
Abstract. A set of physical and chemical processes occurring in
a microwave stratospheric discharge of nanosecond duration is
discussed in connection with the effect they may have locally on
the ozone layer in the artificially ionized region (AIR) in the
stratosphere. The AIR, to be created at altitudes of 18 ± 20 km
by the microwave breakdown of air with ground-produced
powerful electromagnetic wave beams, is planned for use in the
natural physical experiment aimed at active monitoring of the
ozone layer (its internal state and a set of plasma-chemical and
photochemical processes) by controllably generating a consid-
erable amount of ozone in the stratosphere. Results of relevant
theoretical studies are presented, as are those of a large series of
laboratory experiments performed under conditions similar to

those prevailing in the stratosphere. Discharge regimes securing
the efficient growth of ozone concentration are identified and
studied in detail. It is demonstrated that such a stratospheric
ozonizer is about as efficient as the best ground-based ozonizers
used at present. For typical stratospheric conditions (low pres-
sures and temperatures T � 200 ± 220 K), it is shown that the
intense generation of ozone in a microwave breakdown effected
by groups of short nanosecond pulses does not virtually increase
the density of nitrogen oxides Ð gases that play a vital role in
catalytic ozone-decomposing reactions. The possibility of effec-
tively producing ozone in prebreakdown electric fields is estab-
lished experimentally. It is demonstrated that due to its long
lifetime, ozone produced locally at altitudes of 18 ± 20 km may
spread widely under the action of winds and turbulent diffusion,
thus leading to an additional Ð artificial Ð ozonization of the
stratosphere.

1. Introduction

Ozone belongs to the minor neutral constituents of the
Earth's atmosphere. In spite of the fact that at a certain
altitude its maximum concentration is nearly five orders of
magnitude lower than that of air molecules, it protects the life
on Earth from the destructive effect of ultraviolet (UV) solar
radiation. The altitude distribution of ozone is rather nonuni-
form and shows a clearly pronounced peak at altitudes
between 18 and 30 km. The altitude region near the
maximum, where the bulk of ozone is concentrated, is called
the ozone layer. The ozone distribution over the stratosphere
is formed as a result of chemical processes and is affected by a
number of factors: the UV radiation of the Sun, large-scale
circulation of air in the atmosphere, turbulent diffusion, and
the distribution of air temperature in the stratosphere. The
influence of the above-mentioned factors is different at
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different latitudes, which leads to the latitude dependence of
the ozone layer parameters. So, at low latitudes the layer is
positioned higher (H � 30 km) and the maximum ozone
concentration in it is larger ��O3�max � 5� 1012 cmÿ3� than
in the auroral zones where the typical altitude of the
maximum is H � 18ÿ20 km, and the concentration is
�O3�max � 3� 1012 cmÿ3 [1, 2].

It should be emphasized that the integral absorption of
the UV solar radiation by ozone depends on the wavelength
(it is maximum when l � 255 nm) and grows exponentially
with increasing ozone concentration in the layer. Hence, even
a slight decrease of the total ozone content may lead to a
strong change in the UV radiation intensity on the Earth. So,
when the ozone content decreases by only 10%, the radiation
intensity on the Earth increases 50-fold for l � 288 nm, 6-fold
for l � 293 nm and only 1.6-fold for l � 302 nm [3]. This
exceedingly important feature is precisely what has drawn the
heightened attention of scientists and the world community to
the analysis of the state of the ozone layer.

Observation of the ozone layer shows that the ozone
concentration in it changes not only with latitude, but also
from season to season and from year to year. A considerable
ozone depletion, called the `ozone hole' [2 ± 5], was revealed in
the spring of 1985 over the Antarctic Continent. Further
observations in the Antarctic stratosphere revealed the rather
complicated dynamics of the `ozone hole'. At the early stage
of observation (1985 ± 1987), its area continuously expanded
and its duration of presence became longer, which caused
certain concern. Later on, however, the character of its
transformation became much less definite, and the dynamics
of the `ozone hole' over the Antarctic Continent still remain
not quite clear.

A noticeable contribution to the decrease of ozone
concentration is thought to be in particular of anthropogenic
nature. This effect may heighten, which arouses natural
concern about the fate of the ozone layer. H Johnston and
P Krutzen were the first to express their apprehension in the
early 1970s and to draw attention to the atmospheric
pollution by nitric oxides released due to stratospheric
aviation [6, 7]. After that, in addition to the nitrogen catalytic
cycle, chlorine (due to Freon decomposition) and hydrogen
catalytic cycles also leading to ozone depletion were revealed.
This impelled the world community to take some measures
directed to limit the production of substances that have a
negative effect on the ozone layer. The Vienna Convention on
ozone layer protectionwas adopted in 1985, and theMontreal
Protocol according to which the participant countries are to
curtail sharply the production of long-lived Freons and other
ozone-decomposing substances was signed in 1987.

However, the answer to the question of the necessity and
sufficiency of these measures now remains vague. The point is
that the observation of the state of the ozone layer from the
viewpoint of the anthropogenic effect has no reliable
predictive force owing to the possibility of long-lived minor
impurities of catalytic products existing in the atmosphere
and poor control over their release into the atmosphere.
Alternatively, a theoretical description of the influence of
minor impurities upon the ozone layer is fairly difficult. First
of all, several hundred equations describing the chain of
chemical reactions should simultaneously be considered,
and not all the rate coefficients for the reactions are well
known. If, in addition, the influence of ultraviolet solar
radiation, atmospheric winds, turbulence, and stratospheric
clouds with their complex heterogeneous reactions proceed-

ing with the participation of nitrogen- and chlorine-contain-
ing compounds [2] are taken into account, it becomes clear
that purely theoretical calculations cannot be a source of
reasonably reliable predictions of ozone layer behavior. It is
not accidental that, in particular, neither the predictions by
Johnston and Krutzen concerning a substantial lowering of
ozone concentration in the stratosphere by the late 1980s nor
the predictions, following from the observations by Farman
et al. [8], of catastrophic consequences of the increasing
Antarctic `ozone hole' were justified.

It is quite obvious that permanent and controllable
physical experiments in the stratosphere are necessary to
make a reliable judgment of the effect of minor impurities
on the behavior of such a complex system. The present review
is devoted to the feasibility of such experiments at the current
stage. It is advised that the experimental research will be
carried out using an artificially ionized region (AIR) created
in the stratosphere bymeans of pulsedmicrowave breakdown
in crossed powerful electromagnetic wave beams produced on
the ground. The microwave radiation parameters necessary
to create an AIR can be evaluated using the results of
investigations of gas discharges in wave beams. An extensive
programme of experimental and theoretical research of such a
discharge, stimulated by advances in the design of high-power
microwave radiation sources (gyrotrons [9] and relativistic
electron beam generators [10]), was performed in the 1980s in
theUSSR andUSA [11 ± 18]. The idea of creating anAIRwell
reflecting radio waves (a radio mirror) and exploiting it for
tele- and radio communication was suggested as far back as
the early 1980s by A V Gurevich [19] and was further
developed in Refs [20, 21]. To maintain a radio mirror in the
crossing region of the two wave beams, the following
microwave radiation parameters were proposed: a wave-
length of 5 ± 100 cm, pulse duration of 1 ± 10 ns, and pulse
repetition rate of 104ÿ105 Hz. A high pulse repetition rate is
necessary in order that the decrease in the plasma density
between pulses due to deionization be small and a high mean
electron concentration be maintained. It should be noted that
the possible ecological consequences of the creation and long-
term maintenance of a radio mirror were discussed at length
in papers [22 ± 25]. The results of this discussion lay a good
basis for our analysis of the effect of a nanosecondmicrowave
discharge upon the ozone concentration in the stratosphere.
It is precisely the use of short nanosecond microwave pulses
and the low gaseous temperature in the stratosphere that
determine the absence in our case of the negative ecological
effects discussed in those papers.

The review is organized as follows. Section 2 is devoted to
the theory of AIR creation in the stratosphere, the study of
the related physical processes, the investigation of ionized
region stability, and the laboratory simulation experiments
on the creation and maintenance of an AIR in crossed
microwave beams. The section to follow analyzes the
plasma-chemical processes under the conditions of a nanose-
cond microwave discharge in the air. The results of numerical
calculations describing the kinetics of minor neutral compo-
nents in an AIR are presented. The section is mainly devoted
to the results of laboratory experiments in which the ozone
concentration dynamics are examined. It is demonstrated
that depending on the microwave oscillator operation regime
and conditions in the discharge the concentrations of both
ozone and ozone-destructive nitric oxides NO and NO2 may
increase. The conditions are revealed and thoroughly investi-
gated under which an appreciable ozone production is
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observed, whereas theNOandNO2 concentrations remain, in
fact, at the level of the background values. An efficient
increase of the ozone concentration in a microwave resona-
tor in prebreakdown electric fields was also observed. The
possibility of using AIR in an environmental experiment
exploring the effect upon the ozone layer in the stratosphere
is considered in Section 4 on the basis of the results of
laboratory experiments and numerical calculations. The
methods of remote ground-based diagnostics of the plasma-
chemical processes in an AIR, associated with the dynamics
of minor neutral components (ozone in the first place) are
scrutinized. The expenditure of energy and the optimum
conditions for an efficient ozone production are estimated.
The possibility of replenishing a sufficiently vast area in the
stratosphere with artificially generated ozone is discussed.

2. An artificially ionized region
in the atmosphere

2.1 Schematic of AIR creation
The scheme of a proposed realization of the environmental
experiment is presented in Fig. 1. Two powerful electromag-
netic wave beams with frequencies of 10 ± 40 GHz are sent to
the atmosphere with the help of ground-based antennas. In
the beam crossing region at altitudes H � 20ÿ30 km, where
the electric field is particularly large, a gas discharge is set up,
i.e. an AIR is formed which, the same as a discharge in the
ozonizer, will be an efficient ozone source. In the AIR, plasma
electrons acquire energy from the electric field and cause
oxygen molecule dissociation, and then the oxygen atoms are
converted into ozone. This plasma-chemical method of ozone
production is especially efficient with pulsed electric dis-
charges of short duration and a high repetition rate [26].

In the schematic diagram of the experiment in Fig. 1, for
air ionization within nanosecond intervals the electric fields in
the beams should be strong. Estimates show that for AIR
formation in the three-centimeter wavelength region at an
altitude H � 30 km with the help of antennas of 100 m in
diameter and located at a distance of 30 km from one another,
the pulse power in the wave beams should exceed the value
P � 4� 109 W for a pulse duration t � 50 ns. This power
level has already been reached on contemporary microwave
oscillators in laboratory experiments. Thus, the creation of an
atmospheric microwave discharge appears to be quite feasible
with the modern state of technology.

Notice that to form an AIR at altitudes of several tens of
kilometers, crossed beams are more practicable than a single

electromagnetic wave beam. For moderate transmitting
antenna parameters (with a diameter of several tens of
meters), the convergence angle for a single beam is exceed-
ingly small �Y � 10ÿ3� and the maximum electron concentra-
tion Nem in a discharge in a single beam appears to be not
high: Nem � NcrY2 [16], where

Ncr � m�o2 � n2c�
4pe2

is the critical electron concentration for the frequency o of
incident microwave radiation. The value ofNem is insufficient
to attain a considerable atomic oxygen concentration within a
short microwave pulse. In crossed beams, much higher Ne

values can in principle be reached and controllable variation
of the AIR position in space can be provided. Figure 2a
presents the general scheme of electrical breakdown in
crossed beams, and Fig. 2b shows the beam intersection
region, where the heavy lines correspond to antinodes due to
the interference of coherent fields. We henceforth assume an
AIR to be formed in crossed wave beams.

