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Abstract

With the continuous improvement of current levels in power systems, the demands on the
breaking capacity requirements of vacuum circuit breakers are getting higher and higher. The
breaking capacity of vacuum breakers is determined by cathode spots, which provide electrons
and metal vapor to maintain the arc. In this paper, experiments were carried out on two kinds of
transverse magnetic ﬁeld (TMF) contacts in a demountable vacuum chamber, the behavior of the
cathode spots was recorded by a high-speed charge-coupled device (CCD) video camera, and the
characteristics of the cathode spots were analyzed through the image processing method. The
phenomenon of cathode spot groups and the star-shaped pattern of the spots were both
discovered in the experiment. The experimental results show that with the condition of TMF
contacts the initial expansion speed of cathode spots is inﬂuenced by some parameters, such as
the tested current, contact gap, the structure of the contact, the contact diameter, the number of
slots, etc. In addition, the inﬂuence of the magnetic ﬁeld on the formation of the cathode spot
groups, the distribution, and the dynamic characteristics of the cathode spots were analyzed. It is
concluded that the characteristics of the cathode spots are due to the effect of the magnetic ﬁeld
on the near-cathode plasma. The study of the characteristics of cathode spots in this paper would
be helpful in the exploration of the physical process of vacuum arcs, and would be of guiding
signiﬁcance in optimizing the design of vacuum circuit breakers.
Keywords: vacuum arc, transverse magnetic ﬁeld (TMF) contacts, cathode spots, vacuum circuit
breaker
(Some ﬁgures may appear in colour only in the online journal)
et al [1, 2] have done a lot of research on VCBs with double
breaks. The breaking capacity of a vacuum switch is mainly
determined by the vacuum arc. Cathode spots, which provide
the metal vapor necessary to maintain the vacuum arc and
emit electrons to maintain the continuity of the arc current,
determine the basic characteristics of the vacuum arc [3–5].
Therefore, the study of cathode spot characteristics is beneﬁcial to the exploration of the nature of vacuum arcs and has a
certain amount of theoretical signiﬁcance for the optimizing
the design of VCBs.

1. Introduction
Vacuum circuit breakers (VCBs) are widely used in power
systems. With the continuous development of the power
industry, the demands on the breaking capacity of vacuum
switches are getting higher and higher. Limited by the
saturation effect, in which the break voltage of VCBs
increases more slowly with the increase of the vacuum gap, it
is difﬁcult to extend VCBs to high voltage levels. VCBs with
multibreaks are an effective way to solve this problem. Ge
1009-0630/18/085502+09$33.00
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Figure 1. Experimental schematic diagram.

Vacuum arc behavior and its motion have a crucial role
on the breaking capacity of VCBs. In the initial expansion
stage, with a diffused arc and an inactive anode, the plasmas
are provided by cathode spots, which spread from the inside
outwards. Therefore, the initial stage of the vacuum arc is
maintained by the expansion process of the cathode spots
[6–9], and the spots can be used to study the characteristics of
this stage.
At present, most studies are focusing on the initial
expansion characteristics of cathode spots in the absence of a
magnetic ﬁeld, or the lonely inﬂuence of an axial magnetic
ﬁeld (AMF) or transverse magnetic ﬁeld (TMF). Agarwal
[10] and Chaly et al [11] found that the retrograde velocity of
cathode spots decreases with an increasing AMF, but they did
not give any corresponding explanation. Chaly et al [11]
studied the inﬂuence of the contact gap on the dynamics of
cathode spots, but the effect of the transverse magnetic ﬁeld
and axial magnetic ﬁeld were not considered. Agarwal et al
[10, 12] observed that the retrograde velocity of cathode spots
increases linearly with the applied transverse magnetic ﬁeld.
The proportional coefﬁcient K was related to the electrode
material, the electrode surface state, the current carried by the
cathode spots, the contact gap, etc. However, no experimental
proof was provided. In [13], the expansion speed of cathode
spots in the initial stage under different axial magnetic ﬁeld
distributions was studied. In [14], a review of the state of
current research on vacuum arcs under AMF is presented. It
concluded that under the action of an AMF, the initial
expanding rate of cathode spots decreases, and more and
more cathode spots tend to ‘stay’ inside the expanding ring
during the initial expanding process. A similar study was
undertaken in [15]. In [16], a 2D model for the motion of
cathode spots was established and the relationship between

