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The system of equations of hydrodynamics, which describes the process of escape of the
mixtures CO, + N, + He, H,O from a nozzle, is solved numerically in conjunction with the
equations of the kinetics of the excitation of the vibrational degrees of freedom of the mole-
cules. It is found that an inverted population of the CO, molecules with respect to the
transition [00°1] — [10°0], is produced under certain conditions at the exit from the nozzle.
The magnitude of the inversion depends both on the nozzle configuration and on the initial
values of the gas temperature and pressure, It is shown that for a specified nozzle con-
figuration there exist optimal values of these parameters, at which the inverted population
of the 'CO2 molecules reaches approximately 10! cm™3,

The possibility of obtaining inverted population of the vibrational levels in rapidly expanding streams
of molecular gas, particularly in a CO, + N, mixture, was indicated in [1, 2]. . The theory of gas-dynamic
quantum generators was developed in [3-6]. In these studies, the gas molecules were regarded as harmonic
oscillators that exchange energy by collision, In the calculations they used a model proposed in [7] and
based on the assumption that local thermodynamic equilibrium with a certain temperature T; prevails over
levels that belong to a definite normal oscillation mode i.

The vibrational relaxation of a CO, + N, system escaping from a Laval nozzle was investigated in [3].
The probability of exciting the vibrational levels of CO, by collisions with N, and CO, molecules and the
probabilities of exchange of quanta between different modes of CO,, and also between the molecules N, and
CO,, were determined in accordance with the Landau—Teller theory developed by Herzfeld and co-workers
[8]. It should be noted, however, that the expression given in [8] for the transition probabilities does not
take due account of either the attraction forces between the molecules, which play an important role at low
temperatures, or the orientation of the molecules upon collision [9].

An important question in these problems is the determination of the energy-exchange probability near
resonance. Thus, for example, experiment shows that the Landau—Teller theory does not give the correct
temperature dependence for energy exchange between vibrational degrees of freedom of N, and asymmetric
valence vibrations of CO,. In this case, according to [10], the exchange probability is determined entirely
by attraction forces and not by repulsion forces as assumed in the Landau—Teller theory.

The vibrational relaxation of CO, + N, + He mixtures in free expansion was calculated in [4].

In [5], which reports the results of an investigation of the chemical and vibrational relaxation in
supersonic streams of carbon dioxide, the expressions used for the probabilities take full account of the at-
traction forces within the framework of the Landau—Teller theory, but the orientation factor differs sig-
nificantly from the data obtained in [9], which should perhaps be regarded as the most reliable.

On the other hand, for energy exchange close to resonance, the temperature dependence of the proba-
bilities given in [5] does not agree with the experimental data.
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In [6], in a calculation of the behavior of the system CO, + N, + H,O in expanding streams, only the
experimental values of the probabilities of transition between levels were used. It was assumed there that
the exchange of quanta between the (10°0) and (02°0) state of CO,, and also between CO,(00°1) and N,, occurs
instantaneously.

The results of the calculation in [6] do not represent a systematic investigation of the vibrational re-
laxation following expansion of the gas in the nozzle; they pertain only to one variant, when T = 1500°K and
p, =10 atm. The case T = 5100°K without allowance for dissociation has no practical significance.

In the present paper we report a systematic study of the influence of nitrogen, helium, and water vapor
on the degree of inverted population of the (00°1) level of the carbon dioxide molecule, and also its depend-
ence on the temperature, gas pressure, and nozzle configuration. The probabilities of the processes of ex-
citation and deactivation of the vibrational levels of the molecules CO,, N,, and H,0 were taken mainly from
the experimental papers.

