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Abstract

Cathode spots present complex forms in magnetically rotating arc plasma generators
due to the coupling effect of the plasma flow and electromagnetic fields. In this paper, a
magnetically rotating arc plasma generator is built to study cathode spot motion at atmos-
pheric pressure. Cathode spot configuration is observed and discussed for different mag-
netic fields, arc currents, gas flow rates and cathode lengths. Results show that cathode
spots with a slow rotation speed (less than 1 Hz) and different rotation directions occur on
the cathode end. For a low magnetic field, low arc current, high gas flow, short cathode
rod, the rotation direction of the cathode spot is consistent with the arc column rotation.
With an increase in the magnetic field, increase in the arc current, decrease in gas flow, or
increase in the cathode rod length, the rotation speed declines, and the cathode spot can
move in a reversed direction (i.e., against the arc column rotation). The cathode spot area
also appears to expand gradually when the spot motion shifts from the normal direction
to the reversed direction, resulting in less cathode erosion at the reversed motion. Further
analysis indicates that the cathode spot motion is similar to the retrograde movement that
occurs in a vacuum arc with an external magnetic field. The rotation of cathode spot may
thus be induced by the radial component of the magnetic field. The cathode spot area that
affects the self-magnetic field in the cathode spot is potentially a direct determinant of spot
motion.
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Introduction

Arc plasma is widely used in industrial applications owing to its high temperature, high
enthalpy, and high chemical activity [1, 2]. The magnetically rotating arc plasma gen-
erator is a common form of plasma equipment. Induced by the axial magnetic field,
the arc between the concentric electrodes rotates rapidly around the axis. Many experi-
ments have confirmed that the rotating arc can increases the arc plasma volume [3, 4],
improves the uniformity of the plasma parameters [4, 5], and decreases the electrode
erosion [6-8]; thus, this arc was applied in many fields such as diamond films depo-
sition [9, 10], gas synthesis [11, 12], aerosol analysis [13], and nano-sized materials
preparation [14, 15].

Cathode spot motion plays an important role in arc discharge because it affects the
configuration of the arc plasma and determines the electrode erosion rate. Compared
with common plasma generators, cathode spot motion in a magnetically rotating arc
plasma generator is more complicated due to strong plasma flow, substantial heat-
ing effect to the cathode, and complex magnetic disturbances in the cathode spot. In ear-
lier research, high-speed retrograde rotation (i.e., against the Lorenz/Ampere direction)
of the cathode spot was observed in magnetically rotating arc plasma generators under
low pressure [16—18]. Generally, with a reduction in pressure, the rotation direction of
the cathode spot changes from the Lorenz direction to the retrograde direction, while
the arc column and anode spot moves constantly in the Lorenz direction. Such retro-
grade motion has been found to depend heavily on the arc current, gap length, gas pres-
sure, electrode materials, and other factors. Numerous hypotheses were proposed to
explain this phenomenon, such as pure surface effects, magneto-hydrodynamic insta-
bilities, movement of ions and electrons, asymmetric magnetic pressure distribution and
so on [19-27]; however, no explanation has been unanimously accepted. Additionally,
retrograde motion seems to occur only with cold-cathode arcs [19].

At atmospheric pressure, cathode spot motion in magnetically rotating arc plasma
generators is quite different because the hot cathode spot (thermionic emission) is domi-
nant. The cathode spot usually moves quickly in the Lorenz/Ampere direction in accord-
ance with the arc column and anode spot [8, 28, 29]. Recently, Xia et al. [30-34]
observed the constricted mode and diffuse mode of the cathode spot in a magnetically
rotating arc plasma generator, and a coupled sheath model was developed to predict
the cathode spot mode transition. Moreover, the multi-spot mode, which is distributed
discretely on the lanthanum tungsten/graphite cathode end, has been suggested in the
literature [5, 14, 35-38]. Experimental and simulation analyses have revealed cathode
temperature and arc configuration to be potential primary drivers behind cathode spot
motion.

