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Abstract 

Surface flashover across insulator in vacuum is a destructive plasma discharge which 

undermines the behaviors of a range of applications in electrical engineering, particle physics, 

space engineering, etc. This phenomenon is widely modeled by the particle-in-cell (PIC) 

simulation, here the continuum and kinetic simulation method is first proposed and 

implemented as an alternative solution for flashover modeling, aiming for the prevention of the 

unfavorable particle noises in PIC models. A 1D2V (one dimension in space, two dimensions 

in velocity) kinetic simulation model is constructed. Modeling setup, physical assumptions, and 

simulation algorithm are presented in detail, and a comparison with the well-known secondary 

electron emission avalanche (SEEA) analytical expression and existing PIC simulation is made. 

Obtained kinetic simulation results are consistent with the analytical prediction, and feature 

noise-free data of surface charge density as well as fluxes of primary and secondary electrons. 

Discrepancies between the two simulation models and analytical predictions are explained. The 

code is convenient for updating to include additional physical processes, and possible 

implementations of outgassing and plasma species for final breakdown stage are discussed. The 

proposed continuum and kinetic approach is expected to inspire future modeling studies for the 

flashover mechanism and mitigation. 

Keywords: vacuum surface flashover, continuum and kinetic simulation, surface charging, secondary electron emission 

 

1. Introduction 

The surface flashover in vacuum is a plasma breakdown 

which occurs across an insulator under high applied voltage. 

Flashover is accompanied by insulation failure and therefore 

jeopardizes the safe operation of pertinent devices. Hence 

improved understanding of the flashover phenomenon and its 

mitigation is expected. Surface flashover is found in high 

voltage transmission apparatus, spacecraft, pulsed-power 

devices, particle accelerator, etc. [1-11]. Depending on the 

background pressure and gas species, plasma discharge during 

surface breakdown varies from streamer discharge, corona 

discharge, to Townsend-like discharge, etc. [8, 12, 13] In high 

degree of vacuum without ionization source for discharge 

initiation, flashover begins from the cathode triple junction 
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(CTJ) where electrode, insulator, and vacuum adjoin [14]. Due 

to the transient and nonequilibrium nature of the flashover 

process, numerical modeling provides valuable supplements 

to the experimental observations [15-22]. The particle-in-cell 

(PIC) method is a widely adopted numerical approach that is 

implemented in most if not all recent vacuum flashover 

simulation studies. The present work aims for providing an 

approach other than the particle model that may serve as an 

alternative solution for surface flashover study, i.e. the 

continuum and kinetic model.  

Modeling of surface flashover in vacuum is complicated 

due to various physical processes involved. According to the 

secondary electron emission avalanche (SEEA) theory, 

flashover is initiated by the field emission at CTJ due to local 

electric field distortion. The emitted electrons are accelerated 

by the applied field and induce secondary electron emission 

(SEE) on the insulator surface. An avalanche occurs when the 

created secondary electron (SE) continues to produce more 

SEs while charging the insulator surface positively [23]. A 

final breakdown is only possible after consistent electron 

collisions with insulator unleash neutrals that were previously 

adsorbed in the insulator, and a final plasma breakdown within 

the local high-pressure region occurs [24]. The time scale, 

particle species, and underlying physics are drastically distinct 

among different flashover stages, and systematical simulation 

of the complete flashover process is challenging.  

Currently employed PIC models have been widely 

implemented in flashover study, covering physical mechanism 

of flashover process in separate stages [16, 25-31], and 

flashover mitigation using surface microstructure [32-35], 

surface processing [36], external electromagnetic field, etc. 

[37-39]. In order to improve the simulation precision, the 

number of macroparticles in PIC simulation must be 

sufficiently large, which inevitably enhances the 

computational cost and is usually accompanied by 

considerable numerical noises due to particle discretization. 

In addition, strong fluctuations of the physical quantities 

even when SEEA reaches saturation (without outgassing) 

were observed in previous PIC simulations [40-42]. It is 

unclear whether these are realistic waves/instabilities or 

purely numerical. Recent simulation of SEEA including the 

outgassing process suggested that higher harmonics can be 

generated by beam-plasma interactions [24], but it remains 

elusive whether realistic waves exist in the SEEA 

development stage without outgassing. The present work aims 

at deciphering this issue by using an alternative simulation 

approach featuring significantly lower numerical noises.  

Though never applied in surface flashover simulation, the 

continuum and kinetic simulation approach has been shown to 

be a supplementary solution for PIC model for a range of 

plasma conditions, and features some advantages if applied 

appropriately. The fact that kinetic simulation speed is not 

sensitive to particle number, and its noise-free data enables its 

implementation in a variety of industrial plasma simulations, 

such as plasma-surface interactions [43], plasma transport 

[44], capacitively coupled plasma [45, 46], multipactor [47], 

glow discharge [48], in addition to fusion plasma as well as 

astrophysical plasma simulations [49-52]. In the present work, 

we propose for the first time to apply a 1D2V (one dimension 

in space, two dimensions in velocity) continuum and kinetic 

simulation in surface flashover modeling to add more insights 

into improved flashover modeling technics. The reduced 

model with only one spatial dimension perpendicular to the 

insulator surface allows to probe the flashover development 

with significantly lower computational cost while retaining 

the salient physical details during flashover. Such reduced 

model has been widely adopted with PIC simulation approach 

though not yet with the continuum and kinetic approach [53-

55]. Additionally, a comparison of the kinetic simulation 

results with the existing SEEA theory is expected to reveal 

more detailed underlying SEEA properties that are not 

included in the theoretical model.  

The article structure is as follows. In section 2, mechanism, 

numerical scheme, algorithm, specific treatment for surface 

flashover, and choices of simulation parameters are presented 

in detail, for the constructed 1D2V continuum and kinetic 

model. In section 3, the obtained simulation results including 

surface charge density and surface electron fluxes are shown 

and a comparison with SEEA analytical prediction is made. In 

section 4, the kinetic model is compared with the existing 2D 

PIC model and the pros and cons of the kinetic model are 

analyzed. Section 5 discusses possible future code upgrades to 

include the complete flashover process. Concluding remarks 

are given in section 6.  

2. Model setup 

In this section, the kinetic simulation setup, modeling 

assumptions and algorithms in the surface flashover 

background are presented in detail. The kinetic simulation, 

different from the PIC model that simulates the movement of 

individual super-particles, calculates the evolution of particle 

velocity distribution function (VDF) according to the 

following Boltzmann kinetic equation.  
𝜕𝑓(𝒙,𝒗)

𝜕𝑡
+ 𝒗 ∙ ∇𝑓 +

𝑞[𝑬+𝒗×𝑩]

𝑚
∇𝒗𝑓 =

𝜕𝑓

𝜕𝑡
|
𝑐𝑜𝑙𝑙

  (1) 

Here position x, velocity v, electric and magnetic field E and 

B are all 3D vectors. q and m are charge and mass of the 

species, and f is the velocity distribution function. RHS is the 

VDF source or sink due to interparticle collisions or external 

factors. Each species corresponds to a kinetic equation, and all 

kinetic equations are coupled by Maxwell equation or Poisson 

equation, depending on the context of study. Equation (1) is 

reduced to the Vlasov equation if no collision term exists. 

