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of atmospheric gases interacting with ir laser radiation:

Precise 3-mode kinetical model

A kinetics of energy and heat exchange in the mixture CO
2
-N

2
-H

2
0 gases in

atmosphere under passing the powerful CO
2
 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
2
 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
2
 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
2
-N

2
. 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
2
. 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
2
 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
2
 laser radiation [2].

In this paper we study a kinetics of energy and heat exchange in the mixture CO
2
-

N
2
-H

2
0 gases in atmosphere under passing the powerful CO

2
 laser radiation pulses

© A. V. Turin, G. P. Prepelitsa, V. P. Kozlovskaya, 2003



124

and given the estimate for realization of the kinetical cooling effect by CO
2
 for

different atmosphere conditions and laser pulses parameters (pulse form, duration

etc.).

To describe the energy exchange and relaxation processes in the ÑÎ
2
.� N

2
 � H

2
O

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 (ÑÎ
2
) and v = 1 (N

2
). Availability of atmospheric constituents O

2
 and H

2
O is

allowed for the definition of the rate of vibrating-transitional relaxation of N
2
. The

system of balance equations for relative populations is written in a standard form as

follows:

01
10 1 2 10 1( 2 ) 2 )

dx
gP x x gP x

dt
β ω βω β= − + + + ,

02
1 20 2 3 20 2( )

dx
x Q P x Qx P x

dt
ω ω= − + + + + ,  (1)

03
2 30 3 30 3( )

dx
Qx Q P x P x

dt
δ δ= − + + .

Here, x
1 
= N

100
/

2CON , x
2
 = N

001
/

2CON , x
3 
= 

2 2N CO/N Nδ ; N
100,

 N
001

 are the level

populations 10°0, 00°1 (ÑÎ
2
); 

2NN  is the level population v = 1 (N
2
); 

2CON  is the

concentration of CO
2
 molecules; δ is the ratio of the common concentrations of

CÎ
2
 and N

2
 in the atmosphere (δ = 3.85⋅10-4); 0

1x , 0

2x  and 0

3x  are the equilibrium

relative values of populations under gas temperature T:

( )0

1 1expx E T= − , (2)

( )0 0

2 3 2expx x E T= = ;

Values E
1
 and E

2
 in (1) are the energies (K) of levels 10°0, 00°1 (consider the

energy of quantum N
2
 equal to E

2
); P

10
, P

20
 and P

30
 are the probabilities (s-1) of the

collisional deactivation of levels 10°0, 00°1 (ÑÎ
2
) and v = 1 (N

2
), Q is the probability

(s-1) of resonant transfer in the reaction ÑÎ
2
 → N

2
, ω is the probability (s-1) of ÑÎ

2

light excitation, g = 3 is the statistical weight of level 02°0, â = (1+g)-1 = 1/4.

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

by the CO
2
 molecules according to the formula:

2 2CO 1 2 CO( )x x Nα σ= − . (3)

The ó in (3) is dependent upon the thermodynamical medium parameters as

follows [2]:
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1
2

0

0 0

P T

P T
σ σ

 
=  

 
,  (4)

Here T and p are the air temperature and pressure, ó
0
 is the cross-section of

resonant absorption under T = T
0
, p = p

0
.

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
2
-laser the coefficient of absorption by atmosphere

2 2CO H Ogα α α= +  is equal in conditions, which are typical for summer mid-

latitudes, á
g
(H=0) = 2.4·106 ñm-1, from which 0.8·106 ñm-1 accounts for CO

2
 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 (ÑÎ
2
), 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
sat

 = (2 ÷ 5) 105 W cm-2 for atmospheric

CO
2
. In this case the pulse duration t

i
 must satisfy the condition t

R
 << t

i
 < t

VT
, where t

R

and t
VT

 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 
2COα ,

which is normalized on the linear coefficient of absorption, calculated using (1) on

corresponding height H. All data for 
2COα  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 
2COα  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 
2COα

of laser radiation by CO
2
 molecules for rectangular and gauss laser pulses differs.

A significant aspect of modelling is connected with the correct choice of

probabilities P
10

, P
20

 and P
30

 of the collisional deactivation of levels 10°0, 00°1 (ÑÎ
2
)

and v = 1 (N
2
), probability Q of resonant transfer in the reaction ÑÎ

2
 → N

2
,

probability ω of CÎ
2
 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
2
 under

propagation of the laser radiation in atmosphere. Let us note further that an effect of

kinetic cooling of the CO
2
 is defined by the following condition [1]:

2 2 2

0 0 0

H O 1 2 1 CO CO( /( )) 1.44E E Eα α α< − = (5)

Table 1

Temporary dependence of resonant absorption relative coefficient 
2COα ( sm-1)

of laser radiation (λλλλλ=10,6µµµµµm ) by CO
2
 for rectangular (R ) laser pulses

(intensity I, 105 W/sm2) on the height (H, km) for the mid-latitude atmospheric

model [1]: A- data of modelling [2]; B- (present paper).

