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Abstract: The reconstruction of emission coefficient is a key factor for the calculation of temperature field. However, most of the 

researches for determining arc plasmas are based on axisymmetric sources, little has been done to study non-axisymmetric arc plasmas. 

In order to reveal temperatures of a non-axisymmetric coupling arc, the distribution of emission coefficients must be reconstructed in 

advance. In this paper, the argon atomic line intensities of the coupling arc are obtained by using the imaging system that involves a high 

speed camera in conjunction with a neutral and a narrow-band filter. The converted programme between emission coefficients and 

emitted intensities is programmed based on MALDONADO’s method. A displaced Gaussian model is used for evaluating the validity of 

the converted programme. Then, the emission coefficients of a free burning arc are reconstructed by MALDONADO’s method and an 

Abel inversion, respectively, and good agreement is obtained. Finally, the emission coefficient profiles of the coupling arc are achieved. 

The results show that the distribution of emission coefficient for the coupling arc is non-axisymmetric. The emission coefficient profile 

is similar to an ellipse, and the short axis of the ellipse is in the direction that the two electrodes are arranged along. The peak 

temperature of the coupling arc is in the middle of both electrodes. There is a strong interaction between both arcs within the coupling 

arc. The proposed research solves difficulties for determining asymmetric arcs and enlarges the application scope of spectroscopic 

techniques. 
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1  Introduction∗ 
 

Arc plasmas have been extensively used in industrial 
areas of welding, spraying, cutting and surface 
modification[1–3]. For the purpose of improving the 
understanding and performance of these plasma 
applications, their physical properties must be researched. 
Particularly, the distributions of plasma parameters such as 
the electron density and temperature are of great 
importance to many domains of physics and engineering[4], 
because they can provide significant insight into the 
fundamental processes that occur in the plasma. This paper 
reports on measurements of plasma properties of a special 
coupling arc. The coupling arc is a new type of welding 
heat source developed in recent years[5], which is produced 
by a special welding torch that has two slanting tungsten 
electrodes insulated from each other. And two power 
supplies are separately connected to the two electrodes. The 
spacing between both tungsten electrodes can be adjusted 
from 1 mm to 3 mm. As can be shown in Fig. 1, the visible 
shape of the coupling arc is no longer axisymmetric[6] 
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compared with the free burning TIG single arc. 
 

     
     (a) TIG arc    (b) Front coupling arc   (c) Side coupling arc 

Fig. 1.  Comparison of the visible shape of the single arc 
  and coupling arc 

 
For the determination of arc plasmas, optical emission 

spectroscopy as a non-invasive diagnostic method has been 
widely adopted in most cases, for example, the works of 
OLSEN[7], HADDAD[8–10], THORNTON[11] and PETERS, 
et al[12]. However, all these works for determining plasmas 
are based on the assumption that the plasmas are 
axisymmtric. To the present, little has been done to 
characterize the non-axisymmetric coupling arc. 

In many applications of plasma diagnostics and flame 
studies, the parameters, such as temperatures and electron 
densities, in the inner part of them are almost impossible to 
be acquired directly. Only the line-of-sight projected 
intensities can be measured.  

Consequently, an extensively encountered problem is the 
reconstruction of emission coefficients from measured 
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intensities in advance, then temperatures or electron 
densities can be calculated. Typically, for a rotationally 
symmetric, optically thin plasma, emission coefficient can 
be reconstructed on the basis of the Abel inversion[13–15]. 
However, the Abel inversion is not applicable to a 
non-axisymmetric plasma, because the emission coefficient 
of a non-axisymmetric plasma is not only related to radial 
location, but also related to azimuth. Therefore, a feasible 
approach needs to be developed for the reconstruction of 
emission coefficient of a non-axisymmetric plasma. 

Some researchers[16–18] have studied converted 
algorithms for a non-axisymmetric plasma. In this research, 
the emission coefficient is reconstructed by means of 
MALDONADO’s method[19] that obtained the reconstructive 
formula of an asymmetric source on the basis of expanding 
the emission coefficient into Fourier series, complex 
polynomials and Laguerre polynomials. 

