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LASER ABSORPTION SPECTROSCOPY OF ELECTRIC ARC DISCHARGE PLASMA
WITH COPPER IMPURITIES

Technique of laser absorption spectroscopy was applied for diagnostics of electric arc plasma between composite Cu-Mo
electrodes. Spatial brightness distributions of laser emission were registered by CCD-matrix in realized experimental scheme. The
graphical user interface for experimental data treatment was developed. Expected experimental errors are estimated. Obtained spatial
distributions of copper atomic energy level Dy population were used for calculation of plasma composition in assumption of local

thermodynamic equilibrium.
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Introduction. Diagnostic of plasma is important part of
numerous  scientific  investigations and industrial
applications. The optical emission spectroscopy is the most
widely used method for arc plasma diagnostic [7]. It is well
known, that laser based techniques can significantly
expand capabilities of plasma diagnostics.

Different approaches of laser based techniques were
applied for arc plasma diagnostics. In work [6] distribution of
tungsten impurities in atmospheric arc was obtained by
techniques of laser-induced fluorescence. Thomson
scattering of laser emission were used in work [8] for
obtaining of electron density, gaseous and electron
temperature distributions. Two dimensional distribution of
electron density was obtained by Shack-Hartman method in
work [5]. This method provides determination of refractive
indexes, which depends on electron density in plasma.

Methods based on absorption of laser emission by
plasma components also can be applied for arc plasma
diagnostics. Particularly, method of linear laser absorption
spectroscopy (LAS) provides simultaneous registration of
plasma properties in different spatial points [1, 9].

Applications of copper based composite materials in
the electrical engineering industry stimulate the interest in
studying of the arc discharge plasma between such
electrodes. It is reasonable to investigate such plasma by
LAS with using of copper vapor laser.

The main aim of this work is determination of spatial
distribution of copper atoms in the plasma of electric arc
discharge between Cu-Mo electrodes by LAS. Analysis of
obtained results is carried by specially developed graphical
user interface. Obtained results are discussed as well as
occurred errors.

Experimental setup. The arc was ignited between
non-cooled electrodes in argon flow 6.4 slpm. The
discharge gap was 8 mm and arc current was 3.5 A. Cu-
Mo composite electrodes fabricated by electron beam
evaporation and following condensation in vacuum were
used. These electrodes have layered structure, content of
molybdenum changes from layer to layer in range 1%-—
20%; average content of molybdenum was 12%.

Copper vapor laser "Kriostat 1" was used as source of
probing emission on wavelength 510.5 nm, which is
absorbed by copper atoms in arc plasma volume. Grade of
laser emission absorption depends on population of copper
atomic energy level ?Ds,. As diameter of laser beam
exceeds dimensions of arc plasma, so absorption
distribution for different spatial points can be
simultaneously registered by CCD-matrix (Fig.1).

Registered brightness distributions of reference laser
beam and absorbed emission were used for determination
of plasma properties. Reference image of spatial
distribution of brightness in laser beam without arc is
shown in Fig.2, a. The image obtained in presence of the
arc is shown in Fig.2, b. These images were registered at
the same operation conditions. CCD-matrix dynamic range
selection was realized by changing of exposure time.

Graphical user interface for treatment of brightness spatial
distribution (images) was specially developed. It allows:

= visualization of obtained brightness distributions;
= interactive selection of studied cross-section;
= determination of absorption characteristics for selected
cross-section;
= determination of local values of absorption coefficient
by Abel transformation.
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Fig. 1. Optical scheme of linear laser absorption spectroscopy
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Optical thickness t at fixed wavelength and at every
spatial point can be given as:

b,

t=In ref - t=In—2

, ifb,, =0,

absorbed barc

where b, and b, ...

absorbed

are brightness of reference and

absorbed by plasma laser emission; b, is brightness of

own arc emission. It has been experimentally found that
influence of own arc emission is negligible in studied
experimental conditions. Absorption characteristics were
calculated for middle cross-section of the arc column; radial
profile of optical thickness 1 is shown in Fig.3, a.

As soon as side-on (lateral) registration of intensity
distribution has place in proposed experimental setup,
therefore local values of absorption coefficient « can be
obtained from t by solving of Abel equation:
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where r,is radius of visible arc region,

derivative of optical thickness.

Generally it is complicated problem, which can be
significantly simplified in case of axisymmetric arc confi-
guration. The method [4] of Abel transformation was applied:
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v is spatial

where j and k are indexes of local and observed

characteristics, a, are appropriate transformation

coefficients. Obtained in this way local values of absorption
coefficient k are shown in Fig.3, b.

b)

Fig. 2. Spatial distributions of brightness in reference laser beam (a) and in presence of the arc (b)

As far as half width of laser spectral line is narrower
than absorption line of plasma, so k can be assumed as
absorption in the center of spectral line. Population of
absorbing atomic level ?Ds, was calculated with regard to
spectral line contour. Since, Doppler broadening dominates
for this line at 3.5 A current, so its profile can be described

by Gaussian function with half width AX, .

