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1. INTRODUCTION

A widespread search for methods for transforming
chemical energy into laser radiation is being conducted
at present. The interest in this subject derives from
the possibility of concentrating large amounts of energy
per unit volume in a chemical laser and, consequently,
of developing - at least in principle - powerful coherent
radiation sources. Moreover, chemical lasers may
provide effective means for investigating elementary
chemical processes, which would have advantages over
traditional methods.

The idea of a chemical laser is fairly old/1"6 ' and
considerable success has already been achieved. Co-
herent radiation has been obtained from excited prod-
ucts of several reactions under pulsed f7 3 3 1 and con-
tinuous-wave (CW) conditions. [ 7 4"7 9 ] The maximum
values of the coefficients of conversion of the chemical
energy into the energy of coherent radiation reach a
few percent, while the output power can be hundreds of
watts under pulsed and CW conditions. The progress
has been particularly rapid in the last few years.

The most promising reactions for laser systems
are those of the branched chain tyPe.[4>Z0>23>28-31>34>79]

The maximum values of the energy conversion coeffi-
cient have been obtained precisely for these reactions.

Chemical compounds are, in principle, rich sources
of energy. In many cases, it is possible to prepare a
chemical mixture in a basically nonequilibrium state in
which the concentrations of the initial reagents are con-
siderably higher, and the concentrations of the final pro-
ducts considerably lower, than the equilibrium values.
Such a nonequilibrium state may be retained indefinitely,
i.e., the rate of reaction in an unperturbed mixture may
be close to zero. In fact, such a mixture—considered
as a whole—is in a metastable energy state.

As a rule, the free energy of such an unperturbed
system cannot be used directly to carry out work in a
radiation field. It is necessary to disturb the system
artificially from its metastable state by initiating a
chemical reaction by some external agency. This reac-
tion may also take place without such a stimulus if the
initial state of the system is not metastable.

In an irreversible reaction, the free energy of the
system decreases. However, the distribution function
of the energy levels of the reaction products is usually
different from the equilibrium distribution either dur-
ing the reaction or immediately after its completion.
In some cases, the rate of formation of the reaction
products in high-energy states may be faster than the
corresponding rate resulting in low energy states. This
situation is optimal from the point of view of obtaining
coherent radiation but is not essential. Population in-
version may occur also in the process of energy redis-
tribution over various degrees of freedom of a molecular

system. An important requirement, which must be met
by a reaction employed to produce population inversion,
is that the substance obtained must be in a state greatly
differing from its equilibrium. This requirement is
satisfied by many reactions.

Relaxation processes exert a decisive influence on
the distribution function. Some of these processes
facilitate, at certain stages, population inversion,
whereas others hinder such an inversion, but finally
they all tend to establish an equilibrium distribution.

In most cases, the relaxation rates are considerably
higher than the reaction rates and it is impossible to
achieve population inversion. Therefore, one of the
basic questions in the selection of a system suitable for
a chemical laser is the question of the rates of the re-
actions and the various relaxation processes and of the
optimal relationship between them.

As in other types of laser, the system of levels in
the working molecule must satisfy the requirements
necessary for the establishment of an inverted popula-
tion. These requirements restrict considerably the
number of systems that can be used in chemical lasers,
and they also provide the criteria for the selection of
the most promising systems. These points will be con-
sidered later in detail.

In principle, a chemical reaction can produce mole-
cules with electronically and vibrationally excited
states. We shall consider only the case of laser emis-
sion involving vibrational transitions. The problem of
using a chemical reaction to produce a population in-
version of electron levels has hardly been investigated
although it has been considered in several
papers. [ 3~5 '3 5 > 3 6 ] It would be very interesting to use
stimulated chemical reactions to generate coherent
radiation in the way suggested recently by Pekar. [ 7 2 ]

However, an analysis of the problem of developing
lasers based on the use of chemically excited electron
levels is outside the scope of the present review.

Π. VIBRATIONAL AND VIBRATION-ROTATIONAL
POPULATION INVERSION

The molecular systems used in chemical lasers are,
in principle, multilevel systems. Their behavior during
a reaction can be described conveniently by a function
representing the distribution of their energy levels.

A vibration-rotational level of a molecule is speci-
fied by a set of vibrational V(vi , . . . , vn) and rotational
J quantum numbers. Consequently, the level popula-
tions are described by the function n(V, J) . We shall
consider mainly linear molecules: for these molecules,
the set J consists of a single number j which gives
the angular momentum of a molecule.

The energy E(V, j) is described, in the first ap-
proximation, by
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Ε (V, ;) = Ε (V) +FV 0), Ev (/') = hcBvi U + 4)> (1)

where h is the Planck constant; c is the velocity of
light; By is the rotational constant (in cm"1) which, in
general, depends on V.

An equilibrium distribution over the rotational
levels is usually established in a time interval repre-
senting a few collisions of a molecule.1 3 7 '3 8 1 After this
time interval, the population n(V, j) can be represented
in the form

η (V, j) = η (V) g0 0) (2/ + 1 ) Z~

Z r o tss kTlohcB;
(2)

here, k is the Boltzmann constant; Τ is the kinetic
temperature of the mixture being considered; the coef-
ficients go(i) and σ for molecules without an inversion
center are equal to unity, whereas for centrosymmetric
molecules σ = 2 and go(j) depends on the symmetry of
a level and lies between zero and unity. The kinetic
temperature is understood to be the temperature of the
rotational and translational degrees of freedom. In
principle, the rotational and translational temperatures
may be different but they usually become equal in a
very short time, representing a few collisions (there
are some exceptions to this rule).

In many nonequilibrium cases, the populations of
the vibrational levels n( V) can also be described by a
Boltzmann distribution with different temperatures for
the different types of vibration : [ 3 9 ]

η (V) = [g (FyZtf,,] exp [ - 2 (Vlhcv,/kT,)],
1 3)

ζ «η, = Π11 - βχρ ( - Acν,/fer,) r * ' ;

here vj are the quantum numbers belonging to the V
set ( v i , . . . , v n); vi, gj, Tj are, respectively, the fre-
quency (in cm"1), degree of degeneracy, and tempera-
ture of the Z-th type of vibration; g( V) is the statisti-
cal weight of the level V. After a time, equilibrium is
established between the various degrees of freedom,
and the temperatures corresponding to these degrees
of freedom become equal.

The distribution given by Eq. (3) is established
more rapidly than the equilibrium distribution over all
the degrees of freedom. This is because a redistribu-
tion of the vibrational energy between the molecules
within one degree of freedom takes place by resonance
exchange of vibrational quanta in collisions. This ex-
change is very efficient.

However, the transfer of a vibrational quantum to a
different degree of freedom (vibrational or kinetic) is,
in general, a nonresonance process. The probability
of nonresonance processes is considerably lower than
that of resonance processes and, consequently, the rate
of energy redistribution between different vibrational
degrees of freedom or between vibrational and kinetic
degrees is less than the rate of redistribution within
the same degree of freedom.

For example, in carbon dioxide kept at a pressure
of 2 mm Hg, a Boltzmann distribution over the levels
of antisymmetrical vibrations is established in a time
of the order of 10 psec t 4 0 ] , whereas an equilibrium
distribution of the energy over all the degrees of free-
dom is reached in over 1 msec/41-'

An inversion of the population of energy levels ν
Vi, ji, and V2, J2 can be described qualitatively by

An = n(Vt, h)-n(Vz, j2)[g(V,, j,)/g (V\, j2)]. (4)

It is meaningful to distinguish two types of inversion:
vibrational or total, and vibration-rotational or par-
tial. [ 2 3 > 2 4 ] In the total inversion case, we have the re-
lationship

n(Vl)-[g(Vi)lg(V2)]n(Vi)>0 (5)

[it is assumed that E(Vi) > E(V2)]· The total inversion
can be realized quite simply between levels belonging
to different degrees of freedom in a system of poly-
atomic molecules. Let us assume that the population
n(V) is described by the distribution (3). Then, in
order to achieve a population inversion between the
levels Vi ( . . . , Vi + 1 , . . . , v ; , . . . ) and V2 ( . . . , vi, vj
+ 1,...), we must satisfy the condition

TiITl>vllvl for (6)

Equation (6) can be satisfied by relatively small values
of Ti/T/, because in cases of practical importance the
ratio vi/νι is small.

However, radiative transitions between such levels
are forbidden in the harmonic approximation and,
therefore, their probability is low. Consequently, a
relatively large absolute population inversion is re-
quired in order to achieve a relatively large gain. The
partition functions Z r o t and Zvib of complex poly-
atomic molecules are large and, therefore, the level
populations are low. Thus, the laser effect is achieved
more easily in molecules with few atoms and a small
moment of inertia. The most favorable conditions for
the laser effect are obtained in the case of linear t r i-
atomic molecules which have relatively few levels.

In the partial inversion case, the inequality of (5)
has the opposite sign but [ 5 ' 6 ]

η (Vi, i) ~ [g (Vu Dig (V2, j + 1)] η (F2, j -f 1) > 0. (5')

Partial inversion is important in the case of diatomic
molecules, for which total inversion can be achieved
only for a brief interval because of the rapid establish-
ment of an equilibrium distribution over the vibrational
levels of one type. On the other hand, a state with
T vib ^ Τ may be achieved and retained for a relatively
long time in a system of diatomic molecules. The
vibrations of such molecules are deactivated fairly
slowly and the kinetic energy of the reaction products
is redistributed very rapidly between all the molecules,
including impurities. If the specific heat of the system
is high (for example, if a mixture is diluted by a neu-
tral gas of high specific heat), the kinetic temperature
may be relatively low. In any case, this temperature
is low at the beginning of a reaction.

If the distribution over the rotational levels is of
the Boltzmann type, it follows from Eq. (2) that the
population inversion between levels ν + 1, j and v,
j +1 of diatomic molecules can be achieved if

It is convenient to express the ratio η (ν + 1 )/n( ν) in
terms of the vibrational temperature Tvib· Η the dis-
tribution n(v) is not of the Boltzmann type, the tem-
perature Tyib will be defined as the quantity
(he f/k){ln[n(v)/n(v +1)]}"1. Using Eq. (1), we can
rewrite the condition (7) in the form
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]>l, {ψ)

where a = B v - Βν+ι is the constant of the interaction
between vibration and rotation.

Formally, we can show that there are always values
of j which satisfy Eq. (7) provided T vib > T. In fact,
we may find that for such values of j the quantity F(j)
is greater than the dissociation energy, or that Eq. (2)
is not satisfied. In practice, the most important re-
striction on the possibility of using partial inversion is
imposed by the smallness of the relevant populations
n(j) if Tyib/T is not sufficiently high. In view of this,
it is interesting to estimate the maximum value of the
population inversion

for given values of the temperatures Τ and T v ib· We
shall write Δη in the form

- ων<,νΐ)_-| ( 8 )

2hcB (; -r 1)+ctftcj(; + 1 η \

; Έΐ JJ "

kT

Differentiating Eq. (8) with respect to j , we obtain the
following condition for a maximum:

hcv 2hcB{j+l)+aJKM+l)~\ „. 0 l + (<x/2fl) (2; + 1) /Q

W^ J ~ Δ Λ*J ~
The argument of the exponential function in Eq. (9) is
smal l . Expanding this argument in a s e r i e s , we obtain
the following express ion for j m , which corresponds to
a maximum of the population inversion Δ η :

. _ . _ 1 kT 2/Q -j-1 (9')
]m 7o ~ 2/^ + 3 hcB 2/m -t- 1 '

where j 0 is found by equating to zero the argument of
the exponential function in Eq. (9):

~ B- Γίι va T V-2 —1"| (9")

The most interesting case is the population inversion
for moderately large values of T v ib/T and relatively
large values of j 0 . In such a case, jm/jo is close to
unity and we can replace 2 j m +3 with 2(jo + 1) on the
right-hand side of Eq. (9')· Then, it follows from Eqs.
(8), (9), and (9') that

(8')

Equation (8') is suitable only for rough estimates. It
may overestimate the value of Δη because j changes
in discrete steps, whereas j m is not necessarily an
integer. Moreover, Eq. (8') is invalid if 2j0 + 1 is less
than or close to (2kT/hcB)1/'2, i.e., when the value of
Tvib i s very high.

Table I lists the values of j 0 and of the argument of
the exponential function in Eq. (8') for six molecules.

Molecule

H F
HC1
HBr
CO
NO
CN

v, cm"1

3960
2888
2559
2142
1877
2042

B, cm'1

21
10.6

8.5
1.93
1.7
1.9

Table

a, cm"1

0.88
0.3
0.23
0.017
0.018
0.017

I

Jo

8
10.6
12.8
45
45
46.6

exp[-l-JO<J

τ—:tiiu° κ

10-3
3·ΙΟ" 4

3-10-8

2-10-'
1.5-I0-8

Τ=5(Ι0· Κ

ιο-;

2-10-2
10-2

.'(•10-5

10-4
1.5·10-*

These values are calculated on the assumption that
Tvib/T = 10, Τ = 300°K or 500°K (the constants u, B,
and α are taken from t 4 2 ] and the estimates are given
for ν = 0). It is evident from Table I that, at these
temperatures, a population inversion in the heavy
molecules of CO and NO can be achieved only for
very high rotational levels and the absolute value of
the inversion is small.

