
doi:10.14311/ppt.2026.1.37
Plasma Physics and Technology 13(1):37–42, 2026 © Department of Physics, FEE CTU in Prague, 2026

SPECTROSCOPIC DIAGNOSTICS OF ARC DISCHARGE PLASMA
BETWEEN COMPOSITE Mo-Cu ELECTRODES WITH OXIDE IMPURITIES

A. Murmantsev∗, A. Veklich, V. Apanasenko, A. Ivanisik

Faculty of Radiophysics, Electronics and Computer Systems, Taras Shevchenko National University of Kyiv,
Volodymyrska str., 64/13, 01601, Kyiv, Ukraine

∗ murmantsev.aleksandr@gmail.com

Abstract. The work presents a comprehensive study of thermal plasma of electric arc discharge
between composite electrodes of compositions Mo-50Cu-2Al2O3, Mo-50Cu-2Y2O3 and Mo-50Cu-5Y2O3
(in wt.%). The experiments were carried out in an argon flow at atmospheric pressure and a current
of 3.5 A. A combination of spatially resolved synchronized optical emission spectroscopy and laser
absorption spectroscopy methods was used to diagnose plasma parameters. The radial distributions of
the excitation temperature and the number densities of copper and molybdenum atoms were determined
using the Boltzmann plot technique. Based on the experimentally determined plasma parameters, the
equilibrium plasma composition was calculated taking into account the dissociation and ionization
products of oxide additives, in particular stable monoxides YO and AlO.
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1. Introduction
The development of modern energy, aerospace, and
microelectronics is inextricably linked to the search
for and implementation of new materials for electri-
cal contacts capable of operating in extreme condi-
tions of high currents, temperatures, and intense arc
discharge. Among the large number of composite
materials, researchers are particularly interested in
systems based on copper and refractory metals, in
particular molybdenum (Mo-Cu) [1, 2]. These ma-
terials, classified as pseudoalloys, combine a unique
combination of properties: high electrical and ther-
mal conductivity of copper with a high melting point,
low coefficient of thermal expansion, and mechanical
strength of molybdenum [2, 3]. Due to their high
ablation resistance, these materials are also used in
the manufacture of rocket engine nozzles and parts
operating in high-speed, high-temperature gas flows
[1]. In such critical modes, copper plays the role of
a “transpiration cooler”: it melts and evaporates, ab-
sorbing excess heat and creating a protective vapor
curtain on the surface of the molybdenum frame [1].

However, increasing the requirements for the reli-
ability of switching equipment requires further mod-
ification of these composites by introducing special
oxide additives, such as aluminum oxide (Al2O3) and
yttrium oxide (Y2O3) [4, 5]. The addition of Al2O3
provides dispersion strengthening and maintains grain
boundary stability up to 900°C, while increasing melt
viscosity to minimize copper spattering during arc
discharge [4]. In turn, Y2O3 facilitates structural
refinement and improves the wettability of the molyb-
denum skeleton, ensuring melt retention within capil-
laries and reducing erosion. The high melting point
(2683 K) and chemical stability of Y2O3 provide en-

hanced durability under cyclic thermal stress [4–6].
A deep understanding of the processes of interaction

of such a multicomponent plasma with the working sur-
face requires the use of precision diagnostic methods,
such as optical emission spectroscopy (OES) and laser
absorption spectroscopy (LAS) [7]. These methods al-
low obtaining spatial distributions of temperature and
atomic number density, which is critically important
for analyzing the erosion behavior of composites.

The aim of this work is a comprehensive study of
the behavior of Mo-Cu composite materials with im-
purities of Y2O3 and Al2O3 oxides under the thermal
action of arc discharge plasma. Specifically, this study
focuses on calculating the plasma composition and the
total metal vapor content to provide a physical inter-
pretation of the spectroscopic characteristics observed
in the plasma between each electrode type. This ap-
proach allows for a detailed analysis of the influence of
oxide impurities on the thermodynamic processes and
the transition between different erosion mechanisms.

