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To solve the actual problems associated with the development of the theory of magnetron discharge and the expansion of its practical
application, a digital method of recording and processing the discharge plasma luminescence spectra is proposed in this work. To
obtain the discharge plasma glow spectra, a photographic technique was used, which allowed simultaneous recording of the entire
radiation spectrum in the 390.0+700.0 nm region. An additional advantage of this technique is the ability to track spatial changes in
the composition and properties of the plasma in the discharge in the selected direction. A Canon EOS 80D digital camera with remote
control was used to record the optical signal. A graphical application OSA was created to process digital images of the discharge plasma
luminescence spectra. The paper describes the functionality of this application: determination of the wavelength of a spectral line and
its belonging to a certain chemical element; measurement of the spatial distribution of the intensity of a spectral line along the selected
direction of radiation registration. Determining the wavelength of a spectral line in the application is possible in two modes of operation
- automatic and manual. In the first mode, the algorithm developed in this paper determines the wavelength for all spectral lines whose
intensity exceeds the background value at a height of 10% of the lower spectral limit. The second mode allows you to independently
select a single spectral line or several to determine their wavelengths. The first mode is used for quick analysis, while the second mode
allows you to determine the length of the spectral line with greater accuracy. To interpret the spectral lines, the methodology of reference
lines from the databases of spectral line tables for various elements is used. The possibility of both full automatic verification, where all
elements are sequentially searched, and selective verification, where one or more elements are selected, is provided. The paper shows
that the spatial distribution of the intensity of tungsten spectral lines, and thus of excited atoms in a magnetron discharge, is a complex
function of the distance from the cathode, which depends on the discharge parameters. The proposed digital methodology makes it
possible to significantly speed up the process of obtaining physical information and increase the accuracy in determining the spectrum
parameters.
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1. INTRODUCTION

Interest in the study of magnetron discharge physics is due to its traditional application for coating. These can be
as metal coatings for a wide range of industrial uses [1, 2], bio-coatings used in healthcare products [3] or coatings with
high insulating properties [4, S]. One of the factors that influence on the obtaining of coatings with specified properties is
the control of the magnetron discharge plasma. Information about the composition and parameters of the plasma allows
monitoring the deposition conditions of the films and regulating the formation of their properties.

It is convenient to control plasma parameters by optical spectroscopy [6, 7]. The main advantage of spectroscopy, in
contrast to the probe technique, is the ability to perform plasma analysis without disturbing the plasma itself. An additional
advantage is that this method does not require complex equipment: only diagnostic ports that provide direct visibility
through the plasma are required. The spectroscopy method is informative and widely used to obtain various parameters
of magnetron discharge plasma. For example, the population of excited states of plasma particles can be determined by
the intensity of the corresponding spectral lines, and the intensities of the lines of various plasma components make it
possible to determine the ion composition [8, 9].

Most often a photoelectric registration system is used in the spectroscopy to obtain physical information, in which
the optical signal is converted into an electrical one with the help of a photomultiplier. At that, the integral intensity of a
separate spectral line is obtained, which depends on the radiation intensity of the entire investigated area of luminescence
along the selected direction. A feature of this registration system is the need to scan radiation spectra to study the selected
spectral range. This, firstly, requires some time, and, secondly, when examining a narrow spectral interval, it is not possible
to monitor changes in the intensity of spectral lines in the other part of the spectral range. These problems can be solved
if a broadband detector, such as a CCD, is used as an optical signal converter [10]. At that, the dispersive element of the
spectral device is fixed in a certain position, in which the studied region of the spectrum is projected onto the focal plane.
This allows recording optical radiation simultaneously in a fairly wide spectral range, which increases the reliability of
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experimental results. An additional advantage of this design is that, in contrast to the photoelectric registration system,
it makes it possible to obtain the spatial distribution of the intensity of a separate spectral line, and therefore of the
investigated area of fluorescence along the selected direction. In this way, it is possible to monitor the spatial changes in
the composition and properties of the discharge plasma in the selected direction.

