimum (80 m/s).

Figure 1 – Dependence of the velocity component in the longitudinal section 
in the combustion chamber on the Sauter mean radius of the particles

Figure 2 shows the dependence of the transverse 
velocity component on the Sauter mean radius of the 
particles. Even in this case, the velocity component 
decreases monotonically as the particle size 
increases. At the initial 100 microns, the maximum 
value of the velocity was 1250 m/s, and at 50 
microns was 700 m/s. These values coincide with 
the results published in the works of some authors 
[22-24]. Similar behavior of the aerodynamic 
characteristics of the flow in the presence of 
combustion can also be observed during the 
combustion of hydrocarbon liquid fuels in the 
combustion chambers of thermal power facilities 

[25]. The only difference between liquid fuel and 
methane is that liquid fuel droplets go through a 
stage of evaporation and breakup, which affects the 
duration of their combustion process.

The following Figure 3 shows the value of the 
Nusselt number as a function of methane particle 
radius, which is one of the thermal criteria of the 
combustion process. At initial values of the radius, 
the Nusselt number will be low. As the particle size 
increases, its value also increases. Only at 100 
microns a minimum of the Nusselt number can be 
observed. The maximum value of the Nusselt 
number was 1.9 at 125 microns.
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Figure 2 – Dependence of the transverse component of the velocity
in the longitudinal section in the combustion chamber on the Sauter mean radius of the particles

Figure 3 – Dependence of the Nusselt number on the mean Sauter particle radius

According to the results of the performed 
numerical simulation, the influence of different 
values of the Sauter mean radius of the particles on 
methane combustion was studied. As a result of the 
numerical simulation, it was found that 125 microns 
corresponds to the effective combustion mode. At 
this value, the particle size inside the chamber under 
combustion reaches a maximum value and particle 
velocities increase. A lot of oxygen is released in the 

middle of the combustion chamber, which helps the 
methane burn efficiently and evenly.

Since the numerical calculation program is 
designed for modeling not only liquid but also 
gaseous fuels, for the transition of the numerical 
calculation from liquid fuel to gas, changes were 
made in the values of the lines corresponding to the 
accounting of rupture, evaporation, and merging of 
liquid droplets:

Table 1 – Modification of program sub-files for gas combustion
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Through computer testing, 3D visualizations of 
the process of methane particle fragmentation and 
combustion were generated. To gain a better 
understanding of the combustion of methane and its 
specific physical and chemical characteristics was 
the goal of this work. Thermal, aerodynamic, and 
dispersion characteristics of methane particles in the 
combustion chamber under the efficient combustion 
mode were determined.

Figure 4 shows the distribution of the 
longitudinal component of the methane particle 

velocity in the combustion chamber at different time 
moments. At the initial time of 0.8 ms, the velocity 
of methane combustion in most of the combustion 
chamber is 20 m/s, and at time t=2.5 ms, its value 
reaches the maximum value of 80 m/s.

Figure 5 shows the distribution of the transverse 
velocity component inside the combustion chamber. 
At the axis of the combustion chamber, the velocity 
reaches its maximum value of 550 m/s. And in the 
rest of the combustion chamber, the velocity value 
was equal to 50 m/s.

a) t=0.8 ms b) 2.5 ms

Figure 4 – Distribution of the longitudinal component
of methane particle velocity at the effective combustion mode

a) t=0.8 ms b) 2.5 ms

Figure 5 – Distribution of the transverse component 
of methane particle velocity at the effective combustion mode
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Heat convection is always accompanied by 
thermal conductivity, since when a liquid or gas 
moves, individual particles of different temperatures 
inevitably come into contact. The combined transfer 
of heat by convection and conduction is called 
convective heat transfer.

Figure 6 shows the intensity of convective heat 
transfer between the body surface and the free gas 
flow, which is expressed by the Nusselt number. As 
can be seen from the figure, at the initial moment 
the heat transfer intensity slowly increases and 

becomes more intense upstream. With time, the 
value of the Nusselt number decreases because of 
the heat increase along the height of the combustion 
chamber.

Typically, laminar flows have a Nusselt 
number in the range of 1. That is, the heat flow 
due to convection always exceeds in magnitude 
the heat flow due to thermal conductivity. Large 
Nusselt numbers indicate strong convective heat 
flow, which is a characteristic of turbulent 
flows.

a) t=0.8 ms b) 2.5 ms

Figure 6 – Intensity of heat exchange due to convection 
and heat conduction in the free flow of methane particles

Thus, in this paper, computational experiments 
were carried out to determine the effective mode of 
gas combustion when the particle size changes at the 
beginning of the process. Based on the results 
obtained, it can be said with certainty that for 
methane the best size of the average Sauter droplet 
radius is 125 microns. Since at this value, methane 
combustion is intensive, its particles spread over 
long distances, due to the intensive collision of 
particles the heat exchange between the 
environment is improved and the aerodynamics of 
the flow becomes stable.

4 Conclusions

In this paper, computational experiments on 3D 
modeling were carried out to determine the 
thermophysical, aerodynamic, and dispersion 
characteristics of methane particles in a reacting gas 
flow in a model combustion chamber. The influence 
of different Sauter mean radii of methane particles 
on the processes of its atomization and combustion 
was investigated, considering the degree of flow 
turbulence.

The distribution of the longitudinal component 
of particle velocity during methane combustion in 
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the combustion chamber at different values of the 
Sauter mean radius was shown. The process of 
efficient combustion of methane particles occurs at 
SMR=125 μm.

The distribution of the transverse velocity 
component in the combustion chamber at different 
time moments is shown. At the initial time of 0.8 
ms, the velocity of methane combustion in most of 
the combustion chamber was 20 m/s, while at the 
chamber extension, t=2.5 ms its value reached its 
maximum value of 80 m/s. The particles reach their 

maximum velocity of 550 m/s at the axis of the 
combustion chamber.

The intensity of heat transfer due to convection 
and conduction was shown by Nusselt number, 
which gradually decreased towards the exit of the 
combustion chamber. 

