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Experimental study on the full cycle evolution of high-intensity atmospheric
dc arc discharge from breakdown to extinguishment
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In this study, the spatiotemporal evolution of full cycle of high-intensity dc argon arc discharge at atmo-
spheric pressure is investigated by using a transferred arc device, which is easy to be directly observed in the
experiment. Combining the voltage and current waveforms with high-speed images, the full cycle evolution
process of high-intensity atmospheric dc arc can be divided into five different stages: breakdown pulse stage,
cathode heating stage, current climbing stage, stable arc discharge stage, and finally arc extinguishing stage.
The characteristics of each different stage are analyzed in detail through the electrical properties, high-speed
pictures, and spectroscopic measurements. The results show that the strong luminescence region develops from
the vicinity of cathode and anode to the middle in the breakdown pulse stage, which is explained from the
spatiotemporal evolution of distributions of excited argon atom and ions. The development velocity of emission
intensity of argon ions is mainly determined by the dominant stepwise ionization process. Then the cathode
heating stage appears with many bright and nonuniformly distributed light spots on the cathode surface, and the
electron emission mechanism of cathode gradually changes to the thermionic emission as the surface temperature
rises. With the increase of arc current, the discharge channel significantly expands, then becomes stable due to
the increment of the Lorentz force. The characteristics of arc extinguishing stage are clarified in terms of the
decay of charged particles density.
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I. INTRODUCTION

The full cycle process of high-intensity atmospheric di-
rect current (dc) arc plasma is very complicated, which may
include the breakdown process between the electrodes, the
establishment and development process of the arc discharge
channel, the stable arc discharge stage, and so on [1]. Many
researchers have focused on the study of arc plasma character-
istics in the stable discharge stage, since this stage is easy to be
investigated by experimental measurements [2–4] and numer-
ical modeling [5–7]. However, to-date, there is no literature
on the entire life cycle of arc plasma evolution process, thus,
in this way our knowledge on high-intensity dc arc plasma
is not comprehensive. Therefore, it is necessary to perform
a detailed study on the full cycle process of arc plasma in
order to find the interesting physical phenomena and realize
better applications in the field of materials processing [8–10],
aerospace propulsion [11–13], waste treatment [14–16], and
so on.

Although the novel thermal and chemical nonequilibrium
model coupling with space charge sheath has been developed
to study the arc plasma characteristics [17–19], it is still very
difficult to establish a unified numerical model on simulating
the whole formation process of high-intensity dc arc, since the
development of arc evolution process involves many different
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stages. Conducting experimental research can better observe
the arc full cycle process, and is much closer to the real
situation of arc plasma formation.

The present experimental study on atmospheric arc plasma
mainly focuses on the electrical properties [20–22], arc tem-
perature measurement [23–25], and anode heat flux [26–28].
These studies improve our understanding on the arc plasma,
but only on the stable discharge stage after the arc forma-
tion. The development of arc formation is a dynamic process,
which requires both the temporal and spatial measurement
to capture the entire process. There are a few measure-
ments on spatiotemporal evolution of breakdown process in
an atmospheric discharge [29–31]. Parkevich et al. [32] used
multiframe laser probing system to find that the atmospheric
air breakdown is related with the fast formation (�1 ns) of a
micron-sized cathode spot with an electron density of about
1019 cm−3, which can be transformed into a spark channel
having an electron density of 1019–1020 cm−3.

Besides the stable arc discharge stage and fast breakdown,
the formation of high-intensity atmospheric pressure dc arc
discharge also involves other abundant physical phenom-
ena, such as the rise of cathode temperature, the change of
electrons emission mechanism and the establishment of arc
discharge channel with the increment of arc current. Although
some numerical researches on cathode heating and cathode
spot mode of atmospheric pressure arc have been performed
[33–37], the experimental study on the cathode spot evo-
lution characteristics of atmospheric arc discharge is very
scarce. Phan et al. [38] performed experimental observation of
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FIG. 1. Schematic of the experimental setup.

