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Abstract: In the literature, there are different criteria to represent the formation of a leader channel
in short and long gap discharges. Due to the complexity of the physics of the heating phenomena,
and the limitations of the computational resources, a simplified criterion for the minimum amount of
electrical charge required to incept an unstable leader has recently been used for modeling long gap
discharges and lightning attachments. The criterion is based on the assumption that the total energy
of the streamer is used to heat up the gas, among other principles. However, from a physics point
of view, energy can also be transferred to other molecular processes, such as rotation, translation,
and vibrational excitation. In this paper, the leader inception mechanism was studied based on
fundamental particle physics and the energy balance of the gas media. The heating process of the
plasma is evaluated with a detailed two-dimensional self-consistent model. The model is able to
represent the streamer propagation, dark period, and unsuccessful leaders that may occur prior to the
heating of the channel. The main processes that participate in heating the gas are identified within the
model, indicating that impact ionization and detachment are the leading sources of energy injection,
and that recombination is responsible for loss of electrons and limiting the energy. The model was
applied to a well-known experiment for long air gaps under positive switching impulses reported
in the literature, and used to validate models for lightning attachments and long gap discharges.
Results indicate that the streamer–leader transition depends on the amount of energy transferred to
the heating process. The minimum electric charge required for leader inception varies with the gap
geometry, the background electric field, the reduction of electric field due to the space charge, the
energy expended on the vibrational relation, and the environmental conditions, among others.
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1. Introduction

The transition from streamer to leader is characterized by an increase in the temperature of the
gas and the formation of a plasma channel of high conductivity. The gas temperature of the streamers
corresponds to the ambient temperature, ca. 300 K. Once streamers are incepted, and depending
on the local electric field conditions, mechanisms such as electron impact and associative ionization,
among others, take place. Such mechanisms generate thermal instability of the air, forming a heated
plasma channel. The source of the current for heating the plasma is the electrical charge from streamer
discharges. During streamer propagation, the electrons flow through the streamer channel into the
high-voltage electrode and the positive and negative ions are left behind in the gap. The charge
injected in the transition region supplies the energy to increase the gas temperature until the streamer
propagation stops. Then, the relaxation of the vibrational temperature is evaluated and one part of
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the energy is used in the vibrational processes, while the other is transferred to the heating process.
Once the temperature has been raised above a minimum threshold, ca. 1500 K, a leader channel can be
considered as incepted.

In the extant literature, different models or criteria can be found to describe the streamer-to-leader
transition. Some are engineering models based on laboratory results [1–6], some are based on particle
electrical discharge physics [7–12], and others are simplifications of the numerical particle models [5,13,14].
However, due to the complexity of the physics, the computational time and resources required to perform
detailed particle physics calculations, the majority of available models based on particle physics are
applicable only to short gaps [9,11,15–17].

Recently, long gap breakdown and lightning attachment models have used a simplified criterion
that requires a minimum charge of 1 µC for unstable leader inception [13,14,18–21]. Such criterion
is based on the thermodynamic mechanism proposed by Gallimberti [7], which takes into account
that temperature increases due to the Joule effect, the leader channel expansion, and the detachment
process on negative ions, and assumes that all energy is directly transferred into heating, neglecting
the transfer of energy into electronic, rotational, and translational excitation and vibrational relaxation.

The model described in this manuscript is based on previous models presented by the authors
in [22–25] and features new elements such as particle density formation and gas heating equations,
while also considering air composed of 14 species and more than 26 kinetic reactions. The model is
intended for analyzing the main mechanisms responsible for the heating of plasma in electric fields
that are inherent in the initiation of a leader discharge. It considers the kinetics of particles and the
energy balance of the gas to evaluate the heating process for the formation of the leader channel
in long air gaps. The self-consistent model calculates the heating of a plasma channel during the
streamer-to-leader transition in a positive leader discharge. It is capable of representing the streamer,
dark period, and unsuccessful positive leaders that may occur before the inception of the leader
channel. The model is validated with experimental testing reported in [7]. The role of energy transfer,
and the main mechanisms of the discharge are identified and discussed. Furthermore, the model is
used to calculate the minimum charge required to incept an unstable leader in a typical high-voltage
test configuration, and the obtained results are compared with the minimum charge criterion of 1 µC
for unstable leader inception used in modelling long spark gaps and lightning attachments.

