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Plasma of electric arc between Cu-Ni electrodes in the assumption of local thermodynamic equilibrium was in-
vestigated by optical emission spectroscopy. Temperature radial profiles in plasma column were obtained by Boltz-
mann plot techniques. Copper spectral lines were used to measure temperature distribution. Selection of Ni I spectral
lines was carried out. Spectroscopic data of some optical transitions of nickel atom is testified.

PACS: 52.25.0s, 52.70.-m, 52.80.Mg

INTRODUCTION

The electric arc discharges take place often in the
current interrupt devices of electric industry. This phe-
nomenon causes the electric erosion of contact materi-
als, which are widely used in production of such kind
equipment. Nowadays, so-called “composite materials”
are proposed to be used in fabrication of electrodes or
contacts of switching devices. In addition, this type of
materials is applicable in the sliding contacts of electric
transport. The advantage of such materials is a combina-
tion of high erosion resistance, high thermal conductivi-
ty and electrical conductivity. Namely, the appropriate
erosion properties of composition are due to high melt-
ing component in its content (e.g. tungsten, molyb-
denum or metal oxides) [1]. The good electrical and
thermal conductivities are provided usually by low
melting component (e.g. copper or silver). Such compo-
site materials are fabricated typically by techniques of
powder metallurgy [2, 3].

Obviously, development of contact composite mate-
rials can not be improved without careful examination
of electric arc influence on working layers at electrode
surface. It is naturally to study effects of arc plasma on
erosion properties of such composites. Therefore one
can be able to measure and control plasma parameters
during such kind investigations.

Nowadays, electrical probes, microwave and laser
diagnostics are widely used in laboratory plasma stud-
ies. Nevertheless optical spectroscopy (emission and/or
absorption) is more preferred due to its non-perturbation
contactless effect [4].

Plasma optical emission spectroscopy and laser ab-
sorption spectroscopy techniques were previously de-
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veloped in diagnostics of free burning electric arc in air
between composite Ag—CuO, Ag-SnO,~-Zn0 and Cu-C
electrodes [5-7]. The arc discharges of 3.5 or 30 A
between the flat end surfaces of non-cooled rod elec-
trodes in assumption of local thermodynamic equilibri-
um (LTE) in plasma were investigated. Such arcs can be
used as model sources of real arc discharges in the cur-
rent interrupt devices of electric industry.

The main aim of this paper is the development of
optical emission spectroscopy techniques of electric arc
plasma with copper and nickel vapours. Namely, within
this study the selection of spectral lines of nickel atom
and its spectroscopic data is carried out. So, it can be
possible to investigate at the next steps the problem of
interactions of arc plasma — composite Cu-Ni electrodes
surface on the base of obtained in this research data.

1. EXPERIMENT
1.1. EXPERIMENTAL SETUP

The free burning electric arc was ignited in air be-
tween the end surfaces of the non-cooled electrodes.
The discharge gap was 8 mm and the arc current was
3.5 A. Electrodes are positioned vertically: upper elec-
trode — Ni (cathode), the bottom electrode — Cu (anode).
Such type of arc is an initial model of electric discharge
between composite Cu-Ni electrodes. Some reference
data of copper and nickel one can find in Table 1.

In this work the diagnostic technique for simultane-
ous registration of spectral and spatial distribution of
emission intensity of electric arc, which was previously
developed [8], is used. Grating spectrometer and digital
camera on charge-coupled device (CCD) base were
used (Fig. 1).
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Fig. 1. Optical scheme of experimental setup [8]

The simultaneous registration of spatial intensity
distribution in spectral range 400...660 nm is realized
by optical scheme of experimental setup with diffraction
grating 600 g/mm.
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The additionally developed graphical user interface
for treatment of obtained spectra images is able to real-
ize the following functions [8]:

— interpretation of spectra;
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— calibration of CCD-matrix spectral sensitivity by
tungsten ribbon lamp;

— determination of spatial intensity distribution;

— transformation of observed intensity of radiation
into its local values.

Because side-on (lateral) observation of plasma ob-
ject was realized by developed experimental setup, it is
necessary to use Abel inversion for obtaining of local
values of intensity. The Bockasten technique for Abel
inversion [9] was used in assumption of axial symmetry
of investigated plasma source in graphical user interface
as well [8].

