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The electrical gas breakdown between parallel flat electrodes is governed by the known 

Paschen curve and the corresponding similarity law [1]. However, if the electrodes are non-

flat, or the distance between the electrodes is much greater than the electrode radius, the 

breakdown curve is changed significantly [2-5]. In this study, a numerical theoretical model 

has been developed allowing the gas breakdown voltage calculation between electrodes of 

arbitrary curvilinear shape. The model is based on Paticle-In-Cell (PIC) approach 

implemented in the XOOPIC package developed at UC Berkeley [6]. Collision cross sections 

for Monte Carlo Collisions (МСС) module were loaded from LXCat resource 

(https://us.lxcat.net) for elastic, excitation and ionization types of the electron collisions with 

neutral gas and elastic and charge exchange types of the ion-neutral collisions. Ion-electron 

emission on the cathode surface was accounted using the coefficient γ = 0.09. Each macro 

particle has included one physical particle. The simulation time step should be significantly 

less than the period between electron collisions, and less than the grid cell crossing time by 

the fastest particles. Thus, the time step for the simulation was set in inverse proportion to the 

gas pressure in the range of 10-10 – 10-12 s. The grid step was 1 mm in cylindrical 2D 

geometry.  

The simulations were performed for two electrode configurations, with parallel flat electrodes, 

and with hemispherical electrodes, which are schematically shown in Fig. 1. In the both cases 

the distance between the electrodes L could be varied keeping all the other dimensions 

unchanged. The quartz tube diameter was 56 mm, the hemispherical electrode diameter was 

12 mm. These dimensions were chosen to fit the available experimental data.    

 

         

Fig. 1. The two electrode geometries examined in PIC simulations. 
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The calculated electric field distribution between the electrodes is shown in Fig. 2. One can 

see that the field line length between the flat electrodes is almost constant within the 

discharge tube, while for the case of hemispherical electrodes the field lines are highly 

curvilinear and have variable length. In the both cases the field is highly non-homogeneous, 

the field strength is maximum in the vicinity of the electrodes with significant drop outside.  

 

           

           

 

           

Fig. 2. Electric field distribution in the two electrode geometries: field lines (top), electric 

field strength (bottom) 

 

Breakdown curve simulation results are shown in Fig. 3 in comparison with experimental 

data. One can see that for the short gaps (1 and 3 mm) the minimum breakdown voltage is 

approximately the same, and the breakdown curves, being replotted versus pL product (right 

picture in Fig. 3), coincide that means the Paschen similarity law is fulfilled. In contrast, for 

the long gap (20 cm) the minimum breakdown voltage is more than twice higher, and the 

similarity law is broken. It is concluded that the reason for this is the loss of charged particles 

on the dielectric walls of the discharge chamber due to radial diffusion and the defocusing 

geometry of the electric field lines (see Fig. 2). Comparison of the simulation results with 

previously obtained experimental data for the cases of flat and hemispherical electrodes in a 

wide range of distances between the electrodes shows a good correspondence at different gas 

pressures. 
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Fig. 4. Breakdown curve of Nitrogen for 
hemispherical electrodes with 10 mm gap 

(top picture) and ion position plots at 
different gas pressures (bottom pictures) 

               

Fig. 3. Experimental and theoretical breakdown curves for Argon at different distances 

between flat electrodes. 

 

The experiments on the gas breakdown between the hemispherical electrodes have shown that 

the breakdown curve possess a horizontal section with approximately constant breakdown 

voltage in a wide range of the gas pressures (Fig. 4). The PIC simulation allows to reveal the 

physical reason of this phenomenon. Fig. 4 contains r-z coordinate plots showing positions of 

ions in interelectrode space during the gas breakdown at three different pressures, which 

demonstrate the breakdown path change along 

the breakdown curve. At high pressure, the 

breakdown occurs by the shortest path just 

between the electrode tips, while at the lowest 

pressures the breakdown goes by the longest 

available path. Note that the breakdown path 

repeats approximately appropriate electric 

field lines between electrodes (Fig.2). 

However, diffusion processes expand the 

breakdown channel, and the trajectory of 

particles in a curved electric field does not 

repeat the shape of the force line exactly due 

to the inertia of the motion. 

One can see that at the lowest pressures the 

cloud of charged particles can touch the 

discharge tube surface. This could gain a 

surface charge on the tube affecting the 
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a)  

b)  

c)       q       

 
Fig. 5. Electric field lines without (a) and 
with (b) tube wall charging along with the 

surface charge distribution (c) 

electric field topology. The influence of the 

surface charge on the breakdown voltage has 

been studied using PIC simulation. These 

calculations were challenging due to the long 

time required for the charge accumulation. The 

simulation time required to reach steady-sate 

charge was up to 1 ms that caused a new 

problem. Usually, the breakdown voltage was 

searched iteratively probing different voltages 

with the aim to find a value when the particle 

number is constant in time. However, for the 

long-time simulations even a small error in 

voltage causes either decay of the particle 

number down to zero or non-limited particle 

generation. To avoid this problem a new voltage   

feedback simulation algorithm has been developed keeping the particle number close to a 

predefined number by continuous adjustment of the electrode voltage. Fig. 5 shows the 

electric field topology distortion due to the charge accumulation. One can see that the 

maximum line length increases that should allow the breakdown at lower pressure. Indeed, 

the breakdown curve calculated taking into account the charge accumulation on the wall of 

the discharge tube (red line in Fig. 4) goes closer to the experimental curve. 
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