2. EXPERIMENTAL METHOD

Spectrometers that use CCD as a converter of optical radiation, have high sensitivity and resolution, but are quite
expensive, which somewhat limits their wide use in scientific institutions. Also, the software delivering with the device,
usually doesn’t allow for any modifications or scripts that might be needed while working in a research lab. Therefore, the
question arises of creating a high-quality, but affordable CCD-based optical radiation recorder; it can be a digital camera.

The principle scheme of obtaining and digital processing of optical images of radiation spectra was presented in
[11, 12]. The researches were carried out on the magnetron sputtering system (MSS) described in [13]. MSS operating
conditions were as follows: buffer gas pressure (argon) p4, = 10 — 18 Pa, anode voltage V, = 300 — 350 V, discharge
current I; = 10 — 160 mA, magnetic field induction B = 0.05 T. The optical radiation of the area of bright glow of the
discharge was output through the diagnostic window of the vacuum chamber, focused with an achromatic lens on the input
slit of the ISP-51 spectrometer, in which the radiation was dispersed using a triple prism system and focused in the focal
plane of the output collimator of the spectrometer. With this geometry, a 4-fold reduced image of the optical spectrum of
the magnetron discharge emitting region was projected onto the focal plane (1 = 4h, where | is the height of the discharge
along the axis, h is the height of the spectral line) in the spectral range of 400.0+600.0 nm.

At the first stage (work [11]), a comparison of physical data obtained by two methods was carried out: i) by the
photographic photometry [14] with the photographing of the optical spectrum on photographic film, ii) with the analysis
of the corresponding digitized frame. The frames were scanned on a specialized high-resolution slide scanner (size —
5040x3360 pixels) getting black-and-white digital images with the extension *.jpg.

To determine the qualitative and quantitative characteristics of magnetron discharge plasma, the creation of a multi-
functional dialog GUI application of Optical Spectrum Analysis (OSA) was started. The OSA application was created in
the Python programming language based on the Tkinter graphic library using a set of additional modules: PIL, Numpy,
Scipy, Pandas, and Matplotlib [15]. With the the PIL module, the selected digital image of the discharge glow spectrum
was converted into a numerical matrix, each element of which has an integer value proportional to the intensity I[x,y] at
a given point of the image plane (x and y are integers describing the column number or rows of the matrix, in which this
element is placed). The intensity range is from O to 255. Mathematical algorithms and procedures implemented in OSA
allow to process this matrix and present the results of the processing on the image in the form of graphic objects and text.
The Matplotlib library was used as a tool for data visualization with two-dimensional graphics. The graphical application
was created within the framework of object-oriented programming (OOP), with the ability to perform a new calculation
when a number of parameters were changed and immediately present the obtained data on the image and graphs. In
parallel, these results were recorded in an external file.

At the second stage (work [12]), photography of the working area was carried out using a user digital camera with
the aim of directly obtaining digital images. Digital images were of better quality than digitized photographic film, and
this made it possible to obtain the main characteristics of the magnetron discharge plasma radiation spectrum (wavelength,
intensity of spectral lines) with better resolution.

At this stage of research, spectrum registration was carried out using a Canon EOS 80D professional digital camera
with a resolution of 7000x5000 pixels, which was controlled remotely via Wi-Fi. Also, along with the improvement of
the recording technique, some blocks were improved and new ones were added in the OSA application. The paper will
provide a detailed description of the functional capabilities of the OSA application for digital processing of the optical
emission spectra of magnetron discharge plasma glow and provide some experimental results.