cathode spot behavior in argon alternating current tungsten
inert gas welding of aluminum by using high-speed video
camera, illustrating the general tendency of the life cycle
of the cathode spot. It is found the cathode spots exhibit
an uneven and ring-shaped distribution, and have a random
movement on the surface. Schein et al. [39] investigated the
ignition of arc spots on cold cathode in a pure argon gas
atmosphere by electrical measurements and high-speed pho-
tography, and an initiation by a diffuse glow discharge and
a constricted arc spot was observed, which were attributed to
different surface structures. However, the detailed information
about cathode spot behavior is still lack during the entire life
cycle of high-intensity atmospheric dc arc.

It can be seen from the above analysis that there are
basically corresponding studies on different arc discharge
stage. However, these different discharge stages are inves-
tigated separately, actually they are related to each other,
so it is more appropriate to investigate the entire life cycle
process of high-intensity dc arc discharge, including the es-
tablishment and development process of the arc discharge
channel and the arc extinguishing stage. In our experiment,
a transferred arc device, shown in Fig. 1, is used to facilitate
direct observation. The high-speed camera combined with the
spectroscopic diagnostic are adopted to observe the temporal
and spatial evolution of the high-intensity atmospheric dc arc
discharge. The details about the experimental setup are given
in Sec. II. In Sec. III, we first present the full spatiotempo-
ral evolution cycle of the arc discharge, which involves the
breakdown pulse stage, the cathode heating stage, the current
climbing stage, the stable arc discharge and eventually the
arc extinguishing stage when turning off the power supply.
Then the mechanisms for each discharge stage are clarified in
order to better comprehend the phenomena associated with
different discharge stages. Finally, the conclusion is given
in Sec. IV.

II. EXPERIMENTAL SETUP

Figure 1 shows the schematic of the experimental sys-
tem used in this study, mainly including a core chamber,
a transferred arc device, a power supply, a water cooler, a
vacuum pump, and the measurement and control system. The
transferred arc device is placed in the core chamber with
a diameter of 600 mm and a height of 550 mm as shown
in Fig. 1. The high-intensity dc arc discharge is generated
between a thoriated tungsten cathode with the diameter of
5 mm and a copper anode, which are cooled by water. The
detailed electrode configuration is exhibited in the upper left
corner of Fig. 1. The conical cathode with a 60 ° cone angle
is perpendicular to anode surface, and the electrodes gap is
fixed as 10 mm. An insulated-gate bipolar transistor inverter
dc constant-current power supply with the current adjustment
range of 40–160 A is used, and the arc current is set to 85 A
in this study. However, the open-circuit voltage of the power
supply is ∼430 V, which is not enough to cause breakdown.
Therefore, an independent discharge circuit, which can gener-
ate the high-voltage pulse of 10 kV with the width of ∼6 µs
and the frequency of ∼80 Hz, is equipped in the power supply
to create breakdown. Once there is breakdown between the
electrodes, the independent discharge circuit stops working
immediately. Before the experiment, the air in the chamber is
pumped out by the vacuum pump, then the argon working gas
with the purity of 99.999% is used to flush the chamber, finally
the argon working gas is refilled to the chamber until reaching
one atmosphere. The water-cooled resistance of 0.1 � is used
to test the power supply, and replaced by the arc discharge
when the experiment begins.

The voltage and current signals of the arc discharge are
respectively collected by a high-voltage probe (Tektronix
P6015A) and a current probe (Cybertek CP8150A) to-
gether with a digital oscilloscope (Tektronix MDO3034). The
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FIG. 2. The waveform of the high-voltage pulse.

sampling rate of the oscilloscope is set to 5M Sa/s. Figure 2
shows the waveform of the high-voltage pulse collected by
the high-voltage probe. It can be seen that the peak value
of breakdown voltage is about 10 kV. The variation range of
voltage during the whole discharge process is very large (10 ∼
104 V), such as, ∼10 kV of breakdown voltage, ∼430 V of
open-circuit voltage and ∼15 V of stable argon arc discharge
voltage. Therefore, in order to clearly see the voltage change
in the whole discharge cycle, it is necessary to select an
appropriate scale for the oscilloscope measurement range.