T

µs

A [2]
I; R
H=0

A [2]

10⋅I; R
H=0

A[2]
I;R

H=10

A[2]

10⋅I;R
H=10

B
I;R

H=0

B

10⋅I; R
H=0

B
I; R

H=10

B

10⋅I; R
H=10

B
I; G
H=0

B

10⋅I; G
H=0

B
I; G

H=10

B

10⋅I; G
H=10

0
1
2
3
4

1,0
0,94
0,88
0,90
0,91

1,0
0,60
0,52
0,63
0,67

1,0
0,48
0,34
0,41
0,48

1,0
0,12
0,08
0,27
0,35

1,0
0,93
0,85
0,88
0,90

1,0
0,57
0,48
0.60
0,65

1,0
0,45
0,31
0,36
0,43

1,0
0,11
0,05
0,19
0,28

1,0
0,91
0,82
0,85
0,89

1,0
0,55
0,43
0.56
0,61

1,0
0,40
0,25
0,30
0,36

1,0
0,10
0,03
0,17
0,25

Table 2

Temporary dependence of the resonant absorption relative coefficient

2COα ( sm-1) of laser radiation (λλλλλ=10,6µµµµµm ) by CO
2
 for gauss (G) laser pulse

(intensity I, 105 W/sm2) on the height (H, km):

T

µs

B
I; G
H=0

B

10⋅I; G
H=0

B
I; G

H=10

B

10⋅I; G
H=10

0
1
2
3
4

1,0
0,91
0,82
0,85
0,89

1,0
0,55
0,43
0.56
0,61

1,0
0,40
0,25
0,30
0,36

1,0
0,10
0,03
0,17
0,25

Taking into account the data of the tables 1 and 2 one can conclude and wait for

the changing CO
2
 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. Â. Tþðèí , Ã. Ï. Ïðåïåëèöà, Â. Ï. Êîçëîâñêàÿ

Kèíåòèêà ýíåðãî è òåïëî-îáìåíà â ñìåñè CO
2
-N

2
-H

2
0 àòìîñôåðíûõ

ãàçîâ, âçàèìîäåéñòâóþùåé ñ ÈÊ ëàçåðíûì èçëó÷åíèåì: Óòî÷íåííàÿ

3-ìîäîâàÿ ìîäåëü êèíåòè÷åñêèõ ïðîöåññîâ

ÀÍÍÎÒÀÖÈß

Ðàññìîòðåíà êèíåòèêà ýíåðãî- è òåïëî-îáìåíà â ñìåñè CO
2
-N

2
-H

2
0 àòìîñ-

ôåðíûõ ãàçîâ ïðè ïðîõîæäåíèè ÷åðåç àòìîñôåðó ìîùíîãî èçëó÷åíèÿ CO
2

ëàçåðà â ðàìêàõ óòî÷íåííîé 3-ìîäîâîé ìîäåëè êèíåòè÷åñêèõ ïðîöåññîâ. Äàíà

îöåíêà óñëîâèé ðåàëèçàöèè ýôôåêòà êèíåòè÷åñêîãî îõëàæäåíèÿ óãëåêèñëî-

ãî ãàçà â ïðîöåññå ïîãëîùåíèÿ ëàçåðíîé ýíåðãèè ìîëåêóëÿðíûì ãàçîì äëÿ

ðàçëè÷íûõ àòìîñôåðíûõ óñëîâèé è ïàðàìåòðîâ ëàçåðíîãî èìïóëüñà.

A. Â. Tþð³í , Ã. Ï. Ïðåïåëèöà, Â. Ï. Êîçëîâñüêà

K³íåòèêà åíåðãî-³ òåïëî-îáì³íó ó ñóì³øó CO
2
-N

2
-H

2
0 àòìîñôåðíèõ

ãàç³â, ùî âçàºìîä³þòü ç ²× ëàçåðíèì âèïðîì³íþâàííÿì: Óòî÷íåíà

3-ìîäîâà ìîäåëü ê³íåòè÷íèõ ïðîöåñ³â

ÀÍÎÒÀÖ²ß

Ðîçãëÿíóòî ê³íåòèêó åíåðãî- é òåïëî-îáì³íó ó ñóì³øó CO
2
-N

2
-H

2
0 àòìîñ-

ôåðíèõ ãàç³â ïðè ïðîõîäæåíí³ ñêð³çü àòìîñôåðó ì³öíîãî âèïðîì³íþâàííÿ

CO
2
 ëàçåðà ó ìåæàõ óòî÷íåíî¿ 3-ìîäîâî¿ ìîäåë³ ê³íåòè÷íèõ ïðîöåñ³â. Íàâå-

äåíî îö³íêó óìîâ ðåàë³çàö³¿ åôåêòà ê³íåòè÷íîãî îõîëîäæåííÿ âóëåêèñëîãî

ãàçó â ïðîöåñ³ ïîãëèíåííÿ ëàçåðíî¿ åíåðã³¿ ìîëåêóëÿðíèì ãàçîì äëÿ ð³çíèõ

àòìîñôåðíèõ óìîâ é ïàðàìåòð³â ëàçåðíîãî ³ìïóëüñó


