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Abstract - The simulation of the kinetic processes 
in the spatially homogeneous and heterogeneous 
plasma of the gas discharge in SF6 is performed. 
The calculated time dependences of the rates of the 
most important processes and the concentrations of 
electrons, ions, and other particles that affect the 
plasma characteristics are presented. The calcu-
lated and experimental results are compared. The 
kinetic processes are analyzed and their effect on 
the plasma characteristics is demonstrated. The 
calculated data regarding the development of the 
plasma channel are presented. An increase in the 
conductivity inside the channel is discussed. 
 

1. Introduction 
 

Recent interest in the properties of discharge in gas 
mixtures based on SF6 has been driven by the diversi-
fied applications of this gas in electronic and switch-
ing circuits and in pulsed HF/DF lasers. The dielectric 
properties of SF6 are used in high-voltage devices. 
However, the physics of such an electric discharge is 
poorly studied and the discharge properties are not 
fully used. Chemical HF/DF lasers are promising 
sources of coherent radiation that deliver high-energy 
radiation in the wavelength range 2.4–3.2 μm. In 
1971, lasing on the vibrational transitions of the HF 
molecule in the discharge-excited C3 H8/He/SF6 mix-
ture was reported in [1]. We note the recent progress 
in the development of pulsed HF/DF lasers. Neverthe-
less, the limiting properties of the gas mixtures used as 
laser active media remain unknown. The realization of 
the limiting characteristics will make it possible to 
reach higher specific parameters and to significantly 
increase the laser efficiency.  

The volume character of the current flow is a nec-
essary condition for effective energy input to the dis-
charge, an increase in the concentrations of particles to 
the desired level, and effective energy extraction. Dis-
charge contraction impedes the improvement of the 
discharge spatial homogeneity. This effect lies in the 
discharge plasma transformation from the state of vol-
ume burning to the state with a single or a few plasma 
channels.  

The formation of plasma channels depends on the 
discharge gap configuration, the composition of the gas 
mixture, and the parameters of the pump electric circuit.  
 
 

A comprehensive interpretation of the physical reasons 
for the channel formation in the SF6 gas mixtures and 
the corresponding plasma properties is missing.  

The increasing amount of works aimed at the study 
of the HF lasers accounts for the noticeable results on 
the increase in laser energy and efficiency. In a series 
of experimental works supervised by Firsov [2],  ra-
diation pulse energy of hundreds of joules is realized 
in lasers with pumping initiated by electric discharge. 
An energy of 144 J and an efficiency of 2.8% were 
obtained on a setup with a discharge region size of 
15 x 15 x 75 cm3 in the absence of a preionization 
source with a mixture consisting of SF6 and ethane 
[2]. In the HF (DF) laser with a discharge region size 
of 27 x 20 x 100 cm3 , the radiation energy is 397 
(312) J and the efficiency is 3.8% (3%). These charac-
teristics are realized owing to the high spatial homo-
geneity of the discharge and the large volume of the 
discharge gap.  

Plasma instability is the main problem in the 
electric discharge pumping of pulsed lasers. The im-
provement of the pumping schemes and the optimi-
zation of the excitation conditions may lead to a fur-
ther increase in the energy characteristics of HF la-
sers. Pumping optimization lies in the realization of 
the needed electric characteristics of plasma while 
maintaining the plasma spatial homogeneity during 
the pump pulse. SF6 is a gas that determines the dis-
charge properties in the SF6 -containing mixtures. 
The remaining components of the active medium 
(neon, fluorine, hydrogen, etc.) affect the discharge 
characteristics much more weakly. Therefore, in this 
work, the experimental study and the simulation of 
the kinetic processes are performed for gas discharge 
in SF6.  

