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A method of computing vibrational level populations in CO: lasers is proposed. The method postulates
the introduction of a vibrational temperature Tj for each vibrational mode. The vibrational and gas
temperatures are determined by the equations of the vibrational energy balance and thermal conduc-
tivity. Population inversion is computed as function of the relative concentration of CO2, N>, and He,
total pressure, free electron density, and discharge tube radius. The effect of these parameters on
the laser output power is also evaluated. The obtained relationships coincide qualitatively with ex-
perimental curves. A quantitative agreement is also present within the limits of accuracy of the in-

vestigated model.

1. INTRODUCTION. BASIC COMPUTATION METHOD

A’I‘ the present time the highest output powers in CW
operation (exceeding 1000 W) are obtained from CO:
lasers, whose efficiency approaches 30%. Therefore a
theoretical and experimental investigation of CO, lasers
a study of the basic physical processes, and an achieve-
ment of optimal generation conditions are of considera-
ble significance and are the subject of a large number
of studies (see for example the reviews [*»2]),

However we have as yet no coherent picture of the
operating mechanism of CO: lasers. This is due to the
complexity of molecular plasma phenomena and to the
multilevel nature of the system, which must be ac-
counted for at the outset in the analysis of relaxation
processes.

The analysis of CO:z lasers should be based on the
study of the kinetics of the physical processes. Conse-
quently in the general case it is necessary to solve a
set of balance equations for a multilevel system and to
find the parameters of plasma of complex chemical
composition (COgz, N2, He, and other admixtures) as a
function of the external conditions. A complete solution
of this problem appears unrealistic at this time. There-
fore we must make simplified model assumptions.

Figure 1 shows the diagram of vibrational levels of
the COz and Nz molecules. The numbers 1, 2, and 3
denote the levels of symmetric, deformational, and
asymmetric vibrations respectively of the CO. mole-
cule and 4 denotes the vibrational levels of Na. A
system of rotational sublevels corresponds to each
vibrational level. For the sake of simplicity we do not
consider the rotational structure of the vibrational
level, although in principle it is possible to do so.

A number of problems related to the kinetics of
rotational level population were discussed by Witte-
man 33, However, the main simplifying assumption
consists in the possibility to introduce a vibrational
temperature Tj for each vibrational mode in poly-
atomic molecules (see also*)). This is due to the fact
that the exchange of vibrational quanta within a given
mode takes much less time than that taken by the energy
transfer to translational degrees of freedom and energy
exchange among various modest® (for example, in CO-
lasers the energy pump rate and the rate of relaxation

from a given mode at the pressure PCQ, =1 Torr and
gas temperature T = 300° amount to ~ 10° sec™, while
the quantum exchange rate in each mode is ~ 10°—

10" sec™). In the general case, these vibrational tem-
peratures differ from one another and from the gas
temperature. The ability to introduce a single parame-
ter (vibrational temperature) to characterize the popu-
lations of level groups in molecular systems used in
lasers simplifies the computation considerably. The
system of balance equations for the populations of a
large number of levels reduces to a system of a small
number of vibrational-energy balance equations for
each group of levels. The vibrational temperatures ob-
tained in the course of the solution determine the pres-
ence or absence of inverted population at levels belong-
ing to various modes.

This method of computing populations of vibrational
levels of polyatomic molecules in the ground state has
its limits of applicability, owing to the fact that the ex-
change of vibrational quanta within each vibrational
mode should play the dominant role. Therefore the
amount of impurities cannot be much larger than the
CO: concentration. The second limitation is imposed
by the anharmonic nature of the vibrations.
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FIG. 1. Vibrational levels of CO, and N, molecules (laser transitions
indicated by arrows).

2. BASIC PHYSICAL PROCESSES: BALANCE
EQUATIONS

We now consider the physical processes in CO,
lasers. We assume that the electrical discharge in the
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gases COz — Nz and CO. - N> — He is free of other
components (O, CO, N, ON, etc.), i.e., we do not con-
sider dissociation and various chemical reactions in
the discharge. This assumption is fully justified in
flow-through systems where chemical decomposition
of the initial components has not enough time to occur.

