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A mathematical model of the artificial ionized region created in the atmosphere in the intersection zone of
two beams of powerful coherent TE microwaves is presented. The model is based on the solution of the
nonstationary system of Maxwell equations and kinetic Boltzmann equation for electrons, as well as on a vast
ramified kinetic scheme of plasma chemical processes in humid air. In the framework of such a model, it is
possible to calculate, in a correct and self-consistent way, the electrodynamic and kinetic characteristics of the
artificial ionized regiongAIR) created in air at various altitudes. The calculations conducted for the strato-
sphere had revealed the possibility of realization at great altit¢d&® km) of the regimes of the AIR
prolonged maintenance that simultaneously have the following advantages: they require the minimum energy
expenditures, ensure good radio-reflecting properties of the plasma structure and do not lead even to local
degradation of the ozone layer. Modeling of the kinetic and photochemical processes proceeding at the post-
discharge stage had shown that the destructive action of thenecules produced in the discharge on the
stratospheric ozone is substantially limited by their diffusive transport beyond the AIR boundaries. Production
of excess active hydrogen radicals HiD the discharge does not exert any essential influence on ozone due to
fast proceeding of the reactions of their mutual bindii#1063-651X96)06509-9

PACS numbdps): 52.25.Sw, 82.40.Ra

. INTRODUCTION No(Y)+0,—Ny(X)+0+0,

— 3y + 3 3 r 3% — r 1N —
The rapid advancement of the techniques of the genera- Y=A"Z,, B7llg, WA, B'°E,, a' %y,
tion of powerful microwave radiation has given rise to new 1 1 3 3t pled
ideas connected with handling a number of urgent problems a'lly, w-A,, C°Il,, E*3g, a" Zg,

in energetics,_ radio communication, _quant_um electroni_csWere not taken into account. The wdi had ignored even
plasma chemistry, etc.. Among them is the idea of creatingrocesses of dissociation of the, Mnd G, molecules by
artificial ionized regionsAIRs) in the terrestrial atmosphere gijrect electron impact. This led to significant understating of

for the purpose of retransmitting radio waves over long disthe calculated concentration of nitrogen oxides forming in
tances[1]. The results of concrete examination of this pro-the reactions

posal were presented i2]. According to the project, the

AIR should be created and maintained at an altitude of N(Y)+0,(X)—»NO+0, Y=1S°D,*P,
30-60 km in the intersection area of the pulsed-recurring

beams of electromagnetic waves in high frequetiafy or No(A %% ) +0—NO+N(°D),
microwave range generated by ground antennas. However,

Askaryanet al.[3] had raised a warning, based on the results No(A °% 1) +0,—N,0+O0.

of laboratory modeling, that the AIR may turn out to be an
intense source of nitrogen oxides, giving rise to a local deg

radation of the ozone layer. According [d.5], the high tive recombination of electrons with the ,N and Q*

yield of nitrogen oxides obtained by Askaryanal. is con- ions—is essentially overestimated, since the model neglects
nected with the fact that conditions of the laboratory experi-, y ' 9

. . . - fast processes of complex ions formation.
ment in[3] differ essentially from the proposed conditions of The indicated drawbacks of the worl5] call into ques-
the discharge ignition in the stratosphere in gas density,

- . .9 . th’r:?on the general conclusion on a weak influence of the arti-
value of a specific energy deposit, etc.. Kinetic calculationsgig plasma mirrors on the stratospheric ozone made

performed in(4,5] had enabled the authors of these works totherein. Thus the solution of the question on the existence of
come to a conclusion about ecological admissibility of thethe ecologically safe regimes of prolonged maintenance of
regimes of exciting and maintaining the AIR in the strato-sych mirrors by electromagnetic radiation requires a com-
sphere that were proposed and discuss€@jin plete and self-consistent consideration of nonequilibrium
However, as it was shown latg—8], description of the plasma chemical processes in the discharge. The stated re-
discharge was carried out {#,5] in the framework of in-  quirement had been taken into account in our previous paper
complete kinetic schemes. In particular, dominant channelg9]. The search of the conditions of realizing the AIRs had
of oxygen atoms formation been conducted there in the framework of the ramified ki-

Moreover, in the model by Milikh the role of the only con-
sidered source of the N and O atoms—reactions of dissocia-
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netic scheme of nonequilibrium discharge in(@iee[10]). In
doing so, the maintenance of the artificial plasma structures
was conditioned by pulse-recurring exposure to intersecting
microwave beams. It had been shown that the realization of a
steady plasma mirror with good reflecting characteristics, at
the least energy expenditures of microwave radiation sources
and the minimum degradation of the ozone component of air
resulting from nitrogen oxides production in the discharge
area is possible only at great altitudes of 50—-60 km.

In spite of the results of the woil@], the question on the
possibility of a prolonged maintenance of ecologically safe cT@

plasma mirrors even at great altitudes can not be treated as
ultimately solved. Indeed, the presence of a noticeable ad-
mixture of water molecules in air may lead, according to
estimates, to production of a great amount of the active radi-
cals HQ, in the discharge. These radicals constitute a threat
to the ozone component of disee[11]), since they are able

to destroy ozone, for instance, in the catalytic cycle

1st wave , - 2nd wave
packet packet

FIG. 1. The AIR structure in the case of short maintaining mi-
OH+03—HO,+0,; HO,+0O—0H+0,. crowave pulses.