The simulation is carried out for both homogene-
ous and inhomogeneous discharge plasmas. It yields 
the time dependences of the rates of the dominating 
processes and the concentrations of electrons, ions, 
and other particles that affect the plasma characteris-
tics. The results of the calculations are compared with 
the experimental data. The kinetic processes are ana-
lyzed and the effect of these processes on the plasma 
characteristics is demonstrated. The calculated evolu-
tion of the plasma channel is presented and the con-
ductivity growth in such a channel is discussed.  
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2. Discharge model 
 
2.1. 0D Model 
 
A self-consistent 0D model is built on the assumption 
of the local character of the electric field and the spa-
tial homogeneity of the discharge. The model involves 
(i) the Boltzmann equation for the calculation of the 
electron energy distribution function (EEDF), (ii) a 
system of balance equations that describe the time 
variations in the concentrations of electrons and heavy 
particles, (iii) an equation for the calculation of gas 
temperature, and (iv) an equation for the external elec-
tric circuit. We solve the quasistationary Boltzmann 
equation using the method of weighted residuals [3] 
with allowance for the elastic, inelastic, and electron–
electron collisions and collisions of the second kind.  

The system of balance equations describes the time 
variations in the concentrations for more than 40 par-
ticles: electrons e – , negative and positive ions F2

– 
SF4

– SF5
– SF6

– F4
+ SF5

+ SF6
+ F2

+   and neutral plasma 
particles.   

In general, the kinetic model is similar to the 
model from [4]. The difference lies in the fact that the 
model takes into account the stepwise ionization of the 
SF6 (f) molecule in the excited electronic state [5]. 
The cross sections of the electron interaction with the 
components are taken from [6, 7].  

We test the model using the experimental data ob-
tained at the High-Current Electronics Institute [8,9] 
and alternative data from [5]. The tests show that the 
experimental data are in good agreement with the re-
sults of the calculations in a wide range of charging 
voltages of the capacitor bank and the discharge cur-
rent densities.  

 
2. 2D Model 

 

The spatial heterogeneities of the discharge are simu-
lated in the framework of a self-consistent 2D model. 
This model does not take into account the develop-
ment of the cathode spot and the near-electrode proc-
esses. The plasma channel is initiated in the discharge 
gap in the presence of the initially heterogeneous elec-
tric field. A heterogeneity that represents a metal 
hemisphere with a characteristic size of 0.1 cm is lo-
cated at the center of the cathode. The main problem 
of the simulation lies in the search for the processes 
that most strongly affect the formation of the plasma 
channel developing from the local heterogeneity on 
the cathode.  

The 2D model employs the condition for the local 
character of the electric field: at each point of the dis-
charge, the constants of the reactions that involve elec-
trons and the transport coefficients depend on the elec-
tric field strength at this point. At each mesh point, we 
solve the Boltzmann equation with allowance for all 
the channels in which the electron energy decreases 

and the system of the balance equations for the afore-
mentioned particles used in the 0D model.  

The electric field strength is derived from the fol-
lowing equation:  

 
     div(j) = eμ (ne div(E) + E grad(ne)) = 0                 
(1) 
 

We assume that, at each point of the discharge 
gap with the electron concentration gradient, the elec-
tric field induces plasma polarization, so that the equi-
librium charge is established [10]: 

 
Fig.1 Electrode circuit and an example of the mesh: 
d = 2.5 cm is the interelectrode distance, R = 1 cm , 
r = 0,1 cm is the heterogeneity radius, C = 36 nF, 
L = 9.2 nH   

ρ = -ε0 div(E) = -ε0 
( )grad n

n
E

                           

(2) 
 

Here, j is  the discharge current density, e is the elec-
tron charge, μ is the electron mobility, and n is the 
electron concentration. We assume that the mobilities 
of electrons and ions are constant. We solve the sys-
tem of the balance equations and Eq. (1) with the Gear 
method and the method of weighted residuals [3], re-
spectively, using curvilinear nonorthogonal meshes. 
Below, we present the results obtained for 60 x 60 
meshes. Figure 1 shows the scheme of the discharge 
gap and the mesh. Fig. 1 shows the scheme of the dis-
charge gap and the mesh 
 
3. Results  and discussion 
The calculation results are performed for the initial 
parameters which corresponds to the experimental 
results [5]. Fig. 2 demonstrates temporal evolutions of 
discharge voltage and discharge currents calculated 
using 0D and 2D models. The discharge voltage is 
about 20 kV at a maximum discharge current of 8 kA. 
When the discharge is extinguished, the residual ca-
pacitor voltage is about 14 kV. The peak current and 
residual voltage are in a good agreement with experi-
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mental results [5]. The difference between the peak 
current predicted by 2D model and one predicted by 
0D model is negligible.  

