Chapter 2
Prebreakdown Air Ionization
in the Atmosphere

N.V. Ardelyan, Vladimir L. Bychkov, L.V. Kochetov,
and K.V. Kosmachevskii

Abstract This chapter is devoted to the analysis of electron-ionization and
-elimination processes at early stages of electric-discharge development in air at
altitudes of mainly 0-90 km. In this chapter, ionization processes in an external
electric field, as well as background ionization by fast particles and electron
attachment and detachment with participation of atomic and molecular oxygen,
are considered. Temperature and concentration dependences of rate constants are
described. Analysis of ionization models allowing simplified approaches to detailed
computation models is undertaken. It is shown that the electric breakdown process
in air, under the influence of an external electric field, comprises several stages that
are different with respect to different altitudes over the Earth. Numerical modeling
on the basis of a detailed plasma chemical model, taking into account the heating
of gas by the discharge, has shown that the relaxation processes leading to gas
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heating also lead to the appearance of a nonlinear stage of electric breakdown.
The considered phenomena can be convenient in the consideration of a high-
altitude origination of natural discharges in fields of thunderstorm clouds.

Keywords Ionization * Attachment ¢ Detachment « Breakdown ¢ Gas discharge
¢ Elementary processes « Models of the ionization ¢ Chemical kinetics model
» Atmosphere * Mesosphere

2.1 Introduction

Practical problems of electric-discharge devices applied in air at different altitudes
requires knowledge of ionization thresholds because ionization is a source of
charged particles in plasma and thus determines the efficiency of the applied
devices (Raizer 1991; Aleksandrov et al. 2008). Therefore, the solution to
ionization-threshold determination in electric-discharge devices at a given altitude
actually comes connected to a set of applications and stimulates investigations
devoted to these questions.

From data available in the literature, it is known that the development of
discharge in air has been well described with respect to processes of origination
and elimination of electrons in direct ionization, attachment, detachment, and
other processes (Akishev et al. 1994). Determination of effective ionization
thresholds requires the rate constants of corresponding processes to be determined
with sufficiently high accuracy in the vicinity of the ionization threshold.
This condition requires clarification (on the basis of experimental measurements
or calculations on the basis of solution of the Boltzmann equation to determine an
Electron-Distribution Function over Energies (EDFE), and the subsequent inte-
gration of electron-molecule process cross sections with EDFE) the rate- constant
values of the basic processes.

Nevertheless, there exist many questions about the initial stage of ionization in
air under real conditions. According to the work of (Aleksandrov et al. 2011), which
was devoted to the research of ionization processes in the troposphere at altitudes
of 4-12 km, it was shown that the measured breakdown of air electric field strength
is approximately <3 V/cm, which is considerably lower than the breakdown of
electric field strength near the surface of the Earth. In the work of (Bychkov
et al. 2004), which discusses questions of ionization in the longitudinal discharge
in a stream of air, there are breakdown fields considerably smaller than those near
the Earth. Research results of ionization processes at higher altitudes where
ionization processes can take place, leading to electric discharge phenomena,
such as sprites, jets, efc. (Khodataev 2013; Raizer et al. 1998) are of great interest.

The purpose of this chapter is the consideration of a prebreakdown stage of
discharge development in air; determination of the dependence of ionization in
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air on a value of the reduced electric field (E/N where E is the electric field strength,
and N is the concentration of neutral particles of the gas); and determination
of ionization threshold in dry air at different altitudes above the Earth. Values
of the E/N parameter will be compared with those that are typical for glow
discharges.

A brief section of this review is devoted to questions about the determination of
electron-molecule rate constants on the basis of the Boltzmann equation solution.
Modeling was performed for conditions close to those of the experiment.

Rate constants of ion-molecular processes, i.e., processes with the participation
of electronically excited molecules and chemical reactions, as a rule are determined
from experimental works and theoretical data. Many works on the determination
of these rate constants have been published; many tables and reviews are devoted
to these processes. However, regarding the concrete conditions of modeling, it is
not always possible to locate all of the required information, and it becomes
necessary to use poorly proven interpolation and extrapolation. Gathering data
on energy values (formation enthalpy) passing into gas or reaction products is
extremely difficult from an unambiguous point of view under the nonequilibrium
conditions of discharges. Often a check of those or other assumptions underlying
the consecutive analysis, or a performance of complex model calculations, reveals
difficulties of interpretation; in this case, simple models of a considered situation
are helpful. Therefore, a separate section of this review is devoted to the analysis of
such models. In this review, concrete examples of consecutive computations of
gas-discharge plasma in dry air at different altitudes are presented.

2.2 Determination of Rate Constants on the Basis
of Solution of the Boltzmann Equation

2.2.1 Equation for Electron-Distribution Function Over
Energies

To model the physical phenomena taking place in gas-discharge systems of
different types, it is necessary to determine an electron-distribution function
over energies (EFDE). EFDE in the electric field in a gas is described by the
kinetic Bolzman equation (Shkarovsky et al. 1966). It has been postulated that
EFDE expands into a series of spherical harmonics (Legendre polynomial).
This consideration is usually limited by the two first terms of the expansion
(the “two-term approximation”). The Boltzmann equation for the spherically
symmetric part of EFDE f (1) in the two-term approximation of one-component
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gas for a constant in a time- and uniform-space electrical field has the following
form (Raizer 1991):
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where E is the electric field strength; N is the total density of neutral particles; m and
M-masses of the electron and a particle colliding with it, respectively, u is electron
energy; O,,(u) is the cross section of an electron’s interaction with a particle; 7T is
the translational temperature of the gas; B is a rotation constant; oz(u) is the
effective cross section of rotation-level excitation; y;; and y,; are relative concen-
trations of the initial and final state in i-th inelastic process; u; is the threshold of i-th
inelastic process; Q;(#) and Q _;(u) are cross sections of excitation and de-excitation
in i-th process; K; is a constant of ionization, is calculated using EFDE; and 6(u) is
a delta function. This equation is easily generalized in the case of a mixture of
several gases.

The first term in the equation describes the influence of the origination and
elimination of electrons; the second term describes the energy gain of electrons
in the electric field; and the third and the fourth terms represent losses of
electrons energy at elastic collisions and excitation of rotational levels, respec-
tively. The fifth and sixth terms are responsible for inelastic collisions of electrons
with particles, and the seventh and eighth terms are responsible for super-elastic
collisions of electrons with excited particles (second-order collisions). The
ninth, tenth, and eleventh terms consider the process of ionization of a particle
assuming that the second electron is born with zero energy. The 12th term
considers the process of dissociative attachment of an electron to a particle.
A similar term, “ion recombination,” arises in the case of the dissociative
electron.
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From (2.1), one can see that EFDE is defined by a value of the reduced electric
field E/N. For this value, a unit of measure called a “Townsend”
(1 Td=10—17 V cm?) is usually used. A cross section of the de-excitation and
excitation processes is connected by a principle of detailed balance as follows:

_giutuy . '
0 (u) = P O;(u + uj), (2.2)

where g; and g_; are statistical weights of the corresponding states.
The excitation of rotation levels of molecules N, and O, is considered in the
diffusion approximation. For nitrogen molecules, the effective cross section of

rotation-level excitation is calculated by the following formula (Kochetov
et al. 1979; Dyatko et al. 1992):

GR(M) = 6002(11) + 20604(”), (23)
where og,(¢) and og4(u) are cross sections of two- and four-quantum excitation of
the rotation state from the state with the rotation quantum number J = 0.

For oxygen molecules, the effective cross section of rotation-level excitation is
calculated by the following formula (Islamov et al. 1977):

O'R(M) = 10613(14) + 120‘15(1,{), (24)

where o3(1) and o5(u) are cross sections of two- and four-quantum excitation of
the rotation state from the state with the rotation quantum number J = 1.
The normalizing condition used for EFDE is as follows:

/ Vuf (u)du = 1. (2.5)
0

A rate constant of excitation in the i-th process is calculated by the following

formula:
K= \/%/ uQ;(u)f (u)du. (2.6)
0

The electron-drift velocity is calculated as follows:
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The electron “temperature” is calculated by the following formula:
/ u
0
The coefficient of the transversal diffusion is calculated as follows:
211 [ uf (u)
Dr =4/—=— d 2.9
7 VmaN/ 0, " 29)
0

The portion of the electron energy going to the i-th inelastic process is calculated
by the following formula:
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The method of solving the Boltzmann equation for EDFE determination is
represented in the work of (Dyatko et al. 1992). Differential equation (2.1) is
replaced by a finite-difference scheme defined on a uniform mesh over the axis of
energy. The system of the linear equations obtained was solved by the marching
method with subsequent iterations over the right parts of the equations.

