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There has recently been a considerable increase in interest in the theory of vibrational 
relaxation of molecular gases in systems having intensive external action. Such action oc- 
curs, for example, in the creation of a population inversion in molecular gas lasers through 
the absorption of resonance radiation, as well as in the laser initiation of chemical reac- 
tions and isotope separation. Until now, however, the principal attention has been paid to 
the change in the relaxation rate (or the chemical reaction rate) under the effect of the 
perturbing factors, and the question of the final state arising under a steady external ac- 
tion has not been considered. The question of the final state was first discussed on the 
example of a system containing sources of fast particles in [i]. The distribution of vibra- 
tional energy in a one-component gas in which a "dissociation--three-particle recombination" 
reaction, initiated by laser radiation, takes place was subsequently studied in [2, 3]. 

The purpose of the present report is to analyze the distribution of molecules by vibra- 
tional levels and the dependence of the number of vibrational quanta in a binary mixture of 
reactive molecular gases on the intensity and character of the laser pumping. 

i. Let us consider a two-component system of molecules of types A and B. Let the radi- 
ation be efficiently absorbed only by molecules of type A, which is easily realized in the 
case of A~mol - I~A - ~BI >> g~las (mA and mB are the vibrational frequencies of the molecules 
and Amla s is the half-width of the laser radiation line), with &~mol being such that the ef- 
ficient exchange of vibrational energy in the collision of oscillators of different types is 
still possible. To describe the action of the laser radiation on such a two-component molec- 
ular system we adopt the following model: a) The molecules are modeled by truncated harmon- 
ic oscillators with frequencies mA (number of levels ~) and mB (number of levels ~); b) the 
vibrational relaxation in the system is due to one-quantum vibrational-vibrational and vibra- 
tional-translational exchange; c) rotational relaxation is assumed to have ended and is not 
considered; d) with steady excitation by laser radiation with a frequency Wla s either vibra- 
tional transitions n ++ n + i with probabilities Wn,n+~ and Wn+: ,n, n = 0, i, 2, ..., k (cas- 
cade excitation of vibrations up to level k), or transitions n = 0 ~t n = k with probabilities 
Wok and Wko (multiquantum excitation) occur only in the oscillators of type A; the value n 
k is determined by the excitation conditions and by the relationships between mlas and mA and 
mB; e) collisional dissociation of molecules of each component takes place from the limiting 
vibrational level; recombination of the product atoms during triple collisions leads to the 
formation of molecules at the limiting vibrational level of the discrete spectrum (if the re- 
action products recombine into molecules of a new type C then their concentration is assumed 
to be low in comparison with the concentrations of molecules of types A and B); f) the flow 
of energy into translational degrees of freedom due to the optical pumping is compensated by 
the removal of heat outside the system, so that the temperature of the translational degrees 
of freedom can be taken as constant. 

Within the framework of this model the system of basic gas-kinetic equations for the 
populations of the vibrational levels can be represented in the following form: 

dx---'~n -~ P lo  (A) I(,~ - -  i )  x~+l - -  [ (n  + 1) e -~ + n] a:,~ ~- ne-O-~xn_t} + dt 

+ N.~v,.,:,'~~ (AA) {(1~ + 1) (1 ' aa )  x .+l  - -  [(1~ + 1) ~ --  n (~ + o~A)] x~ ~ 

nacx._~} + NBQ~ (AB) {(n + t) (t  ~- aB) x~+l - -  

-- [(,~ - I) ~,e~ § n (I + a.)] z. + ,~,e~x._~} + W-- 

- -  Z [P.d (A~) X ~ x , , -  Pd. (a~) N#V~] 6,~., n = 0, t . . . . .  ~; (1 .1 )  
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dN a d-'-f- = ~ [ Pug (A~) X~x~ -- P~a (af3) N~N2a]. (1.2) 

For the molecules of type B the equation s for the populations Yn of the levels have an 
analogous form (where Wko = 0, however). Here A = 0B -- CA; 0A = ~mA/kT; 0 B = N~B/kT; T is 
the temperature of the gas; N~ and N b are the total numbers of product atoms per unit volume 
formed through the dissociation of molecules A and B; P~d and Pd~ are the numbers of colli- 
sions per unit time transferring molecules from the limiting level ~ to the continuous spec- 
trum and the reverse, respectively (with a unit concentration of molecules and atoms); 
PIo(AA), Q~(AA), and oI Q~o(AB) are the probabilities of one-quantum processes of vibrational-- 
translational energy exchange (V--T process) and of vibrational--vibrational energy exchange 
within (V--V process) and between (V--V' process) components, respectively, normalized to a 
unit time and a unit concentration of the partners in the collision. 

