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Abstract—In order to understand the influence of the average
opening velocity on the high-current vacuum arc anode phenom-
ena, high-speed photography was used to observe the anode phe-
nomena of the vacuum arc discharge in vacuum interrupters. The
contact diameters used in the vacuum interrupters were 12 and
25 mm, respectively. The contact materials included Cu, CuCr25,
and CuCr50. The arc current frequency was 50 Hz, and the arcing
time was controlled at about 9 ms. A permanent magnet mecha-
nism with a contact spring was used to adjust the average opening
velocity from 1.3 to 1.8 m/s. The experimental results showed that,
with the arc current increasing, there was a threshold current I1st

(peak value) at which a high-current anode mode first appeared.
Moreover, the first high-current anode mode was a footpoint at the
velocity of 1.8 m/s, while, at the velocity of 1.3 m/s, it was most
probably an anode spot and sometimes it was a footpoint. The
result showed that, at the velocity of 1.8 m/s, the threshold current
I1st was lower than that at 1.3 m/s. Moreover, the threshold
current I1st followed the order of Cu > CuCr25 > CuCr50 at
both the velocities of 1.3 m/s and 1.8 m/s. Meanwhile, at the higher
average opening velocity of 1.8 m/s, the arc energy and arc voltage
were higher than or close to those at 1.3 m/s.

Index Terms—Anode phenomena, high current, opening
velocity, vacuum arc, vacuum interrupters.

I. INTRODUCTION

S INCE vacuum circuit breakers were first developed to
interrupt short circuit current in the early 1960s [1], [2],

the characteristics of high-current vacuum arcs have become
an interesting research topic [3]–[8]. It is well known that the
discharge mode transfers from a low-current mode to a high-
current mode as the current exceeds a threshold level in a
vacuum arc [9]–[14]. The anode plays an active role in the
transition process of the discharge. Miller and Bellevue [10]–
[13] pointed out that the vacuum arcs exhibit two low-current
anode discharge modes and three high-current anode discharge
modes. The transition from a low-current anode mode to a high-
current anode mode depends on the contact material, the contact
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geometry (contact diameter, contact gap, etc.), and the current
waveform [4], [15]. In the two low-current anode modes, the
anode is basically passive, or the anode emits a flux of sputtered
atoms. The three high-current anode discharge modes include a
footpoint mode, an anode spot mode, and an intense arc mode
[10]–[13]. In the three high-current anode discharge modes,
there is a luminous region near the anode. The anode spot mode
and the intense arc mode are accompanied with gross anode
melting. In the footpoint mode, the anode melting is relatively
small, occurring primarily at the footpoint site. If the power de-
livered to a footpoint exceeds the need of causing local melting,
the footpoint temperature and erosion can increase rapidly. This
could result in the formation of a small anode spot [10]–[13].
The temperature of a footpoint is near the melting point of the
anode material, and the temperature of an anode spot is near
the atmospheric boiling point of the anode material [10]–[12].
The formation of a high-current anode discharge mode is trig-
gered by vapor emission from the anode, by magnetic constric-
tion effects, or a combination of the two [11], [12]. Thus, a local
anode surface is so hot that it evaporates a significant volume of
metal vapor after current zero [15], [16]. When an appreciable
transient recovery voltage appears across a contact gap, there is
a critical value of metal vapor density to cause breakdown and
failure [6], [17]. A liquid surface layer present at the melting
anode area spot is also a possible cause of recovery failure.
The old anode becomes the new cathode after current zero.
If the transient recovery voltage applied is sufficiently strong,
it can distort the liquid layer, pulling it into projections and
thus creating points of high field concentration that are potential
sites for high voltage breakdown [18]. The interaction between
the liquid protrusion and metal vapor is suggested as a potential
mechanism for a delayed breakdown [6], [17]. Moreover, the
interaction also explains the post arc breakdown at high arc
currents [19].