In this work the additional destroying influence of water ad-\yherek, is an effective rate constant of electron-ion recom-
mixtures on the stratospheric ozone according to the deoination,ne(max)(x=0) is the maximum value of electron con-
scribed scenario is taken into account in the framework of &entration on the bisector of the angle between the axes of
reasonably complete kinetic scheme of nonequilibrium disthe heamgX axis is perpendicular to the bisector and lies in
charge in humid aitsee below. In doing so, much attention  the plane passing through the axdRecombination decay of

is given to the correctness of modeling the nonstationaryjectron concentration must be replenished by ionization dur-
process of plasma interaction with the electromagnetic fielghg the pulse, so

of overlapping wave packets of the microwave beams. Be-

sides, numerical modeling of the postdischarge kinetics of Vi(E(x=0))79~In 2 (2)
the gas is patterned so that it is possible to follow rather

accurately the diffusive evolution of the ozone-destroying(herer is the pulse durationy; is electron-impact ionization

components, NQand HQ,. frequency.
We shall restrict our consideration to the case of short
Il. THE BASIC EQUATIONS AND CONDITIONS maintaining pulses, when the length of the electromagnetic

DETERMINING THE SPATIOTEMPORAL wave packet satisfies an inequality

STRUCTURE OF THE AIR

0
C7'0< ZRO tan E (3)

In this section we givdaccording tq2]) brief character-
istics of the AIR structure, state the basic requirements to its
maintenance regime, and present a derivation of the equédR, is the radius of microwave beams in the region of their
tions necessary for a correct numerical modeling of the AIRIntersection. In this case the area of interference overlapping
dynamics. of two wave packets has a rhombic shapey. 1), and the

Plasma in the intersection area of two beams of cohereritansverse size of the ionization are&y,=cro/sin(6/2), is
TE waves has a layered structure conditioned by interferenceuch less than the transverse size of the beams’ intersection
phenomena. The layers are parallel to the bisector of thareal xy=2Ry/cog6/2). The interference zone of the elec-
angle between the beams’ axes and to the vector of the elegomagnetic pulses is propagating along theaxis with a
tric field strength. The distance between adjacent layers ighase velocity
equal todl xy=M(2 sir6/2]), where\ is the wavelength of
the radiation generating the AIR argtis the angle between __ ¢ 4
the beams’ axes. Depending on the concrete regime, rise of Uy cog 6/2)°
electronic concentration in the layers is limited either by ki-
netic processes of electron losses or by the phenomenon dhe duration of the joint action of wave packets at the point
the electric field decreasing in the area occupied by plasmavith the x coordinate is equal to

To retain the reflecting capability of plasma during the i
interval between the pulses, electron concentration should 1— 2sin(6/2) 1]
not decrease essentialfguring this interval the concentra- (o '
tion may decrease no more than twick, according to{12],
to consider plasma decay to be governed by recombination, Note that the usage of short pulses requires high values of

we get an equation for the recurrence frequency ionization frequency and, correspondingly, high values of the
field amplitude in the beams, . However, in this case there

F~KkNg(max(X=0), (1) is a possibility of breakdown in a single beam before its

T(X) =17
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intersection with another beam. To avoid this, the ionizatiorthe length of the wave packets is much greater than the
frequency averaged over the period between pulses shouldavelength of the electromagnetic radiation. Then the fre-
not exceed the frequency of the three-particle attachment afuency spectrum of the electromagnetic field in the beams

thermal electrons to oxygen molecules: conditioned by a limitation of the wave packets is concen-
@ trated in a rather narrow region, so the operatorand e
vi(Ea) ToF <y . 5 may be approximately replaced by scalar coefficients corre-

sponding to the maicarriep frequenc
Another possibility of a free passage of radiation to the P g e y freq Yo

beams’ intersection area is connected with a condition ensur-
ing a sufficiently fast removal of electrons arising in a caustic SE—eE= ( 1— n_G) E, 6E—cE=
of a single beam, by stratospheric wifice., with the condi-

tion: 2Ryv(E,)<<vy: vy is a horizontal component of the

stratospheric wind spegdBut it is necessary to take into where n.=m(w?+ v?)/(47e?) is the critical concentration
account that in the beams’ intersection zone the time of eleof electrons,v is the electron-neutrals collisions frequency.
tron concentration rising from the background value to the With the TE geometry, nonzero components of the elec-
maximum one should be much shorter tha@ . How-  tromagnetic field are the quantiti€&s=E, H, andH, . Then
ever, an analysis has shown a bad compatibility of the lasthe field equationg6),(7) take the form

requirement with the condition of a quick removal of elec-

VN
4an,

E:

c

trons by the windindeed, due to a large length of the caus- dHy oH, 4w 19
tic, absorption and refraction of waves in each beam tell on x v ¢ "Etcam (eE), 9
. : y ¢ c at
the development of the discharge in the AIR even at low
concentration of electrons arising in the caufti8]). Hence,
in what follows we suppose that regimes of the AIR mainte- dHy - E (10)
nance satisfy conditiolb). ot ay’
Taking into account a relationship
— oH JE
Vi(E(0))moF ~kng(0) + v, —Y—c—. (11)
ot X

wheren, is electron concentration averaged over the period,

condition(5) may be rewritten in the form Since we are interested in solutions corresponding to the
propagation of the area of the wave packets intersection

vi(Ea) V(as> along theY axis with a constant velocity, (4), their depen-
vi(E(0)) "k,ng(0)+ v dency on the parameteysandt should be determined by a
_ _ . . . combinationy —v,t that is tantamount, with the value of the
From the obtained relationship, an inequality follows: y coordinate held fixed, to executing a replacement
3) dldy——(Lvy)/(alat) in Egs. (9—(11). Note that in the
vi(Eq) Va case being consider¢dihen the inequality3) takes placgit
Vi(2Ea) kng(0)+ v is possible to abstract from the effects connected with the

limitation of the beams’ radius. So, after the indicated re-
that, at given levels of electron concentration, imposes aplacement in Eqs(9)—(11), we get a set of equations deter-
upper limit on the amplitude of electric fields in a microwave mining the evolution of the electromagnetic field in some
beam. fixed line y=const
We are now coming to the derivation of the equations
determining the AIR dynamics. The process of the interac- 9
tion of the crossed TE beams with the plasma structure of the =

dH,
P =Cc ——4mwoE, (12
AIR is described by Maxwell's equations

X

(sinz( 6/2)— %) E

rotH= 7 54> ¢E) (6) My &
o= B 5B ERES 19

1M )

rotE=— ¢ ot ™ Hy=E coss.

