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INTRODUCTION

N EJEW 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 power 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.
RautianCl].

We review in this survey the work on CO2 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 CO2 and the role of the
different elementary processes. The published ar t i -
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 CO2 lasers
may also be of interest because the inversion mecha-
nism in CO2 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 ^ 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/cm3 at efficiencies exceeding 10%. The
proposed working media were atom pairs of several

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 L J consists in the following. To
produce a high-efficiency laser, the upper working
levels should have relatively long lifetime
(TJ — 10~4 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.,

where P is the generation power density and Nj is
the population of the upper level.

The maintenance of population inversion will be
ensured if the lifetime of the lower working level Tj
will be smaller by one order of magnitude than the
quantity N ^ y / P , i.e., T2 ~ 10~e 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 rimax ~ n ^ /^ i = 1
— E 2 /E j . 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 < kTg a s - The cross sec-
tions of the inelastic collisions can reach 10~15 cm2

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.,

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 a s s u m e that such a situation
can occur in molecular sys t ems , but Gould has e x -
p r e s s e d the misgiving that in the p resence of a d e -
veloped level sys tem in the molecules it will not be
poss ible to concentra te the excitation in the working
transi t ion.

According to^2 , a l a s e r with high efficiency and
la rge power density should satisfy the following r e -
qu i rements :

a) The probabil i ty of the l a s e r t ransi t ion should be
low (part ia l forbiddenness).

b) The upper level should not decay noticeably
under inelast ic coll isions ( E t - E2 » k T g a s ) .

c) The working levels should l ie low, so a s to
ensure l a rge absolute populations and e l ec t ron -
excitation r a t e s .

d) The c r o s s section for inelast ic collision b e -
tween the working and adjacent levels should be la rge
(AE < k T g a s ) .

e) All levels with noticeable population should con-
t r ibute to the passage of the a toms through the work-
ing t rans i t ion .

f) The total energy interval ZAEi in a sequence
of c losely lying levels should ensure the existence of
inversion ( Nj > N2), in which connection the Bol tz-
mann factors in the dis tr ibut ions of the e lec t rons and
the a toms should satisfy the inequality

g) The gas density should be low, so as to satisfy
in the d ischarge the inequality T e » Tgas, but at the
same t ime it should be sufficient for the inelast ic
coll is ions to be effective (tentative atom density
~ 3 x 1 0 1 7 c m " 3 ) .

The excitation of the upper level should occur not
direct ly, but with the aid of a gas impuri ty that con-
cen t ra tes the maximum population density at the i s o -
lated level .

It is easy to verify that the foregoing requ i rements
can be sat isf ied a l so in molecu la r l a s e r s . The a g -
grega te of the rotat ional levels ensures the n e c e s s a r y
r a t e s of decay of the lower working level even at gas
p r e s s u r e s on the o rder of s eve ra l m m Hg, owing to
the shor t rotat ional re laxat ion t i m e s .

Of g rea t importance for the operat ion of molecular
l a s e r s , as will be shown la te r , a r e also the compet i -
tion of the vibra t ional- rota t ional t rans i t ions , the
satura t ion of the working transi t ion, inelast ic m o l e -
cule coll isions, the p resence of F e r m i resonance,
e tc . Therefore the l i s t of r equ i remen t s that mus t be
satisfied by powerful high-efficiency l a s e r s can
presen t ly be substantial ly increased .

The f i rs t to r epo r t l a s e r generat ion with CO2

molecules was Patel , at the sess ion of the Amer ican
Phys ica l Society in April 1964.[3^ P a t e l ' s f i r s t publ i -
cations '•4'5-' r epor ted generation at 13 l ines of the
00°l—10°0 band and 7 lines of the 00°l—02°0 band,
and the total power was approximately 1 mil l iwatt .

The operation of the l a se r was explained on the
bas is of a four- level scheme with radiat ive decay of
the lower level, while the ro le of the relaxat ion p r o -
c e s s was not noted.

In subsequent investigations Pate l ' - 6 r 1 \ Legay-
Sommaire [8-1, and Moeller and Ridgen[9-1 obtained an
appreciable increase in the power and efficiency by
introducing nitrogen and helium into the d i scharge .
Investigations in the pulsed mode C10"12^ and in a Q-
switched mode L13~16J has made it poss ible to es t imate
the l ifetimes of the vibrat ional levels and to calculate
a number of relaxat ion p r o c e s s e s in the mechanism
of the decay of the lower working level . Investigations
in the Q-switched mode have a lso made it possible to
understand bet ter the competit ion between the v i b r a -
t ional-rota t ional t r ans i t ions . These phenomena
grea t ly reduce the number of l ines in the l a se r e m i s -
sion spec t rum.

Resea rch on molecular l a s e r s has a t t r ac ted much
attention, and within a shor t t ime, in 1966, continuous
power up to 700 W and efficiencies up to 15% were
attained, most ly by increasing the l a s e r length.* It
has been proposed '-18-' that the efficiency can reach
30—40% and that the power will amount to many k i lo -
wat ts . F o r a detailed survey of the exper imental work
on CO2 l a s e r s we can recommend the review of
N. N. Sobolev and V. V. Sokovikov [ 1 9 ] . Exper imental
investigation of the e lementary p r o c e s s e s in molecu-
l a r l a s e r s have explained a number of important d e -
ta i ls in the populat ion-inversion mechanism.

In light of the foregoing r equ i remen t s imposed on
high-efficiency l a s e r s , let us consider the main e l e -
men ta ry p r o c e s s e s occurr ing in d ischarges in a m i x -
ture CO2 + N2 + He and the scheme of the lower
levels of the e lect ronic ground s ta te of the molecule
CO2.

1. ELEMENTARY PROCESSES IN CO2 LASERS

a) Scheme of Lower Levels of CO2 Molecule

CO2 is a l inear symmet r i ca l molecule with ze ro
dipole moment and belongs to the po in t - symmet ry
group D M h and has th ree normal oscil lat ion frequen-
cies (see Fig. 1 ) [ 2 0 ] :

vi = 1388.3 cm" 1 — symmet r i ca l valence osc i l l a -
tion,

v<i = 667.3 c m ' 1 — deformation valence oscillation,
v% = 2349.3 cm" 1 — an t i symmet r ica l valence osc i l -

lation.
The foregoing values hold for the molecule

c i2 o i6[2i] T h e d e f o r m a t i o n oscil lat ions a r e doubly
degenerate , s ince oscil lat ions with the same frequency
can occur in two orthogonal planes pass ing 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 C02 molecule. To each vibrational
state there corresponds a system of rotational levels with pop-
ulation distribution nj. Each vibrational level is tagged with
the energy (in cm"1), 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 N*(v - 1) has a large cross sec-
tion for inelastic collision with the 00°l level. On the upper
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 kTgas.

The structure of the vibrational levels of the
molecule CO2 are determined by the set of normal
frequencies (vit v^, and vs), their overtones, and
composite combination frequencies.

The corresponding levels are designated by a
combination of quantum numbers (v1; v2, v3). Figure
1 shows the scheme of the lower vibrational levels of
the electronic ground state of the CO2 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°v.

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 I over the second
index is due to the double degeneracy of the deforma-
tion oscillation. It takes on the values:

I = v, v — 2, . . . , 0 — for even v2,
I = v, v — 2, . . . , 1 — for odd v2,

and determines the value of the angular momentum
•jyrvib _ j j ^ 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 v2 > 1, the
degeneracy is lifted, owing to the anharmonicity of
the CO2 molecule.

The levels 022 0 and 02° 0 belong to different
point-symmetry groups '-20.

The same figure shows, to illustrate the scale, the
energy kTg a s of the thermal motion of the molecules,
and the position of the first vibrational level of the
nitrogen molecule Nf (v = 1) and its rotational
structure.

Owing to the accidental coincidence of the fre-
quency pt and the second harmonic 2y2 of the defor-
mational vibration ( 02°0), a shift of the correspond-
ing levels takes place in the CO2 molecule (Fermi
resonance), and the states of the molecule at the
levels 10°0 and 02°0 are mixed. A detailed treat-
ment of this question is found in books on molecular
spectroscopy'-20'22-', and the calculated values of the
perturbed and unperturbed frequencies are contained
in'-21-'. In'-21-', in particular, it is indicated that the
Fermi resonance can explain the short vibrational-
relaxation time of the lower working level 10 0, since
the deformation oscillations ( 01°0 and 02°0) 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 CO2 discharge, described in L23-'. 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 ( 10°0), since
its population depends significantly on the rate of the
induced processes. The connection between the levels
(10°0) and ( 02°0), which have the same parity,
should lead, as a result of the Fermi resonance, to a
change in the population of the 02°0 level, which has
apparently a large cross section for interacting with
the electron component'-13^ and a short vibrational-
relaxation time [21'24^.

