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Abstract. It is presented an advanced quantum-kinetic model to describe the nonlinear-optical
(spectroscopic) effect caused by the interaction of infrared laser radiation with a gas atmosphere.
We determine the quantitative features of energy exchange in a mixture of CO_,-N,-H,O atmospheric
gases of atmospheric gases, which can be used in the development of new sensory spectroscopic
technologies for observing the state of the atmosphere.
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MOJEJIOBAHHSA HEJITHIYHUX ONTUYHUX E®EKTIB B3AEMO/II IASEPHOI'O
BUITPOMIHIOBAHHSA 3 ATMOC®EPOIO I JETEKTYBAHHSA EHEPI'OOBMIHHUX
MMPOLECIB B CYMIIIY ATMOC®EPHUX I'A3IB

1O. A. Bynaxosa, O. B. [mywxos, O. IO. Xeyeniyc, A. A. Ceéunapenxo, I B. lenamenxo,
H. buxoswenko

AnoTtauiss. Po3po0i1eHo BIOCKOHAJICHY KBAaHTOBO-KIHETHYHY MOZENb JUIsl OMHCY HETiHIHHO-
ONITUYHOTO (CIIEKTPOCKOMIYHOT0) e(PEeKTY, CHPUIMHEHOTO B3aEMOIIEI0 1H(Pad4epBOHOTO JTa3epHOTO
BUIIPOMIHIOBaHHS 3 arMoc(heporo. BusHadyeHi KiIbKICHI 0COOIMBOCTI OOMiHY €HEpri€ro B CyMiri
CO,-N,-H,0 armocdepnux rasis, iki MOKXyTh OyTH BUKOPHUCTaHI IIPU PO3POOII HOBHX CEHCOPHHX
CTIIEKTPOCKOIIIYHUX TEXHOJIOTIH CIIOCTEPEKEHHS 32 CTAaHOM arMocdepHu.

KirouoBi ciioBa: kiHeTHka eHeproooMiHy, arMocepHi ra3u, BUPOMIHIOBAHHS JIa3epa, JeTeK-
TyBaHHS

MOIEJUPOBAHUE HEJIMHEMHBIX ONITUYECKNX D®DEKTOB
B3AUMO/JIEVCTBUS JIASEPHOI'O U3JIYUYEHHUS C ATMOC®EPOU U
JETEKTUPOBAHUME SJHEPI'OOBMEHHBIX NTPOLHECCOB B CMECH
ATMOC®EPHBIX I'A30B

10. A. Bynaxosa, A. B. Imywrxos, O. IO. Xeyenuyc, A. A. Ceunapenxo, A. B. Uenamenxo,
H. bvikosuwernko

AnHoTauus. Pa3zpaborana ycoBepIIeHCTBOBaHHAsI KBAaHTOBO-KMHETHYECKAs MOJIENb /ISl OTIH-
CaHMsI HEIMHEHHO-ONTHYECKOTO (CIIEKTPOCKONMUYECKOr0) 3(h(hekra, BEI3BAHHOTO B3aUMO/ICHCTBHU-
eM MH(PaKpacHOTO JIa3epHOr0 M3NMydeHHus ¢ arMochepoit. OnpeneneHsl KOJMUECTBEHHBIE 0CO-
Oennoctu oOmena suepruei B cMecu CO,-N-H O armMocdepHbIX ra3oB, KOTOPbIE MOTYT ObITh
MCIOJIb30BaHbl IPU pa3pabOTKE HOBBIX CEHCOPHBIX CIIEKTPOCKONUYECKUX TEXHOJIOIMM Habmone-
HUS 32 COCTOSTHUEM aTMOocC(dephl.

