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Two-phase mixing of streams of vibrational excited nitrogen and carbon dioxide aerosol is suggested as a 
method of increasing the inversion density and improving the energy characteristics and homogeneity of an 
active medium. The mixing, sublimation. and vibrational-relaxation processes are analyzed. Conditions for 
the realization of the model of instantaneous mixing of gas streams are obtained. and the inversion density 
(_ 1017 cm -3), efficiency (_ 3%). and energy output (-120 J / g) are calculated. The possibility of using 
two-phase mixing in electric-discharge and chemical lasers is suggested. 

PACS numbers: 82.70.Rr, 82.40.Tc 

1. From the energy point of view, gasdynamic lasers 
(GDL) constitute systems in which the reserve of vibra
tional energy produced in the adiabatic fast COOling of the 
relaxing gas stream is converted into radiation. The 
reserve of vibrational energy is determined by the initial 
gas temperature and by the rates of the V-T relaxation. 
For example, for expanded heated nitrogen it can be 
large, -600J/g at T~::::4000oK, since the rates of the col-

, lisional deactivation are low. [1] To convert the vibra
tional energy into radiation it is necessary to add to the 
nitrogen stream impurity molecules, on which inversion 

. of the population of the energy levels is produced as a 
result of transfer of vibrational excitation. Typical ex
amples are carbon dioxide molecules, in which the in
version takes place between the vibrational levels 0001 
and 1000, 0200. [2] In this case the energy reserve is de
termined by the rates of the V-T relaxation of the gas 
mixture, which are functions of the composition, tem
perature, and pressure in the stream. In a heated gas 
mixture, in the region of the critical section, the V-T 
relaxation is rapid, and under optimal gasdynamic pa
rameters the inversion density is LiN;5 5 x 1015 cmos, the 
efficiency is T/ ;51%, and the energy delivered by one 
gram of mixture is W;510-20J/g. [S,4] These energy 
characteristics can be improved by mixing streams of 
COOling nitrogen and cold carbon dioxide, [5,6] in view of 
the slower V-T relaxation. The main problem in this 
case is to realize molecular mixing in sufficiently large 
volume and ensure at the same time optical homogeneity 
of the active medium. In the case of diffuse mixing of 
the co-mOVing streams, the mixing zone is small. Tur
bulent mixing makes it possible to increase the zone, but 
the molecule-concentration field turns out to be inho
mogeneous. 

In the present study, to increase the volume of the ac
tive medium and the inversion density, we propose to 
use two-phase mixing of streams of vibrationally-excited 
nitrogen and carbon dioxide aerosol. In accordance with 
the phase-transition diagram, [7] the aerosol consists 
of a gas phase and a solid (cluster) phase, the mass ra
tio of which depends on the temperature and on the pres
sure. In principle it is possible to ensure conditions 
under which the main flow is determined by the solid 
phase and the principal role is played by the mechanical 
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mixing of the streams of the clusters and of the vibra
tional-excited nitrogen, as well as diffusion of the CO2 

molecules in the region between the particles. 

The heat of sublimation of the clusters, which ensures 
additional lowering of the temperature of the gas mix
ture, makes it pOSSible, at a given degree of expansion, 
to raise the stagnation temperature of the nitrogen and 
consequently leads to an increase of liN both as a result 
of increasing the vibrational temperature of the upper 
level and as a result of the lower temperature of the low
er levels. The smallness of the geometrical dimensions 
of the clusters in comparison with the wavelength of the 
radiation should contribute to an improvement of the op
tical homogeneity of the active medium. 

2. We consider the interaction of supersonic streams 
of carbon-dioxide aerosol with temperature Tl and ni
trogen flowing in a channel of constant cross section 
with velocity vN and having a translational temperature 
T2 and a vibrational temperature TN' The clusters in 
the streams sublimate, and a stream of a gas mixture 
of CO2 and N2 is formed. 