This work has not only scientific but also used 
applications, as methane can be used as a substitute 
for liquid fuel in various internal combustion 
engines, as it has good physical and chemical 
properties and low harmful load on the environment.
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Some aspects of increasing the efficiency of noctilucent clouds ground-based observations are considered. 
The study of such objects is highly relevant in connection with the general problems of climate change. 
It is shown that the limitations on the possibility of registering the phenomenon in the optical range 
are associated both with the relatively low brightness of clouds of this type against the background of 
the twilight segment, and with the strong absorption of light by dust aerosol in the surface layer of the 
atmosphere. The paper substantiates the idea that the transition to observations of noctilucent clouds in 
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possible to detect noctilucent clouds during civil twilight, including at low altitudes above the horizon. To 
test this assumption, shooting was carried out during the 2022 season using a CANON 2000 D camera and 
RG780 and RG830 infrared filters. The images revealed features morphologically similar to noctilucent 
clouds. An analysis of the images showed that they can hardly be associated with tropospheric clouds or 
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other points, as well as with satellite information on the state of noctilucent cloud fields. This comparison 
showed that noctilucent clouds, which were not detected in visible light images, were highly likely to 
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1 Introduction

Research into a wide range of phenomena 
manifesting itself on the celestial sphere requires 
obtaining high-quality observational material, 
including the most informative images. This 
statement can be fully attributed to the study of 
noctilucent clouds (NLC) developing in the 
mesosphere. The recent identification of this 
phenomenon connection with both large-scale 
tropospheric processes and, in general, with climatic 
changes gives special relevance to such works. At the 
same time, the tasks of synoptic monitoring and 
morphology of NLC with a further transition to 
identifying patterns of their genesis and evolution are 
relevant [1-5].

However, when solving these problems, a 
number of limitations arise. These limitations are 

associated both with the sky illumination conditions 
due to the fact that observations in the visible range 
are effective only during navigational twilight, and 
with the low altitude of the object above the horizon.
The first limitation is due to the fact that only during 
navigational twilight the brightness of the dawn 
segment falls below the brightness of mesospheric 
NLC still illuminated by the Sun. The second 
limitation is due to the particularly strong influence 
of light scattering on aerosols contained in the air 
near the horizon

In this regard, the task of the images contrast 
increasing of faintly luminous cloud formations and 
other extended objects on the celestial sphere 
appears. As we have shown earlier, one of the 
promising directions for its solution may be the 
transition to obtaining images of the studied objects 
not in the optical range, but in the near infrared region 
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of the spectrum [6]. At the same time, one can expect 
a decrease in the background brightness of the clear 
sky and, as a result, a more confident registration of 
NLC against the background of the twilight segment 
due to a lower degree of scattering of long-wave 
radiation in the air [7-9]. Both the ability to detect 
NLC with minimal immersion of the Sun's disk under 
the horizon before the beginning of navigation 
twilight and the time interval for their ground 
registration will increase.

2 Image contrast increasing as a method for 
detecting diffuse objects in the sky

One of the most important characteristics of 
images is optical contrast, which determines the 
ability to highlight image details from the 
surrounding background. In this sense, optical 
contrast determines the informativeness of the image 
under study. The ratio of the difference in brightness 
of some detail and background brightness to the sum 
of their brightnesses is most often taken as a measure 
of contrast. In this case, we have a dimensionless 
quantity varying from zero to one. This approach to 
image quality assessment is currently not the only 
one. Of the various methods for assessing image 
contrast, the most convenient one was chosen. In 
particular, when recording NLC images with their 
high vertical brightness gradient, it makes sense to 
talk not about the overall contrast of the picture, but 
about the local contrast of individual details. With 
sufficiently high local contrast values, it is not 
difficult to distinguish not only the presence of details 
of the cloud structure, but also to classify their type.

Local contrast is determined by the relation of 
brightness of light and dark adjacent parts of the 
image under study. Its value is calculated using the 
formula:

max min ,
1L

D DK
G
−

=
−

               (1)

where Dmax and Dmin are the maximum and minimum 
brightness values of pixels close in position, and G is 
the maximum possible number of brightness 
gradations for the bit depth used. For example, with 
8 bit pixels, it will be 256.

In turn, the overall contrast across the entire
image field can be estimated as follows:
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SK
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σ
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                      (2)

where σD is the standard deviation of brightness 
across all pixels of the picture. Thus, formulas (1) and 
(2) allow us to calculate dimensionless indicators 
characterizing the quality of the resulting picture [10-
12].

In astronomical practice, the contrast of images is 
determined not only by the parameters of the 
receiving equipment, but also by the features of the 
shooting objects. Thus, when taking NLC images, the 
ratio of the brightness of cloud details (determined by 
the concentration of aerosol in the cloud) and the 
background of the twilight segment of the sky (the 
brightness of which can vary widely) becomes 
critical. Then, to highlight an object in a picture, it 
can be useful to reduce the brightness of the 
background, leading to an increase in image contrast 
and the overall informativity of the resulting picture.

3 Technique for increasing the contrast of 
cloud images due to the transition to the IR region 
of the spectrum

As noted, one of the problems in identifying the 
presence of NLC in images of the dawn sky segment 
is the slight difference in their brightness from the 
background brightness of the sky. Therefore, 
increasing the contrast of images, primarily by 
reducing the background brightness of the sky, 
becomes an urgent task. Theoretically, here we can 
rely on the Rayleigh law of light scattering on air 
molecules, namely, the inverse proportionality of the 
intensity of light scattering to the fourth power of the 
wavelength [13-15]. Based on the fact that the 
detectors of most cameras are most sensitive to 
radiation with a wavelength of about 400 nm, it is 
easy to determine that in order to reduce the 
brightness of the sky background by at least 10-15
times, it is desirable to switch to shooting the sky in 
the wavelength range of at least 800 nm (near infrared 
range) [14-16].

It is also necessary, along with the scattering of 
light, to take into account its absorption. The fact is 
that NLC, as a rule, are observed at low altitudes 
above the horizon, and for the most distant cloud 
fields the altitude can be a few degrees. In this case, 
the absorption of light by dust aerosols in the region 
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located between the object of study and the observer, 
that is, in the troposphere, begins to play a significant 
role, complicating the registration of NLC. The role 
of dust aerosols in the formation of the twilight 
segment is well studied. It is important to note here 
that as the wavelength of radiation increases, the 
transparency of the surface layer of the atmosphere 
increases rapidly. If the transparency of the surface 
layer in the visible range is maximum for red rays, 
then it will be even more pronounced in the near 
infrared range [17]. That is, it should be easier to 
detect NLC near the horizon in the IR range than in 
the optical range.

When analyzing the possibility of using the IR 
range to detect NLC, along with taking into account 
the scattering of light on air density fluctuations, it is 
necessary to consider the mechanisms of scattering of 
light radiation on the NLC particles themselves. In 
this case, it was necessary to make a choice between 
several scattering theories. Based on classical works, 
preference should be given to the Mie theory, and as 
the results of calculations and measurements have 
shown, the indicatrix of light scattering by NLC 
particles is strongly extended forward (Figure 1) [18].

Figure 1 – Graphic representation 
of Mie scattering indicatrices for particles of size:

a) 1/3 λ, b) 1.0 λ, c) more than 1.0 λ [17].

