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It is well known that resonance absorption of radiation by a gas can lead to excitation of molecular internal degrees 

of freedom, and this determines, to a significant degree, the nonlinear response of the medium. The dielectric permittivity of 
the medium has both imaginary and real parts. The imaginary part is associated with the absorption coefficient tq, and the real 

part is associated with the index of refraction n. A change of n in the beam channel causes the light rays to be deflected from 
the initial direction and determines, to a significant degree, the character of laser propagation in a nonlinear medium [1]. This 

is why there are so many works on the mechanisms responsible for the change in the index of refraction under the action of 
resonance radiation. Special attention is devoted to the analysis of the mechanism of the change in n during propagation of an 

IR pulse (radiation in this region of the spectrum is usually absorbed on vibrational-rotational transitions) [2-7]. This is because 

it is with IR lasers that the high intensities at which nonlinear effects become very significant are achieved. 

It has been shown that the main mechanisms responsible for the change in n are the change in molecular polarizability 

of the medium due to excitation of molecular vibrations and the change in the density of the medium due to hydrodynamic 
effects produced by the nonuniform heat transfer from vibrational into translational degrees of freedom. Hydrodynamic effects 
have been analyzed primarily within the model of a nonviscous thermally nonconducting gas, neglecting the influence of 

diffusion and heat conduction, which in a vibrationally nonequilibrium gas depends significantly on the degree of excitation 
and can significantly influence the behavior of the concentrations of the mixture components even over times shorter than the 

characteristic times of these processes [8]. It is thus of interest to make a comprehensive analysis of the mechanisms of the 

change in the index of refraction of a mixture of gases, taking into account all processes associated with the excitation of 

molecular vibrations by resonance radiation. This paper is devoted to such an analysis. 
The analysis is performed for a two-component mixture of gases, consisting of molecules of different types, for 

example A (1) and B (2). The molecules of type A have at least two different types of vibrations k and q with frequencies 

u k < Uq, while type-B molecules have vibrations of one type s with frequencies u s _< Uq or u s _> Uq. Let the vibrational- 

translational relaxational time for the mode q be much longer than the vibrational-vibrational exchange times Uq --- u k and 

Uq --, u s, and let the frequency u I of the acting radiation be in resonance with the frequency at the line center of the vibrational- 
rotational transition m --, n, whose upper n and lower m states are vibrations of the types k and q, respectively: 

~, = (~v .  - Ev,  + ~ .  - ~ , ) / h  

where E v. and E v, are the vibrational energies of the excited states n and m of a type-A molecule, Ej- and Ej, are their 
rotational energies, and h is Planck's constant. This situation is characteristic for many cases of practical interest, for example, 

absorption of CO2-1aser radiation in the mixture CO2--N 2, employed for both theoretical [9-11] and experimental [12, 13] 
modeling of different nonlinear processes. We shall consider cases when all molecules are in the ground electronic state and 

the chemical composition does not change. The index of refraction is then determined by the relations [6, 7] 

2 
V n 2 -  1 = 4 z ~ N ~ a , ,  a i=a~o+~.a~i  + a  R. (1) 
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Here N i is the density of  i-th molecules; oti0 is the nonresonance molecular polarizability of  molecules of the i-th component 

with unexcited internal motion; t~ij v and ~i R are, respectively, the contribution of molecular vibrations of  the j-th type and the 

contribution of rotation to the nonresonance part of the polarizability of i-th molecules. 

We cord'me our attention to cases when the time of the induced transitions ~ > > ~'RT, r where ~'RT and r w  are 

the characteristic rotational-translational and intramode vibrational-vibrational exchange times. It can thus be assumed that 

thermodynamic equilibrium exists between the rotational and translational degrees of freedom, and within each j-th mode 

(j = k, q, and s) of normal vibrations with frequency vj there is a Boltzmann distribution with vibrational temperature Tj. 

