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Plasma of electric arc discharges between composite Cu-W, Cu-Mo and Cu-Cr electrodes in argon flow and
their spectra were studied by optical emission spectroscopy. Since values of oscillator strengths for W I, Mo | and
Cr | presented in various databases are significantly different, selection of spectroscopic data for these elements
(particularly oscillator strength) was expected to be useful for plasma diagnostics. The Boltzmann plot method
was used as a tool for selection of appropriate spectral lines and their spectroscopic data. The main result of the
paper are lists of W I, Mo | and Cr | spectral lines and spectroscopic data, which can be recommended for
purposes of diagnostics of plasma with such metal impurities.

PACS: 52.70.-m, 52.80.Mg

INTRODUCTION

Composite materials on a base of copper with
addition of refractory metals are widely used as electrode
or contact materials in electric industry applications (e.g.
relays, commutators, circuit breakers etc.). Plasma
emission spectrum of electric arc discharge between such
materials contains spectral lines of Cu (which are well
studied) and refractory metals (W, Mo and Cr). So such
plasma can be used as spectroscopic tool for analysis and
selection of W I, Mo | and Cr | spectral lines and their
spectroscopic data.

Spectroscopic data selection for atomic spectral lines
among all existing literature sources presents the separate
issue of plasma diagnostics. Critical analysis of up-to-
date works on determination of spectroscopic data of
copper atomic lines was performed [1], which allowed to
carry out their selection. Table 1 presents Cu | spectral
lines and their spectroscopic data (level energies,
oscillator strength) that were selected and recommended
for diagnostics of plasma with addition of copper.

Values of oscillator strengths for W I, Mo | and Cr |
from various sources are significantly different, so it is
reasonable to carry out their careful selection. Brief
overview of published works, deals with spectroscopic
data W I, Mo | and Cr I, has place in [2].

In order to apply diagnostic techniques of optical
emission spectroscopy, first, it is required to select
‘convenient’ spectral lines for plasma analysis, which
must meet following criteria: these lines are supposed to
be isolated in the emission spectrum and to be intensive
enough for their guaranteed registration. Moreover, the
difference between excitation energies of their upper
levels must be as large as possible, since it allows
determining the temperature with minimal error.

As it was mentioned before, the emission spectrum of
copper is well studied, so one can use plasma of arc
discharge between composite electrodes on copper base
to carry out the selection of spectral lines and
corresponding spectroscopic data of other elements,
which are present in plasma. Boltzmann plot method was
considered as a tool for selection of W I, Mo | and Cr |
spectral lines and their spectroscopic data.
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When plasma is in local thermodynamic equilibrium
(LTE), then the slopes of Boltzmann plot lines
corresponding to each spectroscopic plasma component
must be the same. This slope depends on the excitation
temperature of thermal plasma. In such manner, values of
oscillator strength for W I, Mo | and Cr | spectral lines,
which are in the best correspondence with the slope
determined by intensities of Cu 1 spectral lines in
Boltzmann plot, can be chosen.

It should be noted that spectroscopic investigations of
electric arc discharge plasma, which contains vapours of
more than one chemical element, require accurate
selection of spectral lines for diagnostics. Particularly,
Mo I, W I and Cr | spectra contain the large number of
closely-spaced spectral lines with comparable intensities.
In case of spectral device with low resolution capability,
such lines can be registered as one non-separated line.

Such problem can be solved by accurate account of
each component’s contribution into the total intensity of
non-separated spectral line, or by application of device
with high spectral resolution for investigation of spectral
lines’ profiles, for instance, device with cross dispersion.

Table 1
List of recommended Cu | spectral lines
and corresponding spectroscopic data for diagnostics
of plasma with addition of copper vapours [1]

A, nm Ey, eV E;, eV Oifi

4275 4.84 7.74 0.9097
465.1 5.07 7.74 1.4218
510.5 1.39 3.82 0.0197
515.3 3.79 6.19 1.6466
521.8 3.82 6.19 1.9717
570.0 1.64 3.82 0.0057
578.2 1.64 3.79 0.0130
793.3 3.79 5.35 0.4246
809.3 3.82 5.35 0.6120
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1. EXPERIMENTAL INVESTIGATIONS
1.1. SPECTROSCOPIC DATA OF MO I LINES

For selection of Mo | spectral lines and corresponding
spectroscopic data, plasma of electric arc discharge of
3.5 A current in argon flow was studied. Composite
Cu-Mo electrodes produced by technology of electron-
beam vaporization with further vacuum condensation.
Content of molybdenum in the electrodes composition
varies from layer to layer and ranges from 1 to 20 % with
average value of 12 %.