We consider adiabatic one-dimensional flow of a multicomponent mixture of relaxing gases in a nozzle
of special configuration. The mass, momentum, and energy conservation equations and the equation of state
for this flow are

Ax)pu = Apu, 68
du _ _ dp 2
U = — ) 2)
kT + 00 D) By 4 olE, + ymu® = mH, @)
i=1
P
p=p—T ~ 4)

Here p,u, T, and p are respectively the density, velocity, temperature, and pressure; « ) are the

molar fractions of the mixture component; m=2a® m®; m® is the mass of the molecule of the s-th com-~
5

ponent; H, is the specific drag enthalpy; E{ is the vibrational energy of one gas particle. The indices s =

1, 2, 3, and 4 pertain to CO,, N,, He, and H,0, respectively; and the indices i =1, 2, 3 pertain to the sym-

metric-valent, deformation, and asymmetric-valent vibration modes of the CO, molecule; i = 4 denotes the

vibrational motion of the N, molecule. The values in the critical cross section of the nozzle are marked

with an asterisk.

We investigate in the present paper the vibrational relaxation of two mixtures CO, + N, + He, H,0,
for which the following scheme of reactions is assumed:

CO, (0130). - M 2.CO, (00°0) + M + Aey ()
K.y
K,
€O, (00°1) + N, (0):K:’ CO, (W0°0) + No (1) + A, ®)
K,
N, (1) + H,0 (00°0);E: Ng (0) + H,0 (0120) + Agg M
Ki
CO, (00°1) + H,0 (00°0) —==C0, (00°0) 4 H,0(0110) +- Ae, (8)
Ky
€0, (00°0) + Hy0 (01:0)—— G0, (0120) -+ Hy0 (00°0) + A ©)
Ks
CO, (00°1) + H,0 (00"0)%:(]02 (0420) + H,0 (0110) -+ Ag, (o)
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. y
€O, (00°0) + H,0 (0410) - CO, (10°0) + H,0 (00°0) + Ae 1)

Kx

CO, (10°0) + M :I;: CO, (02°0) + M -+ Ae, 12)

Kl
CO, (00°1) + zv.r:K_--'_co2 (0310) + M + As, 13)
Ky )

CO, (00°1) + M T—=CO, (1120) + M + Asy, (14)
Ky

€O, (10°0) +- Hzo:K::: €O, (00°0) + H,0 + Aey, (15)
Ky

Na (1) + M;-Kt: No(0) + M + Aegy (16)

\

‘Here M is any of the particles CO,, N,, He, H,0; Ae j is the heat of the j~th reaction; Kj and K_j are
the rate constants of the direct and inverse reactions, respectively (=1, ..., 12).

It is assumed that during the course of the development of reactions (5)-(16) there exists local thermo-
dynamic equilibrium within the vibrational degrees of freedom of the molecules CO,, N,, and H,O. This is
correct, since we are considering sufficiently low temperatures and lower vibrational levels. Under these
conditions, the exchange of vibrational quanta within each mode, which has probabilities close to unity, en-
sures the existence of a Boltzmann distribution over the levels [11] and consequently the existence of a
vibrational temperature. The vibrational temperatures of different modes Tj, generally speaking, are not
equal to each other and to the translational temperature T.

The energy Ei stored in each natural mode of vibration is expressed by

vy, 2Ry
Ei= T-—:_:l;—’ Ez="1'_f%1 !/z=eXP('—le/]sz)
i

In terms of the variables yj, the system of relaxation equations takes the form

- %(1 - yxf‘ (- yz)? (1 — yg) {K7a® [ys—y, exp (—Ae, [ kT)] (17)