In our paper the selected measurement scale is from −550
to 250 V, although some high voltage signals will be lost,
the evolution process of the voltage after breakdown can be
clearly exhibited.

A monochromatic high-speed camera (i-speed 513) is used
to directly observe the spatiotemporal evolution of high-
intensity arc discharge. The frame rate is set to 100 000 fps
with an exposure time of 1 µs. The image taken by the high-
speed camera before discharge is shown in upper left corner
of Fig. 1. The resolution of the image is 336 × 192 pixels, and
the area enclosed by a red dashed line with 120 × 160 pixels
is selected to exhibit the arc discharge state in the Sec. III. A
single chip microcomputer (STM32) is adopted to control the
power supply and trigger the high-speed camera, which en-
sures that the discharge image sequence can be synchronized
with the voltage and current waveforms for further analysis.
The distributions of excited argon atoms and argon ions are
respectively acquired by two narrowband filters at the central
wavelengths of 696 and 375 nm, respectively, with a band-
width of 10 nm.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Spatiotemporal evolution of full cycle
of high intensity dc arc

Figure 3 shows the spatiotemporal evolution of high in-
tensity dc arc in an entire discharge cycle. According to the
voltage and current waveforms collected by the oscilloscope

FIG. 3. Spatiotemporal evolution of full cycle of high intensity dc arc.
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FIG. 4. Evolution of the discharge channel in the breakdown
pulse stage.

and the discharge images taken by the high-speed camera, the
development process of high-intensity dc arc can be divided
into five different stages, including the breakdown pulse stage,
the cathode heating stage, the current climbing stage, the sta-
ble discharge stage, and the arc extinguishing stage. As shown
in Fig. 3, the breakdown process between the electrodes is
completed within 1 µs, which is too fast to capture the detail
by the camera, and the breakdown discharge channel exhibits
a multibranch structure. The breakdown pulse stage is charac-
terized by a large current pulse lasting about 5 ms with a steep
current rise time of 0.5 ms. Then the discharge enters a low
current stage with a current value of about 20 A and a duration
of ∼127 ms. In this stage the corresponding arc state is very
unstable with many bright and irregularly moving spots on
the cathode surface, which also heat the cathode. Therefore,
this stage is defined as the cathode heating stage. After that,

the arc current gradually increases to the set value of 85 A,
and the stable discharge channel of high-intensity dc arc is
established. Then the arc enters the stable discharge stage,
which is widely used and investigated for practical applica-
tions in thermal arc field. When the power supply is switched
off, the arc extinguishing stage begins, in this stage the arc
current drops rapidly in a short time, and the corresponding
discharge channel also delays fast. Further detailed analyses
and descriptions of each stage in the full development process
of high-intensity dc arc are given below.

B. The breakdown pulse stage

Figure 4 exhibits the spatiotemporal evolution processes
of the discharge channel in the breakdown pulse stage syn-
chronized with the variations of voltage and current shown
in Fig. 5. At the time t = 0 µs, the voltage peak value reaches
about 10 kV (as shown in Fig. 2), leading to the strong electric
field on the order of 106 V/m, however, this is an estimated
average electric field based on the electrodes gap, considering
the influence of the surface microscale structure, the field
enhancement factor is in the range of 10–1000 [25,40], so
the maximum local electric field could reach the order of
109 V/m. The work function of thoriated tungsten cathode
used in the experiment is 2.6 eV, and the required electric
field for cathode to emit electrons is on the order of 109 V/m.
Therefore, this maximum local electric field in the experi-
ment could extract free electrons from the thoriated tungsten
cathode surface, then the emitted electrons can be accelerated
by the high sheath voltage, inducing the ionization impact
reactions, and forming a bright spark discharge channel with
multibranch structure as shown in the high-speed image at the
time of 0 µs in Fig. 4. In the process, the electrode temperature
is relatively low and the thermionic emission can be ignored.
Thus, the field emission is dominated in this stage.

