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INTRODUCTION

NEW trends have developed in recent years in gas-
laser technology, involving the use of monotonic
gases as active media and a more extensive utiliza-
tion of physico-chemical processes. This has be-
come manifest primarily in the development of
molecular lasers, delivering continuous pewer on the
order of several hundred watts at 10—15% efficiency,
and the development of lasers with molecule photo-
dissociation, proposed by I. I. Sobel’'man and S. G.
Rautian '],

We review in this survey the work on CO; molecu-
lar lasers, to which much attention has been paid
during the last year in the periodical literature.

There is still no unified point of view concerning
the inversion mechanism in CO, and the role of the
different elementary processes. The published arti-
cles on this subject contain in many cases contradic-
tory opinions concerning these questions., This is
connected to a considerable degree with the com-
plexity of the phenomena occurring in the molecular
systems and with the lack of a theory of multilevel
lasers with due allowance for relaxation processes.
The critical analysis of publications on CO, lasers
may also be of interest because the inversion mecha-
nism in CO, lasers has unique features that are
peculiar to a broad class of molecular and chemical
lasers.

It is known that until most recently the efficiency
of lasers did not exceed several tenths of one per
cent and was in many cases even much lower than
that, The main reason of such low efficiencies was
that a negligible fraction of the total number of exci-
tation events in the gas discharge led to the emission
of stimulated photons.

An analysis of the kinetics of the processes in the
active medium has led G. Gould (2! and others, at the
end of 1963, to the conclusion that the use of relaxa-
tion processes in conjunction with inelastic electron
and atom collisions is an important factor in the con-
struction of powerful gas lasers. Such lasers are
called collision lasers.

In the fall of 1964, G. Gould delivered to the con-
ference on chemical lasers a paper called ‘‘Collision
Lasers [2], ’? in which he expounded the fundamental
principles of high-efficiency gas lasers and predicted
the possibility of obtaining power densities on the
order of 1 W/cm?® at efficiencies exceeding 10%. The
proposed working media were atom pairs of several
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elements (manganese and lanthanum) having a rela-
tively large number of fine-structure levels.

Gould’s paper apparently did not attract the de-
served attention, and was not cited in subsequent
papers on molecular lasers, although, as will be
shown below, the premises formulated by him have
become most successfully embodied just in molecu-
lar lasers, and not in lasers with atomic pairs of
elements with developed fine structure. The gist of
Gould’s premises (2J consists in the following., To
produce a high-efficiency laser, the upper working
levels should have relatively long lifetime
(7, = 10™* sec) and should not disintegrate noticeably
under the influence of inelastic collisions with other
atoms or by diffusion to the walls.

For effective utilization of the excitation energy of
the upper level, the probability of stimulated transi-
tions should be at least one order of magnitude larger
than the reciprocal lifetime of the upper level, i.e.,

Nihv
where P is the generation power density and N; is
the population of the upper level.

The maintenance of population inversion will be
ensured if the lifetime of the lower working level 74
will be smaller by one order of magnitude than the
quantity Nihv/P, i.e., 7, % 107% sec.

Such second-level lifetimes cannot be ensured by
radiative decay if this level is located sufficiently
low above the ground state, all the more when ac-
count is taken of reabsorption of the radiation. The
high position of the second level leads unavoidably to
a lowering of the laser efficiency npax = W/E; =1
— E,/E;. A way out of this contradiction is, accord-
ing to Gould, to use inelastic atom collisions for the
disintegration of the lower level. At a colliding-par-
ticle potential energy AE :kTgas. The cross sec-
tions of the inelastic collisions can reach 107! em
and are in a position to ensure short level lifetimes.
However, in order for the population of the second
level to be much lower than that of the ground state in
the presence of a Boltzmann distribution, the energy
of the second level should be much higher than the
translational-motion energy, i.e.,

> 10% sec 1,

2

Ey> klyas.

These conditions can be satisfied if the nonradiative
decay of the lower level occurs in several stages in
a system of closely-spaced levels that couple the
lower working state with the ground state,
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It would be natural to assume that such a situation
can occur in molecular systems, but Gould has ex-
pressed the misgiving that in the presence of a de-
veloped level system in the molecules it will not be
possible to concentrate the excitation in the working
transition.

According to [21; a laser with high efficiency and
large power density should satisfy the following re-
quirements:

a) The probability of the laser transition should be
low (partial forbiddenness).

b) The upper level should not decay noticeably
under inelastic collisions (E; — E; > kTgag).

¢) The working levels should lie low, so as to
ensure large absolute populations and electron-
excitation rates.

d) The cross section for inelastic collision be-
tween the working and adjacent levels should be large
(AE T kTgas).

e) All levels with noticeable population should con-
tribute to the passage of the atoms through the work-
ing transition.

f) The total energy interval ZAEj in a sequence
of closely lying levels should ensure the existence of
inversion (N; > Ny), in which connection the Boliz-
mann factors in the distributions of the electrons and
the atoms should satisfy the inequality

_YAE,RT _(Ey— .
e ¢"" gas < g—(E1—E3)/kTe;

g) The gas density should be low, so as to satisfy
in the discharge the inequality Te » Tgas, but at the
same time it should be sufficient for the inelastic
collisions to be effective (tentative atom density
~3x 10! em™%),

The excitation of the upper level should occur not
directly, but with the aid of a gas impurity that con-
centrates the maximum population density at the iso-
lated level.

It is easy to verify that the foregoing requirements
can be satisfied also in molecular lasers. The ag-
gregate of the rotational levels ensures the necessary
rates of decay of the lower working level even at gas
pressures on the order of several mm Hg, owing to
the short rotational relaxation times.

Of great importance for the operation of molecular
lasers, as will be shown later, are also the competi-
tion of the vibrational-rotational transitions, the
saturation of the working transition, inelastic mole-
cule collisions, the presence of Fermi resonance,
etc. Therefore the list of requirements that must be
satisfied by powerful high-efficiency lasers can
presently be substantially increased,

The first to report laser generation with CO,
molecules was Patel, at the session of the American
Physical Society in April 1964.13) Ppatel’s first publi-
cations (4% reported generation at 13 lines of the
00°1—10% band and 7 lines of the 00°1—02% band,
and the total power was approximately 1 milliwatt,

The operation of the laser was explained on the
basis of a four-level scheme with radiative decay of
the lower level, while the role of the relaxation pro-
cess was not noted,

In subsequent investigations Patel!®"] Legay-
Sommaire (8 , and Moeller and Ridgen (9 optained an
appreciable increase in the power and efficiency by
introducing nitrogen and helium into the discharge.
Investigations in the pulsed mode [1°12} and in a Q-
switched mode "3718) has made it possible to estimate
the lifetimes of the vibrational levels and to calculate
a number of relaxation processes in the mechanism
of the decay of the lower working level. Investigations
in the Q-switched mode have also made it possible to
understand better the competition between the vibra-
tional-rotational transitions. These phenomena
greatly reduce the number of lines in the laser emis-
sion spectrum.

Research on molecular lasers has attracted much
attention, and within a short time, in 1966, continuous
power up to 700 W and efficiencies up to 15% were
attained, mostly by increasing the laser length * It
has been proposed (18] that the efficiency can reach
30—-40% and that the power will amount to many kilo-
watts. For a detailed survey of the experimental work
on CO, lasers we can recommend the review of
N. N. Sobolev and V., V, Sokovikov (191, Experimental
investigation of the elementary processes in molecu-
lar lasers have explained a number of important de-
tails in the population-inversion mechanism,

In light of the foregoing requirements imposed on
high-efficiency lasers, let us consider the main ele-
mentary processes occurring in discharges in a mix-
ture CO, + Ny + He and the scheme of the lower
levels of the electronic ground state of the molecule
CO,.

1. ELEMENTARY PROCESSES IN CO, LASERS

a) Scheme of Lower Levels of CO; Molecule

CO, is a linear symmetrical molecule with zero
dipole moment and belongs to the point-symmetry
group D} and has three normal oscillation frequen-
cies (see Fig. 1) [201:

vy = 1388.3 cm™! — symmetrical valence oscilla-
tion,
vy = 667.3 cm ™! — deformation valence oscillation,
v = 2349.3 ecm™! — antisymmetrical valence oscil-
lation,
The foregoing values hold for the molecule
ct?03t [2]  The deformation oscillations are doubly
degenerate, since oscillations with the same frequency
can occur in two orthogonal planes passing through
the molecule axes.

*¥According to the latest data (Electronic News 11, No. 573,
44 (1966) the maximum attained power is 1100 W.
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FIG. 1. Scheme of lower vibrational levels of the elec-
tronic ground state of the CO, molecule. To each vibrational
state there corresponds a system of rotational levels with pop-
ulation distribution ny. Each vibrational level is tagged with
the energy (in cm™), the value of the rotational constant B, the
type of symmetry of the state, and with a schematic designa-
tion of the vibrational motion of the atoms, The first vibrational
level of the nitrogen molecule NX(v = 1) has a large cross sec-
tion for inelastic collision with the 00°1 level. On the uppet
left is shown the arrangement of the 00°v levels. On the lower
left (to show the scale) is given the energy of the thermal mo-
tion kT gas.

The structure of the vibrational levels of the
molecule CO, are determined by the set of normal
frequencies (vy, vy, and v3), their overtones, and
composite combination frequencies.

The corresponding levels are designated by a
combination of quantum numbers (vy, vy, v3). Figure
1 shows the scheme of the lower vibrational levels of
the electronic ground state of the CO, molecules and
the aggregate of the rotational levels belonging to
them.

On the upper left of Fig. 1 we show the position of
the higher vibrational levels 00%.

For clarity, the lengths of the rotational-level
lines are chosen proportional to the populations of
the corresponding levels, The indices on the left
denote the aggregate of the quantum numbers charac-
terizing the level energy, and the indices on the right
the types of symmetry of the state and the point group.

The additional quantum number ! over the second
index is due to the double degeneracy of the deforma-
tion oscillation. It takes on the values:

l=v,v-2...,0-for even v,

l=v,v-2,...,1 - for odd v,,
and determines the value of the angular momentum
MYib - hl, connected with the vibrations and directed
along the molecule axis,

Levels with I = 0 are not degenerate, and those
with I > 0 are doubly degenerate. When vy > 1, the
degeneracy is lifted, owing to the anharmonicity of
the COy molecule,

The levels 0220 and 02°0 belong to different
point-symmetry groups [201.

The same figure shows, to illustrate the scale, the
energy kTggg of the thermal motion of the molecules,
and the position of the first vibrational level of the
nitrogen molecule N¥ (v =1) and its rotational
structure,

Owing to the accidental coincidence of the fre-
quency vy and the second harmonic 2p, of the defor-
mational vibration ( 0200), a shift of the correspond-~
ing levels takes place in the COy molecule (Fermi
resonance), and the states of the molecule at the
levels 10% and 02 are mixed. A detailed treat-
ment of this question is found in books on molecular
spectroscopy[zo’m, and the calculated values of the
perturbed and unperturbed frequencies are contained
int) m [21], in particular, it is indicated that the
Fermi resonance can explain the short vibrational-
relaxation time of the lower working level 10%, since
the deformation oscillations ( 01°% and 0200) have the
smallest relaxation time of all three types of oscilla-
tions.

