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ABSTRACT. Sensing plays a key role in
automating and controlling welding
processes. In recent decades, arc light
sensing has been studied for arc length
control, joint tracking and droplet trans-
fer detection in arc welding. However,
the current technology relies on experi-
mental data and lacks theoretical foun-
dation. To improve measurement accu-
racy, this work addresses the theoretical
foundation for arc light sensing. A theo-
retical model has been developed to cor-
relate arc light radiation to welding pa-
rameters. Distributions of different
radiant sources in the arc column are
studied. It is found that the distributions
of the ions of the shielding gas and the
vapors of the base metal and tungsten
are not even, while that of the shielding
gas atoms is. This suggests the spectral
lines associated with the shielding gas
atoms can be used to improve the accu-
racy of arc light sensing. Hence, an arc
light sensor has been developed to de-
tect argon atom spectral lines in gas
tungsten arc welding. The relationship
between the argon lines and the welding
parameters has been derived from the
theoretical model. Joint tracking exam-
ples showed the effectiveness of the de-
veloped method in improving accuracy.  

Introduction

Arc light radiation is a fundamental
phenomenon associated with the arc
welding process. Early studies were pri-
marily dedicated to investigating its haz-

ardous effects (Refs. 1–6). Topics in-
cluded harm to human beings, correla-
tion between welding process and arc
light intensity, as well as the relationship
between hazardous effects and the spec-
tral bands of the arc light. Commercial
welding curtains and shades resulted
from these studies (Ref. 7).

Arc light is closely related to the
plasma column of the arc. By means of
spectral analysis of arc light, temperature
distribution and conductivity of the arc
column (Refs. 8–16), temperature and
emissivity of tungsten (Refs. 17–20),
droplet temperature (Refs. 21, 22), hy-
drogen density in the arc column (Refs.
23, 24) and temperature of the weld pool
surface (Refs. 25–28) were measured
and analyzed. The spectral analysis
method has also been used to study the
influence of minor elements on weld-
ability (Refs. 29–31).

Early utilization of arc light in process
sensing was based on its optical property.
In the work by Faber and Jackel, two sym-
metrically arranged, light-sensitive com-
ponents were used to achieve joint track-
ing in fillet welding by compensating
their difference in the incident light in-

tensity (Ref. 32). Nomura used four CdS
components implanted in a water-cooled
copper plate placed at the backside of the
weld pass to monitor the keyhole (Refs.
33, 34). In research by Deam and Con-
nelly, vibration frequency of the weld
pool in gas tungsten arc welding (GTAW)
was monitored by sensing the arc light re-
flected by the mirror-like surface of the
weld pool (Refs. 35–37).

A few further studies investigated the
possibility of sensing welding behaviors
based on arc light. In particular, a U.S.
patent (Ref. 38) introduced a method for
arc length sensing in which the integral
intensity of arc light in the ultraviolet
band was monitored to improve its sens-
ing accuracy. In another research work,
an arc light sensor was used to monitor
the droplet transfer mode in GMAW
(Refs. 39, 40). The sensitivity of arc light
sensing in this application is higher than
that of arc electric signal sensing and arc
sound sensing (Refs. 41–44). 

Extensive efforts were made by
Richardson and Edwards (Ref. 45) toward
revealing the feasibility of arc light sens-
ing, such as investigating the sensitivity
and stability of arc light in comparison
with the prevalent sensing method — arc
voltage sensing — in arc length mea-
surement. Their work showed arc light
sensing has better accuracy and stability,
and the authors also explained the ad-
vantage of this sensing method.

Although encouraging progress was
obtained based on these works, the ap-
plication of arc light sensing is still lim-
ited. Arc light radiation is a complicated
phenomenon involving several welding
parameters. Without understanding the
essential mechanism, its utilization is
based on merely subjective experience
and assumptions. To guide the applica-
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tion of arc light sensing and to achieve
high accuracy and reliability, the mecha-
nism must be known. Hence, this paper
is dedicated to establishing an arc light
radiation model to correlate the arc light
with the welding parameters. The domi-
nant elements and their roles in deter-
mining the radiation are analyzed. The
most sensitive spectra of the arc light,
with respect to different welding behav-
iors, were analyzed and separated to im-
prove the signal quality. 

