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Operating regimes and structure of an atmospheric-pressure

interelectrode microwave discharge in argon
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Continuous and pulse-periodic operating regimes and spatio-temporal structure of an atmospheric-pressure

interelectrode microwave discharge in transverse argon flow were experimentally investigated for a hemisphere-to-

plate electrodes configuration. A multielectrode plasma torch with a power of ∼ 100W was used as a gas-discharge

device, electromagnetic energy to which was supplied from a waveguide-type microwave plasmatron operating on

the basis of a magnetron with a frequency of 2.45GHz. The discharge regime switching were carried out using a

high-voltage three-phase magnetron power supply. In the continuous regime, fractal filamentation of near-electrode

regions of a glow-type microwave discharge was described. Diagnostics of the regimes was conducted by floating

potential oscillography of the microwave discharge flowing afterglow (cold plasma jet).
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Introduction

As is known, non-equilibrium plasma is plasma in a

state that differs from the one of complete thermodynamic

equilibrium [1]. The key feature of non-equilibrium plasma

is that electric energy induces the emergence of energetic

electrons without any significant heating of the gas medium.

A wide spectrum of radicals and excited particles with

high reactivity is produced in this case. This feature is

used widely in plasma modification of surface properties

of various materials, which include such temperature-

sensitive objects as polymers, biological materials, etc. [2].
Low- and reduced-pressure glow discharges (e.g., capacitive
RF discharges and DC discharges) have long been used

for plasma treatment [3–7]. Plasma in such discharges

is characterized by a low density of atoms in the gas

phase and, consequently, a low rate of collisions between

electrons and heavy particles. Cold plasma jets based on

atmospheric-pressure microwave discharges, where excited

particles and radicals with high reactivity are produced, have

attracted increasing interest in recent years. Notably, the

jets themselves do not exert a destructive influence on the

material subjected to plasma treatment [8–14]. The so-called

”
plasma plume,“ which is a discharge in gas flow in the

vicinity of a pointed electrode inside a dielectric tube of a

small (∼ 1mm) diameter, is being used and studied most

extensively at present [15–23]. This type of single-electrode

microwave discharge is close in shape to a torch discharge,

which is typical of an RF corona discharge at frequencies

of 10MHz and near-atmospheric pressures.

The treated surface area is an important parameter

of the plasma source in various technological processes,

such as plasma cleaning, plasma surface activation, plasma

deposition, and plasma etching. Such techniques as surface

”
scanning“ or the use of a matrix of discharge tubes are ap-

plied in large-area treatment [16,24–27]. At the same time,

only a few studies into the discharges suitable for generating

wide plasma jets have been published to date. The series of

experiments on generation of cold microwave plasma with

the MicroPlaster device, which features a plasma torch with

six electrodes in a common discharge chamber, is the one

most worthy of note here (see, e.g., [27–32]). However,

these studies were aimed at determining the characteristics

of the flowing afterglow of an argon microwave discharge

(cold plasma jet) and the sterilization effect it produces in

biomedical applications, and the properties of the discharge

itself were left unexamined. The design and characterization

of a microwave plasma source of the discussed kind have

also been the subject of recent studies [33–36] in which the

authors of the present paper were also involved. As for the

development of electrodeless sources of wide microwave

plasma jets, the experiments [37] with a freely localized

non-equilibrium atmospheric-pressure discharge sustained

by continuous microwave radiation from a technological

gyrotron with a frequency of 24GHz and a power of

20−5000W are worth mentioning. A plasma jet was

formed in this case in a gas flow at the quasi-optical

microwave beam waist and consisted, in pure argon, of

short-lived filamentary plasma formations. When small

amounts of CO2 were introduced into the argon flow,

plasma filaments became
”
blurred“, and the discharge

assumed a diffuse form.

The results of an experimental study of continuous

and pulse-periodic current regimes and the spatiotemporal
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Figure 1. Plasma torch for excitation of an atmospheric-pressure interelectrode microwave discharge in transverse gas flow (a — diagram,

b — photographic image): 1 — cylindrical discharge chamber, 2 — rod electrodes, 3 — region of localization of discharge electrode

spots (rounded electrode end), 4 — insulator, and 5 — outlet of the discharge chamber. The diameter of the discharge chamber outlet

is 25mm, the diameter of the rounded electrode end is 4mm, and the distance between the end of the electrode and the inner wall of

the chamber outlet is 2mm.

structure of an electrode microwave discharge excited in

the
”
hemisphere−plate“ interelectrode gap geometry in

transverse argon flow at atmospheric pressure are reported

below. As was already noted, this discharge has been

first obtained with medical and biological applications in

mind and constitutes a novel discharge type: atmospheric-

pressure glow microwave discharge. A multielectrode

plasma torch with a wide outlet, which has been designed

earlier, was used as a gas-discharge device. The electric

power was supplied to it from a waveguide-type microwave

plasmatron [33–36,38].

