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Abstract

An imaging method that involves a high-speed camera and a narrow-band filter has been used to acquire images of the argon atomic line intensity
of a free-burning arc plasma at atmospheric pressure. The measured lateral intensities are converted to radially distributed emission coefficients
by means of an Abel inversion. Under the assumption of local thermodynamic equilibrium, the time resolved temperature distributions in the
arc have been determined. Both the intensities and temperatures indicate that the arc was gradually evolving towards a static state after it was
ignited; the temperature at any position of the arc column shows the same decreasing trend. These results demonstrate that this method enables
the time and spatially resolved properties of plasmas to be characterized and thus it may bring new findings and applications concerning the
diagnostics of plasmas.

1. Introduction

Arc plasmas have widely been used in industrial areas of
welding, cutting, spraying and surface modification [2]. Inor-
der to improve these applications, the properties of the plasma
should be characterized. In particular, the spatial and temporal
distributions of plasma parameters such as the electron temper-
ature and density are of great interest to many fields of physics
and engineering [3,4], as they can provide important insight
into the basic processes that occur in the plasma. For the de-
termination of these parameters, optical emission spectroscopy
as a non-invasive diagnostic method has been adopted in most
cases. Since the plasma is characterized with small volume and
large gradients of some quantity, a spatially resolved measure-
ment of the distribution of the light emitted from the sourceis
needed.

Over the past few decades, a point-by-point scanning with
a spectrograph has extensively been used to collect the spectra
of plasmas [5–8]. This method is relatively simple, accurate
and inexpensive, but is lack of spatial resolution, thus thetime
required to complete the measurement is long. Long acquisition
times require the arc to be steady enough in the measurement
and prohibit the investigation of transient phenomena, such as
plasma fluctuation and evolution.

For time and spatially resolved measurements of plasma in-
tensities, monochromatic imaging is a more efficient approach
and has been attracted great interest in recent years. One method
uses a monochromator to obtain two dimensional images. Its
utilization is extensive, such as inspecting aluminum vapor in a
helium vacuum arc [9] and measuring the distribution of excited
species in a radio frequency (RF) plasma [10]. Another method
using narrow-band filters in conjunction with two-dimensional
imaging detectors, which is relatively simple and has a very
short acquisition time, is also widely used. The radiation flux
emitted by an argon plasma jet at atmospheric pressure was
characterized by this method [11]. The cause of the enhanced
glow in the void of the dust particle cloud was revealed by line
ratio imaging of two spectral lines with two synchronized cam-
eras [12]. Such a line ratio imaging method was also used to
determine the temperature and metal vapor concentration ina
copper breaking arc [13].

Recently, the group in our laboratory has been using the
imaging method to measure the temperature and electron den-
sity distributions of free-burning argon arcs at atmospheric pres-
sure. Both the continuum radiation [14] and spectral line in-
tensity [15] were used and good results have been obtained.
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The imaging method has proved to be a reliable and suitable
method for the diagnostics of arc plasmas.

In arc plasma welding, defects most possibly occur when
the arc is ignited. It is therefore important to understand the time
resolved behavior of the plasma. But till now most work [5–8]
has been concerned with the static arc based on a spectrograph
scanning measurement, the properties of the arc after ignition
have not yet been investigated. In this work we describe the
application of the imaging method in observing the evolution
of a free-burning argon arc at atmospheric pressure. The spatial
and temporal distribution of the ArI 794.8 nm spectral line
intensity in the arc is detected by a high-speed camera by using
a narrow-band filter. Since the amount of the images acquired
by this system is very large, an efficient Abel inversion method
is programmed to reconstruct the radial emission coefficients
from the measured lateral intensities. Then the time variation of
the arc temperature is derived from the emission coefficients.

2. Experimental details

The experimental set-up is shown schematically in figure 1.
A common tungsten inert gas (TIG) welding torch and a direct
current power source were used to generate the arc. The gas
shielding nozzle of the torch had an internal diameter of 10
mm. Argon was used as the shielding gas with a flow rate of
10 L/min. The arc was struck and burned free at atmospheric
pressure between a tungsten cathode and a copper plate anode.
The cathode electrode was a 2.4 mm diameter, thoriated tung-
sten rod ground to a conical tip with an included angle 60◦. The
anode was water-cooled to ensure the copper without melting
and keep the arc steady in the measurement. The distance be-
tween the cathode tip and the copper plate was 5 mm. An arc
current of 200 A was used.

Arc images were acquired by using an imaging system that
consists of lenses, neutral density and narrow-band filtersand
a detector. Light from the arc was imaged and collimated be-
fore passing through the filters to the detector. The imaging
lens L1 was placed far away from the arc source to ensure
the parallel-ray projection condition was approximately satis-
fied, as assumed in the Abel inversion process. Lens L1 can be
moved forward and backward, so the magnification of the im-
age on the detector can be adjusted according to the experimen-
tal conditions. After collimation by lens L2, the light was per-
pendicularly projected to the neutral density and narrow-band
filters and focused at the image plane of the detector by lens
L3. Such a design ensures that the central wavelength of the
narrow-band filter is not shifted, and thus the interested spectral
line can be acquired accurately. The detector is a Dalsa CA-
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Fig. 1. Schematic diagram of the experimental set-up.

