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Abstract. A numerical parametric study on positive diffuse discharges in point-

to-plane geometry in air at atmospheric pressure is presented. Different discharge

characteristics are studied: ignition time, connection time to the grounded cathode

plane, shape of the discharge and its maximum radius at the connection time, evolution

of the maximum electric field in the discharge front and velocity of the ionization front

during its propagation. First, a case at a DC voltage of 50 kV applied on a rod anode

ended by a semi-sphere with a radius of 100 µm set at 1.6 cm from a grounded cathode

plane is considered. The influence of the rod radius, the position of a disc holder, the

shape of the anode electrode and the radial extension of the computational domain are

studied. The radius of curvature of the anode tip (varied between 100 and 1000 µm)

and the shape of the anode electrode (rod or hyperbola) are shown to have a negligible

influence on discharge characteristics. Conversely, the presence of a disc holder or

a small radial computational domain lead to a decrease of the maximum discharge

radius at the connection time and a change in the discharge shape from a conical to

an ellipsoidal shape. These changes on the discharge morphology have only a limited

impact on the propagation velocity of the discharge front and maximum electric field

on the discharge axis. Then, a point-to-plane geometry with a rod electrode of 50 µm

radius, in a 1.6 cm gap, with a 100 kV voltage applied with a rise time of 1 ns is

studied. The influence of a disc holder on the discharge characteristics is the same as

for lower DC voltages. Finally, the time evolution of the absolute value of the electric

field at different test points on the discharge axis is studied. Close to the anode tip,

rapidly after the peak of electric field due to the passage of the ionization front, the

electric field in the discharge channel is shown to increase to values higher than the

breakdown field.

Keywords: nanosecond discharge in air at atmospheric pressure, ionization wave

dynamics, fluid simulation
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Morphology of positive ionization waves ... 2

1. Introduction

Recently, several experimental and numerical studies in point-to-plane geometry in air

gaps of about 1 cm at atmospheric pressure have reported images of axisymmetric diffuse

discharges with maximum radius of several centimeters as reviewed in Naidis et al.

(2018) and shown since then in Brisset et al. (2019); Chng et al. (2019); Tarasenko et al.

(2020); Tarasenko (2020); Chen et al. (2020); Bourdon et al. (2020); Babaeva and Naidis

(2021); Zhu et al. (2021). These discharges are obtained using high voltage pulses (with

maximum voltages being five or ten times higher than classical steady-state breakdown

levels) applied with sub-nanosecond and nanosecond rise times. For both positive and

negative polarities of the applied voltage at the point electrode, these diffuse discharges

are shown to be formed due to an ionization wave propagating from the point electrode

to the grounded plane (Naidis et al., 2018). For negative subnanosecond discharges,

the effective generation of runaway electron beams near the point electrode has been

reported experimentally (Naidis et al., 2018; Tarasenko, 2020). Results of simulations

(Babaeva et al., 2018; Tarasenko et al., 2020) show an increase of the negative front

velocity with this additional source of precursor electrons ahead of the discharge front.

On the other hand, in positive polarity a diffuse-like discharge has been observed in

certain electrode set-ups, while no x-rays nor runaways were detected (Brisset et al.,

2019; Chng et al., 2019). Then, the understanding of conditions in which a diffuse

nanosecond positive ionization wave can be obtained in atmospheric pressure air is of

particular interest.

So far, the number of experimental and numerical studies on positive diffuse discharges

in atmospheric pressure air remains limited (Naidis et al., 2018; Tardiveau et al., 2009;

Pechereau et al., 2014; Babaeva and Naidis, 2016b; Babaeva and Naidis, 2016a; Marode

et al., 2016; Tardiveau et al., 2016; Tarasenko et al., 2020; Chen et al., 2020; Bourdon

et al., 2020; Babaeva and Naidis, 2021; Zhu et al., 2021). Rather good agreement

between experiments and simulations has been obtained on discharge characteristics

such as the maximum discharge radius and ionization front velocity as reviewed in Naidis

et al. (2018); Babaeva and Naidis (2021) and on the time evolutions of the electric field

on the symmetry axis as shown at very early times of discharge propagation in Brisset

et al. (2019) and during the whole discharge propagation in the gap in Bourdon et al.

(2020); Zhu et al. (2021).

As demonstrated for plasma jets in Xiong et al. (2012); Lietz and Kushner (2018), the

geometry of electrodes and the location of grounded surfaces around the studied set-up

has a major influence on discharges at atmospheric pressure. It is interesting to note that

in experiments on diffuse discharges in point-to-plane geometry, different shapes and

lengths of high voltage point electrodes are used, but in all cases, the radius of curvature

of its tip is small, varying between 10 and 200 µm (with base values of 75 µm used in

Tarasenko et al. (2018, 2020) and 50-100 µm used in Brisset et al. (2019); Chng et al.

(2019)). Experimentally, Tardiveau et al. (2016) have studied the influence of the tip

radius in the range 10 to 200 µm on the discharge characteristics and have reported only
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Morphology of positive ionization waves ... 3

a small influence on discharge morphology and time development. In most simulation

works, simple shapes of point electrodes are used (sphere in Babaeva and Naidis (2016b);

Babaeva and Naidis (2016a), rod ended by semi-sphere in Bourdon et al. (2020), conical

shape ended by a semi-sphere in Pechereau et al. (2014), parabolic shape in Marode

et al. (2016); Brisset et al. (2019) and conical shape ended by a hyperboloid electrode in

Chen et al. (2020)). Recently, in Zhu et al. (2021), a more complex shape (combining a

conical pin with a metal cylinder on a trapezoidal holder) has been considered to be as

close as possible to experiments in Chng et al. (2019). It is interesting to note that in

numerical studies of positive diffuse discharges, the radius of curvature of the tip varies

between 50 µm for Pechereau et al. (2014); Marode et al. (2016); Chen et al. (2020);

Zhu et al. (2021) to 100 µm in Bourdon et al. (2020); Zhu et al. (2021) and between 1

to 5 mm in Tarasenko et al. (2020); Babaeva and Naidis (2016a); Babaeva and Naidis

(2016b). In the simulations presented in Tarasenko et al. (2020), the sphere radius is

varied between 1 and 1.5 mm for a constant DC applied voltage. It is shown that the

influence of the tip radius on the average propagation velocity of the diffuse ionization

wave is negligible. During the discharge propagation, the velocity is shown to vary

significantly in the gap and is the highest close to the sphere electrode with the smallest

radius. In the simulations presented in Zhu et al. (2021), it is mentioned that varying

the curvature radius of the pin tip from 50 to 100 µm has also a negligible influence

on the discharge evolution. Conversely, using three different shapes of the pin (close to

experiment, elliptical and triangular), it is shown that the shape of the pin affects the

calculated discharge morphology.