Model of Arc Light Sensing

During arc welding, the shielding gas
in the plasma column can be assumed to
consist of three kinds of particles: elec-
trons, ions and excited neutral atoms.
The plasma column can be assumed to
be approximately in the local thermody-
namic equilibrium (LTE) condition (Refs.
46, 47) in which electron collision plays
an important role in excitation and ion-
ization. The emission of arc light from a
plasma is characterized by the emission
coefficient εν. According to Planck’s Ra-
diation Law and Kirchhoff’s Law (Refs.
48, 49), it can be expressed as

(1)
where  Bν is the radiant energy, which is
emitted by a unit volume of the radiating
gas per unit of time, per unit of solid
angle and per unit of wavelength; k’(ν) is

a frequency-dependent absorption coef-
ficient; c is velocity of light (2.9979 x
108 m·s–1); Te is electron temperature in
K; ν is spectral frequency in Hz;  k is
Boltzmann’s constant (1.3807 x 10-23

J·K–1); and  h is Planck’s constant
(6.6262 x 10–34 J·s).

Equation 1 describes the continuous
emission of arc light radiation. Line
emission is another fraction of the total
light radiation from the arc (probably
15–20% of the total). Line emission fol-
lows roughly equivalent mathematics.
Therefore, Equation 1 can be used for
simplifying the derivation of the arc ra-
diation model without introducing sig-
nificant error.

When hν /kT<<1, the Rayleigh-Jeans
radiation law holds (Refs. 48, 49). Thus,
Equation 1 can be simplified as

(2)
The agreement of Equation 2 with 1 is

better than 5% for  λLT > 4.3 cm·K; λL
is wavelength in cm (Ref. 48). According
to research by Olsen, Kobayashi and Suga
(Refs. 50, 51), the arc temperature in the
gas tungsten welding process is more than
10,000 K. Thus, Equation 2 is equal to 1
approximately for the infrared band and
most of the visible band of arc radiation.
Also, under the atmospheric pressure and
normal welding current range, the tem-
perature of the electrons is very close to
that of the arc (Ref. 52). Compared with
the temperature of the arc, the difference
is negligible. As a result, 

(3)
where T is the temperature of the arc in K. 

Assume that heat losses are all due to
conduction (Ref. 49), then the Elenbass-
Heller rule (Ref. 46) holds for any unit
component in the arc column

(4)
where E is voltage gradient of arc;  r is
distance of the unit component to axis of
arc column, m; λ is thermal conductivity,
W·m–1·K–1; and σ  is electric conductivity.

In the welding arc column, electric
conductivity will decrease to zero
abruptly beyond a certain radius  R (Ref.
53). It can be assumed approximately
that welding current is constant within a
column of R in radius, as shown in Fig.1.
Then the density of current jr is

jr = I/( R2) (5)

According to the differential form of
Ohm’s law

jr = σ⋅ E (6)

Within the radius R, by substituting σ into
Equation 4, the following can be ob-
tained:

(7)
Assume λ is constant. Denote the tem-
perature at r = R by T0. Integration of
Equation 7 produces

(8)
By substituting T in Equation 3, one can
obtain the spectral intensity of the arc light
in the column defined by r ≤ R, denoted
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Fig. 1 — A model of the luminary of weld-
ing arc plasma.

Fig. 2 — Experimental setup of the arc light radiation study.



by εcν, which conducts welding current

(9)
When r > R, σ = 0, Equation 4 becomes
(Ref. 51)

(10)
Its integration gives

(11)
By substituting T in Equation 4, the
spectral intensity of the plasma (εncν ) in
the region defined by r > R, which does
not conduct the current, can be obtained
as follows:

(12)
The arc column can be assumed to be

an optical lamina, which does not absorb
radiant energy. For simplicity of the de-
rivation, the gradient of the temperature

along the axis of the arc can be neglected
(Ref. 51). By integrating εν over the vol-
ume of arc column, one can obtain the
radiant energy of the whole arc column
in a unit spectral band