1.2. EXPERIMENTAL PEQULIARITIES

The non-uniform spectral sensitivity of the CCD ma-
trix was taken into account in the process of registration
of plasma emission spectra of arc between such elec-
trodes.

The most sensitivity of used matrix is in the range of
wavelengths of 500...600 nm. To correct a non-uniform
spectral sensitivity of the CCD matrix in the investigat-
ed wavelength range of 400...600 nm during experi-
ments the etalon tungsten ribbon lamp was used (see
section 1.1).

Table 1
Data of elements Cu | and Ni I. Part |
Electrical con-
Thermal conduc- ca izati
Melting point, K | Boiling point, K | .; erma condic ductivity, Electronic Ionlzat_lon
tivity, w/(m- K) s potential,
Element | (at normal pres- | (at normal pres- it ¢ 1/(Ohm-m) configuration eV
sure) [11] sure) [11] (aBO%mperzillure (at temperature [13] [14, 15]
K) [11] 300 K) [12] !
Copper 1356 2816 401 58.8 3d%4s' (cuny | 7.72
Nickel 1728 3073 01 14.7 3d°4s” (Ni 1) 7.63
Table 2
Data of elements Cu | and Ni I. Part 11
Element | A, nm Transition i — j gj Oi Ej, eV | E, eV | g;fi[16] | g; fii [17] g; fii [5]
510.5 3d°4s” —3d"%p 6 | 4 | 138 | 381 | 00312 | 002 0.0197
oy 5183 3d"°4p—3d"4d 2 | 4 | 378|619 | 09 1.9 1.6466
u
521.8 3d"%4p—3d"4d 4 | 6 | 381|619 | 184 | 24 1.9717
570.0 3d°4s” —3d"4p 4 | 4 | 164 | 381 | 00048 | 0.0069 | 0.0057
578.2 3d°4s"—3d"4p 4 | 2 | 164 | 3.78 | 001656 | 0.027 | 0.0130
83 3o
a0y | S0 (PAsap(P)— 9 | 11 | 319|600 | 117 | 68 -
3d 4s( F)5s
4459 | (3F)sp z5D—s4F)5se5F | 7 8 | 330 | 6.08 - 3.7 -
NIT 5035 | 3d°CDyp—3d’ (D, )ad | 7 | 9 | 363 | 609 | 196 | 7.9 -
508.4 | 3d’(‘D)4p—3d°(D,)4d | 7 9 | 367 | 611 | 1.05 2.1 -
547.6 3d" —3d°('D)4p 1 | 3 | 182|408 | 013 | 021 m

The non sufficient dynamical range of this kind of
matrix is the additionally problem in spectra registra-
tion. The appropriate exposure time was chosen in every
experiment to realize the optimal measurement of spec-
tral line intensity. With this aim the neutral optical fil-
ters can be used as well.

1.3. MEASUREMENT TECHNIQUES

Optical emission spectroscopy is used in plasma di-
agnostics [10]. Plasma emission spectrum of the arc dis-
charge between copper-nickel electrodes is shown in
Fig. 2. Spectral lines of copper and nickel atom are well
recognized in this spectrum. As soon as the selected for
diagnostics spectral lines are not overlapped with the
spectral lines of another plasma components it is possible
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to use them in the temperature determination by the
Boltzmann’s plot technique.

It must be noted that the recorded intensity of each
spectral line is a result of the integration along the line of
sight. To determine its local values the integral equation
must be solved, which depends on the type of the distri-
bution function of the local intensity values. As it was
mentioned above, this problem has a solution in the case
of axial symmetry of the distribution function of the local
radiation intensity, and then the solution has the form of
Abel's integral transformation [9]. To use this solution
correctly each measurement was carefully examined from
the point of view of axial symmetry of observed emission
distribution. So, the radial plasma temperature distribu-
tion was determined by Boltzmann plot method under the
assumption of LTE.
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Fig. 2. Spectrum of electric arc between Cu-Ni electrodes

2. RESULTS AND DISCUSSIONS

It must be noted that plasma emission spectrum of
electric arc between Cu-Ni electrodes, which is shown
in Fig. 2, was obtained with taking into account of real
CCD matrix sensitivity. So, intensities of Cu | and Ni |
spectral lines can be used in measurements of plasma
parameters.