dx

4 4
— D KPa® [y, — y,2exp (— Aeg/ kT)] 4 D) K§a® [y,

8=]1 s=1

— Y1Ys6xp (— Agyo /kT)] — Ky,o® [y; — exp (— Aeyy / kT)]}

4 (18)
dy; 0
B =SB (= ) — g1~ ) { — D EPa® [ — exp(—Ae, / kT)]
s=1
+ 2K:00 [y; — yp0xp (— Aes /1 ET)} - Ko ® (Y3 — yp ys exp (— Agy [ £T)]
4 4
+ 22 KPaO [y — y,? exp(— Aeg/ kT)] + 33} KPa® [y5 — y,?
s=1 : s=1
4
X exp(— Aey /ET)] + Z Kﬁ))a(s) [Ya—Y1Ys 0XD (— Agyo/kT)]}
s=1
d:
ji'/f = T,F:‘,; =yl — )1 - .’/3)3{— Ka® (1 — y,) (43— s (19)
X exp (—Aegy [ kT)] — K a® [y; — ys exp (— Agy [ kT)] — Kgo® [y,
4
— Yaysexp(— Aeg / £T)] — Z K&()s)a(s) [¥s — y2° exp (— Agy [ kT))
§=1
4
- 2 K{?“(s)_[ya ~ Y1yz 0xp (— Agyy/ kT)]}
s=1
d N
Tiy:f = %(1 — ¥ {Kz"‘(l) A~y =yl (1 —ys) [ys — ¥4 {20)

X exp(— A32/kT)] — K2® [y, — ysexp (— Aes/lfT)]
— [y — exp(— Ay, / kT)] (KFa® + Ko@)
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2000, In writing down the system (17)-@20) it was assumed that the density
\7""{ of the molecules in the vibrational state (m, n, p) is described by the rela-
tion

N (m,n, p) = Ngo, [5:" (1 — y)] [(n + 1) 1" (1 — )} g7 {1 — ya)] (21)

000

and the vibrational temperature Tj, corresponding to the deformational
\\ mode of the H,0 molecule, is equal to the translational temperature of the

L7 , mixture, since it is known that the probability of excitation of the vibra~
tional mode of water is extremely large, Py, =126 T-¥2

%, cm We analyze each of the 12 reactions (5)-(16) that take place in the
1 4 relaxing systems CO, + N, + He, H,O.

1. Among the most important reactions are the processes of re-
laxation of the deformation mode (5) in collisions with M = CO,, He, N,,
H,0. The kinetics of the excitation of the v, vibrations of the CO, mole-
Feom” ! cule in a medium consisting of carbon dioxide and helium has been suffi-
.5 ~— 2 ciently thoroughly investigated in a wide range of temperatures, using
various procedures [12]. The results of these investigations for the proba-
J bility of deactivation of the first vibrational level can be approximated by
the following expressions:

3

0.8

Py =4507 2 exp (— 1107~/ 4 1007F5)  (CO—COy)
// Pio= 10T " exp (— 50775 (COs—He)

7

{ / / % cm| Where Py, is the probability of deactivation of the first vibrational level

0 20 4 of one of the three modes. The processes of excitation and deactivation

Fig. 2 of the vibrations of CO, in collisions with N, have not been sufficiently

’ fully investigated, and the results of different authors are different. In

the present paper it is assumed, in accordance with the results of [13],
that the nitrogen molecule is three times more effective than the CO,
molecule ,

04

Prg = 1.3-102T 2 exp (— 1107 4~ 10072

Water vapor is particularly effective in the excitation of vibrations of all gases, including carbon di-
oxide. The reaction (5) in the case M =H,0O has been sufficiently well investigated [12]. The results of the
experiments show that the probability Py, in the case of CO,~H,0 has a negative temperature dependence

Py = 300/T"
This expression for Py, is very similar in form to Py, for the system H,0—H,0.

