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Abstract—The process of switching a short vacuum gap using an auxiliary discharge over the surface of a
dielectric is studied by the high-speed recording of images of the plasma in the optical spectral range. Based
on the analysis of the obtained experimental data, it is suggested that the cathode spot and cathode flame in
the ultraviolet spectral range play a significant in the formation of current channel in the discharge.
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Fig. 1. Photograph of the vacuum diode: (1) current con-
ductor of the cathode, (2) replaceable cathode knob,
(3) dielectric plate, (4) replaceable igniter electrode knob,
(5) current conductor of the igniter electrode, (6) anode,
(7) current conductor of the anode, (8) anode base, and
(9) dielectric frame of the vacuum diode.
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1. INTRODUCTION
Spark and arc discharges in vacuum are of interest

due to their successful applications in high-voltage
and high-current electronics and in particular, in
switching devices and devices for sputtering the mate-
rials for thin-film technologies, as well as in ion
sources. Despite such a broad range of practical appli-
cations of spark and arc discharges, we cannot say that
the mechanisms of generation and operation of a key
element of these discharges such as the cathode spot
[1–5] are understood fully. One of the widely accepted
[3–5] models of the cathode spot that is currently
being developed is the acton model [6, 7].

Understanding the nature of the cathode spot phe-
nomenon will probably make the application of spark
and arc discharges in different practical tasks even
more successful.

The objective of this work is to conduct a series of
studies to increase the efficiency of vacuum switches.

2. EXPERIMENTAL SETUP
The studies were carried out using an experimental

stand which allows us to naturally model the switching
process in a short vacuum gap using an auxiliary dis-
charge over the surface of a dielectric. The construc-
tion of the discharge device is shown in the photo-
graph in Fig. 1. The complete experimental setup is
shown in Fig. 2.

The main elements of the electric discharge system
were the anode, the cathode, the igniter electrode, and
the dielectric plate that separated the cathode and the
igniter electrode and was held tightly between them.
45
The electrodes are affixed on a dielectric frame. The
cathode, the igniter electrode, and the dielectric plate
are coaxial cylinders with the same diameter (6 mm).
The cathode and the igniter electrode consist of cur-
rent conductors and attachments that are in direct
contact with the dielectric plate. The anode, which is
a dome-shaped 6-mm-diameter part, becomes a cur-
rent conductor that is screwed into a 7-mm-diameter
base made from brass. The dielectric plate is 100 μm
2
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Fig. 2. General experimental setup: (1) anode, (2) igniter electrode, (3) dielectric plate, (4) cathode, (5) vacuum chamber,
(6) flange with insulated high-voltage current conductors, (7) optical fiber, (8) vacuum tract, (9) vacuum evacuation and control
system, (10) high-voltage pulse generator, (11) low-inductance Ohmic voltage divider, (12) Rogowsky coil, (13) oscilloscope,
(14) forming line, (15) limiting resistance, (16) high-voltage source, (17) beamsplitter mirror, (18) image tube unit, (19) control
unit of the recording channels, (20) delayed pulse generator, and (21) image storage unit.
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thick. The electrodes are made from stainless steel and
the dielectric plate is made from mica. The dielectric
frame of the discharge device is made from Caprolon.

The discharge device is placed in a vacuum cham-
ber that is evacuated to a residual pressure of 10–2 Pa
and is equipped with leak-proof lead-out current con-
ductors, which allow us to connect the electric dis-
charge device to external circuits, and an optically
transparent window for extraction of the discharge
plasma radiation from the chamber.