In experiments, to prevent parasite discharges that may happen due to the very high

voltages used, holders of the high voltage point anode electrode have to be designed

carefully as shown in set-up schemes in Tardiveau et al. (2016); Tarasenko et al. (2020).

In diffuse discharge simulations with simple point electrode geometries, as in Naidis et al.

(2018); Bourdon et al. (2020), no point holder is considered. In Bourdon et al. (2020)

a weak radial discharge propagating around the cylindrical part of the rod electrode

is observed. This radial discharge is much slower than the main axial positive diffuse

ionization wave propagating from the tip to the grounded cathode plane. In Marode

et al. (2016), a disc at the same voltage as the point electrode is set at 1 cm from

the tip of a parabolic point electrode and no parasite discharges are observed. With a

more complex shape of the high voltage point electrode, and in particular when sharp

corners are present close to the tip, parasite radial discharges may become more intense

as observed in the simulations carried out in Chen et al. (2020); Zhu et al. (2021).

Finally, it is interesting to note that in experiments, the point-to-plane set-ups are

usually set in a grounded metallic reactor. In simulations carried out so far on positive

diffuse discharges, the influence of radial boundary conditions for electric potential on

the characteristics of diffuse discharges has not been studied. It is interesting to note

that the size of the radial computational domain varies from 1 cm in Marode et al.

(2016) to 7.5 cm in Bourdon et al. (2020).

The objective of this work is to carry out a detailed parametric numerical study on

Page 3 of 35 AUTHOR SUBMITTED MANUSCRIPT - PSST-104620.R2

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



Morphology of positive ionization waves ... 4

the influence of the tip radius, the shape of the point anode electrode, the presence of a

holder of the point anode electrode and the radial extension of the computational domain

on the propagation velocity, peak electric field on the axis and maximum discharge

radius of a positive ionization front propagating between a high voltage point anode

electrode and a grounded cathode plane. In this work, the gap is fixed to 1.6 cm.

This study is not intended to make side-by-side comparison to the results of any single

experiment. Rather, in this study, we use the flexibility of numerical simulations to study

separately the effects of several geometrical parameters that can not be decoupled easily

in experiments. However, throughout the following sections, comparisons are made to

experimental data for similar devices.

The model is described in section 2, and the results of our investigation are discussed

in section 3. In section 3.1, the base case is a point-to-plane geometry with a DC

applied voltage of 50 kV. The influence of the tip radius, presence and position of a

disc as point holder, shape of the high voltage point electrode and radial extension

of the computational domain are discussed. Then, in section 3.2, the influence of a

disc as point holder on the discharge characteristics is studied for a higher voltage of

100 kV applied with a rise time of 1 ns. Finally, the time evolution of the electric field

at different test points of the gap for the high voltage case of section 3.2 is discussed.

Concluding remarks are in section 4.

2. Model formulation

The studied configuration is a point-to-plane geometry with a positive high voltage

applied to a point electrode set at a distance dg = 1.6 cm from a grounded plane

as shown in Figure 1. As discussed in Naidis et al. (2018); Zhu et al. (2021), a

classical fluid model can be used to simulate propagation of positive ionization fronts

produced by subnanosecond high overvoltages. In this work, we use the same fluid model

as in Bourdon et al. (2020), based on drift-diffusion equations for electrons, positive

and negative ions coupled with Poisson’s equation. As the discharge is axisymmetric,

cylindrical coordinates (x, r) are used as shown in Figure 1.

In section 3.1, a DC voltage of 50 kV is applied to the point electrode which is, as a base

case in this section, a rod of radius Rr = 100 µm ended by a semi-sphere with the same

radius. Then, in the following, changing the radius of the rod electrode means changing

both the radius of the rod and the radius of the semi-sphere at the tip, such that they

always equal each other. In all the computations in section 3.1, the domain is a cartesian

grid of size Rd× L, where Rd is the position of the radial boundary, and L the extension

of the domain in the axial direction (x), which is the sum of the gap distance dg, and

the distance dp from the tip of the point to the disc holder or to the axial boundary

of the computational domain (Figure 1). For the reference computational domain, we

have considered as in Bourdon et al. (2020) Rd = 7.52 cm, and dp = 1 cm, hence

L=dg+dp = 2.6 cm. The reference grid used in this work is the same as in Bourdon

et al. (2020) with nx× nr = 7252× 2400. In section 3.1.1, the radius Rr of the rod and
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Morphology of positive ionization waves ... 5

semi-sphere is varied between 100 and 1000 µm. In section 3.1.2 a disc with the same

applied voltage as the point electrode is set as holder at different distances dp from the

tip, as defined on Figure 1. The value of dp is varied between 0.6 to 4.8 cm, keeping the

same gap distance dg, and results are compared with the base case without disc holder.

For dp ≥ 1 cm, the grid is extended axially with a constant mesh size of 90 µm, which

is the value of the mesh size at dp = 1 cm in the reference grid. In Section 3.1.3, a

HV rod anode

Cathode (0 V)

HV disc holder

Symmetry axis

d!

L

Rr: anode radius

d"

𝒆#

𝒆$

o

d = d! − 𝑥

𝑥 ⋅

𝑟 = R%

Figure 1. point-to-plane geometry with the rod electrode configuration.

hyperboloid electrode with a radius of curvature at its tip of 100 µm is used. Finally,

in section 3.1.4, the radius Rd of the computational domain is varied between 1.6 and

7.5 cm. In all the simulations, the radius of the grounded cathode plane (and of the

disc holder when it is present) is Rd.

In section 3.2, a time-varying applied voltage is used with a 1 ns rise time and

a voltage plateau of 100 kV. As a base case, the high voltage electrode is a rod

electrode ended with a semi-sphere of radius Rr = 50µm. The computational domain is

L= 2.2 cm × Rd = 8.02 cm with a Cartesian grid. In the axial direction, close to tip ofA
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Morphology of positive ionization waves ... 6

the pin electrode (from x = 1.3 to 1.75 cm) a mesh size of 1 µm is used and then the

mesh size is increased following a geometric progression up to 5 µm and is kept constant

in the gas gap down to the cathode plane. From x = 1.75 cm to the upper boundary

of the domain, the mesh size is increased from 1 µm up to 30 µm following a geometric

progression and kept constant up to x = 2.2 cm. In the radial direction, a mesh size

of 1 µm is used from the axis of symmetry up to r = 0.07 cm and is then increased to

5µm and is kept constant up to r = 1.257 cm and then the mesh follows a geometric

progression up to 30 µm and kept constant until Rd = 8.02 cm. Finally the grid used

is this work is nx× nr = 7261× 3400. In Section 3.2.1, a disc is set as holder of the rod

electrode at dp=0.6 cm from its tip.

