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CHEMICAL LASERS
Moscow KHIMICHESKIYE LAZERY in Russian 1980 (signed to press 5 Sep 80) pp 1-224

[Book "Chemical Lasers", by Valeriy Konstantinovich Ablekov, Yuriy Nikiforovich
Denisov and Viktor Vasil'yevich Proshkin, Atomizdat, 2850 copies, 224 pages]

[Text] The book presents the principles of gas-phase reactions typical of chemical
lasers, gives fundamentals of the quantum mechanical description of molecular sys-
tems, and outlines processes of formation of excited particles in the course of
nonequilibrium chemical reactions. An examination is made of the kinetics of pro-
cesses in chemical lasers classified according to their hydrogasdynamic character-
istics into devices with a stationary medium, with subsonic and supersonic flow,

_ and with detonation processes in the medium. Designs and working principles of
present-day chemical lasers are described.

For engineers and scientists working in laser research and development. May be
of use to undergraduate and graduate students majoring in physics and in engineer-
ing physics.

Tables 7, figures 100, references 475.
INTRODUCTION

Lasers, or optical quantum generators as they are called in the Soviet literature,
are more and more widely used each year in industrial technology, medicine, commu-
nications, geodesy and other areas of science and engineering. Quantum-mechanical
engineering is used in holography, in locating remote objects and the measurement

of great distances in astronomy, in research on transmitting television images

by light beam and so on. Results have been promising in the use of quantum gener-
ators for solving the problem of nuclear fusion [Ref. 1].

The expansion of areas of use of quantum generators is accompanied by improvement
of the systems that have been produced and by development of quantum generators
based on new active media, and on new physical and chemical principles. Industry
has now mastered production of solid-state, gas-discharge, semiconductor and dye
lasers.

The development of generators and amplifiers of stimulated emission in the visible
and infrared bands of electromagnetic waveforms {Ref. 2-7] is the outcome of funda-
mental research by N. G. Basov, A. M. Prokhorov, and by Townes et al., who achieved

coherent radiation [Ref. 8, 9] in the microwave band on the basis of the phenomenon
of amplification of electromagnetic waves [Ref. 10, 11].
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In addition to pumping of quantum generators by optical or electrical energy, other
methods have been developed as well. The most promising among these have been
thermal and chemical pumping techniques. In the former method, heat energy is
converted to coherent stimulated radiation, while the transformed energy in the
latter case is that released during exothermal reactions with the formation of
atoms and molecules in excited states [Ref. 12-15].

The chemical laser is a device in which population inversion and lasing are achieved
either directly as a result of a chemical reaction, or after the reaction in the
exchange of energy between components of the medium, at least one of which is a
product of this reaction.

The branch of science on chemical lasers includes divisions of quantum mechanics,
physics, chemical kinetics, optics, hydrodynamics, gas dynamics and plasma dynamics.
With respect to the particulars of chemical energy transformations of reagents

A, B, C, D, G, we can represent the major processes in chemical lasers graphically
in the following diagram [Ref. 16]:

. Chemical
) A"+ B =——= A ! hv=> photodissociation
laser

} v
hv/i;;/= \\ Chemical laser

[61)]
e~ AT AHJL——/\C‘»!- D— AC thy=> with purely
chemical reaction

— — — — — —— ——— —— — — —

Chemical laser
G* + A — (i + hv=>Wwith energy transfer
(hybrid)

Most chemical reactions take place comparatively slowly, and therefore they are
not suitable for population inversion. Before they have time to accumulate, the
excited particles (indicated by an asterisk) make a tramsition to the ground state,
and quantum-mechanical emission is not stimulated. Therefore, chemical lasers

can operate only on fast reactions: photodissociation or other chemical reactions
initiated by the action of light (hv), combustion, explosion (AT), electric dis-
charge (e”) or chemical reaction between atoms or molecules, e. g. in colliding
beams of atoms or molecules of various substances.

In principle, the chemical method of population inversion permits creation of quan-
tum generators with high efficiency and output power. Especially large power can
be obtained from quantum generators with explosive chemical reaction. :

Chemical energy is directly converted to optical emission in quantum generators

with chemical pumping. We should add to the advantages of chemical lasers over
other known quantum generators the fact that they have a wide spectrum of lasing
wavelengths from 2 um [Ref. 17, 18] to 100 uym [Ref. 19]. The development of chemical
laser research extends the range into the ultraviolet and millimeter regions of

the spectrum.
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The spectra of coherent emission of chemical lasers coincide with the region of
vibrational frequencies of many molecules, and this enables the use of chemical
lasers for directed selective stimulation of chemical reactions by the action of
radiation on selected vibrational degrees of freedom [Ref. 20].

Chemical lasers can be used to study the distribution and transfer of energy in
chemical reactions and to get information on the nature of excited particles with
respect to wavelength. Methods have been developed for measuring the cross sections
of relaxational and other chemical-kinetic processes, based on using the radiation
_ of chemical lasers and the peculiarities of their spectral-temporal characteristics.

Chemical lasers utilize exothermal processes during which excited inverse-population
products are produced. Therefore the features of chemical lasers enumerated above
include the fact that the energy required for excitation is produced by the chemical
reaction proper rather than by an external source as in solid-state and gas quantum
generators. However, further developments of the field of chemical lasers in sci-
ence and engineering have shown that they should cover a wider class of quantum
mechanical systems, including with external sources of energy (such as y-quanta,
electrons and the like) that are used as initiators of a chemical reaction since
these reactions may be photolytic and radiolytic. Excimer lasers can also be in-
cluded in the clase of chemical lasers with consideration of the kinetics of con-
versions of substances during a reaction. Inversion can also be obtained in plasma
chemical reactions under the influence of nuclear fission products in fuel elements
-~evels [Ref. 21].

Ref. 22 presents still another qualitatively new possibility of pumping quantum
generators. It is proposed that quantum generators utilize phototransitions that
arise upon collision of two molecules that are capable of exothermal conversion.
Such phototransitions correspond to the change of chemical bonds in molecules,

i. e. they are identical to elementary chemical acts. Optical stimulation of a
phototransition leads to photostimulation of the chemical process itself.

Ref. 23 also includes with chemical lasers detonation quantum generators in which
the active medium is provided by detonation products.

In this bock, chapters 1 and 2 are devoted to exposition of the principles of gas-
phase chemical reactions typical of chemical lasers under various conditions, the
fundamentals of the quantum-mechanical description of molecular systems, some pro-
cesses of formation of excited particles in the course of nonequilibrium chemical
reactions. These chapters explain the concepts and processes utilized in subse-
quent presentation of the material. Chapter 3 gives the kinetics of processes

in chemical lasers.

The subsequent presentation develops the classification of quantum generators as
given in Ref. 23, 24 in accordance with hydrogasdynamic characteristics that char-
acterize both the construction of chemical laser systems and their operating prin-
ciples. Therefore chapter 4 singles out chemical lasers with a stationary working
medium (gas-static lasers). Chemical lasers with subsonic circulation of the medium
are considered in chapter 5, while chapter 6 examines lasers with diffusion of
components in a supersonic flow. Chapter 7 is devoted to chemical detonation
lasers.
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The considerable number of papers that have now been published on chemical lasers,
and the limited scope of this book have precluded a more exhaustive presentation.
The reader can fill in this gap by acquainting himself with the monographs of Ref.
16 and 25, the surveys of Ref. 23, 24, 26-42 and the spacific articles of Ref. 43.
Ref. 44 presents an analysis of different areas in the field of chemical lasers
and the history of their development.

This book uses the SI system of units. The primncipal units of this system and
their derivatives (N, W, J, Hz, V, F, Q and so on), including prefixes to designate
multiple and fractional values have been introduced by CEMA Standard 1052-78 and
will be familiar to the reader, with the exception of the recently introduced pres-
sure unit Pa [pascal]. Therefore we will give here the conversion of this unit

to the previously widely used nonstandard units of physical and technical atmos-
pheres, and millimeters of mercury: 1 Pa= 9.8692-10"° atm (physical) = 10.1972-107°
at (technical) = 7.5006:10~° mm Hg.

For approximate calculations it is convenient to use the relations 1 MPa= 10 atm (at),
1 kPa= 7.5 mm Hg.
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CHAPTER 1: PRINCIPLES OF KINETICS OF GAS-PHASE CHEMICAL REACTIONS
§1.1. Law of Effective Masses

In chemical lasers, processes take place chiefly in the gas phase, and to get an
idea of the chemical reactions in these lasers it is necessary to know the rates
and proportions of reactions of the initial gases, and the composition of inter-
mediate and final products. Therefore we will consider the principles that govern
chemical reactions in gaseous media.

Reaction Rate. Rate Constant. Consider a gas made up in the general case of chemi-
cal components A3 (i=1, 2,..., n), i. e. of N; molecules of component A;, N> mole-
cules of component A,, N3 molecules of component A; and so on. Then a chemical
reaction that converts initial components Ay, Aj,..., A; into reaction products

Al, A},..., A} can be recorded by the stoichiometric equation

N N
M~ XA (1.1)
t=1 (=1

where rj and r} are the stoichiometric coefficients of the reaction for the i-th
substance that is in the state of an initial reagent and a reaction product re-
spectively.

For a system with fixed volume V and fixed composition, the relation between changes
of concentration of any two substances i and j taking part in the reaction is ex-~
pressed on the basis of relation (1.1) as
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E’l/('l'—‘;'t) =wy/(rj—r)). (1.2)

Here w=V~1AN/At mole/(cm®+s) is the change in mole concentration c=N/V of the
substance in time At, i. e. the average rate of the chemical reaction.

The chemical reaction rate w in the general case is a function of the concentrations
of the reacting substances, pressure and temperature [Ref. 1]. The dependence

of the reaction rate on concentrations of the reagents cj is defined bv the law

of effective masses: the reaction rate is proportional to the product of concen-
trations of the reacting substances. Thus for a reaction of general form (1.1)

. N
w=kepcp.. =k []e, (1.3)
{=1

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

Simple Reaction. Order of a Reaction. Molecularity. According to the derivation
of the law of effective masses from the kinetic theory of gases, the number of
simultaneous collisions when r; molecules of substance A; (of concentration ;)
interact with r, molecules of substance A, (of concentration c;) and so on, is
proportional to the product cfick2... Or vice versa: the rate of single-stage
reactions that involve the simultaneous interaction of ry+rz+ ...=r molecules
must be expressed by the law of effective masses [Ref. 2]. Reactions that meet
this condition are called simple reactions.

By definition
de/dt = wy, i=1, ..., N, (1.4)
and in the elementary.stage of the reaction
w = —r)w. ‘ (1.5)

With consideration of relations (1.3) and (l.5), we get for the i-th and j-th sub~
stances instead of equation (1.4)

N
dey/dt =1(ri —r) k1 [ ¢ (1.6)
=1

where (ri— r;)k is constant for isothermal systems. Usually measurements of the
quantity dc17dt in isothermal systems lead to

N
n
dc‘/dt~i£llc 4, (1.7)
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where exponents nj are constants. In such cases, the number ny is called the order
N

of the reaction with respect to the i-th substance, and n= D)1, is called the
=]

regultant order, or simply the order of the reaction.

We can see from formulas (1.6) and (1.7) that if the reaction is simple, ny=rj.

Then the quantity nj is the molecularity of the reaction with respect to substance
» and n is the total molecularity of the reaction. Thus the molecularity of a
reaction is determined by the number of molecules participating in the process:

at r=1, the reaction is of the first order, or monomolecular; when r=2, the reac-
tion is of the second order and so on.

A relation of form (1.7) often holds even when equation (1.6) is invalid, 1. e.
when the reaction consists of several stages. In such cases the relation between
the order of a reaction and molecularities becomes complicated, and nj may take
on non-integer values [Ref. 3].

- §1.2. Mechanisms of Simple Reactions
First-Order Reaction. When the rate of change in concentration is proportional
to concentration, it is said that a first-order reaction is taking place. Such

a reaction is the simplest chemical process. According to the law of effective

masses (1.3), the reaction rate of a first-order reaction for reagent A; (i=1)
is

W = — de,/dt = k,, (1.8)
where

klc > 0.

After integration of equation (1.8), we get at concentration c1° known at the initial
instant t=0:

6 =} eXP (—kt) = cf exp (— t). (1.9)
From (1.9) we get an expression for the reaction rate constant

k= (1/8) In (§/c,). (1.10)

At t=1, the concentration of reagent A, decreases by a ractor of e. The quantity
Te=1/k is called the characteristic reaction time. We can also judge the rate

of the chemical reaction from the half-life or half-period of the reaction TL--

the time during which the initial concentration ¢ decreases to one-half: T, = 1n2/k.
The simplest type of reaction that conforms to equation (1.8) is the monomolecular
reaction of dissociation of a substance

AB— A + B, (1.11)
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[Note: Hereafter in addition to the purely numerical designations of reagents
Aj and reaction products A}, we will also use letter combinations: A, B, C, ...,
AB, BC, ...]

It is assumed that molecule AB is stable and will not spontaneously dissociate
into reaction products. What then is the mechanism of the monomolecular process?

It is assumed that not all molecules are subject to dissociation, but rather only
the especially activated molecules that have internal energy exceeding the activa-
tion energy E,. Such molecules are called active. According to Ref. 4, many
monomolecular reactions occur in two stages

AB+M;§_‘»AB*+M; (1.12)
AB* 25 AB* A B, (1.13)

The first of which is activation {(k;) and deactivation (k;) of the molecuies, while
the second is dissociation (k3). Im (1.12), (1.13), M denotes an arbitrary mole-
cule, the asterisk after AB means that the molecule is in the excited (in this
case unstable) state, and the rate constants ki, kz, k3 for elementary stages of
the reaction are indicated above and below the arrows.

On the second stage (1.13), monomolecular transformation takes place due to intra-
molecular redistribution of energy. Since such transformation requires that the
energy of the active particle be concentrated on cgrtain degrees of freedom, we
introduce the concept of the activated molecule AB” that is the instantaneous state
of the molecule through which the reaction is terminated.

First-order reactions and the second-order reactions described below play an essen-
tial part in chemical kinetics since most elementary stages are monomolecular or
bimolecular reactions.

Reactions of Second and Higher Orders. When molecules A; and Az form molecules

of type A' in reaction (1.1), and when the reaction rate in this case.is propor-
tional to the concentrations of both initial substances, it is said that a second-
order reaction is taking place.

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

dey 46 _peog,
TR Cy Cay (1.14)

where k has the dimensionality of cm®/(mole+s).

After integration of equation (1.14) like (1.9), (1.10), we get under known initial
conditions c; = cg and cp = cg:

c_n=_féi_ exp [—(c3—c1) kt). (1.15)

Ca

10

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0

FOR OFFICIAL USE ONLY

whence the expression for the reaction rate constant will be

0
S P L 8 (1.16)
t cj—c} cle
. Examples of second-order reactions are bimolecular reactions of dissociation of

hydrogen iodide 2HI+ H, + I, , and thermal dissociation of chlorine oxide
2 C1,0+ 2Cl; +0,.

Consider the n-th order reaction
A+B+C+ ...+ reaction products.

If ef=cd=...=c% the reaction rate will be

— dcldt == ken. (1.17)

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

1 1 1
k= {(n—1) ( =0 - (@tn=1 )’ . (1.18)

with dimensionality of (cm®/mole) (n-1) g7t
For ¢=c%/2, t= T

_‘ (2(11-—-1) . l) 1
T tpl=l) (@)= (1.19)

and

(2(11—-!) — l) 1
k(n—1)  (o)n=D "

(1.20)

T2 =

Thus, for the general case of an n-th order reaction
Tij2 ~ ()N, (1.21)

i. e. the way that the half-period of the reaction depends on the initial concen-
tration characterizes the actual order of the reaction. It is taken as unlikely
that chemical reactions with molecularity of more than three will play a role in
chemical processes, since reactions with higher molecularity take place extremely
slowly.

§1.3. Chemical Equilibrium

Equilibrium Conditions and Equilibrium Constant. Since chemical reactions go in
both directions, equation (1.1) should be rewritten as

11
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N bONC
Nrh2 N A (1.22)

i1 ky i=)

i. e., side by side with forward rveaction (1.1) is its reverse reaction.
If the equilibrium concentrations are denoted by Cié and Cies then the condition

of equilibrium of the forward and reverse reactions will be

NN
ke 11 ¢t ==k TH ¢l (1.23)
f=1 j=1

Whence we get the equilibrium constant
P
LT r
ot 1 e
I=1 i=1
Tables and handbooks usually give values of the equilibrium constant Kp expressed

in terms of the partial pressures pj, Pj of the substances participating in the
reaction

N ! N
Ky,=T1 P,I/ H-p,". (1.25)

=1 I=1

Arrhenius Law. Ref. 5 gives the temperature dependence of the equilibrium constant
K measured at constant volume or pressure as a function of the heat of reaction Q:

d In KIdT = —= QIRT. | (1.26)

where R is the gas constant.

For the temperature dependence of the rate constant k, Arrhenius [Ref. 6] proposed
the analogous equation

USSR

d In k/dT = E,/RT?,

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

In k = const — E/RT,

or, setting lnA =const, we get
(1.27)

where A is the frequency factor or preexponential factor.

12
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In the Arrhenius law (1.27) quantity A may be weakly dependeni on temperature T.
In this event the approximate formula

A = BT* (1.28)

is used for all reactions within the limits of experimental error, with considera-
tion of the fact that B=const, o=const and 0Sa¥X 1.

Research results of Ref. 7 give the concept of the order of preexponential factor
A from investigation of reactions of dissociation and isomerization of substances.

In general in accordance with the method of the transitional state [Ref. 8-10]
the preexponential factor A is represented as the product of the gas-kinetic number
of collisions Zy multiplied by the so-calledsteric factor P that characterizes
_ the effectiveness of a single collision of molecules with respect to the course
of the chemical reaction or directionality of interaction leading to the formation
of a chemical bond.

Sometimes the reaction proceeds with considerable deviations of the preexponential
factor A from the usual values of 10*2-10'% s™!. For especially large values of
A it is assumed [Ref. 11] that the monomolecular reaction law is only apparent,

and in reality the reaction takes place by a chain mechanism.

Arrhenius law (1.27) may be theoretically substantiated by using assumptions of
the kinetic theory of gases (see for example Ref. 12).

Activation Energy. Only a small nuaber of all colliding molecules enter into re-
action, and only those whose total kinetic energy upon collision exceeds some
critical value E;. These molecules are lower in number the more this energy ex-
ceeds the average energy of the system ((3/2)k°T for monatomic gases, (5/2)x°T

for diatomic gases; k' is Boltzmann's constant). Usually E, for the reaction is
several tens of thousands of joules per mole, whereas the average energy at a tem-—
perature of 1000°C is only a few thousand. This means that on the maxwellian curve
of velocity distribution of the molecules the reaction is characterized only by

the branch in the region of velocities that exceed some critical velocity.

For example for E; =~ 84 kJ/mole the percentage of molecules that are capable of
entering into reaction is only 0.0045% at 1000°C, and increases to 0.67% at 2000°C.

Concepts of the molecular structure of matter imply that a homogeneous reaction

in an ideal gas takes place upon collisions of two or three molecules. The col-
lision and the subsequent reaction are described by the Schrddinger equation in
which the independent variables are the coordinates of all electrons and nuclei

of the interacting molecules. For a collisional process that is slow enough that
the solution of the unsteady Schrddinger equation is not different from that of
the steady-state Schrddinger equation, and the kinetic energy of each nucleus is
small compared with that of the electrons, we can assume that the nuclei move over
trajectories on the potential energy surface.

The height of the energy barrier of a reaction on the potential energy surface
is equal to the activation energy E; necessary for rearrangement of intramolecular

13
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bonds. This definition can be illustrated by an examination of the change of energy
states in the bimolecular chemical reaction A+ BC-+ AB+C in coordinates of poten-—
tial energy E, versus the reaction coordinate (Fig. 1.1), for example the instan-
taneous reaction time t.