(13)
where  RL is the radius of the arc plasma
luminary and the spectral intensity of the
arc plasma column is zero when r ≥  RL.
From Equation 12, the upper limit of the
integration, RL , can be calculated as
follows:

(14)
Hence,

(15)
Equation 15 accounts for the contri-

bution from the arc radiation. In addition
to the shielding gas, other radiant sources
such as the weld pool and the electrode
also contribute to the observed radiation
of the arc. Hence, two additional terms,
Ig and constant, are added in Equation
15 to account for the contributions of
heat input related sources and other
sources. As a result, a modified equation
is achieved as follows:

(16)
where j is the average current density and
C1, C2 and g are constants. The current
density remains approximately constant
in the low-welding-current range and in-
creases slowly with the welding current
in the high-current range for gas tungsten
arc welding (Ref. 51) 

j = jc I ≤ I*
j = jc + a I–150 I > I*        (17)

where a is a small positive constant and
I* ranges from 120 to 150 A. 

Equation 16 depicts the relationship
between the radiation of the arc light and
the welding parameters including the
current, the voltage gradient of the arc
column and the arc length. This compre-
hensive model can play a fundamental
role in understanding the phenomena as-
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Fig. 3 — Arc light intensity vs. arc length: water-cooled copper anode. Fig. 4 — Arc light intensity vs. arc length: stainless steel anode.

Fig. 5 — Spectral distribution of gas tungsten arc light.



sociated with arc radiation, as well as in
applying the arc light sensing method to
welding process sensing and control. In
the following discussion, we shall first
verify the effectiveness of the model
through arc length sensing, and then im-
prove the accuracy in arc length control
and joint tracking based on the model.

Experimental Procedure

Experiments have been conducted to-
ward three goals. The first one is to verify
the arc light sensing model based on arc
length measurement. The second has
been directed to spectral analysis and im-
provement of arc light sensing based on
arc length measurement. Finally, the arc
light sensing method has been applied to
joint tracking. 

Water-cooled copper plate, mild
steel, low-alloy steel A202M-93 and
stainless steel 304 were used in the ex-
periments. Argon was used as the shield-
ing gas. The welding power source was
an inverter welding power source with
output from 5 to 500 A. 

The developed arc light sensor, 15
mm in diameter and 50 mm in length,
was clamped onto the welding torch. A
small amount of shielding gas (0.25
L/min) passed through the sensor to cool
the internal component and keep the
welding smoke from the window of the
sensor. The light-sensitive component of
the sensor is a phototriode with spectral
response from 500 to 1000 nm. An auto-
matic sensitivity control circuit was de-
veloped to control the phototriode to
make it work linearly in a large light-in-
tensity-variation range. A grating mono-
chrometer, with 0.1-nm resolution and
67–600 nm/min scanning speed, was
used in our spectral analysis. The mini-
mum view angle of the water-cooled

probe (diaphragm) and the spectrometer
is 0.015 deg, and the spectral response
range of the system is 320 to 820 nm. An
automatically controlled moving weld
table was employed so that the welding
torch and, therefore, the light path could
remain stationary. The diaphragm was
constructed on a three-dimensional
translation stage with 0.01- mm adjust-
ments for precise positioning. A micro-
processor received the arc light signal,
welding current signal, the spectral sig-
nal and wavelength signal. It also con-
trolled the welding equipment. Data
were calibrated and then transferred to a
personal computer for further analysis.
Figure 2 shows the overall layout of the
experimental equipment. In the experi-
ments using Layout 1, the arc light from
the integral arc column or part of it was
focused into the monochrometer for
analysis. In partial arc spectral analysis
using Layout 2, arc light from a very thin
layer or a very small part of the arc col-
umn was monitored by diaphragm with-
out peripheral effects. The data were con-
verted by Abel transformation with the
Pearce method (Ref. 46). The purpose of
this experiment was to determine the
spatial distribution of element emission
in the arc column.