Physical quantities such as density, particle and heat flux, 

pressure are derived from the VDF at given time and location, 

usually through numerical integral. A complete kinetic 
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simulation technically requires six dimensions in total, three 

in space and three in velocity, i.e. 3D3V. In reality, such 

complete simulation is rarely performed due to high 

computational cost, and pertinent physical assumptions are 

adopted to reduce the dimensions needed. For example, 

kinetic simulation in magnetized plasma can reduce the 

required dimension by one, through averaging over the gyro-

phase angle, also called gyrokinetic simulation [50]. When 

studying unmagnetized sheath, 1D1V kinetic model is 

commonly adopted which only considers space and velocity 

in direction perpendicular to the surface, assuming parallel 

plate geometry [43, 56]. 1D1V kinetic model was also adopted 

for double-surface multipactor simulation in the waveguide 

with high-power microwave [47]. 

For surface flashover modeling, 2D simulation is widely 

employed [15, 16, 22, 27, 41], which considers space 

dimensions in direction perpendicular to insulator (x), and the 

direction perpendicular to electrode (y). A schematic of the 

considered insulator system is shown in Figure 1, where the 

insulator bridges cathode and anode, with electron emission 

from CTJ and SEEA developing across the insulator surface. 

Here it is assumed that the physics in direction parallel to both 

dielectric and insulator (z direction, pointing inward the paper) 

is homogenous, which is valid only if the applied parallel 

electric field (𝐸𝑦) is uniform in z direction. This assumption is 

naturally valid for a cylindrical/conical insulator. For other 

electrodes, the assumption is justified near the central y axis 

unless the electrode has extremely small curvature radius, e.g. 

needle electrode. The assumption is widely adopted in existing 

modeling works and is shown to exhibit good consistency with 

the practical insulation systems. 

 
Figure 1. Schematic of the considered surface flashover model. 

 

A further model simplification is possible by disregarding 

the spatial dimension y, and only considers the velocity in this 

direction. This is because during the development for SEEA 

along y direction, the charging dynamics of a given y position 

is the same as a position having ∆𝑦 distance away, except with 

a time difference of ∆𝑡 = ∆𝑦/𝑣𝑆𝐸𝐸𝐴 , with 𝑣𝑆𝐸𝐸𝐴  the 

propagation velocity of the SEEA. It is then possible to focus 

on one single location and construct a 1D2V model. This will 

be further discussed later in this section.  

All locations (except cathode adjacency) on the insulator 

surface have the same surface charge density after the SEEA 

has fully developed and covers the whole insulator surface, 

which is also called saturated secondary electron emission 

(SSEE) stage [57]. In SSEE, the average secondary electron 

emission yield (SEEY) is one, meaning that one newly created 

secondary electron, after being accelerated by the parallel 

electric field Ey, always induces another SE upon collision 

with insulator. The assumption of SSEE stage was also 

employed in the single-particle analyses of SEEA process 

originally developed by Boersch [23]. The considered 

dimensions (x, vx, vy) in the simulation model are as shown in 

Figure 1.  

In the present 1D2V model, Equation (1) is simplified into 

the following form. Since the plasma current is not strong 

enough to create remarkable magnetic field and no external 

magnetic is applied, the magnetic force term is neglected.  
𝜕𝑓𝑒(𝑥,𝑣𝑥,𝑣𝑦)

𝜕𝑡
= −𝑣𝑥

𝜕𝑓𝑒

𝜕𝑥
−

𝑞𝑒𝐸𝑥

𝑚𝑒

𝜕𝑓𝑒

𝜕𝑣𝑥
−

𝑞𝑒𝐸𝑦

𝑚𝑒

𝜕𝑓𝑒

𝜕𝑣𝑦
+

𝜕𝑓𝑒

𝜕𝑡
|
𝑒𝑒
+ 𝑆𝐶𝑇𝐽 (2) 

The subscript e represents electron, and the last two terms 

in RHS represent electron-electron Coulomb collision and the 

electron source due to CTJ field emission, to be expatiated 

later. Since the present work focuses on the SEEA process 

without outgassing and subsequent plasma discharge, electron 

is the only considered species. Upgrades including more 

plasma species will be discussed in section 5.  

The simulation begins with zero space and surface charge 

everywhere in the simulation domain, corresponding to an 

experimental condition with high degree of vacuum (below 

10-4 Pa). At each time step, advections, collision and source 

terms in RHS of Equation (2) are performed numerically in 

explicit, upwind scheme to update the 3D matrix fe.  

For the two velocity advections, electric field components 

Ex and Ey are required. Since there’s no contribution of surface 

charge to Ey, as opposed to the 2D model [16, 17], Ey is only 

determined by the applied electric field between the 

electrodes. In the simulation, Ey is given as a constant input 

parameter and is always negative with cathode on the left, as 

illustrated in Figure 1. Ex is determined by a 1D Poisson 

equation solver with Neumann boundary condition on 

dielectric boundary and Dirichlet boundary condition on 

vacuum boundary, with 𝐸𝑥,𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝜎𝑒/2휀0  and 

𝑉𝑥,𝑣𝑎𝑐𝑢𝑢𝑚 = 0 . 휀0  is vacuum permittivity and 𝜎𝑒  is surface 

charge density. Note that the effects of surface charge on 

spatial electric field distribution is complex which is closely 

linked with the subsurface charge trapping, migration and 

dissipation [10, 11, 58-61], and the boundary condition here is 

merely a simplification in 1D condition considering only 

above-surface processes. 

Electron-electron Coulomb collision is characterized by the 

BGK collision operator[62] with frequency 𝜈𝑒𝑒, expressed as 

follows: 
𝜕𝑓𝑒

𝜕𝑡
|
𝑒𝑒
= 𝜈𝑒𝑒(𝑛𝑒𝑓𝑒0 − 𝑓𝑒)    (3) 

𝜈𝑒𝑒 =
𝑛𝑒𝑒

4ln(𝛬)

12𝜋1.5𝜀0
2√𝑚𝑒𝑇𝑒

1.5    (4) 

Here the Coulomb logarithm ln(𝛬) = 10 , 𝑛𝑒  is electron 

density at position x, 𝑓𝑒0 is the normalized electron VDF in 
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equilibrium with electron temperature 𝑇𝑒 , consisting two 

velocity components: 

𝑓𝑒0(𝑥, 𝑣𝑥 , 𝑣𝑦) =
𝑚𝑠

2𝜋𝑇𝑒
exp(−

𝑚𝑒𝑣𝑥
2+𝑚𝑒𝑣𝑦

2

2𝑇𝑒
)  (5) 

Equation (3) removes a fraction of electron VDF and 

replenishes it with VDF in equilibrium.  