2.2.2 Choice of Cross Sections

The accuracy of rate-constant calculation of electronic processes is defined first of
all by the correct choice of electron-scattering cross sections on all components
of the plasma. The only reliable criterion of an estimation of the cross section’s set
of reliability is the agreement of the calculated kinetic coefficients, drift velocities,
and coefficients of electron diffusion with data obtained at measurements in drift
tubes (Huxley & Crompton 1974). This criterion is traditionally used for the
correction of cross sections measured in beam experiments as proposed previously
by Phelps (Frost and Phelps 1962). At determination of scattering cross sections by
processing the experimental data in the drift tubes, special attention should be given
to the accuracy of the numerical model used for the conditions of the experiment.
In particular, one must take into account that the value of the same kinetic coef-
ficients appears to be different for different formulations of the experiment. This
effect becomes essential at (1) the motion of electrons in high electric fields or
(2) the presence of strong electron attachment (Petrovi¢ et al. 2009). The set of
the cross sections satisfying this procedure is called the “self-consistent” set.
Such self-consistent sets of cross sections are known to have many atoms and
molecules (see, for example, http://www.lxcat.laplace.univ.tlse.fr/; Napartovich
and Kochetov 2011).
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Cross sections of electron interaction with unexcited molecules of N5, O,, and
H,O have been taken from the works of (Phelps and Pitchford 1985; Ionin
et al. 2007; Yousfi et al. 1987), respectively. Cross sections of the rotation-level
excitation of nitrogen, 6(>(#t) and 6p4(), used in formula (2.3) were taken from
Itikawa and Mason (2005), and cross sections of the rotation-level excitation of
the oxygen molecule, o3(u), and o5(1), used in formula (2.4) were taken from the
work of (Oksyuk 1965).

Calculations of electron-drift velocity, the coefficient of their transversal
diffusion, and the rate constants of ionization depending on the value of the reduced
electric field E/N in dry air (Alexandrov et al. 1981; Deminsky et al. 2013, are well
elucidated using extensive experimental data on the measurement of these charac-
teristics as represented in the reviews of (Dutton 1975; Gallagher et al. 1983).
Note that for some inexplicable reason, the experimental data on measurements of
electron-drift velocities in dry air (Nielsen and Bradbury 1937; Roznerski and Leja
1984), in the most important range of the reduced electric field E/N, i.e., from 10 to
<100 Td, have fallen out favor (Dutton 1975; Gallagher et al. 1983).

A portion of discharge power expended on the excitation of molecule rotation
levels passes in the heat during several collisions. Therefore, the portion of
power expended on elastic losses and excitation of rotation levels is called
“direct” heating. Note that the set of cross sections for molecular nitrogen yields
good agreement for the dependence of direct heating in pure nitrogen on the E/N
value and has been measured experimentally (Kochetov et al. 1979). The portion
of direct heating in pure nitrogen becomes essential at £/N < 10 Td (Kochetov
et al. 1979).

In the description of electron collision, electrons with vibrationally excited
nitrogen molecules, transitions between various vibrational levels (N(v=1)
N,(V'=)), i=0, 1,..., 8, j=i+1, ..., 8), and elastic scattering of vibrationally
excited molecules were considered. Values of the corresponding sections were
selected according to (Aleksandrov et al. 1978). In the case of oxygen, the only
transitions considered were O,(v =0) <> O,(v' =j), j=i+1, 2, 3 because of the
small values of vibrational cross sections such that those of backward processes
were obtained from the principle of detailed balance.

2.2.3 Kinetic Coefficients for Hot, Dry, and Humid Air

Distributions of populations over vibrational levels of nitrogen and oxygen
molecules were considered as Boltzmann distributions with given vibrational
temperature Ty equal to the translational temperature of the gas. Air was modeled
by the mixture of N,:O, =4:1.

In Fig. 2.1, one can see a dependence of drift velocity and electron temperature
on E/N in dry air at different translational temperatures of gas equal to 300, 1,000
and 1,500 K. Regarding differences in electron-drift velocities, their temperatures
start only at low values of the reduced electric field, i.e., E/N <3 Td.
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Fig. 2.1 Dependence of electron-drift velocity and electron temperature on E/N in air for various
gas temperatures. Continuous line 300 K, dotted line 1,000 K, dash-dotted line 1,500 K

K, cm’/s

10 100 1000
E/N, Td

Fig. 2.2 Dependence of dissociative recombination and ionization rate constants on E/N in air for
various gas temperatures. Continuous line 300 K, dotted line 1,000 K, dash-dotted line 1,500 K

Figure 2.2 represents the dependence of total ionization on E/N in dry air at
the same temperatures shown in Fig. 2.1. The rate constant of the dissociative
attachment represented in Fig. 2.2 is multiplied by the relative concentration of O,,
and the total speed of ionization is calculated as the sum of ionization constants of
separate components multiplied by the corresponding relative concentrations.
Appreciable distinction from temperature begins at E/N < 40 Td.

Often seen as the term “breakdown field” (see discussion later in the text), this
value is taken when the ionization frequency of molecules in the gas mixture
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Fig. 2.3 Dependence of dissociation and electronic-level excitation-rate constants on £/N in air
for various gas temperatures. (a) 300 K. (b) 1,500 K. / dissociation of O,, 2 dissociation of H,O
molecules, 3 summed rate constant of excited-level nitrogen molecule above level A3E+u, 4 dis-
sociation of N,, 5 excitation of level A3Z+,, of N,, 6 and 7 excitation of levels alAg and blZg+,
respectively, of O,

becomes equal to that of the electron dissociative attachment to oxygen molecules;
let us call it “conditional breakdown.” At gas temperatures <1,500 K, the
“breakdown” value of E/N does not vary and equals 115 Td.

To model plasma chemical processes, the dissociation of different components
and the excitation of different long-lived electronic molecule levels are of particular
interest. In Fig. 2.3, the dissociation rate constants of N5, O, and H,O molecules
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Fig. 2.4 Dependence of dissociation rate constants of O, and N, molecules on E/N in air.
Continuous line 300 K, dotted line 1,000 K, dash-dotted line 1,500 K

are presented. In such calculations, the concentration of water vapors chosen was
small and did not influence EDFE. In the same figure, the excitation rate constant of
an electronic state of nitrogen molecule A3Z+,,, as well as the sum of excitation
rate constants of other electronic levels of the nitrogen molecule, is represented.
Here one can see the excitation rate constants of two lower electronic levels, alAg
and b12g+, of the oxygen molecule. Calculations are performed for two tempera-
tures: 300 and 1,500 K.

Figure 2.4 shows the dependence of dissociation rate constants of oxygen and
nitrogen molecules on E/N for temperatures 300, 1,000, and 1,500 K. An influence
of gas temperature on the dissociation speed of O, molecules is noticeably stronger
than that for nitrogen molecules, and this occurs at E/N < 40 Td. This is connected
with the fact that such influence occurs due to the interaction of electrons with
vibrationally excited nitrogen molecules.

Figure 2.5 shows the balance of energy of electrons in dry air. An appreciable
change of electron energy balance at changes of gas temperature from 300 to
1,500 K takes place at E/N <30 Td.

Figure 2.6 shows the dependence of electron-drift velocity and electron mean
energy on electric field E/N in air with the addition of 0.5, 1, and 4 % water vapors.
Distinctions among electron-drift velocities and their mean energy for different
concentration of water arise only at fields <20 Td where an appreciable contribu-
tion to the electron energy balance begins to generate the excitation of vibrationally
excited water molecules (see Fig. 2.7).

Figure 2.7 shows the portion of electron energy going to the excitation of
vibrational levels, dissociation, dissociative attachment, and ionization of water
molecules in air depending on a value of E/N at concentrations of water vapors of
0.5, 1, and 4 %. The maximal portion of electron energy going to the dissociation
of water molecules is approximately 2.3 % at the reduced electric field of 270 Td at
a water-molecule concentration of 4 %.
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Fig. 2.5 Balance of electron energy in air with respect to E/N. I elastic losses and excitation of
rotational levels, 2 excitation of vibrations in O,, 3 excitation of vibrations in N,, 4 excitation of
electronic levels in O,, 5 excitation of electronic levels in Ny, 6 ionization. Continuous line gas
temperature 300 K, dotted line 1,500 K
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Fig. 2.6 Dependence of electron-drift velocity and electron temperature on E/N in air at different
concentrations of water molecules. / 0 %, 2 0.5 %, 3 1 %, 4 4 % (various gas temperatures).
T=300K

Dependence of the summed rate constants of dissociative attachment and
ionization with respect to the reduced electric field E/N in dry air, as well as its
mixture with approximately 4 % water vapors, is shown in Fig. 2.8. This figure
presents the summed rate constants of dissociative attachment and the sum of rate



80

Electron energy fraction, %

N.V. Ardelyan et al.