D6-0256W high-speed camera, which is capable of acquiring
8-bit grey images at a frame rate up to 955 Hz and at a spatial
resolution of 260×260 pixels corresponding to the sensor size
of 2.6×2.6 mm. Since the radiation from the arc is so strong
that a neutral density filter must be placed in the front of the
narrow-band filter. In this case, with the aperture of the camera
being carefully tuned, images of high intensity, but free from
the effects of saturation can be obtained.

From a spectroscopic measurement we found that the ArII
spectral lines only appeared in the high-temperature area,i.e.,
the column near the cathode of the arc, while the ArI spectral
lines appeared in any position of the arc. Therefore, the ArI
794.8 nm line was selected for the determination of the arc tem-
peratures. The reason we chose this line is that it is well sep-
arated from other lines and the line intensity is not weak. The
narrow-band filter centred at wavelength 794.8 nm and with a
full width at half maximum of 3.1 nm was used to acquire the
line intensity distributions. Figure 2 shows the transmittance
curve of the filter. The spectra of the arc that passed through
the filter were recorded by using a spectroscopic analysis sys-
tem; no other spectral line was found except for the interested
one. Since the influence of other spectral lines was completely
avoided, the performance of the selected filter is reliable.The
acquired image consists of only the intensity of the ArI 794.8
nm line and the continuum radiation near the same wavelength.

3. Data processing and measurement

Since the measurements are line-of-sight integrated inten-
sities, for the determination of plasma parameters such as the
particle temperature and density, the distribution of emission
coefficients must be reconstructed. This is accomplished by
means of an Abel inversion, provided the plasma is cylindri-
cally symmetric and optically thin. But due to fluctuations in
the plasma and the noise introduced when acquiring images, the
experimentally measured intensities are not completely sym-
metric. Even a slight asymmetry of the intensity profile will
greatly affect the accuracy of the inversion [16]. Therefore, a
symmetrization procedure was implemented before Abel inver-
sion.

The symmetrization process has two steps. First, the sym-
metric center of the intensity curve is determined and shifted
to the center of the data sequence; then, the data points at both
sides of the center are averaged to yield a symmetric distribu-
tion. The symmetric center was determined using the method
based on the possibility statistics of noise in the measureddata
[17]. Other methods, such as assuming the center at the half
distance between two points at both sides of the intensity profile
with a same height, are not considered as they are less accurate.
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Fig. 2. Transmittance curve of the narrow-band filter.

Interpolation process is not necessary as the intensity data col-
lected with the camera already have a high spatial resolution.

Radially distributed emission coefficients were recon-
structed from the symmetrized intensity data by Abel inversion
using the versatile polynomial fitting [18] or modified Fourier-
Hankel [19] method. These methods are not sensitive to noise
and can yield more accurate results than other inversion al-
gorithms, especially for small sets of data. For the modified
Fourier-Hankel method, the relation between the intensityI(y)
and the emission coefficientε(r) can be described as

ε(ri) =
α2π
2nR

n−1

∑
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I(y j)
bn/αc
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k J0(
αikπ

n
)cos(
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whereR is the radius of the plasma source,n is the number of
data points at one side of the source,ri = iR/n, y j = jR/n, and
α is a factor which should satisfy 0< α ≤ 1. Since the inversion
method was presented in a matrix form, the processing speed
is very fast even for large amounts of data. The method is thus
very suitable for processing of the images acquired with the
imaging system.

The arc temperatures were determined by using the Fowler-
Milne method, which is also known as the normal temperature
method [5–7]. This method does not require absolute intensity
calibration and the knowledge of atomic transition probabili-
ties, thus precise values of temperature can be derived from
reconstructed radial emission coefficients. The only restriction
is that the plasma investigated should be in local thermody-
namic equilibrium and the radial distribution of the emission
coefficients should have an off-axis maximum.

4. Results and discussion

Figure 3 shows the images of the ArI 794.8 nm line of a
200-A free-burning arc acquired for two different time delays,
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Fig. 3. Two monochromatic images of the ArI 794.8 nm line acquired after
the arc was ignited with time delays oft = 1 and 31 s. The distance from
the arc cathode tip to the anode was 5 mm, and the arc current was 200 A.
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Fig. 4. Intensity distributions at various layers of the arcfor the two images
shown in figure 3: (a)t = 1 s; (b) t = 31 s. The layers are with distances
from the arc cathode tip of 1, 2, 3, and 4 mm.

t = 1 and 31 s. In order to reduce the background and improve
the signal-to-noise ratio, the exposure time was set less than
1 ms. This exposure time corresponds to the highest image
acquiring speed of the camera. Under such condition, images
at a time period of about 5 s can be obtained continuously.
Time larger than 5 s is possible by increasing the computer
memory. The image fort = 1 s was one frame of a run that
was performed as soon as the cooling water both for the torch
and the copper plate anode started and the arc was ignited. The
image fort = 31 s was one frame of another run, which began
after the arc was burning 30 s.

