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TECHNOLOGY FOR MODELING PHYSICOCHEMICAL PROCESSES IN THE
PLASMA OF OVERVOLTAGE NANOSECOND GAS DISCHARGE FOR THE
SYNTHESIS OF NANOSTRUCTURED THIN FILMS AND ITS SOFTWARE
IMPLEMENTATION

Context. In this work, for the first time, a technology has been developed based on an integrated physical-
mathematical model of the emission spectrum of plasma from an overvoltage nanosecond gas discharge, which is used for
the synthesis of nanostructured thin films. Universal software has been developed for modeling plasma parameters and its
spectrum, providing interactivity and flexibility for adaptation to various experimental conditions. Visualization of results
has been implemented to enhance data analysis and interpretation. The developed software is an effective tool for scientific
research and practical applications in plasma physics and materials science.

Objective. To develop a technology based on an integrated model and software for analyzing physicochemical
processes in the plasma of an overvoltage nanosecond gas discharge for describing the dynamics of plasma parameters,
modeling the plasma emission spectrum, optimizing the conditions for the synthesis of nanostructured thin films, and creating
a tool for predicting plasma parameters.

Method. In the article, a combined theoretical-experimental method is used, which includes key aspects such as
mathematical modeling for the implementation of physical and spectral models to describe the main processes in plasma,
such as gas ionization, recombination, formation of runaway electrons, electrode erosion, and the formation of clusters of
nanostructured films; the use of Boltzmann equations for calculating the distribution of particles over energy levels;
calculation of the plasma emission spectrum taking into account temperature, Doppler line broadening, and plasma
parameters, representation of spectral lines as Gaussian profiles to describe their width and intensity. The model is
implemented based on numerical methods for solving differential equations using the Python programming language for
modeling physical processes and visualizing results.

Results. The developed technology, the constructed spectra, the numerical modeling conducted, and the developed
software confirm the effectiveness of the developed technology based on mathematical modeling for analyzing plasma
processes and spectral characteristics. This opens up new possibilities for optimizing plasma technologies and creating
innovative materials.

Conclusions. The technology for calculating plasma parameters and emission spectra for the experiment has been
tested. Special attention has been paid to modeling spectral lines for key elements such as nitrogen (N), oxygen (0O), and
tungsten (W), using Gaussian functions to reproduce the widths of the spectral lines. The model has been adapted to predict
plasma characteristics under conditions of variable discharge parameters, such as electric field intensity, pressure, and
temperature. This allows for the optimization of film synthesis processes and the creation of new materials with improved
properties. The proposed approach has practical applications in sensing, optoelectronics, photovoltaics, and other advanced
technologies. In the future, a promising direction is the improvement of the technology and, accordingly, the software product
by creating an interface for convenient control of model parameters, which will allow the use of the program without deep
programming knowledge; integration of the program with cloud computing platforms for modeling complex systems with
high performance; and the application of machine learning algorithms for automatic optimization of discharge parameters
and result prediction.

Keywords: mathematical modeling; analysis and optimization; plasma emission spectrum, overvoltage nanosecond
gas discharge; materials science

BLJIAK IOPIi, IIIYAIBOB OJEKCAH/IP, BYUYK POMAH, POJIb MAP’STHA

JIBH3 «YXropoJCbKuil HalliOHAILHUI YHIBEPCUTET»

TEXHOJIOI'ISI MOJAEJIOBAHHS ®I3UKO-XIMIYHUX MPOLECIB V¥ IJIA3MI IEPEHATIPY2KEHOI'O
HAHOCEKYH/ITHOI'O TA30PO3PSIIY JJIsI CHHTE3Y HAHOCTPYKTYPOBAHHMX TOHKHX ILIIBOK TA
ii MIPOTPAMHA PEAJII3AILIIS