2.2 Pulsed microwave breakdown of air
When affected by a strong high-frequency electric field,
electrons acquire considerable energy sufficient to ionize
neutral molecules of the air. In alternating electric fields
with amplitudes exceeding the critical breakdown field
strength Ecr, the electron concentration begins to rise with
time in the form of an avalanche and a breakdown occurs.
Many experimental and theoretical papers have been devoted
to the study of breakdown in the air.We shall present here the
result of the recent theoretical calculation of the field Ecr (in
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Figure 1. Schematic of AIR formation.
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Figure 2. Schematic of breakdown in crossed beams (a) and the beam

intersection region (b). Figures 1 and 2 indicate pulses radiated by

transmitters.
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kV cmÿ1), which agrees well with observations and is based
on the kinetic theory of electron behavior in strong electro-
magnetic fields [21]:

Ecr � 28:2C

�
nc
o

�
Nm

2:7� 1019 cmÿ3

�
1� o2

n 2c

�1=2

: �1�

Here nc � 1:7�Nm=10
7 cmÿ3) sÿ1 is the characteristic elec-

tron ±molecule collision frequency, Nm is the air molecule
concentration in cmÿ3,C�nc=o� is a coefficient of the order of
unity, and o is the cyclic frequency of the microwave field.

From Eqn (1) it follows that the critical field of a high-
frequency breakdown decreases rapidly (proportionally to
the concentration) with altitude until the collision frequency
nc becomes of the order of the wave frequency o. With a
further rise of the altitude, the critical field remains constant:
Ecr ' 6:1�o=1012� kV cmÿ1.

In above-critical fields E > Ecr, the growth of the
electron number density with time is characterized by the
difference of electron ionization frequency ni and electron
attachment frequency nam to oxygen molecules, where nam '
7:6�Nm=10

13 cmÿ3� sÿ1 is the maximum frequency of
dissociative electron attachment during a breakdown pulse.
The approximate analytical formula for the air ionization
frequency by electron impact has the form [21]

ni
nam
� F

�
E

Ecr

��
E

Ecr

�2

C1

�
o
nc

�
exp

(
ÿ4:7

�
C2

�
o
nc

�
Ecr

E
ÿ 1

�)
:

�2�
Here, F�x� � �2=3��1� 6:3 exp�ÿ2:6=x�� and the coefficients
C1�o=nc�, C2�o=nc� are close to unity and depend rather
weakly on their arguments. In particular, the coefficient C2

changes monotonically from 1.0 for o=nc 5 1 to 1.1 for
o=nc 4 1.

For a comparatively weak supercriticality, the ionization
frequency variation with field as in Eqn (2) can be approxi-
mated by the power-law dependence

ni � nam

�
E

Ecr

�a

; �3�

where a ' 5:3 for the interval 15E=Ecr 4 3. One can see that
the ionization frequency grows very rapidly with increasing
field amplitude. For large fields �E=Ecr 5 4�, the ionization
frequency growth becomes slower �a4 2�. Owing to field
interference, the most significant ionization in crossed radio
wave beams is only possible, according to Eqn (3), in narrow
layers corresponding to field antinodes.

It is of interest to find the optimum ionization conditions
when for a given energy of a high-frequency pulse the number
of free electrons occurring in the air reaches its maximum. On
the one hand, the energyW of the pulse is proportional to its
duration t and to the field amplitude squared jEj2:

W � C0jEj2t ; �4�

where C0 is a constant. On the other hand, the number of
pulse-induced free electrons for E > Ecr is equal to

Ne � Ne0 exp
�
ni�E�t

�
: �5�

According to Eqns (4), (5), the pulse energy W necessary for
creating the electron number density Ne is specified by the

function w�E=Ecr� [21]:

w
�

E

Ecr

�
� ni�E=Ecr�

nam

�
Ecr

E

�2

: �6�

The optimum ionization condition, i.e. the minimum expen-
diture of energy corresponds to the maximum of the function
w�E=Ecr�, which is attained provided that

E ' �5ÿ7�Ecr ; o ' nc : �7�
Figure 3 demonstrates the behavior of the function w�E=Ecr�
for two limiting ratios of the wave frequencyo to the collision
frequency nc: o=nc 4 1 and o=nc 5 1. In both cases, a sharp
peak exists which corresponds to the optimum conditions.
Table 1 presents the values of the critical field Ecr for the
optimum conditions o � nc at altitudes of 20 and 30 km.

2.3 Ionization relaxation
In the wave beam crossing region, the velocity distribution
function of electrons differs strongly fromMaxwellian during
the action of a microwave pulse. At the end of the pulse, the
electron distribution relaxes to equilibrium and, moreover,
the plasma density in the AIR lowers owing to various loss
mechanisms (recombination, attachment, atmospheric wind,
and diffusion).

In the course of relaxation, the electron distribution
function is at first symmetrized very rapidly (within times
Dt � 10ÿ11ÿ10ÿ12 s), i.e. becomes dependent on time and
energy only. Then the relaxation of the energy distribution
function proceeds slower, the characteristic relaxation time

300

x

200

100

0
1 3 10 30 100

E=Ecr

o2 4 n2c

o2 5 n2c

Figure 3.Dependence of the function w on E=Ecr.

Table 1

H, km Nm, cmÿ3 nc, cmÿ1 lop, cm E op
cr , kV cmÿ1

20
30

1:8� 1018

3:7� 1017
3:1� 1011

5:9� 1010
0.6
3.2

3.25
0.62
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being different for different energy ranges e. In the low-energy
range, e4 1ÿ2 eV, when characterizing the mean electron
energy, one can approximately speak of the electron tempera-
ture Te. The electron temperature relaxation time at low
energies is

tT �
�
d�Te�n�Te�

�ÿ1
; �8�

where n�Te� is the effective electron ±molecule collision
frequency, and d�Te� is the mean fraction of the electron
energy lost in a collision. For energies e4 1 eV, one may
assume d ' �1ÿ2� � 10ÿ3. The complete electron tempera-
ture relaxation for altitudesH � 20ÿ30 km is reached within
the time tT � �0:6ÿ3� � 10ÿ6 s.

In the energy range 2 < e < 5 eV, the leading role in the
relaxation is played by inelastic collisions between electrons
and neutral molecules. The relaxation constitutes a gradual
displacement of the distribution towards the lower-energy
range. The characteristic relaxation time is te �
10ÿ9�Nm=10

17 cmÿ3�ÿ1 s, i.e. te � �0:6ÿ3� � 10ÿ10 s for
H � 20ÿ30 km. For higher energies, 6 < e < 12 eV, the
relaxation rate is nearly the same.

The temperature relaxation time is very short, much
shorter than the ionization relaxation time. Therefore, for
characteristic times exceeding tT the electron temperature
may be assumed to be close to themolecular temperature, and
the ionization relaxation can be described within the hydro-
dynamic approximation. The electron number density varia-
tion can in this case be given by the particle balance equation

qNe

qt
� DaDNe ÿ vHHNe ÿNe

X
j

aijN
� j�
i ÿ naTNe : �9�

Here Da is the ambipolar diffusion coefficient, v is the
atmospheric wind velocity, aij are the recombination coeffi-
cients for various processes, N

� j�
i is the j-kind ion number

density, and naT is the attachment coefficient for triple
collisions. For naT, the expression [21]

naT � 8:3� 102
�
Nm

1017

�2�
300

T
exp

�
ÿ 2�1ÿ T=300�

T=300

�
� 0:2

�
�10�

holds, where T is the air temperature in kelvins, and naT is
measured in sÿ1 units.

The relative role of various loss mechanisms in the course
of ionization relaxation depends on the electron concentra-
tion in the ionized region, its size and the altitude of its
formation. When the air is ionized by a small group of short
pulses for typical region sizesLz andLx (see Table 2) andwind
velocity v5 1 m sÿ1, the diffusion and the ionization product
entrainment in the period between two pulses can be
neglected. Recombination may play a significant role only at
the early stage of relaxation in the case of a high maximum
plasma concentration. Hence, the ionization relaxation time
can be estimated to a first approximation as tr � nÿ1aT .

2.4 Laboratory studies of a discharge in crossed wave
beams
In recent years, along with the theoretical studies, a cycle of
laboratory experiments [27 ± 29] has been carried out to
examine the dynamics and structure of a self-sustained
microwave discharge in crossed wave beams. A gyrotron
with an 8-mm wavelength range was used as a radiation
source providing sufficiently high pulse power and pulse
duration values, which made a breakdown feasible and
allowed some stages of post-breakdown discharge evolution
to be observed over a wide air density range corresponding to
altitudes of 15 ± 50 km.

The experiments were carried out according to the scheme
depicted in Fig. 4. The microwave radiation of the gyrotron
was converted into a Gaussian beam of linearly polarized
electromagnetic waves with the aid of a transducer and was
directed inside the anechoic vacuum chamber. On passing
through a dielectric lens, the wave beam split up into two
equal-power beams which, when reflected from the metallic
mirrors, crossed in the central region of the vacuum chamber.
The experimental conditions were as follows: the wavelength
was l � 8 mm, the pulse duration t � 4 ± 55 ms, the pulse
power in each beam P � 100 kW, the air pressure in the
vacuum chamber p � 0:3ÿ70 Torr, the angle between the
beam axes 2y � 60�, and the beam diameter in the crossing
region (by the level of e-time fall of intensity) d � 3 cm, with
the parallel electric field vectors on the axes of both beams.
The breakdown conditions were met only in the beam
crossing region, where the beam fields were superposed. The
first bare electrons necessary for the onset of breakdown were
produced by the UV radiation of a spark gap positioned near
the breakdown region.

The picture of the discharge was taken in two perpendi-
cular projections: onto the plane formed by the wave vectors
of both beams (plane H), and onto the plane bisecting the
angle between them (plane E). Two types of photography
were employed: integral photography, with the time of
exposure exceeding the discharge glow time in each pulse,
and high-speed photography using devices based on electron-
optical converters in frame and chronographic regimes.

The analysis of the data obtained suggests the following
structure and the dynamics of the discharge. During the
whole microwave pulse, the discharge is localized in the
vicinity of the electric field antinodes (at the maxima of the
interference picture occurring in the two-beams superposition

Table 2

H, km l, cm Lz, m Lx, m Nem, cmÿ3

20

30

0.8
3
0.8
3

4
15
7

27

3
11
4

13

5� 1012

1012

2� 1012

2� 1011

1
2

3

3
4

x

y

E

z

MW

Figure 4. Schematic of the laboratory experiment: 1Ðradio lens, 2Ðhalf-

mirror, 3Ð reflectors, 4Ð beam crossing region.
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region). This is illustrated in Fig. 5 by the integral photograph
of the discharge in theH plane. Here, the interval between the
bright longitudinal strips corresponds to the antinode spacing
l=2 sin y � 8 mm.

In each ionized layer formed by the field antinode (in theE
plane), depending on the air pressure one of the following
three types of discharge structure is realized: (1) a quasi-
homogeneous (diffusive) discharge at low pressures of 0.3 ±
3 Torr or at higher pressures at the early post-breakdown
stage of discharge; (2) a laminar discharge with strata
perpendicular to the electric field vector, in the pressure
range of 3 ± 40 Torr, and (3) a discharge fragmented into
filaments parallel to the electric field vector, in the pressure
range of 40 ± 70 Torr. The typical integral photographs in the
E plane, corresponding to the three above-listed structures,
are given in Fig. 6 (to avoid superposition of glows from
different antinodes, which hamper the analysis of the
structures in the E plane, the radiation power when taking
photos was lowered to a level providing development of the
discharge in only one antinode).