The probabilities P~o(A) and P:o(B) of the V--T processes in each component are deter- 

mined  f rom ~he e q u a t i o n s  P~o(A)=~_~N~P~o(A~);P~o(B) , ~ r  = . r ~ P ~ 0 ( B ~ ,  where  NB i s  t he  number  o f  

p a r t i c l e s  o f  t y p e  B p e r  u n i t  vo lume  ( h e r e  and b e l o w  the  i n d i c e s  B = a and b p e r t a i n  to  t he  
concentrations of the product atoms while the indices ~ = A and B pertain to the concentra- 
tions of molecules of types A and B). 

The term W in the right side of (i.I) describes the variation in the population x n due 
to pumping. In the cases of cascade and multiquantum pumping W has the respective forms [4] 

w = / ( i ~  ~ )  w,~+, ,~xn+, - [(i - 6.~) w,, .+~ + )~Z,,- ,]  x~ + ~5_.,  nz,,_~; 
((W~,~x~. - -  W . ~ x , , )  ~,,o + (Wonxo - "  W,~oX,J 8,,~, 

where Wn+~ ,n and Wnk are the transition probabilities in sec -~ 

The variation in the average supply aA = nx~/.~A of vibrational quanta per molecule 

is described by an equation obtained from the system (I.I) by multiplying each equation of 
(i.I) by n/N A and then summing [5]: 

~2::_~ _ : , ~  - . . > .  . ( I  " % 0  ;"B e~  - -  ( I  - -  ~;B) ~.~ 
:.!'~ ( A )  _ ( A B )  

(1.3) 

where 

i ", n=u .. , ~ -  for cascade excitation, 

] ,~]V~0 (x ~ __ x.._:) ~ - -  for multiquantum excitation; 

aB == ~ nyn/VB ; a~o) = e-0A/(l _ e-CA) and a~o) = e-0B/(l e -0B) are the equilibrium values 
n=0 

-(B~) = of a; ~(A) = I/P1o(A)(l -- e -0A); T~ B) = i/elo(B)(l -- e-0B) " ~(A~,) = I/NBQ[ ~(AB); XVV' 
~VT VT ' VV 

I/NAQ~(AB). In the derivation of Eq. (1.3) it was assumed that Wn,n-~ = nW, o and Wno= Wo n. 
The equation for ~B has a form analogous to (1.3) with W' = O. 

The relationships between the particle concentrations 

1 
Na = N~ NB + -5- Nb = N~, ( l .  4) -VA + T 
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where NX and N~ are the number densities of particles in the system, also follow from the 
gas-kinetic equations for Xn and Yn. 

Equations (1.1)-(1.4) form a rather complicated system of nonlinear differential equa- 
tions. In the future, therefore, we will examine a number of particular cases when the prob 
lem admits an analytical solution. 

2. The form of the vibrational distribution function and the dependence of a on the 
probability of optical pumping in the final (steady) stage of the "dissociatiorr-triple recom- 
bination" reaction, for which the recombination of product atoms is important, are of inter- 
est for clarifying the possibility of obtaining high steady concentrations of product atoms 
and high coefficients of enrichment in a binary isotope mixture. In this stage of the reac- 
tion one is able to obtain analytical expressions for the vibrational distribution functions 
from the kinetic equations (I.i) by the method of double summation [5, 6]. In the case of 
multiquantum optical pumping they have the form 