This remark agrees with the strong influence of
the generation power on the conductivity of the plasma
in CO, discharge, described in [23]. Indeed, a lower-
ing of the generation power, say by introducing
losses in the resonator, leads to a decrease in the
population of the lower working level ( 1000), since
its population depends significantly on the rate of the
induced processes. The connection between the levels
(10%) and (02%), which have the same parity,
should lead, as a result of the Fermi resonance, to a
change in the population of the 02°% level, which has
apparently a large cross section for interacting with
the electron component (13] and a short vibrational-
relaxation time 21241,

According to the selection rules for the molecular
systems in the dipole approximation, transitions be-
tween vibrational levels belonging to states of differ-
ent parity g — u, with change of one of the vibrational
quantum numbers by unity, are allowed. Accordingly,
only two strong bands are observed in the emission
spectrum of CO,, with vy =667.4 cm™! and v,
=2349.3 cm ™!, The bands that follow them in intensity
correspond to transitions to the ground state from the
level 02% and 10%1. The remaining bands in the
emission spectrum are weak or very weak, This
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confirms the well known premise that in molecular
systems electron collision excited only the lowest
vibrational levels, connected with dipole transition
with the ground state.

The bands corresponding to transitions between
levels of like parity, g-g and u-u, are observed only
in the Raman scattering spectrum. Owing to the
Fermi resonance, the Raman-scattering spectrum of
CO, contains a strong double band with v{ = 1285.5
and 1388.3 cm™!, with relative intensity 1: 0.59 [22],
in lieu of one unperturbed band with v; = 1345 cm

Transitions with a simultaneous change of two and
three quantum numbers, and also of one quantum num-
ber by more than one unity, are forbidden in the dipole
approximation. These include, in particular, also the
working transitions (00°1—10%) and (00°1—02%),
observed in the form of weak bands in the emission
spectrum of CO,. Recent investigations of the CO,
spectrum have also shown the presence of
(10%—01'0) and (02°%—01'0) bands 12,

A more complete scheme of the v1brat10na1 levels
of CO, is given in the book by Herzberg (22 The
same book gives information on the observed CO,
bands in the Raman spectrum and in the spontaneous-
emission spectrum, From an examination of these
data it is seen that even weak lines terminating at the
(00%1) level were not observed in the CO, spectra.

Information on the probability of transitions be-
tween levels of the CO, molecule is practically non-
existent. Recently, the probability of the vibrational-
rotational transition of the 00°1—10% band to the
lines of the P-branch (J =18 - 22) was measured
and found to be (0.21 + 0.03) sec™1[25]  (For the
10%—02% band, according to the measurements of
1. K, Babaev and S, N. Tsys’, the probability of the
transition P =18 is 0.25 % 0.02 sec™'.)

The measurement procedure consisted of the
following. The beam from a laser oscillating at three
lines of the P branch was directed to an absorption
cell, From the known population of the vibrational
and rotational levels, which were calculated by using
the equilibrium temperature of the gas in the cell, and
the radiative lifetime of the transition, averaged over
the indicated lines, was determined from the measured
absorption coefficient.

According to the calculations of (26]  the probability
of the other transitions, which are forbldden in the
dipole approximation, is of the order of several
tenths of an sec™!, The probability of dipole transi-
tions from the ground state from the levels 00°1 and
01!0 is of the order of 10% sec™?,

Population inversion at the vibrational-rotational
transitions and the number of generating lines depend
on the distribution of the population over the rotational
levels.

In vibrational-rotational spectra of spontaneous
emission of symmetrical molecules having equivalent
nuclei with spin I = 0, there is observed alternation

~1[21]
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of the line intensity as the rotational quantum number

J is varied. Since the oxygen isotope O'® which has

an abundance of 99.76%, has a nuclear spin I =0,

only symmetrical rotational states with even values

of J for the lower level exist in the CO, molecule (z0],
The molecule rotational energy is determined by

the formula

E = heBJ (J +-1) = heF (J),

where B is the rotational constant and the energy of
the rotational-vibrational-transition quantum is given

by

E —E" <hvg+he|F (J')—F (J")],

where vy is the frequency of the zeroth line (for a
pure vibrational transition).

The dipole transitions of CO, satisfy the selection
rule Ad =J’ — J” = +1, 0, -1, corresponding to the
observed R, Q, and P branches of the emission
spectrum, For parallel bands with a transition dipole
moment directed along the molecule axis, we obtain
the additional hindrance AJ =0 and there is no Q
branch. Since the upper working level 001 corre-~
sponds to an asymmetrical valence oscillation with
dipole moment directed along the molecule axis, only
parallel bands of the R and P branches are observed
in the generation spectrum. For transitions from the
(0110) level, corresponding to deformational vibra-
tion, perpendicular bands are observed. The selec-
tion rule for the quantum number ! in parallel bands
is Al =0, therefore the spectrum does not contain
the transitions 00°1 — 02%.

For an equilibrium distribution of the molecules at
a temperature Trot =~ Tgag, the population of the
J-th rotational level, with allowance for its statistical
weight gj = 2J + 1, is determined by the formula

he
th —TUY 55
— —_ ~ gas.
Ry = ngexp[ F(J) kT N<kTas )6
where
. RT ~ heB
Q= ; 27 +1)e BRSO G- (1)

Ny is the total number of molecules at the vibra-
tional level. This distribution over the vibrational
levels, and also the values of the rotational constants
B for different vibrational levels, are indicated in
Fig. 1.

The values of Jopt corresponding to the maximum
of the distribution, are determined by the expression

Jopt = 2??5 = ~ 0.95 Vfgas 1 : (2)
For the usually observed intense line P(20)(d’ =19)
this corresponds to Tgas 400°K, When the gas is
cooled 27], a tendency is noted towards generation at
transitions with lower values of J.

According to (1), the distribution ngjy for a system
of rotational levels is détermined by the total number
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of molecules Ny of the vibrational state and by an
exponential factor. For the levels 10% and 02%,

which are connected by the Fermi resonance, the

values Njglg and Njo0, are not independent,

It can be shown that if the rotational relaxation
leads to establishment of an equilibrium distribution
in the rotational structure of the levels 10°% and
02%, then the ratio of their populations will be deter-
mined by the Boltzmann factor

N

Mot _ gy [ AL
Nozf'n Flgasl *

where AE is the difference in the energies of the
ground states of the levels, equal to 103 em™!,
N10%/No20g = 0.6 for T =300°K and ~0.7 for

T =400°K. Under the indicated assumption, the dis-
tribution (1) for the 10% level can be expressed in
terms of the total number of molecules N, at the
bound levels 10% and 02%:

N e—AE/kTgaS heB — jL

1 :e_AE/thas kTgagz‘, +1)e Fgas 3
Therefore the lifetimes of the levels 10°0 and 02%
should not be regarded separately as independent
quantities, but it is necessary to determine the life-

time of a system of two levels.

ny ==
Ta

b) Lifetimes of Vibrational Levels

In lasers using the CO, + Ny + He mixture, the
time of rotational relaxation of the CO; molecule is
sufficiently small, and it can be stated that, at least
in the continuous mode, the distribution of the rota-

tional-level populations differs little from equilibrium.

Under these conditions, the inverse population can be
expressed simply in terms of the total populations of
the upper and lower vibrational levels Ny ;. The
stationary distribution Nj can be obtained by solving
the system of kinetic equations

P N M= N [ £ D A+ KN ) | @
i

i

where Z; Mjj—rate of excitation of the i-th level due
J

to collisions with particles of species j (molecules,

electronsy),

Ti—total relaxation time of the i-th vibrational
level in a mixture of given composition;

: Ajj—sum of probabilities of the radiative transi-
tions to other levels; and

Kiij—probability of decay of the i~th level by in-
elastic collisions with particles of species j.

The quantity -}, which is a reciprocal of the time
of natural vibrational relaxation of the pure gas, is
defined as the ratio of the average number of colli-
sions per second at a given pressure pp to the num-
ber of effective collisions Zp A leading to a conver-
sion of the internal energy of the molecule to the en-
ergy of translational motion,

If we define the number of collisions Z for a cer-
tain expression, for example, 1 torr, then

- Z .
Tal o === pa’ = taaPa-
Zaa

The usual method of measuring the relaxation time
is by determining the dispersion of ultrasound at
normal temperatures and yields values only for the
lower vibrational levels (28],

For polyatomic molecules having several normal
oscillation frequencies, the relaxation can proceed in
several ways. For the CO, molecule, just as for
S0y, the most probable mechanism of vibrational
relaxation of the 100 and 00°1 levels is apparently

the sequence (28)
¢

o 10°0 . 0
CO,(00°1) —> CO, 0200) —> CO,(01'0) —> CO4(00°0),
with
To003 = F1000 = Toylo-
02%

The relaxation of the 02% level occurs principally
as a result of exchange processes CO,( 02%)

+ CO,(00%) = 2C0O,(0110).

In the case of a mixture of two gases, relaxing (A)
such as CO; and nonrelaxing (B) such as helium, the
exchange of the translational and vibrational energies
can be the result of two processes:m]:

a) A* + A — A + A — intrinsic relaxation,

b) A* + B — A + B — relaxation on the impurity B,
The resultant relaxation time is determined by
the ratio 77! = taaPA T tappPp, where py and pg are

the partial pressures of the gases, in torr, ty g

= Z/ZAB, where Z, g is the average number of
collisions necessary for the molecule A* to lose one
quantum of vibrational energy, and Z is the total
number of A — B collisions per second at a pressure
of 1 torr,

Table 1 lists the values of the effective numbers
of the collisions ZAR and of top at pA and pg =1
torr for mixtures of CO, with other gases. The high
probability of energy transfer in CO, — H,O colli-
sions can apparently be attributed to the formation of
an intermediate intermolecular complex.

The values of Zap in Table I are valid for the
lower vibrational state of the CO, molecule, most
likely 0110, since the measurements were made at
normal temperature (293°K). The value of ZAp for
the CO; — He mixture decreased with increasing gas
temperature (28]

There is no assurance that these values can be

Table I
Mixture Zap tan Mixture Zap tap
CO, —CO, 108 000 520 CO,—H,0 130 —
CO,—He 1 500 (4-10%) CO, —CO 230 —
COr N, 1200 | (4.5-10%
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used to estimate the lifetimes of higher vibrational
levels. Indeed, the values 70y reported in the liter-
ature [1318) 1je in the intervals 0.8 — 3 msec and
greatly exceed those calculated in accord with the
data of Table I.

Moreover, there are indications (3] that the in-
tensity of the spontaneous emission from the 00%1
level is increased by addition of helium. This fact is
difficult to explain if it is assumed that the helium
reduces greatly the lifetime of the 00°1 level. At the
same time, there are reliable data confirming that
the helium decreases the lifetime of the 10°%0 by two
orders of magnitude (3] 1t follows therefore that the
time of vibrational relaxation on the impurities
greatly depends on the energy level.

In a mixture of two relaxing gases such as COy
and N,, the processes become much more compli-
cated. At small resonance defects of the colliding
molecules, equilibrium in the mixture should become
rapidly established as the result of excitation-ex-
change processes:

A*4-B > A+ B*

The relaxation of the entire system will be described
by two exponential functions exp [_TXt] and
exp [—T']ét], where

Ta' =144Pa+tasPs: T5 =!ppPp+ tpaPa-

The values of the coefficients t;; for the working
levels 00°1 and 10% of the CO, molecule are un-
known, but nevertheless it is possible to draw a num-
ber of qualitative conclusions from the publications
on CO, lasers.