As was established, both types of observed discharge
fragmentation begin against an initially quasi-homogeneous
background (Fig. 6a) and are due to the development of
various small-scale ionization instabilities in the discharge
plasma. The lamination in the direction of the electric field
vector (Fig. 6b) is caused by the plasma-resonant instability
[30], and the formation of filament-like plasmoids extended in
the direction of the electric field (Fig. 6c) is explained by the
development of an ionization-overheating instability which
plays a predominant role in the pressure range where n5o
[31].

The results of the experiments, along with the available
theoretical concepts [31 ± 34], allow us to predict that in an
AIR formed by short (nanosecond) pulses at altitudes of 15 ±
50 km, small-scale ionization instabilities will not have time to
develop and the AIR structure in different planes will
correspond to the integral pictures presented in Figs 5 and

6a. As distinct from laboratory experiments, the wave beams
in natural conditions will be much wider, and therefore the
number of antinodes occupied by a discharge will be several
hundred.

2.5 Estimation of atmospheric AIR parameters
We shall estimate the typical AIR parameters and the
performance characteristics corresponding to ground-based
system for AIR creation at altitudes H � 20 and 30 km.
Suppose that two coherent microwave beams are used (see
Fig. 2). The two ground antennas are at a distance of 30 km
from each other. Table 2 gives the linear dimensions Lz and
Lx of the ionized region and the maximum electron concen-
tration Nem in the central layer, which is determined
according to the data of Refs [28 ± 33]. Table 3 presents the

Figure 5. Integral picture of the discharge in the plane of intersection of

two beams ( p � 30 Torr, the arrows indicate the direction of incident

radiation).

a

b

c

1 cm

1 cm

Figure 6. Pictures of the main types of the discharge structure in the plane

perpendicular to the plane of beam intersection: (a) p � 1 Torr; (b)

p � 10 Torr, and ( c) p � 70 Torr. The energy flux is aligned rightward,

and the electric field vector is vertical.

Table 3

H, km D, m t0, ns Tn, s l, cm Ecr, kV cmÿ1 E0, kV cmÿ1 P, GW W, J

20

30

100

100

5

24

1:2� 10ÿ3

2:8� 10ÿ2

0.8
3
0.8
3

2.4
1.9
1.5
0.55

12
9.5
7.5
2.7

4
38
3
5.5

20
190
70
130
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characteristic parameters of the ground-based AIR creation
system:D is the antenna diameter, t0 � ln�Nem=Ne0�=ni�E0� is
the pulse duration necessary for a microwave breakdown
under the optimum condition (7), E � 5Ecr, Ecr is the critical
field (1), E0 is the initial electric field in the AIR, P is the pulse
power in the wave beam, W is the pulse energy, and Tn is the
repetition period for a pulse or a group of ionizing pulses. The
calculations were done for two wavelengths l � 3 and 0.8 cm.

3. Plasma-chemical processes in microwave
discharges

3.1 The principal channels of ozone production and
oxygen dissociation
Let us consider the basic processes induced by a microwave
discharge and leading to oxygen molecule dissociation and
ozone generation in the air. A microwave discharge is
responsible for oxygen atom production in several pro-
cesses, among them the dissociation by electron impact:

O2 � e! O�O� e ; �11�

the interaction with electron-excited nitrogen molecules N�2:

O2 �N�2 ! O�O�N2 ; �12�

and the dissociative electron attachment to oxygenmolecules:

O2 � e! Oÿ �O : �13�

It is a known fact [1, 25] that reactions (11) and (12) are the
main sources of atomic oxygen. Reaction (13) makes, on the
contrary, a relatively small contribution to the oxygen atom
production [23].

Electron-excited nitrogen molecules are produced in a
discharge plasma in reactions of molecular excitation by
electron impact:

N2 � e! N�2 � e : �14�

The number of oxygen atoms which can be produced in
reactions (12) is determined by both the total number of
excitation events (14) and the relation between the oxygen
dissociation processes on collisions with excited nitrogen
molecules (12) and other excitation relaxation channels.
Along with process (12), important channels of the decrease
in the number of electron-excited nitrogen molecules are
quenching reactions upon their collisions with molecules,
which do not lead to oxygen dissociation, and spontaneous
emission:

N�2 �M! N2 � products ;

N��2 ! N�2 � hn : �15�

The estimates show that the reactions of mutual quenching of
the metastable level A3S�u [35]:

N2�A3S�u � �N2�A3S�u � ! N2�C3Pu� �N2 ; �16�

of the interaction with atomic oxygen:

N2�A3S�u � �O! NO�N ; �17�

and quenching by collisions with electrons:

N�2 � e! N2 � e �18�
contribute little to the total loss of electron-excited nitrogen
molecules.

We shall point out an important feature of reactions (12)
and (15). They are all linear with respect to the excited
nitrogen molecules. Consequently, the number of oxygen
atoms produced in reactions (12) can be represented as a
linear combination of the number of excited particles
produced in reactions (14). The total number of excited
particles can in turn be found through the rate of the
corresponding reaction (14) by integration over the micro-
wave pulse time and over the plasma volume:X

N�j �
�
V

�
kjNe�N2� dtdv ; �19�

where
P

N �j is the total number of particles of kind j, kj the
rate constant of excitation in reaction (14), and [N2] the
nitrogen molecule concentration. With allowance for the
dissociation processes (11), the total number of oxygen
atoms produced in a discharge can be obtained from the
relationX
�O� �

�
V

�X
j

Cj

�
kjNe�N2� dt� 2

�
kdNe�O2� dt

�
dv : �20�

Here, kd is the rate constant of process (11), and Cj are the
coefficients which can be determined from the relationship
between the collision frequencies in reactions (12) and (15).

It is thus apparent that the number of ozone molecules
produced in a microwave discharge is determined by the total
number of oxygen atoms, which in turn depends on the rate
constants of dissociation (11) and excitation (14) of molecules
by electron impact. The rate constants of these reactions are
rapidly increasing functions of the parameter Eeff=Nm (where
Eeff � jEj=�1� o2=n2c�1=2 is the effective electric field
strength). Accordingly, the energy cost of the production of
one ozone molecule is determined by the expenditure of
energy for oxygen dissociation and substantially depends on
the electric field dynamics and the electron concentration in
the plasma.

The above-discussed kinetic processes responsible for
atomic oxygen production in a discharge plasma constitute
the first stage of the entire process of ozone generation in an
AIR. At the second stage, atomic oxygen undergoes conver-
sion into ozone in the three-particle process

O�O2 �M! O3 �M ; �21�

for which the reaction rate constant is equal to k1 � 6:2�
10ÿ34�300=T�2 cm6 sÿ1 for M � N2, and k1 � 6:9�
10ÿ34�300=T�1:25 cm6 sÿ1 for M � O2. The remainder of the
atoms are again bound to form oxygen molecules:

O�O�M! O2 �M : �22�

The oxygen atoms simultaneously participate in ozone
decomposition in a relatively slow reaction

O�O3 ! O2 �O2 ;

k2 � 1:8� 10ÿ11 exp
�
ÿ 2300

T

�
cm3 sÿ1 : �23�
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This and other backward reactions of ozone decomposition
depend on how much the concentrations of minor constitu-
ents of the atmosphere changed as a result of AIR formation
or maintenance.

3.2 Dynamics of minor constituents of the atmosphere
in pulsed microwave discharges
The dynamics of minor constituents of the atmosphere were
analyzed in paper [23] by numerical methods for an AIR
created in the pulse-periodic regime close to the maintenance
of an artificial radio mirror. The scheme used in the
calculation included 166 reactions for 32 species in ground
and excited states. So many processes are involved because
the concentrations of different species are as a rule inter-
related and, in the end, affect the dynamics of minor
constituents of the atmosphere. The particle balance equa-
tion includes the natural sources of particles, which allowed a
correct description of the unperturbed natural state and the
process of relaxation to it. The electric field inhomogeneity,
neutral gas heating, and plasma entrainment from the AIR
were disregarded for the sake of simplicity. The calculation
was performed for weak breakdown pulses with an electric
field amplitude E=Ecr � 3, a pulse duration of 6 ns, and a
pulse repetition period of 33 ms. Under such conditions, the
electron concentration increased from pulse to pulse and fell
slightly in the interval between them. The results of calcula-
tions are presented in Fig. 7. The figure shows that notable
changes in the concentration of minor constituents do not
occur immediately after the first breakdown pulse, but do
occur after 102 pulses, when the electron concentration in the
AIR becomes appreciable. At the end of the pulse series
(marked in the figure by the vertical straight line correspond-
ing to a sequence of 103 pulses), the ozone concentration
exceeds the initial value by nearly an order of magnitude.

The calculations showed that by the end of a train of 103

breakdown pulses the medium is strongly disturbed. The
concentrations of various minor species (including nitric
oxides) exceed their equilibrium values by several orders of
magnitude. Such significant disturbances of the concentra-
tion of minor species upon a periodic breakdown mean that
the relaxation process must proceed in a rather complicated

way. The calculations also imply that for predominant ozone
generation the conditions of AIR creation should differ
essentially from those of radio mirror maintenance.

Indeed, as pointed out in Section 3.1, the process of ozone
production inmicrowave fields consists of two stages. At first,
oxygen molecules dissociate under the action of energetic
electrons during each microwave pulse [reactions (11) ± (13)].
Then, the resulting atomic oxygen becomes an ozone source
in triple collisions [reaction (21)]. The characteristic time of
atomic oxygen conversion into ozone determines the repeti-
tion period for a microwave pulse or a group of ionizing
pulses, i.e. the modulation period (in seconds) which, with
allowance for the numerical value of the rate constant of
reaction (21), has the form

Tn � 1:6� 1033

Nm�O2�
�

T

300

�2

; �24�

where �O2� and Nm are the concentrations of oxygen and air
molecules (in cmÿ3) at the corresponding altitude. The
characteristic Tn values for altitudes of 20 ± 30 km are
presented in Table 3.

We shall highlight some other important circumstances.
First, for substantially smaller pulse repetition periods,
atomic oxygen which provokes ozone decomposition in
reaction (23) is accumulated in the AIR. To avoid this effect,
the AIR location should be changed when the pulse repetition
rate is high. Second, the repetition period (24) is nearly three
orders of magnitude larger than the ionization relaxation
time. Finally, for the creation of an atmospheric ozonizer, the
choice of regimes inwhich nitric oxides, which lead to efficient
ozone decomposition in catalytic reactions, are not accumu-
lated is exceedingly important.

Thus, the theory points out that depending on the chosen
regime of pulsed discharge in the AIR various impurity
components may be produced: O, O2� 1Dg�, NO, NO2, O3.
All of them are of interest for further investigation of the
dynamics of minor constituents in real atmospheric experi-
ments. The results of laboratory experiments simulating the
plasma-chemical processes in an AIR created by nanosecond
wave beams play, of course, an important role for finding the
optimum ozone generation regime.

3.3 Laboratory studies of ozone and nitric oxide
generation in microwave discharges in the air
The plasma-chemical processes in an AIRwere simulated in a
series of laboratory experiments [36 ± 42] using various
microwave radiation sources. In the first run of experiments,
a relativistic carcinotron with an 8-mm wavelength range,
pulse power P � 10ÿ25 MW, pulse duration t � 5 ns, and
pulse repetition rate F � 1ÿ10 Hz was exploited. The second
run was performed using a magnetron with a 3-cm wave-
length range, pulse power P1 � 50 kW, pulse duration
t1 � 500 ns, and pulse repetition rate F � 10ÿ1000 Hz. To
investigate the ozone synthesis during the course of shorter
pulses, a microwave pulse compressor built around a super-
dimensional waveguide resonator was employed [41]. The
device provided microwave pulses with a duration t2 � 6 ns
and power P2 � 800 kW.

