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MODELING OF THE DYNAMICS OF THE CHANGE IN THE
INDEX OF REFRACTION DURING RESONANCE INTERACTION
OF RADIATION WITH VIBRATIONAL-ROTATIONAL
TRANSITIONS

V. 1. Grabovskii and A. M. Starik UDC 534.222-539.196

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 k, 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
> While type-B molecules have vibrations of one type s with frequencies »; < v, or »; = »4. Let the vibrational-
translational relaxational time for the mode q be much longer than the vibrational-vibrational exchange times »; —> », and
vq = ¥5, and let the frequency »; 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:

n <y

v, = (Ey — Ey + Ep — Ep)/h
where Ey- and Ey- are the vibrational energies of the excited states n and m of a type-A molecule, E;- and E; are their
rotational energies, and h is Planck’s constant. This situation is characteristic for many cases of practical interest, for example,
absorption of CO,-laser radiation in the mixture CO,—N,, 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]
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Here N; is the density of i-th molecules; o is the nonresonance molecular polarizability of molecules of the i-th component
with unexcited internal motion; a; Vv and 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 confine our attention to cases when the time of the induced transitions 71 >> 7xy, Tyy, Where g7 and 7y 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
G =k, q, and s) of normal vibrations with frequency 4 there is a Boltzmann distribution with vibrational temperature T
Under these assumptions a = ¢(T), and o Vo= f(T) Smce for gases én << ny, and for 6T << 6T (it is these cases that
are studied) SR << &xuv 0 = £ — EO, £§=T, T n, of, U , the index O designates unperturbed parameters of the
medium at t = 0), the change in the index of refraction can be represented, according to Eq. (1), as

dn == 2 (N + Ny 2 daf). )
r=1
It is evident from Eq. (2) that in order to calculate &n it is necessary to know how N; and T; behave. In order to determine the
changes in N; and T; 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:

[7)
_0% + V (pu) = 0; 3)
g s V)= 0, @
p0’+p(uV)u+Vp—2Nx'*'ﬂAU'*‘(E'*'n)v(V“) )
i=1
0 2 P W) : (6)
E” p(ERT +V pu ERT+Z+T - uao +qRT =QJ+21N‘X'(V‘+U);
) Ik, 1
”:;V + V (pueb) + Vqi = Av,N, [ P = (& — ©0) Weo + Lo W, "] ; ¢)
apei' + V (puel) + Vai = hv,N, [h = LyrgWa i — Lo 1y W ,Nz} ; 3
a‘;‘v + V (pué) + Vqir = hAv.N; (- (& — &0) Wao Lo.sriWa. N1 ) ©)
2 KT
Qrr = pT 2 CarV:— AVT + N 2 mDI (Vi = Vi),
i=1 i=1
2 I=kq=i=1
@ = pehV; — M’VT:+NKT§D5"1 (1= s>1=2 )
J‘
Vi =<N—22m/Dyd (DTV InT + 6.12D;/v In Tl+ 6‘2DVV In T‘)
Nip =t I=k,q
: . NX N
p= %I , Epr = CerTy, Car = 210;‘7’
. 3 \ R hviR
Cor = (—2- + CR) R é = K/“ W

en=¢(T), &=aglexp(v/KT) =117,
Wor = > WoiNg, Wio= 2 WeoNow Weo = ; W..oNo,

22



1

’l T
i &m

l‘l.m = {E;I (gm + em)’m - e:l’ln (gl + E[)’l exp [(r,,,hv,,, - rlhvl)/KT ]} ’ Q] = kvl (‘EI - E‘J')/(hV,) + (DV)

(DV = hkal [(Ek - Eko) kao + Lq,k (Fq ;E - I'k) Wq,k] +

+ Nk, {(e, = t) Wio + L, (rq U r,) Wq,:NlJ.

Here p, 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; g = Zpyy;; i; and v; 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; g; is the degree of degeneracy
of the i-th vibration; X 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; /; is the number of vibrational quanta acquired by the mode j via induced
transitions; CRi = ] for linear molecules and CRi = 1.5 for nonlinear molecules; m; is the molecular mass of the i-th
component; X is the thermal conductivity; ;" is the vibrational conductivity of the i-th component; D;T and D;; are the thermal
and multicomponent diffusion coefficients for the i-th component; DijV is the vibrational diffusion coefficient between the i-th
and j-th oscillators; DjV is the vibrational thermal diffusion coefficient for the j-th mode; W ¢ and Wq,ki are, respectively,
the VT-exchange rate constant in the k-th oscillator and the intramolecular VV'-exchange rate constant between oscillators q
and k in a collision with an i-th partner; Wq,s is the intermolecular VV'-exchange rate constant in the case of a collision of
molecules of type A (q) and B (s); r; is the number of vibrational quanta Jost by the j-th mode in VV' exchange; ¢ and # are
the coefficients of viscosity; (u’c’) is a vector with the components ujajk'; and, ij' is the viscous-stress tensor.

