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Abstract. The radiation from the arc plasma ignited between the flat ends of copper electrodes in
atmospheric pressure air at a direct current of 3.5 A is analyzed to determine the plasma temperature
and composition. Side-on spectra in the range (430 — 650) nm are recorded using a CMOS camera
connected to a spectrograph. The spectral emission coefficient is evaluated from the spectral radiance,
which provides the radiator number density. The excitation temperature is obtained by applying the
Boltzmann plot technique to at least two spectral lines and a series of radial positions in the midplane
of the arc. Subsequently, the plasma composition is determined. The equation of radiative transfer is
solved along lines of sight considered in the experiment. The spectral intensity of Cul lines is computed
and compared with the experimental ones. The arc properties are obtained by assuming axial symmetry

and mapping the evaluated values in the midplane.
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1. Introduction

Plasma diagnostics play a crucial role in understand-
ing the behaviour and properties of plasmas in many
applications [1]. Optical emission spectroscopy (OES)
of plasma has become a powerful and widely used tech-
nique for the characterization and analysis of various
types of plasma. In recent years, OES has found ap-
plications in diverse fields, including materials science,
environmental monitoring, astrophysics, and plasma
diagnostics in fusion devices. Its non-intrusive nature
and ability to provide real-time measurements make
it an attractive tool for in-situ monitoring and control
of plasma processes.

One of the key areas where OES has shown remark-
able progress is the investigation of arc plasma. Arc
discharges are employed in plasma welding, cutting,
and metal vapour generation for nanomaterial synthe-
sis [2-4]. Detailed knowledge of arc plasma properties
is therefore hugely important to the optimization of
these processes, their efficiency and safety.

OES allows one to determine the main parameters
of the plasma, such as temperature, electron density,
concentration of plasma particles. One of the possible
ways to determine these parameters is by compar-
ing the registered emission spectra with the spectra
computed by solving the radiative transfer equation
(RTE). Since the spectra computation is associated
with an iterative correction of the input parameters
of the model in order to match the experimentally
observed spectra, the computational procedure is chal-
lenging.

Similar studies have been carried out in previous

published works. In [5], plasma parameters have been
determined by assuming a homogeneous plasma and
comparing observed and simulated spectra. The study
has been limited to a pure copper plasma. The plasma
pressure and temperature have been varied for the
sake of accurate determination of the temperature of
the optically thick plasma.

In this work, we focus on studying the emission
of an inhomogeneous atmospheric pressure arc dis-
charge plasma in air with copper vapour admixtures.
The spectra were computed using the experimentally
determined temperature and concentration of emit-
ting atoms as an initial guess. The spectra computed
along lines of sight relevant to the experiment were
compared with the experimental ones. Consequently,
the plasma parameters can be updated until the ex-
perimental spectrum is matched. Utilizing such an
approach enhances our understanding of plasma prop-
erties and contributes to the development of more
accurate plasma models.

2. Experimental and computational
methods

The experimental study involves an arc discharge be-
tween the flat ends of copper electrodes with a di-
ameter of 6 mm, placed at a distance of 8 mm from
each other. The arc is ignited in air at atmospheric
pressure with a direct current of 3.5 A. The optical
emission spectroscopy setup consists of a diffraction
grating (600lines/mm) and a complementary metal-
oxide-semiconductor (CMOS) matrix used as a regis-
tration device [6]. This configuration allows for the
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Figure 1. Profiles of the plasma temperature (a) and mole fraction of Cu species (b) along lines of sight in a distance

d from the arc centre.
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Figure 2. Side-on profiles of Cu I spectral lines at (a)
510.5nm and (b) 521.8nm obtained in OES experi-
ments (symbols and Gaussian fit) and computed for
various distances d.

collection of plasma emission data with both spectral
and spatial resolution in the range of (430-650) nm.
The spectral sensitivity of the CMOS matrix was cali-
brated using a tungsten ribbon lamp. The excitation
temperature of copper atoms, which is equal to the
plasma temperature under the assumption of local
thermodynamic equilibrium, is determined using the
Boltzmann plot technique based on the absolute in-
tensities of Cul spectral lines. The spectral emission
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Figure 3. Side-on profiles of Cu I spectral lines at (a)
570nm and (b) 578.2nm obtained in OES experiments
(symbols and Gaussian fit) and computed for various
distances d.

coefficient is evaluated from the spectral radiance,
providing the population of the emitting levels, and
thus, the concentration of copper atoms is obtained by
the method of absolute intensities of spectral lines [7].
The plasma temperature and composition determined
in the midplane of the arc are then mapped assuming
axial symmetry in order to reconstruct the correspond-
ing profiles along lines of sight at a distance d from
the arc axis (see Figure 1).
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Investigation of plasma parameters

The experimentally obtained distributions of tem-
perature and mole fraction of copper species are used
as an initial guess for simulating the side-on spectra.
This is achieved by solving the RTE [8, 9] and employ-
ing a line-by-line method. In this way, the change of
the spectral radiative intensity I, along a line of sight
into direction s in the case of no scattering is given
as follows:

% = kaBx — kaly (1)
where k) is the spectral absorption coefficient, and
B, is the Planck function. Atomic continuum due to
Bremsstrahlung in electron-ion and electron-atom col-
lisions, and atomic and ionic spectral lines are taken
into account. Data for 1772 spectral lines, from which
57 are assigned to atomic copper Cul, are consid-
ered [10].