AxmyaneHicmy. Y pobomi énepuie po3pobieHo mexHonozit, wo 6asyemvcs Ha iHmMesposatill (izuxko-mamemamuytii mooeni
CHeKmpy  BUNPOMIHIOBAHHS NIA3MU NEPEHANPYHCEHO20 HAHOCEKYHOHO20 —2a30p03pAdy, KU BUKOPUCINOBYEMbCS Ol CUHIME3Y
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HAHOCMPYKMYPOBAHUX MOHKUX NAi6oK. Pospobneno ynisepcanvhe npozpamue 3abesnevents O MOOENIOBAHH NAPAMEMPI8 NAA3MU ma it
cnekmpy, sike 3a0e3neuye iHmepakmugHiCmes ma 2HyuKicme 015 adanmayii nio pizHi ekcnepumeHmaibHi ymosu. Peanizoeano eizyanizayito
pe3yabmamie 015 ROKpaujenHs ananizy ma inmepnpemayii oanux. Pospobnene I13 ¢ epexmugnum incmpymenmom 0ist HayKogux 00CaiONCeHb
ma nPakmuiHo20 3aCMOCy68ants y Qisuyi niasmu i MamepiaiosHascmsi.

Mema. Pospobumu mexnonoziio na 6asi inmezposanoi mooeni ma npozspamue 3a0e3neueHHs Oiid AHANI3Y QI3UKO-XIMIYHUX
npoyecie y niazmi nepeHanpyiceHo20 HaHOCEKYHOH020 2a30p03ps0y OJisl ONUCY OUHAMIKY NIA3MOBUX NAPAMEMPIs, MOOETIOBAHHs CHeKMpa
BUNPOMINIOBAHHS NIA3MU, ONMUMI3AYI] YMOG CUHME3Y HAHOCMPYKIMYPOBAHUX MOHKUX NIIGOK, CIMEOPEHHs IHCMPYMeHmY 015 NPO2HO3YBAHHS
napamempie niazmu.

Memoo. Y cmammi @uxopucmano KoMOIHOSAHUI MEOPEMUKO-eKCNEPUMEHMATbHUL MemOoO, AKUU GKIIOYAE MAKI KIIOY08i
acnekmu sIK Mamemamuyne MoO0eno8ants O0as peanizayii gizuunol ma cnekmpanvHol mooenel 05l ONUCY OCHOBHUX NPOYECi8 y Nla3Mi,
makux AK IoHi3ayis 2azy, pekomOiHayis, DOPMYBAHHS eNeKMPOHIG-6MIKAYi8, epo3is enekmpoldis, i YMEOpeHHs Kiacmepie
HAHOCMPYKMYPOBAHUX NAI60K, BUKOPUCMAHHA DieHAHb bonbymana Ons pospaxyHky posnooity 4acmuHOK 3a eHepeemuyHUMU PIGHAMU,
PO3PAXyYHOK CHeKmpa 6UNpOMIHIOBAHHA NAASMU 3 YPAXYEAHHAM MeMnepantypu, 0ONniepiecbKo20 po3uwluperHs kil i napamempie niazmu;
npeocmasieHts CHeKMpAatbHuX il K 2ayci6coKux npo@inie 0 onucy ix wupunu ma inmencuernocmi. Peanizoeano modens na ocHosi
qucenbHUX Memooie Ol po38 sA3aHHA OUDEPeHYIanbHUX DIBHAHb 3 SUKOPUCIAHHAM MO6U npozpamyeanus Python ons modemosanms
@isuunux npoyecie ma gizyanizayii pe3yibmamis.

Pesynomamu. Po3pobnena mexnono2is, nodyooeawi cnekmpu, nposeoeHe yuceibHe MOOent08ants ma pospoonene I13
niomeepoACyioms eheKmueHicmy po3poOIeHOI MEXHONO2IT HA OCHOBI MAMEMAMUYHO20 MOOENIO8AHHs Ol AHATIZY NAA3MOBUX NPOYECI8 i
CNEeKMPANbHUX XAPAKMEPUCTUK, W0 GIOKPUBAE HOGL MOJICIUBOCE OISl ONMUMI3AYL] NIAZMOBUX MEXHONO2I | CIGOPEHHS THHOBAYIIHUX
Mmamepianie.