As in Bourdon et al. (2020), in this work, we have taken into account simplified boundary

conditions for continuity equations at the anode and cathode surfaces. On the cathode

plane, Neumann boundary conditions are applied for all charged particle fluxes. At

the point anode and disc holder, the fluxes directed outward the electrode are estimated

using Neumann boundary conditions for electrons and set to zero for ions. For Poisson’s

equation, at the metallic point anode-air interfaces, the ghost-fluid method is used

(Celestin et al., 2009) with a Dirichlet boundary condition. The plane cathode in front

of the point electrode is grounded (Figure 1). For the radial boundaries at r = 0 cm and

r =Rd, Neumann boundary conditions are used. Other characteristics of the simulations

(numerical methods and time-step calculation, code parallelization) are presented in

detail in Pechereau (2013). As initial condition, a low uniform density of 104 cm−3

electrons and positive ions in air is considered, to be close to single pulse experiments

in atmospheric pressure air at 300 K. In this work, we focus on the dynamics of the

positive discharge propagation between the high voltage point anode electrode and the

grounded cathode plane. Then, each simulation is stopped just after the connection of

the discharge to the grounded cathode plane.

3. Results and discussion

3.1. Study of the discharge dynamics in a point-to-plane geometry with a 1.6 cm gap

and an applied DC voltage of 50 kV

3.1.1. Influence of the radius of curvature Rr of the high voltage rod electrode

First, we present results on the discharge dynamics for a rod electrode with a radius

Rr = 100 µm set at dg = 1.6 cm from a grounded plane cathode. For a DC applied

voltage of 50 kV, Figure 2 shows the cross-sectional views of the absolute value of the

electric field and electron density at t = 0.5, 1.5 and 2.74 ns. Table 1 gives the values

of the ignition time τi (defined as the time a peak of electric field (corresponding to an

ionization front) appears close to the high voltage pin electrode and starts propagating

axially), the connection time τc (defined as the time the discharge connects to the

grounded cathode plane) and the radius of the discharge at two locations in the inter-

electrode gap at τc. With a DC voltage of 50 kV, the Laplacian electric field at the tip of
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Morphology of positive ionization waves ... 7

Figure 2. For a DC voltage of 50 kV and a high voltage rod electrode of radius

Rr = 100 µm, cross-sectional views of the absolute value of the electric field and

electron density at t = 0.5, 1.5 and τc = 2.74 ns.

Table 1. Characteristics of the discharges obtained for rod electrodes with a radius

Rr varying between 100 and 1000 µm.

Radius Rr of the rod electrode [µm] 100 200 500 1000

Ignition time τi [ns] 0.015 0.015 0.02 0.05

Connection time τc [ns] 2.74 2.77 2.82 3.06

Discharge radius at τc [cm]

At d = 2 mm 0.79 0.80 0.82 0.86

At d = 8 mm 0.66 0.66 0.67 0.68

the rod electrode is of 3.2 MV cm−1 and then the ignition time τi is of only 0.015 ns. At

t = 0.5 ns, Figure 2 shows that the discharge forms a sphere around the tip of the high
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Morphology of positive ionization waves ... 8
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Figure 3. For a DC voltage of 50 kV and a high voltage rod electrode of radius

Rr = 100, 200, 500 and 1000 µm, Laplacian electric field on the symmetry axis as a

function of the distance d from the anode tip.

voltage electrode. During the axial propagation of the discharge, its maximum radius

increases until the discharge connects to the grounded cathode plane at τc = 2.74 ns. At

t = τc, the discharge has a conical shape as observed in experiments (Tardiveau et al.,

2009, 2016; Chng et al., 2019; Brisset et al., 2019) and simulations (Pechereau et al.,

2014; Bourdon et al., 2020; Naidis et al., 2018; Zhu et al., 2021). The maximum radius

of the discharge at t = τc is 0.79 cm at d = 2 mm from the tip. As observed already

in Bourdon et al. (2020) without disc holder, a weak uniform radial discharge front

propagates radially around the cylindrical part of the rod electrode and has a radius of

0.3 cm at τc.

Then, we study the influence of the radius Rr of the rod electrode, varying it between

100 and 1000 µm, on the discharge dynamics and characteristics. As already mentioned

in section 2, changing the radius of the rod electrode means changing both the radius of

the rod and the radius of the semi-sphere at the tip, such that they always equal each

other. With a DC applied voltage of 50 kV, the Laplacian electric field at the anode

tip decreases from 3.2 MV cm−1 for Rr = 100 µm to 410 kV cm−1 for Rr = 1000 µm.

Figure 3 shows the evolution of the Laplacian electric field on the symmetry axis of the

discharge. As expected, as the value of Rr increases from 100 to 1000 µm, the region

around the pin electrode where the electric field is higher than the breakdown field

increases slightly. Figure 3 shows that the Laplacian electric field on the symmetry axis
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Morphology of positive ionization waves ... 9

Figure 4. For a DC voltage of 50 kV and a high voltage rod electrode of radius

Rr = 200, 500 and 1000 µm, cross-sectional views of the absolute value of the electric

field and electron density at the connection time at the cathode τc, i.e. at t = 2.77,

2.82 and 3.06 ns, respectively.

is below the breakdown field in most of the gap. In all cases, the ignition occurs close

to the anode electrode with very short ignition times given in table 1. It is interesting

to note that the connection time τc increases by a factor of 1.1 from 2.74 to 3.06 ns as

the radius of the rod Rr increases by a factor 10 from 100 to 1000 µm. Figure 4 shows

the cross-sectional views of the absolute value of the electric field and electron density

at the connection times τc for rod electrodes with Rr = 200, 500 and 1000 µm. In all

the studied cases for Rr varying between 100 and 1000 µm, Figures 2 and 4 and Table 1

show that the discharge has a conical shape when it connects to the grounded cathode

plane with a maximum radius that increases only slightly from 0.79 cm to 0.86 cm as

Rr increases from 100 to 1000 µm.

Then, this parametric numerical study confirms that a sharp high voltage point electrode

is not mandatory to observe diffuse nanosecond positive ionization waves in point-to-
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Morphology of positive ionization waves ... 10

plane geometry. Indeed, in Babaeva and Naidis (2016b); Babaeva and Naidis (2016a) 
a spherical high voltage electrode of radius 0.5 and 0.25 cm, respectively, were used 
to simulate a positive diffuse discharge. Furthermore, in the simulations presented in 
Tarasenko et al. (2020), the sphere radius is varied between 0.1 and 0.15 cm for a 
constant DC applied voltage. It is shown that the influence of the tip radius on the 
average propagation velocity of the diffuse ionization wave is negligible, in agreement to 
the small variations of connection times τc presented in Table 1. The small influence of 
the radius of curvature of the high voltage point electrode on the discharge characteristics 
is also reported in the simulations carried out in Zhu et al. (2021) (radius of curvature 
of the tip varied between 50 to 100 µm) and in the experiments in Tardiveau et al.