From the equations for the conservation of the mass 
flows, the energy flux, and the momentum flux[S,9] be
fore and after the mixing, neglecting the loss of the 
stored vibrational energy and disregarding the energy 
in the lower levels of CO2 , we obtain the following ex
pression for the temperature of the gas mixture: 

T=2.. __ 1_[ (VN-VC')' +~M v '+c M T +2.xkT - M] 
7 (l+x)k 2 (llxMN +lIMc) 2 C c. • C l 2 2 q C • 

(1) 
where x =N/Nd N, N e, MN , and Me are the concentra
tions and masses of the molecules N2 and CO2; Vet and 
ven are the tangential and normal components of the 
aerosol velocity, cp is the specifiC heat of the aerosol, 
and q is the specific heat of sublimation of the solid car
bon diOxide. The temperature of the gas mixture in
creases with increasing T 1, T2, Ven and the difference 
of the velocity of the nitrogen and the tangential com
ponent of the velocity of the aerosol, and is decreased 
as a result of the latent energy of sublimation of the 
clusters. 
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3. Let us analyze the dynamics of the mechanical 
mixing of the gas and aerosol streams, assuming that 
the heat drawn from the ambient goes only to evapora
tion of the clusters. The depth of penetration of the 
clusters and the time of evaporation can be obtained by 
solving the system of energy-conservation and motion 
equations: 

dmldt=-Qlq, mduldt=-F, (2) 

where m is the mass of the cluster, u is the velocity of 
the cluster relative to the gas stream, Q is the heat
flux power, and F is the resistance force. 

The character of the interaction of the cluster with 
the gas stream is determined by the Knudsen number 
Kn = X/l, [l0] where X is the average mean free path of 
the gas molecules and 1 is the characteristic dimension 
of the cluster. In our problem, interest attaches to the 
case when the cluster dimension is small, i. e., Kn~ 1, 
and free molecular flow around it takes place. In other 
words, no boundary layer is produced on the surface of 
the cluster. 

The expression for Q and F is obtained from the mo
lecular-kinp.tic theory. [19] For clusters of spherical 
shape with radius R we can write with sufficient accura
cy 

Q=nR'NkT,u.(s+rc'I,) (s'+2 (T,-T.) IT,) , 
F=I/2nR'NMNu.'S (s+n-"') , 

(3) 

where u,= (2kT2/MN )1/ 2 is the most probable thermal 
velocity of the nitrogen molecules, and s = u/u, is the 
dimensionless velocity. 

The system of Eqs. (2) with right-hand side (3) has in 
general no analytic solution. However, for estimates 
it is advantageous to introduce certain simplifications. 
The first integral is of the form 

[( 
8 ) "I-ToIT.' (S3_8,3)] " 

R=Ro - exp -3- , 
8, 

2 kT, 
a=---

3 ,qMN ' (4) 

where Ro and So are the initial radius and the dimension· 
less velocity of the cluster. Numerical integration of 
the system (2) shows that the function s(t) at initial in
stants of time decreases exponentially with time, and 
then the decrease of the velocity slows down. It is as
sumed further that the decrease of the velocity is ex
ponential: 

(5) 

where 

A _ 3 NMNu. ['(.-TofT., (8,' )] • ---- So tlXp -
8 pRo 3 

is the density of solid carbon dioxide, and p is deter
mined from the condition I ds1/dtl '" I ds/dtl. In this case 
the lower limit of the depth of penetration of the clus
ters and the flux L(t) are determined from the expres
sion 
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Soll» 
L(t)= A (1-e-· ... '). (6) 

p 

The volume mixing is due to the motion of the clus
ters across the gas stream. If VCt = VN , then the mixing 
time tl can be calculated by assuming L(tl) = hl/2, where 
hi is the transverse dimension of the gas stream, when 

t.=-_1_ 1n (1- h.PA). 
pA 280U. ' 

(7) 

The characteristic time of evaporation of the clusters 
~ can be obtained by substituting (5) in (4) and assum
ing, for example, that during this time the volume of 
the clusters decreases by a factor 102: 

2,3qMN lkT,-So'/3 
ta= t 

2pA(1-T/T,) 
(8) 

The molecular mixing of the nitrogen and of the carbon 
dioxide is the result of diffusion to half the distance be
tween the clusters. In a wide interval of parameters, 
the diffusion time is TD :5lO-s sec. 

