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Abstract—In this study the breakdown curve of argon at low 

pressure in radio-frequency discharge within combined electric fields 

is considered. Based on experiment data, a new modified criterion 

has been proposed for the modeling of a breakdown curve. It has 

been found that there is very good correspondence with experiment 

results. A comparison has been carried out against the existing 

analytic criteria. This indicated that the suggested criterion describes 

experiment results more accurately. 
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I. INTRODUCTION 

HE radio-frequency (RF) capacitive discharge at low 

pressure is used in a wide range of plasma processes 

applied in technologies, engineering and scientific research. It 

is utilized in the manufacture of semiconductor products (for 

the cleaning of semiconductor pads), making of thin layers, 

and performing chemical analyses of materials. Interest in the 

high-frequency discharge is also motivated by the possibility 

of obtaining new data on the interactions of electrons with 

atoms and ions. This type of discharge is also used to pump 

gas lasers and metal vapor lasers [1].  

The application of this type of discharge relies on 

knowledge about the instability and breakdown conditions 

which may cause the gas discharge device to deviate from the 

preset operation mode. For this reason, experiment 

measurements and mathematical simulations of breakdown 

curves in direct current (DC) discharge, RF discharge, and 

combined electric and magnetic fields discharge are of 

particular interest. 

Argon is widely used in plasma technology and is also an 

important gas in scientific studies. It is considered that there 

has been no satisfactory fitting of measured and predicted 

breakdown voltages for argon [2, 3]. Two basic approaches 

are used to obtain such fitting. The first involves examining 

collision processes in the plasma in order to determine the 

distribution function according to particle energy or to 

construct appropriate analytical models using molecular 

constants. The second approach is based on experiment data 
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which are utilized to construct computer models and run 

simulations using probability methods, for instance such as the 

particle-in-cell/Monte Carlo collision (PIC/MCC) type 

methods (see [2, 3, 4] and the publications cited therein). 

It has been found that the application of weak DC voltage 

to a high-frequency discharge causes a notable increase of 

breakdown voltage in a high-frequency discharge on the right 

side of the breakdown curve [5]. The additional direct voltage 

increases electron losses due to drift from electrodes. This 

leads to an increase in discharge pressure and voltage. The 

minimum of the breakdown curve shifts towards higher 

voltages and pressures. 

The aim of this study is to use the available experiment data 

to obtain a new analytic criterion, describing the breakdown 

curve of argon at low pressure in combined electric fields by 

defining the breakdown voltage rfU  as a function of the 

parameter pd, where p is gas pressure and d is the distance 

between electrodes in the gas discharge chamber. The derived 

criterion gives an improved modification of the known 

criterion from [4] and develops the criterion obtained for 

argon in RF fields as given in [6]. 

II. PROBLEM SET 

For a high-frequency discharge, where the breakdown is 

dominated by the ionization of molecules by electrons and the 

diffusion of electrons to the discharge chamber walls, the 

breakdown criterion assumes the following form: 
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where i  is the frequency at which molecules are ionized by 

electrons, eD  is the electron diffusion coefficient,   is the 

diffusion length, dependent on the geometry of the gas 

discharge chamber [3, 4]. When deriving criterion (1), it is 

assumed that the diffusion coefficient of electrons is an 

isotropic function, i.e. it is not dependent on the direction of 

electron movement.  

In a weak DC electric field, criterion (1) takes the following 

form [4]: 
2
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Where, e  is the coefficient of electron mobility, dcE  is 

the intensity of the DC field. In this case, criterion (2) may be 
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presented in the form [4] 

1 0
1

0 2

1/2
2

1/2
1

1
0 2

exp
2 2

1
22

rf

rf

rfdc i

rf

A U B pd
A pd

B C d U

A UU c
A pd

U B C d



 



  
   

   
   

     
             

 (3) 

Where, 1 0 2, , , , , ,iA B C c     are molecular constants 

and dcU , rfU  are respectively the DC and RF discharge 

voltages. 

Up to now, when considering this problem, it has not been 

taken into account that RF forms its own DC field. Its value 

can be estimated by the empirical dependency [1]: 

/dc rfU U   (4) 

Therefore, in order to use criterion (2), it is not necessary to 

apply an external electric field. 

Subsequently, using known dependencies 

i d ev E    , where   is the coefficient of gas volume 

ionization and dv  is the drift speed of electrons, criterion (2) 

may be represented in the form 
2
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Usually the volume ionization coefficient   is 

approximated in the form exp
/

B
A
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, where A, B 

are constants. Based on experiment data, the /e eD   ratio can 

be approximated by 

e

e

D E
M N

p
    

using suitably defined constants M, N. The diffusion length   

for flat configurations is given by the expression 
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In this manner, criterion (2) may be written as 
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Criterion (6) is used in [6] to estimate the breakdown curve 

in argon discharges. This yielded very good correspondence 

with known experiment results. 

III. MODEL CONSTRUCTION 

In the presence of an external electric field, criterion (2) 

needs to be modified. The quantity dcE  has to be replaced 

by ,dcE  , which results from the interaction of the two fields - 

internal ( ,dc inE ) and external ( ,dc exE ), respectively. More 

specifically, it is true that:  

2 2 2
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Where,   is the angle of interaction between the two 

fields. As a result, criterion (6) assumes the following form 
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Here  , ,dc in dc inU E d  and , ,dc ex dc exU E d  are the values 

of the applied internal (intrinsic) and external voltage, 

respectively. 

We will consider two boundary cases:  

•  0180  . In this case, the two fields have opposite 

directions. The resulting field is the smallest: 

, , ,dc dc in dc exE E E   . Criterion (8) takes the form: 
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• 
00  . The two fields have the same direction and the 

resulting field takes its maximum value: 

, , ,dc dc in dc exE E E   . In this case, criterion (8) has the 

following form: 
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For argon, the values of approximation constants are given 

in Table 1. The values of A and B are obtained for experiment 

data given in [7], while the values of M and N are obtained 

from experiment data in [8]. 
 

TABLE I 

CONSTANTS USED IN THE MODEL CRITERIA  

Constant Value 

A 5.91189 

B 108.76559 

M 1.052994 

N 0.04039617 

 

IV. DISCUSSION WITH CONCLUSION 

The obtained results from the derived analytical criteria are 
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graphically represented in Fig. 1 and Fig. 2 and are compared 

with other criteria, existing in literature, as well with 

experimental data. 
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Fig. 1 Theoretical and experimental breakdown voltage curves for 

applied external voltage 25dcU V  in argon discharge at low 

pressure: ○-1 - as per criterion (9), ○-2 - as per criterion (10),  

• - experiment data [4] , ∆ - as per criterion (3) from [4].  
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Fig. 2 Theoretical and experiment breakdown voltage curves for 

applied external voltage 100dcU V  in argon discharge at low 

pressure: ○-1 - as per criterion (9), ○-2 - as per criterion (10),  

• - experiment data [4] , ∆ - as per criterion (3) from [4].  

 

Fig. 1 and Fig. 2 show that criterion (9) provides very good 

correspondence with experiment data. This criterion gives 

much more accurate predictions of the breakdown voltage in 

the right section of the experiment breakdown curve as 

compared to (3) which is derived in [4]. 

In conclusion, a simple analytical criterion for building the 

breakdown curve of an argon RF discharge in combined 

electric fields is obtained. This yielded very good 

correspondence with known experiment results. Criterion (9) 

provides better correspondence with experiment data when 

compared to (10). This leads us to believe that with the 

existing experiment setup in [4] the two fields have opposite 

directions. 
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