1. Microwave plasmatron with a plasma
torch

The microwave plasmatron used in the present ex-

periments is constructed on the basis of a typical low-

power microwave generator (magnetron) with a frequency

of 2.45GHz and a power of 1.1 kW. It allows one to

produce atmospheric-pressure microwave discharges both

in its own waveguide path (electrodeless configuration)
and in an external portable discharge chamber (plasma

torch) designed to generate cold plasma jets based on

an interelectrode microwave discharge with a power up

to several hundred watts [33–36,38]. The microwave

plasmatron is a modular system with three key components:

a high-voltage three-phase power supply unit (PSU), a

microwave unit with a magnetron, and a detachable three-

section waveguide path with a water load. The waveguide

is made of rectangular steel profile 100 × 50× 2mm in size

with WR-340 flanges. Tap water is supplied to the cooling

and water load circuit.

An induction-type coupler (a coupling loop positioned

on the narrow wall of the central waveguide section) is

used to power external gas-discharge devices. The design

of the coupler allows one to alter the coupling strength by

rotating the plane of the loop that is terminated with an N-

type coaxial connector. With losses taken into account, the

coupler may divert up to 15% of the magnetron power [36].
The plasma torch is the effective load and is connected to

the coupler via a cable assembly (50� coaxial cable 2m in

length with two N-type connectors). The torch is designed

as a cylindrical discharge chamber with an internal diameter

of 25mm that contains six rod electrodes with a diameter

of 4mm and a length of ≈ 9.2mm positioned parallel to

each other to form an equilateral hexagon in the cross

section of the torch (Fig. 1). High-purity argon (99.998%)
was used as a plasma-forming gas. Its flow rate was adjusted

within the 3−10 l/min range. Gas was supplied to the torch

from cylinders with flow-metering reducers.

Continuous and pulse-periodic discharge excitation (cur-
rent) regimes were examined. The three-phase PSU of the

plasmatron (380/220 V, 50Hz) was used to switch between

these regimes. The schematic diagram of operation of the

radio engineering systems in the PSU is presented in Fig. 2.
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Figure 2. Block diagram of the three-phase magnetron power

supply circuit: T1−T3 — step-up transformers, K1−K3 —
switches, C1−C3 — capacitor banks, and D1−D3 — diode

rectifiers.

The PSU features step-up transformers T1−T3, switches

K1−K3, capacitor banks C1−C3, and diode rectifiers

D1−D3. The three-phase magnetron power supply circuit

was used: the voltage of each phase was fed to a separate

step-up transformer, and the alternating secondary-winding

voltage of each transformer was close to 2.2 kV. Switches

K1−K3 provide an opportunity to adjust the capacity of

capacitor banks C1−C3. The greater the capacity of a

capacitor bank is, the higher is the electric power of the

magnetron and the higher is the power of output microwave

radiation. The supply voltage of the magnetron is formed

by diode rectifiers D1−D3. Control signals for switches

K1−K3 are sent from the PSU control system. All three

phases (
”
A,“

”
B“, and

”
C“) may be used to power the

magnetron. The supply voltage is virtually constant in this

case, and the magnetron operates in the continuous regime.

When only one or two phases are used, the voltage is

supplied with a frequency of 50Hz. The magnetron then

operates in the pulse-periodic regime. The disadvantage of

this magnetron operation regime is the lack of an option to

adjust the pulse repetition rate, since it is determined by the

frequency of the power network.

2. Experimental results and discussion

A microwave discharge in the plasma torch was initiated

by seed ionization (short-term introduction of a tip of thin

wire with a diameter of 200 µm into the interelectrode gap).
The region near the wire tip is characterized by significantly

higher field strengths (compared to the values averaged over

the entire gap), which leads to gas ionization, the emergence

of seed electrons at the tip, and subsequent development of a

discharge within the entire interelectrode gap. A spark from

external sources, such as a piezoelectric element, Tesla coil,

etc., may also be used to initiate a discharge.

