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1. ABSTRACT 
 

A two-dimensional model for simulation of gas discharges along a resin insulator in 
SF6/N2 gas mixtures is developed by means of the Particle-in-cell and Monte Carlo 
(PIC-MCC) approach. The electron swarm and the following streamer developments are 
fully simulated, in which the elastic, exciting, ionising and attaching collisions between 
electrons and neutral gas molecules are considered, and the gas photoionisation and the 
photoelectric emission from cathode surface are realised by using a probabilistic scheme. 
Considering the effects of the space charges, Poisson fields are solved for each time step. 
The attached charges at the insulator surface are calculated according to the electric 
field distribution and taken into account for the solution of Poisson fields. The dynamic 
behaviour of electron swarms and streamer formation during the discharge are presented 
and analysed.  
 
 
2. INTRODUCTION 
 

An accurate description of the discharge phenomena requires the solution of a 
coupled equation system, composed of Poisson’s- and transport equations together with 
suitable relations. Moreover, the surface discharges along an insulator additionally 
requires the analysis of attached surface charges. However, the current models for 
simulating the surface discharges are generally “Electrostatic Models” based on fractal 
theory1, 2 and “Fluid Models” based on the solution of the continuity equations3, 4. The 
former is simplified as the iterative solution of the Laplace’s equation in the considered 
region with changing boundary conditions; whereas the latter requests that all the 
transport and rate coefficients have to be well known prior to the analysis. As a result, 
some approximations have to be chosen with caution in these models, being difficult to 
apply for different conditions. This paper uses a combined particle-in-cell and Monte 
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Carlo approach (PIC-MCC)5, fully realising a two-dimensional simulation at a needle-
plane configuration inserted by a resin insulator with cut plane shown in Figure 1.  
 
 

 
 

Figure 1. Needle-plane configuration inserted by a resin insulator with cut plane 

 
 
3. SIMULATION MODEL 
 

In the present research it is considered that the electrons in SF6/N2 mixtures have 9 
types of collisions with the neutral-particles. 
 

Momentum Transfer :    e + N2  →  e + N2 
Excitation:      e + N2  →  e + N2* 
Ionisation:        e + N2  →  N2

+ + 2e 
Momentum Transfer:   e + SF6 →  e +  SF6 
Attachment:       e + SF6 →  SF6

- 
Dissociative Attachment:   e + SF6 →  SF5

- + F 
Dissociative Attachment:   e + SF6 →  SF5 + F - 
Excitation:        e + SF6 →  e +  SF6 * 
Ionisation:                   e + SF6 →  SF6

+ + 2e 
   

In general, the PIC-MCC method needs fine grids because at high electron 
densities, the Debye length becomes very small. By plasma theory, the cell size ∆x will 
have to be satisfied with the following condition: 

 
∆x ≈ λD                                                                                        (1) 

 
where,  λD is the electron Debye length. 

Considering the request of CPU time and computer memory, we choose the cell size 
∆x = 10 4− m , and the gas number density N = 1.768 10 m23 3× − . The goal of this paper is 
to develop a numerical model used for discharge simulation and certify its efficiency. Its 
application for specific discharge phenomena is to be carried out in the further research. 

The surface charge accumulation plays a significant role in the insulation 
characteristics of GIS, and the mechanism of „charge transport via the gas space“ is 
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dominant during the surface charge accumulation in GIS6. In the present research we 
focus on discharge phenomena over the gas/solid interface. 

The surface charge density at the dielectric interface can be deduced by the 
boundary conditions. The boundary conditions at the interface can be described as 

 
ε ε σ0 E En,0 d n,d s− =                               (2) 

σ σ
∂σ
∂0E E

tn,0 d n,d

s

 
− = −                 (3) 

 
where E is the electric field, ε is the dielectric constant, σ is the conductivity, while the 
subscripts 0 and d separately indicate the gas side and insulator side, and the subscript n 
indicates the field component normal to the interface. σ s  is the surface charge density. 

Both solid insulator and the insulating gas are considered non-conductive, i.e. σ 0 0=  

and σ d = 0 . An adequately long charging time is considered in our research. Under this 

condition the charge accumulation reaches a stable condition such that an electron 
departing from the electrode never touches a solid insulator, which relevant boundary 
condition is given7 
 

En,0 = 0                   (4) 

 
Elimination of En,0  in (2) gives 

 
σ εs d n,d= − E                  (5) 

 
It is well known that gas photoionisation is the main mechanism leading from a 

single electron avalanche to streamer formation and electrical breakdown in positive 
streamer discharges. Unfortunately, little literature is available concerning the photo-
ionisation data. For this, we took access on the experimental results of Penney and 
Hummert8 in which the photoionisation rate with ionisation rate is related by a 
coefficient ψ, shown as follows: 
 

ψ
θ

=
N

N pd
p

D  
                 (6) 

 
N D : the number of ion pairs per second formed by collisions; θ : the fraction of emitted 

radiation that is intercepted by the ion collector; pd: pressure times depth of the ion 
collecting surface; N p

: the number of photoion pairs generated per second.  