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 CO2, with v2 = 667.4 cm"1 and v%
= 2349.3 cm"1. The bands that follow them in intensity
correspond to transitions to the ground state from the
level 02°l and 10°l. 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
CO2 contains a strong double band with v\ = 1285.5
and 1388.3 cm"1, with relative intensity 1: 0.59t22:l,
in lieu of one unperturbed band with V\ = 1345 cm"1 '2 1 ' .

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°l—10°0) and ( 00°l—02°0),
observed in the form of weak bands in the emission
spectrum of CO2. Recent investigations of the CO2

spectrum have also shown the presence of
( lO^-O^O) and (02°0-0110) bands [ 1 2 ] .

A more complete scheme of the vibrational levels
of CO2 is given in the book by Herzberg1-22-1. The
same book gives information on the observed CO2

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°l) level were not observed in the CO2 spectra.

Information on the probability of transitions be-
tween levels of the CO2 molecule is practically non-
existent. Recently, the probability of the vibrational-
rotational transition of the 00°l—10°0 band to the
lines of the P-branch (J = 18 — 22) was measured
and found to be ( 0.21 ± 0.03) sec"1 [ 2 5 ] . (For the
10°0—02°0 band, according to the measurements of
I. K. Babaev and S. N. Tsys', the probability of the
transition P = 18 is 0.25 ± 0.02 sec"1.)

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[26-1, the probability
of the other transitions, which are forbidden in the
dipole approximation, is of the order of several
tenths of an sec"1. The probability of dipole transi-
tions from the ground state from the levels 00°l and
01*0 is of the order of 102 sec ' 1 .

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 1*0, there is observed alternation

of the line intensity as the rotational quantum number
J is varied. Since the oxygen isotope O16, which has
an abundance of 99.76%, has a nuclear spin 1 = 0,
only symmetrical rotational states with even values
of J for the lower level exist in the CO2 molecule [20].

The molecule rotational energy is determined by
the formula

E = hcBJ (J+i)=hcF (J),

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

E' ~E" = [F (/') -F(J")],

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

The dipole transitions of CO2 satisfy the selection
rule AJ = 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 00°l cor re-
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
( 01J0) level, corresponding to deformational vibra-
tion, perpendicular bands are observed. The selec-
tion rule for the quantum number I in parallel bands
is &l =0, therefore the spectrum does not contain
the transitions 00°l - 0220.

For an equilibrium distribution of the molecules at
a temperature T r o^ ^ Tg a s , the population of the
J-th rotational level, with allowance for its statistical
weight g j = 2J + 1, is determined by the formula

hcB
he

Tf.gas,

where
hcB
r
gas

(1)

Nv 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

(2)

For the usually observed intense line P( 20)( J ' =19)
this corresponds to T g a s ~ 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 n j v for a system
of rotational levels is determined by the total number
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of molecules Nv of the vibrat ional s ta te and by an
exponential factor. Fo r the levels 10°0 and 02°0,
which a r e connected by the F e r m i resonance , the
values N10Og and NQ2OQ a r e not independent.

It can be shown that if the rotat ional relaxat ion
leads to es tabl ishment of an equil ibrium distr ibution
in the rotat ional s t ruc tu re of the levels 10°0 and
02°0, then the ra t io of their populations will be de t e r -
mined by the Boltzmann factor

If we define the number of coll is ions Z for a c e r -
tain expression, for example, 1 t o r r , then

vio°o
02"f)

r A

where AE is the difference in the energies of the
ground s ta tes of the levels , equal to 103 cm"1 ,
Nio°o/NO2°O ~ ° - 6 f o r T = 300°K and - 0 . 7 for
T = 400°K. Under the indicated assumption, the d i s -
tribution (1) for the 10°0 level can be expressed in
t e r m s of the total number of molecules N2 at the

bound levels 10°0 and 02°0:

(3)

1-j-« ' g a s nJgas
Therefore the l ifetimes of the levels 10°0 and 02°0
should not be regarded separa te ly as independent
quanti t ies, but it is neces sa ry to de te rmine the l i fe-
t ime of a sys tem of two leve ls .

b) Lifet imes of Vibrat ional Levels

In l a s e r s using the CO2 + N2 + He mixture , the
t ime of rotat ional relaxat ion of the CO2 molecule is
sufficiently small , and it can be s ta ted that, at leas t
in the continuous mode, the distr ibution of the r o t a -
t ional- level populations differs l i t t le from equil ibr ium.
Under these conditions, the inverse population can be
expressed simply in t e r m s of the total populations of
the upper and lower vibrat ional levels N4 2. The
sta t ionary distr ibution Ni can be obtained by solving
the sys tem of kinetic equations

(4)

where Z_/ Mjj—rate of excitation of the i- th level due

to coll isions with par t i c les of species j (molecules,
electrons);

TJ—total relaxat ion t ime of the i-th vibrat ional
level in a mixture of given composition;

2-j Ajj—sum of probabi l i t ies of the radiat ive t r a n s i -
j

t ions to other levels; and
KjjNj— probabil i ty of decay of the i-th level by in-

elas t ic coll is ions with pa r t i c l e s of species j .
The quantity T~L which is a r ec ip roca l of the t ime

of natura l vibrat ional relaxat ion of the pure gas, is
defined as the ra t io of the average number of co l l i -
sions per second at a given p r e s s u r e P A to the num-
ber of effective coll is ions Z A A leading to a conver -
sion of the internal energy of the molecule to the en-
ergy of t ransla t ional motion.

TA -'=' PA " tAApA.

The usual method of measur ing the relaxat ion t ime
is by determining the dispers ion of ul trasound at
normal t empera tu re s and yields values only for the
lower vibrational levels '•28.

Fo r polyatomic molecules having s eve ra l normal
oscil lat ion frequencies, the relaxat ion can proceed in
seve ra l ways. Fo r the CO2 molecule, just as for
SO2, the most probable mechanism of vibrat ional
re laxat ion of the 10°0 and 00°l levels is apparent ly

tnni
the sequence L '

/10°0\ , 0

CO2(00 1) -> CO2I o I -> CO2(01 0) ->CO2(00 0),
with

Too°i > T i o ° o > T o i V
02°0

The relaxat ion of the 02°0 level occurs principal ly
as a r e su l t of exchange p r o c e s s e s CO2 ( 02°0)
+ CO2 ( 00°0) t- 2CO2 ( 01*0 ).

In the case of a mixture of two gases , relaxing (A)
such as CO2 and nonrelaxing (B) such as helium, the
exchange of the t ransla t ional and vibrat ional energies
can be the resu l t of two processes:'•28-':

a) A* + A -» A + A — intr ins ic relaxation,
b) A* + B — A + B - relaxat ion on the impurity B.
The resu l tan t relaxat ion t ime is de termined by

the ra t io T"1 = t ^ P A + * -ABPB' where P A and p g a r e
the par t ia l p r e s s u r e s of the gases , in t o r r , tAjj
= Z / Z A B , where Z A B is the average number of
coll is ions n e c e s s a r y for the molecule A* to lose one
quantum of vibrat ional energy, and Z is the total
number of A — B collisions per second at a p r e s s u r e
of 1 t o r r .

Table 1 l is ts the values of the effective numbers
of the collisions Z A B a n d of tAB a t PA a n d PB = 1
t o r r for mix tures of CO2 with other ga se s . The high
probabil i ty of energy t ransfer in CO2 - H2O col l i -
sions can apparently be at t r ibuted to the formation of
an in termediate in termolecular complex.

The values of Z A B i n Table I a r e valid for the
lower vibrat ional s tate of the CO2 molecule, most
likely Ol'o, s ince the measu remen t s were made at
normal t empera tu re (293°K). The value of Z A B f o r

the CO2 - He mix ture dec reased with increas ing gas
t empera tu re ^2S\

There is no a s su rance that these values can be

Table I

Mixture

CO2 —CO2
CO2 — He
CO2 — N2

ZAB

108 000
1500
1200

<AB

520
(4-10*)

(4.5-10*)

Mixture

CO2 —H2O
CO2-CO

ZAB

130
230

'AB

—
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used to estimate the lifetimes of higher vibrational
levels. Indeed, the values TOQO^ reported in the l i ter-
ature[13>16:1 lie in the intervals 0.8 - 3 msec and
greatly exceed those calculated in accord with the
data of Table I.

Moreover, there are indications "• that the in-
tensity of the spontaneous emission from the 00°l
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°l 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 '•32 . It 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 CO2

and N2, 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* + B ^t A + B*.