0]
ES]
o .
g Actlvited Reaction
. complex —product
E A-B-C ) A8,
—
" E
o5 dis
reagents
Becs | el e / AB+C
R b %nd
e
A+B+C
0 t, rel. units

T Fig. 1.1. Change of potential energy of system
in the process of collision of A with BC

If the energy of atom A is quite high, the bonds between atoms A, B and C will
be totally broken--dissociation of molecule BC will occur (upper curve on Fig.
1.1). If a chemical reaction takes place between A and BC, the potential energy
reaches a maximum (middle curve on Fig. 1.1), the interatomic bonds are not com-
pletely broken, and the system is in unstable equilibrium--the activated state
of A-B-C. Then depending on the type of reaction the process will follow either
the middle or lower curve. In the former case the reaction is endothermic, and
in the latter case it is exothermic.

The activation energies are different for forward and reverse reactions. From

Fig. 1.1. we see that the endothermic reaction that is the reverse of the exothermic
reaction has activation energy E,=E,+ Qgx, where Qgx is the reaction energy re-
lease.

§1.4. Complex Reactions

Sequential Reactions. The simplest kinetic equations of first, second and third
orders for chemical reactions describe only an extremely small number of the pro-
cesses that take place. However, most chemical reactions take place in separate
monomolecular or bimolecular stages with formation of intermediate products.
Many complex reactions have two or more stages that follow each other:

L
A=B->C and. so on

or
Tk

A+BYC DS MIN,

14
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Such reactions are called reactions with sequential stages. 1In these reactions,
the substance that is formed in the first stage is capable of continued chemical
reaction, and further chemical transformation is realized in subsequent stages
of the reaction. Such substances are called intermediate substances.

It follows from Ref. 13 that each stage has its own potential energy surface that
is independent of the others. Reaction systems, in passing through the highest
energy barrier, do not necessarily have to go through all intermediate states.
Therefore the rate of a reaction with sequential stages is determined by the rate
of transition of the activated complex through the highest energy barrier.

Parallel Reactions. The simplest type of parallel reaction is one in which the
initial substance is transformed by two or more independent paths resulting in
either identical or different reaction products:

&y

A

W N
Let us write out the kinetic equations for such reactions, assuming that each of
them is monomolecular:

demldt = kycp, denldt = Ryca. (1.29)

After dividing one equation by the other and integrating, we get

leCN = kl/kg, (1 .30)

i. e. the yields of products of parallel reactions are to each other as the rate
constants of these reactioms.

Let us determine the rate constant of such an ultimate reaction:

— dealdl = dewldt + denldt == (fey - kg) ca == kea. (1.31)

Consequently, the rate constant of the ultimate reaction in the case of two or
more parallel stages is equal to the sum of the rate constants of these stages
k=1ky.

Conjugate Reactions. Chemical Induction. A peculiarity of some parallel reactions
that are quite widespread in chemistry is the fact that one of these reactions
(A+B) can proceed only when the other parallel reaction (A+C) is taking place
simultaneously in the system. These reactions are called conjugate; this phenom-
enon in chemistry has been termed chemical induction. The inducing reaction

(A+B) is called primary, and the conjugate reaction (A+C) that it induces is
called secondary. Substance A that takes part in both reactions is called the
actor, substance B whose interaction with the actor induces the secondary reaction,
is called the inductor, and substance C is called the acceptor.

; Such a process is characterized by the induction factor--the ratio of the fraction

of the actor that takes part in transformation of the acceptor, to the fraction
of the actor that takes part in transformation of the inductor.

15
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As an example of conjugate reactions, Ref. 2 gives simultanecus oxidation of carbon
monoxide and hydrogen. In the absence of impurities, the reaction 2C0+ 0, = 2CO;
does not occur up to quite high temperatures, but when hydrogen is present in the
mixture the reaction takes place readily [Ref. 14, 15]. 1In these reactions, hydro-
gen is the inductor, CO is the acceptor and O, is the actor that takes part in
reactions with both H; and CO. The induction factor is the ratio of the amounts

of CO2 and H,0 that are formed.

The effect of chemical induction is based on the formation of intermediate sub-
stances in the course of the primary reaction that produce direct transfer of the
inductive effect of the primary reaction to the secondary reaction [Ref. 16].

Based on this reasoning, conjugate reactions are described by a set of two ele-
mentary processes A+B=X+...,+X+C=M+... (A is the actor, B is the inductor,
C is the acceptor, X is the intermediate substance, M is the reaction product),
for which the following equations are valid:

—dcp/dt == -—[ng/df = kyCACB;

dex/dt = kyca s — kg Cc Cx) (1.32)
—dcg/dt - dem/dt = kg cc Cx-

When cg= cp = cg= e
~dca/dt = ky cXi dex/dt = ky ch—ky(ca-+¢x) ex.} (1.33)
'_ﬂ
3 : T
o /
g . C" y
]
> : /
D s A\ \< )
] ’ C
§ 2N
J \ cllcﬂ \.\
. ¢, \\ .

0 1 2 J 4 5 )
t, relative units

Fig. 1.2. Kinetic curves for conjugate reactions

From the solution of these differential equations (Fig. 1.2) we can see that the
acceptor C is expended more slowly than the actor A and the inductor B, and the

16
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curve for expenditure of C is S-shaped, i. e. it can be seen that substance C is
brought into the reaction only via intermediate substance X, which is low in con-
centration at the initial instant. The limiting case of conjugate reactions can
be taken as homogeneous catalytic reactions since here as well an active inter-
mediate substance is formed upon primary interaction of the actor with the catalyst
inductor. 1In the case of acceleration of the reaction this inductor is a positive
catalyst, while in the case of retardation it is a negative catalyst or inhibitor.
The reactions frequently fall into time-separated macroscopic stages, the inhibitor
influencing only the first of these--the inducing stage [Ref. 17]. There are re-

- actions [Ref. 18, 19] during which direct accumulation of catalyst takes place
that is 2 product of the reaction itself. This leads to self-acceleration cf the
reaction--autocatalysis. The kinetic equations of autocatalysis in most cases
do not describe the actual reaction mechanism. For example it is shown in Ref.
20, 21 that it is the rate of branched-chain reactions with a complex mechanism
that corresponds to the kinetics of autocatalysis.

§1.5. Chain Reactions

Kinetics of Chain Reactions. Sometimes a series of sequential reactions has a
rate that exceeds the rate of the forward reaction according to equation (1.1).
This occurs in cases where the active particles or centers A are replaced in the
course of one or more stages of the reaction 1+ 3, as shown in the diagram of
Fig. 1.3. An active particle A arises simultaneously with a molecule of reaction

Fig. 1.3. Diagram of simple, ec> 1 (a), branched 2> egc> 1 (b) and continuously
branched, €¢=2 (c) chain reactions: O--active centers A; A--reaction products
C; O--reaction byproducts; ®--intermediate substance

17
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product C. The rate of such a reaction in the steady-state case (see Fig. 1.3a)
can be expressed by the equation

W = WPy Py + WPy Py, (1.34)

where wy is the rate of thermal activation of a molecule, and Pj is the proba-
bility of each of i=1, 2, 3, 4 elementary processes.

Introducing chain length ., we find from (1.34)

W

[(1/Py Pg)—1]

lc‘= | = P; Py )
[(1/P5 Py)—1] (1—Py Py)

W le, (1.35)

(1.36)

It has been experimentally demonstrated that the principal active centers of such
chain reactions are chemically unsaturated fragments of molecules-~free atoms and
molecules. The chains realized by these fragments are called radical chains. .

Simple Chain Reactions. The reactions described by expressions (1.34)-(1.36) are
called simple chain reactions. In these reactions, in each link of the chain there
is no more than one newly formed center for each disappearing active center.

In the kinetics of chain reactions [Ref. 21], the probability of a reaction following

path 1 is called the chain continuation probability P; =oc with steady-state re-
action rate

w-_———=———=wol,, (1'37)
where
I, = a/(l — ea,). ‘ (1.38)

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

P, — ai(l —a). (1.39)

where 1- oc=Be is the chain breaking probability.

The time development of a reaction is described by the following expression for
reaction rate

o R EE S

| —sgae

where v*¢ is the frequency of particle interaction events, 1 is the lifetime of
an active center.

18
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For a chain reaction with chain breaking ao.<1l. 1In this case the probability of
chain breaking B, is proportional to chain length Z.:

Be ~ L. (1.41)

Active particles with a mean free path shorter than the dimensions of the vessel
are brought to the walls by diffusion flux

qo == — Ddcaldx, (1.42)

where D is the coefficient of diffusion, dcp/dx is the concentration gradient of
active centers along the normal to the wall of the vessel.

If we now consider the process along this normal and introduce the concept of the
"normalized film" with thickness A [Ref. 22], then (1.42) implies

gp = (D/B) (ca — ca), (1.43)
where c] is the concentration of active centers close to the surface.

In the steady-state case, setting qp equal to the flux due to the reaction of chain
breaking on the wall surface, we get

- (D/B) (ca — cA) = kea, (1.44)
whence
i DIA-_ .
Y erom (1.45)
and the reaction rate is
kel — DA
W=t = om (1.46)

Designating the effective rate constant by k*, we have

preeFDIA oy —'—=_'_..}. !

= —_ (1.47)
- k4 (D/A) k* k D/A

where k™! and (D/A)~! are the diffusional and kinetic resistances respectively.
We can see from formulas (1.46) and (1.47) that when %2> D/A Ek*=D/A and the reac-
tion rate is determined by diffusion. In such an event the reaction is said to
take place in the diffusion region with cp € ca. At k& D/A we have k*=k and
the ultimate reaction rate is determined by the rate of the chemical process itself,

i. e. the reaction takes place in the kinetic region with concentration cj nearly
equal to cy.

19
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Reactions With Branched Chains. Chain reactions in which an average of more than
one active center isproduced for every disappearing center in the course of the
reaction are called branched. The probability of branching at each link of the
chain is [Ref. 21]

O =&, — L. (1.48)

When §.> 0, branchings arise from time to time on individual sections of the chain,
and the additional active centers give rise to secondary branched chains (see

Fig. 1.3b). When 6c=1 (ec=2), branching takes place on every link of the chain
(see Fig. 1.3c). Chains that arise in this way are called continuously branched.

Let us calculate the length of a branched chain 14, i. e. the number of elementary
reactions caused by the appearance of a single primary active center. The effec-
tive chain breaking probability will be equal to the difference B, - d.. Conse-
quently with consideration of (1.41):

1= U, - 8) = /(1 -- L5,.); (1.49)
@ = {1} ch /(1 —Lc Bc). (1.50)

Since B, and & are functions of temperature and pressure, under certain conditions
it may happen that B, - 8,20, and then the length of the chain 14+=. This means
that if at least one branching takes place on the length of a simple chain, i. e.
1c8c=1, an explosive process arises.

Limiting Phenomena. At a certain vapor pressure of phosphorus in a mixture with
oxygen, the region of ignition is bounded by two limiting oxygen pressures (po,)1
and (p02)2. Outside this region, phosphorus vapor does not ignite. Quantitative
investigations of this process together with a study of ignition of a stoichiometric
mixture of hydrogen with oxygen [Ref. 26-28] have yielded fundamental results for
the theoretical description of the effect by N. N. Semenov [Ref. 21, 29].

The existence of such limiting pressures--lower and upper limits of ignition of sub-
stances--can be explained by peculiarities of kinetics and the mechanism of the
branched chain reaction. In a simple chain reaction (eqcac<1) the rate of a com-
paratively slow steady-state reaction is w=wgac/(l~-¢cc0oc). In the case of a
branched chain reaction (eqcoc2 1), the reaction rate (1.40) is

_ . _ (1.51)
el (exp pt—1),
where
1 @
Q== —_::(vfc + ve) (e, 0t —1). (1.52)

For ¢t»1 from (1.51) and (1.52) with consideration of the fact that a, = P, = v‘f':/(vfc +
-+ v), we get Semenov's law:

1 v¥e

== %J— exp of. (1.53)
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When ecac> 1 the reaction becomes rapid and self-accelerating, terminating in an

explosion. Transition from the steady to the unsteady state is determined by the
condition

£ Qe == 1. (1-54)

From this, considering (1.48) and the relation for the chain continuation proba-
bility «, = V;‘c/(vf‘r +vl), we get

60 v?c = v;"c. . (1 055)
The pressure dependences of v and v3C can be written as
vic=ap and vic=pp?-|- b, (1.56)
where v‘;‘c is expressed as the sum of terms, of which the first characterizes the

volumetric breaking of chains by the triple collision mechanism, while the second

term characterizes breaking of chains on the walls in the kinetic region of the
reaction.

Expressions (1.55) and (1.56) imply

p? — Baplb + b'1b = 0, (1.57)

with a solution that gives the pressures on the lower (p;) and upper (p;) limits
of ignition:

p1= 6a/2b —V *a®/46E—b' /b, (1.58)
ps= 6a/2b 4V 6% a*/4b* — b /b. (1.59)

The graph of the temperature dependence of p; and

p2 (Fig. 1.4) is conventionally called the "ig- ]
nition peninsula" and p=p, is called the "cape .
of the ignition peninsula." §

sk
§1.6. Elementary Processes of Excitation of a

Systems in Chemical Reactions . Pzp’
AN
1 1

Principles of Quantum-Mechanical Description of 9440 480 520 T°C
Molecular Systems. Quantum mechanics describes
the relation between the structure of atoms and Fig. 1.4. 1Ignition penin-
molecules and their spectra, gives a represen- sula of a mixture of 2H,/0,

tation of the energy distribution in a molecular

system, its excitation, relaxation and chemical reactivity. Transition of the
system from one state to another is accompanied by absorption or radiation of
energy:

hv == E, — Ej, (1.60)

where h is Planck's constant, v=c/A is the frequency of a quantum, A is wavelength,
¢ is the speed of light. Or, replacing v with the wave number w=v/c [cm 11, we get
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© = (E; — Ey)lch. (1.61)

When the molecular system absorbs light quanta, the energy of the system changes de-
pending on the energy of the absorbed quanta: rotational motion of the molecule

(R) when the energy of the absorbed quanta is 0.125-1.25 kJ/mole; vibration of
nuclei (V) at 1.25-50 kJ/mole; electron motion (E) at energies of the order of

tens and hundreds of kJ/mole.

J prene— S—
N A L
J
B [ A —
J=J
—
vel il
2 :‘,’
) J=3 y=2
J=2 -
S . Is1 vel
B S R -0
a b c '
Aen 0% 30t qew’ gpu0”? M 0"
0
> o o
3] ) ] 8
ogBg. o ¢~ 1S Ly 2 -]
[] - 1 )
e LTI g 8% (2283 ’g o g
@ o o0 e | R el 2o N 2
woo ~ ‘B aHlgny ke 'd
t - ol ] > > -
/ N I d
Rotational \Vibrational Electron
spectrum spectrum spectrum
(R) 4] (E)

Fig. 1.5. Diagrams of energy levels and transitions R (a),
V-R (b), E-V-R (c¢) of spectra, and their corresponding re-
gions of electromagnetic radiation (d)

Corresponding to such changes of energy are the schemes of energy levels and tran-
sitions shown in Fig. l.5a-c, and also regions of the spectrum of electromagnetic
radiation (Fig. 1.5d). Here the far infrared, microwave and millimeter regions
correspond to rotation R-spectra (a), the IR-region corresponds to vibrational-
rotational spectra V-R (b), and the visible and ultraviolet correspond to electron
(E) or electronic-vibrational-rotational (E-V-R) spectra (c).
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A molecule can be represented as a harmonic oscillator with energy
E, = hco, v + 1/2), (1.62)

where v=0, 1, 2, 3... is the vibrational quantwum number that defines the level

of vibrational energy, we corresponds to the ground state v=0 with energy Ep=hhcuwg,
that exists even at the zero of temperature. For the harmonic oscillator the dif-
ference of energies of adjacent states is

E, — E, = hco,. (1.63)

From (1.61) we have

E i — E, = heo, (1.64)

i. e. W= We.

However, the model of a real molecule is an anharmonic oscillator, and w must dif-
fer from we, but this difference is small at low values of the vibrational quantum
number v.

Because of anharmonicity, the V-levels of energy with increasing v gradually get
closer together, and (1.62) is replaced by the two-term formula

E, = hco, (v + 1/2) — hcayx, (v + 1/2) (1.65)

with constant Xg<l characterizing anharmonicity. In this case, transitions with
Av> 1 become possible-—overtones. Upon a further increase in v, the energy of
the molecule reaches the value Ep,yx, and when Epyx - Eg=Do the molecule dissociates.

The R-structure of the vibrational band is determined by the change in rotational
energy Ej=BJ(J+ 1) in the V-transition:

Ej—E;j=BJ (I'"+1)—BJ"(J"+ 1), (1.66)

where J=0, 1, 2, ... is the rotational quantum number, B is the rotational con-
stant.

For dipole radiation AJ=J'-J"=0, #l respectively we get the three branches of
the spectrum @, %, P. But since transitions AJ=0 are forbidden in the ground
electronic state for most diatomic molecules, only the positive #- and negative
P-branches are observed.

The E-energy or E-V-R-energy of molecules depends in a complicated way on their
structure, and the electronic energy states of molecules are classified by sym-
metry types. For example the electronic states or terms of diatomic and axially
symmetric linear polyatomic molecules are classified according to:

a) quantum numbers A characterizing the absolute value of the projection of the
complete orbital moment Z on the axis of the molecule (in units of h/2w). The

quantum number A can take on values of A=0, 1, 2, 3, ..., L denoted by £, I,
A, @ respectively.
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b) multiplicity 2S5+ 1, where S is the quantum number of the resultant spin of all
electrons in the molecule. Multiplicity is placed to the upper left in the symbol
of state, e. g. ’1;

¢) total orbital moment 7+3% characterized by a figure at the lower right for terms
different from I, e. g. °Ny;

d) the property of symmetry of the electronic eigenfunction of the molecule sym-
bolized by the sign "+" or "-" for state I to the upper right. In any plane that
passes through the line connecting the nuclei, the electronic eigenfunction either
remains unchanged (1) or changes sign (£7);

e) evenness (g) or oddness (u) of the state for molecules in which the nuclei have
the same charge, e. g. lzg, 123.

In the potential energy surface system the electronic state with the minimum that
lies lowest is called the ground state and is denoted by the symbol X placed before
the symbol of state (xlzg), and the letters A, B, C,... are used for the character-
istics of a sequence of excited electron states. For light molecules, a sequence
of excited states that differ in multiplicity from the ground state is symbolized
by the letters a, b, c,..., while states that are the same in multiplicity are
denoted by A, B, C,... The state with the greatest possible value of S and the
greatest possible value of L (at the given S) has the lowest energy for a given
electron configuration (Hund's rule).

Since the energies of electrons, vibrations of nuclei and rotations of molecules
are quantized, the total energy is also quantized

E=Eg; + Eyip+ Erot- (1.67)

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

T=E4y/hc=Te1 +G(v) +F(J), (L.68)

where Tg1, G(v), F(J) are the electronic, vibrational and rotational terms respec-—
tively.

At E-transitions in molecules, as can be seen from the diagram of Fig. 1.5d, a
quantum of light is emitted in the UV and visible regions of the spectrum, or more
rarely in the near-IR region. Superposition of V- and R-transitions on electron
transitions produces a fine structure of the electron spectrum (see Fig. l.5c).

The system of V-R levels (see Fig. 1.5b) can be obtained by solving the Schrddinger
equation for a molecule in the nonrigid rotator approximation--the anharmonic vi-
brator. In doing this, the value of the potential energy is substituted in the

Schrddinger equation in the form of some function of the internuclear distance r.
In Ref. 30, the convenient empirical equation

Ey(r) =Dy {1 —expl—a(r—rp)l}? (1.69)
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is proposed as the potential energy curve for diatomic molecules, where Dy is the
energy of dissociation, re is equilibrium distance, a is a constant for the molecule.
Also used is the form of the Lennard-Jones potential close to the real form:

E, () - 4e Lo/} - (alr)y), (1.70)

where € is the force constant, and ¢ is the average diameter of the colliding
spheres.