In the case of the hydrogen compounds HF, HC1,
etc., a partial inversion under the same conditions may
ensure a fairly high gain because the ν + 1 — ν transi-
tions are allowed in the harmonic approximation and,
therefore, they have a high probability. Moreover, the
partition functions Z rot of such molecules are small.

ΠΙ. ENERGY DISTRIBUTION IN PRODUCTS OF
CHEMICAL REACTIONS

In order to estimate the possibility of a population
inversion as a result of chemical reaction, we must
first know the distribution of the energy, liberated in
elementary chemical processes, over the various en-
ergy levels or degrees of freedom of the reaction
products. Many reactions are accompanied by the
nonequilibrium emission of radiation in the visible and
ultraviolet regions; they include, for example, the cold
flames of hydrocarbons [ 4 3 ] and CS2,

[44^ the combustion
of carbon monoxide, the reactions Μ + HgX -— MX
+ Hg, [ 2 6 i where Μ is a metal atom and X is a halogen,
etc. In combustion reactions, a considerable fraction
of the energy is usually liberated in the infrared part
of the spectrum, [ 4 5 ] corresponding to the vibrational
transitions, and the infrared radiation is frequently of
the nonequilibrium type. However, a detailed distribu-
tion of reaction products over the energy levels has
been investigated so far only for substitutional reac-
tions of the type

A + BC ^1 AB + C. (10)

These distributions were investigated by Polanyi and
his colleagues (see1 4 6"4 8 ' and investigations cited in
those papers), as well as by others. [ 6 8 ' 6 9 1

A theoretical classical approach is used in [ 4 7 ] to
discuss the problem of the energy distribution over the
various degrees of freedom of the products of a reac-
tion represented by Eq. (10). This approach is applied
to arbitrary atoms A, B, and C, and to various types of
interaction which can be described by a potential en-
ergy V(rAB> rBC)· T n e results obtained obviously ap-
ply also to the case when C is a complex of atoms.

The process described by Eq. (10) can be divided
schematically into three stages: 1) the approach of an
atom A to a complex BC; 2) an intermediate stage
when this approach continues but the bond B—C begins
to stretch; 3) the separation of the reaction products
AB and C. Let us assume that £i, e2, and e3 are the
energies evolved during these three stages. We shall
demonstrate later that the energy €j is evolved mainly
in the vibrational form and e3 mainly in the kinetic
form. The fraction of e2 transformed into the vibra-
tional energy of the molecules increases with the rela-
tive mass of atom A compared with atoms Β and C. [ 4 7 ]

Thus, for example, in the case of the interaction
Η + Χ2, the greater part of the energy is evolved in the
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A+BC

AB+C

Reaction coordinate

d

FIG 1

second and third stages. [ 4 6 > 4 7 ] High values of the ratio
e vib/ e kin a r e obtained in similar reactions in which
the hydrogen atom is replaced by a heavier atom, for
example, by deuterium or a metal. Reactions which
should have a high value of this ratio include F + H2

(for other halogens this process is endothermic),
Cl + HI, etc. The relative values of e 1 ; e2, and e 3 de-
pend strongly on the nature of the potential energy
V(rAB> rBC)· ^ e shall now consider the simplest case
of collinear motion of particles when the potential en-
ergy depends only on two variables: V(TAB> *"BC)
= V(rAB> I"BC)· The potential surfaces of a system of
atoms are shown in Figs, l a- lc in terms of the coordi-
nates rAB) rBC" The continuous curves in Fig. 1
represent the constant energy lines, the chain curves
are the reaction coordinates (the potential energy in-
creases on both sides of these coordinates), and the
dashed curves show the possible trajectories of the
motion of the system in the process described by Eq.
(10). If the energy of the system exceeds only slightly
the activation energy of the reaction, these trajectories
pass close to the saddle point in the potential energy
surface (shown by a cross in Fig. 1).

If the form of the function V(rAB> rBC) *-s that
represented in Fig. lc, the most probable trajectories
are those in which energy is evolved during the ap-
proach stage between A and BC (when the system
crosses a potential barrier, TAB decreases but r g c
suffers little change). In the case in which V(rAB> rBC)
corresponds to Fig. la, the value of TAB changes little
and rBC increases after the crossing of the potential

barrier by the system, i.e., the energy is evolved dur-
ing the final (third) stage.

In the intermediate case, represented by Fig. lb,
the nature of the most probable trajectories depends
considerably on the relationship between the masses
of the particles. (In the English-language literature
the three types of potential energy represented by
Figs, la, lb, and lc are called, respectively, repulsive,
mixed, and attractive.)

In the majority of reactions of the Eq. (10) type the
value of £i is small. Therefore, the conclusions
reached in t 4 7 ] on the role of the mass of atom A are of
general validity. They are particularly important be-
cause the vibration-rotational inversion, which is im-
portant in the case of diatomic molecules, can be
achieved relatively easily only in the case of hydrogen-
bearing molecules, which have a small moment of
inertia.

We shall obtain a clearer idea of the influence of
the masses m^, mg, and me of the interacting atoms
on the nature of the energy distribution by a qualitative
analysis of the process represented by Eq. (10), using
a system of coordinates which is fixed relative to the
center of mass of the particles A, B, and C. For the
sake of simplicity, we shall assume that all the atoms
are located on the same straight line and the approach
of A to BC takes place along this line; we shall also
assume that rAD < rAC (Fig. 2a). There is then a
moment in time t 0 when atom C and, consequently, the
center of mass of atoms A and Β are at rest. All the
energy of the system at this moment t 0 consists of the
potential energy of the interaction between the atoms
and the kinetic energy representing the motion of the
masses of atoms A and Β relative to one another. This
kinetic energy is similar in nature to the vibrational
motion.

During the next period, the forces between atoms Β
and C are repulsive and they accelerate these atoms
in the opposite directions. The interaction of atoms A
and C should, at this stage, be weak because it depends
strongly on the distance between the atoms; moreover,
atom Β screens the fields of atoms A and C. If the
mass mA is small, the acceleration of Β is trans-
ferred to atom A without appreciable change in the
potential energy of the A—B interaction. In the limiting
case of mA <C mg, all the repulsive energy evolved
during the period t > t 0 is transformed into kinetic

Β C

FIG 2



C H E M I C A L LASERS 251

energy. If, moreover, m ^ 4C me, the approach of A to
BC is so rapid that at the moment t 0 the distance r g e
does not differ greatly from the equilibrium distance
r g C in the molecule BC (Fig. 2b). Therefore, the
potential energy of the interaction between atoms Β
and C, evolved as kinetic energy during the process of
their separation, may represent a considerable pro-
portion of the total reaction energy.

In the other limiting case mA, nig S> me, during
the separation stage atom Β experiences practically
no acceleration due to the forces separating the B—C
particle because the action of these forces is very
brief. Almost the whole energy of the interaction be-
tween the atoms Β and C, evolved during the period
t > t0, is transformed into the kinetic energy of the
mass me (Fig. 2c). Nevertheless, this energy need
not be large. Since me is small, the distance r g c
during the approach of atoms A and Β can vary as in
an adiabatic process so that the potential energy of the
repulsion between atoms Β and C at the moment t 0

represents only a small fraction of the energy evolved
in the reaction. Whether this is realized depends ap-
preciably on the slope of the potential surface

V(rAB> rBC)·
The case mA, me ^ nig is intermediate between

the cases considered so far (Fig. 2d). The relationship
mA, m e ^> mB is also inconvenient from the point of
view of obtaining high values of €v ibAkin· When the
last inequality is satisfied, the motion of A and C
atoms can be almost adiabatic, i.e., vibrations of the
particle AB are not strongly excited. Here again, the
degree of adiabaticity depends very strongly on the
slope of the potential surface V(rAB, rBC)·

It is difficult to analyze the process represented by
Eq. (10) for mA 3> mg « me , mA * πΐβ ^ m C , m A
~ mg « me, and one has to specify the actual form of
the potential energy of the interaction.

According to the results of the numerical calcula-
tion reported in [ 4 7 ] the optimal situation is obtained
when mA ^ mg 3> m e · A very considerable decrease
m e vib/ e kin compared with the optimal value occurs
only if mA " ^ nig » m e (the main part of the energy is
evolved during the separation stage). Rankin and
Light [ 6 a ] have investigated the reaction

H4-G12 -> HC1 + C1

in the case of collinear motion of particles, using a
quantum-mechanical approach. The results of Rankin
and Light [681 confirm qualitatively the dependence,
discovered in147·1, of the ratio £vib/ekin o n the reac-
tion stage (approach or separation) during which the
major part of the energy is evolved. However, this
ratio is greatly affected by the width of the potential
barrier which a given system has to overcome (Fig.
Id). The narrower this barrier (its height is specified
in advance), the less adiabatic is the process and the
greater is the fraction of the energy transformed into
vibrations. [ 6 8 ]

An important result of the investigation of Rankin
and Light1-681 is the discovery of the dependence of the
ratio eyibAkin f° r a n elementary Η + Cl2 —-HC1 +C1
event on the energy of the colliding particles and, con-
sequently, the dependence of the reaction as a whole on
the temperature. (The ratio eyib/ekin decreases with

increasing energy of the interacting particles.) As far
as we are aware, none of the published papers has
taken note of this dependence.

The limits of validity of the classical approach were
estimated by Russell and Light [ 6 9 ] by analyzing
classically the same reaction for one of the types of
the potential energy of interaction used in^68]. The
classical and quantum-mechanical approach give close
results if the sum of the kinetic energy of the system
and the energy of the vibrations of Cl2 greatly exceeds
the activation energy of the reaction. However, if the
excess energy of the system is only slightly greater or
smaller than the activation energy, the influence of the
quantum tunnel effect is considerable. Since the prin-
cipal contribution to the reaction is made by the colli-
sions of particles whose energies lie in the interval of
the order of kT, a classical analysis is adequate only
at high temperatures (at Τ > 500°K for the particular
reaction considered and the potential energy used by
Russell and Light). At lower temperatures, the differ-
ence between the classical and quantum-mechanical
values of the ratio <4ib/ekin i s about 10—20%. The
limits of validity of the classical analysis evidently
depend on the nature of the potential energy of the
system since the probability of the tunnel effect is
governed not only by the height of the potential barrier
but also by its width. The narrower the potential bar-
rier, the wider is the range of temperatures in which
the classical approach is inapplicable and the greater
is the discrepancy between the classical and quantum-
mechanical results in this temperature range.

The results reported in [ 4 7 ' 6 8 ' 6 9 ] are semiqualitative
and cannot be used to obtain a numerical value of tyib
for a particular reaction. An experimental investiga-
tion of the luminescence of reaction products'-481 has
yielded the relative populations n(v) of the vibrational
levels of the molecules formed in the following reac-
tions: 1) Η + Cl2, 2) Η + Br2, 3) Cl + HI. The experi-
mental arrangement used in this study made it possible
to take into account the influence of relaxation proces-
ses resulting in a redistribution of the populations, or
to eliminate such an influence (the reaction took place
at low pressures in a gas stream, and the walls of the
reaction chamber were cooled with liquid nitrogen so
that the reaction products were deposited on the cham-
ber walls without experiencing many collisions).
Therefore, the measured values of n(v) were close to
the rates ky of the various processes. The following
values were obtained at 10"3 mm Hg for the ratio
n(l) :n(2) :n(3) :n(4) :n(5) under the experimental
conditions employed: 0.371 :1.38:1 :(0.062):0 for re-
action 1 (0 denotes values below the sensitivity limit
of the apparatus); 0 :0.148 :1 :0.216 for reaction 2;
0 .3 :0 .6 :1 :0 .7 :0 for reaction 3. Thus, in all the cases,
there are levels ν such that η (ν) < η(ν + 1) and, con-
sequently, k v < k v +i, i.e., a total population inversion
as a result of the reaction is possible. Reactions 1 and
3 can be used to generate coherent radiation by transi-
tions in the P-branch, [ 4 8 1 i.e., by transitions in which
the vibrational quantum number decreases and the
rotational number increases.

It is interesting to note that, according to the results
reported in [ 4 7 ] , the relative amount of energy evolved
in the Cl + HI reaction in the vibrational form is
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greater than that in other cases (in any comparison of
the results we must take into account that, according to
the energy yields of reactions 1 and 2, we have v m a x

= 6, whereas v m a x = 4 in reaction 3. The value of k0

has been estimated in^48·1 for reaction 1: it is close to
zero. Consequently, the vibrational energy evolved in
this case represents about 45% of the total energy
evolved. However, this estimate is not very reliable
because the probability of deactivation of a vibrationally
excited HC1 molecule in collision with a hydrogen
molecule is, in the relaxation model employed, two
orders of magnitude higher than the experimental value
reported in ' 3 2 ' . It should also be mentioned that ac-
cording to the results of an earl ier investigation^463

only 7% of the energy of this reaction is evolved in the
vibrational form.

Polanyi and Tardy1·73·1 recently employed the same
method as i n t 4 8 ] to determine the relative rates k v in
the reaction Η + F 2 . It is reported i n [ 7 3 ] that k 2 /k !
<ί 3.5, k 3 /k 2 ^ 0.47. The fraction of energy evolved in
the vibrational form is not less than 57%.c?33

We have considered so far only those elementary
processes which produce, in general, some excited
molecules. A chemical reaction may also include
"undes i rable" processes which result in the formation
of molecules with lower vibrational levels. For exam-
ple, in the chain reaction of hydrogen and chlorine

(11')H + G12 J± HC1 + C1,

Cl + H2 J± HG1 + H, (11")

the second process is endothermic and, consequently,
it should produce preferentially the molecules with
ν = 0 (if the reacting particles do not have sufficient
excess kinetic or vibrational energy for the formation
of molecules at high levels). In such cases, the ratio
of the populations n(v)/n(v + 1) may be considerably
larger than k v / k v + i in the optimal elementary pro-
cesses.