H,0, %

o
<
w
H_
<
~
.
—
o
=]
o
=
=
<

Fig. 2.7 Portions of electron energy going to the excitation of different levels of freedom of water
vapors with respect to E/N of different mixtures of water vapor and air. 7= 300 K
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Fig. 2.8 Rate constants of ionization (/, 3, and 5) and dissociative attachment (2, 4, and 6) with
respect to E/N for different concentrations of water vapors. / and 2 dry air, 3 and 4 air with 4 %
water vapors, 6 pure water vapors. T =300 K

constants of dissociative attachment to oxygen and water molecules with weights
corresponding to their relative concentrations. Similar summation over all compo-
nents of the gas mixture is performed for the total rate constant of ionization
represented in Fig. 2.8. Also shown are the rate constant of dissociative attachment
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and ionization depending on E/N in “pure” water vapors. With addition of 4 %
water vapors to dry air, the value of the conditional breakdown E/N increases from
115 to 124 Td. Note that the conditional breakdown E/N value is 146 Td in pure
water vapors. In calculations of the dissociative attachment of electrons to water
molecules, the formation of negative ions H™ and O~ (Yousfi et al. 1987) is
described. The channel of dissociative attachment with formation of negative ion
OH™ is neglected. Such an approach is justified because the value of the cross
section of the electron dissociative attachment with formation of OH™ is approxi-
mately 1.5 orders of magnitude smaller than attachment with the formation of H™
(Itikawa and Mason 2005).

2.3 Ionization of Dry Air: Qualitative Analysis

At the beginning of the analysis, we will consider simple models of ionization
allowing us to qualitatively analyze typical ionization-processes development at
electric discharge in air and to show a transition to breakdown, i.e., the ionization
avalanche. One should consider this phenomenon together with background
ionization and a number of electron-elimination and ion charge-exchange
processes.

We analyze models described by systems of linear ordinary differential equa-
tions, the solution of which easily yields qualitative analytical results. Therefore,
we consider only plasma chemical reactions of separate plasma components with
main molecules, O, and N,, the concentration of which does not vary substantially
in low ionized plasma; in an approximation of the constancy of concentrations, the
models are linear. Namely, such reactions prevail at the initial stage of ionization
processes because of the high concentration of air molecules compared with that of
plasma components. Models of recombination processes are nonlinear because at
least two plasma components participate in the corresponding reactions; therefore,
these processes cannot be considered in the qualitative linear analysis. However,
the recombination processes are insignificant at the initial stages of the ionization
process due to prevailing reactions with air molecules, the concentrations of which
are many orders of magnitude greater than those of plasma components partici-
pating in recombination. Because of this, the considered models are adequate at the
initial stage of ionization when plasma is low ionized and nonlinear recombination
processes are insignificant.

Let us also specify that in the analysis of linear models of discharge ionization, we
consider only key processes that as a rule prevail in the presence of substantial
electric fields. A basic contribution to the formation of the background (not dis-
charge) plasma can generate some other processes in small background electric fields
and background ionization by fast particles. In small background electric fields,
background ionization by fast particles forms a basic contribution to the formation
of the background (not discharge) plasma, which can generate some other processes.
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2.3.1 The Simplest Models

Direct Ionization and Dissociative Attachment

Usually the processes of ionization and attachment in air—i.e., direct ionization of
molecules by slow plasma electrons (originated in the discharge) and dissociative
electron attachment to oxygen molecules—are considered together. The direct
ionization of O, and N, molecules by slow electrons e (Raizer 1991) takes place
according to the following reaction formula:

€+02—>03_+2€, 6+N2—>N2++26, (2.11)

with the creation of O," and N, ions and slow plasma electrons e.

Dissociative attachment of electrons to O, molecules with creation of negative
ion O™ and oxygen atoms takes place in correspondence with the following
formula:

¢e+0, =0 +0. (2.12)

At this stage of prebreakdown ionization, the influence of recombination
processes is insignificant; therefore, one can disregarded them in models of
prebreakdown ionization.

An ordinary differential equation describing a variation of the electron concen-
tration in the course of processes (2.11) and (2.12) has the following form:

= (v; — v4)N.. (2.13)

Here, v;=k(E/N)-N, N = N\, + No, is the total molecule concentration; Ny,
Ny, are the concentrations of nitrogen and oxygen molecules, respectively; k(E/N)
is the rate constant of direct ionization process (2.11); and v, = k,(E/N) - No,,
where k,(E/N) is the rate constant of dissociative attachment process (2.12).

A solution of (2.13) at the initial concentration of the electrons N, is well known
(Raizer 1991) as follows:

N, = Noexp((vi — va)t). (2.14)

One must determine the value of N,o from additional data. An obvious suppo-
sition that the condition v; > v, yields a threshold value of the E/N parameter at
breakdown (referred to previously as “conditional breakdown”) does not corre-
spond with actual practice (Aleksandrov et al. 2008). Thus, the known breakdown
value (in the sense of the appearance of an avalanche) of the electric field strength in
air is equal to £ =26 kV/cm (Aleksandrov et al. 2008). However, the rate-constant
data of ionization and dissociative recombination in air under normal conditions at
application of the Boltzmann equation solution yield values of the conventional
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breakdown of electric fields in the range of 29-32 kV/cm, and these values are
different from the data of Raizer (1991). An account of other processes does not
improve the situation because one must consider the initial concentration of all
components participating in reactions. In addition, there exist questions about an
opportunity of prebreakdown development of ionization when v; <v, and other
processes of electron appearance can take part.

Differential equations supplementing model (2.13) for the ion component of
plasma look like this:

dN + dN _
M = l/iNe’ = = VaNe,
dr

where N My is the concentration of positive ions of air molecules appearing in

processes (2.11) of direct ionization, and No- is the concentration of the ions O™
appearing in process (2.12) of dissociative attachment.

Taking into account the solution (2.14) the next formulas are obtained for ion
concentrations valid at v; # v, and at initial concentrations No-o, N Mi0"

Va
No- = — Neo(exp((v; — va)t) — 1) + No-o,

N: = —2— Neolexp((vi = va)t) = 1) + Nyco.

2 Vi —Vq

It is evident here that at v; > v, in the considered model, there is exponential
growth of ions and electrons concentrations.

At y; <v,, electron concentrations, as defined by formula (2.14), tend to zero, but
ion concentrations tend to constant values exceeding initial values as follows:

Vi
No- — “Neo +No-o, Ny — “Neo + Nygo-

=00 Vg — Ui =00 Vg — Uj

Such a behavior of ion concentration is one of the typical scripts in the case of a
prevalence of electron-elimination processes over the processes of their origination.
At any values of the initial data, plasma appears with a constant ion concentration.

Background Ionization

It is well-known (Raizer 1991 Akishev et al. 1994; Sedunov 1991; Brasseur and
Solomon 1984) that presence of charged particles in air under real conditions, in the
absence of an electric field breakdown, is connected with background ionization
by fast particles coming into the atmosphere from space and appearing in the
atmosphere as a result of nuclear processes inside of the Earth. The atmospheric



84 N.V. Ardelyan et al.

background ionization by fast electrons ¢’ is described by the formula of reactions
as follows:

€+0, =0 +¢+e, ¢+Ny =Ny +¢ +e, (2.15)

and the differential equation describing a production of the slow electrons by the
fast particles has the following form:

=0, (2.16)

where Q is a velocity of the process of the electron-ion pairs production depending
on the velocity of initial particles and gas pressure (Raizer 1991; Sedunov 1991;
Brasseur and Solomon 1984). This equation at the initial concentration of the
electrons N, has the following solution:

Ne =N+ 01, (2.17)

and at zero initial concentration determines electron production by the fast particles.

Background Balance

In the absence of other sources of electrons in the atmosphere, the balance of
charged particles—as defined by plasma chemical reactions describing the pro-
cesses of ionization, recombination, attachment, detachment, and conversion,
etc.—is established.

A simple evident model of such balance considers the processes (2.15) of
ionization by fast particles, the process of three-body attachment of plasma elec-
trons to molecules O, (Aleksandrov 1988)

e+02,4+0;, — 0, +0, (2.18)

with appearance of the negative ion O, ", and the process of ion—ion recombination
(Smirnov 1974) as follows:

0, + M — 0, + M,, (2.19)

where M is a positive molecular ion.

The system of ordinary differential equations describing the change of a negatively
charged plasma component in the course of processes (2.15), (2.18), and (2.19), looks
like this:

dN,
dt

= Q — Uy - N, (220)
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2 :l/tr-Ng—a-NoszM;, (2.21)

o

dt

where vy, = ki, - N, (2)2 is the frequency of process (2.18), a is a coefficient of ion—ion
recombination, No; is the concentration of negative ion O, and N M} is the
concentration of ions M2+ .

The establishment of balance corresponds to coming to a stationary state of
the solution of the system (2.20), (2.21). Because the right-hand sides are close
to zero Q &~ vuN, ~ aNo, Ny+ and an accounting of plasma quasi-neutrality

Ny; = No,- +Ne = No,- + O/, gives:

0 %a'Nog (No; +Q/U1r),

it follows that

1 . .0\ 2
NO* ~ _ a Q + a Q + 40! . Q),
> 2a Vir Uy

determines one of initial conditions variants for ionizing processes at the switching
on of the electric field.

Under real conditions during a particular time period positive ions can change
due to charge-exchange reactions, but the dependence for negative ions almost
stays the same (see the calculations in section “Role of the background state”
represented in Fig. 2.20 as curves for N, No;, N02+ and Nyg+).