Our analysis is based on the following relaxation
scheme developed int%%), The electrons excite the
vibrational levels of Nz directly (this process is not
considered for the CO2 molecule). This is followed by
a resonant exchange of vibrational energy from N: to
the 00°v levels of the CO. molecule which then under-
goes a transition to the deformational mode of vibration
through molecular collisions. Further relaxation causes
the energy of the deformational vibration mode to change
into the energy of translational motion during collisions
with the CO;, N2, and He molecules. The direct
transition from vibrational to translational energy at
the 10°0 and 00°1 levels and radiative processes can
be neglected (7).

In the stationary case each vibrational mode of CO:
has its own supply of energy. The quantity of this en-
ergy Ej per unit volume for each mode i =1, 2, 3 of
the COz molecules and mode i = 4 of the Nz molecules
is given by

Ei—h TNy By vy
i = hvi ————— N, = —_—
i (1_“7:1')2 0 2 N2 (1_

]V
z2 ) 3 0y

z, . .
T e T (M

E; = hV‘
where No and Nos are the number of molecules of CO:
and N respectively per unit volume in ground state;
xi = exp ( ~hvi/kT), vj are fundamental frequencies of
vibration of various modes; and mode i = 2 is twice
degenerate.

The following molecular processes are considered
in the balance equations for the vibrational energies
Ej:

a) hvg — hvs — AEgs with probability Wsee 2Ese/KT

b) hvs — 3hv, + AE;; with probability W,

¢) hvg = hvy — hv, + AEs(,2) With probability Wsq 2,

d) hv, — 2hv; + AE;, with probability W2,

e) hv, — kinetic energy with probability W .

Here AEji denotes the corresponding differences of
the energies converted into the vibrational (process a)
or kinetic (processes b — e) forms. We note that the
use of experimental probabilities characterizing the
relaxation of the vibrational energies Ej permits us
also to account for processes other than the above, such
as transitions via higher levels.

From now on we assume that the discharge occurs
in a cylindrical tube with radius R and length L > R.
We also assume that electrons and excited CO: and
Nz molecules have radial distributions described by
the Bessel function of zero order Jo(2.4r/R)". The

1) This assumption is valid if the loss of electrons and excited
molecules occurs only at the tube walls due to diffusion. In the inves-
tigated cases this condition is always true for the electrons, but not
for excited molecules at pressures p2> 1 Torr. In practice, however,
this does not affect the results of computation. We note that since the
true distribution is unknown, the choice of the Bessel distribution is
preferable by virtue of the simplicity of the expression D; A%for the
diffusive decay probability.
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balance equations for E;, Ez, Es, and E4 in the station-
ary case then have the form
dE,
il P hVANoL{ wWelNe + WalVozs — ( Wi,
dt
& r
X[S)rJO(A> ] S "70\—\d"+Wsa€‘AE"/"+ﬁa > a} =0,

dE3

== hv3N, {Wq,,e AEwRT Nouz, + W 26 2Es0,2/5T 2425 +

+ Wage—AEwhTz,3 —/ WaNo, + Bs co' No+ Wg + W3(1.2)> Is} =0,

dE
Fz = thNo{ (8Way + Wyg) 23 + 2Wpazy — B co,

~1’1/3(1 2)€ -AE,;, z)/krl‘xl'z —_ 3W322_AE"/"'TI23 —_ 2W128'AE"”"TIZZ}

— W[l — e ™ihT|[E, — Eff) = 0, (2

dE, Dco,

- = hvilNy {W 31,2%s + Wige dEulhTgy2 — <ﬁi

+ Wy >Ii }\—

Here xj and the electron density N refer to the
center of the discharge tube, We4 is the probability
(per electron) of exciting N> by electron impact, Wse
is the probability of the reverse process, @4 is the
average number of vibrational quanta excited by the
electrons, DN, and DCO, are the coefficients of dif-
fusion of the excited Nz and CO: molecules in the
gaseous mixture, A = R/2.4 is the diffusion length,

Bi is the average number of v1brat10na1 quanta trans-
ferred through diffusion; 131 < 1 and depends on the
vibrational temperature Tj, and E} is the energy of
deformational vibration corresponding to the gas tem-
perature T.