Energy Distribution of Products of Chemical Reactions. The energy released in
elementary chemical processes is distributed over different energy levels or degrees
of freedom of the ultimate reaction products [Ref. 13, 31-33]. The nature of this
distribution determines for example the nonequilibrium luminescence in the course

of the reaction in the visible or UV regions of cool flames of hydrocarbons and

CS; [Ref. 14, 34, 35]. In combustion reactions, nonequilibrium luminescence is
observed in the IR region of the spectrum [Ref. 36] corresponding to V-transitions.

Reactions can be divided into two types: those that take place within the limits

of a single potential energy surface, and are usually accompanied by V-excitation—-
adiabatic reactions [Ref. 77]--and those that include more than one potential energy
surface and are frequently accompanied by E-excitation--nonadiabatic reactions.

The concept of a reaction in the form of a curve or potential energy surface is
particularly useful in cases where the relation between E~ and V-motions is weak.
If we know the potential energy, we can get the electronic energy of the system
for arbitrary fixed positions of nuclei. The potential energy surface is either

- calculated or determined from experimental data [Ref. 38]. In doing this, two
problems are solved: finding the surface, and using it to describe the experi-
mental results.

However, one need not know the complete structure of the surfaces to interpret
experimental data. The energy distribution of reaction products can be determined
even by such qualitative characteristics of the surfaces as the radius of action
of forces, the relative slope of parts of the potential energy surface that corre-
spond to the initial reagents and products, and energy parameters [Ref. 39]. Let
us consider the energy distribution of products [Ref. 40-44] based on the example
of a substitution reaction of the type

A4 BC2AB-+C (1.71)
that is typical of chemical lasers.

This reaction can be divided into three stages: first--approach of atom A to com-
plex BC; second--an intermediate stage where the B-C bond is stretched out in the
course of the continuing approach; third--separation of reaction products AB and C.
Let E;, Ez, E3 be the energies released in these three stages of the process.

The relation between E;, E;, E3 is considerably dependent on the type of potential
energy En(rpp, rgc). The major portion of E; is released as vibrational energy,
Ej——in the form of kinetic emergy, and the percentage of E; converted to the Eyjy
of the molecules is higher, the heavier the atom A as compared with B and C [Ref.
41]. For example, in the case of the interaction H+Cl,, most of the energy is
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released on the second and third stages [Ref. 40, 41]. Of interest for chemical
lasers are reactions with high ratios of Ey4p/Exjn. Large values of Eyib/Ekin
can be attained in reactions in which a hydrogen atom is replaced by a heavier
atom such as deuterium or a metal, and also in the reactions F+H,, C1+HI and

SO on.

Fac

Tsc

- 2>

A+B0

-y

Ens relative units

AB+C

t, relative units
d

(=]

Fig. 1.6. The potential energy surfaces of a system of atoms in phases of attrac-
tion (a), repulsion (b), and mixed energy release (c), and a graph of the reaction

The potential energy surfaces of a system of atoms are shown in Fig. 1.6 in phases

of attraction (a), repulsion (b) and mixed energy release (c). The solid curves
- show lines of constant energy, the dot-and-dash curves indicate the coordinate

of the reaction (the potential energy increases to both sides of this line), and

the broken curves show the possible trajectory of motion of the system during the

26

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0

FOR OFFICIAL USE ONLY

reaction (1.71). If the energy of the system is slightly greater than the activa-
tion energy of the reaction, these trajectories pass close to the saddle point on
the potential energy surface indicated by the cross.

1f the form of the function Ej(rpg, rgc) corresponds to Fig. 1.6a, then the most
probable trajectories are those with energy release on the stage of approach of

A and BC since after the system has passed the potential barrier, rpp decreases,
and rpc changes but little, i. e. here we have energy release in the attraction

phase.

For the reaction corresponding to Fig. 1.6b, after thé system has passed the po-
tential barrier there is little change in rpgy, while rgc increases, i. e. energy
release takes place on the stage of dispersal, or in other words on the repulsion
phase.

In the intermediate case of Fig. l.6c, we have mixed energy release in region M

of the graph of the reaction in Fig. 6.l1d, where the phases of attraction and re-
pulsion are indicated by the letters A and R respectively. With energy release

in region M, the nature of the most probable trajectories depends to a great extent
on the ratio between masses of particles.

Adiabatic and Nonadiabatic Interactions, Energy Resonance. If two or more col-
liding particles have relative velocities that are small compared with the orbital
velocities of electrons, then the electrons will have time for rearrangement in
accordance with the instantaneous positions of the nuclei, and as a result their
energy will depend only on the relative positiouns of the nuclei of the atoms. This
simplification is known as the Borm-Oppenheimer approximation. It is applicable
not only to slow molecular collisions, but also to rotatiomnal and vibrational mo-
tions of nuclei in a single molecule. According to this approximation, the nuclei
have certain potentials relative to one another, the approximate form of which

for two different initial E-states is shown by the solid curves AB and A'B' in

Fig. 1.7 [Ref. 45]. Such a slow collision without E-transitions is called adia-
batic (B-A). Obviously, adiabatic collisions between two atoms will be elastic,

i. e. the atoms will fly apart, if the energy is not expended on a third particle
or on radiation. Adiabatic collisions of polyatomic molecules may be accompanied
by rotational or vibrational excitation or a chemical reaction. On the other hand,

A'

—
= \J

3 N J

S ] 7 <
o o ~
E A S ~£ — 8
o

=

PS / Ar;

= e
=3

0 ’ t, relative units

Fig. 1.7. Potential curves of collision of nuclei:
B-A--adiabatic process; B-A'--nonadiabatic process
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in collisions that are fast enough the electrons will not have time to rearrange,
and the nuclei will follow the broken curve B-A'--a nonadiabatic collision. If
the relative velocity u is still high upon separation of the nuclei, then the nu-
clei following this curve will again enter state B, and the collision will again
be elastic.

To achieve the E-transition from B to B', the nuclei in converging must move along
the solid curve, and in diverging--along the broken curve, or vice versa. Conse-
quently, the excitation cross section has a maximum at certain intermediate veloci-
ties where the probabilities of following the solid or broken curves are equal.
Quantum-mechanical analysis shows that this occurs if the time in the crossing
region Ar./u is approximately equal to the characteristic time of energy exchange
h/(2mAE;) (see Fig. 1.7). Under such conditions, the cross section may be nearly
equal to the gas-kinetic value.

The potential curves may come together at very low AE,, i. e. when there is energy
resonance between the initial and final states. However, in the thermal energy
range the existence of resonance is neither a necessary nor a sufficient condition
for a large excitation cross section. Potential curves that are far apart at great
internuclear distances may get much closer together when these distances decrease.
The reverse situation may also be realized. This is confirmed by careful measure-
ments in exothermic reactions and "quenching" reactions [Ref. 46-48].

In the process of electronic excitation, a molecule makes a transition from the
ground electron state to an excited state. The Franck-Condon principle answers
the question of just what is the vibrational state to which the molecule will make
its transition, and whether it will remain intact or be dissociated. According

to this principle, the change in state of the electron shell of a molecule takes
place so much more rapidly than vibrations of the atomic nuclei that there is not
time for a change in either the velocity of motion nor the position of the nuclei
in an E-transition [Ref. 49]. For many important transitions the relative proba-
bilities of vibrational levels, called Franck-Condon factors, have been calculated
[see for example Rel. 50].

In nonadiabatic transitions a transitional complex A-B-C may form, which may also
radiate. Such a mechanism is more preferential for converting the energy of the
chemical bond to the energy of radiation since it does not involve competing pro-
cesses of energy dissipation. From the potential energy surface (see Fig. 1.6)

it is also clear that the lower potential curves of AB and C may have a dispersive
nature, and this means that complex A-B-C does not have a lower level in the usual
sense of the word, and exists only in the excited state.

Such complexes made up of elements from groups I and VII of the periodic table

were observed in Ref. 51. An investigation was made of chemiluminescence spectra
arising in a circulating system of Na and halides X. The spectra of Na+F (0.6-
0.81 ym), and Na+Cl, (0.42-0.55 um) have a vibrational structure. It was concluded
that the band carrier is the NaX, molecule formed in the reaction in the electron-
ically excited state.

) §1.7. Chemical Reactions in a Closed Space and in a Stream

Exothermic Reactions in a Closed Space. Heat of Reaction. In contrast to the
rarely observed isothermic chain explosion [Ref. 52], the cause of thermal explosion
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of a gas mixture in a closed volume V is a rise in temperature when the rate of heat
release q+ exceeds the rate of heat removal q~. A general representation of such

a process is given in the quantitative theory of Ref. 53 with consideration of tem-
perature leveling within the volume.

The conditions of the explosion are characterized by the balance of q+ and q~
Qu (Ty) =~ aq (S/V) (T —- Ty) (1.72)
and by equality of temperature derivatives at point T,
Q(dw/dT) - ag(S/V), (1.73)

where T, is the temperature of the combustion zone corresponding to explosion, aq
is the heat transfer coefficient, S is the area of the wall surface.

For the fast processes that take place in chemical lasers it is of interest to examine
the adiabatic conditions of occurrence of an incipient reaction in a closed volume

[Ref. 2]. Under such conditions, all the heat released by the reaction goes to
raising the temperature of the mixture, i. e.

cvdT = -— Qdc, (1.74)

where cy is the specific heat of the mixture for constant volume.
Introducing Tpax, the temperature of complete combustion, we can get

dT/dt == ko (cv/Q)** (Tyax — T)" €xp (— EIRT). (1.75)
The solution of this equation shows that for a certain time interval--the ignition
induction period--the gas temperature rises slowly, and then the reaction takes place
with rapid consumption of the reagent and a rapid rise in temperature.
The heat released in the closed system is equal to the heat of reaction -Q= -/ dQ.
We know from thermodynamics that dQ= dHe ~ Vdp, whence for isobaric processes

Q= /dHg = AHe --the enthalpy increment of the system during the reaction. For any
reaction in ideal gases, the heat released can be calculated by the formula

N
—Afl,= — ‘\_] (ri—riyAH, ,, (1.76)

(=
where AHj, i are the tabular values of the heats of formation of molecules i.

Exothermic Reactions in a Stream. TFor a reacting mixture of ideal gases of density
p moving at mass velocity u, the following equations are satisfied [Ref. 3]:

the equation of continuity

dpldt + v (pu) = 0; (1.77)

the equation of conservation of momentum with consideration of the external force _fj_
acting on a unit mass of component fraction Yi, and stress tensor P
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N
du/dt |- uVu=—VPip-- X Yifis (1.78)

(=1

the equation of conservation of energy including specific internal energy ue and with
consideration of the diffusion rate u§ of the i-th component

pdu, /0t +p (uV) u, = —(Vq)—P:(Vu) |-p Iﬁl Y (fuP) (1.79)
[the colon (:) denotes a double convoluted tensor];
the equation of continuity of chemical components
Y Jdt + (uv) Yi = wilp — (1p) (vp ¥ ,uf). (1.80)
The stress tensor P is defined by the formula
P=Ip+ @8 —n)(Vu)lU—nl(Vu) + (Vu)l, (1.81)

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

The heat flux density vector a in equation (1.79), disregarding radiative heat trans-
fer, is determined by the formula

q=—ho VT +p i‘, (vl 4 RT S Y (____X’ Dr.. ) (WP —uP), (1.82)
=1 i~ ;fl wi Dy

where \q is the coefficient of heat conduction, (he)i and ui are the specific enthalpy
and molar mass respectively of the i-th component, Xj is the mole fraction of the j-th
component,;Dij is the coefficient of binary diffusion of components.

The quantity 32 in equations (1.79) and (1.80) for i=1, 2,..., N components is de-
fined by the formula

f vx,:é:l(_x%)@,v_umva-w,—xi)(!@pﬂp-

) gronone BN 0w

External forces ?i are taken as given, wy in equation (1.80) in accordance with the
law of chemical kinetics (1.3) with consideration of (1.27) and (1.38) is defined
by the expression

Mo, a N (1.84)
wy =y X (ri,e —ri,0) B T™ exp (— £4/RT) T1 (X, p/RT)"I+ * .
K= I=1
(M is the total number of chemical reactions).
The quantities Yi, p, T and 3 can be the variables defined in equations (1.77)-(1.80).
Then the other variables can be expressed through them by the equation of state of

an ideal gas
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Moy
p=pRT Y —-, (1.85)

= M

the expression for the specific internal energy of the gas mixture

N
te== N (), Yy —plp, (1.86)
=
. the caloric equation of state, including the specific heat of formation (hy)i of
component i at temperature Ty
_ T
(he)i = (g +150p.idT (1.87)
.

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

N Y -1 )
X!=Y¢(P~| 2#) . (1.88)

j=1
In the case of a homogeneous inviscid steady-state flow without mass forces, equations

(1.77)-(1.83) are vastly simplified.
From (1.77) we get

pu = const. (1.89)
Equation (1.78) is converted to

puduldx + dpldx = 0,

(1.90)
in which the integral pu®+p= const. Equation (1.79) gives
pu (h, 4 u¥2) + q = consl (1.91)
and from (1.80) we have
%[PY: (4 uf)]=w,. (1.92)

If we disregard conductive heat transfer and take q=0, then for steady-state flow
of an inviscid medium equations (1.90)-(1.92) respectively take the form

ude 1 dp |
S i e (1.93)
d | u?
/ N - )
- (u.,l 5 ) 0; (1.94)
udY Jdx == w/p. (1.95)

For a channel of variable cross section S(x) the equation of continuity takes the
form

d (puS)ldx = 0. (1.96)
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The equation of state (1.85) and equations (1.86), (1.87) together with expression
Ee==ue4-p/p relate the thermodynamic parameters he and p to the quantities p, T,

4, ¥; (i=1, 2,..., N). Then equations (1.93)-(1.96) are a system of N+ 3 ordinary
differential equations of first order for the N+ 3 unknowns Yj, T, p and u. If we
assign all the parameters of the flow and the area S in some cross section as a func-
tion of x, we can get the flow characteristics at any other point of the channel

by integrating equations (1.93)-(1.96) with consideration of relations (1.84)-(1.88).

More exact calculation should account for the boundary layer on the wall of the

- channel, the ratio of the thickness of displacement of the inviscid flow to the thick-
ness of loss of momentum, and the local coefficient of friction on the wall with

flow of a relaxing gas [Ref. 54]. 1In this case we can use as an approximation the
dimensionless numbers obtained for laminar or turbulent flow around a flat plate

[Ref. 55].

Photochemical Reactions. As pointed out in §1.2, it is only the activated molecule
that undergo chemical transformation. If molecules are activated by redistribution
of energy during collisions in thermal processes such as those described above, the
necessary activation energy of a molecule in photochemical processes is provided

by absorption of radiation from an external source with intensity I,.

In this case the Stark-Einstein law of photochemical equivalence is satisfied: in
a photosensitive system subjected to the action of radiation with frequency v, there
is one activated molecule for every absorbed quantum of energy hv.

Thus the kinetics of photochemical reactions is dependent on the laws of absorption
of light by the substance, and is associated with the quantum yield of the reaction
¢ defined as the ratio of the number of reacting molecules to the number of quanta
absorbed by the molecules. When one absorbed quantum causes conversion of a single
molecule, ¢=1. In reality, due to deactivation ¢<1, and vice versa, in the case
of photoinitiation of secondary exothermic chain reactions ¢»1. In the case of stimu-
lated emission with photolytic or some other kind of initiation of a chemical reaction,
the quantum yield of stimulated emission ¢ge is defined as the ratio of the number
of quanta of the medium participating in stimulated emission in a unit volume of

- the medium to the concentration n, of active centers produced by the initiation:

_ €se/vge

se (1.97)

g
(ege and vge are respectively the specific energy and frequency of the stimulated
emission).

Kinetic effects are characteristic of many reactions with pulsed photoinitiation:
depending on initial conditions (initiation energy, temperature, concentration of
reagents, total pressure of the mixture), an explosive state is realized with al-
most total chemical conversion, or a state with fairly weak conversion of the reagents.

There is a threshold of transition from one state to the other. A quantitative de-
scription of such threshold phenomena and of the kinetics of the photoinitiated reac-
tion F,+ D,(H,) inhibited by 0, is given in Ref. 56, 67 using concepts of the theory
of thermal acceleration of the reaction that are the basis of the theory of thermal
explosion [Ref. 21].
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The regime of the photoinitiated chain reaction is considered in Ref. 57 in the adia-
batic approximation in the absence of gradients of temperature and concentrations

of active particles. It is assumed that the reaction goes through a single active
center, and the nucleation of active centers is realized by volumetrically uniform
photoinitiation. The solution of equations for the concentration of active particles
and reaction heat balance implies that the kinetic nature of the curves changes
sharply with a slight change in heating near its critical value. The branched re-
action is typified by a sharp rise in the curves, associated with a sharply expressed
reaction induction period.

The existence of the critical condition is due to competition between processes of
thermal acceleration of the reaction and the deceleration due to annihilation of
active centers. Such a course of pulse-photoinitiated chemical reaction under con-
ditions of progressive self-acceleration due to the accumulation of heat or active
cneters in the system is a photothermal explosion [Ref. 57].

Nonequilibrium Effects in Chemical Reactions. Chemical Reactions in an Electric
Discharge. Real chemical reactions take place under appreciably nonequilibrium con-
ditions, i. e. with deviation from the Maxwell-Boltzman distribution function of
particles with respect to velocities and internal states. Such a deviation stems
naturally from the fact that molecules with energies higher than E, are reactive,
and consequently the distribution function is continuously depleted in the high-
energy region due to disappearance of reacting molecules.

The solution of equations that describe the behavior of the distribution function

in nonequilibrium chemical processes and that comprise a system of nonlinear inte-
gral equations presents mathematical difficulties, and therefore recourse is taken

to various simplifications of the problem in analyzing relaxation processes. For
example the system is broken down into subsystems: equilibrium, "frozen'" and relaxing.

In some cases we restrict ourselves to examining the distribution function for the
number of particles n with respect to enmergies np(E) dE, i. e. the probability in

a system with a surplus of molecules B of detecting relaxing molecules A in states
with energies close to E in an interval dE. Then the rate of change in population is

dn, (E ' , , ,

S0 — —co [ P(E,EVnn(EVAE + 5 § P(E', EYna (E')dE, (1.98)
where P(E, E') is the probability of a transition in a unit of time at unit concen-
trations of A and B for a molecule of A from energy level E to levels in the energy
range E', E'+dE' at unit concentration of molecules of B. These probabilities
satisfy the relation

P(E.E') _p(E) exp[_s'—s]
W

P(E',E) p(E) (1.99)

which includes the density p(E) of energy levels of the relaxing degrees of freedom
of molecules of A,

In cases where reaction and relaxation overlap, the kinetic equations expressed in
terms of concentrations are in general invalid, although even in this case the problem
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can be reduced to macroscopic equations that describe the behavior of both the con-
centrations and other parameters of the nonequilibrium distribution function such
as the temperatures corresponding to different types of degrees of freedom [Ref.
58-63].

Indeed it is the chemical reactions with sharply nonequilibrium parameters of the
reaction products that are responsible for processes in chemical lasers. For example
if the distribution of the products with respect to energy levels both during the
reaction and after its completion is nonequilibrium, or if during the chemical reac-
tion the rate of formation of products in upper energy states exceeds the rate of
formation of products on lower levels, we have population inversion of energy levels.
The same thing can be accomplished in redistribution of energy with respect to dif-
ferent degrees of freedom of a molecular system.