Background Ionization With Direct Ionization
and Dissociative Attachment

Joint consideration of direct ionization processes by slow electrons (2.11), disso-
ciative attachment (2.12), and background ionization (2.15) leads to the following
differential equation for electron concentration:

dN,
dt

=0 + (Vi = Va)Ne. (2.22)

Equation (2.22) at initial electron concentration N,q and condition v; — v, # 0 have
the following solution:

N, = (exp((v; — va)t) — 1) + Nooexp((v; — va)t). (2.23)

Vi—Vq
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In case of v; > v, at large time values, the solution (2.23) yields the exponential
growth of electron concentration (ionization avalanche) with velocity v; —v,.
At zero initial concentration of electrons, the formation of plasma is conditioned by
background ionization (2.13) and, in general, by both non-zero initial concentration
and background ionization.

In case of v; < v,, different from model (2.13) of direct ionization and dissociative
attachment, the electron concentration comes to the constant Q/(v, — v;) with time
conditioned by process (2.15) of background ionization by fast particles.

Equations describing the behavior of the ion concentration in (2.22) look like
this:

dNy+

dt

dNo-
=0 +uN,, d—?:VaNe,

At initial concentrations Ng-o, N M;0 under accounting of the solution (2.23), one
obtains the following formulas for ion concentration No-, NV, M

Vg 0

No- =No- +
(vi—va) | \vi —Va

+ Neo | (exp((v; — va)t) — 1) — Ot |,

G =) v p ?v“ + Neo | (exp((v; — va)t) — 1) — 1,01 | .

Nz =Nyo +

It follows from these formulas that at v;>v, the ions concentrations increase
exponentially like to the electron concentration (2.13) decrease. In case of the attachment
predominance (v; < v,,) at long times the ion concentrations No-, N, M} increase linearly

Va

according to law t, which is conditioned by background ionization (2.15).

v(l 1

2.3.2 Complication of the Model

Let us consider more complex model of prebreakdown ionization describing the
secondary process of electrons appearance not reduced to one ordinary differential
equation for electron concentration. For this purpose, alongside the processes of
direct ionization (2.11), dissociative attachment (2.12), and background ionization
(2.15), we consider the processes of electron detachment from negative ions O™ in
air (Frost and Phelps 1962) as described by the formulas of reaction as follows:

O +M—e+0+M, (2.24)

0™ +N; — ¢ +N,0. (2.25)
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Here, M is a neutral particle in air, and N, and N,O are molecules participating in
reactions.

In this case, the system of the chemical-kinetic equations for electrons and
negative ions O~ participating in direct and background ionization, becomes this:

dn,
dr - Q + (Vi - Va)Ne + l/detNO’s (226>
dN _
df = v,N, — vgNo- (2.27)

Where Vget = Vdet1 + Vdet2> Vdet1 = Kdet1 - Nps, and vgerp = kaernNy, are frequencies of
processes (2.24) and (2.25), and Ny, and Ny, are, respectively, concentrations of
neutral components and nitrogen molecules.
The result of (2.26) and (2.27) is the second-order ordinary differential equation
for electron concentration N,:
2
% + (Vdet — (Vi — Va)) % — VgetVilNe = V4t 0. (2.28)

Roots of the characteristic equation for (2.28) are defined by the following
formula:

Ay =05 (i — va) — Vaer) = \/((ui —u,) — I/det)z + 4vgel; |, (2.29)

and partial solution Y of inhomogeneous (2.28) is defined by the following formula:
Y=-0/uv. (2.30)
Accounting for v; > 0, vge > 0 it follows from (2.29) that 4, > 0,1_ <O0.

Because of (2.29) and (2.30), a general solution of differential equation (2.28) is
given by this formula:

N, = Cepexp(Ast) + Co_exp(A-_t) — Q/v;. (2.31)

At the given initial data N9, No-¢, constant C,. can be determined from the system
of the linear equations obtained at the account of the initial data and (2.26) at the
initial moment of time as follows:

Ci+C_ :NFO+Q/V5,

Cil+C_A-=0+ (IJ,' - l/a)N()() + VgetNo- - (232)
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From (2.32), it is obvious that constants C,. depend on initial data, roots of the
characteristic (2.29), and coefficients of the system of differential equations (2.26)
and (2.27), i.e., the rate constants of the considered processes.

Note that an analytic solution for ion No- concentration can be obtained from
(2.26) with application of the solution for N,. Let us also indicate that the concen-
tration of ions satisfies the second-order ordinary differential equation (2.28) but
does so with another right part as follows:

d*No- dNe-
dtzo + (vaer — (v — va)) d—? — VaeilNo~ = va0, (2.33)

the general solution of which is similar to (2.31):

No- = Co exp(A+1) + Co_exp(A_t) — —<—Q, (2.34)

VdetVi

where Co-4 are constants defined by initial data similar to (2.32).

From the point of view of qualitative analysis of analytical solution (2.31), it is
interesting to note that solving system (2.32) it is easy to show that C,, > 0.
Expressing C, _ through C, , from the first equation of system (2.32) and substitut-
ing the result into the second equation of (2.32), we obtain the following:

A
Cor(Ay —2-) = Q(l - —) + [(ti — va) = A-]Neo + vaeNo0-

14

From here, accounting for the negativity of A_, it follows that there is positivity
of C,, at any non-negative initial data if (v;—v,) —A1_>0. The last inequality
comes from the following transformations:

(vi —va) —2- =05 |:((l/i — Va) + Vaet) + \/((Vi — V) = Vaet)” + rgeti]

=05 {((1/[ — Vg) + Vger) + \/((Vi —Vg) + Viet)” + aera) > 0.

The positivity of C, , agrees with the physical sense because it ensures positivity
of (2.31) at long times when the exponentially growing solution summand C, , exp
(442) prevails, which in the physical sense indicates ionization avalanche.

More detailed analysis of the solution’s positivity is beyond the framework of
this chapter and is connected with a general theoretical question of the positivity of
solutions to the Cauchy problem for systems of chemical kinetics equations, the
final solution of which is currently unknown.

In concrete cases, without resorting to a detailed analysis of solutions like (2.31),
it is possible to be convinced of the positivity of the solution graphically, having
realized the analytical solution like (2.31) with the preliminarily found constant C
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or solved numerically the Cauchy problem for the initial system of ordinary
differential equations (2.26) and (2.27).

It is important to note that when considering a model, the consequence of the
detachment processes present in (2.24) and (2.25) and the direct ionization in (2.11)
(vge; > 0) is the existence of the exponentially growing mode (4, >0) in the
solution to (2.31), which is physically interpreted as the ionization avalanche as
one can see from formula (2.29) in the roots of the characteristic equation. This fact
does not depend on the ratio of direct ionization (2.11) and dissociative attachment
(2.12) processes (a sign of v; — v,,) unlike in the simpler models considered earlier.
Phenomenologically, this fact can interpreted as absence of ionization threshold,
which remains unproven by available experimental data. Therefore, consideration
of a more complex models is expedient.

From (2.29), it also follows that increment 4, > 0 of the growing mode in the
solution (2.31) at v; — v, —vge <0 can be so small that plasma concentration
growth in the considered model will be insignificant in real physical time. Thereby,
the value of A, > 0 is also determinative from the point of view of identification of
the ionization avalanche process.

2.3.3 Model with Consideration of Electrons and Atomic
and Molecular Oxygen Ions

Formulation of the Model

Here we consider the model based on the system of reactions proposed in
(Aleksandrov et al. 2011), which have been well recommended for the preliminary
analysis of electic dicharge in cold and hot air. We consider that the concentration of
electrons N, is defined by the following processes, which take place intensively in
glow discharges at the ground level and in clouds: the direct ionization (2.11) of O,
and N, molecules by slow electrons e; the atmospheric background ionization (2.15)
by fast electrons ¢’; the dissociative attachment of electrons to molecules O, with
creation of negative ion O~ and atom O (2.12); the processes (2.20) and (2.21) of
electron detachment from ions O~; and the electron-detachment process from molec-
ular ion O, at collisions with neutral molecules in air mixture as follows:

O, +M—e+0,+M (235)

We also take into account that ions O, and O3~ appear when ion O™ disappears in
reactions as follows:

0 +0,—0, +0, (2.36)

O +0,4+0;, =03 +0,. (2.37)
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In this model, unlike previously, we added process (2.35) of electron detachment
from ion O, and processes (2.36) and (2.37) of ion O™ elimination, which is the
source of secondary electrons appearing in detachment processes (2.20) and (2.21).