Our simulation shows that plasma channel is 
formed in the discharge at t =10 ns. Fig. 3 A,B dem-
onstrates the spatial distributions of electron density 
and vibrationally exited molecules of SF6(ν) at this 
time moment. The concentration of  SF6(ν) molecules 
and electron density in the axis of plasma channel is 
more then in the homogeneous region. The maximum 
electrons density observed on top of heterogeneity is 
ne = 1.2 1015 cm-3. In the region of anode the electron 
density  (ne = 2.5 1014 cm-3) is higher by order of mag-
nitude then the electron density (ne = 2.0 1013 cm-3) in 
the region of homogeneous discharge.  

The same picture we can see for the  spatially dis-
tribution of the vibrationally exited SF6(ν) molecules. 
The maximum SF6(ν) concentration observed on the 
top of heterogeneity (n = 9.0 1016 cm-3) decreases in 
the region of the anode (n = 9.0 1016 cm-3). It follows 
from the calculation results that these molecules play 
the important role in the kinetics processes. The rate 
of electron attachment to the SF6(ν) molecules is sig-

nificant higher than the rate attachment to the SF6(0) 
molecules. Therefore the increasing of concentration 
of vibrationally exited  SF6(ν) molecules in the axis of 
plasma channel lead to increasing of electron attach-
ment frequency  in this region. The spatial structure of 
the discharge become unstable. The plasma channel, 
formed at first 10 ns of the discharge, disappear. Then 
the plasma channel is formed again. The similar be-
haviour of the discharge was observed experimentally 
in [11]. 
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Fig.2 Temporal evolutions of the discharge 
voltage - 1, and discharge current - 2. Solid  
lines – are the 0D model results, dashed  
lines - are the 2D model results  

A 

B 

Fig.3 Spatial distribution of electron concen-
tration – A and SF6(ν) concentration  - B at 
t = 10 ns 

Fig. 4 Current lines at time t = 10 ns (A), t = 16 ns (B) and t = 22 ns (C)  
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Fig.4 shows a current distribution in the cross sec-
tion of the plasma channel. This value of current be-
tween any two neighboring current lines is 1/60 part 
of current, flows in layer of unit thickness. It can be 
seen that the plasma channel arises at the formation 
stage of the discharge (t = 10 ns) and then disappears.  
The temporal evolution of the electron density and the 
concentration of vibrationally excited SF6(ν) mole-
cules in every points is the course of such behavior of 
the discharge. Fig. 5 shows the temporal evolutions 
of the electron density, concentration of vibrationally 
exited SF6(ν) molecules, SF6

* in electronically exited 
levels, and positively charged ions SF5

+ near the cath-
ode. The electron density peak ( ne = 1.2 1015 cm-3 ) 
observed at t = 10 ns, disappears at t = 22 ns. But con-
centration of SF6(v) continue increases up to t = 20 ns, 
causing increasing of attachment frequency of elec-
trons to SF6(v) molecules. Decreasing of SF6(ν) con-
centration in the space of further Δt = 10 ns causes 
decreasing of attachment frequency and it leads to 

further increasing of electron density. The similar dy-
namic of electron density and concentration of SF6(ν) 
molecules takes place in every point of plasma chan-
nel axis. In the region of anode electron density 
achieves the maximum value (ne = 3.0 1014 cm -3) at 
the same time (t = 10 ns), and then one decrease to 
value less then the electron density in region of homo-
geneous discharge.       

The results of the calculation illustrate the dynam-
ics of the spatial structure of discharge in SF6.  The 
plasma channel, formed at the stage of discharge for-
mation, is disappeared at the end of the current pulse. 
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Fig. 5 Temporal evolutions of electron den-
sity- 1, concentration of SF6(ν) - 2, 
SF6

* - 3, and SF5
+ - 4 on top of the heteroge-

neity.  
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