The vacuum discharge unit serves as a switch with
an adjustable resistance of the LCR circuit. The cath-
ode of the diode is grounded, while the anode has a
positive voltage of up to 3 kV before switching. The
commutation process starts when a positive (with
respect to the cathode) voltage pulse with an ampli-
tude up to 4 kV and rise rate of (1–2) × 109 V/s is
applied to the igniter electrode. Thus, a discharge is
ignited over the surface of the dielectric plate and the
plasma of the erosion products creates the conducting
medium in the cathode–anode gap. The amplitude of
the ignition current reaches 10 A. The amplitude of the
current in the cathode–anode gap is up to 250–300 A.
The duration of the current pulse during the cathode–
anode gap is determined by the parameters of the
switching circuit and is about 30 μs.

The voltage on the cathode–igniter electrode gap
was recorded using a low-inductance Ohmic voltage
divider. The current on the same cathode–igniter
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electrode gap was determined from the voltage on the
low-inductance resistance of 10 Ω connected to the
igniter circuit. The current on the cathode–anode gap
was determined from the signal of a calibrated
Rogowsky coil.

The dynamics of the discharge in the vacuum gap
was studied by recording images of the discharge
plasma in its self-emission in the optical range at expo-
sition times of 5 to 500 ns. The images were recorded
by an electrooptical block that consisted of the follow-
ing units:

(i) two image tube blocks that used cathode gating
scheme,

(ii) the registration channel control unit,
(iii) the beamsplitter mirror,
(iv) the 4-channel DG645 delayed pulse generator

used to synchronize the start of the recording channels
and the igniting circuit of the spark gap, and

(v) the image storage unit (notebook and software).
In turn, both image tubes blocks consisted of the

following parts:
(i) the strobing pulse generator (SPG) over the

cathode,
(ii) the transporting lens (Jupiter), and
(iii) the EPM-102G image tube connected to the

SDU-274 digital CCD camera with a resolution of
1600 × 1200 pixels through a VEGA projection lens to
record the information from its screen.
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Fig. 3. Time dependences of the voltage on the cathode–igniter electrode gap (line 1) and the current in the cathode–anode gap
(line 2). (Line 3 is the signal of the registration block control unit.) The sweep time is of 2 μs/division. The sensitivity of line 1 is
1 kV/division, line 2 is 100 A/division, and line 3 is 2 V/division. (a) Discharge of the first type and (b) discharge of the second
type. 
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Fig. 4. Observed discharge of the first type. (a) Spatial structure of the discharge: (1) cathode, (2) dielectric plate, (3) igniter elec-
trode, (4) cathode f lame, (5) discharge periphery, (6) anode, (7) current conductor, (8) anode base, and (9) cathode spot;
(b) discharge image in the optical radiation obtained by the high-speed photography system. Exposition: the start of the recording
at t = 1.9 μs after the start of the current in the cathode–anode gap; the image was recorded during Δt = 0.5 μs. 
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To obtain two frames separated by a certain time
interval that record the images of the discharge plasma
in the optical wavelength range with the set exposition,
the channels were placed relative to the object under
study along a parallax-free trajectory with a beamsplit-
ter mirror.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

The discharges under study can be separated into
two types. Figure 3 shows the characteristic time
dependences of the voltage in the ignition system and
the current in the cathode–anode gap for both dis-
charge types.

In the first discharge type, an arc discharge devel-
ops in the cathode–anode gap; i.e., the current drift of
charged particles in the conducting medium (plasma)
occurs along the shortest trajectory between the cath-
ode and the anode (see Fig. 4a). The first main dis-
charge type is realized when the auxiliary spark dis-
charge along the dielectric surface, which initiates the
discharge between the cathode and anode, and ignites
PLASMA PHYSICS REPORTS  Vol. 46  No. 4  2020
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Fig. 5. Observed discharge of the second type. (a) Spatial structure of the discharge: (1) cathode, (2) anode, (3) current conduc-
tor, (4) anode base, (5) cathode flame, (6) discharge periphery, and (7) cathode spot; (b) discharge image in the optical radiation
obtained by the high-speed photography system. Exposition: the start of the recording at t = 300 ns after the start of the current
in the cathode–anode gap; the image was recorded during Δt = 100 ns.
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on the area of the ignited system that is at the mini-
mum distance from the anode surface.