The system of ordinary differential equations for electrons N, and negative ions
O™ and O, with concentrations No- and No,- describing the indicated processes
looks like this:

dN,
FTa QO + (Vi — va)Ne + (Vdget1 + Vder)No- + vaesNo,» (2.38)
dNo-
dl? = VaNe - (l/detl + Vder2 + Ven1 + Vch2)N0’a (239)
dN _
% = VentNo~ — VeesNo, (2.40)

Here v;=k;N, N = N\, + No, is the total concentration of molecules; Nx,, No,
are, respectively, concentrations of nitrogen and oxygen molecules; k; is the rate
constant of direct ionization process (2.11); Q is the rate constant of background
ionization process (2.15); v, = k,No,, k, is the rate constant of dissociative
attachment process (2.12); Vgei1 = kget1V, kqeq1 18 the rate constant of detachment
process (2.20); Vderr = kde2NN,» kderz 1S the rate constant of detachment process
(2.21); vders = kdesNo,, kqers 1s the rate constant of detachment process (2.35);
Veh1 = kchiNo,, kenp 18 the rate constant of charge-exchange process (2.36); and

Veh2 = ken2 (NOZ)Z, keno 1s the rate constant of conversion process (2.37).

In principle, coefficient v; — v, can be both positive and negative; however from
Fig. 2.9, it follows that this coefficient is always negative for air in the examined
range of the E/N parameter. This means that electric discharge in air (in frames of
the considered model) occurs under conditions prevalent with the electron-
elimination process (due to dissociative attachment (2.12)) over the process of
their appearance (direct ionization (2.11)) when the elementary model (2.13) does
not describe the breakdown and its initial stage, i.e., ionization avalanche. In other
words, this circumstance makes necessary the consideration of complicated models
to explain the phenomenon of breakdown in air.

In the given model, as well as in the models examined earlier, we do not consider
the diffusion of charged particles, which is characterized by diffusion frequency
(Raizer 1991) z/d:D/A2 where D is the electron diffusion coefficient, and A is a
typical diffusion length. The case of glow discharge corresponds to the satisfaction
of conditions v, > vy, v, > vg/L, where L is the distance between electrodes, and vq,
is the drift velocity of charged particles. Estimations show that in air at atmospheric
pressure, even at sufficiently low values of E/N ~20 Td, the diffusion length is
approximately 2 km. Diffusion and gas-dynamic processes generate essentially
more complex mathematical models described by multidimensional system of
equations in partial derivatives, the analysis and solution of which is beyond the
framework of the present chapter.
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Fig. 2.9 Rate constants of processes in air. — ki rate constant of air molecules ionization by
electron impact (2.11), --- ka rate constant of dissociative attachment of electrons to oxygen
molecules (2.12), — - — kdetl rate constant of detachment in reaction (2.20), kdet2 rate
constant of detachment in reaction (2.21), - - - kdet3 rate constant of detachment in reaction
(2.35), — kchl rate constant of charge-exchange reaction (2.36), — — kch2 rate constant of

ion-conversion reaction (2.37)

Analysis of the Model Across Physical Parameters

We analyze the solution of the Cauchy problem for (2.38), (2.39), and (2.40) from
the point of view of exponentially growing mode in the solution using concrete
values of rate constants of the reactions depending on parameter E/N (electronic
temperature).

Rate constants of reactions (2.20), (2.21), and (2.35) strongly depend on ion
energies (Mnatsakanyan and Naidis 1991), which were accounted by us in the
analysis. Rate constants of direct ionization k; (2.11) and dissociative attachment k,,
(2.12) in a constant electric field were calculated with the help of the Boltzmann
equation’s solution (see previous text) for the condition of glow discharge in the air.
Charge-exchange (2.36) reaction rate constant k.,; was taken from (Smirnov 1974;
Mnatsakanyan and Naidis 1991), and the rate constant of the ion-conversion
reaction k., was taken from (Mnatsakanyan and Naidis 1991). Dependence of
rate constant over E/N in the processes considered in the model is shown in Fig. 2.9.
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The consequence of (2.38)—(2.40) is the third-order ordinary differential
equation for concentrations of the plasma components as follows:

dy dlydy

—+a—F+b—+cy= )

ds dr? dr y=a,0

a = Vdet] + Vder2 + Vdet3 + Veht + Ven2 + Vo — Vi,

b = vy(Vders + Ven1 + Ven2) + Vders (Wdet1 + Vderz + Vent + Ven)
— Vi(Vdet1 + Vderz + Vdes + Vent + Ven2),

¢ = —Vei3 Vi(Vaet1 + Vaerr + Vent + Ven2) — Valeh2)s

where y = {N,,No-,No,-} is any of the quantities specified in brackets, and the
right parts are positive and various at different y as follows:

qe = Vders(Udet1 + Vdet2 + Venl +Ven2)s  Go- = VdetsVa»  qo,~ = Valehl -

At condition ¢ # 0, which we consider to be fulfilled in further analysis, a general
solution of this equation looks like this:

y = Cyiexp(Ait) + Cyoexp(Aat) + Cyzexp(Aat) + %Q, (2.41)

where A1, 1, A3 are roots of the characteristic equation:
)= 4+al+bi+c=0 (2.42)

Finally, depending on parameters N, E/N, constants Cy,Cy,,Cy3 in (2.41) are
various at different y, and they are determined with the help of initial data. The
general solution (2.41) is constructed with use of the particular solution y = %
of the inhomogeneous equation.

Roots of the characteristic equation (2.42) define a character of solution (2.41);
in particular, the presence of positive root causes the exponentially growing mode
in the solution, which we interpret as ionization avalanche. Therefore, we further
undertake the analysis of roots of the characteristic equation (2.42) for conditions
20 Td < E/N <120 Td and for concentration N in air corresponding to altitudes
h <100 km. Let us formulate statements about the roots of (2.42), and then we will
give short explanations proving such statements.

1. At condition ¢ < 0(> 0), (2.42) has a positive (negative) real root 4; > 0(< 0).

2. In the considered range of E/N and / parameters, all three roots of (2.42) are real.

3. At condition ¢ < 0 in the considered range of E/N and h parameters, (2.42) has
one positive and two negative roots. This statement guarantees the absence of
other exponentially growing modes except for the first one (4; > 0).

4. At condition ¢ > 0 in the considered range of E/N and /s parameters, all three
roots of (2.41) are negative. This statement guarantees the absence of exponen-
tially growing modes at ¢ > 0; because of this it is possible to consider that in
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(2.38), (2.39), and (2.40), condition ¢ =0 gives a threshold of ionization ava-
lanche, and condition ¢ <0 determines the breakdown values of E/N and
h parameters.

The validity of statement no. 1 follows from the graph of cubic parabola p;(1)
(see (2.42)), which at p3(0)=c <0(>0) crosses the positive (negative) part of
abscissa at the point corresponding to the positive (negative) root of (2.42).

To proving the other statements, we use known properties of roots 4y, 45,13 of
cubic equation (2.42) (Korn and Korn 1968) as follows:

(a) The type of roots is defined by the discriminant:
A = —4d’c + a®b* — 4b® + 18abc — 27¢7.

At condition A > 0, all roots are real.

(b) The roots of (2.42) are connected with its coefficients by the following
relationships:

M+Ah+A3=—a, Ml +AlA3+4l3=b Aii=—c. (243)

From property (a) follows statement 2 at condition A > 0. The latter is checked
graphically in the considered range of parameters by an image of the level lines of
function A(E/N,N).

Hereafter we use graphs to analyze root properties defined by the coefficients of
(2.42). Obtaining the usual formula is practically impossible by virtue of root-
formula complexity and also by virtue of the fact that the dependences of reaction-
rate constants on E/N are set initially by tables, and interpolation of these tables is
used here.

Let us consider statement no. 3 (the case ¢ <0). Here, A, >0 accords with
statement no. 1. From the third equality in (2.43) and the positivity of 4y, it follows
that 4,43 > 0 and roots 4,, A3 are of the same sign. It can be determined graphically
that ¢ > 0 in the considered range of the parameters and then from the first (2.43)
equality follows 1, + 43 < 0; hence, both roots A,, 15 are negative.

Let us consider statement no. 4 (the case ¢ >0). Here, 1; <0 accords with
statement no. 1. From the third equality in (2.43) and the negativity of 4, it also
follows that 1,43 > 0 and roots 1,, 45 are of the same sign. Graphically, from the
image of lines ¢ =0, b =0 in the plane of variables E/N, N , it is shown that b > 0 at
¢ > 0 in the considered range of these parameters.

Let us transform the second equality from (2.43) using the first one:

0<b=Mhlh+4&)+hlz=—(h++a)(l+13)+ i
— (/12 +/13)2 — a(/lz +/13) + A3
=25 —Jody—alla+43) =+ 13 <0.

From this algebraic formula, it follows that the negativity of 1,43 values is true
by virtue of the positivity of a, 1,43 values.
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From the positivity of the solution to the Cauchy problem for (2.38), (2.39), and
(2.40), it follows that C;, >0 in (2.41) at condition ¢ < 0; otherwise, the solution
becomes negative at high time values (in the long term) due to an infinite increase of
the first exponent in (2.41). Direct analysis of the positivity of solution (2.41) at any
non-negative initial data is sufficiently complex. We have proven that C;, >0 at
zero initial data for (2.38), (2.39), and (2.40), in addition, positivity of the solution
is confirmed under different conditions by numeric solution of the Cauchy problem
for this system.