4. Assuming rapid exchange of the vibrational energy 
between the nitrogen and the asymmetrical mode of CO2, 
and assuming equilibrium of the deformational and sym
metrical modes with the translational degrees of free
dom, the time dependence of the population of the upper 
level Ns of the CO2 molecules is determined after the 
mixing by the expression 

eN [ t] N,=8,Nc ""--exp ----
1+x (1+x)'tv ' 

(9) 

where I::s and I:: are the average numbers of quanta per 
CO2 and N2 molecules Ty = (WccNc + WCNNtl is the time 
constant of the relaxation, while Wcc and WCN are the 
probabilities of the collisional deactivation of the 00°1 
level of the CO2 molecules by the CO2 and N2 molecules. 
The temperature dependence of these probabilities are 
given in[l1]. 

The use of the model of instantaneous mixing of the 
nitrogen and carbon dioxide is justified if the mechani
cal and diffusion mixing, and also the sublimation and 
the passage of the active medium through the resonator 
region (2s) takes place within a time shorter than the 
effective relaxation time Toft = (1 +){)ry, i. e., 

(10) 

The population of the lower vibrational levels of the CO2 
molecules at the initial instant is determined by the 
translational temperature T, which is low, while the 
conversion density tJV is determined completely by the 
population of the upper level. 

In the general case, the requirements imposed on the 
composition can be satisfied if the stream contains an 
admixture of other gases, for example CO. To acceler
ate the relaxation of the lower level in the stream it is 
necessary to add He, H2, or water vapor. Addition of 
H20 to carbon-dioxide aerosol causes an increase of q, 
and consequently additional cooling of the gas stream, 
and also facilitates the condensation conditions when the 
aerosol is produced. 
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5. Let us estimate the inversion density produced by 
mixing of streams of vibrationally excited nitrogen and 
carbon-dioxide aerosol. We consider first an example 
in which the gas dynamic parameters are similar to 
those known for GDL. Let nitrogen heated to T~ = 
2000 K at a pressure Po = 15 atm be cooled on escaping 
through the nozzle to T2 = 300 "K. In a channel of con
stant cross section, the pressure is PN = 15 mm Hg, 
vN = 1. 9x10s cm/sec, and the Mach number is M= 5. 3. 
Since the relaxation of the nitrogen in the stream can be 
neglected, we put TN = 2000 "K, in which case E = O. 2. 
In accordance with relation (1), we assume that the gas 
mixture is not heated, T = T2 at Vc t = VN' Assuming for 
the sake of argument fs = 10-4 sec, we obtain x2: O. 4 from 
condition (10). Assuming on the other hand a single 
utilization of the CO2 molecules, we have x = 5, and con
sequently we can neglect the relaxation of the upper la
ser level. Then t::.N=Ns = 1. 5' 1016 cm-s and increases 
with decreasing x. 

The maximum efficiency of the considered system is 
determined by the relation 

'l=exhv[ 3.51c(1',"+xTx") +hv,e (T,") x+- thY,e;(TcO) r l
• (11) 

,=1 

where II, liN' III are frequencies of the radiation and of 
. the vibrations of the N2 and of the i-th mode of CO2, 8 1 

is the average number of quanta per CO2 molecule in 
. the i-th mode, and T~ is the initial temperature of the 

carbon dioxide from which the aerosol is made. To en
sure the condition v c t - vN it is nec essary that T~ be 
large, and we assume it equal to 2400 "K; this tempera
ture is attainable in a flame of carbon monOxide. In the 
case considered here 17 '" 2%. 

