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This work presents a comparative study of two diagnostic approaches for determining copper vapour admixtures
in the thermal plasma of an electric arc discharge. The emission of plasma of arc discharge between copper elec-
trodes was analysed using optical emission spectroscopy (OES) under discharge currents of 3.5 and 30 A. Two sets
of plasma parameters were used as inputs for equilibrium composition calculations: (1) radial distributions of excita-
tion temperature and copper atom number density, and (2) radial distributions of excitation temperature and electron
density. The excitation temperature was determined using the Boltzmann plot technique, while electron density was
obtained from spectral line broadening using Fabry-Pérot interferometer and by applying the Saha equation. The
consistency of the calculated plasma compositions using both input sets demonstrates the applicability of indirect

diagnostic methods for evaluating the erosion resistance of electrode materials.

PACS: 52.70.-m, 52.80.Mg
INTRODUCTION

The presence of the metal vapour admixtures,
caused by electrodes erosion, in the plasma of arc dis-
charges plays a crucial role in setting its parameters
such as temperature and electron density. For technolog-
ical applications that use such discharges between melt-
ing electrodes (both single and multicomponent), these
plasma parameters are primarily an indicator of their
energy efficiency.

Another example of great importance role of materi-
al admixtures is the problem of plasma interaction with
surface of walls in fusion reactor. This is one of the rea-
sons for the intensification of the research and develop-
ment of so-called plasma-facing materials [1], which are
exposed to the plasma within which nuclear fusion oc-
curs. That is why the issue of developing and improving
methods for monitoring the presence and determining
the content of electrode material vapours in the investi-
gated plasma is relevant [2]. Traditionally, optical spec-
troscopy methods are used for this purpose [3]. Howev-
er, this is a complex task that involves, first of all, clari-
fication of the thermodynamic state of the plasma [4]
for the optimal choice of methods for determining its
parameters [5]. In addition, the use of verified spectro-
scopic data is crucial for the use of the above-mentioned
diagnostic methods [6, 7].

The aim of this work is to analyse and apply various
approaches to determine the content of metal vapours in
the plasma of electric arc discharges by optical diagnos-
tics.

1. EXPERIMENTAL SETUP

A free-burning arc was ignited in an air atmosphere
between the flat surfaces of uncooled vertically oriented
rod copper electrodes (diameter of 6 mm) at a current of
3.5 and 30 A. A discharge gap was 8 mm. Optical
scheme of the experimental setup is shown in Fig. 1.

This scheme makes it possible to measure the spatial
distribution of the observed intensity in a selected cross-
section of the arc discharge. In this work, the central
cross-section of the positive column of the arc discharge
(at a distance of 4 mm from the edge of the electrodes)
was investigated. The arc column is located in the focal
plane of the F1 lens, which forms the parallel beam of
the plasma radiation. The F2 lens is formed an image of
the arc discharge on the entrance slit of the
monochromator MDR-12. Since the entrance slit is ver-
tically oriented the Dove prism is used to rotate the im-
age by 90°. Specially developed program interface was
used to control the experiment, recording and data
treatment.
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Fig. 1. Optical scheme of the experimental setup
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2. EXPERIMENTAL TECHNIQUES

Two approaches for determining the plasma compo-
sition were investigated in this work. The plasma com-
position, in turn, serves to determine the spatial distribu-
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observed intensity (radiance) of spectral lines can be
obtained experimentally, having previously calibrated 6000 -
the optical scheme in absolute values. The calibration
algorithm and the method of Boltzmann plots are de-
scribed in details [9]. Typical obtained radial distribu-
tion of the absolute intensity of Cu | 515.3 nm spectral
line at arc current of 3.5 A is shown in Fig. 2.
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Fig. 3. Radial distributions of temperature obtained
by Boltzmann plot technique at arc current
of (a) 3.5A and (b) 30 A
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Fig. 2. Typical radial distribution of the absolute r, mm a
intensity of Cu I 515.3 nm spectral line at arc current . : . :
of 3.5A

Spectral lines Cu | 465.1, 510.5, 515.3, 521.8, 570.0,
and 578.2 nm were selected for the following utilization
in Boltzmann plot technique. The spectroscopic data (in
particular the product of the statistical weight and the
oscillator strength g;fy) for the six Cu I lines of interest
mentioned above are taken from the previous work [6].
The obtained radial distributions of temperature and
copper number density with its confidence intervals,
obtained by Boltzmann plot technique at arc currents of
3.5and 30 A, are shown in Figs. 3 and 4, respectively.