Since there’s no electron in the entire domain in the 

beginning of simulation, electron source term is required to 

initiate and sustain the discharge. Here the source electrons are 

provided by field emission from CTJ. The field emission 

current density 𝐽𝐶𝑇𝐽  is calculated by the Fowler-Nordheim 

formula [63]: 

𝐽𝐶𝑇𝐽 =
𝑒3

8𝜋ℎ𝜑𝑚
𝐸𝐶𝑇𝐽
2 exp(−

8𝜋√2𝑚𝑒𝜑𝑚
3

3𝑒ℎ𝐸𝐶𝑇𝐽
)  (6) 

Here h is Planck’s constant, 𝑒𝜑𝑚  is the work function of 

electrode material, and 𝐸𝐶𝑇𝐽 is the CTJ electric field. 𝐸𝐶𝑇𝐽 is 

taken as |𝐸𝑦|  and the field enhancement effect is not 

considered. The CTJ source is located between 10-15μm away 

from the insulator and is uniformly distributed in the following 

form: 

𝑆𝐶𝑇𝐽 =
𝐽𝐶𝑇𝐽

𝑒ℎ𝐶𝑇𝐽
𝑓𝑒0,𝐹𝐸    (7) 

Here ℎ𝐶𝑇𝐽  is the width of CTJ emission region (5μm) and 

𝑓𝑒0,𝐹𝐸  is the normalized VDF of electrons created by field 

emission. The exact form of 𝑓𝑒0,𝐹𝐸  is complicated [64], and 

here a simplification is made to consider 𝑓𝑒0,𝐹𝐸  as a half 

Maxwellian with temperature 𝑇𝑓𝑒  in vy direction and full 

Maxwellian in vx direction, similar to Equation (5). 𝑇𝑓𝑒  is 

determined by Fermi level of cathode material. The simulation 

results are however not sensitive to the initial field-emitted 

electron VDF, as it is the parallel field acceleration that 

primarily drives the source electrons. 

To form the SEEA, secondary electron emission on 

insulator is indispensable. The treatment of SEE process here 

is different from the previously used averaged SEEY for all 

electrons in emissive sheath studies [56, 65], instead a SEEY 

matrix 𝛿𝑒  of dimension 𝑑𝑣𝑥 × 𝑑𝑣𝑦  is constructed, with 𝑑𝑣𝑥 

and 𝑑𝑣𝑦 the grid number in vx and vy direction. The matrix 𝛿𝑒 

represents SEEY of each element (𝑣𝑥,𝑖 , 𝑣𝑦,𝑗) in phase space. 

Each element of the matrix is calculated by the following 

empirical formula[66]: 

𝛿𝑒 = 1.526𝛿𝑚𝑎𝑥 (1 +
𝑘𝑠𝛼𝑖𝑛

2

2𝜋
)
1−exp(−𝑧1.725)

𝑧0.725
  (8) 

𝑧 = 1.284𝐴𝑖𝑛/[𝐴𝑚𝑎𝑥(1 +
𝑘𝑠𝛼𝑖𝑛

2

𝜋
)]   (9) 

Here 𝐴𝑚𝑎𝑥  and 𝛿𝑚𝑎𝑥  are two parameters characterizing the 

SEEY curve of a dielectric material, which are the maximum 

SEEY and the corresponding normal incident energy in the 

curve. 𝑘𝑠 is the smoothness factor and here the normal surface 

condition 𝑘𝑠 = 1 is chosen. 𝐴𝑖𝑛 is the electron incident energy 

in eV and 𝛼𝑖𝑛 is the incident angle with respect to the direction 

perpendicular to the insulator: 

𝐴𝑖𝑛(𝑣𝑥𝑖 , 𝑣𝑦𝑗) = 0.5𝑚𝑒(𝑣𝑥,𝑖
2 + 𝑣𝑦,𝑗

2 )/𝑒  (10) 

𝛼𝑖𝑛(𝑣𝑥𝑖 , 𝑣𝑦𝑗) = atan(|
𝑣𝑦,𝑗

𝑣𝑥,𝑖
|)   (11) 

Note that SEE occurs at the surface only when 𝑣𝑥 < 0, here 

𝑣𝑥,𝑖  and 𝑣𝑦,𝑗  are grid point velocities with 1≤i≤dvx and 

1≤j≤dvy.  

The SEEY matrix is determined in the beginning of 

simulation and is reused in each iteration. Individual SEE flux 

is calculated based on 𝛿𝑒 and the VDF at dielectric boundary 

(𝑥 = 0), which is summed up for vx<0 and all vy to get the total 

SEE flux: 

∆𝛤𝑠𝑒𝑒(𝑖, 𝑗) = 𝛿𝑒(𝑖, 𝑗)∆𝛤𝑝𝑒    (12) 

∆𝛤𝑝𝑒 = −𝑣𝑥,𝑖𝑓𝑒(1, 𝑖, 𝑗)𝑑𝑣𝑥𝑑𝑣𝑦    (13) 

𝛤𝑠𝑒𝑒 = ∑ ∑ ∆𝛤𝑠𝑒𝑒(𝑖, 𝑗)𝑣𝑦,𝑗𝑣𝑥,𝑖<0
   (14) 

Here ∆𝛤𝑝𝑒  is the primary electron flux element. The index 1 in 

fe of Equation (13) represents the dielectric boundary, and the 

negative sign is because vx<0.  

With the total SEE flux to emit from the dielectric surface, 

the boundary condition for fe at the dielectric surface is set as: 

𝑓𝑒|𝑥=0,𝑣𝑥>0 =
𝛤𝑠𝑒𝑒

√2𝜋
(
𝑚𝑒

𝑇𝑠𝑒
)
1.5

exp(−
𝑚𝑒𝑣𝑥

2+𝑚𝑒𝑣𝑦
2

2𝑇𝑠𝑒
) (15) 

The secondary electrons VDF is assumed half-Maxwellian in 

vx direction and full Maxwellian in vy direction, with 

temperature 𝑇𝑠𝑒 . Equation (15) is obtained by the following 

flux definition: 

𝛤𝑠𝑒𝑒 = ∫ ∫ 𝑓𝑒,𝑥=0𝑣𝑥𝑑𝑣𝑥
+∞

0
𝑑𝑣𝑦

+∞

−∞
   (16) 

For vacuum boudnary located at 𝑥 = ℎ𝑚𝑎𝑥 , all electrons 

passing through the boudnary are fully absorbed, with: 

𝑓𝑒|𝑥=ℎ𝑚𝑎𝑥,𝑣𝑥<0 = 0    (17) 

In the present simulation, only SEE is considered and both 

elastic and inelastic reflection can be included by introducing 

a reflection coefficient 𝑅𝑓 , such that electrons have 1 − 𝑅𝑓 

probability to induce SEE, whose treatment is introduced 

above. Several different algorithms to implement the electron 

reflection were introduced in a recent literature [65].  

When calculating ∆𝛤𝑠𝑒𝑒(𝑖, 𝑗), the surface charge density 𝜎𝑒 

is also updated. The change of surface charge density in each 

time step is: 

∆𝜎𝑒 = 𝑒∆𝑡 ∑ ∑ [𝛿𝑒(𝑖, 𝑗) − 1]∆𝛤𝑝𝑒𝑣𝑦,𝑗𝑣𝑥,𝑖<0
  (18) 

Here ∆𝑡 is the time step. The updated surface charge density 

is then used to set Ex boundary condition for the next time step. 

 
Figure 2. Flow chart of the program execution. 
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A flow chart of the program execution is shown in Figure 

2, summarizing abovementioned modeling procedures, and 

the convergence is achieved if the surface charge density and 

surface flux change within 0.1% within 104 time steps. 

Note that above simulation setup aims at simulating the 

SEEA formation near the cathode triple junction. According 

to the SEEA theory, the SEEA develops from the cathode to 

anode and gradually covers the entire insulator surface. 

During the SEEA expansion, region covered by SEEA 

achieves saturation with a constant surface charge density and 

SEEY of one, such that all incident electrons from the cathode 

side are converted in the form of SE to the uncovered region 

with the same number of electrons, as if the incident electrons 

arriving at the uncovered region come directly from the CTJ. 

It is hence assumed in the classic SEEA theory that all SEEA 

dynamics are homogeneous in the y direction [67], such that 

the present simulation results are actually applied to any 

arbitrary position of the y direction.  

