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Abstract: A special experimental setup with a three-electrode discharge gap was used to study the
dynamic characteristics of the ultra-high- and super-high-frequency (UHF-SHF) electromagnetic
radiation of a high-voltage discharge having the streamer form with reference to the dynamics of
individual streamers at the nanosecond time resolution. We performed synchronous detection of the
radiation waveforms using a wideband horn antenna, on the one hand, and high-speed photography
of the discharge development in the discharge gap using an ICCD camera, on the other hand. It was
found that the high-voltage discharge is a source of radiation in the frequency band up to 10 GHz,
which is a series of individual ultrawideband (UWB) bursts having durations of less than 1 ns and
leading fronts less than 100 ps long and appears when the streamers moving from the discharge
anode (thin wire) meet the discharge cathode (plane). By the order of magnitude, the number of
radiation bursts corresponds to the number of streamers that reach the electrode, according to the
high-speed photography data. The qualitative data confirmed by simple theoretical estimations show
that the sources of UWB radiation pulses are individual streamers at the moment of their contact
with the electrode, and the radiation of the streamers can be regarded as transition radiation.

Keywords: high voltage discharge; air breakdown; streamer propagation; ultra-high frequency;
super-high frequency; UWB electromagnetic pulses

1. Introduction

High-frequency radiation of high-voltage discharges in their different forms and stages
is of great interest as a source of diagnostic information about the dynamics of the current
and the electric field during a breakdown [1–3], an indicator of the discharge on high-
voltage power lines [4], and as a negative factor affecting electronic systems of different
purposes [5–7]. The radiation at frequencies of up to tens of megahertz is often used
currently in the studies of high-voltage discharges, including lightning discharges [8–11].
The higher-frequency gigahertz range corresponding to the ultra-high-frequency (UHF) and
super-high-frequency (SHF) bands (0.3–3 GHz and 3–30 GHz, respectively) has been less
well studied experimentally. A conventional notion is that in the case of a high-voltage air
breakdown, the key role in the generation of the UHF-SHF components of electromagnetic
radiation is played by streamers, i.e., plasma structures produced by individual electron
avalanches and moving at high velocities (10–100 km/s), see [12–16] and references therein.

Recent publications have presented numerical calculations and analytical estimations
of the waveforms of radiation of the streamers, which are essentially ultrawideband electro-
magnetic pulses (UWB EMP) with subnanosecond durations and can occur in a discharge,
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e.g., due to sharp short-time current steps produced by colliding streamers [17,18]. Detailed
experimental studies in this field present severe difficulties, mainly due to the necessity of
using special high-voltage setups, high-speed oscillography and photography equipment
operating in the picosecond shutter speed range, and special field sensors that allow one to
reproduce waveforms of gigahertz signals without significant distortions [19]. The experi-
ments performed to measure the waveforms of the pulsed gigahertz radiation generated
by high-voltage discharges at the streamer propagation stage are rather few and have been
performed in recent years only [20,21].

A complex of physical setups has been established in the high-voltage test center
“VNIC 900” (Istra, Moscow Oblast, Russia) in order to model high-voltage discharges
and study the electromagnetic radiation in various frequency ranges, which accompanies
the evolution of such discharges. A special setup, which makes it possible to initiate a
high-voltage streamer discharge, which does not pass over to an arc discharge, in the
pulse-periodic regime is used to study the properties of streamers [22]. This paper presents
the results of the first experimental study of the dynamic properties of the UHF radiation of
a streamer discharge with a nanosecond time resolution that allows one to resolve the fine
radiation structure and the processes related to the propagation of individual streamers.

2. Materials and Methods

The diagram of the setup for studying the streamer discharge under the air pressure is
shown in Figure 1. A discharge develops between two parallel metal wires with identical
potentials (anode) and a metal plane (cathode). The diameter of the wires is 0.5 mm and
their length is 28 cm. The wires are suspended at a height of 5 cm above a metal plane and
the distance between the wires is 6 cm. This setup is used in various atmospheric pressure
plasma experiments [22].
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The potential difference between the electrodes (the wire and the plane) amounts to tens 
of kilovolts at the breakdown instant. The discharge starts from the anode, i.e., the 
positive (anode-type) version of the streamer discharge is observed in the experiment. 