The relaxation of the entire system will be described
by two exponential functions exp[~T^t] and
exp[ — T j t ] , where

Tl1 = IAAPA + tABpB, TJ1 = tBBpB + tBApA.

The values of the coefficients tjj for the working
levels 00°l and 10°0 of the CO2 molecule are un-
known, but nevertheless it is possible to draw a num-
ber of qualitative conclusions from the publications
on CO2 lasers .

The relaxation time TJ of the upper level changes
little in relatively wide nitrogen and helium pressures
and exceeds the relaxation time T2 of the lower level.

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

CO2-CO, CO2-CO2Consequently, tj < t2
 l and

t4
 2 2 < t2

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

* r . l L J CO2-H2O CO2-H2O
grounds for assuming that t4 < t% .

The level relaxation times, and consequently the
coefficients tp2 depend on the gas temperature.
Thus, for example, when the temperature increases
from 300 to 500°K, TOI^O decreases by approximately
one-half. The lack of data on the temperature coef-
ficients of the working levels makes an estimate of
T 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 CO2 laser are contained in'-31. The relative change
in generation power following addition of 25% of im-
purity is listed in Table II. The power obtained with
pure CO2 is taken as unity. The influence of the in-

Gas N2

3

Air

2.6

l'able

CO

1.5

n

H2

1

o2

0.5

N2O

0,5

C2H2

0

C2H4

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 CO2, 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
CO2, N2, CO, O2, H2O, and N2O. The role of N2, 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 E()001:

AE = Eoo0i —Eco (v = 1) s« —150 c m ' ^ kT>ga&.

The lifetime of the intrinsic relaxation and PQQ
= 1 torr is approximately 76 msec '28 , and therefore
the inelastic collisions CO* + CO2 — 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 O2

level ( 3 2 g ) relative to the CO2 levels (10°0, 02°0).
Then, in the presence of excited O2 (

32~ ) 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 O2(v = 1) at po2 = 1 torr
is approximately 2.4 sec, and that of N 2 ( v = l ) at
p N j = 1 torr is 14.5 - 16 msec t28<33].

The quenching action of N2O can also be due to an
increase in the population of the lower working level
of CO2 (10°0, 02°0), since the resonance defect for
this level is much smaller than for the upper one.
Cessation of generation upon introduction of ethylene
( C2H4) into the discharge is more likely to be con-
nected with intense absorption by the latter at the
10.6 M 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 CO2 mixed with other molecular
gases, for the time being. The intrinsic relaxation
time of the 00°l level for T g a s = 300°K was meas-
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FIG. 2. Comparative position of the lower
vibrational levels of the molecules CO2, N2, CO,
HO, and NO.
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ured in [30] The measurement method consisted in
observing the rate of decay of the 00°l level after
excitation by a short pulse from an external source.

It was shown there that the reciprocal time T^1

increases linearly with the pressure:

C o 2 _ C o 2t
where tt = 385 sec"1 torr"

At working temperatures 400—500 K, t
apparently increases.

Measurements of T2 for the lower level were not
CO CO

made, but it can be assumed that t2
 2 2

£ 500—700 sec^Tor r" 1 .
Since helium greatly reduces the relaxation time

T2, we can conclude that t2
 2 is large and can

1 2

700—800 sec"1 torr""1.exceed
Witteman's results

CO — FT O
t2

 2 2

point to large values of

t2
 2 2 but a quantitative estimate of this value is

not given. We know likewise of no published data with
COo-N,

which to determine ti2

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 p res -
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

C02(00<>1) + N2(0) ^± CO2(00<>0) +

1 will be (see Appendix I)
the observed relaxation times of the mixture Xf * and

• * ( > )

w h e r e t h e s u b s c r i p t s 1 a n d y p e r t a i n t o C O 2 ( 0 0 ° l )

a n d N 2 , k = ( a v ) i s t h e r a t e c o n s t a n t o f t h e p r o c e s s

i n d i c a t e d a b o v e , a n d x 0 a n d y o a r e t h e p a r t i a l g a s

p r e s s u r e s o f C O 2 ( 0 0 0 ) a n d N 2 ( 0 ) .

C o n s e q u e n t l y , o n l y a t s m a l l v a l u e s o f k a n d a t

c o n c e n t r a t i o n s X Q a n d y o w i l l t h e v a l u e s o f A f * 2

c o i n c i d e w i t h t h e i n t r i n s i c r e l a x a t i o n t i m e s o f t h e

c o m p o n e n t s i n t h e m i x t u r e T 1 a n d T y .

W h e n T J " 1 - T " 1 + k ( y 0 - x 0 ) » k f x o y o ) 1 / 2 , t h e o b -

s e r v e d r e l a x a t i o n t i m e s i n t h e g a s m i x t u r e w i l l i n -

c l u d e a c o r r e c t i o n f o r t h e e x c h a n g e o f e x c i t a t i o n w i t h

t h e o t h e r c o m p o n e n t o f t h e i m p u r i t y :

- V ~ T j 1 + k y 0 , - V ~ i ~ l + k x 0 .

T h e r e f o r e t h e l e v e l l i f e t i m e s o b t a i n e d i n t h e Q -

s w i t c h i n g m o d e ^ 1 3 ^ a r e s m a l l e r t h a n t h e i n t r i n s i c

t i m e s o f t h e v i b r a t i o n a l r e l a x a t i o n . T h e s a m e h o l d s

f o r t h e r e s u l t s o f , w h e r e t h e m e a s u r e m e n t s w e r e

m a d e i n t h e r e a c t i v e Q - s w i t c h i n g m o d e a n d t h e l i f e -

t i m e o f t h e l o w e r l e v e l w a s d e t e r m i n e d a s t h e m i n i -

m u m r e l a x a t i o n t i m e o f t h e s y s t e m i n t h e p r e s e n c e

o f a d i s c h a r g e i n t h e g a s .

F r o m a n a n a l y s i s o f t h e p o p u l a t i o n i n v e r s i o n i n

t h e m o l e c u l a r s y s t e m ( s e e A p p e n d i x I I ) w e s e e t h a t

t h e i n t r i n s i c r e l a x a t i o n t i m e o f t h e m o l e c u l a r c o m -

p o n e n t T i s o n l y o n e o f t h e t e r m s o f t h e e f f e c t i v e

l i f e t i m e o f t h e l e v e l 7 , w h i c h d e p e n d s o n t h e e x c i t a -

t i o n t r a n s f e r t o o t h e r c o m p o n e n t s o f t h e m i x t u r e , o n

t h e p r o b a b i l i t y o f t h e i n e l a s t i c c o l l i s i o n s o f t h e s e c o n d

k i n d , e t c .

T h i s c a n e x p l a i n a t f i r s t g l a n c e t h e p a r a d o x i c a l

p h e n o m e n o n n o t e d i n ' - 1 5 , n a m e l y t h e w e a k d e p e n d e n c e

o f t h e m e a s u r e d l i f e t i m e o f t h e l o w e r l e v e l o n t h e

p a r t i a l p r e s s u r e o f t h e g a s e s . T h e m i s u n d e r s t a n d i n g

v a n i s h e s i f i t i s a s s u m e d t h a t w h e n t h e Q - s w i t c h i n g

m o d e w a s u s e d , t h e m e a s u r e m e n t s p e r t a i n e d t o o n e

o f t h e e f f e c t i v e r e l a x a t i o n t i m e s o f t h e s y s t e m , w h i c h

d e p e n d e d b o t h o n t h e g a s p r e s s u r e s , t h e t e m p e r a t u r e ,

a s w e l l a s o n t h e c h a r a c t e r i s t i c s o f t h e e l e c t r o n i c

c o m p o n e n t ( n e , T e ) . T h e a u t h o r s o f ' - 1 5 - ' h a v e p r o -

p o s e d t h a t i n e l a s t i c e l e c t r o n c o l l i s i o n s e x e r t a

n o t i c e a b l e i n f l u e n c e o n t h e r e l a x a t i o n p r o c e s s e s .

T h e u s e o f t h e c o n c e p t o f l e v e l e f f e c t i v e l i f e t i m e ,

w h i c h t a k e s i n t o a c c o u n t e x c h a n g e w i t h o t h e r c o m -

p o n e n t s o f t h e s y s t e m , m a y b e f r u i t f u l , s i n c e i t i s

e a s y t o e x p r e s s i n i t s t e r m s s u c h q u a n t i t i e s a s t h e

i n v e r s e p o p u l a t i o n , t h e s a t u r a t i o n p a r a m e t e r , e t c .
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(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 r used in the
calculations.

