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Abstract. CCD camera images of the near-cathode region of an electric arc,
working at atmospheric pressure in argon, permitted observation of some
interesting phenomena that take place in this region, e.g. a ‘dark zone’ in the
cathode sheath region, low-frequency (f < 0.1 Hz) fluctuations of discharge
parameters and emitted light, the existence of several hot spots on the cathode
surface, different kinds of movements of the arc spot on the cathode surface, and
modification of the cathode surface structure.

1. Introduction

The cathode region of an electric arc has been intensively
studied for several years. This region is very important
for the understanding and modelling of electric arcs, since
it determines properties of the plasma column in the
vicinity of the cathode. Theoretical models have attempted
to include the cathode and its sheath into a magneto-
hydrodynamic model of the arc plasma. Such models
were developed for free burning or transferred arcs under
the assumption that the local thermodynamic equilibrium
(LTE) state exists in such a plasma at atmospheric pressure.
However, spectroscopic investigations of this region show
that this assumption is not fulfilled in the neighbourhood
of the cathode tip, at distances smaller than 2–3 mm from
the tip. Some phenomena that were inexplicable within
the LTE model, have been observed for various types
of electric arc [e.g. 1–7]. For instance, the maximum
value of the ArI spectral line emission coefficient (norm
intensity) varies with distance from the cathode. Plasma
spectroscopic diagnosis gives results averaged over the
time needed for recording all measured quantities. For
side-on measurements, when the Abel inversion procedure
must be applied to the recorded data evaluation, this
time ranges from 30 s to several minutes. This makes
it impossible to observe physical phenomena that are
much shorter in duration than the experimental data
recording. Understanding and modelling of the near-
cathode plasma physical state is not only based on the
results of spectroscopic diagnosis, but also on real-time
observations of this zone with a good temporal resolution.

Figure 1. Plasma source.

Results of a near-cathode region spectroscopic diag-
nosis have been described in our previous publications
[4–6, 8]. In this paper, we present the results of observa-
tions of the same plasma region, but now performed with a
high time resolution. In order to obtain a real-time picture
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of the cathode tip and near-cathode zone, we used a CCD
camera with an exposure timetexp of 60 µs.

2. Experimental set-up

Details of our experimental set-up, procedures and results
have been presented in previous publications [4–6, 8]. The
arc is shown in figure 1. The arc discharge was generated
from a conical cathode tip (α = 40◦ conical angle) of 4 mm
diameter, made of 2% thoriated tungsten. The cathode tip
was surrounded by a water-cooled nozzle. Its adjustable
distance from the cathode determined the gas velocity and
angle of gas entry into the plasma.

Two modes of gas entry were used. The first kept the
nozzle close to the cathode, injecting argon into the plasma
column at high velocity (mode (a) in figure 1). The second
mode had a large gap between nozzle and cathode with the
gas, having a small axial velocity, being sucked into the
plasma column due to the Maecker effect [9] (mode (b)
in figure 1). The first mode was similar to the working
conditions of a cathode in a plasmatron or fluid convective
cathode.

The upper part of the plasma generator consisted of
three copper discs. The channel diameter of the first disc
adjacent to the cathode was 5 mm. The arc plasma close to
this stabilizing disc was similar to the cascade arc plasma.
This part of the plasma column could be used as a ‘reference
plasma layer’ being in the LTE state. The whole arc was
placed in a chamber connected to a pressure control system
and equipped with two quartz windows for observation of
the cathode region. Before arc ignition, air was pumped
out from the chamber, after which the argon flow rate,
dg, was set to a small value (about 0.1 l h−1) to keep
the pressureP in the chamber close to 4 mbar. The
discharge was initiated by a short high-voltage pulse. After
breakdown, the pressure in the chamber was rapidly raised
to a value slightly above atmospheric and the current and
argon flow rate were set to appropriate values. The chamber
protected the whole plasma from air diffusion effectively.
The arc was operated with pure argon (purity better than
99.995%), the gas flow was betweendg = 0.8 l min−1 and
dg = 8.0 l min−1, and the arc currentIarc ranged from 80
to 200 A. The cathode tip and arc column, between the
cathode and the first disc, were observed side-on.