Figure 4b, apparently, shows the arc stage of the
discharge in the cathode–anode gap, judging from the
current and the time interval during which the dis-
charge is developing. The brightest radiation source, at
least, in the optical range, is the plasma column in the
cathode–anode gap. Note that the cathode spot,
which is located at the base of the column on the cath-
ode, is the center of a diffusely radiating discharge
region, which has the shape of a semisphere. At the
intersection of the radiating region with the anode sur-
face, multiple sources of optical radiation (probably
anode spots) with dimensions of about 0.1 mm and a
layer of anode material vapor slightly elevated above
the anode surface are observed.

It is probable that the ultraviolet (UV), not optical,
radiation of the arc discharge causes the ionization of
the rarefied gas medium at the periphery of the dis-
charge and that a weak current f lows in this rarefied
medium along with the stronger current in the main
strongly radiating current channel. Evidence support-
ing the simultaneous existence of two spatially sepa-
rated discharge regions is provided by the cloud of the
anode material vapor seen in the photograph and the
anode spots present at the upper boundary of the
vapor. In the region with a high density of matter and
high current an arc discharge takes place. In the sec-
ond region with a low density and low current a dis-
charge that resembles a glow discharge takes place.

It is known that the glow discharge is subject to the
thermal–ionization instability, which leads to the
contraction of the current channel [8, 9]. The contrac-
PLASMA PHYSICS REPORTS  Vol. 46  No. 4  2020
tion manifests in the outer region of the discharge as
the appearance of localized anode spots at the anode
surface and the boundary of the vapor of the anode
material.

The main discharge of the second type is realized
when the auxiliary spark discharge appears at the area
of the igniter system whose distance from the anode
surface is close to maximum. The anode surface at a
distance of 1 mm from the cathode surface in this case
does not participate in the development of the dis-
charge between the cathode and anode, and the cur-
rent lines cross the surface of the anode base. The
length of the trajectory of the current drift of charged
particles in this case increases by more than one order
of magnitude (Fig. 5a). Figure 5b, judging by the cur-
rent and the duration of the discharge development,
shows the spark stage of the discharge in the cathode–
anode gap. At least, this occurs where the region of the
discharge that can be visibly observed near the cathode
and igniter electrode surface. A cathode spot and cath-
ode f lame, i.e., a plasma flow emitted from the cath-
ode spot, are observed on the cathode surface at the
boundary of the dielectric plate. An anode spot is
observed at the boundary between the igniter elec-
trode and the dielectric plate. In addition, multiple
anode spots are observed at the anode base. We can
discern a diffused glow in the space around the cath-
ode and anode. At the same time, no visual signs of the
discharge in the cathode–anode gap are seen.

Despite the attained discharge current and dura-
tion, the visual characteristics of the discharge of the
second type are atypical at the stage that can be called
the arc discharge stage (see Fig. 6). A cathode spot and
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Fig. 6. Image of the discharge in the optical radiation
obtained by the high-speed photography system. Exposi-
tion: the start of the recording at t = 1.9 μs after the start of
the current in the cathode–anode gap; the image was
recorded during Δt = 100 ns.
cathode f lame are observed, and often, an anode spot
on the surface of the igniter electrode can also be seen.
In the space around the electrode system, a diffuse
glow is seen, and on top of it, a radiating band directed
toward the anode base. At the same time, no discharge
in the cathode–anode gap is observed and no glowing
anode spots at the anode base are visible.

The second discharge type is, apparently, a mixed
spatially inhomogeneous discharge, the same as the
first discharge type. The discharge parameters at the
cathode surface in the cathode f lame, apparently, cor-
respond to the parameters of the discharge that passes
through spark and then arc stages in vacuum.