The distribution of the energy over various degrees
of freedom has not yet been investigated in detail for
the products of reactions different from those de-
scribed in Eq. (10). We may assume that the relative
proportion of the energy used to excite the vibrations
of diatomic molecules is often large (see, for exam-

ple>[29,49,7i] ^ I t i g important to note that in the case of
diatomic molecules the whole energy e vib is distri-
buted over vibrational levels of one type, and, therefore,
the temperature Tyib and the free energy of the system
may be fairly high (see also Sec. V).

IV. KINETICS OF RELAXATION PROCESSES.
ROTATIONAL RELAXATION

The distribution of molecules over their energy
levels is governed not only by the reaction mechanism
but also by the relaxation processes. The fastest of
these is the establishment of a Boltzmann distribution
over the rotational levels. This rotational relaxation
is frequently useful because it may enrich the upper
laser level and deplete the lower. In the case of heavy
molecules, the rotational relaxation is completed
within a few collisions.t37·1 This is because the differ-
ences between the energies of the rotational levels of
heavy molecules are small compared with the average

energy of the kinetic motion. Moreover, transitions
with arbitrary changes in the rotational quantum num-
ber can take place in a collision.

In a system of molecules with small moments of
inertia the rotational relaxation is somewhat slower.
For example, in the case of hydrogen, a time interval
corresponding to 300 collisions is required. [ 3 7 : l The
vibration-rotational inversion frequently occurs only
in high rotational levels which are separated by large
gaps (see Sec. I). If these gaps are comparable with or
larger than kT, the probability of transitions between
such levels decreases exponentially. At low pressures
in a mixture, the relaxation may not be very effective.

A nonequilibrium distribution over the rotational
states is reported in [ 4 8 ] for the products of the reac-
tion Cl + HI. Laser emission involving transitions in
the bands 3—2 and 2—1 of the P-branch is reported
in'·11·' for HF molecules which are in excited vibra-
tional states as a result of the preceding reaction.
Convincing evidence shows that, at 4 mm Hg, the de-
pletion of the upper laser level and the enrichment of
the lower level is not fully compensated by the relaxa-
tion processes so that the distribution over the rota-
tional levels is of the nonequilibrium type.

It should be mentioned that the rotational relaxation
in a system of molecules with large dipole moments
should be fast even if the moments of inertia of these
molecules are small. Thus, in the case of HC1, the re-
laxation is completed in a time interval corresponding
to seven collisions.t37·1 Evidently, collisions are effec-
tive in such a relaxation if both colliding molecules are
polar. Bearing this in mind, we can explain the low
rate of the rotational relaxation observed i n [ n l by the
low partial pressure of the HF molecules under the
experimental conditions.

The rate of the rotational relaxation may, in general,
be increased by the addition of neutral impurities to a
mixture. Practically any impurity can be used but their
effects are diverse.

V. VIBRATION-VIBRATIONAL RELAXATION

As mentioned in Sec. Π, the relaxation processes
of the type

AB{v) + AB(v') ^ ΑΒ(υ + 1) + ΑΒ(ν'-1) (12)

(diatomic molecules are considered for the sake of
simplicity) are very fast. These processes establish a
Boltzmann distribution over the vibrational levels but
do not alter the average vibrational energy of the mole-
cules. These processes are usually known as the
vibration-vibrational relaxation.

We shall assume here that other relaxation pro-
cesses are not important. We then find that the rate of
redistribution of the populations n(v) of molecules AB
depends mainly on the partial pressure of these mole-
cules in a mixture. In the initial stage of the reaction,
when the pressure is low, the populations n(v) are
proportional to the values of k v . Total or partial in-
version is most likely during this period. Subsequently,
the accumulation of AB molecules results in a rapid
redistribution of the populations so that total inversion
become practically impossible. This demonstrates the
important disadvantage of diatomic molecules, i.e., the
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absence of a relaxation process which would lead to a
selective depletion of the lower levels without a change
in the population of the upper levels. For these mole-
cules the transitions ν + 1 — ν are usually faster than
ν — ν - 1.

In the limit, the populations of the vibration-rota-
tional levels can be described by a quasi-Boltzmann
distribution with two temperatures Tvib and T. The
temperature Τ of the kinetic degrees of freedom in-
creases during reaction whereas the vibrational tem-
perature remains, at best, constant. Therefore, in the
later stages of the reaction, the conditions for a partial
inversion also become unfavorable. We shall now as-
sume that k v is the average (over all the elementary
processes) value of the rate of formation of molecules
AB in a vibrational state v, normalized to unity:
Sk v = 1; k and η are collinear matrices with elements
kv, and n v = n(v), respectively; NAB >-S the concen-
tration of molecules AB. We then have

dnNAn5- = kdN

a

AB -anNAB, (13)
~Tt " at

where "a is a matrix (reduced to unit concentration of
the AB molecules) which determines the vibration-
vibrational relaxation of the system in the absence of
a chemical reaction, i.e., when 9 N A B / 9 * = 0·

In the harmonic oscillator model, the elements of
the matrix Ί. are (see, for example,[37>50])

~ — (V+ l)a 0 ,

- = 0, if

(14)

v+i,

J
Here, 1/T0 is the characteristic relaxation rate calcu-
lated per unit concentration NAB; T° is the vibrational
temperature corresponding to the average vibrational

energy Evib = Σ/ ν η " η ν·
ν

In general, l/r 0 depends on the temperature but this
dependence is relatively weak. Therefore, in consider-
ing the initial stage of the reaction, when the tempera-
ture changes only very slightly, we can assume that
1/T0 is a constant. We shall now

We shall now write an equation describing the rate
of change in the difference n v - nv+i = m v :

-^f- == (υ + 2) aomw - {[v + (v + 2) t (13')

It follows from this equation that if my,,, mV ) and
mv-i have the same sign as kv - kv+i, the value of m v

cannot change its sign earlier than or simultaneously
with mv-i and my+i· Therefore, if k v decreases raono-
tonically with increasing v, a vibrational population
inversion cannot be achieved. This follows from the
observation that the relaxational transitions ν + 1
— ν are faster than ν —» ν — 1.

If, in a certain range defined by Vi == ν < ν2, the
condition kv < k v + i is satisfied, a population inversion
which appears first in this range of levels may spread
gradually to both sides (v <vi and ν > ν2) by cascade
transitions v — » v - l - » v - 2 , etc. The inversion be-
tween the levels in this interval disappears gradually,
beginning at the limits of this interval.

If 8NAB/9tis small, the distribution η tends
eventually to approach a distribution n° with a tem-
perature Tvib = T°, so that

an" = 0, 2 vn.% = Σ vkv. (15)

Conversely, if the role of the relaxation is not very
important (a « 0), it follows that η = k. We can use
Eq. (13) to derive a condition for the distribution Ίϊ to
tend to a Boltzmann distribution:

Λ'?Β (16)

The sufficient condition for the vibration-vibrational
relaxation to have little effect on the distribution k
near the level ν is given by the inequality1™1

N-ABdl' < (17)

We can easily see that the concentration NAB must
increase at least hyperbolically [NAB ~ l/(to - t)] in
order to satisfy the condition (17) throughout the whole
process. Since such an increase is impossible, after a
certain time interval the distribution k becomes con-
siderably deformed by the vibration-vibrational relaxa-
tion. Formal integration of Eq. (13) or integration by
the method of successive approximations gives n:

'-dt'k. (18)

The exponential function in Eq. (18) can be expanded in
a series, as follows:

In the interesting special case of the exponential rise of
the concentration NAB = Noe

s*·, Eq. (18') can be easily
transformed to

-
~ak-

(18")

This solution can be used conveniently when
< 1 because, in this case, we need only a small num-
ber of terms. We note that the solution represented by
Eqs. (18') and (18") is valid irrespective of the nature
of the matrix 'a.

VI. VIBRATIONAL RELAXATION

In addition to the vibration-vibrational relaxation,
the evolution of the distribution η is governed by the
processes of deactivation of the vibrationally excited
molecules by collisions and by luminescence. The
term vibrational relaxation will be used for these
processes. (The distribution η can be affected also
by the deactivation of molecules in collisions with the
walls of the reaction chamber. This influence is im-
portant only at low temperatures and we shall ignore
it).

The vibrational relaxation can be taken into account
by rewriting Eq. (13) in the form

""^« + anNAB -f 6«.V.1B -= ™Λ" k. (13')

In the harmonic approximation, the elements b v v ' are
given by [ 3 7 ]
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0 for ν' ψυ, v+i,

(14')

J
here, T racj is the characteristic time of a spontaneous
radiative transition 1—0; Nn is the concentration of
molecules of type η in a mixture; 1/τη is a quantity
representing the rate of relaxation per unit concentra-
tion Nn.

The efficiencies of various molecules in the deac-
tivation of the vibrations of a molecule AB differ
greatly. Moreover, these efficiencies usually depend
very strongly on the kinetic temperature of the medium.
Therefore, the quantity l/τ depends on time much
more than does 1/τ0.

We have so far assumed that the vibration-vibra-
tional relaxation is faster than the vibrational relaxa-
tion. Before we specify the condition for this to be
true^ we shall represent the distribution η in the form
η = k + Δ. We find from Eq. (13') that the correction
Δ ν is small compared with ky if

NAB
dt •+-»-1 ¥«' (17')

We may assume that the establishment of a Boltzmann
distribution is governed solely by the vibration-vibra-
tional relaxation if all the values of ν which must be
taken into account satisfy, for a certain value of t, the
relationship

(For subsequent time intervals, we must satisfy
N 2 /T 0 » N/r.)

We shall now consider the converse situation which,
in general, is much less likely. We shall assume that
the vibration-vibrational relaxation is unimportant (the
condition for this will be given later). We then find
from Eq. (13') that

n
 NAB

(19)

We can show that the distribution represented by Eq.
(19) is close to a Boltzmann distribution with a tem-
perature Tvib = Τ if[70]

•V(f)_jV(t-t)«iV(t). (16')

For the sake of simplicity, we shall assume that τ is
constant. If Eq. (16') is satisfied before Eq. (17) is
violated, the vibration-vibrational relaxation may be
ignored. These conditions are obtained only if NAB(t)
increases less rapidly than an exponential function. In
the case of exponential growth of the concentration
NAB = N o e s t , we find from Eq. (13') or Eq. (19) that

i.e., the distribution η does not vary with time. This
distribution is close to Ε if s > ν/τ in that range of
ν where k v differs appreciably from zero.

Thus, in the case of an exponential or fast growth of
the concentration NAB, only a vibration-vibrational

relaxation can give rise to a Boltzmann distribution
n v . Therefore, this type of relaxation must be taken
into account.

Any mechanism of variation of n v may be en-
countered in the case of the slow growth of NAB· * n

particular, at low values of v, the inequality (17') may
be violated first because of the first term; at high
values of v, which still have to be taken into account,
this inequality may be violated because of the second
term. In this case, an analysis of Eq. (13') is complex
because this equation is nonlinear.

Having multiplied the equation for n v by vhi> and
having summed it with respect to v, we can obtain an
equation for the average vibrational energy of a mole-
cule Evib

 = Svhi/nv:

(20)dE vib___ _
dt

1
NAB

where Eo is the average vibrational energy for Tvib
= T, E2 = Svhi/kv.

At high concentrations of NAB> the value of 1/r
depends, via the temperature, on the energy E viD.
Therefore, in general, Eq. (20) is nonlinear. In the case
of such a dependence, Eq. (20) can be easily integrated:

We can easily see that Evib remains close to E° if

the concentration NAB increases as Noexp[ Js(t ')dt'],
ο

where s(t) » 1/τ.
It is shown in Sec. Π that, even in the case of a

Boltzmann distribution nv, we can achieve laser emis-
sion as a result of partial inversion if Tvib/T is suf-
ficiently large. The power and duration of such laser
radiation can be estimated on the basis of the following
considerations. We shall assume that the rotational
and vibration-vibrational relaxations are so fast that
the distributions n v and n(j) are close to the Boltz-
mann case. As a result of the laser effect, the vibra-
tional temperature is maintained at such a level that
the gain k in the medium is close to the threshold
value k0:

k = \n-NABv.&ka, (21)

where Δη is the maximum value of the population in-
version given by Eq. (8") with ν = 0; κ is a coefficient
which relates the absolute value of the population in-
version to the laser gain.

Equations (8'), (9'), and (21) can be used to express
the vibrational temperature Tvjb(t) in terms of the
temperature of the kinetic degrees of freedom:

v/Tvib « (ak/Bhc) In AN AB • {- 2 [(kT/hcB) In ANAB]
1/2 (22)

where

A = 2e-i"">>T (1 - e-
hc/hT>>) «-^/Zrotfco.

Numerical estimates show that, at values of Τ above
room temperature, the laser emission is possible if
Tvib amounts to several thousands of degree, i.e., if
it is of the order of the characteristic temperature
Τ = hv/k.

