
ISSN 1728-2306                           ��������	
� �� �
�
�����
�. (1)19/2013 ~ 7 ~ 
 

 

 

�. �����, ���	. 
��.-
��. ����,  
��
. ��
�’������� ���������, ��	��
������� 
��������, 
�. �������, �����., �.!�����, ���., 
��
��
�"����-�#������������ "����,  
$. %�����, ���., ��
. 
���
�����, ����������� 
����� �� ��
�’������& ��&����'��,  
�������� ������& ��&����'��, %() �
. *����� +�������, %��� 
  

/0�123%4536 7$�7 $89%*70/9*74 �:6 0*71/4((6 ;4$0�1< !4:9=(0$*9> 79:4%$453? 
������������� ��	�
	���� �������� 
���	 �� ������	� �������	
����	� �������
���	� ������������� ��	���	� ������ � ������������	��� 

��� ���	����� ����	� �������
���	� ��	�	�. ���	���� ��
������	 ���������������� �� ����� ����� �231!. 
"������ �����: #$%#, �����������, �������
�� &������, ��	���� �����. 

 
�. �����, ���	. 
��.-
��. ����,  
��
. ��
��������� ���������, ��	��
��������� 
��������, 
�. �������, ������., �. !�����, ���., 
��
��
�"�����-�@����������@� "����,  
$. %�����, ���., ��
. 
���
�����, ������������� 
����� � ��
�������@& ��&����'��,  
�������� �@����& ��&����'��, %() �
. *����� +�������, %��� 
  

/0�121%4516 7$�) $89%*70/9*74 �:6 80:);9(16 �79/9((A< !4�1$1/0$*9> 79:4%$4511 
'�����(��) ��	�
	�	����)� ��������)� 	
�����	� � ��*������*	� �������	
	������)� �������
	���)� ������������� 

������	� ������� � �����������	��� ��� �������	� ����)� �������
	���)� ��	�)�. '�������)� ��
������) �����������	������� �� 
�	��� ���		 �231!. 

"�����)� �����: #$%+, �����������, �������
	� ������	, ������	� �����	. 
 
 
UDC 533.9.08 

A. Veklich, Ph.D., 
A. Ivanisik, Ph.D., 

A. Lebid, post grad. stud. 
Taras Shevchenko National University of Kyiv, Faculty of RadioPhysics 

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 5D5/2 population were used for calculation of plasma composition in assumption of local 
thermodynamic equilibrium. 

Keywords: optical emission spectroscopy, plasma of electric arc discharge. 
 
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 �ow 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 2D5/2. 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. 
© Veklich A., Ivanisik A., Lebid A., 2013
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Copper vapor 
laser 
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CCD-matrix

Arc

Fig. 1. Optical scheme of linear laser absorption spectroscopy 

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

Optical thickness �  at fixed wavelength and at every 
spatial point can be given as: 

� � � � � �
�

ln ln , 0,ref ref
arc

absorbed arc absorbed

b b if b
b b b  

where refb  and absorbedb  are brightness of reference and 

absorbed by plasma laser emission; arcb 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 �  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 �  by solving of Abel equation:  

� �
	�

� � �



�
�
0

1
2 2 2

1 ,
r

r

dx
x r  

where 0r is radius of visible arc region, 	�  is spatial 
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: 

� � � �

0

1 ,j jk kk a
r

 

where j  and k  are indexes of local and observed 
characteristics, jka  are appropriate transformation 
coefficients. Obtained in this way local values of absorption 
coefficient �   are shown in Fig.3, b. 

As far as half width of laser spectral line is narrower 
than absorption line of plasma, so �  can be assumed as 
absorption in the center of spectral line. Population of 
absorbing atomic level 2D5/2 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 ��D . 

��� � � � � �77.16 10 ,D
T
M

 

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

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

�

� � ��
�

� � � �20 2 ,
8.19 10

D
k

ki

N
f

 

where kif  and �  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 CuN  (Fig.5) can be calculated 
according to Boltzmann law with using of previously 
obtained temperature profile: 

� �
�

� �� �� �
� �

,
exp

k Cu
Cu

i
i

NN
Eg
kT

 

where �Cu is partition function of copper atom, ig  and iE  
statistical weight and energy of absorbing level. 
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Fig. 3. Radial profiles of optical thickness �  (a) and local values of absorption coefficient �  (b) 
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Fig. 4. Radial profiles of population of lower energy level kN  Fig. 5 Radial profiles of concentration of copper atoms 

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 CuI 510.5 and MoI 550.6 nm spectral lines intensities: 

� � � � � �
�

�� � � � �

2

2

( )

( )

Cu

Mo

E
kT

Cu Cu Cu Cu Mo
E

Mo kT
Mo Mo Mo Cu

N I gf e
N

I gf e
 

where �Cu are �Mo are partition functions of copper and 
molybdenum atoms, ( )Cugf , ( )Mogf  and CuE , MoE  are 
oscillator strengths and energies of appropriate spectral 
lines. ICu and IMo, �Cu and �Mo 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.  

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: 
� �

� � �

� � �
� �

� � � � �
100%,Cu Cu Mo Mo

Me
Cu Cu Mo Mo Ar Ar

N N N NX
N N N N N N
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Fig. 6. Calculated plasma composition Fig. 7. Content of metallic vapor in plasma of electric arc 

discharge between Cu-Mo electrodes fabricated by different 
technology 

Estimation of errors. As far as technique of linear 
laser absorption spectroscopy based on measurement of 
brightness refb  and absorbedb , so standard deviation of 
optical thickness �� can be estimated as: 

� �� � � ��� ��� ��� � � � � � �� � � �� �� �� � � �� �

1/22 2

,ref absorbed
ref absorbed

b b
b b

 

or in explicit form: 
� �� � � �� �� ��� � �� � � �� �� � � �� �

1/22 2

.ref absorbed

ref absorbed

b b
b b

 

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

�� � �� 
 2 ,jk
k

a  

where jka  is appropriate Bockasten's coefficients. 

Population of absorption level kN  linearly depends 
on � , therefore: 

��
� � �

�
.k kN N  

As CuN  depends on population of absorbing level 

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

� �� �� �� �� �� � � � � � �� � � �� �� �� �� �� �

1
2 22

.Cu Cu
Cu k

k

N NN N T
N T

 

After substitution and simplifying it can be given as: 

� �� �� �� �� � � �� � �� �� � � �� �� ��� � � �� �� �

1
22 2 2

.Cu i

Cu

N E T
N kT T

 

In assumption of typical inaccuracy of brightness 
measurements � � 0.1I

I  or 10% and acceptable 

inaccuracy of plasma temperature determination no more 
than 10%, relative error of copper concentration CuN  does 
not exceed 27%. 

Conclusions. Technique of laser absorption 
spectroscopy was applied for diagnostics of electric arc 

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 CuN  does not exceed 27% in the worst case.  
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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 
50th 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 

�
� � ��

�
( , ) ( , )T x tc T x t
t  (1) 

where � is density, c is heat capacity and � is heat 
conductivity. Suppose that: 

� �� �� 0
i t kxT T e  (2) 

From (1) and (2) and regarding that k is a complex 

value � �1 2k k ik  dispersion relation could be obtained: 

� �� � � �� � � �2 2
1 2 1 22i c k k i k k

 (3) 
It gives the system of equations: 

� �� � � ��
�
�� �� � ��

2 2
1 2

1 2

0

2 0

k k

c k k  
(4) 

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

2
( , ) ( , ) ( , )T x t T x tc c T x t
t t  

(8) 
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