The relaxation time 7, of the upper level changes
little in relatively wide nitrogen and helium pressures
and exceeds the relaxation time 75 of the lower level.

As is well known, only under these conditions is
cw generation possible,

CO,-CO C0,-CO
Consequently, t; 2 2ty R 2a

Oy COpNy

nd

. When a small amount of water
vapor is added to the discharge [29], an increase is
observed in the generation power, and this gives

CO,-H,0 ,CO,-H,O
grounds for assuming that t; 0,-H,0 ty 2R,

The level relaxation times, and consequently the
coefficients t:?z depend on the gas temperature.
Thus, for example, when the temperature increases
from 300 to 500°K, 70110 decreases by approximately
one-half. The lack of data on the temperature coef-
ficients of the working levels makes an estimate of
7 at the working temperatures of the gas difficult.

Information on the effect exerted by admixtures
of other molecular gases on the generation power of
a CO, laser are contained in 13 The relative change
in generation power following addition of 25% of im-
purity is listed in Table II. The power obtained with
pure CO, is taken as unity, The influence of the in-

Table I
Gas Ng Air CO | H, 0, | N3O | CoH, | CH,
PiPgo, 3 2.6 1.5 1 0.5 | 0,5 0 ‘ 0

dicated impurities on the generation power can be
connected with different factors - change in the elec-
tron temperature and electron density, change in the
level lifetime, absorption in the gas, etc.

Comparing the positions of the lower vibrational
levels of the indicated molecules with the working
levels of CO,, we can reach the conclusion that in
some cases the influence of the impurity is connected
with resonant transfer of excitation in inelastic colli-
sions.

Figure 2 shows the position of the lower levels of
CO,, Ny, CO, Oy, HyO, and NyO. The role of N,, as
indicated earlier, consists essentially in increasing
the rate of exchange of the upper level and decreasing
the lifetime of the lower one. The CO molecule has
a first-excited level with small resonance-energy
defect relative to Egq01:

AE=Eyp,—Eco(v=1) ~—150cm™ << kTgqs .

The lifetime of the intrinsic relaxation and pggp

=1 torr is approximately 76 msec [28], and therefore
the inelastic collisions CO* + CO; —~ CO + CO¥
(00%1) can increase to a certain degree the rate of
excitation of the upper working level.

The drop in power when molecular oxygen is in-
troduced into the discharge can be partially explained
as being due to the small resonance defect of the Oy
level (3Z‘g) relative to the CO, levels (1000, 02%).
Then, in the presence of excited O, (°2Z7,) molecules
in the discharge, an increase takes place in the rate
of excitation of the lower working level and the popu-
lation inversion decreases. The time of the intrinsic
vibrational relaxation of Oy(v =1) at PO, =1 torr
is approximately 2.4 sec, and that of Ny(v =1) at
PN, = 1 torr is 14.5 - 16 msec (*%%3],

The quenching action of N3O can also be due to an
increase in the population of the lower working level
of CO, (1000, 0200), since the resonance defect for
this level is much smaller than for the upper one.
Cessation of generation upon introduction of ethylene
(CqH,) into the discharge is more likely to be con-
nected with intense absorption by the latter at the
10.6 u wavelength. In addition, it is well known that
hydrocarbon molecules have small vibrational-
relaxation times and have a strong de-activating
effect.

It is impossible to present any quantitative esti-
mates of the time of the vibrational relaxation of the
working levels of CO; mixed with other molecular
gases, for the time being. The intrinsic relaxation
time of the 00°1 level for Tgas = 300°K was meas-
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b 7 FIG. 2. Comparative position of the lower
vibrational levels of the molecules CO,, N,, CO,
7r— H,0, and N,0.
”‘—‘/_‘E! WW—— 2+ A*
Vw4 z
aY—r7
z
ured in 3%, The measurement method consisted in Consequently, only at small values of k and at

observing the rate of decay of the 00°1 level after
excitation by a short pulse from an external source.

It was shown there that the reciprocal time 77!
increases linearly with the pressure:

-1

T

1G02=CO2pcq,,
C0,-CO - -
where t; 2 % = 385 sec”! torr~1.
At working temperatures 400—500°K, t
apparently increases,
Measurements of 174 for the lower level were not

CO,~
made, but it can be assumed that t, ©2-CO,

3 500—700 sec”! Torr~!.
Since helium greatly reduces the relaxation time

CO,-He
T9, We can conclude that t, 2
1

exceed ~700—800 sec™ torr™!,

Witteman’s results [24,29) point to large values of
CO,-H,0
ta

C0,-CO,

is large and can

but a quantitative estimate of this value is
not given, We know likewise of no published data with

CO,-N
which to determine t; , L

Direct measurements of the rate of decrease of the
spontaneous radiation after an excitation pulse do not
give the true values of the level lifetime in the pres-
ence of resonance with the mixture components, for
in this case a complicated process is observed, de-
scribed by several exponentials. Thus, for example,
upon relaxation in the system

CO4(0001) 4 N(0) = CO5(0000) -L Ny(v — 1)

the observed relaxation times of the mixture )\{1 and
As;' will be (see Appendix I)

T T (Yot Zo)

}"1,2:_ B

([T 1

where the subscripts 1 and y pertain to CO,4( 00%1)
and Ny, k = (ov) is the rate constant of the process
indicated above, and xy and y, are the partial gas
pressures of CO, (000) and Ny (0).

concentrations x; and y, will the values of )\{,12
coincide with the intrinsic relaxation times of the
components in the mixture 7, and 7.

When 77! — 771 + k(yg — X) > k?’xoyoﬂ/z, the ob-
served relaxation times in the gas mixture will in-
clude a correction for the exchange of excitation with
the other component of the impurity:

— A~ kY, — A eyt kg

Therefore the level lifetimes obtained in the Q-
switching mode (13] yre smaller than the intrinsic
times of the vibrational relaxation, The same holds
for the results of[le], where the measurements were
made in the reactive Q-switching mode and the life-
time of the lower level was determined as the mini-
mum relaxation time of the system in the presence
of a discharge in the gas.

From an analysis of the population inversion in
the molecular system (see Appendix II) we see that
the intrinsic relaxation time of the molecular com-
ponent 7 is only one of the terms of the effective
lifetime of the level T, which depends on the excita-
tion transfer to other components of the mixture, on
the probability of the inelastic collisions of the second
kind, etc.

This can explain at first glance the paradoxical
phenomenon noted in [15], namely the weak dependence
of the measured lifetime of the lower level on the
partial pressure of the gases. The misunderstanding
vanishes if it is assumed that when the Q-switching
mode was used, the measurements pertained to one
of the effective relaxation times of the system, which
depended both on the gas pressures, the temperature,
as well as on the characteristics of the electronic
component (ng, Tg). The authors of (%) have pro-
posed that inelastic electron collisions exert a
noticeable influence on the relaxation processes.

The use of the concept of level effective lifetime,
which takes into account exchange with other com-
ponents of the system, may be fruitful, since it is
easy to express in its terms such quantities as the
inverse population, the saturation parameter, etc.



138 V. P. TYCHINSKII

(see Appendix II). However, before we use the ex-
perimental data on the lifetimes in the calculations,
we must check that the measurements are indeed
equivalent to determining the value of 7 used in the
calculations.

We present quantitative estimates of the effective
lifetimes of the CO, levels, T; and T,, in the CO,
+ N, + He mixture.

By definition (see formula (k) of Appendix II), we
have

k1oko1zoyo

Poy + koo -+ Tt *
Tl —
where 7 ’12 are the intrinsic reciprocal relaxation
times of COs:

T;lzzltipji TIIIZ_Zt;.pJ" j—C027 N27 He;
7 2

T = 171+ Boy + Yokor —

Moy =Dg (o) is the probability of decay to the ground
state of the CO, molecule from the first level as a
result of an inelastic impact of the second kind:

Rt = PygeB1/RTe ~ 1.35p,, for E,=2349cm™, T, ~1€V;

o = Ne (0gV) = pgg exp ( Ey/kTe) = 1.2y is the
same for the second level;

Hoy = Pyoe®1/MTe = 1350,

Hyo = ng {oyv) is the probability of excitation of Ny;
Koy = 0.75 X 1071 cm®sec™! is the rate constant for
inelastic collision of CO, and Ny, while x; and y,
are the concentrations of CO; and N, in the ground
state.

Inasmuch as there is no resonant excitation trans-
fer to the lower level in the COy + Ny + He mixture,
we shall assume that the component z, vanishes and
that 1,y =1y = 0. The influence of the helium will be
taken into account in the intrinsic relaxation times of
the molecules of the mixture, 7; and 7,.

We assume for concreteness (see Sec. 1¢)

Cpp=14- 10-18cm?, Oyp=2-10718 cm?, o, =1.15- 10‘15cm2,

2o=5-10"cm™> yo=5-10%cm™3, n, =101 cm™3

v=6.10" cm - sec™!, Peo,= 0,3 torr, pn,=2torr,

DHe = 4torr.

Then py = 320 sec™, ug = 160 sec™, ugy = 950 sec™,

Ty = 300 sec™! (120 sec™! is the contribution of the

0,-C
intrinsic relaxation at th 2=C02 _ 400 secltorr™!,

and the remainder is due to the impurity), 73
=~ 3000 sec™! (200 sec™! - intrinsic relaxation at

tzcoz_coz ~ 700 sec™! torr~! and 2800 sec™! - contri-

Oz—He

bution of the helium at tzc =~ 700 sec”!torr™!),

Tl > 125 sec™! ((MNo-N1x 62 sec—!torr!).

The contribution of the last term to 73! is negligi-

ble under the indicated conditions (~15 sec™), and

Tt = 7+ oy + Yokoy 2 1000 sec™?,
17;‘ ~ T 4 toe ~ 3200 sec”!

The lifetimes of the lower 10% level, given in [12]
for pulsed excitation of COy + He mixture, and found
to be 0.25—0.3 msec, is apparently close to the ef-
fective lifetime 75, since resonant excitation transfer
is impossible in this mixture.

For the lifetime of the upper level, the literature
cites values from 0.8 to 3 msec. At the indicated
partial pressures of the gases in the mixture, the
most likely value of T; will be 1—1.5 msec. An esti-
mate of the rate of excitation of the levels and of the
populations will be carried out in Sec. 4 for 7y
=1 msec and T3 = 0.3 msec.

The time T characterizes not the level 00°1 alone,
but the entire system of levels 00l (v=1-4), be-
tween which a strong coupling exists as the result of
the large collision cross section in processes of the
type

C04(00°%) + CO4(00°0) => CO00°% — 1) + CO4(00°1).

Indeed, the measurements [30) 5f the rate of radia-
tive decay of the upper (00%) vibration levels in the
presence of intense radiation at the 00°1 — 10%
transitions have shown that the 00% levels make a
noticeable contribution to the excitation of the 001
level. In the cited investigation, a short measuring
cell with windows inclined at the Brewster angle and
with a window in a side stub was placed in common
resonator with a CO, laser operating in the Q-
switched mode. The temporal characteristics of the
spontaneous emission at the 001 ~ 10% and 00%

- 00%(v — 1) bands were registered through the side
stub with the aid of a monochromator and oscillo-
scope.