The system (2) is nonlinear and cumbersome to
solve. It is simplified if T, and T are small enough
and we can neglect the reverse energy transfer into
the asymmetric vibrational mode as well as the dif-
fusive decay of the 10°0 level. Assuming that the reso-
nant nature of energy transfer renders the probability
W34 much larger than all the remaining Wiy, we write
the solution of (2) in the form

18 r
2= aW ool { WVl | S () ar] S)rloz (£)er

D D -1
+ ]Vo(ﬁz CX; + W+ W3(i,2)) + BA_%NM} ,

2Wyo 3(Wa+ Wauz)
2Wao + B2Dco,/ A2 2Wao + B2Dco,/A2

Ty =

0+

3

h
xi=———-xs+exp\— ’)xzz, Iz°=exp(— I:ZT) (3)

w.

Along with the vibrational temperatures Tj deter-
mined by (3) we must consider the gas temperature T.
The gas temperature is an important factor that sig-
nificantly affects the relaxation of vibrational levels,
the achievement of population inversion, and generation
in molecular laserst*®J, This is due to the fact that in
the case of molecular lasers operating on vibrational
levels the lower working level lies relatively close to
the ground state and its population is largely deter-
mined by the gas temperature; furthermore, the proba-
bilities involved in molecular collisions strongly de-
pend on T. We must therefore add the thermal conduc-
tivity equation that determines the gas temperature in
the stationary case to system (2). (Heat flow by con-



KINETICS OF PHYSICAL PROCESSES IN CO2 LASERS

‘ Aco, n
14 0.81pn,/pco, + 0.23pme/peo,
+ Ay, + e i
1 41.4pco,/pn, + 0.34pue/px, 1+ 3.4pco,/pre + 2.7pn,/Pue ~ (6)

Amix =

The magnitudes and thermal dependencies of the coef-
ficients of thermal conductivity for pure gases
ACO3» AN, and AHe were taken from (163,

4. COMPUTATION RESULTS

The system of equations (2) was solved together
with (4) to determine the conditions governing the pop-
ulation inversion of the 00°1 and 10°0 levels of the
CO:z molecule and its behavior in response to changes
of various parameters (composition of the mixture,
total pressure, and electron density). The solution was
obtained with the aid of (3). The computation was based
on the following values: kT = const = 3 eV, a4 = 3.5,
Bs= B3 =1.5, B2=1, and R = 12,5 mm. The results are
given in Figs. 3-10.

Figure 3 shows population inversion as a function of
nitrogen pressure. At first, as we add nitrogen, the
energy pumped into the asymmetric vibration mode
increases and the population inversion increases. How-
ever, further addition of Nz causes the gas tempera-
ture to rise, resulting in an increasing relaxation rate
and reduced population of the 00°1 level. The rising
temperature is also accompanied by increasing popula-
tion of the lower laser level 10°0. These factors com-
bine to produce a pressure pN, ~ 1—2 Torr charac-
terizing the maximum inversion. We note here that
consideration of the effect of N, on the relaxation of
the 00°1 level should shift the optimum somewhat
towards lower values of nitrogen pressure and should
result in a steeper drop of population inversion with
increasing concentration of Na.

Figure 4 shows population inversion as a function of
CO: pressure. The optimum CO: pressure
(~1--2 Torr) here is due to the competition of two
factors: an increased number of COz: molecules on the
one hand, and an increased decay rate of the 00°1 level
due to increased gas temperature and CQO: pressure
on the other.

The effect of helium on the population inversion is
illustrated by Fig. 5, representing the latter as a func-
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FIG. 3. Population inversion as
a function of nitrogen pressure for
the mixture 2 Torr Co, + x Torr
N, (N. =7.5 X 10° cm™) at vari-
ous temperatures of the tube wall.
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FIG. 4. Population inversion as
a function of CO, pressure for the
mixture 2 Torr N, + x Torr CO,
(Ne =7.5 X 10° cm™3) at various
temperatures of the tube wall.
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FIG. 5. Population inversion as #,,.,-¥,e, /0" cm”
a function of helium pressure for
the mixture 2 Torr CO, + 2 Torr
N, + x Torr He (N, =7.5 X 10° 9
cm™) at various temperatures of
the tube wall (dashed lines denote
a rough estimate of the effect of
helium on the relaxation rate of | ! L
the 00°1 Ievel), 4
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FIG. 6. Gas temperature as a
function of helium pressure for the
mixture 2 Torr CO, +2 Torr N, +
x Torr He (N, = 7.5 X 10° cm™)
at various temperatures of the tube 30
wall.
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tion of helium pressure. Since the thermal conductivity
of helium is several times greater than that of CO:
and N, it decreases the gas temperature and thus en-
hances the population inversion. A consideration of the
effect of helium on the relaxation rate of the 00°1

level should reveal an optimum helium pressure ac-
companying the maximum inversion.