We present quantitative estimates of the effective
lifetimes of the CO2 levels, fx and T2, in the CO2

+ N2 + He mixture.
By definition (see formula (k) of Appendix II), we

have

where Tf̂  are the intrinsic reciprocal relaxation
times of CO2:

^1 = 'Iiit{pj, T"1 = 22^/>y, ; -CO2 , N2, He;
j i

Moi = n e ^CTov) i s the probability of decay to the ground
state of the CO2 molecule from the first level as a
result of an inelastic impact of the second kind:

Hoi = moeEl/ftTe^ 1-35^0 for Ei = 2349cm"1, 7\,~leV;

M02 = n e (o~02v) = M20 exp( E 2 /kT e ) ^ 1.2 /i20 is the
same for the second level;

liyQ = n e <ffyv) is the probability of excitation of N2;
koi — 0.75 x 10~14 cm3 sec"1 is the rate constant for
inelastic collision of CO2 and N2, while x0 and y0

are the concentrations of CO2 and N2 in the ground
state.

Inasmuch as there is no resonant excitation t rans-
fer to the lower level in the CO2 + N2 + He mixture,
we shall assume that the component ZQ vanishes and
that Z10 =ZQJ =0 . The influence of the helium will be
taken into account in the intrinsic relaxation times of
the molecules of the mixture, Tj and T2.

We assume for concreteness (see Sec. lc)

CTI0 = 4-10-16cm2, a20 = 2-10-16cm2, ay = 1.15 10"16 cm2,

z0 = 5-1016cnf3 !/o = 5-1016cm'3, rae = 1010cm"3

v = 6107 cm • sec"1, pcoa = 0,3 torr, pN2=2torr,

Then Moi - 320 sec"1, M02 = 160 sec"1, Moy = 950 sec"1,
T^ — 300 sec"1 (120 sec"1 is the contribution of the

CO,-CO, 1 1
intrinsic relaxation at t t =400 sec torr ,
and the remainder is due to the impurity), T 2

!

<* 3000 sec"1 (200 sec"1 - intrinsic relaxation at

t2
 2~ 2 <* 700 sec"1 torr"1 and 2800 sec"1 - contri-

bution of the helium at tf°2~He <* 700 sec"1 torr"1) ,

15* > 125 sec"1
 («N2-N2 % g2 sec 'Horr"1) .

The contribution of the last term to T^1 is negligi-
ble under the indicated conditions (~15 sec"1), and

•f"1 = t"1 + Hoi + Jfo&oi ^ 1000 sec"1,

f"1 ~ z-1 + H02 =* 3200 sec"!

The lifetimes of the lower 10°0 level, given in [12]

for pulsed excitation of CO2 + He mixture, and found
to be 0.25—0.3 msec, is apparently close to the ef-
fective lifetime T2, 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 Tj 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 T\
= 1 msec and T^ = 0.3 msec.

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

CO2(00°y) + CO2(00°0) ^± CO2(00V—l) + CO2(00*l).

Indeed, the measurements ^30-' of the rate of radia-
tive decay of the upper ( 00°v) vibration levels in the
presence of intense radiation at the 00°l — 10°0
transitions have shown that the 00°v levels make a
noticeable contribution to the excitation of the 00°l
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 CO2 laser operating in the Q-
switched mode. The temporal characteristics of the
spontaneous emission at the 00°l — 10°0 and 00°v
— 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 CO2

+ N2 + He mixture. Comparison of the intensities of
the corresponding lines has shown that the population
distribution at the level 00°v, up to v = 4, can be
described by a positive vibrational temperature
Tvib ~ 3000°K. When the radiation passed through the
measuring cell, the population of the 00°v levels be-
gan to decrease rapidly (delay time 10 Msec), whereas
in the continuous generation mode the intensity of the
bands from the 00°v levels was reduced only by a
factor of 2 and the distribution was conserved. Such
a strong coupling between the 00°l upper working
level and the 00°v level cannot be connected with
radiative processes, which have transition probabili-
ties of the order of 102 sec"1. This leaves only one
explanation, namely exchange of vibrational excitation
between the 00°v - 00°(v - 1) states (v = 1 - 4 ) .

In connection with the high efficiency of CO2

lasers, the presence of upper excited 00°v levels
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gives grounds for assuming that the i r energy is
t r a n s f e r r e d in final analysis to the upper operat ional
00°l level, and that their ro le consis ts of increas ing
the effective excitation c r o s s section of the 00°l level .

Naturally, in the Q-switched mode, at pulse d u r a -
tions T = 20 nsec, the energy of the 00°v levels will
not be t r a n s f e r r e d to the 00°l level .

F o r simplicity, we shall henceforth take the level
1 to mean the en t i re aggregate of the 00°v levels
(v = 1, 2, 3, 4 ) .

c) Certain Elementary Processes in the Electric
Discharge in the CO2 + N2 + He Mixture

In exper imenta l l a s e r s using the CO2 + N2 + He
mixture , the inversion of the population of the v ib r a -
tional CO2 levels is the r e su l t of excitation of an in-
dependent glow discharge at d i rec t or a l ternat ing
(~50 Hz) cu r ren t . Exceptions were the f i rs t expe r i -
ments of Pa te l ^ and Legay-Sommaire ^ , where the
external ly excited nitrogen molecules were injected
into the resona to r cavity and mixed there with the
CO2 molecules ,

F o r a quantitative analysis of the kinetics of the
e lementary p r o c e s s e s it is n e c e s s a r y to know at
l eas t the following d ischarge c h a r a c t e r i s t i c s :

1) e lectron density n e ,
2) e lec t ron distr ibution functions with r e spec t to

the energy (or T e ) ,
3) exact chemical composition of the gas in the

working mode,
4) concentrat ions of the ions of different c o m -

ponents,
5) excitation and level- ionizat ion c r o s s sect ions .
It is known from the l i t e ra tu re on gas -d i scha rge

physics that at low cur ren t densi t ies and modera te
p r e s s u r e s (approximately severa l to r r ) the posi t ive
column is a non- i so thermal p lasma . The main los ses
of the supplied energy a r e connected with the p r o -
c e s s e s of volume recombinat ion and the re la t ive m a g -
nitude of the l o s se s connected with resonant and non-
resonant radiat ion is smal l .

The published papers on molecular l a s e r s contain
no data on the gas -d i scha rge cha rac t e r i s t i c s , other
than the values of the limiting field gradients and the
par t i a l p r e s s u r e s of the g a s e s . Naturally, the par t i a l
p r e s s u r e and the composition of the reagents do not
de termine uniquely the p r e s s u r e and the chemical
composit ion of the final products . Moreover , it is
known that the d ischarge contains intense CO
bands (4830 A), and a lso atomic and molecular oxygen,
the CN radical , and other p roduc ts . The instability
of the chemical composition is apparent ly the main
cause of the need for working with gas pumping '-18-'.
Nonetheless, Witteman^42-' succeeded in producing a
l a se r without gas pumping using the CO2 + N2 + H2O
mixtu re .

When the gas is pumped through at l inear velocity
on the o r d e r of severa l m e t e r s p e r second, the com-

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

The ionization potentials '•36-' and the dissociat ion
energies for four fundamental components of the gas
a r e a s follows:

CO2(13.79eV; 2.8 eV), N2(15.58eV; 9.76 eV),

O2(12.2eV; 5.084eV), He(24.58 eV);

One can expect the d ischarge to contain principal ly
the ions O2, O 2 , O", and CO 2 . The re la t ively low
dissociat ion energies of CO2 and O2 favor the for -
mation of the ions O" and O 2 .

In the case of d ischarge in molecular gases , in-
e las t ic coll is ions between e lec t rons and molecules ,
at which the lower vibrat ional levels a r e excited,
play an important ro l e .

The values of the total sca t te r ing c r o s s sect ions,
both maximal and at e lectron energ ies ~ 1 eV, a r e
l is ted below [36]:

CO2

2

a ( leV) - 0,56 • 10"15 cm2,
l a (0.5eV>=2-10-16 cm2 ;
am a x (2 .25eV). 2.54-10-15 cm2,
a ( leV)-1.15-10-1 5cm2 ;

j a m a x (3 .5eV)=10-»cm 2 ,

a ( leV). .0.6.10-1 5cm2 ;
He a ( l — 2 eV) = 0.6-lO"15 cm2 (elast ic sca t te r ing) .

A noticeable fraction of the indicated c r o s s s e c -
tions may be due to inelast ic col l i s ions .

The la rge c r o s s sect ions for e lectron excitation
of the vibrational levels of molecular gases a r e a t -
t r ibuted to the formation of shor t - l ived negative
complexes ^-3&\

In connection with the la rge c r o s s sect ions, we can
expect the maximum of the e lec t ron-energy d i s t r ibu-
tion function, at appreciable concentration of N2

molecules in the discharge, to occur at T e < 1.5—
2 eV (see a l s o [ 1 9 ] ) .