AxD=7.16-10'7-x~\/f,
M

where M is atomic weight, T is previously measured
plasma temperature [3].

So, population N, (Fig.4) of lower energy level can
be given as:

K-AL
N=——-"2
“ 81910 .1, .22

where f,, and A are oscillator strength and wavelength of
the absorbing spectral transition.
It must be noted, that these population values are

independent on local thermodynamic equilibrium assumption.
Calculation of plasma composition. Distribution of

copper atom concentration N, (Fig.5) can be calculated

according to Boltzmann law with using of previously
obtained temperature profile:
E, j

N, =
exp| -2
g ( T

where 2¢, is partition function of copper atom, g, and E;
statistical weight and energy of absorbing level.

Nk i 2“Cu
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Fig. 3. Radial profiles of optical thickness 1 (a) and local values of absorption coefficient « (b)
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Fig. 4. Radial profiles of population of lower energy level N,

Plasma of electric arc discharge between Cu-Mo in
argon flow generally contains atoms and ions of copper,
molybdenum and argon. Plasma in state of local
thermodynamic equilibrium can be described by equations
set [2], which consist of Saha equations for each plasma
component, equation of charge neutrality, perfect gas law.
Additionally, expression for ratio of Cu and Mo atoms'
concentration in plasma volume were included into
equations set. This expression can be obtained from ratio

of Cul 510.5 and Mol 550.6 nm spectral lines intensities:
ECU
h — ICu 'ZCu A‘?}u '(gf)Mo ‘€ T

N Ewo
e IMotha‘kf/Io'(gf)Cu‘ekT

where 3¢, are 2y, are partition functions of copper and
molybdenum atoms, (gf),, (¢f),, and Eg,.E,, are

oscillator strengths and energies of appropriate spectral
lines. lcy and Iyo, Acy and Apmo are intensities and
wavelengths.

Calculated in this way plasma composition is shown in
Fig. 6. One can see that atomic argon is dominant plasma
component.

Fig. 5 Radial profiles of concentration of copper atoms

Electric conductivity of plasma channel mainly supports
by ionization of copper. Contribution of molybdenum ions in
plasma conductivity is relatively low, because amount of
molybdenum vapors is lower than copper one. However,
ionization degree of molybdenum is high, the main reason
of that is low ionization potential of molybdenum in
comparison with copper and argon.

It would be interesting to follow influence of initial
electrodes' composition and structure on plasma properties.

In work [2] were performed investigations of Cu-Mo
composite electrodes composed of 50 % copper and 50 %
molybdenum (by mass), which was fabricated by methods
of powder metallurgy. Contents of metallic vapor for
powder metallurgy technology (curve 1) and for electron
beam evaporation and following condensation in vacuum
(curve 2) are shown in Fig. 7. One can see that in case of
the last technology the content of metallic vapor is lower.
So, erosion properties of these electrodes are better at
conditions of experiment.

Content of metallic vapor were calculated as:

XMe — NCu + NCu+ + NMo +NM0+ .100%’
Ng, +Ng,. + Ny +Nyo + N, +N,

0+

u+ r+
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Fig. 6. Calculated plasma composition

Estimation of errors. As far as technique of linear
laser absorption spectroscopy based on measurement of

brightness b, and b so standard deviation of

absorbed

optical thickness At can be estimated as:

2 2 12
ac=|[ b, | | A
abref 6babsorbed

babsorbed] ’
or in explicit form:

2 2 1/2
AT = [Abref J + [Ababsorbed ]
bref babsorbed

Error in determination of local values of absorption
coefficient k caused by Abel transformation, according to
method [4], it can be estimated as

Ak = At [Y a2,
k

where a, is appropriate Bockasten's coefficients.

Population of absorption level N, linearly depends
on x , therefore:

AN, =N, 2%
K

As N, depends on population of absorbing level

N, and plasma temperature T , so standard deviation can
be estimated as:

)
N,

2 2
AN, = AN, | + %.ATJ
oN, oT

After substitution and simplifying it can be given as:

\
ANCu_ &24_ 52.£ZA
N, Lk kT T '

In assumption of typical inaccuracy of brightness
measurements A%:OJ or 10% and acceptable
inaccuracy of plasma temperature determination no more
than 10%, relative error of copper concentration N, does

not exceed 27%.
Conclusions. Technique of laser absorption
spectroscopy was applied for diagnostics of electric arc
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Fig. 7. Content of metallic vapor in plasma of electric arc
discharge between Cu-Mo electrodes fabricated by different
technology

discharge between Cu-Mo composite electrodes.
Experimental setup and graphical user interface for data
acquisition and treatment are developed.

Proposed technique allows determination of copper
atoms concentration profiles, which were used in
calculation of plasma composition in assumption of local
thermodynamic equilibrium.

Obtained results indicate, that atomic argon is dominant
plasma component, while electric conductivity of plasma
channel mainly supports by ionization of copper and in
smaller degree by molybdenum ionization.

Content of metallic vapors in plasma of electric arc
discharge between composite electrodes fabricated by
electron beam evaporation and following condensation in
vacuum are significantly lower than for electrodes
fabricated by powder metallurgy.

