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Abstract

An imaging method that involves a high-speed camera andrawdrand filter has been used to acquire images of the argoni@tine intensity
of a free-burning arc plasma at atmospheric pressure. Tlasuned lateral intensities are converted to radially ithsted emission coefficients
by means of an Abel inversion. Under the assumption of Ideafmhodynamic equilibrium, the time resolved temperatuséridutions in the
arc have been determined. Both the intensities and tenypesaindicate that the arc was gradually evolving towardsaticsstate after it was
ignited; the temperature at any position of the arc colunowshthe same decreasing trend. These results demons@athithmethod enables
the time and spatially resolved properties of plasmas toHagacterized and thus it may bring new findings and apptinaticoncerning the
diagnostics of plasmas.

1. Introduction 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 understédmedime
resolved behavior of the plasma. But till now most work [5-8]
has been concerned with the static arc based on a spectnograp
scanning measurement, the properties of the arc afteiagnit
have not yet been investigated. In this work we describe the
application of the imaging method in observing the evolutio
of a free-burning argon arc at atmospheric pressure. Thakpa

Arc plasmas have widely been used in industrial areas of
welding, cutting, spraying and surface modification [2].0ln
der to improve these applications, the properties of thenpta
should be characterized. In particular, the spatial anghtzai
distributions of plasma parameters such as the electropeem
ature and density are of great interest to many fields of physi
and engineering [3,4], as they can provide important irtsigh
into the basic processes that occur in the plasma. For the de A )
termination of these parameters, optical emission spemify gnd tgmporal dlstr_|but|on of the Ar! 794.8 nm spectral Ilng
as a non-invasive diagnostic method has been adopted in mosf't€nsity in the arc is detected by a high-speed camera ingusi

cases. Since the plasma is characterized with small volmaie a @ Narrow-band filter. Since the amount of the images acquired
large gradients of some quantity, a spatially resolved nreas by this system is very large, an efficient Abel inversion rnoeth

ment of the distribution of the light emitted from the souige IS Programmed to reconstruct the radial emission coeffisien
needed. from the measured lateral intensities. Then the time vianatf
Over the past few decades, a point-by-point scanning with the arc temperature is derived from the emission coeffisient

a spectrograph has extensively been used to collect thé&rapec _ _
of plasmas [5-8]. This method is relatively simple, acoairat 2. Experimental details

and inexpensive, but is lack of spatial resolution, thusiithe The experimental set-up is shown schematically in figure 1.
required to complete the measurementis long. Long ac@isit A common tungsten inert gas (TIG) welding torch and a direct
times require the arc to be steady enough in the measurement,,,yent power source were used to generate the arc. The gas
and prohibit the investigation of transient phenomenah K gpielding nozzle of the torch had an internal diameter of 10
plasma fluctuanon ar_1d evolution. . mm. Argon was used as the shielding gas with a flow rate of
For time and spatially resolved measurements of plasmain-1 g | ymin. The arc was struck and burned free at atmospheric
tensities, monochromatic imaging is a more efficient apgiioa  ressyre between a tungsten cathode and a copper plate anode
and has been attracted great interestin recentyears. Qheme  The cathode electrode was a 2.4 mm diameter, thoriated tung-
uses a monochromator to obtain two dimensional images. ItSgian rod ground to a conical tip with an included angle. Ge
utilization is extensive, such as inspecting aluminumvapa 5446 was water-cooled to ensure the copper without melting

helium vacuum arc [9] and measuring the distribution of®xti 51 keep the arc steady in the measurement. The distance be-
species in a radio frequency (RF) plasma [10]. Another Metho  yeen the cathode tip and the copper plate was 5 mm. An arc
using narrow-band filters in conjunction with two-dimensab current of 200 A was used.