There a r e no published data at al l on the concen-
trat ion of the e lec t rons in the CO2 + N2 + He d i s -
charge . Approximate es t imates of this quantity can
be made on the basis of tentative values of the field
gradient in the posit ive d ischarge column and the
drift velocity of the e lec t rons v^r a s given by plots
of v d r ( E /p ) in the book of S. Brown [3?:l. Certain
difficulties in using these plots a r e connected with
the fact that they a r e valid only for pure gases and
not for mix tu re s .

According to P a t e l 1 , for an initial mixture com-
posit ion PCO2

 = 0-33 to r r , pja = 1.2 t o r r , and p j j e

= 7 t o r r we see that the field gradient in column was
approximately 35 V / c m at a cu r r en t of 200 mA and
an internal tube d iameter 77 m m .

It is well known that addition of a noticeable amount
of helium to ni trogen grea t ly inc reases the field
gradient, which was approximately half a s l a rge a t
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the indicated values of PCO2
 a n d PN2 ^ u t without

helium. Under such conditions, for E /P
= 15 V/cm-torr, the plots of \^r ( E/p) yield v^r

= 6 x ioe cm/sec for electrons in nitrogen. The in-
crease in the gradient following addition of helium
should not lead to a noticeable change of v^j., 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/cm2 at
the indicated value of Vfa, the electron density can
be approximately 5 x 109 cm"3. The maximum density
in the central region of the column is approximately
twice as large (~1010 cm"3) .

The indicated values of ne and T e 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 n e

and T e 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 kTg a s 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 CO2 the time of
rotational relaxation at pressure 1 torr is T r o t
= 1.75 x i(T6 sec [33]. The role of the rotational r e -
laxation for the inversion mechanism in molecular
lasers can be seen from the following reasoning.

As is known from experiment, generation from
CO2 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 Tro^.
When oscillations set in at frequencies corresponding
to vibrational-rotational transitions J ' — J", the
volume energy density p j ' j " in the resonator in-
creases markedly and the levels J" begin to decay
intensely.

The stationary inverse population in the generation
mode An = n j ' — n j" (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

a—no gen

b—gen (I - 20)
frotlarBe

imall

f=j-i
FIG. 3. Distribution of CO, molecules over rotational levels of

the upper and lower states, a—no generation, b—generation at
transition P - 20, rrot large; c—generation at transition
P - 20, rrot small.

probability of the stimulated transitions J ' - J" is
smaller than T"r'ot, the mechanism of rotational r e -
laxation is capable of maintaining the equilibrium
distribution n j ' 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
n j ' / g j ' and n j " / g j " 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 T r o t ( b), and in the
presence of generation at one transition and small

For the sake of clarity, the abscissas represent
the quantity J ' = J" - 1. With this variable, t ransi-
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 T r o t will
be negligible. Each of the generating transitions will
produce a "hole" in the n j ' distribution, and the en-
velope will differ little from that in case (c).

The form of the function nj, 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 TJ, T2, and T r o t .

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 [34] and the nj 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 T p u l s e < T r o t , this condition can be
strongly violated.

There is no information on rotational relaxation in
a mixture of gases, particularly in the CO2 + N2 + He
mixture, but from a comparison of the number of
generating lines of the P branch in pure CO2 ( P(12)

[4] [8 ]
g l

- P(38)) [ 4 ] , in CO2 + N2 (
[9]

2 (
- P(28)) [ 8 ] , in

CO2 + He ( P( 20) - P( 26)) [9], and in the ternary
mixture CO2 + N2 + He ( P( 20) and P ( 24)) [35] it can
be assumed that the relaxation time is greatly reduced
by addition of N2, 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 pn e = 5 0 torr it w a s the
same as in the continuous mode. It was established
in an indirect manner [13] that Tro^ = 2 x 10"8 sec

pulse w n en pjj e = 20 torr . For the reciprocal

rotational relaxation time T rot in a mixture of

2.5 x io6 s ec ' 1 t o r r 4 , and from [33] we get

" 0.57 x 106 sec"1 torr"1

gases we likewise have a linear dependence on the
partial pressure of the admixture, T~^0^
= 2 r o ^t j jp ; . On the basis of the results of'-13-' we get
CO2-He

t ro t
CO2-CO2
rot p i

It follows from experiments ofL that in the p res -
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
CO2 molecule enables us to compare a laser operat-
ing with the CO2 + N2 + 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 T4 and T2> by rotational relaxation, and by
transfer of excitation via inelastic collisions with
N*(v =1) and relaxation from the levels 00°v. 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°0 levels to the 0^0 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
3 x io17 cm"3 (p <* 10 torr) we can still expect T e

to be noticeably higher than Tg a s .
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-

FIG. 4. Diagram of fundamental elementary processes in
the CO2 + N2 + He mixture. The thin lines show electronic-
excitation processes, the dashed lines show vibrational relax-
ation, and the wavy lines rotational relaxation. x(, x2, xQ are
the populations, y1 and y0 the N2 level populations, fand r
respectively the effective and the intrinsic lifetime of the level
with account of relaxation in the mixture, and ^ the probabil-
ity of direct and inverse excitation processes.

quately the observed dependence of the generation
power on the discharge current [9]

To illustrate the main elementary processes
occurring in CO2 + N2 + 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:

kio ~ koi - rate constant for inelastic collisions
between CO2 and N*(v = 1), Mio- probability of
exciting the 00°l level by direct electron impact from
the ground state, /% — the same to the ground state,
m21 and mI2 - probabilities of transitions via inelastic
collisions with electrons and gas molecules respec-
tively, x12,o a n d Yi,o - level populations, T" and T-
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

Go = exp

where
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( In 2 V /

V i / 4nAvD

"i "2 "I .
gi g2 J '

(5)

A12 is the spontaneous-emission probability,
width of the line contour with allowance for impact
broadening, n1>2 - population density, and g 1 2 -
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, A12 is
the transition probability, and

J' = J" ± 1.

Taking expression (1) into account, we can express
K° in the form

K° - gas (6)

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

P
l n 2

kT
Tg.asiANP.

gas

gas
Unlike in the preceding formula, in (7) J denotes

the rotational quantum number of the lower level

\NR = Ni-N2r, r = ^e (8)

The superscript 0 of K° denotes amplification for a
weak signal.

Patel [ 4 ] gives plots of the gains K°p R for the P
and R branches in relative units.

The parameter for the plots is the relative level
population N t/N2 = Noo°l/Noo°O- K 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 A12 ( P = 20) 'and
also Boo°l = 0.3866 cm"1, B100o = 0.3879 cm"1, and
AI^D = 5.2 x io7 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]:

" easV M

In Patel's derivation ^ of expression (6) for the
gain, no account was taken of the coupling between the
10°0 and 02°0 levels. When this coupling is taken
into account, it is necessary to use for the lower
level the value nj 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

where AE = E1()0Q _ E020()> a n d N2 will now denote
the summary population of the levels 10°0 and 02°0.

For T g a s =400°K and AE = 103 cm"1, the numer-
ical value will be e"°'375/( 1 + e"0'375) - 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
J = 20 in the form

where

I" 2Y / a Ai2Xp(2J~l) hcB ~F(J-V
31 S 4ixAvD |r=4oo k-iOO

~5,45.10-18-cm2,

i-400

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

and ANj^ 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"3^2.

zo

7.5

as

P-branch

-as

-is

R-branch\

7/7 20 3/7 40 J

FIG. 5. Theoretical gain curves for rotational-vibrational
transitions of P and R branches for different values of N,/N2,
taken from ["]. The values of Nt/N2 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 measu remen t s of the dependence of the power
on the tube-wall t empera tu re , repor ted in '•27 , show
that the power changes from 4.5 to 2.2 W in the in t e r -
val T = -60° C - +40°C. The corresponding theo re t i -
cal var ia t ion of the gain should be approximately
50%, which ag rees approximately with the t " 3 ' 2 law.
It is s t i l l difficult to speak of a m o r e r igorous e x p e r i -
mental verification, s ince the radica l t empera tu re
drop of the gas was not accura te ly known.

Since it is possible the generat ion conditions can
be simultaneously satisfied for the 00°l — 10°0 and
00°l - 02°0 t rans i t ions of the P and R branches in
a nonselective resona tor at sufficiently high popula-
tion of the vibrational 00°l level, mode competit ion
se t s in. This competition, as is well known from ex-
per ience with helium-neon and neon l a s e r s , usually
appears when the active t rans i t ions have common
upper or lower leve ls .

