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In this paper, a DC arc discharge plasma with copper vapour admixtures is studied by synchronized laser
absorption (LAS) and optical emission spectroscopy (OES). The spatial and spectral characteristics of the arc
discharge plasma between copper electrodes in an argon flow at atmospheric pressure were analysed. The emission
spectra were recorded by the OES methods and the excitation temperatures and population of the energy levels of
the copper atom corresponding to the upper levels of optical transitions with the wavelengths studied in this work
were determined. In turn, the LAS method was used to determine the population of the lower energy level of one of
the optical transitions under study. The synchronous application of both methods makes it possible to determine the
radial distributions of the excitation temperatures and the number density of copper atoms. The consistency of the
obtained results confirms the possibility of using synchronized laser absorption and optical emission spectroscopy in

diagnostics of plasma with copper vapour admixtures.
PACS: 52.70.-m, 52.80.Mg

INTRODUCTION

Plasma diagnostics play an important role in
understanding the complex processes occurring in
plasma of discharges, which are widely used in various
industrial, biomedical, and environmental applications.
Laser Absorption Spectroscopy (LAS) and Optical
Emission Spectroscopy (OES) are the most demanded
methods of such diagnostics [1, 2].

OES has long been established as a versatile, non-
perturbing diagnostic technique that uses the radiation
emitted by excited plasma species to characterize its
parameters such as excitation temperatures, electron
densities, and species number densities. This technique
has proven invaluable in studies of plasmas under
various conditions, including low-pressure discharges
and atmospheric plasma jets, due to its simplicity, cost-
effectiveness, and ability to provide real-time
measurements of active species and energy states [3, 4].
However, OES often encounters limitations, such as
self-absorption and reliance on realisation of local
thermodynamic equilibrium (LTE), which can lead to
complications when studying non-equilibrium plasmas
or regions with low emissivity [5].

On the other hand, LAS offers high spectral
resolution and sensitivity by measuring the absorption
of a narrow-band laser beam as it passes through the
plasma. Unlike OES, LAS is free from self-absorption
effects and can probe regions with weak emission
intensities, making it particularly suited for diagnosing
the periphery of plasma discharges or other non-
equilibrium regions [3, 6]. LAS also allows for the
precise determination of specific plasma parameters,
such as the density of atomic or molecular species and
line broadening effects caused by collisional and
Doppler mechanisms, even in spatially resolved
configurations [5].

Despite their individual advantages, the combined
application of LAS and OES has shown promise in
overcoming their respective limitations.

This study focuses on the synchronized use of LAS
and OES techniques to investigate the plasma of a DC
arc discharge with copper vapour admixtures. By
integrating the strengths of both techniques, it aims to
analyse the spatial and spectral characteristics of the
discharge, including radial distributions of excitation
temperature, and the copper number density.

1. INVESTIGATION METHODS

A DC arc discharge at a current of 3.5 A between
single-component copper electrodes (6 mm diameter) in
an argon flow (7 SLPM) were investigated. A discharge
gap was 8 mm. Synchronous combination of LAS and
OES is realized according to the scheme of the
experimental setup shown in Fig. 1.

Fig. 1. Scheme of the combined simultaneous plasma
emission and absorption registration

The scheme consists of: 1 - vertically-oriented
electrodes E with a power source V; 2 — lens with a
focal length F; = 200 mm; 3 — horizontal entrance slit of
the spectrograph; 4 — collimator with a focal length
F, =150 mm; 5 — mirror; 6 — diffraction grating;
7 — lens with a focal length F; = 50 mm; 8 — registration
device; 9 — probing laser; 10 — neutral density filter;
11 — registration device synchronised with 8.
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The scheme of emission registration 2-8 was
calibrated earlier [7] to measure absolute emission
intensities of spectral lines. The emission spectra were
registered in the range of 430...650 nm. Typical
emission spectrum in the range of 505...525 nm (such a
range is chosen to present the both spatial and spectral
distribution of emission intensities of most intensive
copper spectral lines) with spatial resolution and taking
into account spectral sensitivity of the registration
scheme is shown in Fig. 2. Cu | spectral lines observed
in the emission spectrum, as well as the energies of the
upper and lower atomic level, configuration and term of
the corresponding transition are given in Table.
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Fig. 2. Typical spatially resolved emission spectrum of the
plasma in the range of 505...525 nm with taking into
account spectral sensitivity of the registration scheme

The list of the observed Cu | spectral lines (with
wavelength 1) with the energies of the upper (Ex) and
lower (E;) atomic level, configuration and term of the

corresponding transition (k—i) [8]