Among the optical emission spectroscopy tech-
niques, methods of relative intensities of spectral lines
and Boltzmann plot are the most common for the plas-
ma temperature determination.

For the application of these methods, first of all it is
necessary to select “convenient” spectral lines for the
diagnostics, which must satisfy certain requirements.
Namely, these lines should be well isolated in the radiation
spectrum and have suffcient intensity to their reliable regis-
tration. In addition, the difference between the excitation
energy of the upper levels should be as large as possible to
determine the temperature with a minimal error.

Spectral lines of copper atom Cul 510.5, 515.3,
521.8, 570.0, 578.2 nm were chosen to measure radial
profile of plasma temperature by Boltzmann’s plot
technique. Previously this method of diagnostics on the
base of these lines was performed and corresponding
spectroscopic data were recommended [18] in such
thermal plasma spectroscopy (Table 2).

With the aim of validation of obtained results it is
interesting to measure temperature of arc discharge
plasma by both kind of spectral lines — copper and nick-
el atoms as well. Initially spectral lines Nil 547.6,
508.4, 503.5, 445.9 and 440.1 nm were selected (see
Table 2). Spectroscopic data, namely, oscillator
strengths for these optical transitions one can find in
[16] or [17]. It seems reasonable to find the most com-
plete and comprehensive information about spectral
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lines of Ni | in NIST database [16]. Nevertheless, both
of abovementioned sources of spectroscopic data must
be carefully examined.

ln(Jlsff;i%), au

B-Cul
S82lm A-Nil[l6]
341 S0 5
5105 Q-Nil[17]
36
ETN 5218
5153
- A 5084
A0 "= 5084
A A 5035
440.1
4F o 5035
05 us9
.44 1 L 1 M 1 M 1 1 ]
35 4.0 45 50 55 6.0 6.5

E/k, 10'K
Fig. 3. Boltzmann plot involving of spectroscopic data for
copper and nickel lines for the axial point of the average
cross-section of plasma of free burning electric arc dis-
charge between Cu-Ni electrodes at current 3.5 4

In Fig. 3 Boltzmann plot, involving of spectroscopic
data for copper [5] and nickel [16 and 17] lines, for the
axial point of the average cross-section of plasma of
free burning electric arc discharge between Cu-Ni elec-
trodes at current 3.5 A is shown. Two straight lines are
drawn in this Figure, the slope of which corresponds to
the temperature obtained by the Cu I spectral lines. This
assumption can be able to use if plasma is in local ther-
modynamic equilibrium. So, both straight lines (solid
line for copper and dashed line for nickel) must be de-
fined by the same excitation temperature of thermal
plasma in this point of discharge volume. Due to the
uncertainty of the real ratio between the concentrations
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of atoms of nickel and copper it can not be possible to
select spectroscopic data from sources [16] or [17] in
the proper way. Therefore both of these spectroscopic
data were used in measurements of the radial tempera-
ture profile.
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Fig. 4. Boltzmann plot involving of spectroscopic data for
copper and nickel lines for the axial point (a) and radial
distance 0.85 mm (b) and 1.81 mm (c) of the average
cross-section of plasma of free burning electric arc dis-
charge between Cu-Ni electrodes at current 3.5 4

Additional remark is concerned to the spectral lines
Ni | 503.5, 445.9 and 440.1 nm. In real experiments
with electric discharge at arc current 3.5 A the radiation
intensities of these lines are not sufficient. Therefore,
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these lines should be removed from further considera-
tion.

In Fig. 4 Boltzmann plots involving of spectroscopic
data for copper and nickel lines for the axial point (see
Fig. 4,a), and radial distance 0.85 mm (see Fig. 4,b), and
1.81 mm (see Fig. 4,c) of the average cross-section of
plasma of free burning electric arc discharge are shown.

One can see that in plasma diagnostics only spectral
lines Ni | 547.6 and 508.4 nm (for spectroscopic data [16,
17]) under these experimental conditions can be used.
These lines are well isolated in the spectrum emission and
have sufficient intensities. The difference between the
energies of excitation of the upper levels is 2 eV.