Stimulated t rans i t ions between a pa i r of levels
having m o r e favorable conditions for the occur rence
of generat ion (a lower threshold) will reduce the pop-
ulation inversion for the adjacent t rans i t ion . In
molecu la r sys tems , a s im i l a r phenomenon should
occur, the only difference being that the common
vibrat ional level unifies a re la t ively la rge number of
adjacent v ibra t ional- rota t ional t rans i t ions and the
coupling between them will depend on the efficiency
of the rotat ional re laxat ion mechanism. At a smal l
re laxat ion t ime, adjacent t rans i t ions will be s trongly
coupled, and vice v e r s a .

In CO2 molecular l a s e r s , the gain at the t r a n s i -
tions of the 00°l - 02°0 band (A ~ 9.4 /x) is sma l l e r
than at the t rans i t ions of the 00°l - 10°0 band
(A « 10.6 n), and generat ion in the 00°l - 02°0 band
has been observed only in pure CO2 and at low power
levels ^4>23-'. At a p r e s s u r e pcOo = 0.2 t o r r (without

f 41
addition of nitrogen or helium), P a t e l L J observed in
a l a s e r 5 m long simultaneous generat ion at the P
branch ( P = 12 - 38) of the 00°l - 10°0 band and at
the P branch ( P = 22 - 34) of the 00°l - 02°0 band.
According to his e s t ima tes , the band gain ra t io is
1.5: 1, and the level populations satisfy the relat ion

N00°i = NO2»o = l.O5ATio»o-

These es t imates do not ag ree with the assumption

that the 10°0 and 02°0 levels a r e coupled by F e r m i
resonance .

It is interest ing to note that no generat ion was ob-
se rved at the t ransi t ions of the 00°l - 02°0 band in
subsequent work with powerful CO2 l a s e r s using a
tenary mixture and high gas p r e s s u r e . The generat ion
is apparently hindered not only by the p resence of a
common upper level but a lso by the coupling between
the lower levels via the F e r m i resonance .

The competition between the t rans i t ions of the P
and R branches was also explained by Patel ^' on the
bas is of gain calculations (see Fig. 5).

When generat ion occurs at the J ' — J" t ransi t ion
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 t ransi t ion J ' — J " — 1. This notion of
competition between the P and R branches , based on
calculated gains for an equil ibrium distr ibution over
the rotat ional levels , is apparently not always valid,
s ince an es t imate of the t empera tu re s on the basis of
the rotat ional quantum numbers of the intense lines
of the P and R branches yields divergent values for
the CO2 + a i r mixture (~450 and 500°K r e s p e c -
tively)^1-1.

The competition of the vibra t ional- rota t ional
t rans i t ions belonging to one branch was considered
above in connection with rotat ional re laxat ion.

The importance of the phenomena of competition
and limitation of the spec t ra of the generated f r e -
quencies was confirmed by r e s e a r c h by Moeller and
Ridgen'-38-' on a CO2 and N2O l a s e r with select ive
resona to r . The l a s e r tube was 6 m long and had an
inside d iameter of 22 m m . One one end of the tube
was located an internal m i r r o r with 2% t ransmiss ion ,
and on the other an NaCl window at the Brews te r
angle, and at a distance of 5 m there was a diffraction
grat ing of 70 l i n e s / m m .

The resonator was tuned in a wide frequency in-
te rva l by rotat ing the diffraction grat ing.

It was poss ible in this manner to effect generat ion
at individual rota t ional-vibrat ional t rans i t ions of the
P and R branches of the bands 00°l - 10°0 and
00°l - 02°0 with total number of 103 lines for CO2

and 67 for N2O. The maximum values of J for P
and R branches in both bands reach 48—52. The
00°l - 02°0 band of N2O was not excited. The power
of the most intense N2O lines was sma l l e r by more
than one o rder of magnitude than the power of the
s t rong CO2 l ines .

F igure 7 shows the generat ion spec t rum of the P
and R branches of the 00°l - 10°0 band.

The tuning range at the d i sc re te l ines was a p -
proximately 6%, and apparently can be made even
wider [ 2 3 ] .

Using the same system, but a m i r r o r in lieu of the
grating, generat ion was observed at a smal l number
of P -b ranch lines of the 00°l - 10°0 band of CO2.
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FIG. 7. Emission spectrum obtained from a laser with se-
lective resonator. Left—R-branch lines, right—P-branches of
the 00°l-10°0 band of C02.

4. INVERSION MECHANISM IN C02 LASERS

The characteristics of the transitions in CO2

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 CO2 + N2 + He mixture
gives rise to ionization of the molecules CO2 and
N2. Inelastic electron collisions cause excitation of
the lower vibrational levels of the nitrogen and of the
CO2 molecule, and an appreciable fraction of the ex-
citation occurs at 00°l level, which has large cross
sections for inelastic collision with N* (v = 1) and
also for direct excitation by electrons.

The lower levels 10°0 and 02°0 are excited re la-
tively little and have a relatively low population,
owing to the short lifetime. Population inversion
arises between the 00°l level on the one side and the
10°0 and 02°0 levels 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 ( CO2) 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

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 TJ and
T2 by the relation P ** hyAN( 0) [TJ + p ^ ] " 1 , and the
value of AN( 0) is connected with the total rates of
excitation^of the levels Mt and M2 by the relation
AN( 0) ^ M ^ - M2P'T2, where

-AE/kTgas~0.4.

The influence of the terms containing m i2 and m21 is
disregarded here.

In most cases M2P'T2 is noticeably smaller than
Mj?!, and then M ^ =* AN( 0) and P < hi/M.
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 PCO2 = °-3» PHe = 4,
PN2 =

 2 t ° r r ;
b) radiation power density p = 40 mW/cm3;
c) current density j « 7.5 x 10~3 A/cm2;
d) longitudinal potential gradient E = 30 V/cm;
e) gas temperature T g a s = 500°K;
f) transparency of exit mirror 1 — r = 10%;
g) length of active part I = 130 cm;
h) rotational relaxation time T r o t ~ 10~7 sec;
i) effective lifetimes of vibrational levels Tj

= 1 msec and T2 = 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:

cm"3 sec"1

in the absence of stimulated transitions.
Bearing in mind the approximate character of the

estimates, we shall henceforth put

' 'Mi ~ 2.3-1018 c m " ! s e c ' ' .

By definition (see (I) in Appendix II)

z0 + xv

For Te ~ 1 eV(ve ~ 6-107 cm/sec), « e~ 1010 cm"3
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we have
ti10~ree(a,co2y>^240sec-1 (for <T1Co2~4-10-16cm2).

\LUO ~ ne (0N2y> at 700sec"1 (for aN 2~ 1-15-10"15 cm2).

For the rate constant of the process CO2

+ N * (v = 1) ^ CO2 ( 00°l) + N2 we have in accord
with [7]

k01 = kia = 0.75-10'14 cm'sec"1

and for the indicated partial pressures we havex0

- 5 x io15 cm"3 (approximately 50% of the CO2 are
assumed to be in the ground state), yo = 5 x io16 cm"
(~70% of the N2 molecules in the ground state), and

-l

In addition,

Ty1=125 sec

~ 950 sec"1.

S u b s t i t u t i n g t h e f o r e g o i n g v a l u e s , w e c a n d e t e r m i n e

t h e c o n t r i b u t i o n of t h e d i r e c t e l e c t r o n i c e x c i t a t i o n t o

M ,

Mt, H i o Z o ^ l ^ - l O ^ c m " 3 -

a n d t h e e x c i t a t i o n f r o m N *

c m s e c .

From a comparison of M l e and M ^ we see that at
the indicated values of the cross sections they make
approximately equal contributions to Mj.

It is of interest to note in this connection that in
the first experiments of PatelL and Legay-
Sommaire ^ , in which externally excited N* mole-
cules were injected into the cavity, good agreement
was obtained between the flow rate of the gas (N2)
and the generation power. According to'-8 , at PN2

= 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 N*
molecules at NJJ* 2 — 0.3 NN2 will be

Ph-2 =•• NsfvE» ^ O.SN^svEy --= 3.6 W,

w h e r e s i s t h e c r o s s s e c t i o n of t h e t u b e ( ~ 3 c m 2 )

a n d E y t h e e n e r g y of t h e e x c i t e d N2 m o l e c u l e .

C o n s e q u e n t l y , in s y s t e m s w i t h i n j e c t i o n ^ 6 ' 8 , t h e

coefficient of excitation-energy utilization
= 28% was close to the limit (T)m a x = 41%). This
indicates that the deactivation of the N* molecules
was due primarily to inelastic collisions with CO2.