Occurred errors are estimated with regards to uncertainty
of registration and treatment. Relative error of copper

concentration N, does not exceed 27% in the worst case.
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NA3EPHA ABCOPELINHA CMEKTPOCKOMISA NNIA3MU
ENEKTPOAYIOBOIo PO3PAAY 3 AOMILLKAMU Mial

Ansa OdiazHocmuku nnasmu enekmpody2oe020 po3psdy Mix kommnozumHumu Cu-Mo enekmpodamu 3acmocoeaHO MemoOuKy INiHiliHOI na3epHol
abcopbuyitiHoi cnekmpockonii. PeanizoeaHo ekcrnepuMeHmasnbHy cxeMy peecmpauil npocmopoeux po3nodinie iHMeHcueHocmi Ja3zepHO20
sunpomiHroeaHHs1 3a donomozoro [133-mampuyi. Po3pobneHo npozpamHuli iHmepdgpelic Kopucmyeaya Onsi o6pobKU eKcriepuMeHmasnbHuUX OaHux,
8u3Ha4yeHO UMOBIPHY eKcriepuMeHmanbHy noxubky. OmpumaHi npocmopoei po3nodinu 3aceneHocmi °Ds, pieHsi amomie Midi eukopucmaHo Ons
PO3paxyHKy ckiady nnasmu y npunyuweHHi 10KkansHOi mepMoOuHaMi4HOl pieHogazu.
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NA3EPHAA ABCOPBLMOHHAA CMEKTPOCKONNA NMIA3Mbl
ANEKTPOAYIroBOIro PA3PAOA C NPUMECBHIO MEAU

Ana OuaezHocmuku nna3mbl 3nekmpody208020 pa3psida Mexdy KomnosumHbimMu Cu-Mo anekmpodamu npumeHeHa MemoOuka na3epHol
abcopbyuoHHoli cniekmpockonuu. Peanu3oeaHa aJKcriepuMeHMasibHasi cxema peaucmpauyuu rpocMpPaHCMEEHHbIX pacnpedesieHuli UHMEHCUsHoCcmu
N1a3epHO20 u3sy4yeHusi ¢ rnomoubto 3C-mampuybl. PaspabomaH npozpaMMHbIli uHmepgbelic nonb3oeamensi st 06pabomku 3KcrepUMeHMasbHbIX
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PROPAGATION OF TEMPERATURE WAVES IN MEDIUM
WITH INTERNAL THERMAL RELAXATION

In this article the wave solutions of heat transfer equations, for classical model and for two alternative non-stationary models
(hyperbolic and model with a time delay) have been studied. Modeling of temperature impulse propagation was performed according to
dispersion relations obtained from heat transfer equations. It was shown that propagation of temperature impulse in non-stationary
models could significantly differ from temperature diffusion in classical model. This can be used for signal transmission and that

temperature waves could be used for delay line construction.

Keywords: wave heat transfer, non-stationer models of heat transfer, temperature impulse propagation, undumped temperature

waves, dispersion of temperature waves.

Introduction. For the long time the heat transfer
problems were regarded using only a classical Fourier's
hypothesis that heat flux is proportional to a module of
temperature gradient and have opposite direction. In the
50" of the last century first attempt to regard non-
stationary heat transfer processes were made by
Cattaneo and Vernotte, what leads to a hyperbolic
equation for temperature field [2, 12]. Since then the
hyperbolic and non-linear parabolic heat transfer models
were intensively studied and a big amount of new heat
transfer regimes were established, such as traveling
waves, blow-up regimes and some others [7-11].
Hypothesis of finite velocity of thermal signal propagation
became especially popular in last two decades. Also the
non-stationary solutions, such as the temperature waves,
started to attract attention of researchers, especially for
application in the scanning thermo wave microscopy
(STWM), which is one of the method to investigate the
under layers of surface for the purpose to determine heat
conductivity [1, 5, 6]. In present work we regard thermal
wave solutions not only for a classical heat transfer
model but also for non-stationary models: hyperbolic and
with time delay. Obtained relations of dispersion were
used for modeling of temperature impulse propagation,
regarding the possibility to use temperature field for
signals transmission.

Wave solutions of heat transfer equations. General
form of classical heat transfer equation is
oT(x,t)
c———~=XAT(x,t
Pt (1) (1)

where p is density, ¢ is heat capacity and A is heat
conductivity. Suppose that:

T= Toei((nt—kx) 2)
From (1) and (2) and regarding that k is a complex

value

+ 1k dispersion relation could be obtained:
ipce = (Kf — k3 ) - 20ty
It gives the system of equations:
1K -K3)=0
pcw+ 20k, =0 “)

In a second half of twenty century the hyperbolic heat
transfer equation became more common, especially in the
problems of laser impulse interaction with matter. Since the
duration of laser impulses could be very short, it yields to

@)

non-stationary problems of heat transfer [6]. Hyperbolic
heat transfer equation is as follows:
2
pC aT(X't)+rpca T(x0) MAT(x,t) (8)

ot o2
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