Transition k—i
4, nm Configuration and term Eo eV | B eV
465.1 | 3d%s5s *D;,—3d%s4p Py, | 7.74 | 5.07
510.5 | 3d™4p %Py,—3d%s? Dy, | 3.82 | 1.39
515.3 | 3d™4d ’Dy,—3d®4p %Py, | 6.19 3.79
521.8 | 3d™4d ’Ds;,—3d®4p Py, | 6.19 | 3.82
570.0 | 3d™4p %Py,—3d%s’ Dy, | 3.82 | 1.64
578.2 | 3d¥4p %P,,—3d%s’ Dy, | 3.79 | 1.64

The spatial radiance distributions I(x) of the Cu l
510.5, 515.3, and 521.8 nm spectral lines, shown in
Fig. 3, were obtained by Gaussian approximation of the
spectral distribution of each spectral line at each
considered spatial point x, as shown in [7].

The spatial distributions of the brightness of the
spectral lines were converted into radial intensity
distributions by the Bockasten’s method [9], taking into
account the axial symmetry of the arc discharge. The
radial distributions of the emission intensities were
further utilize to determine the excitation temperature
and number density of copper atoms by Boltzmann plot
technique [7].
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Fig. 3. Typical spatial distributions of the radiance of
Cu 1510.5, 515.3 and 521.8 nm spectral lines (dots)
with the corresponding Gauss fit (curves)
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Fig. 4. Spatial distribution of the intensity of (a) the
reference laser beam and (b) the probe beam passing
through the plasma

A copper vapour laser “Kriostat 1”” was used in LAS
as a radiation source, which generates two Cu | 510.5
and 578.2 nm spectral lines. The radiation power of the
laser was 1 W. The pulse frequency was 10 kHz with a
repetition period of 0.1 ms and a duration of 20 ns. A
diffraction grating was additionally used in the optical
scheme to isolate one of them. Since, according to [10],
the Cul 510.5nm line is characterized by a slight
spectral shift in a wide range of temperatures and
electron densities of the plasma, it is advisable to use it

ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. N/ (155)



for probing this plasma object. The width of this
spectral line is approximately 1.8-10% nm.

The image of the electrode assembly in the parallel
laser beam was recorded using a CMOS matrix of
6036x4020 pixels (23.5x15.6 mm) with subsequent
processing on a PC (Fig. 4).

By measuring the intensity of the reference laser
beam Iy(x) (without the arc) and the intensity of the
probe beam I(x) (that was partially absorbed in the arc
plasma) at each spatial point, one can obtain the spatial
distribution of the optical thickness at the centre of the
spectral line z(x) of such a plasma by Eq. (1):

7,(¢) = In (’If’(;"))). )

Since the width of the spectral line of laser radiation
is smaller than that of the spectral line of plasma
emission, it can be assumed that absorption occurs
exactly at the centre of the spectral line. The radial
distribution of the optical thickness z(x) obtained by
Eq. (1) is shown in Fig. 5.

Taking into account the axial symmetry of the arc
discharge plasma, the radial distribution of absorption
coefficient at the centre of the spectral line xo(r) is
related to the optical thickness of the plasma by the

Eq. (2):

1 (7 To(X)dx
Ko(r) = _;frofoxz__rz’ @

where 7y(x) is the spatial derivative of the optical
thickness and ry is the absorption boundary. The method
proposed by Bockasten [9] was also used to solve this
integral. Radial distribution of the absorption coefficient
in the centre of Cu | 510.5 nm spectral line obtained by
Eq. (2) is shown in Fig. 6.

In turn, the absorption coefficient at the centre of the
spectral line xo(r) is related to the number density of
absorbing particles ny(r) by Eq. (3):

Ko(r)AA(T)
pfigA? '

where p is the numerical coefficient depended on the
spectral line contour, fy is the oscillator strength for the
optical transition with wavelength 4, A/ is the full width
at half maximum (FWHM) of the spectral line profile.
Since the copper vapour laser “Kriostat 17 emits at
exactly the same wavelength as the plasma with copper
vapour admixtures, ny(r) in Eq.(3) will correspond to the
population of the lower level of the optical transition
with wavelength Cul 510.5nm (see Table1). The
FWHM of this spectral line is determined by its
broadening due to Doppler’s effect [11], which can be
estimated by Eq.(4):

M) = My(r) = 7.67- 10772 /T’T” @)

where Tgy(r) is a radial distribution of temperature of
heavy particles (gas temperature), x is the atomic mass.

g (r) = @3)
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Numerical coefficient p is 8.19-10"% for the Doppler
contour [12]. The oscillator strength f for the
corresponding optical transition is taken from previous
work [13].