Under these conditions, we can neglect the depend-
ence of A on Tvib by assuming that

1A « Ο.δβ"1 κ( Zp
y

" 1 . Equation (22) then gives the
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explicit dependence T vib(T), and if T(t) is known, we
obtain also the dependence T v ib(t).

The laser output power W2 is found from the law of
conservation of energy:

M ^ e o ^ - V A B •«vlb.O-vlb)-*,̂  _ , v 4 B | i ^ ^ . (22')

The first term on the right-hand side of Eq. (22')
represents the vibrational energy evolved in a chemical
reaction per unit time; the second term represents the
losses due to deactivation; the third term gives the
change in the vibrational energy of the system.

Strictly speaking, the right-hand side of Eq. (22')
should be multiplied by (T vib - T)Tv\k but this quan-
tity is close to unity.

The quantity described by Eq. (22') passes through
zero twice: at the beginning and end of the laser emis-
sion period. Naturally, Eq. (22) is not satisfied in the
region where Eq. (22') is negative.

VII. INFLUENCE OF THE ANHARMONICITY OF
VIBRATIONS ON RELAXATION PROCESSES

The expressions in Eq. (14) for the elements of the
matrix 1L are valid only if we neglect the anharmonicity
of the vibrations. They are derived on the assumption
that the probability of the processes described by Eq.
(12) is proportional to the product v(v' + 1)P, where
Ρ is independent of ν and v' [ 3 T l If the anharmonicity
is included, the energy defect in Eq. (12) is not equal
to zero but is approximately proportional to the differ-
ence ν - v'. It follows that the probability of the
process (12) depends strongly on this difference. The
elements of the matrix "a depend now on the distribu-
tion n(v) and Eq. (13) becomes nonlinear and difficult
to analyze.

In most cases, the principal relationship governing
the operation of a chemical laser, associated with the
relaxation processes described by Eq. (12), can be
considered in the linear approximation. In fact, a
change in the populations n(v) affects the value of the
population inversion much more than the elements of
the matrix 'a. Let us assume, for example, that at a
moment tj we have n(v) = 0.3, n(v + 1) = 0.4, and that
at a moment ti we have n(v) = 0.3, n(v + 1) = 0.4, and
that at a moment t2 we have n(v0) = n(v0 + 1) = 0.25. The
elements of the matrix H do not change by more than
15% (it is assumed that changes in the populations of
the other levels also do not exceed 15%). However, the
change in the difference n(v0 + 1) - n(v0) is very large.

Even more important is the circumstance that the
rates of the relaxation processes (12) may slow down
considerably because of the energy defect, i.e., be-
cause of the anharmonicity.

Since the anharmonicity of the vibrations is usually
fairly weak, it follows that the energy defect for speci-
fic vibration-rotational transitions is small. We shall
consider, for example, the following elementary event
which is allowed in the case of a dipole interaction:

2 - 2 , i HCl(i7=l,/ — > = l , j ' — l ) .

(12')
The vibrational energy of the molecules in the process
described by Eq. (12') increases by about 100 cm"1 and
the rotational energy decreases by about 2(j + j ' ) 10

cm \ If j + j ' = 5, the total energy defect in Eq. (12')
is close to zero.

The strongest anharmonicity is exhibited by the
vibrations of molecules containing hydrogen. The ro-
tational constants of these molecules are also large.
Consequently, the rotational levels j which correspond
to a small energy defect in Eq. (12) and, therefore,
make the principal contribution to the total probability
of exchange of the vibrational quanta, are practically
always low. The populations of these levels are not,
generally speaking, low and they do not depend too
strongly on the rotational temperature T r o t · There-
fore, the rate of the relaxation processes (12) should
also depend weakly on the temperature.

Finally, because of the anharmonicity of the vibra-
tions the form of the matrix "a. is generally different
from that given by Eq. (14). An important property of
the vibrational relaxation process, which this matrix
represents, is that the rate of the v + 1 — v , v + 2
transitions is always higher than the rate of the ν — ν
+ 1, ν - 1 transitions, i.e., the depletion of the upper
level is always faster than the depletion of the lower
level. This property is retained also in the presence of

OO

anharmonicity if the sum of the populations 2} n(v')

V - i
v=v+i

is not small compared with Σ η(ν'). It is important
ν =o

to note that, in the presence of this anharmonicity, the
probabilities of the forward and reverse processes in
Eq. (2) are not generally equal. As shown in'-80·', the
vibration-vibrational exchange produces a quasi-equili-
brium distribution over the vibrational levels which
differs considerably from a Boltzmann distribution.
The difference grows with increasing vibrational en-
ergy of the molecules and with decreasing kinetic tem-
perature T. The ratio n(v + l)/n(v) for such a distri-
bution increases with increasing ν and for high energy
levels it may exceed unity.

The description of the matrix b in the form given
by Eq. (14') is, strictly speaking, correct only if we
are dealing with a mixture AB consisting of monatomic
gases. In other cases, the correctness of Eq. (14')
must be tested specially. However, the cases when
Eq. (14') is substantially wrong are exceptional. By
way of example, we shall consider the system H2 + HF,
in which a vibrational energy exchange of the following
type is possible:

HF(i;)+H2(0) i± HF(y-l) + H2(l) —Δ£\ ( 1 2 ")

For ν = 1, we find that ΔΕ = 200 cm"1. Because of the
strong anharmonicity of the vibrations of HF, the value
of ΔΕ increases rapidly with increasing v. We may
expect the probability of the process (12") to have its
maximum value at ν = 1 and to decrease rapidly with
increasing v. Then, a vibrational population inversion
may be achieved, in principle, even when ky > ky+i for
all the values of v. [The energy may be accumulated
in the form of the vibrations of H2 and, therefore, Eq.
(13') is generally insufficient for the description of the
process.]

Even when Eqs. (14) and (14') are violated, the
majority of the qualitative results obtained so far re-
mains valid because these results do not depend ^
greatly on the actual form of the matrices "a and b.
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The available theories give only very rough values
of the probabilities of vibrational transitions in the
collisions of molecules. Thus, the well-known Herzfeld-
Schwartz-Slawsky method frequently gives values of τι
which differ by several orders of magnitude from the
experimental values. Obviously, the main deficiency in
this method is that it ignores the change in the rota-
tional states of molecules during collisions and their
anisotropy. A considerable success has recently been
achieved in the further development of the theory of
vibrational transitions. For example, an allowance for
the anisotropy of molecules has made it possible'5 1 1 to
find some relaxation constants which are closer to the
experimental values than those given by the Herzfeld-
Schwartz-Slawsky method. The very good agreement
between the theoretical probabilities of the vibrational
transitions in CO2-H2, CO2-N2, and CO2-D2 collisions
with the experimental values is reported in'·52-', where
an allowance is made for the change in the rotational
states of molecules in such collisions. Nevertheless,
reliable values of the relaxation times can, in general,
be obtained only by experimental methods.

The probabilities of the vibrational transitions in
some molecular systems are listed in 1 3 7 ' 3 8 ' 4 3 1 . A great
deal of experimental information has recently been
obtained on the rates of such transitions by the use of
laser techniques (see, for example/ 4 0 ' 4 1 ' 3 2 ' 3 3 3).

VIII. CHEMICAL REACTION KINETICS. SIMPLE
CHAIN REACTION

One of the most important factors which determines
the possibility of using chemical energy in the genera-
tion of laser radiation is the chemical reaction rate.
Usually, chemical reactions are relatively slow so that
the inequality (17) may be satisfied only during the
initial period of the process. The main cause of the
slowness of chemical reactions is the finite activation
energy required for the majority of chemical processes
(Arrhenius's law). At low temperatures, only those few
particles which have energies corresponding to the
Maxwell distribution " t a i l " can take part in a reaction.
The rate of reaction usually increases rapidly when the
temperature is increased (the temperature may rise
because of the evolution of the energy in the reaction if
the specific heat of the system is not too large, i.e., if
the mixture is not too dilute). In most cases, this in-
crease in the reaction rate is greater than the corre-
sponding increase in the relaxation rates. An increase
in the temperature is useful only in the presence of a
nonequilibrium distribution ky of the reaction products.
Otherwise, high temperatures degrade the conditions
required for a partial inversion and, in all cases, high
temperatures reduce the efficiency of the conversion of
the vibrational energy into coherent radiation. The
rate of reaction depends also on the pressure in a mix-
ture (as well as on the relative concentrations of the
components of the mixture, which will be assumed to
have optimal values). In the important case of bimolec-
ular reactions, the pressure dependence of the reaction
rate is linear and, therefore, variation of the pressure
does not alter the relative rates of the reaction and of
the relaxation processes.

A high reaction rate may be induced by the genera-

tion of a large number of chemically active centers
(for example, by electric discharge or photolysis).
However, much energy is required in the forced ac-
celeration of a chemical reaction. The most promising
method is the use of branched chain reactions whose
rates may be very high (these rates are not greatly
influenced by the energy lost in the initiation of such
reactions). Tal 'roze [ 4 ] was the first to suggest and
analyze theoretically the use of branched chain reac-
tions in chemical lasers. This problem was investi-
gated later by Oraevskii [ 3 4 ] and by others. [ 2 0 ]

The general relationships governing the rate of
chemical reactions can be found, for example, in
monographs [ 4 3 > 5 3 ]. We shall consider briefly some
specific reactions from the point of view of possible
rates of rise of the concentrations of their products,
and we shall see whether they satisfy the conditions
set out in Eqs. (17) and (17'). We shall restrict our
analysis to pulsed conditions.

We shall estimate the number of molecules AB
which can be obtained when Eqs. (17) and (17') are
satisfied. We shall do this by considering the simplest
unbranched chain reaction described by Eqs. (11') and
(11"). We shall show that the number of such molecules
depends strongly on the rate of "nucleation" of chains,
i.e., on the energy used in the initiation of the reaction.
We shall assume that such initiation is photochemical
in its nature:

Cl + Cl. (23)

For the sake of simplicity, we shall assume that the
kinetic temperature Τ does not vary greatly during
this reaction so that the cross sections of all the ele-
mentary processes remain constant (this assumption is
valid during the initial period of the reaction when Nci
< N H 2 + Nci2).

The processes described by Eq. (11') are very
fast [ 4 3 ] and the atom of hydrogen which appears in
reaction (11") interacts practically instantaneously (in
the first collision with Cl2) in accordance with Eq. (11').
Therefore, the rate of formation of HC1 molecules can
be expressed in the form

(24)

where σ is the rate constant of the reaction (11'),
which depends on the temperature, in accordance with
σ = a o e x p ( - F a / k T ) .

The processes (11')—(11") do not affect the concen-
tration of chlorine atoms [an atom of chlorine which
interacts in accordance with (11") is immediately re-
placed by another atom of chlorine as a result of (ll ')J.
The concentration of chlorine atoms is governed by the
number w(p) of photochemical events [Eq. (23)] per
unit time and by the rate of the annihilation processes
in triple collisions. Numerical estimates show that the
annihilation processes can be ignored during the time

Eq. (17') is valid, so that N C 1 / w(t')dt'. We shall as-
0

sume that Nci is given in the form

(25)

where n > 0 is not necessarily an integer. We shall
assume also that N H 2 is sufficiently high and that
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changes in this concentration can be neglected. We
thus find from Eqs. (24) and (25) that

(26)

Equations (17) and (26) yield the following expressions
for the time t 0 during which the vibration-vibrational
relaxation does not affect appreciably the distribution
n v and for the concentration NHCl(to):

to+2 < (n +1) (2« + 3) το!νσΝΗ[,Α,

^ σ Λ Η ζ

/ 1 τ 0 \ η +
\ n+1 )

Similarly, we can use Eqs. (17') and (26) to estimate
the time to during which the vibrational relaxation is
of little importance, and to find the concentration
NHCl(to). Usually, the experimental conditions are
such that 1/T « N H 2 A H · We then obtain

Nr,

(27')

We can easily see that, for a fixed value of Nci, the
times t 0 and to have minimal values and the concentra-
tions NHClito) and NHCl(to) are maximal for η = 0,
i.e., when the photoflash pulse is nearly a δ-like func-
tion. Usually, such a pulse is of long duration so that
we need consider only its front which can be approxi-
mated by the dependence t1 1"1, where 0 < η - 1 < 1.
Therefore, in Eqs. (25)-(27') we have 1 < η < 2.

The right-hand sides of Eqs. (27)-(27') give the
orders of magnitude of the times during which a popu-
lation inversion is possible in the products of the reac-
tion H2 + Cl2; they also give the corresponding concen-
trations N H C I · The functional forms of these expres-
sions are basically different, i.e., one or the other type
of relaxation is the dominant process depending on the
concentration N H 2 , the temperature, and the energy
used in the initiation of the reaction.

It is interesting to note that if η = 0 the concentra-
tion Nnci(to) is independent of NH . In this case, the
maximum laser emission energy can be obtained by
increasing the concentration NH until the vibration-
vibrational relaxation becomes negligible during a
time interval of the order of to.

The most likely situation in practice is that when
η « 2 (laser emission observed during the rise time of
a photoflash pulse). In this case, NHCI(*O) °° Ni{4 and

Nnci(to) °° Nl! . When the concentration of hydrogen

is increased, the energy of the laser radiation should
first increase slowly and this should be followed by a
sharp fall. The dependence of this energy on the photo-
flash power (on the value of A), is monotonic.