Thus, at condition ¢ <0 in the considering model there exists only one
exponentially growing mode (4, > 0), which is interpreted as a physical ionization
avalanche.

Condition ¢ < 0 in the explicit form looks like this:

Vi(Vdet1 + Vderz + Ven2 + Vent) — Valenz > 0
or this:

ka kchZ 772)2

(kdetl + kdetin, + kenino, + kenalV: 71%)2)

ki > N, (2.44)

where 77, = 1,,/n is a proportion of molecules M, in the composition of the air.

It follows from (2.44) that in the given model, the presence of the threshold is
defined by constants k,, k., of dissociative attachment (2.12) and three-body
conversion (2.37) of ion O™ into Oz . In case of the absence of one of these
processes (k k.o = 0), condition (2.44) is always satisfied, and there is no threshold
as in the previous model (2.26), (2.27). Breakdown condition (2.44) depends on gas
concentration N (over the altitude), which is conditioned by three-body reaction
(2.37). One must note the qualitative similarity of breakdown conditions for the
simplest model (2.13) of direct ionization-dissociative attachment and those of the
more complex models (2.38), (2.39), and (2.40), which are written as k; > fk, with
different coefficients §. In (2.13) f = ng,and in (2.38), (2.39), and (2.40), # depends
on gas concentration and on parameter E/N through the rate constants of reactions
of secondary electron appearance (detachment) and elimination of main negative
ion O™

With increased altitude, concentration N decreases, and the term kcthnéz
decreases in the denominator of (2.44). Estimations performed with accounting of
the rate-constant dependence on pressure (altitude) show that at 4 > 40 km, the term
kcthnéz in the denominator of (2.44) becomes insignificant, and the inequality in
(2.44) looks like this:

kakch277302

ki >
(kdetl + kdetﬂh\/2 + kchlﬂoz)
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Fig. 2.10 Comparison of breakdown electric field dependence on altitude (2.44) with experimen-
tally measured electric fields in the mesosphere and theoretical electric fields of cloud charges.
1 (2.44); electric fields created by cloud charges (located at altitude 5 km) of values 2 10 C, 3 5 C,
and 4 1 C, respectively; 5 and 6 electric fields registered at altitudes 60—90 km (Zadorozhny and
Tyutin 1998)

To determinate the threshold field at which ionization avalanche begins, one
must base it on the inequality in (2.44) to determine the smallest value of parameter
E/N at which it is satisfied while taking into account the dependences of E/N of the
frequencies of the processes entering into (2.44). A dependence of neutral concen-
tration over height was taken from the standard atmosphere model (Sedunov 1991;
Brasseur and Solomon 1984).

In Fig. 2.10 one can see the dependences of the threshold electric field obtained
on the basis of (2.44). In the same figure are represented the dependences over
altitude of electric fields created by a 5-km cloud charge at values of 10C,5C, and
1 C, respectively. Calculations were carried out with a help of the following formula

(Raizer et al. 1998):
h 3

where z is the altitude of the cloud location, Q is a value of the cloud charge, # is the
point of E(4) determination over the earth, and 4; is the altitude of the ionospheric
location over the earth.

In Fig. 2.10, one can also see the experimental data on electric fields measured at
the mesosphere level from (Zadorozhny and Tyutin 1998). As is well known
(Sedunov 1991), the atmospheric electric field changes from a typical value of

z-Q
EEE(h):ﬂ'80h3
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Fig. 2.11 Dependence of threshold-reduced electric field (2.44) on altitude (Ardelyan
et al. 2012b, 2013b)

130 V/m in fair weather (3,000 V/m during thunder storms) at the ground level and
to practically zero at an altitude of approximately 4 km (Sedunov 1991). Its low
values allows one to disregard it in models of ionization processes realized by
different discharges with typical values of electric fields much greater than those of
the background atmosphere.

From Fig. 2.10, one can see that the electric field of a charge 1C cloud reaches
the value of the threshold field at an altitude of approximately 100 km; for a charge
5C cloud this altitude is approximately 90 km; and for a charge 10C cloud this
altitude is approximately of 85 km. From Fig. 2.10, one can see that fields of
noncompensated charged clouds can lead to the breakdown of air at altitudes of 80—
100 km, thus serving as ionizers for the development of high-altitude discharges in
the mesosphere.

In Fig. 2.11, dependence of the threshold electric field on the altitude obtained by
the inequality (2.44) is presented (Ardelyan et al. 2012b, 2013b). From this graph,
one can see that with increased altitude, the value electric field threshold decreases.
At greater altitudes, the speed of this decrease becomes less, and the threshold field
is limited to E/N ~ 25 Td. Deceleration of threshold fields with altitude is defined by
the decreased efficiency process in (2.37) (see previous text).

Our analysis shows that air breakdown depends on the time of discharge activity,
parameter E/N, and altitude above the ground (concentration of neutrals and air
temperature). The values of rate constants depend on the type of discharge and
thus determine the values of E/N parameter under concrete conditions (for example,
values of threshold electric fields created by Radio Frequency (RF) discharges
differ from those created by glow discharges) (Aleksandrov et al. 2008;
Mnatsakanyan and Naidis 1991).

With increased altitude above the ground, the breakdown field in dry air
decreases, and in the mesosphere it decreases considerably in connection with a
significant decrease of oxygen molecule concentration.



2 Prebreakdown Air Ionization in the Atmosphere 97

log,,(N+1)
| | | |

] 1
0 S5E+08 1E+09 1.5E+09 2E+09
t

Fig. 2.12 Numerical solution of the model problem at initial concentrations of components
10~%cm 3. Altitude 7 =70 km, electric field strength value £ =0.8 V/cm (solid lines), and E =
0.4 V/cm (dashed lines). I N, (black), 2 No,- (red), 3 No- (green). Scales over axes: N cm 2t Hs

Illustrative Examples

Let us consider illustrative examples of the application of (2.38), (2.39), and (2.40).
Concrete variants of the model are defined by values of an electric field and the
density of air (altitude above a surface of the Earth) or the parameters E/N, h. The
modeling analysis is set at altitude 7#=70 km (N=1.71-1,015 cm ) because
concentrations of main components are such that all of stages can be considered
within the same time scale.

At breakdown electric field E=0.8 V/cm (E/N ~46.8 Td), when condition
(2.44) is satisfied, the roots of the characteristic equation take the following values:

M RT7.03-1077 ps™, A —107 psTl, A3 & —529-107 psTl. (2.46)

In correspondence with the above analysis, the first root is positive, and the two
others are negative. At the stage of predominancing the exponentially growing
mode e, plasma concentration growth for an order of magnitude takes place
during time A7 =1n10/4, ~0.33 - 10° ps.

Under breakdown field £~ 0.4 V/cm (E/N =23 Td), when condition (2.44) is
not satisfied, then the roots of the characteristic equation take the negative values
A —224-10*ps ', e —125-107 7 ps™ ', and A3~ —3.32-107 M ps™ L.

In Fig. 2.12 one can see concentrations of the plasma components with respect to
time for both indicated variants as obtained by a numerical solution of (2.38),
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(2.39), and (2.40) at initial values of plasma components concentrations equal to
107%cm 2.

Under breakdown field E=0.8 V/cm, ion O, prevails, the concentrations of
which at the developed stage exceed the concentration of electrons by two orders of
magnitude, and “electro-negative plasma” is formed.

Under breakdown field E = 0.4 V/cm, the concentrations of plasma components
tend to constant values different from zero; this is conditioned by the process of
breakdown ionization (2.15) by fast particles. The latter agrees with the general
solution (2.41) in which the exponential components tend to zero with time.

Comparison with the Full Model

In terms of comparing the solution of (2.38), (2.39), and (2.40) with that of the “full
model,” the main results are presented in the Sect. 2.3. Developed and used by us,
the full model of air plasma chemical kinetics (see Sect. 2.4) comprises 27 ordinary
differential equations, 25 of which describe the balance of plasma components
(ions, neutrals, excited molecules), and 2 of which are energy equations of the gas
and the electrons. Here, for example, we also consider the altitude of 70 km because
the concentrations of main components at this altitude are such that all stages can be
considered within the same time scale.

In Fig. 2.13, one can see a comparison of numerical solutions to (2.38), (2.39),
and (2.40) as well as that of the full model at initial values of a plasma component
concentration equal to 10~® cm . Graphs of the plasma components participating
in the linear model, as well as the temperature of the gas in the full model, are also
presented.

At the indicated initial (small) values at the initial stage (the stage of the
prebreakdown ionization) at t <6-10® ps, the linear model well approaches the
solution of the full model. At this stage in the full model, the positively charged
components of the plasma are presented by the ion O,*, and the gas temperature
does not change. The comparison given indicates the physical adequacy of the
linear model (2.38)—(2.40).