(2016) (radius of curvature of the tip varied between 10 to 200 µm). It is interesting to 
note that, in point-to-plane discharge simulations, the use of a blunt electrode allows to 
reduce numerical constraints on the mesh and time-step. Conversely, in experiments, 
sharp anode electrodes may be preferred to avoid parasite discharges or jitters at high 
voltages.

Figure 5 (a) shows the evolution of Ex,max, the maximum absolute value of the electric 
field in the discharge front on the symmetry axis of the discharge as a function of the 
distance of the discharge front from the tip, for a rod radius Rr varying between 100 
and 1000 µm. The position of the discharge front is defined in this study as the distance 
between the location of the maximum absolute value of the field on the symmetry axis 
and the tip of the anode electrode. For all values of Rr, we observe that after ignition, 
the electric field in the discharge front decreases rapidly from 300 kV cm−1 for distances 
d ≤ 1 − 2 mm from the tip to a minimal value varying from 97 to 93 kV cm−1 for 
Rr = 100 and 1000 µm, respectively. Then, as the discharge approaches the cathode 
plane, the value Ex ,max increases again. Based on the knowledge of the axial position 
of the discharge front in time, the axial propagation velocity of the discharge front is 
calculated as a function of the axial position of the discharge front and shown in Figure 
5 (b) for Rr varying between 100 and 1000 µm. The velocity of the discharge front is 
calculated for distances from the tip d ≥ 0.5 mm. We observe that for all values of Rr, 
the discharge front velocity first decreases from values in the range 1 to 1.8 cm ns−1 to a 
minimal value of about 0.4 cm ns−1 for 6 < d < 8 mm, and then increases again as the 
discharge approaches the cathode plane. These values of discharge front velocities and 
maximum absolute value of the electric field in the discharge front are in good agreement 
with experimental and numerical results obtained for discharges in atmospheric pressure 
air in point-to-plane geometries with gaps of about 1 cm generated by high voltages 
applied with sub-nanosecond and nanosecond rise times, as reviewed in Naidis et al.

(2018); Bourdon et al. (2020); Babaeva and Naidis (2021). Similar values of discharge 
front velocities have been also observed in sub-nanosecond pulsed discharges generated 
in a 1.2 mm pin-to-pin gap in air at atmospheric pressure (Höft et al., 2020). It is 
interesting to point out that the evolution of the front propagation velocity during its 
propagation shown in Figure 5 (b) is in agreement with the experimental and 
numerical results presented in Tarasenko et al. (2020) for a point-to-plane geometry 
with a 8.5 mm gap in atmospheric
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Figure 5. For 50 kV DC discharges with rod electrodes of different radii Rr in the

range 100−1000 µm, evolution of (a) the maximum absolute value of the axial electric

field on the symmetry axis (b) the axial propagation velocity of the discharge front as

a function of the distance of the discharge front from the anode tip.
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Morphology of positive ionization waves ... 12

pressure air. When the discharge front approaches the cathode, the discharge front

velocity shown in Figure 5 (b) increases to values higher than 2 cm ns−1. However,

due to the interaction with the cathode, which is simplified in this work, the meaning

of the discharge propagation velocity when the front approaches close to the cathode

becomes open to discussion. Then in this work, we limit our analysis of the discharge

propagation velocity to values less than an upper limit of about 3 cm ns−1 close to the

cathode.

It is interesting to note that even if the radius Rr of the rod electrode is varied by a factor

10, the discharge dynamics and characteristics remain very close. The main differences

are observed only for distances d less than 6 mm from the tip. The highest velocity

close to the point anode electrode is obtained for the smallest tip radius, in agreement

with the simulations presented in Tarasenko et al. (2020).

3.1.2. Influence of the presence and position of a disc as holder of the point anode

electrode In this section, we model the presence of a holder for the point anode electrode

as a simple metallic disc at 50 kV set at different distances dp from the tip of the

point anode electrode. In this work, the radius of the disc holder is the same as the

computational domain (Rd = 7.5 cm) to avoid any radial discharge propagation from

the edges of the high voltage disc. First, it is important to note that adding a high-

voltage disc has a major impact of the Laplacian electric field. With a DC high voltage

of 50 kV, for a rod electrode of Rr = 100 µm without disc, the Laplacian electric field

at the tip of the anode is of 3.2 MV cm−1. With a disc holder, the Laplacian electric

field at the tip decreases as the distance dp of the disc to the tip decreases and is for

example of 2.27 MV cm−1 for dp = 4.8 cm and only of 1.47 MV cm−1 for dp = 1 cm.

Figure 6 shows the axial evolution of the Laplacian electric field on the symmetry axis

without disc holder and for a disc holder set at dp = 0.6, 1, 1.6 and 4.8 cm. It is

interesting to note that as dp decreases, the Laplacian electric field on the symmetry

axis decreases close to the tip of the anode for d < 2 mm but increases in the gap for

d > 2 mm and becomes close to the breakdown electric field. At the border of the

computational domain (r =Rd = 7.5 cm, far from the sharp rod), with a disc holder,

the Laplacian electric field has only a constant axial component, which value depends

on the disc holder position and varies between 7.9 to 22.7 kV cm−1 as dp varies between

4.8 to 0.6 cm. Then, the presence and position of a disc holder distort significantly the

Laplacian equipotential lines in the studied point-to-plane geometry.

Figures 2, 7 and Table 2 show the discharge dynamics and characteristics for a rod

electrode of Rr = 100 µm with a disc holder set at dp = 0.6, 1, 1.6 and 4.8 cm and

without a disc holder. In Table 2, we note that the location of the disc holder has a

very small influence on the ignition time which remains very small for all studied cases.