Comparison of M l e and SiiN2 explains one of the
reasons for the increase in the generation power
when N2 is added to CO2. The second reason is, ap-
parently, that the vibrational and rotational relaxa-
tion times are greatly reduced in the presence of N2.
Therefore, in the pulsed mode, when operating with
pulse durations T = 0.5 msec, the power increases in
the presence of N2 and O2

 [10-1, in spite of the fact that
the contribution of MtN2 to Mlo at short pulses is
apparently quite small. Indeed, the time constant for
the deactivation of N* at P c o 9 = 0.3 torr is approx-

i m a t e l y 12 m s e c "- , a n d w i th in t h e t i m e 0.5 m s e c t h e

N * m o l e c u l e s t r a n s f e r a n e g l i g i b l e f r a c t i o n of t h e i r

e n e r g y , w h e r e a s t h e e l e c t r o n i c c o m p o n e n t M l e h a s

p r a c t i c a l l y no i n e r t i a a n d i n c r e a s e s in p r o p o r t i o n t o

n e , i . e . , t o t h e d e n s i t y of t h e c u r r e n t p u l s e .

T h e r e a r e a t p r e s e n t n o d a t a w i t h w h i c h t o e s t i -

m a t e t h e e x c i t a t i o n r a t e M 2 of t h e bound l e v e l s 10°0

a n d 02°0. It i s p o s s i b l e t h a t t h e i r e x c i t a t i o n c r o s s

s e c t i o n h a s a v a l u e ~ 1 0 " 1 6 c m 2 . I t i s p r o b a b l e t h a t

f u r t h e r r e s e a r c h on the e l e m e n t a r y p r o c e s s e s in

CO 2 l a s e r s , i n c l u d i n g d i r e c t m e a s u r e m e n t s of t h e

e x c i t a t i o n r a t e s , w i l l y i e l d a m o r e a c c u r a t e v a l u e of

t h i s q u a n t i t y .

E s t i m a t e s s h o w t h a t t h e r a t e s of t h e p r o c e s s e s

c o n n e c t e d w i t h t h e t e r m s m 2 i a n d m 1 2 c a n m a k e a

n o t i c e a b l e c o n t r i b u t i o n t o Mj a n d M 2 .

It i s known t h a t t h e e l e c t r o n t e m p e r a t u r e d r o p s

a n d t h e r o l e of t h e i n e l a s t i c c o l l i s i o n s i n c r e a s e s

w h e n t h e c u r r e n t d e n s i t y i n c r e a s e s . T h e CO 2 m o l e -

c u l e i s c h a r a c t e r i z e d by a n i n c r e a s e in t h e t o t a l

s c a t t e r i n g c r o s s s e c t i o n in t h e l o w - e n e r g y r e g i o n .

T h i s , h o w e v e r , c a n h a r d l y b e t h e o n l y c a u s e , s i n c e in

t h e p u l s e d m o d e l a r g e r p o w e r s w e r e o b t a i n e d a t

c u r r e n t d e n s i t i e s e x c e e d i n g by t e n s of t i m e s t h e

d e n s i t i e s in t he c o n t i n u o u s m o d e s .

It i s p o s s i b l e t h a t t h i s i s c o n n e c t e d w i t h t h e d i f f e r -

e n c e b e t w e e n t h e w o r k i n g t e m p e r a t u r e s of t h e g a s in

t h e s e m o d e s a n d t h e t e m p e r a t u r e d e p e n d e n c e of t h e

r a t e of t h e r e l a x a t i o n p r o c e s s CO2 ( 0 0 ° l ) + CO 2 ( 0 0 0 )

~ 2 C O 2 ( 0 ° 2 0 ) . An e s t i m a t e of t h e t e m p e r a t u r e ef-

f e c t s fo r t h e c o n t i n u o u s a n d p u l s e d m o d e s i s g i v e n in

S e c . 5 .

L e t u s a s s u m e f u r t h e r t h a t t h e h y p o t h e t i c a l l a s e r

in q u e s t i o n o p e r a t e s in t h e Q - s w i t c h i n g m o d e . If t h e

t i m e i n t e r v a l b e t w e e n t h e s u c c e s s i v e s w i t c h i n g s of

t h e c a v i t y i s s u f f i c i e n t l y l a r g e t o r e s t o r e s t a t i o n a r y

v a l u e s of Nj a n d N2 , t h e n t h e e n e r g y d e n s i t y in e a c h

g e n e r a t i o n p u l s e wi l l be

^ m a x = ^ / i v ^ ^ ~ 0 . 8 - 1 0 - 5 J / c m 3

a n d t h e d e n s i t y of t h e p e a k p o w e r a t T p u l s e ~

Pulse — ~ W A v D ~ 4 0 0 W / c m 3
Tpulse

At t h e e x c i t a t i o n r a t e s i n d i c a t e d a b o v e , t h e i n t e r v a l

b e t w e e n t h e c a v i t y s w i t c h i n g s s h o u l d be of t h e o r d e r

of t h e e f f ec t i ve l i f e t i m e of t h e u p p e r l e v e l f\ .

In'-1 5 , in t he Q - s w i t c h i n g m o d e , t h e e n e r g y d e n s i t y

in t h e p u l s e w a s W = 1.4 x i o " 6 J / c m 3 , a n d in t h e

c o n t i n u o u s m o d e the p o w e r d e n s i t y w a s P =« 4 m W / c m 3 .

T h e l o w e r e x p e r i m e n t a l v a l u e s of P a n d W a r e a p -

p a r e n t l y d u e t o l a r g e l o s s e s in t h e B r e w s t e r

w i n d o w s [ 1 5 ] .

It f o l l ows f r o m the f o r e g o i n g e s t i m a t e s t h a t e l e c -

t r o n i c c o l l i s i o n s p l a y a n a p p r e c i a b l e r o l e in t h e e x -

c i t a t i o n of t he u p p e r v i b r a t i o n a l l e v e l s . T h i s a g r e e s

a l s o w i t h t h e r e s u l t s of F r a p a r d ' - who i n v e s t i g a t e d

g e n e r a t i o n in t h e p u l s e d m o d e , a n d wi th h i s c o n c l u -

s i o n s t h a t r e s o n a n t t r a n s f e r of e x c i t a t i o n f r o m 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-Msec delay observed in
earlier experiments ^ in the generation pulse rela-
tive to the current pulse must be attributed to the
fact that in pure CO2 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 CO2 by electron impact, CO2 + 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 (23St) + 2N2 -H> He + 4N — 0.1 eV.

The atomic nitrogen then recombines into the N*
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 CO2 + N2 + He mixture.

A number of papers give data on the optimal
composition of the working mixture t9'35-' and 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'-9 , for a tube diameter 21 mm.

The partial pressures for CO2, He, and N2 are
respectively 2.7, 7.8, and 3.5 torr, and for a diame-
ter ~77 mm we have in^3 :

Pco2 = 0.33 torr, pHe = 7.0 torr, = 1,2 torr.

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 CO2, N2, and O2 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 COf ( 00°l). In addition, at high
pressures of N2 ( P N 2

 > 3 torr ) , the intrinsic relaxa-

tion time (TN 2 < 5 msec) becomes commensurate
with the time of deactivation by collision with CO2.
The partial pressure P N 2 should exceed by several
times pN2 in order that the equilibrium in the reac-
tion CO2 + N* ~ CO* + N2 be shifted toward larger
CO* concentrations.

On the other hand, when PCO2 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 CO2

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 ' - 1 ,

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 ^\

c) 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'121 under 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'-12 .
This statement is true if kT e » Ej.

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 resonance, an increase takes place in the
concentration of the CO2 molecules at the 02°0 and
0^0 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 CO2

+ N2 + 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 cm3 (I ~ 180 cm, dia ~ 1.8 cm):

in pure CO2 - 220 W at T = 0.5 msec,
in CO2 + N2 + O2 - 450 W at T = 0.5 msec,
in CO2 + N2 + He - 825 W at T = 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[ io: l

show that the power density in the pulsed mode
reaches P - 1.8 - 2.0 W/cm3 and that the energy
density is W = 2.7 x 10"4 J/cm3, 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 n e .
This agrees with the current density j ~ 400 mA/cm2

indicated in ^ , which exceeds by 30—40 times the
optimal values for continuous operation. The ratio
of the potential gradient ( E =* 50 V/cm) to the p res -
sure of the molecular gases has approximately the
same magnitude as for the continuous operation, and
therefore we can expect T e 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 x i(T4 J/cm3 it is necessary to have AN( 0)
~ 2.8 x io16 cm"3, which is more than 50% of the
total number of molecules per cm3 at PCO2

 = 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

dt (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 Mt = dnj/dt,
or a loss from the upper level under the influence of
the stimulated emission. For the conditions of the
experiment of[10] M l e = 1020 cm"3 sec"1, and nj -
— nj ~ M i e we have r r o t 1013 cm"3, which amounts
to less than 1% of the value n^ 1015 cm"3.