Spectroscopic measurements and diagnosis were
performed for several slices at different distancesz (0 <

z < 6 mm) from the cathode tip. The plasma column was
imaged by a mirror system on the entrance slit of an Ebert-
type grating spectrometer equipped with the EG&G OMA
III system as light detector (see figure 2). An additional
horizontal slit reduced the thickness of the observed slice to
25 µm. The magnification factor of the optical system was
one and its aperture was equal to 1:140. The spectrometer
worked in second order with a resolution of 150 000 and
reciprocal dispersion about 0.2 nm mm−1. The chamber
was fixed on a step motor drivenX–Z table controlled
by an on-line computer. The step motor translated the
chamber horizontally, and selected spectral line profiles
were measured for 96 horizontal positions of the arc.

Figure 2. Experimental set-up: A, arc; oa, optical axis;
SP , spectrometer; F , band-pass optical filter; MR, beam
splitter. Stability control: sAL, achromatic lens;
sPM , photomultiplier tube; sDT , drawing table. Plasma
diagnosis: dMT , step-motor-driven movable table;
dAC , acquisition system; dPM , plane mirror;
dCM , concave mirror; dOMA, optical multichannel
analyser. Plasma column visualization: vC , high-speed
camera; vVR, video recorder; vPC , personal computer;
vVS , video screen; vAL, achromatic lens.

A separate optical system was used for real-time
registration of pictures of the cathode tip and the near-
cathode zone, with high time resolution. Images were
recorded by a camera with an intensified CCD matrix sensor
(500× 500 pixels). The image intensifier was activated by
an adjustable short pulse, and was sensitive in the visible
and near-infrared spectral regions. The camera image was
recorded on videotape (25 images per second), the exposure
time texp being determined by the width of the voltage pulse
applied to the image intensifier and adjustable from 50 ns
to 5 ms, a controlled duration device being used to avoid
saturation. We used an exposure timetexp = 60 µs, which
was the best choice to obtain optimal recording dynamics.
The plasma and cathode tip image was formed directly on
the photodiode matrix using an achromatic lens (figure 2).
Different optical band-pass filters were used to select a
wavelength range for observation. Images were videotaped
during the time of experiment and converted into digital
format using an 8-bit converter.

Stability of selected parts of the plasma column was
controlled by recording the 480.602 nm ArII line intensity,
using a monochromator equipped with a photomultiplier.
The arc current and voltage were also recorded.

3. Plasma column

Observation of the plasma column image showed that the
plasma had good axial symmetry during for the duration of
our experiments (figure 3(a)).

By placing optical filters with different band-passes
(320 nm–480 nm and 720 nm–1200 nm) in front of the
camera, zones with dominant emission of the ArI or ArII
spectrum can be observed. UV radiation dominated in
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Figure 3. High-speed photography of the plasma column: (a) without filter; (b) filter, 320–480 nm; (c) filter, 720–1200 nm.
texp = 60 µs; Iarc = 200 A; dg = 4 l min−1.

the region close to the cathode forz < 3.0 mm and a
plasma column diameter of∼1.2 mm (figure 3(b)). This
zone had an intense blue colour. Spectral lines of ArI
were weak but the ArII spectrum was very intense. We
found an axial intensity maximum for ArII lines at a
distancez0 = 0.25 ± 0.02 mm from the cathode, which
was reproducible and persisted after the data evolution
procedure. This means that it cannot be attributed to the
effect of plasma geometry and particularly to a change
in the zone radius. Abovez0, intensities of the ArII
lines decreased with distance from the cathode, and for
z > 5 mm even the 480.602 nm ArII line was weak (barely
visible) on the continuous background.

Above the zone described above, inside a plasma
column of ∼3 mm diameter extending up to the first
stabilizing disc, IR radiation emission was dominant: the
ArII lines practically vanished, but the ArI spectrum was
intense (figure 3(c)).

Constriction of the plasma column was observed at a
distance of up to about 3 mm from the cathode, which
corresponds to the arc zone where axial dependence of the

696.543 nm ArI line norm intensity on the distance from
the cathode was found [4–6, 8].