Results

Arc Length Sensing

As a primary arc welding process for
precise joining of metals, GTAW re-
quires precise control of its parameters.
Arc length determines the distribution of
the heat input and thus requires control
as precise as 0.2 mm. Although methods
such as probe, optical, arc voltage sens-
ing, etc., have been available (Refs. 54,
55), the requirement of 0.2 mm has been

difficult to realize. As will be demon-
strated, arc light sensing will be a
promising method to achieve such high
accuracy. 

Gas tungsten arc welding is relatively
stable. It is reasonable to assume the ra-
dius of the electric-conducting column
and the radius of the arc plasma luminary
as constants. Under normal welding con-
ditions, the voltage gradient of the arc
column is also a constant. Thus, Equation
16 can be converted to

(18)
where G1, G2, G3 and G4 are constants,
L is arc length and I is welding current.
Equation 18 reveals the intensity of the
arc light in a unit spectral band linearly
changes with the arc length provided that
the welding current remains constant. 

To verify the theoretical model, several
experiments have been done to measure
the arc length based on arc light. Figure 3
shows the arc light signal, the integral in-
tensity of the arc light in the band from
500 to 1000 nm, has a linear relationship
with the arc length. This result was ob-
tained on a water-cooled copper work-
piece. With the least-square model fitting
method, the experimental data in Fig. 3
can be described by the theoretical model
with the following parameters:

(19)

where Vsignal is arc light signal in volts.
The units for the welding current I and
the arc length L are ampere and mil-
limeter, respectively. 

The experimental results on stainless
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Fig. 6 — Spatial distribution of Ar atomic spectra. Fig. 7 — Spatial distribution of Ar ionic spectra.



steel plates are given in Fig. 4. Although
Equation 19 is in good agreement with
the data when arc length is long (>1 mm),
the arc light signal did not show a linear
relationship when arc length decreases
below 1 mm. Similar phenomena were
also observed for mild steel and alloy
steel. For the water-cooled copper work-
piece, no melting occurred in the exper-
iment. For other materials, melting oc-
curred during the welding process.
However, the arc length was not
changed, obviously, due to the melting
because very thick workpieces (>10 mm)
were used in these experiments and only
partial penetration welds were made. It
can be deduced that some other factors
caused this interesting variation in arc
light signal in the short arc length range.

Improvement of Arc Light Sensing Based on
Spectral Analysis

The influence of the melting phenom-
enon on arc light radiation implies that
metal vapors play an important role
when the arc length is short. Unfortu-
nately, the melting phenomenon is an in-
herent feature of a practical GTAW
process. Therefore, it is necessary to in-
vestigate the role of metal vapors in arc
light radiation. As shown in Fig. 5, arc
light emission consists of continuum and
spectral lines. Besides the electrons, the
emission is also corresponding to the
ions and excited atoms of different ele-
ments in the arc column. In the above ex-
periments, the arc light signal is the inte-
gration of the emissions of the continuum
and lines of all the elements in the arc
column. The light radiation model was
derived based on the assumption the el-
ement is homogeneous in the whole arc
column. It is obvious the distribution of
the elements in the arc column has sig-
nificant influence on the validity of the

radiation model. The
following investiga-
tion focuses on the
spatial distribution of
the major elements
in the GTAW arc col-
umn.

Using the di-
aphragm, the spatial
distribution of emis-
sion of elements in
the arc column was
examined. The di-
aphragm scanned
the arc column along
the horizontal and
vertical direction
with a step of 0.25
mm. The emission in-
tensities of different elements were ac-
quired with the same gain. The threshold
of emission intensity was set as 1 and all
absolute values were transferred to rela-
tive ones. In this way, the distribution
area of different elements and their emis-
sion intensities can be compared. By
connecting the geometric point with the
same emission intensity, the two-dimen-
sional emission distribution “maps” of
argon atoms, argon ions and metal va-
pors on the cross-section plane of the arc
column were produced based on Abel
transformation. Because the arc column
is symmetric to its axis, the cross-sec-
tional distribution emission of elements
of the arc column can reflect the situation
of the whole arc column. As shown in
Fig. 7, argon atomic lines are distributed
throughout the arc column and account
for a major portion of the radiation emit-
ted by the welding arc. This phenomenon
has been observed for different work-
piece materials such as stainless steel and
water-cooled copper plate, as well as for
different welding currents and arc
lengths. Of course, the spatial distribu-

tion of the intensity of argon atomic spec-
tra varies, and the intensity in general in-
creases toward the axis of the arc and the
tip of the tungsten electrode — Fig. 6.