Conversely, the location of the disc holder has a major influence on the connection time

which decreases from 4.14 ns to 2.92 ns as the disc holder moves from dp = 0.6 cm

to 4.8 cm. It is interesting to note that the connection time for a disc holder set at

dp = 4.8 cm from the anode tip is still 0.18 ns longer than the reference connection

Page 12 of 35AUTHOR SUBMITTED MANUSCRIPT - PSST-104620.R2

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



Morphology of positive ionization waves ... 13

 0

 50

 100

 150

 200

 250

 300

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6

 
E
x
 
[k
V

 
c
m
-1
] 

d [cm]

 w/o disc
 w/ disc at dp=4.8 cm

1.6 cm
1 cm

0.6 cm

Breakdown electric feld 

Figure 6. For a DC voltage of 50 kV and a high voltage rod electrode of Rr = 100 µm,

axial evolution of the Laplacian electric field on the symmetry axis without a disc holder

and with a disc holder at dp = 0.6, 1, 1.6 and 4.8 cm.

time without disc. Figure 7 shows the cross-sectional views of the absolute value of the

electric field and electron density at the connection times for disc holders set at dp = 0.6,

1.6 and 4.8 cm from the anode tip. We note that the location of a disc holder has a

major impact on the discharge morphology at the connection time. The shape of the

discharge is conical without disc holder as observed on Figure 2 and as a disc holder is

moved closer to the tip, the maximum radius decreases and moves farther from the tip

and then the discharge shape becomes an ellipsoid. In particular, in Table 2, we note

that the maximum discharge radius for dp = 4.8 cm is 0.59 cm and is at d = 2 mm

from the tip. For dp = 0.6 cm, the maximum discharge radius is 0.24 cm and is at

d = 8 mm from the tip. Finally, we note that the closer is the disc holder to the anode

tip, the slower and weaker is the radial discharge around the cylindrical part of the rod

electrode.

Figure 8 (a) shows the evolution of Ex ,max, the maximal absolute value of the electric

field on the symmetry axis of the discharge as a function of the axial position of the

discharge front for a disc holder set at dp = 0.6, 1, 1.6 and 4.8 cm with a case without

disc holder. For all cases, we observe that rapidly after ignition, the electric field in

the discharge front decreases rapidly as the discharge starts propagating axially. In all

studied conditions, Ex ,max remains less than 150 kV cm−1 over most of the gap distance.

Only when the discharge front approaches close to the grounded cathode plane, Ex ,max
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Morphology of positive ionization waves ... 14

Figure 7. For a DC voltage of 50 kV and a high voltage rod electrode of Rr = 100 µm

with a disc holder at dp = 0.6, 1.6 and 4.8 cm of the tip, cross-sectional views of the

absolute value of the electric field and electron density at the connection time at the

cathode τc, i.e. at t = 4.14, 3.23 and 2.92 ns, respectively.

increases again. Figure 8 (b) shows the velocity of the discharge front for the same

conditions. The velocity of the discharge front is calculated for d > 0.5 mm. For all

studied conditions, the discharge front velocity first decreases from values in the range

0.4 to 1.8 cm ns−1 to a minimal value varying between 0.3 to 0.4 cm ns−1 and then

increases again, reaching values higher than 2 cm ns−1 as the discharge approaches the

plane cathode electrode. Close to the point anode electrode, it is interesting to note

the highest propagation velocity is obtained without a disc holder and decreases as the

disc holder is set closer to the tip of the point anode electrode. In fact, without a

disc holder, the discharge front starts developing as a sphere which appears to give the

fastest propagation. With a disc holder, we observe that due to the changes of the

Laplacian equipotential lines, the radial expansion of the discharge close to the point

anode electrode is constrained, which gives a lower axial propagation velocity of the
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Figure 8. For a DC voltage of 50 kV and as high voltage electrode, a high voltage

rod electrode of Rr = 100 µm with a disc holder at dp = 0.6, 1, 1.6 and 4.8 cm of

the tip and without disc holder, evolution of (a) Ex ,max, the maximum absolute value

of the electric field on the symmetry axis of the discharge, and (b) the velocity of the

discharge front as a function of the distance of the discharge front from the anode tip.
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Morphology of positive ionization waves ... 16

discharge front in the gap.

Table 2. Characteristics of the discharges obtained for a DC voltage of 50 kV and as

high voltage electrode, a rod electrode with Rr = 100 µm and a disc holder at dp = 0.6,

1, 1.6 and 4.8 cm of the tip of the anode electrode and without disc holder (dp =∞).

Disc holder at dp [cm] ∞ 4.8 1.6 1 0.6

Ignition time τi [ns] 0.015 0.015 0.015 0.02 0.03

Connection time τc [ns] 2.74 2.92 3.23 3.61 4.14

Discharge radius at τc [cm]

At d=2 mm 0.79 0.59 0.41 0.32 0.24

At d=8 mm 0.66 0.56 0.45 0.38 0.31
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Figure 9. For a DC voltage of 50 kV, evolution of the Laplacian electric field on the

symmetry axis for a rod electrode of Rr = 100 µm without and with a disc holder at

dp = 1 cm and for a hyperbola with a radius of curvature of 100 µm without and with

a disc holder at dp = 1 cm.

3.1.3. Influence of the shape of the high voltage point anode electrode To study the

influence of the shape of the high voltage point anode electrode, we compare results

obtained for a hyperboloid high voltage anode electrode (defined by (x/b)2− (r/a)2 = 1

with b= 1.6 cm and a= 0.1265 cm) with a radius of curvature of a2/b = 100 µm at
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Morphology of positive ionization waves ... 17

Figure 10. For a DC voltage of 50 kV and a hyperboloid point anode ((x/b)2 −
(r/a)2 = 1 with b= 1.6 cm and a= 0.1265 cm) with a radius of curvature of

a2/b = 100 µm at its tip with a disc holder at dp = 1 cm, cross-sectional views of the

absolute value of the electric field and electron density at t = 0.5, 1.5 and 3.72 ns.

its tip with results obtained for a rod electrode with Rr = 100 µm. Figure 9 shows

the axial evolution of the Laplacian electric field on the symmetry axis for both anode

shapes, with and without a disc holder set at dp=1 cm of the anode tip. Without a

disc holder, the peak electric field at the anode tip is 3.2 MV cm−1 for the rod electrode

and decreases to 1.73 MV cm−1 for the hyperbola. However, in the gap, for d > 1 mm,

Figure 9 shows that the Laplacian electric field on the symmetry axis obtained for an

hyperbola is slightly higher than for a rod. With a disc holder, the peak electric field

at the rod tip decreases to 1.47 MV cm−1 and to 0.92 MV cm−1 for the hyperboloid

electrode. In the gap, Figure 9 shows that, with a disc holder, for d > 4 mm, the

Laplacian electric field on the symmetry axis in the gap is very close for both anode

shapes and is higher than without a disc holder.