Figure 1. Experimental setup. (a) Block diagram of the setup. (b) Block diagram of the power supply
of the high-voltage discharge.

The discharge ignition method is described in detail in [22–24]. The voltage generated
by a high-voltage source (25–45 kV) is applied between the wires (anode) and the ground
(Figure 1b). The plane acting as the second electrode (cathode) is kept under the floating
potential before the discharge. The discharge ignition is a result of the fast switching of the
cathode plane to the ground using the TGI-500/16 pulsed thyratron. When the thyratron
opens, the charge from the cathode plane goes to the ground in the form of a current pulse.
The potential of the cathode plane drops, as shown in Figure 2, while the potential drop
between the cathode and the anode, held at a constant high voltage, increases rapidly. The
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potential drop between the anode and the cathode reaches the value at which streamers
start, just as the current peaks between the cathode and the ground. The potential of the
insulated cathode plane is measured by means of a high-impedance probe, and the current
is detected with a low-inductance shunt with a resistance of 1 Ohm. The discharge is
ignited in the pulse-periodic regime at a frequency of 500 Hz–2 kHz.
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Figure 2. Schematic representations of waveforms of cathode voltage (U) with respect to ground and
current (I) in the cathode-to-ground circuit.

In the course of the experiments, the microwave radiation of the discharge was received
by a P6-23M vertically polarized wideband (0.8–18 GHz) horn antenna and recorded by
a LeCroy WaveMaster oscilloscope with a bandwidth of 16 GHz and a sampling rate of
40 GHz. A radioabsorbing material based on a Mylar film was used to prevent reflections
of electromagnetic waves from the details and equipment of the experimental setup. The
discharge was photographed with a 4Picos ICCD fast shutter camera, which had a delay
time determined by an external trigger. The camera formed a strobe signal corresponding
to the opening of the electronic shutter, which was also recorded by an oscilloscope in
order to ensure the exact association of the photography results with the results of the
electromagnetic measurements with nanosecond accuracy. The experimental equipment
was looped in a synchronization/trigger circuit. The distances from the discharge gap to
the objective lens of the ICCD camera and the antenna aperture were measured with an
accuracy of up to 1 cm. The delays during the propagation of signals through the cables
were also calibrated. This ensured accurate time referencing of the results of measuring the
microwave radiation and the discharge current and the photography data.

3. Results

In the course of the experiments, a streamer discharge was ignited in the air under
normal conditions. The voltage between the anode and the grounding loop varied from 35
to 38 kV, and the repetition rate of the discharge pulses was 1 kHz. The discharge starts
to develop in several tens of nanoseconds after the opening of the thyratron switch. The
potential difference between the electrodes (the wire and the plane) amounts to tens of
kilovolts at the breakdown instant. The discharge starts from the anode, i.e., the positive
(anode-type) version of the streamer discharge is observed in the experiment. Figure 3
shows the photos of the discharge gap made at different time moments. The photos
were obtained in different discharges. Their comparison is possible due to the quite good
repeatability of the process. The camera looks at the discharge gap strictly horizontally.
The cathode is oriented orthogonally to the plane of the frame, and the anode wires are
almost at the same level, so it is impossible to distinguish streamers starting from the first
wire from streamers starting from the second wire. The 0 ns time instant corresponds to
the current growth front in the cathode–ground circuit at a level of 1/3 of the maximum
current value. The photo shutter speed was 10 ns. In 20–25 ns after the current growth start,
glowing appears in the vicinity of the wire anode. The boundary of the glowing streamer
region starts moving towards the cathode. Heads of individual streamers become visible at
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the 50–60 ns time interval. Several tens of streamers cross the anode–cathode gap during
approximately 100 ns. The first streamers reach the cathode at the 130 ns time instant. The
process of the streamer “landing” on the cathode ends at 170 ns. At the same instant, the
next (second) wave of streamers start from the wire anode.
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Figure 3. Photos of the streamer discharge taken at various delays relative to the front edge of the
current pulse (shown in the margins of the photos). The green dashed line marks the positions of the
anode (top) and cathode (bottom). The anode-to-ground potential difference is 35 kV.