the external TMF and the ignition probability of new cathode
spots in different directions was simulated. In [17] Afanas’ev
et al developed a constructed model of the collective behavior
of the cathode spot system, and the motion of cathode spots
was simulated. In addition, Cunha et al [18] proposed an
approach to describe the distribution of cathode spots during
the initial expansion process after arc ignition. However, few
studies have focused on the characteristics of cathode spots in
the initial expansion stage under the combined effect of the
transverse magnetic ﬁeld and axial magnetic ﬁeld with TMF
contacts.
In this paper, cathode spot characteristics with TMF
contacts were studied. Different kinds of TMF contact were
investigated in a demountable vacuum chamber, and the
cathode spot behavior was recorded using a high-speed
charge-coupled device video camera. In the experiment, a
group of cathode spots was detected and a star-shaped pattern
discovered. Furthermore, the inﬂuence of some parameters,
such as the tested current, the contact gap, the contact structures, the contact diameters, the number of slots, etc, were
studied at the initial cathode spot expansion speed. In addition, the inﬂuence of a magnetic ﬁeld on the distribution of
cathode spots was also discussed.

2. Experimental setup
The experimental setup is shown in ﬁgure 1. The experiment
was carried out in a demountable vacuum chamber with a
pressure of 10−4 Pa, which is maintained by the continuous
work of a turbo molecular pump. A 50 Hz sinusoidal current
was supplied by a single frequency L–C oscillating circuit,
which can be adjusted by controlling the charging voltage of
2
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Figure 2. Contact structure diagram.

the capacity bank. The arc behavior was recorded by a highspeed charge-coupled device (CCD) video camera with an
exposure time of 2 μs and 9216 frames s–1 through an
observation window. The test current and arc voltage were
measured by a Rogowski coil and a high-voltage probe,
respectively. The arcing time was controlled to be between
8 ms and 10 ms.
The structures of the tested TMF contacts are shown in
ﬁgure 2. The contacts were made of CuCr, and the experiments were designed based on the controlled variable method.

3. Experimental results and analysis
In this part, qualitative and quantitative analyses are made of
the arc images recorded by CCD. The phenomenon of cathode spot groups with star-shaped patterns was discovered, and
the initial expansion speed of the cathode spots was analyzed.

Figure 3. The behavior of the cathode spot groups.

3.1.2. Ring-shaped and star-shaped distribution of cathode
spots. As shown in ﬁgure 4, the phenomenon of the ring-

3.1. The motion of cathode spots

shaped distribution of the cathode spots was recorded. In the
later stage of the expansion process, the ring-shaped pattern
continued to spread and a star-shaped cathode spot
distribution was discovered. This ring-shaped pattern always
appeared with a lower tested current. With the increase of
peak current, the duration of the ring-shaped pattern grew
smaller. The self-generated magnetic ﬁeld is the main reason
for the formation of the ring-shaped distribution of the
cathode spots. Plasmas emitted from cathode spots spread out
under the action of the transverse magnetic ﬁeld, leading to
the appearance of this ring-shaped pattern.
The experimental results show that the expansion ring
contained cathode spot groups and individual cathode spots at
the beginning of expansion. However, this distribution would
be destroyed by the faster speed of the cathode spot group. In
addition, the combined effect of the transverse magnetic ﬁeld
and axial magnetic ﬁeld caused the cathode spots to deviate
from the radial direction, which was also mentioned in [19].
They also found that the deﬂection angle was approximately
linearly dependent on the inclination angle of the synthetic
magnetic ﬁeld and the electrode surface. Due to the above
reasons, the phenomenon of star-shaped cathode spot
distribution occurred, as shown in ﬁgure 4.
The ring-shaped distribution of cathode spots was also
discovered in the case of a single applied axial magnetic ﬁeld
[10, 20]. This phenomenon was caused by the effect of a

The experimental results show that the cathode spots tend to
clump together before moving in the case of the larger tested
current. The phenomenon of ring-shaped cathode spots was
also discovered under a smaller tested current.
3.1.1. The phenomenon of cathode spot groups. In the

experiment, it was discovered that the motion of cathode spots
in the initial expansion stage was never in the form of a single
cathode spot, but in multiple cathode spots clustering together.
This is deﬁned as the phenomenon of cathode spot groups.
In the early stage of the initial expansion process, some
cathode spots clustered together and others existed independently with lower brightness. It could also be observed that the
expansion speed of the cathode spot group was faster than that
of the single cathode spot. The clear behavior of the cathode
spot group is shown in ﬁgure 3. The cathode spot group moved
outside in the direction of the Lorenz force; however, it did not
always move as a whole. An elongated group of cathode spots
was formed due to the cathode spots on the outside moving
ﬁrst. Then, an obvious division appeared and this elongated
group ﬁnally developed into two new groups. The above
phenomenon is mainly due to the small distance between
the cathode spots, resulting in different distributions of
the transverse magnetic ﬁeld on the inner and outer part
of the cathode spot group and the different ignition probability
of the cathode spot in those areas accordingly.
3
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Figure 5. The calculation method of the spot ring diameter.