For a DC applied voltage of 50kV, Figure 10 shows the cross-sectional views of the
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Morphology of positive ionization waves ... 18

absolute value of the electric field and electron density at t = 0.5, 1.5 and 3.72 ns for

the hyperboloid high voltage electrode with a radius of curvature of the tip of 100 µm

with a disc holder set at dp = 1 cm from the tip. The disc holder allows to avoid

any parasite radial discharge initiated by the sharp edge of the hyperboloid electrode

at the upper boundary of the computational domain. As the Laplacian electric field is

much higher than the breakdown field close to the anode tip (Figure 9), the discharge

ignition time is very short and at t = 0.5 ns, the discharge forms a sphere around the

tip of the hyperboloid electrode. The radius of the discharge increases during the axial

propagation of the discharge and reaches a maximum value of 0.38 cm in the middle of

the gap, at the time of the connection to the grounded cathode at t = τc = 3.72 ns.

At connection, the discharge has an ellipsoid shape. For both rod and hyperboloid

electrodes with a tip radius of Rr = 100 µm with and without disc holder, Table 3

compares the values of ignition time τi and connection time τc to the grounded cathode

plane and the radius of the discharge at two locations in the inter-electrode gap at τc.

Figure 11 shows the cross-sectional views of the absolute value of the electric field and

electron density at the connection times for a rod electrode with Rr = 100 µm with a

disc holder, a hyperboloid electrode with a radius of curvature at its tip of 100 µm with a

disc holder shown in Figure 10; and for same hyperboloid electrode without disc holder.

Figures 11 and 10 and Table 3 show that the shape of the point electrode (either a rod

electrode or an hyperbola) has only a small influence on the ignition and connection

times and discharge radius at the connection time. Conversely, as shown for the rod

electrode in section 3.1.2, for a hyperboloid electrode, the presence or not of a disc

holder has a significant impact on the discharge propagation in the gap, the maximum

radius and the shape of the discharge at the connection time. As observed in section

3.1.2, with a disc holder, the maximum radius of the discharge at the connection time

decreases and is located farther from the anode tip. Same trends have been observed in

Zhu et al. (2021) and attributed to the change of the shape of the anode tip. However,

the detailed parametric study presented in the present work allows to distinguish the

role of the shape of the point anode and of its holder.

Figure 12 compares the maximum absolute value of the electric field on the symmetry

axis and the axial propagation velocity of the discharge front as a function of the axial

position of the discharge front for the 3 geometries shown in Figures 11 and 10. We

clearly see that the shape of the high voltage point electrode (either rod or hyperbola)

has an almost negligible influence on the discharge characteristics in comparison to the

effect of the presence of a disc holder.
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Morphology of positive ionization waves ... 19

Figure 11. For a DC voltage of 50 kV and as high voltage electrode: a rod electrode

with Rr = 100 µm and a disc holder at dp = 1 cm; a hyperbola with a radius of

curvature of 100 µm at its tip with a disc holder at dp = 1 cm; the same hyperbola

without a disc holder, cross-sectional views of the absolute value of the electric field

and electron density at the connection time at the cathode, i.e. at t = 3.61, 3.72 and

2.77 ns, respectively.

3.1.4. Influence of the radius of the computational domain Rd In this section, we

consider the base case of section 3.1.1 with a rod electrode of Rr = 100 µm, without a

disc holder and we vary the radius of the computational domain from the reference value

of Rd = 7.5 cm to 1.6 cm. Figure 13 shows the cross-sectional views of the absolute

value of the electric field and electron density at the connection times for Rd = 5, 3

and 1.6 cm. If we compare with Figure 2 for Rd=7.5 cm, we notice, that there is no

influence of the value of Rd on the results for Rd ≥ 5 cm. Conversely, Figure 13 shows

that for Rd ≤ 5 cm, at the connection time, the discharge shape changes from a conical

shape for Rd = 5 cm to a more ellipsoidal shape with a smaller maximum radius for

Rd = 1.6 cm.
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Figure 12. For a DC voltage of 50 kV and as high voltage electrode: a hyperbola

with a radius of curvature of 100 µm at its tip with and without a disc holder at

dp = 1 cm; a rod electrode with Rr = 100 µm with and without a disc holder at

dp = 1 cm, evolution of (a) Ex ,max, the maximum absolute value of the electric field on

the symmetry axis of the discharge (b) the velocity of the discharge front as a function

of the distance of the discharge front from the anode tip.
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Table 3. Characteristics of the discharges obtained for a DC voltage of 50 kV and as

high voltage electrode: an hyperbola with a radius of curvature of 100 µm at its tip

with and without a disc holder at dp = 1 cm; a rod electrode with Rr = 100 µm with

and without a disc holder at dp = 1 cm.

DC 50 kV Hyperbola Rod Rod Hyperbola

Disc holder w/ w/ w/o w/o

Ignition time τi [ns] 0.035 0.025 0.015 0.075

Connection time τc [ns] 3.72 3.61 2.74 2.77

Discharge radius at τc [cm]

At d=2 mm 0.3 0.32 0.79 0.77

At d=8 mm 0.38 0.38 0.66 0.66

Table 4 gives the values of ignition time τi and connection time τc to the grounded

cathode plane and the radius of the discharge at two locations in the inter-electrode gap

at τc for the same conditions as Figures 13 and 2. We note that the connection time

remains the same for Rd >3 cm and is equal to 2.74 ns and increases up to 2.96 ns for

Rd = 1.6 cm. The maximum radius at d = 2 mm remains constant when Rd decreases

from 7.5 to 5 cm and then decreases down to 0.48 cm for Rd = 1.6 cm.

Figure 14 compares the maximum absolute value of the electric field on the symmetry

axis and the axial propagation velocity of the discharge front as a function of the axial

distance from tip on the symmetry axis for Rd = 1.6, 3, 5 and 7.5 cm. We note that

the value of Rd has an almost negligible influence on the evolution of Ex ,max and on

the propagation velocity of the discharge front for Rd >3 cm ' 2dg. Therefore, in

diffuse discharge simulations with Neumann boundary conditions for Poisson’s equation

at Rd, it is necessary to use at least a radial domain which is larger than 2 times the

gap distance dg to study the diffuse discharge characteristics on the discharge axis and

a radial domain which is at least 3 times the gap distance dg to study the maximum

radius of the diffuse discharge at the connection time. In the simulations carried out in

Tardiveau et al. (2016); Marode et al. (2016); Brisset et al. (2019) a radial domain of

Rd = 1 cm is used and a disc is set at 1 cm from the anode tip. Based on the results

of section 3.1.2 and of this section, both the effects of the disc holder and the reduced

radial computational domain could explain why the authors obtained a good agreement

with experiments only at very early times (≤ 1 ns) and then observed that the simulated

discharge propagation velocity was smaller than in experiments.
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Figure 13. For a DC voltage of 50 kV and a high voltage rod electrode of Rr = 100 µm

without a disc holder and for different radius Rd = 5, 3 and 1.6 cm of the computational

domain, cross-sectional views of the absolute value of the electric field and electron

density at the connection time at the cathode, i.e. at t = 2.74, 2.75 and 2.96 ns,

respectively

Table 4. Characteristics of the discharges obtained for a DC voltage of 50 kV

and a high voltage rod electrode of Rr = 100 µm without a disc holder and for a

computational domain of radius Rd = 7.5, 5, 3 and 1.6 cm.