The series of shots taken in different discharge pulses with the delays increasing with
an increment of about 10 ns have been generalized in the form of a diagram presented
in Figure 4a. Shades of grey show the integral brightness found by summing the pixel
brightness along each of the horizontal rows of the camera matrix which correspond to
different values of the height above the plane. The time and the height above the plane
are plotted along the x and y axes, respectively. The diagram shows that the discharge
starts developing at the instant when the current running from the cathode to the ground
is maximum (Figure 4c). The presented diagram allows us to estimate the velocity of the
streamers. At the initial stage of the motion of the first wave of the streamers, their velocity
is 1.5 × 107 cm/s. Then, the streamers accelerate and reach the cathode with a velocity of
about 5 × 107 cm/s. The second streamer wave moves more uniformly at a characteristic
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velocity of 2.5 × 107 cm/s. Note that according to the photography data obtained, the
heads of the second streamer wave do not reach the cathode, since these streamers seem to
“disperse” in the near-electrode space (see Figure 4a).
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Figure 4. (a) Diagram representing the time dependence of the integral intensity of the discharge
glowing at specified heights over the cathode; (b) waveform of the signal registered with horn
antenna; and (c) waveform of the current running from the cathode to the ground. The potential
difference between the anode and the ground is 35 kV.

Figure 4b shows a typical waveform of the signal received by the horn antenna. The
waveform demonstrates the appearance of the noise pulse packet, which is related to the
discharge, in the time interval where the streamers interact with the cathode (130–160 ns).
The increase of the anode voltage to 38 kV leads to an increase in the streamer’s velocity.
In this case, the first streamers reach the cathode at a time moment of about 100 ns. The
intensity of the electromagnetic pulse signals rises as the voltage in the gap increases,
and no qualitative variation of the physical scenario of the phenomenon (the discharge
beginning at the current maximum instant, accelerated motion of the streamer heads,
electromagnetic noise generation during the contact of the streamers with the cathode, and
formation of the second streamer wave) is observed.

Analysis of the waveforms shows that the considered pulse package is formed by
short subnanosecond bursts with front edges with a duration as low as 25 ps, which is
limited practically by the sampling frequency of the oscilloscope channels. The bursts
are quite well separated in time and follow a sufficiently high duty cycle of about 10 (see
Figure 5). The burst character of the radiation is confirmed by the results of treating the
signal with a continuous wavelet transform using the Ricker wavelet (also referred to as
the “Mexican hat wavelet”) [25]. The scalogram of the signal shown in Figure 5a consists of
separate peaks in a wide range of wavelet scales, τ = 0.2–0.8 ns, with pauses in between. A
typical example of the frequency spectrum of an individual subnanosecond pulse is shown
in Figure 6a. The spectrum occupies a frequency band of up to 10 GHz at least, and the
spectrum maximum falls at approximately 2.5 GHz. In general, the power spectral density
(PSD) of the noise signal formed by a sequence of electromagnetic pulses (Figure 6b) repeat
generally the properties of the spectrum of an individual burst. The radiation spectrum



Energies 2022, 15, 9425 6 of 10

fits in the interval up to 10 GHz, and the main radiation power is concentrated in the
1–4 GHz range.
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Figure 5. (a) Scalogram of a package of radiation pulses received by the horn antenna. The inset
shows the Ricker wavelet with the width τ. (b) Waveform of the signal, which was used to the
scalogram. (c) Blow-up of the section of the waveform, which demonstrates individual radiation
pulses. The anode voltage is 38 kV.
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We shall present now some statistical characteristics of the pulsed radiation, which
were obtained in 40 realizations at two values of the discharge voltage, 35 kV and 38 kV.
The results of the statistical analysis are shown in Figure 7. The average number of pulses
in the package is 15 for 35 kV and 17 for 38 kV.
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A smaller number of the radiation pulses detected at a voltage of 35 kV may be due
to a decrease in their amplitude when some of the pulses are not resolved against the
background of the inherent noise of the oscilloscope. The pulse repetition intervals δt are
distributed in accordance with the exponential law with the characteristic value of the
interval between two consequent pulses being equal to approximately 3 ns.

4. Discussion

The obtained results indicate clearly that the generation of subnanosecond radiation
pulses is determined by the interaction of the streamers with the cathode of the high-voltage
discharge. First, the pulses are detected within the time period, when the streamers “land”
on the cathode. Second, the number of pulses observable in the package coincides with the
number of streamers that can be seen in the photos of the discharge with an accuracy of up
to the second order of magnitude. It should be taken into account here that not all pulses
can be resolved in waveforms due to the noise of the receiving line. In particular, fewer
pulses in the experiments with an anode voltage of 35 kV can be attributed to the lower
radiation amplitude (see Figures 4 and 5), as compared with the experiments performed at
a voltage of 38 kV.