2. Experimental Investigation
The object of the investigation is the thermal plasma
of an electric arc discharge burning in an argon flow at
atmospheric pressure. The direct current in this series
of experiments was maintained at 3.5 A, and the dis-
charge gap was 8 mm. The electrodes are made in the
form of rectangular rods with a square cross-section of
4×4 mm. Three types of composite materials based on
a copper-molybdenum matrix with different additives,
namely Mo-50Cu-2Al2O3 (in wt.%), Mo-50Cu-2Y2O3,
Mo-50Cu-5Y2O3 are compared under thermal effect
of arc discharge. The emission spectra were recorded
from the middle cross-section of the discharge column,
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which makes it possible to study the spatial distribu-
tion of parameters of the positive plasma column.

The recording the emission spectra began 15 sec-
onds after the discharge ignition. This time inter-
val was chosen to ensure the thermal stability of the
plasma column due to the establishment of a quasi-
stationary temperature regime of the electrodes. At
the same time, this duration was insufficient for sig-
nificant erosion wear or melting of the end surfaces of
the electrodes, which allowed maintaining a constant
value of the discharge gap and ensuring the identity
and reproducibility of the experimental conditions for
all types of composite materials studied.

For a comprehensive study of plasma parameters,
a synchronized combination of optical emission spec-
troscopy (OES) and laser absorption spectroscopy
(LAS) methods was used according to the experi-
mental scheme shown in [7]. The synchronization
accuracy between the OES and LAS measurements
was maintained at 1 ms. The optical system was
pre-calibrated using reference radiation sources to
measure absolute intensity value in the spectral range
of 430-650 nm [8], which maintained for each series of
measurements. The spectral resolution of the spec-
trometer was 0.11 nm, while the spatial resolution was
0.015 mm.

The following spectral lines were identified in the
emission spectra and were used to determine the exci-
tation temperature of copper and molybdenum atoms
population by Boltzmann plot technique [9]:

□ Cu I 510.5, 515.3, 521.8, 570.0, 578.2 nm;

□ Mo I 457.6, 461.0, 466.3, 467.2, 470.7, 473.1, 476.0,
481.9, 483.1, 486.8, 495.1, 495.8, 497.9, 536.1, 550.7,
553.3, 557.0, 563.2, 565.0, 568.9, 572.3, 575.1, 579.2,
585.8, 588.8, 603.1 nm.

Special attention was paid to the effect of self-
absorption of molybdenum lines. According to pre-
vious studies [10], the Mo I 550.7, 553.3, 557.0 and
603.1 nm exhibit a significant degree of self-absorption
(from 45% to 86%). Therefore, these lines were ex-
cluded from further determination of plasma parame-
ters to avoid systematic errors.

Local values of the emission intensity ϵ(r) were cal-
culated from the chordal observables I(x) by solving
the Abel integral equation by the Bockasten method
at 10 points [11], assuming axial symmetry of the
discharge [9].

For additional validation of the obtained tempera-
tures, the data determined by the LAS method were
incorporated into the Boltzmann plot technique. In
particular, the approach described in [7] was used,
which utilize both data obtained from the OES and
from the LAS (see eq.(6) in [7]). A typical Boltzmann
plot, determined at a distance of 2.17 mm from the
axis of the arc discharge taking into account both
the OES data (population density of the upper lev-
els of the corresponding spectral lines) and the LAS
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Figure 1. Typical Boltzmann plot based on the obtained
population densities by synchronized LAS and OES
(radial distance from arc axis r = 2.17 mm)

data (population of the lower energy level of the Cu I
510.5 nm spectral line [7]), is presented in Fig.1.

3. Results and Discussions
The excitation temperatures of copper and molybde-
num atoms for each type of discharge, determined by
the Boltzmann plot technique based on the absolute
intensities of the Cu I, Mo I spectral lines and includ-
ing both LAS and OES data, are shown in Fig.2 (black
squares, red circles, and blue triangles, respectively).

One can see that for the plasma of electric arc
discharges between the composite materials Mo-50Cu-
2Al2O3 and Mo-50Cu-2Y2O3, the temperatures de-
termined independently based on the Cu I and Mo I
spectral lines coincide within the experimental error
(~5%) along the entire radius. However, for the com-
posite with an admixture of 5% Y2O3, a discrepancy
of these temperatures is observed.

