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Kinetics of energy and heat exchange in mixture CO,-N,-N,O
of atmospheric gases interacting with ir laser radiation:
Precise 3-mode kinetical model

A kinetics of energy and heat exchange in the mixture CO,-N,-H,0 gases in
atmosphere under passing the powerful CO, laser radiation pulses is studied. More
precise three-mode model of kinetical processes is formulated. The estimate for
realization of the kinetical cooling effect by CO, for different atmosphere conditions
and laser pulses parameters (pulse form, duration etc.) is given.

Studying interaction of the powerful laser radiation with aerosol atmosphere
and search of new non-linear optical effects is related to class of actual serious
problems of modern aerosol laser physics (c.f.[1-6]). It is well known that in the
resonant absorption of IR laser radiation by the atmospheric molecular gases a
redistribution of molecules on the energy levels of internal degree of freedom occurs
and the saturation of absorption results in the changes of the absorption coefficient
of gas [1]. The change of level population for gas composition leads to the disturbance
of thermodynamic equilibrium between the oscillations of molecules and its
translation. Because of this circumstance an effect of the kinetic cooling of
environment may take a place, as it was at first predicted in ref. [2,5]. It should be
noted that a new effect of kinetical cooling CO, in a process of absorption of the
laser energy by molecular gas was considered for the middle latitude atmosphere
and for special form of a laser pulse. Besides, there were used approximate values
for constants of collisional deactivation and resonant transfer in reaction CO,-N,. At
the same time using more precise values for all constants may lead to quantitative
changing temporary dependence of the resonant absorption coefficient by CO,. This
is accompanied by additional important effects. The formation and accumulation of
the excited molecules of nitrogen owing to the resonant transfer of excitation from
the molecules CO, results in the change of environment polarizability. Perturbing
the complex conductivity of environment, all these effects are able to transform
significantly the impulse energetics of IR lasers in an atmosphere and significantly
change realization of different non-linear laser-aerosol effects. An effective example
is the pulsed enlightenment of artificial water aerosol by the CO, laser radiation [2].
In this paper we study a kinetics of energy and heat exchange in the mixture CO,-
N,-H,0 gases in atmosphere under passing the powerful CO, laser radiation pulses
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and given the estimate for realization of the kinetical cooling effect by CO, for
different atmosphere conditions and laser pulses parameters (pulse form, duration
etc.).

To describe the energy exchange and relaxation processes in the CO,—~N, —H,0
mixture, which interacts with laser radiation, we start from the modified three-
mode model of kinetic processes [5,6]. We consider a kinetics of three levels: 10°0,
00°1 (CO,) and v = 1 (N,). Availability of atmospheric constituents O, and H,O is
allowed for the definition of the rate of vibrating-transitional relaxation of N,. The
system of balance equations for relative populations is written in a standard form as
follows:

dx.
d_tl = _ﬁ(w+2g1310)x1 + ﬂwxz +2ﬂgPlO)x10 >

dx, 0

— =0x, —(0+ 0+ Py)x, + Ox, + Byx) | (1)

dx
d_t3 =60x, —(6Q+P)x; + P30x§) .

Here, x, = N,/ Neo 5 X, = Ny / Neo, » x,= 0Ny, /Neo, s Ny N, are the level
populations 10°0, 00°1 (CO,); Ny, is the level population v =1 (N,); N¢o, is the
concentration of CO, molecules; § is the ratio of the common concentrations of
CO, and N, in the atmosphere (8 = 3.85:10); x', x) and x; are the equilibrium
relative values of populations under gas temperature 7:

x =exp(-E,/T), 2

Xy =x; =exp(E,/T);

Values £, and E, in (1) are the energies (K) of levels 10°0, 00°1 (consider the
energy of quantum N, equal to £)); P, P,  and P, are the probabilities (s') of the
collisional deactivation of levels 10°0, 00°1 (CO,) and v =1 (N,), Qs the probability
(s') of resonant transfer in the reaction CO, — N, ® is the probability (s") of CO,
light excitation, g = 3 is the statistical weight of level 02°0, B = (1+g)' = 1/4.