A slow-speed rotation of the cathode spot on the cathode end was also noticed in refs
[14, 35, 37]. On the graphite cathode end, Xia et al. [35] discovered that the cathode
spot rotated around the axis at a frequency of approximately a few Hertz, much lower
than that of the arc column and anode spot. Due to the intense radiation emitted from
the cathode spot, cathode spot movement caused low-frequency fluctuations in radia-
tion. In addition, the speed difference between the cathode spot and arc column could
induce large-scale arc shunting between the arc column and cathode end, resulting in
highly unstable arc voltage [36]. Mihovsky et al. [14, 37] also found the rotation speed
of the cathode spot on the graphite cathode end to be significantly lower than that of
the arc column, but the spot movement only began at higher arc currents and a higher
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magnetic field. Experimental findings regarding slow-speed rotation of cathode spots
are so scarce that an understanding of this phenomenon remains elusive; however, spot
motion can potentially affect applications involving the plasma generator.

A magnetically rotating arc plasma generator was constructed in this paper to study the
slow-speed rotation of cathode spots. The arc operated on the graphite cathode at atmos-
pheric pressure. The configuration of the cathode spot was obtained by a high-speed
charge-coupled device (CCD) camera. Effects of the magnetic field, arc current, gas flow
and cathode length on cathode spot motion are analyzed, and an explanation for cathode
spot motion is proposed.

Experimental Setup

The experimental setup is shown in Fig. 1, primarily composed of a magnetically rotat-
ing arc plasma generator, two DC power sources, a gas supply unit, and a measurement
system. The plasma generator consists of a hollow cylindrical anode (graphite; 200 mm in
length and 20 mm in inner diameter), a concentric graphite cathode (50, 80, and 110 mm
in length and 8 mm in diameter), and a magnetic coil surrounding the anode. In the experi-
ment, the cathode was bolted by a water-cooling and moveable holder, and the cathode
end was always approximately 50 mm in front of the anode exit by adjusting the moveable
holder. The magnetic coil was connected to a DC power source. By controlling the cur-
rents, the axial magnetic field, induced by the magnetic coil, could be adjusted continu-
ously within a range of 0-0.15 T. The gas inlet was distributed uniformly on the cath-
ode flange. Argon gas was injected axially into the generator through the gas inlet. A
modulated 0-200 V DC power supply (IGBT source with current fluctuation < 10% and
conversion efficiency >90%) was used for the arc plasma generator. A high-speed CCD
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Fig.1 Schematic diagram of the arc plasma device and experimental setup. ® cathode holder, @ gas inlet
flange, ® magnetic coil, @ gas inlet, ® cathode, ® arc, @ anode

@ Springer



Plasma Chemistry and Plasma Processing

Fig.2 Magnetic field flux lines = = =

in the anode s1mulatf{d using S 3 g a =

COMSOL Multiphysics soft- S S S o S
[

ware, 10,000 amp-turns

Fig.3 Arc motion in the plasma reactor: a diagrammatic sketch, b CCD images of arc plasma (I=80 A,
B=0.045T, G=25 slm, L=80 mm, 2 ps shutter, 5000 fps)

camera (Photron, FASTCAM SAS5 1000K-M3; 256 X 256 pixels, 256 gray levels, maximum
1,000,000 frames per second [fps]) was placed in front of the generator to capture images
of the cathode arc spots. An oscilloscope (MDO3000; Tektronix) was used to acquire arc
voltage signals and arc currents by a voltage divider. To observe the cathode spot more
clearly, a narrowband filter (centered at 416 nm, Ar-I line) was placed in the camera lens
to reduce strong radiation from the graphite cathode. All experiments were carried out at
atmospheric pressure.

