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Introduction 

Discharges in sub-threshold microwave fields, such as a self-non-self-sustained 

(SNSS) discharge [1], in high pressure gasses are of interest for various plasma-chemical 

applications, including utilization of landfill gas [2]. The discharge propagates within the 

microwave beam towards the source of microwave radiation. The head of the discharge is a 

thin (along the direction of propagation) localized region with an area of few tens cm2 that 

moves with velocities 103 – 105 cm/s. To be more specific the discharge head consists of 

discharge channels (filaments) elongated along electric field of microwave radiation and of 

gas (ionized and heated) between the channels. Plasma density inside the discharge channels 

is high (~ 1017 cm-3) as well as gas temperature (~ 10 kK) and electron temperature (~ 10 eV). 

Propagation of the discharge head is caused by formation of non-self-sustained discharge 

inside the UV (ultraviolet) halo of the discharge head and growth of ionization-overheating 

instability that results in formation of new series of discharge filaments. In previous work [1] 

it was found that in atmosphere air the discharge propagation velocity is proportional to the 

third order of electric field value. 

 Further development of the discharge theory as well as necessities of plasma-chemical 

applications requires one to obtain the dependencies of discharge propagation velocity and 

gas temperature on intensity of microwave radiation, on gas pressure and on gas type. We 

present experimental results of such a study for SNSS discharges in atmosphere air and 

carbon dioxide at several values of gas pressure in this work. 

Experimental set-up 

The scheme of the experiment is presented in the Fig.1. A Gaussian microwave beam 

created by the Borets 75/08 gyrotron was used for discharge excitation. The wavelength of the 

gyrotron radiation is λ = 4 mm. The microwave power was varied in the range of 80 – 400 

kW and microwave pulse duration was varied in the range of 0.5 – 12 ms. Length of the 

microwave pulse in each experiment was set so the head part of the discharge passes through 
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the microwave beam waist but does not reach input window. The discharge was initiated in 

the cylindrical (diameter – 10 cm, length – 50 cm) reactor chamber made of acrylic glass. The 

frontal window of the reactor was made of quartz. A ball of chaotically intertwined stainless-

steel wires was located at the bottom of the reactor and was used as an initiator of the 

discharge. The reactor was evacuated up to pressure 0.1 Torr before each experiment. 

 

 

 

 

 

Quasi-optical coupler used in the experiments allowed us to measure both microwave 

beam power (direct signal) and microwave radiation reflected (reflected signal) from the 

discharge head. A part of the direct signal was diverted into the receiver of the reflected 

signal, thus a homodyne mode of reflected signal detection was used. Such a detection 

scheme makes it possible to measure changes in the phase of the reflected signal and to obtain 

velocity of the discharge head part. More detailed outlook on experimental equipment and 

data analysis techniques can be found in [3]. 

Gas temperature measurements were made with AVASPEC-2048 spectrometer. The 

signal was transferred into the spectrometer through the optical fiber one end of which was 

mounted near the reactor in the vicinity of the waist of the microwave beam. The region from 

which light was collected covered 4 cm along the discharge axis and whole diameter of the 

discharge. Received spectra were limited from the short-wavelength side at 390 nm due to 

absorption in acrylic glass. This was later accounted for when calculating gas temperature 

from the continuum radiation following the procedure introduced in [4]. 

Measurement results and discussion 

 A fine example of velocity measurements of subthreshold microwave discharge 

propagation in the reactor chamber at 750 Torr atmosphere air is presented in Fig.2. In this 

a) 

b) 

Figure 1. Scheme of the experiment. Figure 2. Velocity measurements. a) evolution of the 

reflected signal spectrum during discharge 

propagation; b) cut-off frequency trend. 
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particular discharge microwave power was 160 kW. A cutoff frequency trend f (Fig.2b) is 

extracted from the reflected signal spectrum (Fig 2a) and then easily is recalculated into the 

discharge propagation velocity uz = f·λ0/2. The discharge in Fig.2 reached the input window 

of the reactor chamber and that precise moment can be determined with good precision from 

reflected signal. Integrating uz till this moment should yield a distance that is approximately 

equal to the reactor length (~ 50 cm). Thus, we can be sure that error in determining the 

velocity is at the appropriate level. 

  

 

 

 

Discharge propagation velocity dependence on microwave power for atmosphere air at 

three different pressures (738 Torr, 390 Torr, 200 Torr) is presented in Fig.3a and for carbon 

dioxide at two different pressures (750 Torr, 390 Torr) in Fig.3b. For atmosphere air at 

pressure 738 Torr the velocity is proportional to the microwave power as ~P3/2. In addition, 

velocities measured for atmosphere air in the reactor coincide with velocities obtained in 

previous experiments [1] for free space propagation in atmosphere air within measurements 

errors. Comparing the velocities for discharges at the same microwave power but at different 

pressures it can be found that the velocities are higher at lower pressures (scales as N0
-1, 

where N0 — is concentration of molecules). The dependence of the propagation velocity on 

power ~P3/2 is upheld for all three values of atmosphere air pressure. 

 In carbon dioxide at both pressures (750 Torr and 390 Torr) the velocity is also 

proportional to the microwave power as ~P3/2. Two-fold decrease of the concentration results 

in almost two-fold increase of the velocity. Comparing velocities for different gases but at the 

same microwave power and gas pressure yields two times lower velocities in carbon dioxide. 

Figure 3. Experimentally obtained dependencies of the discharge propagation velocity on microwave 

power. a) in atmosphere air at three pressures: 738 Torr (triangles), 390 Torr (squares), 200 Torr 

(circles); b) in carbon dioxide at two pressures: 750 Torr (triangles), 390 Torr (squares). 

a) b) 
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 Gas temperature measurements (Fig.4) in atmosphere air at pressure 738 Torr and 

carbon dioxide at pressure 750 Torr show that temperature decreases with microwave power 

increase as it was observed for the experiments [1] in free space (atmosphere air). The gas 

temperature is two times higher in carbon dioxide than in atmosphere air while the 

propagation velocity is two times lower in carbon dioxide. 

 

 

 Let’s compare obtained results with theoretical predictions. The discharge propagation 

velocity can be estimated in the frame of the model in [5]. Taking specific values of  

N0 = 2.7·1019 cm-3, E = 3 kV/cm, Tg = 0.5 eV, Ne = 1014 cm-3 for our case the propagation 

velocity uz = 2.56·102 cm/s, that is two orders of magnitude lower than the experimental 

result. Beside that, in this model the velocity dependence on initial gas density is proportional 

to ~N0
-3, which also strongly differs from the experiment. 

 Considering the subthreshold microwave discharge in the frame of the more complex 

model [6] that unlike the previous one accounts for ionization rate and non-linearity of the 

process another estimation of the propagation velocity can be obtained uz = 3.6·102 cm/s at  

Ne = 1014 cm-3. And again the propagation velocity is two orders of magnitude lower than 

experimental one. We suppose that the main cause of this discrepancy is lack of accounting 

for ionization by UV radiation of the discharge itself. However, this model qualitatively right 

describes dependence of the velocity on initial gas density as ~N0
-1. Velocity dependence on 

electric field ~E4 is also close to the experimental one ~E3 within measurement errors. 
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Figure 4. Gas temperature measurements. a) in atmosphere air at pressure 738 Torr; b) in carbon dioxide 

at pressures 750 Torr (red circles) and 390 Torr (blue circles). 

a) b) 
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