We can easily show that at low photoflash powers
the output energy is proportional to A, and at high
powers it is proportional to A 1 / ( 4 + n ).

The temperature dependences of the quantities t0,
NHCl(to) a n d to, NHCl(to) are also quite different. The
time interval t 0 always decreases and Nnci(to) in-
creases with rising temperature: t 0 °° σ"1/'11*2'
°° exp[Ea/(n +2)RT], Nci(t 0 ) °° exp[-Ea/(n +2)RTj.
On the other hand, the values of t 0 and Nnciito) de-
pend on the temperature not only through σ(Τ) but also

through T H 2 ( T ) ( T H 2 °° exp[-const/T 1 / 3J). Therefore,
in different ranges of temperature and for different
values of n, the temperature dependences of to and
Njiciito) may be different.

We shall now estimate the values of t0, NHCIUO),
to, and Nuci(to) in the optimum case η = 0. Accord-
ing to [ 2 β ] , σ = 1014 exp[-5.5 kcal/RT] cm 3-mole" 1-sec' 1 .

The values of TH 2 and τ0 at Τ = 300°K are: [ 3 2> 3 3 ]

T H 2

 =10~2 s e c - torr and τ0 = 10"5 sec -torr. For ν = 2
(27) (Sec. Ill) and Τ = 300°K, we obtain

ίο<4.1Ο-4(,νΗ 2Λ'α)"

Thus, at Τ = 300°K, the number (n) of HC1 molecules
forming in a time interval during which the vibrational
relaxation does not distort greatly the distribution k c

is found to be of the same order as the number of
chlorine atoms generated by the photochemical pro-
cesses of Eq. (23). When the temperature is increased,
the value of NHCl(to) increases strongly because in
this range of temperature, the exponential dependence
σ(Τ) in Eq. (27') is dominant in Eq. (27').

These estimates show that the concentration
NHCIUO) i s small compared with N H 2 + N H C I S O that,
in agreement with an assumption made earlier, the
rise of temperature due to the energy evolved in the
reaction is slight. Nevertheless, a change in the tem-
perature during the reaction may be of considerable
importance because the rate constant σ(Τ) depends
strongly on the temperature. Igoshin and Oraevskii^41

investigated the problem of achieving a vibrational in-
version in the reaction H2 + Cl2 by numerical methods,
taking into account the dependence T ( N H C I ) · Unfor-
tunately, Igoshin and Oraevskii had to use unreliable
values for the probabilities of the exchange of vibra-
tional quanta in collisions of HC1 molecules, which
they calculated by the Herzfeld-Schwartz-Slawsky
method.

Nevertheless, the results of Igoshin and Oraevskii154 ]

are valuable at least in offering a qualitative under-
standing of the kinetics of processes occurring in a
pulsed chemical laser. According to their results, a
population inversion between the 2-1 vibrational levels
of the HC1 molecule usually exists for a short time in
the initial stage of the reaction (when about 1% of Cl2

participates in the reaction). It is interesting to note
that an inversion between the levels 3-2 is produced by
cascade transitions of the ν — ν - 1 type and that
such inversion exists longer than that between the
levels 2-1. This result depends strongly on the rela-
tionship between the probabilities of the exchange of
vibrational quanta [Eq. (12')] corresponding to various
values of v, v' which are used in the calculations. As
expected, the time during which a population inversion
exists decreases strongly and its peak value increases
when the initial temperature is raised. Igoshin and
Oraevskii report that the efficiency of a laser increases
with rising temperature throughout most of the tem-
perature range which can be used in practice (the pos-
sibility of using a partial inversion is ignored).

Igoshin and Oraevskii [ 5 4 ] ignore the deactivation of
the vibrationally excited HC1 molecules in collisions
with hydrogen. Therefore, in the case of a slow rise of
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the concentration Nj jd ( l o w pumping energies) and a
high concentration of NH 2 , the reliability of their re-
sults reported in^54] is low.

Concluding our analysis of the system H2 + Cl2, we
shall compare the maximum value of the vibrational
inversion Δη which can be achieved in the absence of
relaxation processes (in the initial stage of the reac-
tion) with the maximum value of the vibration-rotational
inversion which may be achieved if a Boltzmann distri-
bution n v is established instantaneously and there is
no deactivation. In these estimates we shall use the
results reported in [ 4 8 ] for the distribution k v (Sec. II)
and we shall assume that k0 <S ki. In the normalization
of this distribution we must bear in mind that, in the
processes described by Eq. (11'), almost all the mole-
cules are formed in the unexcited state (v = 0). Then,
in the case of a total inversion, we obtain

\nm » (/> 2 - k,) max {(2/ + 1) oxp [ - / (/ -\-1) hcBlkT]} Z~'ot, (28)

The magnitude of a partial inversion can be estimated
if the values of Tvib

 a n d Τ are known. The vibrational
inversion in the absence of losses is governed by the
distribution k v and it is equivalent to 6000—7000°K.
Estimates obtained from Eqs. (8') and (9") give, for
Tvib = 6000°K and Τ = 500°Κ, the value of An m which
is 10 times smaller than that predicted by Eq. (29);
An m =0.01Z r

1

Q t.
A reduction in the inversion—and, consequently, in

the gain—by a factor of 10, compared with the maximum
value, is not unreasonable. The results of an experi-
mental investigation of lasers based on the reaction
H2 + Cl2 show that the laser effect is not observed in
the presence of a Boltzmann distribution n v (present
section). This may mean that the vibrational relaxation
is important in the investigated range of the concentra-
tions N H 2 , N^i, and temperatures because the fraction
of the energy evolved in the form of vibrations in the
processes described by Eq. (11') is lower than the value
assumed in our calculations. (We must also take into
account the losses of the vibrational energy due to the
laser effect. Although these losses are slight in rela-
tion to the currently obtainable efficiencies of chemical
lasers, they should be eliminated in order to facilitate
more rigorous investigations of the possibility of in-
ducing the laser effect in the case of a Boltzmann dis-
tribution n v . This may be achieved, for example, by
the use of a Q-switched resonator).

If T v ib is estimated from the results reported in [ 4 e ] ,
according to which only 7% of the energy of the process
(11') is evolved in the vibrational form, the tempera-
ture T vib i s f o u n d t o b e ~2700°K. Then, for Τ =500°Κ,
the inversion is negligibly weak:

Anm * 10-e/ZIot .

IX. BRANCHED CHAIN REACTIONS

As mentioned earlier, the fastest reactions are
those of the branched chain type. Only few such reac-
tions are known at present. They include the oxidation
of H2, PH3, SiH4, CS2, CO, and phosphorus; the decom-
position of NC13; some reactions involving molecular
fluorine and, for example, H2, CH3, I, HI; and some

other reactions. The relationships governing branched
chain reactions are usually considered by taking the
well-known oxidation of hydrogen as the example.[34>54]

We shall consider the reaction of hydrogen and fluorine
because the results can be used later.

Semenov and Shilov^551 used the experimental results
of Shilov et al . [ 5 6 ] to demonstrate that this reaction is
of the branched chain type and that the branching affects
the energy. This reaction proceeds as follows:

(30a) F 2 — F +F — nucleation of chains;
(30b) F +H2 — HF(v < 3 ) + H - elongation of chains;
(30c) Η + F 2 — HF(v < 6) +F — elongation of chains;
(30d)HF(v>4) + F 2 —

(v' s 4) +F +F — branching of chains;
(30e) Η +Ο2 +Μ — HO2 + M,

HO2 — wall — breakup of chains;
(30f) Η — wall, F —wall — breakup of chains;
(30g) Vibration-vibrational processes and deactiva-

tion of the vibrations of HF (including the
processes at walls).

At low pressures, the collision frequencies and,
therefore, the rates of the processes (30b), (30c), and
(30d) are low and the probability of deactivation of the
active H, F, and HF particles (v > 4) at the walls is
high. Therefore, at low pressures, the reaction mix-
ture is stable, i.e., it is not self-igniting. At high
pressures, the probability of the loss of Η atoms in
triple collisions of the (30e) type (the HO2 radicals are
not very active and are deactivated at the walls) is
high and, therefore, the mixture is again stable. At
some intermediate range of pressures, the processes
(30b), (30c), and (30d) may be dominant. In this case,
the reaction gathers momentum, i.e., the mixture
ignites spontaneously. This range of pressures depends
on the temperature of the mixture. In a plane with the
coordinates Τ and p, there is an "ignition peninsula"
whose presence is typical of branched chain reactions
(Fig. 3). The lower boundary of this peninsula is known
as the first ignition limit, and the upper boundary is
called the second limit. (V.L. Tal'roze shows that the
HO2 + F 2 — HF +O2 + F processes give rise to a third
ignition limit, shown dashed in Fig. 3.) The ignition
limits depend naturally on the relative concentrations
of the components of the mixture and the lower limit is
affected strongly by the size and shape of the reaction
chamber and by the material of its walls.

We note that the existence of this ignition peninsula
is practically always a sure sign that the reaction is of

Temperature Τ

FIG 3
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the branched chain type. (The opposite of this conclu-
sion is not, generally, true.)

The presence of the upper (second and third) limits
is typical of chain reactions but, in principle, they are
not essential. For example, in the reaction considered
here, the third limit is simply a result of the presence
of oxygen in the mixture. Using Eqs. (30a)-(30g), we
can derive equations which determine the rates of
change of the concentrations NH, Np, NHV(V):

(31a)^ = - (co3,VP:. + ω5Λ'θ 2Λ'Μ + ω6) Νη -h

, (31b)

+term representing . .
relaxation processes and deactivation at the walls.
Here, α>2, α>3, ω^ν, and cos are the rate constants of
the various processes (ω4 ;ν>4 = 0)> W(t) is the rate
of nucleation of the chains [Eq. (30a)]; the meaning of
the symbols ω6 and ω7 will be discussed later.

If the vibration-vibrational relaxation is ignored it
is found that Eqs. (31a)—(31c) contain only the concen-
trations NHF(V) w i th ν = 4, 5, and 6 [in practically all
cases, hv ^> kT and, consequently, NJJF(7) = 0>
9 N H F ( v > 4 ) / a t independent of N H F ( V < 4 ) ] · When the
vibration-vibrational relaxation is included, the num-
ber of equations increases.

Under these conditions, the rates of loss of the
particles H, F, and HF(v) are proportional to the
gradients of their concentrations. Therefore, αιβ and
o)7 contain the gradient operator and the expressions
in Eq. (31) are equations with partial derivatives.

If we consider the initial stage of the reaction, we
may assume that N R 2 = N H (t = 0), N F 2 =Np2(t = 0),
and Τ = T(t = 0). If, moreover, the concentration N H F is
so low that the terms representing the vibration-vibra-
tional relaxation can be omitted from Eq. (31c), we
find that the expressions in Eq. (31) become linear.

These equations can be averaged out over the volume
and then ωβ and ω7 are found to be some constants
which depend on the size and shape of the reaction
chamber and on the material of its walls. In this case,
a system of simple differential equations (31) describes
changes in the volume-average concentrations.

At high pressures (far from the lower ignition limit),
the deactivation of the particles on the walls has little
effect on the reaction over most of the reaction cham-
ber volume and the terms proportional to o>6 and ω7

(as well as a similar term in the equation for
9NfjF(v)/9t) can be omitted. Then the expressions in
Eq. (31) are still simple but not linear.

We shall consider the initial period of the reaction,
assuming that the rate of the nucleation of the chains
W(t) can be represented by a δ-function. Then, the
solution of the linear system (31) is a sum of exponen-
tial functions. Retaining only the largest exponential
function, we find that

where s is the largest of the roots of the determinant
of (31). An expression for s is obtained in t 2 3>2 2 ] on the
assumption that the rates of the processes 2 and 3 are
considerably greater than the rates of all the other
processes.

The limit of the ignition peninsula is found from the
condition s = 0: within this peninsula s > 0, and out-
side it s < 0. The exponential growth of the concentra-
tion of the products or of the rate of reaction is typical
of all the branched chain reactions. Naturally, this
growth occurs only during the initial stage of the reac-
tion when the concentrations of the reagents and the
temperature are close to their initial values.

As demonstrated in the preceding section, the dis-
tribution n v in the case of an exponential growth of
the concentration and in the absence of the vibration-
vibrational relaxation remains constant (for large
values of st) and it is given by Eq. (19'). For given
values of b and k v , there is a minimum value s m m at
which a population inversion is still retained by the
vibrational level system. For example, let us assume
that k » 1, kv+i » 0, and that b is given by Eq. (14').
For high values of st, we can then obtain from Eq. (23)

Thus, the condition for the existence of a population
inversion is, in this case,

ST>1.

In real situations, k v and b are different from those
just used and they are not known exactly. However, the
above condition for the existence of a population inver-
sion remains basically sound. Knowing the dependences
of s and τ on the pressure and temperature, we can,
in principle, find the region in the T-p plane in which
this condition is satisfied. Obviously, this region must
lie within the ignition peninsula (Fig. 4). Such a region
may be in the form of a peninsula (Fig. 4a), an island
(Fig. 4b), or it may be altogether absent. [ 3 1 ]

Under experimental conditions, a mixture is pre-
pared at temperatures and pressures outside the igni-
tion region. Then, a brief stimulus (an electric dis-
charge, photolysis, etc.) is used to transfer the mixture
to the ignition region and, if the energy of such a
stimulus is sufficient, to the region where a population
inversion can be achieved (see1·201). However, if the
energy of the stimulus is low, no population inversion
is achieved during the stage of the reaction for which
the expressions in Eq. (31) are linear and t 3> 1/s.
The vibration-vibrational relaxation in the reaction of
hydrogen with fluorine is basically ignored in the analy-
sis represented by the linearized system of equations

Temperature Τ
Temperature Τ

FIG 4



260 DZHIDZHOEV, PLATONENKO, and KHOKHLOV

Mirror

To pump

Reflector

Laser tube

Flashlamp

Trigger

Capacitor bank

cJ Photodiode

Oscillo-
graph

FIG 5

(31). We shall not consider here a system of equations
with nonlinear terms.

