CHEMICAL LASERS

V. K. Ablekov, Yu. N. Denisov,
and V. V. Proshkin

INTRODUCTION

Lasers, known also as optical quantum generators, are finding increasing use from year
to year in commercial technology, medicine, communication, geodesy, and other branches of
science and technology. Quantum techniques are used in holography, in sounding of remocte
objects and measuring large distances in astronomy, in research on transmission of television
images with the aid of a light beam, etc. Promising results were obtained for the use of
quantum generators for use in thermonuclear fusion [1].

The expanding fields of application of quantum generators is accompanied by moderniza-
tion of the already produced systems and by the developmentof quantum generators using new
active media and new physical and chemical principles Industry is now producing solid-state,
gas—-discharge, semiconductor, and dye lasers.

The development of stimulated-emission generators and amplifiers for the visible and in-
frared bands [2-7] evolved from the basic researches of N. G. Basov, A. M. Prokhorov, and
Townes and coworkers, who obtained coherent radiation [8, 9] in the microwave band on the ba-
sis of amplification of electromagnetic waves [10, 11],

Methods other than those using optical or electric energy were developed for pumping
of quantum generators. The most promising among them are thermal and chemical pumping. In
the first, thermal energy is converted into the energy of coherent stimulated emission, and
in the second the pumping energy is released in exothermic reactions in which atoms and mole-
cules are produced in excited states [12-15].

A chemical quantum generator is a device in which population inversion and radiation
generation are effected either directly, as a result of a chemical reaction, or after a reac-
tion in which energy is exchanged between components of a medium, at least one of which is a
product of this reaction. :

The branch af science dealing with chemical quantum generators includes quantum mech-
anics, physics, chemical kinetics, optics, and hydro-, gas—-, and plasmadynamics., With re-
spect to the features of the energochemical transformations of reagents A, B, C, D, and G,
the main processes in chemical lasers can be illustrated by the following scheme [16]:
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Most chemical reactions are relatively slow and are therefore not suitable for popula-
tion inversion. The excited particles (marked with an asterisk) have no time to accumulate
and relax to the ground state, and no quantum-mechanical radiation is generated. Chemical
lasers can therefore work only with rapid reactions, such as molecule photodissociation or
other chemical reactions initiated by the action of light (hv), combustion, explosion (AT),
electric discharge (e”), or a chemical reaction between atoms or molecules, e.g., in collid-
ing beams of atoms or molecules of various substances.

The chemical method of population inversion makes the construction of a laser with high
efficiency and high output power possible. Particularly high power can be obtained from a
laser with an explosive chemical reaction.

In a chemically pumped laser, chemical energy is directly converted into optical radia-
tion. Among the advantages of such chemical lasers over other known lasers is also that they
generate a broad wavelength spectrum in the range from 2 [17, 18] to 100 um [19]. Advances in
research into chemical lasers extends this range to the ultraviolet and millimeter regions of
the spectrum.

The spectra of the coherent emission of chemical lasers coincide with the regions of
the vibrational frequencies of many molecules. This makes it possible to use chemical lasers
for a purposeful stimulation of chemical reactions by applying radiation to selected vibra-
tional degrees of freedom [20]. -

Chemical lasers can be used to study the distribution and transport of energy in chem-—
ical reactions, and to obtain information on the nature of excited particles by wavelengths.
“Methods were developed for the measurement of the cross sections of relaxational and other
chemical-kinetics processes, based on the use of chemical-laser radiation and on the salient
features of spectral and temporal characteristics.

Chemical lasers make use of exothermic processes, in the course of which excited reac-
tion products with inverted populations are obtained. Therefore, the chemical-~laser proper-
ties cited above include also the fact that the energy required for the excitation is pro-
duced by a chemical reaction proper, and not by an extermal source, as, e.g., in solid-state
and gas lasers. Later trends in science and technology have shown, however, that chemical
lasers constitute a larger class of quantum mechanical systems, including some with external
energy sources {(such as y-rays, electrons, and others), which initiate the chemical reactions,
inasmuch as the reactions can be, e.g., photolytic or radiolytic. If account is also taken
of matter conversion in the course of the reaction, excimer lasers can also be regarded as
chemical. Inversion can also be obtained in plasmochemical reactions induced by the broducts
of nuclear fission in energy releasing elements — nuclear fuel rods,

One more qualitatively new possibility of chemical pumping of lasers is indicated in
[22]. It is proposed to use in lasers phototransitions that occur upon collision of two
molecules capable of exothermic conversion. These phototransitions correspond to changes in
the chemical bonds in molecules, i.e., they are identical to elementary chemical acts. Stimu-
lation of a phototransition by light leads to photostimulation of the chemical process itself.

‘Included in [23] among the chemical lasers are also detonation lasers in which the deton-
ation products serve as the active medium.

In this book, Chaps. 1 and 2 are devoted to an exposition of the laws governing the
gas-phase chemical reactions typical of chemical lasers, under various conditions; to the
principles of the quantum-mechanical description of molecular systems; and to certain proces-
ses in which excited particles are produced in the course of nonequilibrium chemical reac-
tions. These chapters cast light on the concepts and processes used in the subsequent exposi-
tion of the material. The kinetics of the processes in chemical lasers is presented in Chap-—
ter 3.

This is followed by the development of a classification, indicated in [23, 24], of la-
sers in accord with their hydro- and gas-dynamic attributes, with description of both the con-
struction of chemical-laser systems and their operating principles. Chapter 4 is therefore
devoted to chemical lasers with an immobile working medium — static gaseous chemical lasers.
In Chap. 5 chemical lasers with subsonic forced flow of the medium are considered, and in
Chap. 6 lasers with diffusion of the component in a supersonic stream are considered. Chapter
7 is devoted to detonation chemical lasers.
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The limited size of the book makes it impossible to present a more exhaustive exposi-
tion of an appreciable number of papers published to date on chemical lasers. The reader can
fill this gap by becoming acquainted with the monographs [16, 25], the reviews [23, 24, 26-
42], and topical articles [43]. An analysis of different trends in chemical laser development
and their history are given in [44],

This book uses the SI system of units. The principal and derived units of this system
(N, J, W, Hz, V, F, Q, etc.) are listed in Soviet standard SEV 1052-78 and are familiar to the
reader, with the exception of the recently introduced measurement unit for pressure, the Pas-
cal (Pa). We therefore present a conversion of this unit into the previously employed units
not included in the SI system, viz., atm, bar, and mm Hg: 1 Pa = 9.8692¢10°° atm (physical) =
10.1972107° bar (commercial) = 7.5006¢10 > mm Hg.

For approximate estimates it is convenient to use the relations 1 MPa ® 10 atm (tech-

nical atmospheres) and 1 kPa ® 7.5 mm Hg.
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CHAPTER 1

LAWS OF KINETICS OF GAS-PHASE CHEMICAL REACTIONS

1.1. Law of Effective Masses

The processes in chemical lasers take place mainly in the gas phase, and to assess the
chemical reactions in chemical lasers one must know the rates and the ratios at which the
initial gases react and the compositions of the intermediate and resultant products. We
therefore consider the laws governing the chemical reactions in gaseous media.

Reaction Rate. Rate Constant. Consider a gas consisting in the general case of the
chemical compoments A; (i =1, 2, ..., n), i.e., of N; molecules of component A,, N, molecules
of component A, N3 molecules of component As, etc. The chemical reaction of conversion of
the initial substances A;, Az, ..., A; into the reaction products Al, Ab,..., Ai can then be
described by the stoichiometric equation

13

N N -
E I_i Ai'—> 2 {;" A{’ , (l-l)
=1

i=1

where r, and ri are the stoichiometric coefficients of the reaction for the i-th substance in
the states of the initial reagent and of the reaction product, respectively.

For a system with a fixed volume V and composition, the connection between the change
of the concentration of any two substances i and j participating in the reaction is expressed,
on the basis of Egq. (1.1), in the form

Y - ’ (1-2)

@ [(ri —r;) =w@;/(rj—1r;).
Here w = V- ' AN/At mole/(cm®esec) is the change of the molar concentration c¢ = N/V of the
substance during the time At, i.e., the average rate of the chemical reaction.,

The chemical reaction rate w is in the general case a function of the concentrations
of the reacting substances, of the pressure, and of the temperature [1]. The dependence of
the reaction rate on the concentration of the reagents is determined by the law of effective
masses: The reaction rate ig proportional to the product of the concentrations of the reacting
substances. Thus, for a reaction of the general form (1.1),

N
w = ke ... =k [] ¢, (1.3)

i=1

where k is the rate constant or the specific reaction rate. The value of k usually increases
rapidly with increasing temperature,

Simple Reaction. Order of Reaction. Molecularity. According to the derivation of the
law of effective masses from the kinetic theory of gases, the number of simultaneous colli-
sions produced when r, molecules of substance A; (concentration c,) interagt with r, molecules
of substance A, (concentration c.), etc., is proportional to the product cllcgz.... Conservely,
the rate of the single-stage reactions that include the simultaneous interaction of r, + v, +
... = r molecules should be expressed by the law of effective masses [2]. The reactions that
satisfy this condition are called simple reactions.

By definition,
dCi/dt == Wi, [ = I, . N, (104)

and in the elementary stage of the reaction,

w; = (ri — r;) w. (1.5)
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Taking (1.3) and (1.5) into account we obtain in lieu of (1.4), for the substances i and j,

N

deyjdt = [(ri —ri) ) T] <}, (1.6)
i=1
where (r! — r_ )k is a constant for isothermal systems. Usually, measurements of the value of
dci/dt if isothermal reactions lead to
M 174
dey/dt ~ T1 ¢4, (1.7)

i=1

where the exponents nj are constants. In such cases the number nj is called the order of the
N :

reaction for the i-th substances, and n= X n; is the summary order or simply the order of
the reactionm. b=

It can be seen from (1.6) and (1.7) that if the reaction is simple then n{ = r,. The
quantity n, is then the molecularity of the reaction relative to the substance i, and n is
the summary molecularity of the reaction. Thus, the molecularity of a reaction is determined
by the number of molecules that participate in the process: at r = 1 the reaction is of first
order or monomolecular, at r = 2 it is of second order, etc.

A relation of the form (1.7) frequently takes place even when Eq. (1.6) does not hold,
i.e., when the reaction consists of several stages. In such cases the connection between the
order of the reaction and the molecularities becomes more complicated and n, can take on non-
integer values [3]. *

1.2. Mechanisms of Simple Reactions

First-Order Reactions. When the rate of change of the concentration is proportional to
the concentration, one refers to a first-order reaction. Such a reaction is the simplest
chemical process. According to the law of effective masses (1.3), the rate of a first-order
reaction for a reagent A, (i = 1) is

w = —dc,/dt = ke,, (1.8)

where

fsec™1 > 0.

Integrating (1.8), we obtain, if the concentration c,;% at the initial instant of time
t = 0 is known,
¢, == ¢} exp (— k) = ¢} exp (— /7). (1.9)

From (1.9) follows an expression for the reaction rate constant

ko= (1) In (cV/cy). (1.10)

At t = 1 the concentration of the reagent A, is decreased by a factor e. The quantity
Tg = 1/k is called the characteristic reaction time. The rate of a chemical reaction can also
be assessed from the half-life T.,» of the reaction, or the time during which the initial con-
centration c,” is decreased to oné-half: Tij2 = In 2/k. The simplest type of reaction that
obeys Eq. (1.8) is the monomolecular decomposition of a substance¥

AB — A + B. (1.11)

The molecule AB is assumed constant and should not decay spontaneously into reaction prod-
ucts. What is then the mechanism of a monomolecular process?

Tt is assumed that not all molecules are subject to decomposition, but only those that
are specially activated and have an internal energy exceeding a certain threshold value,

*Here and elsewhere we designate the reagents A, and their products Ai not only by numerical
subscripts, but also by different letters A, B,”C, ..., AB, BC, ... .
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namely an activation energy E,. Such molecules are called active, According to [4], many mono-
molecular reactions proceed in two stages:

AB M5 AB* 1 M; (1.12)

ks

AB* 25 AB* > A B, (1.13)

the first of which is the activation (k;) and deactivation (k,;) of the molecules, and the
second is their decay (ks). The letter M in (1.12) and (1.13) denotes an arbitrary molecule,
and the asterisk marking AB means that the molecule is in an excited (in this case, unstable)
state, while the symbols above and below the arrows indicate the values of the specific rate
constants k;, kz, and ks for the elementary stages of the reaction.

During the second stage (1.13), owing to the intramolecular redistribution of the en-
ergy, a monomolecular transformation takes place. Since the realization of such a transforma-
tion requires that the active-particle energy be concentrated on definite degrees of freedom,
one introduces the concept of the activated molecule AB?, which is the instantaneous state
of the active molecule; transition through this state completes the reaction.

The first-order reactions and the second-order reactions described below play an essen-
tial role in chemical kinetics, since most elementary stages constitute mono- er bimolecular
reactions,

Reactions of Second and Higher Orders. When molecules A; and A, form in the reaction
(1.1) molecules of type A' and at the same time the reaction rate is proportional to the con-
centration of both initial substances, the process is referred to as a second-order reaction.

The kinetics of a second-order chemical reaction, for reagents A; and A,, is described
by the equation

_ dey de

sz e 2 = ke Cy, 4 7
dt dt Lo (1.14)

where k has the dimensionality [cm®/molessec].

After integration of (1.14), we obtain, in analogy with (1.9) and (1.10), for known
initial conditions c¢; = ¢;2 and ¢, = ¢,°:

o ¢

C‘f, exp [ — (c8—cf) k). (1.15)

Cy

The expression for the rate constant of the reaction is then
: . 7
pee. L1 In-f24 (1.16)

Examples of second-order reactions are the bimolecular decomposition of hydrogen iodide
2HI - H, + I, and the thermal decomposition of chlorine oxide 2C1,0 - 2Cl, + O,.

We now consider the n-th order reaction
A -+ B + C+ ... » reaction products,
If ¢} =c3 = ... =c¢%, the reaction rate is

— deldt = kcn. (1,17)

Integrating (1.17), we obtain an expression for the reaction rate constant

PRI S (N S )
t(n—1) PG D) (CD)(rz—l) J ’ (1.18)

-1)

the dimensionality of which is [(cm:“/mole)(n ssec”']. For c=¢"2, t--1;2 we have

At ) B

Tlﬂ(n;35 }@ﬂﬁliT (1.19)

S
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and
(o= 1) I

k{n—1) (c)n—1) (1.20)

Tij2=

Thus, for the general case of an n-th order reaction
Tise ~ ()N, (1.21)

i.e., the form of the dependence of the reaction half-life on the initial concentration de-
scribesthe actual order of the reaction. It dis not very likely that reactions with molecu-
larity larger than three can play a role in chemical processes, since high-molecularity reac-
tions are exceedingly slow.

1.3. Chemical Equilibrium

Equilibrium Conditions and the Equilibrium Constant. Since chemical reactions proceed
in both direct and reverse directions, Eq. (1.1) should be written in the form

N ke N
N ; o
N A = N i Al (1.22)
i=1 kb i1

i.e., besides the direct reaction (1.1) there proceeds also its reverse reaction.

If we denote the equilibrium constants by c¢j

, . - e
um of the direct and reverse reactions is

and Cje’ the condition for the equilibri-

N | N ’
k; T1 Ci’f ey 11 c’.rei, (1.23)

Qe j=1

From this we get the equilibrium constant

P N 4N
Kot 2 ] Cr;/ [T (1.24)

Tables and handbooks usually list equilibrium constants K_ expressed in terms of the
partial pressures Py and P4 of the substances that take part in"the reaction

K, = 11 pjff/ 1T pre. (1.25)
j=1 i=1

The Arrhenius Law. From [5] follows the temperature dependence of the equilibrium con-
stant at constant volume as a function of the reaction heat Q

dln K/dT = — Q/RT™. (1.26)

Here R is the gas constant.

Arrhenius [6] proposed to use for the reaction rate constant k vs the temperature an
analogous equation

d 0 RIAT < EJRT?,

where E  1is the difference between the energies of the active and inactive molecules of the
initial substances, i.e., the activation energy. 1f E  is constant, then

In 2 = const — E./RT,
or, putting const = ln A, we obtain

= A exp (— E,/RT), (1.27)

where A is the frequency factor or the preexponential factor.
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In the Arrhenius law (1.27) the value of A can depend little on the temperature T. For
all reactions one can then use within the experimental error the equation

A = BT« (1.28)

with account taken of the fact that B = const, a = const and 0 <o s 1.

An idea of the order of magnitude of the preexponential factor can be obtained from the
results [7] of the decay and isomerization of substances.

In general, in accord with the transition-state method [8-10], the preexponential fac-
tor A is represented as a product of the gas-kinetic collision number Z, and the so-called
steric factor P, which describes the effectiveness of one collision of the molecules relative
to the chemical reaction, or - the directivity of the interaction that leads to formation of the
chemical bond.

The reactions proceed sometimes with the preexponential factor A deviating considerably
from the usual values 10'?-10'° sec™'. It is assumed for specially large values of A [11]
that the reaction only appears to be monomolecular, and proceeds actually via a chain mech-
anism,

The Arrhenius law (1.27) can be theoretically proved by using the premises of the kine-
tic theory of gases (see,e.g., [12]).

Activation Energy. Only a small fraction of the colliding molecules take part in the
reaction, only those whose summary collisional kinetic energy exceeds a certain critical value
E,. The number of these molecules is smaller the more this energy exceeds the average energy
of the system ((3/2) k°T for monatomic gases and (5/2)k°T for diatomic, where k°® is Boltz-
mann's constant). The value of E, for a reaction wusually amounts to several times tenthous-
and joules per mole, whereas the average energy at an approximate temperature 1000°C reaches
only several thousand. This means that on the Maxwellian velocity distribution curve of the
molecules the reaction is characterized only by the branch in which the velocities exceed a
certain critical value,

Thus, at E, * 84 kJ/mole the fraction of the molecules capable of enterlng in the reac- _
tion is only 0.0045% at 1000°C and reaches 0.67% at 2000°C.

It follows from the notions concerning the molecular structure of matter that a homoge~
neous reaction in an ideal gas takes place when two or three molecules collide. The collision
and the subsequent reaction are described by a Schrddinger equation in which the independent
variables are the coordinates of all the electrons and nuclei contained in the interacting
molecules, For a sufficiently slow collision process, such that the solution of the nonsta-
tionary Schr8dinger equation hardly differs from that of the stationary one and the kinetic
energy of each nucleus is small compared with that of the electrons, it can be assumed that
the nuclei move along trajectories on the potential energy surface (PES).

The height of the energy barrier of the reaction on the PES is equal to the activation
energy E, needed to restructure the intramolecular bonds. As an illustration of this defini-
tion, we can consider the interchange of the energy states in the bimolecular chemical reac-
tion A + BC > AB + C, using as coordinates the potential energy E (Fig. 1.1) and the running
time t of the reaction.

If the atom A has a rather high energy, total breaking of the bonds between the atoms
A, B, and C takes place, namely, dissociation of the molecule BC (upper curve of Fig. 1.1).
If a chemical reaction takes place between A and BC, the potential energy reaches -a maximum
(middle curve of Fig. 1.1), there is no complete breaking of the interatomic bonds, and the
system is in an unstable equilibrium — in the activated state A-B—C. Next, depending en the
type of reaction, the process will follow the middle or the lower curve. In the former case
the reaction is endothermic, and in the latter exothermic.

The activation energies of the direct and reverse reactions are different. It follows
from Fig. 1.1 that the endothermic reaction that is the reverse of an exothermic one has an
activation emergy E. = E_+ Qgx, where Qgy is the thermal effect of the reaction.

1.4. Complex Reactions

Successive Reactions. The simplest kinetic equations of first, second, and third order
describe only an extremely small number of processes. Most chemical reactions go through in-~
dividual mono- or bimolecular stages in which intermediate products are formed,
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Fig. 1.1. Change of potential energy of the
system in the collision of A with BC.

Many complex reactions have two or several stages that follow one another:

A_k_‘>B—k*—>C etc,
or ’
A+BE5CH DS MAN.

These reactions are called reactions with successive stages. In these reactions, the
substance produced in the first stage is capable of continuing a chemical reaction, and the
subsequent chemical transformation is effected in the subsequent stages of the reaction. Such
substances are called intermediate substances.

It follows from [13] that each stage has its own PES independent of the others. The
reacting systems that go through the highest energy barriers need not necessarily pass through
all the intermediate stages. Therefore, the rate of a reaction with successive stages is de-
termined by the rate of passage of the activated complex through the highest energy barrier.

Parallel Reactions. The simplest type of parallel reactions is those in which the in-
itial substance is transformed via two or more independent ways, which result in either iden-
tical or different reaction products:

k
LM
—
A.k2 N

We write down the kinetic equations for such reactions, assuming each to be monomolecu

lar:

demldt = kyca, denldf = kyca. (1.29)

Dividing one equation by the other and integrating, we get

CmeN == kl/kg, (l.30)
i.e., the yields of the products of the parallel reactions have the same ratic as the rate
constants of these reactions.

We determine the rate constant of such a combined reaction:
— dealdt = demldt + dexldt = (By + ko) ca = kea. (1.31)

Consequently, the rate constant of the combined reaction in the case of two or several stages
is equal to the sum of the rate constants of these stages, k = Zki.