Thus, to determine the population of the lower
energy level of the optical transition with wavelength A
by LAS it is necessary to determine the temperature of
heavy particles T, Under the assumption of local
thermodynamic equilibrium (LTE), this temperature
will be equal to the temperature of plasma and the
excitation temperature of the energy levels T, which
can be determined using the OES methods
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Fig. 5. Spatial distribution of optical thickness at the

centre of Cu 1 510.5 nm spectral line
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Fig. 6. Radial distribution of the absorption coefficient
at the centre of Cu | 510.5 nm spectral line

2. RESULTS AND DISCUSSIONS

Typical Boltzmann plots (at different spatial points)
based on emission intensities &(r) determined from
spatial radiance distribution (see Fig. 3) of observed
Cu I spectral lines are shown in Fig. 7
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Fig. 7. Typical Boltzmann plots based on the emission
intensities of Cu | spectral lines obtained at different
radial points of the arc discharge
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Fig. 8. Radial distribution of excitation temperature
obtained by Boltzmann plot technique based on
emission intensities of Cu | spectral lines

One can see that the points on the Boltzmann plots in a
good agreement with linear fit which in turn indicates a
low error in determining the excitation temperature (within
~5%). The excitation temperature obtained by Boltzmann
plot technique (see Fig. 7) is shown in Fig. 8.

Radial distribution of FWHM (A4) of Cul 5105
spectral line was determined according Eq. (4) assuming
realisation of LTE in the investigated plasma (Fig. 9).

One can see that FWHM of the spectral line in the
plasma is at least twice as large as that emitted by the
laser. Thus, it can be concluded that the statement about
the absorption of probe laser radiation in the centre of
the spectral line can be justified.

Thus, using Eg. (3), the radial distribution of the
population ng(r) of the level 3d%s?® Dy, which
corresponds to the lower level of the optical transition
with wavelength 510.5 nm was calculated.
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Fig. 9. Radial distributions of FWHM of Cu 1 510.5
spectral line determined by its broadening due to
Doppler’s effect

In addition, using Eq. (5), the populations of the
upper levels of optical transitions with wavelengths
465.1, 510.5, 515.3, 521.8, 570.0, and 578.2 were also
calculated (see Table).

£(r) = 1= A (), (5)

where h is the Planck constant; c is the speed of light;
A is the probability of the electron transition from the
k™ to the i" energy level (the Einstein coefficient for
spontaneous emission) [7]. The probabilities of the
electron transition Ay of all investigated spectral lines
are taken from [13].
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Fig. 10. Radial distributions of the population of
different energy levels of copper atoms in the plasma

Radial distributions of population of the energy levels
3d%s5s “Dp, 3d%4p 2Py, 3d™4d 2Dy, 3d™4d 2Dsp,
3d"%p 2Py, 3d4p 2Py, and 3d%4s® 2Ds;, (see Table),
obtained by Eg. (3) and (5) are shown in Fig. 10.

It can be seen that the radial distributions of levels
populations determined with good accuracy. The
populations of the 3d'%4p 2Py, (which is determined from
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emission intensity of both Cul 510.5 and 570.0 nm
spectral lines) and 3d™%4p 2Py, levels do not differ, which,
taking into account their practically identical energy values
(3.82 and 3.79 eV, respectively), indicates the correctness
of the calculations. As for the 3d'%4d 2Dy, and 3d'%4d °D,
levels, the energies of which differ by less than 0.001 eV,
some divergence of their populations is noticeable. The
reasons for this discrepancy may lie in minor inaccuracies
in determining the spectral sensitivity of the registration
scheme in a given spectral range or in the inaccuracy of
spectroscopic data (in particular, Ay). Nevertheless, the
difference in the populations of these levels is still
insignificant.

Using the obtained radial distributions of energy
level populations determined by both LAS and OES
methods, a Boltzmann plot is constructed using Eq. (6).
This diagram, unlike the one shown in Fig. 7, takes into
account not only the upper energy levels of optical
transitions, but also the lower level of optical transition
with a wavelength of 510.5nm. According to
Boltzmann distribution [7]:

0 (32) = ().

where g, is the statistical weight of the k™ energy level,
Ey is the energy of k™ level, kg is the Boltzmann
constant, n(r) is the radial distribution of the total
number density of the emitting element (copper) and 2,
is the partition function of the emitting element. The
Boltzmann plots at different radial points of arc
discharge obtained by Eq.(6) are shown in Fig. 11.
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Fig. 12. Radial distributions of the excitation temperatures
obtained by Boltzmann plot technique using results from
OES (black) and both LAS and OES (red)
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Fig. 11. Typical Boltzmann plots based on the obtained
populations by LAS and OES