Bucnosku. Ilposedeno anpobayito mexwonoeii Ons pospaxymky napamempie niasmu mda CReKmpy 6UnpOMIHIOBAHHS ONs
excnepumenmy. Ocobnugy yeazy npuoiieHo MOOEeNo8AHHIO CHEKMPATbHUX MIHIll 051 KNIo4osux enemenmis, maxux sx azom (N), kucens (O)
ma eoavppam (W), 3 GUKOPUCMAHHAM 2ayCOBUX (QYHKYIU Ol 8IOMBOPEHHS WUPUHU CNeKmpaibHux tinil. Modens adanmosana 075
NPO2HO3YEAHHA XAPAKMEPUCIUK NAA3MU 8 YMOBAX 3MIHHUX napamempie po3paoy, maxux ;K HanpyJceHicms eneKmpuiHo2o nois, Muck i
memnepamypa. Lle 0036o15€ onmumizyeamu npoyecu cunmesy niieox i Cmeopioeamu Ho8i Mamepianu 3 NoKpaweHUMU XapaKmepucmukamii.
3anponoHosanuii nioxio Mae nNPAKmuiHe 3aCMoCy8arHsL 8 CEHCOPUYL, ONMOEIeKMPOHIYI, (homoeorbmaiyi ma iHWUx nepedosuUx MexHoN02IsxX.
V maiioymuvomy nepcnekmusHuM HanpsAMOM € 600CKOHANIEHHs. MEXHONO02Ii ma, 6i0N06iOH0, NPOSPAMHO20 NPOOYKMY 3ACOOAMU CMEOPEHHS
iHmepghelicy 0N 3pYYHO20 KepyBAHHA NaApamMempamu MoOeni, wjo O003601uNb SUKOPUCMOBY8amu npocpamy 0e3 2nubOKux 3HAHb
NpOSPAMYBAHHA, IHMe2payis npospamu 3 NAAM@OpMamu XMAPHUX OOYUCTIeHb O MOOENOBAHHA CKIAOHUX CUCEM 3 6UCOKOI
NPOOYKMUBHICMIO MA 3ACMOCY8AHHS ANOPUMMIE MAUWUHHO20 HABUAHMSA Ol A8MOMAMUYHOI onmumisayii napamempie po3paoy ma
NPO2HO3YEAHHS Pe3YIbIMamie.

Kniouosi cnoea: mamemamuune MOOENO8AHHA, AHANI3 MA ONMUMI3AYIA; CHEKMP SUNPOMIHIOBAHHA NIA3MU, NePEeHANpPYIICeHUll
HAHOCEKYHOHUIL 2A30pO3Ps0; Mamepiano3nascmeo

Introduction

Thin films play a key role in many modern technologies such as optics, electronics, photovoltaics,
biomedicine, and sensors. The development of methods for forming high-quality films with specified properties
is critically important for creating new materials and devices. Plasma deposition methods provide unique
conditions for material synthesis, such as high temperatures, ionization of atoms and molecules, and the ability
to control the composition and structure of materials at the nanoscale. This makes plasma an indispensable tool
for obtaining films with complex chemical and physical properties [1].

Plasma deposition methods allow achieving high energy efficiency and provide precise control over the
thickness, composition, and structure of films. This is important and relevant for the mass production of devices
such as solar cells, OLED displays, or thin-film transistors. The use of plasma enables the creation of
nanostructured films with unique properties, such as increased conductivity, optical transparency, or catalytic
activity. This opens up new prospects in the creation of functional materials for energy, medicine, and ecology.

Plasma methods can be adapted to work with a wide range of materials, including metals, oxides,
nitrides, and polymers. Many of them are environmentally friendly, which aligns with modern requirements for
sustainable development. Research in plasma physics expands knowledge about fundamental processes in
materials and plasma environments. This contributes to the development of new methods for obtaining films
with improved characteristics, which has significant scientific and practical potential and dictates the relevance
of the research. Thus, the study of plasma processes is important and relevant for enhancing film deposition
technologies and their use in advanced fields of science and technology [2-4].

The aim of the work was to develop a technology based on a theoretical physical-mathematical model
and corresponding software for analyzing physicochemical processes in the plasma of an overvoltage
nanosecond gas discharge, taking into account its parameters and spectral characteristics to optimize the
synthesis of nanostructured thin films. The model should provide analysis of the dynamics of processes in the
plasma, model the plasma emission spectrum, and optimize discharge conditions to enhance the quality of the
synthesized nanostructured thin films.

