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The method for analysis of the processes in the upper atmosphere associated
with a possibility of obtaining laser effects in it is proposed in the paper. It is
found, that in despite of the presence of inverse population of the levels for some
transitions in atmospheric gases, the radiation amplification fails to reach the

threshold because of the diffraction losses,

in none of them wunder natural

conditions. Other prospects of obtaining the laser effect in the upper atmosphere
are discussed. It is proposed to pay attention to the low atmosphere (up to
15-20 km), where the laser effect may be feasible under certain conditions.

Natural active media (lasers) are known to
scientists rather for a long time. There are bodies of
comets and atmosphere of Venus and Mars (see Refs. 1
and 2) basically consisting of carbon dioxide. In
contrast, the Earth’s atmosphere has completely
different composition where CO, is only a minor gas.
Attempts have been made to identify atmospheric active
component which could provide laser effect. It is
assumed that the upper atmosphere with powerful
natural pumping sources is most suitable for this
purpose. The results of calculations of the inverse
population of vibrational-rotational levels of OH
radicals in the Earth’s atmosphere are presented in
Ref. 2. The inversion arises in the following chemical
reaction:

H+ O3> OH (v<9) + 0,

Due to a slow collisional relaxation of the OH
vibrational levels and while fast for rotational ones the
inversion is achieved only for the transitions v, 7 — v —

1; 7 + 1 (P-branch). Tt is so called partial inversion.
This inversion was really found to exist at heights of
85-90 km. Nevertheless, the inverse population is so
low that overall gain in a single pass through the
Earth’s limb does not exceed 5107, i.e., the gain
coefficient o <1072 ¢cm™!. The mechanism of the
inversion formation for vibrational-rotational levels of
NO molecules is similar:

NC’D) + 0y 5 NO(v) + O, (%= 5.3 um).

This reaction is most efficient in the aurora at
heights 105—120 km, but in this case the gain still
remains insufficient for the laser effect to occur. Inverse

population on p-is nitrogen and 'p-3p oxygen
atomic transitions in the aurora zone under pumping by
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scattered electrons were calculated in Refs. 3 and 4.
The inversion was found to exist, but due to extremely
low concentration of the active particles at heights
about 200 km being optimal for this excitation the gain
coefficient was estimated to be no higher than 10
22 CIII71.

The review presented shows that the inversion
population in the Earth atmosphere is quite possible
and is not extremely unusual phenomenon. However in
all cases considered it is insufficient for laser effects to
be obtained. The search for appropriate transitions and
conditions suitable for the realization of inverse
population for these transitions is very laborious and
requires knowledge of a great body of detailed
information. As a rule, this information is not available
and therefore further investigations are necessary for
obtaining such information. In our opinion, for solving
the problem, one has to concentrate the search by
eliminating from the consideration the cases unable to
provide the expected positive results. For this purpose
reasonably general and simple threshold relationships
should be formulated and then applied to particular
transitions and pumping mechanisms in  real
atmospheric conditions. The present paper is devoted to
this problem.

THRESHOLD CONDITIONS FOR LASING IN THE
UPPER ATMOSPHERE.

From the above reasoning, the first and principle
condition should be related to the threshold radiation
gain coefficient on an optical transition of active
particles (see Ref. 5):

A
a=cAN=%<H>AAN2amm, (1)
here a is the gain coefficient, o is the cross-section of
the stimulated emission at the wavelength A; AN is the
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inverse population between the optical transition levels,
¢ is the speed of light; A is the probability of
spontaneous transition; o, is the threshold gain
coefficient.

Then, from the equations on the population
balance of working transition levels (see Refs. 5 and
6), the following condition for pumping rate g* can be
obtained:

g*=[AAN/(1 - A1)] > A AN, 2)

here 1 is the lifetime of the lower lasing level. From
this follow the equations for a stationary lasing:

8n ¢ [AM
g* > A AN > % (7) Olmin (3)
and
A71 <T1. 4)

The equations show, that the threshold conditions are
easy to satisfy as the wavelength of optical transition is
increased while the radiation bandwidth narrowed.
Therefore AL is the bandwidth of a single radiation
line. There is also a limitation on A associated with the
mechanism of the upper lasing level excitation and the
lower level depopulation. The fact is that for the
majority of active media this mechanism is collisional
(see Ref. 6) most efficient for transfer of energy on the
order of or lower than thermal (see Ref. 7). Hence, for
laser transition with the quantum energy of ~ kT,
collisional processes are quenching that prevent creation
of the inverse population. From this follows a
restriction on the maximum wavelength of laser
radiation:

hmax = he /(B kT = 1.6 - 107" - ¢ /T, (5)

where % is the Planck constant. It should be
emphasized that this restriction does not work when
collisional processes are random as compared to the
radiative ones. That is why generation of IR and
microwave radiation is possible in the interstellar
medium (see Ref. 1) whereas it is impossible in the
atmosphere.