The current discharge regimes were examined by mea-

suring the floating potential of a single electric probe in the

flowing afterglow of the microwave discharge (cold plasma

jet) with an oscilloscope at the torch outlet. The needle

contact of the oscilloscope probe was positioned for this

purpose near the outlet of the torch on its central axis. The

amplitude-time (frequency) characteristics of the floating
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Figure 3. Oscilloscope records of the floating potential in the

flowing afterglow of a microwave discharge (cold plasma jet) in

pulse-periodic (a) and continuous (b) current regimes.

potential in a plasma jet in continuous and pulse-periodic

microwave discharge regimes were obtained this way. The

shapes of electric potential at the probe are shown in Fig. 3.

It can be seen that the pulse-periodic regime with two-phase

power supply is characterized by a frequency of 50Hz, a

pulse duration of approximately 15ms, and a duty cycle

of 4/3. The pulses have a near-rectangular shape with

three
”
humps“ with a height of approximately 20% of the

maximum value (Fig. 3, a). In the continuous regime, the

signal oscillated with a frequency of 150Hz, which is the

effect of three magnetron supply voltage phases (Fig. 3, b).
The signal level at a distance of several centimeters from

the torch outlet was ∼ 10−100mV and could reach several

volts in the immediate vicinity of the outlet.

Microwave discharges in the examined regimes were

recorded from the side of the torch outlet with a CCD video

camera at a rate of 30 frames per second. The following

phenomenological description of a microwave discharge in

the torch may be provided. In the continuous regime, a
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Figure 4. Microwave discharge in the multielectrode plasma torch (view from the outlet).

glow discharge in the form of a bright plasma filament

is excited between the rounded end of the rod electrode

and the inner wall of the discharge chamber (Fig. 4; see

also [35]). This discharge covers the rounded electrode

end almost completely and forms a round electrode spot

approximately 4mm in diameter on the inner wall of the

discharge chamber. The discharge channel is compressed

more than twofold in the central part of the interelectrode

gap, forming a narrow bridge with uniform glow. Since

the diameters of electrodes and the spot on the chamber

wall are small compared to the internal diameter of the

chamber, the curvature of the chamber wall in the spot

region may be neglected, and it may be assumed that the

discharge is initiated in the
”
hemisphere−plate“ geometry

of the interelectrode gap. The discharge channel was

found to be split into filaments, which formed a self-

similar (fractal) spatial structure, near the end of the rod

electrode (Figs. 4, a, b). The ends of these filaments,

which are in contact with the electrode surface, form a

pattern of about 102 bright mobile microspots ordered

into clusters with a triangular structure on this surface

(Fig. 4, a). We believe that this distinct filamentation

is attributable to the convex hemispherical shape of the

electrode ends, which induces significant stretching of the

discharge channel and makes individual filaments clearly

visible. At the opposite end of the channel (near the

chamber wall), the discharge filamentation was much less

pronounced. However, chaotically moving bright microspots

were also observed in the region of the electrode spot

(Fig. 4, c). Note that such filamentation of the discharge

channel is also typical of an atmospheric-pressure DC glow

discharge (see, e.g., [39]). It follows from the results of

spectral diagnostics and estimates obtained under similar

experimental conditions that gas temperature Tg in the

discharge channel is 1200K, and the electron concentration

and temperature are ne ∼ 1015−1016 cm−3 and Te ∼ 1 eV,

respectively [34,35]. In the pulse-periodic regime, single-

channel sparks emerging at random between the electrodes

were observed alongside the glow-type discharge channels

(Fig. 4, d). These sparks appear due to the periodicity of

magnetron operation and indicate that the formation of a

glow-type channel is preceded by a spark breakdown at

the leading edge of a pulse. The dynamics of discharge

channels in both regimes was affected strongly by the gas-

dynamic flow: its non-uniformity induced their displacement

and oscillations. Comparing the examined microwave

discharge regimes in the context of their practical application

(e.g., for plasma treatment of materials), one may note

that a higher concentration of active particles in a cold

plasma jet may be obtained in the continuous current

regime. Less pronounced heating of structural elements

(electrodes, discharge chamber, etc.) of the torch and a

lower temperature of the plasma jet are the advantages

of the pulse-periodic regime, which may be critical for

treatment of heat-sensitive materials.

Conclusion

Continuous and pulse-periodic regimes of excitation of

an atmospheric-pressure microwave glow discharge in an

electrode plasma torch in transverse argon flow were

implemented by adjusting the magnetron power supply

modes. The amplitude-time characteristics of the floating

potential in a cold plasma jet of the microwave discharge

were measured in these regimes. Fractal filamentation

of the near-electrode regions of the discharge channel in

the continuous regime was characterized. The obtained

results suggest that a glow-type microwave discharge holds

promise for production of wide cold plasma jets, which is

of considerable interest in the context of development of

plasma modification technologies for various materials.
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