The energy output is obtained from the relation 

(12) 

In this case W'" 60 J/g. We note that in ordinary GDL 
the energy characteristics are worse and cannot be in
creased as a result of the relaxation losses. (3,4] 

Let us determine the aerosol parameters which make 
it possible to obtain the calculated energy characteris
tics. From relation (1) at Tl = 153 "K, q = 596 J /g, (7] 

cp = 1 J/g-deg, [12] and VCt = vN we obtain VCn= 1. 1 X lOs 
cm/sec. Calculating the constants and substituting them 
in (7) and (8), we obtain fl = 2. 7Ro and ~ = 11Ro. At Ro 
:S lO-s cm, the depth of penetration of the clusters into 
the nitrogen stream is L'" 1 cm, and the sublimation 
time is 10-4 sec. A rigorous solution of the system (2) 
yields for Ro = lO-s cm a value L = 1. 8 cm after Q. 8 x 10-4 

sec, in which case the radius of the cluster decreases 
by more than a factor of three. Since the relaxation 
losses in the nitrogen stream are small, the system un
der consideration makes it possible to increase consid
erably the pressure Po and the stagnation temperature 
T~. 

Let us examine the result of increasing the pressure. 
At fs = 10-4 sec and Po = 150 atm we obtain PN = 150 mm 
Hg. In this case the inversion is t::.N= 1. 5 x 1017 cm-s• 
An increase in the stagnation pressure leads to an in-

907 Sov. Phys. JETP, Vol. 44, No.5, November 1976 

crease of the inversion density but, as seen from (11) 
and (12), leaves 17 and W unchanged. The depth of pene
tration of clusters with Ro = 10-4 cm amounts to 1. 7 cm. 
With increasing temperature to T~ = 4000 "K and at Po 
= 150 atm, PN = 13 mm Hg, x= 1. 7, N= 4x1017 cm-3, 

t::.N= 9x 1016 cm-3, 17 '" 3. 3%, and W", 120 Jig. Conse
quently, an increase of the temperature T~ leads si
multaneously to an increase of the inversion density, of 
the efficiency, and of the energy output. 

It should be noted in conclusion that the calculation of 
the energy characteristics was carried out under the as
sumption Vet = VN , which is stronger than might turn out 
in practice. The choice of the optimal temperature of the 
mixture makes it possible to decrease T~ substantially, 
which leads to an increase of 17. In principle, mixing 
of the quasi-co-moving streams is possible, so that Ven 

«vN • In the case of multiple utilization of the CO2 mol
ecules, the energy output tends to a limiting value equal 
to the product of the initial reserve of vibrational energy 
in the nitrogen and the quantity yield (240 J/g at T~ 
= 4000"K). 

6. Let us consider the possible sources of excitation 
losses. At f2 ", fs the clusters move out into the resonator 
region, and this leads to losses of three types: to de
activation of the N2 and CO2 molecules on account of col
lisions with clusters, to absorption, and to scattering of 
the laser radiation. The excited molecule losses 6N 
due to collisions with clusters (concentration Nt) are de

. termined by the expression 

(13) 

where ~ is the fraction of the quenching collisions and 
(Je is the cross section of the cluster. The maximum 
value of 6N at ~ = 1 (all the collisions are quenching) 
reaches at the characteristic parameters a value 6N max 

= eN/3. However, the experimental data(13] show that 
~« 1 when the excited molecules collide with a number 
of materials, and sublimation of the clusters leads fur
thermore to a decrease of 6N. The maximum coeffi
cient for absorption by clusters, au is obtained by as
suming that all the CO2 in one cms is condensed: 

(14) 

where a.:S cm -1 is the absorption coefficient of solid 
carbon dioxide. For the characteristic values Nc we 
have ac -lO-s em-I. 

The scattered radiation can lead to considerable . 
losses in systems with large linear dimensions of the 
active medium, inasmuch as in this case conditions can 
be produced wherein the losses decrease to the level of 
the saturation density. In the system considered here 
the concentration of the scattering centers (clusters) is 
low, their dimension is much less than the radiation 
wavelength, and their total elimination is possible. 

