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The passage of electromagnetic radiation through gaseous media is of special interest 
when reasonantly absorbing impurities are present in the gas. The interaction of 
radiation with such a medium can lead, for example, to a temporal decrease of the gas 
temperature or to its strong heating [1-3]. At the same time the index of zefraction 
in the channel of the light beam is altered, which leads to a deviation of the light 
rays from the initial direction. The main characteristics of such thermal self- 
action within the framework of linear absorption theory for steady and nonsteady pro- 
cesses have been discussed in [4-12]. Nonequi!ibrium processes in the medium upon 
absorption of resonant radiation were not taken into account. The effect of the kinet- 
ics of vibrational energy exchange on the state of a medium upon the propagation of 
radiation through a mixture of C02 and N2 gases was first considered in [2, 13, 14]. 
However, the simplest models of vibrational energy exchange were used, and saturation 
of the absorbing transition P20 [i0~ § 00~ in the C02 molecule was not taken into 
account. Thus linearized equations of vibrational kinetics were used in [13], and 
only one channel of relaxation of asymmetric vibrations of CO2 and excited nitrogen 
was considered in [14]. The propagation of a pulse of radiation with k = 10.6 ~m 
through an absorbing medium is investigated and the influence of the saturation effect 
and nonlinear processes of vibrational energy exchange on the self-action of light 
beams of Gaussian profile is studied in this paper. 

I. Theoretical Model. The propagation of electromagnetic radiation in a medium with 
dielectric constant g in the quasioptics approximation is described by the following equa- 
tion for the complex amplitude A(z, r, t): 

�9 2ik  -~z + -c- A + A i A  + k 2 ~ - - i  A=O,  

k = - - f - n o ,  A• r Or --gT ' e ~ n + ~ ~-~ kv , 

(i.i) 

where n is the index of refraction (a subscript "0" refers to the unperturbed medium), w is 
the frequency of the wave, c is the speed of light, and k is the absorption coefficient~ 

A change in the state of the medium upon absorption will lead to a change in both the 
real and imaginary parts of the dielectric constant. Actually, when the temperature of a gas 
varies, its density p changes, which is related to the index of refraction by the Gladstone-- 
Dale law ~n = (no -- I)~/0o. On the other hand, the absorption of photons of an electro- 
magnetic field will result in disruption of the initial distribution of molecules by energy 
levels of the internal degrees of freedom, and as a consequence, in a change in the absorption 
coefficient k, whose value determines the imaginary part of the dielectric constant. When 
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describing a change in the state of a medium under the action of resonant radiation, we shall 
simulate the vibrations of C02 and N= molecules with a harmonic oscillator, and we shall 
assume the distribution over rotational energy levels to be the equilibrium one. 

Let us consider the propagation of a pulse whose duration T I is much longer than the 

propagation time of a sound wave through the transverse cross section of the beam. 

In this case 6p =--0oST/To, and the following equations are valid for determination of 
the state of the medium at any time: 

M s 

2] (1.2) pC~ 77F = • T + k v I -  p ?r --~-- Oij -77' 
=1 "= 

Cp R 5 ~ 3 ci~ 
: -:2-" ~- ~ ?i + T ?i , I : ~ - I  A 12: 

i = l  i = L + l  / 

de ~j ( de~i I 
d t - - ] i j +  \"-'~']l ~ Fij, (1 .3 )  

where T is the temperature of the translational and rotational degrees of freedom of the gas 
molecules, • is the thermal conductivity coefficient, R is the universal gas constant, ~ is 
the molecular weight of the mixture (It =~ ~i?~l, L is the number of molecular components com- 

k i--i / 

posed of linear rigid molecules, M is their total number, Yi is the molar fraction of the i-th 

component in the mixture (i = 1 refers to C02, and i = 2 refers to N2), s is the number of 

types of vibrations in a molecule of the i-th component, ei~(ij[exp(@~/T~j)--i] -I, rijis the 

multiplicity of the degeneracy of the j-th vibration,Oi j and Tij are the characteristic and 

local vibrational temperatures of the j-th mode, f.. is the term responsible for V--V' and V--T 
lj 

processes in the mixture of gases under discussion, and (dsij/dt) i determines the variation 

of the number of photons in the j-th mode as a result of induced transitions. 