Magnetic field flux lines in the anode were simulated by COMSOL Multiphysics soft-
ware, as shown in Fig. 2. The magnetic field flux lines in the cathode end were essentially
parallel to the cathode axis, but a radial component existed; the radial component of mag-
netic flux density was approximately 5-10%. In this experiment, the magnetic field in the
anode was recorded by a Gauss Meter (HT208; China). For restrictions in the experimental
conditions, the magnetic field in the following sections refers to the axial component at the
cathode end.

Figure 3 exhibits a typical arc motion in the magnetically rotating arc plasma genera-
tor. The arc is plotted by dotted white lines, so the arc motion can be seen more clearly.
In Fig. 3b, the dashed outline represents the inner wall of the anode, and the cathode is
located at the center of the cross-section. A luminous cathode spot appeared on the cath-
ode end close to the cathode edge. The brightness of the arc column between the cathode
and anode was much lower than that of the cathode spot due to the strong radiation emit-
ted from the cathode spot. Driven by the Lorentz force, the arc column rotated clockwise
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around the cathode at a speed of approximately 400 rounds per second (1/s). The cathode
spot in the thermionic cathode often moved along with the arc column at atmospheric pres-
sure; therefore, the clockwise direction was considered the normal direction whereas the
counter-clockwise direction was considered reversed one, as shown in Fig. 3a.

The cathode spot area approached a circle as shown in Fig. 4, which also displays a typi-
cal intensity profile along the line crossing the cathode spot center. The cathode outline is
denoted by a white dotted line. The radiation emitted from the cathode spot was so strong
that it was difficult to obtain an accurate measurement of the cathode spot diameter. In this
paper, the edge of the cathode spot is defined as the point where the intensity is saturated
on the cathode end, as indicated in Fig. 4. The saturated region of radiation intensity exhib-
ited a remarkable difference under different shutter times, and the shutter time was fixed at
0.5 ps when measuring the cathode spot diameter. The cathode spot diameter is a qualita-
tive result; the measurement does not represent the physical diameter.

Results and Discussion
Magnetic Field

Figure 5 presents successive CCD images of cathode spots under different magnetic fields.
To observe the cathode outline, the shutter time for each group was different. The arrow-
head in these pictures represents the rotation direction of the cathode spot. In these pic-
tures, the arc column rotated clockwise around the cathode at a speed of several hundred
rounds per second, as shown in Fig. 3b. In a low magnetic field (0.03 T), the cathode spot
moved in the normal direction as shown in Fig. 5a. After 5 min of counting, the rotation
speed of the cathode spot was approximately 20 rounds per min (r/min). The rotation speed
of the cathode spot was much lower than that of the arc column. When the magnetic field
increased to 0.045 T, a distinct change occurred in the rotation direction of the cathode
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Fig.4 CCD image of cathode spot and the estimation of cathode spot diameter (I=80 A, B=0.045 T,
G =25 slm, L=80 mm, 0.5 ps shutter, approximately 3 mm diameter)
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Fig.5 Successive CCD images of cathode spots under different magnetic field I=80 A, G=25 slm,
L=80mm): aB=0.03T, 1 ps shutter; b B=0.045 T, 1 ps shutter; ¢ B=0.075 T, 0.5 ps shutter

spot. As indicated in Fig. 5b, the cathode spot continued moving in the normal direction
from O to 0.6 s whereas reversed movement took place from 0.6 to 1.2 s. The rotation speed
of the cathode spot was less than 4 r/min after 5 min of counting because of the cumu-
lative effect of normal and reversed movement. When the magnetic field increased to
0.075 T, the cathode spot moved in the reversed direction completely, as shown in Fig. 5c.
As determined by statistical analysis, the rotation speed of the cathode spot was approxi-
mately 10 r/min.