The parameters influencing the formation of an anode foot-
point and/or an anode spot are well established [12], [15]. The
critical current Ic [12] at which an anode spot forms increases
with the anode diameter and decreases with the contact gap.
When a contact material presents as a cathode material, the
contact material that tends to produce greater densities of ions
near the anode will result in higher values of Ic. However, when
the contact material presents as an anode material, it will result
in lower values of Ic [12]. An axial magnetic field, if applied
to a vacuum arc, will shift the boundaries between the various
modes to higher currents [13], [20].
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Fig. 1. Vacuum interrupter and electrodes in experiment. (a) Vacuum inter-
rupter. (b) Contact diameter of 12 mm. (c) Contact diameter of 25 mm.

When a vacuum circuit breaker receives a trip signal to in-
terrupt a current, the contacts will be separated by an operating
mechanism. Then, a drawing arc is initiated between a pair of
electrodes. An opening velocity characteristic was reported as a
contributing factor for improving the high-current interruption
performance of a vacuum circuit breaker [21], [22]. However,
how the opening velocity characteristic influences high-current
vacuum arc behaviors, particularly the high-current vacuum arc
anode phenomena in vacuum interrupters, is unknown.

The purpose of this paper is to understand the influence
of opening velocities on the high-current vacuum arc anode
phenomena. In this paper, we focus on the influence of average
opening velocities on a threshold current I1st (peak value) with
which a high-current anode phenomenon first appears. The
experimental results may provide an elaboration of a dynamic
model of high-current vacuum arc anode discharge phenomena.

II. EXPERIMENTAL SETUP

Experiments were conducted to understand the influence
of the average opening velocity on the high-current vacuum
arc anode phenomena. In the experiments, the vacuum inter-
rupters shown in Fig. 1(a) were used for the anode phenom-
enon observation. The vacuum interrupters were sealed before
testing. For the purpose of arc observation, the envelope of
the vacuum interrupter was made of glass, and there was an

Fig. 2. Experimental setup for an anode phenomenon observation. (a) Experi-
mental circuit. (b) Waveform of arc current, arc voltage, and displacement curve
of moving contact.

observation window (40 mm × 40 mm) on the stainless steel
shield of the vacuum interrupter. Therefore, anode phenomena
can be observed by high-speed photography. The high-speed
charge-coupled-device video camera Phantom V10 was used to
record the vacuum arc mode evolution in the experiments. The
recording velocity was set to be 4000 frames/s. The camera
aperture was fixed at four, and the exposure time for a fresh
vacuum interrupter was set as 2 μs. After successive current
interruptions, there were continuous metal vapor depositions
on the glass envelope of the vacuum interrupter. Therefore,
the exposure time was adjusted according to the metal vapor
depositions on the glass envelope. Fig. 1(b) shows the butt-
type electrodes in the vacuum interrupters. The diameters of the
electrodes were 12 and 25 mm, respectively. The thickness of
the electrode was 4 mm. Three kinds of contact materials were
used: oxygen-free high-conductivity copper, CuCr25 (25% Cr),
and CuCr50 (50% Cr). The contact gap was 18 mm. In the
experiments, the upper electrode was the anode.

The experiments were conducted using the apparatus shown
schematically in Fig. 2(a). A drawn arc was initiated between
a pair of butt electrodes in the vacuum interrupter shown in
Fig. 1(a). The opening velocity of the movable electrode in
the vacuum interrupter was adjusted by a contact spring of
a permanent magnet operating mechanism. The displacement
signal of the movable electrode in an opening operation was
measured by a KTC-100-type linear displacement transducer.

Tests were conducted by charging capacitor banks to an
appropriate voltage and initiating a power frequency current
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Fig. 3. Definition of an average opening velocity. Time of 75% range of the contact gap: Δt1 > Δt2. (a) Opening displacement curve at 1.3 m/s.
(b) Opening displacement curve at 1.8 m/s.

TABLE I
ARC CURRENT IN THE EXPERIMENTS

(50 Hz) by passing through reactors (L−C discharging circuit).
The discharging current was controlled by the charging voltage.
As shown in Fig. 2(b), while the electrodes were kept closed in
the first and the second half-wave of the 50-Hz power frequency
current, the movable electrode was electronically controlled to
be separated within the first millisecond of the third half-wave
of the initiated current. Thus, the arcing time in each experiment
was about 9 ms when the arc extinguished at the first arc
current zero point. The arc voltage was measured by means of
a Tektronix high-voltage probe 6015A (1000:1), and the arc
current was measured by a Rogowski coil and/or a shunt of
80 μΩ. Three measured signals—the displacement of a mov-
able electrode, the arc current, and the arc voltage—were sent
to an oscilloscope for recording, as shown in Fig. 2(b).