2. Model Formulation

The model solves the kinetic equations and dynamics of air heating considering the dominant
mechanisms of electron generation and loss in the positive leader channel for long air gaps. It takes
into account the reaction rates on the vibrational temperature of N2 molecules in the dynamics of the
gas heating. The model covers gas temperatures ranging from 300 K to 1500 K.

In the calculations, it is assumed that all particle densities propagate in air as the main gas
medium. The initial conditions of air are a non-perturbed atmosphere composed of 79% N2 and 21%
O2 at ambient temperature. In total, 14 species (N2, N2(A3Σu

+), O2, N2
+, N2(B3Πg), N(2D), NO, O2

+,
O+, O, NO+, O−, N, O2

−) and 26 reaction rates as functions of the gas temperature are considered.
The reactions, excitation thresholds for electron impact, and electron drift velocity are listed in the
Appendix A.

The calculation starts with the evaluation of the background electric field, which depends on
the voltage source and geometry of the arrangement. Then, the continuity equations of different
particle densities are solved combined with Poisson’s equation. The electric current produced by the
particle movement is calculated and the gas temperature is evaluated by means of the energy balance
equations. If the gas temperature is equal or higher than 1500 K [7,9,26,27], then the streamer-to-leader
transition occurs and a leader channel is considered as incepted. If the temperature does not surpass
1500 K, then the electric field is evaluated, again taking into account the background electric field and
the effect of the densities of the charges on the electric field. Thereafter, the particle propagation and
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temperature change are calculated all over again. The particle density formation and propagation in
the gas and the temperature of the gas depend on the local electric field conditions.

The calculation is performed assuming that a single streamer channel and its first streamer
stem are formed directly after the current of the first streamer starts to flow. All phases of the
streamer propagation are calculated by solving the continuity equations coupled with Poisson’s
equation. In order to calculate the streamer propagation over long gaps for a long period of time,
two-dimensional forms of the continuity equations have been used [28,29]. Streamers and the stem of
the channel are assumed to occupy a narrow cylindrical channel. Assuming cylindrical symmetry of
the streamer and stem, the problem is reduced to a two-dimensional, axisymmetric coordinate system.
Figure 1 represents the discharge process of a positive discharge, highlighting the simulated region.
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Figure 1. Positive leader discharge with different parts of the discharge, such as the leader channel,
the streamer region, and the stem. Notice that the simulated region for streamer-to-leader transition is
highlighted and the symmetry axis is represented by a dashed line.

The calculation assumes initial conditions with an ambient gas temperature of 300 K and a density
of electrons Ne with a Gaussian distribution located near the high-voltage electrode, while the rest of
the simulation domain does not contain any free charges. The initial profile of the electron density in
the streamer channel is selected as R0 = 0.001 m based on experimental measurements reported by Les
Renardieres [30] and the peak density of electrons Ne0 is a fixed value of 2 × 1014 cm−3 as chosen in
other studies [31]. The initial density of O2

+ ions is equal to the electron density and the densities of all
other ion species are equal to zero.

Ne = N0
e exp

(
−
(

r
R0

)2
)

(1)