Figure 6 exhibits typical CCD images of cathode spots under different magnetic fields.
The shutter time was fixed at 0.5 ps so the configuration of cathode spots under different
magnetic fields could be distinguished clearly. The rotation speed and cathode spot diam-
eter corresponding to the CCD images in Fig. 6 are plotted in Fig. 7. At a low magnetic
field (0.03 T), the cathode spot was quite small (approximately 2.5 mm) with a fast rotation
speed in the normal direction (approximately 20 r/min). However, the brightness of the
whole cathode end was so low that the cathode outline could not be observed clearly. With
an increase in the magnetic field, the cathode spot diameter expanded gradually, increas-
ing from 2.5 mm at 0.03 T to 4.5 mm at 0.135 T. The brightness of the whole cathode end
was also enhanced by an increase in the magnetic field, which can be confirmed by the

Fig.6 CCD images of cathode spots under different magnetic fields (I=80 A, G=25 slm, L=80 mm,
0.5 ps shutter, gray value at the edge of the cathode end: 7, 9, 16, 28, respectively)
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Fig.7 Rotation speed and cathode spot diameter under different magnetic fields (I=80 A, G=25 slm,
L=80 mm)

enhanced radiation at the edge of the cathode end (gray value at the markers: 7 at 0.03 T
and 28 at 0. 12 T). The more luminous cathode end indicated a rise in cathode temper-
ature because the radiation of cathode was positively associated with the temperature in
our experimental range. The temperature rise was possibly attributed to the reason that the
heating power which was deposited on the cathode was enhanced in a larger magnetic field
[34, 36]. It was inferred that the increase in cathode end temperature might increase the
ability of the cathode to emit electrons [34, 39, 40], which may be one reason for the cath-
ode spot expanding. Figure 7 reveals an explicit condition for the cathode spot rotating in
the normal or reversed direction. The critical magnetic field, which reversed the movement
direction of the cathode spot, was between 0.045 and 0.06 T. When the magnetic field was
less than 0.045 T, the cathode spot moved in the normal direction, and the rotation speed
decreased with an increase in the magnetic field. When the magnetic field was greater than
0.06 T, the cathode spot moved in the reversed direction. As the magnetic field increased,
the rotation speed rose continuously, climbing from 6.2 r/min at 0.06 T to 24.8 r/min at
0.135T.

Arc Current

Figure 8 shows the rotation speed and CCD images of the cathode spot under different
arc currents. An increase in arc currents contributed to reversed movement of the cathode
spot. The critical arc current for the reversal of the cathode spot was approximately 65 A
when B=0.06 T, G=25 slm, and L=80 mm in the argon atmosphere. The cathode spot
also expanded rapidly with an increase in arc currents. The cathode spot diameter at 35 A
was merely 2.7 mm; when the 125 A arc current was applied, the cathode spot diameter
exceeded 5 mm. The brightness of the whole cathode end also increased in line with the
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Fig.8 Rotation speed and CCD images under different arc currents (B=0.06 T, G=25 slm, L=80 mm,
0.5 ps shutter)

arc current. The expanding cathode spot and ascending temperature can be ascribed to the
enhanced heating power which was deposited on the cathode under large arc currents.

Gas Flow

The rotation speed and CCD images of cathode spots under different levels of gas flow
are presented in Fig. 9. Under a low flow rate (10 slm), the cathode spot had a large
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Fig.9 Rotation speed and CCD images under different levels of gas flow (I=80 A, B=0.06 T, L=80 mm,
0.5 ps shutter)
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diameter (approximately 4 mm) and rotated in the reversed direction at a speed of 11.8
r/min. As the gas flow increased, the rotation speed of the cathode spot decreased and
then the rotation direction reversed, moving in the normal direction when the gas flow
exceeded 40 slm. Thus, an increase in gas flow contributed to normal movement of the
cathode spot. Moreover, the cathode spot shrunk as gas flow increased, declining from
4 mm at 10 slm to 2.8 mm at 70 slm. Accordingly, the brightness of the whole cathode
end declined, potentially due to the enhanced cooling effect of gas flow on the cathode.