Fig. 3 shows an opening displacement curve of the movable
electrode. The average opening velocity was defined as an
average velocity within the 75% range of the contact gap
(18 mm) from the point of contact departure. For the permanent
magnet operating mechanism that we used, the average opening
velocity can be adjusted from 1.3 to 1.8 m/s by adjusting
its contact spring stroke from 1 to 6.5 mm. Thus, the two
average opening velocities (1.3 and 1.8 m/s) were adopted to

TABLE II
CHARACTERISTICS OF FOOTPOINT AND ANODE SPOT

compare their influence on the high-current vacuum arc anode
phenomena.

Table I shows the arc current applied in the experiments. The
experiments started from a low current level (the peak current
was several hundreds of amperes) in a vacuum interrupter,
at which the anode was passive. Therefore, the arc discharge
was a low-current anode mode. Thereafter, the arc current was
increased in the vacuum interrupter following the sequence
of groups I, II, III, . . . , IX. Then, the vacuum interrupters
with different contact materials (Cu, CuCr25, and CuCr50)
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Fig. 4. First high-current anode phenomena of Cu, with a contact diameter of
12 mm. (Left column) 1.3 m/s. (Right column) 1.8 m/s. (a) First high-current
anode mode at 1.3 m/s, with a peak arc current of 4.15 kA. (b) Arc voltage
waveform at 1.3 m/s, with a peak current of 4.15 kA. (c) Arc current waveform
and contact stroke at 1.3 m/s, with a peak current of 4.15 kA. (d) First high-
current anode mode at 1.8 m/s, with a peak arc current of 3.42 kA. (e) Arc
voltage waveform at 1.8 m/s, with a peak current of 3.42 kA. (f) Arc current
waveform and contact stroke at 1.8 m/s, with a peak current of 3.42 kA.

and different contact diameters (12 and 25 mm) were tested
in the set sequences of the arc current until the first high-
current anode phenomenon occurred. The arc current variation
at each arc current level was controlled to be less than 10%, so
the experimental results were comparable in different contact
materials (Cu, CuCr25, and CuCr50) and in different average
opening velocities (1.8 and 1.3 m/s).

III. EXPERIMENTAL RESULTS

A. High-Current Vacuum Arc Anode Phenomena

As the arc current increases, the first high-current vacuum arc
anode phenomenon observed in our experiment is a footpoint
or an anode spot. In this paper, we followed the following
definition of Miller and Bellevue [13] to determine the footpoint
or anode spot.

In the footpoint mode, the interelectrode gap is mostly filled
with a fairly bright diffuse glow (appearing much the same as
the diffuse arc mode at higher currents). However, in contrast
to the diffuse arc mode, where the anode is nonluminous, in the
footpoint mode, small bright spots appear on the anode. These
spots are denoted as footpoints. Footpoints are characterized
as being small luminous spots, usually associated with local
anode melting and with the appearance of anode material in
the discharge.

The anode spot mode is a high-current mode with consider-
able anode activity. In the anode spot mode, a more or less well-
defined arc column appears in the interelectrode gap, while

Fig. 5. First high-current anode phenomena of CuCr25, with a contact diam-
eter of 12 mm. (Left column) 1.3 m/s. (Right column) 1.8 m/s. (a) First high-
current anode mode at 1.3 m/s, with a peak arc current of 2.91 kA. (b) Arc
voltage waveform at 1.3 m/s, with a peak current of 2.91 kA. (c) Arc current
waveform and contact stroke at 1.3 m/s, with a peak current of 2.91 kA.
(d) First high-current anode mode at 1.8 m/s, with a peak arc current of 2.29 kA.
(e) Arc voltage waveform at 1.8 m/s, with a peak current of 2.29 kA. (f) Arc
current waveform and contact stroke at 1.8 m/s, with a peak current of 2.29 kA.

many (perhaps individually indistinguishable) cathode spots
cover the cathode. One large or (less often) several small very
bright spots are present on the anode.