Pictures of the cathode tip, taken with high image
magnification, demonstrate the existence of a thin ‘dark’
layer very close to the cathode surface (typically,z <

0.15 mm). Two examples of this zone are shown in
figure 4, where the upper parts show the same pictures after
transformation by an image-contour detection function.
Such a dark zone was also observed by Finkelburg and
Maecker [10]. However, our spectroscopic measurements
indicate that this zone emits spectral lines of the ArIII
spectrum. Spectroscopic diagnosis of this region gives a
plasma temperature up to 29 000 K, thus plasma radiation
was emitted mostly in the UV spectral range for which
our camera was not sensitive. A description of the
applied spectroscopic diagnosis methods and results are
reported in [11]. Here, the most important conclusions are
summarized. The plasma diagnosis results indicate that
the arc plasma near the cathode tip shows a radial and
axial dependence of the physical equilibrium state. In the
hot core, near the arc-symmetry axis, the plasma is in the
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Figure 4. Dark zone inside the plasma column: (a) Iarc = 150 A, dg = 4 l min−1; (b) Iarc = 200 A, dg = 4 l min−1. Arrows
indicate places where described phenomena take place.

LTE state. In the outer zones of the column, the plasma
state deviates from the LTE atP = 1 atm. Closer to the
cathode tip, deviation from the LTE state begins at a smaller
distance from the arc axis and for higher temperatures.
This deviation decreases with increasing distance from the
cathode and practically vanishes beyond 3 mm. Inward
transport of cold argon (atoms in the ground state) into the
plasma near the cathode region is the dominating impact
on the plasma equilibrium state. It creates overpopulation
of the ArI ground state and breaks the LTE state.

4. Arc spot

Despite good symmetry and stability of the plasma column
in mode (b) of figure 1, we observed displacements of
the arc spot, with the additional problem of attachment to
one cathode point for extended periods. Three kinds of
situations were observed.

(a) The arc spot was concentrated on one point of the
cathode for a period of few seconds to several minutes.

(b) Slow movements of the arc spot on the cathode
surface.

(c) Fast displacement (jumps) from one to another point
on the cathode.

In pictures of the cathode tip one can notice the
existence of several hot spots on the cathode surface. Our

camera exposure timetexp was 60µs, and the evolution
of brightness and spot position was thus averaged over
this time. Nevertheless, consecutive pictures taken at time
intervals of 20 ms show that several hot spots are present
at the same time on the cathode surface (e.g. figure 5).
Apparently, the temperature and surface of spots change
with time, and the efficiency of electron termionic emission
thus also changes. Long distance ‘jumps’ of the arc
spot on the cathode surface may be explained by a fast
change of the main thermionic emission channel from one
hot spot to another. During the stable operation period,
a stoichiometric fraction of thorium in the spot changes
and, if conditions for thermionic emission become more
profitable in another location, the main electron emission
channel will move to the new point. This explanation
is well supported by the results of cathode microstructure
analysis with a scanning electron microscope, presented in
section 6. Changes of hot spot temperature and position
are fast in comparison with the time necessary for cathode
surface temperature measurements based on spectroscopic
or pyrometric methods. Such experiments give results
averaged over the time needed for data acquisition, and the
spot temperature is thus higher than the measured temporal
mean value [e.g. 12]. The existence of several thermionic
emission spots should be taken into account in boundary
conditions for a unified theory of free burning arcs [e.g.
13].
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Figure 5. Drop formation on the cathode tip: (a) time t0; (b) time t0 + 0.02 s; (c) time t0 + 0.04 s; (d) time t0 + 0.06 s.
Iarc = 200 A; dg = 4 l min−1; texp = 60 µs; 1t = 20 ms. Arrows indicate places where described phenomena take place.

Figure 6. Intensity of the 408.602 nm ArII line from the stability control system. Iarc = 200 A; dg = 4 l min−1; time base:
25 mm nm−1; Yaxis : 7.1% variation cm−1.

5. Cathode tip

In our experiments, a cathode of thoriated tungsten (W+2%
ThO2), having a conical shape with a tip angleα of 40◦

was used. Before each run, the cathode was shaped and
cleaned. The cathode tip was placed about 0.5 mm above
the arc nozzle exit. An image of this tip was formed on
the matrix of the CCD camera. After a few minutes the
discharge was very stable. Watching the cathode tip and
its surroundings, we observed two interesting phenomena
depending on nozzle position and gas flow, i.e. vibration
of the cathode surface and protuberances at the cathode
surface.