Different from spatial emission inten-
sity distribution of argon atoms, the area
with relatively high emission intensity of
argon ionic lines concentrates immedi-
ately below the tungsten electrode, as
can be seen in Fig. 7. When the distance
from the tungsten increases, the intensity
decreases rapidly. 

The spectrum of base metal vapors is
distributed in a cone concentrated just
above the weld pool, as shown in Fig. 8.
Its area and height have an intimate rela-
tionship with welding parameters. When
the current is low, the height is large but
the emission is relatively low. As the weld-
ing current increases, the height decreases
and the emission of metal vapor increases.
It is interesting that the metal vapor spec-
tra are subject to severe fluctuations with
random frequency. Hence, the spectral
components caused by metal vapors
should be filtered out to improve the ac-
curacy of the arc length measurement.
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Fig. 8 — Spatial distribution of iron atomic spectra.

Fig. 9 — Schematic diagram of the elements and the spatial distributions
of their emission intensities in the gas tungsten arc column. A — Long arc;
B — short arc.

Fig. 10 — Argon atomic line intensity vs. arc length.



It can be seen that, at the upper part
of the arc column, the argon atomic and
ionic lines dominate the spectrum of the
arc light. The intensity of the metal lines,
including the lines of vaporized tungsten
and base metal, is extremely weak due to
the distance from the base metal and the
very high melting point of tungsten.
When the distance toward the weld pool
is reduced, the spectra of base metal
vapor become stronger but are subject to
fluctuations. As shown in Fig. 9, argon
atoms, argon ions and metal atoms are
distributed in a significantly different
fashion in the arc column. As pointed out
right after Equation 14, the equation only
accounts for the contribution of the
atoms of the shielding gas. The emission
of argon ions and excited metal atoms do
not have a direct relationship with arc
length. Although we have added two
terms to modify the model to account for
the contributions of radiation sources
other than the shielding gas, an accurate
description of the fluctuated metal vapors
is still difficult. 

The argon atomic line is distributed
throughout the arc column, independent
of the workpiece material. The distribu-
tion of argon ionic lines and metal vapor
lines is not even in the arc column and is
prone to be influenced by other related
factors, and thus cannot be used. An
argon atomic line of 696.5 or 750 nm
was selected based on the above experi-
mental results. The data shown in Fig. 10
were obtained using the argon atomic
line 696.5 nm. Two advantages resulted.
The first is the desired linear relationship
between arc length and arc light remains
very well when arc length changes from
5 mm to almost short circuit, without
being influenced by workpiece materi-

als. The second is the noise in the arc
light signal decreases significantly, due to
the exclusion of metal vapor spectra. The
relationship between experiment data of
argon atomic line intensity and arc length
can be regressed as (20)
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Fig. 11 — Setup of arc length control experiment. Fig. 12 — Effect of step disturbance on arc length.

Fig. 13 — Arc light signal for detecting deviation of the welding torch.

Fig. 14 — Monitoring of torch deviation based on arc light signal.



The dash lines in Fig.10 are the re-
gressed results. The standard derivation is
0.1048. Equation 20 is very similar to
Equation 19. Hence, the following equa-
tion has been rearranged from Equation
20 to measure the arc length in our arc
length control system: 

(21)
where Bsignal is the argon line intensity
signal received by the arc light sensor,
and N1, N2, N3 and N4 are constants. To
measure and control the arc length based
on Equation 21, the welding current I
needs to be sampled during the welding
process. 

In the experiment corresponding to
Fig. 12, a step disturbance in arc length
was applied by overlapping a 1-mm
stainless steel plate on another 1-mm
stainless steel plate as shown in Fig. 11.