However, the characteristics of the region with the
diffuse glow are different. The cathode material
requires 1–10 μs to spread from the cathode spot to
the anode base. The upper boundary of this time inter-
val corresponds to the spread of the cathode material
vapor at the thermal velocity of about 103 m/s and the
upper boundary corresponds to the propagation of the
plasma of the cathode f lame due to ambipolar diffu-
sion at a velocity of about 104 m/s. Thus, the dis-
charge, whose glow at the periphery of the electrode
system is recorded in the photographs, begins to oper-
ate in the rarefied residual gas. Note that the vacuum
conditions in the diode are such that, at the set initial
voltage on the cathode–anode gap of 3 kV, there are
no signs of ignition of a self-sustained glow discharge.

The second discharge type differs from the first
discharge in that, first, its two current-conducting
regions are connected to the electric circuit in series.
Second, the contraction of the current channels in the
low-density region is observed only at the initial,
spark, stage of the discharge. Later, no anode spots,
which can serve as proof as the contraction of the cur-
rent channel, are observed at the anode base. How-
ever, the peripheral region of the discharge with,
mostly, low density, still forms under the action of the
radiation from the high-density region (the cathode
spot and the plasma flame) near the cathode, and it is
still similar to the glow discharge in its method of cur-
rent channel formation. It is known that if the distance
between the cathode and anode is shorter than that
which is required for the appearance of a dark cathode
space and the start of the glow but a longer path from
the cathode to the anode can be created in the sur-
rounding space, the glow discharge chooses this lon-
ger path to form the current channel [10].

4. NUMERICAL ESTIMATES
Let us estimate the initial current that can f low in a

rarefied gas, i.e., in a vacuum, in our electrode system.
In the case of the discharge of the first type at voltage
U = 3 kV and distance between the electrodes, i.e., the
cathode and the anode, δ = 1 mm, the well-known
three-halves power law [11]

(1)

gives a current density of about 3 × 105 A/m2. If we
take the cross section of the current channel equal to
~10–6 m2 (the current channel diameter of ~1 mm),
then the total current is ~0.3 A. At the current channel
cross section of ~10–4 m2 (diameter of ~1 cm), the
total current is 30 A.

It was shown that under our conditions, i.e., at a
residual gas pressure of 10–2 Pa, the UV radiation from
the cathode spot can ionize the residual gas and create
the conditions for a discharge that is similar to the
glow discharge. It is known that, in contrast to the
glow discharge, the arc discharge is characterized by a
high current density of ≥105–107 A/m2 [11]. The nec-
essary condition for the development of a self-sus-
tained arc discharge is that the discharge current
exceeds a certain threshold current value. For the
chemical elements from the material of the electrodes,
this threshold current ranges from 1.5 to 6 A [6]. Thus,
when the majority of the anode surface is dragged into
the formation of the initial discharge, the discharge
can transition to the arc phase. The threshold current,
judging from the recorded current raise rate in the
cathode–anode gap (see Fig. 3), is reached after
≤10 ns, i.e., before the decay of the initiating spark dis-
charge along the surface of the dielectric, whose dura-
tion is ~30 ns.

The obtained images of the discharge indicate that
the UV radiation from the cathode spot and cathode
flame can create a conductive medium in the cath-
ode–anode gap by ionizing the residual gas and thus
create the conditions for including a substantial region
of the anode surface in the discharge. The cathode
spot appears during the initiating spark breakdown
along the surface of the dielectric. Further, the physi-

−= × δ6 3/2 2
3/2 2.33 10 /j U
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cal mechanism of the discharge transition to a self-
sustained arc discharge is the thermal–ionization
instability of the glow discharge, which leads to a con-
traction or shunting of the discharge [11]. At the initial
stage of the discharge, the propagation of the plasma
of the cathode f lame in the electrode gap alone cannot
provide such a rapid current build-up as the one indi-
cated above. Indeed, if the thermal velocity of about
103 m/s plays a decisive role, the time required for the
electrode gap to close by the cathode f lame plasma is
~10–6 s. The ambipolar diffusion mechanism [6] can
shorten this time to ~10–7 s.