Excitation of reaction products to electronic, rotational and vibrational nonequi-
librium states is possible in reactions of the following types:

photodissociation
ABC + hv— AB* 4+ C; (1.100)
exothermic exchange
A+ BC— AB* +C, A+ BC— AB + C*; (1.101)
) dissociative energy transfer
AB + M* > A* + B+ M; (1.102)

the recombination process that is inverse to dissociation
A+B+M-—>AB* 4+ M, A+ B+M—>AB+ M. (1.103)

The next chapter deals with the excitation of products in a number of such nonequi-
librium chemical reactions.

In the present section we will briefly take up appreciably nonequilibrium processes
in chemical reactions that occur in an electric discharge plasma.

The electromagnetic gas dynamics of plasma flow in external electric and magnetic
fields is considered for example in Ref. 64. The quantitative picture of distribu-
tion of these fields in the discharge region can be found by numerical methods such
as those in Ref. 65, 66. An even more difficult problem is accounting for the chemi~
cal reaction in an appreciably nonequilibrium electric-discharge plasma.

In discharges, and especially in pulse discharges, the energy distribution of elec-
trons is nonequilibrium, whereas the energy of translational motion of heavy particles
conforms to quasiequilibrium distributionm.

The approximate method of numerical calculation of the kinetic characteristics of

nonequilibrium reactions in electric discharges without consideration of hydrodynamic
processes (e. g. see Ref. 67) includes simultaneous consideration of:
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equations of chemical kinetics

a;: =Ek”ﬂj+ Ekuhnjnk (1-104)
[ Ik

(nj are the concentrations of components participating in the reaction: electrons,
ions, neutral and excited particles; ki . kijk are rate constants of ionization,
recombination, dissociation and cther ptocesses);

Maxwell's equations

oD
curl H=— .
a Th

div D=p,;

curl E=—%l:—; . (1.105)
divB=0;
D=¢'E,

where E and D are respectively the intensity and induction of tge electric field;
and B are the intensity and induction of the magnetic field, j and pe are the
current and charge densities of the external sources.

In this system of equations the properties of the fluid are expressed in terms of
the complex permittivity that depends on the specific conductivity of the plasma
and the electromagnetic field frequency.

From (1.105) with satisfaction of the inequalities [Ref. 68]

9’ 3B (BB |, 3 ”E 1.106
o at l<<|a o ‘ 6:'El<<|,gat'| ( )

we get a steady-state wave equation that together with (1.104) forms a nonlinear
system. In this system the reaction rate constants kjj, kijk depend on electric
field strength E(r), and the complex permittivity €' depends on the time-variable
electron concentration ne obtained from the solution of equation (1.104), and on

the effective frequgngy of sollisions of these electrons with heavy particles, which
depends in turn on E(r) and on ng.

Nonstationary equation (1.104) and the steady-state wave equation with boundary con-
ditions determined in the course of numerical solution by a method of iterations
were integrated in Ref. 68 for reactions in an appreciably nonequilibrium nitrogen
plasma produced in a pulsed microwave discharge.

As an example of examination of a chemical reaction in an electric discharge we can

also cite the analysis in Ref. 69, 70 of the reaction of dissociation of carbon di-
oxide in a low-pressure discharge.
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CHAPTER 2: FORMATION OF EXCITED PARTICLES IN THE PROCESS OF A NONEQUILIBRIUM
CHEMICAL REACTION

§2.1. The Recombination Mechanism of Excitation

Excitation of Electronic States of Atoms and Molecules. Theoretical analysis of
quantum state distributions that arise as a result of chemical interaction is
fairly complicated as a rule, even when simple models are used, and such analysis
enables prediction of energy distributions only in simple cases [Ref. 1, 2].

Population kinetics is appreciably influenced by processes of energy exchange be-
tween reagents and reaction products, including intermediate products. Six dif-
ferent kinds of energy can be distinguished in reactions of excitation and energy
exchange: T--translational; Te--translational for the electron; R--fotational;
V-vibrational; E--electronic; X--chemical, and accordingly 36 different methods
of energy transfer: T-R, T-V, V-R, ... [Ref. 3]. The principal experimental re-
sults on energy distribution in chemical reaction products have been obtained by
flash photolysis, investigation of luminescence in discharge tubes and crossed
molecular beams [Ref. 2, 4-8].

From general theoretical considerations we can expect that during a chemical re-
action, electronic population inversion on which chemical lasers must operate in
the visible range occurs only rarely since E-transitions require large excitation
energies. Besides, the interrelation between reagents and reaction products is
limited by symmetry exclusions [Ref. 9]. However, the last decade has witnessed
an increase in the number of reports on observation of inverse population of elec-
tronic states of chemical reaction products, and on E-transition chemical lasers
(see for example Ref. 10-20).

Electronic excitation upon radiative recombination of atoms. At a ther-
mal velocity of particles of the order of vp= 10° cm/s and particle size of the
order of d=10"% cm, the duration of collisions is 1T~ d/vp= 107'% s. The radia-
tive lifetime of the excited particle formed in the collision is about 1077 s,

and therefore the probability of radiative recombination is of the order of 1075,
This probability gets even lower with a reduction in the moment of radiative tran-
sition as a result of increasing intermolecular distance, which is typical of re-
combining atoms in the ground or metastable state. As a consequence, radiative
recombination in direct collisions of two reacting molecules is improbable, but
its probability increases appreciably when a third particle participates. For
example, radiative recombination of oxygen atoms is caused by the reactions [Ref.
13]:

O +0+M—>0, (' Z3)+M,

0+0+M—=0,(4*Zi)+M. (2.1)
Both excited states of 0, correlate with atoms in the ground state (Fig. 2.1),
and are stabilized upon collision with a third particle or on the surface of metal-
lic nickel [Ref. 14]. 1In the case of radiative recombination of atoms, for example
behind a shock wave (T = 2500-3800 K, A =230-451.1 nm), the O molecules that are

formed make a transition from the initially repulsive potential energy curve to
state Baza, and then make a transition with radiation to the ground state [Ref. 15].

41

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0

POR OFFICIAE EST oNn

E, eV A L)
0 |
\ b =S==o 0Gp)+o('s)
A ——__ ==
8} \ - o('n)+0('n)
\ o oCa)+al'n)
A :
. 02
4 |-
0(p)*07(%9)
2 b o
1
aAg
X /
0 (4 \//\inq
-2 1 ] | J | ! 1 ! 1
o m iz w20 2 %8 3T 3bp, 107" um

Fig. 2.1. Diagram of potential energy of 02

In the reaction
N+ NO—>N;+0

The intensity of aft
due to the energy of dissociation of NO

erglow emission drops off

There are many data on recombination
from a mixture with N, content of th
and the remainder of the radiation is cause

of nitrogen atom
e order of one pe
d by state

Transfer of electronic recombination excitati
The possible mechanisms of electronic excitation of a
atoms A and B are:

A+B+C—AB+C

A+C+C—AC+C

A+B+M—AB + M*;
M* 4+ C—>M-+C,

where M is the third particle.

Taking equation (2.3) as a collision of particle C wi

clude that reaction (2.3b) is more
rate if M* has a longer lifetime than complex A-B.
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excited particles C® may have a wider energy spectrum than those formed in reaction
(2.3) if M* is vibrationally excited and relaxes in multistep collisions. These
reactions can be interpreted either as reactions in a triple collision, or as re-
actions in which double collisions form intermediate complexes that then interact
with a third body.

Atoms of alkali metals that have low-lying electronic states are excited with ex-
penditure of only a part of the heat of reaction. The following reaction has been
suggested [Ref. 18] to explain the radiation of flames with additives of salts

of alkali metals to the initial medium in the presence of hydrogen:

H + H + Na— H; + Na¢ (). (2.4)

Calculations of potential energy surfaces for linear arrangement of the atoms

H+ H+Na [Ref. 19] show that the products of the reaction H+H+Na (2s) are Hy +Na
in the ground state or the excited 2p-state. As a consequence, reaction (2.4)
may take place adiabatically. Chemiluminescence of some metals occurs in recom-
bination reactions H+H or H+ OH [Ref. 20]. For example, atoms of thallium are
excited mainly in reaction H+H, while lead atoms are excited mainly in reaction
H+ OH.

Oxygen may be excited as a result of the reactions [Ref. 21]

0+0+0~>0,+0(); (2.5)
) 0+ N+ NN, -+ 00 (2.5a)
7 The following reactions have been suggested for superequilibrium radiation of OH
[Ref. 22]:
H + OH + OH — H,0 + OH (*2+) (2.6)
and
H + 0, 4+ Hy— H;O + OH (*Z+). (2.6a)

The principal long-lived particles in active nitrogen are N, N2 (Ang;), NY and
N,(5sF). It is the energy of these particles that leads to excitation of such
additives as C,N,, CICN, CHCljz, CpHz, C307, N1i(CO)y, (CHs)2Zn, I,, PbI,, SFg and
SECIq.

Radiation of CN takes place both due to vibrational and rotational excitation
and due to electronic excitation of CN and subsequent transitions: B2zt XZZJ’
for the violet band, and AN+ X2:t for the red band [Ref. 23].

Excitation of electronic states upon recombination of an atom with a
diatomic molecule. Among the reactions of radiative recombination of an atom
with a diatomic molecule, the most widely studied is

O -+ NO — NOz. (2.7)
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As in many other recombination reactions, the temperature coefficient of the rate
of this reaction k(T+ 10K)/k(T) is negative, and the rate constant of the reaction
at T=270 K accompanied by radiation in the vicinity of A=0.4-1.4 ym is equal

to 3.9:107 ecm?/(mole+s), i. e. radiation results in about one collision out of

10° [Ref. 24]:

NO (X?I) 4+ O (*p) - M- NOz (C) + M; (2.8)
NO3 (C) — NO3 (B) (nonradiative transition); (2.9)
NOj; (B) — NO, (4) + hv. (2.10)

Here A is the ground state, B and C are excited intersecting states.
Less well studied is the process of radiative recombination in the reaction
O + CO — COs. (2.11)

The emission spectrum of CO, in flames and arcs consists of diffuse bands superim-
posed on a continuous spectrum. In atomic flames at low pressure and room tem-
perature, the spectrum is only discrete in the range of wavelengths of 0.3-0.6 um.
It is significant here that the ground state of CO» correlates with the ground state
of CO and with the excited atom O(!D) [Ref. 25]. 1In contrast to the reaction N+NO,
correlation with ground states co(tzh +O(3p) is forbidden by the rule of conser-
vation of spin momentum. Consequently, the ground state cannot be immediately
realized as a result of reaction CO+0(’p), and high-intensity radiation occurs.

According to the results of Ref. 26, the chemiluminescent reaction
0 4 SO = SO (2.12)

has second order with respect to pressure, and the temperature dependence of the
rate constant of the reaction can be represented as

k=1,5.1os( 228 )“ cm?®/ (mole-s) (2.12a)

The radiation spectrum is bounded by the value api,= 224 nm, and does not reach
the value A= 218.3 nm determined by the heat of reaction.

A typical chemiluminescent reaction [Ref. 27] resulting from triple collisions is

H -+ NO -+ M~ HNO® -+ M, v>0. (2.13)
The following mechanism of transitions leads to chemiluminescence: ‘
H @s) -F NO (XIT) -+ M — HNO* (X'AL, A" MA7, N M (2.13a)
HNO (FA") - HNO (*A”) (nonradiative transit ion); (2.13b)
HNO (*A") - HNO (X'A") + hv. (2.13c)

Excitation of Vibrational Degrees of Freedom Upon Recombination of Atoms and Mole-
cules. Recombination reactions due to triple collisions may lead to vibrational
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excitation of reaction products that are in the ground electronic state. The reac-
tion rate depends on the partial pressure of the third particles since a newly

- produced particle necessarily decays if upon collisions with a third particle its
energy does not fall to excitation energy below the dissociation energy. Vibra-~
tional-vibrational V-V relaxation on reaction products appreciably accelerates
the process of energy redistribution.

Molecules such as methylene H,C participate effectively in recombination reactions
with formation of vibrationally excited molecules. Vibrationally excited products

of reaction are formed when atoms of H attach to olefins. For propene, this reaction
can be written as [Ref. 28]

M/,qCS H7
H+CyH, &= CsHy . (2.14)
: NCH,+C, H,
The vibrationally excited intermediate product C3HY may dissociate into H and
C3Hg, or into CH3and C,Hy, and may also be stabilized in collisions with an inter-
mediate particle.

Of interest from the standpoint of chemiexcitation is a reaction in which the ex-
cited product that is formed takes part in processes that differ from deactivation
or decay into the initial products. Among such reactions is the formation of poly-
atomic molecules that have a weaker bond than the one that arises in recombination,
for example

CH; + C[_sz:—‘F C2H5F° (2.15)
with liberation of excess energy of -380 J/mole [Ref. 5].

Rotational Excitation. Excitation of rotational degrees of freedom is restricted
not only by the conservation of energy, as is the case in excitation of vibrational
and electronic states, but also by conservation of total angular momentum. The
total angular momentum of the transitional complex consists of the orbital angular
momentum of the two reagents, which is associated with their translational motion
relative to the common center of mass, and the internal rotational momenta of the
reagents. Upon dissociation of the complex, the total momentum is divided into
orbital and rotational components, the ratio between these components being asso-
ciated with the characteristics of the potential energy surface. In second-order
radiative recombination reactions the angular momentum consists of the total angular
momentum of the reagents, including the rotational and orbital components.

In collisions with participation of a third particle, the excess energy or excess
angular momentum of the reaction products is transferred to the third neutral par-
ticle, and in this event excess rotational excitation is improbable. When inter-
mediate complexes are formed in the reaction

A+BC>A—B—-Q*>AB 4 C

the rotational angular momentum of product AB may considerably surpass the total
momentum of the complex since particle C carries off a large orbital angular momentum
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approximately equal in magnitude and opposite in direction to the momentum of
particle AB. The maximum momentum is approximately equal to the orbital angular
momentum of the departing particle C and is determined by the product of the mo-
mentum and impact parameter of separation, which is equal to the radius of action
of forces between C and AB. For example in the case of photodissociation of H20
[Ref. 29], the initial complex H,0% has a small angular momentum 3h/27w, while the
angular momentum of the dissociation product OH® is greater than 20h/2m.

§2.2. Nonequilibrium Excitation of Particles in Volumetric Reactions

Excitation of Electronic Transitions. Exchange reactions of the type
ABe4-C
AB +C

in pure form are nearly never realized, and may be considered as elementary stages
of a complex chemical reaction with formation of intermediate product A-B-C, which
requires that the energy of bond AB be much greater than that of BC. The proba-~
bility of excitation increases when there is a lower-lying electronic state AB

in the case where formation of AB in the ground state is forbidden by the rule

of spin conservation. Considered quite probable is the reaction

A-+BC—

H + HI > H, + 1 Py 0). (2.16)

In this reaction, only a few percent of the iodine atoms are formed in the excited
state [Ref. 30].

An example of an exchange reaction with participation of more than three atoms is
Br + ClO, - BrClt + O, (2.17)

although in reality it is more complicated than mere exchange of the Cl atom.

In the reaction

0, 4+ NO— O, -+ NOg (-217.7 kJ/mole), (2.18)

approximately 10% of the collisions lead to formation of NO; (®B,), only a few of
the lower V-levels of this state being populated [Ref. 31}. The reaction

0, + SO — 0, + SO, (2.19)

has considerably higher exothermicity (-446.3 kJ/mole). The rate constants of
formation of the three possible E-states [Ref. 32] [in cm?®/(mole-s)] are:

k(X 14;) =1,5-101exp (—2100/RT);
k(A 1By) = 10" exp (—4200/RT); (2.20)
k(@ ?B;) = 3-10% exp (—3900/RT).

Vibrational Excitation in Exchange Reactions. Flash photolysis of 03, NO,, ClO:
produces vibrationally excited oxygen molecules. Since the process takes place
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analogously for all three substances, we may limit ourselves to examining the
formation of excited oxygen in photolysis of O3. We have the following significant
reactions that take place with the formation of atomic oxygen [Ref. 2]:

0, +hv—0@P)+ 0y;

0, +hv— O (*D)+4- O, (*D);

O(P)+0,~0r+0, (~389.4 kJ/mole) (2.21)
O(D) 0,08 +0, (-745.2 kJI/mole)

........... PO T

Excited oxygen molecules in state X315 are observed up to levels v<29. A maximum
in the distribution of excited molecules occurs on v=12, 13 and 14, and the popu-
lations of other levels decrease monotonically. Atoms of o(3p) play an appreciable
part in the formation of vibrationally excited oxygen molecules. This applies

to thermal dissociation of ozone in shock waves and flash photolysis of NO,. As

a result of the reactions considered above, the formation of the oxygen molecule
takes place on high V-levels and is not accompanied by chemiluminescence since
vibrational-rotational V-R transitions are forbidden for homonuclear molecules.

0f greatest interest among reactions with halide derivatives are

H + Cl — Cl— HCl° + Cl (~188.4 kJ/mole),

Cl 4+ H — I - HCl + 1 (-310 kJ/mole), (2.22)
in which population inversion takes place at low pressures. In the case of Cl+H-I
the inversion is considerable, and quantum-mechanical stimulated emission is ob-
served. More than half the heat of reaction is converted to vibrational excitation.
The remainder goes to rotational energy, and as a consequence the energy of trans-
lational motion of the products is comparable to the energy of the initial reaction
products.

The distributions of populations of vibrationally excited oxygen molecules and
hydrogen chloride molecules are basically similar. The distribution maximum falls
to levels that correspond to half the reaction energy. The distribution with re-
spect to V-levels of both molecules is quite close to the initial distribution
due to the reaction. This distribution may be distorted due to the high rate of
R-relaxation in collisions.

Vibrational-translational V-T relaxation takes place at a rate that is considerably
lower than rotational-translational R-T relaxation, and it differs appreciably

for HC1 and 0,, since for 0, the gas-kinetic number of collisions is Zp = 8-10°,
while for HCl Zgy= (0.5-1.5)-10°. Radiative transitions are forbidden for oxygen,
and the radiative lifetime for HCl lies in a range of 1072-10""% 5. Thus it can

be expected that the original distribution at high pressures is retained much longer
for 0, than for HCl. However, as a result of V-V energy exchange this distribution
may be considerably changed. For example in experiments with HC1 and OH (reaction
H+03-+0HY+ 0,) at p=13.33 Pa nearly Maxwell-Boltzmann distribution was observed
with respect to V-levels, but the vibrational temperature was much higher than

the translational, and amounted to several thousand degrees. This shows that by
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the time of the observation there had been effective energy exchange as a result
of R- and V-V-relaxation, but V-T relaxation had not been completed.

Widely known reactions that lead to effective chemiexcitation are reactions of
atoms of sodium and potassium with halides, nitrogen oxides and alkyl halides.
These reactions are fast, and the activation energy as a rule is less than 21
kJ/mole. Radiation of the sodium doublet is predominant since the lifetime of
NaClV is fairly long, electronic-vibrational E-V exchange of energy is effective,
and the radiative lifetime is only 107° s.

These patterns are typical of systems that contain atoms with low-lying states
to which transitions are energetically allowed.

The equation of an exchange reaction that takes place with formation of a four-
center complex can be written

A—B+C—D—-A—-C+B—D. (2.23)

An example of known reactions of this type in which the formation of vibrationally
excited particles has been established is [Ref. 2]

CN + 0, - CO + NO®.

Rotational Excitation in Exchange Reactions. In the reaction

K + HBr - KBr + H, (2.24)

according to conservation law we should expect excitation of rotational energy

of the reaction product. Actually, the initial rotational moment of the K atom
should be large due to the relatively large mass of K and the appreciable cross
section of the reaction (0.34°10—1“ cm?), whereas the moment of HBr is small due
to the small moment of inertia of this molecule. In the reaction products, KBr
has a relatively large moment of inertia, and therefore, according to comservation
laws, we can expect that most of the total momentum wil go to rotation of KBr.