Under these assumptions ~i  R = ~o(T), and t~ijv = f(Zj). Since for gases 6n < < n o, and for 6T < < 6Tj (it is these cases that 

are studied) t~c~iR < < tS~ijV ( t~  = ~ - -  ~0, ~ = T, Tj, n, o~iR, otijv, the index 0 designates unperturbed parameters of the 

medium at t = 0), the change in the index of refraction can be represented, according to Eq. (1), as 

~n = --2a Z (ctlo~3Ni + Nio 2 A b%v). (2) 
no i=1 } 

It is evident from Eq. (2) that in order to calculate 6n it is necessary to know how N i and Tj behave. In order to determine the 

changes in N i and Tj under the action of resonance radiation on a medium at rest, we shall employ the system of 

Navier--Stokes equations for a vibrationally nonequilibrium gas. According to [8, 14] this system has the following form: 

dp 
0-7 + V (9u) = 0; (3) 

ONi 
0-'7 + V IN, (u + Vi) l = O; 

2 
0u 

P77 + P (uv )  u + V p  = y, 

ope~ [ 
O'-'~ + V (pu~,) + Vq~, = hvkN 1 

opd, 
+ V (pue~) + Vq~, = hv~N~ 

ot 

N,X, + nAu + (~ + ~) V (Vu); 

- u 'o '  + OaT = Q~ + ~ N,X,(L + u); 
i=l 

lkk,l k] 
h,.tUl (~* -- ~0) W~.O + L~.:,Wr ; 

[ ~  - Lq :qwq ~ : q w q . ~ 2 /  
q 

Lq 
v l N  1 ' , , J 

(4) 

(5) 

(6) 

(7) 

(8)  

ot + V (purls) + Vq~, = by,N2 [ -  (~, - ~ )  W,,o + Lq,:,Wq,~N~ ], 
2 T 2 ~cr y~ o; u, ( v ,  - v~) ,  

oar = O T ~ CRrV~ - XVT + -~- ~-1 .z~D~j 
i-I  

q~, = pea, V, - kvVT,  + N K T  2 D~id; s - ,  t = 2 ' 
j , , l  

' (oTVlnr+ ,,Z~ v 'n r, + In T')' Vi = raiD#d~- ,,,i---~ �9 j--I I~k'q 

d i = V  + - - ~  V l n p +  PP i-I - - ' - 'P ' - '  

2 
p R T  

P = --7"' E,T = CRTT. C,T = Y~ CsT. 
t * l  

elo = el (T), r = gs [exp (hvl /KTl)  - 1 ]-~, 

i i l 

(9) 
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~,,,, = {~" (g., + %,) ..... e~" (,~ + e,)" exp [(r,,,hv,. - rthvt)/KT]} 1 ~;,--~,~ , O_, = k . Z  (E,.. - ~ . ) / ( h v , )  + ~ ,  

Here o, P, and T are the density, pressure, and temperature of the gas; R is the universal gas constant; K is Boltzmann's 

constant; u is the velocity of  the medium; ~ = E/~i,,/i;/~i and 3~i are the molecular mass of the i-th component and the molar 
fraction of this component in the mixture; N is the total number of molecules per unit volume; gi is the degree of degeneracy 

of the i-th vibration; X i is a nonlinear force acting on the i-th component in an electromagnetic field; k~ is the absorption 

coefficient; I is the intensity of the acting radiation; lj is the number of vibrational quanta acquired by the mode j via induced 

transitions; CR i --= 1 for linear molecules and CR i = 1.5 for nonlinear molecules; m i is the molecular mass of the i-th 
component; X is the thermal conductivity; Xi v is the vibrational conductivity of the i-th component; Di T and Dij are the thermal 

and multicomponent diffusion coefficients for the i-th component; Dij v is the vibrational diffusion coefficient between the i-th 

and j-th oscillators; Dj v is the vibrational thermal diffusion coefficient for the j-th mode;  Wk,0 i and Wq,k i are, respectively, 
the VT-exchange rate constant in the k-th oscillator and the intramolecular W ' - e x c h a n g e  rate constant between oscillators q 

and k in a collision with an i-th partner; Wq. s is the intermolecular W ' - exchange  rate constant in the case of  a collision of 

molecules of type A (q) and B (s); rj is the number of vibrational quanta lost by the j-th mode in VV'  exchange; ( and ~ are 
the coefficients of  viscosity; (u '~ ' )  is a vector with the components ufljk'; and, Ojk' is the viscous-stress tensor. 