Figure 4. The ring-shaped distribution and the star-shaped distribution of the cathode spots.

self-generating magnetic ﬁeld and might have disappeared
due to the increase of the applied axial magnetic ﬁeld.
3.2. Study on the initial expansion speed of cathode spots

It can be learnt from the experiments that cathode spots are ﬁrst
generated at the center of the contact. Later, new cathode spots
are ignited at the outer edge of the old cathode spots, appearing
as a continuous movement of cathode spots. Here, this
phenomenon is called the initial expansion process. For a better
understanding of the characteristics of cathode spots, the initial
expansion speed of the spots was studied, and the relationships
between some of the parameters and the speed are discussed.

Figure 6. The variation of the diameter of the cathode spot ring in the

initial expansion stage with spiral-type contacts in the case of
different peak currents. The contact gap is 8 mm and there are four
slots.

3.2.1. Proceeding methods of the experimental results. In

general, the radial expansion speed of cathode spots is obtained
by the numerical treatment of the cathode spot images recorded
by a high-speed camera. Firstly, the diameters of the cathode
spot rings were obtained from the recorded image at different
moments. Then, the relation between the diameter and time was
calculated by polynomial ﬁtting. Finally, the radial expansion
speed of the cathode spots was calculated by taking the
derivative of this expression [10]. In the experiment, there was a
certain angle between the direction of the high speed camera and
the cathode surface. Thus, the recorded cathode was elliptic and
the cathode spots were distributed in this elliptical region. In the

work of Chaly et al [11], the diameter of the spot ring was
calculated only in one direction. However, with the action of the
transverse magnetic ﬁeld, the distribution of cathode spots was
not completely rotationally symmetric.
Considering the asymmetry of the cathode spot distribution, a new method of calculating the diameter of arc roots is
presented here. The original image of the cathode spot at a
time of 0.942 ms was shown in ﬁgure 5. According to [20],
4
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Figure 7. Arc images in the initial stage with spiral-type contacts in the case of different peak currents. The contact diameter is 40 mm and the

contact gap is 8 mm.
3.2.2. The influence of peak current. The movements of the
cathode spots in the initial diffusion stage for the spiral-type
TMF contacts with a diameter of 40 mm and a contact gap of
8 mm are shown in ﬁgure 7. The tested peak currents are
3.24 kA, 5.92 kA and 7.44 kA.
As indicated in ﬁgure 7, the cathode spots are ﬁrst
generated in the center of the contact. Then, new cathode
spots are produced around the old spots. In the initial stage,
the cathode spots mainly spread along the arm. A ring-shaped
distribution that contains almost all of the cathode spots
appeared. With the further expansion of the cathode spots, the
ring structure was destroyed and a star-shaped distribution
was formed. Meanwhile, a large number of cathode spots
appeared inside the arc root. With the spiral-type TMF
contacts, most cathode spots spread along the radial direction
ﬁrst and eventually cover the entire surface of the contact
surface, ﬁnishing the initial expansion process.
As can be seen in ﬁgure 7, at t=1.791 ms, the initial
expansion process with a peak current of 7.44 kA has almost
ﬁnished, while the cathode spots begin to spread at the peak
current of 3.24 kA. It was found that with a smaller peak
current, the cathode spots begin to be distinguishable before
spreading to the edge of the contact. In addition, the
expansion speed of the cathode spots with the smaller peak
current is obviously lower, and it increases noticeably with
the peak current enhancement.
In order to make a clear analysis of the relationship
between the initial expansion speed of the cathode spots and
the peak current, the image processing method introduced
above was used and the radial expansion speed of the cathode
spots with different peak currents was obtained, as shown in
ﬁgure 8, which reveals that the initial expansion speed of the
cathode spots is proportional to the peak value of the breaking
current.

Figure 8. The variation of the expansion speed of the cathode spots
at peak current with a spiral-type contact. The contact gap is 8 mm
and there are four contact slots.

the position of the cathode spot on the contact surface can be
obtained, with the result shown in ﬁgure 5(b). The cathode
spots were not symmetrically distributed. The minimum circle
diameter that contains all the cathode spots can be obtained
by this method of image processing. The meanshift clustering
algorithm [21] and the error caused by the asymmetric
distribution of cathode spots can thus be avoided.
According to the above method, the diameters of the arc
root on the cathode at different moments can be obtained by
processing the recorded images in the initial diffusion
process. The diameters of the cathode spot rings in the initial
diffusion stage with different tested currents are displayed in
ﬁgure 6. As can be seen in the graph, there is an approximate
linear relation between the diameter and time, which also
illustrates the validity of our method.
5
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Figure 10. The variation of the expansion speed of the cathode spots

Figure 9. The variation of the expansion speed of the cathode spots
with wan-type contacts in the case of a different contact diameter.
The contact gap is 9 mm and there are four contact slots.

with wan-type contacts in the case of different contact gaps. The
contact diameter is 52 mm and there are four contact slots.