For strongly nonequilibrium rotational excitation, as in the reaction
Cl4+HlI->HCl(v=2) 41 (2.25)

nearly all the difference between the heat of reaction and the energy necessary
for excitation of level v=2 goes to rotational excitation.

Strongly nonequilibrium rotational distributions are usually observed in chemi-
luminescent reactions that lead to formation of electronically excited molecules
in ordinary atomic flames in a discharge. 1In these cases R-relaxation is impeded
by the short lifetime of E-states.
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- CHAPTER 3: BASIC EQUATLIONS OF PROCESSES IN CHEMICAL LASERS
§3.1. General Conditions of Lasing Onset

The main purpose of investigations of processes in chemical lasers is to study
different chemical reactions in which atoms or molecules may be formed with energy
level distribution such that at least one optical transition satisfies conditions
that lead to synchronization of the individual emitters both in the case of inverse
population of levels, and in the case of phase correlation of the emitters. Setting
up nonequilibrium excitation of atoms with respect to internal degrees of freedom

is a necessary but insufficient condition for stimulation of coherent emission
during a chemical reaction. It is also necessary to have a reserve of inversion
that would compensate for losses in the resonant system. These losses determine

the limiting value of the difference in the concentration of populations. In

lasers whose operation is determined by phase correlation of the radiating particles
there is a threshold of absolute concentration of these particles.

For lasers based on using the inversion effect, the critical density of inversion
of populations of energy levels is determined by the probability of a given induced
optical transition. the relative width of the emission line (Av/v), and also by
the properties of the excited modes in the resonator. If the radiation line width
is determined by Doppler broadening, which is usually the case at pressures of

- the order of a few millimeters of mercury, the kinetics of atoms and molecules
in the quantum-mechanical process of stimulated emission will show little dif-
ference. At high pressures in photostimulated chemical reactions the ratio Av/v
is a significant factor in both the process of chemical reaction and the conditions
of stimulation of coherent radiation.

Calculations of radiation probabilities are based on the Born-Oppenheimer approxi-
mation that enables proper evaluation of the E-transition probability. The total
probability of the E-transition for an allowed molecular transition has the same
order as for atoms (~107 s~!). However, when the interaction of V- and R-levels
is considered, the probability of an individual allowed E-transition is several
orders less than the total probability of all transitions from the level. This
circumstance increases the threshold values of the critical density of inversion
and absolute values of concentrations of radiating centers.

The critical density of population inversion of levels is determined both by the
oscillatory properties of the resonator and by nonoptical transitions that lead
either to further excitation or to relaxation processes that restore the system

to the equilibrium state. Chemical processes of excitation usually lead to an
increase in population over a fairly wide region of V- and R-levels. Thanks to

the small distance between R-levels, they are easily excited or relax on thermal
molecules that have energy of ~0.1 eV. These relaxational processes are an impor-
tant factor in the kinetics of the process of energy redistribution among molecules,
which takes glace in only a few collisions in weakly bound molecules like I, and

in up to ~10’ collisions in strongly bound molecules like Na.

Relaxational processes within the limits of each degree of freedom determine the
corresponding temperature whose behavior is responsible for a given energy tran-

sition. As a rule, the temperature settles rapidly within a single degree of free-
dom, and then energy E is exchanged between degrees of freedom. For example, if
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a system is in the inverse state with respect to V-levels, rapid R-relaxation may
raise the population of the upper energy level of stimulated emission due to ad-
jacent R-levels, and accordingly may reduce the population of the lower energy
level of stimulated emission due to rapid tramsitions to adjacent R-levels in col-
lisions.

Besides, the different times of relaxation of V- and R-levels enable inversion
of the individual V-R levels even when both the vibrational and rotational distribu-
tions are characterized by normal law with temperatures Ty and Tg.

According to §1.6, the energy of the V-R level of a molecule in the harmonic oscil-
lator approximation can be represented as

EW, )=EWV-+B{U+N1HJ, (3.1
_ where V(vy, V2, ..., vn) is the spectrum of vibrational quantum numbers.
For complete (vibrational) inversion, we have the relation
- n (V) —lg (Vi) n (Vg (V)] > 0. (3.2)

Writing out the equilibrium distribution of V-levels

n(V)=lg Wizygged [~ /o 7)),

2= 111 —exp(—vib T ™, -2

where the v; are numbers from the set V(vi, va, ... vn)s VI, 87, Ty are the fre-
quency, degree of degeneracy and temperature of the I-th mode of vibrations, g(V)
is the statistical weight of V, we get the condition of existence of inversion
between levels Vj (.o, Uppyy eey Upy.nn) @nd Vi (eoy Ugy ooy Uy o)

TJTy > wivi> 1, (3.4
Satisfaction of this condition necessitates comparatively small values of T;/Ty
since the ratiov;/v7 is small in cases of practical importance.
In the case of partial inversion with Boltzmann distribution of rotational levels

n (Vl- J)___ﬂ (Vlv ‘I)n(vlr J+l)
g(Va, J-FD)

and for inversion between v+ 1, J and v, J+ 1 we must have

>0 (3.5)

n (1) _E(kL ) | E@ 41
n (v) exP[ BT + BT ]>l (3.6)
or
Beth > Av/(2 (/ +1) By +(By— By (U 4 DI>1. (3.7)

The latter condition enables us to estimate the maximum population inversion
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Mpay = (Jz';o' , (v - l)txhl BJ"‘,‘;’;' ')j

x{l—ex-p[ W 2B (I 1) +(Bo—Bot1) Im (Im +1)]}
B Tyib T

(3.8)

where

1 BT 22yl
Jao~J 2

m ™ Jot 2n+3 B 2p4l '

B hv(Bo—Bos)) T \M/2 ;
J ~ [(l ° Lit} ) —l]—l.
et wd | G Tyib

The exchange exothermic reaction
AB*+4-C
ABC*

under conditions of an optical wave field may take the following short path with
emission of light

A+4+BC— [

A+ BC—(A—B—C)*— AB + C + hv,

where (A-B-C)* is a complex that contains a chemical energy bond.

Chemical lasers based on reactions of this type are capable of converting chemical
energy to luminous energy with high efficiency by the shortest path since in a
number of these reactions the (A-B-C)* complex, as pointed out in §1.6, does not
have the usual lower state, i. e. it is always inversely populated. The concen-
tration of the complexes increases with increasing pressure up to levels where
triple collisions begin to play a significant part.

As the concentration of radiating particles increases, they can no longer be treated
as isolated emitters. In this case, as a result of collective interaction spon-
taneous emission becomes coherent with a considerable increase in intensity [Ref. 1].
It can be shown that for some conditions the rate of a chemical reaction due to
synchronization of emitters becomes comparable to the rate of the chemical reac-
tion due to induced transitions. In both cases, the reaction rate is proportional

to the square of the concentration of initial reagents, and this means that both
mechanisms may compete with one another, depending on the absolute values of the
radiating transitions and the volume of phase correlation.

For the threshold of concentrations of radiating particles (Niy) in the case of
phase correlation we have the estimate [Ref. 1]

WN,n/4>1. (3.9)
where V= A and A?/L respectively depending on the method of carrying out the
chemical reaction. Here ) is the radiated wavelength, L is the length of the
resonator.

§3.2. Equations of Motion of a Chemically Reacting Gas With Consideration of
Nonequilibrium Effects and Emission

Equations for describing a multicomponent interacting mixture of gases in the pres-
ence of radiation are rather complicated for solving practical problems. With
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cons Lderation of (1.70)-(1.80) we glve here a siwplifled system ol equations based
on using the phenomenclogical approach to problems of energy exchange and diffusion
of components.

>
The equation of continuity in Euler variables (p, u) remains valid in the presence
of chemical reactions and radiation, and has the usual form

dpldt + p div (u) = 0. (3.10)

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

apu/ot 4 div (pin) = w; — div Dy, (3.11)

where D, = p; (u; — u) is the diffusion flow of mass; wj is the change in mass of
the i~-th component due to chemical reaction (or ionization).

The equation of momentum disregarding radiation pressure in accordance with (1.78):
pdu/dt 4+ VP = 0. (3.12)
The equation of energy takes the form
pdh/dt = div (Pu) — div q. (3.13)
The conservation equations for the i-th component can be written out, taking as
the component a particle that is in a definite chemical and quantum state. Tt

is convenient to convert to concentrations of particles in a unit of volume, n.

As an example, for a molecule of type m that is in vibrational state v, we can
write in place of (3.11) the equation

dnm/dt = K. (3.14)

Here K} is the change in number of particles of type m on vibrational level v as
a result of chemical reactions, collisions with other particles, or radiation.

The equation for the density of quanta g, takes the form

dq It = — aly + wy, (3.15)

where I, is the intensity of resonant emission with frequency v, wy is the pumping
rate, o is the coefficient of absorption (or amplification) of light.

§3.3. Principal Characteristics of Chemical Lasers

The major characteristics of chemical lasers and the fundamental quantitative cri-
teria of lasing onset may be found on the basis of the mathematical models of Ref.
2-5.

Let us consider the kinetics of chemical pumping and stimulated emission of chemical

lasers on the basis of the simplest two-level model that includes chemical pumping
of two working levels with populatioa nj, na, relaxation, and stimulated emission.
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The equation of balance for the density of photons in the resonator in this case
is written as

dqyldt = Ay any + ByatnGs — Baaftsty — @/t (3.16)

Here A, » is the coefficient of spontaneous radiation; By , and Bz,) are the coef-
flcients of induced radiation for transitions 1-2 and 2-1 respectlvely, n;, np are
the number of particles on levels 1 and 2 respectively, T4 is the lifetime of a
photon in the resonator.

Considering that Ay, = B;, 8 nv 3¢ By oGvy = @v.sBey and introducing 0 =0y 3= B, 4 ¢./Avc,
An=n; - nn;, where oy, is the cross section of the stimulated transition, we get

dgyldt = Ayany + ochngy — gyt (3.17)
Analogously for n; and n, we have

dnyldt = Pyw + ny/v, -+ acquln, (3.18)
dngldt = Pgw — nylt, — ocgyAn, (3.19)

where Tp is the time of relaxation of the level, Py, P, are the probabilities of
formation of populations nj, nj.

The limiting energy of radiation, defined as

E_ .= 6{ (hvgulty) dt,

will be

< =(l/2)hv(P,—-—P,)§w(t)dt. (3.20)
0

The limiting (maximum) efficiency is the ratio of the maximum energy of coherent
- radiation to the reaction energy, and is called the chemical efficiency ng, which
is independent of the reaction rate [Ref. 2-5]:

e — ) W (Py—Py) (3.21)
Mhax = M 2 |__,§He|l :

Lasing arises at the initial instant if the rate of the chemical reaction satis-
fies the condition

w > wpy= 1ty acty = Alvp, (3.22)
where A = (octy)™! is the threshold density of inversion.

During steady-state chemical pumping, a time arrives when lasing stops due to re-
laxation on reaction products. This is the critical time of lasing cutoff

(.= (Py— P, (3.23)
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When inversion is created in molecules by energy transfer with probability P from
other molecules excited by the chemical reaction, the system of equations is sup-
plemented by the equation for the density of excited particles a* that arise as

a result of the chemical reaction

dn®
dt

Considering the creation of inversion due to energy transfer from excited particles,
we have for n;

=w—(Pp,1+Pyn* (Pp..=—;p‘—'—. i=1,2). (3.24)

dngldt = Pgn* — Pp.4ng — 0cqy (g — ny). (3.25)
Also valid is equation (3.17) without the first term.
Lasing ensues under the condition

W > W= Py, (n% + A) Py + Py)/Ps, (3.26)
where nf is the equilibrium population of the lower working level.
Let us consider amplification of radiation under conditions of an unsteady three-
dimensional medium [Ref. 4]. In the case of partial inversion with unsteady chemi-
cal pumping of vibrational levels of a diatomic molecule, the gain on the R-V tran-

sition (v+1, J=1)» (v, J) for the P-branch with equilibrium distribution of ro-
tational levels is written as

- - 20, J
@, =apt T =ogh '(nu+z—ﬂuGXP(-—-—T’—))- (3.27)

Here 6, is the characteristic rotational temperature, OZ:"}'J"' is the cross section
of induced transitions.

In the harmonic approximation
03:'-_]]"’_‘=(U+l)02):;—'. (3-28)

ol et AL @I 1) -2 ) exp(—3-J ¢ ). (3.28a)

8n(vo.1”")

where véjf’l is the frequency of the tramnsition, g(0) is the form factor, AY! s
the Einstein coefficient. From (3.27) and (3.28), (3.28a) we get

m=§,‘ao=o[qv-—e;Nl. (3.29)
where gy =(exp(20,J/T)—1)Y N =232n,;
o=0p, 7" (1—exp(—20,J/T)); gy =on,
' v

Using expression (3.15) as the equation of the medium, we get

dg, &
Z: - _a1v+gl By w, (¥, 1), (3.30)
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where Bj and wi(x,t) are respectively the average number of excitation quanta and
the rate of excitation due to the i-th channel of the chemical reaction. For exam-
ple, for pumping in the process of a chain chemical reaction

Piph Py ts

A+B, +~AB(v)+B, B+A,

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

Bl'-“'E"Pxn; ﬁ:'—‘?ﬂpu; w; =k, [A][Bgl;  wg=Fky[B][A,].

—»AB (U) +- A

Using (3.29) and (3.30), we get the equation of the medium:

da/dt = — oaly + K (x, 1), (3.31)

where K(x, t)=o[w(x, t);_(;’t_(e, N)] .

In the case of complete inversion for molecules in which the upper and lower laser
levels belong to different modes (vi, v;), the expression for the gain on transition
00°1~+ 10°0 can be taken as

0 =0(gy,3—qv, 1);

3.32
o= fol8 L el + v, 1/N)E (LG, s/ NY (L Guia/N)™. (3.32)

Here q, j is the density of vibrational quanta of the i~th mode.
§3.4. Kinetics of Chemical Pumping and Lasing in the Pulsed Mode

Since high pumping powers and low energy losses can be achieved in pulsed operation
without difficulty, lasing in this mode is realized in many more active media and
on a considerably greater number of transitions over a wider spectral range than
in cw operation [Ref. 6].

Reactions with branched chains are the fastest. This includes reactions such as
oxidation of H,, PH3;, SiH,, CSy, CO, P, dissociation of NCl;, some reactions of
molecular fluorine with H,, CH3, I, HI and several others. Taking survey Ref. 7
as our guide, let us present the patterns of occurrence of branched chain reactions
with inverse excitation of products based on the well studied reaction of hydrogen
oxidation [Ref. 8], for example when hydrogen reacts with fluorine.

It is shown in Ref. 9-11 that this is a branched chain reaction with energetic
branching in accordance with the scheme

inception of chains F,+F+F; (3.33a)
continuation of chains F+Hy~>HF (v<3)+H; (3.33b)
continuation of chains H+F,>HF (v<6)+F; (3.33¢)
branching of chains HF (vZ24)+F,>HF (v'<4)+F+F; (3.334d)
annihilation of chains H+ 0, +M-~HO, +M, HO; > wall; (3.33e)
annihilation of chains H+wall, F+wall; (3.33f)
V-V relaxation and deactivation of vibrations of HF. (3.33g)
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In the low-temperature region, collisions are rare, continuation and branching

of chains takes place at low rates, whereas the probability of annihilation of

active centers H, F, HF (v>4) on the walls is high. Thus at low pressures the
mixture is stable and does not self-ignite. The mix-

'] <§;/ ture is also stable in the high-pressure region since

@ <2222§/ there is an appreciable increase in the probability
o \4222;/ of annihilation of active atoms of hydrogen in triple
g {/// collisions (3.33e). Self-ignition of the mixture

. takes place with progressive development and predomi-
< nance of processes (3.33b), (3.33c) and (3.33d) in

H 77 some intermediate pressure region that is a function
o of the temperature of the mixture.

v /622 Such behavior of a chemical reaction in coordinates

T, p is described by graphing the region of the ig-
nition peninsula (Fig. 3.1) typical of the branched
Fig. 3.1. Lasing limits chain reactions described in §1.5. The boundaries
for branched chain reac- of this peninsula (solid line) are the lower and upper
tions ignition limits, or to say it another way, the first
and second limits of ignition. For reactions HOp+ Fp >
HF+ 0, +F there is even a third limit of ignition (shown by the broken line in
Fig. 3.1).

T, rel. units

Let us set up equations for the concentrations of particles ng, ng, Ngp(y):

- dny ldt = — (kanpy + kgnonm + kednu + Rantu, ne; (3.34)
dngldt = ky e, nu— (kg N1, + k;) ne +-ne, og‘k4,,n,,p o +w); (3.35)
- dnyp (v /dt = kg by nr, ni— k4, o NE, NHE (o) + L (6), (3.36)

where Q(t) is a term that describes relaxation and annihilation on the walls;

k2, k3, ky,v, ks are the rate constants of the corresponding processes (ky,v>5=0);
w(t) is the rate of the reaction of chain initiation (3.33a); ke, k7 are certain
averaged constants that take consideration of the size, configuration and material
of the walls of the reaction space in the case of linearity of equations (3.34)-
(3.36).

Let us consider the initial period of the reaction, assuming that w(t) is a deltoid
function. 1In this case, the solution of linear system (3.34)-(3.36) will be the
sum of exponential terms

npp = ny exp (st),

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

The ignition peninsula is defined by the condition s> 0. The initial stage of
the reaction is typified by an exponential rise in the concentration of reaction
products and the reaction rate.

The distribution of n, for exponential growth of concentration without V-V relaxa-
tion is constant at large st, and is determined by the expression n=sk/(s+b).
Corresponding to the assigned quantities b and ky is a minimum value spip at
which inversion still exists in the system of vibrational levels. Let k=z0,
ky+1 = 0, b be assigned in the form of a harmonic approximation. Then for large

st we have
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my g & sty Al - exp - hvik])) T & ST, (3.3/)

This implies that the condition of existence of inversion in the given case will
be stp>1. The region of satisfaction of condition st >1 is located inside the
ignition peninsula (dot-and-dash line on Fig. 3.1) or is absent entirely.

The initial mixture has temperature and pressure far from the ignition region.
External factors typical of the given chemical lasers design such as the fast ac-
tion of an exothermic discharge, photolysis, transfer the mixture to the ignition
region, and when the energy of this action is sufficient, into the inversion re-
gion [Ref. 13].

From (3.34)-(3.36) we can make a qualitative estimate of the influence that V-V

relaxations have on the course of the reaction. If processes (3.33e) take place
very rapidly, relaxation will cause population of level v=4 due to transitions
from the third level. 1In this case the reaction rate may increase somewhat. On
the other hand if processes (3.33e) are slow, relaxation leads to establishment

of Boltzmann distribution ny, and the reaction rate decreases.

Accounting for V-V relaxation within the framework of the linearized problem for
the case of radical chains was included in Ref. 8, 13 for a two-level model with
estimates of the possible efficiency of a laser based on a branched chain reaction.

§3.5. Principal Equations of the cw Chemical Laser

Theoretical analysis of the characteristics of the cw chemical lasers presents
considerable difficulties due to the necessity of simultaneously accounting for
the influence of diffusion, chemical reactions and radiation [Ref. 14].

In theoretical models the nonequilibrium nature of energy distribution can be taken
into consideration by considering the gas as a mixture of several components in
analogy with gas reactions, each long-lived V-level of the active molecule being
taken as an individual gas component. It is assumed that the formation of active
molecules in mixing and combustion of the fuel and oxidant is determined by dif-
fusion, while combustion takes place along the flame front [Ref. 15]. Collisional
deactivation of each vibrational level of the active molecule by resonant V-V and
V-T energy transfer is taken into consideration by expansion in < series with re-
spect to powers of the ratio of the axial distance to the characteristic deactiva-
tion length.