It follows from the linear dependence of Eq. (3) and two equations of the form (4) (P, N1 and N 2 are related by the 

relation 0 = mlN1 and m2N2) that, together with the standard relations between the multicomponent diffusion and 

thermodiffusion coefficients Dij = Dji and D1T = - D 2  T, the following equality should also hold: 

~. DVV In Tj = O, (10) 
j*k,q.$ 

i.e., the vibrational thermodiffusion coefficients for the modes k, q, and s are not independent. We shall consider axisymmetric 
beams with a Gaussian radial intensity distribution I(r, t) = Io(t) x exp(-r2/Ra 2) for R a < < kp -1 (R a is the characteristic 

radius of the beam), and Io(t) = I 0 (0 ~ t _< rp) and Io(t) = 0 (t > rp), where rp is the duration of the acting radiation pulse. 

Introducing the dimensionless coordinates r '  = r/R a and t' = t/rp and switching to the dimensionless variables IKI i = Ni/Nio, 

0 = urp/R a, ~3 = P/PO, P = P/(NoKT0), ~" = T/To, rVj = Vjrp/Ra, ~.j = Tj/T0, E~ = kjkv0, T = I/I o, the system (3)-(9) can 
be represented, using the fact that I~RT = ERT/CRTOT0 , in the following form (tildes and primes are dropped): 

Op/Ot = - V  (pu); 

__= { [ xpVlnT xp(_ ,--,VlnT, 
a/v~ -V Nt u /6 ; .~2- - -F- - -+  
Ot xri Ni Ni k l=k.q "(Ol 

+ / 'p '  

p-~-+p(uV) u =  ~,'t,Z] ":;-+ ~ u ' +  

+ + V(Vu)  + v ~-t 

OERT ":: 
P T + P (uV) ERr = - p V u  (• - 1) + • (• - 1) ~ N,X,V,y,o + 

i - l  

+ ~ t .#:r OzN, (% - cm) 'Ym + 

+ ._LP_ L, ~ (rqOq - rkOk) NiYm + ..LP- Lq, (rqOq - r,O,) NIN21 - 

V V '  �9 V V '  , 

J 

(11) 

(12) 

(13) 

(14) 
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[ ? , ,o ] vr ~ V : r + ( •  l ) ~  N,y~o':,o(V, V D �9 - V ~ ~ C'~,-, v,  . . . .  , 
CRT ~= l  i i j  "ITI 

~<r. o, [ ,p ,1, ,~ ] 
= - t ,  k J  ~ - p ~ + p (uV) 6~. ~ -'777 Ni (r -- e*o) + "P-U NILq.kr, - -  
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(15) 

~'~ c ~ [  4'p ,i> 'p -q p - ~ -  + n (uV) eqv = kJ ~ - ~ Lq.,rqNl - ~ Lq.,rqN1N~Tm - 
"(qk "[r �9 J 

--  V O 4 , V q  - -  -"; V T q  + ~ ~ di , 
[q CqoY Lo j=l 

(16) 

P E + P (,,v) e~ = ~ - T N~ (~, - ~,o) + ~ r.~.,,-,,vuv, v~ ~ - v I pe~v, - T v r ,  + ~ ~ 7 ~,, 
L.,ov2o s:i  ~,j J 

V; , p~v l ,  r 'i~ / .  ~ v l n r ,  . V in r ,~  ~ ,v 1 p2m-S(l +p~)2 
= + T )  + d, . . . .  �9 r~ Ni N~ t ,:,.q 'o, ~o ;~  ~P (Pro + e , )  p i ; l  ' 

clj = yjoV + 7j0 P (P,,, + P,) woJ V In p + 

Here z a = 

(17) 

+ [ Lg (! *_ - '  

; ,  L , < , . + , .  > , 
h'vt P/N I 0~ exp COD 01 = ~-~o' V,0 = , 

C~ = [exp (01) - i] ~ ' 1 + P~ 

• = 1 + , ~ -_ e r -  e,,  co,, -_ ~ ..~, - ~ ,  
' K T  0 ' , i=l 

P,v -'- Y20/Yto, P,,, = m i / m 2 .  