and by the equation for electron concentration
According to the physical sense, obtained field equations
dNg are destined for describing opposing propagat@ong the
7:‘]9' ® ine y=cons} of two quasipackets of waves with phase ve-
locities of v {=c/sin(/2) andv P)=—c/sin(6/2). It is ob-
HereJ, is a symbol for electron sourcé, ande are opera- vious that till the moment of the quasipackets entering the
tors of conductivity and dielectric permissivity of plasma, area occupied by plasma their amplitudes are constant and
generally speaking, nonlocal in time. However, we shall conequal toE, . Hence, the initial distribution of the field along
sider below only such regimes of the AIR maintenance thathe liney=const may be represented by relationships
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one for the purpose of obtaining the greatest electron con-
centration in the AIR, but at the same time it represents the
greatest threat from the viewpoint of nitrogen oxides produc-
tion.

0
)exr{ — — (X+Xg)sinz 5

N

E(t=0x)= Ea(p( (X+Xg)sin

lw

6
F (X—Xg)sinz|, (14

2

+ ano( (X—Xg)sin= ) ;{
Ill. OPTIMIZATION OF THE
0 AIR MAINTENANCE REGIMES
(x+ XO)SII’IE AS REGARDS ENERGY EXPENDITURES
AND NITROGEN OXIDES PRODUCTION

>

Hy(t=0x)=—E;sin5 ¢

N

One of the main requirements to the AIR is a minimiza-
tion of the energy expenditures necessary for its mainte-
nance. In the work2] a minimization of energy expenditures

y i N 6
ex ?(x xo)smz

CE. si f B .0 was conducted for a single maintaining pulse per unit cross
a SN 2 ¢ (X=Xo)sin 2 section of the microwave beam. However, of greater practi-
cal interest is a consideration of the total mean power in a
i 0 single beam
Xexpg— (X—Xg)sin=|. (15
c 2 2
cE;
Here the functione(x) describes the initial distribution of 8 oF 7o-

the field amplitude in quasipackeii®m the case of severely

rectangle pulse of the amplitude ¢(x) According to[2] Ry~0.6\h/(D ,cosp), whereh is the alti-

=3 (x+[1L/2]cTo) H(—x+[1/2]c )], Xo is an arbitrary con-  tude,D, is the diameter of the ground antengads the angle

stant defining the position of the quasipackets at the initiabetween the beam’s axis and the vertical. Taking into ac-

moment of time. count the relationshipd) and(2), and using an approximate
As estimates show, in the considered case of short pulsexpression for the quantityema

maintaining the AIR, the dynamics of electron concentration

duripg .the_dischargéEq. (8)] is completely determined by ne(max)"w“o-‘mcsmz(f)a (19

the ionization process

dNg obtained in[2] for the conditions of electrodynamic satura-
Zr - Je~ Vile. (16 tion of electron concentration in the AIR, we get the follow-
ing analytical expression for the total mean power in the
On the other hand, decay of electron concentration in théeam:
period between pulses is conditioned by the processes of
electron-ion recombination and electron attachment to oxy- W~9x10"3
gen molecules. At great enough heighismbipolay diffu- 2 2
\ : T mc® [sin(6/2)]? k.«
sion of charged particles may be of essential importance. In x 7(In 2) =
neglection of electron detachment from negative ions due to Dacosp| ki(k)
collisions with the atoms N and O as well as with excited (20)
particles(the case of low energy deposit into the gake
equation for an electronic component in the periods betweewhere
the maintenance pulses has the form

w2+ 1?)?

[OF%

2

2E,

an %n K= 2 NI
S Dan o tne—kinng, (17 N[2(1+ 7]

ki(K): Vi/N,

N is the density of neutral particles.
whereD 4, is the coefficient of ambipolar diffusiom,, is the The minimization of the quantityy was conducted with
concentration of positive ions. In the opposite case of highrespect to the parameterat fixed values of the parametess
energy deposit, when electron attachment is compensated bnd 2 ,/E, (E, is the critical breakdown amplitude of the
detachment and decay of electron concentration, has a pugectric field strengthdefining the structure of the AIR. If to

recombination charact¢i2], we get use the relationship(20), then, on the assumption that
) k, =const andd(In »)/d(In h)>1, we get the condition of the
MNe _ D J nze_k n2 (19  Minimum energy expenditures
at am ox '
w=~V3v. (21

It should be noted that the equation for electron concentra-

tion must also include a convective term conditioned by elecThis condition is confirmed with reasonable accuracy by the
tron removal by stratospheric wind. However, for definite-results obtained on the basis of a more rigorous self-
ness, we shall restrict our consideration to the case when thmnsistent calculation of the AIR structure. A comparison of
horizontal component of the stratospheric wind speed is dieondition (21) with the results of energy expenditures mini-
rected along plasma layers. This case is the most profitablmization derived ir{2] for a single pulse and unit cross sec-
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cm®
N(2P)+0,—NO+O0, k3=2.6><10—12T. (24)
k3

HereT is the gas temperature K. From the data presented
it follows that the characteristic time of the reactiof®s),
(24) is much longer than that of the reacti@p). In energy
deposit range <e<10"1J cm 2 atm * the NO production
in reactions(22)—(24) is limited by the processes of odd
nitrogen binding 10]

ka
N(*S)+NO—N,+0, k,=1.05x10 12xT0®

INO,] (cm™)