KiroueBble cj10Ba: KMHETHKA YHEProOoOMeHa, aTMOC(EpHBIE Ta3bl, H3IyUYeHHUE J1a3epa, AeTeK-
TUPOBaHHE

1. One of the most important problems in the
modern sensor electronics, molecular and envi-
ronmental physics is connected with a searching
new physical effects and construction of new

city and quantitatively elucidate the features of
energy CO,-N, in the energy-N, exchange of at-
mospheric gases during the passage of powerful
laser radiation pulses. This topic is of a great im-

sensors (e.g. [1-7]). In this paper we present the-
oretical fundamentals a new, improved quantum-
kinetic atomic-molecular approach to theoretical
modeling of nonlinear optical (spectroscopic) ef-
fects in the interaction of electromagnetic (laser)
radiation with the gas atmosphere of an industrial

portance for further solving the problems of laser
(lidar) sounding of atmosphere and creation new
sensor devices on the laser system basis [1-21].
The required theoretical modeling is based on the
numerical solution of the differential equation
system, which describes the time evolution of
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the relative populations of levels of atmospheric
gas molecules.

First, let us consider qualitatively some fun-
damental aspects of the interaction of electro-
magnetic radiation with atoms and molecules of
the atmospheric environment. Indeed, in the case
of an intense external field, a nonlinear response
of atoms and molecules will obviously occur. It
should be noted that cases of both resonant and
non-resonant interaction of electromagnetic ra-
diation with atoms and molecules of atmospheric
gases can be considered separately.

The obvious consequence of resonant interac-
tion (in particular, absorption) of electromagnetic
radiation (hereinafter, as a rule, will be coherent,
that is, laser radiation) by molecular gases of
the atmosphere is the quantitative redistribution
of molecules by the energy levels of internal
degrees of freedom. In turn, this will change the
so-called gas absorption coefficient. Changing
the population levels of the mixture of gases
causes a disturbance of thermodynamic equilib-
rium between the vibrations of molecules and
their translational motion, resulting in kinetic
cooling of the environment.

At the same time, as shown in [2,5], it is very
important to use more realistic and accurate val-
ues of constant constants in the corresponding
quantum-kinetic models. For example, we are
talking about realistic data regarding the depend-
ence of the resonance absorption coefficient of
CO, (and other atmospheric gases too) over time.

At the same time, in the interaction of laser
radiation with a mixture of atmospheric gases,
relatively complex processes of resonant excita-
tion transfer, in particular, from CO, molecules
to nitrogen molecules, will take place. As a re-
sult, a quantitative change in the polarizability of
the atmosphere will be observed. As a result, the
complex dielectric constant of the atmospheric
medium will change, which will lead to a signifi-
cant transformation of the energy of laser pulses
in the gas atmosphere [1-4].

Indeed, in a nonlinear medium, the dielectric
constant depends on the intensity of the electro-
magnetic wave [:
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where c is the speed of light, £ is the electric
field strength of the wave.

Obviously, expression (1) defines a specific
type of nonlinear interaction - nonlinear response
of the medium. In (1) the index “0” indicates the
undisturbed value of the dielectric constant:

&, =6, +ia,lk,,

2

and the index “N” - the corresponding increase
due to nonlinear interaction. It should be noted
that a generalization of equation (1) in the case
of propagation of radiation in an aerosol medium
leads to introduction of the corresponding addi-
tive [1]:

N
£,=2 6, (FT,), (3)
v=l

which is the sum of the perturbations of the com-
plex dielectric constant from the individual cent-

ers. In (3), the vector 7, determines the position
of the particles in space, N is the total number

of particles. The valueg, is equal to the value
of the complex dielectric constant of the particle
and its halo, when the observation point is inside
the localized inhomogeneity, and is equal to zero
otherwise. The halos around the aerosol parti-
cles are due to the perturbation of the dielectric
constant due to temperature, vapor, or plasma in-
homogeneities (see more details in Refs. [1-6]).
The latter result from the nonlinear interaction
of laser radiation with the substance of particles.