5.1. Vibration of the cathode surface

For the cathode operating in mode (b) (see figure 1) with
a small gas injection velocity, we observed the formation
of a drop of molten metal (see figure 5) and low-frequency
vibrations of its surface. This phenomenon was cyclic and
proceeded in the following way:

(a) a period of stable work;
(b) vibration of the surface;
(c) appearance of the drop;
(d) sudden disappearance of the drop (which was not

ejected into the plasma);
(e) a period of stable work, up to the moment when

surface vibrations started a new cycle.

These cycles were also observed with the stability-
control record (figure 6), when the layer just above the
cathode was observed. One can see that periods of stable
work were interrupted by peaks with amplitudes of about
5% of the stable period value, which coincide with the
sudden disappearance of the drop on the cathode tip. This
quasi-periodic phenomenon had a characteristic time of 12
to 15 s. Intensity fluctuations of the 480.602 nm ArII
line described above decreased very fast with increasing
distance from the cathode and were not detected forz >

0.3 mm. This means that stability of the upper part of the
plasma column was not influenced by these low-frequency
instabilities.

Formation and behaviour of the metal drop should also
be investigated with the arc turned upside down with respect
to our geometry, i.e. with the cathode up and the anode
down. Such a geometry should facilitate formation of the
drop and prevent recrystallization of the molten metal.

5.2. Protuberances at the cathode surface

For the nozzle placed close to the cathodic cone and
a high gas injection velocity (mode (a) in figure 1),
we observed the appearance of protuberances on the
cathode tip (figures 7 and 8). These were directed
towards the discharge axis in most cases (figure 8). This
effect is related to gas circulation in the layer close
to the cathode surface and was observed for different

2845



B Pokrzywka et al

Figure 7. Protuberance at the cathode surface—time sequence: (a) time t0; (b) time t0 + 0.02 s; (c) time t0 + 0.04 s.
Iarc = 160 A; dg = 6.7 l min−1; texp = 60 µs; 1t = 20 ms. Arrows indicate places where described phenomena take place.

Figure 8. Protuberance at the cathode surface for different arc currents: (a) Iarc = 160 A, dg = 6.7 l min−1; (b) Iarc = 120 A,
dg = 4 l min−1; (c) Iarc = 80 A, dg = 4 l min−1. Influence of gas circulation on the cathode surface. Arrows indicate places
where described phenomena take place.

arc currents (80, 160 and 200 A). The friction force
between the injected gas and the electrode may cause
displacement of the molten metal and disturb the gas-
velocity-dependent deformation of the cathode tip. Another
mechanism that may, at least partially, be responsible for
this effect, is the Lorentz force, generated by the high
current density in the cathode spot region. This constricts

the plasma column and creates a vortex in the vicinity
of the cathode tip, which axially accelerates the plasma
(figure 9). Such a movement of the working gas could also
induce the observed phenomenon, especially the irregular
shape of the metal filament. The Lorentz force may also
provoke displacement and influence the shape of the liquid
metal.
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Figure 9. Vortex in the plasma column.

It seems that these phenomena take place on the cathode
surface without distinct cathode erosion. Spectral lines of
the cathode components were not detected in the plasma
spectrum. Ejection of the metal drop into the plasma, if it
happens, must be rare and has no influence on long-term
work (few hours) of the cathode and plasma column. The
small cathode erosion rate is further proof that metal drops
are not ejected from the surface. Instead, the drop migrates
(flows) over the cathode tip surface, forming rings, ‘crown’-
like shapes or girdles at the base of the cathode tip, after
recrystallization (see figure 9 for a schematic view).

6. Cathode surface analysis

Phenomena on the cathode surface are very important for
a description and modelling of an arc plasma. Electrode
erosion under specific experimental conditions have been
investigated by many authors, but direct comparison of
the results of different experiments is difficult because of
the large number of parameters that should be taken into
account. In most cases only qualitative comparison is
possible.

The microstructure of our cathode surface after several
hours of operation, was investigated by scanning electron
microscope and is shown in figure 10. This shows an area
characteristic for previously molten material, surrounded
by concentric ring-shaped areas. Three zones can be
distinguished in this picture.

(a) A central part (1), formed of large grains. A thorium
cartographic scan realized by energy diffraction X (EDX)
line analysis (detection limit estimated to one atomic per
cent) showed that this zone was very poor in thorium.