Default simulation parameters are given as follows and are 

unchanged unless specified. Electron temperatures 𝑇𝑒 = 2𝑒𝑉, 

𝑇𝑓𝑒 = 4𝑒𝑉 , 𝑇𝑠𝑒 = 2𝑒𝑉 , 𝐸𝑦 = −5 × 106𝑉/𝑚 , 𝜑𝑚 = 4.08𝑉 , 

ℎ𝑚𝑎𝑥 = 20𝜇𝑚 . SEE coefficients are 𝛿𝑚𝑎𝑥 = 6.5 , 𝐴𝑚𝑎𝑥 =

650𝑒𝑉, resembling alumina ceramics. Grid number is 200 in 

x, 401 in vx and 201 in vy. Velocity range is 16 times the 

thermal velocity 𝑣𝑇𝑒 = √𝑇𝑒/𝑚𝑒 in vx and 40 times the thermal 

velocity in vy. Time step ∆𝑡 = 5 × 10−15𝑠 . Grid and time 

resolutions are prescribed by the CFL conditions. The chosen 

parameters are based on previous PIC modeling works of 

surface flashover in vacuum [15-19, 27, 41]. 

3. Simulation results and comparison with theory 

In this section, results of 1D2V continuum and kinetic 

simulation are presented, focusing on the surface and space 

charging behaviors during the SEEA development. A 

comparison with existing SEEA analytical expression is made 

to validate the simulation code.  

Electrons released by field emission at CTJ are strongly 

accelerated by the applied field Ey, and a fraction of the field 

emission electrons with negative initial vx component will 

collide with the insulator surface, inducing secondary electron 

emission. Note that under the intense applied field (~105 V/m), 

incident primary electron can carry energy of decades to over 

one hundred eV. Therefore, more than one SEs are unleashed 

and the insulator surface is positively charged, i.e. secondary 

electron flux is above the primary electron flux, shown in 

simulation results of Figure 3. 

In the beginning of simulation, no electron exists in the 

entire domain and it takes some time for source electrons from 

CTJ to arrive at the dielectric surface, Figure 3(b). Once 

electrons arrive at the surface, strongly accelerated electrons 

charge the surface positively, which further attracts electrons, 

causing a “spike” of electron fluxes in the first 5 ps. Electron 

fluxes increase slower as the electron space-charge effect 

gradually becomes obvious, which shields the surface charge 

field. The primary and secondary electron fluxes eventually 

become equal, when the surface charge density reaches 

saturation. 

 

 
Figure 3. Time evolution of (a) surface charge density and (b) 

primary and secondary electron fluxes during SEEA formation. A 

subplot is given in (b) to show the change of electron fluxes in the 

first 0.05 ns.  

 

The saturation of SEEA is achieved in the following way. 

As positive surface charges build up, newly emitted SEs are 

attracted back to surface. Higher surface charge density 𝜎𝑒 

decreases the electron time of flight and the incident energy 

upon electron collision with the insulator, as the perpendicular 

field Ex is proportional to the surface charge density. 

Eventually, a balance is achieved when one emitted SE creates 

another one SE after being accelerated by Ey, combined with 

a saturated surface charge density and balanced primary and 

secondary electron fluxes, achieved at approximately 0.3 ns in 

Figure 3.  

Above processes can be depicted by an analytical model 

based on single-particle analyses, i.e. the SEEA analytical 

expression [23]. For a SE emitted in direction perpendicular 

to the insulator surface, its time of flight is 𝑡𝑒𝑓 = 2√2𝐴0/𝑚𝑒/

|𝑎𝑒𝑥|  and the traveled distance 𝑙𝑒𝑓 = 0.5𝑎𝑒𝑦𝑡𝑒𝑓
2 , with the 

initial energy 𝐴0 and the vertical and parallel acceleration 𝑎𝑒𝑥  

and 𝑎𝑒𝑦 . For a fully developed SEEA, the electron energy 

upon arriving at insulator again must be 𝐴1 , the required 
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energy to produce one new SE. Therefore, the following 

equation must be satisfied [23]: 
2

𝑚𝑒
(𝐴1 − 𝐴0) = 2𝑎𝑒𝑦𝑙𝑒𝑓     (19) 

Considering cosine distribution as the initial SE’s angular 

distribution, Equation (19) is rewritten as: 

𝜎𝑒 = 2휀0|𝐸𝑦| [0.5(
𝐴1

𝐴0
− 1)]

−0.5

    (20) 

Note that here the boundary condition 𝐸𝑥 = 𝜎𝑒/(2휀0) and the 

relation 𝑎𝑒𝑥/𝑎𝑒𝑦 = 𝐸𝑥/𝐸𝑦  is used. The adopted theory has 

several key assumptions that may not be valid in a range of 

conditions, hence leading to discrepancies when compared 

with the simulation results, to be discussed below.  

 
Figure 4. Comparison of simulated surface charge density with SEEA 

analytical prediction for a range of 𝐴𝑚𝑎𝑥  and 𝛿𝑚𝑎𝑥 values.  

 

A scan of SEEY parameters 𝐴𝑚𝑎𝑥 and 𝛿𝑚𝑎𝑥 is performed 

and the obtained simulation results are compared with the 

SEEA theory. The simulation in general predicts lower 𝜎𝑒 

than the SEEA theory, and the discrepancy is lower at high 𝜎𝑒 

levels. With higher 𝛿𝑚𝑎𝑥  and lower 𝐴𝑚𝑎𝑥 , surface charge 

density increases. This is because the factor 𝐴1  can be 

approximated by 𝐴1~𝛿𝑚𝑎𝑥/𝐴𝑚𝑎𝑥, and 𝜎𝑒 increases with 𝐴1.  

The discrepancy between theory and simulation mainly 

consists of four sources. First is the different adopted angular 

distributions. The theory assumes the cosine distribution 

where the differential SE flux of solid angle 𝑑𝛺  is 

proportional to the emission angle with respect to the insulator 

surface normal. The cosine distribution is a 3V distribution 

that cannot be self-consistently implemented into the present 

2V framework. In the simulation, a 2V Maxwellian is chosen 

for simplicity. The second source of discrepancy comes from 

the theory assumption that all emitted SEs have the same 

initial energy 𝐴0 , instead of the Maxwellian distribution 

employed in the simulation. The third reason is that the theory 

doesn’t consider incident angle. Note that in reality, the 

electrons collide on insulator with grazing angle. The last 

discrepancy is due to theory limit at low surface emissivity. 

The SEEA theory is valid only when the surface emission is 

enough to achieve net SEEY that equals to one. When 𝛿𝑚𝑎𝑥 is 

low, incident primary electrons are not sufficiently accelerated 

to induce SEE and accumulate enough positive surface 

charges to form the SEEA. A transition to negative surface 

charge density occurs for reduced surface emission due to 

lower 𝛿𝑚𝑎𝑥. When 𝛿𝑚𝑎𝑥 approaches 1, which is true for some 

metallic materials, no SEEA can be formed regardless of Ey. 

This explains why a considerable difference with theory is 

observed only when 𝛿𝑚𝑎𝑥  is low in Figure 4. It has to be 

pointed out that the threshold SEEY coefficients 𝛿𝑚𝑎𝑥, 𝐴𝑚𝑎𝑥, 

or Ey above which SEEA can be formed is rather complicated 

and no analytical expression is available . Here the SEEY 

parameters are particularly chosen to reveal the theory failure 

with less emissive surface. In the general case with dielectric 

surface, surface emissivity is strong and the discrepancy 

between simulation and SEEA theory is not remarkable.  