R a / ~  is the sound propagation time across the beam; z D = Ra2/Dij, l"Ti = Ra2miNi0/Di T, l"Di v = 

Ra2miNio/Di v, and rij v = Ra2/Dij v are, respectively, the multicomponent diffusion time, the thermal diffusion time of the i-th 

component, the diffusion time of  the vibrational energy of  the i-th oscillator belonging to molecule of  type i, and the vibrational 

diffusion time between the i-th and j-th oscillators; r x = PRa2CRTOI;k is tile thermal conduction time; zi v = Ra2Ci0VNi0K/Xi v 

is the vibrational thermal conduction time for the i-th oscillator; ri v'r = I ~ o  is the VT-relaxation time for the i-th 
k=t 

-1 

t"V' = { Wq.s'Ylo'~2oNo}-I a n d  "~ W { ~ W~uNko} are, respectively, the imermolecular and intramolecular W'- oscillator; xq., = 
k=l 

V poR., exchange times; xl = Nlohvt/k~ x r = X--~ : is the time over which the state of the medium changes under the action of 

the external forces X o 0"F = Zg for X o = mg, where g is the acceleration of gravity, m is the characteristic molecular mass, 

and r F = ZNL with X 0 = f l ~ ,  fNL is the force acting on a particle in the electromagnetic field); and, ~r k = R02Po/n is the 

convection time due to viscosity. 

A specific analysis was performed for the example of  resonance absorption of  CO2-1aser radiation with p! = 944.2 cm - I  

(the line P20 [00~ --, 10~ in the mixture of gases CO2--N 2, when Tp and ~'I are significantly longer than the VV'-exchange 

times between the symmetric v 1 and bending P2-vibrations of  CO 2. Here the relaxation of  the energies in the modes v 1 and v 2 

can be combined, making the assumption that the 10~ and 0200 states of the CO 2 molecule are in exact resonance 0av t = 

2hv2). In our investigation this combined mode corresponds to v k, the asymmetric vibrations of  CO 2 (v 3) correspond to ~,q, and 

the vibrations N 2 (v 4) correspond to v s. We note that the form of the right-hand side of  Eq. (7) changes somewhat due to the 

fact that the v 1 and v 2 modes in CO 2 are combined [15]. The rate constant of  VT and VV'  processes and the molecular 
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constants required for the calculations were taken to be the same as in [11, 16]. The coefficients DI2 and Di T and the thermal 

conductivity X were calculated from [17] (D12 = 1.4.10 -3 m2/sec, X = 1.1.10 -5  J/(m.sec.K), and D1T = 4.8.10 -8 

kg/(m.sec)). The values of Dij v and Dj v for the mixture CO2--N 2 were not found, either experimentally or theoretically. 

However, the relations between the self-diffusion coefficients of the vibrationally excited CO 2 molecules and (DiiVJ) and 

ordinary diffusion were determined in [18-20]. These relations have the form DiiVJ = KjVDii , where Kj v = const and Kj v 

depends on the type of vibration. At T O = 300 K KI v = I{2 v = 1 for the bending and symmetric vibrations; K3 v = 0.6 for 

asymmetric vibrations and I{4 v = 0.4 for excited nitrogen. 

Assuming, as in [8], that the relations presented also hold for the diffusion coefficients in a binary gas, we obtain 

O ~ ' 4 = D ~ =  Dr2, D L =  0,6D12,  D~l " =  D ~ ' =  D r , D ~ ' = 0 , 6 D  r .  

