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The vibrational relaxation is calculated and an analysis is made of the possibilities of obtaining 
population inversion of C02 molecule vibrational levels under nonstationary conditions, by free ex­
pansion of a gas mixture or by pulsed electron excitation. In the former case some suggestions are 
made regarding the choice of optimal gas composition, initial gas density and temperature, and of 
the characteristic dimensions. It is shown that a combination of chemical processes and expansion 
should yield some new possibilities. Calculations performed for pulsed electron excitation yield the 
experimental conditions for obtaining information on the probabilities of the various processes; the 
effective probability for electron excitation of symmetric and deformed modes in C02 molecules is 
also estimated. A detailed analysis of various operation conditions ensuring an appreciable in­
crease in the power of pulsed CCl.J lasers is presented. 

1. INTRODUCTION 

A THEORETICAL analysis of the main physical proc­
esses in a laser based on the vibrational levels of poly­
atomic molecules, particularly the C02 molecule, was 
carried out for the stationary regime in [ 1 - 31 • At pres­
ent, however, more and more attention is being paid to 
problems connected with nonstationary methods of pro­
ducing inverted level populations. This uncovers new 
interesting possibilities for the practical utilization of 
molecular lasers. Since they reveal a number of dis­
tinguishing features, these methods call for a special 
theoretical analysis. 

In the develop~ent of nonstationary methods for cre­
ating population inversion of vibrational levels of the 
CCl.J molecule, one can distinguish two main trends: 
thermal methods and pulsed electron excitation. From 
among the thermal methods, the most effective is the 
abrupt cooling accompanying the expansion of the 
gas. £41 1 > Estimates reported in c 61 have shown that the 
rates of adiabatic cooling of molecular gases in a 
chemical shock tube and following expansion through a 
slit (nozzle) can be sufficient to produce population in­
version. In a note by Konyukhov and Prokhorovl 7 1 they 
consider the possibility of obtaining inversion in a 
CCl.J-Na mixture by rapid escape of heated gases from 
a nozzle. Recently, Basov et al.csJ investigated relaxa­
tion and obtained inverted population of vibration levels 
of the C02 molecule by supersonic flow of gas from a 
Laval nozzle. Population inversion by thermal pump­
ing was obtained experimentally in [ 9 • 10 1 • For further 
experimentation, we need at present a detailed analysis 
of the possibility of the thermal method, and calcula­
tions of the optimal parameters of the system and of the 
operating conditions of the laser. Particular attention 
attaches in this case to free gas dynamic outflow, since 
it can be quite readily realized experimentally (for ex­
ample, by flow of gas through a narrow slit) and yields 

l) The use of plasma expansion to produce atomic-level population 
inversion was considered in [ 5 ]. 
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the strongest deviations from thermodynamic equilib­
rium (owing to the rapid cooling and decrease of the 
gas density). 

The second trend is pulsed excitation, by means of 
electrons, of the vibrational levels of polyatomic mole­
cules. The inverted population and generation in the 
pulsed regime were investigated experimentally for C02 

in c u-17 l. In c 11 • 12 • 161 generation occurs at the instant 
of the current pulse, while in [ 13 • 141 afterglow was also 
observed. The choice of the instant of Q switching and 
a changeover from a continuous to a pulsed dischargeUsl 
have made it possible to increase the output power by a 
factor of several times, and a generated pulse power 
~ 200 kW was obtained at large pressures ( ~ 60 Torr) 
and high-discharge-tube voltages ( ~ 200-1000 kV). [ 161 

The relaxation times of C02 laser levels in molecular 
collisions were obtained in [ 171 by using short current 
pulses of duration ~ 5 JJ.Sec. 

We present in this paper a theoretical analysis of 
the vibrational relaxation of the C02 molecule under 
nonstationary conditions following adiabatic expansion 
of the gas and following pulsed electron excitation. 
This analysis makes it possible to clarify the condi­
tions for the existence of inverted population of the lev­
els 00° 1-10° 0 of the CCl.J molecule, to determine the 
optimal parameters at which this inversion is maximal, 
and to indicate ways of increasing the output power of 
a pulsed laser with electron pumping. Comparison of 
the results of the theoretical calculation with the exper­
imental data makes it also possible to estimate the 
cross sections of the various transitions, particularly 
the probabilities of electron excitation of vibrational 
levels of CCl.J. The latter circumstance is important 
also for ordinary stationary C02 laser, where the role 
of the electron excitation of the C02 molecule vibra­
tions in the kinetics of the processes has not yet been 
clarified. 

In the analysis of the relaxation processes in the C02 

molecule, we shall start with the model developed in 
Cl,al and based on the assumption of a local thermody­
namic equilibrium with a certain temperature Ti over 
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the levels belonging to a definite normal mode i. Since 
the vibrational temperatures can be quite high in the 
phenomena under consideration, it is necessary to take 
into account the contributions of the combination levels 
to the total vibrational energy Ei of a given mode. By 
summing the energy over all the vibrational levels, in­
cluding the combination levels, we obtain for the value 
of Ei pertaining to an individual molecule the expres­
sion 

i = 1,3,4; (1) 

Here xi = exp (-hvi/kTi) and vi are the fundamental 
frequencies of the different modes. The indices i = 1, 2, 
3 pertain respectively to symmetrical, deformational, 
and asymmetrical oscillation modes of CO, and the in­
dex 4 pertains to the molecule N2. 