(25

- According to Slovetskif 14] dissociation of vibrationally un-
108 I S S S R excited N molecules by electron impact at neutral particles
10~ 10" 107 10° 10 10 de?sigy N>10"° cm 2 gives rise to atoms NS) and
3 -1 N(“D,“P) in approximately equal amounts. So, on completion
& (J cm™ atm ) of reactions(23) and (24), concentrations of the particles N
and NO are about the same. An analysis of the set of reac-

FIG. 2. The dependence of the N@olecules concentration on  tions (22) and(25) shows, in this case the final concentration
the specific energy deposit into the gass55 km (N=1.19x10'6 of nitrogen oxide is

cm 3, T=264 K), A=60 cm.

tion of the microwave beam shows that the change in setting [NO]ka—l [O2].
up the optimization problem had led to an increase of the 4
optima_l altitude of the AIR ignition by approximately 5 km_. The NGO, concentration rise takes place only at-0.1

In view of the. threat to the ozone layer of the terres';rlal Jenméatm ! due to the activation of the reaction
atmosphere, which may arise from the prolonged mainte-
nance of the AIR in the stratosphd&7,8|, of actual interest N,(A%3 ")+ O0—NO+N(?D).
are only those regimes of interaction of crossed beams of
electromagnetic waves with plasma, in which the productiomt even greater energy deposit the N@roduction cost de-
of nitrogen oxides is comparable with their concentrationcrease is conditioned also by gas heating and the reactions
under natural conditions. The possibility of the existence of
such regimes is suggested by the characteristic dependencies N,(X,v=12)+O—NO+N.
of the[NO,] concentration on the specific energy deposit in
the discharge plasma Figure 2 shows the computed depen- However, in the regimes of gas irradiation interesting for us,
dence[NO,](e) for a single-pulse regime, the altitutle=55  the discharge parameters are such that the role of these latter
km, the wavelengtih=60 cm, and various values of the channels in the process of nitrogen oxides production may be
electric field amplitude. Calculations were performed on theneglected.
basis of the kinetic scheme of a discharge in nitrogen-oxygen Note also that the concentratihlO,] decreases as the
mixtures [10], with kinetic coefficients of electrons being electric field amplitude rises, with the energy deposit value
determined by averaging rates of electron-neutral reactionkeing fixed(Fig. 2). This is conditioned by increasing the
over electronic energy distributiofthe distribution function energy cost of production of the N and O atoms as well as
was found from a numerical solution of Boltzmann equationelectronically excited plmolecules.
for electrons interacting with monochromatic microwave From the data presented it follows that the AIR yields the

In the case of low energy deposit the production of theleast quantity of nitrogen oxides, if during the longest pos-
NO, compounds in air results from the reactions of atomicsible residence time of the gas particle in the dischatge
nitrogen formed by electron-impact dissociation of thg N (the case of the horizontal component of the wind spggd

molecules, with oxygef10] being directed along plasma layetbe specific energy de-
posit in plasmae,, does not exceed the value of 0.05-0.1
N(*S)+0,—~NO+O, Jem Patm
kq In the framework of the effective field approximation the

highest possible energy deposit in the discharge is deter-

cnd mined by an equation
k,=4.5x10"2x exp —3220=T) —, (22)
S N 2Ry _ (o0
Em~ — —— Ff 0.50E2dt
2 12 T \% e Moo ’
N( D)+02—> NO+O, k2— 7.5 10 (300) S 1.2% 10—2 mCN_ h S|n4( 6/2) erZ (w2+ V2)2

ky

(23 T e’ vpD,cosp ki(k) wv
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In view of condition(21) the quantitye,, is approximately
proportional tow?. So the inequality,,<0.1 J cm 3 atm ?,
under the condition of the optimal total energy expenditure,
corresponds to an upper constraint on the value of the main-
taining radiation frequency. In particular, atE2E.=4, 10°}
0=60°, the antenna diameter Bf;=100 m, and the strato-
spheric  wind speed of v,~40 m/s [15], we
obtain: w=<4mx10° s %, that, according to conditiof21), >
corresponds to the altitude=45 km. Selection of the value &3~ S
of the 2E,/E. parameter had been dictated in this case by the g / “.‘_;'
<

condition of the absence of breakdown in a single bé¢am

IV. RESULTS OF MODELING THE AIR DYNAMICS ,
AND ITS RADIO-REFLECTING PROPERTIES :

For a number of the AIR maintenance regimes satisfying ;
the optimization conditions obtained in the preceding sec- 10-110' — é ‘ — 1'0 0
tion, a numerical modeling of the dynamics of the AIR struc-
ture formation had been carried out. In doing so, it was as- t(ns)
sumed that at the initial moment of time there was a small
background concentration of electronsi,(t=0, X)=ng~1
cm 3. FIG. 3. Temporal dependency of the effective rate constant of

For each pu|se' the process of interaction of two intersecﬂﬂnization (SO'ld Iine) and effective electron temperatu(dashed
ing microwave packets with the AIR plasma structure wadine) at turning on oscillating electric fiﬁeﬁd with amplitude of
first modeled on the basis of Eq42), (13), (16). Thereupon Eo=140 Vicm and frequency Qb:WXl%gs _atthe moment=0.
electron concentration decay during the interpulse spacing€nsity of neutral particledl=1.19<10'° cm =
was calculated with the use of Eq47) or (18). This proce- ) ) .
dure was repeated to the point of steady state. wherefy(t,e) andf(t,e) are symmetric an_d antisymmetric