Coupled Reactions. Chemical Induction. A feature of a number of widely encountered
parallel chemical reactions is that one of these stages (A + B) can proceed only in the pres-
ence of another parallel reaction in the system (A + C). These reactions are called coupled;
this phenomenon is called in chemistry chemical induction. The inducing reaction (A + ®) is
knows as primary, and the coupled induced reaction (A + C) as secondary. The substance A,
which participates in both reactions, is called the actor; the substance B, the interaction
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Fig. 1.2. Kinetic curves for coupled re-
actions.

of which with the actor induces the secondary reaction, is called the inductor; C is called
the acceptor.

Such a process is described by an induction factor, which is the ratio of the actor
fraction that participates in the reaction to the actor fraction that participates in the
transformation of the inductor.

The simultaneous oxidation of carbon and hydrogen is cited in [2] as an example of
coupled reactions. The reaction 2CO0 + 0, = 2C0, in the absence of impurities does not take
place up to very high temperatures, but is easily realized in the presence of hydrogen in the
mixture [14, 15]. In these reactions hydrogen is the inductor, CO the acceptor, and 0, the
actor, which takes part in reactions with both H, and CO. The induction factors is the ratio
of the amounts of the produced CO, and H,O.

The chemical induction phenomenon is based on the formation, in the course of the pri-
mary reaction,f intermediate substances that directly transfer the inductive influence of
the primary reaction to the secondary [16].

On the basis of these concepts, coupled reactions are described by a set of two elemen-
tary processes A+ B =X+ ..., X+ C=M + ... (A is the actor; B, inductor; C, acceptor;
X, intermediate substance; M, reaction product), for which the following equations hold:

—deafdt = —depfdt = kicacn;

(1.32)
dex/dt =k cacp—ky cc Cx;}
——dCc/dt = dCM‘['dt = k2 Ccc Cx.
At CZ = C% = cg = c°, we have
—dcealdt = ky c}; dex/dt = ky c§—F,y (cacx) cx.} (1.33)

It can be seen from the solution of these differential equations (Fig. 1.2) that the
acceptor C is consumed more slowly than the actor A and the inductor B. The consumption curve
is S-shaped, i.e., it can be assumed that the substance C gets involved in the reactien only
via the intermediate substance X whose concentration is low at the initial instant. The lim-
iting case of coupled reaction can be taken to be homogeneous catalvtic reactions, inasmuch
as in any case an active intermediate substance is produced in the primary interaction between
the actor and the inductor-catalyst. This inductor is a positive catalyst if the reaction is
accelerated, and a negative catalyst or inhibitor if it is slowed down. Reactions break up
frequently into macroscopic stages separated in time, with the inhibitor influencing only the
first — initiating — stage [17]. 1In certain reactions [18, 19] the catalyst accumulates as
the reaction proceeds and is a product of the reaction itself. This leads to self-accelera~
tion of the reaction — autocatalysis. In most cases the autocatalysis kinetic equations do
not describe the real reaction mechanism. Thus, it is shown in [20, 21] that branched-chain
reactions with a complicated mechanism also correspond to the kinetics of autocatalysis.
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1.5 Chain Reactions

Kinetics of Chain Reactions. A set of consecutive reactions sometimes has a rate that
exceeds the rate of the chain reaction as given by the stoichiometric equation (1.1). This
occurs when the active particles or centers A are replenished during one or several stages
of the reaction 1 - 3, as shown in Fig. 1.3. 1In this case an active particle A is produced
simultaneously with the molecule of the reaction product C. The rate of such a reaction can
be expressed in the stationary case (see Fig. 1.3a) by the equation

w = WP, Py + wPP,, (1.34)

where wo is the rate of thermal activation of the molecule, and Pi is the probability of each
of the i = 1, 2, 3, 4 elementary processes.

Introducing the chain length Zc’ we obtain from (1.34)

Wy

Y AT l, .
(/P Py—1]  °° (1.35)
= l — PlPs
© T W1PL PRIl (I—PyPy) (1.36)

It has been shown experimentally that the principal active centers of such chain reac-
tions are chemically unsaturated fragments of molecules — free atoms and radicals. The chains
produced by them are called radical chains.

- §imple Chain Reactions. The reactions described by expressions (1.34)-(1.36) are called
stmple chain reactions. 1In each link of the chain no more than one center is newly produced
for each consumed active center,

In chain-reaction kinetics {21] the probability that the reaction will follow the path
1 is called the probability P. = o, of chain continuation with a stationary-reaction rate

e | m%e gy (1.37)
dt l—eae
where
lo = & /(1 — ea,). (1.38)

For simple reactions, € = 1 and the chain length ZC is the average number of links per
active center, i.e., the average chain length . The probability of continuation of a chain of
s links is

P =i (l — o). (1.39)
Here 1 — o, = Bc is the chain-breaking probability.
The evolution of the reaction in time is described by the following expression for the
reaction rate:

e R
W=vitoa 1 —ede [ xP T @ote exp( /] (1.40)

O . . . R
where Vv € is the frequency of the particle-interaction acts and T is the lifetime of the ac-
tive center.

If - the chain is broken, we have for the chain reaction ac < 1. The chain-breaking prob-
ability Bc is then inversely proportional to the chain length 7.:

B, ~ I;L. (1.41)

Active particles whose mean free path is smaller than the vessel dimensions move to the
vessel walls with a diffusion flux

gp = — Ddcaldx, (1.42)

where D is the diffusion coefficient and dcp/dx is the gradient of the concentration of the
active centers along the normal to the vessel-wall surface.
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Fig. 1.3. Diagrams of simple g€c = 1 (é); branched 2 > g, > 1
(b) and repeatedly branched e. = 2 (c) chain reactions: ©)
active centers Aj; A) reaction products C; O) reaction by-prod-

ucts; ®) intermediate substance,

If we consider now the process along this normal and introduce the concept of a '"reduced

film" of thickness A [22], it follows from (1.42) that
gp = (D/A) (ca — c4), ‘ (1.43)
where cA is the concentration of the active centers near the surface,

Equating, in the stationary case,
wall surface, we obtain

qp to flux due to the breaking of the chains at the

(D/A) (ca — cp) = key, (1.44)
whence
ch— DI
k(DA M (1.45)
and the reaction rate is
wzmg=—iﬂ£—A.
k-1-(DJA) : (1.46)

Denoting by k* the effective rate constant, we have

*_—_@/_A...—or lzi—*—.—_l_._,
£+ (D/A) ¥ & ' DA

(1.47)

where k™% and (D/A)™' are, respectively, the diffusion and the kinetic resistances.

It can be seen from (1.46) and (1.47) that at k >> D/A we have k¥ = D/A and the reac-
tion rate is determined by the diffusion. 1In this case it is said that the reaction takes
place in the diffusion region with c} << cp. At k << D/A we have k* = k and the total reac-
tion rate is determined by the rate of the chemical process itself, i.e., the reaction takes

place in the kimetic region with a concentration cA almost equal to Cye

299



Reactions with Branched Chains. Chain reactions in which more than one center is pro—
duced on the average per consumed active center are branched. We denote the branching prob-
ability for one link of the chain by [21]

8 =&, — 1. ' (1.48)

At &, > 0 branchings take place from time to time on individual sections of the chain,
and additional active centers initiate second branched chains (see Fig. 1.3b). At S =1
(e, = 2) branching takes place in each link of the chain (see Fig. 1.3c). The chains obtained
in this manner are called repeatedly branched.

We now calculate the length 1] of a branched chain, i.e., the number of elementary re-
actions caused by the appearance of one primary active center. The effective chain-breaking
probability is the difference (BC H'SC). Consequently, with allowance for (1.41),

(1.49)
17 = 1/, —8,) = 1,/(1 —=18,);
, 1.50
w=clli=c}l,j(1—1, 8,). ( )
Since B_ and GC are functions of temperature and pressure, it is possible to have under
certain conditions B — & = 0, and then the chain length is 1! + «. This means that if at
least one branching takes place over the length of a simple chain, i.e., Zcﬁc =1, an explo~
sive process is produced,

Limiting Phenomena. At a certain vapor pressure of a phosphorus—oxygen mixture, the
ignition region is bounded by two limiting oxygen pressures (po ), and (po,), Outside this
region, the phosphorus vapor is not ignited. A quantitative 1nvest1gat10n of thls process
[23-25], together with a study of the ignition of a stoichiometric mixture of hydrogen with
oxygen [26-28], led to N. N. Semenov's pioneering theoretical description of the phenomenon
[21, 29j.

The existence of such limiting pressures — lower and upper limits of ignition of sub~
stances — is due to the peculiarities of the kinetics and mechanism of the branched chain re-
action. Thus, whereas in a simple chain reaction (¢ o, < 1) the rate of the relatively slow
stationary reaction is w = woa./{(1l — e,0.), in a branched chain reaction (e o, > 1) the reac-
tion rate (1.40) is

W =Wy - (exp @t —1), (1.51)
8e Oe— 1
or
1 3
¢= ET:(VZ“”FVZC)(%O%‘—I)- (1.52)
From (1.51) and (1.52) follows, for ¢t >> 1, and recognizing that o = P, = vre/ e + W59y,
Semenov's law:
o
W == wovliexp ot (1.53)
¢

At e.0. > 1 the reaction becomes rapid and self-accelerating, ending in explosion. The
tran81t10n from the stationary to the nonstationary process is determined by the condition

6,0 = 1. (1.54)

Hence, taglno 1gto account {1.48) and the relation for the chain-continuation probabil-
ity ac = v%c/(vlc + v,%), we obtain
8¢ vie = vie. (1.55)

o o . .
The dependences of v;“ and v;© on the pressure can be written in the form

, 1.56]
vie=ap and vye=bp*-4 b, ( )
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where v,;® is expressed by a sum of terms, the first of which characterizes the volume chain-
breaking via the ternary-collision mechanism, and the second characterizes chain breaking at
the walls in the kinetic region of the reaction.

From (1.55) and (1.56) follows
p? — Saplb 4+ b'/b = 0, (1.57)

whose solutions are in fact the pressures at the lower (p;) and upper (p,) ignition limits:

pr= 8a/26 —V/ &2 a4 — b /b, (1.58)
pa= 8a/2b -1/ 6% a?/4b6* — b /6. (1.59)

The plot of p, and p, vs T (Fig. 1.4) is arbitrarily called the "ignition peninsula"
and p = py is called the "cape of the peninsula."

1.6, Elementary Processes of System Excitation in Chemical Reactions

Principles of the Quantum—Mechanical Description of Molecular Systems. Quantum mechan-
icsdescribes the connection between the structures of atoms or molecules and their spectra
and elucidates the distribution of the energy in a molecular system, its excitation, relaxa-
tion, and chemical reactivity. The transition of a system from one state to another is accom-
panied by the absorption or emission of an energy

hv = Eg_El§ (1‘60)

where h is Planck's constant; v = ¢/A, quantum frequency; A, wavelength; and c, speed of light,
Alternately, using in place of v the wave number w = v/c [em™*], we have

© = (Ey — E,)/ch. (1.61)

Absorption, by a molecular system, of light quanta, depending on their energies, changes
the rotational (R) energy of the molecule at absorbed—quantum energies 0.125-1.25 kJ/mole,
the vibrational energy (V) at 1.25-50 kJ/mole, and the electron energy (E) at energies on the
order of tens and hundreds of kJ/mole.

Corresponding to these energy changes are the energy-level and transition schemes shown
in Figs. 1l.5a-c as well as the regions of the electromagnetic radiation spectrum (Fig. 1.5d).
The far IR, millimeter, and microwave regions correspond here to the rotational R spectra (a);
the IR region, to the vibrational-rotational spectra V-R (b); and the near infrared, visible,
and ultraviolet, to the electron (E) and electromvibrational-rotational (F—V-R) spectra (c).

The molecule can be represented as a harmonic oscillator having an energy )
E, = heo, (v + 1/2), (1.62)

where v = 0, 1, 2, 3, ... is the vibrational gquantwn number, which determines the level of
the vibrational energy; We corresponds to the ground state v = 0 with energy E, = (l/2)hcwe,
which exists also at zero temperature. For a harmonic oscillator, the difference between the
energies of neighboring states is

Epyr — E, = hco,. (1.63)

From (1.61) we have
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ED+1_ED :hcw, (1-64)
il.e., w = W

The model of a real molecule, however, is an anharmonic oscillator, and w should differ
from wg, but this difference is small at small values of the vibrational quantum number v.

Owing to the anharmonicity, the V energy levels come closer together with increasing v,
and (1.62) is replaced by the two-term formula

E, = heo, (v + 1/2) — hecax, (v + 1/2)? (1.65)

with a comnstant x_, << 1 that characterizes the anharmonicity. Transitions with Av » 1, or
overtones, are then possible. . With further increase of v the molecule energy reaches a value
E and at E . — Eo = Do the molecule dissociates.

max?
The R structure of the vibrational band is determined by the change of the rotational
energy EJ =BJ (J + 1) in the V transition:
Eiy —E;j=BJ (J] +1)—B"J"(J"+ 1), (1.66)
where J = 0, 1, 2, ... is the rotational quantun number and B is the rotational constant.

For dipole radiation AJ = J' — J" = 0, *1 we obtain, correspondingly, three spectrum
branches @, #, # . But since transitions with AJ = 0 are forbidden for most diatomic mole~
cules in the electronic ground state, only a positive - and a negative $-branch are observed.

The E or E-V-R energy of molecules is connected in a complicated manmer with their
structure, and the electronic energy states of the molecules are classified by the type of
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their symmetry. Thus, electronic states or terms of diatomic and axisymmetric linear poly-
atomic molecules are classified in accordance with the following:

a) the quantum numbers A, which represent the absolute values of the total orbital mo~
mentum L on the molecule axis (in units of i = h/27). The quantum number A can take on values
A=20,1, 2, 3, ..., L, designated, respectively,by z, II, A, and &;

b) the multipolarity 2S5 + 1, where S is the quantum number of the total spin of all the
electrons of the molecules; the multipolarity is marked on the upper right of the state sym—
bol, e.g., °I;

b

c) the total orbital momentum L + 8§, marked by a subscript on the right for terms dif-
ferent from &, e.g., °Mz;

d) the symmetry of the electronic eigenfunction of the molecule, marked by a "+" or
right-hand superscript for the state ¥; in any plane passing through the line joining the
nuclei, the electronic eigenfunction either remains unchanged (L") or reverses sign (I });

n_t

e) the even (g) or odd (u) state for molecules whose nuclei have like charges, e.g.,
R e

In the PES system the electronic state whose minimum is lowest is called the ground
state and is designated by the letter X, which is placed before the symbol of the state -
(XIZ+), and the sequence of the excited electronic states is marked by the letters A, B, C,
... ~For light molecules the sequence of excited states that differ in multipolarity from
the ground state is marked by the letters a, b, ¢, ..., and those of like multipolarity are
marked A, B, C, ... . The lowest energy is possessed by the state with the largest value of
S possible for the given electron configuration and with the largest (at the given $) value
of L (Hund's rule).

Since the energies of the electrons, of the vibrations of the nuclei, and of the rota-
tions of the molecule are quantized, the total energy is also quantized:

E=Eg + Eyp, + Egy (1-67)

The quantity ]Ei|/hc for each i-th level is called the term. The corresponding term can be
represented as a sum of three terms:

T = E;thc = 7231 + G @) + F (J), (1.68)
where Tg1, G(v), F(J) are, respectively, the electronic, vibrational, and rotational terms.

In E transitions in molecules, as can be seen from Fig. 1.5d, an optical quantum is
radiated in the UV and in the visible, and less frequently in the near IR. Superposition of
V and R transitions on electronic transitions gives the fine structure of the electronic spec-
trum (see Fig. 1.5c).

The V-R system (see Fig. 1.5b) can be obtained when solving the SchrBdinger equation
for the molecule in the nonrigid rotator—anharmonic-vibrator approximation. In this case the
potential energy is substituted in- the Schrddinger equation in the form of a certain function
of the distance r between the nuclei. A potential-energy curve for diatomic molecules
was proposed in [30] in the empirical form

Ep(r) = Do {l —expl—a(r—r)l}’, (1.69)

where Do is the dissociation energy; rg, equilibrium distance; and @, constant of the mole-
cule. Also used is the Lennard—Jones potential, which is close to the real one,

Ep (r) = 4e [(o/r)®* — (alr)°}, (1.70)
where £ is the strength function and o is the average diameter of the colliding spheres.

Distribution of the Chemical-Reaction-Products Energy. The energy released in elemen-
tary chemical processes is distributed among different energy levels or degrees of freedom
of the reaction products [13, 31-33]. The character of this distribution determines, e.g.,
the nonequilibrium emission, in the course of a reaction in the visible or in the UV region,
of cold flames from hydrocarbons and CS, [14, 34, 35]. 1In combustion reactions, nonequilib-
rium emission is observed in the IR region of the spectrum [36] corresponding to V transi-
tions,
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Reactions can be divided into two types: those proceeding within the limits of one PES
and usually accompanied by V excitation (adiabatic reactions [37]), and reactions that involve
more than one PES and are frequently accompanied by E excitation (monadiabatic reactions).

The representation of a reaction in the form of a curve or a PES is particularly conven-
ient in those cases when the coupling between the E and V motions is weak. Knowing the poten-
tial energy, the electron energy of the system can be obtained for arbitrary fixed positions’
of the nuclei. The PES is calculated or else determined from available experimentai data [38].
This involves the solution of two problems: determination of the surface and its use to des-
cribe the experimental results,

To interpret the experimental data, however, knowledge of the total structure of the
surfaces is not mandatory. The distribution of the reaction products in energy can be obtained
from qualitative characteristics of the surfaces, such as the effective radius of the forces,
the relative slopes of the PES parts corresponding to the initial reagents and the products,
and the energy parameters [39]. Let us consider [40-44] the distribution of the products in
energy, using as an example a typical chemical-laser substitution reaction such as

A+4BCAB+C. (1.71)

This reaction can be divided into three stages: first — approach of the atom A to the
complex BC; second — intermediate stage, in which the B—C bond is stretched as the approach
distance decreases; third — departure of the reaction products AB and C. Let E,, E., E; be
the energies released in these three stages of the process. The relations between E,, E., and
E; depend essentially on the form of the potential energy Ep(raB, rsc). The principal part
E, is released in vibrational form, Es in the form of kinetic energy, and the fraction E,,
which goes over into the Eyi}, of the molecules, is larger the heavier the atom A compared with
B and C [41]. For example, in the case of the H + Cl., interaction, the greater part of the
energy is released during the second and third stages [40, 41]. Of interest for chemical
lasers are reactions with high ratios Egip/Epin. Large values of Evib/Ekin can be obtained
in reactions in which the hydrogen atom is replaced by a heavier one, say deuterium or a mer
tal, and also in the reactions F + H,, Cl1 + HI and others.

PES of a system of atoms are shown in Fig. 1.6 in the attraction (a), repulsion (b),
and mixed energy-release stages (c). .The solid curves are equal-energy lines, the dash-dot
curve is the coordinate of the reaction (the potential energy increases on either side of
this curve), and a dashed curve is a possible trajectory of the system in the course of the
reaction (1.71). If the system energy insignificantly exceeds the reaction activation energy,
these trajectories pass near the PES saddle point marked by the cross.

If the form of the function Ep (rag, rpe) corresponds to Fig. 1.6a, the most probable
trajectories are those with energy release during the stage of the approach of A to BC, for
after the system passes through the potential barrier, rpp decreases and rpc changes little,
i.e., energy is released here in the attraction phase.

For the reaction corresponding to Fig. 1.6b, r,p changes little after passing through
the potential barrier, while rp, increases, i.e., the energy release occurs in the dissocia-
tion stage, i.e., in the repulsion phase.

In the intermediate case (Fig. l1.6c) we have a mixed energy release in the plot of the
reaction, Fig. 1.6d, where the attraction and repulsion phases are marked A and R, respective-
ly. For energy release in the region M, the character of the most probable trajectories de-
pends to a considerable degree on the relation between the particle masses.

Adiabatic and Nonadiabatic Interactions, Energy Resonance. If the relative velocities
of two or more colliding particles are small compared with the electron orbital velocities,
the electrons have time to adjust themselves to the instantaneous positions of the nuclei and
their energy depends as a result only on the relative positions of the nuclei of the atoms.
This simplification is known as the Born—Oppenheimer approximation. 1t is applicable not on-
ly to slow molecular collisions, but also to rotational and vibrational motions of nuclei in
one molecule. According to this approximation the nuclei have, relative to one another, cer-
tain potentials, an approximate form of which for two different E states is shown bv the
solid curves of Fig. 1.7 [45]. Such a slow collision without E transitions is called adia-
batic (B-A). Obviously, adiabatic collisions between two atoms are elastic, i.e., the atoms
move apart if no emergy is expended on a third particle or radiation. Adiabatic collisiomns
of polyatomic molecules can be accompanied by rotational or vibrational excitation or by a
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Fig. 1.7. Potential curves of nuclear col-
lisions: B—A) adiabatic process; B-A') non-
adiabatic process.

chemical reaction. At sufficiently fast collisions, however, the electrons have no time. to
become adjusted and the nuclei follow the dashed curve B-A' — a nonadiabatic collision. If --
the relative velocity u of the diverging particles is still large, the nuclei, following the
same curve, will land again in the state B and the collision turns out again to be elastic.