Before igniting the
arc, the torch was
moved down to-
ward workpiece 1
and a contact sen-
sor monitored the
contact between
the tungsten elec-
trode and the work-
piece. When the
contact was de-
tected, the torch
was moved upward
for 1 mm. During
welding, the single-
chip, microproces-
sor-based control
system corrected
the arc length each
0.25 s based on the
arc length signal
using a PID algo-

rithm. The set-point of the arc length was
1 mm and the travel speed of the torch
was 4 mm/s. The arc light signal and the
torch adjustment were recorded by the
microprocessor. As can be seen in Fig.
12, the effect of the step disturbance on
the arc length was corrected in approxi-
mately 1.5 s (6 mm travel distance). The
steady-state error of the arc length was
bounded by ±0.2 mm.  

Weld Joint Sensing

The proposed arc light sensing
method can be used to measure the weld
joint and its profile for joint tracking or
adaptive welding. To this end, the torch
is oscillated across the weld joint as
shown in Fig. 13. The weaving motion
causes changes in the arc light sensed at
the joint groove faces. The resultant vari-
ation in the arc light is directly propor-
tional to the fluctuation in the distance

between the surface of the weldment and
the tip of the welding electrode. Fluctua-
tions in the arc light are monitored, and
the feedback signals are sent to the con-
troller, which centers the oscillating torch
in the joint. Both V-type and square
grooves were used in experiments, as
shown in Fig. 13. 

Figure 14 illustrates the principle for
detecting the deviation of the torch from
the central line of the weld joint in a V
groove. The deviation of the torch, de-
noted as D, can be determined by the
following equation:

(22)
where L is the amplitude of oscillation,
and T1 and T2 are the time intervals be-
tween the peak and the valleys in the
waveform of the sensor output signal, as
shown in Fig. 14. It can be shown that

(23)
where αi(i = 1,2) are the angles of the
bevel, N1 and N2 are constants as de-
fined in Equation 20, and Bp and
Bi(i=1,2)  are outputs of the arc light sig-
nal at the center of the joint and the end
points of the oscillation, respectively. Fig-
ure 15 shows the signal when the devia-
tion D, the leg of the groove and the in-
cluded angle α are 1 mm, 3 mm and 90
deg, respectively. The difference be-
tween T1 and T2  indicates the deviation
is clearly identifiable.

To further improve the accuracy, argon
atomic lines have been used. Figure 16
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Fig. 15 — Arc light signal for detecting deviation of the welding torch. Fig. 16 — Line intensity signal in detecting small V groove.

Fig. 17 — Line intensity signal in detecting a square groove in GTAW.



depicts the atomic line signal in detecting
a small V groove (1 mm). Based on the sig-
nal, the groove can be determined. Ex-
periments showed that with argon atomic
line intensity signal, 0.2 mm deviation
can be reliably detected for a V-type
groove with a 1-mm or larger groove leg.
For butt joints, the argon atomic line sig-
nals can successfully detect square
grooves when the minimum root opening
is 0.5 mm for GTAW — Fig. 17. However,
if an integral arc light signal is used, the
minimum root opening increased to 1
mm for GTAW.

Conclusions

This study focused on the theoretical
foundation for arc light sensing and its
application. The major conclusions
drawn from this study are the following:

1) A theoretical model of arc light ra-
diation has been developed for the gas
tungsten arc welding process. The model
reveals the relationship between welding
parameters, arc length and arc light in-
tensity. 

2) Spatial distributions of the emission
intensities of different elements in the
GTAW arc column are significantly dif-
ferent. The spatial emission distributions
of argon ions and base metal vapors are
not even in the arc column, but that of the
argon atom is. By filtering out the argon
ionic lines and metal atomic lines, the arc
light radiation can reflect the arc length
linearly and is in good agreement with
the radiation model.

3) With the arc light sensing method,
the arc length can be controlled within
±0.2 mm by making use of the simplified
radiation model.

4) The arc light sensing has shown the
effectiveness of detecting the deviation of
the torch on the weld pass with a V
groove and a square groove.
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