Figure 6 shows the variation of gas temperature with
the addition of helium. The behavior of the pressure-
dependence of temperature agrees with the experi-
mental datal®].

3
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a function of electron density for

the mixtures 2 Torr CO, + 2 Torr N,
(line 1) and 2 Torr CO, + 2 Torr N, +
6 Torr He (line 2). 2
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FIG. 8. Gas temperature as a
function of electron density for the
mixtures 2 Torr CO, + 2 Torr N,
(lines 1 and 2) and 2 Torr CO, + 2
Torr N, + 6 Torr He (lines 3 and 4)
at various temperatures of the tube
wall.
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Population inversion and gas temperature are shown
in Figs. 7 and 8 as functions of mean electron density
Ne. The two competing factors, increasing pumping to
the upper laser level and increased temperature result
in optimum values of electron densities. The shift of
the optimal values of N¢ toward the high side in the
presence of helium in the discharge is typical here.
This is due to the fact that the drop in temperature
caused by the addition of helium permits us to enhance
the energy transfer to the asymmetric vibrational mode
of CO: increasing N¢ and thus causing population in-
version to increase. Such a shift of the optimum was
observed experimentally (28],



FIG. 9. Population inversion
(solid lines 1 and 2) and output pow-
ers (dashed lines 3 and 4) as func-
tions of total pressure py for the
mixtures CO,:N, = 1:1, N, = 7.5 X
10° cm™ (lines 1 and 3) and CO,:
N,:He=1:1:3,N. =3 X 10!° ¢cm™
(lines 3 and 4).

FIG. 10. Gas temperature as a
function of total pressure py for
the mixtures CO,:N, =1:1, N, =
7.5 X 10° ¢cm™ (lines 1 and 2)
and CO,:N,:He=1:1:3,N, =
3 X 10'° cm™ (lines 3 and 4) for
various temperatures of the tube
wall.
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Figures 9 and 10 show the dependence of population
inversion (solid lines) and gas temperature respec-
tively on total pressure ps with the relative concen-
tration of the mixture components held constant. The
"presence of the optima in the pressure functions is due
to the same factors as above.

Since according to our computations and experi-
mental datal2] Ne weakly depends on gas pressure at
a constant discharge current, the functions of Ne¢ and
pressure (with constant Ne) obtained here can be com-
pared with the ordinary experimental functions of cur-
rent and pressure (with constant current). Given the
above pressures and tube radius, we can assume that
Ne = 7.5 x10° em™ corresponds to a current of
~20 mA and is proportional to the current. The behav-
ior of inversion and gas temperature as functions of
total pressure and Ng (current) is in good agreement
with experimental datal8:18:2], The computed optimal
values of pressures and Ne¢ (currents) are also typical
in experimental practice.

The effect of the discharge tube radius on the popu-
lation inversion is illustrated by Fig. 11, which shows
population inversion as a function of CO: pressure at
various tube radii. The computations were performed
with constant NeR? = 1.17 X 10'® cm™ (corresponding
to a direct discharge current of ~20 ma). We see that
the maximum obtainable inversion and the correspond-
ing optimum pressure of CO:z increase with decreasing
radius. This is due to the fact that gas temperature
hardly varies at constant ﬁeRz, yet a tube with smaller
radius has a higher electron density (ﬁe ~ 1/R? and
consequently a larger energy transfer (per unit volume)
to the asymmetric vibrational mode of CO2. Such a
dependence of population inversion on tube radius was
obtained experimentally (in a sealed system)[**d and
the relationship between the radius and optimal CO:
pressure (pocl())t +2R = 4 Torr-cm) as determined

2

there by experiment is close to the theoretical value
(~3.3 Torr-cm). Inversion increases with decreasing
tube radius also when Ng (current density) is held
constant. The cause of this is the lower gas tempera-
ture in a thinner tube (see (4)) at constant pump rate
(Ng = const).