2.1. Continuity Equations of Particles

The continuity equations for electrons, ions, and active particles in Equations (2)–(5) describe the
physical behavior of the particles to a step change in time, t. Ne is the particle density of electrons,
and Np is the density of positive ions, Nn is the density of negative ions, and Nm is the density of
active particles (electronically-excited particles, atoms, and NO molecules). The coefficients µe,p,n are
the drift velocities of electrons, positive ions, and negative ions, respectively. The rate coefficients
considered are the direct ionization α, stepwise ionization α′, associative ionization α”, dissociative
electron attachment η, recombination β, electron detachment from negative ions in collisions with
ground state molecules D, and active particles D*, loss of active particles Dq, and ambipolar diffusion
coefficient Da. The rate coefficients are a function of the reduced electric field E/N. The superscript
i in the equations denotes the ith excitation level of a molecule and also photons emitted from the
level. The excitation coefficient of the level is δi, and τi

m is the lifetime of the excited molecule of the
level. N and Na are the total density of all neutral species, N = 2.5 × 1019 cm−3, and the electronegative
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component density, respectively. Further descriptions of the rate coefficients and factors used in the
model are summarized in the Appendix A.

∂Ne
∂t = Ne(αN + α′Ni

m) + α′′Ni
mNi

m − NeNaη − NeNpβ +
(

DN + D∗Ni
m
)

Nn

+
(

Da · ∇2Ne
)
−∇(Neµe)

(2)

∂NP
∂t

= Ne(αN + α′Ni
m) + α′′Ni

mNi
m − NeNpβ− NnNpβ +

(
Da · ∇2Np

)
+∇(Npµp) (3)

∂Nn

∂t
= NeNaη −

(
DN + D∗Ni

m

)
Nn − NnNpβ−∇(Nnµn) (4)

∂Ni
m

∂t
= δi NNe − Ne(α′Ni

m)− α′′Ni
mNi

m − DqNNi
m −

Ni
m

τi
m

(5)

In this paper, photoionization is adopted as a secondary ionization process, and it is described
with Equation (6), which includes the photon density Nph as a function of r, the speed of light c, the
photon velocity c as a function of (c, θ, φ), and the photon’s absorption coefficient µ [32]:

∂Ni
ph(r, θ, φ, t)

∂t
=

Ni
m(r, t)
4πτi

m
− µicNi

Ph(r, θ, φ, t)− c
∂Ni

Ph(r, θ, φ, t)
∂r

(6)

The electric field E varies with the discharge current I induced by the motion of the electron
density Ne as a function of r and its mobility µe, and the discharge cross-sectional area. The current on
the stem is calculated using the following equation:

I =
2πe

E

∞∫
0

Ne(r)µe(r)r · dr (7)

where the electric field E is the superposition of the background electric field produced by the voltage
source and the electric field generated by the space charge variation in the gap. The electric field due
to the voltage source is computed using the finite element method and the electric field due to the
space charge is solved using Poisson’s equation and calculated using a successive over relaxation
(SOR) method [33]. The electric field is solved in two dimensions. The continuity Equations (2)–(6) are
solved simultaneously with Poisson’s equation. The algorithm uses a two-dimensional flux-corrected
transport technique which allows for numerically solving the transport equations under strongly space
charge dominated conditions such as those that occur at the head of a propagating streamer. It also
includes the effects of non-uniform distribution of secondary electrons resulting from photoionization.

2.2. Gas Heating

The dynamics of the gas temperature is described by Equation (8), which considers the specific
heat capacity of a gas as a constant volume, Cv, equivalent to 65× 10−15 Vcm2, the thermal conductivity
λ(T), and the total number of molecules in the gas N. The thermal conductivity of air is taken from [34].
The fast heating energy is evaluated in Equation (9), and is composed of the energy generated in the
relaxation of electronic states WE, the fast heating reactions as the vibrational energy per unit length of
N2 molecules Wv, the translational and vibrational temperature of neutral, Th and Tv, respectively, and
the time of vibrational relaxation τvt.

CvN
∂T
∂t

= WT +
1
r

∂

∂r

(
r · λ ∂T

∂r

)
(8)

WT = WE +
Wv(Tv)−Wv(Th)

τvt
(9)
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Wv(T) =
EN2

exp
( EN2

kT

)
− 1

(10)

The vibrational energy is described with Equation (10) and is related to the vibrational quantum
of the N2 molecule EN2 = 0.29 eV [15] and k Boltzmann constant. The time of vibrational relaxation
τvt reported by Gallimberti [7] is used. The vibrational relaxation rates are taken from experimental
results for N2, O2, and air [16,31,35,36].