It follows from the linear dependence of Eq. (3) and two equations of the form (4) (p, N, and N, are related by the
relation p = m;N; and myN,) that, together with the standard relations between the multicomponent diffusion and
thermodiffusion coefficients D;; = Djy; and D,T = —D,T, the following equality should also hold:

> D/VinT; =0, (10)
J=k,q.5

i.e., the vibrational thermodiffusion coefficients for the modes k, g, and s are not independent. We shall consider axisymmetric
beams with a Gaussian radial intensity distribution I(r, t) = Iy(t) X exp(—r2/R,?) for R, << k, ! (R, is the characteristic
radius of the beam), and Iy(t) = [ (0 < t < Tp) and Iy(t) = 0 (¢t > Tp), where ) is the duration of the acting radiation pulse.
Introducing the dimensionless coordinates r’ = 1/R, and t’ = t/7;, and switching to the dimensionless variables N; = N¢/Nyg,
@ = ury/Ry, 5 = plog, p = pI(NKT), T = T/T,, Vj = Viry/Ry, Tj = TyTo, k, = k,/k,0, T = Uy, the system (3)-(9) can
be represented, using the fact that Egp = Egp/CrrPTy, in the following form (tildes and primes are dropped):
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Here 7, = Ry/\/%pglpy is the sound propagation time across the beam; 7, = R,2/Dy, 7y = R2mNiy/D;T, my;¥ =
R,2m;N;o/D;V, and 7;;V = R,?/Dy;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; 7, = pR,2Cgr%/\ is the thermal conduction time; 7;¥ = R,2C;oVN;gK/\;Y

2 -1
is the vibrational thermal conduction time for the i-th oscillator; 'riVT = ( E WkiONkO) is the VT-relaxation time for the i-th
k=]

ur - " 2 -
oscillator; 55 = (W Y10¥0No}™ and v = { 2 Mijo} are, respectively, the intermolecular and intramolecular VV'-

k=l

exchange times; v = Nyohv,/Klo; 1, =V % is the time over which the state of the medium changes under the action of
the external forces X, (7g = 7, for X, = mg, where g is the acceleration of gravity, m is the characteristic molecular mass,
and 75 = 7y With X5 = fNL, fyy, is the force acting on a particle in the electromagnetic field); and, 7, = Rg?py/7 is the
convection time due to viscosity.
A specific analys1s was performed for the example of resonance absorption of CO,-laser radiation with »;=944.2 cm™

(the line P20 [00°1 - 1090]) in the mixture of gases CO,—N,, when o and 7j are significantly longer than the VV’-exchange
times between the symmetric », and bending »,-vibrations of CO,. Here the relaxation of the energies in the modes »; and »,
can be combined, making the assumption that the 10%0 and 0200 states of the CO, molecule are in exact resonance (hy; =
2hw,). In our investigation this combined mode corresponds to #, the asymmetric vibrations of CO, (v;) correspond to Vg and
the vibrations N, (v,) correspond to »,. We note that the form of the right-hand side of Eq. (7) changes somewhat due to the
fact that the »; and », modes in CO, 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 D;, and D;T and the thermal
conductivity N were calculated from [17] (D), = 1.4:1073 m?/sec, A = 1.1-1073 J/(m'sec-K), and DIT = 481078
kg/(m-sec)). The values of Dijv and DjV for the mixture CO,—N, were not found, either experimentally or theoretically.
However, the relations between the self-diffusion coefficients of the vibrationally excited CO, molecules and (D;;¥i) and
ordinary diffusion were determined in [18-20]. These relations have the form D;Vi = K;VDj;, where K;V = const and K;¥
depends on the type of vibration. At Ty = 300 K K;V = K,V = 1 for the bending and symmetric vibrations; K3V = 0.6 for
asymmetric vibrations and K,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
D‘l’4 = D;’.a = Dl2! Dﬁ‘!’-‘ = 016Dllv Dll = D‘Z’ = D{) D;, = 0’6D{'
The quantity D,Y was calculated in accordance with Eq. (10) in the form

2VIn T, + 0,6VIn 7
v — ¥ 2 . 3 18
D} Dy ——r (18)

The vibrational thermal conductivities N;¥ were determined from the relation

V _ v v 8: exp (By) hv,
xl —D/jC,N,-K, Ct =[e—xm, 9,,,=—KFI.
We now estimate the characteristic times for the medium CO,—N, = 0.1 : 0.9 under typical experimental conditions: R, =
0.1-1 cm, Iy = 0.1-10 kW/cm?, po = 1 kPa, and Ty = 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; and T;. Under the indicated conditions 7, =
2.9:-1076-2.9-1073 sec, 7p = 7-1074-7-10~2 sec, 7r; = 3.7-1072-3.7 sec, p," = 3.7-1072-3.7 sec, 7p3¥ = 6.1-1072-6.1
sec, Ty4Y = mp, T34Y = 1.7 7p, 7, = 9.7-1074-9.7-1072 sec, 7,¥ = 3.5-1074-3.5-1072 sec, 7Y = 1.67 7,V, 7,V =
1.5-1074-1.5-10"2 sec, 7, = 5-1072-5 sec, 7y, = 3-10 sec, 7g = 0.1-0.3 sec, 1y = 1.3-1072-1.3-10™* sec, 7,VT = 1-1073
sec, 73,YV = 1.1:1073 sec, 73,YY' = 1.1-10~* sec, 7,¥T = 3.9 sec. Thus the following hierarchy of times holds: 7, <