Based on the definition of a footpoint and an anode spot
by Miller and Bellevue [13], we determined a footpoint and
an anode spot in our experiments by using the characteristics
described in Table II. A footpoint met the following criteria at
the same time: 1) There is a small bright region on the anode;
2) the arc voltage noise is high; and 3) there is a diffuse arc in
the interelectrode gap. In the meantime, an anode spot met the
following criteria at the same time: 1) There is a large bright
region; 2) the arc voltage noise is moderately high; and 3) there
is a columnar arc or jet arc in the interelectrode gap.

Figs. 4–8 compare the first high-current anode phenomena
at the average opening velocities of 1.3 and 1.8 m/s in the ex-
periment. The first high-current anode phenomena included the
arc appearance, arc voltage waveform, and contact stroke curve.
Figs. 4–6 show the cases of the contact diameter of 12 mm,
and the contact materials are Cu, CuCr25, and CuCr50, respec-
tively. Figs. 7 and 8 show the cases of the contact diameter of
25 mm, and the contact materials are Cu and CuCr50, respec-
tively. The duration of the high-current anode phenomenon
ΔTa was indicated in the arc voltage waveform and in the
contact stroke curve. During ΔTa, the high-current anode mode
could keep or transfer to a footpoint or an anode spot, depend-
ing on different arc currents and contact strokes. The occur-
rence instant of the high-current anode phenomenon was also
given in the arc voltage waveform, before which there was no
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Fig. 6. First high-current anode phenomena of CuCr50, with a contact diam-
eter of 12 mm. (Left column) 1.3 m/s. (Right column) 1.8 m/s. (a) First high-
current anode mode at 1.3 m/s, with a peak arc current of 2.64 kA. (b) Arc
voltage waveform at 1.3 m/s, with a peak current of 2.64 kA. (c) Arc current
waveform and contact stroke at 1.3 m/s, with a peak current of 2.64 kA.
(d) First high-current anode mode at 1.8 m/s, with a peak arc current of 2.48 kA.
(e) Arc voltage waveform at 1.8 m/s, with a peak current of 2.48 kA. (f) Arc
current waveform and contact stroke at 1.8 m/s, with a peak current of 2.48 kA.

Fig. 7. First high-current anode phenomena of Cu with a contact diameter of
25 mm. (Left column) 1.3 m/s. (Right column) 1.8 m/s. (a) First high-current
anode mode at 1.3 m/s, with a peak arc current of 5.92 kA. (b) Arc voltage
waveform at 1.3 m/s, with a peak current of 5.92 kA. (c) Arc current waveform
and contact stroke at 1.3 m/s, with a peak current of 5.92 kA. (d) First high-
current anode mode at 1.8 m/s, with a peak arc current of 4.72 kA. (e) Arc
voltage waveform at 1.8 m/s, with a peak current of 4.72 kA. (f) Arc current
waveform and contact stroke at 1.8 m/s, with a peak current of 4.72 kA.

Fig. 8. First high-current anode phenomena of CuCr50 with a contact diam-
eter of 25 mm. (Left column) 1.3 m/s. (Right column) 1.8 m/s. (a) First high-
current anode mode at 1.3 m/s, with a peak arc current of 3.68 kA. (b) Arc
voltage waveform at 1.3 m/s, with a peak current of 3.68 kA. (c) Arc current
waveform and contact stroke at 1.3 m/s, with a peak current of 3.68 kA.
(d) First high-current anode mode at 1.8 m/s, with a peak arc current of 2.88 kA.
(e) Arc voltage waveform at 1.8 m/s, with a peak current of 2.88 kA. (f) Arc
current waveform and contact stroke at 1.8 m/s, with a peak current of 2.88 kA.

high-current anode phenomenon found. Arcing photographs at
the occurrence instant were displayed in Figs. 4–8. Moreover,
the opening displacement at the time of current zero was
indicated in the contact stroke curve. By the definition of a
footpoint and an anode spot mentioned earlier, the first high-
current anode phenomenon that took place was most probably
an anode spot (sometimes a footpoint) mode at 1.3 m/s, and it
was a footpoint mode at 1.8 m/s.

