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Investigation of high-frequency pulsed discharge in air using high-speed

video recording
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This study investigates the dynamics of frequency pulsed discharge in atmospheric pressure air using high-speed

video recording. Oscillograms of the discharge current and voltage were analyzed. By correlating the temporal

evolution of the discharge, captured in high-speed images, with the data obtained from an oscilloscope, three phases

of the discharge process were identified. The experiments were conducted at a pulse repetition rate 1−10 kHz and

pulse energy 1−4mJ. The discharge type was identified, which made it possible to explain for its structural features

and formation mechanisms
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Introduction

Low-temperature plasma is widely applied in various

fields of science and technology [1]. It is used in materials

science, nanotechnologies, ecology, surface treatment as

well as in medicine and biotechnologies. For example,

in industry the low-temperature plasma is applied for

modifying material properties [2], precision cleaning, which

is especially important in microelectronics for removal of

organic contaminants, etching substrates and improving

adhesion of thin-film coatings [3,4] and in ecology for

plasma-chemical decomposition of harmful substances [5].
In medicine, the low-temperature plasma is used for antibac-

terial treatment, acceleration of tissue healing, tool steriliza-

tion and generation of biologically active compounds. One

of the examples is synthesis of nitrogen monoxide (NO)
in air discharges, such as corona, barrier, arc discharges,

etc. [6–9]. Experimental studies have shown that
”
bulk“

pulsed discharge is the most suitable for generation [10].
The

”
bulk“ pulsed discharge is understood to be a

discharge formed as a set of separated channels that occur

sequentially in time and are spatially distributed within a

discharge gap. Due to radial diffusion and overlapping

of traces of discharge channels, a visual effect is created

in camera exposure, at which the discharge occupies a

significant volume.

The object of this study is a frequency pulsed discharge in

air at atmospheric pressure. It is the discharge that consists

of a sequence of pulses repeated with a certain repetition

rate. In the previous study [11], we obtained and described

a discharge structure and its typical appearance is shown in

Fig. 1.

It was found that the discharge was a conducting channel

being formed between two electrodes. With each new pulse,

the channel is formed in a new place. The timing parameters

of discharge excitation are adjusted so that the next pulse

is applied only after termination of an active phase. This

mode determines a nature of discharge existence. Multiple

channels visible in the photos are explained by a high

pulse repetition rate and duration of exposure of shooting

equipment.

Further advancement of low-temperature plasma tech-

nologies requires a detailed study of the mechanisms of

discharge formation and evolution.

The present study is aimed at detailed investigation of a

unit discharge pulse and description of its dynamics based

on frame-accurate analysis of a video record obtained by

means of a high-speed camera.

1. Experimental setup description

For detailed investigation of dynamics of a separate

pulse, it was decided to switch from the coaxial electrode

system described in the study [11] to an axial one, thereby

more accurately tracing discharge development. Dynamics

of formation and development of the frequency pulsed

discharge was studied on a dedicated experimental bench

designed to control the pulse repetition rate within the

range from 1 to 10 kHz, an atmospheric air flowrate within

the range 1−10 l/min and energy imparted to each pulse

within 1−4mJ. Voltage pulses were formed using a pulse

generator. The system of the vertical electrodes is fixed

in a frame detachable structure made of a plastic using
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Figure 1. Appearance of the discharge (the pulse repetition rate 1300Hz and 2800Hz, respectively, exposure of 1/50 s) [11].

3D-printing technologies, wherein a base is perforated for

outflow of a working gas (Fig. 2). A distance between

the electrodes is (5± 0.1)mm. A material of an upper

electrode is brass and that of a lower one is copper.

The discharge process was registered using the high-speed

Phantom v2512 camera designed to operate at a frequency

of 675 200 frames per second and exposure of 0.97µs. The

camera was placed at a distance of 38 cm from a discharge

region.

Voltage at the discharge gap was measured using a

capacitive voltage divider, while the current was measured

using current sensors. Signals from the divider and the

current sensor were supplied to a digital storage oscilloscope

AKIP-4122. The measurement unit diagram is shown in

Fig. 3.

Figure 2. Discharge in the electrode system.
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Figure 3. Measurement unit diagram: 1 — the source, 2 — the

pulse transformer, 3 — the limiting capacitor, 4 — the electrode

system, 5 — the high-voltage probe, 6 — the primary-winding

current sensor, 7 — the secondary-winding current sensor, 8 —
the registering system, 9 — the pulse oscillator.

Before the experiment was started, the measurement

system was calibrated to compensate a systematic error.

Voltage division coefficients k1 and coefficients of propor-

tionality of the current sensor k2 were determined. As

a result, the following values were obtained: k1 = 1000;

k2 = 1A/V. A bandwidth of the capacitive divider was

1 kHz−20MHz, while a bandwidth of the current sensor

was 1 kHz−1MHz.