The absorption of radiation whose frequency is resonant to the frequency of the vibra- 

tional-rotational transition P20 [i0~ ~ 00~ of the CO2 molecule (~ = 10.6 ~m) has been dis- 

cussed. The widely accepted model of local vibrational temperatures T., where the values j = 
J 

i, 2, 3, 4 correspond to symmetric, deformational, and asymmetric types of vibrations of C02 

and vibrations of N2, was used in the determination of f.. [15, 16]. The relaxation scheme 
ij 

of processes in a C02--N2 mixture was taken to be the same as in [15]. The finite rate of inter- 

action between symmetric and deformational vibrations of C02 was taken into account in accor- 

dance with [17]. In the model under discussion 

kvI~ 
-~- ] I  pNAhvx?f* 

where  6 i j  i s  t h e  K r o n e c k e r  d e l t a ,  h i s  t h e  P l a n c k  c o n s t a n t ,  v I  i s  t h e  f r e q u e n c y : o f  t h e  r a d i a -  

t i o n ,  and N A i s  AvogadroTs  number .  The v a l u e  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t  was c a l c u l a t e d  

by t h e  f o r m u l a s  o f  [ 16 ] .  I t  was assumed t h a t  t he  i m p a c t  b r o a d e n i n g  c r o s s  s e c t i o n s  do n o t  d e -  
pend on t e m p e r a t u r e .  The v a l u e s  o f  t h e  r a t e  c o n s t a n t s  o f  e l e m e n t a r y  p r o c e s s e s  we re  d e t e r -  
mined f rom t h e  d a t a  o f  [ 1 5 - 1 8 ] .  

The s y s t e m  o f  e q u a t i o n s  ( 1 . 1 ) - ( 1 . 3 )  was s o l v e d  n u m e r i c a l l y  f o r  beams w i t h  a p l a n e  p h a s e  
f r o n t  u n d e r  t h e  f o l l o w i n g  b o u n d a r y  and i n i t i a l  c o n d i t i o n s :  

A ( z = 0 ,  r , t ) = A  oexp - - ~  g(0 ,  ( 1 . 4 )  

o A ( z , r = ~ t ) = O , j  ~ A ( z ~ r = O ~  t )=O~ 
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T (z ,  r = co, t)  = Toi -gTr T (z, r 0, t) =: .0, 

T(z,~ r,, t = O ) =  T o, eu ( t  =- O) = eu(To),  

where a is the characteristic size of the beam, Ao is the maximum amplitude, and g(t) is a 
function which characterizes the temporal modulation of the amplitude. 

2. Method of Numerical Integration and Computational Results. The main difficulty with 
numerical integration of the system (1.1)-(1.3) is the necessity of calculating high-frequency 
oscillations of the phase and the variation of the amplitude of the electromagneticwave 
which arises uponpropagation of the beam. A transformation of the complex amplitude which 
uses an exact analytic solutionforGaussian beams propagating in media with a constant 
absorption coefficient permits eliminating this difficulty and restricting ourselves to 
calculation of the variation of the amplitude and phase of the electromagnetic wave caused 
only by nonlinear effects [i0]. This method, which has received the name "nonadaptive", has 
been used in this paper. 

Introducing the dimensionless variables 

r ' = r / h ] / D ,  t' t - - Z n o h  ~ , , _ d z  
�9 = . ,  tT ~ az - -ka2D ~ 

' z 2 . z 2 " pCpa 2 

where f is the radius of curvature of the phase front, one can represent the system of equa- 
tions (1.1)-(1.3) with the boundary conditions (1.4) in the following form (the primes are 
omitted from here on): 

' 2 ' i ~  + A x A I + A 1  2 r 2 + k 2 a ~ D  ~ - 7  =0; 

M s 
aT ~ . -- tTR 
0-7= Z o,,fb,; (2.2) 

A~ (z, r = R~, t ) =  0; 

A l ( z , r ~ 0 , t ) = 0 ,  
O r  ~ ' . . . . . .  