The continuity Equations (2)–(6) and transport Equation (8) were solved using the flux-corrected
transport (FCT) technique with Zalesak’s peak preserver routine modifications, as described in [37,38].
The equations were solved in a non-uniform radial grid with the finest resolution of ∆r = R0/1000 m.
The grid size increased radially following an exponential function. Chemistry source terms were also
integrated in time with the second-order midpoint method under several restrictions for the time step
∆t in order to capture the evolution of all kinetic processes, e.g., ∆t << 1/α, 1/η.

3. Validation of the Model

The model was applied for validation to the conditions of the experiments reported in [7,30].
The test consisted of applying positive switching impulses to a rod-plane arrangement. The applied
voltage had a maximum value of 2200 kV and a waveform with a rise and decay time of 500 and
10,000 µs, respectively. The gap distance between the highvoltage electrode and the plane was 10 m,
and the high-voltage rod had a hyperboloid tip of 0.01 m in radius. The experimental test aimed to
identify all stages of long gap discharges for rod electrodes with different tip termination. The results
presented in this manuscript are focused on the main parts of the positive long gap discharge, such as
streamer and leader formation after the first streamer inception.

3.1. Discharge Characteristics

Figure 2 presents the current characteristic calculated with the model, until the condition of heated
plasma was fulfilled, i.e., the gas temperature reached 1500 K. The current increased and reduced
several times until a continuous growth stage was attained. Similar behavior was reported by [7],
where small current pulses were measured for high-voltage electrodes with a very small curvature
radius, and many current pulses appeared before the continuous leader inception.
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Figure 2. The discharge current calculated with the model, until the temperature of 1500 K was
achieved. The continuous line represents the current magnitude and the dashed line corresponds to
the applied voltage. Notice that the current increased and decreased several times. The voltage level is
at the rise time of the waveform.
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Figure 2 includes the characteristics of the applied voltage. It was observed that the voltage
continuously increased and its maximum magnitude was not achieved when the leader channel was
already thermalized. As the voltage source was increasing in magnitude, subsequent current pulses
were continuously incepted. However, the energy provided by the current pulses was not enough to
thermalize the channel to a temperature in the order of 1500 K. During the leader inception process,
the aborted pulses triggered the increase in temperature due to the injection of energy.

The peaks of the current characteristics labelled as S1, S2, S3, S4, and S5 can be explained as
follows: the rise is due to the initial growth of electronic charges; densities of positive and negative ions
are left in the gap and, meanwhile, the electrons propagate towards the high-voltage electrode. The ion
propagation is very slow and, consequently, the local electric field is reduced and the current decreases.
As the electric field due to the voltage source increases, the negative ions drift slowly. Eventually,
the secondary ionization process, i.e., photoionization, takes place providing new electrons for the
continuation of the process. The average velocity of propagation of the streamer obtained from the
model is ca. 0.5 × 106, which coincides with the calculations reported in [27,39].

Figure 3 illustrates the location of particle densities after the formation of the current pulse S2
at time, t = 2 × 10−6 s. The figure shows how in front of the high-voltage electrode, particles were
distributed in the gap. The positive ions are located close to the high-voltage electrode. Meanwhile,
negative ion and electron densities were in the first centimeters of the gap in front of the high-voltage
electrode, towards the grounded plane. Figure 3 shows the level of detail the model allows to analyze
the discharge process in the gap. Details of the reactions and processes that participate in the discharge
are presented in the coming sections.
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Figure 3. Particle densities distribution in the air gap at time t = 2 × 10−6 s. The distance axis
corresponds to distance from the high-voltage electrode towards the grounded plane.