The results of the high-frequency measurements allow us to estimate the quantitative
parameters of the sources of subnanosecond pulses. We assume that the pulsed antenna
current exciting the radiation pulses is localized inside the discharge gap. For the central
radiation frequency, being about 2.5 GHz (vacuum wavelength λ ~ 12 cm), the length of
the entire discharge gap (5 cm) turns out to be shorter than half of the radiation wavelength
(λ/2 = 6 cm), and the characteristic scale (1 cm) of the region, in which the streamers
interact with the cathode, is an order of magnitude shorter than the radiation wavelength.
Correspondingly, it will be reasonable to regard the radiation source as an elementary
dipole when making order-of-magnitude estimations. It is known [26] that the energy flow



Energies 2022, 15, 9425 8 of 10

at the wavelength λ, which is radiated by a dipole with the uniform current distribution, at
the angle θ to the dipole axis is equal to

S =
Z0

8λ2 ·
(Iδl)2 sin2 θ

r2 , (1)

where Z0 = 120 π Ohm is the vacuum impedance, I is the current intensity, δl is the dipole
length, and r is the distance to the measurement point. A power of 36 µW corresponds
to a pulse with an amplitude of 60 mW in the 50 Ohm line of the receiving horn antenna.
Taking into account that the direction of the antenna turns out to be nearly perpendicular to
the direction of the streamer motion (θ π/2, see Figure 8b), the distance from the discharge
gap to the antenna is 2.6 m, and the effective area of the horn antenna is 0.055 m2, one can
estimate the moment of the radiating current as Iδl ~ 1 A·mm. This value looks feasible
allowing for the fact that in terms of the order magnitude, the current in the streamer is
close to 1 A and the size of the streamer head is close to 1 mm [12].
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the streamers approach the cathode plane. Most probably, the excitation of 
electromagnetic pulses occurs due to the transition radiation mechanism, which is related 
to the approach of the streamer heads to the cathode of the air gap in which the 
breakdown occurs. This mechanism, which is due to the interaction of the streamers with 
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The most probable mechanism of excitation of UHF-SHF pulses is the transition
radiation. It is known [12] that an uncompensated positive charge is concentrated on the
head of the anode streamer. As the streamer approaches the cathode, a negative charge
should be induced in the latter, and the electric field of the streamer head should be equal
to the field of the streamer head image (Figure 8a). As a result, a nonstationary electric
dipole is formed, which is the radiation source. The spatial scales of the streamers can
be estimated in a sufficiently wide range, from l ~ 1 cm (the size of the visible part of the
streamer channel) to l ≤ 10−3 cm (the characteristic scale of the gradient of the electron
density in the streamer head [27]). Correspondingly, for the approach velocity of the
streamer head and its image in the cathode, which is about 108 cm/s, the characteristic time
scales of the pulsed radiation can be estimated in the range of three orders of magnitude,
from 1 ps to 1 ns. The parameters of the pulsed radiation detected during the interaction of
the streamers with the high-voltage discharge electrode fit these limits.

Note that the pulsed jets of charged particles from the interaction of primary streamers
with a cathode [28–30] can also contribute to the generation of UHF-SHF radiation, which
is the subject of further research.
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5. Conclusions

The effect of the generation of subnanosecond electromagnetic pulses by a streamer
discharge, which is ignited under the atmospheric pressure between a wire anode and a
plane metal cathode, has been observed experimentally. Electromagnetic pulses, in which
energy is concentrated mainly in the frequency range from 1 to 4 GHz, arise when the
streamers approach the cathode plane. Most probably, the excitation of electromagnetic
pulses occurs due to the transition radiation mechanism, which is related to the approach
of the streamer heads to the cathode of the air gap in which the breakdown occurs. This
mechanism, which is due to the interaction of the streamers with the metal conductor, can
play the determining part in the formation of electromagnetic radiation of high-voltage
electrode discharges, including discharges in industrial facilities, power transmission lines,
and other power assets.
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