In the Q-switching mode, as follows from ^13 , the
deviations from equilibrium distribution over the
rotational levels can be appreciable at small helium
pressures .

5. TEMPERATURE EFFECTS IN CO2 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

C^j- = div (K grad T) +F = 0,

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

x + i - ( I D
dr* ' r dr ' K ' v ' """ '

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 [39]

ne(r)- nc (2.4 r/r0).

and approximately the same distribution will hold for
the volume density of the sources F ( r )

dT
17

We solve Eq. (11) with the boundary conditions

r=0 ^ 0 and T(r0) = const:

T (r) =- T (r0) E ^2.4r

2,4r (12)

where Wj = (1 - T)) Eevcjr27r J n e ( r ) e d r in the
o

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:

KHc - 0,344-10 3 cal-sec"1 deg"1,

KN, -••- 0,057 • 10^;i c a l - s e c " 1 d e g " 1 ,

x>2=--0.034-lO"3 c a l - s e c " 1 d e g " 1 ,

A temperature drop T(0) - T ( r 0 ) = 200°C is ob-
tained for W; = 1.04 W in 1 cm of discharge-tube
length for the CO2 + N2 + He mixture when the helium
pressure noticeably predominant, and 0.375 W/cm
for the CO2 + N2 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 [ 3 M 0 ] .
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In the pulsed mode, when operating with a high
off-duty cycle and short pulses (T = 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:

(16)

T(r, t)-T(r,lo) =_ F(r) (13)

where F (rj is the volume power density of the
sources, Wj the volume density of the delivered
pulsed energy, C « ikN 2 / 2 the specific heat of the
gas, i the average number of degrees of freedom for
the working gas, and N^ 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 W^ in the pulsed
mode, at pue = 10 torr and AT = 200°C, we obtain
Ws = ( 3 / 2 )kN s AT = 1 .2xio- 3 J/cm3, which is in
satisfactory agreement with the results given in Cl0-1,
where the maximum density of the delivered energy
was 2.2 x io" 3 J/cm3 .

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 = AN(0)
1+PP

and the expression for the gain

(14)

(15)K (p) = zK (t) AN

we can obtain the stationary value of the volume radi-
ation density p, since in the generation mode we have

Here I is the length of the active medium and r 1 2

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 — rj , will be

(17)

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

where

X= — ̂ 7ln(r,r2).
2/

(18)

(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 /30 on the
characteristics of the active medium and in the
presence of the temperature factor K( t ) . As indi-
cated in Appendix II,

4jtAvD|roAr0 1 + m i 2~+ m 2 i~ • (20)

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

(21)
1 + ml2Xi + m2it2

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 (rj = 0.9, r2 = 1, X = 3.85 x 10"4 cm"1),
we find that at TJ = 10"3 sec the radiation power
density will be P/s = 5 W/cm2. When the gain of the
active medium exceeds noticeably the loss in the
resonator, putting (1 - r t )/ln r^1 » 1, we can t rans-
form (18) into

P ~ c (si) ~ ~
Po

(si) ^N(°l (1 + m,2T, + m21T2)

~hv(sl)- p —T, (m21 — pma)\

(22)

For pr2 « fj, M ^ p « M]ju and Tjin^ < 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

Consequently, P is proportional to the ratio
AN( 0)/(T t + pT2) = Mt - the useful part of the exci-
tation rate of the upper level.

The quantity Tj + pT^ can be obtained from /30

from the results of measurements of the generation
power P, the weak-signal gain K°, and the resonator
losses (x, r1; r 2 ) . The laser efficiency rjg can be
represented by the product

where rj r is the efficiency of the resonator with al-
lowance for the coefficient of excess over threshold,
and 7] t r = [ h^AN ( 0)/(Tj + p f2) ]/( MJEJ + M2E2 + 2 )
is the efficiency of the transition. Here 2 is the loss
of delivered power per unit volume to excitation of
the nonworking levels ( 01*0, 11*0, 0220, etc.), and the
loss due to vibrational relaxation. In the ideal case,
when M2 = 2 = 0,

Tltr= T
hv

The real values of r^T reach 0.15—0.2 according
totn,40]_ F r o m t h i s w e c a n conclude that M2E2 + 2
- (1—1.7) MjE^ If we assume M2E2 =M1E1 and
2 — 0.5 MJEJ, then we find at the values of M1 indi-
cated in Sec. 4, that M2 = 6 x 1018 cm"3 sec"1 . Inclu-
sion of the value of M2 in the expression for AN( 0)
at Tt » io" 3 sec and T2 = 0.3 x io~4 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 CO2 + N2 + 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°l 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 (~1015 cm"3). The appearance of compe-
tition between the 00°l - 10°0 and 00°l - 02°0 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 " rese rvo i r "
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 CO2 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
CO2 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 CO2 laser with results of experimental
investigations of other systems (N2O, OCS, H2O)
offer evidence that the CO2 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 CO2 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 N2O (structure N-N-O) is linear and has
no symmetry center, while the CS2 molecule is
linear and symmetrical (like CO2), whereas H2O
and H2S 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 ^ . The most noticeable prac-
tical success in this direction has been attained with
lasers using photodissociation of the molecules
CH3I, CF3I, CS2 + O2, HC1, 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 LG-14
(power 20 W, divergence 2 mrad), operating with
gas flow ^ ,, and the model LG-16 (power exceeding
700 Win the mode) t l7].

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

APPENDIX I

We consider a system of kinetic equations for the
gas mixture - the working component X with level
populations (x t, x2, and XQ) and impurities
y(yi. vo) a n d z(zi . z0). 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 CO2
+ N2 + H2O mixture, where x, y, z, are the level
populations of CO2, N2, and H2O. For simplicity we
shall assume that the ground-state populations
(x0, yo, z0) greatly exceed the populations of the
corresponding excited states (x 1 2 , yt, z4). For the
upper working level of the CO2 molecule the equation
takes the form

1+P12) (a)

where ẑ o = ne (av)ia is the probability of excitation
by electron impact from the ground state; ji01 is the
probability of decay to the ground state as a result of
inelastic electron collisions of the second kind, and
y0k01 is the same for collisions with the molecule N2

in the ground state, T ] 1 - as a result of vibrational
relaxation of CO2( 00°l); pj2 = m12 + fjgj jB^MpMdv
is the probability of the transition to the second level
as a result of inelastic collisions, and also of stimu-
lated emission

he
hcB k-*gas nij

p21 is the probability of the processes that are the
inverse of pi2, and k loxo is the probability of exci-
tation of the upper level via inelastic collisions with
NJS" (v = 1).

The system of equations for Xj, x2,
written in the form

can be

where
" 1*10*0 *

I

'all a12
a21 "22
a3t 0
. 0 a12

0 \
a2i !
a44 '

(b)

(c)

P12). a12==/>21> al3'^
a24 = 'l (d)

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

where Aj are the eigenvalues of the matrix (c) and
Cjj are coefficients determined from the initial con-
ditions .

Let us establish a connection between the system
relaxation times X'^ and the intrinsic level relaxa-
tion times Ti in the simplest case, when the stimu-
lated emission is absent and the populations Xi and
x2 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*• . Then the eigenvalues for the
relaxation of the system Xjyj (for example CO2 (00 1)
and N2* (v = 1)) are determined by the condition

1 "31

The solution of (e) yields

+"33
= [ ( ^

• } -

^ ) 2 + a.3a3l]1/2

(e)

(f)

From (f) we see that only at small degrees of in-
elastic collision, when 4a1 3a3 1(au - a33)"2 « 1, do
the relaxation times of the mixture coincide with the
intrinsic relaxation times of the components:

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 Xj and x2. From the system (b) with
dx/dt = 0 we can obtain

= ̂ r{(."2i'>i — o °21a44 (a13*3 — a336l)} = "^"

where

(g)

The gain of the molecular system can be expressed
in terms of the level population difference AN = Xj
— px2 (see formula (5)).
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According to (g)
1 -( &N (0) (h)

where AN( 0) = ( I / A ) (XJ - px2) | p = 0 is the inverse
population in the absence of stimulated transitions
(p = /p ( v ) dp = 0), and /3 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 J3

where
aH = 1*01 l — Pl2- a2

In the derivation of (j) we took into account the
well known relation giB12 ( v ) = g2B2i, and we put
/ B12 ( v) s ( v ) dv = B12 ( v) p and f2 = pfj. 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

V n y
4*AvD | 1 +m12T,+m21x2

(k)

where

s
 L = T, » + |l02 + zolot -

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),

[i +T2 (m21 — \f—Xi (m2) - pml2)]
4-m12Tf

where

Mi ^ Hio*o 4"

M2 = M
(1)

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

mn/mn = exp [ — (£, — E2)/krr]-
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