Equations(12), (13) with the initial conditions(14), (15) C(t)rmponents of elect.ron distribution function;, M;, and
were solved using the finite-difference time-dom@®TD) ] (s_) are concentration, m_olecular mass, and transport cross
method[16] with the Halpern-Thefethen second-order ab-S€ction of electron scattering for théh component of the
sorbing boundary conditiorjd7]. Grid step along th& axis ~ 92S; linel IS the integral of inelastic collisions written with
ox was taken from the condition:\/(6x sin6/2])=40. In cpns@eratlon for the processes of excitation of rotational,
order to decrease the effect of numerical dispersion of th&ibrational, and electronic degrees of freedom of theaNd
method, forward and reverse fronts of the pulses were ad$22 molecules, ionization, and attachment.
sumed to have a width-\/2. Equationg26), (27) have to be solved in each node of the

When determining ionization frequenay entering Eq.  Calculational grid along th& axis that requires impressive
(16), it is necessary to take into account that under condition§xpenditures of computer time. However, a numerical analy-
of short microwave pulses acting on the gas, the ratio of theiiS Of the character of the establishment of the electronic
duration 7, to the characteristic time between electron-Kkinetic coefficientk;= /N in a single spatial point at turn-
neutral collisions is equal to 10-100, so the use of thd"g on or changing oscillating field of various amplitude
method of expanding electron distribution functibfz,6,t)  (See, for example, Figs. 3 andl Had shown that the dynam-
in terms of temporal harmonids.8,19 for the solution of ics of changing the ionization rate constapaveraged over
the Boltzmann equation may lead to crude erfbexees and the period of field oscnlatlops may be described with a high
¢ are electron energy and the angle between its velocity andegree of accuracy almost in the whole temporal range by an
the electric field direction Thus the calculation of kinetic €dquation of the relaxation type
coefficients of electrons should be conducted on the basis of _ _
the explicitly nonstationary Boltzmann equation. In the ap- oki  a(k)¥? — —
proximation of the two-term expansion of the function EZ 1+ ,Bk_-(keq_ i), (28)
f(e,0,t) over spherical harmonics, this equation reduces to !
the following system of equations:

wherek,q is the established mean rate constant of ionization,
the quantitiesy, B, andk.qare, at given values of the param-
ﬂE S 2_m tr 2 etersN and o, functions of the field amplitud&,. An ex-
3 %1 i=Ny.0, M; n;oj (e)e ception is only the case when at the initial moment of time
electrons are cold.e., T.~T). In this case relationshi28)

me\ 2 of, o
2] at g

afo begins to hold after some time delay necessary for strong
X fﬁkTE *linel fol. (26) heating of electrongwhen T.,/T>1) and formation of the
“tail” of the distribution function fy(t,e).
me | 12 of o At N~10' cm™3 Ey/E,=2-4 the value of ther,
<_) Tl eEe _O_Sfl > nol(e), (277 amounts to~1 ns. Note that at the points such that
2 at de i-No, |X|>c74/(2 si{@/2]) the indicated delay of turning on the
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FIG. 4. Electron energy distribution function at the moments of
time t;=1.6 ns,t;=2.26 ns,t3=6.25 ns after turning on oscillating FIG. 5. Profiles of electron concentration in the AIR after pas-
electric field. Conditions are the same as in Fig. 3. sage ofn microwave pulses(n;=25, n,=35, n;=45, n,=70,

o _ _ _ ns=200. The discharge parametersi=mx10° s, 2E,=143
ionization processes occurs in that period of time when overy/cm, 7,=25 ns,F~1=7.2 ms,h=55 km, Ry=200 m, §=60°.

lapping of both wave packets in the specified point has not

happened yet. At the same time a noticeable ionization is . .
possible only as a result of an interference of the wave packeoncentration decay between pulses had revealed only slight

ets. Hence, the delay effect may exert any noticeable infiudifférences.

ence on the plasma dynamics only in the region The process of the interaction of crossed microwave

x| <crg/(2 sif612]). On the other hand, in this region the beam_s with_ the AIR in the sat_urati_on_sta_te is represented
duration of the joint action of the wave packets graphically in Fig. 6, where spatial distributions of the quan-

7(x)~ o> 4. Besides, the characteristic time of establish-Uti€S Eo andk; are shown for a number of time moments.

ing the quasistationary frequency of ionization also essen[Whe” the wave packets enter the region occupied by plasma

tially exceeds the quantityy . So hereinafter the delay effect Fig. 6@)], electromagnetic waves begin to absorb and re-

is not taken into account, and E@8) is assumed to be valid flect,_giving rise to oscillatipn_s on the profile of the fiel_d
in the whole calculational time interval amplitude E,. A characteristic interference structure is

Hence, Eq.(28) with the initial conditionﬁ (t=0=0 fo_rmed in thg beams’ intersectiqn aréﬁig;. (ib)—@(d)],
closes the set of Eq€12), (13), (16) describing an interac- With the maximum value of the field amplitude being sub-
tion of two intersecting wave packets with the AIR masmastanﬂally less than B, due to partial absorption of waves in .
structure. Solution of Eq16), (18) with the pretabulated Plasma. Once the wave packets have passed the AIR, their
functions a(Eo), B(Eo), and keq (Eg) had been conducted field arr_lplltude amounts te-50 V/cm that indicates 50%
with the use of the fourth-order Runge-Kutta method. absorption of radiation by the AIR plasma. Forward and re-

Figures 5 and 6 present results of calculations for theverse fronts of the spatial distribution of the field amplitude

following values of the wave discharge parameters: the altil" each quasipacket have become noticeably blufFegs.

tudeh=55 km (N=1.19x<10' cm %, T=261 K), 2E,=143  6(0/~6(] due to reflection effects.
viem (2E,/E~4), o=mx10° s %, 7,=25 ns F’1=7&12 ms We now turn to an analysis of the radio-reflecting prop-
a C ’ ’ ) . [

9=60°. Figure 5 shows the profiles of electronic concentra£rties of the AIR. Assume that a low-intensity plane electro-

tion at various moments of time. At the initial stage of the Magnetic wave with a frequency af, is incident upon the
discharge the peripheral plasma layers are growing esseRl2Sma structure at an angle @f. It is supposed that coher-

tially slower than the central ones, since at the periphery th&nce length of the waves being reflected is much longer than

duration of the joint action of the wave packets is compa-the AIR sizes, so reflection from plasma layers bears a co-

rable with or even less than the characteristic time of thd!erént character. Complex amplitude of the wave being re-
ionization frequency relaxation. At-0.3 s concentration of 1ected is described at <R, by an equatiorisee[2])

electrons in the central layer of the AIR reaches a saturation.