3. BASIC POSSIBILITIES OF DIGITAL PROCESSING OF OPTICAL SPECTRA
3.1. The zone of the optical spectrum in the image and the spectrogram

The part of the digital image of the radiation spectrum of excited particles of a magnetron discharge in an argon
atmosphere with a copper cathode is shown in fig.1. The MSS operating mode was as follows: buffer gas pressure p4, =
10 Pa, anode voltage V, = 320 V, discharge current I; = 25 mA, magnetic field induction B = 0.05 T, exposure time t =
90 s.

At the first, preliminary stage, the spectrum zone is automatically determined and the primary spectrogram is taken.
The spectral lines do not occupy the entire area of the digital photograph, as Fig. 1 shows. It is obvious that the lines
along which the pixels corresponding to the spectrum lines are located have a higher intensity compared to other lines. To
determine the horizontal boundaries of the spectrum zone of each row, [**"= ?:1 I; /n, was determined, where n is the
number of pixels along the row, I; is the intensity of the i’ pixel. Histogram the distribution of I**” depending on the
row number is shown in Fig. 2a. The dashed curve shows the results of fitting with a linear function. The coordinates of
the intersection of the linear function with the histogram correspond to the lower and upper limits of the spectrum zone
and are shown in Fig. 1 with solid horizontal lines. The values of the spectrum boundary coordinates have been used to
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Figure 1. An example of an optical emission spectrum.

construct a spectrogram — dependence of the intensity of each pixel for a conventional line located across the spectrum at
a height (difference between the upper and lower boundaries) of 10% from the lower boundary.
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Figure 2. Preliminary estimation of spectrum parameters: a) determination of geometric boundaries, b) determination
the coordinates of the most intense lines.

The histogram for the one shown in Fig. 1 spectrum is presented in Fig. 2b. As can be seen from the figure, the most
intense spectral lines appear in the form of strong discrete maxima. The background layer is determined by fitting with
a Gaussian function (dashed line in Fig. 2b). To automatically determine the position of these maxima, the groupby()
function from the Pandas module have been used, which performs grouping by one or more parameters and determines
inflection points (extrema). The position of the maxima of the most intense spectral lines in Fig. 2b are indicated by dots.

Thus, a coordinate in pixels along the horizontal axis is automatically determined for each of the intense spectral
lines. It is for these lines that the wavelength is determined in the future, that is, the spectrum is deciphered.

3.2. Determination of the wavelength of an arbitrary spectral line and its interpretation

To obtain qualitative and quantitative parameters of the spectrum, it is necessary to bind the digital coordinate system
(pixels) to the experimental one. A reference spectrum with known lengths of spectral lines (neon, mercury or hydrogen
lamp) is used to obtain a dependence that connects the coordinates of a single pixel along the horizontal direction and the
wavelength of a known spectral line.

For the ISP-51 spectrograph, when the radiation is decomposed into a spectrum, nonlinear dispersion [14] is
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characteristic, which implies the presence of a nonlinear calibration scale (Fig. 3a), which relates the value of the line
position to the wavelength A in nm. The scale of the values of the digital matrix in pixels is placed along the ordinate
axis to the right. In the available range of wavelengths for the reference lines on the abscissa scale, the corresponding
values on the ordinate scale (left) in mm are found by interpolation. This allows you to enter a pixel-mm scale factor
and automatically determine the wavelength A for an arbitrary line on a digital image in the pixel coordinate system using
reverse interpolation.
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Figure 3. a) calibration function, b) intensity distribution of spectral lines along their height.

In the OSA application, it is possible to use two modes of operation - automatic and manual. In the first mode, for
all spectral lines whose intensity at a height of 10% from the lower limit of the spectrum exceeds the background value,
the wavelength is determined by the algorithm described above. The second mode allows you to independently choose a
separate spectral line or several of the most interesting for determining their wavelengths. The first mode is used for quick
analysis, the second allows to determine the length of the spectral line with greater accuracy, thanks to the possibility of
using the digital optical zoom function (ZOOM). The value of the wavelength of the spectral lines in nm is displayed on
the spectrum and is also recorded in a separate file.