Cathode Length

Figure 10 illustrates the effect of cathode length on cathode spot motion. In order to
avoid the effect of magnetic field difference, the position of cathode end was approxi-
mately 50 mm in front of the anode exit by adjusting the moveable holder. Thus, the
axial and radial component of magnetic field for different cathode rod lengths is basi-
cally the same near the cathode end. The cathode spot motion showed a similar evo-
lution process under different cathode lengths. In a low magnetic field, the cathode
spot moved in the normal direction. As the magnetic field increased, the rotation speed
decreased, and then the spot moved in the reversed direction completely in a high mag-
netic field. However, the critical magnetic field for the reversal of the cathode spot
movement was lower for a longer cathode. When L =50 mm, the critical magnetic field
was approximately 0.075 T; when L=80 mm, the critical value was approximately
0.045 T. The critical value was only 0.03 T when L=110 mm. CCD images in Fig. 10
reveal that the cathode spot expanded with an increase in cathode length, and a longer
cathode presented a more luminous cathode end. Apparently, the weak cooling effect
of the long cathode was possibly primarily responsible for an increase in cathode spot
diameter and cathode end brightness.
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Fig. 10 Rotation speed and CCD images under different cathode lengths and different magnetic fields
(I=80 A, G=25 slm, 0.5 ps shutter)

@ Springer



Plasma Chemistry and Plasma Processing

1.0

08 |-

06 |-

04

Erosion rate y / pg/C

02

1 L 1 2 1 2 1

0.03 0.06 0.09 0.12
Magnetic field / T

Fig. 11 Erosion rate measurements under different magnetic field and different cathode lengths (I=80 A,
G =25 slm)

Erosion Rate of Cathode

Figure 11 shows the erosion rate measurements under different magnetic fields and differ-
ent cathode lengths. Measurements of cathode erosion were obtained by comparing the ini-
tial and final weights of the graphite cathode for an arc operating for 30 min at a constant
arc current and a constant gas flow. The result reveals the erosion rate of cathode decreased
as the magnetic field increased but increased as the cathode length decreased. The erosion
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Fig. 12 Surface of cathode spot region and current density under different magnetic fields (I=80 A, G=25
slm, L =80 mm)
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rate was over 0.9 pg/C at a 0.03-T magnetic field and 50-mm cathode length but less than
0.2 pg/C at a 0.12-T magnetic field and 100-mm cathode length.

Figure 12 shows the measurements of the cathode spot region estimated from the CCD
images obtained at various magnetic fields. The current density corresponding to the meas-
urements in Fig. 12, calculated assuming a uniform current density within the cathode spot
region, is also plotted in Fig. 12. The current density decreased with an increase in the
magnetic field, declining from 3.1x 107 A/m? at 0.015 T to 4.9x 10° A/m? at 0.135 T; this
result suggests that the average cathode surface temperature in the cathode spot decreased
with an increase in the magnetic field. Due to the strong radiation emitted from the arc
plasma in the cathode spot, the gray value in the CCD images was usually saturated in
the cathode spot region. The images of the cathode end were obtained after the arc was
extinguished for 0.2 ms. Given that the decay time of hot cathode radiation was more than
5 ms [41], the images after arc extinction for 0.2 ms truly reflect the cathode state during
arc discharge. These images were processed using MATLAB software, so the gray value
distribution on the cathode end was clearer as shown in Fig. 13. At 0.03 T, the gray value
was distributed in a narrow region and the maximum value was 218 as shown in Fig. 13a.
When the magnetic field reached 0.06 T and 0.09 T, the maximum gray value declined to
201 and 184, respectively, and increasing distribution regions appeared. The gray value
was directly related to cathode temperature, revealing a similar temperature distribution.
That is, for low magnetic fields, the peak temperature was high but the distribution region
was small; for high magnetic fields, the cathode end had a wide high-temperature region
but a low peak temperature.