T (z, r~ t -  0)  = To, 

d8 0 
7[- = tTFo;  

r 2 
Al  (z = O, r, t) - -  g (t) exp  ( - -  ~ - ) ,  

o T (z, r = O, t) = O, T (Z, r -~ Ra, t) = T o r  
-gTr 

ei; (t  = O)-= e~j (To), 

(2.3) 

(2.4) 

where R is the beam radius and A, is the complex amplitude transformed in accordance with 

[ lO].  a 

Conditionally stable symmetric implicit difference scheme~ of second-order accuracy [19] 
were used in the numerical integration of Eqs. (2.1)-(2.3). The solution of the system of 
difference equations was carried out by an iteration method. In each iteration difference 
analogs of Eqs. (2.1) and (2.2) were solved by the righthand sweep method, and of Eq. (2.3), I 
by Newton's method [19]. 

A specific analysis of the effect of saturation of an absorbing transition on the prop- 
pagation of a pulse of radiation with % = 10.6 ~ml was performed by the example of C02"N2 media 
containing different amounts of CO2t Y* = i, YI =0.25, and y1 = 0.05. The unperturbed param- 
eters of the medium (temperature To and pressure po) were taken equal to 293~ and 10 -3 MPa. 
With the selected To and po the relaxation times and thermal conductivity time t T are comparable, 
and the absorption coefficients for all the media underldiscussion are equal to 0.Ii, 3.12 xl ~ 
10 -2 , and 6.48 x i0 -s m-*, respectively. The maximum intensity of the radiation is Io = 5 
x l07 W/m 2, and the effective beam radius a = 1.3 x i0 -= m. The time dependence of the ampli- 
tude was determined by the formula g(t) =l.l-exp(-10 ~ t). The path length was i00 m (z' = i). 
Withthe selected value of z one can consider the indicated media to be strongly, moderately, 
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and weakly absorbing, respectively. The characteristic absorption lengths for these media 
are equal to 9.1, 32, and 155 m, respectively. We note that the propagation conditions under 
discussion and the parameters of the medium are typical in the conduct of experiments with 
laser beams. 

First we shall consider the change in state of the medium in time upon the action of 
resonant radiation. The distribution of the vibrational T i (i =i, 2, 3, 4, curves 1-4, 

respectively) and the translational T (curve 5) temperatures over the relative radius of the 
beam r' is shown in Fig. la, b, and c for characteristic times T = 8.3, 85.7, 807 Nsec in 
a gas with y: = 0.05. Here the solid curves correspond to the parameters in the cross sec- 
tion z' = 0, and the dashed curves correspond to those in the cross section z' = i. It is 
evident from the distributions presented that due to absorption by the gas of radiation whose 
frequency is resonant to the frequency of the vibrational-rotational transition P20[10~ + 
00~ in the CO= molecule a decrease occurs in the populations of the levels of the symmetric 
mode of CO= (temperature T~), and on the contrary an increase occurs in the population of the 
levels of the asymmetric mode (temperature T3) (see Fig. la). We note the absence of equilib- 
rium at T = 8.3 psec between the vibrations of N= and the asymmetric mode of C02 (T3 # T4) 
and also between the deformational and symmetric vibrations of CO=. 

The breakdown of thermodynamic equilibrium between the deformational vibrations and the 
translational random motion of the COa molecules leads to the appearance of a flow of energy 
from the translational degrees of freedom to the deformational mode of CO=, and as a conse- 
quence, to a decrease in the gas temperature (see Fig. ib). We note that at T = 85.7 psec 
the depth of kinetic cooling of the three media under discussion is a maximum for the gas with 
y1 = 0.05 (AT = 0.5~ This circumstance is explained by the fact that in the medium with a 
higher C02 content the absorbing transition is very rapidly saturated, and in the medium with 
y1 = 0.05 no such saturation occurs at T = 85.7 psec. Therefore at this time kv is greatest 
for the gas with YI = 0.05, and consequently, the flow of energy from the translational de- 
grees of freedom to the deformational vibrations of C02 is a maximum. Figure 2, in which the 
distribution of k v over the beam radius at T = 8.3, 85.7, and 807 psec (curves 1-3, respective- 
ly) is presented, illustrates the variation in time of the absorption coefficient due to 
saturation. As before, here thesolid curves correspond to the parameters in the cross sec- 
tion z' = O, and the dashed curves correspond to those in the cross section z' = i. A de- 
crease in the value of k~ due to saturation leads, first of all, to a decrease in the flow of 
energy to the vibrational degrees of freedom of the mixture molecules, and secondly, to a 
more uniform variation of temperature over beam radius. The variation of the translational 
temperature in the propagation plane (r' • z') for T = 85.7 psec calculated on the assumption 
of the absorption coefficient being independent of light intensity (there is no saturation 
effect) (Fig. 3a) and with this effect taken into account (Fig. 3b) is shown for comparison in 
Fig. 3a and b. It is evident that when the approximation of a constant absorption coefficient 
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is used the temperature field in the b~am channel is nonuniform, and in addition heating of 
the medium is observed instead of cooling. 