Calculations[ 1 ' 21 have shown that practically in all 
cases, by virtue of the resonant interaction, the t:m­
peratures of the symmetrical and of the deformatwn 
types of oscillations are close in value. We shall there­
fore assume for simplcity T1 = T2, and also hv 1 = 2hv2. 
From this we get x1 = x,i, i.e., the relaxation of the sum 
of the vibrational energies E1 + ~ is determined by the 
time dependence of x 2. 

When considering vibrational relaxation in the gases 
C02, C02-N2, C02-He, and C<l_a-N2-He, we shall as­
sume the same collision-relaxation channels as in u, 2l, 
namely resonant exchange via the lower vibrational 
level of the N2 molecule and the 00° 1 level of the C02 
molecule (with probability W43), the transition of the 
energy of the asymmetrical oscillation mode of CQ.a via 
the level 00° 1 into the deformational and symmetrical 
mode (with probability W3L;), and the simultaneous re­
laxation of the energies E1 + ~ on the translational 
degrees of freedom via the levels Ov Zo (with probabil­
ity W20). The direct collisional relaxation of the ener­
gies E1, E3 , and ~ on the translational degrees of 
freedom and radiative transitions are disregarded, ow­
ing to their low probabilities. We note that the resonant 
exchange of vibrational quanta of N2 and C02, and the 
relaxation of the energy of the asymmetrical oscillation 
mode via the upper levels, are insignificant (owing to 
the decreased populations). However, the use of the ex­
perimental probabilities makes it also possible to take 
these transitions effectively into account. 