The emission spectrum of the indicated bands was
observed in the measuring cell under the ordinary
discharge conditions at a normal filling with a CO,

+ Ny + He mixture. Comparison of the intensities of
the corresponding lines has shown that the population
distribution at the level 000v, up to v =4, can be
described by a positive vibrational temperature

Tyip = 3000°K, When the radiation passed through the
measuring cell, the population of the 00% levels be-
gan to decrease rapidly (delay time 10 usec), whereas
in the continuous generation mode the intensity of the
bands from the 00% levels was reduced only by a
factor of 2 and the distribution was conserved. Such
a strong coupling between the 001 upper working
level and the 00% level cannot be connected with
radiative processes, which have transition probabili-
ties of the order of 10% sec™!, This leaves only one
explanation, namely exchange of vibrational excitation
between the 00% — 00%(v — 1) states (v =1 —4),

In connection with the high efficiency of CO,
lasers, the presence of upper excited 00% levels
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gives grounds for assuming that their energy is
transferred in final analysis to the upper operational
00°1 level, and that their role consists of increasing
the effective excitation cross section of the 00°1 level.
Naturally, in the Q-switched mode, at pulse dura-
tions T = 20 nsec, the energy of the 00% levels will
not be transferred to the 00°1 level.
For simplicity, we shall henceforth take the level
1 to mean the entire aggregate of the 00% levels
(v=1,2 3, 4).

¢) Certain Elementary Processes in the Electric
Discharge in the CO, + Ny + He Mixture

In experimental lasers using the CO, + Ny + He
mixture, the inversion of the population of the vibra-
tional CO, levels is the result of excitation of an in-
dependent glow discharge at direct or alternating
(~50 Hz) current. Exceptions were the first experi-
ments of Patel®J and Legay-Sommaire [3], where the
externally excited nitrogen molecules were injected
into the resonator cavity and mixed there with the
COy molecules,

For a quantitative analysis of the kinetics of the
elementary processes it is necessary to know at
least the following discharge characteristics:

1) electron density ng,

2) electron distribution functions with respect to
the energy (or Tg),

3) exact chemical composition of the gas in the
working mode,

4) concentrations of the ions of different com-
ponents,

5) excitation and level-ionization cross sections.

It is known from the literature on gas-discharge
physics that at low current densities and moderate
pressures (approximately several torr) the positive
column is a non-isothermal plasma. The main losses
of the supplied energy are connected with the pro-
cesses of volume recombination and the relative mag-
nitude of the losses connected with resonant and non-
resonant radiation is small.

The published papers on molecular lasers contain
no data on the gas-discharge characteristics, other
than the values of the limiting field gradients and the
partial pressures of the gases. Naturally, the partial
pressure and the composition of the reagents do not
determine uniquely the pressure and the chemical
composition of the final products. Moreover, it is
known (4] that the discharge contains intense CO
bands (4830 f&), and also atomic and molecular oxygen,
the CN radical, and other products. The instability
of the chemical composition is apparently the main
cause of the need for working with gas pumping (18],
Nonetheless, Witteman 142} sycceeded in producing a
laser without gas pumping using the CO, + N, + H,O
mixture,

When the gas is pumped through at linear velocity
on the order of several meters per second, the com-

position of the gas in the mixture can be regarded as
close to the initial composition.

The ionization potentials (38] and the dissociation
energies for four fundamental components of the gas
are as follows:

CO,(13.79eV ; 2.8 V), Ny(15.58¢V; 9.76 eV),
0,(12.2 eV ; 5.084eV), He(24.58 eV);

One can expect the discharge to contain principally
the ions Oy, 03, O~, and COj3. The relatively low
dissociation energies of CO, and O, favor the for-
mation of the ions O~ and O5.

In the case of discharge in molecular gases, in-
elastic collisions between electrons and molecules,
at which the lower vibrational levels are excited,
play an important role.

The values of the total scattering cross sections,
both maximal and at electron energies ~1 eV, are
listed below [%;

(4eV) =1.4-101 cm?,

(1eV) = 0.56-10715 ¢m?,
(0.5€V)=2.10"1% cm?;

O pnax (2.25€V)-- 2.54.10°15 cm?,

o (1eV)-1.15.10"5 cm?

Omax (3.5€V)= 1015 cm?,

o (1eV)=-0.6.10"1 cm?;

He 0(1-—2 eV) =0.6-10"% cm? (elastic scattering).

max

V]
COz4 0
g
Ns

0O,

A noticeable fraction of the indicated cross sec-
tions may be due to inelastic collisions.

The large cross sections for electron excitation
of the vibrational levels of molecular gases are at-
tributed to the formation of short-lived negative
complexes L36],

In connection with the large cross sections, we can
expect the maximum of the electron-energy distribu-
tion function, at appreciable concentration of N,
molecules in the discharge, to occur at Tg < 1.5—

2 eV (see also [19]).

There are no published data at all on the concen-
tration of the electrons in the CO, + Ny + He dis-
charge. Approximate estimates of this quantity can
be made on the basis of tentative values of the field
gradient in the positive discharge column and the
drift velocity of the electrons vq, as given by plots
of vgr(E/p) in the book of S. Brown (37 Certain
difficulties in using these plots are connected with
the fact that they are valid only for pure gases and
not for mixtures,

According to Patel [7], for an initial mixture com-
position pgo, = 0.33 torr, PN, = 1.2 torr, and pge
=7 torr we see that the field gradient in column was
approximately 35 V/cm at a current of 200 mA and
an internal tube diameter 77 mm,

It is well known that addition of a noticeable amount
of helium to nitrogen greatly increases the field
gradient, which was approximately half as large at
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the indicated values of pco, and py, but without
helium., Under such conditions, for E/P

= 15 V/cm-torr, the plots of vg.(E/p) yield vgy

= 6 x 10% cm/sec for electrons in nitrogen. The in-
crease in the gradient following addition of helium
should not lead to a noticeable change of vg,, since
the growth of the gradient is offset by the increased
cross section for scattering by the He atoms.

Naturally, this argument claims no rigor and does
not eliminate the need for a thorough experimental
investigation of the discharge characteristics.

For an average current density j = 5 mA/ cm? at
the indicated value of vqy, the electron density can
be approximately 5% 10° em™%, The maximum density
in the central region of the column is approximately
twice as large (~10'" em %),

The indicated values of ne and Te would depend
on the gas pressure, current density, and other dis-
charge parameters, and should be regarded as tenta-
tive. But even using these approximate values of ng
and Ty we can compare the rates of different pro-
cesses, including inelastic collisions of the second
kind, excitation of the working levels, etc, (see Sec,
4).

2. ROTATIONAL RELAXATION AND COMPETITION
OF TRANSITIONS

The energy of the quanta of rotational motion of
the molecules is usually much smaller than the
thermal energy kTgag of the molecule translational
motion. During the collisions, the molecules exchange
translational and rotational energy quite vigorously,
and the time of establishment of thermodynamic
equilibrium for the corresponding degrees of freedom
is usually small, In particular, for CO, the time of
rotational relaxation at pressure 1 torr is Tygt
=1.75x 107 sec [3), The role of the rotational re-
laxation for the inversion mechanism in molecular
lasers can be seen from the following reasoning.

As is known from experiment, generation from
CO, occurs at a limited number of vibrational-
rotational transitions. Excitation of the upper vibra-
tional level (by electron impact or as a result of
collisions with N¥ (v =1) is distributed over all of
its rotational states.

The stationary distribution of the populations of
the rotational levels is described by formula (1) and
is established within a time on the order of T,4¢.
When oscillations set in at frequencies corresponding
to vibrational-rotational transitions J’ — J”, the
volume energy density pj/3~ in the resonator in-
creases markedly and the levels J” begin to decay
intensely.

The stationary inverse population in the generation
mode An =ny —ny~”(g’/g") is determined from the
condition that the gain of the active medium be equal
to the loss in the resonator per pass. So long as the

50705077
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FIG. 3. Distribution of CO, molecules over rotational levels of
the upper and lower states. a—no generation, b—generation at
transition P = 20, .ot large; c—generation at transition
P =20, 7ro¢ small.

probability of the stimulated transitions J’ — J” is
smaller than T_rlot’ the mechanism of rotational re-
laxation is capable of maintaining the equilibrium
distribution nj’ and switches the molecules to the
decaying levels.

The ‘‘dissolution’’ of the excess population from
the lower levels J” of the working vibrational-rota-
tional transitions proceeds in similar fashion.

Figure 3 shows schematically the distribution of
ng’/gg’ and nj”/gy” over the rotational levels of the
upper and lower states: in the absence of generation
(a), in the presence of generation at one transition and
a large rotational relaxation time 7,,¢(b), and in the
presence of generation at one transition and small
Trot (€).

For the sake of clarity, the abscissas represent
the quantity 4’ =J” — 1. With this variable, transi-
tions of the P branch correspond to vertical lines,

In case (b), the stationary population inversion is
larger for neighboring transitions than at the generat-
ing transition. If the resonator does not contain
selective elements, then it is obvious that the genera-
tion conditions can be simultaneously satisfied for a
number of vibrational-rotational transitions and the
competition between them at large values of 1,4 will
be negligible. Each of the generating transitions will
produce a ‘‘hole’’ in the njs distribution, and the en-
velope will differ little from that in case (c).

The form of the function ngj, the stationary value
of the radiation density, and the number of generation
transitions will be determined by the entire aggregate
of parameters of the resonator and of the active
medium, including the times 7y, 75, and Tpet.

It follows from these qualitative considerations
that there apparently exists a certain analogy between
the effect of formation of holes in the inhomogeneously
broadened line [*) and the ngJ distribution of a system
of rotational levels.

In nonstationary processes, for example in the
case of pulsed generation or Q-switched generation,
Trot determines the time interval during which
equilibrium is established in the system. For pulses
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with duration Tpulse < Tpot, this condition can be
strongly violated.

There is no information on rotational relaxation in
a mixture of gases, particularly in the CO; + Ny + He
mixture, but from a comparison of the number of
generating lines of the P branch in pure C02 ( P(12)

- P(38)) 4, in COy + Ny (P(18) — P(28)) 8
CO; + He (P(20) —~ P(26)) [9], and in the ternary
mixture CO, + N, + He (P(20) and P(24)) % it can
be assumed that the relaxation time is greatly reduced
by addition of Ny, and especially by addition of He,
Thus, when the helium pressure is increased to
20 torr the number of lines in the Q-switching mode
began to decrease, and at pye = 50 torr it was the
same as in the continuous mode. It was established
in an indirect manner 3 that 7 rot = 2% 1078 sec
= Tpulse when pye = 20 torr For the reciprocal
rotatlonal relaxation time 7 rot in a mixture of
gases we likewise have a linear dependence on the
partial pressure of the admixture, 7 riot
= Zyottijpj. On the basis of the results of '3} we get

tggtz -He 2.5 x 10% sec~!torr, and from 133 we get
CO,-CO
tyor 2= 0.57x 10% sec™!torr~*,

It follows from experiments of (13) that in the pres-
ence of rotational relaxation, competition is possible
between the vibrational-rotational transitions with
close J’, and this competition reduces the number of
generating lines, In the Q-switching mode, the sys-
tem of rotational levels ensures accumulation of ex-
citation during the pause between pulses.