As indicated by Equation (20), surface charge density is 

proportional to the applied electric field Ey. The SEEA 

initiation criterion is explained as follows. SEEA is formed 

only when the applied field is above certain level. This is 

because electrons emitted at CTJ by field emission carries low 

energy, which is comparable with the electrode material Fermi 

level. These low-energy electrons, if not sufficiently 

accelerated by the parallel field when arriving at the dielectric 

field, will accumulate negative surface charges with SEEY 

smaller than one. The accumulated negative surface charges 

will repel the following CTJ electrons instead of attracting 

them, such that a SEEA cannot be developed. An expression 

of the threshold electric field above which SEEA can develop 

has been calculated by a previous work [41], which has no 

analytical expression and is related to the angular distribution 

of field emission electrons, dielectric SEEY curve, and CTJ 

emission location. Generally, the threshold field is lower with 

larger 𝛿𝑚𝑎𝑥, smaller 𝐴𝑚𝑎𝑥 and higher CTJ emission location. 

In the present simulation setup, this threshold field is 

approximately 2×106 V/m, which is 0.4 times the adopted 𝐸𝑦 

in simulation. The linear relation predicted by Equation (20) 

is well supported by the simulation results, shown in Figure 5.  

 
Figure 5. Comparison of simulated surface charge density with 

SEEA analytical prediction for varied applied field Ey. The theory 

curve is based on Equation (20).  
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4. Comparison with PIC model 

In this section, the kinetic model is compared with the 

existing 2D2V PIC model, with the same parameter setup as 

listed in section 2, except with a 5mm length in the y direction 

in the PIC model. More detailed descriptions of the adopted 

PIC model are presented in previous literatures [27, 32, 41]. 

The pros and cons of the kinetic model relative to the PIC 

model is discussed, aiming for an improved understanding of 

the model choices in future flashover modeling studies.  

The 2D real-time positions of simulated macroparticles 

during SEEA development is shown in Figure 6. The SEEA is 

initiated near the CTJ due to field emission and develops 

towards the anode, until covering the whole insulator surface 

when reaching saturation. The 2D PIC model provides vivid 

descriptions of how the SEEA evolves whereas the present 

1D2V model only studies one specific point in y direction. 

Note that even after the SEEA reaches saturation, the vertical 

electron distribution is not perfectly uniform along the y 

direction, and intense particle noises persist, as shown by the 

electron “spikes” of varied sizes above the insulator surface in 

Figure 6. A tiny slice of insulator near CTJ can carry negative 

surface charges, as the electrons colliding on that position are 

not sufficiently accelerated by Ey.  

 

 
Figure 6. Electron position distribution in PIC model during SEEA 

development. (a) SEEA expansion. (b) SEEA saturation.  

The reason for not adopting the 2D2V kinetic model in the 

present work is mainly due to limits on computational 

resources. In PIC model, adding dimensions requires updating 

the macroparticle coordinate setup. The PIC simulation speed 

mainly depends on the number of macroparticles. If the 

macroparticle number is fixed, the computation time 

approximately scales linearly with the number of extra 

dimensions, though in reality more microparticles are 

generally needed for simulation with higher spatial 

dimensions, in order to reveal the detailed kinetic effects. For 

kinetic model, the number of VDF matrix element grows 

exponentially with the number of dimensions, and more 

dimensions usually require a compromising decrease of grid 

resolution. For kinetic model with higher dimensions, 

parallelization of VDF matrix using e.g. MPI or OpenMP is 

needed, which is convenient to implement thanks to the 

adopted explicit numerical scheme.  

A comparison of the surface charge density and incident 

primary electron flux towards the insulator surface given by 

the two simulation models is made and is shown in Figure 7. 

Analytical prediction of 𝜎𝑒 is given by Equation (20), and the 

flux density prediction is 𝛤𝑝𝑒 = 𝜎𝑒/(𝑒𝑡𝑒𝑓). Note that the time 

required for kinetic and PIC curves in Figure 7 to reach 

saturation are completely different and should not be 

confused. For kinetic model, the time to reach convergence is 

the time to fully charge the 1D insulator element. For the 2D 

PIC model, the time depends on the length of insulator and is 

equal to 𝑑𝑙/𝑣𝑠𝑒𝑒𝑎. Here 𝑑𝑙 is the insulator length (5mm) and 

𝑣𝑠𝑒𝑒𝑎 is the SEEA propagation velocity, measured to be of 107 

m/s by Anderson [68], which is consistent with the simulation. 

The comparison mainly focuses on the signal noise levels after 

reaching saturation, and the converged values given by the two 

simulation models.  

The PIC model traces show significantly larger signal 

noises than traces from the kinetic model, particularly the 𝛤𝑝𝑒  

trace. The noise-free trace is one of the major advantages of 

using kinetic simulation approach. PIC model yields higher 

converged 𝜎𝑒  and 𝛤𝑝𝑒  values than the SEEA theory, and the 

kinetic model yields lower values than the SEEA theory. 

Discrepancies are lower for 𝜎𝑒, with the kinetic model results 

closer to the theory prediction, as has been discussed in section 

3. The larger 𝜎𝑒 given by PIC model is likely related to the 2D 

effects. Averaging over the y direction in PIC model causes 

derivation from the 1D model as well as the analytical 

prediction, due to the fact that SEEA is not perfectly uniform 

in y direction, particularly near the CTJ, shown in Figure 6. 

The near-CTJ charging dynamics is sensitive to the choice of 

CTJ emission height and emission angle [69]. Discrepancies 

with theory predictions are also linked with the fact that the 

theory does not consider the space-charge effects and only 

analyzes single-particle trajectory under the applied field. The 

local field distortion caused by near-surface electrons can alter 

the electron trajectories. The discrepancies between 
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simulation and theory are larger for primary electron flux as 

𝛤𝑝𝑒 ∝ 𝜎𝑒
2 [70].  

The reason for evaluating the surface charge density 𝜎𝑒 

above is that 𝜎𝑒 is crucial to determine the flashover voltage. 

Though the present simulation model does not include the 

outgassing and breakdown stage of flashover, 𝜎𝑒 can provide 

an estimation of the flashover threshold. It was shown that the 

local desorbed neutral pressure near the insulator surface is 

proportional to the square of 𝜎𝑒  [70]. A higher desorbed 

neutral pressure will enhance ionization and decrease the 

breakdown voltage. By combining the linear relation between 

𝜎𝑒  and applied parallel electric field, and the empirical 

breakdown voltage formula of given gas species, Townsend 

first coefficient, pressure, the flashover voltage can be 

calculated. A next step plan is to upgrade the kinetic 

simulation model to include the breakdown stage of flashover 

and validate the obtained flashover voltage against the theory 

prediction, to be further discussed in section 5.  

 

 
Figure 7. Comparison of surface charge density and primary electron 

flux density time traces given by the PIC model and kinetic model, 

with the same default simulation input parameters. Predictions given 

by SEEA analytical expression are marked by the dashed lines.  

 

The comparison of kinetic and PIC simulation results 

suggests that the strong fluctuations of physical quantities 

such as electron fluxes and surface charge density observed in 

PIC simulations are due to numerical noises and do not 

represent realistic waves/instabilities.  