A schematic drawing of one of the experimental setups is
presented in Fig. 8. The radiation from a microwave
oscillator in the form of a Gaussian wave beam was
directed onto a spherical metallic mirror with a diameter
of 24 cm and a radius of curvature R � 30 cm. The mirror
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Figure 7. Variation of concentration of minor neutral and excited species

during breakdown and relaxation at an altitude of 35 km: 1ÐO, 2ÐO3,

3 Ð O2� 1Dg�, 4 Ð NO, and 5 Ð NO2. The vertical dashed line marks the

instant of action termination. The concentrationNi is given in units cmÿ3,
and the running time t in seconds.
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formed a wave beam which was focused into the center of a
spherical quartz flask � 900 cm3 in volume. The flask walls
could be cooled by liquid nitrogen. The gaseous tempera-
ture was set in equal to the wall temperature and was varied
within the range T � 200 ± 300 K. The discharge was ignited
at the mirror focus and constituted a set of plasmoids
located at the antinodes of a standing wave formed by an
incident electromagnetic wave and a wave reflected from the
mirror.

The field strength E at the focus was determined by the air
breakdown time tbr through the relationship ni�Eeff=p� �
ln�Nem=Ne0�=tbr, where ni�Eeff=p� is the ionization frequency
depending on the effective electric field Eeff, while Nem and
Ne0 are the final and initial electron concentrations. The
electric field strength thus measured made up E � 20 ±
25 kV cmÿ1.

The experiments were performed in dry air at pressures
p � 10ÿ90 Torr. The pressure and temperature corre-
sponded to the atmospheric conditions at altitudes
H � 15ÿ30 km. The remoteness of the discharge from the
flask walls provided for the occurrence of chemical reactions
in the volume inasmuch as the time of molecular diffusion
towards the wall under the studied pressures substantially
exceeded the characteristic time of the main chemical
reactions responsible for the ozone synthesis. We shall also
note that for a given arrangement of the experiment a regime
of reaction product accumulation was realized and the
conditions were simulated when during a pulse train the gas
particles have insufficient time to leave the region occupied by
the discharge.

The concentrations of ozoneO3 and nitrogen dioxideNO2

molecules were measured by the absorbed UV radiant energy
of a hydrogen lamp for the wavelengths l � 260 and 360 nm,
respectively, as given by the relation

I�l� � Io�l� exp�ÿsaNaL� ; �25�

where I�l� and Io�l� are the intensities of transmitted and
incident diagnostic radiations at a wavelength l, L is the
optical path, sa is the absorption cross section, and Na is the
concentration of the absorbing component. The absorption

cross sections compiled in Refs [43, 44] were employed in
processing the results.

A multichannel optical analyzer (OVA-284) served as a
radiation detector. The OVA-284 spectrum analyzer was a
spectral ruler with a resolution of 0.05 nm, interfaced with a
computer. The data processing followed by their output to the
display were done during the experiment. The time dynamics
of the absorption spectrum were measured in a narrow
spectral range of about 2 nm near the fixed wavelength. The
number of chosen spectral ranges in which measurements
were simultaneously taken could change from one to nine.
The absorption spectrum was integrated over each spectral
interval and was averaged over a time period of � 200 ms.
The intensity fluctuations of the diagnostic radiation were
controlled in the spectral region where the radiation was not
absorbed by the plasma-chemical reaction products and were
automatically taken into account in processing the results of
measurements. The above-described data processing proce-
dure substantially heightened the accuracy of measurements
and made it possible to detect variations DI=Io � 10ÿ3ÿ10ÿ4
in the intensity of light transmitted through the discharge
region. The experimental errors were D�O3� � 1012 cmÿ3 and
D�NO2� � 2� 1013 cmÿ3, respectively.

The first series of experiments (at T � 300 K) revealed the
following regularities of ozone production in the air. The
ozone concentration linearly increases (Fig. 9) during the first
pulses, reaches its maximum, and then falls off gradually to a
low level. As the gas pressure is heightened, the O3 concentra-
tion at the maximum increases, and the fall begins later. The
NO2 concentration exceeds the detection threshold at the
instant when the ozone concentration passes through the
maximum. Then the NO2 concentration increases with
decreasing O3, reaches its maximum, and falls to a certain
level.

When a small pulse train (N � 3ÿ30 pulses) is exploited,
the ozone decomposes after the end of a pulse sequence, and
the larger the number of pulses in the train, the faster the
ozone decomposition. After the decomposition, the ozone
concentration stabilizes at a certain level. In a discharge in
oxygen, no fall of O3 concentration was observed.

Such dynamics of ozone content variation can be
explained [39] by the formation and accumulation of stable
ozone-decomposing chemical products in the vacuum cham-
ber. The analysis of the characteristic time of O3 decay
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Figure 8. Schematic of the experimental setup: 1 Ð oscillator, 2 Ð

microwave radiation, 3 Ð spherical mirror, 4 Ð hydrogen lamp, 5 Ð

diaphragms, 6 Ð multichannel spectrum analyzer OVA-284, 7 Ð flask

cooled by liquid nitrogen.
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Figure 9. Time dependence of ozone and nitrogen dioxide concentrations

at T � 300 K, p � 75 Torr, and F � 3 Hz.
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pointed to the reaction

NO�O3 ! NO2 �O2 ;

k3 � 4:3� 10ÿ12 exp
�
ÿ 1560

T

�
cm3 sÿ1 ; �26�

as the main cause of ozone decomposition. Such a reaction is
responsible for the accumulation of nitrogen dioxide which,
when concentrated highly enough, withdraws the atomic
oxygen from the ozone generation process in the reaction [44]

NO2 �O! NO�O2 ;

k4 � 6:5� 10ÿ12 exp
�
ÿ 120

T

�
cm3 sÿ1 : �27�

From reactions (21) and (27) one can find the value of the
threshold NO2 concentration with which the process (27)
becomes determining for the loss of the oxygen atoms (at
T � 300 K):

�NO�2�5 �O2��M� k1
k4
' 1:5� 1010p2 : �28�

Here p is the pressure in torrs. When the nitrogen dioxide
concentration reaches this �NO�2� value, the ozone generation
stops, process (26) leads to a decrease of the already reached
O3 concentration (see Fig. 9), and the number of decomposed
NO2 molecules is close to the number of oxygen atoms
produced in one pulse. From Eqn (28) it also follows that
the NO2 concentration limiting the ozone content growth
increases substantially with heightening air pressure. The
NO2 concentrations observed in the experiment before the
fall of O3 agree sufficiently well with the estimate (28). Thus,
the measurements showed that at p � 90 Torr and T � 300 K
approximately 5� 1013 cmÿ3 of nitrogen dioxide is produced
in a train of 102 pulses.

Initially NO can appear in various reactions, the most
significant of which for low energy additions to the system is
the reaction proceeding with the participation of nitrogen
atoms [44]:

N�O2 ! NO�O ;

k5 � 4:4� 10ÿ12 exp
�
ÿ 3220

T

�
cm3 sÿ1 : �29�

However, on account of the high rate the reverse reaction [45]

NO�N! N2 �O ; k6 � 1:05� 10ÿ12T 0:5 cm3 sÿ1

�30�

restricts the nitric oxide formation. When the NO production
is mainly determined by reaction (29), the steady-state NO
concentration under a prolonged exposure to microwave
radiation can be estimated from reactions (29) and (30):

�NO� � �O2� k5
k6
� 1017

T 0:5
p exp

�
ÿ 3220

T

�
: �31�

From Eqn (31) it follows that the NO concentration cannot
exceed the value of �NO� � 4� 109p cmÿ3 at T � 300 K. As
the energy addition to the system increases, other channels of
NO formation occur, for example, reactions with the

participation of vibrationally excited N�2:

N�2 �O! NO�N ; k7 � 6:5� 10ÿ12 cm3 sÿ1 �32�

and metastable molecules through a reaction (17), which
entail an increase of the nitric oxide concentration.

Measurements of the nitrogen vibrational temperature by
the relative population of vibrational levels v � 0ÿ3 of the
electronic state C3Pu (according to the method set forth in
Ref. [46]) yielded the value of Tv � 0:25 eV. Such a
vibrational temperature is threshold for reaction (32) [44],
and the contribution of this reaction under our conditions
may therefore be rather significant. We shall also note that
according toRefs [45, 47] the rate constant of the reaction (32)
for T4 1000 K weakly depends on the gaseous temperature.

Thus, the above-discussed laboratory studies point to the
possibility of an appreciable gain of both ozone and nitric
oxides in pulsed discharges in air. Obtaining the maximum
possible ozone concentration and the minimum amount of
nitric oxides in an ionized region at room temperature
(T � 300 K) of air is only possible for a short-lived
maintenance of the discharge, i.e. for a small number of
microwave pulses in the train. The duration of discharge
maintenance depends on the pulse repetition frequency and
the pulse energy. In this case nitric oxides are not accumulated
up to concentrations restricting ozone production.

It is exceedingly important that most of the above-
mentioned reactions strongly depend on the gas temperature
T. Therefore, in the real stratosphere at a low temperature
T � 200ÿ220 K the competition between the main processes
of O3 production may change radically. The dynamics of O3

content variation at low gas temperatures were investigated to
predict the effect of a microwave discharge on the strato-
sphere.

Figure 10 presents the time dependence of O3 concentra-
tion for p � 30 Torr with lowering gas temperature. The NO2

gain in these experiments did not overstep the measuring
method sensitivity of � 1013 cmÿ3. The figure shows that on
lowering the temperature to 215 K, the ozone concentration
increased at all pressures bymore than an order ofmagnitude,
while an �O3� fall was not observed even after a long-term
exposure. Figure 11 presents the time dependence of ozone
concentration for a fixed neutral particle concentration
Nm � 2� 1018 cmÿ3 (which corresponds to the height
H � 20 km) for various gas temperatures. The maximum

1015
[O3], cmÿ3

1014

1013

0 100 200
t, s

T � 215K

235 K

300 K

Figure 10. Time dependence of the ozone concentration at different air

temperatures ( p � 30 Torr and F � 3 Hz).
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ozone concentration at investigated pressures increased
proportionally to the air pressure.

The analysis shows that lowering the gas temperature
leads to an increase of the ozone production rate in reaction
(21) and simultaneously sharply lowers the nitric oxide
production efficiency in reaction (29). According to the
estimates, the concentration of ozone produced in a single
discharge pulse at a pressure p � 90 Torr made up
�2ÿ3� � 1012 cmÿ3, whereas the nitrogen dioxide concentra-
tion did not exceed 1010 cmÿ3.

Thus, in creation of a microwave discharge in the atmo-
sphere, conditions can be reached when the nitrogen dioxide
concentration does not exceed the natural level [1], while the
O3 concentration corresponds or even appreciably exceeds
the concentration at the maximum of the ozone layer.

3.4 The energy cost of ozone molecule production
An important characteristic necessary for outlining the
prospects of the advent of an atmospheric ozonizer is its
energy efficiency. Experimental studies have shown that the
ozone production efficiency substantially depends on the
discharge-generating electrodynamic system. In particular,
for systems of standing wave type or crossed wave beams the
efficiency appears to be higher than in the creation of a
discharge with the aid of a convergent cylindrical TE wave
[48].