After the time t = 0 µs, the voltage decreases rapidly and
becomes positive close to 10 µs in Fig. 5(b), resulting in the
fast drop of electric field and the reversal of electric field
direction. Thus, the discharge channel cannot be maintained
and decays fast at the time t = 10 µs since the energy obtained
from the external electric field is reduced and the collision
interactions between the free electrons and argon atoms are
also weakened. Then the voltage returns to negative values

FIG. 5. Voltage and current waveforms in the breakdown pulse stage.
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FIG. 6. Spatiotemporal evolution process of the discharge channel.

and shows oscillation, so the energy is gradually accumulated
during this pulse stage. Moreover, the direction of the electric
field does not change after 10 µs, and the electric field gradu-
ally becomes stable. The electrons in the discharge channel
can obtain energy from the electric field again, producing
more excited species and charged particles, thus the discharge
channel gradually develops, and the current rises at a rate of
about 160 A/ms in the time range of 20–500 µs as seen from
Fig. 5(a), in which the increase of the current is nearly linear,
and the current is about 3 A at t = 20 µs and 80 A at t =
500 µs. Until the time of 150 µs, the cathode and anode lumi-
nescence are very strong, indicating that the discharge channel
develops from the vicinity of the two electrodes to the middle
as shown in the time sequences of 150–280 µs in Fig. 4.

In order to clearly see the evolution of the discharge chan-
nel, Fig. 6 shows the spatiotemporal evolution process of the
discharge channel in the breakdown pulse stage obtained by
imitating streak camera, where the Y axis is the space position
between electrodes and the X axis is the time. From the front
development of the strong light emission near the electrodes,
the development speed of the discharge channel near the
cathode and anode are estimated to be 28 m/s and 52 m/s,
respectively. The current reaches the peak value at the time of
500 µs, the corresponding discharge channel area also reaches
the maximum value, as shown in the high-speed image at
t = 500 µs in Fig. 4. After that, the discharge attenuates again
due to the decrease of discharge current.

Figure 7, respectively, presents the spatiotemporal evolu-
tion of the emission intensity of excited argon atoms and
argon ions obtained with a narrowband filter at the central
wavelengths of 696 nm and 375 nm with a bandwidth of
10 nm. Combining with the emission intensity of excited
argon atoms and argon ions, the phenomenon of discharge
channel developing from two electrodes vicinity to the middle
can be explained. From Fig. 7(a), it is seen that the excited
argon atoms mainly exist close to the cathode before the time
of 100 µs, then it begins to develop near the anode, and fills
the entire discharge gap between cathode and anode at the
time of about 300 µs, which is consistent with the variations
of discharge images taken by high-speed camera in Fig. 6.

However, the emission intensity of argon ions in Fig. 7(b)
shows a development trend from cathode to anode. The distri-
bution of argon ions is determined by the following equation:

∂ρi

∂t
+ ∇ · �Ji + ∇ · (ρi�ug) = Sc,i. (1)

FIG. 7. Spatiotemporal evolution of the emission intensity of
excited argon atoms and ions at the central wavelengths of 696 and
375 nm, respectively, in the breakdown pulse stage.

The second term and the third term on the left-hand side,
respectively, describe the diffusion and convective effects on
ions density, Sc,i is the chemical reactions source term. At
the time scale of about 100 µs, the diffusion and convective
processes play a small role on the argon ions development,
and the chemical reactions processes are critical for the argon
ions distribution. The ionization reactions mainly include the
electron impact of ground state argon atoms, and excited
argon atoms ionization by electron impact (namely, stepwise
ionization),

e− + Ar → 2e− + Ar+, (2)

e− + Ar∗ → 2e− + Ar+. (3)