We can make the following general comments on the
influence of the vibration-vibrational relaxation on the
reaction. If the processes represented by Eq. (30d) are
very fast, this relaxation results in a weak population
of the level ν = 4 because of transitions from the third
level. In this case, the rate of reaction may increase
somewhat. However, if the processes represented by
Eq. (30d) are slow, this type of relaxation produces a
Boltzmann distribution n v and the rate of reaction
naturally decreases.

In the case of radical chains, the vibration-vibra-
tional relaxation does not affect the course of the reac-
tion and, therefore, its influence can be included within
the framework of the linearized problem. This has
been done, for example, in1-20'34·1 for a two-level system.
These papers also give estimates of possible efficien-
cies of lasers based on branched chain reactions.

X. CHEMICAL LASERS UTILIZING DIATOMIC
MOLECULES

Laser action has been observed in several diatomic
reaction products: HX, DX (X = F, Cl, Br), CO. [ 7 ' 2 7 ] A
typical experimental arrangement is shown in Fig. 5. A
mixture, which is a potential source of such diatomic
molecules, is admitted to a reaction tube with Brewster
windows or internal mirrors (sometimes the mixture
is pumped continuously through the tube t 1 5 ' 1 0 ' 7 0 ' 7 4 " 7 9 1 ).
In pulsed lasers, the reaction is initiated either by
pulsed photolysis (photoflash energies from tens to
thousands of joules are used) or by an electric dis-
charge. The flash duration is tens of microseconds but
the laser emission is usually shorter. The duration of
an electric discharge may be less than 1 μββο and
again the laser emission is shorter but it is of the
order of 1 μ sec) and it appears after a delay of a few
microseconds.

The reactions used in CW lasers do not require an
external stimulus and the working mixture is prepared
immediately before its injection into the resonator.

The reported values of the total output energy do not
exceed 2 χ 10~2 J under pulsed conditions. The maxi-
mum output obtained under CW conditions is 11 W.1-79-'
In most cases, a spectroscopic analysis of the laser
radiation was carried out.

The first chemical laser was built by Kasper and
Pimentel1·71, who used HC1 molecules formed in the

H2 + Cl2 reaction initiated by photolysis. The pressure
in their mixture ranged from 3 to 16 mm Hg and the
ratio of the partial pressures was Ρς;ι 2 : P H 2 * 1:12

The laser emission was observed for several transi-
tions, which were originally identified incorrectly with
the 1-0 transitions. The laser emission for each of
these transitions lasted less than 10 μββο and the be-
ginning of emission at each of the transitions was
practically coincident in time with the maximum of the
preceding transition.

A partial inversion of the population of the levels
ν = 1 and ν = 0 cannot be explained within the frame-
work of our analysis of the values of k v in the process
described by Eqs. (11') and (11"); it also cannot be ex-
plained by, for example, the results given in [ 4 8 ] .
Cornell and Pimentel [ 1 4 ] later measured more ac-
curately the frequency of the laser radiation and found
that it corresponded to the 2-1 transitions of the P-
branch. The gain maximum was observed for the
transition P2-i( 6) when the initial temperature of the
mixture was To = 300°K, and for the P2-i(8) transition
when this temperature was To = 384°K. This corre-
sponded to the ratio n(2)/n(l) of 0.68 and 0.62, re-
spectively. Cornell and Pimentel assumed that the dis-
tribution n(v) was distorted by processes described by
Eq. (12") so that the similarity with the results re-
ported in146-' could be accidental. The cited values of
the ratio n(2)/n(l) differed considerably from those
reported in [ 4 8 ] for the reaction (11').

The dependence of the output power on the initial
temperature of the mixture To, reported in [ 1 4 ], was
very interesting. The power increased with rising tem-
perature right up to To =530°K (at higher temperatures,
the mixture used in [ 1 4 ] ignited spontaneously). The
authors explained this effect by an acceleration of the
rate of the reaction.

The laser effect was observed for the D2 + Cl2 mix-
t u r e f l 4 ] only at temperatures To > 400°K. At lower
temperatures, the rate of this reaction was evidently
insufficient for a population inversion.

Airey[83 reported laser emission for the P-transi-
tions 1-0, 2-1, and 3-2 in the HC1 molecules formed
in the Cl2 + HI reaction. This reaction was also
initiated by photolysis. Moore [ 9 ] achieved laser emis-
sion in the same mixture by exciting it with an electric
discharge. In contrast to photolysis, a discharge pro-
duced not only chlorine atoms but also atomic hydrogen
and iodine. Therefore, the processes represented by
Eq. ( l l ' ) , as well as the CI2 + HI processes, played an
important role in this reaction. The laser emission
was obtained for the 3-2 and 2-1 P-transitions, start-
ing from the 3-2 transition. No radiation was observed
in the 1-0 band.

The total energy of the coherent radiation obtained
in the electrical excitation case was 2 χ 10"* J,
whereas photolysis of the same mixture (at a higher
pressure) yielded 2 χ 10~2 J . [ 9 ]

Although the reaction Cl2 + 2HI — 2HC1 + I2 is
exothermic, it is fairly slow. An additional source of
free chlorine atoms (generated by photolysis or dis-
charge), i.e., an external energy source, is required
before we can use the Cl + HI system in a chemical
laser.

On the other hand, the elementary Cl + HI reaction
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is extremely convenient from the point of view of ob-
taining high values of the ratio £vib Akin ( S e c · H).
Therefore, CI2 + HI lasers can be used to obtain higher
output powers than those possible in other chemical
lasers in which the HC1 molecule is used in the laser
emission. An important disadvantage of the Cl + HI
system is the rapid exchange of the vibrational energy
in processes of the type

HC1(K) + H J ( 0 ) - ^ H C 1 ( I ; - 1 ) + HJ. (32)

According to the results reported in [ 3 2 > 3 3 ], the rate of
such exchange is (5.1 ± 0.4) χ 103 sec"1 -torr"1.

The analogous system HBr + Cl2 was investigated
by Airey/2 5 1 who employed Q-switching. The working
pressures in Airey's work [ 2 5 ] were: PHBr + PCI
» 8.3 torr, PHBr iPCU^ 1 :3.44. The reaction was
initiated by photolysis and the output of the flash lamps
was of the order of 800 J .

When no Q-switching was used, Airey'251 obtained
laser emission pulses of 20 μββο duration, which were
due to the Pi transitions. In the Q-switched case, the
duration of emission was governed by the rate of rota-
tion of a prism or a mirror and was of the order of
1 μββο. The Q-switching did not alter the output power,
i.e., an inversion population was established in a sys-
tem in a time interval shorter than 1 μβεο.

The main relaxation process in this reaction was
HCl(v) + HBr(O) — HCl(v - 1) + HBr(l) + ΔΓ
~ 300 cm"1.

A reaction in mixtures of Cl2 and NOC1 with hydro-
gen, initiated electrically, also gave rise to the laser
effect as a result of the 1-0 P-transitions in the HC1
molecule. [ 1 0 ] In the H2 + Cl2 mixture, the laser emis-
sion began in the 3-2 transitions; then the 2-1 transi-
tion became active and finally the 1-0 stage was
reached [ Ρ ^ δ ) to P1_0(ll)]. Although the ratio
n(l)/n(0) should increase as a result of the cascade
transitions 3-2 and 2-1, the observation of the laser
emission due to the 1-0 transitions was unexpected.
For example, in the case of a population inversion be-
tween the levels ν = 1, j =6, and ν = 0, j = 7 [ Ρ ^ δ ) ] ,
the ratio n(l)/n(0) should in accordance with Eq. (7')
correspond to a vibrational temperature T v ^ ~ 6000°K
(T > 300°K). Such a high population of n(l) contra-
dicted the results reported in [ 4 6 ] but was in agreement
with the results reported in [ 4 8 ] if it were assumed that
k0 < k i , . . . for the reaction described by Eq. (10').

We may assume that, under the conditions employed
in t 1 0 1, the vibrations of the H2 molecule are excited
quite effectively in an electric discharge. The vibra-
tionally excited hydrogen should react easily in accord-
ance with Eq. (11") since the energy hvft2 of its vibra-
tional quanta would be greater than the activation en-
ergy of this reaction. The HC1 molecule can form any
state with ν > 0[1ΙΙΉ 2 > h^HCl + energy defect in an
elementary reaction represented by Eq. (11") es-
pecially as the ratio of the atomic masses in Eq. (11")
is favorable for high values of the ratio £yib Akin-

Several investigators [ 1 1 ' 1 3 ] achieved laser emission
from the HF and DF molecules which were formed in
photolysis-initiated reactions in mixtures of uranium
hexafluoride with hydrogen or with deuterated mole-
cules: H2, D2, CH4, CD4, C2H8, CCI3H. The mixtures of
UF6 with H2 and D2 were investigated in the greatest

detail. [ 1 1 ] The following processes were observed in
the reaction UF6 + H 2 : M

UF, + ftv-^UF5 + F, (33a)

F+H, —HF + H-i-32!^ (/?„,_ 1 .7^) , (33b)
mole \ mole;

H4-UFe-*HF + U F 5 + ( ~ 4 . 6 ^ e ) , (33c')

U F 5 + U F 5 ^ U F 4 + UF6, (33c")

H-|-UF5->HF + UF4. (33d)

It was argued in [ 1 1 ] that the reactions (33c') and (33d)
were slow and did not affect appreciably the operation
of a laser. Consequently, the principal process in
which the excited HF molecules were formed in this
reaction was that described by Eq. (33b). We should
note that the number of such excited molecules was
not larger than the number of quanta of light required
to produce free fluorine atoms. Since, moreover, the
energy required to break the U-F bond was greater
than that evolved in the process (33b), the excited HF
molecules were generated, in principle, at the expense
of the light quanta.

At low pressures in the reacting mixture (a few mm
Hg), the laser emission was observed for the
P2-!(3)-P2-i(8) transitions in the HF molecule and for
the P2-i(3)-P2-i(8) and P3-2(4)-P3-2(9) transition in DF.
The distribution over the rotational levels differed
from the equilibrium case and, therefore, it was diffi-
cult to obtain information on the populations n v .

When such a mixture was diluted with neutral gases,
an equilibrium distribution over the rotational levels
was achieved. In the case of HF, the laser emission
was observed first for the P2-i(4) transitions and then
for the P2-i(5) transitions, i.e., there was a competi-
tion between these transitions. Similar effects were
observed for the DF molecule. The results obtained
enabled the authors [ 1 1 ] to estimate the relative popula-
tions of the vibrational levels. Evidently, before the
beginning of the laser emission, the value of n(v) was
proportional to the rate k v of the process (33b). It
was estimated that n(3)/n(2) » 0.83-1.11 for DF and
n(2)/n(0) > 1 for HF (the second estimate was less
reliable than in the case of DF^4-1).

Stimulated radiation corresponding to the 1-0 transi-
tions was not observed i n t u ] and, therefore, it was not
possible to estimate either the ratio n(l)/n(0) or
evib Akin for the process (33b) which, according to the
results reported in1-47-1, could be quite effective in the
sense of generation of vibrationally excited molecules.

The levels of the HF and DF molecules with ν * 0
could have been heavily depleted by processes of the
type described by Eq. (4") (in the DF-D2 system the
energy defect in this process was fairly small). The
influence of such processes was not estimated i n f l l ] .
The actual values of k v + i/k v in Eq. (33b) were likely
to be considerably higher than the values of the ratio
n(v + l)/n(v) measured in [ 1 1 ] .

Deutsch'15·' observed laser emission from the HF
and DF molecules which were obtained in discharge-
initiated reactions in mixtures of hydrogen and deu-
terium with the Freons CF4, CBrF 3 and CC12F2;
Deutsch also observed laser emission from the HC1,
DC1, HBr, and DBr molecules using mixtures of H2

or D2 with Cl2 or Br2.
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In the case of HF, the stimulated radiation was due
to the Ρ ^ ο ^ - Ρ ^ α δ ) , Ρ2.1(2)-Ρ2.1(15), P3-2(2)-P3-2(8)
transitions; in the case of DF, it was due to the
Ρ ^ ^ - Ρ ^ β ) , Ρ,-^-Ρ,-ΛΠ), Ρ3-2(3)-Ρ3-2(4), and
P4-3(5)-P4-3(7) transitions. Obviously, in both cases the
ratio n(l)/n(0) was considerably smaller than the ratios
n(2)/n(l) and n(3)/n(2). However, the data given in [ 1 5 ]

were insufficient to obtain numerical values of these
ratios.

The principal process responsible for the formation
of excited molecules was again that described by Eq.
(33b). As in the H2 + Cl2 reaction excited by an elec-
tric discharge,[9] the rate of this process and the dis-
tribution of its products could be affected considerably
by the vibrational excitation of the hydrogen molecules.