7. The increase of the inversion density in GDL is 
based on obtaining a maximum possible vibrational dis
equilibrium in the gas stream. In this case, when a gas 
mixture is being heated, t::.N is limited by relaxation 
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processes and cannot be increased by raising the tem
perature or pressure (the particle density). An appre
ciable increase (by more than one order) of t:.N is pos
sible in the model of instantaneous mixing of the vibra
tionally excited nitrogen with cold carbon dioxide. The 
large vibrational disequilibrium of the nitrogen, ob
tained in an electric discharge or by high-temperature 
heating, is transferred to the CO2 molecules, the lower 
levels of which remain empty as a result of the low 
translational temperature. 

After effecting the instantaneous molecular mixing, 
the active medium decays with a characteristic time 
Tew the order of magnitude of which should be not less 
than the time of flight of the medium through the reso
nator; this imposes a lower limit on the stream velocity. 
The principal mechanisms of gas-stream mixing are 
diffusion and turbulent mixing, in which individual mac
roscopic regions containing one gas are spread out in 
final analysis also as a result of diffusion. Th'ese pro
cesses impose an upper bound on the velocity. The use 
of diffusion mixing is ineffective because of the small 
depths of diffusion within the time f3• Turbulent mixing 
is faster, for in this case it is necessary that the dif
fusion occur over the characteristic turbulence scale. 
Thus, the inversion density in the case of mixing of gas 
streams depends substantially on the geometry of the 
system, on the ratio of the stream velocities, and on 
the characteristic turbulence scale. 

To obtain laser radiation with controllable mode com
position it is necessary to satisfy the additional require
ment that the active medium be optically highly homoge
neous. Turbulent mixing violates this requirement to 
some degree and is the cause of additional losses in the 
resonator. 

Let us analyze a variant of a system in which the in
jection of the cold CO2 gas takes place in the region of 
the critical section of the nitrogen nozzle. In this case 
the relative stream velocity is large and should lead to 
stagnation and consequently to heating of the mixture and 
to population of the lower level. Losses to relaxation 
depend on turbulence scale. If this scale is small, rap
id molecular mixing takes place and the relaxation 
losses in the critical region will be large. If the scale 
is large, then the losses are smaller, but no molecular 
mixing takes place, and this causes the excited parti
cles to leave the resonator. As shown by exPeri-
ment, [5,6] in this case there is a gain in the increase of 
AN iIi comparison with the usual GDL, but this gain is 
less than predicted by the instantaneous-mixing model, 
apparently for the reasons indicated above. 

The system proposed in the present paper for the mix
ing of streams of excited nitrogen and carbon-dioxide 
aerosol makes it possible to realize in the best manner 
the model of instantaneous mixing and to attain the larg
est possible inversion density typical of flow-through 
gas-discharge lasers. Because of the large depth of 
penetration of the aerosol particles in the gas stream, 
the mixing volume reaches a practically acceptable val
ue within short tiIp.e intervals, so that large inverted
medium volumes can be obtained. The presence of 
clusters in the resonator can ensure, at a low level of 
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losses to absorption and at sufficient optical homogenei
ty in the resonator, an equalization of the field of the in
version density as a result of the change in the composi
tion of the mixture. The model of instantaneous mixing 
is realized, since we can neglect the relaxation losses 
prior to a mixing that takes place in a time shorter than 
the relaxation time. This makes it possible to increase 
appreciably the pressure and the stagnation tempera
ture of the vibrationally excited gas, which are deter
mined by the technical means and not by the losses to 
relaxation as in classical GDL. This makes it possible 
to increase the pressure in the resonator and to relax 
the requirements on the ejection of the gas to the atmo
sphere. By attaining complete evaporation of the clus
ters at the entry into the resonator, we can increase the 
optical homogeneity of the gas-mixture stream. 

It should be noted that a margin for further improve
ment of the energy characteristics of the system is pro
vided by additional non-equilibrium excitation of the ni
trogen in the region of the critical cross section, for 
example, by an electric discharge[14] or with the aid of 
nonequilibrium chemical reactions. 