Along with the above dependencies of population
inversion on various parameters, we can also propose
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a qualitative explanation of other experimental results.
For example, the radial gain profiles obtained in (19 n
various mixtures and their departure from the Bessel
distribution are fully attributable to the volume decay
of vibrationally excited CO. molecules and a change in
the relaxation rate of the upper laser level when the
composition, pressure, and temperature of the mixture
are varied. The increase of population inversion along
the tube axis observed experimentally when helium is
added to the discharge is due to the fact that the result-
ing noticeable drop in gas temperature occurs at the
axis.

Wag%=Nygg, 10 em®

§

FIG. 11. Population inversion as
a function of CO, pressure for the .
mixture 2 Torr N, + x Torr CO, at
various radii R of the discharge tube
(NeR% =1.17 X 1010 ¢mp1), 1

As we noted above, along with the good qualitative
agreement of our analysis with the experimental data
there is also a good quantitative agreement for a num-
ber of parameters (computed values of optimum pres-
sures and electron concentrations, and the shift of these
optima occurring with the addition of helium). Never-
theless the computed absolute values of population in-
version differ by a factor of 5—7 from the data of
Statz, Tang, and Koster [7J. It seems that this differ-
ence cannot be eliminated by rendering their results
more precise. We think that this is due in the first
place to the possible effect of electron excitation on
the population of the lower laser level {electron excita-
tion of the deformational and symmetric vibration
modes) and then to the effect of N» and He on the
decay of the upper level. Therefore a sufficiently ac-
curate computation and experimental determination of
the indicated cross sections constitute a fairly urgent
problem. The experimental study of the radial distri-
bution of gas temperature, particle density, and the
electron distribution function can be very useful in
making the above analysis more precise.

5. GENERATION REGIME. CONCLUSION

The majority of experimental work with CO: lasers
consists in the investigation of the operating charac-
teristics of the generator. However a fairly complete
theoretical solution of this problem is quite difficult
since we must know the distribution of the radiation
field within the resonator, consider the rotational re-
laxation and the competition of vibrational-rotational
transitions, and take the effect of various modes into
account. For a qualitative explanation of the para-
metric dependence of the output power we use a sim-
plified model of relaxation in the generating plasma.
Here the terms

R
— hvsByE? SOanJo (%) @ (r)dr(ns’ — ny+t)

and
R

+- hw By E2 San]o (—1) @ (r)dr(ns — nyd+1),

0
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vection can be neglected according to Vasil’ev and
Sergeenkovam .) The simplified equation of thermal
conductivity yields a simple relation that can be used
to find a mean gas temperature T '°J:

Q(T) = (T — Tw) 18.9 Amix(T).

Here Q(T) is the energy liberated in the gas in unit
time per unit of discharge length, Ty is the tempera-
ture of the discharge tube wall, and Apix(T) is the
coefficient of thermal conductivity of the gas mixture.

We further assume that Q(T) is determined by the
energy that is converted by relaxation from vibrational
to translational degrees of freedom (%3, In the sta-
tionary case the energy pumped into vibrational de-
grees of freedom of CO. and N: (and after relaxation
into translational degrees of freedom) can be deter-
mined as follows

R R
Q(T) = 2xtashviN Ny, [We,, S rly (%\ ) dr—z,(T) W, Sr]oz ( _r\\) o ] .
0 0 4

Here the first term represents a flow of energy from
the electrons to the vibrational degree of freedom of
Nz, while the second term defines the reverse flow.
Consequently to determine the gas temperature we ob-
tain the equation

Q(T) = 1,36 R2auhvilVeNou[Woi — 0.63Wiezi(T)] = (T — Ty) 18 9mix (T

(4)
Together with (2) this equation determines the
vibrational temperatures T; and the gas temperatures
T for given partial pressures of the gas mixture, and
the density and mean energy of the electrons.

3. GAS DISCHARGE PARAMETERS: PROCESS
PROBABILITIES.

To solve (2) together with (4) we must properly
select the probabilities of the processes and plasma
parameters.