So, to determine radial temperature distribution of
plasma arc discharge between Cu-Ni electrodes spectral
lines Ni | 547.6 and 508.4 nm (Fig. 5, curves 1, 2) and
Cul 510.5, 515.3, 521.8, 570.0, 578.2 nm (see Fig. 5,
curve 3) were used. The radial temperature profiles
obtained by Boltzmann plot method on the base of Cu |
spectral lines (curve 3) and Ni I spectral lines (curve 2)
with spectroscopic data [17] are coincide within meas-
urement error.

The appropriateness of utilization in plasma diag-
nostics of spectroscopic data [16] is under discussion
now. Therefore additional careful investigations by
different techniques must be carried out to validate these
data.
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Fig. 5. Radial distribution of plasma temperature of
electric arc discharge between Cu-Ni electrodes at
current 3.5 A, obtained by Boltzmann plot method using
Ni I (curve 1 and 2), Cu I (curve 3) spectral lines

CONCLUSIONS

Thermal plasma of electric arc discharge in air be-
tween Cu-Ni electrodes at arc current 3.5 A in the as-
sumption of local thermodynamic equilibrium was in-
vestigated by optical emission spectroscopy. Nickel
electrode was used as a cathode and copper was used as
anode material. Such type of arc is developed as an
initial model of electric discharge between composite
Cu-Ni electrodes.

The radial profiles of temperature in discharge col-
umn were obtained by Boltzmann plot techniques. Cop-
per spectral lines Cul 510.5, 515.3, 521.8, 570.0,
578.2 nm were used to measure the radial distribution of
plasma temperature. Selection of Ni | spectral lines for
purposes of plasma diagnostics was carried out as well.
Spectroscopic data of some optical transitions of nickel
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OCOBEHHOCTH CHEKTPOCKOIIMA TEPMHUYECKOM ILIA3ZMBI C TIAPAMHW MEJIA 1 HUKEJISI
A.H. Bexknuu, M.M. Knewiuu, B.B. Bawenxo, H.A. Ky3vmunckan

MeTogaMu ONTHYECKOW SMHUCCHOHHON CIIEKTPOCKONIMH HCCIEI0BaHA IIa3Ma 3JIEKTPOLYTOBOTO pa3psaaa MExXIy
anektpomamMu CuU-Ni B TpEIoNoKeHHH JOKATBHOTO TEPMOJMHAMHYECKOTO pPaBHOBECHs. METOIOM IHarpaMm
Bonprmana mosrydeHs! paguansHbIe TPOQHIN TeMIIepaTypsl B ITa3MeHHOM cToibe. [ onpeaeneHus pacmpenere-
HUS TEMIIEPaTyphl UCTIOJIF30BAHBI CIICKTPATbHBIEC JIMHIH aToMa MeIu. BEIToTHeHa CeNeKIHsl CIIeKTPAIbHBIX JTHHUH
Ni |. JTnst HEKOTOPBIX ONTHYECKHUX MEPEX00B aTOMa HHUKEIS BBITOJHEHA SKCIIEPHMEHTAIBHAS IPOBEPKa CIIEKTPO-
CKOTIMYECKUX JTAaHHBIX.

OCOBJHUBOCTI CHEKTPOCKOIII TEPMIYHOI IIJIA3MM 3 TAPAMM MIJII TA HIKEJIIO

A.M. Bexnuu, M.M. Knewuuy, B.B. Bawenxo, 1.0. Ky3omincoka
MeroamMu ONTUYHOT €MICIHHOT CIEKTPOCKOIIT JOCIHIIKEeHA IIa3Ma eJIEKTPOYTOBOIO PO3PSLY MiXK €JIeKTpoaa-
mu Cu-Ni y npunyuieHHi JoKanabHOI TepMOIHHAMIYHOI piBHOBark. MeTomoMm aiarpam BombiiMana oTpuMaHO pajia-
JbHI PO3NOALIN TEMIEPATypH B IJIa3MOBOMY CTOBIHI. /Il BU3HAYEHHS PaiaibHOrO PO3MOIITY TEMIIEpaTypy BUKO-
pHcTaHO crieKTpalibHi JIiHii aToMa Mini. Bukonana cenexuis crnekrpainbHux jiHii Ni I. st nesikux onTu4HuX nepe-
XOJIiB aTOMa HiKeJI0 BUKOHAHA eKCIIEPIMEHTAIbHA TIePEeBipKa CIIEKTPOCKOMIYHIX TaHUX.
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