As an example of the manual mode of operation in Fig. 4 shows a fragment of the spectrum, where vertically arranged
numbers indicate the wavelength A for several lines: A7*”=522.4 nm, 15"”=498.1 nm, 15*”=488.5 nm. The wavelengths
of a set of spectral lines have been repeatedly measured and the statistical error has been obtained 64 when determining
the wavelength using the OSA application; on average, 64 is in the range from 0.1 to 0.3 nm.

The most difficult stage in optical spectrometry is the interpretation of the decoded spectrum (that is, determining
whether the spectral lines observed in the spectrum belong to certain chemical elements). At the initial stage, it is best to
use the method of interpretation based on reference lines - the lines of the studied element, which are the last to disappear
from the spectrum of the sample when the concentration of the given element decreases in it. The reference lines of
all elements are well known and their parameters (wavelength, excitation energy, intensity, etc.) are given in atlases of
spectral lines. For the reliability of element identification, a set of reference lines is always used, with which the lengths of
the spectral lines present in the luminescence spectrum of the material under study are compared. In this paper, spectral
line databases for various elements were used for the interpretation of spectral lines [16]. In the OSA application, in a
separate block, the possibility of both a full automatic check, where a sequential review of all elements takes place, and a
selective one (one or several elements) is created.

A simple comparative search fixes the range of values of wavelengths in the table, in which one of the experimental
values falls. Of the two limiting values, the one with the lower value of the excitation energy is chosen. In case of equality
on this parameter, the third element is used - intensity. Preference is given to the option with the maximum intensity value.
Yes, shown in Fig. 4 spectral lines were interpreted as tungsten lines W I — /ltl“bl =522.5 nm, /1’2“b1=498.3 nm, /1’3“bl=488.7
nm.

3.3. Distribution of the intensity of a spectral line along its height

One of the significant advantages of using the photographic method of recording optical spectra is the possibility of
obtaining information about the spatial distribution of excited particles along the chosen direction. Since the intensity of
the spectral line (I) is an energy quantity and is related to the number of excited particles (n*) and the quantum energy (4v)
by the ratio I=n* - hv, the change in the intensity of the spectral line along the registration direction reflects the change in
the number of excited particles, emitting photons at the wavelength of the investigated line. In this work, the registration
system was located so that the height of the h lines in the spectrum corresponded to the direction of the ionization zone
along the magnetron axis.



170
EEJP. 3 (2024) Inna Afanasieva, et al.

In Fig. 4 circles indicate the coordinates of the points where the intensity of the spectral line along its height was
fixed. The method of determining the coordinates of points along a line with some curvature was described in [10]. In
this work, the optimization of the method is carried out, thanks to which it is possible to determine the distribution for
low-intensity lines and a unified form of data output - with the same step for any line. It was also possible to determine the
integral intensity of a spectral line by summing the intensity value (I) of all pixels forming this line, taking into account
the line width.

Figure 4. Part of the spectrum with certain values of the wavelengths (vertical inscriptions) of some lines and the
distribution of points along these lines.

The distribution of the intensity of three lines belonging to the W I spectrum along their height shows in Fig. 3b as
an example. It can be seen from the figure that the spatial distribution of the intensity of the spectral lines, and therefore of
the excited tungsten atoms in the magnetron discharge, is a complex function of the distance from the cathode. Moreover,
it has been established that depending on the mode of operation of the magnetron, the relative intensity of the studied lines
changes significantly. Moreover, this change is different for particles excited into states characterized by different excitation
energies. This is probably related to the different efficiency of excitation of the upper state of the studied transition in
the tungsten atom by electrons of the ionization zone of the discharge plasma, because excited particles in the magnetron
discharge are formed not only by sputtering atoms of the cathode material under the action of incident gas ions, but also
by collision particles with a large number of free electrons knocked out of the surface of the cathode in the magnetic field
in the ionization (and excitation) zone of the magnetron plasma.