For the second approach radial distribution of the

electron density should be determined. The most com- r, mm b
mon approach for determining the electron density is @  Fig 4. Radial distributions of copper number density

direct calculation from the width of the spectral line obtained by Boltzmann plot technique at arc current

contours, broadened due to the Stark effect [10]. of () 3.5 A and (b) 30 A
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This approach requires the use of a high-resolution
spectral device for detailed observation of the shape of
the contours of spectral lines, especially for the emis-
sion of low-current electric arc discharges as model
plasma sources. A Fabry-Pérot interferometer (FPI) is
used to achieve high resolution in measuring the broad-
ening of spectral lines at different points in the arc dis-
charge plasma. This device is configured in an optical

Fabry-Perrot
Interferometer

Dove Prism

scheme (Fig. 5) to sample plasma emission at specific
angles [11]. Consequently, by measuring the width of
the corresponding interference maximum from the ob-
tained interferogram, the width of the spectral line at a
specific spatial point of the plasma object can be deter-
mined. The specially developed program interface is
also used to process the obtained interferograms (typical
example is shown in Fig. 6).

CCD
Monochromator Sensor

Lens F2

Fig. 5. Experimental setup for recording interferograms of spectral lines
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Fig. 6. Example of the obtained interferogram of the
Cu 1 515.3 nm spectral line obtained at current of 30 A
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It should be noted that for the second approach
(which involves electron density) the use of Boltzmann
plot technique is not obligatory. In such a case, the
method of relative intensities can be used. Since the
optical scheme based on a monochromator makes it
possible to register just one spatial distribution of spec-
tral line radiance per single act of registration, reducing
the number of used spectral lines to two can significant-
ly accelerate the assessment of the erosion resistance of
the materials under study. In this case, the method of
relative intensities may be preferable when the time of
investigation is important. Therefore, the temperature
can be determined by the relative intensity method by

eq. (1):

_— E,— E; o
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where E is the energy of the upper energy level of atom;
£ is the emission intensity; A is the Einstein coefficient
for spontaneous emission; g is the statistical weight of
the upper energy level; A is the wavelength at the centre
of spectral line. Indices 1 and 2 correspond to the num-
ber of the spectral line used in the calculation. Thus, the
radial distribution of temperature can be obtained by
selection of two spectral lines. However, the choice of

the line pair also affects the calculated temperature. In
fact, the method of relative intensities is a special case
of the Boltzmann plot method (using only two spectral
lines). Fig. 7 shows the Boltzmann plot with linear ap-
proximation for different pairs of spectral lines, namely
510.5/515.3, 510.5/465.1 and 515.3/465.1. In particular,
it is shown how the slope of the approximating line,
which corresponds to the change in temperature [9],
changes depending on the selected pairs of lines:
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Fig. 7. Boltzmann plot on the axis of the arc (r = 0 mm)
with linear approximations along two lines

Fig. 8 shows the radial temperature distributions ob-
tained by the Boltzmann plot technique and the method
of relative intensities for the pairs of lines 510.5/515.3,
510.5/465.1, and 515.3/465.1 at arc current 3.5 A. Thus,
one can conclude that the most preferable pair of spec-
tral lines for determining the temperature by the method
of relative intensities is the pair 510.5/515.3, since it is
closest to the temperature determined by the Boltzmann
plot technique (at least at the arc axis) by both value and
distribution behaviour.

In addition, it is important to note that electron den-
sity determination using FPI is optimal for the 30 A arc
mode, but is not feasible at 3.5 A arc discharge current.
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This is due to the fact that when using FPI in the 3.5 A
mode, large losses of emission intensity are observed. In
this regard, another approach to calculating the electron
density at a discharge current of 3.5 A is realised.
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Fig. 8. Radial distributions of temperature obtained by

the Boltzmann plot technique and the method of relative
intensities at arc current of 3.5 A

Having experimentally determined the radial distri-
bution of emission intensity of the Cu | 465.1 nm spec-
tral line [9] at the arc current of 3.5 and 30 A, it is pos-
sible to find their ratio at different currents according to

eq. (2):
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In eq. (2), the notations E, &, 4,9, T and A are the
same as in equation (1); n is the number density of radi-
ating atoms (copper in this case); X is the partition func-
tion of atoms; k is the Boltzmann constant. Indices 1
and 2 correspond to the arc mode, namely arc current
3.5 and 30 A, respectively. Since the intensity ratio of
the same spectral line is used, then A;g, = A,g,,
E, = E,, and 1; = A,. Considering that electrons in the
plasma appear mainly as a consequence of ionisation of
metal atoms, then the Saha equation for ionisation of
copper atoms can be written by eq. (3), as follows:

nZ 25t 2mgmT 3 _Ei

7_2'( h2>ekT )
where n, is the number density; X+ is the partition func-
tion of ions; m is the mass of electron; h is the Planck
constant; E; is the ionisation energy of copper atom.
Considering that the upper level energy of the Cu l
465.1 nm spectral line (7.737 eV) is approximately
equal to the ionisation energy of copper (7.727 eV) and
substituting eq. (3) into eq. (2), one can obtain eq. (4)
for the ratio of electron density in an arc discharge at
current of 3.5 and 30 A:

3
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Radial distributions of electron density obtained us-
ing FPI at arc current of 30 A and using eq. (4) at arc
current of 3.5 A shown in Fig. 9,a,b, respectively.
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Fig. 9. Radial distribution of electron density in the arc
discharge plasma at arc current of (a) 30 A
and (b) 3.5A

3. CALCULATION OF THE COMPOSITION
OF THE ELECTRIC DISCHARGE PLASMA

Having determined the radial distributions of tem-
perature and number density of copper atoms in the first
case and the radial distribution of electron density in the
second case, the composition of the plasma can be cal-
culated using system of equations (5)-(9):

Saha equation for Cu, O, N atoms:
NF
e 'l

Si(Tt Ne) =

;i € Cu,O,N. (5)

i
Dissociation equations for 0,, N,:
2

Ni .
D(T)=—; i€O0,N. (6)
Niz _
The electroneutrality equation

N, = ZN;; i € Cu,O,N. )
The ideal gas equation:

+szi+; i € Cu,0,N.(8)
The ratio of nitrogen to oxygen in the air:
[ZNNZ + Ny + NN"] =372, ©)
2Ny, + Ng + N+
By solving this system of equations, it is possible to
obtain the equilibrium plasma composition in two ap-
proaches. Radial distributions of equilibrium composi-
tion of plasma at arc current of 3.5 and 30 A obtained
by eq. (5)-(9) with different input parameters are shown
if Figs. 10 and 11, respectively.
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One can see in Figs. 10 and 11, the radial distribu-
tions of n,, n¢,, and ng,+ coincide, which provides the
possibility determining the erosion resistance of elec-
trode materials in indirect way. This can be done by
following two approaches: in the first approach, using
temperature and electron density as input parameters,

and in the second, using temperature and the number
density of metal atoms.

Thus, the agreement between the two methods
demonstrates the feasibility of estimating the erosion
resistance of electrode materials through indirect calcu-
lations, based on the equilibrium plasma composition in
both approaches.
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Fig. 10. Radial distribution of the equilibrium composition of arc discharge plasma at current of 3.5 A calculated
(a) with temperature and copper number density and (b) with temperature and electron density as input parameters
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Fig. 11. Radial distribution of the equilibrium composition of arc discharge plasma at current of 30 A calculated (a)
with temperature and copper number density and (b) with temperature and electron density as input parameters

CONCLUSIONS

Two complementary optical diagnostic approaches
were applied to determine the equilibrium composition
of copper-containing arc plasma: one based on excita-
tion temperature and copper atom number density, and
another on excitation temperature and electron density.

The excitation temperatures were successfully de-
termined using both the Boltzmann plot technique and
the relative intensity method. The pair of spectral lines
510.5/515.3 nm was found to be the most suitable for
relative intensity diagnostics due to its close agreement
with the full Boltzmann plot.

Electron density was obtained from Stark broaden-
ing of the Cu | 515.3 nm spectral line using Fabry-Pérot
interferometer at arc current of 30 A, and indirectly for
3.5 A using intensity ratios and the Saha equation.

Comparison of the equilibrium plasma compositions
obtained by both approaches revealed a good agreement

ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. Ne4(158)

in the calculated electron density, number densities of
copper atoms and ions.

This consistency confirms that both diagnostic strat-
egies are valid for analysing arc plasma properties and
can be effectively used for estimating the erosion behav-
iour of electrode materials under different discharge
modes.

ACKNOWLEDGEMENTS

This work has been partially carried out within the
framework of the EUROfusion Consortium, funded by
the European Union via the Euratom Research and
Training Programme (Grant Agreement Ne 101052200 —
EUROfusion). Views and opinions expressed are how-
ever those of the author(s) only and do not necessarily
reflect those of the European Union or the European
Commission. Neither the European Union nor the Euro-
pean Commission can be held responsible for them.

29



REFERENCES

Ag | spectral lines: selection and analysis // Advanc-
es in Space Research. 2014, v. 54, p. 1254-1263.