imaging detectors, which is relatively simple and has a very ¢ images were acquired by using an imaging system that

short acquisition time, is also widely used. The radiatiox fl  .,nsists of lenses, neutral density and narrow-band fitteds
emitted by an argon plasma jet at atmospheric pressure Was, getector. Light from the arc was imaged and collimated be-

characterized by this method [11]. The cause of the enhancedqe nassing through the filters to the detector. The imaging
glow in the void of the dust particle cloud was revealed bglin |15 s was placed far away from the arc source to ensure
ratio imaging of two spectral lines with two synchronizedea o parallel-ray projection condition was approximatedyis
eras [12]. Such a line ratio imaging method was also used 0fied. as assumed in the Abel inversion process. Lansan be
determine the temperature and metal vapor concentratian in - 6yeqd forward and backward, so the magnification of the im-
copper breaking arc [13]. age on the detector can be adjusted according to the experime

. Recently, the group in our laboratory has been using the 5| congitions. After collimation by lens, the light was per-
imaging method to measure the temperature and electron denbendicularly projected to the neutral density and narraweb

sity distributions of free-burning argon arcs at atmos{if#®es-  fiters and focused at the image plane of the detector by lens

sure. Both the continuum radiation [14] and spectral Iine_in La. Such a design ensures that the central wavelength of the
tensity [15] were used and good results have been obtainedy, g rq_hand filter is not shifted, and thus the interestetsgl

Email: shl gna@.26. com (Shuiliang Ma). line can be acquired accurately. The detector is a Dalsa CA-
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Fig. 1. Schematic diagram of the experimental set-up.
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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 x 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 @am
being carefully tuned, images of high intensity, but freenir
the effects of saturation can be obtained.

From a spectroscopic measurement we found that the Arll
spectral lines only appeared in the high-temperature aeea,
the column near the cathode of the arc, while the Arl spectral . | | | .
lines appeared in any position of the arc. Therefore, the Arl (%75 785 795 805 815
794.8 nm line was selected for the determination of the ane te Wavelength (nm)
peratures. The reason we chose this line is that it is wel sep
arated from other lines and the line intensity is not weale Th Fig. 2. Transmittance curve of the narrow-band filter.
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 transamitte
curve of the filter. The spectra of the arc that passed through
the filter were recorded by using a spectroscopic analysis sy
tem; no other spectral line was found except for the intedest
one. Since the influence of other spectral lines was comniplete
avoided, the performance of the selected filter is reliable
acquired image consists of only the intensity of the Arl B94.
nm line and the continuum radiation near the same wavelength
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Interpolation process is not necessary as the intensity st
lected with the camera already have a high spatial resolutio
Radially distributed emission coefficients were recon-
structed from the symmetrized intensity data by Abel iniegrs
using the versatile polynomial fitting [18] or modified Faarri
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 interigity
and the emission coefficietr) can be described as
3. Data processing and measurement N @ s _ el M M
el = g 2 100 3 K()c0d =),
Since the measurements are line-of-sight integrated-inten
sities, for the determination of plasma parameters suches t
particle temperature and density, the distribution of sinis
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 fluctuatioms i
the plasma and the noise introduced when acquiring images, t
experimentally measured intensities are not completety-sy
metric. Even a slight asymmetry of the intensity profile will
greatly affect the accuracy of the inversion [16]. Therefa
symmetrization procedure was implemented before Abetinve
sion.
The symmetrization process has two steps. First, the sym- . o . L
metric center of the intensity curve is determined and sdift reconstructed radlal_ emission coefficients. The only iet&in
to the center of the data sequence; then, the data pointshat bo IS thf"‘t the.pla.sma mvestlgateq shpulq b? in local thermgdy—
sides of the center are averaged to yield a symmetric distrib namic _equmbnum and the radial Q|str|bu_t|on of the emigsi
tion. The symmetric center was determined using the methodcoeﬁ'c'emS should have an off-axis maximum.
based on the possibility statistics of noise in the measdatal
[17]. Other methods, such as assuming the center at the halft- Results and discussion
distance between two points at both sides of the intensitfjiier Figure 3 shows the images of the Arl 794.8 nm line of a
with a same height, are not considered as they are less &é&cura 200-A free-burning arc acquired for two different time deda