It is worth noting that the plasma composition con-
sidered in the calculations involves not only species
of copper but also species of nitrogen and oxygen.
The composition has been determined based on the
experimentally obtained radial distributions of tem-
peratures and concentration of copper atoms under
the assumption of local thermodynamic equilibrium.

The dominant broadening mechanism assumed is
the Stark effect. However, due to the low current level,
the broadening effect was not noticeable using the em-
ployed spectral device. Consequently, the spectral
lines are fitted with a Gaussian shape, with a width
of 0.13nm, corresponding to the instrumental func-
tion. The spectroscopic data for the spectral lines of
Cul used in the simulation are taken from a previous
work [11]. In general, the comparison of measured
and computed spectra can be done iteratively, adjust-
ing the profiles of temperature and mole fraction of
copper species in cases where such profiles are not
known from experiments.

3. Results and Discussions

The determination of the excitation temperature is
initially done using the Boltzmann plot technique
with the Cul lines at 510.5nm and 521.8nm. Fig-
ure 2 shows the experimentally observed data points,
along with the corresponding Gaussian fits and the
computed spectra for these lines at several distances
d from the arc centre. The experimental and com-
puted spectra exhibit good agreement, although the
experimental line intensities slightly exceed the com-
puted ones, indicating a possible overestimation of the
temperature. To further investigate the comparison,
additional lines at 515.3 nm, 570.0 nm, and 578.2 nm
are considered. Figure 3 presents the spectra of the
lines at 570.0nm (a) and 578.2nm (b) for several dis-
tances d. The results show that the computed spectral
line intensity appears close to or higher (Figure 3a)
but also lower (Figure 3b) than the experimental one.
Identifying the reasons for these discrepancies is chal-
lenging, and iterative computations with variations
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Figure 4. Boltzmann plots for the determination of
the excitation temperature from Cu I spectral lines for
various radial positions.

of the input parameters (plasma temperature, mole
fraction of copper species) could be helpful.

In order to understand the impact of each spectral
line on the determination of the excitation tempera-
ture, five sets of spectral lines were defined for Boltz-
mann plots. Figure 4 displays the results for various
radial positions and the involved spectral lines. It
is important to note that the error in temperature
evaluation, obtained from linear approximation, does
not exceed 5%. Subsequently, individual spectral lines
were removed from consideration one by one, and the
temperature was recalculated using a reduced number
of lines. The radial distributions of the temperatures
obtained from different sets of spectral lines are shown
in Figure 5. Despite the small measurement error of
5%, there is a discrepancy of approximately 10% in
the radial temperature distributions obtained from
sets 3 and 4. This difference suggests that inaccurate
spectroscopic data, specifically the product of statis-
tical weight and oscillator strength g; fix, could also
play a role [11]. Therefore, a powerful algorithm for
iteratively determining accurate spectroscopic data
for each spectral line can be developed by comparing
experimentally obtained and simulated side-on spec-
tra, along with the variation of g; f;x as a simulation
parameter, as provided in [11].

4. Conclusions

The study focuses on analyzing the arc plasma gener-
ated between copper electrodes in air at atmospheric
pressure with a direct current of 3.5 A using optical
emission spectroscopy and spectra simulations based
on the equation of radiative transfer. The presence
of copper species in the plasma is due to evapora-
tion from the electrodes. By recording the emission
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Figure 5. Radial distributions of the determined exci-
tation temperature from various sets of Cu I spectral
lines. 1- (465.1, 510.5, 515.8, 521.8, 570.0, 578.2) nm;
2- (510.5, 515.3, 521.8) nm; 3- (510.5, 515.8) nm; 4-
(510.5, 521.8) nm; 5- (465.1, 510.5) nm.

from copper atoms along perpendicular lines of sight
to the arc axis, the plasma temperature of copper
atoms is determined, assuming local thermodynamic
equilibrium.

Using the plasma temperature and concentration
of copper species, the spatial distribution of arc prop-
erties can be reconstructed. The agreement between
experimental and computed spectral line intensities
is generally good, with discrepancies of up to 30%
observed for specific spectral lines like Cul 570.0 nm
and 578.2nm. These discrepancies may arise from
uncertainties in spectroscopic data and plasma pa-
rameters, potentially caused by deviations from axial
symmetry. However, this study does not account for
deviations from local thermodynamic equilibrium.

The comparison between experimentally obtained
and simulated side-on spectra, while varying plasma
parameters and spectroscopic data, serves as a pow-
erful tool for reconstructing plasma properties and
critically evaluating spectroscopic data. It highlights
the importance of considering various factors and fine-
tuning the simulations to improve the accuracy of
plasma property determination.
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