It can be seen that for the case of electrodes with
2% Y2O3 and Al2O3, the excitation temperatures ob-
tained from the OES and from the OES combined
with the LAS coincide. In the case of electrodes with
5% Y2O3, the temperature determined based on the
Cu I spectral lines increases and begins to coincide
within the error with the temperature determined
based on the Mo I spectral lines. The reason for the
initial mismatch of the radial temperature distribu-
tions determined from a different set of spectral lines
may be the presence of self-absorption of the copper
spectral lines.

To confirm this assumption, the degree of self-
absorption of the Cu I 510.5 nm line was estimated
for each of the modes, similarly to the work [7]. In-
deed, for the case of 5% Y2O3, this degree can reach
35%, which affects the further determination of the
temperature. Since the LAS method does not require
considering self-absorption [12], taking into account
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Figure 2. Radial distributions of excitation tempera-
tures obtained by Boltzmann plot technique based on
the emission intensities of both Cu I (black squares),
Mo I (red circles) spectral lines, and with both LAS and
OES data (blue triangles) in plasma of arc discharge
between (a) Mo-50Cu-2Al2O3, (b) Mo-50Cu-2Y2O3,
and (c) Mo-50Cu-5Y2O3 composite electrodes

the data obtained from LAS makes it possible to ne-
glect the influence of this effect and to obtain more
valid data for determining both the temperature and
number densities of copper atoms.

Temperature values determined from the Mo I spec-
tral lines tend to be slightly higher in all cases, particu-
larly on the discharge axis, while converging with TCu

at the periphery. This discrepancy can be attributed
to several factors. First, the range of upper energy
levels available for Mo I on the Boltzmann plot is sig-
nificantly narrower (~2 eV) compared to the range for
Cu I (~4.2 eV), which increases the sensitivity of the
temperature determination to experimental uncertain-
ties. The error bars for the excitation temperatures
were derived from the standard deviation of the linear
fitting on the Boltzmann plots. Second, although Mo I
lines with significant self-absorption were excluded
from the analysis, residual self-absorption may still
affect other lines, potentially leading to an overesti-
mation of the temperature. Overall, the temperature
profiles for all three discharge modes do not differ
significantly within the error bars (~5%), indicating
that metal vapors are the primary species sustaining
the arc discharge. This suggests that oxide additives
do not have a decisive influence on the formation of

the plasma channel under these conditions.
Based on the obtained experimental values of T (r)

and n(r), the equilibrium plasma composition was
calculated [13]. The radial distribution of tempera-
ture determined from the Cu I spectral lines (incor-
porating LAS data) was used as the primary input
parameter for the plasma composition calculations.
Consequently, the radial distribution of the molyb-
denum atom number density was recalculated based
on this specific temperature profile and the absolute
emission intensity of the Mo I 585.8 nm spectral line,
following the Boltzmann distribution law as described
in [9]. Unlike the simplified models used in [9], in
this work the impurities (Al2O3 and Y2O3) were
taken into account. In particular, the equation for
the dissociation of YO (AlO) and O2 molecules, the
Saha equations for the ionization of Y (Al) atoms and
YO (AlO) molecules were added to the system. It
is suggested that molecules Y2O3 (Al2O3), as well
as intermediate products such as YO2 (AlO2), YO3
(AlO3), Y2O (Al2O) etc. instantly dissociate in the
high-temperature zone of the plasma and their concen-
tration is negligibly small [14]. At the same time, YO
and AlO monoxides are sufficiently thermally stable
compounds to remain in the gas phase even at the
high temperatures of the plasma column. In addition,
it was assumed that YO+ ions can make a significant
contribution to the conductivity of the plasma due to
their relatively low ionization potential (6.11 eV).

To ensure closure of the system of equations for
equilibrium plasma composition, additional stoichio-
metric constraints were incorporated. These include
mass balance equations stipulating the Y(Al) to O
atomic ratio, as well as the relative concentration of
the metal matrix to oxide impurities (2% and 5% by
weight) according to the initial electrode composition.

The partition functions for YO molecules and YO+

ions are taken from [15], while those for AlO molecules
and AlO+ ions are taken from [16, 17].

Radial distributions of the equilibrium plasma com-
position for each of the studied discharge types are
presented in Fig.3. The plasma composition contains
experimentally determined radial distributions of num-
ber densities of copper nCu and molybdenum atoms
nMo, which include the calculated electron density
ne, number densities of neutral atoms nAr, ions nAr+ ,
nCu+ , nMo+ , atoms and ions of additives nY (nAl),
nY+ (nAl+), as well as the products of dissociation
and ionization of oxygen and monoxides: nO, nO+ ,
nO2 , nYO (nAlO) and nYO+ (nAlO+).