To obtain an E transition from B to B', the nuclei should move as the solid curve as thev
converge and the dashed one as they diverge, or vice versa. (onsequently, the degree of ex-
citation has a maximum at certain intermediate velocities, when the probabilities of follow-
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ing the solid or the dashed curves are equal. A quantum-mechanical analysis shows that this
takes place if the time of stay in the intersection region Ar./u is approximately equal to the
characteristic time h(2mAE.) of energy exchange (see Fig. 1.7). Under these conditions the
cross section can be practically equal to the gas-kinetic value.

The approach of the potential curves can take place at very small AE,, i.e., when energy
resonance exists between the initial and final states. At thermal energies, however, theexis~
tence of resonance is neither a necessary nor a sufficient condition for a large excitation
cross section. The potential curves, which are far from each other at large internuclear dis-
tances, can come much closer when these distances decrease. The inverse situation can also
be realized. This is confirmed by careful measurements in exothermic chemical reactions and
in "quenching" reactions [46-48].

In the course of the electronic excitation the molecule goes from the ground electronic
state to an excited one. The question as to just which rotational state the molecule goes
to, or as to whether it is preserved or dissociates, is answered by the Franck—Condon princi-
ple. According to this principle, the change of the state of the electron shell of the mole~
cule proceeds so rapidly compared with the vibrations of the atomic nuclei that neither the
velocities of the nuclei nor their positions manage to change in an E transition [49]. The
relative excitation probabilities of the rotational levels, called Franck—Condon factors, were
calculated for many important transitions (see,e.g., [50]).

In nonadiabatic transitions, a transition complex A—B—C can be formed, which can also
radiate. This mechanism is preferable for the conversion of the chemical-bond energy into
radiation energy, since it does not include competing energy-dissipation processes. It can
also be seen from the PES (see Fig. 1.6) that the lower potential curves AB and C can be re-
pulsive, meaning that the complex A—B—C does not have a lower level in the usual sense of the
word, and exists only in an excited state.

Such complexes, consisting of elements of groups I and VII of the periodic table, were
observed in [51]. The spectra of the chemiluminescence produced in a continuous—flow system
of Na and a halogen X were investigated. The spectra of Na + F (0.6-0.81 um) and Na + Cl,
(0.42-0.55 ym) have a vibrational structure. It was concluded that the carrier of the bands
is the NaX, molecule formed in the reaction in an electron-excited state.

1.7. Chemical Reactions in a Closed Volume and in a Stream

Exothermic Reaction in a Closed Volume. Heat of Reaction. 1In contrast to the rarelw
observed isothermal chain explosion [52], the cause of a thermal explosion of a gas mixture
in a closed volume V is the temperature rise when the heat-release rate g' exceeds the heat-
removal rate q7. A general idea of such a process is given in a quantitative theory [53] that
takes into account the equalization of the temperature in the volume.

+ -
The explosion conditions are characterized by the balance of ¢ and g

Quw (Ty) = aq (SIV) (Ty — Ty) (1.72)
and by the equalities of the derivatives with respect to temperature at the point T,
Q(dw/dT) = aq (S/V), (1.73)

where T, is the combustion-zone temperature corresponding to the explosion; %qs heat-transfer
coefficient; and S, wall surface area. )
For the fast processes in chemical lasers, interest attaches to the adiabatic cenditions

of the reaction initiated in the closed volume [2]. Under these conditions, all the heat re-
leased by the reaction goes to heating of the mixture, i.e.,

ey dT = — Qde, (1.74)

where cy is the specific heat of the mixture at constant volume.
Introducing the total-combustion temperature T ., we can obtain .
(1.75)

dTjdt = kg (cy/Q)""! (Tpax — T)* exp (= E/RT).
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Solution of this equation shows that during a certain time interval -~ the ignition in-
duction period — the gas temperature increases slowly, after which the reaction proceeds with
fast flow rate of the reagent and with rise of temperature,

The heat released in a closed system is equal to the heat of reaction —Q = — fdQ. It
follows from thermodynamics that dQ = dH, — Vdp, so that for isobaric processes Q = [ dHe =
AHe, the increase of the system enthalpy during the time of the reaction. For anv reaction
in an ideal gas the heat released can be calculated from the formula

N
—AH,= — ¥ (ri—r;)AH, ,, (1.76)

i=1

where AHf ; are the tabulated values of the heat of formation of the molecules i.

Exothermic Reaction in a Stream. For a reacting mixture of ideal gases of density p,
moving with an average velocity u, the following are satisfied [3]:

the continuity equation 9p/dt + v (ou) = 0; (1.77)

the angular-momentum conservation equation with allowance for the external force f,
acting on a unit mass of the fraction of the component Yi and for the stress tensor P

N
ou/ot +uVu= —VP/p -1 DA (1.78)
i=1
the energy-conservation equation, including the specific internal energy u, and taking
into account the diffusion velocity uy of the i-th component
X D
pOu,0t +-p (V) u, = — (V@)— P: (Vu) +-p 3 Y (F; u?) (1.79)

i=1

[the colon (:) denotes a doubly contracted tensor]; and

the equation of continuity of the chemical components

oY/t + (uv) Yi = wifp — (1/p) (vp Y u?). (1.80)

The stress tensor P is defined by the formula

P=Ip+ @B8—n)(VulU—nlVu) + (Vu, (1.81)

where n and n' are, respectively, the shear and bulk viscosity coefficients; U is a unit
tensor and T denotes the transpose of a tensor.

The heat flux density vector q in Eq. (1.79), neglecting radiative heat transfer, is
given by

N b N  X:Dn .
q=—4VT+p 3 (h);V,uP + RT Y ¥ (_J_T_) (W —uP),

i=1 fz= 1 j=1

(1.82)

where A, is the thermal conductivity coefficient; (h,); and u, are, respectively, the speci-
fic energy and the molar mass of the i-th component; X. is the molar fraction of the j-th
component; Dy ;, thermal diffusion coefficient of the i-th component; and Diss coefficient
of binary diffusion of the components. )

The quantity u? in (1.79) and (1.80) for i = 1, 2, ..., N components is determined
from the formula

VX, = i“ (—X%L)(uf~u?)+(Yz~Xz)(%> ”"(%)1:21 Vi¥;(0—1) + g [(%%)(%_h)](ﬂ)

j= j=1 ij Y; T

(1.83)
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The external forces f, are assumed given, and w., in Eq. (1.80) is determined, in accord-
ance with the chemical-kinefics law (1.3) and with aliowance for (1.27) and (1.28), by the
expression

M N ) ,
w; =W kZl (ri,e —r1,3) By T*  exp (— E/RT) ,-Ex (X;j p/RT)"I- * (1.84)
(M is the total number of chemical reactions).

The determined variables in Egs. (1.77)-(1.80) can be the quantities Y., p, T, and u.
The other variables can then be expressed in their termswith the aid of the equation of state
of an ideal gas

Yy
p=pRT ¥ —-, (1.85)

the expression for the specific internal energy of the gas mixture

N
e = 2 (h'e)iyi_p/p) (1~86)

i=1

the caloric equation of state, which includes the heat of formation (hf)i of the i-th compon-
ent at the temperature T,

T
(he)i = (A); + Sc,,,idT (1.87)
To

(cp ; is the specific heat of the component i at constant pressure), and the relation
b

. N -1
X;=Y;|w E—YL ) (1.88)
=1 W

In the case of one~dimensional nonviscous stationary flow without mass forces, Egs.
(1.77)-(1.83) are greatly simplified.

From (1.77), we obtain

pu == const. (1.89)
Equation (1.78) is transformed into
pudu/dx + dpldx = 0, (1.90)
the integral of which is pu® + p = const. Equation (1.79) yields
pu (h, + u*/2) + q = const, (1.91)
and from (1.80) we have
oY, wt uP)] = w; . (1.92)
dx

If we neglect the conductive heat transfer and assume q = 0, then in the case of steady
flow of a nonviscous medium, Eqs. (1.90)-(1.92) take, respectively, the form

udy __ L o dp | (1.93)
dx o dx ’

d / u? . (1.94)
L fh,4 =—]=0;

dx (ze 2)
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ule-/dx = wl/p (1.95)
For a channel with variable cross section $(x) the continuity equation is of the form

d (puS)ldx = 0. (1.96)

The equation of state (1.85) and Eqs. (1.86) and (1.87) together with the relation h, =
ug + p/p connect the thermodynamic parameters he and p with the quantities p, T, u, and Yi(i =
1, 2, ..., N). Then Egqs. (1.93)-(1.96) are a system of N + 3 ordinary differential equations
of first order for the N + 3 unknowns Y,, T, p, and u. Specifying, in some section of the
stream, all its parameters, and the area S asa function of x, we can obtain the characteristics
of the flow at any other point of the channel by integrating Eqs. (1.93)-(1.96) and taking re-
lations (1.84)-(1.88) into account.

A more accurate calculation should take into account the boundary layer on the channel
wall, the ratio of the nonviscous flow displacement thickness to the momentum-loss thickness,
and the local coefficient of friction against the wall in the case of flow of a relaxing gas
[54]. In this case one uses as an approximation the similarity parameters obtained for lami~
nar or turbulent flow near a flat plate [55].

Photochemical Reactions. As indicated in Sec. 1.2, only activated molecules are subject
to chemical transformation. Whereas the molecules are activated in the thermal process of,
e.g., the type described above on account of energy redistribution in the collisions, the
molecule-activation energy needed in photochemical processes is obtained by absorption of rad-
iation from an external source of intensity Iv'

In this case the Stark-—Einstein photochemical equivalence law is satisfied: In a photo-
chemical system acted upon by radiation of frequency v each absorbed photon hv activates one
molecule.

Thus, the kinetics of photochemical reactions is governed by the laws of light absorp-
tion by matter and is connected with the reaction quantum yield ¢, defined as the ratio of
the number of reacting molecules to the number of quanta absorbed by the molecules. When one
absorbed quantum causes transformation of one molecule we have ¢ = 1. Actually, ¢ < 1, owing
to deactivation. Conversely, ¢ >> 1 in the case of photoinitiation of secondary exothermic
chain reactions. If radiation is generated by photolytic or some other initiation of a chem-
ical reaction, the gemneration quantum yield ¢, is defined as the ratio of the number of quanta
participating in the reaction per unit volume of the medium to the concentration n, of the ac-
tive centers produced by the initiation source

o, = gg/hvg (1.97)
fg

(e, and Vg are, respectively, the specific energy and the frequency of the generated radia-

tion).

Critical phenomena are inherent in many reactions with pulsed photoinitiation: depend-
ing on the initial conditions (initiation energy, temperature, reagent concentration, total
mixture pressure), either an explosive regime is realized with complete chemical transforma-
tion, or else a regime with a rather small degree of transformation of the reagents.

The transition from one regime to the other has a certain threshold. A quantitative
description of such critical phenomena and of the kinetics of the mixture of the photoinitia-
ted reaction F, + D, (H.) inhibited by 0, is given in [56, 57], where use is made of the con-
cepts of thermal acceleration of the reaction, which are the basis of the theory of thermal
explosion [21].

The photoinitiated chain reaction regime is considered in [57] in the adiabatic approx-
imation in the absence of gradients of the temperature and of the concentrations of the ac-
tive particies. It is assumed that the reaction proceeds via one active center, and that
the active centers are-generated by photoinitiation that is uniform over the volume. It Ffol-
lows from the solution of the equations for the concentration of the active particles and for
the heat balance of the reaction that the kinetic character of the curves is greatly changed
by small changes of the heating near its critical value. A characteristic of a branched re-
action is an abrupt growth of the curves, due to the strongly pronounced period of reaction
induction.
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The existence of a critical condition is due to the competition between the thermal
acceleration of the reaction and its slowdown because of the loss of active centers. Such a
pulsed-photoinitiated chemical reaction under conditions of progressive self-acceleration as
a result of accumulation of heat or active centers in the system is a photothermal explosion

[57].

Nonequilibrium Effects in a Chemical Reaction. Chemical Reactions in an Electric Dis-
charge. Real chemical reactions proceed under essentially nonequilibrium conditions, i.e.,
when the Maxwell—Boltzmann distribution function of the particles in velocity and in internal
state is violated. This violation follows naturally from the fact that the molecules capable
of reacting are those with energy higher than E , so that the high-energy part of the distribu-
tion function is continuously depleted on account of the vanishing of the molecules after re~
acting.

The solution of the equations that describe the change of the distribution function in
nonequilibrium chemical processes presents mathematical difficulties. Various simplifications
of the problem are therefore resorted to in the analysis of relaxation processes. Thus, the
system is divided into subsystems: equilibrium, "frozen,” and relaxing.

In a number of cases it suffices to consider the distribution function of the number n
of the particles at energy np (E) dE, i.e., the probability of observing in a system with an
excess of molecules B relaxing molecules A in states with energy close to E in an interval dE.
The rate of change of population is then '

dn, (E) ]
=08 [ P(E, E'Vea(B)AE" 4 cq§ P(E", E)na (') dE", (1.98)
where P(E, E') is the transition probability per unit time at unity concentrations A and B
of the molecule A from the energy level E to levels in the energy interval E', E' + dE' at
unity concentration of the molecules B. These probabilities satisfy the relation

P(E,E’) _p(E") [_E'~E] (1.99)
PE. D e LT BT )’

which includes the density p(E) of the energy levels of the relaxing degrees of freedom of
the molecule A.

If the relaxation and reaction overlap, the kinetic equations expressed in terms cf the
concentrations are not valid at all, although even in this case it is possible to reduce the
problem to macroscopic equations that describe the changes of both the concentrations and
the parameters of the nonequilibrium distribution function, e.g., the temperatures correspond-
ing to different types of degree of freedom [58-63].

It is chemical reactions with strong disequilibrium of the reaction-product parameters
which are responsible for the processes in chemical lasers. Thus, if the distribution func~
tion of the products over the energy levels is nonequilibrium both during the reaction and
after its completion, or if in the course of the chemical reaction the rate of formation
of products in the higher energy states exceeds the formation rate of products at lower lev-
els, population inversion of the energy levels takes place. The same can occur also in re-
distribution of the energy over various degrees of freedom of the molecular system.

Reaction products can be excited into electronic, rotatiomal, and vibrational states in
reactions of the following types:

photodissociation

ABC + v - AB* 4 C;

(1.100)
exothermic exchange
A 4-BC— AB* +C, A+ BC—-AB + C*; (1.101)
dissociative energy transfer
AB + M* > A* + B + M; (1.102)
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and recombination, the inverse of dissociation 7
A+B+M-—>AB* + M, A+ B+ M- AB + M* (1.103)

The excitation of the products in a number of such nonequilibrium chemical reactions is
the subject of the next chapter.

In the present section we dwell quite briefly on the essentially nonequilibrium preces-
ses in the chemical reactions that take place in the plasma of an electric discharge,

The electromagnetic gas dynamics of plasma flow in external electric and magnetic fields
is considered, e.g., in [64]. The quantitative picture of the distribution of these fields
in the discharge region can be obtained by numerical methods, as, e.g., in [65, 66]. A still
more difficult problem is the treatment of a chemical reaction in an essentially nonecuilibri-
um electric-discharge plasma.

In reactions, particularly pulsed ones, the electron distribution in energy is nonequi-
librium, whereas the energy of the translationalmotion of the heavyparticles hasa quasiequi~-
librium distribution.

An approximate method of numerically calculating the kinetic characteristics of nonegui-
librium reactions in electric discharges without allowance for hydrodynamic processes (see
e.g., [67]) consists of simultaneous consideration of:

the equations of chemical kinetics

7 | . !
S Dkt 2 gy (1.104)
i ik

(nj are the concentrations of the components that participate in the reactions, namely elec~
trons, ions, neutral and excited particles; klj, kljk are the rate constants of ionization,
recombination, dissociation, and other processes);

and Maxwell's equations

oD
rotH—-E——H,

divD=p,;

rotE~——iB—;
- Ot

(1.105)

divB =0;
D=¢"E,

where E and D are, respectively, the strength and induction of the electric field; H, B,
strength and induction of the magnetic field; and j, p_, current and charge densities of the
external sources.

In this system of equations the properties of the medium are expressed in terms of the
complex dielectric constant €', which depends on the electric conductivity of the plasma and
on the frequency of the electromagnetic field.

From (1.105), subject to the inequalities [68]

(1.106)

l e’ aE I<<{ o o2E i, a2g’

| SarBl<] e

6ﬂ

we obtain the stationary wave equation, which forms together with (1.104) a nonlinear svstem.
In this system the reaction rate constants k ik depend on the electric field strength
E(r), and &' depends on the time-dependent electron concentration n,, which is obtained from
the solution of Eq. (1.104), and on the effective frequency of the collisions of these elec~—
trons with the heavy particles, which depends in turn on E(r) and on n_.

The nonstationary equation (1.104) and the wave equation, with boundary conditions de-
termined in the course of the numerical calculation by the iteration method, were integrated
[68] for reactions in an essentially nonequilibrium nitrogen plasma produced in a pulsed mi-
crowave discharge.
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As an example of the study of a chemical reaction in an electric field we can also cite

the analysis, in [69, 70], of the decomposition of carbon dioxide in a low-pressure discharge.
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CHAPTER 2

FORMATION OF EXCITED PARTICLES IN THE COURSE OF A NONEQUILIBRIUM
CHEMICAL REACTION

2.1. Recombination Mechanism of Excitation

Excitation of Electronic States of Atoms and Molecules. A theoretical analysis of the
distributions over the quantum states, resulting from chemical reactions, is as a rule quite
complicated even if simple models are used, and predicts the energy distribution only in sim-
ple cases [1, 2].

The kinetics of the populations is strongly influenced by energy exchange between the
reagents and the reactiom products, including the intermediate ones. Six different forms of
energy can be distinguished in excitation ‘and energy exchange reactions: T — translational;

Te — translational for the electron; R — rotational; V — vibrational; E — electronic; X —
chemical. Accordingly, there are 36 different energv-transfer methods: TR, T-V, VR, ...[3].
The basic experimental results on energy distribution in chemical-reaction products were ob~
tained using pulsed photolysis and by investigating the emission in discharge tubes and in
crossed molecular beams [2, 4-8].

It can also be expected from general theoretical considerations that electronic popula-
tion inversion, on the basis of which a chemical laser in visible light should operate, occurs
rarely in chemical reactions, since the E transitions require larger excitation emergies. In
addition, the relation between the reagents and the reaction products is limited by symmetry
hindrances [9]. 1In the last decade, however, an increase took place in the number of observa-
tions of electronic-state population inversion in the products of chemical reactions and in
the number of E-transition chemical lasers [10-12].

Electronic Excitation in Radiative Recombination of Atoms. At a particle thermal veloc-
ity on the order of v., = 10° cm/sec and at a particle size on the order of d = 10-° cm the
collision duration is t ~ d/v,, = 10~'% sec. The radiative lifetime of the excited particle
produced in the collision is about 10”7 sec, so that the radiative-recombination probability
is of the order of 107°. This probability becomes even lower when the moment of the radia-
tive transition becomes smaller because of the increase in the distance between nuclei, as is
typical of recombining atoms that are in the ground or a metastable state, Radiative recom-
bination in a direct collision between two reacting atoms therefore has low probability, which
increases, however, when a third particle takes part. Thus, radiative recombination of oxy-
gen atoms is due to the reactions [13]

0+0+M-0,(0' ) +M,
O+ O0+M-—>0,(A22i) + M.

(2.1)

Both excited states of 0, correlate with the atoms in the ground state (Fig. 2.1) and
are stabilized upon collision with a third particle or on the surface of metallicnickel [14].
In the case of radiative recombination of atoms, e.g., behind a shock wave (T = 2500-3800°K,
A = 230-451.1 nm), the produced 0, molecules go over from the initial repulsien potential-
energy curve into the state BBZ; and then radiate and go to the ground state [15].

In the reaction
N-+NO—-N,+ 0O (2.2)

the afterglow radiation intensity decreases sharply at A < 191.5 nm, owing to the NO disso-
ciation energy (6.49 eV) [16].

Many data are available on the recombinatien of nitrogen atoms. The principal radia-
tion from a mixture containing about 1% N, is due to the state B, and the remaining radiation
is due to the states b* and @ [17].
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Transfer of Electronic Recombination Excitation to Third Particles. Possible mechanisms
of electronic excitation of an atom C upon recombination of atoms A and B are:

A+B+C—AB+C; (2.3)
A4 C-+C—>AC + s (2.3a).
A 4B+ M- AB + M*; (2.3h).

M*¥+C— M+ Ce, (2.3c)

where M is the third particle.

If Eq. (2.3) is regarded as a collision between particle C and the complex A—B, it can
be concluded that the reaction (2.3b) is preferable from the point of yiew of the exéitatipn
rate if M* has a longer lifetime than the complex A—B. In addition, the excited particles
Ce can have in this reaction a wider energy spectrum than particles produced in the reaction
(2.3) if M* is vibrationally excited and relaxes in multistep collisions. These reactions
can be interpreted either as ternary-collision reactions or as formation, as a result of
binary collisions, of intermediate complexes that interact subsequently with a third body.

Alkali metals having low-lying electronic states are excited with consumption of only
part of the reaction heat. To explain the radiation of flames when alkali-metal salts are
added to the initial medium in the presence of hydrogen, the following reaction was proposed
[18]:

(2.4)

H + H + Na— H, -+ Nae (3p).