3.2. Temperature Change—Leader Inception

The translational and vibrational temperatures integrated over the entire domain against time
are presented in Figure 4. It can be seen that the vibrational temperature Tv increased during each
current pulse due to efficient excitation of the vibrational states. The translational temperature Th was
also increased, reaching its maximum value at the end of the current pulses because of fast heating
produced by the energy injection of all subsequent current pulses. For this particular case, vibrational
temperature Tv was always higher than the translational temperature Th, indicating a strong vibrational
nonequilibrium during the streamer-to-leader transition.
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The variation of translational temperature vs. time is in agreement with the discharge current
characteristic presented in Figure 2. Initially, the translational temperature increased rapidly due
to the fast electron generation, then the rate of the increment of temperature was reduced, but the
translational temperature increased continuously until the thermalization of the channel occurred when
the translational temperature increased above 1500 K. The leader inception or maximum temperature
was achieved after 12× 10−6 s and the total charge injected to incept a leader channel was 0.53× 10−6 C.
The results obtained with the model are in agreement with the measurements performed in [7].
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Figure 4. Vibrational (Tv) and translational (Th) temperature of gas integrated over the entire domain
until leader inception is reached. Notice that the dotted line indicates the limit of 1500 K which is
defined as the temperature for a leader to be incepted.

Figures 5 and 6 illustrate the main mechanisms and the particles that participate in the heating of
the gas. Figure 5 shows the density evolution of O, N, and NO integrated over the entire domain in
time for temperature variation from 300 K to 1500 K. It is observed that during this time the atoms
were produced mainly via electron–impact dissociation. The formation of NO increased in the initial
stage, and the NO molecules accelerated the electron–impact ionization because of their low ionization
energy. O atoms increased as well during the heating process, indicating a fast electron detachment
from negative ions.

Figure 6 identifies the leading processes on the production and loss of electrons in the gas over
the entire domain. Recombination, detachment, ion dissociation, and attachment are included in the
figure. The principal process to contribute in the temperature increment and the inception of the leader
was detachment. During the change of temperature, the recombination mechanism also occurred;
it initially increased, but after a few microseconds reached steady-state behavior. The recombination
process was the primary process that limited the energy input into the leader channel, i.e., it was the
principal mechanism of electron loss in air.



Atmosphere 2017, 8, 156 8 of 14

Atmosphere 2017, 8, 156  7 of 13 

 

the fast electron generation, then the rate of the increment of temperature was reduced, but the 
translational temperature increased continuously until the thermalization of the channel occurred 
when the translational temperature increased above 1500 K. The leader inception or maximum 
temperature was achieved after 12 × 10−6 s and the total charge injected to incept a leader channel was 
0.53 × 10−6 C. The results obtained with the model are in agreement with the measurements performed 
in [7]. 

 
Figure 4. Vibrational (Tv) and translational (Th) temperature of gas integrated over the entire domain 
until leader inception is reached. Notice that the dotted line indicates the limit of 1500 K which is 
defined as the temperature for a leader to be incepted. 

Figures 5 and 6 illustrate the main mechanisms and the particles that participate in the heating 
of the gas. Figure 5 shows the density evolution of O, N, and NO integrated over the entire domain 
in time for temperature variation from 300 K to 1500 K. It is observed that during this time the atoms 
were produced mainly via electron–impact dissociation. The formation of NO increased in the initial 
stage, and the NO molecules accelerated the electron–impact ionization because of their low 
ionization energy. O atoms increased as well during the heating process, indicating a fast electron 
detachment from negative ions. 

 
Figure 5. Densities of N, O, and NO vs. time during the change of temperature from 300 K to 1500 K. 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

x 10
-5

10
2

10
3

10
4

10
5

Time [s]

T
em

pe
ra

tu
re

 [
K

]

 

 

Vibrational temperature Tv
Translational temperature Th
1500 K

0 0.5 1 1.5

x 10-5

1013

1014

1015

1016

1017

1018

Time [s]

P
ar

tic
le

s 
de

ns
ity

 [
1/

cm
3 ]

 

 

N
O
NO

Figure 5. Densities of N, O, and NO vs. time during the change of temperature from 300 K to 1500 K.
Atmosphere 2017, 8, 156  8 of 13 

 

 
Figure 6. Time evolution of rates of electron production and loss through different mechanisms 
during the change of temperature from 300 K to 1500 K.  