Fuel H; + diluent !
U

f‘?

Stream >
~
1ine = ?;’Flame front
Ne ~—_]

———
—
ng’ Tm ———

Oxidant F+ diluent

Fig. 3.2, Flow diagram in diffusional chemical laser
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The flow scheme is shown in Fig. 3.2. Two homogeneous semi-infinite parallel gas
flows (one consisting of oxidant and diluent, the other of fuel and diluent) begin
mixing and burning at point x=y=0. Here x is the coordinate in the direction

of flow, y is the coordinate in the direction perpendicular to x, the positive
direction of y corresponding to the fuel-filled region.

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

System of equations (3.10)-(3.14) with consideration of boundary layer theory
implies [Ref. 14]:

_aa; (pu) +_an_ (p0) =0; (3.38)
ol e g g e BB
1y, 7 . (3.42)

where Pr = ncp/AQ; n is the coefficient of viscosity; ¢p=23c¢, Y

p=pRTZ (Y /m); ho=h,-+1/2u%
T
h=2Y, (Scm,d'l‘-f-h,'i).
0

Superscript v, J denotes transitions of the branch from level v, J to level
v-1, J+1, while the subscript denotes transitions from level v+1, J-1 to
level v, J.

The last term in the second member of equation (3.40) is the energy loss per unit
of volume due to stimulated radiation and absorption. It is equal to zero for

all i#v. Term wi characterizes the arisal of the i-th component as a result of
the chemical reaction. The optical gain ay,J corresponds to its value in the center
of the line, and is defined by the formula

oo,y =A (Yo — xY o), (3.43)

where
8xb/3 N, |HeH ! IF,, 40
3(2keyE)! /2 Ryw1, J—nT!/?

Ri(v, J)= g“ @/ +Dexp[—E(, NET)
p=r}

exp{—E (41, J—1)/k T);

._RJ(U—*—l, J—1

)
%69 exp{—I[E(v,/)—E@W+1,J—1)]/k"T).
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Here Y, is the mass fraction of excited molecules, Np is Avogadro's number, Rj
is internal energy for rotational degrees of freedom. The term |Hyt' 2 accounts
for the contribution of vibrational degrees of freedom to the electrical dipole
moment, and Fv,J is the parameter of interaction of vibrational and rotational

- degrees of freedom.

To describe the process of amplification of radiation in a premixed moving gas
stream in cw operation we have the system of equations [Ref. 4]:

a1,/ox = aly; vdaldy = — aaly, + K (x, ), (3.44)
where v is the velocity of gas flow along the y-axis.

Cross section y=0 is the left-hand limit of the reference signal propagating along
the x-axis. The boundary condition is written as

0 4 0<y<y07
]v 0, :IV. =
( y) ’ {I"vo(y)r y>!/o'. (3-45)
- 1 Vo
a(x, o) = (x 0+ [ Kxg)dy' 3050
0

In variables ¢=x, 0=y/c the system of equations and boundary conditions will be

01,/0¢ = aly;
d0/08 = —oaly + K (£, 8);

- -]0 , 0B < By =1yo/u; .
t=0; Iv--lv.o(ﬂ)—{’v'o(o), N (3.46)

! 0

Bty a=a(l)=a 0+ fK (&, 8)dd".

- The solution of this problem is

0 t
’ o =tate| 01v.0+§Kd§') 2t (3.4
z
T
4 | i
(0= Kdo'— 1 (a0 x
Jre=

0’ t 0’ ¢
xesp| | <ol\.,o+ " Kd{;’)dﬂ”] ( | Kd\‘)")(ﬁ}'— &exp(~—35cl§')];
én i P b (3.48)
9 0 by ¢
z_—:‘ ols, .,exp“ (Ulv,o-i— ‘ I<d€')d0"]dﬂ' + exp(— § &dg').
3, 9, b § o
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In the case of a homogeneous reference signal (I, o= const), and pumping that de-
pends only on the coordinate 6§, relations (3.47), (3.48) are considerably simpl-
fied. Upon amplification of a narrow signal

Iy o= I, o=const, ¥ <V <Oy,
. 0, 0> .. (3.49)

For the condition

9 —9 2K(00) >
=0 & G =P

i

we can assume in the absence of radiation K~ const, and then

1, 1 1 ! 8—0,\ 1!
—— PRSI 5y ————— — ex —
Iv.o [Z‘c L (5 5c> p( 7 )] ' (3.50)
' - G 8— Do\ [0 —Bo
. —_— 1.1 ————
_ {}—-00+a * G [ “xp( ¥y )( 0y 1)]
’ by I-I-'—-'é- (ex (0—ﬁ" ~—-1) 331
R P By )

where

G = exp(fa): G =1+KLi(oly, o) z=0(0)+ Kby; ] (3.52)

a. =Ki(oly, 04 K0): 8, =(0ly, 0+ KO

The solution implies that "spiking' of the pulse of output radiation takes place
with an increase in the length of the amplifier.

Using (1.104), we give here the general form for the equation of vibrational re-
laxation:

dﬂm' i

= J) -
a g Iks"’"vﬂ-*q"a.t“y.;"‘ZkrA-n. g+p lm, 1 Mg, (3.53)

where np is the concentration of molecules of type i on level m, ke peqg 18

the rate constant of transition of molecule i from level s to level m, and molecule
j from level p to level q. For a polyatomic molecule, each of the subscripts

s, m, p, q is described by a set of vibrational quantum numbers (Vi, Vas...s vn) .

Direct solution of system of equations (3.53) is practically impossible without
simplifying assumptions. Most important of these are the following: the influence
of electronic excitation is negligible; translational and rotational degrees of
freedom are in equilibrium; only transitions between nearest levels are considered;
the simplest model of a harmonic oscillator is used.

Naturally the solutions found with the use of these simplifications are not uni-
versal and have their own region of application. For example, in particular, use

of the harmonic oscillator model is valid at fairly small deviations from the equi-
1ibrium state and for lower vibrational levels.
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§3.6. Laser Kinetics Under Conditions of Cooperative Spontaneous Emission

Coherence in Spontaneous Emssion. Usually spontaneous radiation is considered

on the assumption that all gas molecules are independent. In this case the inten-
sity of radiation is equal to the sum of the intensities of radiation of the indi-
vidual molecules, and the width and shape of the emission line of the gas are de-
termined by the properties of an isolated molecule. This is true only when the
distance between individual molecules is much greater than the radiated wavelength.

However, when working in the high-pressure region at distances comparable with

the radiation wavelength, there are many radiating particles, and they emit as

a unified quantum-mechanical system with intensity of spontaneous radiation propor-
tional to the square of the number of these particles [Ref. 1]. It should be em-
phasized that the collective properties of the system of particles have a direct
influence only on spontaneous and non-radiative processes in the system. The atoms
of the system behave as if they were independent with respect to stimulated transi-
tions. This is due to the fact that collective effects in absorption or stimulated
emission mutually compensate each other, whereas there is no such compensation

for spontaneous and nonradiative processes.

Collective interaction of radiating particles leads to a considerable change in
the characteristics of chemical lasers that operate at high pressures of the mix-
ture. The condition of onset of coherent radiation of the entire volume of emitting
- particles in the case of such synchronization will be the absolute concentration
of emitters (chemical complexes, excited products of chemical reactions and the
like), rather than the difference in concentration of populated levels. Super-
radiation is described in Ref. 1 for a system with dimension less than the radiation
wavelength. It is assumed for the sake of simplicity that the gas molecules have
only two nondegenerate energy levels E; and E; (E;>E;). Radiation of the molecules
is treated in the dipole approximation. The hamiltonian of the system of molecules
without consideration of the radiation field is written as

n
H=Hy+E ¥ Ry, (3.54)

j=1

where E=hvg=E;~-E1, Ho and Rys characterize respectively the energy of transla-
tional motion of molecules upon intermolecular interaction, and the internal energy
of the j-th molecule with eigenvalues *%E.
The eigenfunctions take the form

Wem = Uy () R, (3.55)

where the Ek are coordinates of the center of mass.

1f the number of molecules that are in the upper and lower states sre denoted by
n; and n, respectively, then

m = (n,—«lll)/Q. (3.56)

Obviously n=n;+n; is the total number of molecules. The total gas energy is

Egm = Ey + Enm, (3.57)
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where Eg is the energy of translational motion and interaction of the molecules.
Energy Egp has degenerate multiplicities

nl = nl )
ngln_| (n/24-m)! (n/2—m)! '

(3.58)

We introduce the quantum number r, the so-called cooperation number of the gas,
which satisfies the following inequality:

|m| << r< nl2 (3.59)

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

[=(r+m) (r—-m+l) Iy, (3.60)
where I, is the intensity of spontaneous radiation of an isolated molecule.
Thus, special bound states of the gas are possible where the intensity of spontane-
ous radiation is proportional to the square of the number of molecules. Such for

example is the state r=n/2, m=0. The intensity of radiation of gas that is in
such a state is

I = (n/2) (n/2 + 1) I == n?1/4. (3.61)
Gas states are possible that radiate no energy at all, such as r=m= 0.

1t should be noted that in all transitions of the system that are accompanied by
radiation, the quantum cooperation number r does not change.

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

I=1,3 Py o (r+m)(r—m+1), (3.62)

where Py n is the probability that the system at the instant of radiation is in
state (r,m).

In the state of thermal equilibrium, where
ny/n, = exp (— E/k°T), (3.63)
the average value

m = (1, —n)/2 =[n th(E/k0 T))/2 22 —nE/(4k0 T). (3.64)

Here the line denotes averaging over the set with Boltzmann distribution. The
average value of r coincides with |m|

If r coincides in accuracy with (-m) the intensity of radiation is zero. On the

other hand if r differs by unity from (-m), then
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While the intensity of spontaneous radiation depends on the state of the gas (r,m),
the intensity of the total radiation or absorption in the presence of an external
field is always proportional to the number of active molecules.

If the dimensions of the system are comparable to or much greater than the wave-
length, but the distances between the individual molecules are much less than a
wavelength or comparable with it, coherent emission is possible, but the gas can
emit coherently only in one direction.

A classical system of harmonic oscillators distributed in a large region may be
so phased relative to one another that coherent radiation is obtained in one defi-
nite direction.

Influence of Collective Phenomena on a Radiative Chemical Reaction. Among chemical
reactions from the standpoint of an appreciable increase in radiation intensity

in the case of phase correlation of emitters for producing a laser, of particular
interest are reactions whose rates depend on the presence of electromagnetic radia-
tion. Such reactions include for example reactions of photorecombination, where

a mechanism of an increase in the light-stimulated rate of the chemical reaction
is possible [Ref. 16]. 1In realization of reactions of this kine, the phototransi-
tion is realized during the elementary act of the chemical reaction itself. In
such a radiative reaction mechanism, the energy of the chemical bond is de-excitecd
by the phototransition, whereas in ordinary chemical reactions the energy is trar.s-
ferred to a third molecule, or is carried off by the products of the chemical re-
action. The photostimulated chemical reaction can be appreciably accelerated by
bringing about conditions for realization of a mechanism of phase correlation of
spontaneously emitting particles, where the time of de-excitation of excited parti-
cles is sharply reduced as a result of collective interaction of the particles

via the common electromagnetic field [Ref. 17]. If the rate of formation of the
energetically excited particles exceeds the rate of their deactivation as a result
of superradiation, the process is an increasing one.

The inverse process contains a series of pulses with damping amplitude and increas-—
ing duration. In this connection, the cooperative phenomena in spontanecus radia-
tion naturally lead to an appreciable increase of lasing power in individual pulses.
In steady-state lasing, when the rate of the process is determined by the rate

of formation of excited particles, the contribution of cooperative phenomena may

in principle be of the same order of magnitude as other processes of deactivation
and emission. Just the same, the necessity of bringing about conditions for mani-
festation of cooperative effects is offset by a number of obvious advantages of

the reaction. For example, chemical lasers may utilize a wider range of reactions
since the working molecules for getting coherent emission are not only reaction
products with inverse population, but also simply excited particles. Besides,

when the radiators are phase-correlated, the threshold of the required equilibrium
density of excited reaction preducts (n%) will be less than the threshold of con-
centration of inversely populated particles n?nd for a mechanism of chemical rezc-
tion stimulated by induced phototransitions.

Actually, the rate of a chemical reaction in the case of phase correlation can
be represented as
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w, ¥ wsp(V/Ll) N, (3.66)
where wg, =Pn} is the rate of spontaneous radiation of n regardless of the radiat-
ing particles, P is the probability of spontaneous radiation of excited reaction
products, V is the phase correlation volume.

In the resonant process

w = W, = Wind= k" (3.67)

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

For wipq we have [Ref. 16]

wind ~ 10-12 p (”:f:nd\ 2, (3 . 68)
Whence
nyln'yng=V 4PV E(To) (3.69)

where b= PnZXCa/méAmm, and wp, Awp are the angular frequency and effective band-
width of spontaneous radiation at the maximum of radiation intensity. Setting
p=10°% s, b=10"% cm®/s, k(Ty) = 2.10-%5 em¥/s, V=1 em®, we get n*/n¥pg~0.05.

Thus the use of a photostimulated chemical reaction in the state of phase correla-
tion of reaction products that are in an excited (not necessarily inversely popu-
lated) state enables the use of a wider range of initial reagents. The reaction
is realized by choosing the concentration of initial reagents and the temperature
of the mixture (T,) so as to satisfy the inequality for two components

V VA (TaiP) iy 1y > 1. (3.70.

§3.7. The Optical €avity

The resonator cavity is one of the main components of any quantum generator, as
it forms the radiation pattern. A cavity made up of two plane-parallel mirrors
[Ref. 18] was the first to enable attainment of directional coherent radiation
in the optical range. Cavities based on interferometers with spherical, para-

- bolic and other surfaces have come into extensive use [Ref. 19]. Unstable resonators
to some extent resolve the problem of more complete filling of the active medium
with radiation [Ref. 20], but in these the ratio between aperture and cavity length
does not permit development of a compact laser. Resonators of periodic modes have
been developed thanks to the creation of a theory of cavity resonators with the
use of concepts of the theory of linear systems. Different types of cavities and
their theory are presented for example in Ref. 22, and their peculiarities in oper-
ation with chemical lasers are described in detail in Ref. 23. Let us consider
as an example of a resonator of periodic modes a system with mirrors with surfaces
determined by radii of curvature Ri, Ra. The space-frequency characteristic of
such a system takes the form

Hy &) =1 — Hy B)I7, (3.71)
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where £ is a variable that describes excitation of the electromagnetic field in
the cavity; H;(£) is the space-frequency characteristic that corresponds to one
pass of electromagnetic excitation in the cavity, H;(£) can be expressed in terms
of the space-frequency characteristics H;; and H;, corresponding to the first and
second mirrors as '

Hy () = Hy () Hys (B); (3.72)
Hy @, x)=expi[-i—(—;¢—e’l—m—)—] exp (— ify £%); (3.73)
Hia & )= expi [WZEEE)—] exp (— ifs 19, (3.74)

where a=k/2L, By =k/2f,, B, =k/2f,, f; and f, are the focal lengths of the first
and second mirrors respectively, L is the distance between mirrors, k=27/X is

* the wave number.

The inverse Fourier transform obtained from (3.71)-(3.74) for the general space-

frequency characteristic H; (£,x) as a linear system with feedback gives the pulse
response of the system or the Green's function of the given problem:

o (£) =—2‘n— S Ho (£, x)exp (itx) dE, (3.75)

which is expressed by the sum of the eigenfunctions--the modes of the optical
cavity.

The residues of the integral function Hg(&,x) exp (i x) give eigenfunctions
of the form

exp (i Em X), (3.76)

where the values of £ are determined from the relation

1 1 )
1 m |- Pa) 4F | = =0,1,2, ... (3.77)
l( T 20— Py i PR )E F o -l- Pa) x 2nm, m =0, 1

This implies

- 4B 1-Pa) (20—By) (2a— fa) £ 4 2nm 2 (20 — By) (20 —B) ) (3.78)
40— (B B2) da—(P1-+B2)

This formula gives the field distribution on the cavity mirror for any distances
and radii of curvature of the mirrors, and is the most general formula. For cavi-
ties with identical mirrors R{ =R, =R and m=0 we have

Ey = i20x )/ A —P =i —i’z‘— Va -y,

(here 7 = 8/a=L/R), whence

Yo () = exp ik ) :—.exp(~—fi~l/§7——-7’x’). (3.79)
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Due to linearity of the entire system and the operation of differentiation, the
n-th derivative of function (3.79) is a solution and eigenfunction of the resonator
equation. For Hermite polynomials Hpj(x) we have the relation

n
(— 1) 2 exp (—x2/2) = exp (—x¥/2) H, (4) (3.80)
dx
Differentiating (3.79) n times, we get an expression for the n-th eigenfunction
Yo (£)= H, (V' 2x/r) exp (— %1% (3.81)

(r is the radius of the mirror).

- In the case of infinite plane-parallel mirrors the optical cavity can be considered
as a spatially invariant system with general space-frequency characteristic

Hy (&) = [1 — exp i (— LE¥R)I-L. (3.82)

The pulse response of such a system has first-order poles at points

E.= + V2amLik (3.83)

and a second-order pole at point £=0. The residue at point £=0 is equal to zero.
The residue at point £ =§&m is equal to k(2LEp) "‘exp (ifmx). Consequently the
pulse response of the cavity takes the form of the sum

o () =>_“—C%57;i (3.84)

each term of which is an eigenfunction representingthe periodic distribution of
the field on the mirror, which depends on the length of the cavity. This reasoning
implies

-—the condition of optimum synchronization of harmonics of the periodic mode for

a cavity with plane-parallel mirrors, one having a periodic structure such as alter-
nating reflective and transparent bands of identical width xo/2, or holes. For

the general case with radii of curvature of the mirrors R; and Ry,

AL — ALE (I/Ry - /R)l= Nx?, N = 1.2,.. (3.86)

Periodic modes guarantee complete filling of the working medium, and enable us

to make resonators with the structurally necessary ratios of aperture and length.
Experimental studies with a grating in the cavity [Ref. 24] have shown that when
the length of the resonator differs from Ly (3.85), fields of alternating sign
are excited, while at a length equal to Ly the fields are in phase with a greater
contribution of energy in the central lobe of the radiation pattern.
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CHAPTER 4: GAS-STATIC CHEMICAL LASERS
§4.1. Photochemical Gas-Static Lasers

Chemical lasers with stationary working fluid in a fixed volume, or in other words
gas—static chemical lasers are the simplest in design. Their principal elements
include systems for preliminary preparation of the working medium, initiation of
the chemical reaction, selection and extraction of the stimulated emission. With
respect to working principle, such chemical lasers are pulsed--the coherent radia-
tion of energy is produced in a short time span: hv=£(t). The mixture of initial
gases is prepared in the working volume (reactor), or else is introduced into the
reactor from a separate vessel. Thereafter, an external source initiates the chemi-
cal reaction practically simultaneously throughout the working volume. Part of

the energy of the excited reaction products is coupled out through windows in the
reactor in the form of radiation that is generated in the system for selection

and extraction of this energy--the resonator. The depleted gas mixture is then
expelled from the reactor, and the system is returned to the initial state by re-
filling the reactor with fresh working mixture.

Photodissociative Gas-Static Chemical Lasers. Working Principle and Major Charac-
teristics. The iodine chemical laser with woring process diagrammed in Fig. 4.1
belongs to this class. The photodissociative iodine gas-static chemical laser is

CFy(m) o
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i) =}
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Fig. 4.1. Diagram of processes in iodine photochemical laser

optically pumped on a wavelength of 0.28 um [Ref. 1]. The following reactions
deserve attention in the pumping pulse stage before the onset of pyrolysis:

1) I* +CF, ™ CF, I; £ 214 CF, 1% L +CF,;
9) I*+CF, % [ .+CF,;  5) 2CF, 5 C, Fy;
3) 1--CF, > CF, I; 6) I* -+ 1 S 141,
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7) 1o 4-CF, 5 CFy 1-+1; 10) CFy + CF, 1 2 G, Fo £ 1%
8) I,-+hv>2L; 11) CF, -+ CFy 1“5 C, Fot I; 4.)
0) GF, + CFy 1% Cy Fet It 12) CE, + CF, 1 25CF,+CF,l.