Confirmation of the importance of taking into 
account the influence of the light scattering indicatrix 
type when studying NLC is the fact that the 
maximum albedo of NLC particles is observed at 
altitudes of about 2 degrees. This corresponds to a 
light beam deflection angle no more than 10 degrees.
Such deviation is described by elongated indicatrices, 
both in the Mie and Henyi-Gristein theories. At the 
same time, observations in the IR range make it 
possible to sharply reduce both the influence of the 
background of the twilight segment and the dust 
content of the tropospheric layer. Thus, there is 
reason to expect that recording the pattern of the 
twilight segment in the near-infrared region of the 
spectrum will make it possible to increase the 
difference in the brightness of high-altitude cloud 
formations and the sky background and to detail the 
type of cloudiness distribution in the sky.

To implement this approach in NLC photography 
experiments, we used RG780 and RG830 filters. The 
filters were standardly attached with a threaded 
connection to the wide-angle lens CANON EF-S
LENS of the CANON 2000 D camera [19]. The 
general view of the camera with a filter and the 
transmission curves of the filters are shown in 
Figure 2.

Figure 2 – General view of CANON 2000 D camera with filter
and the transmission curve s of the RG780 and RG830 filters.

The assumption about the contrast increasing of 
the sky extended objects images when shooting in the 
IR range was verified by repeatedly shooting cirrus 
clouds in daytime conditions. The fact is that cirrus 
clouds are structurally closest to NLC, while they are 
characterized by a thin structure that is detected only 
on high-contrast images. Therefore, at first, the 
technique of shooting NLC in the IR range was 
practiced precisely on cirrus clouds. Examples of 
shooting results are shown in Figure 3.

Here, the image a) was obtained when shooting 
without a filter, the image b) was obtained when 
using a filter with a transmission boundary of 780 nm 
and the image c) – when using a filter with a 
transmission boundary of 830 nm. It is noticeable that 
during normal shooting, details in the lower part of 
the image are poorly distinguished. And in the near-
infrared region of the spectrum, the detail of the 
picture is noticeably improved. However, it is not the 
overall impression of the painting that is significant, 
but the changes in the contrast coefficient. For the 
picture in the visible region of the spectrum, the local 
contrast KL was 0.48, and for filter images 0.74 and 
0.75, respectively. Thus, the assumption of the cloud 
fields images contrast increasing with the transition 
from their registration in the visible range to the near-
IR region of the spectrum can be considered justified.
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Figure 3 - Images of the cirrus cloud field obtained in the visible range – a) 
and using infrared filters – b) and c), respectively.

4 The results of the experiment on the 
registration of noctilucent clouds in the near-
infrared region of the spectrum

Images of the twilight segment in the near 
infrared region of the spectrum were obtained near 
the maximum frequency of NLC appearance in the 
sky of temperate latitudes in the 2022 season. In this 
case, a CANON 2000 D camera with an RG830 filter, 
installed on the south-eastern outskirts of 
Petropavlovsk, was used. Days with clear weather 
were selected, and the presence of NLC visible to the 
eye was not required. The shooting was carried out 
during civil twilight, when NLC are not yet visually 
observed. Of course, shooting in visible light was 
also carried out for control. Note that if the exposures 
were tenths of a second when shooting in visible 
light, then when using a filter the exposures increased 
to hundreds of seconds. The most interesting 
fragments of the images are shown in Figure 4 – the 
images in visible light are on the left, the images in 
the near IR range are on the right.

Note that the direction to the north is indicated in 
the figure. The most interesting and important details 
of the images are the light formations near the 
horizon in the images in the IR range. But are they 
noctilucent clouds? To answer this question, it is 
necessary to consider in turn the possible effects of 
light scattering on smoke and cloud aerosols. To do 
this, the heights of the Sun below the horizon were 

calculated for all pairs of images and the height of the 
atmosphere layer that is illuminated by the Sun. The 
calculation was carried out according to the method 
adopted in atmospheric optics [17]. The results are 
shown in table 1.

Based on the data in the table, it is easy to see that 
smoke aerosols could not play the role of particles 
scattering IR radiation, since the heights of their 
distribution are much lower than the layer of the 
atmosphere illuminated by the Sun. For the date July 
10, at heights above 5 km, cirrus or altocumulus 
clouds could be a possible cause of radiation 
scattering, but according to the weather station of 
Petropavlovsk and the city of Ishim located to the 
north, their absence was noted. Also, on the dates of 
July 12 and 18, this type of cloudiness was not 
observed. According to meteorological data, during 
the specified time interval, episodic appearance of 
low-cumulus clouds was noted at altitudes of less 
than 2000 meters [20]. Thus, the influence of 
tropospheric clouds on the appearance of bright 
features in infrared images should most likely be 
excluded.

It is also interesting that the low angular height of 
the light details is very close to the conditions for 
observing the NLC “from the edge”, for example, 
from spacecraft. In addition, the total angle of the 
light rays deflection in this case fully corresponds to 
the elongation of the scattering indicatrix, both in the 
Mie and Henyi-Gristain approximations.
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Figure 4 - Fragments of images of the twilight segment
in visible light and in the near-infrared region of the spectrum.

Table 1 - Angular heights of the Sun at the time of shooting тand extremely low heights of atmospheric illumination.

№ Date and time the image was taken Angular height of the Sun, 
degrees

Height of the layer illuminated by 
the Sun, km

1 10.07.2022 22.37 - 4.7 5.4
2 12.07.2022 22.05 - 1.8 0.8
3 12.07.2022 22.19 - 3.2 2.5
4 12.07.2022 22.33 - 4.5 4.9
5 18.07.2022 22.07 - 2.8 1.9
6 18.07.2022 22.20 - 4.1 4.1

Using the map, it is not difficult to estimate the 
distance from the observation site to the thermal 
power station chimney, which has a height of 150 
meters. The distance is 2800 meters. Therefore, the 
angular height of the chimney top is close to 3 

degrees. At the same time, luminous formations, if 
they are NLC (average height 82 km), should be 
removed from the place of observation (latitude 
54.85, longitude 69.2 degrees) for distances of about 
1400 km to the north on July 10 and for distances 
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from 1000 to 1500 km to the north-northwest on July 
12. Similarly, on July 18, 2022, the NLC should be 
expected to be removed from the observation point 
within the range of 1000 to 1400 km. It is possible to 
verify the presence or absence of NLC in the 
appropriate locations and at close points in time 
based on the analysis of data from the AIM mission 
[21] and synoptic observations of NLC on the 
specified dates from points in the Urals and Western 
Siberia. Information from the online journal 
meteoweb.ru [22], which noted the presence of NLC 
north of Petropavlovsk on July 12 and 18, was very 
useful.