Later, as adjacent layers grow, the amplitude of the electric 5
field in the AIR center falls down, which leads to some de-
crease of electronic concentration in the central layers. Fi-
nally, peripheral layers of the AIR reach saturatiorizai..4

s. Comparison of the calculations carried out for recombina-
tion and recombination-attachment mechanisms of electrowith boundary conditions

n iv
sin201— n_e (l-l— —1>

El:O, (29)
cl w3

1 2
oZ +Kk3
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FIG. 6. Spatial distributions of the quantiti€s, andk_i at interaction of the microwave beams with the AIR in steady state. Time
momentst,=11 ns,t,=16 ns,t;=26 ns,t4=35 ns,t,=40.5 ns,t; =50 ns(the origin of time measure was selected arbitrarily

JE, .
Ix ik,sing,E4

Xx=—-L

where E, is the amplitude of the incident wave. Equation
(29) immediately follows from Eqgs(12) and (13) on the
assumption that the quantiti&sandH, are harmonic func-

tions of time.

—{9 1+'k in6,E
| In
X 15IN01E

:0,

x=L

= —2ik,E,sing,exp(ik,L sin 6,),

Since reflection from the AIR occurs mainly in the inter-
vals between the pulses of maintaining radiation, the fre-
guency of electron-neutral collisiong appearing in Eq(29)
should correspond to thermal electrons. This frequency is
much lower than that for an electron in the field of a strong
electromagnetic wave. According {@] it may be approxi-
mated by an expression

5/6
v1~1.84x10 8N T st
e 1000 '



54 ECOLOGICALLY SAFE REGIMES OF GENERATION AN . .. 4129

formation with the number of layers of the order of?1y
increasing the duration of maintaining pulses gaccording
to condition(2)] decreasing the field amplitude in the beams.
In so doing, the following situation was observed. As in the
example considered earlier, growing of several central layers
first takes placdsee Fig. 5. Formation of peripheral layers
proceeds already under the action of the field essentially
weakened by central layers. As a result, the time of periph-
eral layers formation turns out to be substantially greater
than the time of gas removal by the stratospheric wind from
the domain of microwaves action, at reasonable values of the
wind speed and beam radius. Increasing the field amplitude
in the beams does not give any gain because of self-
regulation of the discharggise of the quantityg, leads to
an increase of electron concentration in the central layers that
in its turn results in strengthening absorption of the maintain-
ing radiation). Thus creation of multilayer AIRs is rather
1 10 100 questionable in the framework of the approach being consid-
(,3/(,)1 ered and constitute a separate problem.

FIG. 7. Frequency dependence of the coefficients of reflection, V. CHEMICAL CONSEQUENCES
transmission, and absorption of radiation incident upon the AIR at OF PROLONGED MAINTENANCE

an angle of6,=30°. OF THE AIR IN THE STRATOSPHERE

The solution of Eq(29) was performed with the use of A selection of the AIR maintenance regimes with the
the finite-difference methol®0]. Obtained frequency depen- minimum production of nitrogen oxides was made by us in
dencies of coefficients of reflection, transmission, and abSec. Ill on the basis of the general character of the depen-
sorption(R, T, andQ, correspondinglyfor the AIR mainte- dence of nitrogen oxides’ production cost on the specific
nance regime being consideréfegs. 5, § are shown in Fig.  energy deposit in the discharge. For a more detailed analysis
7. As is seen from the figure, the region of incident radiationof the chemical consequences of creating the AIR in the
frequencies where a substantial reflection from the AIR isstratosphere under selected optimal regimes, kinetic model-
observed, consists of two parts. Continous spectrum of reng of plasmachemical processes accompanying generation
flection corresponds to frequencies<0.25v» (i.e., \;=2.5 and maintenance of plasma during the residence time of the
m). Besides, owing to interference of waves reflected fronspecified volume of gas in the AIRr~2R,/v,), as well as
different layers of the AIR, there is a line spectrum definedof the subsequent chemical relaxation of the gaseous mixture

by the condition formed in the discharge was carried out. In doing so, diffu-
sive transport of admixture molecules beyond the AIR along
®  sind, _ the X axis was also taken into account.
w_l_ n sin(6/2)’ n=12,.... (30 The kinetic scheme used in computations includes a vast

set of reactions with a participation of the following compo-
Actually, however, a line spectrum usually consists of nonents of  the gas: MNX I3 g) No(A 32 ),
more than several lines, because the coefficient of reflectioNy(B °I1,,W A ,,B’ 3% ), N,(a’ 1Eu ,a 'y ,w Au)
from a single layer declines rapidly at high values of theN,(C SHU,E %5 . 15+ s),  O(X3), 02(a 'Ay),
frequencyw; . Oxb '), Ofc's, & 3AU,A 5.k ) N(*S), N(ZD)

The effect of interference strengthening the reflection ofN(*P), O(3P) o(*D), 0(*s), O;, NO, NO2 N,O, H,0, H,
electromagnetic waves from plasma structure in the intersedd,, OH, HO,, H,O,. Data on rate constants of reactions
tion area of two coherent microwave beams had been obwere taken for the most part from the work0,23. In ad-
served experimentally by Kuet al. [21,22. The authors of dition to purely chemical processes, the processes of photo-
these works indicate also that the effect should be enhancatissociation of the molecules,00;, NO, and NO under
as the number of layers increases. the action of solar radiatiopl5,24] were also considered.