This conclusion corresponds to that in [22], in which it
was learnt that the radial diffusion velocity of cathode spots is
approximately proportional to the rate of current rise, with a
rate of 1–1000 kA ms−1.
The inﬂuence of the rate of current rise on the expansion
speed of cathode spots mainly has two aspects. On one
hand, the higher rising rate of the current creates more
cathode spots at a certain moment. On the other hand,
the self-generated transverse magnetic ﬁeld is bigger with the
more quickly rising current rate, leading to higher retrograde
spot velocity and a greater expansion speed accordingly.
3.2.3. The influence of contact diameter. The expansion
velocity of cathode spots can also be affected by the contact
diameter. It can be seen from the experiment that with a larger
contact diameter, the aggregation of the cathode spot is
weakened with the lower brightness, and the expansion speed
of the cathode spots is smaller. The expansion speed with
different contact diameters is shown in ﬁgure 9. It is revealed
that the expansion speed decreases with the increase of the
contact diameter; in the case of the other parameters, such as
the contact structure, the number of slots and the gap distance
between the contacts remains the same. The reason may be
that fewer plasmas disappear with the larger contact diameter
and the movement of the plasmas near the cathode slows
down, resulting in the lower expansion velocity of the cathode
spots.

Figure 11. The variation of the expansion speed of the cathode spots

with spiral TMF contacts in the case of different contact gaps. The
contact diameter is 40 mm and there are four contact slots.

density of the plasma within the arc decreases, meaning the
new cathode spots tend to be ignited outside the arc root.

3.2.5. The influence of contact construction. From the
experiments, it was found that the cathode spot behavior is
different with spiral-type TMF contacts and wan-type TMF
contacts. The rectangular slots on wan-type TMF contacts,
which can prevent cathode spots from spreading out and
would be beneﬁcial to their constriction, have an obvious
impact on the expansion process, aggravating the erosion of
the cathode.
The expansion of the cathode spots with spiral-type TMF
contacts and wan-type TMF contacts is shown in ﬁgure 12.
The contact diameter and other experimental conditions are
the same. From ﬁgure 12 it can be seen that the distribution of

3.2.4. The influence of the contact gap. It can be concluded

that the contact gap also has an effect on the expansion speed.
The relationship between them was calculated by the method
mentioned in section A; the results are shown in ﬁgures 10
and 11.
From ﬁgures 10 and 11, it can be seen that the expansion
speed of the cathode spots increases linearly as the gap
distance increases. Due to the plasmas spreading outward, the
6
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Figure 12. Contact structure diagram.

Figure 13. The diffusion time of the cathode spots with different
contact structures but the same contact diameter and contact gap.
The contact diameter is 48 mm.

Figure 14. The expansion speed of cathode spots with different
contact structures but the same diameter and contact gap. The
contact diameter is 48 mm.

cathode spots in the initial expansion stage under the spiral
TMF contacts is more even.
For wan-type TMF contacts, the cathode spots are ﬁrstly
ignited at the front of the contact arm. Because the current is
larger in the middle period, the cathode spots tend to cluster,
resulting in the diameter of the cathode spots growing rapidly
at ﬁrst, then slowing down and quickly growing again in the
later stage of expansion. Accordingly, there was a faster speed
in the initial and later stages of expansion and a slower speed
in the other period of expansion. For spiral-type TMF
contacts, the diameter of the cathode spots almost linearly
increased with time and the expansion speed was almost
constant.
The contrasts in the duration time of the expansion
process for the different contact structures are listed in
ﬁgure 13. It is obvious that with the same test current, the
duration time of the expansion stage with wan-type TMF
contacts is longer than that of the spiral-type TMF contacts.
After comparing large sets of experimental data, it was
found that the cathode spots were distributed more evenly on
the spiral-type TMF contacts and the expansion speed tended
to be faster, while for the wan-type TMF contacts, it was more
likely for the cathode spots not to spread to the end of the
arm. This might be explained by the fact that there was a big
angle between the front and the end of the contact arm,
leading most of the cathode spots to move to the outside of
the contact arm (according to their original direction) around
the corner of the contact arm, with very few of them moving
to the end of the arm. Figure 14 gives the results of the
expansion speed of the cathode spots with different contact

Figure 15. The expansion speed of the cathode spots with spiral-type
contacts in the case of different slot numbers. The contact diameter is
48 mm and the contact gap is 8 mm.

structures, showing that with the same contact diameter and
contact gap, the cathode spots with spiral-type contacts
expand faster than those with wan-type contacts.