The quantity D4 V was calculated in accordance with Eq. (10) in the form 

D [  = -D~" 2v In 7"2 + 0,6v In r3 (18)  
V In T4 

The vibrational thermal conductivities ~i v were determined from the relation 

= D;jC;NiK, C~ O~,,exp((},..,) El,, = - -  
[exp (Ovl) - 1 ] 2 ' KT z " 

We now estimate the characteristic times for the medium CO2--N 2 = 0.1 : 0.9 under typical experimental conditions: R a = 

0.1-1 cm, I 0 = 0.1-10 kW/cm 2, Po = 1 kPa, and T O = 300 K. The hierarchy of times determines, to a significant degree, 

the extent to which the different transport processes affect the change in the N i and Tj. Under the indicated conditions ~'a = 

2.9"10-6-2.9"10 -5  see, r D = 7.10-4-7.10 -2  see, ZT1 = 3.7.10-2-3.7 see, 7D2 v = 3.7"10-2-3.7 sec, ZD3 v = 6.1-10-2-6.1 

see, ~'24 v = rD, r34 v = 1.7 7D, r x = 9.7.10-4-9.7.10 -2  see, r2 v = 3.5-10-4-3.5.10 -2  see, 73 v = 1.67 rE v, 74 v = 

1.5-10-4-1.5.10 -2  see, zk = 5"10-2"5 sec, ZNL = 3-10 see, ~'g = 0.1-0.3 see, r I = 1.3-10-2-1.3"10 -4  see, 7"2 vT = 1"10 -3 

see, r32 w '  = 1.1.10 -3  see, r34 w '  = 1.1-10 -4  see, r4 vT = 3.9 see. Thus the following hierarchy of times holds: r a < 
7"34 w '  < r D = r 2  V = 7"3 V - -  r I ~ 7"2 VT --  ~'32 w '  --  r24  V ~ 1"34 V ~ r k < 7" k ~ 7"D2 V < 7"D3 v < 7"g < 7"NL ~ 7"4 VT. W e  
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consider pulses with rp < < rg, "rNL , and z4 vT. Morever, in experiments performed under the indicated conditions the 

inequality d} I < < 1 is always satisfied, 

= 0 b, kvlox p/ poE~ler. 

In this case the terms containing the ratios of times ('rp/rF) 2, ('ra/7"F) 2, and l'p/'rsVT ill Eqs. (13), (14), and (17) can be neglected 

and Eqs. (11)-(14) can be linearized, representing p, Ni, T, u, V i, and d i in the form z = 1 + (5iz', where z = p, N i, T, and 

V i = (5iVi', d i = ~idi ' ,  u = (5iu'. 
The system of linearized equations (11)-(14) together with the equations of the form (15)-(17) describing the vibrational 

kinetics for the mixture CO2--N 2 was solved numerically by the method developed in [8]. The nonresonance part of the 

polarizability r v was calculated for the CO 2 molecule (i = 1, j = 1-3) using the formulas of  [6] and for the N 2 molecule 

(i = 2, j = 4) using the formulas of [21]. 

We consider first the change in the concentration of  the components N l'(t) and N2'(t) on the beam axis in the presence 

of diffusion and heat conduction processes, associated with excitation of molecular vibrations (the characteristic times rD2 v, 
rD3 V, rD4 V, 1"24 V, r34 V, ri V (i = 2-4 are finite), and in the absence of  these processes (these times are infinite). 

Figures la and b display the functions alz'(t ') (z' = N I ' ,  N2', T '  (lines 1--3), t '  = t/rD) and Ti(t') (i = 2-4 - -  lines 

2-4) on the beam axis (r' = 0), and Figs. 2a-c display the distributions NI ' ,  N2',  T '  (lines 1-3) over r '  at t '  = 1, 8, and 30 

(aI = 0.01), respectively, obtained for these two cases (solid and dashed lines) in calculating the action of  radiation with 

I 0 = 0.I  kW/cm 2 and v I = 944.2 cm -I, R a = 0.I  cm for the gas mixture CO2--N 2 = 0.1:0.9 with T O = 300 K and PO = 