2. As already noted earlier, exchange of vibrational quanta between the asymmetric valent mode of
the CO, molecule and the N, molecule has a probability whose temperature dependence is not described by
the Landau—Teller formula, Sharma and Brau [10] have shown that such a behavior is connected with the
particular role of attraction in processes with a small energy defect, Under these conditions, the attraction
forces can decisively influence the probability of the process., With increasing temperature, the role of the
attraction forces decreases, and the contribution of the repulsion forces does not reach as yet a noticeable
influence, so that the summary probability decreases. Finally, in a certain temperature region, the repul-
sion forces become decisive, and the probability of energy exchange increases in accordance with the
Landau—Teller theory. This results in a parabolic temperature dependence of the probability of exchange
of quanta between the asymmetric valent mode of the CO, molecules and the nitrogen molecule. The experi-
mental values of this probability can be approximated by a parabola of the type

Q = 4-107%(1100 — T)% 4 6.10—

where Q is the energy-exchange probability.
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3. The deactivation of the excited nitrogen in collisions with water
molecules can be both as a result of exchange of quanta (7) and as a re-
sult of the transition of the vibrational energy N, into the energy of the
translational motion of the molecules H,O (16). Experiment [12] shows
that exchange of vibrational quanta between nitrogen and water vapor oc-
curs with a probability equal to

Q = 10 exp(—100T"%)

The rate of this reaction greatly exceeds the rate of the reaction
(16), where

Plo = 5.5:107% exp(—577~")

At low water-vapor concentrations, the reaction (16) plays a
negligibly small role. In the systems CO, + N, + H,0 used to obtain in-
verted population in escape from nozzles, the concentration of the H,O
molecules usually does not exceed 2%,

4. The reactions (8)-(11) have not been investigated experimental-
ly. Nonetheless, on the basis of the investigations carried out in [10]
and [14] it can be assumed that the first of these processes has a proba-
bility Q = 5 - 107T™!, the second and third have the probability Q =
0.2/T, and reaction (11) has the quite large probability Q = 1/T (the
quanta of the symmetrical valent mode of CO, and of the deformation
mode of H,O are close in magnitude).

5. Owing to the strong interaction between the v, and v, vibra-
tions, the process (12) is exceedingly rapid., This is evidenced by the
experiments of Rhodes and co-workers [15]. On the basis of the results
of [7, 12, 13] it can be assumed that the probability of resonant exchange
(me hvy quantum goes over into 2hv,) is described by the relation Q =
30/T.

6. The deactivation of the asymmetric-valent vibrations of the
CO, molecule can proceed via several channels simultaneously. One
such deactivation channel of the first vibrational level of the asymmetric~
valent vibration is the reaction (13). The experimental results on this
process are fully gathered in the review of Taylor and Bitterman [12].
It follows from the analysis of these results that in the case M =N,, CO,,
H,0 the reaction (13) was experimentally investigated in a suffiently wide
temperature range, whereas in a helium medium it was investigated only
at room temperature. For M = He at temperatures T > 300°K, the proba-
bility of deactivation of the first vibrational level of the »; mode can be
extrapolated in accordance with the Landau—Teller formula, i.e., rep-
resented in the form

Q = 107%xp(—52/ Ty

In the case M = N,, CO,, H,0, the reaction (13) has the respective

probabilities
8 . 1 N
Q=7 exp (=T8I, Q=75 exp (— 5UT'™), Q=0T

Just as for the deformation vibration, the deactivation of the asym-
metric valent mode of CO; in collisions with molecules has a probability
that is inversely .proportional to the temperature. The difference lies
only in the exponent of the temperature and in the absolute value of the
probability.



, /\ 7. Another channel for the deactivation of the asymmeiric valent
! 0. ey vibration of the CO, molecule is the process (14), where one guantum of
44 \z the v, mode goes over into two quanta with frequencies vy and v,, and
/ the remainder of the energy is converted into kinetic energy of the in~
~ coming particle., These processes were investigated experimentally by
2.6 7 Rosser and Gerry [16] for M = He, O,, H,O in the temperature interval
[ T = 400-1000°K. In a helium medium, the reaction (14) has a probability

‘ Q = 0.4exp(—80 / T + 60 / T
0.2 Z,.cm

@ w whose temperature dependence is in full agreement with the Landau—
Fig. 7 Teller theory. However, the system CO,—H,0, as before, is not de-
seribed by this theory; the probability of the process in the entire tem-
oy perature interval remains constant at Q = 4 - 1073,