Review of the literature

Numerical modeling of plasma processes, in particular, overvoltage nanosecond discharges, is an
important direction of modern plasma physics, since these phenomena are widely used in technologies related to
plasma chemistry, materials processing, and medicine. Let us consider works that present numerous approaches
to plasma modeling, which differ both in complexity and in applicability to various physical conditions. One of
the most common approaches is the use of kinetic models, in particular, the solution of the Boltzmann equation
to describe the electron distribution function. In [5], kinetic methods demonstrate high accuracy for describing
non-equilibrium processes in plasma. The Monte Carlo method described in [6] is effective for modeling electron
collisions with molecules and atoms, especially under low pressure conditions. However, kinetic models have
significant computational complexity, which limits their application for large scales. PIC is one of the leading
methods for plasma modeling, which allows taking into account both microscopic particle dynamics and
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macroscopic fields. Works [5, 7] emphasize the versatility of this method, which can be used to describe non-
stationary processes, such as the formation of streamers or the development of discharges. In particular, PIC is
successfully used to model nanosecond discharges under atmospheric pressure conditions [8]. Despite this, the
method requires significant computational resources and is sensitive to initial conditions. Hydrodynamic models
are also widely used in the literature to describe plasma as a continuous medium. Works [9, 10] show that such
models are effective for quickly estimating plasma parameters in cases where microscopic effects can be
neglected. They are successfully used to describe high-pressure discharges and dense plasma, but do not take
into account the dynamics of individual particles. Thermodynamic models assume local thermodynamic
equilibrium of the plasma and are used under high pressure and temperature conditions. Works [11, 12] show
that such approaches allow to simplify modeling, but are unsuitable for non-equilibrium conditions, such as
nanosecond discharges. As for combined approaches, the combination of kinetic and hydrodynamic models is
reflected in modern studies [13, 14]. These approaches provide a compromise between accuracy and speed of
calculations, allowing to describe in detail the interaction of electrons, ions and neutral particles. The
disadvantage is the complexity of integrating different models, which can affect the stability and accuracy of the
results. In work [15] experimental data on the parameters of nanosecond discharges in air mixtures are presented,
which allow to validate numerical models. Such studies demonstrate the agreement between experimental and
numerical results, in particular for electron density, drift velocity and electric fields. In work [16] elementary
processes of interaction of charged particles in an electron beam with a current of about 1 A are investigated. The
results of numerical modeling by the one-dimensional Particle-In-Cell method of such processes as the expansion
of the electron gas, the temperature equalization of two subsystems of the electron gas, and the natural
oscillations of the model electron-positron and electron-proton gases are presented. Within the framework of the
method, the free electron gas expands due to the electrostatic repulsion between electrons at a constant total
energy. The model of the free electron gas, which is represented by model particles in the form of infinite plates,
is also solved analytically. In [17], a full cycle of experimental and theoretical studies and mathematical modeling
of plasma processes in a negative corona under ambient pressure of nitrogen-oxygen and argon-oxygen gas
mixtures was carried out. The influence of the geometric and electrical parameters of oxygen on the current
pulsation was studied. The corona current was numerically simulated using differential continuity equations for
charge flows, supplemented by the Poisson equation for the electric field in quasi-two-dimensional space.
Physical mechanisms of a complex corona current pulse as a precursor, as well as a pulse step and high-frequency
current pulsations are defined. In [18] it was shown that the most acceptable physical model for describing plasma
oscillations during plasmon generation is the cold plasma model, where we use standard fluid equations to obtain
an expression for plasma oscillations. Particular attention in the work is paid to the use of the Particle-In-Cell
method, with the help of which the modeling and visualization of plasma oscillations was carried out using the
MathCad program code.