whereR is the radius of the plasma sourceis the number of
data points at one side of the soumge= iR/n, yj = jR/n, and

o is a factor which should satisfy€ a < 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 intgnsi
calibration and the knowledge of atomic transition probabi
ties, thus precise values of temperature can be derived from
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Fig. 5. Time variation of measured spectral line intensitiedifferent positions
200 of a 200 A free-burning arc: (@=1 mm; (b)z=3 mm.
S 150 z=1 mm does not have such a characteristic. At the anode
\E arc column ¢> 3 mm), where the arc temperature is much
§ lower, both intensity curves at=1 and 31 s are bell-shaped;
g the only difference is that the intensity = 31 s decreased.
- Such differences indicate that the arc was not in a statte;sta
50 it was evolving with time after it was ignited.
Figure 5 shows the time variation of the intensities at two
0

axial positions of the arc. These curves evidently showtthat
arc was gradually evolving to a static state in a few secands.
figure 5 (a) the intensities at two lateral positions 0 and 1
Fig. 4. Intensity distributions at various layers of the ot the two images mm are compared. Itis intereSting to note that the intessiti
shown in figure 3: (@t =1 s; (b)t =31 s. The layers are with distances at these positions varied oppositely fox 30 s. An off-axis
from the arc cathode tip of 1, 2, 3, and 4 mm. maximum appears in the lateral intensity distribution when
value at positiory = 0 mm is lower than that at position= 1
t =1 and 31 s. In order to reduce the background and improvemm (see the profile far= 1 mm in figure 4 (a)). It is thus clear
the signal-to-noise ratio, the exposure time was set lems th that the intensity profile in the arc fae= 1 mm varied from the
1 ms. This exposure time corresponds to the highest imageoff-axis peak type to the bell-shaped type after a few sesond
acquiring speed of the camera. Under such condition, imagesAn off-axis type curve is always associated with a higher arc
at a time period of about 5 s can be obtained continuously.temperature. Therefore, the evolution of the intensitieglies
Time larger than 5 s is possible by increasing the computerthat the local temperature of the arc decreases with time. Th
memory. The image for = 1 s was one frame of a run that intensities presented in figure 5 (b) for positigns0 and 1 mm
was performed as soon as the cooling water both for the torchshow a decreasing trend. This is because the intensity €urve
and the copper plate anode started and the arc was ignited. Ththis cross section of the arc do not belong to the off-axikpea
image fort = 31 s was one frame of another run, which began type; they are bell-shaped. From the decreasing tendency we

Lateral position (mm)

after the arc was burning 30 s. can also conclude that the arc temperature drops as time goes
The difference between the two images shown in figure 3 on.
can easily be distinguished; the intensity in the cathode af From the measured lateral intensities the radially resblve

the arc fot = 1 sis lower than that of the second image. In order emission coefficients at different axial positions of theaere

to show the difference more clearly, the intensity disttiitios obtained by means of an Abel inversion. Then using the Fewler
at different layers of the images are presented in figure 4. Th Milne method, frame by frame, the temperature distribigion
intensity curve fot =1 s andz= 1 mm (the distance from the the arc at different times were calculated. Figure 6 shows th
arc cathode tip) shows an off-axis maximum at a lateral mosit  temperatures at three positions of the arc as functionsr. ti
about 1 mm, while the intensity distribution for= 31 s and From these curves we can see that the temperature of the free-
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Fig. 6. Time variation of calculated temperatures at déferpositions of a
200 A free-burning arc at atmospheric pressure.

burning arc indeed decreased gradually before the arcedach
thermal equilibrium. In contrast to the intensities preasdrin
figure 5, the temperature at any position of the arc shows the
same decreasing trend. The arc evolution tendency can k& mor
accurately reflected from the temperature variation. The te
perature decreasing trend may arise from many factors. do fin
the cause will be valuable for understanding the procebésés t
occur within the plasma and thus can provide information for
the monitoring and control of welding processes.

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