Figure 6 identifies the leading processes on the production and loss of electrons in the gas over 
the entire domain. Recombination, detachment, ion dissociation, and attachment are included in the 
figure. The principal process to contribute in the temperature increment and the inception of the 
leader was detachment. During the change of temperature, the recombination mechanism also 
occurred; it initially increased, but after a few microseconds reached steady-state behavior. The 
recombination process was the primary process that limited the energy input into the leader channel, 
i.e., it was the principal mechanism of electron loss in air. 

4. Role of the Vibrational Energy and Relation to Minimum Charge Required for Leader 
Inception 

To analyze the effect of the vibrational energy on the heating of the channel, calculations of 
leader inception for the different radii of the tip of the high-voltage electrode were performed. Three 
different radii were compared: hemispherical, with a 0.30 m radius; hyperboloid, 0.10 m; and cone, 
0.01 m. Other characteristics of the test, such as the applied voltage magnitude, waveform, and gap 
distance, among others, were kept as described in Section 3. Table 1 summarizes the fraction of energy 
expended on the vibrational process for different tip shapes. 

Table 1. Vibrational energy fraction on the streamer–leader transition for different tip shapes of the 
high-voltage rod. 

Tip Radius (m) 0.01 0.10 0.30

vt

h
T

h
W

v
T

v
W

τ

)()( −
0.98 0.86 0.72 

Results indicate that the vibrational energy is influenced by the geometry of the arrangement. 
For small-curvature electrodes, more energy is expended on vibrational processes, and for large-
radius electrodes the energy used on vibrational energy is smaller. Experimental results revealed that 
the fraction of energy invested on translational and rotational energy depends on the electric field 
magnitude [35,40]. The electric field magnitude depends on the background electric field and the 
electric field reduction generated by the space charge.  

0 0.5 1 1.5

x 10
-5

10
16

10
17

10
18

10
19

10
20

10
21

Time [s]

dn
e/

dt
 [

1/
s.

cm
3 ]

 

 

e+NO->2e+NO+
e+O2+M->O2-+M
Recombination
e+O2->2e+O2*
Detachment
e+O2->O-+O+

Figure 6. Time evolution of rates of electron production and loss through different mechanisms during
the change of temperature from 300 K to 1500 K.

4. Role of the Vibrational Energy and Relation to Minimum Charge Required for
Leader Inception

To analyze the effect of the vibrational energy on the heating of the channel, calculations of leader
inception for the different radii of the tip of the high-voltage electrode were performed. Three different
radii were compared: hemispherical, with a 0.30 m radius; hyperboloid, 0.10 m; and cone, 0.01 m.
Other characteristics of the test, such as the applied voltage magnitude, waveform, and gap distance,
among others, were kept as described in Section 3. Table 1 summarizes the fraction of energy expended
on the vibrational process for different tip shapes.
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Table 1. Vibrational energy fraction on the streamer–leader transition for different tip shapes of the
high-voltage rod.

Tip Radius (m) 0.01 0.10 0.30
Wv(Tv)−Wh(Th)

τvt
0.98 0.86 0.72

Results indicate that the vibrational energy is influenced by the geometry of the arrangement.
For small-curvature electrodes, more energy is expended on vibrational processes, and for large-radius
electrodes the energy used on vibrational energy is smaller. Experimental results revealed that
the fraction of energy invested on translational and rotational energy depends on the electric field
magnitude [35,40]. The electric field magnitude depends on the background electric field and the
electric field reduction generated by the space charge.

The energy invested in vibrational processes affects the time required for heating the gas to
the critical value of 1500 K. Figure 7 shows the effect of the vibrational energy on the translational
temperature increment of the gas. The translational temperature of 1500 K was reached at different
times for the different tip of the high-voltage electrode.
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Charge Required to Leader Inception

To be able to determine the applicability of the simplified criteria of 1 µC for unstable leader
inception used on lightning attachment and long air gap discharge calculation, the electric charge
required to reach 1500 K for each tip radius of the high-voltage electrode was calculated and
summarized in Table 2.