Experimental studies were also conducted in a number of scientific works that require further modeling
and processing of the obtained experimental data. In the articles [19-23], various aspects of overvoltage
nanosecond discharges and their application for the synthesis of thin films and nanostructures were investigated.
In [19], the spectral characteristics of the plasma between zinc electrodes were studied and the synthesis of
nanostructured films of zinc, zinc oxide and zinc nitride was realized. In [20], the plasma between aluminum and
chalcopyrite electrodes was investigated, which allowed the synthesis of CuAllnSe?2 films and the determination
of key plasma parameters. In [21], the effect of laser radiation on the formation of structured films from an
aqueous solution of copper sulfate was analyzed. In [22], the features of the discharge in nitrogen between silver
sulfide (Ag2S) electrodes, which can be a source of UV radiation and microstructured films, are described. In
[23], a method for the synthesis of WO3 films in a gas-vapor mixture “Air—W” without vacuum technology was
proposed. For these works, numerical modeling of processes is relevant due to the complexity and resource
intensity of experiments. The literature review indicates significant progress in numerical modeling of plasma,
especially using kinetic methods and the PIC method. These approaches are the most effective for describing
non-equilibrium processes characteristic of nanosecond discharges. However, the high computational complexity
remains a challenge, which stimulates the development of combined models that combine the advantages of
different approaches. Further research can be aimed at improving the efficiency of calculations and integrating
experimental data to improve numerical models.

Materials and methods

Let focus on the development of a technology based on a theoretical model to explain the above-
described experiments and its software implementation. The model encompasses the following physical
processes: modeling gas ionization, electrode erosion, cluster formation, and plasma emission spectrum, and is
based on the use of numerical methods for solving differential equations. The emission spectrum model is built
on Gaussian profiles to describe the widths of spectral lines.

As the programming environment, the Python programming language was chosen, which has several
advantages for scientific computations, thanks to libraries like numpy (for numerical calculations), scipy (for
solving differential equations), matplotlib (for visualizing results), and sympy (for analytical calculations).

During the development of the program code, the following modular structure was designed:

1. Gas Ionization Module contains the implementation of the equation for the change in the
concentration of charged particles:
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% = anev, — ﬁng (1)
The input parameters are E,p, 7. The implemented function is used to calculate the concentration . as a
function of time.
2. Runaway Electrons Module contains the electron energy equation:
dwe
Frale ek — v, W, (2)
Input parameters: E, v.. The result of the module is a function to calculate ¥, as a function of time.

3. Electrode Erosion Module is implemented using the evaporation formula:
Py

My = ——— 3
Y [anmgkaTy )
Input parameters: Ty, P4 . The result of the module is a function to calculate the evaporation rate.

4. Cluster Formation Module contains the nucleation equation:
dN,
dr =Jik— ﬁkNI? “)
Module input parameters Ji ,fr. The result is a function to calculate the cluster concentration Nj
depending on time.
Below is a fragment of the code listing of the developed integrated software application that implements
all the above-described stages of the model (ionization, formation of runaway electrons, electrode erosion, and

cluster formation).

# lonization

alpha = le-7 # lonization coefficient, m%/s

beta = le-13 # Recombination coefficient, m*/s
v_e = le6 # Electron velocity, m/s

n0 = lel6 # Initial electron concentration, m™-3

# Runaway Electrons
E = le7 #Electric field strength, V/im
nu_e = lel2 # Electron collision frequency, Hz

# Erosion
P A = le3 #Saturated vapor pressure of tungsten, Pa
T W = 3000 # FElectrode surface temperature, K

# Cluster Nucleation

J k= 1el0 # Cluster nucleation rate, m"-3/s

beta_k = le-12 # Probability of cluster coalescence, m*s
N k0 = lel2 # Initial cluster concentration, m"-3

# Time scale
t span = (0, le-6) # Time in seconds
t_eval = np.linspace(t_spanf[0], t span[1], 1000)

# Modules
# Gas lonization Module
def electron_concentration(t, n_e):
return alpha *n_e *v_e - beta * n_e**2

# Runaway Electrons Module
def runaway_electrons(t, W_e):
returne *E-nu e *W e

# Electrode Erosion Module
def tungsten_erosion(t, m_W rate):
return P_A /np.sqrt(2 *np.pi *m_W *k B*T W)

# Cluster Formation Module
def cluster_formation(t, N_k):
return J k- beta_k * N _k**2

# Integration of Modules
# Gas lonization
sol_ion = solve_ivp(electron_concentration, t_span, [n0], t eval=t eval)
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# Runaway Electrons
sol_runaway = solve_ivp(runaway_electrons, t _span, [0], t _eval=t _eval)