B. Threshold Current I1st

We defined the peak arc current at which a high-current
anode phenomenon (footpoint or anode spot) first appeared as a
threshold current I1st. Fig. 9 shows the threshold current I1st at
the average opening velocities of 1.3 and 1.8 m/s with contact
materials Cu, CuCr25, and CuCr50 and contact diameters of 12
and 25 mm. In Fig. 9, the triangle denotes a footpoint, and the
circle denotes an anode spot. Fig. 9 shows that the threshold
current I1st was higher at the average opening velocity of
1.3 m/s than that at 1.8 m/s no matter what contact material
or contact diameter is involved in the experiment. Moreover,
it also shows that I1st followed the order of Cu > CuCr25 >
CuCr50 [see Fig. 9(a)] and Cu > CuCr50 [see Fig. 9(b)] at
both velocities. Meanwhile, Fig. 9 shows that, as the arc current
increases, the high-current anode mode that first appeared was
a footpoint at the opening velocity of 1.8 m/s, regardless of the
type of the contact material, being Cu, CuCr25, and CuCr50,
and the size of the contact diameter, being 12 and 25 mm. At
the average opening velocity of 1.3 m/s, the high-current anode
mode that first appeared was most probably an anode spot, and
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Fig. 9. Diagram of threshold currents. As the arc current increases, there
appears the first high-current anode mode at the threshold current I1st.
(a) Contact diameter of 12 mm. (b) Contact diameter of 25 mm.

sometimes, it was a footpoint. However, the threshold current
I1st of the footpoint was close to that of the anode spot at the
average opening velocity of 1.3 m/s.

C. Arc Energy

The arc energy is calculated from the arc current and arc
voltage by the integration of the arcing time. In the experiment,
we calculated the arc energy during the arcing time that was
9 ms. Fig. 10 illustrates the arc energy at the average opening
velocities of 1.3 and 1.8 m/s. Fig. 10(a) and (b) presents two
cases with Cu being the contact material. Fig. 10(a) shows the
case with a contact diameter of 12 mm, and Fig. 10(b) shows the
case with a contact diameter of 25 mm. Fig. 10(a) and (b) shows
that, at the velocity of 1.3 m/s, the arc energy was close to that
at 1.8 m/s. Fig. 10(c) illustrates the case of the contact material
being CuCr25 with a contact diameter of 12 mm. Fig. 10(d) and
(e) shows the cases with the contact material being CuCr50 and
with the contact diameters being 12 and 25 mm, respectively.
Fig. 10(c)–(e) shows that, at the average opening velocity of
1.8 m/s, the arc energy was higher than that at 1.3 m/s, partic-
ularly in the high-current range. Therefore, the result indicated
that, at the velocity of 1.8 m/s, the arc voltage was higher than
or close to that at 1.3 m/s at the same arc current.

By a regression analysis, it was found that the relationship
between the arc energy and the peak arc current followed

Earc = a + bc (1)

Fig. 10. Arc energy at the average opening velocities of 1.3 and
1.8 m/s. Current label—peak arc current. (a) Cu, Φ12 mm. (b) Cu, Φ25 mm.
(c) CuCr25, Φ12 mm. (d) CuCr50, Φ12 mm. (e) CuCr50, Φ25 mm.

TABLE III
POWER FACTOR c IN (1)

where
Earc arc energy (in joules);
I peak value of arc current (in kiloamperes);
a, b, and c constant.
Table III shows the power factor c in (1). It was found that,

at the average opening velocity of 1.8 m/s, the power factor c
followed the order Cu > CuCr25 > CuCr50, with the contact
diameters being 12 and 25 mm, respectively. However, at the
average opening velocity of 1.3 m/s, the power factor c tended
to be close to each other.