To find the probabilties of electron excitation of the
vibrational levels of nitrogen we must know the exci-
tation cross section, electron density Ng, the average
electron energy, and the shape of the distribution func-
tion. The total excitation cross section ¢ of the first
eight vibrational levels of nitrogen was found by Chen
and Schulz [}, According to our theoretical computa-
tions and experiment!'?) the average electron energy
in a typical discharge used in COz lasers lies within
the region corresponding to the large excitation cross
section of N vibrational levels (2--4 eV). We can
therefore expect that the shape of the distribution func-
tion has no great effect on the vibrational excitation
probability. A Maxwellian distribution is assumed from
now on.

Figure 2 shows Wes = (0ov) (v is electron velocity
averaged with respect to Maxwellian distribution) as a
function of electron temperature Te. When kTe < 2eV

2)Simple computation shows that elastic collisions between elec-
trons and molecules at these densities cannot account for any notice-
able heating of gas observed experimentally [®]. We also neglect other
processes (ion current to the walls, dissociation, etc.). in the energy
balance. The high efficiency of CO, lasers and the satisfactory agree-
ment between the theoretical results (see below) and experimental data
confirm the validity of this assumption.
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FIG. 2. Probability of electron ex-
citation of a group of vibrational N,
levels (per electron).

L
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we see that the vibrational excitation probability de-
pends on the temperature rather weakly.

An exact computation of electron temperature and
density is practically not possible. Starting with
von Engel’s theory of the positive column (whose ap-
plicability is limited, of course) we carried out a semi-
empirical computation of Ne and Te in the gas mix-
ture as a function of the partial pressures. In doing
this we used the experimental data for the electric
discharge in pure gases given in{**J, The computed
Te differed from the experimental value[?2J py not
more than a factor of two and the computed N¢ differed
by not more than a factor of four. A comparison of
experimental and theoretical values furnished the basis
for selecting Ne and Te for the analysis.

Molecular collision probabilities are not sufficiently
known. Various experiments and theoretical computa-
tions frequently give results that differ by a factor of
several units. The table shows the most reliable prob-
abilities in our view, at three temperatures (taking into
account the variation of the number of molecular colli-
sions with temperature) selected according tot**), The
probabilities are given in reciprocal seconds at a
pressure of 1 Torr (at 300°K). For the remaining tem-
perature values within the range 300—1000°K the prob-
abilities were obtained by interpolating the given values.

. Wi W Wa Wi, Wi Wa1,1)
T, K €0:~CO, * | CO,—N. CO.—He C0,—CO: €0.—CO, €0,—CO:

300 2,1-10% 6.6-102 6.5-103 1.8-10¢ 7-10t 1.4-102

600 3.3-108 108 6,5-103 5.3-104 8-102 1.2.108
1000 2.4-104 1.3.108 6,5-103 1.8-105 5-108 8-103

With a tube diameter of 2R ~ 25 mm and gas mix-
ture pressures px $3 Torr, vibration-excited mole-
cules are lost mainly by diffusion towards the tube
walls. Assuming that the concentration of the excited
molecules is low, the coefficients of diffusion Dy, and
DcCQ, in the gas mixture are determined by the follow-
ing formulas [*5] for given partial pressures pj of the
mixture components:

1
_ _bx, Pco, + DPHe . (5)
DNz DN2—N1 DN:‘COz DNZ—He
1 peo, DN, PHe
Dco,  Dco,~co, Dco,—~,  Dco,-ne

The computation was based on the following coefficients
of self-diffusion and diffusion in binary mixtures at
300°K and pressure of 1 Torr*®J: Dy, N,

=160 cm? sec, DCO,-CO, = 86 cm?/sec, DN,-CO,

= 130 cm?/sec, DN,-He = 560 cm?/sec, and DCO,-He
=500 cmz/sec; the temperature dependence was as-
sumed to be ~T?°. The coefficient of thermal conduc-
tivity of the gas mixture Apmix was computed from L7d;
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are added to the second and fourth equations of (2) re-
spectively. The added terms describe the relaxation of
the energy of the asymmetric and symmetric vibra-
tional modes of the CO: molecule in response to the
radiation field.