5 Discussion

The absence of NLC in images taken in the 
visible range is explained, on the one hand, by the 
fact that during civil twilight NLC, as a rule, do not 
stand out against the background of the bright 
twilight segment. On the other hand, observation 
experience in Petropavlovsk showed that low-
brightness NLC are often not recorded on images 
even in nautical twilight conditions when they are 

located at altitudes less than 4-5 degrees above the 
horizon. The reason is the strong absorption of light 
by dust in the ground layer of the atmosphere. As
noted above, the possibility of the NLC presence 
above the horizon of the observation point at the time 
of shooting can be associated with the results of 
ground-based observations from other points.
Another source of information about the parameters 
and structure of the NLC field in the northern 
hemisphere is satellite images [23]. Using these 
images, it is possible to estimate the position of the 
southern boundary of the cloud field, the distance and 
azimuth of the sight line from the observation point 
to the clouds and make a general agreement on the 
results of ground and space observations. Following 
this logic, an analysis of the NLC presence possibility 
in the IR images for the required dates using satellite 
images was carried out.

Fragments of NLC field images projections onto 
the Earth's surface on the specified dates are shown 
in Figure 5. The position of our observation point is 
also indicated here. The places that correspond to the 
position of the light formations in the images shown 
in Figure 4 are highlighted here with circles.

Figure 5 - To assess the possibility of observing NLC 
from Petropavlovsk on July 10, 12 and 18 (according to AIM satellite shooting)

As can be seen in Figure 5, the position of the 
cloud field southern boundary is such that NLC 
could well have been present in the selected 
locations during the acquisition of ground-based 
images. The results of the image analysis are 
shown in Table 2, which shows the estimated 
distances from the observation point to the 

boundaries of cloud fields and the time of 
obtaining the corresponding satellite images. The 
shooting times are given for two adjacent orbital 
bands. The table shows the numbers of these 
bands. The first indicates the time of shooting the 
eastern band of orbital images, the second the 
western.
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Table 2 - Comparison of conditions for obtaining IR and satellite images.

№ Date Time of obtaining ground-
based images, UT

Time of obtaining satellite 
images,

UT

Distance from the observation point 
to the cloud field,

km

1 10.07.2022 16 h 37 m 83465 06 h 30 m
83466 08 h 05 m 1200

2 12.07.2022 From 16 h 05 m
to 16 h 33 m

83495 05 h 58 m
83496 07 h 33 m 1200

3 18.07.2022 From 16 h 07 m
to 16 h 20 m

83586 05 h 55 m
83587 07 h 30 m 1000

Of course, attention should be paid to the 
difference in the time of receipt of ground images and 
images obtained during the flight over the relevant 
area of the AIM satellite. However, despite the fact 
that the difference was noticeable, it must be taken 
into account that NLC fields in most cases evolve 
rather slowly. In our case, this demonstrates 
approximately the same location of the southern 
cloud boundary in the images obtained over an hour 
and a half time interval. Therefore, the assessment of 
the distance between the observation point and the 
boundary of the cloud field, determined from satellite 
images, has a right to exist. The close correspondence 
of the distances obtained from ground-based and 
space-based observations indicates with a high 
degree of probability that it is NLC that are recorded 
in the images of the twilight segment taken in the 
near-IR range during civil twilight.

6 Conclusions

The results obtained are interesting, but, of 
course, further verification and improvement of the 

NLC registration method in the near infrared region 
is necessary. First of all, in our opinion, improvement 
of the recording equipment is required. As is known, 
matrix receivers of digital cameras are sensitive to 
radiation with a wavelength up to 1200 nm with a
maximum sensitivity of about 800 nm (Fig. 6a).
However, to achieve sharper images, camera 
manufacturers usually place a glass filter in front of 
the sensor, which almost completely cuts off 
radiation with a wavelength greater than 720-740 nm 
(Fig. 6b). In this case, the lens optics does not prevent 
the shooting in the IR range (Fig. 6c).

Thus, restoring the sensitivity of the sensor of 
CANON cameras to radiation in the near infrared 
range is possible by removing such a filter. If this is 
done, the sensitivity of cameras in the range under 
consideration can be increased by at least an order of 
magnitude. Due to this, it is possible to reduce the 
exposure to acceptable values and extend the 
experiment on obtaining NLC infrared images not 
only to civil, but also to nautical twilight. This will 
further confirm the effectiveness of recording NLC 
fields in the near-infrared region of the spectrum.

Figure 6 – Dependence of the transmission coefficient on the wavelength of light for
a) the matrix of a digital camera; b) the glass filter of the camera; c) the camera lens [24]
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Increasing the long-wavelength sensitivity of 
cameras will allow us to move on to experiments with 
filters tuned to longer wavelengths. Success in this 

direction promises to significantly expand the 
possibilities of ground-based observations of NLC 
fields, which fully justifies the efforts being made.
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1 Introduction

To analyze and simulate processes in low-
temperature plasma, it is necessary to know the 
kinetic coefficients, in particular, the cross sections 
for ionization of atoms by electron impact. This 
work is a continuation of our works [1-4], in which 
experimental and theoretical data on electron-atomic 
collision cross sections are analyzed [5-11]. In 1912, 
Thomson, based on the consideration of the problem 
of the collision of two electrons, one of which is at 
rest, determined the following formula for the 
ionization cross section [5]:

4 2
2
0 2

1 1 ( )( ) 4ionization
e Ry Ia

I I
π εσ ε π
ε ε ε

− = − ≡ 
 

, (1) 

where I – ionization energy, Iε >  – incident 
electron energy, a0 – Bohr radius, Ry=13.6 eV. This 
formula gives a linear increase in the ionization 
cross section at a small excess of the collision 
energy over the ionization potential. The formula for 
approximating the initial part of the curve of 

dependence of the ionization cross section on the 
energy of the incident electron was first proposed by 
Compton and van Voorhis in 1925 [6]: 

( ) ( ), 2ionization iC I I Iσ ε ε ε= − < < . Vanier 
in [11] took into account the interaction of the 
incident and bound electrons and obtained the 
following approximation of the initial section:

1.127( ) ( ) , .ionization iC I Iσ ε ε ε= − > (2) 

The first ionization potential I can serve as the 
natural scale of energy when an electron collides 
with an atom, so here and below it is convenient to 
pass to the dimensionless energy / ,x Iε=
∆ = x x − 1, x >1. In the case of high energies 
( ε > 300 eV) dependence of the ionization cross 
section on the electron-impact energy can be 
described by the Born-Bethe type formula:

ln( ) .ionization
x

x
σ ε ∝ (3) 
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Formulas of that type are widely used for fitting 
the excitation and ionization cross sections (see, e.g. 
[12]).