32 n ~ 37 O 

D 1 r_--"_~ ~ - 7  ~.-k 

l<~n~< k; 
�9 ~n--k 

( 2 . 1 )  

where Xo is determined from the normalization condition xn ~ _VA; 
n=O 

~A-~ Ci/Di, 
- ' 0 1  , T 0 1  

C1 = Plo (A) e - ~  ~- -~.~Qio (AA) aA  -7 ABQIo (AB) e~aB, 

~ ,~o~ (AA) (l ' ~.0 + ~V.O~ (t § =~); DI = Pl0 (A) + . , . ~ w o  v- 

( 2 . 2 )  

and similarly for component B 

Y. = Yo~,  l < n < v, 

\n=O / 

~B --  C~./D2, 

C.a = P lo (B) e - ~  + N B Q ~  (BB)  aB 7 A~AQio (AB) a A, 

= . , v ,~o~ (AB)  e A D2 P~o (B) -h N B Q ~  (BB)  (I + aB) -r  ,, AVio (t + aA).  

(2.3) 

(2.4) 

If we introduce into the analysis the vibrational temperatures T(A) and T(B# of each compo- 
viD ViD nent, determining them from the equations 

�9 re(A) ~ (B) e - - ~ 4  
= = h(OB; k T  vib' ff A [ItOA,"Iilvi b, ~B : O~ A '(1 "-7 a.4), 

and e -eB = ~B/(1 + a B), and the "effective" temperatures T (A)eff and *ef~m(B)-: OA = h~A/kTe(Af) f' OB = 

h~B/kT-(B)=, ~A = e-~ and ~B = e-e'B, then the distribution functions (2.1) and (2~ can be 
ezz 

represented :in the form 

x,~ = N AFne - n ~  0 ~ n ~ 7~, 

x n = N A F h e  - n ~  t + k ~ n ~ p ;  

gn = N B  G e - n ~  0 ~ n ~ v, 
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where the form of the functions F n (characterizing the degree of distortion of the Boltzmann 
distribution by the optical pumping) and G is clear from (2.1) and (2.3). 

In the absence of pumping, as is easy to see from (2.2) and (2.4), SA = e-CA and SB = 

-0B, e and Eqs. (2.1) and (2.3) are changed into 

x n = N(OA)(t - -  e--OA)e -'~eA, 04 n< p.; 

y n - ~ N ~ ) ( l - - e - O B ) e  - n ~  O ~ < n < v .  

respectively, where N~ ~ ) and N~') are the equilibrium concentrations. 

It is seen from (2.1) that when Wko/D~ >> 1 (strong pumping) the level populations x n 
cease to depend on the optical pumping intensity; i.e., the molecular system reaches satura- 
tion conditions. The saturation effect is connected with the fact that there exists a so- 
called "bottleneck," determined by the quantity D,, which limits the rate of introduction of 
radiant energy into the system of oscillators. 

From the equations presented above it is seen that optical pumping causes the separation 
of the vibrational temperatures T(A) and T(~ from the translational temperature T, distort- 

vib VID 
ing the Boltzmann distribution in levels n~k in the component A. However, the vibrational 
distribution function retains the Boltzmann form for all the levels of component B and for 
the levels n > k. 

If we are confined to the case of a low translational temperature (e -0A, e-0B<<l), then 
we can obtain explicit expressions for the distribution function in the limiting cases of 
high and low concentrations of the product atoms. 

i. NA, NB>>Na, Nb. ' In accordance with (1.4) we must set NA ~N ~ and N B ~N~ in all 
the equations. A further simplification is connected with the estimation of ~A and ~B. The 
quantities ~A and ~B can be estimated as follows. From Eqs. (2.2) and (2.4) it is seen that 
~A~ aA/(l + a A) when ~A >>N~ and ~A < aA/(l + CA) when N~ <<N~. Therefore, 

e -~ <~ ~A ~< ~ / ( t  § ~ )  ( 2 , 5 )  

and  similarly, 

--A/ (2.6) 

The relations (2.5) and (2.6) lead in a natural way to the analysis of the limiting 
cases ~<< I, a<<l; ~<< i, a < i; ~I, a > i: 

a) ~A, ~B <<i, in which case the distribution functions of the molecules by vibrational 
levels take the form 

W~ o t 
i-~ D~ k ro 

Xo----/~A ' Wk E i " 

Who i 
t + DI n~n 

--a (2.7) -0 ~n x~=A--~  ~ I " ~'~" l ~ < n < ~ k ,  

r~ .. 