(@ (b)

Fig. 13 Gray value distribution under different magnetic fields after arc extinction (I=80 A, G=25 slm,
L =80 mm, 0.5 ps shutter): a 0.03 T, b 0.06 T, ¢ 0.09 T
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As indicated above, the average current density (average temperature) and peak tem-
perature in the cathode spot were lower in a high magnetic field, causing the erosion rate
per unit area to decrease with an increase in the magnetic field. In the experimental range
in Fig. 11, the erosion rate always decreased as the magnetic field increased. It is proposed
that the decrease in erosion rate per unit area due to the decreasing average current density
and peak temperature in the cathode spot outweighs the increase in the surface area of
the cathode spot due to increasing magnetic field. This experimental result agrees with a
study [42] in which the graphite cathode was operated in a specific current range. A simi-
lar analysis can explain the erosion rate difference under various cathode lengths; for the
longer cathode, the weak cooling effect from the cathode bottom contributed to an expand-
ing cathode spot as shown in Fig. 10. As a result, the low peak temperature of the cathode
surface and low average current density in the cathode spot caused less erosion. In other
words, the overcooling even can lead to a more severe erosion rate because of higher cur-
rent density and higher peak temperature in the cathode spot.

Ignition Process

Based on the above findings, a reversal in cathode spot movement appeared to be related
to several parameters, such as the magnetic field, arc current, gas flow, and cathode length.
Further analysis confirmed that the normal movement of the cathode spot always corre-
sponded to a cathode spot with a small area, whereas reversed movement corresponded
to an expanding spot. In this section, the successive CCD images of the cathode end after
ignition are presented. The arc operated at a constant magnetic field with a constant arc
current, gas flow, and cathode length so the effect of cathode spot size on spot movement
could be presented more clearly. Frames 1-8 in Fig. 14 depict the temporal and spatial
evolution of the cathode spot after ignition. The rotation speed of the cathode spot and
the arc voltages curves corresponding to Fig. 14 are plotted in Fig. 15. The rotation speed
were obtained from successive images after 5 s of counting. Uncertainties in rotation speed
were estimated to be around 50% because the rotation speed changed constantly. At 0.1 s, a
luminous cathode spot with a small size (below 2 mm in diameter) emerged on the cathode
end. The cathode end was so cold that the cathode outline could not be identified clearly.

Fig. 14 Evolution of cathode spots versus time after ignition (I=80 A, B=0.075 T, G=25 slm, L=80 mm,
0.5 ps shutter)
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Fig. 15 Rotation speed of cathode spot and arc voltage corresponding to Fig. 14

As time went on, the cathode spot expanded gradually along with an increase in cath-
ode end brightness. When the time exceeded 50 s, the cathode spot size and cathode end
brightness did not change substantially. Figure 15 shows that the cathode spot moved in the
normal direction in the first few seconds (approximately 30 s) and then reversed with an
increase in discharge time. The rotation speed in the reversed direction increased with time
until the rotation speed was fixed at approximately 10 r/min 60 s later. The evolution of
cathode spot motion after ignition indicates that the reversal of the cathode spot movement
seemed directly determined by the cathode spot size. Another interesting phenomenon is
that, the arc voltage decreased as the discharge time increased, declining from 45.3 V at
0.1 s to 30.5 V at 60 s, after which the voltage maintained a stable value (approximately
30.5 V). For the argon rotating arc column, the voltage is less than 10 V/cm around 80 A
[30]. In this paper, the cathode spot size changed after arc ignition, so the length of arc
column changed accordingly. The length variation of the arc column was less than 5 mm,
and the voltage change from the arc column should be less than 5 V. Figure 15 shows the
voltage change was near 15 V, thus the cathode spot should play an important role in volt-
age variation.