2. PRODUCTION OF INVERTED POPULATION OF 
VIBRATIONAL LEVELS BY ADIABATIC 
EXPANSION 

To describe vibrational relaxation in a molecular 
gas (or a gas mixture) previously heated to a tempera­
ture T0 and cooled by free expansion in vacuum, it is 
necessary to solve simultaneously the relaxation and 
gasdynamics equations. The differential equations de­
scribing the time variation of the vibrational energies 
E· for each individual molecule can be written, under 1 
the assumptions made above, in the form 

~~~ = (1 ~ x4) 3 (1 ~ x3 ) (1 ~ x,) 2(1- X22) (xs ~ x,) W 43(NcoJ, 
dt 

dxs = (1-x,) (1 ~x3)'(1-x2)2(1-x22) (x,-xs)W43(NN,) 
dt 

- ( 1- x3 ) 3 ( 1 - x2 ) 2 ( 1 - x 22 ) (x3 - x."e-500/T)[Wa> (Nco,) 

-}- Ws,(NN,)-}- Ws,(NHe)], 

!!__~ ~ 2_ (1- x3 ) (1- x,) 5 (1 + x,)3 (xs _ x,•e-500/T)[W3.(Nco,) 
dt- 2 1-}-4x,-}-x,• {2) 

(1 + x,) 2(1- x,) [ (1 -960fT) 
~-Ws>(NN,)-!-Ws>(NHe)]- 1-}-4x,-}-x,• x, -e 

- e-960IT(1- x2 )][W20 (Nco,)-}- W,,(NN,)-}- W,o(NHe)]. 

In writing down {2) we have assumed that hv3 = hv4 , we 
have used the formulas (1), the relation 

dE, dE, dx; 
~= dx, dt-

and the known connection between the probabilities of 
the direct and inverse transitions. To simplify the cal­
culations, we shall henceforth assume the gas tempera­
ture T and the partial gas densities Nca.a. NN2, and 

NHe• which enter in {2), to be independent of the spatial 
coordinates, i.e., we shall operate with gas parameters 
averaged over the entire volume. 

Let us consider cooling of the gas by expansion. As­
sume that free escape of the gas into vacuum begins at 
the instant of time t = 0 (temperature T0 , density N0 , 

characteristic dimension R0). As is well known, l 18 l the 
forward layers of the gas expand with a constant escape 
velocity v0 = 2c0 /( y- 1), where y is the adiabatic ex­
ponent and c0 the velocity of sound in the unperturbed 
gas. The motion of the gas boundary is described by 
r = R0 + v0t, and the average gas density Nav varies 
with time in accordance with 

where {3 is the dimensionality of the problem. 

{3) 

We assume that the energy for each rotational de­
gree of freedom of the C02 and N2 molecules is kT /2, 
and that equilibrium obtained between the rotational and 
translation degrees of freedom. Then, denoting by Q 
the vibrational energy transformed per unit time into 
translational and rotational degrees of freedom {per 
single particle of the gas), and using the energy con­
servation law, the state law for an ideal gas, and rela­
tion {3), we obtain for the average temperature of the 
translational degrees of freedom of the gas 

d1' ( 3 1-}-KN, )-' ~u01' -Qj(2+ 1-}-KN, )k 
dt+ 2--}- 1-}-KN -}-KHe Ro-}-Vot - 2 1-}-KN,-}-KHe ' 

. ' {4) 

where KN2 = NN/Nco2 and KHe = NHe/Nco2 are the 

relative concentrations of N2 and He; k is Boltzmann's 
constant. For the quantity Q, starting from Eqs. {2), 
we get 

( dE, dE3 dE, dE, ) { 1 ) 
Q=- -+-+- -}--- = (hv3 -3hv,)( -x, 

dt dt dt dt 

X (1- x2 ) 2 (1 ~ x,2 ) (x,- x,3e-5001T)[WsdNco,)-}- W,"(NN,) 

-}- W3"(NHe)]-}- hv.f-x_, ~(1- e-960IT) ~ e-960/Tl} [Ww(Nco,) 
L 1- x 2 

+ W,o(NN,)+ W,o(NHe)]. (5) 

In determining the expansion velocity v0 = 2c0 /(y- 1), 
we calculated the average speed of sound c0 in the un­
perturbed gas mixture, and in determining the effective 
adiabatic exponent y we assumed that the vibrational de­
degrees of freedom of C02 and N2 are "frozen." 2 > 

--;JWe note that the change of the effective adiabatic coefficient 'Yin 
the course of cooling of the gas is taken into account by the term in the 
right side ofEq. (4)_ 
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The probabilities of transitions between vibrational 
levels, which enter in (2), depend strongly on the trans­
lational temperature and are proportional to the partial 
densities of the gases. To find their values and their 
temperature dependences, we used the data given in 
l 1 ' 19 J and calculated in addition the transition probabil­
ities for high temperatures in the interval 1000-2500° K 
(for details see l 20 J ). 

The solution of the system (2) together with (4) with 
account taken of relations (3) and (5) was carried out 
with an electronic computer for different mixtures of 
the gases C02 , N2 , He, for different initial tempera­
tures T0, for different pressures and different charac­
teristic dimensions R0 , and also for {3 = 1, 2, 3 ( {3 = 1 
corresponds to expansion of a planar layer of gas, which 
can be simulated by expansion of gas from a narrow 
long slit of dimension 2R0 ; {3 = 2 corresponds to expan­
sion of the cylindrical gas volume or to expansion from 
a round aperture of radius R0 , while {3 = 3 corresponds 
to expansion of a gas sphere with initial radius R0 ). The 
results of the calculation are shown in Figs. 1-5. 

Figure 1 shows a typical time dependence of the vi­
brational temperatures Ti for N2 and C02 , of the tem­
perature of the translational degrees of freedom T, and 
of the inverted population ( ~N = N00o 1 - N10o 0, in an 
adiabatically expanding gas. We see that during the ini­
tial stage of the expansion, when the gas temperature T 
and its density are still high, the vibrational tempera­
tures differ little from the gas temperature, by virtue 
of the high relaxation rate. However, as the gas ex­
pands, owing to the rapid decrease of its temperature 
and density, the relaxation rates of the vibrational en­
ergies decrease and a gap is produced between the dif­
ferent vibrational temperatures and the gas tempera­
ture. Starting with a certain instant of time, when the 
density and temperature of the gas have dropped con­