In experiments, the discharge was initiated in two
essentially different electrodynamic systems demonstrated
in Fig. 12a, b. In the first case (Fig. 12a), the microwave
radiation was focused by a deep mirror with the shape of a
parabolic cylinder, so that the electromagnetic field in the
breakdown region was close to a standing cylindrical TE
wave (the electric field vector E was aligned with the focal
axis of the mirror). The discharge was cylinder-shaped and
had a diameter of several millimeters, and a length of about
30 cm. In the second case (Fig. 12b), an almost plane
standing electromagnetic wave was formed by a spherical
mirror in its focal region, and the discharge constituted a set
of plasmoids having a diameter of nearly 3 cm and localized
in the standing wave antinodes. In view of the large extent
of the discharge, the cylindrical geometry facilitated ozone
concentration measurements, while the planar geometry
rather corresponded to the regimes of a discharge creation

in the upper Earth atmosphere by means of crossed wave
beams.

The energy cost of producing one ozone molecule was
measured at the stage of the linear growth of ozone
concentration (when the number density of its decomposers
is small) and was determined as the ratio of the energy emitted
by the microwave oscillator to the total number of the O3

molecules produced:

Z � Ptnp
�O3�V ; �33�

where np is the number of microwave pulses, �O3� is the ozone
concentration after np pulses, and V is the flask volume.

Notice that calculations using formula (33) yield an
overestimated energy cost because they disregard the micro-
wave energy losses occurring mainly for two reasons. First,
part of the energy was reflected by the flask walls. Second,
owing to the nonuniform spatial field distribution in the
beam, the gas breakdown appeared in its central region,
while on the periphery the electromagnetic energy was not
absorbed by the plasma.

The dependence of the energy cost on the air density for
the two cases described above is given in Fig. 13. The scatter
of the experimental points is due to the instability of the
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Figure 11.Time dependence of the ozone concentration for a given neutral

particle concentration Nm � 2� 1018 cmÿ3, F � 3 Hz and various air
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Figure 12. Schematic of discharge creation using a parabolic cylinder (a)

and a spherical mirror (b): 1Ðmicrowave radiation, 2Ðquartz flask, 3Ð

discharge plasma, 4 Ð a parabolic cylinder as mirror, and 5 Ð spherical

mirror.
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microwave-oscillator pulse power on which, as shown below,
the energy cost depends rather strongly. Figure 13 demon-
strates that the energy cost of ozone production decreases
with increasing air density, the energy cost in quasi-planar
geometry being much lower than in cylindrical geometry.

The results of the model experiments performed suggest
that an efficient way to obtain ozone in the atmosphere has
been found. A nanosecond microwave discharge can effi-
ciently generate ozone. In laboratory experiments, rather low
expenditures of energy for the production of one ozone
molecule (Z � 15ÿ20 eV per molecule) have been demon-
strated. Such an energy cost corresponds to the production of
100 g of ozone per 1 kW � h of consumed electric energy.

In nanosecond discharges, themain part of themicrowave
energy absorbed in the plasma is expended in doing ioniza-
tion, dissociation, and excitation of electron levels of O2 and
N2molecules. The formation of oxygen atoms then converted
to ozone mainly proceeds through the dissociation of O2

molecules by electron impact (11) and in O2 collisions with
metastable N2 molecules [reaction (12)]. The rate constants of
processes (11) and (12) are specified by the energy distribution
function of electrons and depend on the electric field strength
in the plasma. The values of the oxygen dissociation rate
constant kd in process (11) are rather well known for a
constant electric field [49, 50]. Making use of these data, we
shall estimate the expenditure of energy for the production of
one ozone molecule in a microwave discharge. Suppose that
all the atomic oxygen produced in the dissociation process
(11) enters into the ozone synthesis reaction (21). The estimate
will be based on the equation describing the production of
oxygen atoms per pulse, viz.

d�O�
dt
� 2kd�O2�Ne : �34�

The concentration of ozone produced in a single microwave
pulse can be estimated from formula (34) as

�O3� � �O� � 2kd
Eeff

Nm
�O2�Net : �35�

The expenditure of energy for the production of one ozone
molecule is obtained from the ratio of the microwave energy
absorbed in the plasma to the ozone concentration [51]:

Z � sE 2t
2kd�O2�Net

� a
e2

m

�
nc
Nm

�ÿ1 �Eeff=Nm�2
kd

; �36�

where s � e2Nenc=m�n2c � o2� is the plasma conductivity, and
a � 1=2 and 5=2 for oxygen and air, respectively. From
Eqn (36) it is easy to specify the optimum conditions when
for a given microwave pulse energy the number of O atoms
occurring in the ionized region is maximum. The quantity
�Eeff=Nm�2=kd has its minimum for the reduced effective
electric field Eeff=Nm described by the expression

Eeff

Nm
� 2kd

dkd=d�Eeff=Nm� : �37�

Under the optimum condition (37), the oxygen molecule
dissociation requires the maximum possible fraction of the
microwave pulse energy. Notice that these conditions are
similar to the optimum conditions of maximum expenditure
of energy for the ionization (7) in a nanosecond microwave
discharge.

Figure 14 gives the dependence of Z, calculated using
formula (36), on the reduced electric field strength Eeff=Nm in
oxygen (curve 1). The graph shows that under the optimum
conditions the magnitude of the field is either smaller than or
of the order of the threshold value necessary for a microwave
breakdown of oxygen. It should be emphasized that the low
energy cost of ozone molecule production for a discharge in
oxygen, Z � 3 eV per molecule, was obtained in the experi-
ment [52], in which the discharge was created in a cavity
resonator. Plasma formation led to a shift of the resonance
frequency of the cavity and thus to a decrease of the electric
field strength and maintenance of a pulse-periodic discharge
in the prebreakdown field.

In the air, as has already been noticed, two O atom
production channels are possible, namely, direct O2 molecule
dissociation and an indirect channel through reactions (12)
and (14). With allowance for direct dissociation alone, one
can calculate the dependence of the expenditure of energy for
O3 production on the reduced electric field. In Fig. 14 (curve
2), the dependence Z�Eeff=Nm� was calculated using formula
(36) for a microwave discharge in the air using the rate
constants of the direct O2 dissociation in the air, borrowed
from paper [53]:

kd � 10ÿ�A�B=�Eeff=Nm�� ; �38�

whereA and B are the numerical coefficients (see Ref. [53]). It
was taken into account that the oxygen molecule dissociation
in reaction (11) proceeds from three electronic levels, and
therefore in the calculation of Z the resultant constant kd was
employed.

Figure 14 also presents the experimental data on a
discharge formed by a quasi-plane standing wave in oxygen
and air [41]. The magnitude of the effective field Eeff was
determined by the electric field strength in the discharge
region prior to the breakdown onset (first version) and was
calculated in plasma (second version) for a discharge in the
field of a plane standing wave [48]. When evaluating Eeff we
assumed the electron collision frequency (sÿ1) to be equal to
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Figure 14. Dependence of the expenditure of energy for the formation of

one ozonemolecule on the reduced electric field in a plasma. Calculation: 1

Ð oxygen, 2, 3 Ð air; experiment (t � 6 ns): *, * Ð oxygen, &, & Ð air.

The intensity of the effective field Eeff was determined by the prebreak-

down electric field strength (*, &) or was calculated in the plasma (*, &).
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nc � 3:7� 109p and 5:3� 109p in oxygen and air, respectively
[54].

As we can see from the figure, the experimental Z values in
the air are smaller than those estimated by formula (36). This
points to the fact that the O2 molecule dissociation channel
connected with the excitation of the electronic levels in N2

molecules plays an important role in the plasma of a
nanosecond microwave discharge in the air. It is known, for
instance, that in ozonizers operating on the basis of barrier
discharge, from 50 to 90% of O2 dissociation events in the air
are realized through the indirect channel [55]. The calcula-
tions of the O2 molecule dissociation rate constant with
allowance for the processes (12), (14), carried out in Ref. [56]
for amicrowave discharge in the air, also testify in favor of the
indirect channel as the main O2 dissociation channel. Figure
14 (curve 3) presents the calculated results of the expenditure
of energy for ozone production involving the contribution of
the electron-excited states of nitrogenmolecules, calculated in
paper [56]. We can see that they are in better agreement with
observations.

Thus, the optimum conditions for oxygen dissociation
exist in the air too, but as distinct from a discharge in oxygen
[51], their determination is a more complicated task. Note
that the above estimates referred to finding the optimum
conditions for the production of oxygen atoms. For a
discharge initiated by single nanosecond microwave pulses
(or a small train of microwave pulses), these estimates are
valid for ozone as well because ozone-decomposing particles
do not have time to accumulate and the gas is not heated
substantially. The energy cost of ozone production in this
process is determined by the discharge electrodynamics and
depends on how fast the optimum conditions of oxygen
molecule dissociation are reached and how long they are
maintained in the discharge plasma.

The conditions of efficient ozone generation (without gas
heating and accumulation of ozone-decomposing particles in
the discharge region) can seemingly be reached not only in a
nanosecond microwave discharge [52]. A low energy cost of
ozone molecule production was obtained in an experiment
where the discharge was created in a microwave cavity
resonator (Fig. 15). A cylindrical cavity 50 cm in length and
7 cm in diameter was excited on the TE11p mode. The
experiments were performed under the following conditions:
the wavelength was 5 cm, the pulse duration Ð 2.5 ms, the
oscillator pulse power Ð 0.1 ± 9 kW, the pulse repetition rate
Ð 330 Hz, and the air pressure p � 1ÿ30 Torr. The loadedQ
factor of the cavity resonator was equal to � 300. The
experiments were carried out with air circulation through
the cavity at a low rate of 0.5 l minÿ1. The cavity resonator

walls could be cooled by liquid nitrogen vapors. The air
temperature was set equal to the wall temperature and can be
varied within the range T � 250ÿ300 K.

This experiment showed evidence of a low expenditure of
energy Z � 5 eV for the production of one ozone molecule
(Fig. 16). This is evidently because the mean electron
concentration in the cavity resonator was much smaller than
the critical one for microwave radiation frequency and made
up � 109 cmÿ3.

The low electron concentration Ne was maintained by a
strong feedback between the resonator and the microwave
oscillator. In turn, the gas was not heated noticeably because
of the low Ne and neither were ozone-decomposing particles
accumulated owing to the gas circulation through the
resonator. This experiment testifies to the possibility of
further lowering the energy cost of ozone molecule produc-
tion, which has been obtained in nanosecond microwave
discharges.

4. Ozone generation in the stratosphere
via an AIR

Laboratory experiments and theoretical estimates have
shown that in nanosecond microwave discharges at strato-
spheric gas pressures and temperatures, ozone can be
efficiently generated with an expenditure of energy (100 g
of ozone per 1 kW � h of electric energy) corresponding to
the best contemporary ozonizers. However, in reality atmo-
spheric processes are determined by a multitude of physico-
chemical processes hardly reproducible in laboratory condi-
tions. The following questions arise: What will be the fate of
ozone and other impurities additionally generated in the
atmosphere? What are the best altitudes for ozone genera-
tion? What changes in the ozone layer distribution may an
artificial atmospheric ozonizer induce? Answers to these and
other questions can be found through numerical simula-
tions.
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Figure 15. Schematic of the experimental setup: 1Ðwaveguide resonator

on the TE11p mode with double walls for cooling by liquid nitrogen vapor,
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4.1 Ozone generation and decomposition under natural
conditions
The generation and decomposition of ozone in the atmo-
sphere are largely of photochemical origin. The Earth's
atmosphere absorbs solar radiation well in the UV region.
Three UV spectral regions are typically distinguished,
namely, the near ultraviolet region from 320 to 400 nm (UV-
A), themiddle ultraviolet from 290 to 320 nm (UV-B), and the
far ultraviolet from 200 to 290 nm (UV-C). The maximum
response of biological objects (per unit radiation energy),
which frequently exceeds the changes induced by harder X-
ray radiation, falls precisely within these wavelength ranges.