# Erosion
m_W _rate = tungsten_erosion(0, None) # Koncmanmna weuoxicms epooy8aHHsl

# Cluster Formation
sol_clusters = solve_ivp(cluster formation, t span, [N kO], t eval=t eval)

The program operates as follows. To account for gas ionization, the change in electron concentration
over time is calculated; for runaway electrons, the kinetic energy of electrons in the electric field is computed;
electrode erosion is calculated through the evaporation rate of the electrode material (in our example, tungsten);
for cluster formation, a nucleation model is developed that estimates the concentration of clusters (tungsten
oxide) [23].

lel3+1el6 Gas ionization 1e12 Runaway electrons

0.0 1 —— Electron concentration —— Electron energy, eV

—0.2 4

Energy, eV

-0.8 1

-1.04

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
Time, mks Time, mks

1e24 Tungsten erosion leG+1e12 Cluster formation

m, kg/s 0.0+ —— Cluster concentrati

w
]
L

w
o
|

-0.21

Velocity, kg/s
- - N [ \N]
S w o wn
| L L L

o
n
|

~1.04

Erosion rate 0.0 0.2 0.4 0.6 0.8
Time, MKs

o
o

Fig.1. Program Output

To adapt the model to specific tasks, the parameters £, Ty, and P4 should be changed, in order to
simulate different experimental conditions. Clearly, the model can be improved by adding new modules to
account for other physical effects, for example, such as plasma interaction with the substrate, and so on.

Mathematical Model of the Emission Spectrum. The next step was the development of a theoretical
model for the plasma emission spectrum in the aforementioned experiments. Different theories can be used for
spectrum modeling. Let's focus in more detail on the main ones.

Electron Beam Theory. Emission in plasma occurs due to electron impacts on atoms and molecules.
These impacts lead to the excitation of atoms and molecules, and subsequently, their emission occurs. The
spectrum will be characterized by several spectral lines, where each line corresponds to a transition between
energy levels.

Boltzmann Model for Level Population. The distribution of particles in plasma can be described using
the Boltzmann distribution, which allows estimating the probability of occupation of energy levels depending on
the temperature:

_ gi __Ei
Ni = No z(r) P ( kBTe)’ ()

where N; — the number of particles at level 7, g; — the statistical weight of the energy level, £; — the energy
of the level, 7. — the electron temperature. This model was used in the experimental works analyzed above.
Gaussian Shape of Spectral Lines. Each spectral line has a Gaussian shape with a certain width
determined by temperature effects and particle motion in the plasma (Doppler broadening).
To create a mathematical model of the plasma emission spectrum, a function was constructed to describe
the spectral intensity as a function of wavelength. This modeling takes into account empirical data from the table
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in article [10]. An empirical function is used to model the experiment, which assumes that the spectral intensity
can be described as a sum of Gaussians, where each Gaussian corresponds to a separate spectral line. The formula
for intensity has the form:
2
1) = Ty I exp (- 22, ©)
where /; — the spectral intensity at wavelength, 4; — the wavelength, ¢ — the width of the spectral line.

Next, empirical data (wavelengths and intensities) from Table [10] was used. The ¢ parameter was set
to model the line widths. To overlay information about the elements corresponding to the spectral lines, labels
for each wavelength are added to the graph.

The algorithm for building the model includes the following steps:

1. Identify the spectral lines for the corresponding atoms and ions, such as N*, O, W, based on the analysis
of spectral lines for tungsten plasma.

2. Set the plasma temperatures; for example, for plasma in discharges, typical values for the electron
temperature 7. are in the range of 1.5-2.0 eV.

3. Optimize parameters (amplitudes, line widths) based on experimental data to minimize the difference
between theoretical and experimental spectra.

The implementation of the model involves setting parameters (we determine the wavelengths for the
lines N II, O I, W I, their intensities, and use the plasma temperature to estimate the line widths and their
intensities) and an optimization method (we adjust parameters such as amplitude and line widths so that the
theoretical spectrum matches the experimental one).