LoH. Se_lttar, H.Ran, W.Ding, M. Imran, M Amir, https://doi.org/10.1016/j.asr.2013.10.034.
H. Ding. An approach of stand-off measuring hard- 7 = o N vzeklich, A.V. Lebid, T.A. Tmenova. Spectro-
ness _of tungsten heavy alloys using LIBS // Applied scopic Data of W I, Mo I and Cr | Spectral Lines:
Physics B.' 2014, v. 126, p. 1-11. Selection and Analysis // Journal of Astrophysics
https://doi.org/10.1007/s00340-019-7355-0. and  Astronomy. 2015, Ned, p.589-604.
2. A.B. Murphy. The effects of metal vapour in arc https://doi.org/10.1007/512036-015-9342-0.
welding // Journal of Physics D: Applied Physics. g - "gockasten. Transformation of Observed Radianc-
2010, v. 43(43), 43401. https://doi.org/10.1088/0022- es into Radial Distribution of the Emission of a
3727/43/43/434001. . . Plasma // Journal of the Optical Society of America.
3. AM. Rahal, B. Rahhaoui, S. Vacquie. Copper va- 1961, v. 51(9), p. 943-947.
pour gn‘f_usmn _m a nllt_r?jgenharc_ chamber // Journal . A. Murmantsev. Investigation of spatial distribution
of Physics Dd _App 1€ I/D ySICS. 1?84/' /V' 17(9), of metal vapours admixtures in the plasma of an
P. 1807'1822' or: 10'.1088 0022-3727/17/9 006'_ electric arc discharge // Problems of Atomic Science
4. V. Boretskij, A.Veklich, Y. Cressault, A. Gleizes, and Technology. 2023, Ne 4, p. 139-146.
P. Teglet. No_n-equilibrium_ plasma properties of 1 g Konjevic, N. Konjevic. Stark broadening and
electric arc discharge in air between copper elec- shift of neutral copper spectral lines // Fizika. 1986,
trodes // Problems of Atomic Science and Technolo- v. 18(4), p. 327-335.
gy. 2012, Ne 6, p. 181-183. _ 11. A.M. Veklich, V.Ye. Osidach. The determination of
5. |.L. Babich, V.F. Boretskij, A.N. Veklich. Shapes of electron density in electric arc discharge plasma //
Spectra_ll Lines of Nonuniform Plasma of Electric Bulletin of the University of Kyiv. Series “Physics
Arc Discharge Between Copper Electrodes // AIP and Mathematics ”. 2004, No 2, p. 428-435
Conf. Proc. 2007, v.938, p.252-257. ' e '
https://doi.org/10.1063/1.2800139. Article received 17.06.2025
6. L. Babich, V.F. Boretskij, A.N. Veklich, et al. Spec-

troscopic data and Stark Broadening of Cul and

JIBA IIIXOJU 10 BUSHAUYEHHS BMICTY IAPIB MIJI B TEPMIUHINI IIJIA3MI
3A JIONOMOTI'OIO OIITUYHOI IIATHOCTUKH

A. Bexnuu, €. Copoxyn, 1. Cnicapenko, A. Mypmanues, B. Ocioau

[IpencraBiaeHo NOPIBHUIBHE TOCTIKCHHS TBOX JA1arHOCTHYHMX IiAXOIB 0 BU3HAUCHHS JOMIIIOK apiB Mifi B
TEPMIYHIH MIa3Mi EJIEKTPUYHOTO JYrOBOTO PO3psay. BUNPOMIHIOBaHHS IUIa3MH yTOBOTO PO3PSAY MK MiTHHUMHU
eJIEKTPOZaMH aHaJIi3yBaJld 3a JIOIIOMOTOK ONTHYHOI eMiciitHoi crektpockomii (OEC) mpu cuii ctpymy po3psiay
3,5 ta 30 A. Sk BXimHI mapaMeTpu I PO3paxyHKIB PiIBHOBAKHOTO CKJIAAY BUKOPHUCTOBYBAIHM IBa HAOOPH Iapame-
TpiB mra3mu: (1) pamianbHi po3NOMITN TeMIepaTypH 30YIKEHHs Ta KOHIICHTpAIlii eXeKTpoHiB 1 (2) pamiaibHi po3-
MOJIUTH TeMIIepaTypu 30YPKEHHs Ta KOHIIEHTpaIlil aromiB mini. TemmepaTypy 30yIkeHHS BH3HAYaJId 32 JOIIOMO-
roro meroay niarpam bonblMaHa, TOZI SIK KOHLEHTPALIIO EIEKTPOHIB OTPHUMYBAJIH 3 PO3LIMPEHHS CHEKTPaIbHOL
JiHi1, BU3HAYCHOI 3 BUKOpUCTaHHAM iHTepdepomerpa Dabdpi-Ilepo, Ta 3acTocyBanHsaM piBHsHHSA Caxa. Y3romke-
HICTh pPO3paxOBaHMX CKJIAJiB IUIa3MH 3 BUKOPHUCTaHHSAM 000X HaOOpiB BXiAHMX AAaHHX JEMOHCTPYE 3aCTOCOBHICTBH
HEMPSAMUX JA1arHOCTHYHUX METOIIB JIJISl OI[IHKH CTIHKOCTI SJIEKTPOIHUX MaTepiaiiB 0 epo3ii.
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