Radiation with a wavelength shorter than 200 nm is
very efficiently absorbed by oxygen molecules and disap-
pears almost completely at altitudes of 20 ± 25 km. In this
spectral region, absorption is accompanied by the decom-
position (photodissociation) of the absorbing molecules
into atoms:

O2 � hn! O�O ; �39�
N2 � hn! N�N : �40�

Here hn is a light quantum (photon) with an energy exceeding
the atomic binding energy in a molecule (for oxygen, this
corresponds to radiation with a wavelength l4 240 nm).

As distinct from the UV-C region, UV radiation in the B
region remains practically unabsorbed by the main atmo-
spheric gases. But the chemical composition of the atmo-
sphere changes under the action of a harder radiation.
Photodissociation of atmospheric molecules induces the
production of free radicals and atoms, for example, oxygen
O and nitrogen N atoms, nitric oxide NO and hydroxide OH
molecules. The distinctive feature of these particles is their
high chemical activity allowing them to enter into reactions
even with chemically stable compounds. For instance, the
oxygen atoms appeared due to molecular photodissociation
promote production of ozonemolecules O3 in reaction (21). It
is precisely reactions (39), (21) ± (23), which were first
examined by the well-known English geophysicist S Chap-
man in 1930, that largely determine the equilibrium ozone
concentration set in the atmosphere [1]. An important feature
of the ozone molecule is that it absorbs UV radiation rather
efficiently in precisely the B spectral region. Ozone photo-
dissociation under the action of UV radiation in the reaction

O3 � hn! O2 �O �41�

at high altitudes (in the region of a low atmospheric density)
and the absence of oxygen dissociation at low altitudes, where
hard UV radiation does not penetrate, lead to the formation
of the ozone layer in the atmosphere. The ozone layer is quite
thin. If we imagine that this ozone were completely accumu-
lated on the Earth's surface, at a normal pressure it would
cover the latter with a layer only 2 ± 3-mm thick.Nevertheless,
this particular layer serves as a `wonderful shield' which
protects the Earth from the destructive effect of solar
radiation.

Investigations have shown that a significant role in the
ozone layer formation and ozone decomposition in the
atmosphere is played by the above-mentioned catalytic
cycles. These cycles accelerate chemical reactions through a
catalytic agent which repeatedly enters into intermediate
reactions and is restored after the end products are pro-
duced. For the ozone decomposition process, the catalytic

cycle can be described by the reactions

O3 �X! XO�O2 ; �42�
O�XO! X�O2 : �43�

Comparing the left- and right-hand sides of reactions (42) and
(43), one can readily see that the cycle is responsible for the
loss of the oxygen atom and the ozone molecule upon their
direct interaction as in reaction (23). Different chemical
compounds and elements, namely, nitric oxide NO, hydro-
xide OH molecules, and chlorine Cl atoms may serve as the
catalyst X for the ozone. Accordingly, nitrogen, hydrogen,
and chlorine catalytic cycles of ozone decomposition are
distinguished. They induce a multifold (several orders of
magnitude) increase of the rate of reaction (23) causing
ozone loss.

It should be emphasized that in the atmosphere the
majority of compounds that come out as such catalysts are
of anthropogenic (resulting from human activities) origin.
For example, nitric oxides and hydrogen radicals are
contained in the gas exhausts from numerous factories,
thermoelectric power stations and various transport facil-
ities, and the sources of chlorine are Freons (carbon
fluorides and chlorides) widely employed in refrigerators,
fire extinguishers, and aerosol flasks. Having low chemical
activity, Freons are capable of reaching ozone layer altitudes
where they dissociate by action of UV radiation, and the
chlorine atoms liberated in such a photodissociation enter
into catalytic reactions with ozone [57]. The lifetime of
Freons in the atmosphere is tens of years [58]. In view of
long-standing occurrence of minor impurities in the atmo-
sphere and poor control over their penetration into the
atmosphere, a long-term forecast of the state of the ozone
layer is difficult. However, as shown above, both additional
ozone generation and the generation of nitric oxides Ð other
minor constituents that play an important role in catalytic
processes Ð are possible in an AIR created in the atmo-
sphere. A change in the AIR operating conditions permits
efficient variation of the generation regimes. So, with
allowance for this circumstance, the use of an AIR may
provide efficient sensing of the ozone layer state via
controllable generation of additional ozone and insignif-
icant amounts of some minor constituents. Measuring their
concentrations in the AIR and observing the establishment
of equilibrium, one can determine the composition of the
AIR atmosphere and gain information on the effect of minor
constituents on the ozone layer.

4.2 Optimum position for the source of additional ozone
To evaluate the optimum altitude for a source of additional
ozone, we shall first of all examine the simplest model, the so-
called Chapman model [1] which considers only oxygen air
components interacting between themselves and with solar
UV radiation. In this case, the family of odd oxygen Ox is
naturally singled out, which includes ozone and excited
oxygen atoms: Ox � O3 �O�3P� �O�1D�. The concept of
the family is convenient here because the fastest reactions lead
only to amember redistribution inside the family. That is why
dynamic equilibrium among the components O3, O�3P�, and
O�1D� is established in the family. When the ozone concen-
tration appreciably exceeds the atomic oxygen concentration,
we have Ox � O3. This means that the actual ozone lifetime
may substantially exceed its photochemical lifetime. So, for
instance, at an altitude of � 20 km the photochemical ozone
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lifetime makes up tO3
� 1 h, while the family lifetime is

tOx
� 1 year [59].
We shall be interested in the relaxation times tp of the

initial ozone perturbation to equilibrium. Table 4 presents the
relaxation times in days, calculated within the Chapman
model for heights H � 20, 25, 30, and 35 km at different
latitudes for three months (October, November, and Decem-
ber) [59]. The computations allowed for the dependence of
UV radiation on the zenith angle of the Sun and exploited the
CIRA-86 model for the air temperature and air component
concentrations. The initial perturbation d�O3� of the ozone
concentration was given by

d�O3� � a�O�o�3 � exp
�
ÿ�zÿH�2

DH 2

�
; �44�

where �O�o�3 � is the equilibrium ozone concentration, DH the
half-width of the artificial ozone layer (AOL), H the altitude
of the layer center position, and a the relative perturbation
which was varied within the limits 0:54a4 2. Table 4
presents the relaxation times tp corresponding to the value
a � 1. One can see a sharp decrease of the relaxation time tp
with altitude. A much weaker effect on the relaxation times is
produced by variations of the initial perturbation (a � 0:5,
a � 2).

The above results suggest sufficiently low AOL altitudes
as most advantageous because the layer lifetime increases
rapidly with decreasing altitude. However, the expenditure of
energy on layermaintenance at low altitudes grows sharply. It
could therefore be expected that AOL creation is most
reasonable at altitudes near the maximum of the natural
ozone layer. This conclusion is confirmed by rigorous
numerical calculations simulating the realistic conditions of
the atmosphere [60]. Figure 17 demonstrates the vertical
profiles of stationary ozone concentration variations due to
the action of an additional ozone source placed within the
two-kilometer-height layer with centers alternately at alti-
tudes H � 10, 14, 16, 18, 20, and 22 km. The intensity of the
ozone molecule source was assumed to be equal to QO3

�
6:8� 105 cmÿ3 sÿ1 without specification of the ozonizer
operation principle. The maximum increment of the total
ozone content was 11% when such an additional ozone
source was positioned at an altitude of 18 km. The additional
ozone production led now to a decrease of NO, NO2, Cl, and
HCl content in the atmosphere and to a certain increase of
HNO3, H2O, and ClO concentrations, while the additional
atmosphere heating did not exceed 3 K.

For comparison purposes we shall estimate the ozone
generation intensity in an AIR. Let us use the above equation
(34) describing the production of oxygen atoms during a
microwave pulse. We assume the atomic oxygen appeared
owing to O2 molecule dissociation to be totally converted to

ozone. For the microwave pulse repetition period Tn, the
number of ozone molecules produced per 1 cm3 per 1 s in an
AIR is equal to

�QO3
� t

Tn
2kd

�
E

Ecr

�
�O2�Ne : �45�

The reaction rate constant kd for oxygen molecule dissocia-
tion by electron impact can be found from formula (38).
When an AIR is created, for example, at an altitude
H � 20 km under the optimum conditions (7) and with a
pulse duration of t � 50 ns (for t=Tn � 4� 10ÿ5), the ozone
source intensity makes up �QO3

� 2� 1017 cmÿ3 sÿ1. As the
example illustrates, the AIR is an intensive ozone source, but
ozone is generated in a small volume, where the initial electric
field E0 markedly exceeds the critical value Ecr. It should also
be considered that in the actual atmosphere there exists
another efficient channel of atomic oxygen production,
namely, the reaction with electronically excited nitrogen
molecules [reaction (12)]. Moreover, the breakdown pulse
repetition period Tn can be shortened essentially if the AIR
position undergoes changes. All this may lead to a notable
increase of the ozone source strength.

Not only atomic oxygen, but also atomic nitrogen as well
as electronically excited nitrogen and oxygen molecules are
produced during each microwave pulse in an AIR. All these
particles are chemically active. Their interaction with other
air components induces changes in the concentration of
various minor neutral components. Under the action of
atmospheric wind and turbulent diffusion, the reaction
products are taken out of the discharge and in the course of
further interaction gradually fill a vast area. If, in the
discharge, the ozone production is predominant, one can
speak about the formation of an artificial ozone layer. The
most important parameter characterizing the AOL is its
relaxation time. This time determines, in particular, the
layer dimensions and the expenditure of energy for its
creation. In the framework of the Chapman model, the
AOL relaxation time was discussed above. In realistic
conditions of the atmosphere, the relaxation time is affected
by the concentrations of other minor species, first of all nitric
oxides. That is why it is important to choose such conditions
for AOL creation under which ozone production is predomi-
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Figure 17. Vertical variation profiles of the stationary average global,

average annual ozone concentration under the action of an additional

ozone source with an intensity of 100 kt hÿ1 positioned at altitudes of 10

km (1), 14 km (2), 16 km (3), 18 km (4), 20 km (5), and 22 km (6) [60].

Table 4

H, km Relaxation times of ozone perturbation tp, d

Latitude 40� S Latitude 30� S

October November December October November December

20
25
30
35

257
36
9
3

276
36
8
2

287
34
7
2

311
37
8
3

341
38
8
2

355
37
8
2
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nant, while nitric oxide concentrations remain at the back-
ground level.

4.3 Calculations of the energy cost of ozone production in
an AIR
The energy cost of ozone production in an AIR created in the
stratosphere by crossed wave beams was calculated in Ref.
[48]. Note that an exact calculation of the discharge dynamics
in crossed beams with a large aperture �� 100l� is rather
complicated even in the two-dimensional approximation and
requires much computer time. For this reason we shall avail
ourselves of the one-dimensional model which was used in the
description of the discharge dynamics in crossed TE beams in
Refs [20, 21, 61]. This model, although not completely
describing the discharge space-time dynamics, still reveals
the basic laws of its development.