In the upper atmosphere (at heights over 50 km)
lineshape broadening is determined by the Doppler
mechanism (see Refs. 5 and 8):

2 In RT T
) O w2 o
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where R is the universal gas constant; u =29 is the
molecular weight of air. Let us now determine the
threshold coefficient oy, in Eq. (3) such that the gain
effect could be recorded in principle. It is obvious that
this o, is equal to the minimal intracavity radiation
losses which can not be eliminated. These are the
diffraction losses (see Refs. 5 and 6) and
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i = A/ 72, 7

where 7 is the laser cavity mirror radius. From this
relationship it follows in particular that at » =0.5 m
and A~1um opy, =107 cm!. Therefore, in the
examples considered in the Introduction the gain
cannot be recorded in practice. In view of Egs. (6) and
(7), Eq. (3) takes the following form:

q* > 107 ([T, /Br* ), (8)
while taking into account Eq. (5) we can write
Ghin > 131007572 /(c 1), 9)

or in practical units (¢* and A are expressed in
em s and pum, respectively) taking for certain

r=0.5m and T, = 225 K one can obtain

g*>6-10'" /22 (8a)
and
GEin=1.310% (em®s) 7L (92)

By substituting this g* into Egs. (8) and (9) one
obtains the threshold relationships for concentration of
active particles for a particular pumping mechanism.
Height distribution of the main components in the
upper atmosphere is shown in Fig. 1 (see Refs. 9 and
10).
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FIG. 1. Contents of the main gas components in the
upper atmosphere of the Earth and their height
distributions (see Ref. 9): Oy (1); OGP) (2);
0157 (3); 0y(1a) (4); Oy (5); H (6); Hy (7);
H,0 (8); OH (9); CH, (10); CO, (11); CO (12); N,O
(13); NO (14); N(4S) (15). NO and N(4S) in the
aurora zone of 11 class in electric field
E,;a3103V,/m (14a and 15a, respectively, see
Ref. 10).
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Given the composition of the atmosphere, one can
estimate whether one the other mechanism or pumping
channel is essential for obtaining the laser effect. Now
let us come to a detailed consideration of this question.

ANALYSIS OF THE EXCITATION CHANNELS IN
THE UPPER ATMOSPHERE

There are three powerful pumping sources in the
upper atmosphere, namely, solar radiation, influxes of
scattered particles and infrared radiation of the
atmosphere. In general, the latter source being
controlled by other two sources is not independent. It
is identified for convenience of further consideration
because there is information available on this source.

First we estimate the action of solar radiation.
Spectral distribution of the flux density of solar
radiation out of the atmosphere is presented in Fig. 2
(see Ref. 11).
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FIG. 2. Spectral distribution of the flux density of
solar radiation photons out of the Earth atmosphere.

As the Sun activity changes, the intensity of its
radiation varies only in far UV spectral region
(L < 0.1 pm), while the part of the spectrum presented
in Fig. 2 remains unchanged. In the IR-range radiation
of the atmosphere which strongly depends on solar
activity and geomagnetic perturbations (see Refs. 9 and
10) superimposes on the solar one. Main atmospheric
components (N, and O,) substantially absorb radiation
at A < 200 nm while their absorption is extremely low
in the visible and IR spectral regions. Solar radiation at
the wavelengths from near UV to near IR (up to
A < 1.18 um) is absorbed by the ozone. Bands of HyO
molecules fall in that spectral region and far extend
into the IR interval (the most intense band is centered
at 6.25 um, next one is centered at 2.66 um). All the
minor molecular components of the atmosphere have
strong absorption bands in the near IR. The main result
of the absorption of UV and visible solar radiation is
the dissociation of atmospheric gases (detailed
consideration of that process will be presented below),
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and only absorption in the IR region results in
excitation of their vibrational-rotational levels (see
Refs. 8, 9, 12, and 13).

The rate of optical pumping within a band Al
centered at A is

qy a og Ny Oy Ak, (10)

where Q,, oy, Ay are the spectral density of the photon
flux, the cross-section and probability of absorption of
a photon at the wavelength % , respectively.