As can be seen, despite the combination of results
obtained by different techniques, the points on the plots
still match well with the linear approximation (the error
is still within ~5%). The addition of one more point
(510.5 LAS) compared to Fig. 7, hardly changes the
slope of the approximating line, indicating that the
temperature does not change much. In order to verify
this, Fig.12 shows the radial distributions of
temperatures determined by the Boltzmann plots
technique shown in Fig. 7 (OES) and 11 (LAS+OES).
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r, mm
Fig. 13. Radial distributions of number densities of
copper atoms in plasma of electric arc discharge
obtained by LAS (black), OES (red) and combined LAS
and OES (blue)

It can be seen that the radial temperature
distributions coincide completely within the frame of
error bars. This indicates the validity of the assumptions
made in the calculations and the possibility of using the
combined LAS and OES technique to investigate the
plasma with copper vapour admixtures.

In addition, the radial distributions of the total number
densities of copper atoms in the plasma of the investigated
discharge were also determined using the LAS, OES
methods, and their combination (Fig. 13). In the case of
OES, the atom number density was determined by the
Boltzmann plot technique according to [7]. In the case of
LAS, the number density of atoms was determined in
accordance with the Boltzmann distribution from the
population of the lower energy level of the optical
transition with a wavelength of 510.5nm based on
temperature obtained by Boltzmann plot technique (see
Fig. 7). In the case of the combination of the LAS and OES
methods, the number density was obtained similarly to the
OES case, but using Eqg. (6).
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One can see that the radial distributions of number
densities of copper atoms obtained by three different
methods almost completely coincide along the entire
radius. This, in turn, also indicates the possibility of
using the combined LAS and OES technique to
investigate the plasma with copper vapour admixtures.

CONCLUSIONS

The synchronized LAS and OES technique are
proposed to investigate the plasma of a DC arc
discharge with copper vapour admixtures. The
possibility of using the simultaneous combination of the
techniques has been proved by the coinciding the radial
distributions of the excitation temperatures and copper
number densities obtained by OES, LAS separately and
by combination of both.

The proposed complex technique will make it
possible to investigate the thermodynamic state of the
plasma. In particular, it will be possible to examine the
population distribution of energy levels in the copper
atom in the investigated electric arc discharge plasma.
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CUHXPOHI3OBAHA JIABEPHA ABCOPBIIIMHA TA ONTUYHA EMICIMHA CIIEKTPOCKOIIA
IJIAZMH 3 JOMIIIKAMM ITAPIB MIJI

O. Mypmanues, A. Bexnuu, B. Ananacenko, /l. Cuu, M. Ilaninc, A. leanicix

JocmimpkeHo TIa3My AYTOBOTO pPO3psiLy TOCTIHHOTO CTpyMy 3 JOMIMIKAMHA TapiB  Migi METOIOM
CHHXpOHI30BaHOI JazepHoi abcop6bmiitaoi (JIAC) i omruunoi emiciitHoi cnekrpockomii (OEC). IlpoananizoBaHO
MIPOCTOPOBI Ta CHEKTPajbHI XapaKTEPUCTUKU IUIA3MM JyTOBOTO PO3PSAY MK MIJHUMH €JIEKTpOJaMH B MOTOLI
aproHy npu armocgepHomy Tucky. Metomamu OEC 3apeectpoBaHi cHEKTpH BUIIPOMIHIOBaHHS 1 BH3HAYeHi
TEeMIepaTypy 3acelieHHS Ta 3acelIeHOCTI €HepreTWYHHX DIBHIB aToMa Mifi, SKi BiANIOBINAIOTH BEPXHIM PIBHIM
ONTHYHUX TEPEXOMAIB 13 TOBXHHAMH XBWJIb, SKi JOCTIKYyBAINCH Y 1ill poboTi. Takox metomom JIAC BHU3HAYEHO
3aCeNeHICTh HIDKHBOTO EHEPTeTHYHOTO PIBHS OJHOTO i3 JOCHIKYBAaHHX ONTHYHUX mepexofiB. CHHXpOHHE
3aCTOCYBaHHS 000X METOJIB J03BOJISIE BU3HAYMTH PajlialbHI PO3MOAUIN TEeMIIEpaTyp 3aceleHHA Ta KOHIEHTpamii
aTOMIB Mifi. Y3rO/DKEHICTh OAEp)KaHUX PE3yNbTaTiB MiATBEP/DKYE MOXKIMBICTH BHKOPHUCTaHHS CHHXPOHI30BaHOI
na3epHoi abCopOIIifHOT Ta ONTHYHOI eMICIHHOT CIIEKTPOCKOITIi AJIS TIarHOCTUKH TUIA3MHU 3 IOMIIIKaMH MapiB Mifi.
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