Calculations of the PES for a linear arrangement of the atoms H + H + Na [19] show that
the products of the reaction H + H + Na (2s) are H, + Na in the ground or in the excited ®p
state. This makes it possible for the reaction (2.4) to proceed adiabatically. Chemilumin-
escence of a number of metals takes place in the recombination reactions H + H or H + OH {20].
For example, thallium atoms in the ground state are excited in the reaction H + H; and lead
atoms, in the reaction H + OH.

Oxygen can be excited as a result of the reactions [21]

O0+0+0—+0,+0(%) (2.5)
O+ N+ N—->N,+0%). (2.5a)
The following reactions were proposed [22] for above-equilibrium radiation of OH:
H + OH + OH — H,0 + OH (24 (2.6)
and
H + Oy 4+ Hy— H;0 4 OH (3Z+), (2.6a)

Theprincipal long-~lived particles inactive nitrogenare N, Nz(AaZi), Ng, and N2(52+). The en-—
ergy of just these particles leads to excitation of such additives as CyN,, CICN, CHCl;, C,H,,
€305, Ni(CO),, (CzHs).Zn, I,, PbIl,, SF¢ and SeCl,.

Radiation of CN can be produced by vitrational and rotational, as well as electronic,
excitation of CN followed by the transitions B?rt - X22+, A®T - X?%7 for the violet and red
bands, respectively [23].

Excitation of Electronic States in Recombination of an Atom with a Diatomic Molecule.
The most investigated reaction of radiative recombination of an atom with a diatomic molecule
is

O 4 NO — NOs. (2.7)

In analogy with many other recombination reactions, the temperature coefficient k(T +
10K)/k(T) of the rate of this reaction is negative, and the rate constant of the reaction at
T = 270°K accompanied by radiation in the region A = 0.4-1.4 um, is 3.9.107_cm®/(moleesec),
i.e., approximately one out of 10° collisions leads to radiation [24]:

2.8
NO (X21I) 4- O (°p) + M — NO; (C) + M; 25
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NO?(C) - NO? (B) (nonradiative transition); (2.9)
NO; (B) - NO, (4) + hv. (2.10)

Here A is the ground state and B and C are the excited intersecting states.

Less investigated is radiative recombination in the reaction

O + CO — COs. 7 (2.11)

The emission spectrum of CO, in flames and arcs consists of diffuse bands superimposed on a
continuous spectrum. In atomic flames at low pressures and at room temperature the spectrum

is only discrete in the wavelength range 0.3-0.6 ym. What is important here is that the ground
state of CO, correlates with the ground state of CO and with the excited atom 0('D)[25], and

in contrast to the reaction O + NO, the correlation with the. ground states CO (*:1) + 0 (°p)

is forbidden by the spin conservation law. Consequently, the reaction CO + 0 (’p) cannot
produce the ground state directly, and high-intensity radiation is produced.

According to the results of [26], the chemiluminescence reaction
0 + SO = S04 (2.12)

is of second order in pressure, and the temperature dependence of the reaction rate constant
can be represented in the form

k= 1,5.108( )“ _em®/(mole-sec). (2.12a)

T
298
The emission spectrum is bounded by the value Xm. = 224 nm and does not reach the value X =

218.3 nm determined by the reaction heat. n

A characteristic chemiluminescent reaction [27] obtained as a result of ternary colli-
sions is

H + NO + M— HNO* + M, o> 0. (2.13)
Luminescence is the result of the following transition mechanism:
H (%) + NO (X%1I) + M — HNOe (XA, 347,147, 34") + M; (2.13a)
HNO ((4") - HNO (!4") (nomradiative transition); (2.13b)
HNO (*4") - HNO (X'AY) - Av. (2.13c)

Excitation of Vibrational Degrees of Freedom in Recombination of Atoms and Molecules.
Recombination reactions due to ternary collisions can lead to vibrational excitation of reac-
tion products that are in the electronic ground state. The reaction rate depends on the par-
tial pressure of the third particles, since the newly produced particle must decay if its en~
ergy is not lowered to an excitation energy below the dissociation energy upon collision with
the third particle. The vibrational-vibrational V-V relaxation on the reaction products ac-
celerates the energy redistribution appreciably.

A molecule that participates effectively in recombination reactions with formation of
vibrationally excited molecules is, e.g., methylene H,C. Vibrationally excited reaction
products are formed when hydrogen atoms (H) combine with olefins. For propylene this reac-
tion can be written in the form [28]

M/ICB H7

H 4 Cs He = G HI . (2.14)
CH,+C.H,
The vibrationally excited intermediate product CsHY can dissociate into H and Cs;He or

into CHs and C,H., as well as become stabilized in collisions with an intermediate particle.

From the point of view of chemical excitation, interest attaches to reactions in which
the excited product participates in processes other than deactivation or decay into the ini-
tial products. These reactions include the formation of polyatomic molecules that have a much
weaker bond than produced in recombination, e.g.,
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CHy + CH,F — C,H,F

with release of an excess energy —380 J/mole [5].

(2.15)

Rotational Excitation. Excitation of rotational degrees of freedom is restricted not
only by energy conservation, as is the case with excitation of vibrational and electronic
states, but also by conservation of the total angular momentum. The total angular momentum
of an intermediate complex consists of the orbital angular momentum of the two reagents due
to their translational motion relative to the common mass center, and of the internal angular
momenta of the reagents. When the complex decays, the total angular momentum is divided into
an orbital and a rotational component, and the relation between them is governed by the char-
acteristics of the PES. 1In second—order radiative-recombination reactions the angular momen-
tum consists of the total angular momentum of the reagents, which includes the rotational and
orbital components.

In collisions with participation of a third partiecle, the excess energy or excess angu-
lar momentum of the reaction products is transferred to the third neutral particle, and in
this case an excess rotational excitation is unlikely. When intermediate complexes are pro-~
duced in the reaction

A+BC~QA—B—-C*>AB+C

the rotational angular momentum of the product AB can considerably exceed the total momentum
of the complex, since the particle C carries away a large orbital angular momentum, approxi-
mately equal in magnitude and opposite-in sign to the momentum of particle AB. The maximum
momentum is then approximately equal to the orbital angular momentum of the ocutgoing parti-
cle C and is determined by the product of the momentum of the motion and the dissociaton im-
pact parameter, which is equal to the effective radius of the forces between C and AB. For
example, in the photodissociation of H,0 [29] the initial complex H,0® has a small angular momen-—
tum 3H, whereas the angular momentum of the dissociation product OH® exceeds 20H.

2.2. Nonequilibrium Excitation of Particles in Exchange Reactions

Excitation of Electronic Transitions. Exchange reactions of the type

ABeC
ABCe

are not realized in practice in pure form and can be regarded as elementary stages of a com-
plex chemical reaction with formation of an intermediate product A-B—C; this calls for the AB
binding energy to be much higher than that of BC. The excitation probability increases in the
presence of a low-lying electronic state of AB if the formation of AB in the ground state is
forbidden by the spin conservation law. A rather probable reaction is assumed to be

A%—BC—+{

H 4 HI— H, + I Py ,2). (2.16)
In this reaction only a few percent of I atoms are produced in the excited state [30].

An example of an exchange reaction with participation of more than three -atoms is

Br 4+ CIO, — BrCle + O,, (2.17)

although in fact it proceeds in a more complicated manner than a simple exchange with a Cl
atom.

In the reaction
O; -+ NO— O, + NO¢ (— 217.7 K /mole), (2.18)

approximately 10% of the collisions lead tc formation of NO; (*B:), and only a few lower V
levels of this state are populated {31]. The reaction

O; + SO — 0, + SO, (2.19)

is much more exothermic (—446.3 kJ/mole). The rate constants of the formation of the three
possible E states are [32] [in cm®/(moleesec)]:
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Fig. 2.1. Potential-energy diagram of O,.

k(X 14;) = 1.5-10exp (—2100/RT);
k(A 1B;) = 10" exp (—4200/RT); (2.20)
k(a3B;)—3-10™ exp (—3900/RT).

Vibrational Excitation in Exchange Reactions. Pulsed photolysis of O3, NO;, C10. produces
vibrationally excited oxygen molecules. Since the process proceeds in gnalogous fashion for
all three substances, we can confine ourselves to the formation of excited oxygen in the pho-
tolysis of 03;. An important role is played here by the following reactions, which proceed
with the formation of atomic oxygen [2]:

O; -+ Av—>0O(P)+ O,

O, -+ hv— O (\D)+ 0, (*D);

O3 P)4-0y—0?+0, (—389,4 K /mole);
O(D)+0,—+07+0, (—745,2 K/mole).

!
} (2.21)
i

Excited oxygen molecules in the X>I7 state are observed up to levels v < 29. The maxi-
mum in the distribution of the excited molecules takes place at v = 12, 13, and 14, while the
populations of the remaining levels decrease monotonically. The O (®P) atoms play a consid-
erable role in the formation of vibrationally excited oxygen molecules. This pertains to
thermal decomposition of ozone in a shock wave and to pulsed photolysis of NO,. The reactions
considered above result in the formation of oxygen molecules on high V levels, not accompan-
ied by chemiluminescence, since the vibrational-rotational V-R transitions are forbidden for
homonuclear molecules.

The most interesting reactions with hydrogen halides are

H 4 Cl — Cl — HCl® +- C (— 188.4 i /mole},

v (2.22)
2 Cl 4+ H—1— HCl 4 I(— 310 K/mole),

in which inverted population takes place at low pressures. In the case Cl1 + H — I the inver-
sion is large and quantum-mechanical generation of radiation is observed. More than half of
the reaction heat goes into vibrational excitation.: The remainder is converted into rotation~
al energy, so that the translational energy of the products is comparable with the energy of
the initial reaction products.
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The distributions of the populations of the vibrationally excited oxygen molecules and
of the hydrogen-chloride molecules are, in the main, similar. The distribution has a maximum
for levels corresponding to half the reaction energy. The distribution of both molecules
over the V levels is close to the initial distribution due to the reaction. This distribution
may be distorted because of the high rate of R relaxation in the collisions.

Vibrational—translational V=T relaxation has a considerably lower rate than the rota-
tional—translational R-T relaxation, and is substantially different for HCl and 0., inasmuch
as for 0, the gas-kinetic number of collisions is Zo = 8¢10°, and for HCl Z, = (0.5-1.5)e10°.
Radiative transitions are forbidden for oxygen, and the radiative lifetime of HCl lies in the
range 107%-10"" sec. The initial distribution can thus be expected to be preserved much long-
er at high pressures in the case of 0, than in the case of HCl. As a result of V-V energy ex-
change, however, this distribution can be substantially altered. Thus, in experiments with
HCLl and OH (the reaction H + Os -~ OHYV + 0,) at p = 13.33 Pa an almost Maxwell-Boltzmann dis-
tribution in the V levels was observed, but the vibrational temperature greatly exceeded the
translational and amounted to several thousand degrees. This indicates energy exchange took
place as a result of R and V-V relaxation, but the V-T relaxation did not end.

Widely known reactions that lead to effective chemical excitation are those of sodium
and potassium atoms with halogens, nitrogen oxides, and alkyl halides. These reactions are
rapid, and the activation energy is as a rule less than 21 kJ/mole. The sodium-doublet radia-
tion was found to predominate, since the lifetime of Nacl¥ is quite long, the electron-vibra-
tienal B~V energy exchange is effective, and the radiative lifetime is only 10~° sec.

The regularities considered are typical of systems containing atoms with low-lying
states, in which the transitions are energy-allowed.

The equation for an exchange reaction that proceeds with formation of. a four-center
complex can be written in the form

A—-B+C—D—>A—-C+B—D. (2.23)

A known reaction of this type, in which formation of vibrationally excited particles has been
established, is, e.g., [2]

CN + O, — CO + NO~.
Rotational Excitation in Exchange Reactions. In the reaction

K + HBr - KBr -+ H, (2.24)

one should expect, according to the conservation law, excitation of the rotational energy of
the reaction product. Indeed, the initial rotational momentum of the K atom should be large
because of the large mass of K and the appreciable cross section of the reaction (0.34s10-'*
em®), whereas the momentum of HBr is small because of the small moment of inertia of this
molecule. In the reaction products, KBr has a rather large moment of inertia, so that ac-
cording to the conservation laws the bulk of the total momentum will go into rotation of

the KBr.

For strongly nonequilibrium rotational excitation, e.g., in the reaction

2.25
Cl + HI - HCl (v = 2) & I (2.25)
almost the entire difference between the reaction heat and the energy needed to excite the
v = 2 level goes into rotational excitation.

Strongly nonequilibrium rotational distributions are usually observed in chemilumines-
cence reactions that lead to formation of electron-excited molecules in ordinary atomic
flames and in a discharge. 1In these cases the R relaxation is hindered by the short lifetime
of the E states.
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CHAPTER 3

BASIC EQUATIONS FOR PROCESSES IN CHEMICAL LASERS

3.1. General Conditions for the Onset of Lasing

The main task in the investigation of the processes in chemical lasers is to study the
various reactions at which atoms or molecules can be produced with an energy level such that
at least one optical transition satisfies the conditions that lead to synchronization of in-
dividual emitters, but. for inverted population of the levels and in the case of phase correla-
tion of the emitters. Nonequilibrium excitation of the internal degrees of freedom of the
atoms is a necessary but insufficient condition for the emission of coherent radiation in the
course of a chemical reaction. It is necessary also to have an inversion reserve to compen—
sate for the losses in the resonant system. These losses determine the maximum populatien-—
concentration difference. 1In lasers whose operation is détermined by phase correlation of the
emitting particles, the absolute concentration of these particles has a threshold value.

For lasers based on the use of the inversion effect, the critical density of the popu-
lation inversion of the energy levels is determined by the probability of the given induced
optical transition, by the relative emission line width (4v/v), as well as by the properties
of the modes excited in the resonator. If the emission line width is the Doppler broadening,
as 1is usually the case at pressures on the order of several torr, the kinetics of the molecules
and atoms in the lasing process will differ little. At high pressures in photostimulated
chemical reactions, the ratio Av/v substantially influences both the chemical reaction and the
‘lasing conditions.

Calculatlons<3fthe emission probabilities are based on the Born—Oppenhelmer approxima-
tion, which permits a correct estimate of the E-transition probability. - The total E-transi-
tion probability for an allowed molecular transition is of the same order as for atems (~107
sec”'). Allowance for the interaction of the V and R levels, however, makes the probability
of an individual allowed E transition smaller by several orders of magnitude than the total
probability of all the transitions from a 1level. This circumstance increases the threshold
values of the critical density of the inversion and of the absolute concentrations of the
emitting centers. ‘

The c¢ritical density of the level population inversion is determined, besides by the
vibrational properties of the cavity, also by nonoptical transitions that lead either to
further excitation or to relaxation processes that return the system to the equilibrium state.
Chemical excitation processes usually lead to an increase of the population in a rather large
region of the V and R levels. Owing to the small distance between R levels, they are easily
excited or relax on thermal molecules having an energy ~0.1 eV, These relaxation processes
essentially determine the kinetics of the energy redistribution among the molecules. This re-
distribution is attained after only several collisions in weakly bound molecules such as I,,
and after up to ~107 collisions in strongly bound molecules such as N,.

Within the limits of each degree of freedom, the relaxation processes determine the
corresponding temperature whose change gives rise to a particular energy transition. As a
rule, the temperature rapidly assumes a steady-state value within one degree of freedom, after
which an exchange of energy E takes place between the degrees of freedom. For example, if
the system is in an inverted state relative to the V levels, rapid R relaxation can raise the
population of the upper lasing level at the expense of neighboring R levels and lower corres—
pondingly the population of the lower lasing level on account of rapid transitions to neigh-
boring R levels in collisions,

In addition, the different relaxation times of the V and R levels make possible inver-
sion of individual V-R levels even when both the vibrational and rotational distribution are
normal with temperatures TV and Tg.

According to Sec. 1.6, the energy of a V—R level of a molecule can be represented in
the harmonic-oscillator approximation in the form

E(V, )=EW+B{ +1)J, (3.1)
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where V (vi, Va2, ... ,vn) is the spectrum of the vibrational quantum numbers,
The following relation holds for the total {(vibrational) inversion:
n (V2) — g (Vi) n (Vo)lg (Vo) > 0. (3.2
Writing down the equilibrium distribution of the V levels

(V) =1g (V)/zy51exp [ — 3oy btk T,>] , 5.9

zyip =111 —exp (—Avi/k T 7%,

where v7 are numbers from the set V (vi, vz, ..., vg), vz, g7, T7 are the frequency, degree
of degeneracy, and temperature of the I-th vibration mode, and g(V) is the statistical weight
of the level V, we obtain the condition for the existence of inversion between the levels

Vi (evey Vidry eees V7, o) and Vo (boay Vi, weny Vigr, «n.)

TdTy > vilv; > 1. (3.4)

Satisfaction of this condition calls for relatively low values of Ti/TZ,_so that in the cases
of practical importance the ratio vi/vz is small,

In the case of partial inversion with a Boltzmann distribution over the rotational le-
vels

n(Vy J _ g, Yn(Ve, J+1) 0
W 9) aVa I+~ (3.5)

and for inversion between v + 1, J and v, J + 1 it is necessary to have

n{o41) _E@+l, ), E(v, J4]) (3.6)
n (v) eXp[ W8T T BT }>1
or
1‘;,“’->hv/[2(J +1) By (B,—B, ) I (J + 1)) >1, (3.7)

The last condition makes it possible to estimate the maximum value of the population
inversion :

Bl (I 1) h 28 (i +1)4-(By—Byt1) Im (Im '
Aﬂ'max =g__(iz%_9n(v+l)exp[_._m_i.%nj‘i_)] {l_exp[kOTv:b — (VI )+( DkOT v+1) m ( +I)]}' (3.8)

where
1 BT 2,41
2WUm+3 B g1’

B hv(By—Byya) - T \1/2
Jor 1 v —5p —1]—1.
O (Bo—Byy) [( g Tvib) ]

JmNJo"'"

The exchange exothermic reaction

AB*4.C

A+BC
+ _*{ABJFC*

can proceed under light-wave conditions in the following manner with emission of light:

A+ BC—»> (A~ B—C)*—> AB 4 C + hv,
where {(A-B—C)* is a complex containing the chemical energy of the bond.

Chemical lasers based on reactions of this type can convert chemical energy into light
at high efficiency and in the shortest way, inasmuch as in a number of such reactions the
complex (A — B — C)*, as shown in Sec. 1.6, does not have a conventional lower state, i.e.,
it is always inversely populated. Furthermore, the concentration of the complexes increases
with increasing pressure up to pressures at which ternary collisions assume a substantial
role.
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With increasing concentration of the emitting particles, the latter can no longer be
regarded as isolated emitters. 1In this case the collective interaction makes the spontanecus
emission coherent and substantially more intense [1]. It can be shown that for a number of
conditions the rate of a chemical reaction on account of emitter synchronization becomes com-
parable with the rate of a chemical reaction on account of stimulated transitions.. In both
cases it is proportional to the square of the concentration of the initial reagents, meaning
that the two mechanisms can compete with each other, depending on the absolute values of the
radiating transitions and on the phase-correlation volume., :

In the case of phase correlation we have for the threshold Ny of the concentrations of
the radiating particles the estimate [1]

VN /4> 1, (3.9)

where V 2 1® and A®L, respectively, depending on the manner- in which the chemical reaction
was produced. Here X is the radiated wavelength and L is the cavity length.

3.2. Equations of Motion of a Chemically Reacting Gas with Allowance for Nonequilibrium
Effects and Radiation

The equations that describe a multicomponent chemically interacting gas mixture in the
presence of radiation are quite complicated for use in the solution of practical problems.
Taking (1.77)-(1.80) into account, we present here a simplified system of equations based on
the use of a phenomenological approach for energy exchange and diffusion of the components.

The continuity equation in the Euler variables (p, u) remains valid in the presence of
chemical reactionsand radiation, and takes the usual form
. . (3.10
doldt -+ p div (u) = 0. (3.10)

In the presence of chemical interaction and diffusion, this equation can be written
for the component i in the form

ap,/at + le (p,-u) = W; — diV Di! (3.11’)

where D = oy (ui — u) is the diffusion mass flow; w, is the change of the mass of the i-th
component on account of the chemical reaction (or ionization).

The momentum equation, neglecting radiative pressure, is, according to (1.78),

pdu/dt + VP = (. (3.12)

The energy equation takes the form

pdh,ldt = div (Pu) — div g. (3.13)

The conservation equations for the i-th component can be written assuming the component
to be a particle in a definite chemical and quantum state. It is convenient to change over
to the particle concentrations per unit volume n.

For example, for a molecule of sort m in a vibrational state we can write in lieu of
(3.11)

dnmldt = K. (3.14)
Here K™ is the change of the number of particles of sort m on the vibrational level v
as a result of chemical reactions, collisions with other particles, or radiation.
The equation for the quantum density q,, is

dg ldt = — al, + w,, (3.15)

where I is the intensity of the resonant radiation of frequency v; w

pumping rate; and o,
coefficlent of absorption (or amplification) of the light,

\),
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3.3. Basic Properties of Chemical Lasers

" The basic properties of chemical lasers and the principal quantitative criteria for the
onset of lasing can be obtained on the basis of mathematical models [2-5].