(b) An intermediate crater-like zone (2), with a
microstructure different from that of zone (1), and
composed of small grains rich in thorium.

(c) A peripheral zone (3), surrounding the observed
protuberance.

These observations agree with results obtained by Ushio
et al [14], who investigated the influence of material
composition (tungsten+ 2% oxide) on cathode operation
in a 200 A argon arc. EDX analysis of the cathode surface,
performed after a specific time of operation, showed that
ThO2 had been accumulated in certain zones of the cathode,
but that the arc spot was attached to the place formed of
pure tungsten.

Using an electron scanning microscope, Tsantrizas and
Gauvin [15] found two concentric rings around the central
region, for a pointed-tip cathode that operated in argon.
The morphology and location of these rings suggested
condensation of metal vapour coming from the plasma
onto the cathode surface. The first ring consisted of
crystallized tungsten, but the second one contained mostly
thorium. Tsantrizas and Gauvin [15] suggested that, inside
the plasma layer very close to the cathode spot surface,
a large quantity of evaporated electrode material exists.
Most of these atoms are ionized and then, being carried
along by the ionic current, return to the cathode. In our
experiment, no microstructural analysis of the external zone
was performed, so we have no conclusions concerning the
existence of two rings rich in tungsten and thorium as
observed previously [15].

Several questions remain open e.g. how the temperature
of the cathode tip influences the morphology of the cathode
surface, or whether a ‘cloud’ of evaporated cathode material
really exists in the immediate vicinity of the cathode surface
and how thick this cloud is. Our results show that the
answer to the second question needs an improvement in
the spatial resolution of the optical system. The height of
observed slice should be reduced to about 1µm.

These phenomena could also modify electron emission,
thus influencing the behaviour of the arc spot and the
cathode–plasma interaction. Tsantrizas and Gauvin [15]
observed variations in arc voltage, probably caused by
modification of the cathode fall with changes in the arc–spot
surface. Ushioet al [14] showed that the work function of
the cathode material may change with time for the same
plasma conditions. For the same period of time, the work
function changed proportionally with arc currentIarc, while
the current densityJi remained constant, butJi does change
with time in step with the changes in cathode spot shape
(modification of the emission surface). After some time of
running, the cathode tip operated like an electrode of pure
tungsten and the work function increased.

7. Conclusions

CCD camera registration of our electric arc cathode zone
image, showed the following phenomena.

(1) The existence of a ‘dark zone’ between plasma
column and cathode: our spectroscopic measurements
indicate that this zone emits spectral lines of the ArIII
spectrum. Spectroscopic diagnosis of this region, based
on ArIII and ArII line measurements, gives a plasma
temperature of about 29 000 K. In such a case, most plasma
radiation was emitted in the UV spectral range to which our
camera was not sensitive.
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Figure 10. Surface of the cathode: (C), concentric ring; (1), central zone; (2), intermediate zone rich in thorium; (3),
peripheral zone. Iarc = 200 A; dg = 4 l min−1.

(2) Low-frequency fluctuations of emitted light
connected with modification of the cathode tip surface:
this quasi-periodic phenomenon had a characteristic time
of 12 to 15 s. The observed intensity fluctuation of
the 480.602 nm ArII line, decreased very quickly with
increasing distance from the cathode and was not detected
for z > 0.3 mm. This means that the stability of the upper
part of the plasma column was not influenced by such low-
frequency instabilities.

(3) Slow displacements and ‘jumps’ of the arc spot on
the cathode surface.

(4) The existence of several hot spots on the cathode
surface: the temperature and surface of the spots changed
with time, inducing a change in the electron thermionic
emission. Observed ‘jumps’ of the arc spot on the cathode
surface may be explained by a fast change of the main
thermionic emission channel from one hot spot to another.
During the period of stable operation, the stoichiometric
thorium fraction in the spot changes, and if conditions
for thermionic emission become better in another location,
the main electron emission channel moves to the new
point. This explanation is confirmed by the results of
cathode microstructure analysis using a scanning electron
microscope.

(5) Modifications of the cathode surface structure are
related to the applied arc current and cooling system
efficiency. An area has been observed that is characteristic

for previously molten material, depleted in thorium, and
surrounded by a concentric ring rich in thorium. A change
in stoichiometric composition of the cathode influences the
characteristics of the arc discharge.
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