In our paper [4], we proposed a formula for the 
electron impact ionization cross section of an atom 
with four approximation coefficients α, β, γ, δ:  

( ) .
(1 )ionization

x
x

δ

γε ασ
β
∆

=
+ ∆

(4) 

Here the constant α has the dimension of area, 
and the constants β, γ, δ are dimensionless 
quantities. To search for them, the problem of 
minimizing the root-mean-square relative deviation 
of cross sections from their experimental values was 
solved using the coordinate descent method. For

2 2
04 ( / ) , 1, 2, 1a Ry Iα π β γ δ= = = =  formula (4) 

coincides with Thomson’s formula (1). The 
maximum value of the cross section according to 
this formula is achieved when Δx = δ/(β(γ – δ)). 
Formula (4) allows one to take into account the 
deviation of the dependence of the cross section 
from linearity near the threshold, and at high 
energies it allows one to take into account the 
logarithmic correction of the Bethe-Born 
approximation. It turns out that a power-law 
decrease in the ionization cross section 

( ) 1/ionization x xγ δσ −∝ at high energies makes it 
possible to obtain quite satisfactory agreement with 
experimental and theoretical data for all inert gases.
The errors of the approximation of experimental 
data by analytical dependence (4) for rare gases, 
alkali and vapors of other metals, as well as for H, 
Si, P, S lie in the range of 1-10% [4], which 
corresponds in order of magnitude to the error of the 
experiments themselves.

In principle, there are hundreds of experimental 
and theoretical works on the determination of 
ionization cross sections. But at the same time, 
errors are often not given, because, generally 
speaking, they cannot be determined without 
knowing the exact answer. By increasing the 
number of measurements, the statistical error can be 
reduced, but in the case of an experiment, a 
systematic error remains. Therefore, the 
experimental data themselves from various sources 
may differ tenfold, while errors in the range of 3-7% 
are often indicated. In addition, the ionization of an 
atom as a multielectronic system, based on 

theoretical consideration, usually involves the use of 
simplifying assumptions, which makes it difficult to 
determine the accuracy of the result.

2 Approximation of the single ionization
cross sections by 1 term formula

The largest amount of experimental and 
theoretical data is available for cross sections of 
single ionization of atoms. The observed variation in 
the experimental data for cross sections is due to the 
fact that the cross section is not a directly 
measurable quantity, but is calculated as a result of 
processing other measured parameters. To analyze 
and approximate them, we took data from [13,14], 
where recommended cross-section values were
obtained for single ionization of rare gas atoms by 
analyzing experiments and theories. 

The work [15] presents the results of 
measurements of the ionization cross sections of 
helium, neon, argon, krypton, and xenon upon 
electron impact for energies in the range from the 
first ionization threshold to 1000 eV. In addition to 
single ionization cross sections, this work obtained 
data on multiple ionization cross sections. Briefly, 
during cross-section measurement, the vacuum 
chamber is filled with the target gas and the electron 
gun generates pulses. These pulses pass through the 
gas between the two plates, and the electrons 
produced by ionization are going at a collector. The 
data from [15], which claim higher accuracy, 
confirm the correctness of the single ionization 
cross sections recommended in [13, 14].

The results of the approximation of 
experimental data [13,14] according to formula (4) 
for inert gases are given in [4]. In this work, for 
comparison, we added the results of approximation 
of experimental data on single ionization [15]. The 
root-mean-square relative error of approximation in 
both cases lies in the range from one to five percent, 
i.e. within experimental errors. As an example, Fig. 
1 for Xe shows the experimental data from [14] and 
[15], as well as their approximations according to 
formula (4). The data [14] on the right tail is 
significantly higher than in [15]. Table 1 shows the 
values of the parameters for approximating the 
ionization cross sections of rare gas atoms as well as 
the values of the root-mean-square relative error, the 
maximum ionization cross section σ ( mε ) and the 
energy mε , at which it is achieved.
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Figure 1 – Single ionization cross sections of Xe atoms by electron impact.

Table 1 – Parameter values for approximating the ionization cross sections of rare gas atoms by electron impact.

The analysis of the data presented in Table 1 
allows us to estimate experimental errors and 
improve the accuracy of determining cross sections. 
It can be noted that there is a correlation between 
the approximation error of the experimental data 
[13-15] by the analytical dependence (4) and the 
proximity of the parameter β to the value of 0.33. 
Therefore, for He, Ne, Ar, Kr we recommend data 
from [13,14], and for Xe from [15]. In the last 
column of Table 1, the letter A – marks the most 
accurate approximation, and B – marks the less 
accurate one. Note that in the recommended 
approximations, the values of the coefficient δ are in 
the range from 1.05 to 1.33, i.e. the Vanier 
correction (2) with the value δ = 1.127 allows us to 
more correctly describe the initial part of the 
dependence of the ionization cross section on the 
collision energy.

Formula (4) approximates well the behavior of 
the dependence of ionization cross sections on 
energy for most elements (see [4]). But for some 
elements, as shown in Fig. 1 for Xe, this dependence 
has a two-humped nature due to the knocking out of 
electrons from the inner shells. In these cases, a 
fairly good accuracy is achieved by approximating
experimental data with two-term formula

1 2

1 1 2 2

1 1 2 2

1 2
( ) ,

(1 ) (1 )ionization
x x

x x

δ δ

γ γ
αε ασ
β β
∆ ∆

= +
+ ∆ + ∆

where 1 1/x Iε= , 1 1 1x x∆ = − , 1 1x > , 2 2/x Eε= , 

2 2 1x x∆ = − , 2 1x > , E2 – potential from the inner 
shell. We used this two-term formula in [4] to 
approximate the single-ionization cross sections of 
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Atom,
I, eV α, Å2 β γ δ Δ, % mε , 

eV
σ ( mε )

Å2
Reference

2, He
24.59 

0.406 0.330 2.01 1.11 1.0% 116 0.35 A, Heer, [13]
0.372 0.312 2.03 1.13 1.6% 124 0.34 B, Rejoub, [15]

10, Ne
21.57 

0.451 0.23 2.22 1.33 1.3% 162 0.71 A, Heer, [14]
0.343 0.182 2.33 1.33 4.2% 179 0.67 B, Rejoub, [15]

18, Ar
15.76 

3.19 0.326 1.92 1.08 2.5% 78 2.87 A, Heer, [14]
4.26 0.541 1.93 1.26 3.6% 71 2.66 B, Rejoub, [15]

36, Kr
14.0

3.77 0.302 1.86 1.07 2.7% 77 3.82 A, Heer, [14]
7.08 0.641 2.19 1.52 4.3% 64 3.61 B, Rejoub, [15]

54, Xe
12.13

3.66 0.178 1.66 0.836 5.1% 81 4.90 B, Heer, [14]
5.64 0.365 1.79 1.05 2.1% 59 4.83 A, Rejoub, [15]
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Xe, Cs, Cu, and U atoms, which made it possible to 
reduce the approximation error for these elements 
by one and a half times and qualitatively reproduce 
the two-humped nature of the dependence of the 
cross section on the collision energy.