Fig. 1,a shows Boltzmann plot for Cu | (Table 1) and
Mo | spectral lines. Solid line is drawn through points,
which correspond to Cu | spectral lines, and dashed line —
through points corresponding to Mo | spectral lines.

Selected values of oscillator strengths for Mo |
spectral lines, which provide the best match of slopes in
Boltzmann plot (Fig. 1,b), are presented in Table 2.

Radiative transition probability Ay, oscillator strength
fii, product of statistical weight of energy level by
oscillator strength g,fq or decimal logarithm of this
product Ig(gkfi;) are given in different sources. In order to
simplify the analysis, all spectroscopic data were
converted into products of oscillator strengths by
statistical weights.

Table 2
List of recommended spectral lines of Mo 1, excitation
energies and corresponding products of oscillator
strengths by statistical weights

A, nm E., eV E;, eV ofii  |Reference
441169 | 2.08 4.89 1512 | [8]
473.144 2.62 5.24 1.551 [6]
476.016 2.65 5.25 2.031 [6]
550.649 1.34 3.59 1.149 [7]
553.303 | 1.34 3.58 0854 | [7]
557.044 | 1.34 3.56 0460 | [7]
603.066 1.53 3.59 0.359 [5]
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1.2. SPECTROSCOPIC DATA OF W I LINES

With the aim of spectral data selection, the plasma of
electric arc discharge of 3.5 A current in argon flow
between composite Cu-W electrodes (Cu:W — 50:50) was
studied.

On the basis of analysis of plasma spectrum [9] of
electric arc discharge between composite Cu-W
electrodes (Fig. 2,a), following W I spectral lines were
preliminarily selected for diagnostics: 429.4; 430.2;
468.0; 475.7; 484.3; 488.6; 498.2; 500.6; 501.5; 505.3;
522.4, and 551.4 nm.

Boltzmann plots for Cu | and W | spectral lines are
shown in Fig. 2,a. One can see that spectroscopic data
listed in work of [10] are in good agreement with linear
approximation, but give temperature,  which
significantly lower than that obtained using Cu I lines.
This can be explained by the fact that plasma
temperature (T = 4300 £ 150 K) obtained by Kirsanova
[10] is lower than typical temperature under similar
experimental conditions (5500...9000 K depending on
metal content). Thus, there is a systematic error of
calculation of absolute values of transition probabilities
of W I lines in cited work.

Slight deviation from linear approximation in the
neighborhood of W I lines 522.46 and 551.4 nm can be
explained by large number of spectral lines and
intensive continuum emission, which may lead to
increased registered intensity in comparison with real
intensity of spectral line.

However, since the location of points corresponding
to W | spectral lines 468.05; 484.38; 488.69; 498.26;
500.615; 501.531; 505.33 nm is in good agreement with
the slope obtained from the copper lines. These lines
can be used in diagnostics of plasma with addition of
tungsten.

The best match in slopes of copper and tungsten
lines in Boltzmann plots (Fig. 2,b) is achieved using the
spectroscopic data from work of [12] (Table 3).
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Fig. 1. Boltzmann plot involving Cu | and Mo | spectral lines(a) and selected spectroscopic data (b) for the axial
point of the middle cross-section of plasma of electric arc discharge between Cu-Mo electrodes
at current 3.5 A in argon flow
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Fig. 2. Boltzmann plot involving Cu I and W | spectral lines(a) and selected spectroscopic data (b) for the axial point
of the middle cross-section of plasma of electric arc discharge between Cu-W electrodes
at current 3.5 A in argon flow

Table 3
List of recommended spectral lines of W | excitation
energies and corresponding products of oscillator
strengths by statistical weights

A, NM Ey, eV Ei, eV ofii  |Reference
468.05 0.60 3.25 0.032

484.38 0.41 2.97 0.034

488.69 0.77 3.31 0.032

498.26 0.00 2.49 0.005

500.615 0.77 3.25 0.031 [12]
501.531 0.60 3.07 0.018

505.33 0.21 2.66 0.022

522.466 0.60 2.97 0.025

551.47 0.41 2.66 0.010

1.3. SPECTROSCOPIC DATAOFCr |
LINES

Plasma of electric arc discharge of 3.5 A current
between Cu-Cr-W electrodes was studied to perform the
selection of Crl spectral lines and corresponding
spectroscopic data. Electrodes were produced from
metal powders with mass ratio of components Cu:Cr:W
—49:49:2. Spectral lines of W | are practically absent in
the spectrum, except the weak line W 1 522,4 nm, due to
the low content of this metal in electrode composition.

As a result of spectrum analysis, Cr | lines 435.18,
458.01, 464.62, 487.08, 532.83 and 540.98 nm were
selected for plasma diagnostics, which are not
overlapped and are intensive enough to be
experimentally registered.