siderably, the process of vibrational relaxation practi­
cally ceases, and the remaining reserve of the vibra­
tional energy of the molecule remains unchanged. This 
is the effect of "freezing" of the vibrational energy.3 > 

Since in the mixture W3 z: < W20 "frozen" temperature 
Tt can be much higher than T2 , and the difference be­
tween T3 and T2 is sufficient to produce inverted popu­
lation of the levels 00°1-100°0 of the C02 molecule. 
The resultant inversion increases rapidly (owing to the 
growth of the difference x 3 - x ~), reaches a maximum 
value, and then begins to decrease, and since by that 
instant T3 = '11 = const, the decrease of the inversion 
is due to the decrease of the density of the molecules 
C02 as a result of the expansion of the gas. The rate of 
cooling of the gas, the values of the "frozen" vibra­
tional temperatures Til the instant of time at which the 
inversion reaches a maximum, and the magnitude of this 
inversion are all determined by the different parameters 
of the gas mixture before the start of the expansion 
process. 

An analysis has shown that addition of nitrogen to 
COa in the ratio C02 : N2 = 1 : 3 -1: 5 greatly increases 
the inversion. l 2ol If W43 >> W3 z:, the results become 
independent of W43 • Thus, calculation with a probability 
W43 smaller by one order of magnitude (while still sat-

3>This effect lasts until radiative decay of the vibrational levels be­
gins. For the C02 molecule this time is<; 10-2 sec. 
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FIG. I. Typical time variation of the gas temperature T, of the 
vibrational temperatures Ti, and of the inversion ~N for an adiabati­
cally expanding gas mixture (C02 : N2 = 1.5, P0(C02) = 7.6 X 102 torr 
(at 300°K), T0 =I 900°K, R0 = 0.3 em, (3 = 2). 

FIG. 2. Dependence of the maximum inversion (I, 2, 3) and of the 
degree of"freezing" T* 3/T0(1', 2', 3') on the initial gas temperature for 
the following mixtures: pure C02(!, I'); C02: N2 = I: 5 (2, 2'); C02: N2: 

He= I :5:10 (3, 3'). Throughout, Po( C02) = 7.6 X 102 torr (at 300°K), 
R0 = 0. I em, (3 = I . 

isfying the inequality W43 > W3 z:) yielded only a 25% 
decrease of ~Nmax· 

The dependence of ~Nmax and of the quantity 'J1 /T0 

(degree of "freezing") on the initial gas temperature T0 

for different mixtures is illustrated in Fig. 2. We see 
that for the mixtures C02 -N2 and C02 -N2 -He the inver­
sion is little sensitive to the initial temperature of the 
gases in the range 1100-2000°. The optimal values T0 

= 1800-2000° are explained, on the one hand, by the in­
crease in the number of vibrationally-excited mole­
cules and the initial rate of cooling of the gas with in­
creasing T0 and, on the other, by the increase in the re­
laxation rate of the energy of the asymmetrical type of 
vibration of the C02 molecule. For the same reason, the 
degree of "freezing" Ts* /T0 also decreases with in­
creasing T0• 

The influence of the characteristic dimension Ro and 
of the initial partial pressure of C02 on the inversion 
magnitude of the "frozen" temperature Ts* is shown in 
Figs. 3 and 4. The presence of optimal R0 and Po(C02 ) 

for the inverted population are due to the competition 
between different factors: the increase of the initial 
cooling rate, the faster decrease of the gas density with 
time (with decreasing R0), the growth of the density of 
the active molecules, and the increase of the rate of re­
laxation of the 00°1 level (with increasing Po(COa)). 

The problem of obtaining inversion by gas expansion 
is essentially nonstationary, since it is necessary to 
consider the time dependence of the processes. How­
ever, by simulating free expansion by means of contin­
uous escape of gas from a slit or an aperture, it is 
possible to obtain a stationary picture. In this case, a 
time scan of the expansion is produced along the escape 
axis. Figure 5 shows the variation of the inversion 
along the expansion axis for several R0 , Po(co2), and {3 

(in determining the distance l, it was assumed that the 
velocity of the gas along the expansion axis is constant 
and equals v0). 

We note that in the described method of adiabatic 
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FIG. 3. Dependence of the maximum inversion (I, 2, 3) and of the 
"frozen" temperature T* 3(1', 2', 3') on the initial characteristic dimen­
sion of the gas R0, for the mixture C02: N2 = I :5; T 0 = 1900°K; J3 = I 
(1, 1', 2, 2'), 2 (3, 3'); Po(C02) = 7.6 X 102 torr (1, 1', 3, 3'), Po(C02) = 
2.3 X 102 torr (2, 2~ (the pressure is referred to 300°K). 

FIG. 4. Dependence of the maximum inversion ANmaxO, 2) and of 
the "frozen" temperature T* 3(1', 2') on the initial partial pressure of 
C02 (referred to 300° K) for different R0 (C02: N 2 = I: 5, T 0 = 1900°K; 
J3 = 1). 

cooling of the gas, the possible laser efficiency is low. 
Estimates yielded an efficiency :':. 0.3%, which is much 
lower than that of a C02 laser with electronic excita­
tion of the vibrational levels. However, the use of the 
thermal pumping method is of interest because of its 
specific features and the possibility of obtaining large 
gains. The maximum inversion ANmax ~ 2 x1016 cm-3 

(cf. Figs. 1-5) greatly exceeds the corresponding value 
for a stationary C02 laser.4 ) The experimental realiza­
tion of thermal pumping methods encounters both tech­
nical difficulties and difficulties connected with the fact 
that the conditions for the creation of inverted popula­
tion are quite critical to the choice of a number of pa­
rameters (for free expansion, these are the initial 
pressure and the characteristic dimensions). From 