When laser radiation interacts with atoms and
molecules of atmospheric gases, there is also the
so-called Kerr electronic effect, which arises due
to the deformation of the electron density distrib-
uted by the field, almost immediately following
the change of field, as well as the orientation
effect of Kerr [1] . The relaxation time of this ef-
fect for atmospheric air under normal conditions
is 10" s. This effect leads to the dependence of
the dielectric constant on the field of the elec-
tromagnetic wave in the formula (1) of the form
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Based on the measurement of nonlinear air
polarization, it was shown [3] that the contribu-
tion of the electronic mechanism to nonlinear
air polarization is very small, and the value of

the constant for air is 5-10™'° units SGSE. For

Gaussian beams and plateau beams, the Kerr ef-

fect leads to the self-focusing of light, described

in detail, for example, in [1-4]. If the length

of the nonlinear interaction (self-focusing) is a
Lo R g ( 87,

-
. 1} ; (%)
\E |E|2 €€y

then the realization of the effect on distance L 1S
possible if the threshold intensity is defined [1]:

Gaussian beam with radius R

(6)

Lop 10" W-em? for R, =0,1

and L,=10° m.If L;=10° m, then I,,, ~10° W-cm?.

For infrared laser wavelength 2=10.6 pm,

the critical autofocus (L, = L,) power is as fol-
lows:

Cq[ €&,
F, :ﬂR§IH0P =£=1a7'10“ w. (7)

Correspondingly, one has P =1,7- 10° W for
A=1,06 um.

2. Here we construct an improved quantum-
kinetic model to describe the nonlinear-optical
(spectroscopic) effect caused by the interaction
of infrared laser radiation with a gas atmosphere
and consider the quantitative features of energy
exchange in a mixture of CO,-N_-H,0 atmos-
pheric gases of atmospheric gases [2,5].

Typically, for the quantitative description
of energy exchange and the corresponding re-
laxation processes in a mixture of CO,-N-H,0
gases in the laser radiation field, one should first
consider the kinetics of three levels: 10°0, 00°1

(CO,) iv=1(N,). The system of differential
equations of balance for relative populations is
written in the following form:

dx
dl] :7ﬂ(w+2gl)lo)x| +ﬁwx2 +2ﬂgl)m)x]0 +FN(X1)»
dx, 0
ar =ax, —(0+ QO+ Pyy)x, +Ox; + Pyx, + Fy(x,),
8
. (8)

=00x, — (60 + Py )x; +P30x§ +Fy(x;).

dt

Here, x, = N,/ Neo, » X, = Ny,/ Neo, » X, =
E‘)NN2 / Neo,
tions 10°0, 00°1 (CO,); Neco, 1S concentration

5 N g0, Ny, are the level popula-

of CO, molecules; My, is the level population
v=1(N,); O is the probability (s™') of resonant
transfer in the reaction CO, — N,,o is a prob-
ability (s) of CO, light excitation, g = 3 is sta-
tistical weight of level 02°0, B=(1+g)'=Y4; d is
ratio of common concentrations of CO, and N,
in atmosphere (6 = 3.85-10); F, (x) — additional

nonlinear term; XIO’ Xg and X_? are the equilib-
rium relative values of populations under gas
temperature 7:

x =exp(- £/7),

8 =8 —expl5r/ 1)

)

Values E, and E, in (1) are the energies (K) of
levels 10°0, 00°1 (consider the energy of quan-
tum N, equal to E)); P, , P,, and P, are the prob-
abilities (s!) of the collisional deactivation of
levels 10°0, 00°1 (CO,) and v =1 (N,).

Note that having obtained the solution of the
differential equation system (8), one can further
calculate the absorption coefficient of radiation
by CO, molecules:

aco, =0o(x1 —x2)Nco, . (10)

The o in (10) is dependent upon the thermo-
dynamical medium parameters according to [1].
The different estimates (c.g.[1-5]) show that for
emission of the CO,-laser the absorption coef-
ficient:
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Og =0CO, tOH,0- (11)
is equal in conditions, which are typical for sum-
mer mid-latitudes o (H=0) = (1.1-2.6)- 10° cm™,
from which 0.8-10° cm™ accounts for CO, and
the rest — for water vapour (data are from ref. [2]).