The distributions of Q, are different at different
heights. However, only knowledge of the distribution
Q, outside the atmosphere is sufficient for our
consideration (see Fig. 2). The minimal absorption
coefficient of the atmospheric active components at the
pumping wavelength required for lasing may be derived
from Egs. (10) and (3)

8n ¢ AL
T(T) . 1)
ro AT Q, Akg D

From the distribution Q, and known character of solar
radiation absorption by atmospheric components in
different spectral ranges (see Refs. 8, 9, and 12) it
follows, that y,, is minimum in the near IR range
(~ 2-6 um). Estimates made using Egs. (6), (9), (11)
and Fig. 2 give Xthr~5'10_3 em ! (it is a very high
value). Clearly, solar radiation propagating into the
atmosphere with a monotonically increased y, merely
can not come to the height with ¥, and hence can not
provide the necessary pumping power.

Let us now consider the IR radiation of the
atmosphere. Intense bands of NO (5.3 pm), CO, (15
and 4.3 pm), CO (4.7 pm), O (63 pm), OH (2.8 pm),
and O3 (9.6 and 14.8 um) (see Refs. 10 and 12) are
observed in that spectral range. Radiation of the band
of NO molecules at A a 5.3 um generated in the aurora
zone at heights ~ 120—-140 km is most intense.
Radiation fluxes at that wavelength with power up to
~ 100 erg /(cm2s) were recorded during strong
geomagnetic storms (see Ref. 10). If we assume, that
this flux is concentrated only within 10 Doppler
broadened lines, 7y, can be estimated to be
~ 51075 cm~!. Hence, the threshold pumping density
can take place only inside the radiating zone. NO
molecule itself (vibrational transition 0 — 1 with

Xthr @ 00 No 2

Ay a 12 sl see Ref.10) is the only atmospheric
component strongly absorbing this radiation. Then from
Eq. (11) we can obtain Ny, > 810'° em™, which is
close to the extreme possible estimations obtained in
Ref. 10 for the case of strong electrical fields in the
electron scattering zone (2-1019 cm=3). Considering that
estimations made in the present work are obviously soft
and the situation for other atmospheric components is
similar to that for NO one may conclude that pumping
by IR radiation from the atmosphere is far below the
threshold power, as well.

In addition to the direct optical excitation solar
radiation absorption in the UV and visible regions
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produces free radicals in the ground state and the
following excited particles:

— molecular oxygen in BSZu, A3EZ, a1Ag, and EZ;
states

— atomic oxygen in 1D and 1S states. However,
O('D) state is queQthed practically iO every collisioO
with Ny aQl O,, while B1Z;; state is populated iOthe
queQhiQy reactioO of O('D) by oxygeQ

o('D)+0,50,B'2H+0CP) (k~610""cm3 /)
aQd by Os:

0y(B'2)+03520,+0CP)  (k~2.510 "em® /)

(see Ref. 6).

HeQee, the eCergy of excitatioO of o('D) is spet
maily oO the o0zoQ dissociatioO The excitatioO of

AaZ; states has extremely low rate due to small cross-
sectioO of radiatioO absorptioO withiO the Hertzberg
baQl (o5 < 10723 cm?, see Ref. 12). Relatively high

coQeQratioO of 02(a1Ag,) (see Fig. 1) aQl its weak
queChiQz by maiO compoQs of the atmospheric gases
(see Ref. 8) suggest that these molecules caO be aO
appropriate eCergy source for pumpi(® active particles.

But for this to happeQ the rate of 02(d1Ag) formatioO
should satisfy the coQlitioO expressed by Egs. (3) aQl
(8). These molecules are maiQy formed iOthe process of
0zoQ dissociatioO wheO absorbiQ@ solar radiatioO withiO
the Hartly baQl (200 —320 Qn) (see Ref. 8). The
iQeGity of solar radiatioO withiOthis baQl is as high as
~ 6-101> photoG /cm?-s while the correspoQliQg radiatioO
absorptioO cross-sectioOis fouQl to be ~ 2-10718 cm?2 (see
Refs. 8 aQd 12). AssumiQ® 0zoQ: coQeCratioOto take its
maximum value accordi®@ to Fig. 1, o@ caO obtaiO
qy ~ 1-10% em™ /5. AccordiQg to Eq. (8) that pumpiQg
rate is iGufficieQ for lasiQs. Similar procedure with the
same result is valid for 02(B3Zu) state which is formed
wheOabsorbi(@ solar radiatioO withiOthe ShumaORuQse
baQl. Thus, from the above estimates it follows that
Qeither solar radiatioO Qvr IR radiatioOof the atmosphere
caOprovide lasiQ@ uQler ambieQ coQlitio(.