Channel sizes cannot be accurately determined without

finding a correlation between the obtained images and real

sizes. This parameter is determined via a coefficient of

proportionality, which is a ratio of a known typical size to

its analogue on the image. The typical size was a distance

between the electrodes L = (5± 0.1)mm, which was pre-

photographed at the same position of the camera relative
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Figure 4. Dynamics of discharge pulse development.

to the bench and with the same resolution. The image was

analyzed in the GIMP raster editor to show that the distance

between the electrodes in the picture was 25 pixels, which

makes it possible to determine a recalculation coefficient:

1 pixel corresponds to 0.2mm.

2. Experimental results

A typical discharge duration was 50µs, while time

resolution of the used video camera was 1.5µs, which made

it possible to capture the discharge development pattern

(Fig. 4).

Image processing included the analysis of a region in

direct proximity to the discharge, which had a size of

18 × 36 (3.6× 7.2mm, respectively).

The level of frame brightness was estimated by frame-

accurate analysis of a histogram of the grayscale images. It

means that a pixel brightness distribution was analyzed for

each frame. Reference values are accepted to be: 100% —
a fully light-exposed (white) image, 0% — a fully black

image. The results are used to plot a graph of a dependence

of relative light exposure of frames on time, which reflects

variation of discharge brightness at the various stages of its

development (Fig. 5).
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Figure 5. Frame light exposure (percentage): the phase I —
formation of the ionization channel, the phase II — energy release,

the phase III — deionization.
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Figure 6. Curve 1 — the oscillogram of the transformer primary-

winding current, the curve 2 — the voltage oscillogram, the

curve 3 — the oscillogram of the transformer secondary-winding

current. The scale is 10 µs. The phase I — formation of the

ionization channel, the phase II — energy release, the phase III —
deionization.

At the same time, oscillograms of discharge current and

voltage were recorded (Fig. 6 — the frequency of 8 kHz,

pulse energy — 4mJ, the flowrate — 10 l/min). They

clearly demonstrate discharge development and allow better

understanding its specific features. The curve 1 is a form of

the primary current waveform, the curve 2 is voltage at the

discharge gap, the curve 3 is a form of the discharge current

in an experimental model of the device.
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Figure 7. Equivalent electric diagram: a — the stage of pumping the circuit with energy, restoration of electrical strength of the gas-

discharge gap; b — the stage of breakdown of the electrode gap and discharge formation, c — the stage of energy release in the discharge;

IP — the pumping current (a current amplitude value), L1 — the transformer’s primary winding, L2 — the transformer’s secondary

winding, RL — the coil resistance, R — the equivalent resistance of the discharge channel, C — the limiting capacitance, C par — the

spurious capacitance, CEl — the equivalent capacitance of the discharge gap.

One of the key specific features of the pulse discharge

is a method of energy input into a discharge volume

(circuit) [10]. The operating chamber is an element of

an oscillatory circuit with external pulsed excitation, in

which energy was released. The connection diagram of the

oscillatory circuit is shown in Fig. 7.

As mentioned above, the key feature of this discharge is

the method of energy input into the discharge volume. A

discharge chamber is an element of the oscillatory circuit,

in which energy is input in batches and controlled in each

pulse.

An amplitude, form and time characteristics of the dis-

charge current depend on a chamber geometry, parameters

of the oscillatory circuit, a gas flowrate and a value of input

energy.

Energy was input into the circuit as follows. At the

time T1 (see the equivalent scheme — Fig. 7, a) the low-

voltage winding of the pulse transformer L1 is connected
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a b

Figure 8. Appearance of the ionization channel.

to a voltage source. At the same time, the current via it

smoothly increases to a certain value (the current amplitude

determines a value of energy input into the discharge).
There is no current in the secondary winding L2 since

induced voltage at the secondary winding (a voltage level

is determined by a transformation coefficient of the pulse

transformer) is not enough for breakdown of an electrode

gap. Then, at the time T2, the switch is opened.

A K I P S t o p
T

T 0.000 ns

1

2

2 59600 V

SA  V E
Type

Image

M: 20 ns(500 MS/s)
Depth: 10 K

Mi : –50.80 A
Mi : –26 800 v

1
2

1
2

1
2

Mi : 51.20 A ?
Mi : 68 800 v

10.0 A–     – 0.04 дел
10 KVBW–     –2.00 дел

Figure 9. Oscillograms of voltage at the pulse transformer output winding (the curve 2) and HF current oscillations in a reactor network

(the curve 1).

Generally, not all energy stored in an inductance element

will be input into the discharge, since losses are unavoidable

in a core, an ohmic resistance of the transformer windings

and electromagnetic radiation of the system.

The next stage (the phase I — Fig. 6) of the process

will occur at the moment of opening an electronic key

in the primary network of the diagram. Synchronously,

polarity of voltages changes at the secondary side of the

pulse transformer and its level sharply increases. At this

time, there is no discharge, since its active resistance is

infinite and the system is a series resonant circuit , which

produces voltage resonance at the discharge gap. The

circuit (see the equivalent scheme — Fig. 7, b) originates

high-frequency current oscillations at the background of the

applied high-voltage pulse voltage and there is a breakdown

of the electrode gap.