among the experiments performed in this region, [g, lOJ 

we shall stop to interpret the results of Dronov et al. [ 10 J 

Dronov et al. [ 10 J observed experimentally an inverted 
population of the 00°1-10°0 levels of the C02 molecule 
following adiabatic cooling of the gas in a shock tube. 
The initial temperature was~ 3400°K, the degree of dis­
sociation (() = Nco/(Nco + Nco2 ) ~ 0.5, and the initial 
pressure was 2 x 1Q4 Torr (at 3400°). According to the 
author's data, when the gas was expanded it was cooled 
at a constant rate dT/dt~ -5 x106 deg/sec, and the in­
version occurred at T ~ 2000°. However, estimates and 
calculations performed for a system of equations of the 
type (2) with a specified law and rate of cooling of the 
gas have shown that the inversion can occur only if 

1~cM·J 

ttot5 

10 20 /,CM 

FIG. 5. Variation of the inver­
sion along the expansion axis at R0 

=0.1 cm,Po(C0 2)=7.6X 102 torr, 
J3 =I (curve I); R0 = 0.3 em, 
P o(C02) = 2.3 X 102 torr, J3 = I 
(curve 2); R0 = 0.3 em, Po( C02) = 7.6 X 
I 02 torr, J3 = 2 (curve 3). Mixture 
C02: N2 = I :5. T0 = 1900°, pressure 
indicated at 300°K. 

•) Allowance for the temperature and density inhomogeneities of 
the gas makes the inversion averaged over the volume slightly smaller 
than the calculated value. 

ldT/dtl > 5 x 106 deg/sec, or else in the case of much 
deeper cooling. Therefore the results of [ 10 J can be ex­
plained only by assuming either that the rate of cooling 
of the gas in the experiment is larger than indicated in 
[ 10l, or that there exists an additional mechanism that 
slows down effectively the rate of relaxation of the en­
ergy of the asymmetrical oscillation mode of the C02 

molecule. Such a mechanism may be the chemical re­
combination reaction CO + 0 + M - C02 + M. 

Kuznetsov[ 21 J has shown that when atoms recombine 
to form a diatomic molecule, the rates of relaxation of 
the vibrational temperature can be greatly reduced. Es­
timates performed for the polyatomic molecule C02 un­
der the assumption that the recombination reaction CO 
+ 0 + M - C02 + M causes the production of excited 
C~ molecules at levels of a predominantly asymmetri­
cal mode, have shown that rate of relaxation of the cor­
responding vibrational energy can be decelerated by ap­
proximately two orders of magnitude (at (() ~ 0.5). In 
this case, the requirements with respect to the rates of 
cooling of the gas during the expansion are greatly re­
duced, and inversion can be obtained under conditions 
that take place in the experiment of [ 10 J. This shows 
that chemical processes of the type CO + 0- C02 , in 
combination with gasdynamic expansion, can be quite 
effective for the development of lasers. Owing to such 
processes, the inverted population of the levels and the 
generation power increase (effective increase of the vi­
brational temperature T3). Moreover, chemical pump­
ing may turn out to be quite appreciable even in the al­
ready existing sealed C02 laser. It is not excluded that 
it can yield, if suitable conditions are created, a larger 
power in a sealed laser than in a flow-through laser. 

3, POPULATION INVERSION BY PULSED ELEC­
TRONIC EXCITATION OF THE VIBRATIONAL 
LEVELS 

The second nonstationary method of obtaining inver­
sion on the C02 molecule is a pulsed discharge in a mix­
ture of molecular gases. In this case the vibrational re­
laxation should be considered together with the change 
of the state of the free electrons. Let us write down the 
equations for these electrons. Let the gas C02 (or the 
gas mixture C02 -N2 , C~-He, or C02 -N2 -He) be placed 
in a cylindrical tube of radius R. We assume that when 
an electric pulse of duration T acts on the gas the elec­
tron density Ne and their temperature Te remain con­
stant during the time of the entire pulse. After the pulse 
terminates, Ne and T e begin to decrease, and their 
time variation is determined by volume recombination, 
ambipolar diffusion (for Ne), and the cooling law (for 
Te). Thus, the time variations of Ne and Te are given 
by the formulas 

d:·={ 
0· O<t~-r 

Damb /2 
t>-r 

(6) 
---N.-aNl-· 

A2 /,, 

d~·={ 
0· O<t~-r 

- berf Veff (T.- T); t>-r (7) 

Here Damb is the coefficient of ambipolar diffusion, 
A is the diffusion length, a is the coefficient of volume 
recombination, and oeff and Veff are the effective val­
ues of the specific energy losses and the frequencies of 
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collisions between the electrons and the heavy particles 
of the gas, respectively;5 > the electron density Ne is re­
referred to the value on the tube axis, and 

R II 

lt=~rlo(~)dr, 12 =~rlo2 (~)dr. 

The recombination heating of the electrons plays no 
role at the densities Ne under consideration. For sim­
plicity, we assume also that the electrons have a radial 
distribution described by a Bessel function of zero or­
der J0(r/A). 

The equations describing the vibrational relaxation 
under electronic excitation are similar to Eqs. (2} for 
an expanding gas. It is necessary, however, to take ad­
ditional account of the energy pumping in different os­
cillation modes under the influence of the electron im­
pact, and also the diffusion decay of the vibrationally 
excited molecules. In this case there are added to the 
right sides of (2) the corresponding terms 

Dco, } ----:A" x2(2 + x2) , 

where Wi is the probability (per electron) of exciting 
the vibration i by electron impact, Wie is the proba­
bility of the inverse process, ll!i is the average number 
of vibrational quanta excited by the electrons, and DN2 