We can assume that, at the start of the discharge of
the second type, a glow-type discharge develops in the
rarefied gas medium at the periphery of the cathode–
anode gap, in which the contraction of the current
channel is observed, while in the cathode region, the
discharge is of the spark type. Further, because of the
increase in the density of the charge carriers due to the
particle supply from the cathode f lame, the discharge
becomes an arc discharge, and the anode transitions to
a diffused operation regime. The filling of the dis-
charge space by the plasma from the cathode f lame
leads to a relatively abrupt increase in the conductivity
of the current channel. Judging by the delay time, the
ambipolar diffusion mechanism does not play a deci-
sive role under these conditions, and the diffusion
velocity of the cathode f lame matter is determined by
the thermal velocity of the ions.

Moreover, note the protracted trailing edge of the
current pulse caused by the relatively slow spatial
recombination in the rare plasma outside the cathode
flame. The observed characteristic decay time at the
trailing edge of the current pulse is about several
microseconds. The most efficient mechanism of spa-
tial recombination in the weakly ionized gases and
metal vapor is the dissociative recombination [8]. In
the absence of an electric field (or at a weak field, e.g.,
when the current passes zero), the concentration of
charged particles decreases with time by the law

(2)

where ne0 and ne are the initial electron density in the
plasma and the electron density at time t, and β ≈
10‒13 m3/s is the coefficient of dissipative recombina-
tion [8]. The characteristic time of plasma decay is
estimated as τ ≈ 1/βne0. If the initial concentration of
charged particles outside the cathode f lame is of the
order of 1018 m–3 taking into account the diffusion
from the f lame to the surrounding space, then we can
estimate the characteristic time of plasma decay in the
discharge of the second type as 10–5 s, which agrees
closely with the experimental data.

Let us estimate the initial concentration of charged
particles in the plasma flame for the recombination

= + βe e01/(1 ),n n t
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process in a discharge of the first type by the Jüttner
formula for a vacuum arc

(3)

where γ ≈ 1013 A–1 m–1 is a constant, Iarc is the arc cur-
rent, and r is the distance from the cathode spot [12].
If we assume that Iarc ≈ 10–102 A (at the current decay)
and r ≈ 10–3 m (equal to the distance between the cath-
ode and anode), we get the estimate of a characteristic
time of plasma decay in the discharge of the first type
of the order of 10–8 to 10–7 s, which, at least, does not
contradict the experimental observations of the dis-
charge of the first type.

5. CONCLUSIONS
In this work, the dynamics of the commutation of a

short vacuum gap using an auxiliary discharge along
the surface of a dielectric was studied. To this end,
images of the discharge plasma were recorded in its
self-radiation in the optical range at exposition times
in the subnanosecond range.

The images were obtained using a two-channel
electrooptical block. Each channel contained a regis-
tration unit for the strobing pulse along the photocath-
ode of an image tube, a transporting lens, and an
image tube connected to a digital CCD camera
through a projection lens to record the data.

The discharges under study can be separated in two
types. In the first type, arc discharges develop in the
cathode–anode gap; i.e., the current drift of charged
particles in the conducting medium (plasma) occurs
along the shortest trajectory between the cathode and
anode. Parallel to the arc discharge channel, a diffuse
discharge channel is observed. The second discharge
type is characterized by the generation of a cathode
spot or spots on the cathode and an ejection of a cath-
ode f lame into the surrounding space, which becomes
an arc-like diffuse discharge region that closes on the
anode base. In this discharge, there are no visual signs
that the discharge channel develops along the shortest
trajectory in the cathode–anode gap.

Based on the analysis of the experimental data, we
assume that the UV radiation from the cathode spot
and cathode f lame play a significant role in the forma-
tion of the current channel in the discharge.
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