One can see that the electron density, which deter-
mines the total electrical conductivity of the plasma,
remains stable for each studied modes and varies
within the range of 3.6 · 1020 to 5.2 · 1020 m−3. In the
cases of 2% Al2O3 and 2% Y2O3, the decisive contri-
bution to the plasma conductivity is provided by the
thermal ionization of molybdenum. Such a dominant
role is due to the significantly lower ionization po-
tential of molybdenum (7.09 eV) compared to copper
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(7.73 eV) [9]. However, for the mode with 5% Y2O3,
the contributions of copper and molybdenum become
comparable, and the number densities of Cu+ and
Mo+ ions practically coincide. This is explained by a
significant increase in the total number density of cop-
per atoms in the plasma when using composites with
a high content of yttrium oxide, which compensates
for the difference in ionization potentials.

The contribution of ionization of additive atoms
to the total electron balance has a pronounced radial
dependence. In the case of an aluminum impurity (2%
Al2O3), its share is approximately 4.5% at the axis
of the discharge, increasing to 7.7% at its periphery.
For 2% Y2O3, the contribution of yttrium is about
3% at the arc axis with a further increase to 6.5% at
the periphery of the plasma column. The more signif-
icant contribution of aluminum compared to yttrium
is due to two factors: first, its lower ionization poten-
tial (5.99 eV versus 6.22 eV for yttrium); secondly, a
significantly higher total number density of aluminum
atoms in the gas phase (nAl is an order of magnitude
higher than nY ). The latter is associated with a lower
thermal stability of AlO molecules compared to YO,
which leads to their faster dissociation and a more
intensive supply of free metal atoms to the plasma.

A characteristic feature of the discharge with 5%
Y2O3 is the stability of the yttrium contribution to
ionization (about 1%) along the entire studied radius.
Such uniformity correlates with a smaller radial tem-
perature gradient in this type of discharge (see Fig.2,
c), which ensures a homogeneous distribution of both
the processes of dissociation of oxide compounds and
the subsequent ionization of impurity atoms. The
increase in the percentage contribution of the addi-
tives (Al and Y) at the periphery in other modes is
explained by the fact that their ionization potentials
are significantly lower than the corresponding values
for copper and even molybdenum, which makes them
critically important for maintaining conductivity in
the colder regions of the plasma.

Analysis of the molecular composition showed that
the number density of AlO+ ions is three orders of
magnitude lower than the number density of YO+

molecular ions. This discrepancy is directly related to
the energy advantage of ionization of yttrium monox-
ide, the ionization potential of which is 6.1 eV, while
for AlO this value reaches 9.53 eV. Nevertheless, the
number densities of both types of molecular ions re-
main insignificant in the overall plasma balance.

The radial distributions of the metal vapors con-
tents (XCu and XMo) in the plasma are shown in
Fig.4. It is worth noting that the calculated con-
tent of oxide impurity vapors is not presented in the
graphs, since its value in each modes does not exceed
7 ·10−5%.The following equation was used to calculate
vapor contents:

Xj(r) =
nj(r) + n+

j (r)
Σni(r) ∗ 100% (1)
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Figure 3. Radial distributions of equilibrium plasma
compositions of arc discharge between (a) Mo-50Cu-
2Al2O3, (b) Mo-50Cu-2Y2O3, and (c) Mo-50Cu-
5Y2O3 composite electrodes

where the index j corresponds to copper, molyb-
denum or total impurity (Al2O3 or Y2O3). In the
case of complex impurities, the total number den-
sity of neutral particles was considered as the sum
nj = nY(Al) + nYO(AlO) + nO + nO2 , and n+

j =
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Figure 4. Radial distributions of metal vapors con-
tents in arc discharge between Mo-50Cu-2Al2O3 (black
squares), Mo-50Cu-2Y2O3 (red circles), and Mo-50Cu-
5Y2O3 (blue triangles) composite electrodes

nY+(Al+) + nYO+(AlO+) + nO+ for ionized components.
The denominator Σni corresponds to the total num-
ber density of all heavy particles of the plasma in the
approximation of local thermodynamic equilibrium.