I kPa. It is evident from the distributions presented that the diffusion processes associated with excitation of  vibrational degrees 

of freedom of CO 2 and N 2 molecules (analysis shows that vibrational thermal diffusion, owing to significant gradient of  the 

vibrational temperatures T 2, T3, and T 4 over r, dominates), significantly influence the change in N i' and T '  even for t < <  

"rDi v. Thus, if in the model with rij v = "l'Dj v = 7"DjV = "rj V ---- oo N 1' = N2' for any t, then when these times are finite, 

Nl '( t  ) ~ N2'(t '  ). Since z a < <  r D, at t - r D in the case rij v = rDiV, zi v = o. the distributions N I ' ,  N 2' and N '  as a function 
of r are identical to the distribution p'(r), and p '  = - T ' .  When rDi v and zi v are finite, vibrational thermal diffusion processes 

strongly influence the character of the distributions Ni'(r). The behavior of Nl '(r)  is determined by competition between two 

diffusion fluxes, oriented in opposite directions. The first flux is determined by the gradient T 2 (for short t VT 2 > 0) and, since 

D2 v > 0, it is directed from the periphery to the center of  the beam. The seond flux is determined by the gradient of T 3 

(VT 3 < 0), and since D3 v > 0, the gradient is oriented from the center toward the periphery. The interaction of these two 

fluxes results in a quite complicated distribution Nl'(r), which is characterized by the existence of  a minimum in some section 

with r ~ 0 (Fig. 2a), whose distance from beam center increases with i o. This section shifts with time toward the beam axis 

owing to the decrease i n V T  2. The diffusion flux for N2'(r) is determined by the magnitude and sign of  D4 v and depends on 

VT2, VT 3 and VT 4. For this reason, according to Eq. (18), the behavior of N2'(r) is similar to the behavior of  Nl ' (r)  with the 

opposite sign. We note that diffusion processes owing to excitation of  vibrational degrees of  freedom result in expansion of 

the region with N i' ~ 0; Thus, if N '  i = 0 for rij v = rDi v = ri v = ~* even at r '  = 6, then in the case when these times are 

finite N'i = 0 only at r '  = 15. 
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Since din is determined, to a significant degree, by the change in the concentrations N 1' and N2', it is obvious that the 

behavior of din(t) should be significantly influenced by diffusion processes associated with the excitation of molecular vibrations. 

This influence is illustrated in Fig. 3, where the functions ~n(t') at r = 0 are displayed for the mixture CO2--N 2 = 0.1:0.9 

and 0.2:0.8 (lines 1 and 2) with T O = 300 K, P0 = 1 kPa, and I 0 = 0.1 kW/cm 2 for the case when ~'ij v = ~-Di v = ri v = ~o 
and when these times are finite (dashed and solid lines, respectively). It is evident that the influence of the vibrational thermal 

diffusion on din weakens with increasing CO 2 concentration. Figure 4 illustrates the relative role of the concentration component 

din and the contributions of nonresonance parts of the polarizability, which are caused by excitation of separate modes of CO 2 

and N 2 molecules, to din. Here the lines 1-4 refer to the functions din(t), owing to the changes CO 2 and N 2 (the scale for the 
concentration component 5n is reduced by a factor of 50). The dashed and solid lines, just as in Fig. 3, refer to mixtures with 

different content of the components. It is evident that under these conditions the change in the CO 2 and N 2 concentrations has 
the determining influence. The change in n owing to the change in polarizability can compete with the concentration part cSn 

only for short times t. 
The change in the temperature of the medium under the action of resonance radiation is often determined from the 

change in the index of refraction (in particular, the degree of kinetic cooling is judged [13]). It follows from the results 
presented above that this method is inapplicable in most cases of practical interest. Even when the change in the nonresonance 
part of the polarizability owing to excitation of molecular vibrations is small, ~n is not related by a simple relation to the change 

in the temperature T (~n = - ( n  o - -  1)diT/T0), but rather it depends on the change in the concentrations of the mixture 

components, which is determined significantly by the vibrational thermal diffusion processes. 
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