When Freons or uranium hexafluoride are used as
the sources of fluorine, a large amount of energy
(electrical or optical) is necessary to start the reac-
tion. Such reactions are of great interest from the
point of view of the investigation of elementary chemi-
cal processes but they are not useful sources of energy.

Excited HF molecules were generated in[161 by the
exothermic chain reaction F2O + H2, excited by flash
photolysis. Although the energy of the stimulated radi-
ation obtained from this reaction was low (less than
10~5 J), such reactions should be regarded as quite
promising. The disadvantage of the particular reaction
used (F2O + H2) was the formation of a large amount
of water which deactivated the vibrations of the majority
of the molecules, including, probably, those of hydrogen
fluoride. Moreover, an undiluted mixture was used in [ 1 6 ]

and, therefore, the specific heat of this mixture was
relatively low and the kinetic degrees of freedom were
rapidly excited. The efficiency of this system can be
probably increased considerably by the use of high-
specific-heat diluents such as SF2, etc.

Laser emission due to the Ρ transitions in HF was
reported by the same authors in[26^ for the F2O + H2

reaction excited by a shock wave.
As mentioned earlier, the most promising reactions

for chemical lasers are those of the branched chain
type. One such reaction, that of fluorine with hydrogen,
was used in t 2 0 ] for a chemical laser based on HF. The
pressure and temperature of the mixture were selected
near the lower ignition limit (Fig. 4). A weak electric
discharge, whose energy was of the order of 1% of the
energy evolved in the reaction, was used to increase the
temperature and pressure in the mixture by an amount
sufficient to move the coordinates of the point ρ, Τ
within the ignition peninsula in Fig. 4 (in principle, the
point ρ, Τ could be shifted to the ignition region by a
change in the pressure or in the temperature of the
mixture without the need to use electrical or optical
energy for the ignition of the reaction). The laser
emission was observed at several frequencies in the
3600—4200 cm"1 range; this indicated that a total
vibrational inversion was achieved in the reaction
products. The maximum ratio of the coherent radiation
energy to the energy of the firing pulse (of the order of
2—10%) and the highest efficiency of pulsed chemical
lasers (0.2%) were achieved in this reaction.[20'

The reaction reported in [ 2 0 ] was nonuniform over
the cross section of the reaction tube and only a small

part of the reaction volume, located near the tube axis,
was active in the laser emission.

Obviously, the use of mixtures with the parameters
ρ and Τ above the second ignition limit would make the
reaction more uniform across the chamber volume and
would make it possible to obtain higher output powers
and efficiencies.

It is interesting to note that the laser emission re-
ported in'20-1 was due to the Pi_0 transitions of HF but
that the output power was low.

The spectrum emitted by an H2 + F 2 laser was in-
vestigated in detail in^22]. According to the results re-
ported in^22], the greatest number of transitions was
found in the 2-1 and 5-4 bands; the 0-1 transitions
were not observed in [ 2 2 > 2 4 ].

The large number of transitions in the 5-4 band was
probably due to the depletion of the V = 4 level by the
process HF(4) + F 2 — HF(0) + F + F, whose probability
was evidently higher compared with the analogous
processes in which molecules with ν >: 4 participated.

The high intensity of the 2-1 transitions could be
due to a high population of the level 2 in the products
of the reaction H + F 2 — HF + F and the reaction
F + H2 — HF + H. Moreover, the level ν = 1 was
probably depleted at a higher rate because of the colli-
sions with hydrogen. This conclusion was, to some
extent, in conflict with the results reported in1·20-1,
where no laser emission was observed in the 1-0
transitions. Tal'roze suggested that the absence of the
laser emission in the 1-0 transitions could be explained
by the presence, before the reaction, of some HF(0)
molecules in the mixture. This was quite likely because
it was difficult to prepare a mixture of pure components.

Some interesting results were obtained by Dolgov-
Savel'ev and his colleagues,1-24-1 who investigated the
laser emission of the HF molecules generated in the
reactions H2 + F2, H2 + UF6, and H2 + MoF6.

An important disadvantage of all these reactions was
the absence of any selective mechanism which would
result in the preferential formation of molecules in one
of the upper vibrational states. According to the results
reported in118·1, such a mechanism is active in the oxi-
dation reaction CS2 + O2. One of the products of this
reaction is in the form of vibrationally excited mole-
cules of carbon monoxide. Pollack[17] reported laser
emission for some of the P-transitions in carbon
monoxide excited in this reaction by photolysis. A
more detailed study of lasers based on this reaction
was reported in t l 8 ] . This reaction was also initiated by
the photolysis method. Laser emission was observed
in various transitions of the ν — ν - 1 type in the Ρ
branch (v = 1-16) and in the R branch (v =9-15).
Thus, an almost total population inversion between the
levels ν and v - 1 (9 £ ν £ 15) was observed for the
CO molecule. (No laser emission in the R transitions
was observed in any other laser but this did not mean
that a total inversion was not achieved in other lasers;
the absence of the R-transition emission could be a
competition between transitions. It was reported in [ 1 8 ]

that stimulated radiation for the R-branch transitions
was observed only when a selective resonator was
employed so that competition between the transitions
was suppressed.)
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As reported in [ 1 8 ] , the laser emission by the CO
molecules always started with the 13—12 vibrational
transitions. This was explained as follows. The in-
vestigated reaction included the elementary processes:

s . o2->so2 : 124 kcal/mole (34a)

so + o-»SO2+l23 kcal/mole (34b)

(the second of these processes had a much higher prob-
ability than the first). It was suggested in [ 1 8 ] that these
processes produced electronically excited molecules of
SO2, which transferred their excitation energy to the
CO molecules so that they were promoted from the
ground state to the state with ν = 13. This explanation
was confirmed by the observation of a strong lumines-
cence in the reaction with a maximum in the region of
λ = 3640Α, corresponding to an excitation energy of
78 kcal/mole, which was very close to the energy of
the ν = 13 vibrational level of CO. Such luminescence
was observed also by Kondrat'eva and Kondrat'ev, t 4 4 ]

who noted its strongly nonequilibrium nature.

The laser emission due to the vibrational transitions
ν — ν - 1 for ν = 11 — 10 began earlier than for ν = 12
or ν s 9. This was explained by the fact that in the
elementary reaction

O--CS,-»CO + Si + '70 kcal/mole (34c)

the rate of formation of the molecules with ν = 10—11
was higher than that of the molecules in other states
(the energy of the level ν = 11 is 67.1 kcal/mole).
However, strong selectivity was not observed. Accord-
ing to our analysis given in Sec. II, the process (34c)
could be efficient from the point of view of vibrational
excitation of the molecules.

Hancock and Smith'·571 assumed that the principal
processes responsible for the generation of the strongly
excited CO molecules in this reaction were

S + O2-»SO+O,

O + CS-^CO + S.

(34d)

(34e)

The energy of the second process was not known
exactly but Hancock and Smith estimated it to be
75 kcal/mole, which was sufficient for the generation
of excited CO molecules (v =13). A qualitative discus-
sion [ 5 7 ] of the potential surface on which this reaction
occurred has demonstrated that the reaction might be
a very efficient source of strongly excited (in the vibra-
tional sense) molecules of CO.

Arnold and Kimbell'-70-' reported laser emission for
the P-branch transitions in CO molecules excited in
the CS2 + O2 reaction initiated by an electric discharge
in a flow-through system. Arnold and Kimbell dis-
cussed some mechanisms of the generation of excited
CO molecules and concluded that the elementary reac-
tion CS + O2 — CO + SO was responsible for the exci-
tation.

The reaction CS2 + O2 is, generally speaking, very
complex and little is known about it. Therefore, it is
difficult to judge whether it is promising from the point
of view of its use in chemical lasers. An important
disadvantage of this reaction is its relatively low rate.
According to Kondrat'ev, [ 4 3 1 the activation energy of
the elementary process which limits the rate of this
reaction is 15.5 kcal/mole.

The use of a partial population inversion in a sys-
tem of CO molecules cannot ensure a high value of the
energy conversion coefficient. Because of the large
moment of inertia of the carbon monoxide molecules,
the partial inversion is weak when n(v + l)/n(v) is
still close to unity. Therefore, a CO chemical laser
can operate efficiently only in the presence of a strong
influence of relaxation processes of the type given by
Eq. (12"), i.e., at low partial pressures of carbon
monoxide.

On the other hand, this reaction occurs at relatively
low temperatures.

The combustion of carbon disulfide at Τ = 300° C
without an external stimulus has been reported in [ 4 4 ] .
Therefore, the free energy of the reaction products may
be very high (T v ib 3* T). It is also known that this
reaction is of the branched chain type. It is evident that
this property of the reaction has not yet been utilized
in full.

Some successes in obtaining CW emission in the
reactions F + HC1 — HF + Cl [ 7 8 ] and H2 + F — HF
+ H^74] have been reported recently.

Airey et a l . [ 7 8 ] achieved quasicontinuous radiation
(pulses of the order of 1 msec duration) with an output
power density of the order of 3 W/cm2. Atomic fluorine
was generated in'78-' by thermal dissociation in a shock
wave (T « 1200°K). Supersonic streams of partly dis-
sociated fluorine and HC1 were drawn into a vacuum
chamber where they were mixed and where the reac-
tion F + HC1 = HF + Cl took place. The duration of
the laser emission was determined by the time for
which a high temperature was maintained in vacuum
near the nozzle, and this duration exceeded consider-
ably the vibration-vibrational relaxation time. There-
fore, the generation of pulses of such duration could be
regarded as continuous.

Prolonged continuous radiation (of the order of 30
sec) was reported in [ 7 4 ] when supersonic streams of
fluorine atoms were injected into a hydrogen atmos-
phere. Fluorine atoms were generated by the dissocia-
tion of SF6 in an SF6 + N2 mixture heated in an arc to
2000°C. The concentration of fluorine atoms was 4%.
The heated and partly dissociated mixture flowed into
a rectangular nozzle, of 0.375 x 7 in. in size. An opti-
cal resonator was placed across the gas stream at a
distance of 3—5 in. from the nozzle exit.

The output power was 1 W. Control experiments
showed that chemical processes were indeed responsi-
ble for the population inversion/74·1

Continuous emission of 500 W power in a similar
system was reported in [ 8 1 ] .

XI. CHEMICAL LASERS UTILIZING POLYATOMIC
MOLECULES

The use of polyatomic molecules in chemical lasers
can have important advantages over diatomic mole-
cules. There are many suitable polyatomic molecules,
each with several relaxation times. [ 4 3>5 8 ] In such mole-
cules, a population inversion between the vibrational
levels of different degrees of freedom can be achieved
during the post-reaction period, even if an inversion is
not possible during the reaction. Let us assume that a
chemical reaction produces polyatomic molecules in
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which a vibrational mode with the maximum lifetime is
sufficiently strongly excited. A Boltzmann distribution
within each vibrational mode is established during the
reaction or soon after its completion. The temperatures
of the different vibrational degrees of freedom may
remain different for a long time since those degrees of
freedom which have shorter lifetimes experience more
rapid cooling. An inversion of the population may ap-
pear between levels of different degrees of freedom if
their temperatures differ sufficiently strongly. For ex-
ample, this may happen if the inequality (6) is satisfied.
The situation is similar to that which obtains in the
CO2 laser.C 5 9 > 6 0 ] The efficiency of such a system may
be fairly high.

Since, within certain limits, one can control the
rates of relaxation of different systems of vibrational
levels, one can obtain an optimum relationship between
them.

The most attractive are the reactions resulting in
the formation of excited CO2 molecules whose energy
level system is very convenient for a population inver-
sion. Unfortunately, because of the quantum forbidden-
ness, the oxidation of CO is very slow at moderate
temperatures. Usually, CO oxidizes only in the pres-
ence of OH radicals and the mechanism is CO + OH
^ CO2 + Η + 22 kcal/mole. The energy transferred to
the vibrations of CO2 does not exceed one-third of the
total energy yield of the reaction CO + y2O2 = CO2

+ 65.4 kcal/mole. The presence of water in a mixture
results in a very rapid deactivation of the vibrations of
carbon monoxide and, therefore, a population inversion
is difficult to achieve. [ 6 1 ] This explains the lack of
success is achieving a population inversion in CO2 by
burning hydrocarbons in oxygen.[β2"β5]

Pimenov, Strakhov, and the present authors at-
tempted to produce a population inversion in CO2
formed by the oxidation reaction CO + O3. At pres-
sures of the order of several torr, the oxidation reac-
tion was reasonably effective only in the presence of
hydrogen (and, consequently, OH). No inversion was
observed. However, this result should not be regarded
as final.

Other oxidants have not been used to obtain a popu-
lation inversion in CO2 molecules.

In general, a population inversion in polyatomic
reaction products can be achieved when the following
conditions are satisfied: 1) the reaction rate should be
sufficiently high compared with the rate of transforma-
tion of the vibrational energy into other degrees of
freedom; 2) the reaction products must have levels
convenient for a population inversion (they must satisfy
the same requirements as other molecular
lasers [ 5 8 ' 5 8 ' e o ] ); 3) the vibrational mode with the longest
lifetime must be strongly excited in the reaction
products.