Usually, the ‘“cold-cathode” is referred to the “thermionic-field emissions” and the
“hot-cathode” is referred to the “thermionic emission”. In the thermal arc discharges, the
electrode with low melting point, like copper cathode, has lower temperature that cannot
provide enough “thermionic emission”, so such electrode is called as cold-cathode. The
electrode with high melting point (e.g. W) can have enough temperature to provide suf-
ficient “thermionic emission”, thus such electrode is called as hot-cathode. For graphite
electrode, the graphite doesn’t have a fixed melting point, and the electrode temperature
is strongly affected by the cooling condition, thus the electrode may be “cold-cathode” or
“hot-cathode”, which has been reported by literature [43]. In this paper, the voltage curves
indicate that the thermionic-field emission mechanism of the cathode may well play a more
important role in initial arc discharge than in the later stage because of the colder cathode
in the initial arc discharge.
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Discussion

As shown in Fig. 16a, in the region near the cathode spot, the magnetic field B can be writ-
ten as

B=BZ+B7
where r and z represent the radial component and axial component, respectively. Now, to
be clear, the magnetic field shown in Fig. 2 does not exhibit the magnetic field direction;
according to the current direction of magnetic coil, the B, always points to the cathode

center.
The arc current density J near the cathode spot can be read as

J=uz+7

where z represent the axial component. It’s important to note that the direction of J’
changes continually due to the arc rotation, as indicated in Fig. 3.
Hence, the Lorenz force can be written as

F, =J'B,

F, =J.B,

F) is the driving force that impels the arc to rotate clockwise around the cathode
(normal direction). Considering the fast and regular change of the J’, F, should not have
a major impact on the cathode spot movement. For example, the rotation cycle of cath-
ode spot on the cathode end is about several seconds, whereas the arc has rotated for
hundreds of cycles during this period driving by F,. During the rotation cycle of cath-
ode spot, the direction of F| changes all the time, thus the influence from F, is con-
sidered negligible. F, always points in the counterclockwise direction defined as the
reversed motion as indicated in Fig. 16c. Clearly, the normal direction of the cathode
spot movement thus actually opposes the Lorenz/Ampere direction which acts directly
on the cathode spot. This phenomenon is similar to the retrograde movement that occurs
in a vacuum/low-pressure arc with an external magnetic field. According to the latest
experimental study and theoretical analysis, the retrograde movement of the cathode
spot can be determined by the asymmetric magnetic pressure distribution around the

Cathode F,=Jz By,
Brw._ \

Cathode

Br.

S

B:

v

B:

S

Fig. 16 Schematic diagram of the magnetic field, arc current and force analysis around the spot: a magnetic
field, b arc current, ¢ force analysis
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spot [20, 23-25]. Driven by the pressure difference, the plasma configuration outside
the spot becomes asymmetric, and the spot plasma contributes to jet ejection that helps
to ignite new spots on the retrograde side. However, retrograde motion seems to be a
feature of cold-cathode arcs exclusively, which are characterized by thermionic-field
emissions. If the cathode is heated to a temperature high enough to support thermionic
emissions, it is difficult to observe the retrograde motion of the cathode spot. In fact,
for the hot graphite cathode, thermionic-field emissions can take place if the cathode
is over-cooled, as indicated in Fig. 15 and the literature [43]; retrograde motion may
occur in this situation. In this paper, the retrograde motion of the cathode spot may be
explained by the magnetic pressure distribution.

As suggested by Beilis et al. [25], the magnetic pressure can be described as
AP =2B,B,/u as indicated in Fig. 16b. The B, is the circular magnetic field which is
induced by the arc current (J,) in the cathode spot, and the By is basically positively
associated with the current density (J,) in the cathode spot. For the small cathode spot,
the B, is so strong that the pressure difference AP presents the potential for new spot
ignition on the retrograde side. Thus, the cathode spot moves against the Ampere direc-
tion. With an increase in the cathode spot size, B, decreases due to decreasing current
density. As a result, the rotation speed of the cathode spot declines, and the movement
direction is even reversed (Fig. 17).