v’ = .V = .V vT ' v
T34 < Tp=TT) =T3 ~ Ty ~T -~ T32vv -~ 1'24V -~ T34V ~ T < Tk ~ TDZV < D3 < Tg < TNL ~ T4vr. We
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consider pulses with 7, << 7,5, 7y, and 74T, Morever, in experiments performed under the indicated conditions the

inequality 8; << 1 is always satisfied,

o = k(v’loT p/P()E‘I)“T-

In this case the terms containing the ratios of times (Tp/TF)z, (ra/'rp)z, and Tp/,.svr in Eqs. (13), (14), and (17) can be neglected
and Eqgs. (11)-(14) can be linearized, representing p, N;, T, u, V;, and d; in the formz = 1 + 6;z', where z = p, N;, T, and
V, = §V/, d; = §d;, u = éu’.

The system of linearized equations (11)-(14) together with the equations of the form (15)-(17) describing the vibrational
kinetics for the mixture CO,—N, was solved numerically by the method developed in [8]. The nonresonance part of the
polarizability aijV was calculated for the CO, molecule (i = 1, j = 1-3) using the formulas of [6] and for the N, molecule
(i = 2, j = 4) using the formulas of [21].

We consider first the change in the concentration of the components N '(t) and N,'(t) on the beam axis in the presence
of diffusion and heat conduction processes, associated with excitation of molecular vibrations (the characteristic times rmv,
T37s TDa’s T24"> T34'» 7' (i = 2-4 are finite), and in the absence of these processes (these times are infinite).

Figures 1a and b display the functions 8;z'(t’) (z' = N;’, N,’, T' (lines 1—3), t' = t/7p) and Ti(t') (i = 2-4 — lines
2-4) on the beam axis (r' = 0), and Figs. 2a-c display the distributions N,’, N,’, T’ (lines 1-3) over r’ att’ = 1, 8, and 30
(8; = 0.01), respectively, obtained for these two cases (solid and dashed lines) in calculating the action of radiation with
I, = 0.1 kW/cm? and »; = 944.2 cm'l, R, = 0.1 cm for the gas mixture CO,—N, = 0.1:0.9 with T, = 300 K and p, =
1 kPa. It is evident from the distributions presented that the diffusion processes associated with excitation of vibrational degrees
of freedom of CO, and N, molecules (analysis shows that vibrational thermal diffusion, owing to significant gradient of the
vibrational temperatures T,, T; and T4 over r, dominates), significantly influence the change in N;’ and T’ even for t <<
p;i’. Thus, if in the model with 7;V = ;Y = ;¥ = 7V = 00 Ny’ = Ny’ for any t, then when these times are finite,
N;'() # N,'(t"). Since 7, << 7p, att ~ 7y, in the case 7;¥ = mp;¥, ;Y = oo the distributions N;’, N,’ and N’ as a function
of r are identical to the distribution p’(r), and p' = —T’'. When TDiV and TiV are finite, vibrational thermal diffusion processes
strongly influence the character of the distributions N;'(r). The behavior of N;'(r) is determined by competition between two
diffusion fluxes, oriented in opposite directions. The first flux is determined by the gradient T, (for short t VT, > 0) and, since
D,V > 0, it is directed from the periphery to the center of the beam. The seond flux is determined by the gradient of T,
(VT; < 0), and since D3V > 0, the gradient is oriented from the center toward the periphery. The interaction of these two
fluxes results in a quite complicated distribution N,'(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 iy. This section shifts with time toward the beam axis
owing to the decrease in VT,. The diffusion flux for N,'(r) is determined by the magnitude and sign of D,V and depends on
VT,, VT; and VT,. For this reason, according to Eq. (18), the behavior of N,'(¢) is similar to the behavior of N;'(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;’ # 0. Thus, if N; = 0 for rijv =1V = ;¥ = oo evenatr’ = 6, then in the case when these times are
finite N’; = O only at 1’ = 15.
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Since én is determined, to a significant degree, by the change in the concentrations N, and N,’, it is obvious that the
behavior of dn(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 én(t') at r = 0 are displayed for the mixture CO,—N, = 0.1:0.9
and 0.2:0.8 (lines 1 and 2) with Ty = 300 K, py = 1 kPa, and I = 0.1 kW/cm? for the case when rijV =7’ =7V =o
and when these times are finite (dashed and solid lines, respectively). It is evident that the influence of the vibrational thermal
diffusion on én weakens with increasing CO, concentration. Figure 4 illustrates the relative role of the concentration component
én and the contributions of nonresonance parts of the polarizability, which are caused by excitation of separate modes of CO,
and N, molecules, to én. Here the lines 1-4 refer to the functions én(t), owing to the changes CO, and N, (the scale for the
concentration component én 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, and N, concentrations has
the determining influence. The change in n owing to the change in polarizability can compete with the concentration part n
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, dn is not related by a simple relation to the change
in the temperature T (6n = —(ny — 1)8T/Ty), 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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