It is quite difficult to satisfy all these requirements
simultaneously. Moreover, it is not known precisely
how the energy is distributed over the various degrees
of freedom in polyatomic molecules. However, one can
combine the advantages of diatomic and polyatomic
molecules by producing (in a chemical reaction)
strongly excited diatomic molecules with long vibra-
tional relaxation times. These molecules can then be
employed in the resonance transfer of the vibrational

energy to a particular vibrational mode in polyatomic
molecules with a system of levels suitable for an in-
version of the population J 2 9 ' 5 e ] This method would have
the advantages described in the following paragraphs.

Since a diatomic molecule has only one vibrational
degree of freedom, a considerable proportion of the
reaction energy may be evolved in the form of vibra-
tions of a given type. Next, the energy may be trans-
ferred to a particular vibration mode in polyatomic
molecules and the concentration of such molecules may
be sufficiently low so that the free energy of the system
decreases only slightly in this transfer. Thus, the
selected vibrations in polyatomic molecules may be
excited much more strongly than other vibrations.

It is very important to note that, in this case, the
nature of the distribution of the reaction products over
the vibrational levels is not of great importance. All
that is necessary is that a considerable fraction of the
energy should be evolved in the vibrational form. This
circumstance extends considerably the range of reac-
tions which can be employed in chemical lasers.

The requirements governing the reaction rate are
also less rigorous since the lifetimes of many diatomic
molecules are fairly long and although the deactivation
of the vibrations of polyatomic molecules may be fairly
rapid, it cannot result in a rapid loss of vibrational
energy by the whole system if the concentration of such
molecules is low. It should be mentioned that the maxi-
mum relaxation times are exhibited by symmetrical
molecules which cannot be used directly in lasers.

The disadvantage of the combination of diatomic and
polyatomic molecules is the need to select those mole-
cules between which the exchange of the vibrational
energy is sufficiently efficient. We shall show later
that this problem has been solved in some cases.
Moreover, it is difficult to achieve a high gain in com-
bined systems because radiative transitions between
the vibrational levels of different degrees of freedom
have a low probability and the concentration of poly-
atomic molecules should be low.

Long vibrational relaxation times are excited by the
following molecules: N2, O2, H2, CO, HC15, HF, DC1,
DF, etc.

The nitrogen molecule, which has been used success-
fully in electrically excited lasers based on CO2, is of
special interest. Basov and his colleagues[ββ>67] demon-
strated the possibility of a population inversion in CO
molecules during the flow of an N2 + CO2 mixture into
vacuum and they determined the numerical character-
istics of such an inversion under various conditions.

A numerical calculation of the probabilities of the
transfer of the vibrational energy in collisions between
N2 and some triatomic molecules is reported in [ 5 8 ] .
The same paper also reports a determination of the
conditions under which such transfer can give rise to a
population inversion.

The class of reactions which can act as sources of
N2 molecules is fairly wide. However, there is little
information on the distribution of the energy over
various degrees of freedom of the products of such
reactions. Therefore, special investigations are neces-
sary of particular reactions in order to determine
whether they are promising.

Measurements of the vibrational temperature of
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molecules excited in collisions with products of the
decomposition of hydrazoic acid HN3) i.e., with nitro-
gen and hydrogen molecules, were reported in [ 2 8 ' 2 t^.
The reaction was carried out at partial pressures of
HN3 of 2—5 mm Hg and was initiated by an electric
discharge whose energy was of the order of 1% of the
energy evolved in the reaction.

When a mixture of 3HN3 + 1CO2 + 8Ar was used, the
temperature of the antisymmetric vibrations of CO2

reached 11 000°K, whereas other vibrations were
"heated" to not more than 3000°K so that a population
inversion was established between the levels

for vl, or

The vibrational energy can be transferred from
carbon monoxide, CO, to the same polyatomic mole-
cules as in the case of nitrogen, and the best match of
the levels with carbon monoxide is not given by CO2

but by N2O, COS, HCN, and C2N2. Unfortunately, the
majority of the potential sources of CO molecules con-
tains hydrogen and, consequently, the resultant reac-
tions produce water, which rapidly deactivates the vi-
brations of all the molecules. In this sense, the reac-
tion of oxidation of CS2 is promising: it produces not
only CO but also carbon oxysulfide, COS. In the pres-
ence of water, this reaction may also produce consid-
erable amounts of CO2. Moreover, it is possible that
the transfer of energy of the electronic excitation of
SO2 to molecules of COS or CO2 may be effective.
Such a situation would be optimal from the point of
view of the efficient use of this excitation energy.

In other cases, the criterion for the selection of
molecules acting as acceptors of the vibrational energy
may be the closeness of the vibrational frequencies of
the diatomic and polyatomic molecules.

The vibrational frequency of DC1 (2090 cm"1) is
close to the frequencies of COS (2050 cm"1) and of
HCN (2089 cm"1). However, it may be very difficult to
find a reaction whose product is DC1 and not other
molecules. This comment applies also to molecules of
HF, DF, and HCl.

The natural frequencies of the last two molecules
(~ 2900 cm"1 and 2888 cm"1) are close to the frequen-
cies of other hydrogen-bearing molecules, for example,
2874 cm"1 of formaldehyde and 2914 cm"1 of methane.
The system of levels of H2CO and CH4 are such that
we can expect then to have several relaxation times
and the maximum values of these times should be
exhibited by the vibrations of the frequencies just cited.
It is usual to assume that the vibrational relaxation of
hydrogen-bearing molecules is very rapid. Neverthe-
less, experimental data on this point are available only
for vibrations of the lowest frequencies. Therefore, it
is difficult to determine a priori whether a population
inversion is possible in systems of the HC1-H2CO type.

The molecules of H2CO and CH4 are satisfactory
from the point of view of achieving a high gain in a
laser. Although they have a large number of degrees of
freedom, their natural frequencies are relatively high,
and the distances between the levels of their rotational
structure are relatively large so that the partition
functions Zvib and Z r o t may not be too large. More-
over, the vibrations of these molecules are fairly
strongly anharmonic and, therefore, the probability of

transitions, forbidden in the harmonic approximation,
may be quite reasonable.

There are no molecules with vibrational frequencies
close to those of H2 or HF. The closest to the vibra-
tional level of 3960 cm"1 is the 3756 cm"1 level of H2O.
However, we cannot use water because of the fast re-
laxation although such a system would be satisfactory
from the point of view of chemical compatibility.

The transfer of the vibrational energy may be also
sufficiently effective in the elementary processes in
which one vibrational quantum of a diatomic molecule
with a high natural frequency is transformed into two
vibrational quanta of a polyatomic molecule. For exam-
ple,

HF(1) + HCN(OOO) -> HF(0) + HCN(OH) ~ 45 c m "

HC1(1) + N2O(000) i ± HC1(O) + N2O(011) + 90 c m " 1

(35a)

(35b)

(35c)
and so on. Measurements of the rate of vibrational
exchange in the HCl +CO2 system are reported in [ 3 2 > 3 3 ] .
Assuming that the main process in this exchange is

Δ£ « 537 c m ' 1 , (35d)

it is found in [ 3 2 ' 3 3 ] that the rate of this process is
(ρτ)"1 =(9.4 ± 0.8) x 10" sec"1 -torr"1. The rate of the
reverse process is, as expected, exp (ΔΕ/kT) times
smaller. The experimental arrangement used in f 3 2 > 3 3 ]

does not exclude the possibility that the measured
rates apply to the forward and reverse processes de-
scribed by Eq. (35c). (in this case, the rates of the
forward and reverse processes are related by the
same Boltzmann factor if the temperature of the de-
formation vibrations is equal to the kinetic tempera-
ture.)

Such very high rates of transfer of the vibrational
energy from HCl to CO2 have enabled the authors

Of[32,33] to construct a CO2 laser in which the source of
pumping energy is in the form of HCl molecules gen-
erated in the HI + Cl2 reaction. This reaction was
initiated by photolysis.

The duration and energy of the radiation emitted by
such a CO2 laser was several times higher than that
of a laser based on HCl and using the same mixture
without CO2. (When CO2 was added the output power of
the HCl laser decreased and eventually the laser emis-
sion stopped; just before this happened, the emission
by CO2 began and it increased up to a certain satura-
tion value.)

Similarly, Gross et a l . [ 1 9 ] achieved laser emission
(λ = 10.6 μ) from CO2 molecules by transferring the
vibrational energy from DF to CO2. The DF molecules
were produced in the D2 + F2O reaction initiated by
photolysis. As in1-32·1, laser emission by DF was ob-
served in the absence of CO2 from the mixture. When
carbon dioxide was gradually added, this laser emis-
sion decreased in power. When the partial pressures
of F2O, D2, and CO2 became equal, laser emission was
observed only in the λ = 10.6 μ region even when
selective resonators were used to avoid competition
between the different molecules. The output power was
lower than for an F2O + D2 mixture but because the
duration of laser emission was longer the total energy
output was more than doubled.



266 D Z H I D Z H O E V , P L A T O N E N K O , and KHOKHLOV

1)
2)
3)
4)
5)
6)

Reaction

Cl+HI
F +Ό2D 4- F 2F +DI
F - I - T-T

H+F 2

2

—>HC1+I
- ^ DF+D
- ^ D F + F
^ D F + I
—-HF+H
—*HF-f F

He
He
He
He
He
He

3
3

21
2
8

.15

.15

.8

.91

.84
11.2

Table II

Rate of flow, 10"3

CO2 0.88
CO2 0.60
CO2 2.10
CO2 0.68
CO2 1.27
CO2 1.79

HI
D2
F 2DI
H2

mole/sec

0.
0.
0.
0
0.
0.

10
25
70
046
20
26

Cl 2 0
F 2 0.
D 2 0.
F 2 0.
F 2 0.
H 2 0.

099
16
73
064
28
16

Pres-
sure-
torr

11.1
12.3
50

9.6
23
26

Output
power,

W

0.020
0.74
2 9
0.084
0.079
0.050

The main process which resulted in the excitation
of the antisymmetrical vibrations of CO2 was

To pump

CO2(000) ̂  DF(0) + CO2(011) - ΛΕ. (34e)

Laser emission at λ = 10.6 μ was also reported
recently1-28"311 for molecules excited by the exchange of
the vibrational energy in the CO2-N2 system. Vibra-
tionally excited nitrogen was generated by the decom-
position of hydrazoic acid: HN3 — y2H2 + %N 2

+ 71 kcal/mole.
Cool et al. carried out a series of investiga-

tions 1 7 5" 7 7 ' 7 9 1 on CW chemical lasers utilizing CO2

molecules excited by the exchange of the vibrational
energy with products of the reactions listed in Table II.
Free atoms of chlorine, fluorine, deuterium, or hydro-
gen were generated in a high-frequency discharge in a
mixture of helium and the appropriate gas (Fig. 6). The
partly dissociated mixture was transferred into a
Teflon reaction tube of 9 mm diameter, into which a
mixture of CO2 with the second component of the reac-
tion (H2, HI, D2, DI, F2) was injected simultaneously
through a special nozzle which ensured rapid mixing.

The rate of flow of the gas in the Teflon tube was
about 400 m/sec. The mixing and reaction took
100— 200 μββο. The mixture which had reacted flowed
into a Pyrex tube, 2.54 cm in diameter and 60 cm long.
Cool et al . [ 7 6 1 concluded that the main contribution to
the laser gain was made by the region inside the Teflon
tube. Table II lists the partial velocities of the gases,
the pressure at the entry to the Teflon tube (at the exit
of this tube the pressure fell to 65% of its initial value,
and at the Pyrex tube it fell to 9%), and the laser out-
put power under optimal conditions. Reactions 2 and 3
as well as 5 and 6 in Table II were not independent but
were branches of the same chain reaction because the
primary mixture was only partly dissociated. Thus,
this approach combined the advantages of the branched
chain reactions and the resonance exchange of the vi-
brational energy between diatomic and polyatomic
molecules.

Cool et al . t 7 ? 1 reported also the construction of a
"purely chemical" laser without an external source of
energy for the initiation of the reaction. They used a
system similar to that described in the preceding para-
graph but the source of atomic fluorine was not the re-
action NO + F 2 = NOF + F, which took place in a side
tube. Quite recently, Cool et al. [ 7 Q l achieved CW laser
emission at λ = 10.6 μ and the highest reported coef-
ficient for the conversion of chemical energy into laser
radiation, which was 4%. The output power was 11 W.
They used a branched chain reaction, in a flow-through
system without external initiation. Cool et al. expressed
the opinion that it should be possible to increase the

FIG 6

laser efficiency to 15% by the use of a transverse reso-
nator.

XII. CONCLUSIONS

The direct conversion of chemical energy into co-
herent radiation is of very great importance in many
branches of science and the national economy. About
twenty types of chemical laser have already been con-
structed. The systems using vibration-rotational
transitions in diatomic products of chemical reactions
have been investigated in the greatest detail. Consider-
able difficulties are being encountered in achieving
high efficiency in such systems. Greater promise is
shown by lasers using a total vibrational inversion of
population in polyatomic molecules (the first such
lasers have already been constructed).

Further progress in chemical lasers depends on the
success in the search for new fast reactions, particu-
larly those with branched chains, which could serve as
sources of excited molecules. It would be desirable
also to investigate the possibility of operating at high
pressures (of the order of the atmospheric pressure).

The work on chemical lasers is stimulating and
enriching those branches of physical chemistry and
chemical physics which deal with elementary chemical
processes and with the mechanism and kinetics of re-
actions .
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