Here I* is an iodine atom in state SZqu, CF; is a "hot" radical. The tranmsition
zPym-*zPyQ (A=1.315 ym) ensures generation of stimulated emission right up to
the kilowatt range, with duration of several microseconds. Photodissociative iodine
gas-static chemical lasers have been made with energy of several tens of joules
[Ref. 2] and lasing duration of several nanoseconds [Ref. 3] with efficiency of
about 0.5%. 1In Ref. 4 the energy of stimulated emission was brought up to 1000 J

- at efficiency equal to 1.4%. The efficiency of photodissociative gas-static chemical
lasers is increased by expanding the absorption spectrum of working substances, and
also by using a variety of chemical reactions corresponding to photolysis [Ref.
5, 6]. The working substances used in the photodissociative iodine gas—-static
chemical laser contain the C-I bond in molecules of type RI, where R=CF3, C,Fs,
C3F7 and the like. The use of other promising working substances for such a chemi-
cal laser is limited by the requirement for rather high vapor pressure of these
substances, which is necessary for getting high concentrations of excited molecules
in the gas phase, and consequently high values of ey-—the specific energy output
per unit volume of the working chamber.

Excitation of chemical lasers in the process of photodissociation was studied in

Ref. 7. An investigation was made of the processes of photodissociation of a num-
ber of compounds that contain the bond of the iodine atom with elements of group V:
P, As, Sb, N. It has been experimentally shown that about 6.5% of the stored energy
can be released as radiation. The cross section for stimulated emission is regulated
by adding a buffer gas to the working medium. A typical diagram of an experimental
photodissociative iodine gas-static chemical laser is shown in Fig. 4.2 [Ref. 5].

to lamp

power supply Fig. 4.2. Diagram of a

photodissociative iodine
2 ) gas-static chemical laser:
1--Brewster window; 2--
flashlamp; 3--beam splitter;
4=-mirror; 5--vacuum pump;
6--cold trap; 7--manometer;
8--tank with inert gas;
9-—~tank with working gas;
10--spectrometer; 1l--
infrared detector; 12--
oscilloscope

] product,
removal

10
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A working tube 1 m long with inside diameter of 10 mm is equipped with quartz Brew-
ster windows. The cavity is formed by two spherical confocal mirrors with gold
coating. Pumping is by a straight xenon flash tube with average pulse rise time

of 20 us and duration of 150 us. The flashlamp and working tube are placed at

the conjugate foci of a polished elliptical reflector.

The flashlamp was supplied by a capacitance of 18 pF charged to 15 kV by energy

of up to 1760 J. The minimum energy supplied to the system was 225 J. Premature
discharge was prevented by control of the discharge gap. Two triggering units
with voltage of 30 kV simultaneously ionized the lamp, the discharge gap and trig-
gered the oscilloscope scan.

Up to 4% of the energy of the stimulated beam was deflected by a quartz plate to

a spectrometer and to a detector connected to the oscilloscope. This detector

was a germanium diode or an InSb photoresistor. The system was evacuated by a
two~-stage vacuum pump. A cold trap removed the condensable products. The operation
of such a chemical laser depends mainly on the pressure of the reagents and the
energy of the flashlamp. Since only part of the reagent is dissociated during

a single flash, repeated flash exposures enable more efficient use of the reagent.
The duration of the stimulated pulse can be increased by adding inert gas.

However, the substances ordinarily used as the active medium (CF3I or n-C3FsI)
still have to be changed after each pumping pulse, since lasing power drops off
considerably otherwise. Ref. 8 gives data of experimental studies on repeated
use of the same medium (CF3),AsI. The experiments were done on the facility shown
in Fig. 4.3.

Fig. 4.3. Diagram of experimental facility: l--photodiode; 2--scatterers and

neutral filters; 3--mirror; 4--working chamber of the laser; 5--oscilloscope; 6--

photomultiplier; 7--xenon flashlamps IFP-5000; 8--capacitor bank; 9--output mirror;

10--calorimeter; ll--microammeter; l12--roughing vacuum pump; 13--oil-vapor pump;
l4~~vacuum receiver

The cavity included two flat dielectric mirrors with distance of about 1 m between
them. The transmission factor of one of the mirrors was 0.2%, and of the other
was 0.6-50% for A=1.315 um. The working chamber was made of a quartz tube with
outside diameter of 10-20 mm, and had glass windows on the end faces placed at

the Brewster angle (agz 57°). Welded onto the illuminated part of the working
chamber (lg¢= 25 cm) was a quartz jacket filled with distilled water. The pumping
light source was two IFP-5000 lamps with supply from separate capacitor banks with
capacitance of C= 47 pF at maximum voltage of 7 kV. Both lamps and the working
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chamber were covered on the outside with polished aluminum foil as a reflector.

To get a short pulse (r%= 3 us), a capacitance C=5 yF with voltage of 25 kV was
connected to the lamp through a vacuum discharger. The energy E of stimulated
emission was measured by a KIM-1 calorimeter. The lasing pulse shape was registered
by an FD9Ell photodiode and an S1-37 oscilloscope. Radiation of the pumping lamp
was monitored by an FEU-18 photomultiplier with filter corresponding to the absorp-
tion band of the substance. The gas phase of compound (CF3).AsI has two absorption
regions in the ultraviolet band: long-wave (gpay=3.31071% cm® at Apax=290 nm),
and short-wave (opay = 1077 em? at Apax = 217 nm). At the same time, in substances
with the C-I bond (such as CF3I, C3F7I), the maximum absorption cross section in
the "quartz" ultraviolet is four or five times smaller than in the long-wave band
of (CF3),AsI.

The spectral composition of the pumping light source was limited by using a liquid
filter consisting of a 0.003% solution of NaNO, in distilled water. This filter
does not change its properties with time, does not pass radiation in the region
of the short-wave band of (CF3),AsI and does not hold back the long-wave band of
CF3I and C3F,I.

An investigation of lasing in mixtures of (CF3) ,AsI/CF3I and (CF3),AsI/CF3Fy1
shows that at low pressures p of the mixture the energy E of the stimulated emis-
sion is determined by the energy characteristics of the components of the mixture.

From the way that E depends on the number of flashes produced without changing

the mixture at low pumping energy, we find that for n-C3F;I the value of E decreases
by a factor of about four after the first flash, while (CF3),AsI withstands more
than S0 flashes without an appreciable reduction in E.

Investigation of processes of photodissociation of other substances such as cyanides
has also been directed at use in gas-static chemical lasers [Ref. 9].

Other Photochemical Gas-Static Lasers. The first photochemical gas-static laser
was realized on the basis of reacting chlorine with hydrogen [Ref. 10]. A flash-
lamp causing partial dissociation of Cl, was used for rapid initiation of the reac-
tion in the Cl,/H, mixture. The mechanism of the photochemical chain reaction

of H,+Cl;, taking place with formation of vibrationally excited HCl, can be de-
scribed as follows:

k
1) Ch~khv—L2(H (initiation)
ky
2) Cl + Hy = HCl (v=0)4- H(chain growth)

kll
3) H-+ Cly = HCI* (u=n) +Cl; (“-2

kn
4) H ++ HCI* (v==n)-* H, + C! (inhibition)

k
5) Cl++ Cl + M—>Cl, 4 M(chain breaking)
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A high concentration of chlorine atoms must be produced to maximize the number

of parallel chain processes in (4.2). Consequently, to increase the energy E of
stimulated emission it is necessary to increase the pressure of Cl,, the energy
and power of the light flash. To prevent the slow link of the chain 2) from limit-
ing the overall rate of growth of the chain, the hydrogen must be kept at a high
concentration.

Another way of increasing chain growth in reaction 2) is to raise the temperature

of the mixture. These conclusions have been experimentally confirmed. For example,

- at room temperature lasing could not be attained on DCl molecules over a wide range
of pressures of the reagents and energies of the light flash, whereas at elevated
temperatures, lasing on DCl molceules presents no difficulties [Ref. 11]. Reducing
the temperature of a medium with partial pressures of 2.4 kPa Cl; and 23.3 kPa D
from 510 to 450 K led to a five-fold reduction of lasing intensity.

The sequence of lasing onset on different V-R transitions within the limits of

one band conforms to a pattern that is common to chemical lasers based on mixtures
of either H,/Cl, or D,/Cl,, namely: first radiation appears on the transition
with low value of J, and then in sequence on transitions with higher values of

J. This apparently due to the fact that the gas temperature is raised by the
release of energy during the chemical reaction with subsequent change in the gain
of the different V-R transitions. Besides, sequential lasing on transitions with
different J is also possible at constant temperature if the radiation process
changes the ratio of populations of different vibrational levels.

The necessity of increasing the temperature of the mixture and the concentration
of hydrogen leads in the final analysis to limitation of chemical efficiency since
there is an increase in the rate of relaxation of excited HCl melecules. More
advantageous from the energy standpoint is the reaction described in §2.2

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

in which up to 70% of the energy of the chemical reaction is converted to vibra-
tional energy of HCl molecules, and inversion may be formed between upper vibra-
tional levels [Ref. 12]. 1In Ref. 13, a chemical laser based on such a reaction
used circulation of the gas mixture through a tube (length 60 cm, inside diameter
14 mm) to reduce the influence of the spontaneous reaction that takes place in

a Cl,/HI mixture at a relatively high rate. Lasing was observed in the pressure
region p=0.8-5.33 kPa with emission spectrum on transitions P, , (4) —P,.,(5),

Py (B) — Py (), Proa (9) — Py, (13) (i. e. on transitions v=3+v=2 of the P-branch
from J=4 to J=5 and so on).

It should be noted that the operation of chemical lasers on a Cl,/HI mixture in-
volves considerable difficulties, most serious among them being iodine condensation
on the cold components of the system. This disadvantage is eliminated in chemical
lasers based on a Cl,/HBr mixture [Ref. 14] in which the reaction

Cl -+ HBr — HCI* 4 Br (— 65 kJ/mole)
takes place with radiation density W= 12 kW and E=0.12 J, p=0.87 kPa, energy

of the initiating flash E{=1350 J. Limitation of the energy of stimulated emis-
sion is due to the high rate of relaxation as a result of collisions
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HCI (v = 1) 4- HBr (v = 0) - HCl (v == 0) ++ HBr (v == 1) (4.4)

At pressure of the working mixture p= 1.33 kPa, the time of relaxation is of the
order of a few microseconds. Increasing p to several kPa with simultaneous increase
in pumping power gives values of W up to 30 kW and E~0.2-0.3 J.

Chemical lasers can be made that are based on bromine atoms formed in the photo-
lytic reaction

{* 4- Bry — IBr 4 Br*,
with lasing on electronic transition 42P1/2—>42P3/2 at A=2.714 ym [Ref. 15].

The high rate of reaction F+ H;, the great energy that is released, and the fact

that a considerable part of this energy (about 65%) is converted to vibrational

energy of the resultant molecules [Ref. 16, 17] make this reaction attractive for

use in gas-static chemical lasers. At room temperature, the rate constant of re-

action F+H, is equal to 2.5+10~'! cm3/s, which is much higher than the rate con-

stant of the main pumping reaction in chemical lasers based on a mixture of H,/Clsy,
- which is equal to 1.7-107!% cm®/s [Ref. 18].

Lasing was first achieved on HF molecules in photoinitiation of the mixture UFg/H2
[Ref. 19, 20]. 1In this case, the following reactions are possible:

1) UFg+4- hv— UF+F,;
9) F+H,—HF*+-H ( —134 k3 /mole) ;
3) H-} UFy— HF* + UF, (—192,6 kJ/mole); (4.5)
4) UF, - UF;— UF, 4-UFg;
5) H 4 UF;— HF* 4- UF,. ]
Radiation of HF molecules takes place on transitions P,y (3) — P,_4(9). When Hp is
replaced by Dz, the DF molecules radiate on transitions Pys (4) — Py (9) and
Py (3) — Pay 8).

Transitions between high vibrational levels of the HF molecule are typical of the
reaction

H+F,—HF* 0<9) +H (=410kJ/mole), (4.6)

in which the energy release is sufficient for population of high vibrational levels.
Other processes that determine formation of the radiation spectrum of photochemical
lasers are:
population of vibrational levels

F - H,— HF* (1< 3) + H (— 134 kJ/mole); 4.7)
V-V and V-T exchange

HF (v) - HF (v) > HF (v 1) 4 HF (v — 1);

HF - M— HF (v—1) - M; (4.8)
(M-= HF, H,, Fo, H, F, He, O,);
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stimulated emission

HF () — HF (v — 1) + hv. 4.9

As a result of reaction (4.6), the level with v=5(k;:kp:kz:ky:ks:kg=0.2:0.75:
0.6:0.7:1.0:0.95) is populated at the maximum rate. Most intensely populated as
a result of reaction (4.7) is the level with v=2(ki:ka:kz = 0.29:1.0:0.47) [Ref.
16]. The behavior of populations of the levels of the HF molecule as a function
of quantum number v as a result of reactions (4.6) and (4.7) takes the form of

a smooth curve with two maxima, the chief one corresponding to level v=2, and
the other--to v=235.

Experimental results unambiguously confirm the chain nature of this chemical reac~
tion. Actually, the intensity of the radiation remains constant or increases after
the cessation of pumping. The main influence on the formation of HF is from the
reaction of vanishing of F atoms as a result of reaction with H,, the damping con-
stant being TF<3 us, and the formation of H with Ty<8 pus. The influence of other
reactions such as recombination of atoms or thermal dissociation of F, and H, at
T< 1200 X is several orders of magnitude weaker. Therefore the existence of lasing
over a duration of a few tens of microseconds after termination of pumping in mix-
tures that are rich in hydrogen presupposes the presence of a chain mechanism of
reaction. In this case we can readily explain the existence of lasing with a re-
duction in pumping power (or even total cessation), since the rate of a chain re-
action may increase with time due to self-heating of the mixture through the re-
lease of chemical energy. When the possibility of a chain reaction has been elimi-
nated, e. g. by replacing F, with MoFg, lasing duration has not exceeded the dura-
tion of the pumping pulse.

In parametric analysis of a photochemical laser based on reaction H, +F, [Ref. 21],
the following expression is obtained for specific energy output from a unit volume:

Q By N \?
=iy —f1__" N
Z (1 5 ) (4.10)

where hv is the energy of a lasing quantum, k&, = 2k, py~? and Ay = kypy™' are the
effective model constants of relaxation of vibrationally excited molecules of HF
on molecules of HF and F, respectively; x= (wa-w1)/(200); ¢= (nd~nd)/2n;

2= (1/n)dn/dt; ny, n; are the respective populations of the upper and lower lasing

levels.
S0
To find the effective model constants, a Lo
graph 1s lotted (Fig. 4.4) in coordinates e
(evex? ch)’5 vs. NQt%,, where subscripts 'ex" Sle AN
and "th" denote the experimental and theo- g9 LAN
retical quantities respectively. It can S N
be seen that the aggregate of the results g <\
is described by a linear relationship. "":D '\
From this we get h\)k'l—O 8.10"8 J/(cm *38), = 0 H 4 6 8

ky=1.5-10"2° cn/s and ey=0.8 107°

N/Qn) > 10*? mol.ecm™3-
9(1—1 5.107%3 N/Q) J/em®. (N/Q¢p) mol.+cm™ 75

Fig. 4.4. Parametric de-
pendence
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Comparative analysis of tne effectiveness of using different photolytic sources

of fluorine atoms shows that the greatest gain on HF molecules is realized on a
mixture of WFg/H, [Ref. 22]. However, work with WFg is made difficult by the poor
reproducibility of results and the complexity of getting pure WFe.

The CO molecule is of interest as a working molecule of photochemical g=s-static
lasers. Many reactions that lead to the formation of CO have high exothermicity,
enabling relatively easy excitation of CO to high vibrational levels (v<17). This
results in low rates of relaxation of the CO molecule in collision with unexcited
particles.

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

Lasing was observed on 31 transitions of the P-branch. Another 270 transitions
have been detected on the P- and #-branches of the CO molecule [Ref. 24]. A common
pattern is that lasing on transitions with low values of J shows up earlier than

on transitions with high values of J.

Lasing with A= 4.7-5.7 um is observed over a wide range of mixture compositions,
initiating energies (from 0.5 to 4 kJ) and pressures (from 0.066.to 13.3 kPa) [Ref.
25]. The pressure corresponding to maximum power increases approximately as /Ef,
where E] is the initiation ener§y, and the maximum power first increases very rapidly,
and then in proportion to Ef-®7%.

The lasing process is unaffected by vibrational relaxation of CO molecules, and
the characteristics of this process are determined only by chemical reactions [Ref.
26]. Most important of these are the following:

0) CSs + hv (A < 220 nm) = CS +S;

) S-+0,%5040 (—27,1kI/mole);
9) 04 CS,™CS O (—96kJ/mole); 4.11)
3) 0 +CS™ CO* +S (—313 ki/mole);
4) S+ CS,5CS, -+ M.

According to data of Ref. 27, 28, k1= 2.10"'2 cm®/s, which is three orders of mag-
nitude greater than the value assumed in Ref. 25 (at T=300 K). 1In this case,

not only reaction 4), but also any trimolecular reaction of disappearance of active
particles (such as S0+ 0+ M~ SO, + M) cannot be compared in rate to bimolecular
reactions 1)-3) at low pressures of CS; (pgg, ~ 0.1 kPa) at which there is a drop

in lasing energy and power. Therefore, in order to analyze the observed contra-
diction between the decisive role of trimolecular chain termination and the low
calculated rate of such a reaction as compared with bimolecular reactions, special

78

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-008350R000400040049-0

FOR OFFICIAL USE ONLY

experiments were done. The working tube of a chemical laser, made of optical
quartz (with transmission to 200 nm), 50 cm long and 20 m in diameter, was closed
on both sides with calcium fluoride (or barium fluoride) windows. The cavity was
120 em long. 1initiation was by two series-connected xenon lamps (pxe=0.266 kPa).
The lamps and the tube were placed inside a cylindrical reflector of aluminum foil.
An investigation was made of the way that the energy E of stimulated emission de-
pends on the partial pressure of CS, with dilution by gases He, Ar, Xe. The in-
fluence of dilution at high CS; pressures is evidence in favor of the hypothesis

cf trimolecular nature of the chemical process that limits energy and power of
lasing.

The dependence of E and W on pressure of the components CO,, N,0, OCS is quali-
tatively the same as for dilution by inert gases. The effectiveness of CO; is
close to that of helium (kco-co, ® 107" cm®/s), and relaxation on N20 is more ef-
fective (kco-N,0 = 107'?® cm®/s). The strongest resonant exchange with vibrational
levels of CO (4<v<13) is shown by the OCS molecule (kcp-ocg= 10712 em®/s).

Thus the above-mentioned contradiction persists, and to eliminate it, the scheme
of the process must include new fast channels of active particle formation. For
example the reaction SO+ CS-+0CS+ S+ 125 kJ/mole has been suggested if its rate
constant is of the order of or greater than 107! cm3/s.

Photochemical Gas-Static Lasers With Pumping From Particles Excited During Chemical
Reactions. The chemical efficiency of lasers is increased by using pumping of
pnlyatomic working molecules such as CO, due to energy transfer from molecules

of the HX type (where X=F, Cl, Br and so on) that are excited in the process of

a chemical reaction. In this case, population inversion of the chemical reaction
products is not obligatory for attaining lasing; it is sufficient that *hese prod-
ucts be in the excited state. Besides, the use of polyatomic molecules .ith pump-
ing from chemical reaction products enables us to prolong the period of chemical
pumping of the working molecules, and to realize selective pumping of individual
levels, which is also conducive to an increase in efficiency.