A code snippet of the program implementation in Python:

# Spectral data from the table
wavelengths = np.array([332.97, 343.71, 395.53, 400.87, 407.43, 422.77, 444.70, 463.05, 480.32,
489.51,
500.51, 520.16, 567.95, 594.16, 656.27, 746.83, 777.19, 821.63, 844.63, 868.02,
926.60, 1002.32]) # Wavelengths, nm
intensities = np.array([1646, 1031, 1089, 2720, 2142, 1618, 1984, 3307, 1612, 1553,
7638, 2706, 3890, 2195, 2179, 1535, 2838, 2166, 1363, 1512,
759, 667]) # Intensity
elements = ["N II", "N II", "W I", "W I", "W I", "NII", "N II", "N II", "N I1I", "N II",
"N, NI, "N I, NI, "He!, "N IY, "O 1Y, "N TT, "O 17, "N T
"O 1", "N II"] # Corresponding elements

# Model parameters
sigma =5 # Spectral line width

# Wavelength range for modeling
lambda_range = np.linspace(300, 1100, 2000)

# Modeling the spectrum as a sum of Gaussians
def spectrum_model(wavelengths, intensities, sigma, lambda_range):
spectrum = np.zeros_like(lambda_range)
for wi, inten in zip(wavelengths, intensities).
spectrum += inten * np.exp(-0.5 * ((lambda_range - wl) / sigma) ** 2)
return spectrum

# Spectrum calculation
modeled _spectrum = spectrum_model(wavelengths, intensities, sigma, lambda_range)

In Figure 2, the wavelengths, intensities, and their corresponding elements (e.g., N II, W1, O I, Ha) are
marked. This allows for a visual correlation of the experimental data with the chemical components.

Let's focus in detail on the analysis of the plasma emission spectrum (Figure 2). The Gaussian shape
describes the influence of temperature, Doppler broadening, and other mechanisms that determine the line
profile. In Figure 2, the spectrum is graphically reproduced in the wavelength range from 300 nm to 1100 nm.
The peak intensity values are associated with transitions between energy levels of atoms and ions in the plasma.

The brightest lines in the spectrum correspond to the emission of N* ions, neutral oxygen O, and
tungsten W. For example, the line at 777.19 nm corresponds to neutral oxygen O and has high intensity, indicating
active ionization of oxygen in the plasma. The line at 395.53 nm corresponds to the emission of tungsten W and
is key for determining the plasma temperature. A series of lines in the range of 300—500 nm relates to the emission
of nitrogen N*.

The width of the spectral lines is due to Doppler broadening, which depends on the plasma temperature
T.=1.5-2.0eV. The average line width ¢ in the model is 5-10 nm, which agrees with experimental data.
Additionally, the main elements corresponding to each spectral line are marked on the graph. For example, near
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the line at 656.27 nm, H, is indicated, which corresponds to the emission of hydrogen. The modeled spectrum
accounts for the relative intensity of the lines and their overlap, creating a continuous spectrum profile.

By comparing with the experiment, we can assert that the graphical modeling has confirmed the
consistency of the calculations with the experimental spectra. In particular, the positions and intensities of the
peaks correspond to the observed data. The model allows predicting the spectral characteristics of the plasma for
other parameters, such as changes in temperature or the composition of the gas mixture.

Radiagion spectrum of VNR plasma at 101 kPa with element designations
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Fig. 2. Modeled and Experimental Spectra

The modeled plasma emission spectrum demonstrates a high correspondence with the experimental
data, providing a reliable tool for analyzing plasma parameters such as temperature, ionization, and particle
dynamics. This opens up possibilities for optimizing plasma processes in nanomaterial synthesis and plasma
diagnostics.

Model validation

To verify the model's performance, we conducted a step-by-step comparison of the simulation results
with experimental data [23].