The foregoing review of the basic properties of the
CO, molecule enables us to compare a laser operat-
ing with the CO, + Ny + He mixture with Gould’s
ideal laser and ascertain to what degree Gould’s
requirements are satisfied.

It is obvious that the conditions a), b), c), d), and
h) are ensured by the positions of the working levels,
by the difference between the vibrational-relaxation
times 14 and T4, by rotational relaxation, and by
transfer of excitation via inelastic collisions with
N¥(v =1) and relaxation from the levels 00%. The
aggregate of rotational levels plays the role of the
first stage in the process of decay of the lower level.
The next stage consists of vibrational relaxation of
the 10°%0—02% levels to the 01'0 and 000 levels. As
will be shown later, the vibrational relaxation pro-
cesses ensure in the continuous mode the required
rates of removal of molecules from the lower level,
At a total molecule and atom concentration
3x 107" em™3 (p = 10 torr) we can still expect Tg
to be noticeably higher than Tgas.

At a large electron density, the effective electron
temperature may turn out to be so low that the rate
of excitation of the upper working level is insufficient
to produce population inversion, In addition, with in-
creasing current, the gas temperature increases and
the level lifetime decreases, This may explain ade-
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FIG. 4. Diagram of fundamental elementary processes in
the CO, + N, + He mixture. The thin lines show electronic-
excitation processes, the dashed lines show vibrational relax-
ation, and the wavy lines rotational relaxation. x,, x,, %, are
the populations, y, and y, the N, level populations, 7and 7
respectively the effective and the intrinsic lifetime of the level
with account of relaxation in the mixture, and y;; the probabil-
ity of direct and inverse excitation processes.

quately the observed dependence of the generation
power on the discharge current (],

To illustrate the main elementary processes
occurring in COy + Ny + He, lasers let us use the
diagram shown in Fig, 4. The diagram shows
schematically the excitation and de-activation of the
levels., We use the following notation:

ki = ko; - rate constant for inelastic collisions
between CO, and N§ (v =1), pyg- probability of
exciting the 00%1 level by direct electron impact from
the ground state, pgy — the same to the ground state,
ms; and mjyy ~ probabilities of transitions via inelastic
collisions with electrons and gas molecules respec-
tively, Xq,2,0 and y o - level populations, T and 7-
effective and intrinsic lifetimes of the level. The
rotational relaxation processes are designated by
wavy lines. The figure shows tentative estimates of the
populations, the excitation probabilities, and the level
lifetimes for the static mode (see Sec. 4).

3. GAIN IN MOLECULAR SYSTEMS

The gain in an active medium at a low signal level
at the center of the Doppler contour is given by the
formula

G, = exp [KO1],

where
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Ko -~ ( 11;2

Ayy is the spontaneous-emission probability, Avp -
width of the line contour with allowance for impact
broadening, ny , - population density, and g; 4 -
statistical weight of the level. The same formula
holds also for vibrational-rotational transitions of a
molecular system, if n is taken to mean the popula-
tions of the corresponding rotational levels, A, is
the transition probability, and

2 AppM2 [ ny g ] . (5
4nAvp L g 82 )

J=J"+1.
Taking expression (1) into account, we can express
K’ in the form

In2" l/zA,2x2(21+1) heBy ~F D g
0 aggh” ey 77 1) 1
K _< T 4nAvp kT gas (6)

gas
[F(J£1)—F ()]
X {N, N, &ewg }

For the P and R branches (in accordance with
the selection rules J' =J”" —1 and J’' =J”7 + 1) we

have
—F(J 1y e
0 ln2>1/zA12xR(2J_,_3)th —F(J+i)kT
Kr()=( sasle gasAN,  (7)

Unlike in the preceding formula, in (7) J denotes
the rotational quantum number of the lower level

[F(J~-1)—-F (J)]
ANp=N;—Ngp, p=12 Bz e"Tga ,

By T 0D
o (8)

1

ANg=N,—Nor, r=
The superscript 0 of K denotes amplification for a
weak signal,

Patel 4] gives plots of the gains KOP, g for the P
and R branches in relative units.

The parameter for the plots is the relative level
population N; /Ny = N9 /Noo%. It is seen from
these plots that for the same values of J the gain for
the P branch is much higher than for the R branch
(Fig. 5).

Using the well known value of A, (P =20) ‘'and
also Bggoy = 0.3866 cm™, Bygog = 0.3879 cm™, and
Ayp = 5.2 X 107 Hz (at T =400°K), we can determine
the numerical value of the scale for the plots of Fig.
5 of Patel’s paper [4]

8a3c4k 5N,

s 2kl ga\ Vi
8 Tgae( s 335>

~ 0.45-10718N,.

In Patel’s derivation 4] of expression (6) for the
gain, no account was taken of the coupling between the
10% and 02% levels. When this coupling is taken
into account, it is necessary to use for the lower
level the value ng, given by formula (3). The formu-

las (7) for the gain will take the same form as before,
but in formulas (8) for p and r there will appear the
coefficient

o~ DE/RTgag

—_— ; bd
1 e AEMTgls

where AE = E g0 — Epg9), and N; will now denote
the summary population of the levels 10% and 02%.

For Tgyg =400°K and AE =103 cm™!, the numer-
ical value will be 935 /(1 + e~%375) ~ 0. 405. When
calculating the gain for this case by means of the
plots on Fig. 5, it is necessary to make use of the
parameter value indicated in the parentheses.

To facilitate subsequent estimates, it is advan-
tageous to separate the temperature-dependence
factors of formula (7). To this end we rewrite (7) for
Jd = 20 in the form

K3 —=¢AN,K (t),
where

A
~F -1 375

g=<_1n2\‘/2 Aphb T —1) heB
AnAvy |p_yog k-400

~ 5,45.10718. cm?,

1?(,) = §—3/200.527 (1—t71) (9)

is the temperature-dependence factor, normalized to
unity at t = T/400 = 1. It should be noted that ANp
and ANR also depend on the temperature,

A plot of the temperature dependence of K(t) is
shown in Fig. 6. It is seen from the figure that when
T is reduced from 400°K to 130° the gain doubles
(provided AN,, remains unchanged).

At higher temperatures, K( t) is sufficiently well
approximated by t~%2,
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FIG. 5. Theoretical gain curves for rotational-vibrational
transitions of P and R branches for different values of N,/N,,
taken from [*]. The values of N /N, with allowance for the
Fermi resonance are indicated in the parentheses.
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FIG. 6. Normalized temperature-dependence function of
the gain K(t).

The measurements of the dependence of the power
on the tube-wall temperature, reported in [27], show
that the power changes from 4.5 to 2.2 W in the inter-
val T = ~60°C — +40°C., The corresponding theoreti-
cal variation of the gain should be approximately
50%, which agrees approximately with the t73/2 law.
It is still difficult to speak of a more rigorous experi-
mental verification, since the radical temperature
drop of the gas was not accurately known,

Since it is possible the generation conditions can
be simultaneously satisfied for the 00%1 — 10% and
00°1 — 02% transitions of the P and R branches in
a nonselective resonator at sufficiently high popula-
tion of the vibrational 00°1 level, mode competition
sets in. This competition, as is well known from ex-
perience with helium-neon and neon lasers, usually
appears when the active transitions have common
upper or lower levels,

Stimulated transitions between a pair of levels
having more favorable conditions for the occurrence
of generation (a lower threshold) will reduce the pop-
ulation inversion for the adjacent transition, In
molecular systems, a similar phenomenon should
occur, the only difference being that the common
vibrational level unifies a relatively large number of
adjacent vibrational-rotational transitions and the
coupling between them will depend on the efficiency
of the rotational relaxation mechanism. At a small
relaxation time, adjacent transitions will be strongly
coupled, and vice versa.

In CO, molecular lasers, the gain at the transi-
tions of the 00°1 — 02% band (A ~ 9.4 4) is smaller
than at the transitions of the 00°1 — 10% band
(A ~ 10.6 u), and generation in the 00°1 — 02% band
has been observed only in pure CO,; and at low power
levels [4’23]. At a pressure pCQ, = 0.2 torr (without
addition of nitrogen or helium), Patel 4) observed in
a laser 5 m long simultaneous generation at the P
branch (P =12 — 38) of the 00°1 — 10 band and at
the P branch (P =22 — 34) of the 00°1 — 02% band.
According to his estimates, the band gain ratio is
1.5: 1, and the level populations satisfy the relation

NOO"l = N02"0 = 1.05]\/’1000.

These estimates do not agree with the assumption

that the 10% and 02° levels are coupled by Fermi
resonance,

It is interesting to note that no generation was ob-
served at the transitions of the 00°1 — 02% band in
subsequent work with powerful CO, lasers using a
tenary mixture and high gas pressure. The generation
is apparently hindered not only by the presence of a
common upper level but also by the coupling between
the lower levels via the Fermi resonance,

The competition between the transitions of the P
and R branches was also explained by Patel (43 5n the
basis of gain calculations (see Fig, 5).

When generation occurs at the J'-— J” transition
of the P branch, the populations of the corresponding
levels become equalized, and this leads to a lowering
of the inverse population and of the gain of the R
branch of the transition J’— J” — 1. This notion of
competition between the P and R branches, based on
calculated gains for an equilibrium distribution over
the rotational levels, is apparently not always valid,
since an estimate of the temperatures on the basis of
the rotational quantum numbers of the intense lines
of the P and R branches yields divergent values for
the CO, + air mixture (~450 and 500°K respec-
tively)[m.

The competition of the vibrational-rotational
transitions belonging to one branch was considered
above in connection with rotational relaxation.

The importance of the phenomena of competition
and limitation of the spectra of the generated fre-
quencies was confirmed by research by Moeller and
Ridgen[38] on a CO; and NyO laser with selective
resonator. The laser tube was 6 m long and had an
inside diameter of 22 mm, One one end of the tube
was located an internal mirror with 2% transmission,
and on the other an NaCl window at the Brewster
angle, and at a distance of 5 m there was a diffraction
grating of 70 lines/mm.

The resonator was tuned in a wide frequency in-
terval by rotating the diffraction grating,

It was possible in this manner to effect generation
at individual rotational-vibrational transitions of the
P and R branches of the bands 00°1 — 10% and
00%1 — 02% with total number of 103 lines for CO,
and 67 for NyO. The maximum values of J for P
and R branches in both bands reach 48—52, The
00°1 — 02% band of NyO was not excited. The power
of the most intense N,O lines was smaller by more
than one order of magnitude than the power of the
strong CO, lines.

Figure 7 shows the generation spectrum of the P
and R branches of the 00°1 — 10% band.

The tuning range at the discrete lines was ap-
proximately 6%, and apparently can be made even
wider [23].

Using the same system, but a mirror in lieu of the
grating, generation was observed at a small number
of P-branch lines of the 00°1 — 10% band of CO,.
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FIG. 7. Emission spectrum obtained from a laser with se-
lective resonator. Left—R-branch lines, tight—P-branches of
the 00°1-10°0 band of CO,.

4. INVERSION MECHANISM IN CO, LASERS

The characteristics of the transitions in CO,
molecules and of the discharge in molecular gases,
considered in the preceding sections, make it possi-
ble now to proceed to a discussion of the inversion
mechanism and certain quantitative estimates. The
physical gist of the phenomenon consists in the follow-
ing. The discharge in the CO, + Ny + He mixture
gives rise to ionization of the molecules CO, and
N,. Inelastic electron collisions cause excitation of
the lower vibrational levels of the nitrogen and of the
CO, molecule, and an appreciable fraction of the ex-
citation occurs at 00%1 level, which has large cross
sections for inelastic collision with N;‘ (v=1) and
also for direct excitation by electrons.