The rest of this paper is as follows. Section 2 presents a 
brief description of the equipment. In section 3, a displaced 
Gaussian model is used to test the accuracy of 
MALDONADO’s method, and then the emission 
coefficient of a free burning arc are reconstructed by means 
of this approach and an Abel inversion, respectively, 
followed by section 4 reconstructs the emission coefficient 
profile of the coupling arc. Finally, some conclusions are 
made in section 5. 

 
2  Experimental Systems 

 

The experimental set-up is shown schematically in Fig. 2. 
The coupling arc with a current of 120 A each, arc length 4 
mm and electrode distance 1 mm, was burning free at 
atmospheric pressure between two slanting tungsten 
electrodes and a water-cooled copper plate anode. The 
anode was water cooled to ensure that the copper plate did 
not melt and to keep the arc steady during the measurement. 
Moreover, the presence of metal vapor that may change the 
arc properties can be avoided. Both cathode electrodes 
were performed with 3.2 mm diameter thoriated tungstens. 
The shielding gas was argon with a flow rate of 10 L/min. 
 

 
Fig. 2.  Multi-angle experimental system for determining 

 the emitted intensity 
 
Arc images of the argon atomic line intensity were 

acquired by using the imaging system that consists of a 
neutral filter, a narrow-band filter and a lens. Light from 

the coupling arc was imaged before passing through the 
neutral filter and the narrow-band filter to the detector. The 
lens was placed far from the coupling arc, and can be 
adjusted according to the magnification of the image. A 
Dalsa CA-D6-0256W high-speed camera with a 955 frames 
per second resolution is capable of acquiring 8 bit grey 
scale images. To reduce strong radiation from the coupling 
arc, the neutral filter must be placed in front of the narrow 
band filter. Under these circumstances, with the aperture of 
the camera being carefully tuned, an unsaturated 
monochromatic image was obtained. In addition, the 
welding torch was devised to be capable of rotating around 
its axis from 0° to 180° for acquiring coupling arc images 
from different directions. 
The Ar I 794.8 nm line was selected due to its separation 

from other lines and its strong intensity. The narrow-band 
filter with a full width at half maximum of 3.1 nm centered 
at wavelength 794.8 nm and 780.1 nm. In such a 
circumstance, no other spectra from the arc can pass 
through the narrow-band filter except for the interested one. 
Then, the acquired image consists of only the intensity of 
the Ar I 794.8 nm line and the continuum radiation near the 
same wavelength. 
 
3  Verification of MALDONADO’s Method 
 

3.1  Displaced Gaussian model 
For arc plasmas, the relation between emission 

coefficient and spectral intensity is expressed as 

 

( , ) ( ', ')dg x f x y yξ
+¥

-¥
= ò ,             (1) 

 

where ( ', ')f x y  is the emission coefficient, ( , )g xξ  is 

the emitted spectral intensity, ξ  denotes the angle of 

rotation of the source coordinates ( ', ')x y  relative to the 

fixed laboratory coordinates ( , )x y . 

A displaced Gaussian model is used to validate the 

reliability of the program based on MALDONADO’s 

method. The emission coefficient of an asymmetrical 

source is given by[19] 

 

2 2 2( ', ') exp( [( ' ) ])f x y B x d yβ ¢= - - + ,      (2) 

 
where amplitude B, spread parameter β , and displacement 

d are fixed quantities. This investigation selects β = 4, 

B = 2.2 and d = 0.1 and the reconstructed area is 

Q =  { ( , ) |x y –0.8≤ x ≤0.8, –0.8≤ y ≤0.8}. 

By introducing Eq. (2) into Eq. (1), the end result of 

spectral intensity can be formulated as 

 
1/ 2 2 2( , ) ( ) exp( ( cos ) )g x B x dξ β β ξπ= - - .      (3) 
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Fig. 3 shows the comparison between the reconstructed 
and theoretical emission coefficient in line y = 0 after 
normalization. It is clear to see that the two curves are 
displaced along x axis, and they are in excellent agreement 
with each other except for the area that emission 
coefficients are small. This is probably a consequence of 
the limited area Q that we select. The minor values of 
intensities beyond Q are neglected. 
 