This fact is confirmed by the results of numerical model-The kinetic scheme does not include reactions with a partici-
ing of the radio-reflecting properties of multilayer AIRs per- pance of the particles NQ N,O,, N,Og, HNO,, HNO; and
formed by us in the papé®]. It was demonstrated that, with so on, since at the altitudes being considgleg45 km) the
a number of plasma layers10®, the coefficient of reflection particles indicated are subject to very fast photodissociation
from the AIR at frequencies satisfying the interference con{15].
dition (30) may exceed the value of 0.8, whereas the upper According to Sec. lll we consider only the cases of a low
boundary of the continous spectrum is close t62) specific energy deposit into the gase<0.05 J cm® atm 1.

It should be noted, however, that the distribution of elec-Then even under a supposition that all absorbed energy
tronic concentration in the multilayer AIR was set{Blina  transforms into heatot any chemical procesge¢he maxi-
non-self-consistent way. In this work attempts were made tanum increase of gas temperature in the isobaric approxima-
obtain, on the basis of the model described above, plasmtion amounts to 40 K. Test kinetic calculations had shown
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that this quantity actually does not exceed 15 K. So the plas- R e e
machemical model used herein does not take into account 101
gas heating. Correspondingly the processes of thermal de- F
composition of ozone, nitrogen oxides production, etc. are
not considered. 10101

Besides, a study of ion kinetics had shown that, under ;
conditions corresponding to the altitude of 55 km, the basic f
ionic components of the AIR plasma during the discharge are £~ 10°
0O,", 0,*, NO', and O, O, . Only at the postdischarge 'S i
stage, when a major part of charged particles has disappeared 2 8
due to recombination, the main role belongs to complex ions: s 107
NO*.0,, NO*-(H,0),, H"-(H,0),, and NQ~, CO;". As g
zero-dimensional kinetic calculations had shown, ion-

molecular reactions give just a small contribution to chemi- 107 :

cal transformations of air components, since, with values of

electric field amplitude characteristic for the regimes being 108 i LT
considered, the main part of the energy absorbed by the dis- 10° 10" 102 103 10*
charge plasma goes into excitation of electronic degrees of

freedom, including dissociation. So, hereinafter we neglect t(s)

the contribution of ion-molecular reactions and consider only
interactions of neutral particles.

To obtain correct initial conditions for modeling the influ-
ence of the AIR on stratospheric air, kinetic calculations of

photochemical processes in the undisturbed stratosphere hagte constants were determined on the basis of the solution of
been performed first. In doing so, concentrations of admixthe nonstationary Boltzmann equation, with temporal depen-
ture components of the gas that are not in a purely photogencies of the electric field strength and electron concentra-
chemical equilibrium(that is, their distribution in the strato- tjon in each node of the calculational grid along theaxis
sphere is substantially ~conditioned by transportpeing taken from the solution of the problem on interaction
processgs—NO,, N,O and HO were set according to of intersected microwave beams with the AIR plast8ac.
[15,23. The calculation had been performed to the point ofjy/).
reaching total equilibrium. Obtained equilibrium concentra-  piffusion coefficients of a number of admixture compo-
tions of the gas components were used then as initial condients of the gas were taken from the handbf@K. Where
tions when modeling the AIR kinetics. Note that variation of the necessary information was absent, diffusion coefficients
the values of these concentrations from the §a%23 with  \yere determined from data for other particles according to
regard for day averaging does not exceed 15%. ~ scaling relationship: D~ Y2 where u is the reduced
The influence of the AIR on the kinetics of air mixture is mass of diffusing particles and particles of the buffer gas.
conditioned by exciting plasma chemical processes with a The results of the kinetic modeling for the AIR mainte-
participation of electrons. In the case of a low specific energhance regime at the altitude of 55 km described earlier are
deposit into the gas being of interest, we shall restrict oukepresented in Figs. 8 and 9. The main chemical products
consideration to the processes of electronic excitation angccumulating during the discharge time & 2Ry/v,~10 9
dissociation of the particles Nand G (see the kinetic are atoms O, N, H, and nitrogen oxide NO. Note that accu-
scheme{10]). Besides, dissociation of water molecules aremyjation of the radicals OH also produced in the discharge
taken into account, with the total cross section of this procesgs 5 result of water molecules dissociation does not take
being taken from the work25]. Because of a great number pjace owing to fast proceeding of their reaction with oxygen
of pulses direct simulation of the pulsed-recurring regimegtoms
requires a great amount of computer time. Thus, d26j),

FIG. 8. Temporal dependencies of the concentration of gas com-
ponents at the center of the AlR=0).

we used a “smoothed” model in which rates of processes OH+0O—H+0..
initiated by electron impact are averaged over the period be-
tween pulses By the time of the completion of the discharge the peaks in
the spatial distribution of the discharge products conditioned
t+1F by layered structure of the AIR are practically completely
JajEkajnenj_)<kajne>nj:njFJ; Kqj(t",x)ng(t’",x)dt’,  smoothed due to diffusion of particles into interlayer areas.

At the postdischarge stage in a time of about 50 s conver-
sion of atomic oxygen into ozone and of atomic nitrogen into
NO oxide occurs, and photochemical equilibrium in thg O
and NQ is established. Subsequent destruction of the pro-
Auced ozone in a catalytic cycle of reactidag]

wherek,; is the rate constant of theth reaction of electron
with a neutral particle of thgth sort. The validity of this
model was tested by comparing the results obtained with it
use, with the results of direct numerical simulation of dis-
charges characterized by a relatively small number of pulses NO+03—NO,+0,,

(up to 50 and various initial conditions. When integrating ks

the rates of proceeding of inelastic processes with a partici-

pation of electron over the interpulse spacing, corresponding ks=4.3x10" 12 exp(— 1560) cnr/s, (31
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FIG. 9. Spatial distributions of the concentrations of gas components at the moments of tjmé: s,t,=10 s,t.=52 s,t4=550 s,
te=10"s.