The lower levels 10°% and 02% are excited rela-
tively little and have a relatively low population,
owing to the short lifetime. Population inversion
arises between the 00°1 level on the one side and the
10% and 02% 1levels on the other; this population
inversion leads, in the presence of a resonator, to
self excitation of the system.

The self-excitation conditions are satisfied for
a relatively large number of vibrational-rotational
transitions of the P and R branches of both bands,
but owing to the nonlinear interaction between the
oscillations (competition) of different transitions, a
rather limited number of lines is observed in the
stationary mode. Rotational relaxation contributes to
transfer of excitation to the upper rotational level
from the neighboring levels of the upper vibrational
states, and to a uniform distribution of the overpopu-
lation over the lower vibrational state.

The other components of the mixture (helium,
oxygen, water vapor, etc.) are chosen such as to in-
crease the inverse population as a result of interac-
tion with the main gas (CO,) and the electronic
component,

With increasing current density, the electron tem-
perature decreases, the gas temperature rises, and
the role of inelastic collisions increases.

Quantitative estimates of the populations and of
the rates of excitation can be carried out on the basis
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of the quantities for which data are known in the
literature, such as pressure, volume density, radia-
tion power, cross sections, etc., using a number of
formulas given in Appendix II and in Sec. 6., When the
gain of the active medium greatly exceeds the reso-
nator loss, the volume power density P is connected
with the inverse population in the absence of genera-
tion AN(0) and the effective level lifetimes 7] and
Ty by the relation P ~ hyAN(0)[T; + pTo]"!, and the
value of AN(0) is connected with the total rates of
excitation of the levels M; and M, by the relation
AN(0) = M{7{ — Myp7,, where

e--AE/hTgas

~ mﬁ 0.4.
The influence of the terms containing m; and my is
disregarded here.

In most cases M,p¥, is noticeably smaller than
M,7,, and then M7, ~ AN(0) and P Z hvM.
Naturally, in the case of generation AN(p) < AN(0).
Since, according to the published data, the range of
variation of the laser parameters is sufficiently
large, we assume, for concreteness, the character-
istics of certain hypothetical laser operating in the
cw mode:

a) mixture composition pCoQ, = 0.3, PHe = 4,

PN, = 2 torr,;

b) radiation power density p = 40 mW/cm?;

¢) current density j = 7.5% 10™° A/cm?;

d) longitudinal potential gradient E = 30 V/cm;

e) gas temperature Tgas = 500°K;

f) transparency of exit mirror 1 — r = 10%;

g) length of active part | = 130 cm;

h) rotational relaxation time Tyot ~ 1077 sec;

i) effective lifetimes of vibrational levels T,
=1 msec and 79 = 0.3 msec.

We assume also that generation occurs at one ro-
tational-vibrational transition P(20).

The foregoing parameters are either certain
averages of the values cited in the papers, or have
been established indirectly from these papers.

Under the foregoing assumptions we obtain from
the lower limit of the excitation rate of the upper
level:

-1

i

M, > ~21.1018 em™? sec

LV

o~

in the absence of stimulated transitions.
Bearing in mind the approximate character of the
estimates, we shall henceforth put

M, ~ 2,3.10® cm~3sec!.
By definition (see (I ) in Appendix II)

k10T

=M+ Mix,
poy + EgTo+ Ty te+ My

M= pioZo + yo¥o

For T, ~1eV(v, ~ 6.10? cm/sec), ne~ 101 cm™3
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we have
Wip 22 Re (0'1(;0211) ~ 240sec™! (fOI' T1C0y ™~ 4.10718 cmz),

Py = Re (ON,0) =~ T00 sec(for oy, ~ 1:15-10718 cmz).

For the rate constant of the process CO,
+NJ(v=1)=CO, (00%1) + N, we have in accord
with [

koy = kyo = 0.75.10712 cm®sec?

and for the indicated partial pressures we have X
~5x 10'% ¢m™3 (approximately 50% of the COy are
assumed to be in the ground state), yq =5 X 10 cm~®
(~70% of the Ny molecules in the ground state), and
78=125 sec™l.

In addition,

Boy o pyge” v/ e o 1,350 ~ 950 sec™ .

Substituting the foregoing values, we can determine
the contribution of the direct electronic excitation to
M,

M, PioZo 2~ 1,2.1018 em~¥sec™!,

and the excitation from Nj

Fofo -~ 1.4-10 cm ’sec.

’ vo oy - k100 1+ Ty

From a comparison of l\N/Ile and M1N2 we see that at
the indicated values of the cross sections they make
approximately equal contributions to IV~11.

It is of interest to note in this connection that in
the first experiments of Patel (6] ang Legay-
Sommaire B in which externally excited Nj mole-
cules were injected into the cavity, good agreement
was obtained between the flow rate of the gas (Ny)
and the generation power, According tol8 , at pN,
= 1.8 torr and a linear gas velocity v = 14 m/sec,
the generation power was P =~ 1 W.

The excitation power transferred to the N3
molecules at Ny*p = 0.3 NN, will be

Py, = NypsvEy >~ 0.3Nn,svE,==3.6 W,

where s is the cross section of the tube (~3 cmz)
and Ey the energy of the excited N’{ molecule.
Consequently, in systems with injection [6’8], the
coefficient of excitation-energy utilization P/P,
= 28% was close to the limit (1,45 =41%). This
indicates that the deactivation of the N;‘ molecules
was due primarily to inelastic collisions with CO,,
Comparison of Mie and M;N, explains one of the
reasons for the increase in the generation power
when N, is added to CO,. The second reason is, ap-
parently, that the vibrational and rotational relaxa-~
tion times are greatly reduced in the presence of Nj.
Therefore, in the pulsed mode, when operating with
pulse durations 7 = 0.5 msec, the power increases in
the presence of Ny and O, [10]’ in spite of the fact that
the contribution of M;N, to 1\7[10 at short pulses is
apparently quite small. Indeed, the time constant for
the deactivation of N;" at PCOZ = 0.3 torr is approx-

imately 12 msec [7], and within the time 0.5 msec the
N¥ molecules transfer a negligible fraction of their
energy, whereas the electronic component M has
practically no inertia and increases in proportion to
ne, i.e., to the density of the current pulse.

There are at present no data with which to esti-
mate the excitation rate M, of the bound levels 10%
and 02%. It is possible that their excitation cross
section has a value ~1071% cm?. It is probable that
further research on the elementary processes in
CO, lasers, including direct measurements of the
excitation rates, will yield a more accurate value of
this quantity.

Estimates show that the rates of the processes
connected with the terms m;; and m,, can make a
noticeable contribution to M, and Mz-

It is known that the electron temperature drops
and the role of the inelastic collisions increases
when the current density increases. The CO; mole-
cule is characterized by an increase in the total
scattering cross section in the low-energy region.
This, however, can hardly be the only cause, since in
the pulsed mode larger powers were obtained at
current densities exceeding by tens of times the
densities in the continuous modes.

It is possible that this is connected with the differ-
ence between the working temperatures of the gas in
these modes and the temperature dependence of the
rate of the relaxation process CO,( 0001) + CO,(000)
= 2C0,(0°20). An estimate of the temperature ef-
fects for the continuous and pulsed modes is given in
Sec. 5.

Let us assume further that the hypothetical laser
in question operates in the Q-switching mode. If the
time interval between the successive switchings of
the cavity is sufficiently large to restore stationary
values of Ny and Ny, then the energy density in each
generation pulse will be

——AN2(O) ~0.8-10° J/cm?

W inax~hv

and the density of the peak power at Tpylse = AVB

P W~ WAvp ~ 400 W/ em®

pulse — Tpulse

At the excitation rates indicated above, the interval
between the cavity switchings should be of the order
of the effective lifetime of the upper level 7).

In[15], in the Q-switching mode, the energy density
in the pulse was W = 1.4% 107% J/cm?®, and in the
continuous mode the power density was P~ 4 mWemd.
The lower experimental values of P and W are ap-
parently due to large losses in the Brewster
windows %),

It follows from the foregoing estimates that elec-
tronic collisions play an appreciable role in the ex-
citation of the upper vibrational levels. This agrees
also with the results of Frapard 1) who investigated
generation in the pulsed mode, and with his conclu-
sions that resonant transfer of excitation from N¥
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or as a result of some other chemical process is in-
capable of explaining the slight delay of the genera-
tion pulse relative to the current pulse. The apparent
contradiction to the 300~-usec delay observed in
earlier experiments (1 in the generation pulse rela-
tive to the current pulse must be attributed to the
fact that in pure CO, the relaxation of the lower
vibrational level is relatively long and population in-
version was produced in the afterglow of the dis-
charge. In the described experiments, the large peak
value of the current (approximately 15 A) has ap-
parently led to a noticeable population of the lower
level. An analysis of the time variation of the visible
radiation in the Angstrom bands (A ~ 4830 A) of the
CO molecule indicates that the process of dissocia-
tion of CO, by electron impact, CO; + e + AE

— CO*(B’Z) + O + e occurs with practically no in-
ertia.

To explain the increase of the generation power in
the presence of helium, it is proposed in (35] that the
excitation energy of the metastable helium atom is
consumed in dissociation of nitrogen, in accord with
the scheme

He (285,) -+ 2N, — He -+ 4N — 0.1 €V.

The atomic nitrogen then recombines into the Ny
molecule, which is excited at high vibrational levels.
This hypothesis contradicts the observed high effi-
ciencies, since an appreciable fraction of the excita-
tion energy of the helium atoms cannot be fully
utilized. In addition, in the literature available to us
we found no report of observation of helium lines in
discharges in the CO, + N, + He mixture,

A number of papers give data on the optimal
composition of the working mixture [9,35) 3nd advance
ideas concerning the roles of individual components
in the inversion mechanism. The optimal composi-
tion apparently depends on the diameter of the dis-
charge tube and on the potential gradient established
in the positive column at small current densities.

A composition that is optimal with respect to
power is given in[?] for a tube diameter 21 mm.

The partial pressures for CO,, He, and Ny are
respectively 2.7, 7.8, and 3.5 torr, and for a diame-
ter ~77 mm we have in %%,

Peo, = 0.33 torr, pg.=7.0torr, pn,=1,2torr.

The existence of an optimal composition is con-
nected with the complicated processes occurring in
the gas discharge, and with external and internal
characteristics, and cannot be clearly explained at
the present time. The total pressure of the molecular
gases CO,, Ny, and Oy should apparently not exceed
several torr, for otherwise the electron temperature
at small E/p ratios will be insufficient to maintain
an independent discharge and for effective excitation
of N¥(v =1) and CO¥(00°). In addition, at high
pressures of Ny (pN, > 3 torr), the intrinsic relaxa-

tion time (1'N2 < 5 msec) becomes commensurate
with the time of deactivation by collision with CO,.
The partial pressure PN, should exceed by several
times pN, in order that the equilibrium in the reac-
tion CO, + N§ = CO¥ + N, be shifted toward larger
CO¥ concentrations.