We consider the kinetics of chemical pumping and chemical-laser generation on the basis
of the simplest two-level model, including chemical pumping of two working levels with popu-
lations n, and n,, relaxation, and stimulated emission.

The balance equation for the photon density in the cavity is written in this case in
the form

dgy/dt = Ay oy + By atuGe — Ba ey — @u/Tp. (3.16)
Here A,,. is the spontaneous-emission coefficient; B, 2, Bz ., coefficients of induced emis-

sion for the respective tramsitions 1-2, 2-1, n:, n., respective numbers of particles on le-
vels 1 and 2; Tps photon lifetime in the cavity.

Recognizing that A1’2 = Bi,2 8 WVS/CS, Bi,2qy,1 = qQy,2B2,1 and introducing o = 51,2 =

Bl’z qV/Avc, An = n, — nn., where 01,2 is the stimulated-transition cross section, we obtain
dgyldt = Ay sy + 0cAngy — Gl (3.17)
For n; and n: we have analogously
dnyldt = P + ny/t, + ocguln, (3.18)
dny/dt = Pyw — nyfty — ocgyAn, (3.19)

where 1, is the level relaxation time; P, and P, are the probabilities of formation of the
populations n,; and n,.

The maximum radiation energy, defined as
E .= j" (hvgul% ) dt,
|

is
o0

Eppax =(1/2) v (Pz—Pl)S w(f)dt. (3.20)

0

The maximum efficiency, namely the ratio of the maximum coherent-radiation energy to the
thermal effect of the reaction, is called the chemical efficiency n. and does not depend on
the reaction rate [2-5]:

_ ___1_ v (Pa—Py)
Tlmax—'r}c’“ 2 | —AH.| . (3.21)

Lasing sets in at the initial instant of time if the rate of the chemical reaction sat-
isfies the condition

where A = (ocrp)_1 is the threshold inversion density.

In stationary chemical pumping there comes an instant when the lasing stops on account
of relaxation at the reaction products. This critical lasing shutoff time equals

v’::r‘ =\(P2—P1)1:r. (3.23)

When inversion is produced with probability P, in molecules by energy transfer from
other molecules excited by the chemical reaction, the system of equatiomns is supplemented
by an equation for the density n* of the excited particles produced as a result of the chem-
ical reaction:

dn*
at

—~w—(P 1+ Pt (Pri=——, i=12). (3.20)

r.
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Taking into account the production of inversion on account of energy transfer from ex-—
cited particles, we have for n:

dﬂz/d’f = P3n* — Pr_gnz — 0Cqy (n. — ny). (3.25)
Equation (3.17) without the first term is also valid.

Lasing sets in under the condition N
w>w =P 3 (f, + A) Py + Py)/Ps, (3.26)
where nf is the equilibrium population of the lower working level.

We now consider the amplification of the radiation under the conditions of a nonstation-
ary three-dimensional medium [4]. 1In the case of partial inversion in nonsfationary\chemical
pumping of the vibrational levels of a diatomic molecule, the gain on the RV transition (v +
1,3 —1) » (v, J) for the %-branch, under equilibriumdistribution over the rotational level, takes
the form

— - 2
a,=astt I =l '(n,,+1——n,,exp(—~ 3:")) (3.27)
Here 6_ is the characteristic rotational temperature; oV+3 J-2 is the cross section of the
induced transitions,
In the harmonic approximation we have
oo ’*‘—(v+1)os- 7= (3.28)
2
L I S| 3 Sl Y ) O 4(0) exp(———J(J——l)) (3.28a)
sn(ve: 1Y)

where vé;j_l is the transition frequency; g(0), form factor; and AI:JJl, Einstein coefficient.

From (3;27), (3.28), and (3.28a) it follows that
o= Xa,=0lgy~es N], (3.29)

Ing;
'(1—exp(—26,J/T)); gy = 2 on,.

Using (3.15) as the equation for the medium, we have

J

where e = . (exp(26,J/T) — 1)7*; N =
l J
Oy,

0=

dg,

T: —a1v+2 Bl wi(x t), (3.30)

=1

where B; and wy (x, t) are, respectively, the average number of excitation quanta and the rate
of exc1tat10n on account of the i-th chemical-reaction channel. For example, in the case of
pumping by a chemical chain reaction

with probabilities of formation of the reaction products on the v-th vibrational level P,
and P,y, we have at p = 2:

ﬁl=§vPl.,: |32=§va,,: w; =k [Al[B,l; @, =k, [B][A,].

With the aid of (3.29) we obtain from (3.30) the equation of the medium:

dalot = — oal, + K (x, ©), (3.31)

where K(x, t) = oglw(x, t) — 3/3t (ej M)].

At total inversion, for molecules whose upper and lower laser levels belong to differ~
ent modes (vs, vi), the expression for the gain on the transition 00%°1 » 10° 0 can be written
io the form



& =0(gv, 3—qv, 1);
o=Ffaloe i F=(1+qv.1/N)2(1 4Gy, 2/ NY2(1 +gy.5/ N)-=. (3.32)

Here q, i is the density of the vibrational quanta of the i-th mode (i = 1, 2, 3).

3.4. Kinetics of Chemical Pumping and of Lasing in the Pulsed Regime

Inasmuch as in the pulsed regime it is easy to attain high pump powers and lower energy
losses, pulsed lasing can be obtained in a considerably larger number of active media and
transitions, and in a larger spectral range than in the continuous regime [6].

Reactions with branched chains are the fastest. These include oxidation eof H,, PHs,
SiH,, CS., CO, P, decomposition of NCl;, a number of reactions of molecular fluorine with
H,, CHs, I, HI and some others. We expound, following the review [7], the laws governing
branched chain reactions with inverse excitation of the products for the well-investigated
hydrogen-oxidation reaction [8], e.g., in the reactionof hydrogen with fluorine,

It is shown in [9-11] that this reaction is a branched chain reaction with energy branch-
ing, and follows the scheme:

initation of the chains F, = F + F (3.33a)
continuation of the chains F + H; + HF (v {3) + H (3.33b)
continuation of the chains H + F, > HF (v<(6) + F (3.33¢)
branching of the chains HF (vZ=4) + F, > HF (v'<<4) + F+ F (3.33d)
annihilation of the chains H + 0, + M -~ HO, + M, HO, > wall (3.33e)
annihilation of the chains H +~ wall and F -~ wall (3.331)
V-V relaxation and deactivation of the HF vibrations. (3.33g)

At low pressures the collisions are infrequent and the continuation and branching of
the chains takes place at low rates, whereas the probability of annihilation of the active
centers H, F, BF (v> 4) on the walls is high. Thus, at low pressures the mixture is stable
and does not ignite spontaneously. The mixture is also stable at high pressures, since the
probability of the annihilation of the active H atoms in ternary collisions (3.33e) increases
considerably. Spontaneous ignition of the mixture takes place when the processes (3.33b),
(3.33¢c), and (3.33d) develop progressively and prevail in a certain- intermediate pressure
range that is a function of the mixture temperature. '

This behavior of a chemical reaction is described in terms.of the coordinates T and p,
as is well known, by the plot of the ignition peninsula region (Fig. 3.1), which is typical
of the branched chain reactions described in Sec. 1.5. The boundaries of this peninsula
(solid 1line) are the lower and upper ignition limits, or, in other words, the first and second
ignition limits. For the reactions HO, + F, > HF + 0, + F there also exists a third ignition
limit (shown dashed in Fig. 3.1).

The eqdations for the changes in the particle concentrations Dy Dps and nHF(v) are

dny [dt = — (kanipy -+ Esto,nm + Rdna + kanm, nr; (3.34)
dnp/di = ky g, nu—(ky nu, =+ ko) np +nr, 0§4 ky, » NHE (o) + @ (£); (3.35)
dnur (o). /dt = kg B, iy, ny— R4, o NE, BuF (o) +Q (0), (3.36)

where Q(t) is the term describing the relaxation and annihilation on the walls; ki, ks, ka, vy,
and ks, rate constants of the corresponding processes (kh’v>“ = 0); w(t), rate of the chain-
initiation reaction (3.33a); ke, k,, certain averaged constants that take into account the
size, configuration, and material of the reaction-volume walls in the case when Egs. (3.34)-
(3.36) are linear,

We consider the initial period of the reaction, assuming that w(t) is a delta-like func-
tion. 1In this case the solution of the system (3.34)-(3.36) is a sum of exponential terms

nyp = fy €Xp (sf),
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Fig. 3.1. Lasing limits for
branched chain reactions.

where s is the largest root of the determinant of the system (3.34)-(3.36) [2, 12].

The ignition peninsula is defined by the condition s > 0. Typical of the initial stage
of the reaction is an exponential growth of the reaction products and of the reaction rate.

For an exponential growth of the concentration without V-V relaxation the distribution
of n_ is constant at large st and is given by n = sk/(s + b). Corresponding to given values
of b and kv is a minimum s_. at which inversion still exists in the system of vibratiomnal
levels. Let k ® 1, kyy, ® 0, and b be specified in the form of a harmonic approximation. It
follows then for large st that :

ming = sty (1 — exp (— Av/kT))™ = st . (3.37)

The condition for the existence of inversion in this case is then st > 1. This condi-
tion is satisfied in a region inside the ignition peninsula (shaded in Fig. 3.1) and can be
a peninsula or an island (dash-dot curve in Fig. 3.1); it may also not exist at all.

The initial mixture has a temperature and a pressure that are far from the ignition re-
gion. External actions typical of this chemical-laser construction, e.g., rapid action of an
electric discharge or photolysis, transfer the mixture into the ignition region, and also in-
to the inversion region if the energy is sufficient [13].

From (3.34)-(3.36) we can qualitatively estimate the influence of the V-V relaxation
on the course of the reaction. If the processes (3.33e) are very fast, relaxation causes
additional population of the level v = 4 via transitions from the third level. The reaction
rate can increase somewhat in this case. If, however, the processes (3.33e) are slow, relaxa-
tion leads to establishment of a Boltzmann distribution of n, and the reaction rate decreases,

A calculation of V-V relaxation, within the framework of the linearized problem, was
carried out for radical chains, e.g., in [8, 13] for a two-level model, with estimates of the
possible efficiency of a branched chain reaction laser.

3.5. Basic Equations of Continuous-Wave Chemical Laser

The theoretical investigation of the characteristics of a cw chemical laser entails
considerable difficulties since it is necessary to simultaneously take into account the influ-
ence of the diffusion, the chemical reactions, and the radiation [14].

In theoretical models the disequilibrium of the energy distribution can be taken into
account by regarding the gas, in analogy with the gas reactions, as a mixture of several com-
ponents, with each long-lived V level of the active molecule taken to be a separate component
of the gas. 1t is assumed that the formation of the active molecules in the course of mixing
and burning of the fuel and the oxidizer is determined by the diffusion, and that the cembus-
tion takes place along the front of the flame [15]. Collisional deactivatien of each vibra-
tional level of the active molecule via resonant V—V and V-T energy transfer is taken into
account by expansion in powers of the ratio of the axial distance to the characteristic deac=
tivation length.

The flow diagram is shown in Fig. 3.2. Two homogeneous semiinfinite parallel gas
streams (one consists of the oxidant and diluent, the other of the fuel and a diluent) begin
to be mixed and burn at the point x = y = 0. Here x is the coordinate in the flow direction
and y is the coordinate perpendicular to x, with positive y corresponding to the region filled
with fuel.
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Fig. 3.2. Flow diagram in a diffusion chemical la-
ser,

Such a configuration is an idealization of the stream in the chemical-laser channel and .
is analogous to boundary-layer flow with velocity compoments u along the x axis and v along vy.

According to boundary-layer theory, it follows from the system (3.10)~(3.14) that [14]

—a(pu)+i(pv)=0; (3.38)
x dy
7] ou :
( +v )”E(“Ty)' (3.39)
hg ., Om)_ 3 [.m ("”o Pr—1 )] I
P(u % v ay) oy [Pr +Pr—1u— 22%,1 v, 3 (3.40)
e VN9 . ay, +w, "’HF , U, slo, 5 o d e d ]
p(u ax —1—:{ Oy )._‘ ay (p H ) ! + ; g, 1 ol ) (3.41)
ar
2 g, 1 1a, 4, (3.42)
dy

where Pr = nc_/A.; is the viscosity coefficient; ¢ = Zc¢  .Y.:
n P Q " Y *p p,11’

p=pRTZ(Y/p:); ho="h+1/20%;

T
b=, (Sc,,,idr+h,,i) :
i 0

The superscript v, J denotes transitionsof the &P-branch from the level v, J to the level
v — 1, J+ 1, and the subscript denotes transitions from the level v + 1, J — 1 to the level
v, J.

The last term in the right-hand side of (3.40) is the energv loss per unit volume due
to stimulated emission and absorption. The last term in the right-hand side of (3.41) des-
cribes the onset of the i-th component in a unit volume as a result of stimulated emission
and absorption. It is equal to zero for all i # v. The term W, describes the onset of the
i~-th component as a result of the chemical reaction. The optical gain Oy, J corresponds to
its value at the line center and is given by

o, s = A (Voy1 — V), (3.43)
where
8n5/2 N |HY TP IF,, g0
3 (2kpyp)l/? Ry(u41, 7172

expf—E@+1, /—1)/&T];

. &
Ri(@,)=3 @) +1)exp[—E (v, Jyk T};
J=0
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Ry(@41, J—1) Elod
= — —_— — — 0

Here Y, is the mass fraction of the excited molecules; N,, Avogadro's number; and R

internal energy for the rotational degrees of freedom. The term [HX+1]2 takes into accoun%
the contribution of the vibrational degrees of freedom to the electric dipole moment, and

Fv 3 is a parameter of the interacticn of the vibrational and rotational degrees of freedom.
3

The enhancement of the radiation in a premixed moving gas flow in the cw regime is des—
cribed by the system of equations [4]

al,/dx = aly; véa/dy = — oal, -+ K (x, y), (3.44)

where v is the gas-flow velocity along the y axis.

The cross section y = 0 is the boundary of the reference signal propagating along the
x axis. The boundary conditions are written in the form

0 » 0y <y, 45
100, g) =TIy, 0= Y<bo (3.45)
Li. oW ¥>ve

Yo
a (%, yo) = (%, 0)-}-—21'—5‘K(x,y’)dy'_ (3.45a)
0

In terms of the variables 7 = x, ¢ = y/v the system of equations and the boundary condi-
tions are:

alv/6§=alv;
da/08 = —oaly + K (L, 8);
Oy =
t=0; fo=Lo(={] o1 =50 (3.46)

T
#=1; a=a@)=a{ 04| KE 8)dd".
0

The solution of this problem is:

\ : | .
I, \‘))=1v,o—zl—6xp[5 (olv.o+§1<d§')dﬁ']; (3.47)
0

Do

a(t, 8) = .S‘Kdﬁ’———i—{ﬁjolv o X

’00
Xexp[ j (alv,.ﬁL jKdC’)dﬁ”] ( j’ Kdﬁ")dﬂ’._
Q o

'&0
z
—aexp (—S&dg’)]; (3.48)
b
i) 9’ 4
=Solv oexp[f(clv,o—}—fl(d )dﬁ”] "
B H

To

£
+-exp (— \ adg’) .

N b
In the case of a homogeneous reference signal (I ,o = const) and a pump that depends

only on the coordinate §, relations (3.47) and (3.48) ate greatly simplified. For enhance-
ment of a narrow signal we have
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IV.OZCOHS}[, '&0<'ﬂ<‘ﬂl, (3.49)

Iy o=
' 0, 9> 0.

For the condition

2K (i)

—KW) _§
(0K/09) lg g,

0 —0 K

it can be assumed that K ® const in the absence of radiation, and then

I, A -\ ]!
= T:'4‘(TT'_._ )EXP(—* )1 , .
Iy, 0 [ Ge G G, By (3.50)
E-ac—_i [I+exp(uﬁ)(u—l)]
B— G. By By
a:_-ac v + oy -9 (3-51)
Oy 14——£i-<ex (ﬁ_-ﬁ") 1)
G, P By

where

G=exp((a); Go=1-+ Kc/(ol;, o); @=0(0)+ Kb }

0e = K/(61y, 0+ KL); B, =(0ly, o+ KO)™ (3.52)

It follows from the solution that when the amplifier length is increased, the output radiation
pulse becomes ''sharper”.

We present here, using (1.104), the general form of the vibrational-relaxation eaua-

tion:
dnp, [ ij
it 2 klom, pvq g, 1 fp, 5 Zhitoss, gop N, Mg s (3.53)
Y X I¥]
. . . ij .
where n, ; is the concentration of the molecules of sort i on the level m; k J is the
’ s>m; p~q

rate constant of the transition of molecule i from level s to level m and of molecule j from
level p to level q. For a polyatomic molecule each of the indices s, m, p, and q is described
"by a set of vibrational quantum numbers (vi, Va, ..., vn).

A direct solution of the system (3.53) is practically impossible without simplifving
assumptions. The most significant of these assumptions are the following: the influence of
the electronic excitation is negligibly small; the translational and rotational degrees of
freedom are in equilibrium; only transition between nearest levels are taken into account;
the simplest model, that of a harmonic oscillator, is used.

Naturally, the solutions obtained using these simplifications are not universal and are
applicable in certain regiomns. In particular, e.g., the use of the harmonic-oscillator model
is valid at sufficiently small deviations from equilibrium and for low vibrational levels.

3.6. Laser Kinetics under Conditions of Cooperative Spontaneous Emission

Coherence in Spontaneous Emission. Spontaneous emission is usually considered under the
assumption that all the gas molecules are independent. In this case the radiation intensity
is equal to the sum of the emission intensities of the individual molecules, and the line
width and shape of the gas emission are determined by the properties of the isolated molecule.
This is valid only when the distance between individual molecules is much larger than the rad-
iated wavelength.

At high pressures, however, many radiating particles are located at distances comparable
with the radiation wavelength, and they emit as a single quantum-mechanical system, with a
spontaneous—emission intensity proportional to the square of the number of these particles
[1]. It must be emphasized that the collective properties of the system of particles exert
a direct influence only on the spontaneous and nonradiative processes in the system. With
respect to stimulated transitions, the system atoms behave as if they were independent. The
reason is that collective effects cancel out in absorption or stimulated emission, whereas for
spontaneous and nonradiative processes there is no such cancellation.
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Collective interaction of the emitting particles substantially alters the characteris-—
tics of chemical lasers operating at high mixture pressures. The condition for the onset of
coherent emission from the entire volume of the emitting particles in such a synchronization
is not a difference of the level-population concentration, but a difference of the absolute
concentration of the emitters (chemical complexes, excited products of chemical reactions,
etc.). Superradiance is described in [1] for a system smaller in size than the radiation
wavelength. It is assumed for simplicity that the gas molecules have only two nondegenerate
energy levels, E, and E, (E; > E;). The molecule radiation is considered in the dipole ap-
proximation. The Hamiltonian of the system of molecules, without allowance for the radiation
field, is written in the form

H=Ho+E ¥ Rjs (3.54)

f=1

where E = hv, = E; — E;;  Ho and Rjs represent, respectively, the energy of the translational
motion of the molecules in the intermolecular interaction and the internal energy of the j-th
molecule with eigenvalues *'/,E.

The eigenfunctions are of the form

Yem = U, (-’:h) [R:], (3.55)

where ;k are the mass-center coordinates.
If the numbers of molecules in the upper and lower states are designated n, and n,, re-

spectively, then

3.56
m == (nz —_ nl)/2. ( )

Obviously, n=n +n is the total number of molecules. The total gas energy is
E;m = Eg +’Em: (3-57)

where E_ is the energy of the translation motion and of the interaction of the molecules.
o .

The energy Egm has degenerate multiplicities

nl _ nt . (3.58)
fiptn ) (#72-4-m)} (n/2—m)!

We introduce a quantum number r, called the cooperation number of the gas, which satis-
fies the inequality :

{mi << r< a2 : (3.59)

As a result we obtain for the intensity of the spontaneous emission of a gas in the
state (r, m) the expression

I=@-Fm)—m-+ I, (3.60)

where I, is the intensity of the spontaneous emission of the isolated molecule.

The gas can thus have special bound states in which the spontaneous-~emission intensity
is proportional to the square of the number of molecules. Such, e.g., is the state r = n/2,
m = Q. The emission intensityof a gas in such a state is

I = (n/2) (n/2 -+ 1) Iy == n*l /4. (3.61)
The gas can have states that do not emit energy at all, e.g., r = m = 0,

It must be noted that in all system transitions accompanied by emission, the quantum
cooperation number r remains unchanged.

In the general case when the state of the gas is a superposition of states with differ-
ent r and m, or for a mixture with different r and m states, the intensity is

I=lo’EnP,,m(r+m)(r—m+1), (3.62)

333



where Prom is the probability that the system is in the state (r, m) at the instant of emis~
sion.

In the thermal-equilibrium state, when

ny/n, = exp (— E/RT), (3.63)

the mean value is

m = (ny—ny)/2 =1Inth (E/k® T)|/2 = —nE/(4ko T). (3.64)

The superior bar denotes here averaging over an ensemble with a Boltzmann distribution. The
mean value of r coincides with |ﬁ[.