At the following nonlinear stage in the full model, further ionization takes place
under another script. The electron concentration grows, and the plasma becomes
electron-ion; this process is accompanied by the replacement of ion O, with ion
NO" and growth of the gas temperature to >2,000 K. At this stage of discharge
development, one can identify a stage of the breakdown, i.e., strongly nonlinear
ionization. Then there comes a stage after the breakdown of discharge development
when the concentration of electrons varies weakly, but the concentrations and the
composition of ions can vary, with the latter coming the post-breakdown stationary
(or quasi-stationary) state.

This comparison does not mean that three-component linear models (2.38),
(2.39), and (2.40) always adequately describe the prebreakdown ionization stage
(see section. “Illustrative examples”). At other initial conditions, other scripts of
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Fig. 2.13 Numerical solution in the linear model (dashed lines) and the full model (solid lines) at
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prebreakdown ionization are possible, described by others, probably more complex
models that require research. This statement is illustrated by Fig. 2.14, in which the
calculation results of discharge over the full model are presented under the same
physical parameters—#/ =70 km, E =0.8 V/cm—but at background initial condi-
tions calculated for the power of fast-particle source W= 18 eV/(cm3-s) (electron—
ion pair production per unit of volume per unit of time G=0.57 cm s~ ' at
h=70 km [Brasseur and Solomon 1984]). Background values of the plasma
components are represented in the left part of the Fig. 2.14 where the initial stage
of the prebreakdown ionization is presented at an increased scale over time.

Here as well as in Fig. 2.13, in the case of very small values of initial data, the
linear initial stage of prebreakdown ionization at r < 3- 107 ps is observed. In this
stage, concentrations of the plasma components grow exponentially (linearly in the
logarithmic scale in Fig. 2.14). The script (the linear model) differs from the one
examined here, and one can see that the growth rate in this case is substantially
greater than that in the model (2.38)—(2.40) as well as that of the full model
in Fig. 2.13. The stage of breakdown ionization (6:107 ps<t<9-10" ps) takes
place with a sufficiently fast increase of temperature. One can see an inter-
mediate stage between the stages of prebreakdown and breakdown ionization
(3-107 ps <1< 6-107 ps), in which the temperature increased more slowly and the
electron concentration almost does not vary. The intermediate stage with slowly
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Fig. 2.14 Numerical solution of the full model at the given background concentrations. Altitude
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changing (and even decreasing) electron concentration, one can see in Fig. 2.13
(1~8-10® ps) and this takes approximately the same time as that shown in Fig. 2.14.

The results of calculations presented in Figs. 2.13 and 2.14 show that the script
and time of breakdown development can depend strongly on initial conditions. At
initial conditions close to zero, this time is almost an order of magnitude greater
than that at background (nonzero) initial conditions.

Within the limits of the linear model (2.38)—(2.40), it is impossible to deter-
mine the time characteristics of the ionized area coming to near breakdown and
post-breakdown modes when it cannot be limited in the prebreakdown stages by
a simple linear plasma chemical model that does not consider ion-ion and
ion-molecular processes as well as those describing excited particles in the air
at their origination by external sources of excitation. Therefore, the results
obtained play an auxiliary role allowing to reasonably estimate a threshold field
and choose key parameters in a detailed quantitative analysis on the basis of more
complex models and, by this, to decrease the number of parameters in time-
consuming calculations. The following part of this chapter is devoted to the
numerical modeling of electric breakdown in the atmosphere on the basis of the
full model.
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2.4 Numerical Analysis of Breakdown Phenomena in Air

In this section, we consider plasma chemical processes at near-breakdown values of
electric field in dry air at altitudes of 0-90 km. We undertake calculations of
concentrations of the main charged particles, electron and gas temperatures at the
gas-discharge excitation of air.

2.4.1 Model

As in our previous works (Ardelyan et al. 2001, 2012a, 2013a), for initial analysis
of the plasma-chemistry of dry air, we chose the full model of chemical kinetics.
The system of plasma chemical reactions corresponds to works (Ardelyan
et al. 2013a; Kossyi et al. 1992), which represents 27 ordinary differential equa-
tions, 25 of which describe the balance of plasma components (ions, neutrals,
excited molecules) and 2 of which are equations of gas and electron energy as
well as 180 plasma chemical reactions. The EFDE was considered corresponding to
the glow discharge (see Sect. 2.2), and, with the help of this, the main rate constants
of electron molecule reactions were obtained. Determination of the influence of fast
particles on the background and the corresponding costs of molecule excitation,
dissociation, and ionization was taken from (Ardelyan et al. 2013a; Maetzing
1991).

As indicated previously, the equations contained that of electron temperature in
the form of (Zadorozhny and Tyutin 1998; Ardelyan et al. 2001, 2012a, 2013a).
These works described the following: (1) the heating of electrons in an external
electric field; (2) the heating of plasma electrons at the injection of fast electrons
into the area below the threshold of vibrational excitation (Ardelyan et al. 2013a;
Konovalov and Son Konovalov and Son 1987); (3) the heating of plasma electrons
in processes of electron-ion recombination (Ardelyan et al. 2013a; Konovalov and
Son 1987); (4) the heating of plasma electrons in processes of electron detachment
from negative ions; (5) the cooling of plasma electrons in the process of electron
attachment to molecule O, (Bychkov and Eletskii 1985); and (6) the heating of
plasma electrons in elastic and inelastic collisions with molecules O, and N».

In the equation for gas temperature T, we included summands corresponding to
gas heating resulting from the relaxation of electronic and vibrationally levels of
freedom (Ardelyan et al. 2013a), the heating and cooling of the gas in chemical and
plasma chemical reactions, and Joule heating (heating by electrons in collisions). In
modeling, we described reactions with the participation of positive ions O, O,",
04", 06", Og", N*, NO*, and N,"; negative ions O~, O, and O3 ; atoms N and O;
molecules O,, O3, N,, N,O, and NO; vibrationally excited states of nitrogen N,(v);
electronically excited states of nitrogen N, (b) and N, (z); vibrationally excited states
of oxygen O,(v); and electronically excited states of oxygen Oz(lAg) (see details in
Ardelyan et al. 2013a). We described recombination reactions of each positive ion
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with each negative ion. Data of these processes were determined on a basis of the
Flannery approach (Smirnov 1974; Kossyi et al. 1992; Smith and Thomson 1978) in
describing temperature and pressure (Ardelyan et al. 2013a). In the calculations, we
supposed that de-excitation of the vibrational and rotational states of molecules
takes place mainly at collisions with molecules. The model also includes charge-
exchange reactions of ions (Ardelyan et al. 2013a; Smith and Thomson 1978;
Virin et al. 1979). The power inputted to the gas by fast particles W is defined in
units of eV/(cm®-s), and the rate of excitation Q is usually connected with this by
0 =W/(U,;) (Ardelyan et al. 2012a, 2013a), where U, is the cost of the ionization,
in particular, in air U; =31.6 eV. The calculations were carried out under an approx-
imation of constant density where the model used represents the ordinary differential
equations. More details about the code, tables of plasma chemical processes, rate
constants, and the model of air plasmas can be found in (Ardelyan et al. 2013a).

In the analysis, we first determined background values of the components similar
to those described in section “Comparison with the full model”, but a full set of
components at the given values of the excitation and ionization costs depends on the
altitude and temperature recorded (Sedunov 1991; Brasseur and Solomon 1984).
These served as initial values for chemical kinetic calculations of charged, neutral,
and excited particles in the plasma. This corresponded to the modeling of an
established plasma chemical balance at the given altitude at the given pressure
and temperature.

At all altitudes, values of E/N parameters were selected so that the breakdown
took place during approximately 100 s; this corresponds to the discharge time of the
unipolarly charged macro object in the atmosphere (Bychkov et al. 2010).

2.4.2 Results of Calculations

General Results

In Figs. 2.15, 2.16, 2.17, 2.18, and 2.19, the results of calculations of the main ions,
electrons, and gas temperatures for the discharge in air are presented for different
altitudes above the ground and for different values of external electric field strength.
Dependence of the temperature on time is represented at different values of the
electric field; these show how the field influences the kinetics of gas warming, thus
promoting improved ionization.

In Fig. 2.15 one can see the results of calculations of main ions, electrons, and
gas temperature at 7 =0 km, £ = 14.5 kV/cm and a value of parameter E/N = 57 Td.
At the initial stage of field influence on air at time # <20 s, the generation of
negative ions due to electron attachment to oxygen molecules and the following
ion transformation takes place. The balance of negatively and positively charged
particles is realized by ions O3, O;, and NO™. At time approximately 7~ 140 s,
heating of the gas from 7'=282 K to 7'=2,240 K occurs. At the latter temperature,
effective detachment of electrons from negative ions takes place, and their balance
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Fig. 2.15 Concentrations of main ions, electrons. and gas temperature at # =0 km, E = 14.5 kV/
cm. 1 0,5, 2N,*,3N0%, 4¢,50,7,6 07,7057, 8T (black dash pointed line at E = 14.5 KB/cm;
and 9 T (red pointed line E =15 kV/cm). N cm >, ¢ ps, T K. Figures correspond to different time
scales

is realized mainly by ions NO*. In this case, the avalanche’s strongly nonlinear
increase of electron concentration takes place, and one can consider the occurrence
of gas breakdown. At £ =15 kV/cm and initial parameter E/N = 59 Td, gas heating
takes place during ¢~ 20 s, and the electric gas breakdown occurs earlier.