On the other hand, when pPCO, is small, the num-
ber of active molecules decreases and degeneration
power is reduced. In the pulsed mode, especially for
short pulses when large potential gradients can be
obtained and the current density can be increased
without the danger of increasing the gas temperature,
the optimal partial pressure of the molecular gases
can be noticeably higher. The pressure of helium is
less critical, since it does not influence strongly the
electron temperature.

The increase in the generation power of CO,
lasers in the presence of helium can be attributed to
several factors:

a) the decrease in the time of rotational relaxation
of the lower level [12)’

b) the decrease in the radial temperature gradient,
which makes it possible to operate with larger dis-
charge-tube diameter (23] and larger current densi-
ties 9],

¢) its role as a buffer gas,

d) the decrease in the time of vibrational relaxa-
tion 32,28] )

The increase in the excitation rate of the upper
level in the presence of helium, observed in an in-
vestigation (2] ynder pulsed conditions, makes the
following explanation probable, When the helium
pressure is increased, the ratio of the longitudinal
voltage gradient to the pressure (E/p) is decreased,
and the electron drift velocity vdr decreases some-
what. To maintain a specified current density in the
discharge it is accordingly necessary to increase the
electron concentration, which in turn leads to an in-
crease in the rate of excitation in the upper level (2]
This statement is true if kTe > E;.

The influence of generation on the plasma conduc-
tivity can be connected with the electron temperature.
Indeed, in the presence of generation, owing to the
Fermi rescnance, an increase takes place in the
concentration of the CO, molecules at the 02% and
01'0 levels, and a change takes place in the electron
temperature, owing to elastic collisions of the second
kind.

In concluding this section, let us consider briefly
the peculiarities of operation of lasers with COy
+ Ny + He mixture in the pulsed mode.

It is reported in (10] that the following pulse powers
were obtained with a laser having a useful gas volume
460 cm? (I ~ 180 cm, dia ~ 1.8 cm):

in pure COy — 220 W at 7 = 0.5 msec,

in COy + Ng + Oy — 450 W at 7 = 0.5 msec,

in COy + Ny + He — 825 W at 7 = 0.15 msec.

No delay was observed between the current pulse
and the generation pulse,
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Simple calculations based on the data given in 1ol

show that the power density in the pulsed mode
reaches P ~ 1.8 — 2.0 W/em?® and that the energy
density is W =2.7x 107* J/em? with a high efficiency
~12% maintained. It is natural to assume that when
working with such relatively short pulses the main
contribution to the excitation of the upper vibrational
level is made by electron impact, since the transfer
of the excitation from the N¥ occurs with a delay
amounting to several tenths of a millisecond. Con-
sequently, an increase in P can be connected prin-
cipally with an increase in the electron density ne.
This agrees with the current density j ~ 400 mA/cm
indicated in [10]’ which exceeds by 30—40 times the
optimal values for continuous operation. The ratio
of the potential gradient (E = 50 V/cm) to the pres-
sure of the molecular gases has approximately the
same magnitude as for the continuous operation, and
therefore we can expect Te to have likewise a value
of approximately one electron volt.

It is interesting to note that in a pulsed mode, a
high degree of inversion is obtained: to obtain
W= 2.7% 10"* J/cm? it is necessary to have AN(0)
~ 2.8%x 108 cm’a, which is more than 50% of the
total number of molecules per cm?® at PCO, = 1.5 torr.

At the indicated values of the rate of the stimulated
transitions in the pulsed mode, a Boltzmann distribu-
tion over the rotational levels is apparently still
maintained.

Indeed, in accord with the definition of the rota-
tional relaxation time, we have

2

0
dny ny—ny
= (10)

This ratio can be used to estimate the population
difference nJ — n’ at a stationary rate of arrival of
the molecules at lower rotational level M; = dny/dt,
or a loss from the upper level under the influence of
the stimulated emission. For the conditions of the
experiment of tro] Mg = 102 cm™® sec™!, and nj -
- 0§ ~ Mye we have Trot 10 em™ which amounts
to less than 19 of the value n?] 10'% cm 3,

In the Q-switching mode, as follows from [133, the
deviations from equilibrium distribution over the
rotational levels can be appreciable at small helium
pressures.

5. TEMPERATURE EFFECTS IN CO, LASERS

The high efficiency of the inversion mechanism is
one of the main conditions which determine the possi-
bility of producing a high-power laser. Indeed, at
low efficiencies and at large power-supply densities
it is difficult to avoid an appreciable increase in gas
temperature. An inescapable consequence of the high
temperature is a drop in the gain and a reduction in
the density of the generated power.

In this section we shall estimate the temperature
effects in gas lasers. The stationary distribution in

a homogeneous gas column can be obtained by solving
the equation of heat conduction

€% = div (K grad 7) + F =0,

or, in a cylindrical coordinate system, assuming that
the temperature is independent of z:

d2T 1 dT

1
Trz"‘f‘jw‘f“?‘p(r) == 0, (11)

where C is the heat capacity of the gas, K the coef-
ficient of thermal conductivity (assumed independent
of the temperature), and F (r) is the source distribu-
tion density. The electron concentration distribution
over the radius of the discharge tube is described by
the function [3%)

ne (r)==n, (0) Jo (2.4 riry),
and approximately the same distribution will hold for
the volume density of the sources F(r)

=(l-mz)i(r)E =(1-ng)engvyrE.
We solve Eq. (11) with the boundary conditions

dT
dr

2 ) ng (0) vk, /2.4
T(r):—T(r0)+<2’._°4 LM__K(_)"LLJ((_%J)

ST (re) 0.127W-—1;J(,<2f’>. o

7

-0 and 7(ry) = const:

r=0

(12)

— Ty
where W, = (1 —n) Eevge2r | ne(r)edr in the
0

linear density of the energy dissipated in the tube.

Formula (12) agrees with a circumstance already
noted in print - an increase in the diameter beyond
70—80 mm does not lead to an increase in power,
Another reason is the instability of the uniform dis-
tribution of the current density in the positive column
when the temperature is increased (the so-called
pinching of the discharge).

We present quantitative estimates for the temper-
ature drop in different mixtures at the following
values of the thermal conductivity of the gases:

Kye = 0,344 - 1073 cal-sec™! deg‘i,
Ky, =-0.057-1073 cal-sec™!deg™!,

Kco, = 0.034-1073 cal-sec™! deg",

A temperature drop T(0) ~ T(ry) = 200°C is ob-
tained for W; =1.04 W in 1 ecm of discharge-tube
length for the COy + Ny + He mixture when the helium
pressure noticeably predominant, and 0.375 W/cm
for the COy + Ny mixture with nitrogen predominating.

Naturally, these estimates cannot claim to be ac-
curate, owing to the assumptions made, but they il-
lustrate the influence of the thermal conductivity of
helium and explain the increase in the current density
for tubes filled with helium.!®. If we assume that the
efficiency of the active medium is 15-17%, then the
estimated power, 45—~50 W/m, agrees with the pub-
lished results (3540,
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In the pulsed mode, when operating with a high
off-duty cycle and short pulses (7 = 20—50 msec),
the stationary temperature distribution apparently
does not have time to become established and the
heating of the gas will be determined by its specific
heat. In this case the temperature increases linearly
with time:

T(r. 1)—T(r, lo)=F—g)(t~t0)zT—z, (13)

where F(r) is the volume power density of the
sources, WE the volume density of the delivered
pulsed energy, C =~ ikNy /2 the specific heat of the
gas, i the average number of degrees of freedom for
the working gas, and Ny the total number of mole-
cules per unit volume. Assuming that the gas has
time to be cooled in the process between pulses, we
find that the average power in the continuous and
pulsed modes will be approximately the same., For a
maximum delivered energy density WE in the pulsed
mode, at pge = 10 torr and AT = 200°C, we obtain
W —("/z)kNEAT =1.2x107% J/em3, which is in
satisfactory agreement with the results given in [1%]
where the maximum den51ty of the delivered energy
was 2.2x 1073 3/cm?®.

The indicated role of thermal effects explains the
tendency of attaining an increased power in the con-
tinuous mode as a result of using longer discharge
tubes, and the appearance of new active gas mixtures
will hardly cause a radical change in the situation,

Consequently, although the relaxation mechanism
of destruction of the lower working level has elimi-
nated the limitations imposed by radiation reabsorp-
tion on the diameter of the discharge tubes, the
limited thermal conductivity of the gas and the de-
pendence of the gain on the temperature have set a
new limit, Naturally, the power density in gas lasers
will always be smaller by several orders of magni-
tude than in solid-state lasers,

Simple calculations show that pumping of the gas
at reasonable flow rates does not reduce the temper-
ature appreciably.

6. ENERGY RELATIONS IN MOLECULAR LASERS

In this section we shall derive relations for the
generation power and the efficiency of molecular
lasers. From an analysis of these relations we can
determine the main characteristics of the active
medium and carry out quantitative estimates of the
power and efficiency.

From the formula for the inverse population (see
Appendix II)

AN (0)

AN =T (14)
and the expression for the gain
K (p) =¢K () AN (15)

we can obtain the stationary value of the volume radi-
ation density p, since in the generation mode we have
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2K @ = (ryry). (16)

Here 1 is the length of the active medium and r ,
are the reflection coefficients of the mirrors of the
optical resonator,

When the gain exceeds greatly the losses, the
volume radiation density p can be regarded as con-
stant and the power flux through the output mirror,
with transparency 1 — ry, will be

p:”iuz_“l)p, 1m

where c is the speed of light and s the effective area
of the cross section of the active medium, taking into
account the distribution of p in the transverse cross

section.

The coefficient 2 in the denominator of (17) is
brought about by the fact that only half of the total
volume density of the radiation is connected with the
power flux in the direction of the semitransparent
mirror,

Substituting the values of p from (14)—(16), we
get

_sl—=r) (K %, 18
P==mt (G —E), (18)
where

Ko=eAN (0), y= —-In(riro). (19)

Formula (18) is similar to the well known formulas
for the laser power, and differs only in the concrete
dependence of the saturation parameter §) on the
characteristics of the active medium and in the
presence of the temperature factor K(t). As indi-
cated in Appendix II,

hc
1 —F(J-1) =
A34,5cB <1Ln2_> 0T —1)e kTo

— T +P"?2
0= &Avp | 1 kT, - (20)

14 mygTy -+ may Ty

Substituting the numerical values of the quantities en-
tering in (20), we get

TP . (21)

1+ mygTy + mpyTa

Bo=8-8-1012

For the hypothetical-laser parameters assumed in
Sec. 4, assuming further that the resonator loss is
determined essentially by the transparency of the
output mirror (ry =0.9, ry =1, X = 3,85 X 107t cm’i),
we find that at ?1 =103 sec the radiation power
density will be P/s =5 W/cm?. When the gain of the
active medium exceeds noticeably the loss in the
resonator, putting (1 — r{)/In ri! = 1, we can trans-
form (18) into

P~ e (sl) G o v (sl) Ji“” (1 Mgy + masTy)

My [1 70 (mpy — pmyz)] — M Ty [p— Ty (may — pmyy)]

~ hv (sl) -
i

(22)
For pfy < 71, Myfyp < My7;, and Timy < p, the
volume density of the power is expressed simply in
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terms of the rate of excitation of the upper level

— P —~

P= = hM,.
Consequently, P is proportional to the ratio
AN(0)/(Ty + pTy) = My - the useful part of the exci-
tation rate of the upper level.