The first stage involved checking the spectral characteristics of the plasma. The plasma emission
spectrum was modeled as a set of Gaussian profiles for the spectral lines of elements (N, O, W). The intensities
and widths of the lines were determined using temperature parameters and the Boltzmann distribution. The model
accounts for Doppler broadening and temperature effects. In the experiment, spectral lines were identified for
key plasma components, including atoms and ions of nitrogen, oxygen, and tungsten. The intensities and widths
of the lines correspond to the characteristic conditions of the overvoltage discharge. Therefore, the modeled
spectra agree well with the experimental data in terms of intensity and width of the main lines. Deviations do not
exceed 5-10% for elements present in significant concentrations (W, N, O).

The second stage was the verification of the plasma temperature. The electron temperature T, calculated
using the Boltzmann distribution, is /.5-2.0 eV, which corresponds to typical conditions for nanosecond
discharge plasma. In the experiment, the plasma temperature determined from the spectral lines of tungsten and
nitrogen also falls within the range of /.4-2.7 eV. Overall, the model provides an accurate description of the
plasma temperature parameters with an error not exceeding 10%.

The third stage involved validating the erosion rate of the electrodes. The evaporation rate of tungsten
was estimated based on the electrode surface temperature 7»=3000 K and the saturated vapor pressure P,=1 kPa.
Experimentally, the formation of tungsten vapors in the inter-electrode space was confirmed at a rate
corresponding to the model's calculated value of 1077-107¢ kg/s. Thus, the calculated erosion rate agrees with
experimental observations.

In the final stage, the dynamics of cluster formation were examined. In the simulation, the concentration
of tungsten oxide WOjs clusters changes over time, reaching a steady level after 0.5—1.0 ps. In the experiment,
Raman analysis confirms the formation of clusters with bonds characteristic of WOs3, specifically W—O—W and
W=0. Therefore, the temporal dynamics of cluster formation in the model correlate with the experimental data.

Overall, the model demonstrates a high correspondence with experimental results, confirming its
reliability and suitability for predicting plasma parameters and synthesis conditions. Deviations may be due to
simplifications in the modeling, such as assuming uniform temperature or neglecting complex particle
interactions. It is clear that non-equilibrium effects in the plasma could be additionally considered to improve
modeling accuracy. The model should also be tested on experiments with other materials to expand its
applicability.
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Results

The simulation of experiment [23] and the corresponding software implementation showed an increase
in electron concentration 7. over time due to electron-impact ionization. The concentration dynamics correspond
to experimental conditions (concentrations 7. in the range of 10'°-10' m™3). The kinetic energy of electrons
reached tens of electronvolts, which agrees with theoretical calculations and experimental data. The high energy
of electrons is crucial for the processes of erosion and plasma deposition. The evaporation rate of tungsten was
also calculated depending on the electrode temperature 7»=3000 K. The results indicate the adequacy of the
formula used to describe the erosion process. Regarding cluster formation, the concentration of clusters changes
from initial values to a stable state. The nucleation and coalescence processes in the model allow for evaluating
the influence of the main parameters on the quality and density of the films. The simulation results are consistent
with the experimental data in the article, confirming the reliability of the numerical approach for predicting the
dynamics of processes in the discharge. This model can be applied to any similar experiments.

Conclusions

From the work carried out, the following conclusions can be drawn. For the first time, a research
technology based on an integrated physical-mathematical model has been proposed for analyzing processes
related to gas ionization, formation of runaway electrons, electrode erosion, and cluster formation in the plasma
of an overvoltage nanosecond gas discharge. The model takes into account the main physical parameters of the
discharge and provides calculations of their dynamics over time.

The developed technology allows modeling key physical processes occurring in the plasma of an
overvoltage nanosecond gas discharge. Each physical process is implemented as a separate module, which
ensures ease of modification and extension of functionality, as well as flexibility in application to different
experimental conditions. The software integrates numerical modeling methods using powerful Python libraries
for numerical analysis (solve ivp for solving differential equations, numpy for calculating physical parameters,
matplotlib for graphical representation of results). The developed program provides graphical visualization of
the dynamics of electron concentration, energy of runaway electrons, electrode erosion rate, and cluster
concentration over time. The program allows varying the main discharge parameters (electric field strength,
pressure, temperature), which makes it possible to optimize conditions for film synthesis. The developed program
is an alternative tool for analyzing plasma processes and can be adapted for a wide range of research tasks in
plasma physics and materials science.
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