In this model, the field distribution is governed by the
equation

d2E

dx2
� k2

�
sin2 yÿ Ne

Ncr

�
1� i

nc
o

��
E � 0 ; �46�

where k � o=c � 2p=l is the wave number, Ncr the critical
electron concentration, 2y the angle between the beam axes,
and the x axis is perpendicular to the bisectrix of this angle
and lies in the plane passing through the beam axes (see
Fig. 2). Equation (46) was solved in Ref. [61] on the segment
ÿL4 x4 � L, where L is the coordinate of an arbitrary
point outside the AIR. For x � �L, the boundary conditions
were specified, corresponding to the incidence of two counter-
propagating waves on the discharge region.

It is readily seen that equation (46) is equivalent to the
one-dimensional Helmholtz equation for the complex ampli-
tude of the field E with a complex dielectric constant E:

d2E

dz2
� ek2E � 0 ; E � 1ÿ Ne

Ncr sin
2 y

�
1� i

nc
o

�
;

z � x sin y : �47�
Allowing for the symmetry of the initial problem about x � 0
and assuming E�x � 0� � 0 (an even number of antinodes in
an AIR), one can replace the solution on the segment
ÿL4 x4 � L by the solution in the domain 04 z4ml
with the following boundary conditions. At the point z � 0,
the total reflection condition

E
���
z�0
� 0 �48�

is imposed. At the point z � ml, the electric field is
represented as the sum of an incident and a reflected waves:

E
���
z�ml
� �A exp�ikz� � GrefA exp�ÿikz�����

z�ml

� A�1� Gref� ; �49�
dE

dz

�����
z�ml

� ik
�
A exp�ikz� ÿ GrefA exp�ÿikz�������

z�ml

� ikA�1ÿ Gref� ; �50�

where A is the amplitude of the incident wave which was
assumed to be given, and Gref is a complex quantity
determined by the sum of a transmitted wave incident from
the left and the reflected wave propagating from the right.

Thus, the simplified discharge dynamics in crossed TE beams
can be described in the framework of the model (47) ± (50).

We shall assume for definiteness that an AIR is created by
two ground-based antennas located at a distance of 30 km
from each other at altitudes H � 20, 25, and 30 km (in the
ozone layer) which correspond to the air number densities
Nm � 1:9�1018, 7:7�1017, and 3:6�1017 cmÿ3. The calcula-
tions were performed for two wavelengths l � 3 cm and
8 mm. When microwave radiation is focused at these
altitudes, the focal region of the beams reaches sizes in the
range �50ÿ150�l. We shall choose a rather long �t4L=c�
microwave pulse duration in order that the finite spatial
length of the microwave pulse might be neglected.

Figure 18 presents the energy costs of the oxygen atom
production as functions of the initial electric field E0 in an
AIR, calculated under these assumptions. The calculations
show that for moderate fields the lowest energy cost (of about
30 ± 40 eV) is reached for l � 3 cm at an altitude H � 25 km
andan initial field strengthE0 � 4kV cmÿ1, and for l � 8mm
Ð at an altitude H � 20 km and initial field strength
E0 � 8 kV cmÿ1. Such intensities of the electric field can be
attained by focusing two electromagnetic wave beams from
antennas nearly 100 m in diameter. The radiation power in
each beam must be P � 9 GW for l � 3 cm, and P � 2 GW
for l � 8mm.Aswe can see, antenna complexes necessary for
efficient oxygen dissociation through a microwave discharge
in the atmosphere may well be created with the contemporary
level of technology.

Notice that the obtained intensities of the electric field E0

are close to those necessary for efficient creation of an
artificial radio mirror [19] where the largest fraction of the
microwave pulse energy is expended on ionization (7):
E0=Ecr � 5ÿ7 for a pulse duration t0 � ln�Nem=Ne0�=ni�E0�,
where Ecr is the critical field (1), ni is the electron ionization
frequency (2), Ne0 and Nem are the initial and final electron
concentrations. To produce the maximum amount of atomic
oxygen, the microwave pulse duration should be several times
greater than t0. Figure 19 gives the calculated dependence of
the energy cost of oxygen atom production on the microwave
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Figure 18. Energy cost of oxygen atom production in an AIR created at

altitudes of 20 km (1), 25 km (2), and 30 km (3) as a function of the initial

electric field strength. The microwave radiation had a wavelength of 3 cm

(solid lines) and 8 mm (dashed lines) and a pulse duration t � 50 ns.
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pulse duration for different initial field intensities E0 in the
beam crossing region at an altitude H � 25 km. The
calculations only involved the oxygen molecule dissociation,
i.e. the first stage necessary for ozone generation. As a matter
of fact, not all the oxygen atoms produced in a discharge go
into ozone generation in process (21); some of them enter into
reactions with nitric oxides both contained in the atmosphere
and turned out in the discharge itself. However, at the low
gaseous temperature typical of the ozone layer region, nitric
oxides interact with a small portion of oxygen atoms [40]. The
energy cost of ozone production will therefore be close to that
of oxygen atom production.

4.4 Relationship between [O3] and [NOx] in an ionized
region
The question of the presence of side effects is very important
for the initiation of a microwave discharge in the atmosphere.
In the first place it is necessary to estimate the production of
nitric oxides. The [O3]-to-[NOx] ratio depends essentially on
the energy addition to the discharge plasma [62]. Figure 20

illustrates the results of calculations of the ratio
�O3�=��NO� � �NO2�� depending on the specific energy addi-
tion to the discharge for the initial electric fieldE0 in which the
energy cost of ozone generation is minimum (see Fig. 18). In
the calculations, the energy addition to the system was
changed by varying the microwave pulse duration and
leaving the initial electric field unchanged. The computations
were based on the model described in Section 4.3 for
microwave radiation of three-centimeter wavelength range,
directed to the stratosphere by two ground-based antennas
with a diameter of 100 m positioned at a distance of 30 km
from each other. As can be seen from the figure, a maximum
ratio �O3�=��NO� � �NO2�� equal to 103 can be reached. Thus,
there exist AIR creation conditions under which the ozone-
to-nitric-oxide concentration ratio in an ionized region will be
the same as in the unperturbed natural stratosphere [1].

The existence of optimum energy additions to discharge
plasma, for which the ratio �O3�=�NOx� is maximum, may be
explained as follows. For low energy additions when the nitric
oxide production is mainly determined by reaction (29), the
process of atomic nitrogen fixation in the reverse reaction (30)
causes an increase of the energy cost of nitric oxide generation
[61]. As the energy addition to the system grows, the energy
cost of NOx production falls by virtue of switching to other
NOx production channels [reactions (17) and (32)], which
results in a decrease of the ratio �O3�=�NOx� as well.

4.5 Remote diagnostics of plasma-chemical processes
in an AIR
It is quite natural that an environmental experiment is to be
provided with various type diagnostics for measuring ozone
concentrations and other minor constituents. As is well
known, the ozone layer is now being continuously monitored
[63]. Ozone in the upper atmosphere is examined with devices
measuring the total ozone content and with lidar ozon-
ometers [64]. These diagnostics are also quite suitable for the
experiment under discussion. For ozone diagnostics it is
reasonable to apply remote methods and laser-based appara-
tus that provide the possibility of obtaining operative
information with high space-time resolution [65, 66]. The
use of lasers also makes it possible to determine the
concentrations of some minor constituents of the atmo-
sphere, which cannot be measured by other techniques. The
ozone concentration distribution in the stratosphere can be
obtained with good spatial resolution with the help of a UV
lidar using an XeCl laser (e.g., with wavelengths of 307.9 and
308.2 nm) [65]. Scattered radiation is detected in the photon
counting regime.

Paper [67] is devoted to remote diagnostics of minor
atmospheric components and discusses the method for
measuring concentrations of various impurities in the atmo-
sphere using the AIR. Ionization in an AIR is accompanied
by atomic and molecular excitation by electron impact. The
concentration of atoms of sort s in an excited electron state j
can be found from the relationships

dNjs

dt
� kjsNe�t�Ns ÿNjs

tjs
; �51�

Ne�t� � Ne0 exp�nit� ; �52�
where kjs is the excitation coefficient for the corresponding
atom, kjs � f � f �v�;o;P�, tjs is the lifetime of the electro-
nically excited state, ni � kiNm is the ionization frequency,
and Ns andNm are respectively the number densities of sort s
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Figure 19. Energy cost of oxygen atom production versus the microwave
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impurity and air at the AIR altitude. From these two
equations one finds the number Pjs of photons emitted from
this excited state. Photons are received by a telescope of area
S, positioned at a distance Z from the microwave breakdown
region. Within the microwave pulse time t their number is
equal to

Pjs � kjs
ki

Ns

Nm

S

4pZ 2
NemV ; �53�

where Nem � Ne�t � t� is the electron density occurring
within the microwave pulse time, and V is the AIR volume.
This equation can be used to find the value ofNs=Nm because
the ratio kjs=ki for the case o > n is a readily determinable
quantity depending only on the oscillator energy E� of
electrons and on the ratio between electron impact molecular
excitation and ionization cross sections, sjs=si [15, 21, 67].

Two different methods for the determination of active
particle number density were considered in Ref. [67]. The first
method is based on passive spectroscopy and can be applied
to determine the number density of particles that make
allowed transitions in the optical range. Measurements of
optical radiation intensity may help to determine the
concentrations of atoms and molecules: Cl, ClO, CO, NO,
H, N, O, and F.

The secondmethod makes use of a differential absorption
lidar. It is applicable to the determination of the number
density of particles havingmetastable electronic states excited
by electron impacts. The number of metastables is found
using two laser pulses with slightly different wavelengths
through comparison of their light absorptions. The first
laser wavelength is chosen to correspond to strong absorp-
tion in the transition between the metastable level and the
optically allowed level positioned above the metastable one.
The second laser wavelength is chosen on the wing of the
absorption curve. This method helps to measure the CO, NO,
OH, and H atomic and molecular concentrations. The
calculations made in Ref. [67] showed that for the microwave
radiation parameters l � 3 cm, P � 4 GW, t � 100 ns, and
F � 1 kHz and for the antenna diameter of 34 m, the ratio
Ns=Nm can be determined:

(1) by the first method at the level Ns=Nm � 10ÿ11, where
� 103 microwave pulses will be required for this, which
corresponds to the accumulation time of 1 s for the pulse
repetition frequency F � 1 kHz;

(2) by the secondmethod, also at the levelNs=Nm � 10ÿ11,
where � 104ÿ105 microwave pulses will be required for this,
which corresponds to the accumulation time of 10 ± 100 s for
the same pulse repetition rate.

4.6 Formation of an artificial ozone layer
To observe an artificial ozone layer in a natural physical
experiment and to measure the ozone concentration, a fairly
vast region should be replenished with ozone. The discussed
earlier antenna complex (see Fig. 1) can, for example, by
scanning the beams, move their crossing region in space over
an area of 100 km2.

When an extensive region in the stratosphere is to be filled
with ozone, atmospheric wind and turbulent diffusionmay be
of great help. The influence of these factors in the Chapman
model with allowance for the wind unvaried inmagnitude and
direction and the diffusion in the horizontal plane was
analyzed in paper [59]. We shall generalize here the results
obtained in that paper by including the vertical diffusion and
nitrogen components into the consideration.