If r coincides exactly with (-m), the emission intensity is zero. If, however, r dif-
fers from (—m) by unity, then

I = —2ml, = (E/2kT) nl,. (3.65)

While the spontaneous-emission intensity depends on the state (r, m) of the gas, the
total emission or absorption intensity in the presence of an an external field is alwavs pro-
portional to the number of active molecules.

If the system dimensions are comparable and are much larger than the wavelength, but
the distances between individual molecules are much shorter than or comparable with the wave-
length, coherent emission is possible, but the gas can emit coherently only in one direction.

A classical system of simple harmonic oscillators distributed over a large region can
be relatively phased in such a way that coherent emission in a definite direction is obtained.

Effect of Collective Phenomena on a Radiative Chemical Reaction. Among the chemical
reactions, particular interest for laser development attaches, from the viewpoint of signi-
ficant increase of the radiation intensity when the emitters are phase-correlated, to the re-
actions whose rates depend on the presence of electromagnetic radiation. These reactions in-
clude, e.g., photorecombination, where a mechanism is possible for the enhancement of the
light-stimulated rate of the chemical reactiom [16]. In such reactions the phototransition
takes place during the elementary chemical reaction itself. 1In this radiative reaction mech-
anism the energy of the chemical bond is emitted by the phototransition, whereas in an ordin-
ary chemical reaction the energy is given to a third molecule or is carried away bv the chem-
ical-reaction products. If conditions are produced for the realization of the mechanism of
phase correlation of the spontaneously emitting particles, wheun the collective interaction
of the particles via the common electromagnetic field strongly decreases the emission time of
the excited particles, it becomes possible to substantially accelerate the photostimulated
chemical reaction [17]. 1If the rate of formation of the energetically excited particles ex-
ceeds the rate of their deactivation by superradiance, a growing process results,

The inverse process contains a number of pulses of damped amplitude and increasing dura-
tion. In this case the cooperative phenomena in the spontaneous emission lead, naturally,
to a considerable increase ~f the lasing power in the individual pulses. In stationary las-—
ing, when the rate of the process is determined by the rate of excited-particle formation, the
contribution of the cooperative phenomena can, in principle, be of the same order as that of
other deactivation and emission.processes. Nevertheless, the need for creating conditions
for the onset of cooperative effects is compensated by a number of obvious advantages of the
reaction. For example, it is possible to use for chemical lasers a larger class of reactions,
since the working molecules that produce the coherent emission are not only the products of a
reaction with inverted population, but also directly excited particles. 1In addition, when
the emitters are phase~correlated the threshold of the required equilibrium density of the
excited reaction products (n%*) will be less than the threshold of the concentration of the
inversely populated particles (nind) in the mechanism of a chemical reaction stimulated by
induced phototransitions,

In fact, the rate of a chemical reaction with phase correlation can be represented in
the form
w(D ~ wsp (V/4‘) n;), (3.66)

where wg, = Pn% 1is the rate of the spontaneous emission of n#% independently emitting parti-
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cles; P, probability of spontaneous emission of the excited reaction products; and V, phase-
correlation volume.

. —_ 2
@y = gy =T (3.57)

where k, is the rate constant of formation of the excited reaction products; n is the con-
centration of the initial reagents.

For w, we have [16]

ind
Wing &~ 1072 P (n4) *. (3.68)

Hence

ﬂ(;/ﬂ;nd :V4b2/ka(T(l) ’ (3.69)

where b = Pr%c?/w?Aw_, and w » Bw are the cylic frequency and the effective bandwidth of the
spontaneous emission at the maximum of the emission intensity. Substituting P = 10° sec™ %,
b = 107°% em®/sec, k(To) = 2¢107*° cm®/sec, V = 1 cm®, we obtain ni/n?nd ~ 0.05.

Thus, the use of a photostimulated chemical reaction with phase correlation of the re-
action products that are in an excited (not necessarily inverted-population) state makes it
possible to use a larger range of initial reagents. The reaction is realized by choosing the
concentration of the initial reagents and the mixture temperature (T,) such that the follow-
ing inequality is satisfied for the two components:

V V& (& (To)/P) ny ny > 1. (3.70)

3.7. Optical Cavity

The cavity is one of the principal parts of any laser and shapes the directivitv pattern
of the radiation. A cavity made up of two plane-parallel mirrors [18] made it possible to ob-
tain, for the first time ever, coherent radiation in the optical band. Extensive use 1s made
of cavities based on interferometers with spherical, parabolic, and other surfaces. The modes
in such cavities are characterized by small apertures [19]. Unstable cavities solve to some
degree the problem of greatly filling the active medium with the radiation [20], but in their
case the ratio of the aperture to the cavity length does not make compact lasers possible.
Owing to the development of a theory of open cavities by using the concepts of the theorv of
nonlinear systems, cavities with periodic modes were developed [21]. Various tvpes of cavi-
ties and their theory are given, e.g., in [22], and their features when used in chemical la-
sers are described in detail in [23]. We consider, as an example of a periodic-mode cavity,

a system with mirrors whose surfaces of curvature have radii R; and R,. The space-frequency
characteristic of such a system is of the form

Hy (&) =1 — Hy &), (3.71)

where ¢ 1s a variable describing the excitation of the electromagnetic field in the cavity;

H; (g) is the space-frequency characteristic corresponding to one pass of the electromagnetic
excitation in the cavity. H;(§) can be expressed in terms of the space-frequency characteris-
tics Hy;,; and H,, of the first and second mirror, respectively, in the form

Hy (8) = Hy (&) Hi, ©); (3.72)

Hy (8 x)=expi [7(335—2_——61—)—] exp (— ify £%); (3.73)
H12 (Ev JC) = €Xp i [ﬁ] exp (-——162 x2)’ (3 . 74/)

where o = k/2L; B:; = k/2f:; B2 = k/2 f,; f, and f,are, respectively, the focal lengths of the
first and second mirrors; L, distance between mirrors; and k = 2m/A, wave number,

The inverse Fourier transform of the space-frequency characteristic H, (£, x) as a line-
ar system with feedback, obtained from Egqs. (3.71)-(3.74), yields the pulsed response of the
system or the Green's function of the given problem:
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ho (x) :;T j Hoy (&, x)exp (iEx) dE, (3.75)

expressed by means of the sum of the eigenfunctions or modes of the optical cavity.

The residues of the integrand Ho(¢, %) exp (i & x) yield eigenfunctions of the form

exp (i Em %), (3.76)
where the values of gm are determined from the relation
! - ! 2 L i =2am, m=0,1,2,.... ;
|y gy )8 O - B =2em m=0,1.2, (3773
It follows therefore that
E, = _ 4 (PitBs) (200—By) (20— Bz)xz + 2mm 2 (20 — B1) (20—B,) ) (3.78)
40— (P +B2) 4a—(B1+B2)

This formula gives the field distribution on the cavity mirror for arbitrary distances and
curvature radii of the mirrors, and is the most general formula. For cavities with identi-
cal mirrors R; = R; = R and m = 0, we have

_ . §0=i2ax]/_2_l_—,,l—‘~’ =i—;—n—]/§f~—ﬁx,
(here I = g/a = L/R), whence ' L

%(x)=’3XP(igox)=exp(—%z—l/§_—_—ﬁx2). (3.79)

Owing to the linearity of the entire system and to the differentiation operation, the
n-th derivative of the function (3.79) is the solution and the eigenfunction of the cavity
equation. The following relation holds for Hermite polynomials Hn(x):

dn

(—1y exp (—x%2) = exp (—x¥2) H, (x). (3.80)
dx"
Differentiating (3.79) n times we obtain an expression for the n~th eigenfunction
¥ () = H, (V 2xir) exp (—2*1) (3.81)

(r is the mirror radius).

In the case of infinite plane-parallel mirrors, the cavity can be regarded as a spa-
tially invariant system with a general space-frequency characteristic

Hy (8) = [1 —exp i (— LE¥R)I. (3.82)
The pulsed response of such a system has first~order poles at the points
£,= =V 2amL/k (3.83)

and a second-order pole at the point § = 0, The residue at the point £ = 0 is zero. The
residue at the point £ = £ equals k (ZLEm)'l exp (i &m x). Comsequentlyv, the pulsed response
of the cavity takes the form of the sum
ho (x) = B 0 Em ‘3 84
o = 3R (3,84)

“each term of which is an eigenfunction and constitutes a periodic distribution, dependent
on the cavity length, of the field at the mirror. From this analysis follow the condition

Ly = Nx2/A (3.85)

for optimal mode locking for a cavity with plane-parallel mirrors, omne of which has a periodic
structure, e.g., in the form of alternating reflecting and transparent strips of equal width
Xo/2 or openings. For the general case with mirror curvature radii R, and R,
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[AL — ALE (1/Ry + 1/Ry)l= Nx%, N = 12,... (3.86)

Periodic modes ensure complete filling of the working medium and make it possible to
produce cavities with the aperture and length ratios required by the design. Experimental
investigations with a grating in the cavity [24] have shown that at a cavity length different
from L, (3.85) alternating-sign fields are excited, and at length L_ the fields excited are
in phase with a large energy contribution in the central lobe of the directivity pattern.
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CHAPTER 4

STATIC GAS CHEMICAL LASERS

4.1. Photochemical Static Gas Lasers

Chemical lasers with a working medium in a constant volume, in other words static-gas
lasers, have the simplest construction. Their basic elements are systems for preparation of
the working mixture and for the extraction and removal of the generated radiation. Such la-
sers are pulsed — they generate coherent emission of energy in a short time interval: hv =
f(t). A mixture of the initial gases is fed into the working volume (reactor) from a sep-
arate vessel. An external source then initiates a chemical reaction practically simultaneous-
ly over the entire working volume. Part of the energy of the excited reaction products is
extracted through windows in the reactor in the form of radiation generated in a system (cav-
ity) for selective extraction and removal of this energy. The spent gas mixture is then taken
out of the reactor and the system is returned to the initial state by filling the reactor with
a fresh working mixture,

Photodissociation Static Gas Chemical Lasers. Operating Principle and Principal Char-
acteristics. This type includes the iodine chemical laser, the processes in which are shown
in Fig. 4.1. It is optically pumped at a wavelength 0.28 um [1). The following reactions
that take place in the pumping-pulse stage prior to the start of the pyrolysis are worthy of
attention:

1) I* +CF, % CF, 1 ; 7) Io4-CF, 55 CF, 1+ 1;

9) '+ CF, % 1+CF,;  8) L, +hv>2l

3) 14+CF, 3 CF, I; 9) CF, -+ CF, 1°3C, Fy+ I¥; 4.1
4) 21 +-CF, 155 -+ CF,I;  10) CFy+ CFy 1 3G, Fy+ 1%,

5) 9CF, % C,F;;  11) CFy+ CFy 125G, F+ I;

6) I* L1, 55 141, 12) CF, + CF, 1 23CF,+CF,l.

Here I* is the iodine atom in the 5 2P1/2 state, CF; is the "hot" radical. The transition
2P1/2 - 2P3/2(A = 1,315 um) ensures generation of stimulated emission up to the kilowatt
range, with duration of several microseconds. Photodissociation static gas iodine chemical
lasers were constructed with an energy of several dozen joules [2] and lasing duration of
several nanoseconds [3] at approxiately 0.5% efficiency. The lasing energy E was raised in
[4] to 1000 J at an efficiency 1.4%. The efficiency of a photodissociation static gas chem-
ical laser is increased by broadening the absorption spectrum of the working substances, as
well as by using various chemical reactions that accompany the photolysis [5, 6]. The work~
ing substancesused in photodissociation static gas iodine chemical lasers contain the atom
bond C-I in molecules of the type RI, where R= CFs;, C,Fs, C3Fs,..., etc. The use of other
promising working substances for such a chemical laser is restricted by the requirement that
this substance have the sufficiently high vapor tension needed to obtain high concentrations
of the excited molecules in the gas phase, and hence large values of the specific energy de-
livery ey from a unit volume of the working chamber.

The excitation of chemical lasers in the course of photodissociation was investigated
in [7]. Studies were made of the photodissociation of a large number of compounds containing
an iodine atom bound to an element of group V, namely P, As, Sb, and N. It was experimentally
demonstrated that about 66% of the stored energy can be released in the form of radiation.
The stimulated-emission cross section is regulated by adding to the working medium a buffer
gas. A typical schematic diagram of an experimental photodissociation static gas iodine chem~
ical laser is shown in Fig. 4.2 [5].

The working tube, 1 m long with inside diameter 10 mm, is equipped with quartz Brewster
windows. The cavity consists of two spherical confocal gold-coated mirrors. Pumping is with
a straight xenon flash lamp with average pulse growth time 20 usec and duration 150 usec. The
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Fig. 4.1. Scheme of processes in an iodine photochemical la-
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Fig. 4.2. Schematic diagram of photodissociation static gas
iodine chemical lasers: 1) Brewster window; 2) flash lamp; 3)
beam—splitting plate; 4) mirror; 5) vacuum pump; 6) cooled trap:
7) manometer; 8) cylinder with inert gas; 9) cylinder with
working gas; 10) spectrometer; 11) infrared detector; 12) os-
cilloscope.

flash lamp and the working tube are located at the conjugate foci of a polished elliptic re-~
flector.

The flash lamp was fed from an 18-pF capacitor charged teo 15 kV with energy up to
1760 J. The minimum energy applied to the system was 225 J. -Premature discharging was pre-
vented by adjusting the discharge gap. Two 30-kV triggering blocks simultaneously ionized
the lamp and the discharge gap, and triggered the oscilloscope sweep.

Up to 4% of the generated beam was deflected with a quartz plate to a spectrometer and
to a detector connected withthe oscilloscope, The detector was either a germanium diede or
an InSb photoresistor. The system was evacuated with a two-stage vacuum pump. A freeze-out
trap removed the condensation products. The operation of such a chemical laser depends main-
1y on the pressure of the reagents and on the energy of the flash lamp. Since only part of
the reagent dissociates during one flash, multiple pulsed exposures permit a more effective
use of the reagent. The duration of the generated pulse could be increased by adding inert
gas.
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Fig. 4.3. Diagram of experimental setup: 1) photodiode;
2) scatterers and neutral filters; 3) mirror; 4) working
chamber of laser; 5) oscilloscope; 6) photomultiplier; 7)
IFP-5000 xenon flash lamps; 8) capacitor bank; 9) output
mirror; 10) calorimeter; 11) microammeter; 12) forevacuum
pump; 13) oil-vapor pump; 14) vacuum receiver.

The customarily employed active media (CFsI or n-C3F,I) must still be changed after
each flash pulse, for otherwise the lasing power decreases strongly. Experimental data on the
repeated use of one and the same medium (CF3),Asl were obtained in [8]. The experiments were
performed with the setup illustrated in Fig. 4.3.

The cavity comprised two flat dielectric mirrors spaced approximately 1 m apart. The
transmissivity of the first mirror was 0.27%7 and of the second 0.6to 50%Zat A= 1.315um. The
working chamber was a quartz tube of 10-20 mm outside diameter with its ends covered with
glass windows placed at the Brewster angle (ap = 57°). A quartz jacket filled with distilled
water was placed over the illuminated part of the working chamber (Z ¥ 25 em). ‘The pump
light sources were two IFP-5000 lamps fed from separate capacitor banks with C = 47 uF, each
at a maximum voltage 7 kV. Both lamps and the working chamber were wrapped on the outside
with polished aluminum foil that served as a reflector. To obtain a short pulse (TJ/Z =3
usec) a capacitor with C = 5 pF charged to 25 kV was connected to the lamp through a vacuum
discharge gap. The energy E of the generated radiation was measured with a KIM-1 calorimeter.
The waveform of the lasing pulse was recorded with an FD9E1l photodiode and with an S1-37 os-
cilloscope, The pump-lamp radiation was monitored with an FEU-18 photomultiplier equipped
with a filter corresponding to the absorption band of the medium. The gas phase of the
(CF3) 2AsI compound has, in the ultraviolet, two absorption regions: longwave (Omax= 3.3 10-'%
cm® at Agax = 290 nm) and shortwave (opax= 10=*7 cm® at Apsx= 217 nm). At the same time, sub-
stances with C-I bonds (e.g., CFsI, C3F,I) have in the "quartz" ultraviolet region a
maximum absorption cross section smaller by a factor of four or five than inthe longwave band
of (CF3),AsI.

To limit the spectral composition of the pump light source, a liquid filter was used,
consisting of a 0.003% solution of NaNO, in distilled water. This filter does not change its
properties in the course of time, does not tranmsmit radiation in the shortwave band of (CF3).-
AsI, and does not block the longwave bands of CFs;I and CsF,I.

Investigation of the lasing in the (CFs),AsI/CF3I and (CF3),AsI/Cs3F,I mixtures shows
that at low mixture pressures p the energy E of the generated radiation is determined by the
energy characteristics of the mixture components. From the dependence of E on the number of
flashes produced without changing the working medium at low pump energies, it was found that
for n-C3F,I the value of E is decreased by approximately a factor of four after the first
flash, whereas (CF3),As] withstands more than 50 flashes without a noticeable lowering of E.

Photodissociation of other substances, such as cyanides, have also been tested for use
in static gas chemical lasers.

Other Photochemical Static Gas Lasers. The first produced photochemical static gas
laser was based on the reaction of chlorine with hydrogen [10]. To rapidly initiate the re-
action in the Cl,/H, mixture, a flash lamp that caused partial dissociation of Cl. was used.
The mechanism of the photochemical chain reaction H; + Cl,, which proceeds with the forma-
tion of vibrationally excited HCl, can be described as follows:
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k;
1) Cly+ v —=2Cl (initiation);
2) Cl+4- H, — HCl (v=0)+ H (growth of chain);

o
3) H4Cly - HCI* (v =n) +Cl; (4.2)

kﬂ
4) H-+HCI* (v==n) - H, + ClI (inhibition);

k
5) Cl+ Cl - M—5>Cly - M (breaking of chain).

To maximize the number of parallel chains in (4.2) the concentration of the chlorine
atoms must be high. Consequently, to increase the generated energy E it is necessary to in-
crease the Cl. pressure, the energy, and the light-flash power, To prevent the slow link 2)
of the chain from limiting the overall growth rate of the chain, a high hydrogen concentra-
tion must be ensured.

Another method of increasing the chain growth in reaction 2) is to raise the mixture
temperture. These conclusions were confirmed by experiment. For example, it was impossible
to obtainlasing on DCl molecules at room temperature in a wide range of the reagent pressure
and of the light-flash energies, whereas at increased temperatures lasing on DCl molecules en-
tails no difficulty {11]. Towering the temperature of a mixture, with partial pressures 2.4
kPa of Cl, and 23.3 kPa of D,, from 510 to 450°K, decreased the lasing intensity by a factor
of five,

The sequence of the onset of lasing on various VR transitions within a single band
follows a law common to both H,/Cl, and D,/Cl, chemical lasers: lasing appears first on a
transition with a small J, followed by transitions with large J. The .apparent reason is the
rise of the gas temperature on account of the energy released in the chemical reaction, fol-
lowed by a change in the gains of the various V-R transitions. 1In addition, successive lasing
on transitions with different J is possible also at constant temperature if the emission
changes the ratio of the populations of the different vibrational levels.

The need for raising the mixture temperature and the hydrogen concentration leads in the
final analysis to a limitation on the chemical laser, since the rate of relaxation of the ex-
cited HCl molecules increases. More profitable from the viewpoint of energy is the reaction
described in Sec. 2.2,

Cl + HI — HCI* (v << 4) + I (— 134 Ki/mole), (4.3)

in which up to 70% of the chemical reaction goes over into vibrational energy of the HCl mol-
ecules, and inversion can be produced between upper vibrational levels [12]. 1In a chemical
laser based on this reaction [13] the gas mixture was drawn through the tube (length 60 cm,
inside diameter 14 mm) to decrease the influence of the spontaneous reaction that takes place
'1n the Cl,/HI mixture at a relatlvely high velocity. Lasing was observed in the pressure range
= 0.8-5.33 kPa with an emission spectrum on the transitions Ps_, (&)= Ps_ (3}, Paws (5)-
ﬂ@-l (7), P1-0 (9)—P,-o (13)(i.e., on the processes v = 3> v = 2 of the P branch from J =
4 to J =5, etc.).

It should be noted that operation of a Cl,/HI chemical laser involves considerable dif-
ficulties, the most serious of which is the condensation of iodine on the cold part of the
system. Free of this shortcoming is a chemical laser using the mixture Cl,/HBr [14] in which
the reaction

Cl + HBr —» HCI* + Br {(— 65 Kk /mole)

takes place with a maximum radiation power W = 12 kW and E = 0.12 J, p = 0.87 kPa, and ini-
tiating-flash energy E; = 1350 J. The limitation on the generated-radiation energy is due
to the large relaxation rate as a result of the collisions

HCI (v = 1) -+ HBr (v = 0) — HCl (0 = 0) + HBr (o — 1) (4.4)

At a working-medium pressure p * 1.33 kPa the relaxation time is of the order of several mi-
croseconds. Raising p to several kilopascals with simultaneous increase of the pump power
can yield values of W up to 30 kW and E ~ 0.2-0.3 J.
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Chemical lasers are also possible using Br atoms produced in the photolytic reactioen

I* 4 Bry, — IBr + Br*, _
with lasing on the electronic transition 42P1/2 > 42 Ps/o at A= 2.714 um [15].