From Fig. 7, it can be seen that large emission intensity
of argon ions occurs at the positions where the intensity of
excited states of argon atoms is high. Therefore, the ionization
of argon atoms is mainly through stepwise ionization, and
the direct ionization caused by electron collision with argon
ground state is relatively weak during the argon ions develop-
ment. According to previous study [17,41], the cathode sheath
voltage can account for about 40% of the total voltage, and the
anode sheath voltage is negligible, so the electrons can obtain
much more energy near the cathode, resulting in more intense
ionization and the light emission of ions developing from the
cathode to the anode. It is estimated from Fig. 7(b) that the
development speed of the front of the ions emission intensity
is about 21.27 m/s. The front development speed of argon
ions emission intensity is mainly determined by the rate of
ionization reactions in the breakdown pulse stage, since the ef-
fect of convection and diffusion processes on ions distribution
is small. Based on the above analysis, the dominant ioniza-
tion reaction is the step ionization with the rate coefficient
k = 1.37 × 10−13 Te[eV]0.5 exp (−4.11 / Te[eV]) m3s−1 [5].
The front development speed ν of argon ions emission
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FIG. 8. Evolution of the discharge channel in the cathode heating
stage.

intensity can be derived as follows:

v = dV

A
= dNe

Ane
= nenAr∗kAL

Ane
= nAr∗kL, (4)

where dV is the change rate of discharge volume, A is the
area of discharge front, dNe is the change rate of electrons
number, ne is the number density of electron behind the
discharge front, nAr∗ is the number density of excited argon
atom, k is the rate coefficient of step ionization, and L is
the length of the intense emission region behind the front. In
Eq. (4), the electron temperature and excited states density
are required to calculate the development velocity of ions
emission intensity. In atmospheric argon arc discharges, the
electron temperature is usually about 1–2 eV [1,24,42]. Below
electron temperatures of 1 eV, the step ionization coefficient k
is about 2.24 × 10−15 m3/s [5], nAr is about 5.3 × 1023 m−3

based on the Saha equation in the thermodynamic equilibrium
assumption, and nAr∗ is about 5.3 × 1018 m−3 according to the
Boltzmann relation. The emission length L is on the order of
10−3 m seen from the discharge image. Based on these data,
the front development speed ν can be estimated on the order
of 10 m/s, which is consistent with the speed estimated from
Fig. 7(b). Therefore, it is concluded that the development of
ions distributions in this stage is mainly dominated by the
electron impact excited state ionization process.

C. The cathode heating stage

At the end of the breakdown pulse stage, the discharge
current decreases to about 20 A as shown in Fig. 3, so the
discharge image has changed significantly, and the discharge
mode enters the cathode heating stage. Figure 8 shows the
image sequences of the discharge channel in this stage pho-
tographed by a high-speed camera, which has the exposure
time of 1 µs. In this stage, there are many bright and nonuni-
formly distributed spots on the cathode surface, which also
move irregularly. Compared with the cathode spots, the dis-
charge column has a weak luminous intensity, and exhibits
the distortion with the increase of time.

This cathode heating stage is characterized by low arc
voltage of about 20 V, thus leading to the small electric field
strength. Under the action of this weak electric field, the col-
lision excitation and ionization interactions between different
particles are reduced, causing the weak light emission of the
discharge channel in Fig. 8. Similarly, the cathode surface

processes are also influenced by the weak electric field. The
average electric field intensity is estimated on the order of
103 V/m, which is much less than the field intensity required
for field emission ∼109 V/m. Therefore, the field emission of
the cathode is not enough to provide sufficient electrons, and
the cathode electron emission mechanism must have changed
in the cathode heating stage. It is pointed out in Ref. [43] that
the secondary electron emission caused by the exited argon
atoms and ions impact the cathode surface becomes the main
emission process when the cathode is not heated enough to
thermionic emission. The secondary electron emission coef-
ficient caused by the impact of excited argon atoms on the
cathode has been estimated to be of the order of 1 [44,45],
while the secondary emission coefficient of positive ions is
only about 0.1 [46], so it is considered that the secondary
electron emission process due to the excited atoms impact is
stronger than that caused by the impact of argon ions. More-
over, these excited argon atoms diffuse to cathode surface
and loss the excited energy by radiation, leading to the bright
luminescence near the cathode surface.