Here Bs, is the Einstein coefficient of stimulated
emission, E is the radiation field amplitude in the
center of the discharge tube, nd - n‘lI " is the vibra-
tional -rotational population inversion of the working
levels in the center of the tube, J is the rotational
quantum number, and ¢ (r) is the radial distribution
of the squared radiation field (from now on assumed
to be Besselian). For the sake of simplicity we assume
that generation occurs only in a single vibrational-
rotational transition 00°1 (J = 21) — 10°0 (J = 22).

To determine E, the obtained system describing the
relaxation of vibrational energy should be completed
by adding one more equation[aﬂ. This equation ex-
presses the relationship between the vibrational-rota-
tional inversion n‘sI - nd™ in the generating regime
with resonator parameters3J:

na? — gt — qusizR .
0,62-2¢"-2 (v In 2) " AvaiL Aay (1)

Here vs, is the frequency of the working transition,
Avg is the line width (Doppler contour), ¢ is the
velocity of light, L is the length of the resonator, R
is the effective coefficient of reflection, and As; is the
probability of spontaneous transition; we also took into
account the fact that ¢ (r) =J,(r/A).

We now turn from the rotational to the vibrational
population inversion assuming that the rotational sub-
levels of vibrational levels have a Boltzman population
with gas temperature [73:

No(zz — 1) = Nogoy — Nigeo =
= _ZZB (27 4 1)t exp {}:—f](l +1) } (ma? —nH),

where B is the rotational constant. The cumbersome
analytical solution with respect to xj and E of (2)
corrected for the generating regime is considerably
simplified in conjunction with (7) and (8) if we assume
that the gas temperature and the population of the lower
laser level remain the same as before generation®’.
Based on the above assumptions we computed the
output power of the generator with L = 200 cm and
R ~ 0.5 per cubic centimeter (at the tube axis) as a
function of total pressure (Fig. 9, dotted lines). A
similar computation was performed to determine out-
put power as a function of electron density (current)
and partial pressure of COz. This procedure also
yielded the Ne and pressure values corresponding to
the maximum power. The presence of optimal pres-
sures and electron densities is due to the same factors
as those operating before generation. The optimum
pressures agree with the experimental data. The graph
shows that-there is a shift of the optimum pressure
towards the high side and a steeper drop of power with
increasing py as compared to the optimum values and

3 This assumption is valid if the generation regime has an auxiliary
mechanism to clear the lower working level. This role can be assumed
by water vapor added to the working gas mixture [3].

GORDIETS, SOBOLEV, and SHELEPIN

the behavior of population inversion prior to generation.

The relationships presented in Figs. 3-6 and com-
puted at various tube wall temperatures show that ex-
ternal cooling has a substantial effect on population
inversion and output power in agreement with experi-
mental data (see for example[**%]), It is of interest to
note that if during generation the electric energy sup-
plied to the discharge remains the same as prior to
generation, the gas temperature is lower during genera-
tion because a noticeable portion of the energy escapes
as radiation due to the high efficiency. For an efficiency
of ~25%, the temperature drop is estimated at 8%. We
note that the absolute values of computed power are
found to be several times higher than the experimental
values. This is quite understandable in view of the
approximate nature of the computation and the inde-
terminacy of the process probabilities. Nevertheless
the maximum computed increase in output power re-
sulting from the addition of helium is the same as in
the experiment (~6 times )34,

The computations show that, other factors being
equal, the lowest possible gas temperature is neces-
sary to improve laser operation. Together with the
use of admixtures and good internal cooling, gas tem-
perature can be decreased by the introduction of auxil-
iary surfaces within the discharge tube. Another pos-
sible method of improving laser operation is proper
selection of the cross sectional configuration of the
tube. However since this can affect the discharge con-
ditions the final conclusion is possible only after suit-
able experimentation.

The methodology discussed in this paper thus per-
mits us to compute energy level populations and
plasma parameters in the CO. laser. In spite of the
simplicity of the proposed model the results obtained
correctly reflect the qualitative nature of experi-
mental relationships: we also observe a quantitative
agreement with experiment and the approach towards
optimal generation conditions. A number of factors
that we failed to take into account (electron excitation
of COg2, population of rotational levels, and the effect
of impurities on the relaxation rate of the upper work-
ing level) can be readily included in the analysis al-
though some difficulties connected with the computa-
tion of the corresponding cross sections remain. As
for the generation regime, further approximation of
the model is necessary for the quantitative computa-
tion.
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