4. CONCLUSIONS

To solve the current problems related to both the development of the theory of the magnetron discharge and the
extension of the field of its practical application, a digital method of recording and processing the discharge plasma glow
spectra is proposed in the paper. The spectrum was recorded using a Canon EOS 80D digital camera with a resolution of
7000*5000 pixels, which was controlled remotely via Wi-Fi.

For the digital processing of the spectra, a graphic OSA application was created, which made it possible to obtain
qualitative and quantitative characteristics (wavelength, interpretation and intensity) of the spectral line of the magnetron
discharge plasma radiation. In addition, the use of digital techniques made it possible to obtain an information on the spatial
distribution of excited particles along the chosen direction of radiation registration. The OSA application was created
in the Python programming language based on the Tkinter graphics library. With the help of the PIL module, access to
the matrix of the selected digital image of the glow spectrum of the discharge was obtained. Mathematical algorithms
and procedures were developed that allow you to process this digital matrix, visualize the results of the processing on the
image, and present the results of the processing in the form of two-dimensional graphics. The graphical application was
created within the framework of object-oriented programming, with the ability to make a new calculation when changing
a number of parameters and immediately present the output data on images and graphs.

The proposed digital technique made it possible to significantly speed up the process of obtaining physical information
and increase the accuracy in determining the parameters of the spectrum. Digitally obtained snapshots of the luminescence
spectra of reference objects, supplemented with the data of their processing by the OSA graphic application, made it possible
to create a database containing both electronic atlases of the luminescence spectra of various elements and quantitative
parameters of these spectra. a data bank containing both atlases of the luminescence spectra of various elements in
electronic form, as well as the quantitative parameters of these spectra.
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METOJMKA IIM®POBOI OBPOBKH OIITUYHUX CIIEKTPIB ILIA3MH MATHETPOHHOI'O PO3PAY