Who t 

( k t )  ~'~' , Who t ~,  

r = l  

N O t n ( 2 . 8 )  
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It follows from (2.7) that in the levels l~n~k the distortion of the Boltzmann dis- 
tribution for molecules A follows a i/n law. For weak pumping, i.e., when Wko/D~ <<i, the 
populations of the levels depend linearly on Wko. For strong pumping (Wko/D: >> I) the pop- 
ulations of the levels no longer depend on Wk. (i.e., the molecular system reaches saturation 
conditions): 

,Zn, 

x o = N ~ 
h ~ 

t §  X:, 
r = l  r 

t , k n 

T - ~  -Lr 
= N  ~  ~ ~I, t + ~ < n ~ < , ~ .  

r = i  r / 

Xn 

(2.9) 

Under saturation conditions, as seen from (2.9), the distribution function in levels 
I~ n~k differs strongly from a Boltzmann distribution and varies with the number of the 
level as i/n; in levels I + k~n~ the distribution function becomes a Boltzmann distribu- 
tion (with an effective number of particles). Such behavior of the distribution function 
suggests a steady distribution in a system of anharmonic oscillators, which was studied in 
[7] .  

b) ~A, ~B ~I, in which case the approximations (2.1) and (2.3) of the distribution 
take the form 

W k  __k t 
i - -  T t ~  " 

Xo = x.~ (I - ~A) 
W ~ 1 '  

z~ = x~ (t - ~A) TM ' W ~ 7 -  + r=l  , ! ~ n ~ k ;  

�9 I --' W~~ 

, W ~  o t ~ _  

r=l 
~_4, 

, - W ~ o ~  ~ ~ 
' D~ =-7- 

x = = N  ~ 1 k%~<~!t: 

(2.10) 

O ~  n ~.~ v .  (2.11) 

[The sums entering into (2.10) and (2.11) were estimated in the approximation k<<~, ~.] 

Under the conditions of weak and strong optical pumping the function (2.10) is reduced 
to the expressions 

][VkO ~n  

W~ o t 
b~ >> l :  Xo=XOA - -  ~A; 

=A 

~ ;-~ v t + ( ~ _ ~ )  ~ 
i-- 6 A -:~ r Xn ~ =yO A r = t  r = l  r 

;A -%7 1 

~ r  

(2.12) 

Under saturation conditions, as follows from (2.12), the distribution has the character 
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of a plateau (in levels 0~n~k), which changes into a Boltzmann distribution for I + k~ 
n~. The difference between the forms of the distribution in cases a) and b) is explained 
by the fact that when ~<< i the effect of distortion of the Boltzmann distribution by laser 
pumping plays the main role, while when g~l the effect of an increase in the vibrational 
temperature plays the main role. 

2. Let Na, Nb>>NA, N B. Then, in accordance with (1.4), N~ >>2N~ and N b ~2N~. We 
will also assume that 

P~o (A) e--OA>> N AQ~ (AA) r 3'~Q~o (AB) e ~ ;  
. o~ A o~ Pao (B) e -~  >> :\ ~Q~o ( B )  aB, :VAQ~o (AB) c~.~. 

In this case for low translational temperatures the distribution functions of the mole- 
cules over the vibrational levels will have the form of (2.7) and (2.8) where now gA ~ 
-0A Op , 

e , gB~e -0B, Dt ~2N~P~o(A~) + 2N B to(Ab) and N~ will be replaced by NA, which can be 
found from the law of mass action under the nonequilibrium conditions being considered. 

3. Let us find the dependence of the supply of vibrational quanta a A and ~ B on the 
probability of optical pumping. In the steady case being considered the equations for ~A 
and a B have the form 

Ti;~) _IA/4) 

I-- ":h 

C,:E ~ l )  (1 + ~g.4) =B eA - -  (1 -~- ~B)'Y'A 
TCB~ v~' -vB/-v.~C ) 

=0.  