On the large heights the sharp decrease of air
moisture occurs and absorption coefficient is
mainly defined by the carbon dioxide. T

It is known [2-5] that the resonance absorp-
tion by the molecules of the atmospheric mixture
of laser radiation is determined by the change in
the population of the low-lying level 10°0 (CO,),
the population of the level 00°1 and vibration-
translational relaxation (VT-relaxation), as well
as intergenerational vibration relaxation (VV’-
relaxation). For the wavelength of infrared laser
radiation (eg, CO, laser of 10.6um), the duration
of the corresponding pulse will satisfy the in-
equality z,<¢ <1, ., where ¢, , . are the values
of time, respectively, of rotational and oscilla-
tory relaxation. For accurate numerical calcula-
tions, it is important to accurately determine the
probabilities of P, P, , P,, deactivation due to
the levels of 10°0, 00°1 (CO,) and v =1 (N,),
the probability of Q resonance energy transfer
CO, — N, the excitation probability  pulse of
CO, laser and other constants.

computing was performed with using the PC
code Superatom [24-28]). It is clear that the time
dependence of the relative resonance absorption
coefficient of laser radiation by CO, molecules
for different laser pulses differs. In Table 1 we
list the Temporary dependence of resonant ab-
sorption relative coefficient o, ( sm™) for
rectangular (R), gaussian (G) and soliton-like
(S) laser pulses (intensity I, 10° W/sm?) on the
height H=10km : A- data of modelling [1,2]; B
and C- our data.

The effect of kinetic cooling of the CO, is
determined by the condition (for Odessa region):

Ao <(E, NE, —E))aly, =1.51ad, . (12)

Note that expression (12) is significantly dif-
ferent from early qualitative estimates [1,2,5].
The numerical parameters obtained allow us to
further quantify the effects of the kinetic cool-
ing of CO,, depending on the parameters of the
model of the atmosphere and the parameters
of laser radiation. The analysis shows that the
energy flux that causes the gas to heat through
the absorption of water vapor radiation is pro-
portional to the intensity of the laser radiation.

Table 1.

Temporary dependence of resonant absorption relative coefficient o, (sm™) for rectangu-
lar (R ), gaussian (G) and soliton-like (S) laser pulses (intensity I, 10° W/sm?) on the height
H=10km : A- data of modelling [2]; B and C —our data.

t B
us 1=10° 1=10° 1=10° 1=10° | I=10° 1=10° 1=10° 1=10°
G G

0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

1 0.48 0.12 0.46 0.12 0.41 0.11 0.43 0.10
2 0.34 0.08 0.32 0.07 0.26 0.04 0.29 0.05
3 0.41 0.27 0.37 0.19 0.31 0.18 0.34 0.19
4 0.48 0.35 0.44 0.29 0.37 0.26 0.39 0.27

Below we present the results of computing the
relative absorption coefficient o ~(normal-
ized to linear absorption coefficient) based on the
solutions of the system (8). All data obtained for
the distribution of pressure altitude and tempera-
ture are taken from the model of the atmosphere
of the middle latitudes (Odessa) [22, 23]. The

46

At the same time, when the critical value of the
critical parameter is reached, the heating of the
steam will prevail over its cooling for any mo-
ment of time. In such a physical situation, the
effect of kinetic cooling will cease to exist. In
any case, the quantitative manifestation of the
kinetic effect may vary for different atmospheric
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conditions, laser radiation parameters, and different
values of atomic-molecular parameters (set of en-
ergy, spectroscopic and radiation characteristics).
Obviously, this will significantly influence and ap-
propriately determine the energy conditions of the
laser sounding of the atmosphere of an industrial
city, and the latter, in turn, will redefine the quanti-
tative possibilities of finding quantitative character-
istics of spatio-temporal fields of concentrations of
substances in the atmosphere of an industrial city.
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Summary

The aim of the work is to develop and present a new approach for advanced analysis, modeling
of nonlinear optical effects in the interaction of laser radiation with atmosphere and studying the
quantitative features of the energy exchange in a mixture atmospheric gases. The obvious con-
sequence of resonant interaction (in particular, absorption) of electromagnetic radiation (a rule,
coherent, that is, laser radiation) by molecular gases of the atmosphere is the quantitative redistri-
bution of molecules by the energy levels of internal degrees of freedom. In turn, this will change
the so-called gas absorption coefficient. Changing the population levels of the mixture of gases
causes a disturbance of thermodynamic equilibrium between the vibrations of molecules and their
translational motion, resulting in kinetic cooling of the environment. It is presented an advanced
quantum-kinetic model to describe the nonlinear-optical (spectroscopic) effect caused by the inter-
action of infrared laser radiation with a gas atmosphere. We determine the quantitative features of
energy exchange in a mixture of CO,-N,-H,O atmospheric gases of atmospheric gases, which can
be used in the development of new sensory spectroscopic technologies for observing the state of
the atmosphere. The results of computing the relative absorption coefficient (normalized to linear
absorption coefficient) are presented.