Now let us coQGider the actioO of scattered
electro® 0O the atmosphere. 1O this case the followi(g
three chaQels are possible: a) excitatioOaQd ioQzatioO
directly by the flux of scattered electroG;
b) recombiCatioO excitatioQ ¢) excitatioO by electroO
impact iOstroQg electric fields iOthe aurora zoCe.

The excitatioO by the electroO flux caO be
estimated usiQg the ioQzatioOrate which is determiCed
by experime(s aQl preseQed iOliterature. So, the rate
iO the aurora is as high as ~ 2:105 cm™3 /s (see Refs. 9
aQl 10). The average kiQetic eQergy of the electroG
appeariQz iO the act of ioQzatioO of 14 eV (see
Ref. 10) is quite eQbugh for excitatioO of the upper
electroO states of the atmospheric gas molecules.
Assumi(@ the excitatioO rate by such electro® to be
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oG order of magQtude higher thaO that of the
ioQzatioO aQl substitutiQg obtaiCed value of ¢} iCGo
Egs. (3) aQl (10) we caOfiQd iOview of Eq. (5) that
the flux of scattered electro® caO bt provide required
pumpi(@ power.

The recombiOitioO flux reaches its peak at the
restoriQ@ phase of substorm at heights ~120 km, where
Grec ~ (2-3)-107 cm™3 /s. By substitutiQ ¢ iQGo
Egs. (11) aQl (3) we obtaiOthat A2 > (3-2)-103 um or
A > 45 pm. Therewith the eQergy gap betweeO the
upper aQl lower laser levels is AE < 320 K. However,
at heights over 120 km the gas temperature exceeds
400-500 K (see Refs. 9 aQl 12). Therefore accordiQg to
Eq. (5) the iOversioO is impossible. HeQre, the
recombiQutioO mechaQsm should also be elimiCated
from the further coGideratioO

The deGity of pumpiQ@ flux from heated electro
is described by the followiQg expressioQ

Gy a <o, v,> n Ny = ks Ny, (12)

where o, is the particle excitatioO cross-sectioO from its
grouQl state by the electroO impact, v, is the electroO
velocity, n aQl N are the electroO Qumber deGities aQl
that of gas particles, respectively. The averagiQ@ is made
over the electroO velocity distributioQ  SiQe
<o, 0> < 107"-107% exp (-AE/kT,), em® /s (here AE
is the upper level excitatioOeCergy, 7, is the electroO
temperature), n < 10° em ™ (at heights ~ 100 km) aQl
10% cm™ (at heights ~ 150 km) (see Refs. 9 aQl 10).
HeQee, kj ~ (1073-1072) x exp (—AE/k?;),-cm3/s. By
substitutiQg this value k; iQo Egs. (12) aQl (8) we
obtaiO(at 7 a 0.5 m aQl T, ~ 500 K):

No>9-102 (1 - 10) exp (AE /kT,) /2% (13)

SiQe the electroO Qumber deGity at heights below
90 km rapidly falls to ~ 103 cm™3, Eq. (13) mea(, that
at heights from 100 to 150 km o(Qy maiO atmospheric
compoC®Qs (N, O aQl Oy, NO, CO,) of which oQy
last two are promisiQ@ for obtaiQQg the laser effect
uQler ambie@ coQlitioG®. It is evide®d that the
coQlitio® i0 the areas with the preseQe of electric
fields, Qumely, iO auroral zoQe, are most favorable for
lasiQg. Electric field iO this zoQ provides electroO
temperature up to 4000 K (see Ref. 10). Nevertheless,
comparisoO of Eq. (13) with the maximum possible
coQeQratioOof COy aQl NO shows that the latter are
small to satisfy this iGequality.

VibratioQully — excited QtrogeO Ny(v), whose
coQeQratioOiOthe aurora is as high as ~ 1010 cm™ (see
Refs. 9, 10, aQl 12) aQl caOserve as aOeQrgy reservoir
from which the excitatioO eQergy may be traGferred to
active particles (CO, or NO). As applied to CO,, there
are kOwO traGitio® 00°1 — 10°0 at A a 10.6 pm aQl
0001 — 0200 at Aa 9.6um (see Ref.6). The rate
coGtaQ of the excitatioO eQergy traGfer from Ny(v) to

COy K} ~ 1072 em® /s (see Refs. 7 aQl 10). HeQre, the
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pumpiQg rate g} a ki [No(0)]-[COy] ~ 10" cm® /s is far
below that required for the lasiQ¥ effect (see Eq. (8)). As
for NO, due to high differeQe of its vibratioQil quaGa

aQl those of Ny, kz~10_13—10_14cm3/s (see Refs. 7 aQl
10) the iQequality (8) caObt be satisfied, as well.