The ions from the plasma region can obtain energy from
the cathode sheath, and bombard the cathode surface, gener-
ating a nonlinear heating of the cathode. As pointed out in
Ref. [33], this nonlinear heating could cause the occurrence
of cathode spots. The power balance of the cathode surface
can be written as follows:

ji
e

(
eU c

sh + Ai − A f
) = jem

e
A f + q, (5)

where ji and jem are respectively the ion current density and
the electron emission current density, U c

sh is the cathode sheath
voltage drop, Ai is the ionization energy of argon, A f is the
work function of cathode material, and e is the elementary
charge. This simple equation indicates that the ions heating
for the cathode is balanced by the energy taken away by the
emitted electrons leaving the cathode surface and the heat con-
duction. The detailed analysis of heat flux along the cathode
surface has been given in our previous papers [41], which also
shows that the space-sheath heating and ion recombination
are the dominant heating mechanisms for the cathode, and
the energy taken away by the emission electrons is the main
heat dissipation process. The variation of heat flux with the
surface temperature is nonmonotony, at relatively low Tw, the
net energy flux to the cathode surface increases with the sur-
face temperature, then this could cause a new increase in the
cathode surface temperature, but when Tw is very large and the
ionization degree on the plasma side approaches unity, the net
energy flux decreases [33]. This phenomenon could inhibit the
thermal instability and result in the final formation of stable
arc-cathode attachment. Moreover, it can be seen from Fig. 8
that the bright spots on the cathode surface moves irregularly.
The movement of these cathode spots may interfere with the
flow field, which could be responsible for the distortion of the
discharge channel. Finally, as the cathode surface temperature
increases, the cathode gradually becomes hot with the obvious
thermal radiation appearing on the surface, and the cathode
electron emission is converted to the thermionic emission.

In order to better see the characteristics in cathode heating
stage, Fig. 9 exhibits the image sequences of the cathode
heating process at an electrode gap of 3 mm taken by a Sony
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FIG. 9. Heating effect of cathode spots on cathode.

camera (FDR-AX700). The frame rate of the image sequences
is 100 fps and the exposure time is 0.1 ms. From Fig. 9 it is
seen that there are many unevenly distributed bright spots on
the cathode surface, i.e., the cathode spots. Moreover, these
bright spots show the rotation around the cathode surface,
meanwhile the distortion of the arc discharge channel also
can be clearly observed due to the rotation of the cathode
spots. Then the cathode is gradually heated to a very high
temperature and turns red as the time increases, exhibiting an
intense thermal radiation characteristic. Finally, the cathode
becomes a hot cathode, and the discharge is stabilized near
the cathode tip.

D. The current climbing stage

Figure 10 exhibits the image sequences of the discharge
channel in the current climbing stage synchronized with the
variations of voltage and current shown in Fig. 3. In this stage,
the discharge current gradually increases from about 20 A to
the set value of 85 A, the cathode spots gradually disappear,
and the discharge area on the cathode surface converges near
the cathode tip, since the cathode tip temperature is high
enough to ensure the thermionic emission after the heating
stage, keeping the current continuity. With the increase of
time, the distorted discharge channel becomes bell shape at
the time of ∼160 ms, then the discharge channel expands
radially to form a stable arc discharge. This is because the
self-induced magnetic field becomes strong at large arc cur-
rent, producing large Lorentz force to stabilize the discharge
channel.

FIG. 10. Evolution of the discharge channel in the current climb-
ing stage.

FIG. 11. Spatiotemporal evolution of the emission intensity of
excited argon atoms (a) and ions (b) at the central wavelengths of
696 nm and 375 nm respectively in the current climbing stage.

Figure 11, respectively, shows the spatiotemporal evolution
of the emission intensity of excited argon atoms and argon
ions. Before t = 140 ms, the emission intensity of excited
argon atom is very strong near the cathode region, which
may correspond to the luminescence of cathode spots as ex-
plained in the cathode heating stage. Then, with the increase
of arc current, the electron impact excitation process gradually
becomes strong and develops in the entire discharge chan-
nel, thus the number density of excited argon atoms rises,
causing the area with strong emission intensity reaching the
anode.