The solution of system (1) allows defining a coefficient of absorption of the radiation

by the CO, molecules according to the formula:
o, = o(x; —x, )Nco: . (3)
The y in (3) is dependent upon the thermodynamical medium parameters as

follows [2]:
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Here T and p are the air temperature and pressure, y, is the cross-section of
resonant absorption under 7'= 7, p = p,..

It is well known that the absorption coefficient for carbon dioxide and water vapour
is dependent upon the thermodynamical parameters of aerosol atmosphere. In particular,
for radiation of CO,-laser the coefficient of absorption by atmosphere
O, =0, +0y o is equal in conditions, which are typical for summer mid-
latitudes, 6,(H=0) = 2.4-10° 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. The physics of resonant absorption process is defined by changing the
population of low level 10°0 (CO,), population of level 00°1 and the vibrating-
transitional relaxation (VT-relaxation) and the inter modal vibrating-vibrating relaxation
(VV’-relaxation), which redistribute the energy between the vibrating and transitional
freedom of the molecules. According to ref.[1], the threshold value, which corresponds
to the decrease of absorption coefficient in two times, for the strength of saturation of
absorption in vibrating-rotary conversion give I = (2 +5) 10° W cm™ for atmospheric
CO,. In this case the pulse duration ¢, must satisfy the condition ¢, << ¢ <t,, where ¢,
and ¢, are the times of rotary and vibrating-transitional relaxation’s. by The fast
exchange of level 10°0 with basic state, and by the relatively slow relaxation of high
level 00°1 defines a renewal process of thermodynamic equilibrium is characterized.
This can results in an energy outflow from the transitional degree of freedom onto
vibrating ones and in the cooling of environment.

In table 1 we present the data for the relative coefficient of absorption ﬁCOZ ,
which is normalized on the linear coefficient of absorption, calculated using (1) on
corresponding height H. All data for O, are obtained for the height distribution of
pressure and temperature according to the mid-latitude atmospheric model [2] (A-
data from ref.[2]; B — data of present paper).

In table 2 there are presented analogous our data for the relative coefficient of
absorption O, and the height distribution of pressure and temperature are chosen
for the Odessa-like atmospheric conditions according to atmospheric model [7,8]. It is
clear that the temporary dependence of resonant absorption relative coefficient 0,
of laser radiation by CO, molecules for rectangular and gauss laser pulses differs.

A significant aspect of modelling is connected with the correct choice of
probabilities P, P, and P, of the collisional deactivation of levels 10°0, 00°1 (CO,)
and v = 1 (N,), probability O of resonant transfer in the reaction CO, — N,,
probability o of CO, light excitation and other constants. We have used the calculated
and compiled data for all constants, which are, in our opinion, to be more correct ones
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at present time (c.f. [9-11] and refs in it). A quality of choice of the molecular constants
may be significant under modelling the effect of kinetic cooling of the CO, under
propagation of the laser radiation in atmosphere. Let us note further that an effect of
kinetic cooling of the CO, is defined by the following condition [1]:

O‘gzo <(E, /I(E,-E, ))()‘goz = 14405802 ®)

Table 1

Temporary dependence of resonant absorption relative coefficient &Coz (sm™)
of laser radiation (A=10,6um ) by CO, for rectangular (R ) laser pulses
(intensity I, 10° W/sm?) on the height (H, km) for the mid-latitude atmospheric
model [1]: A- data of modelling [2]; B- (present paper).

1| AR Al2] | ARl | Al2] B B B B B B B B
LR [I0LR| LR |10LR| LR |10LR| LR [10LR| LG [10;G| LG |10I;G

M| H=0 | H=0 | H=10| H=10 | H=0 | H=0 | H=10 | H=10| H=0 | H=0 | H=10 | H=10
0] 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0
1094 | 0,60 | 048 | 0,12 | 0,93 | 0,57 | 0,45 | 0,11 | 0,91 | 0,55 | 0,40 | 0,10
21088 052034008 085|048 | 031|005 082|043 0,25 0,03
31090 | 063|041 | 027|088 | 0.60| 0,36 | 0,19 | 0,85 | 0.56 | 0,30 | 0,17
41091067048 035090 | 0,65] 043028089 ] 061|036 0,25
Table 2