For the analogous reactions occurring in a medium of nitrogen
and carbon dioxide there are no experimental data, However, only an
insignificant error will result if it is assumed that the effectiveness of
/’ 7 the nitrogen in these processes is close to the effectiveness of oxygen,

7 ie., if it is assumed thatQ = exp(—80/T!/? +60/T¥?%). With respect to
/ the role of CO, we can state the following. First, the effectiveness of

the CO, molecule is not higher than the effectiveness of the H,O mole-
cule, which in this case, as in all other reactions, is exceedingly large
and apparently not lower than the effectiveness of the O, molecule, since
7 3 7 it is known that the vibrational relaxation proceeds more rapidly in a

' medium of its own gas than in a medium of a diluent of the same mass
(of course, no account is taken here of radicals or of molecules having a
dipole moment). On the basis of the foregoing we can assume that in the
CO,~CO, system the probability of the process (14} is described by the
expression

Q = 2.5exp(—80/ T"* - 60/ T

The probability seems to be overestimated, and this leads to a decrease of the inversion at the upper
laser level. In the systems that will be investigated subsequently, however, the concentration of the carbon
dioxide is low, and therefore the role of this reaction will not be decisive.

8. A study of the vibrational relaxation of CO, molecules in shock waves [17] has shown that the de-
activation rates of the states (10°0) and (02°0) are close in magnitude. These investigations were performed
in 2 medium of its own gas. Apparently, it can be assumed that the probability of the processes (15) is
described by a relation of the type Py, = 300/T¥2,

Reactions of the type (1)-{), (17)-(20)were solvednumerically for two types of mixture, CO, + N, + He
and CO, + Ny + H,0, at different initial temperatures and pressures. The composition of the gas was also
varied, '

The calculations were performed for a nozzle whose convergent channel is rounded off to a radius
equal to the diameter of the critical cross section, and the change of the area in the diffusor part of the
nozzle is described by the function

A=A4,+n(z—z,)2tg%0

where x4 is the distance from the entrance to the nozzle to the critical cross section, and 4 is half the
angle at the apex of the cone, which is the asymptote of the diffusor part of the nozzle, The calculations
were performed for a nozzle with a critical-section diameter 8 mm and 8 = 15°.

It follows from the calculations that the vibrational temperatures of the symmetrical valent and de-
formation modes of CO, remain practically constant over the entire length of the nozzle, independently of

the conditions of the problem. This result is perfectly understandable since the vy and ¥, modes are quite
strongly coupled with each other,
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The temperatures T, and T, decrease considerably during the course of expansion of the gas, ap-
proaching the translational value T, and the difference between them depends strongly on the shape of the
nozzle. In principle it is possible to choose a nozzle such that the approximate equality Ty ~ T, ~ T is ob-
tained in a specified nozzle section.

Calculation shows that the vibrational temperature T; of the asymmetric-valent mode changes little
during the expansion of the gas; an appreciable change takes place only during the initial period of the ex-
pansion. This can be attributed, first, to the insufficiently strong coupling of the v; mode with the remain-
ing modes of the CO, molecule and with the translational motion of the particles, and second, to the rather
intense exchange of quanta with the nitrogen.

The almost resonant energy exchange between the CO, and N, molecules causes the temperatures T;
and T, to remain close in magnitude along the nozzle, Since the probability of energy exchange between the
v4 mode of CO, and the nitrogen molecule is inversely proportional to the temperature, it follows that when
the translational temperature is decreased, i.e., when the degree of expansion of the gas is increased, the
difference between T, and T; decreases and reached 20-30°K. In this case T, and T, = T, can differ by 600~
700°K, which leads to inversion of the population of the v 3 mode relative to the population of the vibrational
levels of the deformation mode,