5. Discussions 

In the present simulation, only the electron VDF is 

simulated during the SEEA stage, without outgassing and the 

subsequent surface plasma discharge. The main motivation of 

the present work is to introduce and validate the 

implementation of the continuum, kinetic model in surface 

flashover simulation. In future code upgrades, the stages after 

SEEA will be included. A schematic of the surface flashover 

model updated from Figure 1, which includes the outgassing 

due to electron collision with the insulator surface and the ions 

created by electron-neutral ionization collision, is shown in 

Figure 8. Firstly, SEEA electrons collide on insulator surface, 

releasing previously adsorbed gas (desorption). The desorbed 

neutrals transport away from the insulator, and establish a 

local high-pressure region near the insulator. A discharge 

plasma is formed in the high-pressure region due to electron-

neutral collisions and eventually leads to a breakdown. There 

exists a variety of challenges when simulating the outgassing 

and surface discharge processes in the PIC model.  

 
Figure 8. Schematic of the surface flashover model including 

outgassing and electron-neutral ionization collision.  

 

First of all, the time scale of realistic outgassing process is 

significantly longer than the plasma discharge and SEEA. 

Typical local pressure near insulator can be above several Torr 

[16, 71], before the final plasma discharge, requiring 

outgassing time scale of order of 100 ns based on experimental 

observations [72]. This demands simplification in the PIC 

models such as presetting initial pressure or using greater 

outgassing rate to acceleration the simulation [16, 27]. This 

technical difficulty also exists the kinetic simulation.  

The second difficulty is the drastically different particle 

density between SEEA stage and surface plasma discharge. As 

local pressure grows up due to outgassing, plasma density 

keeps increasing, so as the required number of microparticles. 

Though it is possible to adopt dynamics particle weight and 

adjust the weight in real-time simulation [73, 74], simulation 

speed during surface plasma discharge stage is in general well 

below the SEEA stage. The advantage of kinetic code, on the 

contrary, is that its simulation speed is not sensitive to the 

varying plasma density and only scales linearly with the 

number of particle species, which is doubled in discharge 

stage by introducing positive ion species.  

In addition, the treatment of plasma-neutral collision is not 

straightforward in PIC model due to the strongly nonuniform 

neutral distribution, and special care is needed when 
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performing null collision [75]. In contrast, plasma-neutral 

collision is realized in kinetic model by simply adding a BGK 

collision operator with specific collision frequency, which is 

proportional to the neutral density at each grid point and is 

easily calculated with existing collision cross-section data. 

Including outgassing and surface plasma discharge will hence 

not significantly reduce the kinetic simulation speed.  

The choice of desorbed neutral transport model in the 

surface plasma discharge stage is also crucial. Direct 

simulation Monte Carlo (DSMC) method simulates the 

movement of individual neutral macroparticles, which are 

averaged over the grid point to obtain the near-surface 

pressure distribution. This method is compatible with the PIC 

model and was adopted in previous multipactor simulation 

with gas desorption [76]. Note that the flashover plasma is 

essentially a low temperature, partially ionized plasma, such 

that the neutral density is several orders of magnitude higher 

than the plasma density. The weight of neutral particle hence 

must be well above the weight of plasma macroparticles. In 

more recent surface flashover modeling [16], fluid model 

based on desorbed neutral diffusion equation was adopted. 

The analytical solution of neutral density profiles significantly 

reduces the required computational resources. In future kinetic 

modeling, the outgassing can be described by the desorbed 

neutral diffusion equation with a source boundary condition, 

prescribed by the real-time primary electron flux density and 

the gas desorption rate.  

6. Conclusions 

The 1D2V continuum and kinetic simulation model for 

surface flashover in vacuum is presented to reproduce the 

SEEA process. The simulation updates the electron velocity 

distribution function matrix by executing advections, electron-

electron Coulomb collision, and field emission source at 

cathode triple junction. Secondary electron emission is 

implemented via the 2D matrix of SEE yield and VDF 

boundary condition, while updating the surface charge density 

simultaneously. The obtained surface charge density and flux 

density are consistent with the SEEA analytical prediction and 

the existing 2D PIC model, while the kinetic simulation 

provides noise-free data compared with the PIC model. A 

comparison between the kinetic and PIC simulation results 

suggests that the previously observed strong fluctuations in 

the PIC models are due to numerical noises instead of 

waves/instabilities. The simulation code can be upgraded to 

include the subsequent outgassing and surface plasma 

discharge stages in flashover, and is expected to show only 

limited reduction of simulation speed. The continuum and 

kinetic simulation is here validated as an alternative and 

effective numerical modeling approach for future surface 

flashover studies.  

 

Acknowledgements 

This research was conducted under the auspices of the 

National Natural Science Foundation of China (NSFC) under 

Grants No. 51827809, 51707148 and No. 12175176. This 

work was supported in part by the Swiss National Science 

Foundation. 

References 

[1] Li C, Zhang C, Lv J, Liang F, Liang Z, Fan X, Riechert U, Li Z, 

Liu P, Xue J, et al. 2022 China's 10-year progress in DC gas-insulated 

equipment: From basic research to industry perspective iEnergy 1 

400-33 

[2] Li C, Zi Y, Cao Y, Mazzanti G, Fabiani D, Zhang D, Xing Y and 

He J 2022 Advanced insulating materials contributing to “carbon 

neutrality”: Opportunities, issues and challenges 7 607-9 

[3] Sun J, Song S, Zheng J, Li Z, Huo J, Wang Y, Xiao P, Akram S 

and Qin D 2022 A Review on Surface Flashover Phenomena at DC 

Voltage in Vacuum and Compressed Gas IEEE Transactions on 

Dielectrics and Electrical Insulation 29 1-14 

[4] Li S 2020 Improvement of surface flashover in vacuum 5 122-33 

[5] Zhang C, Ren C, Zhou B, Huang B, Yang J, Li S, Man C, He P, 

Zhang C, Teng Y, et al. 2022 Linking trap to G10 surface flashover 

in liquid nitrogen under DC voltage Cryogenics 122 103423 

[6] Mao J, Wang S, Shi Q, Cheng Y and Chen Y 2022 Excellent 

Vacuum Pulsed Flashover Characteristics Achieved in Dielectric 

Insulators Functionalized by Electronegative Halogen–Phenyl and 

Naphthyl Groups Langmuir 38 4129-37 

[7] Qi B, Yang Z, Yang X, Huang M, Gao C, Zhang Y, Luo Y, Lu L 

and Li C 2023 The flashover of epoxy initiated by micron metal 

particles under DC voltage: phenomenon and mechanism Journal of 

Physics D: Applied Physics 56 035201 

[8] Franck C M, Chachereau A and Pachin J 2021 SF6-Free Gas-

Insulated Switchgear: Current Status and Future Trends IEEE 

Electrical Insulation Magazine 37 7-16 

[9] Tschentscher M, Graber D and Franck C M 2020 Influence of 

humidity on conduction processes in gas-insulated devices High 

Voltage 5 143-50 

[10] Chen X, Guan H, Jiang T, Du H, Paramane A and Zhou H 2020 

Surface charge dissipation and DC flashover characteristic of DBD 

plasma treated epoxy resin/AlN nanocomposites IEEE Transactions 

on Dielectrics and Electrical Insulation 27 504-11 

[11] Guan H, Chen X, Du H, Paramane A and Zhou H 2019 

Mechanisms of surface charge dissipation of silicone rubber 

enhanced by dielectric barrier discharge plasma treatments Journal 

of Applied Physics 126 

[12] Li X, Dijcks S, Nijdam S, Sun A, Ebert U and Teunissen J 2021 

Comparing simulations and experiments of positive streamers in air: 

steps toward model validation Plasma Sources Science and 

Technology 30 095002 

[13] Bean I A, Adams C S and Weber T E 2020 HVDC Surface 

Flashover in Compressed Air for Various Dielectrics IEEE 

Transactions on Dielectrics and Electrical Insulation 27 1982-8 

[14] Zhang G J, Su G Q, Song B P and Mu H B 2018 Pulsed flashover 

across a solid dielectric in vacuum IEEE Transactions on Dielectrics 

and Electrical Insulation 25 2321-39 

[15] Cai L, Wang J, Zhu X, Wang Y and Zhang D 2015 Two-

dimensional simulation research of secondary electron emission 

avalanche discharge on vacuum insulator surface Physics of Plasmas 

22 013502 

Page 9 of 11 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-133761.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Journal XX (XXXX) XXXXXX Author et al  