Thus, the discharge is a high-frequency breakdown in the

volume. The current amplitude and the oscillation frequency

are determined by elements of the circuit diagram and also

affect preliminary ionization of a medium.

The breakdown (preliminary ionization of the medium) is
just followed by the next stage — the discharge formation

stage (the phase II — Fig. 6). As it is known, a self-

sustained volume discharge of high (atmospheric) pressure

is non-stationary, i.e. after some time it contracts and
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Figure 10. Appearance of the discharge at the stage of energy release: a−c — the first half-wave, d−f — the second half-wave.

transitions into an arc discharge. It is believed that the main

input of energy into the gas is at this stage (it corresponds
to the energy input phase in our case, (Fig. 7, c), and a

maximum amount of energy input into the discharge also

depends on energy spent for preliminary ionization and this

dependence is of a linear nature.

Analysis of discharge development at the obtained pho-

tos and their comparison with the oscillogram made it

possible to select three phases of the discharge process:

preliminary ionization, energy release in the channel and

deionization.

The first phase (I, Fig. 6) corresponds to formation of

the ionization channel shown in Fig. 8. At the initial

moment of time there is no discharge and active resistance

of the medium is infinite. The oscillatory circuit with a

reactor is excited at the resonance frequency (20−40MHz)
with a voltage amplitude of up to 50 kV. In the formed

high-frequency field, the medium in the electrode gap is

ionized (the process duration is 1−2µs). The channel

geometry is determined by the frequency and amplitude

of the HF current flowing through the discharge gap

(Fig. 8).

In order to explain a mechanism of the first phase,

Fig. 9 shows an oscillogram of the HF current flowing

through the discharge gap in this phase (the curve 1), at
an artificial simulated mode of breakdown absence. This

mode was created by increasing the discharge gap between

the electrodes above a voltage breakdown threshold.

At this stage, the gas in the discharge gap is ionized

throughout the volume, thereby resulting in an avalanche-

like increase of a concentration of electrons in the discharge

gap. As soon as the concentration of electrons reaches

a critical value, the second phase of discharge starts (II,
Fig. 6). The second phase is characterized by formation

of the conducting channel with finite resistance, thereby

resulting in the change of the parameters of the oscillatory

circuit and release of energy stored therein. The current

amplitude is determined by a wave resistance: reactive

resistance of induction and capacitance as well as active

resistance of the discharge.

As a result, the frequency of the current oscillations

decreases by several orders and is determined by parameters

of elements included in the oscillatory circuit. A typical

appearance of the discharge at the stage of energy release is

shown in Fig. 10.

The third phase (III, Fig. 6) includes deionization of

the channel. At this stage, the discharge current ceases

and resistance of the discharge gap sharply increases. The

oscillatory circuit returns to a state that is similar to the

stage of preliminary ionization. The remaining energy in

the circuit excites HF oscillations that are similar to the first

portion.

Technical Physics, 2026, Vol. 71, No. 1



46 N.A. Sharapov, S.E. Malanichev, V.Y. Traubergs, A.S. Belev, D.V. Korepin

3. Determination of the discharge
geometry

As noted above, the plasma parameters in the operating

chamber can be determined via a geometry of the discharge

channel. The highest interest is paid to a plasma state in

the first two phases, especially at the stage of preliminary

ionization.

For analysis, diameters of the discharge channel in Fig. 8

(the phase I) and 10 (the phase II) have been mea-

sured. Taking into account the coefficient of proportionality

k = 0.0684, the following values of the average diameters

of the discharge channel have been obtained:

Phase I: dI
1 = 0.08mm, dI

2 = 0.068mm, where dI
1, dI

2 is

an average diameter of the channels in Fig. 8, a, b, respec-

tively.

Phase II: dII
1 =0.089mm, dII

2 =0.084mm, dII
3 =0.064mm,

where dII
1 , dII

2 , dII
3 — an average diameter of the channels

in Fig. 10, a−c, respectively.

Conclusion

The present study involved investigation of a time

structure of the frequency pulsed discharge with the pulse

repetition rate from 1 to 10 kHz and pulse energy within the

range 1−4mJ in air at atmospheric pressure and recording

the oscillograms of the discharge current and voltage of

the discharge gap. The oscillogram was analyzed together

with the discharge dynamics to show that the discharge

process consisted of three stages, i.e. formation of the

ionization channel in the HF field, the phase of energy

release and deionization of the medium. Based on high-

speed images, the diameters of the discharge channels were

measured at the first two stages (I and II), which made

it possible to obtain quantitative characteristics of their

development.

Based on the obtained data, it is planned in the further

studies to calculate the key plasma parameters at each stage

of formation and evolution of the discharge, which will allow

describing mechanisms of its development in greater detail.
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