Temporary dependence of the resonant absorption relative coefficient

&COZ (sm™) of laser radiation (A=10,6um ) by CO, for gauss (G) laser pulse
(intensity 7, 10° W/sm?) on the height (H, km):

T B B B B
us G 101; G G 10-I; G
H=0 H=0 H=10 H=10
0 1,0 1,0 1,0 1,0
1 0,91 0,55 0,40 0,10
2 0,82 0,43 0,25 0,03
3 0,85 0.56 0,30 0,17
4 0,89 0,61 0,36 0,25

Taking into account the data of the tables 1 and 2 one can conclude and wait for
the changing CO, kinetic cooling effect realization in dependence upon the atmospheric
model conditions and parameters of laser radiation. The effect of kinetic cooling
vanishes under some critical intensity. According to [2], under large intensities of
radiation the energy flux, which is responsible for an existence of effect of kinetic
cooling, from translational degrees of freedom into vibrating ones reaches the maximal
magnitude and not depends on the intensity of incident radiation. But, the energy flux,
which results in the heating of gas, onto translational degrees of freedom due to the
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absorption of radiation by the water vapor remains proportional to the intensity of
radiation. Consequently, starting with some critical intensity, the gas heating prevails
over its cooling for any time instant. The more less exact estimate of the correspondent
values must be based on using correct data for the atmospheric conditions, laser radiation
and molecular parameters.
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A. B. Twopun , I'. I1. IIpenenuua, B. Il. Ko3noeckas

Kunernka snepro n Tenao-oomena B emecu CO,-N -H,0 atmocdepnbix
ra3os, B3anmoeiicTsyromeii ¢ UK nazepubivM usiyyenueM: Y TouHeHHAs
3-Mo/10Basi MO/IeJIb KHHETHYECKHX MPOLIECCOB

AHHOTALUA

PaccmoTpeHa KMHETUKA SHEPro- U Temo-o6mena B cmecu CO,-N -H,0 atmoc-
(bepHBIX ra30B MPU NPOXOXKIEHUM 4Yepe3 aTMochepy MomHoro usnydenus CO,
J1a3epa B paMKax yTOYHEHHOH 3-MO/10BOM MO/IeNTM KHHETHUYECKUX IpolieccoB. aHa
OIIEHKa yCIOBH peanu3annu 3pdexTa KUHETHYECKOTO OXJIaXIeHUs YIIIEKUCIIO-
ro ra3a B IPOIECcce MOTIIOICHNS JIA3ePHONH SHEPTUH MOJIEKYISIPHBIM T'a30M IS
PA3IUYHBIX ATMOC(HEPHBIX YCIOBUN U TAPAMETPOB JIA3€pPHOTO UMITYJIbCA.

A. B. Twpin, I. I1. IIpenenuua, B. Il. Ko3noecvka
Kinernka enepro-i remno-oominy y cymimy CO,-N,-H_ 0 atmocdeprnx
rasiB, 1o B3aemMoiloTh 3 1Y 1azepHnM BUNIPOMiHIOBAHHAM: Y TOYHEHA
3-Mo/10Ba Mo/1eJ1b KiHETHYHHX MPOIIECiB

AHOTALIIS

Po3risHyTO KiHETHKY eHepro- i Temno-ooMiny y cymimy CO,-N_-H,0 atmoc-
(epHUX ra3iB mpu MPOXOMKEHHI CKPi3b aTMochepy MIITHOTO BUIIPOMIHIOBAHHS
CO, nazepa y Mexax yTOYHEHOI 3-MOJ0BOi MOJIeNi KiHeTHYHMX npoleciB. Hape-
JIEHO OLIIHKY YMOB peai3alii eekTa KIHETHYHOTO OXOJIO/DKEHHSI BYJIEKHCIOTO
rasy B Ipolieci IOTTTMHEHHs Ja3epHOl eHepril MOJIEKYIIPHUM Ta30M JJIsl Pi3HUX
aTMOoChepHUX YMOB i mapaMeTpiB Ia3ePHOTO IMITYIIBCY
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