3.2.6. The influence of the number of slots. The number of

slots on the contacts, which would have an effect on the arc
behavior, also have an inﬂuence on the initial expansion
process of the cathode spots. The expansion speed of the
7
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Figure 16. The mode of cathode spot group formation without and with AMF.

Figure 17. The mode of cathode spot group formation without and with TMF.

cathode spots with different slots on the same contacts is
plotted in ﬁgure 15. The ﬁgure shows that the expansion
speed in the case of four slots is smaller than the case of three
slots. It can be concluded that the slot might have an
inhibitory effect on the expansion of the cathode spots.

has a collimating effect on the cathode spot jet. On the basis
of existing research, a schematic diagram of plasmas near the
cathode spot group with TMF contacts is proposed here, as
shown in ﬁgures 16 and 17. When the cathode spots are
closed, an overlapping region of plasma plumes is formed.
This overlap region impedes the plasma ﬂow, increasing the
near-cathode plasma density. New spots can be ignited more
easily near these concentrated cathode spots in the overlap
region, which is favorable for the formation of cathode spot
groups. Both a transverse magnetic ﬁeld and an axial magnetic ﬁeld exist between the TMF contacts; therefore, both the
inﬂuence of TMF and AMF need to be considered.
As shown in ﬁgure 16, with the extension of the axial
magnetic ﬁeld, an overlapping region of plasma plumes will
form far away from the cathode surface, due to the collimating effect of AMF on the cathode jet. Then, the impeding
effect of the plasma cloud on the plasma ﬂow is reduced and

4. Discussion
In the experiment, the phenomenon of the cathode spot group,
the ring-shaped pattern and the star-shaped pattern have been
recorded on the TMF contacts. It is also revealed that the
effect of the magnetic ﬁeld on the near-cathode plasmas plays
a determining role in the distribution of the cathode spots, and
even their expansion process.
Beilis [23, 24] proposed an explanation of the formation
of cathode group spots in the case of no external magnetic
ﬁeld. It was concluded from [25] that the axial magnetic ﬁeld
8
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the probability of the new cathode spots igniting also
decreases. Accordingly, the formation of cathode spot clumps
will be more difﬁcult. Meanwhile, the transverse magnetic
ﬁeld component drives the plasmas to move in a direction
perpendicular to the magnetic ﬁeld, as shown in ﬁgure 17.
The plasma density in this direction is increased, and so is the
possibility of the new cathode spots igniting, leading to a
phenomenon in which the cathode spot group moves under
the action of the transverse magnetic ﬁeld.
It was mentioned in Beili’s model [23] that with a higher
near-cathode plasma density, new cathode spots would have a
higher probability of being ignited around these concentrated
cathode spots under the plasma cloud, which would encourage
the formation of cathode spot groups. However, in [5] it was
found that global plasmas have an inhibiting effect on the
appearance of cathode spot groups, increasing the probability of
new cathode spots igniting over the entire cathode surface. In this
condition, the promoting effect of local plasma on the formation
of cathode spot groups will be relatively weakened. In summary,
it can be concluded that local plasma encourages the formation of
cathode spot groups, whereas the global plasma has an inhibiting
effect on the formation of such cathode spots.
According to the above analysis of near-cathode plasmas
and global plasma, the basic reason for the inhibiting effect of
the axial magnetic ﬁeld component on the formation of
cathode spot groups, and even the expansion speed of cathode
spots, is that the axial magnetic ﬁeld increases the density of
the global plasma. In the same way, the transverse magnetic
ﬁeld component increases the local plasma density, promoting the ignition of cathode spots outside of old ones; the
expansion speed of the cathode spots increases as well.

plasma density near the cathode. The high near-cathode
plasma density increases the ignition probability of new
cathode spots around the clustered cathode spots, resulting in
the formation of a group of cathode spots.
With the action of a transverse magnetic ﬁeld, the density
of the plasma cloud near the cathode increases, promoting the
formation of cathode spot groups and thus increasing its
expansion speed. However, under the effect of AMF, with its
collimating effect on plasmas, the global plasma density
increases and the probability of new cathode spots igniting
decreases as well. Consequently, the formation tendency of
the cathode spot groups will decrease and the expansion
speed of the cathode spots will slow down accordingly.
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