and DcOa are the diffusion coefficients of the excited 

molecules N2 and C02 in the gas mixture. For such 
molecules we assume a Bessel radial distribution, and 
the quantities xi in (2) and (8) are referred to the tube 
axis. 

As is well known, (1-sl the thermal regime and the 
temperature of the gas play an important role in mo­
lecular lasers. Therefore, besides (2), (6}, (7), and (8) 
it is necessary to consider the nonstationary equation of 
thermal conductivity. Using the results[ 1 • 221 for the 
average gas temperature T, we can obtain 

where Xmix(T) is the coefficient of thermal conductiv­
ity of the gas mixture, Tw is the temperature of the 
wall of the gas-discharge tube, 

Cp=(~+ f+KN, )k 
' 2 1 +KN,+KHe 

is the effective specific heat of the mixture at constant 
pressure, p = (1 + KN2 + KHe}Nco2 is the specific den-
sity of the gas mixture, and ~v is the average energy 

5>We note that the choice of a and lieffl'eff for the calculation has 
little influence on the results. 

released per unit time (per gas particle). Since heating 
of the gas is due to relaxation of the vibrational ener­
gy, [1 1 we have Qav ~ 2QI/~, and the expression for Q 
is given by formula (5). 

To find DN2 , Dcaa and >..mix we use the expressions 
given in [ ll; the temperature dependence for the diffu­
sion coefficients was assumed to be ~ T 2 /s, and for the 
thermal-conductivity coefficients of pure gases it was 
obtained by approximating the data given in [ 23 1 • 

Simultaneous solution of Eqs. (2}, (6}, (7), and (9} 
with allowance for (5} and (8), with a choice of the con­
crete probabilities Wei and Wie• gives the time de­
pendence of the vibrational temperatures Ti> of the 
populations of the vibrational levels, of the electron and 
gas temperatures, and of the electron density. To find 
ai and Wei• we used the results of Schulz,[ 241 who 
measured the cross sections for excitation of the vibra­
tional levels of the molecules N2 and C02 by electron 
impact (for details see [201 ). We note that in the calcu­
lation of We< 1 2 > we used the cross section obtained by 
Schulz only for the level 10°0. However, a comparison 
of the results of the calculation of the relaxation with 
experiment[ 171 has made it possible to determine the 
effective probability a 2We< 1 , 2 > and to take into account 
the contributions of the remaining levels v0° 0 and Ov lo 
to the total excitation cross section. 

To determine the rates of relaxation of the levels 
00°1 and 10°0 in molecular collisions, the gas mixture 
C02 -He was excited in [ 171 by an electric pulse with a 
current ~ 40 A (Ne ~ 2 x 1012 em-s) of duration T = 5 
x w-e sec. The inversion on the transition 00°1-10°0, 
produced in the pulse, increased after the termination 
of the pulse as a result of relaxation of the lower level 
10°0, reaching a maximum value, and then beginning to 
decrease as a result of the decrease of the population of 
the 00°1 level (Fig. 6, dashed curve). It is clear that 
the relative increase of the inversion by a factor ~ 7, 
observed in the experiment, is possible only if the level 
10°0 is appreciably populated during the time of the 
current pulse. However, calculation with Ne = 2 
X 1012 cm-3 , T~ = 3.3 X 104°K, and the data of Schulz[ 241 

for the conditions of the experiment of [ 171 did not yield 
the required growth of inversion in the afterglow, this 
being attributed to the growth of the population of the 
10°0 level in the pulse, i.e., to the small value of the 
quantity a 2We< 1 , 2 > chosen for the calculation. Agree­
ment with experiment takes place if one takes for 
0! 2We< 1 , 2 > a quantity exceeding by 2.4x102 times the 
value obtained in [241 • Therefore we used in all subse­
quent calculations precisely this value for O!zWe< 1 , 2 >. 
If it is assumed that a 2 = 3.5, we then obtain for the 
cross section of excitation of the entire set of levels of 
symmetrical and deformation types of oscillation, in the 
electron energy region T e ~ 3 eV, the value ~ 1. 5 
x 10-15 cm2 , which agrees well with the total cross sec­
tion for the collision between C02 molecules and elec­
trons. [251 

The result of a simultaneous solution of Eqs. (2), (6}, 
(7), (9}, with relations (5) and (8) taken into account and 
with initial data T~ = 3.3 x 104 °K, T0 = Tw = 300°, xi 
= exp ( -hvi/kT0), for a tube of radius R = 1. 7 em, are 
shown in Figs. 6-11. 

Figure 6 shows the typical time dependence of the 
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FIG.6 FIG. 7 
FIG. 6. Time variation of the inverted population under pulsed 

electronic excitation of the vibration levels for the mixtures C02: He = 
1:7 (!),C02 : N2 = 1:3 (2),C02: N2 : He= 1:3:7 (3) (Ne = 2 X 1012 

cm-3, T = 5 X 10-6 sec, R = 1.7 em, T0 = 300°K). The dashed curve is 
constructed from experimental data [ 17]. 

FIG. 7. Dependence of the maximum inversion in a single pulse on 
the electron density Ne at a constant current pulse duration T = 5 X 
I o-6 sec and at different partial pressures Pco2 , as marked on the 
curves (mixture C02: He= I :3, R = 1.7 em, C0 = 300°K). 

inverted population of the level 00°1-10°0 of the CO:a 
molecule following application of a short current pulse 
to the gas mixture. 61 The parameters were the same as 
in the experiment of [ 171 • Since the pulse duration T is 
shorter than the relaxation time of the 10°0 level, the i 
inversion produced during the time of the pulse in­
creases after the pulse is terminated, and starts to de­
crease, as a result of relaxation of the asymmetrical 
oscillation mode, only after a certain time. Good quan­
titative agreement between calculation and experi­