NO,+0O—NO+0,, kg=1.13x10"%T/1000% cm’s, the concentration of the NOparticles decreases due to dif-
ke fusion from the value of 1.210'° cm™ to the value of

(32)  ~1.2x10° cm 3. Thus a consideration of the process of dif-
fusive transport leads to lowering nitrogen oxides concentra-

is proceeding on the background of the process of expansidiP? Py the order of magnitude and thereby essentially re-
of the region with an elevated content of the moleculgs oduces their destroying effect on the stratospheric ozone.

and NQ_. So during the characteristic time of thg @ecay Integrating the spatial di;tribution of the N_(Dor)centra—
in reactions(31) and (32) tion, we get that the total yield of the NQtaking into ac-

count after-glow reactions, amounts to %10 particles
per pulse, or %10 particles pe 1 J of absorbed energy of
[O5]+([O] microwave beams. The ratio between the N@oduction

NO, ks[NOJ[O3]+ kg[NO,][O] ~1 hour, and electron production is approximately equal to 0.22.
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As is seen from Figs. 8 and 9, production of the HO concluded that a prolonged maintenance of the AIR in the
radicals in the discharge conditioned by water molecules disregime considered is not a threat to the ozone layer as a
sociation in collisions with electrons and electronically ex-whole.
cited nitrogen molecules is several times greater than the Analogous investigation of the ecological safety of the
background value of their concentration. This also could reAIR maintenance regimes at lesser altitudés and 50 km
sult in a substantial decay of ozone concentration because bfs led to essentially worse results. The unigqueness of the

acceleration of the hydrogenic catalytic cycle regime corresponding to the altitude of 55 km obtained in
such a manner is conditioned by the fact that, starting from
H+03;—0H+0,, the specified altitude, the relative contribution of nitrogen
oxides to the total rate of odd oxygen losses decreases dras-
OH+03;—HO,+0,, tically [15] (the main role belongs here to the reactions of the
hydrogen cycle and to the reaction:+@;—20,), and, on
HO,+03;—0H+20,, the other hand, the concentration of the H@dicals actively
produced by the discharge is rigidly limited by the reactions
OH+0—H+0,, of their mutual binding.
H+0,+M—HO,+ M.

However, this is not actually the case, since the concentra- VI. CONCLUSIONS

tion of the HQ, particles is rather heavily limited by the  This work presents a mathematical model of the artificial

reactions of odd hydrogen binding ionized region created in the atmosphere in the intersection
zone of two beams of powerful coherent TE microwaves.
OH+HO,—~H,0+0, and so on. The model is based on the solution of the nonstationary sys-

em of Maxwell equations and kinetic Boltzmann equation

or electrons, as well as on a vast ramified kinetic scheme of
plasmachemical processes in humid air. In the framework of
such a model, it is possible to calculate, in a correct and
self-consistent way, the electrodynamic and kinetic charac-
teristics of the AIR created in air at various altitudes.

As a result, within an hour after the discharge the value o{
the quantity[HO,] is already practically indistinguishable
from the background one.

Production of nitrous oxide O in the AIR (=7.2x1C®
cm 2 at the center of the regidmlso essentially exceeds the

ggclfgronngvillieélofltgseg@icgorl%egtrat'i\lqn at the %Ititydelfof The calculations conducted for the stratosphere had re-
m, [N20],~1.4x 10" cm* [15,23. Nitrous oxide itse vealed the possibility of realization at great altitudess5

does not react Wlth_ ozone, but on interaction with exmtedkm) of the regimes of the AIR prolonged maintenance that
oxygen atoms D) it yields the NO oxidd10] simultaneously have the following advantages: they require
the minimum energy expenditures, ensure good radio-
reflecting properties of the plasma structure and do not lead
even to local degradation of the ozone layer. Modeling of the
entering the catalytic cycle of ozone destruction. Howeverkinetic and photochemical processes proceeding at the post-
as had been shown in paféi, in the case of a narrow AIR discharge stage had shown_ that the_ destructive action of the
consisting of a small number of plasma layers, this additionaNOx molecules produced in the discharge on the strato-
source of NO particles does not exert any essential influencgPheric ozone is substantially limited by their diffusive trans-
on the Q family dynamics, since within the characteristic POrt beyond the AIR bpundar|gs. Production of excess active
time of proceeding of reactiof83) the region with an el- hydrog.en .rad|cals HQEIn the discharge does not exert any
evated content of the JO extends due to diffusion so much €ssential influence on ozone due to fast proceeding of the
that the additional amount of nitrogen oxide thus formedréactions of their mutual binding. _
constitute only a small fraction of the N®ackground con- It is necessary to emphasize that the results of this work
centration. The aforesaid is confirmed in full measure byhad been obtained on the basis of numerical modeling of the

more correct self-consistent calculations performed in thélischarge kinetics in the stratosphere and thereby should be

present work. considered not as a final proof of the ecological safety of the
Thus, the only important ozone-destroying chemical prodSelected regime of the discharge excitation, but rather as

uct resulting from a prolonged maintenance of the AIR undefualitative evidence for the possibility of the ecologically

the regime being considered is nitrogen oxide NO. HoweverSafe reah;auon of_ the AIR. Furthe_r studies of. this problem

its destroying effect on the ozone component of air is subMay require creation of more detqlled theoretical models as

stantially limited in this case by the diffusion process. TheWell as performance of test experiments.

minimum concentration of ozone at the postdischarge stage

constitutes~87% of the background ozone concentration

and is achi_eved within appro.ximately 3.5 hours after the dis- ACKNOWLEDGMENTS

charge. With further spreading of the NO, the background
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