The quantity T + pT, can be obtained from S,
from the results of measurements of the generation
power P, the weak-signal gain K’ and the resonator
losses (X, ry, ry). The laser efficiency ny can be
represented by the product

Nz= nrnitrv

where 71, is the efficiency of the resonator with al-
lowance for the coefficient of excess over Lhreshold,
and ¢ = [WAN(0)/(T) + pTy) V/(ME; + MoEy + Z)
is the efficiency of the transition. Here Z is the loss
of delivered power per unit volume to excitation of
the nonworking levels (o1lo, 11'0, 0220, etc.), and the
loss due to vibrational relaxation. In the ideal case,
when Mz =2 =0,
hv

MNtr= Nmax :Ti = 0.41.
The real values of n¢y reach 0.15—0.2 according
to[174%  From this we can conclude that M,E, + =
=~ (1-1.7) MlEi. If we assume MzEz = MlEl and
T =~ 0.5 ME;, then we find at the values of M, indi-
cated in Sec. 4, that M, = 6 x 10'® cm ™ sec™!. Inclu-
sion of the value of 1VIZ in the expression for AN(0)
at 7, # 10" sec and 7, = 0.3% 107! sec leads to a
reduction of approximately 30% in AN(0), this is
within the limits of accuracy of the estimates given
in Sec. 4.

CONCLUSION

Lasers using the CO; + Ny + He mixture have in-
corporated successfully the main premises formu-
lated by Gould for an ideal gas laser: low position of
the working levels relative to the ground state of the
molecules, high degree of concentration of the exci-
tation at the upper working level of the vibrational-
rotational transition (owing to the large cross section
for the excitation of the level 00°1 by electrons and
nitrogen molecules), relatively short lifetime of the
lower vibrational level (Fermi resonance, vibrational
and rotational relaxations), relatively large gas
density. A consequence of all this is a large inverse
population (~10!5 em™3). The appearance of compe-
tition between the 00’1 — 10°% and 001 — 02% bands,
the P and R branches of these bands, and individual
vibrational-rotational transitions of the P branch
ensures generation at a rather limited number of
transitions, although the population inversion takes
place at more than 100 transitions.

The system of rotational levels of the upper vi-
brational states forms a high capacity ‘‘reservoir’’
which effectively accumulates the excitation of the

molecules and transfers this excitation to a small
number of decaying rotational levels, The long life-
time of the upper vibrational state has made it possi-
ble to realize a Q-switching mode in a CO4 laser. A
nonradiative mechanism of decay of the lower level
has made it possible to use large discharge~tube
diameters,

The foregoing properties of the inversion mecha-
nism have made it possible to obtain with the aid of
CO, lasers, within a short time, power levels and
efficiencies which heretofore appeared to be fantastic.
This is evidence of the large promise afforded by
molecular systems.

On the other hand, comparison of the character-
istics of the CO4 laser with results of experimental
investigations of other systems (NyO, OCS, HyO)
offer evidence that the CO, molecule has certain
unique properties which favor the production of large
inversion,

It is still not clear whether this is connected with
the symmetry properties of the CO, and its level
system, or with physical properties such as relaxa-
tion times, electron-collision cross sections, etc.

It is known, for example, that the nitrous oxide
molecule NyO (structure N-N-O) is linear and has
no symmetry center, while the CS, molecule is
linear and symmetrical (like CO;), whereas HyO
and HyS are symmetrical but not linear. These mole-
cules differ greatly in their physical and chemical
properties (dissociation energy, relaxation time, dis-
charge characteristics) and it is not known which
factors are decisive, since it was impossible to ob-
tain large powers or efficiencies with these com-
pounds,

Investigations of chemical reactions in the gas
phase point to the existence of processes which have
a high energy yield of vibrationally-excited products,
This uncovers prospects for creating chemical or
physical-chemical lasers which make complete or
partial use of the energy of chemical reactions. The
first work in the field of chemical lasers was pub-
lished in the collection 2}, The most noticeable prac-
tical success in this direction has been attained with
lasers using photodissociation of the molecules
CHgl, CFyl, CS, + O,, HCI, etc.

A common limitation of molecular systems is the
small (compared with solid-state lasers) volume
density of the energy of radiation and the need for
using large gas volumes to obtain large powers
(energies).

In addition, discharge in molecular systems is
always accompanied by dissociation and a change in
the initial composition of the gas, and this is the
main cause for maintaining continuous gas flow.
Prospects for producing powerful static systems are
in this connection not perfectly clear. For devices of
small and medium power (5—20 W), the static mode
is more realistic.
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There is still little information on commercially
developed molecular lasers. It is known that the
Raytheon Company has produced the model 1.G-14
(power 20 W, divergence 2 mrad), operating with
gas flow [411, , and the model L.G-16 (power exceeding
700 W in the mode)[”].

The questions of applications of high-power gas
lasers, modulation of radiation, interaction with
matter, etc. are beyond the scope of the present re-

view,

APPENDIX I

We consider a system of kinetic equations for the
gas mixture - the working component X with level
populations (x, Xy, and x;) and impurities
y(y1, yo) and z(z, 2;). We assume that the admix-
ture y has a larger cross section for inelastic col-
lision with the first level of the main gas, and im-
purity z - with the second level. Such a model will
describe, for example, the behavior of the CO,

+ N, + HyO mixture, where X, y, z, are the level
populations of CO,, Ny, and HyO., For simplicity we
shall assume that the ground-state populations

(xq, Yo, Zo) greatly exceed the populations of the
corresponding excited states (Xi 9, y1, z1). For the
upper working level of the CO,; molecule the equation
takes the form

dz.
Tti = pg%o— (Bor¥okos + it + Pyz) ©1+ Pasza + kyoToys. .., (@)

where pyg = ng {oV) g is the probability of excitation
by electron impact from the ground state; ug is the
probability of decay to the ground state as a result of
inelastic electron collisions of the second kind, and
yoKoy is the same for collisions with the molecule N,
in the ground state, 77! - as a result of vibrational
relaxation of CO,(00°1); pip = myy + f1g; S Byy(v)p(v)dy
is the probability of the transition to the second level
as a result of inelastic collisions, and also of stimu-
lated emission

he

Rlgas __ myg
BI—1)N;

hep ~TU-D

s
pz1 is the probability of the processes that are the
inverse of pyy, and kyoxg is the probability of exci-
tation of the upper level via inelastic collisions with
N¥ (v=1).

The system of equations for xy, x,, y4, 2; can be
written in the form

dx
E:B—J—Az,
where
[ £z [P'w-"o
i) T2 b | PeoTo
z={z;}= y‘i. B={bj}= )pyoyoj . (b)
% Hz0%0
!au ags as3 0
ay azp 0 ay
A={ant=1," 0" a4y 0 | (c)

0 ap 0 ay)

agy = —(Roy +Yokot + TT* 1 P12)y @12=2Pay, @y3==k19%g,
g1 =Py, Agp==—(Moz2-+2Zolos + T2t + P2y)s a4 ==1s0%0,
= Jok _ Lk -1 (d)
ag = Jokoy, agz™ — (hoy+kioZo+Ty),
a4z =10120, @4 = —(Pozl1o%o+ 21

We consider first the behavior of the mixture of
relaxing gases in the nonstationary mode,

Assume that at the instant of time t = 0 excitation
due to the electronic component has stopped in the
mixture (the electron-recombination coefficient is
assumed large).

The solution of the system of equations (b) takes
the form

At
zi::ECije 7,
i

where A; are the eigenvalues of the matrix (c) and
Cij are coefficients determined from the initial con-
ditions.

Let us establish a connection between the system
relaxation times A3 and the intrinsic level relaxa-
tion times 7 in the simplest case, when the stimu-
lated emission is absent and the populations x; and
Xy are independent quantities. This corresponds to
the conditions for the observation of the intensity of
the spontaneous-emission lines from the working level
in a decaying plasma[m. Then the eigenvalues for the
relaxation of the system x,y; (for example CO, (0001)
and N (v =1)) are determined by the condition

ay—h a3
=0, (e
{ a3 agz—A )

The solution of (e) yields
" —_ 2 -1
by gt ;‘lssi [(“u - “33) -P'axaasij 2 )

From (f) we see that only at small degrees of in-
elastic COlliSiOﬂ, when 4313331(311 - 3.33)-2 <1, do
the relaxation times of the mixture coincide with the
intrinsic relaxation times of the components:

Ay = agy = — (171 -+ yokoy) =~—T7%,

-1 -1
Ay = agg= —(Ty -+ kipTo) =—Ty .

APPENDIX II

To calculate the gain and the saturation parameter
of the active medium in the continuous mode, it is
necessary to know the stationary populations of the
working levels x; and xy. From the system (b) with
dx/dt = 0 we can obtain

1 z
2y = =~ {(a13b3— aasby) (24202, —a22040) + 12053 (2o4bs— agb2)}= 7;— ,

1 z
7y = {(a2sbs—a44ba) (213031 — 214033) + 021044 (a13b3— agsby)} = _Az_ )
where
A=det A== (as303— a11033) (242024 — B32844) — Q4202123304 (g)

The gain of the molecular system can be expressed
in terms of the level population difference AN = x,
— pxy (see formula (5)).
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According to (g)

1 - - AN (U
x (x4 pzg) = AN

1+pp

AN = (h)
where AN(0) =(1/a)(X; — pXy) 5= is the inverse
population in the absence of stimulated transitions

(p = fp (v)dv =0), and B is the saturation parameter
of the transition 1— 2. Separating in A the terms
containing p, we can obtain from (g) an analytic ex-

pression for 3
- aqaa -1 - Ao, -1
{(au +—?3331> +p <ﬂzz+ ——2;,:2> }

— ag3031\ 1 | - Qosa -1
1-4-nmys (a“ +£——1> - mgy (a22+ 224742 42)
. @33 N LITe

B == Bya (vo) 112,

. ()

where

ayy == Poq + Yokoy - TT' == — @1 Pra. Ggp -~ gz — Pay.

In the derivation of (j) we took into account the
well known relation g;Bi,(v) = gyByy, and we put
S Byp(v)s(v)dy = By(v)p and f, = pfy. Expression
(j) can be represented in a form more convenient for
calculations, using the connection between the
Einstein coefficients and separating the temperature-
dependent factor

B==PBok (1);
he
1 SR (J-1) 2
A3A,,cB <E> e —1) VBT, ~ o~
B - n T+ pT (k)
47Avp | kT 1 - Mg Ty Mg Ty
where
:E]—] - 11—1 + Koy + yOKOI . kiokoizoyo S
Woy + F1gTo + Ty
~ Liolo1zez
131 =131+ oz + Zolos — 107017070
Roz+liozo+ 72"

are the effective reciprocal lifetimes of the levels in
the presence of excitation in the system.

For the population inversion we obtain, following
the transformations (h),

AN (0) = BT [1 47T (g — prgg)] — MyTy [P—T4 (mgg — pp)] .
14-mypTy FmgyTs
where
E10%o

Wy = 020 4 myotlo =i
Poy + k1oTo -+ Ty

@

Lipzg

My = p0%q + pz020 ————————
Moz+l1g20+ 7271

are the total excitation rates of the levels, with al-
lowance for the influence of the impurity. From the
detailed balancing principle it follows that

may/Myy = exp [— (Ey— E9) (kT c].
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