The indicated peculiarities lead to the fact that defocusing of the beam occurs appre- 
ciably earlier in time when the approximation of a constant gain coefficient is used than 
predicted by the theory which takes into account saturation of the absorbing transition. 
Figure 4, in which the variation of the relative amplitude of the electromagnetic wave A/Ao 
over beam radius r' for m = 8.3, 85.7, and 807 psec (curves 1-3, respectively) calculatedwith 
account taken of saturation of the absorbing transition (solid curves) and on the assumption 
k~ = const (dashed curves) is shown, illustrates this. The numerical calculations performed 
have also shown that at the time the medium is illuminated, when kv = 0, and all the absorbed 
energy is located in the vibrational degrees of freedom, one can use the analytic solution of 
[i0] for calculation of the amplitude of the electromagnetic wave. The approximation k~ = 
const gives complete defocusing of the beam up to this time. 

An increase in the C02 content in the mixture (Yz = 0.25 and I) leads to earlier (in time) 
saturation of the absorbing transition, and as a consequence, to more rapid heating of the 
medium. Thus in a medium with Yx = 1 intense relaxation of the energy of asymmetric vibrations 
into translational degrees of freedom starts already at m = 85.7 psec and k~ = 0 as a result 
of intramolecular V--V' exchange, and the gas temperature increas&s. In the following equilib- 
rium is established between the processes of induced absorption and V--V' exchange, and heating 
of the gas occurs mainly due to liberation of the energy defect in connection with V--V' ex- 
change. Further action of radiation on the medium will result only in its heating. 
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At r = t T the variation of the translational temperature over beam radius becomes more 

uniform. More rapid heating in media with an increased C02 content (for example, y~ = i) 
will lead to the earlier formation of a thermal lens and spreading of the beam~ The effect of 
the processes under discussion on the propagation of a radiation pulse is illustrated by Fig. 
5, in which the distribution of the relative amplitude A/Ao over beam radius in the z' = 1 
plane for weakly and strongly absorbing media (y~ = 0.05 and i~ curves i, 2, respectively) at 

= 85.7 ~sec (solid curves) and T = t T (dashed curves) is shown~ for comparison the initial 

distribution of the amplitude at z' = 0 is shown by the dot-dash curve. It is evident that 
due to the more rapid saturation of the absorbing transition at T = 85.7 ~sec in a medium with 
y~ = 1 the amplitude on the beam axis (r' = 0) is higher than in a medium with YI = 0~ al- 
though the depth of kinetic cooling in a medium with y~ = 1 is less. 

At T = t T the situation changes. Here on the contrary the maximum amplitude at r' = 0 

is observed in a weakly absorbing medium. Strong heating of the medium with YI = 1 leads to 
thermal defocusing and to a "displacement" of energy from the axis to the periphery of the 
beam. 

Thus the computational analysis performed has shown that upon the propagation of a radia- 
tion pulse in gaseous resonantly absorbing media it is necessary to take account of both 
excitation of the different types of vibrations of the mixture molecules and the finite rate 
of thermalization of the absorbed energy as well as the saturation effect of the absorbing 
transition. Ignoring these effects can lead to significant errors in the determination of 
the amplitude-phase characteristics of a light beam. 
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