In Fig. 2.16, one can see the results of calculations of main ions, electrons,
and gas temperature at #=35 km, E=8.7 kV/cm as well as value of parameter
E/N =57 Td. At the initial stage of field influence on air at time # <40 s, generation
of negative ions takes place. The balance of negatively and positively charged
particles is realized by ions O3, O;, and NO™. At time, ¢t~ 160 s, gas heating to
temperature 7' = 2,240 K occurs, and the balance of the charged particles is realized
mainly by electrons and NO*. In this case, the strongly nonlinear stage of gas
breakdown takes place. At £E=9 kV/cm and the initial value of parameter
E/N =59 Td, gas heating leads to the breakdown threshold shifting to ¢~ 20 s.

In Fig. 2.17 one can see the results of calculations of main ions, electron, and
gas temperature at 2 =30 km, £ =165 V/cm as well as the value of parameter
E/N =43 Td. At the initial stage of field influence on air at time # < 90 s, generation
of negative ions takes place. The balance of negatively and positively charged
particles is realized by ions O; and NO*. At time 7~155 s, gas heating to
T=2,500 K occurs, and the balance of the charged particles is realized mainly
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Fig. 2.17 Concentrations of main ions, electrons, and gas temperature at # =30 km, £ =165 V/
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Fig. 2.18 Concentrations of main ions, electrons, and gas temperature at 7 =60 km, £ =2.5 V/
cm. 1 0,5, 2N,",3NO%, 4¢e,50,,60 705, 8T (black dashed line E=2.5 V/cm), and 9 T
(red dashed line E=3.0 V/cm). N cm 3, ¢ ps, TK

by electrons and ions NO™. In this case, the strongly nonlinear stage of gas
breakdown takes place. At E=180 V/cm and an initial value of parameter
E/N =47 Td, gas heating leads to the breakdown threshold shifting to # ~ 20 s.

In Fig. 2.18, one can see results of calculations of main ions, electrons, and gas
temperature at 7=60 km, E=2.5 V/cm, as well as the value of parameter E/
N =139 Td. Because the concentration of O, increases with increasing altitude, then
the origination of ions O; in reaction (2.18) quadratic over O, decreases sharply. In
this case, the balance of charged particles is realized by electrons and ions NO*
practically from the beginning of discharge activity. Processes are similar to those
considered in the third section in the model for three ions. Warming leads to
additional growth of the electron concentration because the temperature growth
decreases electron-ion recombination. The increase of the applied field stimulates
the breakdown phenomena even more strongly. In general, the picture of the
breakdown occurring at altitudes of 60—90 km is the same and is similar to those
considered by us in section “Comparison with the full model”.

In Fig. 2.19, one can see the results of calculations of main ions, electrons, and
gas temperature at 2 =90 km, E =0.045 V/cm, as well as the corresponding value
of parameter E/N =64 Td. This value of the E/N parameter is approximately
2 times greater than those considered at altitude # =60 km. Therefore, ion O™
plays an important role in the formation of negative ions in (2.12) and their
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subsequent transformation to O3. A small heating of gas is sufficient to destroy
negative ions and realize air breakdown at times of approximately 60 s.

Role of the Background State

Initial data for variants of fulfilled calculations are listed in Table 2.1. In this table,
the number of the computed variant is indicated in the first column. The altitude for
which the calculation is executed is indicated in the second column. The third
column lists the concentration of neutrals at the given altitude, which was taken
from the Standard Atmosphere of USA (Brasseur and Solomon 1984). Data on the
velocity of fast-particle appearance W with respect to altitude were taken from
(Sedunov 1991; Brasseur and Solomon 1984; Wahlin 1994) and are listed in the
fourth column.

Data from Sedunov (1991) and Wahlin (1994) agree at low altitudes and differ at
altitude 4 km. At altitudes between 10 and 50 km, we used data extrapolated from
Wahlin (1994). At low altitudes, the differences in data weakly influence the
discharge parameters.

Along with values of the velocity of fast particles, we present in the same column
a decreased velocity W/N per one particle, which increases with increasing altitude.
In the last column, the prevailing component concentration values in background
plasma are presented. These were used as the initial data at numerical modeling of
the discharge by the full model. These values were obtained by numerical solution
with zero initial data, and the electric field and velocity of fast-particle appearance
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Table 2.1 Initial parameters for calculations (background plasma parameters)

Background component

W, eV/(cm3s) E, V/cm concentrations: N —cm’™ 7;
N. hkm N,ecm™  (WIN, eV/s) (E/N, Td) quasi- stationary time ¢ — s.
10 2.55-10" 3.7-10% (Sedunov 1991; 14.5-10°, Nyot &~ No,- ~ 103,
Brasseur (56.8) Nno &~ No, =~ 107, 1=4-10°
and Solomon 1984) 15-10%,
(1.44-1077) (58.8)
2 10 861-10"™ 1.2-10° (Wahlin 1994) 4.75-10°, Nyor & 6.6+ 10% No,+ ~ 1.4 10%
(55~23, No,+ ~ 1.4-10%; 05", 05" — are
(55.81(1))’ also present
(1.39-107'%) h Nno & No, = 107, r=10°
3 30 3.83-10" 29-10° (Wahlin 1994) 165, (43.1),  Nyo+ ~ No,- =~ 10°,
(7.57-1071%) 180 (45) Nyo = No, = 101, 1 =10°
4 60  645-10" 11 (Brasseur and 2.5,(38.8),  Nyor ®N,~6.0-10%,
Solomon 1984) 3, (46.5) Nno & No, ~ 10", r=10’
(1.71-1071) '
5 9 6.98-10" 290 (Brasseur and 0.045, (64.5), Nyo+ ~N,~3.0- 103,
Solomon 1984) 0.05, Nxo =~ No, = No ~ 10°, r=10°
12 N
(4.15-10712%) (71.6)

are indicated in the fourth column of Table 2.1. The background quasi-stationary
state is usually established during time # = approximately 10° s, which exceeds the
typical time of external conditions (day to night) as they change in the atmosphere;
therefore, the background values obtained have a qualitative character, specifying
probable composition, and a concentration of the background plasma. For low
altitudes (i.e., variants no. 1 through no. 3) at times specified in Table 2.1, ions
NO*,0; prevail in background plasma; at high altitudes (i.e., variants no. 4 and
no. 5), electrons and ion NO™, and at smaller time values than indicated in the table
ions O,%, 0, (variant 2), prevail in background plasma.

At high altitudes, the exit to a stationary state, with a prevalence of electrons and
ions NO", takes place more quickly. The indicated stationary state is apparently
final for any altitude; however, at low altitudes, the exit to a stationary state at times
essentially exceeds the time when atmospheric conditions change. The general idea
of dependence of the background solution on time is shown in Fig. 2.20, which
presents concentrations of the background plasma’s main charged components at
altitude 60 km (variant 4) in a logarithmic scale over time.

For other variants in Table 2.1, the qualitative picture of Fig. 2.20 does not
change. It elongates over time with decreased altitude (increased density); the
numerical values of concentrations depend on air density N and decreased velocity
of fast-particle ionization W/N per one particle.

For all altitudes, typically there is the presence of a significant amount of neutral
NO, 0%, 0 in low-ionized plasmas. This essentially influences the beginning of
prebreakdown ionization when the electric field is switched on. The degree of
ionization of background plasma increases with altitude due to reduction of air
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Fig. 2.20 Numerical solution by the full model at zero electrical field at altitude 4 =60km
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over axes: N cm_3, ts, TK

density and increase velocity of fast-particle ionization W/N per one particle. Data
regarding the composition of background plasma obtained numerically agrees with
the known literature (Brasseur and Solomon 1984; Ardelyan et al. 2013a).

2.5 Conclusion

In this chapter, we carried out a qualitative and quantitative analysis of
prebreakdown and breakdown processes under an influence of external electric
fields in the atmosphere at altitudes of 0 to 100 m. Simple qualitative models of the
processes leading to prebreakdown and breakdown phenomena were presented.
Detailed analysis revealed necessary features of the complex processes leading to
the breakdown phenomena in air, the limitations of the qualitative models, and the
approach one must follow to model the electric breakdown phenomena in air with
the use of gas discharges.

Analysis showed that the phenomenon of air breakdown consists of several
stages that are differently realized with respect to the altitude over the Earth.
These stages can be accompanied by local gas heating, which can lead to unusual
and unexpected behavior of plasma at high altitudes. These unexpected behaviors
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should be taken into account when investigating high-altitude discharges and in the
planning of high-altitude experiments using the application of gaseous discharges.
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