The inversion depends to a considerable degree on the nozzle configuration. The nozzle should be
such that the rapid expansion of the gas causes quenching of the asymmetric valent vibration of CO,, while
the symmetric and deformation modes can continue to be deactivated for a certain time corresponding to
the time of vibrational relaxations under these conditions. Therefore, the optimal nozzle for producing
population inversion should consist of a diffusor part that goes over into a cylindrical channel at a certain
distance from the throat. The location of the junction of these parts depends on many conditions, but at this
junction the temperature T and the particle density should be such that the asymmetric-valent vibration is
quenched, and that the deactivation of the v, mode still continues tobe sufficiently intense. The length of the
cylindrical part of the nozzle depends on the duration of the deactivation of the lower laser level.

\
b

The calculations were performed for a nozzle with a diffusor part 10 cmlong, continued by a cylindri-
cal channel. The first series of the calculations were performed for three values of the initial temperature
T, = 1750, 2000, 2250°K and three values of the initial pressure p, = 10, 15, 20 atm of a mixture 10% CO,~

40% N,—50% He. Figure 1 shows the distributions of the temperatures Ty , 5 of the different degrees of free—
dom of the CO, molecules, of the vibrational temperature T, of the nitrogen, and of the translational tem-
perature T over the length of the nozzle, when T; = 2000°K and p, = 15 atm. The plots for other values of

T, are similar to those in Fig. 1, It follows from an examination of these plots that at the indicated nozzle
configuration the variation of all the temperatures stops at a length on the order of 40 cm, and T, 2 becomes
practically equalized with T. With increasing T, the difference between T, , and T; 4 increases. "The dif-
ference between the populations of the asymmetric-valent and deformation modes AN N(00°1) — N (10°0)

also increases (Fig.2). Curves 1, 2, and 3 of Fig. 2 pertain to the values T, = 2250, 2000, 1750°K, respective-
ly. The ordinates represent the quantity 6 = AN - 10"¥ e¢m=-3. The population inversion sets in at a distance
of about 8 cm from the throat of the nozzle. At T, =1750°K, it appears earlier than at T, = 2000 or 2250°K.
It should be noted that an optimal temperature, at which AN is the largest, exists for any specified nozzle
configuration.

In the region x = 10 cm, a nonmonotonic variation of the § curve is observed, due to the transition
from the hyperbolic nozzle into a cylindrical tube. Indeed, calculation of the gas parameters in a hyper-
bolic nozzle without a cylindrical tube shows that AN reaches a maximum near x = 10 cm; with increasing
gas expansion AN begins to decrease, Thus, the shape of the 6 (x) curve depends on the location of the junc-
tion with the cylinder, whether it is before or after the maximum. In the case considered here, the cyl-
inder junction is already located after the maximum. The difference in the populations of the v and v,
modes, expressed in relative units AN/ Nco, increases strongly with increase of the initial temperature,
although the absolute value of the inverted population tends to the optimum. The reason for it is that the
growth of T, for a given nozzle configuration and for a constant pressure is accompanied by a growth of
the final translational gas temperature T and by a decrease in the gas density.

Figure 3 shows the values of 6(x) = AN.10" i cm'3 along the nozzle for T, = 2000°K. Curves1,2,and
3 pertain respectively to the values py = 20, 15, and 10 atm. At p, = 15 atm the value of 5 (x) reaches a maxi-
mum, from which it is clear that further increase of the pressure is meaningless. Indeed, an increase of
py (at constant T,) leads, on the one hand, to an increase in the number of active particles, and on the other
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to an increase in the rate of deactivation of the vibrational levels of the CO, molecule. As a result, the tem-~
perature Ty , approaches the translational value during the course of gas expansion, while T, and T de-
crease considerably in comparison with the case p; = 15 atm. The net effect reduces to a decrease of the
difference between T, , and T; 4 at the same values of the translational temperature T, and consequently, to
a decrease of AN,