 

Fig. 3.  Comparison between reconstructed and theoretical 
emission coefficients in line y = 0 after normalization 

 
 

3.2  Application for a free burning arc 
Provided that MALDONADO’s method is applicable to 

a non-axisymmetric plasma, it also can be used for an 
axisymmetric plasma. Thus, it is also applied to reconstruct 
the emission coefficients of a free burning arc with a 
current of 200 A and arc length 5 mm. The Ar I 794.8 nm 
line intensities were collected by imagery method described 
in section 2. The emission coefficients were reconstructed 
from projected intensities which were 1 mm beneath the 
tungsten cathodes. Before using MALDONADO’s method 
to data with noise, the denoising procedure is imperative. 
Fig. 4 shows the normalized intensity after symmetrizing 

and noise- filtering. Assuming that the free burning arc is 
axisymmetric, as required by the algorithm[19], twelve 
projected views from 0° to 180° at intervals of 15° should 
have identical distribution of intensity shown in Fig. 4.  
 

 

Fig. 4.  Normalized intensity for a free burning arc 
 

Fig. 5 displays the reconstructed emission coefficients by 
means of MALDONADO’s method in comparison to an 
Abel inversion[14] after normalization. As can be seen, good 
agreement is obtained except for minor emission 
coefficients. This is not the problem that we should 
consider, because the emission coefficients approaching 
zeros are not the primary research area in spectroscopic 
diagnostics of the coupling arc.  

 

 

Fig. 5.  Emission coefficients reconstructed by Abel inversion 
(solid curve) and Maldonado’s method (broken curve) 

 
 

4  Reconstruction of Emission Coefficient  
for the Coupling Arc 
 

The coupling arc images were acquired from different 
directions at intervals of 15° as required by the algorithm. 
Twelve images were taken with the high speed camera by 
using the same exposure time. Furthermore, in order to 
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reduce uncertainties in arc plasmas, such as fluctuations of 
intensity, the exposure time was adjusted to be sufficient to 
time-average the images. Several arc images are shown in 
Fig. 6. Each arc image was divided into nine lays, from the 
cathode tip to the surface of water-cooled copper plate, 
meaning that the distance between every two lays was 0.5 
mm. Before using MALDONADO’s approach to intensity 
with noise, the denoising procedure is mandatory. Fourier 
transform method was used for filtering noise on account of 
its simpleness and efficiency. 
 

 

Fig. 6.   Coupling arc images in different directions.  

 
After denoising, the emission coefficient can be 

immediately calculated with MALDONADO’s approach. 

Fig. 7 displays the contour plot of emission coefficient on 

different cross-sections that are perpendicular to the z axis. 

It should be illustrated that the direction that both 

electrodes are arranged along is parallel to the y axis, as 

detailed in Fig. 2.  
 

 

As can be shown in Fig. 7, the distribution of emission 

coefficient for the coupling arc is different from 

centrosymmetric shape which is the conventional shape of 

a TIG single arc. Moreover, the distribution of emission 

coefficient is similar to an ellipse, and the short axis of the 

ellipse is in the direction that both electrodes are arranged 

along. All these facts demonstrate that there is a strong 

interaction between both arcs within the coupling arc. 

The whole spatial distribution of emission coefficients 

are shown in Fig. 8. The emissivity distribution in the 

direction of 0° is different from that of 90°, which proves 

that the temperature distribution is also no longer 

axisymmetric. Furthermore, in the middle of both slanting 

tungsten cathodes, where the temperature is higher than the 

‘standard temperature’ of Ar I 794.8 nm line, the emission 

coefficient profile in the direction of 0° has a dip in the 

center area. It means that the maximum temperature is in 

the middle of both electrodes, which is an important 

characteristic of the coupling arc. 

 

 

Fig. 7  Contour plot of emission coefficient on different 
cross-sections for the coupling arc.  
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Fig. 8  Spatial distribution of emission coefficient  
for the coupling arc. 

 

5  Conclusions 
 

(1) A displaced Gaussian model is used to evaluate 
MALDONADO’s method programmed by MATLAB 
language. Then the emission coefficient of a free burning 
arc is also reconstructed by MALDONADO’s method 
compared to the Abel inversion, good agreement is 
obtained, proving the feasibility and practicability of the 
program to characterize a non-axisymmetric arc plasma. 

(2) The distribution of emission coefficient for the 
coupling arc is similar to an ellipse, with the short axis of 
the ellipse in the direction in which both electrodes are 
aligned.  

(3) The emission coefficient profile for the coupling arc 
is non-axisymmetric, and there is a strong interaction 
between both arcs within the coupling arc. 
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