Table 2. Total charge injected on the streamer–leader transition for different tip radii.

Tip Radius (m) 0.30 0.10 0.01

Injected at leader
inception (µC) 0.25 0.45 0.67
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The results indicate that sharper tips, rather than blunt ones, allow more charge to flow in the
channel before thermalization takes place. The charge calculation shows that the injected charge for the
inception of the leader varies with the vibrational energy, which changes with the background electric
field, the reduced electric field produced by the space charge, and the environmental conditions.
Therefore, to assume a constant value of charge of 1 µC independently of the geometry of the
arrangement, the environmental conditions, the background electric field, among others, may lead to
incorrect estimations of the leader inception and may disregard part of the physics of the discharge.
Similar results have been reported in [41], where it was experimentally observed that the charge
required for the transition from streamer to leader changes with the gap distance between the
high-voltage electrode and the ground plane, i.e., the electric field conditions of the arrangement.

5. Conclusions

A self-consistent model based on continuity equations of particles and energy balance of the
gas was presented to evaluate the heating process for the formation of a leader channel in long air
gaps. The model takes into account the influence of the electric field and gas temperatures in the
range of 300–1500 K. The model is capable of representing the streamer propagation, dark period, and
unsuccessful positive leaders that may occur before the thermalization of the leader channel.

The calculation can provide a detailed description of the electron and ion densities as functions of
time and position. The detail of the calculation extends from the initial streamer development within
a resolution of tenths of nanoseconds to leader inception at tenths of microseconds. The results were
obtained by solving two-dimensional particle continuity equations and a two-dimensional solution of
Poisson’s equation.

Numerical simulations of the model in a long air gap rod to plane electrode arrangement
indicate that:

• Photoionization is essential for the development and propagation of positive streamers. It enables
the seed electrons in the high electric field region at the head of the streamer.

• The most important mechanisms to increase the electron density, and consequently incept a leader,
were the fast electron detachment from negative ions caused by oxygen atoms and the acceleration
of the electron impact ionization due to NO molecules. These processes lead to an increase of
electron density and a decrease of the local electric field.

• The rise of temperature on the channel directly depended on the energy available at the
streamer channel, the electric field reduction and the vibrational energy relaxation, and the
recombination of particles, which were the principal processes to limit the energy input into the
leader. Consequently, it is incorrect to assume that all streamer energy is directly used for heating
and a unique amount of charge is required to heat the channel and incept a leader.

• Calculations indicate that sharp tips allow more charge to flow into the channel before leader
inception takes place than blunt tips. Therefore, the amount of electrical charge required to
achieve leader inception conditions varies and depends on the electric field distribution of the
arrangement, i.e., geometry, applied voltage, the space charge, and environmental conditions,
among others.

• The study shows that the criterion of a constant minimum electrical charge of 1 µC to incept
a leader channel, used in lightning attachment and long gap discharge models, is not well-founded
and it disregards part of the physics of the discharge. Leader inception depends on the amount of
energy injected into the channel used for heating processes.
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the discussion of the theory.
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Appendix A

Table A1. List of chemical reactions taken from [12,31,42].

Reaction Rate Coefficient (cm3/s or cm6/s)

Ionization

Direct ionization α

(A1) e + O2 → 2e + O+
2 4.9 × 10−9 exp (–657/(E/N))F

(A2) e + N2 → 2e + N+
2 8.1 × 10−9 exp (–925/(E/N))F

Stepwise ionization α′

(A3) e + NO→ 2e + NO+ 5.0 × 10−9 exp (–460/(E/N))F
(A4) e + O→ 2e + O+ 4.0 × 10−9 exp (–713/(E/N))F

Associative ionization α”

(A5) e + N2

(
A3Σ+

u

)
→ 2e + N+

2 1.9 × 10−9

(A6) e + N2

(
B3πg

)
→ 2e + N+

2 1.4 × 10−10

(A7) O + N→ e + NO+ 2.6 × 10−17 T1.43 exp (–31140/T)