The high rate of the F + H, reaction, the high energy release, and the fact that a con-
siderable fraction of the energy (about 657) goes over into vibrational energy of the produced
molecules [16, 17] makes this reaction attractive for use in static gas chemical lasers. At
room temperature, the rate constant of the reaction F + H, is 2.5¢10"'* cm®/sec, much larger

than the rate constant 1.7¢107'% cm®/sec of the main pumping reaction in the H,/Cl, laser
[18]-

Lasing on HF molecules was first obtained by photoinitiation of the mixture UFq/H, [19,
20]. 1In this case the following reactions are possible:

1) UF,+ hv— UF,+ F;

9) F-H,—HF*-+H (—134 K/mole);

3) H+ UF—HF* + UF, (—102,6 K/mole);
4) UF, + UF;~ UF, 4 UF;

5) H +UF;—~ HF* - UF,.

(4.5)

N e e, ettt st

The HF molecules emit on the transitions P,—,(3)-P.-,(9). When H, is replaced by D., the DF
molecules emit on the transitions®P s_,(4)~F5_,(9) and P, (3)-F»_,(8).

The presence of transitions bétween high-lying vibrational levels of the HF molecule is
typical of the reaction .

H4+F,— HF* w<{9) + H (— 410 K/mole); (4.6)

in which enough energy is released to populate the high vibrational levels. Among the pro-
cesses that determine the formation of the emission spectrum of photochemical lasers are also:

population of vibrational levels
F 4+ H, - HF* (v << 3) + H (— 134 K/mole); (4.7)

V-V and V--T exchange
HF )+ HF (v)>HF (v+1) + HF (v — 1);
HF +M— HF v—1) 4 M; (4.8)
(M=HF, H,, F», H, T, He, O,); e

stimulated emission

HF () - HF (@ — 1) 4 hv. (4.9)

As a result of the reaction (4.6), the level with v = 5 (k,:ky:ks:kae:kstkeg = 0.2:0.75:
0.6:0.7:1.0:0.95) is populated at a maximum rate. The reaction (4.7) populates most inten-
sivelythe level with v = 2 (k;:kz:ks = 0.29:1.0:0.47) [16]. The dependence of the level
populations of the HF molecule on the quantum number v as a result of reactions (4.6) and
(4.7) is a smooth curve with two maxima, the principal one at the v = 2 level and the supple-
mentary at v = 5,

The experimental results unequivocally confirm the chain character of this chemical re-
action, Indeed, the radiation intensity remains constant or increases after the end of the
pumping. The principal influence on the HF production is exerted by the vanishing of the F
atoms via the reaction with H,, the damping constant of which is Ty << 3 usec, and the forma-
tion of H with t,<{ 8 usec. The influence of other reactions, such as recombination of the
atoms or the thermal dissociation of F, and H, at T < 1200 K, is smaller by several orders.

The existence of lasing during several dozen microseconds after the end of the pumping in hy-
drogen-rich mixtures suggests the existence of a chain mechanism of the reaction. In this
case it is also easy to explain the presence of lasing when the pump power is decreased (or
even turned off), since the rate of the chain reaction can increase with time because of self-
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heating of the mixture by the release of chemical energy. When the possibility of a chain
reaction was excluded, e.g., by replacing F, with MoFs, the lasing duration did not exceed
the length of the pump pulse.

A parametric analysis of a photochemical laser based on the reaction H, + F, [21] vield-
ed, for the specific energy output per unit volume, the expression

% 2 .
sV:hv—Ez—(l_ kNN), (4.10)
n @ v
where hv is the energy of the lasing quantum; k= 2k vy~ % and EN = k Y " are the effective

model constants for the relaxation of vibrationally eXcited HF molecules on the molecules HF
and F,, respectively; x = (wz — w:)/(20n); ¢ = (n? —n2)/2n; @ = (1/n) dn/dt; and n, and n,
are the populations of the upper and lower lasing levels, respectively.

To find the effective model constants a curve was plotted (Fig. 4.4) in the coordinates
(ey 0"**/? and NoT', where the subscripts '"e" and "¢'" label, respectively, the experimental
and calculated quantities. It can be seen that the aggregate of the results is described by
a linear plot. Hence hvk>' = 0.8¢10~°% J/(cm®esec), ky = 1.50107'% cm®/sec and ey = 0,8+107°-
Q1 — 1.5¢107*3 N/Q) J/cm®. ‘ .

A comparative analysis of the effectiveness of using various photolytic fluorine-atom
sources shows that the largest gain on HF molecules is realized for the mixture WFe/H. [22].
However, work with WF¢ is made difficult by the poor reproducibility of the results and by
the difficulty of obtaining pure WFs.

The CO molecule is of interest as a working molecule for a photochemical static gas
laser. Many reactions that lead to formation of CO are highly exothermic, so that the CO
can be easily excited to high vibrational levels (v<{17). This leads to low relaxation
rates of the CO molecules when they collide with unexcited particles.

The first photochemical static CO gas laser was based on the oxidation of carbon di-
sulfide [23]. The working chamber was a quartz tube with KCl Brewster windows, of 7 mm di-
ameter, placed in a cavity 1 m long. The CS./0./He mixtures were pumped with a xenon lamp
50 cm long. The radiation power increased with increasing He pressure, and the excitation
energy at the optimal He pressure p = 20 kPa reached about 0.5 W.

Lasing was observed on transition 31 of thejpbranch. Some 270 more transitions were
observed on the % and % branches of the CO molecule. A common regularity is that lasing on
transitions with low values of J appear earlier than on transitions with high values of J.

Lasing with A = 4.7-5.7 um was observed in wide ranges of mixture compositions, of in-
itiation energies (from 0.5 to 4 kJ), and of pressures (from 0.066 to 13.3 kPa) [25]. The
pressure corresponding to the maximum power increases approximately as /EE, where E7 is
the inftiation energy, and the maximum power first increases very rapidly, and then in pro=-
portion to E;ss_z.

The lasing process is not affected by vibrational relaxation of the CO molecules, and
the characteristics of this process are determined only by the chemical reactions [26]. The
most important among them are the following:
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0) CS; + hv (h < 220nm) — CS+S;

1) S-4+0,%80+0 (—27,1 K/mole);
9) 0+ CS,23CS 1 0 (—96 K/mole); (4.11)
3) 0 +CS% CO* 5 (—313 K/mole);
4) S €S, CS; + M.

According to the data of [27, 28], k, = 2¢107'? cm®/sec, which is larger by three orders
of magnitude than the value assumed in [25] (at T = 300°K). 1In this case not onlythe reaction
4), but any trimolecular reaction in which the active particles vanish (e.g., SO+ O + M ~
S0, + M), cannot be comparable in rate with the bimolecular reactions 1)-3) at low pressures
of CS, (pcs2 ~ 0.1 kPa), at which the lasing energy and power decrease. To analyze the ob-
served contradiction between the decisive role of the trimolecular shutoff and the low calcu-
lated rate of this reaction compared with the rates of the bimolecular reactions, special ex-
periments were performed {29]. The optical-quartz working tube of the chemical laser (with
transmission up to 200.-nm), 50 cm long and with inside diameter 20 mm, was closed on both ends
by calcium fluoride (or barium fluoride) windows. The cavity length was 120 cm. The initia-
tion was produced by two series—connected xenon lamps (pxe = 0.266 kPa). The lamps and the
tube were placed inside a cylindrical reflector of aluminum foil. The dependence of the en-
ergy E of the generated radiation on the partial pressure of CS., diluted with He, Ar, or Xe
gas was investigated. The influence of the dilution at high CS. pressures is evidence in fa-
. vor of the assumption that the chemical process that limits the lasing energy and power is
trimolecular.

The dependence of E and W on the pressure of the components CO,, N0, OCS is qualitative-
ly the same as in dilution with inert gases. The CO, effectiveness is close to that of helium
(kgo-co, * 107'* cm’/sec), and the relaxation on N0 is more effective (kgo_y,0 ¥ 107 cm®/
sec). The strongest resonant exchange with CO vibrational levels (4 <X v <C13) is observed

~ _12 3
for the molecule 0OCS (kCO—OCS 10 cm”/sec).

Thus, the aforementioned contradiction still remains, and to resolve it, it is necessary
to include in the scheme of the process new fast channels for active-particle formation. It
is proposed, e.g., to use the reaction SO + CS - 0CS + S + 125 kJ/mole it its constant is
larger than or of the order of 107'! cm®/sec.

Photochemical Static Gas Lasers Pumped by Particles Excited in the Course of Chemical
Reactions. To raise the chemical efficiency of lasers, polyatomic working molecules, such as
COz, are pumped by energy transfer from molecules such as the type HX, excited by chemical
reactions (here X = F, Cl, Br, etc.). To obtain lasing in this case there is no need for
population inversion of the chemical-reaction products. It suffices only that they be in an
excited state. The use of polyatomic molecules pumped by chemical-reaction products makes it
possible, in addition, to lengthen the period of the chemical pumping of the working mole-
cules and to carry out selective pumping of individual levels, thereby likewise increasing
the efficiency.

In the first photochemical static gas laser with energy transfer to CO, and N,0 mole-
cules, the pumping was by excited molecules DCL (HC1) and HI. The largest value E = 95 mJ
at a wavelength A = 10.6 ym was obtained in a mixture with partial pressures Pc1, = 1.333 kPa,
pur = 0.266 kPa, Pco, = 2 kPa. For the N.O molecules, E  _ amounted to only one-third the
value obtained with the CO, molecules. By pumping CO, molecules with DF (HF) molecules ex-
cited in the reaction F,0 + D, (H,), it is possible to obtain an approximate peak power 10 kW
and to extract about double the reaction energy obtained with the DF molecules themselves
[30, 31]. In the range of low partial pressures of the CO,, an increase of this pressure
enhances the energy transfer from DF to CO. and leads to a linear dependence of the energy
on PC02' At high CO, concentrations an increase of the pressure leads to an increase of the
population of the lower level (0°0) and hence to a decrease of the energy of the generated
radiation.

The theoretical model of a photochemical laser based on energy transfer by the CO, mol-
ecules from excited DF molecules includes the following elementary processes:
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0) Fa4- hv = oF,

1) F 4+ D, 3 DF4+D;

2) D + F, 3 DF 4-F;

3) F+F+ M3 F,4 M

H DD+ MED, L M,
5)D+F4 M%DF+M;
6)D 4+ O, M2 DO, + M

7) DF (0) + CO; (14, 2, 05) "> DF (v — 1)+

=4 CO; (1, v, v+ 1);

8) relaxation of asymmetric CO, mode;

(4.12)

9) relaxation of symmetric CO; mode;

rM
10) DF () + M 3 DF (0—1)+M;
11) CO, (00° 1) v 4-CO, (100 0);

12) €O, (000 1) 4 v CO, (100 0) +2Av .

Calculations based on such a model are in satisfactoryagreement with the experimental data
[32, 331.

The emergy E .. in the pulse, obtained in the experiments, is 2.5 J. It corresponds
to ey = 0.025 J/cm?® determined over a total active-medium volume 100 cm?® and to ne = 2%. Io-

troduction of He (up to py, ® 8 kPa) makes it possible to more than triple n. (to 6.47).

The characteristics of a chemical DF/CO, laser amplifier with higher parameters were in-
vestigated when initiated with a light pulse of duration shorter than the inversion lifetime
[32, 34]. The D,/F./CO,/He working mixture wasprepared by dynamic mixing. Chemically com-
patible gases were mixed at the proper proportions at equal total pressures in two identical
stainless—-steel mixers, after which they were fed through a common pipe into the working cham-
ber. The dark reaction was slowed down by adding to the mixture oxygen at a pressure equal
to 6% of the fluorine pressure.

The use of a high-power light source of duration much shorter than the inversion lifetime
has made it possible to obtain at atmospheric pressure ey, = 0.15 J/cw® on the® (20) and
P(22) lines for a mixture D,/F./CO./He = 1/1/4/5, n, = 7%. The dependences of ¢, on the
partial pressure of the fluorine and on the energy stored in the light-source bank exhibited
no tendency to saturate under the experimental conditions.

In photochemical static gas lasers based on energy transfer from DF to CO, mol-
ecules, one of the shortcominings that hinder the increase of the power and of ey is the low
rate of energy transfer from the DF to the CO.. In the TF/CO, system the energy transfer is
faster by almost one order of magnitude than in the DF/CO, system. However, comparison of the
processes in the mixtures T,/F,/CO, and D,/F,/CO, has shown that the energy emitted by the
TF/CO, laser is lower than that of the DF/CQ, chemical laser at all CO, pressures.

The lasing energy also decreases monotonically with increasing mixture-storage time. This
is attributed to the increased rate of the relaxation of the CO, molecules on the DF (TF) mol-
ecules produced in the mixture during its preliminary storage. The increase of the spontan—
eous chain initiation because of the radioactivity of the tritium did not make it possible to
raise its partial pressure above several kPa, so that no large value of g, could be obtained.
In addition, the increase of the rate of chain initiation reduces the time of preliminary
storage of the working mixture to a2 minimum.

Experiments [35] yielded W = 200 kW and E = 5 J at normal pressure of the D,/F,/C0,/He
mixture, The radiation energy increases weakly when p is increased from 1.33 kPa to 0.1 MPa.
The pulse duration changed from 1.2 msec at p .= 2 kPa to 100 psec at high pressure, owing to
the lasing shutoff due to thermal heating of the mixture. At optimal pressure, the gain is
o = 0,03 cm™?, and E ® 5 J. The value of n. determined for the entire volume is 3.2%, and if
only the radiating part of the volume is considered it amounts to about 20%Z.

346



The peculiarities of the DF - CO, energy transfer were analyzed in [36] on the basis of
experimental investigations of the output parameters of a photochemical laser using CO. mix=
tures with chlorine fluorides and deuterium and with fluorine and deuterium. It was shown
that the most effective DF -+ CO, energy transfer took place in the mixture F,/D,/CO,.

4.2. Electric-Discharge Static Gas Chemical Lasers

More advantageous from the energy point of view is initiation of a chemical reaction di-
rectly with an electric discharge. However, a uniform excitation of the working volume bBv an
electric discharge that is longitudional relative to the cavity axis can be realized only at
mixture pressures p not exceeding several hundred Pa. At higher p the discharge contracts,
so that the time of propagation of the reaction over the entire volume is lengthened, and this
leads to vanishing of the particle population inversion at the sites of the chemical reaction.
Excitation with a transverse electric discharge makes it possible to raise the working pres-—
sure to several dozen kPa. Even this scheme, however, is deficient in that it is difficult
to excite the entire working volume uniformly.

Figure 4.5 shows two typical supply circuits for the initiation of a static gas chemical
laser with a transverse electric discharge.

In the discharge circuit with the needle electrodes 8 the capacitance C, of the discharge
capacitor is 0.005-0.05 uF, and it is discharged through the working chamber 4 when the spark
discharge gap 2 is shorted. The grounded electrode in -the system with flat electrodes 6 and
7 and with preionization of the discharge gap by an auxiliary electrode is an aluminum rod on
which a copper wire is wound. The optimum distance between the electrodes is 3.8 cm. A uni-
form discharge in the interelectrode gap is ensured by an additional discharge between the
high-voltage 6 and grid 7 electrodes. The discharge capacitor is usually Cp = 0.05 uF, and
the ratings of the capacitors Cr, and CT2 in the triggering circuit are of the order of 0.005
uF.

Homogeneity of the discharge can be ensured also by preionization of the gas mixture by
ultraviolet radiation or by a beam of fast electrons. For strongly negative molecules of
the fluorine type, the electroionization method of initiating a chemical reaction may not be
effective enough because of the high probability of electron loss by stlcklng to molecules
and because of the decrease of the electron mobility.

Emission in hydrogen and deuterium halides under the influence of a pulsed electric dis-
charge was investigated in [37, 38]. HF and DF are produced when H, reacts chemically with
the freons CF,, CBrFs;, CClFs, CCl,F,. Other halides are produced by reaction of gaseous
chlorine or bromine with hydrogen or deuterium. Ten lines were observed in the emission of
HCl between 3.7 and 4.0 um, and 24 lines of DCl between 5.2 and 5.6 um. Transitions up to

= 5 were observed for DCl and DBr., Electric-discharge initiation produced chemical reac-
tions in hydrogen—oxygen and hydrogen-methane mixtures, and the lasing took place at X =
28.27, 27.97, and 23.36 um.

Lasing was obtained also on transitionsof fluorine atoms, which emit in the visible band
[39]. Large gains were observed on the lines X = 0.7037 and 0.7127 um, as attested to by the
presence of superradiance when the mirrors were misaligned. Lasing was preserved even in the
case of strong scattering from the mirror surfaces.

Helium is used as an additional component of the working medium in such processes. An
attempt to replace He by other gases (Ar, N,, 0., H», CO,) was unsuccessful. The reason is
that the pumping mechanism is due to excitation of F in dissociative collisions between He
and HF. Other dissociative collisions, however, e.g.; Ar—HF, do not lead to lasing, so that
even though metastable argon Ar('S). has more than enough energy to dissociate the HF, the
energy is still insufficient to simultaneously excite an electronic state of F. The produc-
tion of H upon dissociation of HF, a process that is almost resonant (its cross section is
o = 10='?-10"'* cm?®), and the subsequent deactivation cause depletion of the lower levels.
This process determines the lifetime of the excited F atoms, equal to 10~7-10"° sec at p ~
1 Pa.

An investigation of an electric-discharge static gas chemical laser using an Hy/Br. mix-
ture with SFs added was carried out in [40]. The reaction was initiated by pulsed discharge
of a capacitor (0.03 pF, 25 kV) in the gas mixture introduced into the working chamber of the
chemical laser, and the gas was pumped out and a fresh mixture added after two pulses. The
SFs was added to the H,/Br, mixture with p = 4 kPa and with an optimal molar-concentration
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C =250 pF, V= 35 kV; @ ) C = 333 pF, V = 25 kV.

ratio Ha/Br, = 29/1. The total energy of the lasing on the molecules of HBr (and HF) increas-
es monotonically when the SF¢ pressure is increased to p = 5.33 kPa, and decreases at higher
pressure. Selectively vibrationally excited HBr particles (v = 3, 4) are produced in the re-
action

H + Br, - HBr* 4+ Br (— 172 kj/mole). (4.13)

The use of an inductive energy storage unit in the supply circuit of an electric~dis-
charge HF chemical gas laser [41] makes it possible to shape a uniform longitudional electric
discharge in cells of appreciable yolume at SFe/H, pressures of several kPa, and to obtain
high-power lasing pulses. of ~0.1 psec duration. A value ey ='6.2 mJ/cm® was obtained in this
manner from a volume 290 cm® from a SF¢/H, = 3/1 mixture at 9 kPa pressure,

An energy of 270 kJ/mole is released in the reaction F + HI -~ HF + I, whereas excitation
of the vibrational level of HF (v = 6) requires only 242 kJ/mole. In this connection, the
energies of the generated radiation were compared [42] with the energies obtained in the reac-
tions H, + F, and F, + HI under similar experimental conditions, in a setup with a transverse
pulsed discharge. It was found that the energy of the generated radiation is twice as high
when HI is used as the source of the hydrogen atoms.

The hydrogen-atom sources investigated [43] were CH,, CsHe; SiH, GeH, and AsHs. The
fluorine atom sources were SFg, NF;, N,F., IF,, OF,, BrF,, ClF,, ClFs, XeFs. The mixtures
were at room temperature, the relative concentration CF/CH ranged from 0.5 to 5, and the pres-—
sure ranged from 1.33 to 8 kPa. Some of these mixtures were stable, while others exploded
spontaneously and inhibitors had to be used for them.

The mechanism whereby the HBr molecules are excited by initiating a reaction in the H,/
Br, by a transverse discharge in a working chamber 115 cm long and with inside diameter 4 ecm
was investigated in [44]. The voltage was applied to the electrodes from a 20-pF bank of 20
capacitors charged to 20 kV. It was found that for a mixture with py, = 13.3 kPa and .pg, =
4 kPa the energy of the generated radiation increases successively on the transitions 1-0,
2-1, and 3~2. When PBr, is decreased to 1.33 kPa (at the same pH29 this sequence is reversed,
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Fig. 4.8. Partition of the generated energy at p = 4.4 kPa
among the individual lines: a) SFs/xylene = 30/3; b) SFe/tol-
uene = 30/3; ¢) ® ) SFs/CesHs = 30/3; ©) SF4/CHL0H = 30/3; ©0)
SFe/(CHs) .CO = 30/3. ‘

The output characteristics of an HF chemical laser were considered in [45] in a wide range
of pressures and gas-mixture compositions. The mixture was stabilized by adding O, and He to
the F,, followed by cooling to 84°K prior to mixing with the H,. A value Epax = 0.15 J was
observed (Fig. 4.6) at a mixture pressure 32 kPa and at partial component ratios F,/H.,/0,/He =
1/0/23/0.08/12. The electric efficiency Na1’ defined as the ratio of the energy of the gen-
erated radiation to the electric energy consumed in the initiation of the reaction, reached
140%.

The effect of the employed hydrogen sources CeHe, CeHsCHz, CeH,(CHs),, CH30H, (CHs;).CO
on the lasing when the reaction is initiated with a transverse electric discharge (21 kV,
30 pF) is illustrated by the plots of Figs. 4.7, 4.8 [46].