Keywords: kinetics of energy exchange, gases in atmosphere, laser radiation, sensing
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Pedepar

Mertoto poboTH € po3poOKa HOBOTO MiXOTY JI0 BAOCKOHATIEHOTO aHAITi3Y, MOJICITFOBAHHSI HETiHIHIX
ONTUYHMX €(DEKTIB PH B3aEMOIIT JIA3€PHOTO BUIIPOMIHIOBAHHS 3 aTMOC(EPOIO Ta BUBYCHHS KUTbKICHUX
0c00MBOCTEN OOMiHY €HEpri€lo B cyMillly arMOc(epHUX ra3iB. BHaciigok pe3oHaHCHOI B3aeMoii (30-
KpeMma, MOIIMHAHHS) EJIEKTPOMArHiTHOTO BUIIPOMIHIOBAaHHSI MOJICKYJSIPHUMH Ta3aMu atMocdepu Mae
Miclie KUTbKICHHH Tepepo3NoIil MOJIEKYIT 32 €eHEPreTHYHUMHU PIBHSMH BHYTPIIIHIX CTYIIEHIB CBOOOIH.
VY cBOIO uepry, e 3MiHIOE 3BaHUi KOe]ILliEHT MONTMHAHHS BiMIOBIIHOTO ra3y. 3MiHa piBHS HaCeIeHOC-
Tel CyMillli ra3iB CIPUYMHSIE MOPYLICHH TEPMOJMHAMIYHOI PIBHOBArM MK KOJTMBAaHHSIMHU MOJICKYJ Ta
iX TOCTYNaJIbBHUM PYXOM, 1110 TIPU3BOAUTH JI0 KIHETUYHOTO OXOJIOMKEHHS cepenoBuina. [Ipeacrasinena
B/IOCKOHAJICHAa KBAHTOBO-KIHETUYHA MOJETH JIJIsl OMUCY HENiHIMHO-ONTHYHOTO (CIIEKTPOCKOMIYHOTO)
eeKTy, CIPUINHEHOTO B3aEMOJIIEI0 IH(PPAUESPBOHOTO JIA3EPHOTO BUIIPOMIHIOBAHHS 3 aTMOC(EPOIO Tasy.
[IpencraBneHa BIOCKOHAIEHAa KBAHTOBO-KIHETHYHA MOJEINb VIS OMUCY HENIHIMHO-ONTHYHOTO (CTIeK-
TPOCKOIIYHOTO) €(heKTy, CIPUINHEHOTO B3aEMOJIIEI0 1H(PaUEePBOHOTO JIA3€pPHOTO BUIPOMIHIOBAHHS 3
armocdeporo rasy. BuzHaueHi KUIbKiCHI 0COOIHMBOCTI 0OMIHY €HEpri€ro B CyMilll aTMOc(hepHHX ra3iB
CO,-N.-H,O armochepHux rasis, ski MOXyTb OyTH BUKOPUCTaHi MPH PO3POOLI HOBUX CEHCOPHUX
CHEKTPOCKOIIYHIX TEXHOJIOTIH CIIOCTEPEKEHHS 3a cTaHoM atMocdepu. [Ipencrasneni pesynsratu 00-
YHCJICHHS BITHOCHOTO KOe(illieHTa MONTMHAHHS (HOPMOBAHOTO JI0 JTIHIHHOTO Koe(illieHTa MOTTTMHAHHS).

Kuro4oBi cj10Ba: KiHeTHKa eHeproooMiHy, arMoc(epHi ra3u, BUIIPOMIHIOBaHHS J1a3epa, IeTEKTyBaHHS
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