The main obstacle on the road to realization of the 
proposed system is the formation of a stream of car
bon-dioxide aerosol with a specified average cluster 
dimension, with the largest specific consumption of the 
solid phase, and with a velocity - 105 cm/sec. The 
known experimental results [15-18] point to the feasibility 
in principle of solving the problem by a gasdynamic 
method. One of the possibilities of obtaining a stream 
of clusters with high velocity is apparently gas dynamic 
expansion prior to condensation of the combustion prod
ucts of the carbon monoxide at high pressure in the com
bustion chamber. It is possible also to use acceleration 
and sorting of the previously ionized clusters in an elec
tric field. 

The principle of mixing gas streams with aerosols can 
find practical application also in the development of other 
types of lasers, such as electric-discharge CO2 lasers, 
CO lasers in which CO aerosol is injected, and chemical 
lasers, for example with injection of fluorine aerosol. 
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The mechanism of excitation of atomic fluorescence by radiation having a frequency WI that differs 
considerably (by about 2000 cm -I) from the atomic-transition frequency Wo is investigated. It is shown that 
the observed atomic emission is due to direct excitation of atomic electron transitions by nonresonant 
radiation in particle pair collisions. The process is interpreted in terms of an instantaneous change in the 
interaction potential of the atoms at the instant of absorption of a light quantum. A nonlinear dependence 
of the atomic-emission intensity on the exciting-radiation intensity is observed at high intensities of the 
nonresonant excitation. This dependence is ascribed to saturation effects of the electron-translational 
colliding atoms in the vicinity of the "intersection-turning" points. 

PACS numbers: 32.1O.Hq 

1. We report here the results of an experimental in
vestigation of atomic fluorescence of alkali-metal vapors 
excited by laser radiation at a frequency Wi that is not 
at resonance with the frequency Wo of the atomic transi
tion. The stimulus for this study was the interest in in
teractions between a radiation field and colliding atoms 
and of the influence of radiation on the dynamics of par
ticle collision. 

It is known that, in the two-level approximation, scat
tering of light by a system of non-interacting atoms is 
an elastic process, so that the emission is only at the 
frequency of the exciting radiation. (1) The interaction 
between the atoms causes the appearance of emission 
at the frequency Wo of the atomic transition at nonreso
nant excitation. Without going into details of the char
acter of the collisions, the phenomenon of nonresonant 
excitation of atomic fluorescence can be described with
in the framework of the model of phase relaxation of an 
atomic system. (2) With such a description, the trajec
tories of the colliding atoms are assumed to be given 
and, as a rule, straight lines, while the action of the 
colliSions reduces only to an instantaneous change of the 
phase of the state of the excited atom; it is important 
here that the characteristics of the collisions are as
sumed to be independent of the parameters of the irra
diation field (its frequency and intensity). These ap
proximatiOns are violated at large detunings from reso
nance Wi - wo, when the difference between the energies 
of the incident and scattered photons is of the order of 
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or larger than the average kinetic energy of the collid
ing particles. In this case an appreciable change in the 
particle energy takes place in the active photons scatter
ing by the atoms, and this leads to a noticeable change 
in the character of their motion. This influence of the 
radiation on the dynamics of the particle collisions can 
be interpreted as a result of an instantaneous change in 
the potential of the interaction between the atoms at the 
instant when they absorb a light quantum with energy 
/iw j , a fact that can change not only the magnitude but 
also the sign of the force of interaction between the 
atoms. Since the duration of the atom-collision act 
(_10-12 sec) is incomparably shorter than the lifetime 
of the optical excitation (-10-8 sec), it follows that the 
quantum /iw1 absorbed at the instant of collision will be 
emitted in the overwhelming majority of cases by the 
free atom at the resonant frequency woo 

Of course, in order for such an elastic process to 
take place, the electronic energy levels of the incident 
particles must be displaced at the instant of the colli
sion strongly enough, so that the trajectories of the 
atoms can no longer be regarded as straight lines, and 
the process of excitation of the atomic fluorescence at 
such deviations from resonance should be described by 
the value of the radiation field quantum (the nonreso
nance). 

Questions concerning the effect of a radiation field on 
the characteristics of broadening collisions has already 
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