The behavior of the ratio AN/Nc (. is different from that of AN, The largest value of AN/ Nco, is
reached at the lowest pressure. The redson for such a behavior of AN/ Nco, is that when the pressure is
increased (@t T, = const.)the particle density Nco, increases,

To determine the dependence of the inverted population AN of the asymmetric mode of the CO, mole-
cule on the ratio of the nitrogen and carbon dioxide concentrations, we considered the vibrational relaxation
of the mixtures 10% CO,—40% NZ—SO% He, 5% 002—45% N2*50% He, and 20% C02—30% Nz-SO% He at equal
temperatures (T; = 2000°K) and pressures (p, = 15 atm). It turned out that AN has an optimal value for mix~
tures close in composition to 10% CO,—40% N,—50% He (curve 1 of Fig. 4). For the remaining two mixtures,
the inversion is approximately the same, the only difference being that in the mixture with the larger CO,
content (curve 3) the maximum value of AN is reached closer to the throat of the nozzle, and max AN has in
this case a clearly pronounced character.

For the mixture 10% CO,—89% N,—1% H,O0, the calculations were performed at one and the same pres-
sure, but at different temperatures T, = 1750, 2000, 2250°K. Figure 5 shows the profiles of all the tempera-
tures for this mixture along the nozzle at T = 2000°K and p; = 15 atm. They differ little from the corre-
sponding values of the parameters obtained for the mixture 10% CO,~40% N,~50% He. A similar behavior
is exhibited by 6 =AN - 10715 cm™ as a function of x, the only difference being that max 6 (x) is somewhat
smaller in magnitude, and the inverted population begins somewhat later (Fig. 6). Curves 1, 2, and 3 in
Fig. 6 pertain to Ty = 2000, 1750, 2250°K, respectively. The relative magnitude of the inverted population
AN/ Nco, along the nozzle has quahtatwely much in common with AN/ Nco, for the mixture 10% CO,—40%

5~ 50% He

From the analysis of the results above it follows that small additions of water vapor @bout 1%) exert
practically the same action as anappreciable amount of helium. The influence of water vapor depends strongly
on its concentration in the mixture. Figure 7 shows the dependence of the inverted population of the mole-
cules CO, on x for three different mixtures 10% CO,—~89.5% N,—0.5% H,0 (curve 1), 10% CO,~8%% N,—1%
H,0, and 10% CO,—88% N,—2% H,O (curve 3) at p = 15 atm and Ty = 2000°K. It turned out that the largest
inverted population is observed in the mixture with the smallest water-vapor content. This is apparently
due to the fact that, starting with a certain concentration of the H,0 molecules, the rate of deactivation of
the upper laser level of CO, becomes noticeable in comparison with the rate of deactivation of the deforma-
tion vibration.

Comparison of the data obtained by different authors with one another and with the present results is
undoubtedly of interest. To this end we considered the variant proposed by N. G. Basov and co-workers [3],
ie., the system CO, + N,. The calculation was carried out for the conditions of [3] using the probabilities
assumed in the given paper. The results of the calculations are shown in Fig. 8, where the ordinates repre-
sent the quantity ¢ = AN/ N, - 10°, Whereas in [3] {curve 1) they observed an appreciable population inver-
sion, no such inversion exists according to the data of [6] (curve 2). The present results indicate to an even
greater degree that there should be no inverted population under the conditions of [3] curve 3). The point
is that in [3] they apparently assumed too high a deactivation rate for the deformation mode of the molecule
CO,, an assumption that does not agree with the experimental data.

Thus the calculations have shown that expansion of the systems CO, + N, + He, H,O i a nozzle can
yield an appreciable inverted population of the CO, molecules, equal approximately to 1015 em™?, and strong-
ly dependent on the nozzle configuration and on the initial cond1t1ons If the nozzle conflgura’cmn and the
mixture composition are specified, there exist optimal regimes with respect to the initial temperature and
pressure,
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