ment[ 171 was obtained for the relative growth of the 
inversion in a mixture 1 Torr CO:a + 7 Torr He. The 
disparity in the times of the inversion maxima is not 
fundamental and is attributed to the choice of the prob­
ability W 20( C02 -He). 

Figures 7 and 8 show plots of the maximum inver­
sion and the maximum gas temperature following a sin­
gle pulse, as functions of the electron density Ne (cur­
rent density) and partial C02 pressure for the mixture 
C02 : He = 1: 3 at T = 5 x 10-6 sec. In the range Ne 
= 6 x 1011 -2 x 101s em-s and Pco2 = 1-100 Torr, the 

inversion increases approximately linearly with in­
creasing Ne and Pco2 • Further increase of the in-

version with increasing Ne is limited by the dissocia­
tion of C02 • Estimates have shown that as a result of a 
single pulse of duration T = 5 x 10-6 sec, 10% of the C02 

molecules can dissociate at Ne ~ (4-20) x1012 em-s. 
Notice should be taken of an important feature when 

working with current pulses whose duration is smaller 
than the relaxation time of the upper laser level 00°1. 
In this case the maximum population of the level 00°1, 
and consequently also the maximum inversion, do not 
depend on its relaxation rate and are determined by the 
total reserve of vibrational energy E3 obtained from 
the electrons. This is precisely the reason why at T 

6>In order for equations of the type (2) to be valid it is necessary 
that the duration of the current pulse T and the characteristic times of 
electron pumping 1/aiWeiNe be larger than the time of establishment 
of the Boltzmann equilibrium in each oscillation mode and of equilib­
rium between the symmetrical and deformation oscillation modes. 
When T;::: 5 X 10-6 sec, Ne < 2 X 1013 cm-3, and P > I torr, these con­
ditions are satisfied. 
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FIG. 9 

FIG. 8. Maximum heating of the gas as a function of the partial 
pressure Pco2 following single electric pulses with different N e, as in­
dicated on the curves in em -3 ( T = 5 X 10-6 sec, T 0 = 300°K, R = I. 7 em, 
mixture C02: He= 1.3). 

FIG. 9. Dependence of the maximum inversion on the current 
pulse duration Tat NeT= const and different partial pressures. NeT is 
equal to 107 sec/cm3 (I, 3) or 3 X 107 sec/cm3 (2, 4); Pco2 is equal to 
I torr (1, 2) or 10 torr (3, 4) (mixture C02: He= I :3, R = 1.7 em, T0 = 
300°K). 

= 5 x 10-6 sec the inversion increases linearly with 
pressure, up to PcO:a ~ 100 Torr. In addition, tempera-
ture effects play here a much lesser role and a certain 
decrease of inversion with increasing temperature can 
occur only as a result of the increase of the equilib­
rium population of the lower laser level 10°0. 

In the case of electronic pulsed excitation, a charac­
teristic parameter determining the reserve of vibra­
tional molecule energy, the maximum inversion, the gas 
temperature, and the degree of dissociation is the prod­
uct NeT. Figure 9 shows the dependence of AN max on 
the pulse duration T at constant NeT, equal to 107 and 
3 x 107 sec/ems and at different partial pressures 
PCO:a• equal to 1 Torr and 10 Torr. We see that at suf-
ficiently small T the inversion is independent of T and 
is determined by the value of N e· However, if T > T 1 , 

where T 1 is the time of relaxation of the 00°1 level, the 
maximum obtained inversion begins to decrease with 
increasing pulse duration. This is due to the fact that 
when T > T 1 the relaxation of the upper laser level, 
which limits the inversion, begins already during the 
time of action of the current. On the other hand, an in­
crease of the relaxation rate of this level with increas­
ing pressure leads to the presence of an optimal C02 

pressure (unlike in the case of small T ~ 10-5 sec, when 
the inversion increases linearly with pressure, see 
Fig. 7). 

The dependence of the inversion on the pressure at 
high pulse durations T < T 1 is illustrated in Fig. 10. 

The shift P ~J2 towards the larger side with decreasing 

T (at constant NeT) and with increasing NeT is due to 
the smaller influence of the relaxation of the level 00°1 
on its population in these cases. 

Figure 11 shows the change of AN max, due to heat­
ing of the gas, in a sequence of pulses. The establish­
ment of the thermal regime and of a constant value of 
ANmax at a repetition frequency 50 Hz occurs after 
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ommendations, both in the case of gasdynamic expan-

2 
J 

r:K sion and in the case of pulsed electronic excitation, con­
cerning the organization of experiments and obtaining 
the optimal conditions for the operation of existing la­
sers. Let us point out some of the consequences of our 
calculations. 

J.JU 

2 

1(100 

J II J 
Pulse no. 

FIG. 10 FIG. 11 
FIG. 10. Dependence of the maximum inversion in a single pulse 

on the partial pressure for different NeT and different current pulse 
durations r: curve I - Ne = 2 X 1010 cm-3, r = 1.5 X 10-3 sec; 2- Ne = 
5 X 109 cm-3,r=2 X I0-3 sec;3 -Ne=2 X 109 cm-3,r=S X 10-3 sec 
(mixture C02: He = 1:3, R = 1. 7 em, T 0 = 300°K). 

FIG. 11. Variation of the maximal inverted population and of the 
gas temperature (at the instant of switching on of the pulses) in a se­
quence of pulses for different Ne (1 - Ne = 5 X 1011 em -3, 2 - Ne = 
6 X 1010 cm-3, 3 - Ne = 6 X 109 cm-3) and Pco2 . Curves I, 2-
.6-Nmax at Pco2 = 1 torr, 3- .6-Nmax at Pco2 = 5 torr, dashed curve­
dependence ofT at Ne = 6 X I 09 em -3 and Pco2 = 1 torr (mixture 
C02: H = 1:3, T = 10-2 sec, R = 2.5 em, C0 = 300°K, pulse repetition 
frequency SO Hz). 

2-3 pulses. The decrease of the inversion due to the 