Thus, the estimates doGe have showO that the
fluxes of scattered electro® caO bt provide for the
lasiQg effect iOthe atmosphere either.

FiQully, let us coGider the questioO 0O the
possibility arisi(g from the formatioOof a great Qumber
of free radicals iOthe atmosphere. It is well kGbwOthat
chemical reactio® amo(Qg radicals usually proceed
without the activatioO eQergy aQl their rates caO be
comparable with the gas kiQetic oQes (see Ref. 7). They
caOserve as a pumpi(® source:

A+ C—B*+D; qf a kg [A][C],

where kg, ~ 1071%-1072 cm® /s. Note that both B aQ
C caO bt be free atoms siQre chemical reactioO
betweeO atoms is possible o0y iO the preseQe of a
third particle. Nevertheless, three-body collisioG
iO the rarefied upper atmosphere rarely occur
(ke ~ 1071107 ¢m®/s).  That mea® that the
preseQe of a compo@®Q D is essetial. Thus, oQy
replaceme reactioOis suitable for pumpiQz. TheQ the
coQlitioO expressed by Eq. (8) at maximum rate
coGtaQ of the chemical reactioO ~ 1019 cm3 /s aQd
ra 0.5m, Tya 225 K takes the followiQg form:

[B][C] =6 - 10%° /22 (14)

It is seeO that the requiremeGs for chemical
pumpiQ® are extremely tough aQl caO bt be satisfied
iOthe upper atmosphere uQler ambie@ coQditioG.

So, the aQulysis do@ has show(Q that iO spite of
the availability of powerful pumpiQg sources iO the
upper atmosphere, » lasiQg should be expected here.
This coQlusioO is valid iO the middle atmosphere
(heights 20—60 km).

PROSPECTS OF OBTAINING THE LASER EFFECT
IN THE ATMOSPHERE

This purpose caO be achieved usi(@ iQectioO of
foreigO gases pollutioO products of combustioO of
rocket fuel or some gases from a special coGaiCer iGo
the upper aQl middle atmosphere or Quclear explosio®
iO the atmosphere. Natural pumpiQ@ caO be
complemeQed by direct eQergy traGfer from the Earth
or space statio® aloQg with scattered electroO fluxes
from the radiative belts.

IO our opiQoQ further iOvestigatioO should
coQeQrate 00 the low atmosphere (heights up to 15—
20 km). Its poteCrialities result from the preseQe of
two groups of stroQly esseQtial factors: a) the variety
aQl abuQlaQe of its compositioQ b) Gew poteQial
pumpiQ® sources. Both these factors have Qutural aQd
techbgeQc  origiQ  Global processes such as
evaporatioO from surfaces of oceaO aQd rivers, soil,
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erosioQ, volcaOc emissio aQd outflow of gases from
uQdergrouQl aQl uQlderwater sources eQrich the low
atmosphere iO halogeQ, sulfur- aQd metal-coGtaiQQg
compouQlds, while solar radiatioO aQl atmospheric
electricity excite aQd decompose them aQd their
compo(E(s.

HumaO activity stroQgly coQribute to eCrichiQg
the atmosphere iO differe@ compouQds. Such
accide(ts as large-scale forest fires, failures 0O
chemical productioO  a(d Quclear objects,
traGportatioO aQl pipeliGs are of special
importaQe. AQulysis of these pheme(n is out of the
framework of the preseCt paper. Here we preseCx oQy
very brief discussioO of such iCterestiQg subjects as
atmospheric electricity aQl its effect 0O the
atmospheric gases.

ThuQderstorm discharge (lightGQz) is typical
maQifestatioO of the atmospheric electricity. At the
pre-discharge stage atmospheric aerosol iOthe electric
field creates big areas of uQform volume coroQu
discharge. This discharge iOthe form of a columO 1-
5 m iO diameter is accompaQed by propagatioO of a
step leader. The returO impact followiQz the leader
ru® a curret of 10—-100 kA through a chaOCl with
the diameter of ~ 5 cm duriQg several microsecoQds
aQl heats the discharge plasma (n ~ 1017 cm3) to
temperatures up to ~ (24-30)-103 K. The radiatioO
eCergy from the plasma chaOCl at the waveleQgths
400—1100 Om is over ~ 870 J/m at peak power of
~6108 W, /m (see Ref. 14). Thus, thuQderstorm
discharge is a powerful source of electroQ optical,
recombiutioQ aQd plasma-chemical pumpiQg.
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