3 Approximation of the multiple ionization
cross sections of atoms by one term formula

With a sufficiently high energy of the incident 
electron, it can knock out several electrons at once:

, 1ne A e A ne n++ → + + ≥

Analysis of the experimental data [16] on 
multiple ionization (MI) cross sections ϬN showed 
that the majority of the cross sections has a similar 
shape and the electron-impact energy dependence 
can be described by the Born-Bethe type formula (3) 
[17]. Namely, for cases with n>=3, based on 
formula (3), a semi-empirical formula for the 
dependence of the cross sections MI of atoms by 
electron-impact is obtained [18]:

2
,

2 2

( 1) ln
( ) .n N

n
n

Ry x x
x

I x
α

σ
−

= (5) 

where dimensionless energy / ,nx Iε= 1x x∆ = − ,

1.x > The threshold energy 
1

, 1
0

,
n

n i i
i

I I
−

+
=

=∑
corresponds to the minimal ionization energy In,
required to remove n outmost electrons, Ii,i+1 – is the 
one-electron ionization energy from the charge i to 
i+1. The coefficient ,n Nα should depend only on 
two parameters: the number of ejected electrons n
and the total number of the target electrons N, and a 
power-law approximation was found for it. Formula 
(5) does not allow correctly taking into account the 
asymptotes for n=1, 2, and for n>2 in many cases 
the error is very large. Semi-empirical formulas for 
the cross sections for the double ionization of light 
positive ions by electron impact were obtained in 
[19].

There is a large amount of experimental data for 
multiple ionization of rare gas atoms (see references 
in [20, 21]). We took more recent experimental data 
for multiple ionization of rare gas atoms from [15], 
which are in good agreement with the data from 
[20]. Table 2 shows the results of approximation of 
the cross section for multiple ionization of rare gas 
atoms by electron impact using formula (4). Figures 
2-4 for Ne, Ar and Xe show experimental data from 
[14] and [15], as well as their approximations using 
formula (4).

Table 2 – Parameter values for approximating the multiple ionization cross sections of rare gas atoms by electron impact.

Atom n,
In, eV

α,
Å2 β γ δ Δ,

%
mε , 

eV
σ ( mε ), 

Å2

2, He 2, 79.01 0.005 0.643 3.59 2.25 3.7% 285 0.0013

10, Ne
2, 62.53 0.137 0.648 4.60 3.15 3.2% 272 0.0306
3, 126.0 0.011 0.572 5.32 3.0 4.5% 411 0.0015

18, Ar
2, 43.39 12.48 1.89 4.07 3.04 6.2% 111 0.1803
3, 84.30 0.014 0.45 2.44 1.43 32% 350 0.0089
4, 144.1 0.005 0.63 8.76 6.96 19% 1028 0.0015

36, Kr
2, 38.36 121 2.68 4.68 3.8 3.0% 100 0.297
3, 75.31 0.047 0.379 2.31 1.41 7.9% 387 0.039
4, 127.8 0.078 0.94 4.75 3.84 2.5% 702 0.0097

56, Xe

2, 33.10 33.2 2.35 3.64 3.0 6.6% 99.0 0.471
3, 64.15 127 2.35 5.69 4.78 14% 208 0.175
4, 106.4 28.3 2.06 6.12 5.15 22% 380 0.0471
5, 160.5 31.5 2.59 6.26 5.0 9.5% 406 0.0116

6, 227.16 35.6 2.91 7.30 6.0 13% 587 0.0019
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Figure 2 – Single, double and triple cross sections 
for ionization of Ne atoms by electron impact.

Figure 3 – Single, double, triple and four-fold cross sections 
for ionization of Ar atoms by electron impact.

Figure 4 – Single, double, triple, 4-, 5- and 6--fold cross sections 
for ionization of Xe atoms by electron impact.
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For triple and 4-fold ionization of Ar atoms and 
two-, three-, 4-, 5- and 6-fold ionization of Xe 
atoms, the cross-section curve has a two-humped 
character due to the ionization of electrons from the 
inner shells. To take this effect into account more 
accurately, it is necessary to use two-term
approximation, as we did in [4] for Xe, Cs, Cu, and 
U. 

4 Approximation of the single ionization
cross sections of rare atoms by positron impact

The papers [22, 23] present the cross sections 
for ionization by a positron impact for atoms of rare 
gases. For these data, we calculated the 
approximation coefficients according to formula (4). 
The results are shown in Table 3.

Table 3 – Parameter values for approximating the multiple ionization cross sections of rare gas atoms by positron impact. 

Figure 5 shows cross sections of single 
ionization of helium atoms by electron-impact for 
experimental data from [13, 15] and positron impact 
for experimental data from [23].

Figure 6 shows cross sections of single 
ionization of krypton atoms by electron impact 
for experimental data from [14, 15] and positron 
impact for experimental data from [22, 23]. This 

figure clearly shows the more complex nature of 
the dependence of the ionization cross section by 
positron impacts compared to electron impacts. 
The reason apparently lies in an additional 
ionization channel with the formation of 
positronium in a positron-atom collision. In 
addition, measurements of positron-atomic 
collisions have a large error.

Figure 5 – Single-ionization cross sections of He by positron (e+) and electron (e-) impact.
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Figure 6 – Single-ionization cross sections of Kr by positron (e+) and electron (e-) impact.

5 Conclusions

Using the available and most reliable data on the 
ionization cross sections of atoms of inert gases, the 
cases of single and multiple ionization of atoms by 
electron impact and single ionization of atoms by 
positron impact are considered. For approximating
the cross sections, a semi-empirical formula with 
four parameters is proposed. Smooth and 
asymptotically reasonable approximating 
dependencies make it possible to avoid errors in the 
numerical differentiation of experimental data, 
which in the mathematical sense is incorrect (that is, 
arbitrarily small errors in the data give an arbitrarily 
large error in the derivative). Therefore, the use of 
analytical formulas with physically reasonable 
asymptotes to find cross-section values by 
interpolation or extrapolation seems more preferable 
than the use of tabular experimental data.

The cross section of single ionization of atoms 
of rare gases by electron impact is approximated 
with an error of 1-3%. Since the error of the 
experimental data is an order of magnitude larger, 
the analysis of the fitting coefficients makes it 
possible to determine which data should be 
recommended for use.

Multiple ionization of atoms by electron impact 
is a more complex process in which the ionization 
of electrons from inner shells often plays an 
important role. But even in this case, it is possible to 
obtain an approximation error in the range of 3–
30%. In order of magnitude, this error practically 
coincides with the error of the experimental data.

The cross section of single ionization of rare gas 
atoms by positron impact is approximated with an 
error of 3-9%. Since the ionization of an atom by a 
positron impact can be accompanied by the 
formation of positronium, this leads to a greater 
error in the experimental data.
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calculations of perturbations in these dielectric functions facilitate the derivation of dispersion relations for 
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1 Introduction

The quark-gluon plasma (QGP) is a special state 
of matter under extreme conditions, which is formed 
at high temperatures and energy densities [1]. Such 
conditions occur naturally in the cores of massive 
celestial bodies [2], as well as in the early stages of 
the development of the Universe [3]. Moreover, such 
a state of matter under controlled parameters can be 
obtained in particle collision experiments at ultra-
relativistic velocities. Such experiments are carried 
out at the SPS (Super Proton Synchrotron) [4], LHC 
(Large Hadron Collider) and RHIC [5] (Relativistic 
Heavy-Ion Collider).