(3.1) 

It is seen from the equations that when (NB/NA)~_~)< <tA. T~B'vTt~ vibrational "quasiequilibri- 

um" [8] is established between the components, determined by the equation 

r + ~za) = ~Be~/(i + ~zB), (3.2) 

where ~A and a B depend on Wko. 

When Wko ffi 0 the system (3.1) has a unique solution corresponding to the state of total 
statistical equilibrium. 

Let us investigate the dependence of ~ on Wko. 

a) 
(3.1) 

where 

Let N a, NB >> t~,  N~, 

~h, gB<< i, and in the case of a A, a B <<i we obtain from the system of equations 

kWk o i + r a" 

~B ~ (Z(~)) '- kWtt~ % 
Plo (A) i -:- q)2' 

(3.3) 

(3.4) 

N O  rjOl Avi0  (AB). 
pro(B) ' 

TO 01 
3 BQIo (AB). ~,~o ,,~ol (AA) '-2- vo ,,~ol (AB).  
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When Wko/D~ ~ 1 one can obtain from (2.7) and (2.8) approximate expressions for the 
supply of vibrational quanta: 

'~ kWho/D ~ 

D, -;- 

(3.5) 

and similarly, 

F" 4~. \ 

where 

_ Y ~  ( B B )  -- VO ,,-)OI (AB) e • (1 --' " - '  a ~ o  ~ x ) .  ,v ~ (A~:,  , 
P = -o o, ' q - -  vu,qo~ (BB~ A BQIo (BB) "' B'~10 , 

It follows from (3.5) that at high pumping rates (Wko/D, >> i) 
quanta does not depend on Wko (saturation conditions) and equals 

k \ . - !  

\ r=l . 

(3.6) 

the supply of vibrational 

(3.7) 

b) SA; $B ~i, in which case using (2.1) and (2.3) one can obtain e~x~/2 and =~ax 

<~/2. It should be emphasized that such values of ~A and ~B and the corresponding vibra- 
tional temperature Tmax ~hm/k in (i + amax)/~ max represent an upper estimate and evidently 

vib 
are not attainable in practice. 

2. Let Na, Nb >> NA, NB. In the case of NaP:o (Aa) + Nbe~o(Ab) ~NAQ~(AA)(i + ~A) + 
NBQ~ (AB) (i + ~B) and ~ << i, the expressions for the average supply of vibrational quanta will 
have the form (3.3)-(3.7), where N~ and N~ must be replaced by N A ~2NIP~o(A~)/Q~(AA) and 
N B ~,~ 2 N ~ P ~ o  ( A b ) / Q ~ ( A B ) .  

If ~A~e -0A and ~B~ e -0B, then from (3.1) we obtain 

cr ~ ~(~> ' /dV~ o 'D~ c~.,~ 
Wk ~ ~ ; ~ B ~  . (3 .8 )  

Op o 2N~PIo(Ab) where DI~ 2N A : (Aa) + 

It follows from (3.8) that when Wko/D: >>i we have 

\ I ' l l _  

By comparing this value with (3.7), we see that under saturation conditions the average sup- 
ply of vibrational quanta per molecule in component A reaches its maximum value, which does 
not depend on the degree of dissociation of the molecular gas. 

3. The dependences of ~A and ~B on the dimensionless probability of optical pumping 
O O Wko/NAQI~(AA) calculated from Eqs. (3.3)-(3.7) are presented in Fig. la, b [a: curve i de- 

scribesaone-component system and curves 2-4 correspond to the values N~/N I ~ i~ 10a,,and 
i0 ~ and k = l; b: curves i (for ~A) and 2 (for a B) correspond to the value NB/N ~ = i0 while 
3 (for ~A) and 4 (for ~B) correspond to N~/N~ = 104; k -- i]. The following values of the 
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q i 
I . 