To further confirm the existence of “magnetic pressure distribution” mentioned
above, the effect of B, on the cathode spot motion was presented here. The cathode end
position was adjusted by moving the cathode holder. The location of the cathode end
was 60, 50, 40, 30 and 20 mm in front of the anode exit, respectively. Because of the
change of cathode end position, both the B, and B, around the cathode end changed. In
this experiment, the current of magnetic coil was adjusted, so that the B, was basically
the same, thus the variation of cathode end position mainly reflected the difference of
B,. According to the results in Fig. 2, the B, increased with the decrease of cathode end
position when the B, kept consistent.

Figure 18 shows the rotation speed and CCD images under different cathode end
position with B=0.06 T (B,). Clearly, the size of cathode spot was similar under differ-
ent cathode end position so the difference of B, was negligible. For a higher B,, the spot
moved in the normal direction (retrograde direction); with the decrease of B, (increase
of cathode end position), the rotation speed declined, and the cathode spot can move
in a reversed direction. This experimental phenomenon can qualitatively confirm the

Fig. 17 Schematic diagram of Ampere direction (F,=Jz Br)  Retrograde direction
the magnetic pressure difference

near the cathode spot, Bs: self-
magnetic field Jz
Br-Bs
J (1™ <
AP -
<
Bs
Br+Bs
AP=2BrBs/u
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Fig. 18 Rotation speed and CCD images under different cathode end position (I=80 A, B=0.06 T,
L =80 mm, G=25 slm, 0.5 ps shutter)

existence of “magnetic pressure distribution” because the pressure difference (AP) is
proportional to the B,(AP = 2B,B,/ i).

The cathode spot observed in this work suggests that cathode spot velocity and its rever-
sal depend on the magnetic field, arc current, gas flow, and cathode rod length. Based on
the magnetic pressure difference theory, the cathode spot motions may be explained by the
current density difference in the cathode spot. For various arc currents, the region of the
cathode spot increased with an increase in the arc current, and the average current density
presented a declining trend within the experimental range, so reversed motion occurred at
a higher arc current. For various cathode rod length, the region of cathode spot is larger for
long cathode rod, thus the reversed motion is favored by the long cathode rod. For differ-
ent magnetic fields, the difference in cathode spot motion can be attributed to a decrease
in B, due to decreasing current density in the cathode spot, which possibly outweighs the
increase in B, due to the increasing magnetic field.

Conclusion

In this study, cathode spot motion in a magnetically rotating arc plasma generator is experi-
mentally researched at atmospheric pressure. The configuration of the cathode spot on a
graphite cathode is observed at different magnetic fields, arc currents, gas flow and cathode
lengths. The main conclusions are as follows:

1. The cathode spot rotates on the cathode end at a low speed (less than 1 Hz). For a low
magnetic field, low arc current, high gas flow, or short cathode rod, the rotation direction
of the cathode spot is consistent with that of the arc column (called the normal direc-
tion). With an increase in the magnetic field, increase in arc current, decrease in gas flow,
or increase in the cathode rod length, the rotation speed declines, and the cathode spot
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can move in the reversed direction. The critical condition for reversed motion relates to
the magnetic field, arc current, gas flow, and cathode length.

When the spot motion transfers from the normal direction to the reversed one, the cath-
ode spot area expands gradually. Expansion in the cathode spot region may result from
better heating on the cathode end. Due to the expanding cathode spot, both the average
current density and peak temperature of the cathode spot decrease, and the cathode
erosion rate declines.

Further analysis indicates that the normal motion of the cathode spot actually opposes
the Lorenz/Ampere direction induced by the radial component of the magnetic field. The
cathode spot motion (normal direction) is similar to the retrograde movement that occurs
in the vacuum arc with an external magnetic field. Considering that the thermionic-field
emission mechanism of the cathode may exist in the hot graphite cathode, the magnetic
pressure difference is used to explain the cathode spot motion. The spot motion may be
primarily due to the current density in the cathode spot, which directly affects the self-
magnetic field. Thus, the cathode spot with a small region would tend to move against
the Lorenz/Ampere direction because of a higher magnetic pressure difference.
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