At high energy densities, hadronic matter ceases 
to exist and decays into its constituent quarks and 
gluons. Moreover, quarks and gluons are in unbound
states, which is not observed in the normal state of 
matter – this is the well-known phenomenon of 
confinement [6]. To summarize the above, the QGP 
is a state of matter in which free quarks and gluons 
are in quasi-neutral and thermodynamic equilibrium
state. For a more detailed description of the QGP, the 

following characteristic parameters of this state of 
matter can be given. When hadronic matter is 
compressed to high densities of the order of ~1𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚−3

and heated to high temperatures exceeding the 
Hagedorn temperature [7], a transition to the QGP
occurs at the pseudocritical temperature 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐  =
 156, 5 ±  1,5 MeV, as shown in lattice QCD 
simulations [8]. It is believed that such parameters 
occur naturally in the state of matter in the early 
Universe, which lasts 10−5 seconds after the Big 
Bang. [9-11]

Thus, it makes sense to study collective effects to 
determine the basic properties of this new state of 
matter. Such properties can be various static, 
dynamic, thermodynamic and optical properties. For 
this paper, optical properties were chosen to study 
collective effects. The problem of wave propagation 
in a medium determines the dispersion properties of 
the medium, which demonstrates the relationship 
between wave energy and momentum.

To characterize the medium in simulation, two 
QGP models are used. The first model is described 
by the Boltzmann equation [12-14], where the 

https://doi.org/10.26577/phst2024v11i1a12
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distribution function is the probability of finding 
fermions with two charge values and two spin values. 
And the interaction between particles is described by 
the BGK collision integral [15]. The second model is 
described by the relativistic hydrodynamic equation, 
where collisions between particles are not taken into 
account, but the viscosity of the medium is taken into 
account as a parameter for the loss of wave energy 
[16-18].

By defining a model of the medium, it is possible 
to obtain wave dispersion equations, which are used 
to determine the phase and group velocities of the 
wave in the medium. The dispersion relations were 
obtained in the previous work of the authors of the 
article [19-21]. Thus, this article is a natural 
continuation of a larger research topic.

This article consists of the introduction presented 
in this chapter. The next chapter describes the 
theoretical foundations of the article and the problem 
statement. Below are the results of solving the 
problem, as well as a discussion of the results 
obtained. In the final chapter, the conclusions of this 
work are presented.

2 Phase velocity

In the previous chapter, two mathematical 
models for describing QGP were presented. The first 
model was usually called the collisional QGP model, 
since in this description the interaction between 
particles is described using the frequency of particle 
collisions. The second model was commonly called 
the viscous QGP model, since collisions between 
particles are not taken into account here, and the 
nonideality parameter of the system is calculated 
taking into account viscosity. A more detailed 
description of these models is available in [19-21], 
where the dielectric function is used to formulate the 
models as an expression for describing the medium. 
From the course of classical physics, it is known that 
the dielectric function describes changes in the 
external field inside the system, that is, it determines 
the properties of the system by changing the external 
field. Thus, by studying the properties of the 
dielectric function, one can find out the properties of 
the medium itself. Next, by equating the dielectric 
function to zero, the perturbations of the system are 
found that describe the wave dispersion in the QGP 
medium. Once the dispersion relation is obtained, the 
phase and group velocities can be calculated. In 
general, phase and group velocities depend on the 
energy and momentum of the wave, and the 

properties of the medium (temperature, density, etc.). 
Based on this, from the values of phase velocities for 
various media, one can find out the properties of 
quarks and gluons.

To calculate these velocities, let’s first define 
them in this part. By analogy with classical physics, 
the phase velocity of a wave is the speed at which the 
wave phase moves in space without changing the 
shape of the wave itself.

The phase velocity in a QGP can be significantly 
different compared to the phase velocity in other 
media due to the properties of the quarks and gluons 
that form this plasma.

The group velocity of a wave determines the
velocity of propagation of a wave packet, the peak or 
front of a group of waves. Group velocity is an 
important property of the medium, which determines 
the propagation of energy and information. 
Therefore, studying the group velocity of waves in a 
QGP demonstrates how quickly disturbances 
propagate in this medium.

In this part of the article, we will present analytic
expressions for phase and group velocity. To do this, 
we introduce a general expression for a plane wave:

Ψ = Ψ0 exp 𝑖𝑖𝑖𝑖(𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 − 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 − 𝜙𝜙𝜙𝜙0). (1)

Here, Ψ0 – amplitude of oscillations, 𝜔𝜔𝜔𝜔 –
frequency of collisions, 𝑘𝑘𝑘𝑘 – wave number,𝜙𝜙𝜙𝜙0 – initial 
phase of oscillations. Moreover, 𝜙𝜙𝜙𝜙(𝑘𝑘𝑘𝑘, 𝜔𝜔𝜔𝜔) = 𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 −
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 − 𝜙𝜙𝜙𝜙0 – is phase of wave. It means, it is possible 
to study the dependence of the change in the phase of 
wave oscillation over time. By definition, phase 
velocity is the speed at which a point of constant 
phase propagates

𝑑𝑑𝑑𝑑𝜙𝜙𝜙𝜙
𝑑𝑑𝑑𝑑𝜔𝜔𝜔𝜔

= 0 = 𝜔𝜔𝜔𝜔 − 𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑𝜔𝜔𝜔𝜔

− 0. (2)

𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑𝜔𝜔𝜔𝜔

=
𝜔𝜔𝜔𝜔
𝑘𝑘𝑘𝑘

= 𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝. (3)

Using expression (3) one can determine the phase 
velocity; for this you need to find the ratio of the 
oscillation frequency and the wave vector.