The difference between the two images shown in figure 3
can easily be distinguished; the intensity in the cathode area of
the arc fort = 1 s is lower than that of the second image. In order
to show the difference more clearly, the intensity distributions
at different layers of the images are presented in figure 4. The
intensity curve fort = 1 s andz = 1 mm (the distance from the
arc cathode tip) shows an off-axis maximum at a lateral position
about 1 mm, while the intensity distribution fort = 31 s and
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Fig. 5. Time variation of measured spectral line intensities at different positions
of a 200 A free-burning arc: (a)z = 1 mm; (b) z = 3 mm.

z = 1 mm does not have such a characteristic. At the anode
arc column (z ≥ 3 mm), where the arc temperature is much
lower, both intensity curves att = 1 and 31 s are bell-shaped;
the only difference is that the intensity att = 31 s decreased.
Such differences indicate that the arc was not in a static state;
it was evolving with time after it was ignited.

Figure 5 shows the time variation of the intensities at two
axial positions of the arc. These curves evidently show thatthe
arc was gradually evolving to a static state in a few seconds.In
figure 5 (a) the intensities at two lateral positionsy = 0 and 1
mm are compared. It is interesting to note that the intensities
at these positions varied oppositely fort < 30 s. An off-axis
maximum appears in the lateral intensity distribution whenthe
value at positiony = 0 mm is lower than that at positiony = 1
mm (see the profile forz = 1 mm in figure 4 (a)). It is thus clear
that the intensity profile in the arc forz = 1 mm varied from the
off-axis peak type to the bell-shaped type after a few seconds.
An off-axis type curve is always associated with a higher arc
temperature. Therefore, the evolution of the intensities implies
that the local temperature of the arc decreases with time. The
intensities presented in figure 5 (b) for positionsy = 0 and 1 mm
show a decreasing trend. This is because the intensity curves in
this cross section of the arc do not belong to the off-axis peak
type; they are bell-shaped. From the decreasing tendency we
can also conclude that the arc temperature drops as time goes
on.

From the measured lateral intensities the radially resolved
emission coefficients at different axial positions of the arc were
obtained by means of an Abel inversion. Then using the Fowler-
Milne method, frame by frame, the temperature distributions of
the arc at different times were calculated. Figure 6 shows the
temperatures at three positions of the arc as functions of time.
From these curves we can see that the temperature of the free-
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Fig. 6. Time variation of calculated temperatures at different positions of a
200 A free-burning arc at atmospheric pressure.

burning arc indeed decreased gradually before the arc reached
thermal equilibrium. In contrast to the intensities presented in
figure 5, the temperature at any position of the arc shows the
same decreasing trend. The arc evolution tendency can be more
accurately reflected from the temperature variation. The tem-
perature decreasing trend may arise from many factors. To find
the cause will be valuable for understanding the processes that
occur within the plasma and thus can provide information for
the monitoring and control of welding processes.

From figure 6 we can also see that the error in the temper-
atures caused by the fluctuations of the arc is less than 800 K;
at positions far away from the axis, the error is even smaller.
The higher central error is due to the property of Abel inver-
sion, which is always much difficult to yield an accurate result
near the axis. The uncertainty in the temperature indicatesthat
the accuracy of the imaging method is quite satisfied; the max-
imum uncertainty is less than 4%. If the time resolution is not
very important, the calculated temperatures can be averaged by
a few frames. In this way the error can be reduced further.

It should be noted that, due to the continuum radiation
which cannot be subtracted from the measured line intensities,
the calculated temperature will be a little lower[15], especially
for temperatures higher than 17 000 K. To avoid this prob-
lem, in future studies we plan to design a new imaging system
which can simultaneously measure the distributions of the line
intensity and the continuum radiation of the arc.

5. Conclusion

An imaging method has been used to study the evolution
of a free-burning argon arc at atmospheric pressure. A high-
speed camera in conjunction with a narrow-band filter is used
to detect the spatially distributed intensities of the argon arc.
From these measured intensities, the radial emission coefficient
is reconstructed by means of an Abel inversion, and then the
temperature distribution is determined. Both the time and spa-
tially resolved intensity and temperature indicate that the arc
was gradually evolving towards a static state after it was ig-
nited; but the time variation of the temperature at any position
of the arc displays the same decreasing trend. In addition, the
uncertainty in the determined temperature is estimated to be
less than 4%, which can be reduced further by averaging the
temperature in a few frames. These results demonstrate that
imaging is a powerful tool for the diagnostics of arc plasmas.
This method is simple, fast and efficient; it may be used for
the determination of temperatures either in static or dynamic

plasmas, or for the monitoring and control of parameters in in-
dustrial plasma devices.

References
[1] S. Ma, H. Gao, L. Wu, S. Zheng, Time and spatially resolved

spectroscopic measurement of temperatures in a free-burning arc by
monochromatic imaging, Meas. Sci. Technol. 19 (10) (2008) 105602.

[2] U. Kogelschatz, Atmospheric-pressure plasma technology, Plasma Phys.
Control. Fusion 46 (12) (2004) 63B–75B.
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