Since no information is available on photoionisation in SF6/N2 mixtures, in the 
present research a threshold of photoionisation, 15,8 eV for SF6 and 15,6 eV for N2, the 
same as those9-11 of the electron impact ionisation, are assumed. The photoionisation 
probability is considered directly proportional to excitation collisions since photo-
electrons are generated when excited molecules return to lower energy levels. Because of 
the use of superparticles produced by scaling technique, a simple probability of 
P = × −5 10 3  is used for each excitation collision. If P is above the R, a uniformly 
distributed random number between 0 and 1, one ion-electron pair will be produced.  
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In order to assure enough collision ionisations to occur during the movement of the 
photoelectron to the anode, a sub-mesh technique is developed in the present simulation 
to determine the photoionisation position. A probability ′P is introduced to decide the 
photoionisation position, that is 
 

′ ≈ −
+

P
D

RD D
1

2 2

ij

ij

                   (7) 

 
where Dij is the distance between excitation point i and photoionisation point j. RD is the 
assumed discharge radius12, deciding the extent of radial expansion of the discharge.  

It is known that the number of secondary electrons released at the cathode by the 
impact of photons is proportional to the number of photons hitting the surface of the 
cathode and an efficiency factor γp has been proposed and applied13. Considering the use 
of superparticles, a probability of ′ ′P = 5 10 3× −  is applied in the present research.  

The details with regard to numerical simulation techniques such as „leap-frog“ 
finite difference scheme, weighing scheme, null collision technique, scattering scheme, 
and scaling technique, refer to our previous work9-11. 
 
 
4. SIMULATION RESULTS 
 

Considering the electron attachment behaviour of SF6, in the present research 2000 
electrons are emitted from the cathode as „seed“ particles for the start of the PIC self-
consistent simulations. The simulations are performed within several tens of nano-
seconds, so that ions, including the attached surface charges, are considered as fixed. 
Figure 2 shows the calculated electric field distribution along the insulator surface in 
consideration of the effect of the surface attached charges. It is clearly shown that the 
surface attached charges enhance the electric field near to the cathode and decrease the 
electric field near to the anode. Due to this reason the first avalanche from the cathode is 
easier to be produced, which leads a possibility that the discharges occur easier than that 
without the attached charges. Due to the existence of radial dielectric boundary of the 
insulator at x = 0.01 m, the dielectric constant changes over the boundary so that the 
electric field has an abrupt change at the position. 
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Figure 2. Electric field along the insulator surface 
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Figure 3. Electron avalanche and streamer development 

 
 
Based on the calculated surface charges, we simulate the electron avalanche and 

streamer development, which results are given in Figure 3. At t = 0 the initial electrons 
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start to drift from the cathode towards the anode and the first avalanche appears and 
grows over the insulator. At t = 7,0 ns the avalanche starts to leave from the insulator 
surface, and at t = 8,0 ns the avalanche arrives at the anode with a peak of electron 
density of N max = 36 1015 3, × −m . In the meantime, the electrons start to be absorbed by the 
anode. A second avalanche is started at t = 12,0 ns by photoionisation, which grows and 
combines with the first one to a peak of electron density Nmax = 18 1017 3, × −m  at t = 16,0 

ns. A third avalanche appears at t = 18,0∼19,0 ns, which quickly combines with the 
previous avalanches and forms a quite strong avalanche at t = 20,0 ns. The following 
new avalanches produced by photoionisation continue to combine with the previous 
avalanches and the electron cloud with a large electron density starts to move towards to 
the cathode, i.e. the streamer is formed. At t = 23,0 ns the streamer arrives at the 
cathode with a peak of electron density Nmax = 2 8 1019 3, × −m . It should be noted that a new 
avalanche always starts at the cathode side of the previous avalanche in the present 
simulation. After the occurrence of the third avalanche, the streamer starts to form and 
quickly develops towards to the cathode.  
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Figure 4. Electric field distribution along the axis 

 
 
Figure 4 shows the electric field distribution along the axis during the discharge. 

The results demonstrate that the space charge field distortion starts to become important 
at 15,0 ns with a decrease of electric field at the anode down to below 2 0 105, ×  V / m . 
With increasing time, the accumulation of positive ions decreases the electric field near 
the anode and enhances the electric field in the region far away from the anode. At t = 
18,0 ns, the electric field at the anode reduces to zero, indicating that the reversed space 
charge field balances the applied field at the anode. It is noted that some fluctuations 
appear after t = 20,0 ns. This is possibly due to the fact that with the development of the 
electron swarm towards to the cathode, the electrons continuously drift towards to the 
anode before they are absorbed by the anode or attached by SF6 molecules so that at that 
time the electric field between the electrons and the anode is enhanced. 
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5. CONCLUSIONS 
 
A two-dimensional model of gas discharge over an insulator surface has been developed 
in this paper. The conclusions are given as follows: 
 
(1) The PIC-MCC method can fully simulate the electron swarm and streamer 

development, and MCC module can simulate the collisions between electrons and 
neutral gas particles. Moreover, the use of null collision technique can greatly reduce 
the CPU time. 

(2) The combination of the mesh for the PIC with the sub-mesh for photoionisation is 
first proposed and developed to simulate electron swarm development on the basis of 
photoionisations.  

(3) The surface attached charges can effectively enhance the electric field near to the 
cathode and decrease the electric field near to the anode.  

(4) Under given condition, a new avalanche always starts at cathode side of the previous 
avalanche and combines with the previous avalanche.  

(5) Due to the request of CPU time and computer memory, in the present research the  
considered gas number density is limited up to N = 1.768 10 m23 3× − . The application 
for real discharge phenomena in GIS is to be considered in the further research.  
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