IV. DISCUSSION

A. Anode Modes at the Threshold Current I1st

The experimental results showed that the high-current anode
mode that first appeared was a footpoint at the opening velocity
of 1.8 m/s, regardless of the type of the contact material,
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being Cu, CuCr25, and CuCr50, and the size of the contact
diameter, being 12 and 25 mm. In the footpoint mode, there
was a small-size luminous spot on the anode. Moreover, there
was a diffuse arc between the contact gaps in the footpoint
mode. However, at the velocity of 1.3 m/s, the high-current
anode mode that first appeared was most probably an anode
spot with the arc current increasing. There was a large bright
spot on the anode. Moreover, there was a columnar or jet arc
with a distinguishable boundary between the contacts in the
anode spot mode. These phenomena could be explained by the
following: With the high average opening velocity of 1.8 m/s,
a footpoint formed due to the “instability of the anode sheath”
[6] (also known as “ion starvation” [9]). Because a high ve-
locity corresponded to a high contact gap at which the density
of the plasma adjacent to the anode was too low, the ion
starvation current incident on the anode was smaller for the
higher contact gap [9]. However, at the low average opening
velocity of 1.3 m/s, the anode transition was related to the
“gas-dynamic” effect [15]. In such a case, the contact gap was
comparably low. The stability of the cathode spot or group spot
(appearing to cover the anode and the cathode) determined the
arc characteristics, including the electrode erosion, density and
temperature of interelectrode gap plasma, etc. The state of the
arc characteristics consequently influenced the anode transition
phenomena. Therefore, the experimental results supported the
theory well.

Sometimes, the high-current anode mode that first appeared
was a footpoint at the average opening velocity of 1.3 m/s. This
is probably related to the contact material and contact diameter.
Compared with CuCr50, Cu, and CuCr25 were more likely
to form a footpoint. Moreover, the possibility of a footpoint
formation for Φ12 mm is greater than that for Φ25 mm.

B. Anode Voltage

The experimental results of the arc voltage noise agreed with
that of Miller. Miller and Bellevue [13] mentioned that the
footpoint was accompanied with an appreciable noise compo-
nent of the arc voltage. The experimental results followed the
description of Miller well. Meanwhile, he also mentioned that
the presence or absence of an anode jet might have a significant
effect upon the arc voltage noise of the anode spot, but the
evidence of the arc voltage noise that he got was contradictory
[13]. In order to explain it, Miller and Bellevue [13] referred to
the comments of Boxman and Harris that the appearance of an
anode jet had little effect upon the arc voltage (mean value or
noise component) unless the anode jet either struck the cathode
or met a cathode jet.

Our experimental results supported the aforementioned ex-
planation. Fig. 11 shows the high-current arc phenomena with
the intersection of the anode jet and the cathode jet. Compared
with Figs. 4(a)–8(a), the anode jet and the cathode jet come
to intersect in Fig. 11(a) and (c). The arc voltage waveforms
in the cases of Figs. 4(a)–8(a) are shown in Figs. 4(b)–8(b), re-
spectively. Figs. 4(b)–8(b) show that there was lower significant
arc voltage noise when there was no meeting of the anode jet
and the cathode jet. The arc voltage waveforms in the cases of
Fig. 11(a) and (c) are shown in Fig. 11(b) and (d), respectively.

Fig. 11. High-current arc phenomena with the intersection of the anode
jet and the cathode jet. (a) One appearance of arc phenomenon, with Cu,
Φ12 mm, and a peak current of 5.68 kA. (b) Arc voltage waveform, with
Cu, Φ12 mm, and a peak current of 5.68 kA. (c) One appearance of arc
phenomenon, with CuCr25, Φ12 mm, and a peak current of 4.96 kA. (d) Arc
voltage waveform, with CuCr25, Φ12 mm, and a peak current of 4.96 kA.

Fig. 12. Comparison of arc energy among contact materials Cu, CuCr25, and
CuCr50. Current label—peak arc current. (a) 1.3 m/s, Φ12 mm. (b) 1.8 m/s,
Φ12 mm. (c) 1.3 m/s, Φ25 mm. (d) 1.8 m/s, Φ25 mm.

Fig. 11(b) and (d) shows that there was significant arc voltage
noise when the anode jet met a cathode jet. Therefore, our ex-
perimental results validated the correctness of the explanation.

C. Contact Material and Anode Energy

Fig. 12 compares the arc energy among the contact mate-
rials, being Cu, CuCr25, and CuCr50. Fig. 12 shows that the
arc energy curves were close to each other when the contact
materials were Cu, CuCr25, and CuCr50, respectively, at the
same average opening velocity of 1.8 or 1.3 m/s. However,
the maximum arc energy of the CuCr25 and CuCr50 contact
materials was lower than that of Cu. This was in accordance
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with the CuCr25 and CuCr50 contact materials having a lower
threshold current (see Fig. 9).