1 0  -1 1 0  

- - i  i l o I t  I i l  o 

yO -~" I 0 ~  

~0 "~/0 , ~ , 10-5~ ,-q 
I 0  ~ r I 0  ~ 10 -~ 1 I 0  6 10 

%/A,~176 

Fig. i 

molecular parameters were used in the calculations: 

P*o (AA) ~ Pto (BB)~ Pto (AB); QO~ (AA) ~ Q~ o (BB) ~ Q% (AB); 

0~, (AA)/P~o (AA) = 105; P~o (Aa) ~ P~o CAb) ,~ P~o (Ba) >.~ P~o (Bb); 

Q~ (AA)/P~o (Aa) -- 2.10a; 

U = 9 = 25; hm A = 2359.6 cm-1; A =--0.I; T = 300~ These molecular parameters correspond 
to a mixture of the isotope molecules =SN= (type A) and ~gN2 (type B). It should be noted 
that because of the absence of an intrinsic dipole moment the direct excitation of homonu- 
clear molecules in a laser radiation field is extremely inefficient. It is known, however, 
that such molecules are active in the generation of combination scattering (with the condi- 
tion that m A = mla s -- Us, where m A and u s are the frequencies of the molecular vibrations and 
of the scattered quantum, respectively). This process can lead to the selective heating of 
the vibrational mode with the frequency mA. Such a possibility was demonstrated experimen- 
tally in [9] on the example of the initiation of the nitrogen oxidation reaction. 

From Fig. la, b and Eqs. (3.3) and (3.5) it is seen that for small values of the proba- 
bility of optical pumping the behavior of ~A is characterized by a linear dependence on 

O 01 
Wko/N~Qzo(AA). With an increase in Wko the dependence ~ = ~(Wko) becomes nonlinear, and with 
a further increase in the pumping rate saturation conditions are reached. Figure la, b also 
illustrates the effect of the ratio N~/N~ of concentrations of the components on the depen- 
dence a = e(Wko). The peeling off of curves 2-4 in Fig. la from curve 1 which describes a one 
component system is explained by the fact that in proportion to the dilution of gas A by 
gas B (this corresponds to an increase in the parameter N~/N~ when NI = const) with s fixed 
pumping intensity the supply of vibrational quanta ~A decreases because of dissipation by 
V--T processes and the transfer of vibrational energy from component A to B due to V--V' pro- 
cesses. 

O O 
From Fig. ib and Eqs. (3.1) and (3.2) it is seen that for values of NB/N ~ satisfying the 

�9 O O  relation N~P,o(BB)~ N~Q~(AB) the condition (3.2) is violated starting with a certain pump- 
ing intensity: ~A becomes greater than ~B; i.e., the oscillators with the larger quanta are 
more strongly "heated." 

Thus, as shown by the calculations conducted, the presence of laser pumping under steady 
conditions leads to distortion of the equilibrium distribution function of molecules of type 
A by vibrational levels (for l~n~k), leaving the vibrational distribution function of 
molecules of type B undistorted, and to separation of the vibrational temperature in both 
components from the translational temperature, and for certain concentration ratios it can 
also cause the violation of the condition of quasiequilibrium between the component s defined 
by Eq. (3.2). 
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CALCULATION OF CHEMICAL- AND VIBRATIONAL-NONEQUILIBRIUM FLOW 

OF A MULTICOMPONENT GAS THROUGH A NOZZLE 

V. M. Vasil'ev, S. V. Kulikov, and O. V. Skrebkov UDC 533.6.011.8 

INTRODUCTION 

The calculation of the flow of a mu!ticomponent gas mixture under certain conditions re- 
quires the joint allowance for the kinetics of the chemical reactions and the processes of 
vibrational energy exchange. Until now, however, such calculations have not been made in a 
sufficiently general formulation, and this is explained both by the complexity of the mathe- 
matical solution and by difficulties connected with the systematic formulation of the prob- 
lem and the absence of data on many of the kinetic characteristics, particularly those de- 
scribing the interaction of the processes of chemical and vibrational kinetics. 

In practice one usually assumes that the separation of these processes is possible. Un- 
der specific conditions this can actually be justified. For example, for nozzles of rela- 
tively large diameters and with high reservoir temperatures (To N 3000OK), such as in appli- 
cation to the calculation of the flow parameters in rocket engine nozzles (see the review in 
[i], for example), it is sufficient to allow for only the chemical nonequilibrium, assuming 
in this case that the vibrational degrees of freedom of the molecules are in equilibrium with 
the translational degrees of freedom. The soundness of such an approach is due both to the 
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