3 Group velocity

Since phase velocity is formulated, let’s 
introduce group velocity derivation. In an ideal 
homogeneous medium without wave attenuation (in 
vacuum), the phase and group velocities are equal. 
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However, in a real problem there is always wave 
attenuation due to the imperfection of the medium. 
That is, the plane wave equation can be modulated. 
In the following example, we will consider these 
modulations, which describe the difference between 
group and phase velocities. For the oscillation 
frequency we will write 𝜔𝜔𝜔𝜔0 + 𝑑𝑑𝑑𝑑𝜔𝜔𝜔𝜔, and for the wave 
vector we will write 𝑘𝑘𝑘𝑘0 + 𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘. Next, consider the 
addition of two waves with a small change in 
modulation

Ψ = exp 𝑖𝑖𝑖𝑖[(𝜔𝜔𝜔𝜔0 − 𝑑𝑑𝑑𝑑𝜔𝜔𝜔𝜔)𝜔𝜔𝜔𝜔 − (𝑘𝑘𝑘𝑘0 − 𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘)𝑘𝑘𝑘𝑘] +
+ exp 𝑖𝑖𝑖𝑖[(𝜔𝜔𝜔𝜔0 + 𝑑𝑑𝑑𝑑𝜔𝜔𝜔𝜔)𝜔𝜔𝜔𝜔 − (𝑘𝑘𝑘𝑘0 + 𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘)𝑘𝑘𝑘𝑘]. (4)

After simple algebraic operations, expression (4) 
is reduced to the following form

Ψ = exp 𝑖𝑖𝑖𝑖(𝜔𝜔𝜔𝜔0𝜔𝜔𝜔𝜔 − 𝑘𝑘𝑘𝑘0𝑘𝑘𝑘𝑘) cos(𝑑𝑑𝑑𝑑𝜔𝜔𝜔𝜔 𝜔𝜔𝜔𝜔 + 𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘 𝑘𝑘𝑘𝑘). (5)

In this expression, the exponential part describes 
high-frequency oscillations that propagate at the 
carrier speed or phase velocity 𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝 = 𝜔𝜔𝜔𝜔/𝑘𝑘𝑘𝑘. And the 
second term of the multiplication, cosine, describes 
the modulations, which can be equated to zero and 
the group velocity of the modulations can be found.

𝑑𝑑𝑑𝑑𝜔𝜔𝜔𝜔 𝜔𝜔𝜔𝜔 + 𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘 𝑘𝑘𝑘𝑘 = 0 → 𝑣𝑣𝑣𝑣𝑔𝑔𝑔𝑔 =
𝑑𝑑𝑑𝑑𝜔𝜔𝜔𝜔
𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘

=
𝑘𝑘𝑘𝑘
𝜔𝜔𝜔𝜔

. (6)

From the previous expression it follows that to 
find the group velocity it is necessary to find the 

derivative of the oscillation frequency with respect to 
the wave vector. To summarize this chapter, to find 
the phase and group velocity, one needs to know the 
wave vector and oscillation frequency, the values of 
which are determined due to the dispersion relation 
of the wave.

4 Results

In this part of the paper the plots of the phase and 
group velocity are presented. Those results were 
calculated according to the procedure described in 
the previous part of the paper [19-21].

Fig-1 shows the phase velocity values 𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝 over the
wave number 𝑘𝑘𝑘𝑘 of a collisional QGP. The values of 
the wave number were normalized with the plasma 
frequency 𝜔𝜔𝜔𝜔𝑝𝑝𝑝𝑝. Since, natural units are used in high-
energy physics, the wave number and the plasma 
frequency have the dimension of energy, so phase 
and group velocities as well as wave number are 
dimensionless quantities. Fig-1-a) presents the 
absolute values of phase velocity for different
collision frequencies, and Fig-1-b) presents the 
comparison of the different oscillation modes to the
HTL approximation mode. This can be formulated in 

the following as Δ𝑣𝑣𝑣𝑣�𝑝𝑝𝑝𝑝(𝜈𝜈𝜈𝜈) = �𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝(𝜈𝜈𝜈𝜈)−𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻)�
𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻) . This 

formula says that the difference of various oscillation 
modes and HTL approximation mode is divided by 
the HTL approximation mode. This structure of 
figures will be used for the next three figures as well.

Figure 1 – Phase velocity of collisional QGP: a) values of phase velocity 𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝,
b) comparison of different modes
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In fig-1 and fig-2 collision oscillations were 
chosen to be small in comparison to oscillation 
frequency, because propagation waves have to have 
small damping coefficients.

Fig-2 describes the behavior of group velocity 
due to wave number in the collisional QGP; the left-
hand side plot shows the absolute values and the 
right-hand side the difference of different oscillating 
modes. On the other hand, Fig-3 and fig-4
demonstrates the same results for the viscous QGP. 
For the viscous QGP the values of the free parameter 
of the model are chosen from the experiments. As it 
has been written before, the zero value of the 
viscosity is the same as HTL approximation limit. 
The value 1/4𝜋𝜋𝜋𝜋 is taken from the theoretical 
predictions of the smallest viscosity of QGP [22].
The next three is taken from the analysis of results of 
the experiments, they are listed in accordance with 
order of the plots. [23-25]

Fig-1-b) shows that the oscillation modes are 
more different for the small wave number and come 
closer to each other at higher wave number. One can 
guess that for even higher wave numbers the different 

modes will be the same, but the lack of computation 
power did not allow to calculate further. Moreover, 
those ranges of wave number are not feasible to 
analyze in current experimental setups. 

Fig-2-b) shows an interesting behavior for the 
group velocity of collisional QGP. This plot has 
several points, where different modes have the same 
group velocity, and they differ more for small wave 
number and for high wave number. 

Fig-3-b) has more predictable behavior with 
comparison to the fig-2-b). In this plot, phase velocity 
has the same value for the wave number equals to 
zero, and the difference grows with increasing wave 
number. At some point it reaches the extremum point 
and the difference gets smaller again. And again, one 
could say that the trend goes to the same point, but 
the calculation did not support such high values of 
wave number.

Fig-4-b) presents the comparison of group 
velocity of viscous QGP, and it shows predictable 
behavior of difference between various modes. At the 
small wave number, the difference is the greatest, and 
it becomes equal at the large wave numbers.

Figure 2 – Group velocity of collisional QGP: a) values of group velocity 𝑣𝑣𝑣𝑣𝑔𝑔𝑔𝑔,
b) comparison of different modes
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Figure 3 – Phase velocity of viscous QGP: a) values of phase velocity 𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝,
b) comparison of different modes

Figure 4 – Group velocity of viscous QGP: a) values of group velocity 𝑣𝑣𝑣𝑣𝑔𝑔𝑔𝑔,
b) comparison of different modes

5 Conclusions

The study of phase and group velocities of waves 
in a quark-gluon plasma medium is an interesting 
area of research in modern high-energy physics. 
These parameters may play a key role in 
understanding the properties of this exotic form of 
matter and its behavior under extreme conditions of 
temperature and density. For these reasons we have 
calculated phase and group velocity for QGP in 
different models. We have compared these two 

models with the HTL approximation in order to show 
the correspondence with other studies of wave 
propagation in media of QGP. That is why this article 
can be understood as the part of bigger studies of 
QGP matter. The chosen mathematical models have 
limitations in derivation of the dielectric function in 
order to get analytical results. Those limitations can 
be found in the original papers and those constraints 
apply for these results as well. However, the
postulated goals of this article can be achieved in the 
scope of those limitations, because the existence of 
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the wave propagation and the difference of the phase 
and group velocities in two models were 
demonstrated. With this, the article concludes with 
the positive results. The presented results might be 
used to describe properties of the media of QGP.
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