D. Contact Material and High Current Interruption

Fig. 9 shows that the threshold current was in the order
of Cu > CuCr25 > CuCr50 with the same average opening
velocity. This means that the Cu contact material had the
highest threshold current I1st. This result is contradictory to
the knowledge that the CuCr family has a higher interrupting
capacity than Cu. A possible explanation is that the addition
of Cr dramatically reduces the thermal conductivity of the
CuCr composite. Typically, from 25 wt% Cr to 50 wt% Cr, the
thermal conductivity is reduced by about 40%–50%, depending
on the density and mutual solid solution between Cu and Cr
[23].

Another possible explanation is the presence of metal
droplets in the contact gap. In the experiment, there was a
more significant amount of visible metal droplets in the Cu
contact gaps than in the CuCr family contact gaps. Therefore,
even though Cu has a higher threshold current at which a high-
current anode mode first appears, it has a lower interrupting
capacity than the CuCr family because the metal droplets will
live after current zero, which evidently has a significant impact
on the dielectric recovery strength of vacuum interrupters.

Sugita et al. [24] also reported the same finding. They
observed many bright points in the vacuum arcs of Cu. They
thought the insulation ability became worse when a certain level
of particles existed between the electrodes. As a result, they
considered that the contact materials are unfit for high-voltage
use. They also pointed that the bright points or particles were
not observed in the vacuum arc of the CuCr family. Therefore,
metal particles could be one of the key influencing factors to
the high current interrupting capacity of vacuum interrupters.

E. Average Opening Velocity and High Current Interruption

Fig. 9 shows that, at the average opening velocity of 1.8 m/s,
the threshold I1st current was lower than that at 1.3 m/s. The re-
sult that a higher opening velocity has a lower threshold current
seemed to contradict with the knowledge that a higher opening
velocity improves the interruption capacity of a vacuum circuit
breaker. The explanation could be that the first high-current
anode mode that appeared was a footpoint at 1.8 m/s and it was
an anode spot at 1.3 m/s. Therefore, the anode spot evaporated
much more metal vapors than the footpoint, and the more
metal vapors contributed to the interruption failures. Therefore,
a higher average opening velocity corresponded to a higher
interrupting capacity, so the metal vapor density should be a
key influencing factor to the interrupting capacity of vacuum
interrupters.

V. CONCLUSION

We have experimentally observed the high-current anode
phenomena at the average opening velocities of 1.8 and 1.3 m/s
by using vacuum interrupters that were sealed off before testing.
The contact diameters were 12 and 25 mm, respectively. The

contact materials included Cu, CuCr25, and CuCr50. The arc
current frequency was 50 Hz. The experimental results showed
that, as the arc current increases, the high-current anode mode
that first appeared was a footpoint at the average opening
velocity of 1.8 m/s. However, at the velocity of 1.3 m/s, the
high-current anode mode that first appeared was most probably
an anode spot, and sometimes, it was a footpoint. This result
provided a support to the arc transition theory of Schade that,
at the high velocity of 1.8 m/s, a footpoint was formed by the
effects of the “instability of the anode sheath,” and at the low
velocity of 1.3 m/s, an anode spot was formed by the effects of
“gas dynamic.”

By the definition of a threshold current I1st (peak current
value) with which the high-current anode mode first appeared,
the results showed that the threshold current I1st followed the
relationship of I1st (1.3 m/s) > I1st (1.8 m/s). Moreover, the
threshold current I1st followed the order of Cu > CuCr25 >
CuCr50 at both velocities of 1.3 and 1.8 m/s. This result seems
contradictory to the knowledge that the CuCr family has a
higher interrupting capacity than Cu and the knowledge that
a higher opening velocity improves the interruption capacity of
a vacuum circuit breaker. It was considered that metal droplet
quantities and metal vapor density played important roles in the
high current interrupting process of vacuum interrupters. The
results also indicated that, at the average opening velocity of
1.8 m/s, the arc voltage and energy were higher than or close to
those at 1.3 m/s.
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