Suppose that under the influence of a microwave dis-
charge in the atmosphere the minor neutral components
changed slightly as compared to their background values.
Our goal is to describe the slow temporal and spatial
variations of an artificially perturbed ozone concentration.
In the equations we carry out time averaging over the interval
of twenty four hours and express the concentrations of
different components in terms of the ozone concentration to
arrive at the following approximate equation (cf. Ref. [59])�

q
qt
� v q

qx
ÿD1

�
q2

qx2
� q2

qy2

�
ÿDz

q2

qz2

�
d�O3�

� ÿ d�O�3
tp
�Qeff : �54�

Here, d�O3� is the time average of an addition to the ozone
concentration, v is the wind velocity, tp is the perturbation
relaxation time, D1 and Dz are horizontal and vertical
turbulent diffusion coefficients, and Qeff is the intensity of
the effective ozone source. The coordinate axis x is aligned
with the wind velocity, y lies in the horizontal plane and is
orthogonal to x, and z is pointing vertically upward. Note
that the effective-source intensity Qeff is determined in our
case not only by the rate of ozone production from atmo-
spheric oxygen (with a plus sign), but also by the influence of
the nitrogen catalytic cycle (with a minus sign).

The solution of equation (54) at a large distance from a
lumped source has the form

d�O3� � �Qeff
1

4p
������������
D1Dz

p
x

� exp

(
ÿ
�

x

vtp
� v

4D1x

�
y2 � z2

D1

Dz

��)
;

�Qeff �
�
Qeff d

3x : �55�

From the latter equation it follows that the ozone layer is
asymmetric: it is strongly elongated in the direction of the
windmotion. The characteristic layer dimensions along the x-
, y-, and z-axes are respectively equal to Lx � vtp,
Ly �

�������������
4D1tp

p
, and Lz �

������������
4Dztp

p
. Thus, a strong wind and

turbulent diffusion favor the spread of the perturbation over
a vast spatial domain. The characteristic layer half-thickness
Lz=2 �

����������
Dztp

p
is determined by the vertical diffusion coeffi-

cient and the AIR lifetime. According to different authors,
the coefficientDz for the altitudeH � 18ÿ20 kmvaries over a
wide range 2� 103 < Dz < 105 cm2 sÿ1 [1]. Assuming a
lifetime tp � 100 d, we evaluate the half-thickness of the
artificial ozone layer as 0:27 km < Lz=2 < 1:9 km. This
implies that the thickness of the artificial ozone layer, even
with allowance made for vertical diffusion, appears to be
much smaller than that of the natural ozone layer. Estimating
the horizontal diffusion coefficient D1 � 109 cm2 sÿ1 and the
wind velocity v � 10 m sÿ1, from formula (55) we obtain that
over a period of about 100 d the area of the artificial ozone
layer reaches S � 107 km2, i.e. can even cover a region
comparable with the Antarctic ozone hole.

The possibility of performing an environmental experi-
ment also depends on themagnitude of necessary expenditure
of energy. We shall estimate the mean power necessary to
replenish a local regionwith ozone.Over an areaS � 103 km2,
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ozone can be regenerated by a single microwave complex as
shown in Fig. 1. The expenditure of energy can be minimized
if the minimum necessary amount of ozone is generated. This
minimum can be assessed considering ozone generation with
a number density equal to the natural level �O3� �
2� 1012 cmÿ3 at an altitude of 18 km in a layer DH � 2 km
in thickness. The estimates show that an ozone layer that
thick diminishes UV radiation at a wavelength of 250 nm by
two orders of magnitude.

The mean power �P required for ozone generation depends
on the area S of the artificial ozone layer and on the
characteristic time tp of ozone decomposition:

�P � �O3�DHS
Z
tp
: �56�

The lifetime of regenerated ozone in a local region depends on
the zonal wind velocity. At medium latitudes at an altitude of
between 18 and 24 km, a layer always exists with a low wind
velocity of the order of 0.1 ± 1 m sÿ1 [1, 68]. With a such wind
velocity and the area S � 103 km2 of an artificial ozone layer,
the characteristic time is tp � 10 d. For a local ozone region,
the power �P specified by equation (56) for Z � 20 eV,
�O3� � 2� 1012 cmÿ3, and DH � 2 km is equal to 107 W.

5. Conclusions

At the present time, a cycle of experimental and theoretical
studies has been accomplished, devoted to the elaboration of
a natural physical experiment on the action on the strato-
sphere by high-power crossed electromagnetic wave beams
with the goal of generating additional ozone in the region of
the ozone layer. Thus, active sensing of the ozone layer (its
state and the whole complex of proceeding photochemical
processes) is planned by introducing a controlled consider-
able amount of additional ozone and creating a local artificial
ozone layer. The workability of this method was analyzed on
specially designed experimental complexes for laboratory
simulation of plasma-chemical processes in an artificially
ionized region created by nanosecond wave beams. The
experiments were carried out with air pressures and tempera-
tures corresponding to ozone layer altitudes. The possibility
of using a nanosecond microwave discharge in wave beams
for generation of ozone and other minor species in the
stratosphere was demonstrated experimentally for the first
time.

On the one hand, this circumstancemay allow the efficient
employment of various AIR regimes for experimental sensing
and investigation of the effect of minor components upon the
ozone layer. On the other hand, the results of simulation
experiments and numerical calculations suggest the possibi-
lity of efficient artificial ozone generation in local regions of
the stratosphere. To this end, at altitudes of about 20 ± 25 km,
AIRs should be formed by microwave radiation with 3-cm
wavelength and an electric field strength between 4 and
6 kV cmÿ1 in the beam crossing region and a microwave
pulse duration of 30 ± 50 ns.

We shall list the main advantages of this scheme.
(1) When short pulses of nanosecond duration

(t � 30ÿ50 ns) are used, an artificial ozonizer in the strato-
sphere is able to produce 100 g of ozone per 1 kW � h of
expended electric energy. Such an atmospheric ozonizer
output corresponds to the results of the best ozonizers
currently used for technological purposes.

(2) Ozone is generated directly at the maximum of the
natural ozone layer. Its `delivery' requires no expenditure of
energy (radio waves have no weight!).

(3) The technique of localization and deliberate displace-
ment of the ozone generation region in space is very simple.

(4) A wonderful gift of nature is the low temperature
(T � 200ÿ220 K) in the ozonizer operation region. Owing to
this fact, an exceptionally small quantity of nitric oxides
participating in the catalytic ozone-decomposing processes
are produced in nanosecond pulses. The latter circumstance is
decisive for ensuring the high stratospheric ozonizer effi-
ciency. Under these conditions, the energy cost of ozone
production is moderate (15 ± 20 eV per molecule in experi-
ments, and 30 ± 40 eV per molecule in calculations).

(5) The highest ozone generation efficiency is attained
with the use of microwave pulses for which the breakdown
stage is much shorter than the pulse duration subject to the
condition that the circular frequency of the electromagnetic
field is lower than the electron ±molecule collision frequency
(o < nc). In this case, the majority of the microwave pulse
energy is absorbed in the discharge plasma. It is of no less
importance that in a wide range of regimes the values of the
specific energy addition to the system are simultaneously
reached for which nitric oxide generation becomes insignif-
icant because the ratio �O3�=��NO� � �NO2�� is equal to or
exceeds 103.

(6) An optimum regime of application to the atmosphere
is a small train of nanosecond pulses and a subsequent change
of the AIR location through scanning by the wave beams.

(7) Owing to atmospheric winds, turbulent diffusion, and
the long (over 100 d) lifetimes of ozone molecules at the
altitudes of the ozone layer maximum and lower, the ozone
generated in an AIR spreads over large distances and can
create a rather extensive local artificial ozone layer.

(8) The above-listed properties, as well as the possibility of
moving the ozone generation region in the stratosphere over
large distances (tens of kilometers) from ground-based
oscillators of high-power electromagnetic waves make it
possible to weaken considerably the ecological consequences
of high-power microwave radiation by placing `ozonizers' in
special remote regions.

The analysis of the technological feasibility of an environ-
mental experiment shows that the current state of engineering
has reached the necessary level. Antennas 50 ± 60 m in
diameter are available, and they are the most costly units of
the whole complex.Not relativistic microwave oscillators, but
relatively low-power (and therefore inexpensive) microwave
radiation sources (magnetrons of power below 1 MW)
endowed with microwave pulse compression facilities and
widely used in active pulsed radar may be employed in the
natural physical experiment. Microwave pulse compressors
yielding output pulses with a power of the order of 100 MW
are being intensively designed [69 ± 72]. Consequently, several
such sources (not more than 50) will provide the necessary
power level in one wave beam. The average power of such a
microwave complex will make up 0.1 ± 1 MW.

Thus, the series of theoretical studies and laboratory
experiments discussed here demonstrate that it is in principle
possible to generate ozone in the stratosphere using an AIR.
The estimates show that owing to the long ozone lifetime at
stratospheric altitudes (18 ± 20 km), winds, and turbulent
diffusion, the ozone generated in local regions spreads over
large distances and may initiate artificial ozonization over
global-scale regions. At the same time we should emphasize

November, 2000 Artiécially ionized region as a source of ozone in the stratosphere 1121



that the difficulties (energetic, economical, ecological, and
technological) associated with a global change of the ozone
layer are obvious. Their discussion now seems untimely,
although some attempts have already been made [73]. To
clarify the situation, it is necessary to carry out a demonstra-
tive environmental experiment. Notice that the environmen-
tal experiment under discussion will not lead to any
significant global disturbances, but will undoubtedly provide
a deeper insight into the complex plasma-chemical processes
in the ozone layer. Only after this experimentation will a
somewhat realistic estimation of the global program become
feasible.

It should be noted that not only AIR-based ozone
generation in the atmosphere is discussed in the scientific
literature. The AIR creation in the lower atmosphere (tropo-
sphere) for removal of Freons from the atmosphere was
proposed by G A Askar'yan et al. [74, 75] in the early 1990s.
Within this project, anAIRwasmainly considered as a source
of electrons, and therefore provision was made for the use of
short nanosecond microwave pulses with which the air
ionization consumes the greater fraction of the microwave
energy [19]. After a microwave pulse, at the stage of plasma
decay, cold electrons selectively decompose Freon molecules
owing to the high rate of electron dissociative attachment and
then the chlorine-containing compounds fall to the ground
with the rain. The cross sections of the dissociative attach-
ment of electrons to, say, Freon-11 (CFCl3) and Freon-12
(CF2Cl2) molecules possess maxima for low electron energies
(Te 4 0:06 eV) [76], whereas for the electron dissociative
attachment to oxygen molecules the energy threshold is 4 eV.
This fact provides for the selectivity of the effect of cold
electrons on Freons.

In the troposphere, for a low Freon number density
(� 109 cmÿ3) [1] and a high air pressure, the electron
dissociative attachment frequency to Freon molecules turns
out to bemuch lower than the three-body electron attachment
frequency to oxygen molecules, and therefore the number of
decomposed Freon molecules depends on the electron
concentration in the plasma by the moment of microwave
pulse termination and on the rate of plasma decay. Themodel
proposed inRefs [74, 75] assumed a slow recombinative decay
of plasma in the air, reached for relatively high specific energy
additions to the plasma [28]. However, as was shown by the
experimental studies of the decay of a nanosecondmicrowave
discharge plasma in the air [77], a substantial fraction of the
electrons produced are lost at the early stage of decay as a
result of the three-body electron attachment to oxygen
molecules. Upon the observed plasma decay, the Freon
decomposition efficiency at altitudes of 18 ± 20 km will be
approximately an order of magnitude lower than that upon
the electron ± ion recombinative decay. The rates of plasma
decay may in principle be decreased by increasing the pulse
duration (i.e. the specific energy addition to the plasma), but
this will lead to a negative ecological effect because the AIR
will then be an efficient source of nitric oxides [22]. That is
why, to clean low-density Freons out of the atmosphere, the
microwave method should be further developed, but it is
promising for Freon decomposition [78] or modification [79]
inside industrial workshops on the ground for a high Freon
molecule concentration in the air.

This work was performed under the sponsorship of the
Russian Foundation for Basic Research (project # 96-02-
19467).
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