heating is particularly large for current pulses with 
duration T > T 1. In this case, owing to the increase of 
the relaxation rate of the 00°1 level, the optimal pres­
sures of C02 will be smaller than for a single pulse 
(Fig. 10). In addition, gas heating leads to a limitation 
of inversion with increasing current and to the occur­
rence of optimal values of Ne. 

As seen from the foregoing analysis, in the case of 
short exciting pulses ( T < T 1) with large current den­
sity (Ne ~ 1012 -1013 cm-3), at large partial pressures 
~ 102 Torr, one can obtain for the 00°1-10°0 transition 
an inversion ~ 1017 cm-3, i.e., larger by two orders of 
magnitude than its value for a stationary discharge or 
for a pulse discharge with low pressures. A similar 
gain can be expected also for the power when a pulsed 
laser is operated both in the ordinary regime and in the 
Q-switched regime. In the latter case, the output power 
is proportional to the inversion at the instant of Q 
switching, so that to obtain maximum power the instant 
of switching should correspond to attainment of .6-Nmax 
in the pulse. 

The main data of the experimental papers[ 11 - 17 1 are 
in qualitative agreement with the results obtained above. 
Some of the calculated dependences of the maximum in­
version on the pressure, shown in Fig. 10, are given for 
typical experimental conditions.[ 151 Just as in [ 15 1, the 
calculation yields optimal values of the pressure. The 
conclusions of the present paper are in good agreement 
with the results of Hill, [ 161 who obtained a large output 
power without limitation on its growth up to pressures 
~ 60 Torr at current pulse durations T = 5-50 JJ.Sec. 

4. ORGANIZATION OF EXPERIMENTS 

A study of the kinetics of physical processes in non­
stationary C02 lasers allows us to make concrete rec-

The experiments with gas dynamic expansion can be 
organized in two ways: a) using expansion of a C02 -~ 
mixture of fixed chemical composition, b) using recom­
bination reactions. 

When population inversion is produced in an expand-
ing C02 -N2 gas mixture, the optimal mixture composi­
tion is C02 : N2 = 1: 3-1: 5, with initial gas temperature 
~ 1200-2000"K. This temperature is not a critical pa­
rameter and its choice within the indicated limits has 
little influence on the magnitude of the inversion. The 
inversion is very sensitive, however, to the initial pres­
sure and to the initial characteristic gas dimension. In 
the case of the escape of gas through a long slit 
("plane" problem), the optimal partial pressure of C02 

is P~t ~ 7.6 x 102-1.5 x 102 Torr (300" K) and the opti-
mal slit dimension is 2R0 ~ 2 mm, while in the case of 
escape through a round aperture p~t ~ 7.6 x 102 Torr 
and R0 ~ 5 mm. 

The distance from the expansion plane at which the 
maximum inversion is obtained depends on the initial 
gas pressure and on the dimension of the aperture. For 
the indicated cases it equals ~ 4 em and 2 em, respec­
tively. 

A very effective combination is that of chemical 
processes of the type CO + 0 - C02 and gasdynamic 
expansion. In this case, however, more detailed studies 
of the recombination kinetics are necessary to deter­
mine the optimal conditions. 

For pulsed electronic excitation, as shown theoreti­
cally in the present paper, the output power in the pulse, 
for C02 lasers, can in principle be increased by two or­
ders of magnitude. To this end it is necessary to work 
with pulses whose duration is shorter than the relaxation 
time of the upper laser level, to use high pressures 
Pco2 ~ 102 Torr, and to maintain Ne ~ 1012-1o13cm-3 

at increasing pressure it is necessary to increase the 
voltage on the discharge tube. Since pulsed electronic 
excitation with short current pulses eliminates a num­
ber of difficulties encountered in the stationary regime 
(large relaxation rates of the upper laser level), other 
polyatomic molecules, besides C02 , are promising. For 
example, one can expect appreciable generation powers 
with the 00°1-02°0 transition of the N20 molecule at 
large pressures of the N20-N2 mixture. 

Great interest attaches to the organization of experi­
ments to determine the probabilities of the elementary 
processes with the aid of pulsed electronic excitation, 
particularly the probability of excitation of symmetrical 
and deformation oscillation modes of C02 by means of 
electrons. As was shown above, on the basis of the ex­
periment of [ 171 , the latter quantity amounts to ~ 5.0 
X 10-8, which is 240 times larger than the value obtained 
by Schulz[ 241 for the 10°0 level. More accurate values 
of this and other probabilities of excitation of vibration 
levels can be obtained by organizing suitable experi-
ments. It is necessary here that the current-pulse du­
ration in the experiment be shorter than the time of the 
collisional molecular relaxation of the vibrational level 
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or of the group of levels whose electronic-excitation 
probability is being determined. The electron density in 
the pulse should be measured and should be sufficient to 
to produce a noticeable change in the level populations. 
The probability of the electronic excitation can be de­
termined from the change in the populations of the lev­
els or of the inversion. 

On the whole, the nonstationary methods of excita­
tion are of great theoretical and applied interest, and in­
clude many still unused possibilities. 

The authors are grateful to L. I. Gudzenko and S. S. 
Filippov for a discussion. 
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