In Fig. 11(b) the evolution trend of the emission intensity
of argon ion is similar to that of the excited argon atom.
However, the ionization rate is mainly controlled by the elec-
tron impact excited argon atom, so its development speed
(∼0.24 m/s) from the cathode to anode is slower than that
of the excited argon atom (∼0.36 m/s). The distributions of
argon ions can still be described by Eq. (1), but different from
the breakdown pulse stage, the time scale in the current climb-
ing stage is large, so the effect of diffusion and convective
processes on the distributions of argon ions should be consid-
ered. Moreover, from the arc images, it is observed that the
discharge channel is almost axisymmetric in the breakdown
pulse stage, while it is distorted during the current rise stage
caused by the gas flow actions. Until the time of 170 ms,
the discharge channel presents a stable bell shape. In arc
discharge, the main force inducing the flow is the Lorentz
force, and the magnitude of this force is closely related to the
current density. At t = 170 ms, the arc current rises to about
85 A, and the discharge area on cathode surface is estimated
about 0.78 × 10−6 m2, hence, the current density increases
to about 1.08 × 108 A/m2, producing large Lorentz force.
The enhanced cathode jet promotes the intense excitation and
ionization region developing towards the anode and filling the
entire electrodes gap.
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FIG. 12. Evolution of the discharge channel in the arc extin-
guishing stage.

E. The arc extinguishing stage

After the stable discharge stage of ∼375 ms, the power
supply is switched off, and the discharge enters the extin-
guishing stage with a rapid decrease of arc current from the
fixed value of 85 A to 0 A. Figure 12 exhibits the evolution
of the discharge channel in the arc extinguishing stage. It is
seen that the discharge channel first contracts radially, then
decays axially. In the time range of 575–577 ms, although
there exists obvious radial contraction phenomenon, the dis-
charge channel is still stable and symmetric. After that, with
the further decrease of arc current, the constricted discharge
channel becomes asymmetric near the anode due to the re-
duced cathode jet effect. The radial and axial decay processes
of the discharge channel are better clarified in Fig. 13. As
can be seen, the intense light emission region begins to move
away from the anode surface after t ≈ 577 ms, implying the
start of asymmetrical constriction of the discharge channel
near the anode. Then the discharge channel begins to exhibit

FIG. 13. Spatiotemporal evolution of the discharge channel in
the arc extinguishing stage, (a) the entire arc extinguishing stage, (b)
the partial enlarged view in red box.

FIG. 14. The correlation between discharge area and arc current.

obvious axial decay from the arc column to the electrodes
at t ≈ 578.8 ms as shown in Fig. 13(b), in which the solid
red line stands for the boundary of intense light emission
region. Finally, the luminescence near the anode disappears
completely after t ≈ 580 ms, while the bright light near the
cathode gradually disappears until the arc current decreases to
0 A at t ≈ 582 ms. The cathode tip still can emit light due
to the thermal radiation after the discharge channel disappears
completely.

Figure 14 presents the correlation between discharge area
and arc current in the arc extinguishing stage. The variation
trend of discharge area and arc current shows good consis-
tency. At t = 574.5 ms, the discharge area begins to decrease
at a rate of ∼10.2 mm2/ms until the time of 576.5 ms, and
the discharge image mainly shows the radial contraction. In
this range the corresponding arc current has a slight decrease
from 85 to 75 A. Then the discharge area experiences a fast
drop from the time of 576.5 ms to 579.1 ms. Meanwhile, the
discharge image not only shows the radial contraction, but
also presents the axial decay. And the current drops to ∼35 A
at a rate of −1.37 × 104 A/s. As the arc current further de-
clines, the decay rate of discharge area first increases then
decreases. The image of the discharge channel only shows
bright luminescence below the cathode due to the low current
and the weak cathode jet. From this analysis, it is concluded
that the variation of discharge images is almost determined by
the decrease of arc current.