Rd [cm] 7.5 5 3 1.6

Ignition time τi [ns] 0.015 0.015 0.015 0.015

Connection time τc [ns] 2.74 2.74 2.75 2.96

Discharge radius at τc [cm]

At d = 2 mm 0.79 0.79 0.72 0.48

At d = 8 mm 0.66 0.66 0.63 0.46
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Figure 14. For a DC voltage of 50 kV and a high voltage rod electrode of Rr = 100 µm

without a disc holder and for a computational domain of radius Rd = 7.5, 5, 3 and

1.6 cm, evolution of (a) Ex ,max, the maximum absolute value of the electric field on

the symmetry axis of the discharge (b) the velocity of the discharge front as a function

of the distance of the discharge front from the anode tip.

Page 23 of 35 AUTHOR SUBMITTED MANUSCRIPT - PSST-104620.R2

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



Morphology of positive ionization waves ... 24

3.2. Study of the discharge dynamics for an applied voltage of 100 kV with a rise time

of 1 ns

In this section, we study the discharge dynamics for a higher applied voltage of 100 kV

applied to a point-to-plane geometry with a gap of dg=1.6 cm. To be closer to

experimental conditions used to study diffuse nanosecond discharges, the voltage is

applied with a voltage rise time of 1 ns. The time evolution of the applied voltage is

shown in Figure 15. As already mentioned in section 2, in this section, the point anode

electrode is a rod electrode with Rr = 50 µm. The radial extension of the computational

domain is Rd = 8.02 cm. The upper boundary of the computational domain is set at

dp = 6 mm and then L= 2.2 cm.
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Figure 15. Time evolution of the applied voltage used in Section 3.2

3.2.1. Influence of the presence of a disc holder on the discharge dynamics and

characteristics First, we compare the discharge dynamics and structure with and

without a disc holder set at dp = 6 mm. The time evolution of the applied voltage

on the disc holder is the same as for the rod electrode and is given on Figure 15. The

radius of the disc is Rd = 8.02 cm. Table 5 gives the values of ignition time τi and

connection time τc to the grounded cathode plane and the radius of the discharge at

two locations in the inter-electrode gap at τc for the case without and with a disc holder.

As observed at lower DC voltages in Section 3.1, the ignition and connection times are

shorter without disc holder in comparison to the case with the disc holder. We note
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that in both cases, the discharge ignition, propagation and connection to the grounded

cathode plane occur during the increase of the applied voltage. Figures 16 and 17 show

the cross-sectional views of the absolute value of the electric field and electron density

at two instants during the discharge propagation and at the connection time for the case

without disc holder, and with disc holder, respectively. As observed at lower DC voltages

in section 3.1, the presence of the disc holder has a major influence on the discharge

shape and maximum radius at connection. Without disc holder, the discharge has a

conical shape at the connection time with a maximum radius of 0.9 cm, whereas with a

disc holder, the discharge has a more ellipsoidal shape at connection with a maximum

radius of 0.5 cm. As observed for lower DC voltages, in the case without disc holder,

a weak cylindrical discharge expands radially around the cylindrical part of the rod

electrode. With a disc holder, this parasite radial discharge is completely suppressed.

Figure 18 compares the maximum absolute value of the electric field Ex ,max on the

symmetry axis and the axial propagation velocity of the discharge front as a function

of the axial position of the discharge front in the gap for the case with and without

disc holder. As observed at lower DC voltages, we note that the maximum electric field

decreases rapidly after ignition. During most of the discharge propagation it remains

between 150 and 200 kV cm−1 for the case without disc holder and around 200 kV cm−1

for the case with disc holder. As the discharge front gets closer to the grounded cathode

plane, the value of Ex ,max increases again. Figure 18 (b) shows that the presence of a

disc holder has only a negligible influence on the discharge front propagation velocity.

However, on Figure 18 (b) it is interesting to note that with a voltage rise time, after the

ignition, the discharge starts propagating much slower than for the lower DC voltages

studied in Section 3.1. Discharge front velocities of about 1 cm ns−1 are obtained at

d = 6 mm and then the discharge front propagation velocity increases up to values

larger than 3 cm ns−1 as the discharge front gets closer to the grounded cathode plane.

Table 5. Characteristics of the discharges obtained for a voltage given on Figure 15

applied on a high voltage rod electrode of Rr = 50 µm with a disc holder at dp = 6 mm

and without disc holder.

100 kV case w/o disc holder with disc holder

Ignition time [ns] 1.37 1.68

Connection time [ns] 2.98 3.30

3.2.2. Time evolution of the electric field for several test points in the gap Recently,

measurements of the time evolution of the electric field in a diffuse nanosecond discharge

in air at atmospheric pressure in a point-to-plane geometry have been carried out using

E-FISH diagnostic (Chng et al., 2019). In Bourdon et al. (2020), temporal evolutions

of the electric field on the symmetry axis have been studied at different positions in the
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Figure 16. Discharge dynamics for a point-to-plane geometry with a rod electrode

with Rr = 50 µm without disc holder and an applied voltage given in Figure 15.

Cross-sectional views of the absolute value of the electric field and electron density at

t = 2, 2.4 and 2.98 ns.

1.6 cm gap for applied voltages varying from 40 to 60 kV with a rise time of 0.5 ns, and for

a voltage plateau of 55 kV with rise times in the range 0.5-1.5 ns and a DC voltage case.

Recently in Zhu et al. (2021), taking into account the experimental voltage shape (with

a rise time of 2.5 ns and a maximum value of 86 kV) and a close-to-experiment shape

of the point anode electrode, a quantitative comparison with E-FISH measurements

has been done at a test point located at d = 3 mm below the tip. A good agreement

has been obtained between experiments and simulations. However, it is important to

mention, that the accuracy of electric field measurements by E-FISH diagnostic is still

under investigation (Lepikhin et al., 2020; Chng et al., 2020).