One can see that in the plasma between the compos-
ite electrodes Mo-50Cu-2Al2O3 and Mo-50Cu-2Y2O3
the content of copper and molybdenum vapors remains
approximately the same along the entire investigated
radius. This behavior indicates a relatively uniform
evaporation of the matrix components. However, in
the case of a discharge between Mo-50Cu-5Y2O3 elec-
trodes, a qualitatively different picture is observed:
the content of copper vapors on the discharge axis is
approximately 4.5 times higher than the content of
molybdenum, and also twice as high as the concentra-
tion of copper in the plasma of other studied modes.
This effect may indicate a fundamental change in the
erosion mechanism: from stationary evaporation of
components to selective "sweating" and intensive de-
struction of the copper matrix from the refractory
molybdenum skeleton [18].

The physical reason for such a transformation is
the specific effect of yttrium oxide on thermodynamic
processes in the surface layer of the electrode. Y2O3
is characterized by a high melting point (2683 K) and
significantly lower thermal conductivity compared to
copper and even molybdenum. Oxide particles are
able to form cluster structures or almost continuous
thermal insulating layers that prevent effective heat
removal from the working surface into the electrode.
This leads to significant local overheating of the sur-
face areas of the copper phase with a relatively low
boiling point (2735 K). As a result, intensive evap-
oration of copper occurs, while the more refractory
molybdenum skeleton (melting point 2896 K) retains
structural stability. In addition, the massive flow of
copper vapor creates the effect of partial shielding of
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Figure 5. Radial distributions of total vapor content
of electrodes origin elements in the plasma of arc dis-
charge between each type of composite electrodes

the molybdenum surface from the direct thermal effect
of the plasma, which further explains the decrease in
its relative concentration in the discharge.

When comparing the total content of elements of
electrode origin, which was calculated as the total frac-
tion of copper, molybdenum and the corresponding
oxide additive (XCu + XMo + XY2O3(Al2O3)), no sig-
nificant quantitative difference was found between the
studied discharge types (see Fig.5). Such stability of
the total yield of the substance indicates that the vari-
ation of the impurities considered in this work does not
have a crucial effect on the overall erosion resistance of
materials at given discharge parameters. However, it
is worth emphasizing that an increase in the concentra-
tion of yttrium oxide significantly changes the nature
of the erosion processes. A comparison with previous
results involving different electrode stoichiometries,
such as Mo-25Cu and Mo-75Cu, indicates that the
addition of oxide impurities does not significantly im-
pact the overall erosion resistance. In terms of total
metal vapor content, the Mo-75Cu composite remains
the most optimal configuration, which is primarily
attributed to its superior thermal conductivity [9].

4. Conclusions
A comprehensive study of the thermal plasma of an
electric arc discharge between Mo-50Cu-2Al2O3, Mo-
50Cu-2Y2O3 and Mo-50Cu-5Y2O3 (in wt.%) compos-
ite electrodes was conducted. The experiments were
carried out in an argon flow at atmospheric pressure
and a current of 3.5 A.

The use of a synchronized combination of OES
and LAS methods allowed for precise diagnostics of
plasma parameters. The LTE can be realized for each
studied modes, which indicated by the coincidence
of the excitation temperatures of the energy levels of
copper and molybdenum atoms, determined by the
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Boltzmann plot technique.
It was found that aluminum and yttrium impurities

play an important role in maintaining the ionization
balance at the periphery of the discharge, where their
contribution increases to 6.5–7.7%. The greater effi-
ciency of aluminum compared to yttrium is due to the
more intense dissociation of AlO molecules and the
lower ionization potential of Al atoms. Despite the low
ionization potential of the YO molecule (6.1 eV), the
number density of molecular ions remains insignificant
in the overall composition of the plasma.

In summary variation of oxide additives within 2–5%
does not significantly change the total vapor content
of electrode materials, which indicates a similar ero-
sion resistance of the studied materials. However,
increasing the concentration of Y2O3 to 5% can trans-
form the erosion mechanism: due to the low thermal
conductivity of oxide clusters, local overheating of the
surface occurs, which causes selective evaporation of
the copper matrix while maintaining the stability of
the molybdenum skeleton.
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