 10  
 

[16] Wang H, Zhang J, Li Y, Lin S, Zhong P and Liu C 2018 2D 

particle-in-cell simulation of the entire process of surface flashover 

on insulator in vacuum Physics of Plasmas 25 043522 

[17] Zhang J, Wang H, Li Y, Liu C, Luo W and Zhang J 2022 

Evolution of vacuum surface flashover for angled dielectric 

insulators with particle-in-cell simulation Physics of Plasmas 29 

043506 

[18] Dong Y, Liu Q, Yang W, Zhou H and Dong Z 2021 PIC-MCC 

Investigation on the Influences of Gas Medium and Flashover on the 

Multipacting Cathode Operation IEEE Transactions on Plasma 

Science 49 1588-96 

[19] Sun G-Y, Song B-P and Zhang G-J 2018 Investigation of 

multipactor-induced surface plasma discharge and temporal mode 

transition Applied Physics Letters 113 011603 

[20] Wang J, Cai L, Zhu X, Wang Y and Xuan C 2010 Numerical 

simulations of high power microwave dielectric interface breakdown 

involving outgassing Physics of Plasmas 17 063503 

[21] Brown M, Milestone W and Joshi R P 2022 Numerical analysis 

for suppression of charge growth using nested grooves in rectangular 

waveguides Journal of Applied Physics 132 213304 

[22] Meng Y, Xuan H, Deng Z, Li Z, Ding W and Liu W 2022 The 

surface flashover process under positive lightning impulse voltage: 

initial stage and evolution Journal of Physics D: Applied Physics 55 

385203 

[23] Boersch H, Hamisch H and Ehrlich W 1985 Surface discharge 

through an insulator in a vacuum. In: International 

Electromicroscopy Conference, 

[24] Wen D-Q, Zhang P, Krek J, Fu Y and Verboncoeur J P 2022 

Higher Harmonics in Multipactor Induced Plasma Ionization 

Breakdown near a Dielectric Surface Physical Review Letters 129 

045001 

[25] Mao J, Wang S, Cheng Y and Wu J 2018 Influence of pulse front 

steepness on vacuum flashover characteristics Applied Surface 

Science 448 261-9 

[26] Zhai Y, Wang H, Cao M, Lin S, Peng M, Li Y, Cui W and Li Y 

2022 Electromagnetic and Electrostatic Particle-in-Cell Simulations 

for Multipactor in Parallel-Plate Waveguide IEEE Transactions on 

Electron Devices 69 5832-8 

[27] Sun G-Y, Guo B-H, Song B-P, Su G-Q, Mu H-B and Zhang G-

J 2018 Simulation on the dynamic charge behavior of vacuum 

flashover developing across insulator involving outgassing Physics 

of Plasmas 25 063502 

[28] Zhang X, Chang C and Gimeno B 2019 Multipactor Analysis in 

Circular Waveguides Excited by TM01 Mode IEEE Transactions on 

Electron Devices 66 4943-51 

[29] Wang H, Cui X, Liu L, Liu D and Meng L 2018 Theory of 

plasma propagation from microlayer discharges in vacuum window 

breakdown Physics of Plasmas 25 010703 

[30] Wang X, Zheng S, Li Z, Pan S, Fan W, Min D and Li S 2022 

Radiation electron trajectory modulated DC surface flashover of 

polyimide in vacuum Journal of Physics D: Applied Physics 55 

205201 

[31] Xu Y, Liu Z, Zou X, Wang X and Wang P 2022 Two modes of 

vacuum flashover process under pulsed voltage Physics of Plasmas 

29 113901 

[32] Zhang S, Sun G-Y, Mu H-B, Song B-P, Xue J and Zhang G-J 

2020 Modelling vacuum flashover mitigation with complex surface 

microstructure: mechanism and application 5 110-21 

[33] Cai L, Wang J, Cheng G, Zhu X and Xia H 2015 Simulation of 

multipactor on the rectangular grooved dielectric surface Physics of 

Plasmas 22 113506 

[34] Cai L, Wang J, Cheng G, Zhu X and Xia H 2015 Self-consistent 

simulation of radio frequency multipactor on micro-grooved 

dielectric surface Journal of Applied Physics 117 053302 

[35] Cheng G, Cai D, Hong Z and Liu L 2013 Variation in time lags 

of vacuum surface flashover utilizing a periodically grooved 

dielectric IEEE Transactions on Dielectrics and Electrical Insulation 

20 1942-50 

[36] Zhou R-D, Sun G-Y, Song B-P, Guo B-H, Yang N, Mu H-B and 

Zhang G-J 2019 Mechanism of F2/N2 fluorination mitigating 

vacuum flashover of polymers Journal of Physics D: Applied Physics 

52 375304 

[37] Cai L, Wang J, Zhu X, Wang Y, Xuan C and Xia H 2011 

Suppression of multipactor discharge on a dielectric surface by an 

external magnetic field Physics of Plasmas 18 073504 

[38] Chang C, Liu G Z, Tang C X, Chen C H, Shao H and Huang W 

H 2010 Suppression of high-power microwave dielectric multipactor 

by resonant magnetic field Applied Physics Letters 96 111502 

[39] Wang H, Bai X, Liu L, Liu D and Meng L 2022 Suppression of 

Circularly Polarized Microwave Dielectric Multipactor by Normal 

Gyromagnetic Field IEEE Transactions on Electron Devices  1-5 

[40] Dong Y, Liu Q, Li X, Zhou H and Dong Z 2019 Particle-In-Cell 

Simulation on the Multipacting Process of a Novel High-Current 

Density Cathode IEEE Transactions on Plasma Science 47 1378-86 

[41] Sun G-Y, Guo B-H, Mu H-B, Song B-P, Zhou R-D, Zhang S 

and Zhang G-J 2018 Flashover strength improvement and 

multipactor suppression in vacuum using surface charge pre-

conditioning on insulator Journal of Applied Physics 124 134102 

[42] Cai L B, Wang J G, Zhang D H, Du T J, Zhu X Q and Wang Y 

2012 Self-consistent simulation of the initiation of the flashover 

discharge on vacuum insulator surface Physics of Plasmas 19 

[43] Cagas P, Hakim A, Juno J and Srinivasan B 2017 Continuum 

kinetic and multi-fluid simulations of classical sheaths Physics of 

Plasmas 24 022118 

[44] Cui C and Wang J 2021 Grid-based Vlasov simulation of 

collisionless plasma expansion Physics of Plasmas 28 093510 

[45] Sun G-Y, Sun A-B and Zhang G-J 2020 Intense boundary 

emission destroys normal radio-frequency plasma sheath Physical 

Review E 101 033203 

[46] Sun G-Y, Li H-W, Sun A-B, Li Y, Song B-P, Mu H-B, Li X-R 

and Zhang G-J 2019 On the role of secondary electron emission in 

capacitively coupled radio-frequency plasma sheath: A theoretical 

ground 16 1900093 

[47] Silvestre L, Shaw Z C, Sugai T, Stephens J, Mankowski J J, 

Dickens J, Neuber A A and Joshi R P 2022 A continuum approach 

for multipactor using Vlasov–Poisson analysis Journal of Physics D: 