As pointed out in our previous paper [47,48], in the dis-
charge decay stage, the electron temperature and electric field
drop over a very short time, and the densities of charged
and excited species are relatively low. So, in order to see the
evolution of different species, Fig. 15, respectively, shows the
spatiotemporal evolution of the emission intensity of excited
argon atoms and argon ions. It can be seen that both the
excited argon atoms and argon ions show the similar decay
trend from the near anode region to the cathode, and the
decay rate of argon ions is faster than that of excited argon
atoms. This may be caused by the generation of excited argon
atoms during the recombination process of argon ions, includ-
ing the three-body recombination reaction and dissociative
recombination reaction [5,6,49]. The recombination reactions
of argon ions develop fast towards the cathode region, leading
to the decrease of electron density. When the number density
of charged particles in the discharge channel is too low to
maintain the discharge, the arc is extinguished.
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FIG. 15. Spatiotemporal evolution of the emission intensity of
excited argon atoms (a) and ions (b) at the central wavelengths of
696 and 375 nm, respectively, in the arc extinguishing stage.

IV. CONCLUSION

In this paper, the experimental study has been carried out
for a transferred arc device to investigate the spatiotemporal
evolution of full cycle of high-intensity dc argon arc dis-
charge. It is found that the entire cycle evolution process
of high-intensity dc arc discharge can be divided into five
different stages, i.e., breakdown pulse stage, cathode heating
stage, current climbing stage, stable arc discharge stage and
finally arc extinguishing stage. The time and space resolved
arc discharge images obtained by high-speed camera are syn-
chronized with the voltage and current waveforms to analyze
the characteristics of each stage. Moreover, the distributions
of excited argon atoms and argon ions are obtained with the
narrowband filter to further clarify the evolution mechanism
of the discharge channel under every different stage.

The experimental results show that the breakdown pulse
stage is characterized by a large current pulse, in which the
breakdown process occurs very quickly and is completed
within 1 µs. After that, the discharge images present the cor-
responding behavior with the change of voltage and current
waveforms. Up until the time of 150 µs, the luminescence
near cathode and anode is very strong, indicating that the
discharge channel develops from the vicinity of two electrodes
to the middle, which is consistent with the spatiotemporal
distribution of the excited argon atom. At the time of 500 µs

the current reaches the peak value, and the corresponding
discharge area also achieves the maximum value. The spa-
tiotemporal distribution of argon ions mainly develops from
the cathode to anode. The development velocity of argon
ions is calculated based on the dominant stepwise ionization
reaction rate, which is the same order of magnitude as the
measured grow rate of argon ions front.

In the cathode heating stage, there are many bright and
nonuniformly distributed spots on the cathode surface, which
also move irregularly. Due to the low arc voltage and electric
field intensity, the cathode electron emission mechanism may
evolve from the initial field emission to the secondary electron
emission caused by the exited argon atoms and ions impact
the cathode surface, which also gradually heat the cathode,
and then to the thermionic emission with the rise of surface
temperature. The excited argon atoms can diffuse to cathode
surface and loss excited energy by radiation, leading to the
bright and nonuniformly distributed light spots on the cath-
ode surface. Finally, the cathode becomes hot, exhibiting an
intense thermal radiation characteristic, and the discharge is
stabilized near the cathode tip.

Then the discharge enters the current climbing stage. As
the arc current increases, the discharge channel significantly
expands and becomes the stable bell shape due to the increase
of Lorentz force. In this stage, the distributions of excited ar-
gon atoms and ions are not only determined by the ionization
reactions, but also affected by the convection and diffusion
processes. Finally, when entering the arc extinguishing stage,
the discharge channel first shows obvious radial contraction,
and then presents both axial and radial decay. The variation
of discharge images is closely related with the decline of arc
current. Both the excited argon atoms and argon ions exhibit
the similar decay trend from the near anode region to the cath-
ode caused by the dominant de-excitation and recombination
reactions with the decrease of arc current. The present results
in this study are helpful to improve our understanding on the
evolution mechanisms of full cycle process of high-intensity
atmospheric dc arc discharge.
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