4.3. Static Gas Chemical Lasers with Reaction Initiation by an Electron Beam

The method of initiating static gas chemical lasers by an electron beam is attracting
much attention at present. Electron-beam initiation offers a number of advantages over other
methods of initiating a reaction in a chemical laser: volume homogeneity of the pumping, high
efficiency, possibility of high energy input in a short time, and appreciable volumes of ac-
tive medium at sufficiently high working pressures. In addition, dissociation of the mole-
cules that supply initial active atoms whose spectra lie in the far ultraviolet, which cannet
be gotten by ordinary staundard light sources, is possible,

The characteristics of a static gas chemical laser initiated by an electron pulse, as a
function of the pressure and of the ratio of the components IF, and H,, were investigated in
[47]. A diagram of the experimental setup is shown in Fig. 4.9.

A pulsed monoenergetic electron beam of energy E, = 12 J (500 keV) and duration Ty = 3
nsec was injected by a cathode-ray tube of 4.5 cm diameter. The laser output radiation at
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Fig. 4.9. Diagram of experimental setup with the chemical re-
action initiated by an electron beam: 1) mirrors; 2) cathode-
ray tube; 3) aluminum foil; 4) detector; 5) thermopile; 6) ac—
tive zonej 7) gas inlet and outlet.

‘A = 2,7-3 um was recorded with a Ge—Au-detector cooled to liquid- nltrogen temperature. The
generated radiation energy E was measured:.with a ballistic thermopile,

The .waveform of the generated radiation pulse depends on the variation of the mixture
pressure p. The experiments were performed with a glass chamber of up to 2.5 ecm 'diameter,
and with a¢hamber with a 4—cm spherical central'section. It was found that the electron~ beam
-energy iloss dE./dx was small in both:.cases, and that the energy absorbed per unit mass of gas
‘was constant for p > 3.33 kPa. The maximum generated radiation energy Emax ‘was reached at
p = 20 ‘KPa .and at-a mixture .componment ratio IF,/H, = 6/1, which differed greatly from the
stoichiometric -ratio 2/7. This is evidence that less than 5% of the fluorine atoms contribute
‘to ‘the Iasing.

A diagram . of an SFs/F,/H,(D,) static gas chemical laser pumped by an electron beam with
maximum accelerating voltage 50 kV and E_= 900 J is shown in Fig. 4.10.[48]. A beam of elec-
trons :from.a.cathode measuring 3.8 x 20.3 cm passed through an aluminum foil 1 'mm thick into
+a working chamber with variable dimemsions 3 x 4 -x 20,3 and .10.2 x 10.2 % 40.6-cm. 'The D
.was obtainéd by electrolysis of D,0. 'The total ‘lasing power was directly proportional to the
‘pressures-of H, and F,, :in-accordance with the theory. It was observed that the power is
not ‘linearly dependent .on the working volume. This is due mainly to the enhancement of :the
‘inhomogeneities in the working medium when ‘the volume ‘is ‘imcreased. An.electric effictency
‘n., = 6% was .obtained. The kinetic model of the lasing was refined on the basis of the ex-
périmental data. Calculations in accordance with this:model yielded, for the specific enexgy
output, a value larger by one order than in experiment. This is attributed to parasitic oscil-
lations in the volume and tothe low initial fluorine concentrations.

The efficiency of electron-beam initiation of an H./F,/He/O. static gas chemicdl "laser
at relatively low current density J in the electron beam was investigated in [49]., To lower
the excitation level, a mixture w1th increased partial pressure of the fluorinme was used. To
raise the total pressure p to atmospheric at relatively low partial pressures of H, and Fa,
helium was used as ballast. Oxygen was added in the course of mixing to prevent.a reaction.
The mixtures H,/He and F,/He/O, .entered through fast-acting valves into a mixer, from whic¢h
‘the working mixture flowed over slowly into the working volume. The initiating electron beam,
with j, = 20 A/em?, an accelerating voltage 140.kV, Te = .200 nsec, 'and cross section 1 x 25
cm, was introduced through an aluminized tantalum- f01l 50.8 um thick secured-on a stainless-
steel mounting.

The efficiency of conversion of the electric energy into electron-beam energy was 60%.
A cavity 75 em long with an active volume of 100 cm® was made up of a spherical copper mirror
and a sapphire plate that reflected 10% of the light in the lasing range A= 21.7-3.1um. ‘The
lasing energy E at fixed concentrations cH, and CO = O.O4CF2 increased with increasing cF,
until the latter exceeded °y, by 2-4 times.
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Fig. 4.10. Diagram of experimental setup of SF3/F,/H.(D:)
static gas chemical laser: 1) cavity; 2) foil mounting; 3)
foil; 4) lasing zone; 5) grounded grid; 6) holder for cold
cathode; 7) high-voltage insulator; 8) low-inductance lead-

in; 9) trigger; 10) vacuum chamber; 11) corona-discharge
ring; 12) thermionic cathode.

At cf, = 30% and ey, = 8%, a value ey pay = 0.051 J/cm® referred to atmospheric pressure
and a value n_; = 8757 were obtained. The value of n_, defined as the ratio of the lasing
energy to the chemical energy released in the active volume, under the assumption that all
the H, molecules participate in the reaction and release 130 kcal/mole of H,, was 0.75-2.8%.
In an H/F, chemical laser the energy per lasing pulse [50] exceeds the value obtained in
chemical lasers on mixtures using SFe and C,He [48].

For the H./F. mixture, ey = 0.13 J/em?®, while ne1 and ne are, respectively, 180 and
11.4%. 1If it is assumed that je = 80 A/cm®, these figures are in satisfactory agreement with
calculations by the simplified model of the kinetic processes in an H,/F, chemical laser in-

itiated by an electron beam,

The lasing energy E in the mixture F,/0:/H, = 1/0.3/0.25 increases approximately linear-
ly withthe pressure Pp,. Similarly, a linear dependence is observed for the electron energy
lost in the working mixture. With increasing Pgy, the value of E and the electron-beam energy
lost in the gas increase nonmonotonically, while addition of SFe up to p = 13.3 kPa increases

the energy input to the gas from the electrons by more than 1.8 times comparedwith the case
when there is no SFe.

For the mixture F»/0:/SFe¢/H. = 3.6/1.4/1.0/1.0 initiated by an electron beam (E, = 150J,
To = 30 nsec) the lasing energy obtained in [51] was E = 67 J with a duration 100 nsec, Ngp ¥
45%, and a beam divergence 510 ? rad.

Initiation of the reaction in F,/H,/He/Ar = 6/3/54/37 at atmospheric pressure by an elec-—
tron beam of short duration [52] yields g, = 0.042 J/cm® at an energy input 0.028 J/cm®. In
this case ne and n are, respectively, 6.3 and 150%Z. A pulse energy E = 2.52 J was obtained
in a mixture of H, with 6% F, at an electric field intensity 11 kV/cm.

By increasing the mixture pressure to several MPa it was possible to appreciably decrease
the chamber volume and to increase the specific characteristic of a static gas laser [50],

A diagram of the experimental setup is shown in Fig., 4.11. The working chamber (anode)
18.5 cm long was part of a coaxial high-voltage field-emission diode placed inside the accel-
erating tube. To increase the strength, the chamber was made up of separate sections 5 cm
long, capable of withstanding p = 11 MPa. The amplitude of the current pulse of duration
4+10~® sec was 5.7 kA, the maximum electron energy 2.9 MeV, and E = 420 J. The cavitv was
made up of a flat gold-coated total-reflection mirror on a metallic substrate and a semitrans-
parent interference mirror with transmissivity 20 or 40% in the range A = 2.5-3,5 um; plates
of polished germanium and of barium fluoride were also used.

A value Ep . = 0.79 J was obtained for a mixture SFe¢/H: = 70/1 at p = 0.27 MPa and at
ey = 21 mJ/em®.
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Fig. 4.11. Diagram of accelerating tube with coeaxial diode:

1) accelerating-tube electrode; 2) dinsulator; 3) mirror; 4)
cylindrical cathode; 5) working chamber of chemical laser (anode);
6) accelerating-—tube housing; 7) Rogowski loop; 8) semitransparent
mirror.

The main obstacle to improvement of the characteristics of a chemical laser with the re-
action initiated in an SFe¢/H, mixture at p 2 1 MPa is apparently the collisional deactivation
of the active HF (v) molecules by H, molecules [53]. The influence of collisional deactiva-
tion can be decreased to some degree by shortening the duration of the initiating pulse [50].
This, as well as raising the pressure of the D,/F,/C0,/He mixture to several hundred kPa and
optimization of the mixture composition, should substantially increase the specific ‘energy
output and the lasing quantum yield in an electron-beam—initiated chemical laser [54]. Im
[55], for a mixture H,/F,/0:/He = 30/75/6/250 at a pressure 96.3 kPa the authors obtained
ey = 91 nJ/cm® at efficiencies relative to the emergy input n . = 9367, ne. = 4.7% and at an
electron-beam-energy utilization efficiency 2507%. HC1L chemicS} lasers (working mixture C1F/
H,) initiated by an electron beam also had parameters that are high for lasers of this type,
namely ey = 5 mJ/cm® and W = 0.4 MW.

The parameters of chemical lasers can also be increased by using a master oscillator +
amplifier combination [56]. The master oscillator can be, e.g., a F,/H,/He/0, photochemical
staticgas laser, and the amplifier canbe a tube with the same mixture components, placed in a
solenoid that contains and rotates the initiating electron beam. The use of such a combina-
tion for high-energy chemical sources of coherent radiation can solve the problem of the op-
tical strength of the reflectors for optical cavities, obviate the need for large-size optics,
and decrease the beam divergence.

4.4, Static Gas Excimer Lasers

One of the promising trends in the search for a new working medium for lasing in the vis-
ible and in the ultraviolet is the use of excimers, which are unstable molecules made up of
radicals, one of which is in an excited state. Included among these molecules are, e.g., the
halides XeF, XeCl, XeBr, KrF, Xe0O, KrO, ArO [57]. Lasing on inert-gas halides in excimer
chemical lasers is based on populating the upper working state via a chemical reaction be-
tween the excited inert—gas atoms and molecules that include halogen atoms. The molecules
are produced in the reaction mainly in the electron-excited state ?Y and relax via collisions
to lower vibrational levels, after which they go over to the molecule ground state. Rapid
decay of this molecule leads to inverted population.

Such chemical lasers are pumped bythe following: high~current electron beam, flash lamp,
electric discharge, as well as a number of combined systems. Excimer chemical lasers are com-
pact and simple, and can deliver a sufficiently highvpower at an efficiency ~1-107% in the ul-
traviolet. For example, the peak power of a XrF chemical laser at A = 0.2484 ym is W = 1,9
10° W at a pulse energy E = 108 J with n % 3%. The sources of the halogen-donor atoms were
Cl,, CH.Cl,, F,, HBr, SFs, etc.

To improve the homogeneity of the energy release, the UV pump source used [58] was a
special chamber filled with Ar at p = 1.3 MPa, excited by a beam of relativistic electrons.
Radiation of 1 J enmergy passed through a number of MgF, windows into another working chamber
filled with an active medium consisting of Ar (4.35 MPa) and N.O (266.6 Pa). At 0.25 psec
after the pump pulse, absorption of a probing-radiation pulse was observed in the active med-
ium, followed by amplification of the signal for a time equal to the lifetime of the excited
level. Lasing took place on the g, — D, transition of atomic oxygen. The profile of the
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emission spectrum corresponded not to the collisional complex Ar—0%, but to the Ar0O* molecule
in the excited 2'rt state, which includes the excited state of the 0O atom and the ground state
of Ar. The concentration of the excited 0% atoms is given by

n (O*) = ng (0*) exp (— H7') (4.14)

with a characteristic time t' = 107 sec of emission of the energy stored in the medium. The
luminescence intensity increases linearly with increasing pp,. Owing to relaxation on N,0 at
PyN,0 = 33 Pa, the excited-state lifetime is T &~ 2.6 usec, less than the calculated 7 ~ 12 psec,
and remains at this value all the way to p v 3 MPa.

High efficiency and output power were obtained with the excimers KrF and XeF excited by
an electron beam [59]. The emission of these excimers is due to a transition from a bound
upper state to a dissociative or a weakly bound ground state, made up of a combination of an
inert gas in a 'So state and a halogen atom in the state *Ps/, or P,/

The energy of KrF and XeF excimer lasers with the electron beam entering perpendicular
to the tube (transverse pumping) had a maximum when small concentrations of Xe (4 kPa) or Kr
(20 kPa) and halogen donors (1.33 kPa) were added to the argon. The beam energy was trans-
ferred to the argon, and then redistributed to the Kr or Xe by collision.

The most important processes in XeF chemical lasers are [60]:

1) Ar4-e— Ar*+ Art g
2) Ar++2 Ar— Ar; +Ar;
3) Ar, +e— Ar*4-Ar;

4) Ar* +2 Ar—> Ar; -} Ar;
5) Ar®* - NF,— ArF*-NF,; (4.15)
6) Ar*-+ Xe— Ar 4 Xe¥,;

7) Xe* L Xe - Ar—» Xe5 4-Ar;

8) Xe* 4- NF, — XeF* 4 NF,;

9) Xe F*4 NF, (NF,)— Xe+F 4 NF; (NF,);
10) XeF*— Xe - F 4-hv.

The lasing energy increases here linearly with pressure, up to 0.3-0.4 MPa., The decrease of
the output power can be attributed to an increase in the deexcitation rate, e.g., as a result
of collision of the excited particles with argon, atomic fluorine, and xenon, as well as to
formation of Xei as a result of the competing process [61]

Xe* (Kr*) + Xe (Kr) + Ar — Xe] (Kr;) -+ Ar.
The maximum values W = 1,1¢10° W and E = 5.6 J were obtained at n = 3%.

Transverse pumping, however, is not effective, since only a small fraction of the elec-
tron-beam energy is transferred to the gas. To increase the efficiency of energy input, other
beam-entry configurations are used. Thus, if the beam enters axially, the pulse energy in-
creases to 200 J and the peak power to 5¢10° W. It is precisely with such an entry of the
beam into the working medium that appreciable lasing powers and energies were obtained with
KrF and ArF [57].

The quantum efficiency of a KrF chemical laser pumped by an electron beam with Ar used
as the buffer gas depends on the energy E(Ar) consumed in the excitation of the argon, and
is defined as ® ® hv (KrF)/E (Ar) % 24%, whereas the maximum attainable efficiency, with ac-
count taken of the reactions Kr* + F, » KrF* + F, Kr¥ + F~ + M > KrF* + M, is 8%. The maxi-
mum efficiency of an electric-discharge chemical laser is limited by the energy E* needed
to form lowest—energy metastable rare-gas atoms. In the case of a KrF electric-discharge
chemical laser the efficiency is connected with the Kr and equals ¢ = hv (KrF)/E* (Kr) = 50%.
The maximum attainable efficiency determined by the indicated reactions, however, is £25%,

Electron begms are sugcessfully used to pump chemical lasers on the mixture Ar/I, [62],
on the dimers Xe,, Krao, Ar, [63], and on XeBr [64], XeO and KrO [65],

When an electron beam is used for pumping, the power attainable is limited by the
strength of the thin foil used to adwmit the beam and to separate the vacuum chamber of the
electron gun from the chemical-laser chamber with the high-pressure working mixture, as well
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as by the loss of beam energy in this foil. The temperature rise of the foil also limits the
repetition frequency of the lasing pulses,

Pumping by electric discharge is free of these shortcomings and leads, in principle, to
high lasing power with high repetition frequency using relatively simple power sources. Pump-
ing of an XeF chemical laser with a pulsed electric discharge is effective because the lower
electronic state of the XeF molecule is weakly bound, and the lifetime of the upper electronic
state is high enough — 50 nsec.

The efficiency and lasing intensity of the mixture He/Xe/NFs; = 100/3/1 at relatively low
pressures, p = 27-53 kPa, were investigated in [66] using a pulsed electric discharge as the
pump. The XeF* molecules are produced here in an excited electronic state as well as in high
vibrational states. Collisions with the buffer gas (He, Ar) transfer them to lower vibration-
al levels. The investigations were made using a power supply with discharge duratien t, =
10 nsec and with a discharge volume 1 x 0.33 x 50 cm. The discharge voltage U, was varied
from 5 to 20 kV, and the pressure p from 2.66 to 66.5 kPa. The pulse repetition frequency was
several hundred Hz. No lasing was observed below p = 26.6 kPa, after which the lasing in~
creased continuously with increasing p. The maximum lasing EnergyE wasobtained at p = 53.3
kPa. Further increase of p led to contraction of the discharge and to a decrease of E. The

output pulse energy was E = 1 mJ at p = 46.6 kPa, and €, = 0.07 mJ/em®. In this case M1 =
0.2%, and relative to the energy input to the gas — 1.2%. The lasing lines were the same as
when pumped with an electron beam (351 and 353 nm). 1In addition, a weak line was observed at

A = 349 nm. The value of Wy,, was 25 kW. Owing to the relatively low pressure, the Xe, con-
centration was low, so that three-particle recombination (Xe , F, He) played a negligible role
in the formation of the XeF*,

The use of a simplified kinetic model leads to the following expressions for the concen-

A S
falte=tl)
e 1o~ |

where N = <gv> n ey /anF ;T = (anF3 ‘l;is the lifetime of XeF*; and ¢ is the excitation
cross section,

Under actual conditions; He/Xe/NFs = 100/3/1, p = 46.6 kPa, Uy = 8 kV, ie = 100 A/sz,
discharge duration t = 10 nsec, E_ = 4 eV: at k = 10~° cm®/sec, one obtains T 10 nsec =~ t,

which is less than T = 50 nsec. As a result ny s % N = 10"" cm=? << ng, = 3.6+ 107 cm™3.

From (4.16) we thenget, at 1/T << 1, t/t ~ 1, n* * Nt/t = 10** cm™*, which corresponds to an
energy E = hvn* V % 1072 J, and the gain is estimated at ao = on* = 107% cm™*. This value

agrees with the experimental data.

An electric-discharge XeCl chemical laser was produced [67] with CF2.Cl., C.F,Cl, CCl.,
BCl,; as donors, with He predominating in the mixture. The excited halide molecules were pro-
duced here by chemical reaction of the excited inert-gas atoms with the halogen donors. With
NF,; used as the donor, the detailed structure of the lasing of an XeF chemical laser at A =
353.54; 353.05; 351.14; 350.97; 350.91, 348.75 nm was observed. Lasing on XeCl molecules was
observed only at high pressures (>0.12 MPa). The maximum pulse energies obtained. in [67]
were 2, 1, and 0.5 mJ for XeF, XeCl, and KrF, respectively. With another mixture He/Xr /NF; =
500/50/1 which turned out to be optimal, and with a total pressure 93.3 kPa [68], lasing was
obtained at A = 248.5 and 249.5 nm with E = 0.8 mJ, © = 25 nsec, W = 32 kW, and ey = 0.08
kJ/em®. Practically no decrease in power was observed at a repetition frequency<C20 Hz.

Great possibilities for developing and investigating excimer chemical lasers are offered
by combined pumping schemés. Thus, it was demonstrated in [69] that it is possible to pump
the molecules ArF, KrF, and XeF by a transverse discharge following preliminary photoioniza-
tion by an addltlonal spark discharge. The spark discharge was fed from a separate source,
so as to be able to control the delay of the preionization and main-discharge pulses in an
interval 0.1-25 psec. The preionization light-pulse duration was 400 nsec, and that of the
main discharge current 40 nsec. The main-discharge stored energy was about 10 J,
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The discharge was produced in a He/F, (NF3)/Xe (Kr, Ar) mixture prepared in a stainless-
steel fluorine-passivated mixing system. The chemical-laser working chamber was first evac-
uated to p = 13.3 Pa, then scrubbed with helium and filled with the mixture up to p = 0.2 MPa.

XeF molecule lasing was observed on the lines 351.1, 353.2, and 348.8 nm. E .. = 65mJ
was reached in a mixture He/Xe/NF; = 100/1/0.3 at p = 0.2 MPa. The XeF chemical laser cavity-
consisted of a total-reflection mirror and a mirror with 707 transparency. When KrF was used,
the maximum energy obtained was 130 mJ. With an exit mirror having 507 transparency, the
emission spectrum revealed a maximum of approximate width 0.3 nm in the vicinity of A = 248.4
nm. When a high-Q cavity was used, lasing was observed also at X = 248.1 nm. Replacement of
F, with NF; decreased the pulse energy by two or three times.

A maximum lasing energy 60 mJ was reached in an ArF chemical laser at X = 193.3 nm. The
spectrum profile was approximately the same as with electron~beam pumping, but with better
definition.

The lasing-pulse duration in all these .three types of chemical laser was 20-25 nsec, and
the pulse profiles were similar. The maximum emission power was 2-4 MW. It was found that the
rate of decrease of the lasing energy was very small compared withthe preionization rate, ow-
ing to the dissociative attachment, characterized by a value on the order of 10° sec™?, of
the electrons to the fluorine molecule. This means that the negative F ions are effective
sources of negative charges. :

Excimer chemical lasers on rare-gas halides are being steadily improved — lasing was ob-
tained at increased pressures, in a quasicontinuous regime, in a closed-cycle system with
photodissociation of molecules, in the so-called double discharge with stabilization by a beam
of fast electrons, etc. Many properties of such chemical lasers, with references to the lit-
erature, were gsystematized in [70].
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