Applied Physics 55 045202 

[48] Yuan C, Bogdanov E A, Eliseev S I and Kudryavtsev A A 2017 

1D kinetic simulations of a short glow discharge in helium Physics 

of Plasmas 24 073507 

[49] Palmroth M, Ganse U, Pfau-Kempf Y, Battarbee M, Turc L, 

Brito T, Grandin M, Hoilijoki S, Sandroos A and von Alfthan S 2018 

Vlasov methods in space physics and astrophysics Living Reviews in 

Computational Astrophysics 4 1 

[50] Garbet X, Idomura Y, Villard L and Watanabe T H 2010 

Gyrokinetic simulations of turbulent transport Nuclear Fusion 50 

043002 

[51] Campanell M D and Johnson G R 2019 Thermionic Cooling of 

the Target Plasma to a Sub-eV Temperature Physical Review Letters 

122 015003 

[52] Coulette D and Manfredi G 2016 Kinetic simulations of the 

Chodura and Debye sheaths for magnetic fields with grazing 

incidence Plasma Physics and Controlled Fusion 58 025008 

[53] Cheng G, Liu L, Liu Y and Yuan C 2009 Monte Carlo Study of 

the Single-Surface Multipactor Electron Discharge on a Dielectric 

IEEE Transactions on Plasma Science 37 1968-74 

Page 10 of 11AUTHOR SUBMITTED MANUSCRIPT - JPhysD-133761.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Journal XX (XXXX) XXXXXX Author et al  

 11  
 

[54] Wang H, Meng L, Liu D and Liu L 2013 Rescaling of 

microwave breakdown theory for monatomic gases by particle-in-

cell/Monte Carlo simulations Physics of Plasmas 20 

[55] Wang J, Cai L, Zhu X, Wang Y and Xuan C 2010 Numerical 

simulations of high power microwave dielectric interface breakdown 

involving outgassing Physics of Plasmas 17 

[56] Sun G-Y, Li Y, Zhang S, Song B-P, Mu H-B, Guo B-H, Sun A-

B and Zhang G-J 2019 Integrated modeling of plasma-dielectric 

interaction: kinetic boundary effects Plasma Sources Science and 

Technology 28 055001 

[57] Miller H C 2015 Flashover of insulators in vacuum: the last 

twenty years IEEE Transactions on Dielectrics and Electrical 

Insulation 22 3641-57 

[58] Gao C, Qi B, Li C, Huang M and Lv Y 2020 The surface charge 

of Al2O3 ceramic insulator under nanosecond pulse voltage in high 

vacuum: characteristics and its impact on surface electric field 

Journal of Physics D: Applied Physics 53 055501 

[59] Li C, Zhu Y, Zhi Q, Sun J, Song S, Connelly L, Li Z, Chen G, 

Lei Z, Yang Y, et al. 2021 Dust Figures as a Way for Mapping 

Surface Charge Distribution — A Review IEEE Transactions on 

Dielectrics and Electrical Insulation 28 853-63 

[60] Yin K, Xie Q, Ruan H, Duan Q, Lü F, Bian X and Zhang T 2020 

Causation of ultra-high surface insulation of 

Bi0.95Y0.05FeO3/epoxy composites: Simultaneous sine-variations 

of dielectric and trap properties with filler content Composites 

Science and Technology 197 108199 

[61] Wang X, Min D, Pan S, Zheng S, Hou X, Wang L and Li S 2021 

Coupling Effect of Electron Irradiation and Operating Voltage on the 

Deep Dielectric Charging Characteristics of Solar Array Drive 

Assembly IEEE Transactions on Nuclear Science 68 1399-406 

[62] Bhatnagar P L, Gross E P and Krook M 1954 A Model for 

Collision Processes in Gases. I. Small Amplitude Processes in 

Charged and Neutral One-Component Systems Physical Review 94 

511-25 

[63] Fowler R H and Nordheim L 1928 Electron emission in intense 

electric fields 119 173-81 

[64] Gadzuk J W and Plummer E W 1973 Field Emission Energy 

Distribution (FEED) Reviews of Modern Physics 45 487-548 

[65] Sun G-Y, Zhang S, Guo B-H, Sun A-B and Zhang G-J 2022 

Vlasov simulation of the emissive plasma sheath with energy-

dependent secondary emission coefficient and improved modeling 

for dielectric charging effects 10 

[66] Yu K K, Zhang G J, Zheng N, Raitses Y and Fisch N J 2009 

Monte Carlo Simulation of Surface-Charging Phenomena on 

Insulators Prior to Flashover in Vacuum IEEE Transactions on 

Plasma Science 37 698-704 

[67] Anderson R A and Brainard J P 1980 Mechanism of pulsed 

surface flashover involving electron‐stimulated desorption Journal 

of Applied Physics 51 1414-21 

[68] Anderson R A 2008 Propagation velocity of cathode‐initiated 

surface flashover Journal of Applied Physics 48 4210-4 

[69] Su G Q, Song B P, Wang Y B, Mu H B, Zhang G J, Li F and 

Wang M 2017 Monte Carlo simulation of temporal behavior of 

surface charging across insulator at flashover initial stage in vacuum 

IEEE Transactions on Dielectrics and Electrical Insulation 24 3304-

12 

[70] Sun G-Y, Song B-P, Guo B-H, Zhou R-D, Zhang S, Mu H-B 

and Zhang G-J 2018 Estimation of surface flashover threshold in 

vacuum: from multipactor to discharge plasma Journal of Physics D: 

Applied Physics 51 295201 

[71] Gray E W 1985 Vacuum surface flashover: A high‐pressure 

phenomenon Journal of Applied Physics 58 132-41 

[72] Neuber A, Butcher M, Krompholz H, Hatfield L L and 

Kristiansen M 1999 The role of outgassing in surface flashover under 

vacuum. In: Digest of Technical Papers. 12th IEEE International 

Pulsed Power Conference. (Cat. No.99CH36358), pp 441-5 vol.1 

[73] Welch D R, Genoni T C, Clark R E and Rose D V 2007 Adaptive 

particle management in a particle-in-cell code Journal of 

Computational Physics 227 143-55 

[74] Teunissen J and Ebert U 2014 Controlling the weights of 

simulation particles: adaptive particle management using k-d trees 

Journal of Computational Physics 259 318-30 

[75] Vahedi V and Surendra M 1995 A Monte Carlo collision model 

for the particle-in-cell method: applications to argon and oxygen 

discharges Computer Physics Communications 87 179-98 

[76] Cheng G and Liu L 2013 Electromagnetic particle-in-cell 

verification of improving high-power microwave window 

breakdown thresholds by resonant magnetic field Applied Physics 

Letters 102 243506 

 

Page 11 of 11 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-133761.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t