In this section, we study for the high voltage case of 100 kV studied in the previous

section and the case of figure 16 (with a rod electrode with Rr = 50 µm and no disc
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Figure 17. Discharge dynamics for a point-to-plane geometry with a rod electrode

with Rr = 50 µm with a disc holder at dp = 6 mm and an applied voltage given in

Figure 15, cross-sectional views of the absolute value of the electric field and electron

density at t = 2, 2.5 and 3.3 ns.

holder) the time evolution of the absolute value of the electric field at different test

points in the gap at d = 2, 5, 8, 11 and 14 mm with a time sampling of 10 ps. Figure

19 (a) shows that at all positions, a peak of electric field is observed with a time shift

corresponding to the axial propagation of the ionization front from the pin to the plane.

As already observed in Bourdon et al. (2020) the maximum value of the electric field and

the width of the peak of electric field depend on the location of the test point. Figure

19 (b) compares for a test point on the axis close to the tip of the anode at d = 3 mm,

the time evolution of the absolute value of the electric field in the discharge with the

Laplacian electric field for the same applied voltage shown in Figure 15. As expected, at

early times, the time evolution of the electric field follows the increasing Laplacian field

and then as the front approaches the studied test point the value of the electric field

becomes higher. After the passage of the discharge front, the electric field decreases
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Figure 18. For a voltage given on Figure 15 applied on a high voltage rod electrode

of Rr = 50 µm with a disc holder at dp = 6 mm and without a disc holder, evolution

of (a) Ex ,max, the maximum absolute value of the electric field on the symmetry axis

of the discharge, (b) the velocity of the discharge front as a function of the distance of

the discharge front from the anode tip.
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rapidly as observed in experiments (Chng et al., 2019) and in simulations (Bourdon

et al., 2020; Zhu et al., 2021). After the peak due to the passage of the discharge front,

at lower voltages in Bourdon et al. (2020) where shorter rise times were used to reduce

computational times, we have shown that the electric field remains almost constant and

starts increasing again only when the discharge front is close to the grounded cathode

plane. Conversely, for the high voltage condition studied in the present work, the applied

voltage increases during all the propagation of the discharge in the 1.6 cm gap. Close

to the anode electrode tip, Figure 19 (b) shows that, after the passage of the ionization

front, the electric field increases again rapidly to values higher than the breakdown field

as observed in high voltage experiments (Chng et al., 2019) and recently in high voltage

simulations (Zhu et al., 2021).
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Figure 19. For a point-to-plane geometry with a rod electrode with Rr = 50 µm

without disc holder and an applied voltage given in Figure 15, time evolution of (a)

the absolute value of the axial electric field on the symmetry axis of the discharge at

different test points located at a distance d from the pin electrode with a time sampling

of 10 ps. (b) For d = 3 mm, comparison of the time evolution of the absolute value

of the axial electric field of the discharge on the symmetry axis with the Laplacian

electric field on the symmetry axis with a time sampling of 10 ps.
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4. Conclusions

In this work, we present a numerical parametric study focused on different characteristics

of positive diffuse discharges propagating in a point-to-plane geometry in air at

atmospheric pressure: ignition time, connection time at the grounded cathode plane,

radius of the discharge at the connection time, evolution of the maximum electric field

in the discharge front and velocity of the ionization front during its propagation. First,

a reference case is studied consisting in a 1.6 cm gap, a DC voltage of 50 kV and a

rod anode with a radius Rr of 100 µm. The influence of the rod radius, presence and

position of a disc holder, shape of the high voltage electrode and radial extension of

the computational domain are studied. Then, a point-to-plane geometry with a 1.6 cm

gap, with a 100 kV voltage applied with a rise time of 1 ns is studied. The point anode

electrode is a rod electrode of Rr = 50 µm and the influence of a disc holder of the high

voltage point electrode on the discharge characteristics is studied. The principal results

of this work can be summarized as follows:

• The radius of curvature of the tip of the high voltage point anode electrode (varied

between Rr = 100 and 1000 µm) and its exact shape (rod or hyperbola electrode)

are shown to have a negligible influence on the discharge characteristics studied

in this work. This parametric numerical study shows that a sharp high voltage

point electrode is not mandatory to observe diffuse nanosecond positive ionization

waves in point-to-plane geometry in air at atmospheric pressure. It is interesting

to note that, in simulations, the use of a blunt electrode allows to reduce numerical

constraints on the mesh and time-step. Conversely, in experiments, sharp anode

electrodes may be preferred to avoid parasite discharges or jitters at high voltages.

• Conversely, the presence of a disc holder of the point anode electrode or a small

radial computational domain lead to a decrease of the maximum discharge radius

at the connection time and a change in the discharge shape from a conical to an

ellipsoidal shape. It is interesting to note that both the presence of a disc holder or

a smaller radial computational domain have a limited impact on the propagation

velocity of the discharge front and maximum electric field on the discharge axis.

• In this work, we have considered a simple disc as a holder of the point anode

electrode. In simulations, simple shapes of point anode electrodes can be used

without any holder, as for example a rod electrode ended by a semi-sphere. For more

complex shapes of point anode electrodes, with high applied voltages, parasite radial

discharges may be initiated at edges on the surface of the point anode electrode

surface or at the boundary of the computational domain. In experiments, holders

of electrodes are necessary and can have complex shapes. This study shows the

interest to use a large disc (with rounded edges) as holder of the point anode

electrode to remove efficiently parasite radial discharges. Therefore, using a large

disc as holder of the point anode electrode could ease the quantitative comparison

between numerical and experimental studies of diffuse nanosecond discharges at

atmospheric pressure.
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• For a DC voltage, the propagation velocity of the discharge front is high close to

the tip of the anode point and decreases as the discharge propagates in the gap and

increases again as the discharge approaches the grounded cathode plane. With a

voltage rise time, which duration is about the time for the discharge to cross the

gap, the propagation velocity of the discharge front increases monotonically during

its propagation.

• For the high applied voltage condition (100 kV) with a rise time of 1 ns, the applied

voltage increases during the propagation of the discharge in the 1.6 cm gap. The

study of the time evolution of the absolute value of the electric field at different

test points on the discharge axis shows an increase and decrease of the electric

field, as the ionization front propagates from the high voltage anode electrode to

the grounded cathode plane. At a test point close to the anode tip, after the

passage of the ionization front, the electric field in the discharge channel is shown

to increase rapidly to values higher than the breakdown field before the discharge

front connects to the grounded cathode plane.

Finally, in this work, we have used the flexibility of numerical simulations to study

separately the effects of several geometrical parameters that can not be decoupled

easily in experiments. In this parametric study, a good qualitative agreement on

discharge characteristics has been obtained with numerical and experimental data for

similar devices. In a future work, we plan to carry out a side-by-side quantitative

numerical/experimental comparison study to confirm the impact of the electrode set-up

geometry on the characteristics of positive diffuse discharges in atmospheric pressure

air.
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