Inna Adanacbesa®, Cepriii Aanacbes®, Basentun Bookos?, Banentuna I'puuna?, Anatouiii CKpunauk?
4 Xapxiecokuil nayionaavrutl ynisepcumem im. B.H. Kapaszina, maiioanCeo6oou, 4, 61022, Xapxkie, Ykpaina
b Hayionanwruii Hayxosuii Lenmp “Xapkiecokuii @izuko-Texuiunuti Incmumym”, eya. Akademiuna, 1, 61108, Xapxis, Ykpaina
JI71s1 BUpILIeHHs aKTyaJIbHUX 3a/1a4, TIOB’ SI3aHKX 3 PO3POOKOIO Teopii MarHeTpOHHOTO PO3PSIY Ta PO3IMIMPEHHSIM 00JIacTi HOro MpakTH-
YHOrO 3aCTOCYBaHHs, B pPOOOTi 3alponoHOBaHa IM(ppoBa METOAMKA peecTpallii Ta 0OpOOKH CIEKTpiB CBITIHHA MIa3MK po3psny. s
OTPHUMAaHHsI CIIEKTPIB CBITiHHS IIa3MU PO3PsIAY BUKOPUCTOBYBaIach (poTorpadiuHa METOIUKA, SIKA JO3BOJISIA OJHOYACHO PEECTPYBATH
BeCh CIIeKTp BHIpoMiHioBaHHs B 06aacTi 390.0+700.0 HM. [JonaTKoBOI NepeBaroio AaHOI METOIMKH € MOXJIMBICTh BiJIC/IiIKOBYBaTH
MPOCTOPOBi 3MiHM CKJIA[y Ta BJIACTUBOCTEi IIa3MK B po3psifi B 0OpaHOMY HanpsiMKy. [Jisi peecTpalii ONTHYHOrO CUrHAY B poOOTi
BUKOpHCTOBYBaJach udposa kamepa Canon EOS 80D 3 Binganenum kepyBaHHsaM. 17151 06poOky i poBUX 3HIMKIB CIIEKTPiB CBITIHHS
IUTa3MU pPO3psiay cTBOpeHo rpadiunmii 3actocynok OSA. B po6oTi HaBegeHo onmc (hyHKIiOHaIBHIX MOXKJIMBOCTE JAHOTO 3aCTOCYHKY:
BU3HAYEHHS JIOBXKUHH XBWJII CHEKTPaIbHOI JiHii Ta ii MpUHAIeXHOCTI MEBHOMY XiMiYHOMY €JeMEHTY; BUMipIOBaHHS IPOCTOPOBOTO
PO3MOAiTY iIHTEHCMBHOCTI CIIEKTPAJIBbHOI JIiHi1 B3J0OBX 0OpaHOr0 HANPSMKY peecTpalii BUIPOMiHIOBaHHs. Bu3HaueHHS TOBKUHM XBUII
CIIEKTPAJIbHOI JIiHiI B 32CTOCYHKY MOXJIMBO B JIBOX PeXMMax poOOTH — aBTOMaTHYHOMY Ta Py4yHOMY. B mepiiomy pexumi 3a po3potie-
HHUM B poOOTi aJITOPUTMOM BU3HAYAETHCS JOBXKHMHA XBUJII IS YCiX CIIEKTPaJIbHUX JIiHil, iIHTEHCHBHICTD sIKMX Ha BUCOTI 10% BiJ1 HUKHBOT
MEXi CIIeKTpy nepeBuIye (pOHOBE 3HAUeHHs. [[pyruii pexuM J03BOJIsIE CAMOCTIIHO 0OpaTH OKpeMy CIIEKTpaJbHYy JiHil0 ab0 OeKijabKa
IUTs] BU3HAUECHHS 1X JIOBXKUH XBIIb. [lepImii peskM BUKOPHCTOBYEThCS IS INBUAKOTO aHAJIi3Y, APYTHIl JO3BOJIsIE MPOBECTH BU3HAUCHHS
JIOBXKWHU CIIEKTPAJIbHOI JIiHi1 3 OLIBIIO0 TOYHICTIO. [JIs iHTeprpeTallii CieK TpaibHUX JIiHil B pOOOTI BUKOPHCTAHO METOAUKY PEMEePHUX
JiHii 3 623 TaOMMYHUX AaHUX CIEKTPAIbHUX JIiHIi [ pi3HUX eleMeHTiB. 3abe3neyeHa MOXIIMBICTh sIK MOBHOI aBTOMATHYHOI mepe-
BipKH, Jie BiIOyBa€ThCsI MOCIIJOBHUIA nepebip BCiX eJeMEHTIB, Tak i BUOIPKOBOI — 3a OJHUM abo AeKiTpbKoMa enemMeHTamu. B podori
MOKAa3aHo, 1110 POCTOPOBHIT PO3NO/IiJI iHTEHCUBHOCTI CIIEKTPAJIbHUX JIiHiil Bobpamy, a, 0T:ke, i 30y/I)KEeHUX aTOMiB B MATHETPOHHOMY
po3psi, € CKJIAAHOI0 (PYHKIIEIO BiJICTaHI BiJl KATOAY, SIKa 3aJIeKUTh BiJl MapamMeTpiB po3psiday. 3anpornoHoBaHa 1¢ppoBa METOJUKA J1a€
MOMJIMBICTb ICTOTHO IPUCKOPUTH NPOLIEC OTpUMaHHsI (pi3uuHOi iH(popMallii Ta MiIBUIMTH TOYHICTh Y BU3HAYEHHI [TapaMeTpPiB CIIEKTpa.
KurouoBi ciioBa: onmuuna emiciiina cnekmpomempisi, MazHempOHHULL pO3psi0, CNeKMp BUNPOMIHIOBAHHS NAAZMU, 30YOHCEHT YACTNUHKY
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