Electron-ion recombination β

(A8) e + O+
2 → O + O 2.0 × 10−7 (300/Te)0.7

(A9) e + N+
2 → N + N 2.8 × 10−7 (300/Te)0.5

(A10) e + NO+ → N + O 2.3 × 10−6 Te–0.45

Electron attachment η

(A11) e + O2 → O− + O 6.7 × 10−13 (E/N)0.8

exp(1.05|5.3−ln(E/N)|3)
F

Electron detachment D and D*

(A12) O− + O→ e + O2 5 × 10−10

(A13) O−2 + O2 → e + 2O2 10−10
[
1− e(

−1570
T )
]

Electron impact dissociation

(A14) e + O2 → e + 2O k(E/N)F
(A15) e + N2 → e + 2N 4.4 × 10−11 k(E/N)F
(A16) e + NO→ e + N + O 6.4 × 10−10

Electron impact excitation

(A17) e + N2 → e + N2

(
A3Σ+

u

)
1.1 × 10−10

(A18) e + N2 → e + N2

(
B3πg

)
3.6 × 10−10

Chemical reactions

(A19) N2

(
A3Σ+

u

)
+ O2 → N2 + 2O 2.54 × 10−12

(A20) N2

(
B3πg

)
+ O2 → N2 + 2O 3.0 × 10−10

(A21) N2

(
A3Σ+

u

)
+ O→ N2 + O 2.1 × 10−11

(A22) N2

(
A3Σ+

u

)
+ O→ NO + N 7.0 × 10−12

(A23) N + NO→ N2 + O 10−12T−0.5

(A24) O + N2 → N + NO 1.3x10−10
[
e(
−38000

T )
]

(A25) N + O2 → O + NO 10−14T
[
e(
−3150

T )
]

(A26) O + NO→ N + O2 2.5x10−15
[
e(
−19500

T )
]

where the factor F is considered done by [43]. F = exp [Cvz/(E/N)2] and z = exp (−EN2/kTv). Te =
2
3 εe,

where εe is the average electron energy.
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Table A2. Excitation threshold for electron impact ionization, excitation, and dissociation [44].

Reaction εj* [eV]

(A27) e + O2 → 2e + O+
2 12.08

(A28) e + N2 → 2e + N+
2 15.58

(A29) e + NO→ 2e + NO+ 9.26
(A30) e + O→ 2e + O+ 13.62
(A31) e + N2

(
A3Σ+

u

)
→ 2e + N+

2 6.17

(A32) e + N2

(
B3πg

)
→ 2e + N+

2 7.35
(A33) e + O2 → e + 2O 5.9

The electron drift velocity was taken from [39]:

µe = −
E
|E| ·

[
7.4 · 1021 · |E|

N
+ 7.1 · 106

]
cm/s, for |E|/N > 2.0 × 10−15 Vcm2 (A1)

µe = −
E
|E| ·

[
1.03 · 1022 · |E|

N
+ 1.3 · 106

]
cm/s, for 10−16 ≤ |E|/N > 2.0 × 10−15 Vcm2 (A2)

µe = −
E
|E| ·

[
6.87 · 1022 · |E|

N
+ 3.38 · 104

]
cm/s, for |E|/N ≤ 2.6 × 10−17 Vcm2 (A3)

The negative ion drift velocity was taken from [44]:

µn = −2.7 · 1022 · E · P0

P
cm/s, for |E|/N > 5 × 10−16 Vcm2 (A4)

µn = −1.86 · E · P0

P
cm/s, for |E|/N < 5 × 10−16 Vcm2 (A5)

The positive ion drift velocity was taken from [44]:

µp = 2.34 · EP0

P
cm/s (A6)

The ambipolar diffusion coefficient is given by:

Da =
kBµpTe

qe
(A7)

where kB is the Boltzmann constant and qe is the electronic charge.
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