Analysis of Boltzmann plots allows to carry out the
selection of values of oscillator strengths for Crl
spectral lines (Fig. 3). It should be noted that data for
spectral lines Cr | 487.080, 532.834, 540.979 nm
presented in few sources vary insignificantly, so
references to these three works are listed in Table 4
altogether.
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Fig. 3. Boltzmann plot involving Cu | and Cr | spectral
lines) for the axial point of the middle cross-section of
plasma of electric arc discharge between Cu-Cr
electrodes at current 3.5 A in argon flow

Table 4
List of recommended spectral lines of Cr | excitation
energies and corresponding products of oscillator
strengths by statistical weights

A, Nm Ey, eV E;, eV Okfii Reference
435.177 1.03 3.88 0.331 [18]
458.006 0.94 3.65 0.038 [19]
464.617 1.03 3.70 0.193 [19]
487.080 3.08 5.62 112  |[15,16,17]
532.834 291 5.24 2.88 |[15,16,17]
540.979 1.03 3.32 0.189 [[15,16,17]

CONCLUSIONS

In this paper, analysis of spectroscopic data from
various literature sources of W I, Mo | and Cr | spectral
lines was performed. Fundamentals of spectroscopic
diagnostics of plasma of electric arc discharge with
addition of tungsten, molybdenum and chrome are
developed. On the basis of emission spectra analysis
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and population of energy levels of metals in Boltzmann
plots, WI, Mol and Crl spectral lines and
corresponding values of spectroscopic data, which are
appropriate for the purposes of such plasma diagnostics
were chosen.
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CHEKTPOCKOIIUA IIVIABMBI QJIEKTPOAYT'OBOT' O PA3PAJA C IPUMECAMM W, Mo, Cr
A.B. Jlebeowv, A.H. Bexnuu, T.A. Tmenosa

MeTtoaMu ONTUYECKONH SMUCCHOHHOM CHEKTPOCKOIUK MCCIICI0BaHA IIa3Ma 3JICKTPOIYyrOBOTO pa3psiia MExIy
kommo3utHeIME Cu-W, Cu-Mo u Cu-Cr snekrpogamu. [TockombKy 3HaYCHHS CHI OCIMILIATOPOB It uHuA W I,
Mo | u Cr |, npencraBieHHbie B pa3HbIX JHUTEPATYPHBIX HCTOYHUKAX, CYIIECTBEHHO Pa3IMYaIOTCS, TO CUYHUTAIOCH
[EeNecO00pa3HbIM  MPOBECTH  CEJICKIUIO0 CIEKTPOCKOIMMYECKUX KOHCTAHT [AHHBIX JIIEMEHTOB, [UIA 4Yero
UCIIONB30BAJICS MeEToN auarpaMM bonbpiMana. OCHOBHBIMH — pe3yJbTaTaMH paOOTHl  SBISIOTCS  TaOJHUIBI
cnektpanbHbix JmHUE W1, Mol m Crl, a Takke COOTBETCTBYIOIIUX CIIEKTPOCKOMMYCCKUX JIaHHBIX,
PEKOMEHIOBAaHHBIX JIJIS TUATHOCTUKH I1JIa3Mbl C IPUMECSIMH STHX METAIJIOB.

CHEKTPOCKOIIIA ITJIA3ZMMU EJEKTPOAYTI'OBOI'O PO3PALY 3 JOMIIIKAMM W, Mo, Cr
A.B. Jle6iov, A.M. Bexnuu, T.A. Tmenosa

MetogamMn onTHYHOI €MICIHHOI CHEKTPOCKOMil JOCHIIPKEHO IUIa3My eJIEKTPOIYTrOBOIO PO3PSAYy MiX
kommo3utHuMu Cu-W, Cu-Mo ta Cu-Cr enexrpogamu. OcKijbKkK 3HaYCHHs CHJI ocUUIsITOpiB [uist stiHi W I, Mo |
ta Crl, ski HaBeneHi y pi3HMX JITEPaTYpPHUX JUKEpeNax, CYTTEBO BIAPI3HSIOTHCS, TO BBAXKAIOCH 3a JOLIJIBHE
MPOBECTH CEJEKIII0 CHEKTPOCKOIYHMX KOHCTAaHT LUX €JEMEHTIB, Ui 4YOro BHUKOPHCTaHO METOJ Jiarpam
Bosprivana. OcHOBHMUMHM pe3yibTaTaMu poOoTH € Tabmuni crnekrpansHux niHid W I, Mol ta Crl, a takox
BIJITIOBIZIHI CIIEKTPOCKOIIIYHI JIaHi, SKi PEKOMEHIOBaHI JJ MIarHOCTHKH IUTa3MH EJIEKTPOIAYTOBOTO PO3PSAY 3
JIOMIIIKAMH [[UX METAIIB.
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