In the first photochemical gas-static laser with energy transfer to molecules of
CO, and N;0, pumping was accomplished by excited molecules of DC1 (HC1) and HI.
The maximum value of E=96 mJ on a wavelength of A=10.6 pym was attained in a mix-
ture with partial pressures pgy, = 1.333 kPa, pyr=0.266 kPa, pgg, =2 kPa. On mole-
cules of N,0, Epax was only a third of the value obtained on mulecules of CO,.
When CO; molecules are pumped by molecules of DF (HF) excited in the process of

the reaction F,0+ D, (H;), a peak power of about 10 kW can be attained, and about
twice as much reaction energy can be extracted as is obtained on the DF molecules
themselves [Ref. 30, 31]. 1In the range of low partial pressures of CO, a change
toward an in-rease in this pressure leads to intensification of the process of
energy transfer from DF to CO; and to linear dependence of energy on pcg,. At
high CO; concentrations an increase in pressure leads to an increase in population
of the lower level (00°0), and consequently to a reduction in the energy of stimu-
lated emission.

_ The theoretical model of a photochemical laser based on energy transfer to CO; mole-
cules from excited DF molecules includes the following elementary processes:
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0) Fa - v oF,

1) F + D, * DF-D;

2) D -+ Fy > DF -+F;

3) F4-F M3 Fy - M;
4D 1D+ M™ Dy M;
5) D4 F+ M™DF M;

6) D 4 O+ M DO, +M;

7) DF (v) + CO; (vy, v, Ua)ﬂE'L DF (v — 1)4- (4.12)

+CO; (v1, vz, vg-f-1);
8) relaxation of asymmetric mode of COy;

9) relaxation of deformation mode of CO3

hM
10) DF (t) + M =3 DF (v—1) - M;
11) CO, (000 1) hv 4-CO, (1090);

12) CO, (000 1) 4 v CO, (1000) - 2hv .

Calculations based on such a model agree satisfactorily with the experimental data
of Ref. 32, 33.

’

The pulse energy E ., obtained in the experiments is equal to 2.5 J. This corre-
sponds to a value of ey=0.025 J/cm® determined from the total volume of active
medium equal to 100 cm’, and ny=2%. The introduction of He (up to pHe * 8 kPa)
increases ny by a factor of more than three (to 6.47%) .

The characteristics of a chemical quantum amplifier on DF/CO, with higher param-
eters have been studied with initiation by a light pulse with duration shorter

than the time of existence of inversion [Ref. 32, 34]. The working mixture of
D,/F»/CO,/He was prepared by the method of dynamic mixing. Chemically compatible
gases were mixed in the appropriate proportions at different total pressures in

two identical stainless steel mixers, after which they were passed through a common
pipeline into the working chamber. To slow down the dark reaction, oxygen was
added to the mixture at a pressure corresponding to 6% of the fluorine pressure.

The use of a powerful light source with duration much shorter than the time of
axistence of inversion enabled attainment of eyp,y=0.15 J/cm at amospheric pres-
sure on lines 4" (20) and P (22) for mixtures DZ/F27C02/He= 1/1/4/5, nx=7%. The
behavior of ey as a function of partial pressure of fluorine and the energy stored
in the light source accumulator bank showed no tendency toward saturation under
the experimental conditions.

In photochemical gas-static lasers based on energy transfer from molecules of DF

to CO,, one of the deficiencies that limit power increase and ey is the low rate
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of energy transfer from DF to CO,. 1In the TF/CO, system, energy transfer is nearly
an order of magnitude faster than in the DF/CO, system. However, a comparison

of processes on mixtures of T,/F,C0, and D,/F,/CO, has shown that the emission
energy of the TF/CO; laser at all CO, pressures is lower than the energy of chemical
lasers on DF/CO;.

- There is also a monotonic reduction of laser energy with increasing mixture storage
time, which can be attributed to an increase in the rate of relaxation of CO, mole-
cules on DF(TF) molecules that are formed in the mixture during preliminary storage.
The increase in spontaneous initiation of chains due to the radioactivity of tritium
does not permit an increase in its partial pressure above a few kPa, which limits
the attainment of a large ey. Besides, an increase in the rate of chain initiation
minimizes the time of preliminary storage of the working mixture.

The experiments of Ref. 35 yielded W=200 kW, E=5 J at a normal pressure of the
mixture D,/F,/C0,/He. The emission energy increases weakly with an increase in

p from 1.33 kPa to 0.1 MPa. Pulse duration changed from 1.2 ms at p=2 kPa to
100 ps at high pressure, which is caused by disruption of lasing due to thermal
heating of the mixture. At optimum pressure, the gain a=0.03 em™Y, Ex5 J. The
value of ny determined for the entire volume is equal to 3.2%, but is about 20%
with consideration of only the radiating part of the volume.

The particulars of energy transfer DF- CO, were analyzed in Ref. 36 on the basis
of experimental studies of the output parameters of a photochemical laser on CO;
mixtures of fluorides of chlorine with deuterium and fluorine with deuterium.

It was shown that the DF- CO, energy transfer was most efficient in a mixture of
F2/D2/CO>.

§4.2. Electric-Discharge Gas-Static Chemical Lasers

Most advantageous from the energy standpoint is initiation of the chemical reaction
directly by an electric discharge. However, uniform excitation of the working
volume by an electric discharge that is longitudinal with respect to the cavity

axis can be accomplished only at pressures p of the mixture that are no higher

than a few hundred Pa. At higher p, contraction of the discharge is observed that
increases the time of propagation of the discharge throughout the volume, and this
leads to cancellation of the inverse population of particles at foci of the chemical
reaction. An arrangement of excitation by a transverse electric discharge raises
the working pressure to several tens of kPa. However, even this arrangement has

the disadvantage of complexity of uniform excitation of the entire working volume.

Fig. 4.5 shows two typical power supplies for initiating devices of a gas-static
chemical laser with transverse electric discharge.

In the arrangement of the discharge circuit with needle electrodes 8, the capaci-
tance of discharge capacitor Cp is from 0.005 to 0.05 yF, and it is discharged
through working chamber 4 upon closure of spark discharger 2. 1In the supply circuit
with flat electrodes 6, 7 and preliminary ionization of the discharge gap by an
auxiliary discharge, the grounded electrode is an aluminum rod on which a copper
wire is wound. The optimum distance between electrodes is 3.8 cm. Homogeneous
discharge in the interelectrode gap is ensured by auxiliary discharge between
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Fig. 4.5. Typical circuits of discharge devices for electrochemical lasers with
needle electrodes (a) and with flat electrodes and preionization of the discharge
gap by an auxiliary discharge (b): l--damped pulse generator; 2--spark discharger;
3--resistors; 4--working chamber of the chemical laser; 5--insulator; 6--high-
voltage electrode; 7--grid electrode; 8--needle electrodes

high-voltage electrode 6 and grid electrode 7. Usually the capacitance of discharge
capacitor Cp=0.05 pF, and the capacitors in the trigger circuit Ct,, Cr, have
capacitances of the order of 0.005 yF.

Discharge homogeneity can also be ensured by preionization of the gas mixture with
ultraviolet radiation or a beam of fast electrons. For strongly negative molecules
of the fluorine type, the electroionization method of initiating a chemical reac-
tion may be ineffective because of the high probability of disappearance of electrons
as a result of sticking to molecules and reduction of electron mobility.

Radiation in hydrogen and deuterium halides under the effect of a pulsed electric
discharge was studied in Ref. 37, 38. HF and DF are formed in chemical reaction

of freons CFy, CBrFs, CClF3, CCl,F, with H,. Other halides are formed when gaseous
chlorine or bromine react with hydrogen or deuterium. Ten lines have been observed
in HCl emission between 3.7 and 4.0 um, and 24 lines of DCl between 5.2 and 5.6 um.
Transitions up to v=5 have been observed for DCl and DBr. Electrodischarge initi-
ation has been used for chemical reactions in hydrogen-oxygen and hydrogen-methane
mixtures, during which radiation has been generated with A= 28.27, 27.97 and

- 23.36 um.

Lasing has also been realized on transitions of fluorine atoms radiating in the
visible range [Ref. 39]. High gains have been realized on lines A=0.7037 and
0.7127 um, as evidenced by the presence of superradiation with misalignment of
mirrors. Lasing on these lines persisted even with strong scattering on the surface
of the mirrors.

Helium is used as still another component of the working mixture in processes of
this kind. Attempts to replace helium by other gases (Ar, N, Oz, Ha, CO,) have
been unsuccessful. This is due to the fact that the pumping mechanism is occasioned
by excitation of F upon dissoclative collisions between He and HF. On the other
hand, other dissociative collisions such as Ar-HF do not lead to arisal of lasing
since, despite the fact that metastable argon Ar(}S) has more than adequate energy
for dissociation of HF, its energy is nonetheless insufficient for simultaneous
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excitation of the electronic state of F. As a result of the process of formation
of H upon dissociation of HF, which is nearly a resonant process (its cross section
is 0=10"1%-10"*" cm?), and further deactivation, the lower levels are depleted.
This process determines the lifetime of the excited F atom, which is equal to
1077-10"% s at p~1 Pa.

In Ref. 40, an analysis was made of an electrodischarge gas-static chemical laser
based on a mixture of H,/Br, with addition of SFg. The reaction was initiated

by a pulse discharge of a capacitor (0.03 uF, 25 kV) in a gas mixture introduced
into the working chamber of the chemical laser, and after two pulses the gas was
discharged and replaced with new mixture. The SFg; was added to the H,/Br, mixture
with p= 4 kPa and the optimum ratio of molar concentrations H,/Br, =29/1. The
overall energy of lasing on moleculesof HBr (and HF) increases monotonically with
increasing SFg pressure up to p=5.33 kPa, and decreases at higher pressures. Se-
lectively vibrationally excited HBr particles (v=3, 4) are formed in the reaction

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

The use of an inductive accumulator in the power supply of the electrodischarge HF
chemical laser [Ref. 41] enables formation of a uniform longitudinal electric dis-
charge in cells of considerable volume at SFg/H, pressures of several kPa and gives
intense pulses of stimulated emission with duration of ~0.1 us. In this way a
maximum value of ey=6.2 mJ/cm was obtained from a volume of 290 cm at pressure
of 9 kPa of a mixture of SFg¢/H; =3/1.

In the reaction F+HI+HF+ I, 270 kJ/mole of energy is released, whereas for exci-
tation of the vibrational level of HF (v=6) only 242 kJ/mole is required. In

this connection, a comparison was made in Ref. 42 between the energy of stimulated
emission and the energies produced in the reactions H, + F; and F, +HI under similar
experimental conditions on a facility with transverse pulse discharge. It was
found that the energy of the stimulated emission is more than double when HI is
used as the source of hydrogen atoms.

The following substances have been studied [Ref. 43] as sources of hydrogen atoms:
CHy, C3sHg, SiH, GeH, AsH,. As sources of fluorine atoms: SFg, NF3, NoFy, IF,,
OF,, BrFs, ClF;, ClFs, XeFs. The mixtures were at room temperature, relative con-
centration cp/cy was varied from 0.5 to 5, and the pressure was varied over a range
of 1.33-8 kPa. Some of these mixtures were stable, and others exploded spontane-
ously. Inhibitors had to be introduced in the latter systems.

In Ref. 44, an investigation was made of the mechanism of excitation of HBr molecules
by initiation of a reaction in a mixture of H,/Br, with transverse discharge in a
working chamber 115 c¢m long and 4 cm in inside diameter. Voltage was applied to

the electrodes from 20 capacitors with capacitance of 20 pF charged to 20 kV. It

was found that for a mixture with py,= 13.3 kPa and pgr =4 kPa the energy of stimu-
lated emission increases sequentially on P-transitions 1-0, 2-1 and 3-2. Upon

a reduction of pgr, to 1.33 kPa (at the same pH,), this sequence is reversed.

The output characteristics of HF chemical lasers were examined in Ref. 45 over

a wide range of pressure and composition of the working mixture. The mixture was
stabilized by adding O, and He to F, with subsequent cooling to 84 K before mixing
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Fig. 4.6. Emission energy E as
a function of molar ratio Hy/F,
for mixture F,/H,/0,/He=1/x/
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Fig. 4.7. Influence of hydrogen
pressure on the total radiation
energy when different substances
are used: a--hydrogen; b--xylene;
c--toluene; d--ligroin; e--acetone;
f~-methanol
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Fig. 4.8. Energy distribution of stimulated emission at p=4.4 kPa on
individual lines: a--SFg/xylene=30/3; b--SF¢/toluene = 30/3; c——0--
SFg /CeHg = 30/3; ©--SFg/CH;0H= 30/3; O--SFg/(CH3),C0=30/3

with Ha. Epax=0.15 J was observed (Fig. 4.6) at a mixture pressure of 32 kPa and
partial ratios of components Fp/Hz/ 0, /He=1/0.23/0.08/12. The electrical ef-
ficeiency nel, defined as the ratio ot the energy of the stimulated emission to

the losses of electrical energy on initiation of the reaction, reached 140%.

The way that lasing is influenced by the compounds used as sources of hydrogen
CeHg, CgHsCH3, CgHy(CH3)2, CH30H, (CH3)2CO when the reaction is initiated by a

transverse electric discharge (21 kV, 30 pF) is characterized by the graphs of
Fig. 4.7, 4.8 [Ref. 46].
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§4.3. Gas-Static Chemical Lasers With Initiation of the Reaction by an Electron
Beam

Considerable attention is currently being given to the method of initiation of
gas-static chemical lasers by an electron beam. Initiation by electron beam has

a number of advantages over other methods of initiating a reaction in chemical
lasers: uniformity of pumping with respect to volume, high efficiency, capability
of large energy input in a short time, dimensionally large volumes of active medium
at fairly high working pressures. Besides there is the possibility of dissociation
of the molecules that are suppliers of the initial active atoms, whose spectra

lie in the far ultraviolet region inaccessible to operation with ordinary standard
light sources.

In Ref. 47 an investigation was made of the char- :“‘~£;:> 1
acteristics of a gas-static chemical laser initi- EE////
ated by electron beam as a function of pressure and

ratio of components IF; and H,. A diagram of the \\
experimental facility is shown in Fig. 4.9.

A monoenergetic pulsed electron beam with energy
Ee=12 J (500 keV) and duration Te=3 ns was in- 7
jected by an electron-beam tube with diameter of 9
4.5 cm. The output radiation of the laser on

A=2.7-3 um was registered by a Ge-Au detector

cooled to liquid nitrogen temperature. The energy

E of the stimulated emission was measured by a bal-

listic thermopile. 7_,—/—'E::]

The shape of the stimulated emission pulse depends Fig. 4.9. Diagram of experi-
on the change in pressure p of the mixture. The mental facility with elec-
experiments were done with a glass chamber having tron beam initiation of
inside diameter up to 2.5 cm, and with a chamber chemical reaction: 1--

that was a sphere 4 cm in diameter in the central mirrors; 2--electron-beam
part. It was found that losses of energy of the tube; 3--aluminum foil; 4--
electron beam dEe/dx are small in both cases, and detector; 5--thermopile;

the energy absorbed by a mass unit of gas was con- 6--active zone; 7--gas inlet
stant for p> 3.33 kPa. The maximum energy Epax of and outlet

the stimulated emission was reached at p= 20 kPa,

and a ratio of mixture components IF7/H, =6/1, which differs strongly from the
stoichiometric composition 2/7. This is evidence that less than 5% of the fluorine
atoms contributed to lasing.

A diagram of a gas—static chemical laser based on a mixture of SF3/F»/H, (Dy) with
pumping by an electron beam with maximum accelerating voltaga of 50 kV and Eg=900 J
- is shown in Fig. 4.10 [Ref. 48]. An electron beam from a cathode with dimensions
of 3.8x20.3 cm passed through an aluminum foil 1 mm thick into a working chamber
with variable dimensions of 3x4x20.3 and 10.2x 10.2x40.6 cm. The D, was obtained
by electrolysis of D;0. The total lasing power is directly proportional to the
pressure of H; and F,, as implied by theory. It was found that power is not directly
dependent on working volume. This is due mainly to the intensification of inhomo-
geneities in the working fluid as the volume increases. An electrical efficiency
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Fig. 4.10. Diagram of experimental setup of gas-static chemical laser on a mixture
of SF3/Fp/H, (Dy): l--cavity; 2--foil holder; 3--foil; 4--lasing zone; 5--grounding
grid; 6--cold cathode holder; 7--high-voltage insulator; 8~~low-inductance lead-in;
9--flip-flop; 10--vacuum chamber; 1ll--corona discharge ring; 12--thermionic cathode

of ng1= 6% was obtained. The kinetic model of lasing was refined on the basis

of the experimental data. Calculations by this model gave a specific energy output
an order of magnitude higher than the experimental value, which can be attributed
to parasitic waveforms in the vessel and low initial concentrations of F.

The effectiveness of electron-beam initiation of a gas-static chemical laser on

a mixture of H,/F,/He /0, at a relatively low level of the current density je of

the electron beam was studied in Ref. 49. To reduce the level of excitation, a
mixture with elevated partial pressure of fluorine was used. To increase the overall
pressure p to atmospheric level at relatively low partial pressure of H and ¥y,
helium was used as ballast. To prevent the reaction from taking place during mix-
ing, oxygen was added. Mixtures of H, /He and Fy/He/O; passed through rapid-action
valves into the mixer, from which the working mixture was slowly fed to the working
volume. The initiating electron beam with je=20 A/cm?, accelerating voltage of

140 kV, 1o =200 ns and cross section of 1x 25 cm, was injected through an aluminized
tantalum film 50.8 um thick fastened on a structure of stainless steel.

The efficiency of conversion of electrical energy to electron-beam energy was 60%.
A cavity 75 cm long with active volume of 100 cm was formed by a spherical copper
mirror with a sapphire plate reflecting 10% of the light in the lasing region of
A=2.7-3.1 ym. The energy E of stimulated emission at fixed concentrations of

cy, and co, = 0.04¢cF, increased with increasing cf, until cy, was 2-4 times as high
as CHZ .

At cp,=30% and cy, = 8% normalized to atmospheric pressure, evp,.= 0.051 J/cm®,
Nel = §75%. The quantity ny defined as the ratio of lasing energy to the chemical

- energy released in the active volume, assuming that all molecules of H, participate
in the reaction, liberating 130 kcal per mole of H,, was 0.75-2.8%., 1In chemical
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lasers based on a mixture of Hy/F;, the energy of the lasing pulse [Ref. 50] excecds
the value obtained in chemical lasers based on mixtures using SFg and C,Hg [Ref. 48].

For a mixture of Hy/F,, ey=0.13 J/cm®, ne1 and nx are equal to 180 and 11.4% re-
spectively. If we take jo= 80 A/cm?, these figures agree satisfactorily with cal-
culations according to a simplified model of kinetic processes in chemical lasers
based on a mixture of H,/F, with electron-beam initiation of the reaction.

The lasing energy E in a mixture of F,/0,/H, =1/0.3/0.25 increasesnearly linearly
with pressure pp,. Similarly, linear dependence is observed for the electron energy
lost in the working mixture. With an increase in pgp., the value of E and the
electron beam energy lost in the gas increase nonmonotonically, the addition of

SFg to a pressure of p=13.3 kPa increasing the energy contributed by electrons

to the gas by a factor of more than 1.8 over the value where SFg is absent.

For mixture F,/0,/SFg/Hy =3.6/1.4/1.0/1.0 with electron-beam initiation (Ee= 150 J,
Te=30 ns), the energy of stimulated emission attained in Ref. 51 was E=67 J with
duration of 100 ns, nel ® 45% and divergence of 5:1072 rad.

Initiation of the reaction by an electron beam of short duration under conditions
of atmospheric pressure of the mixture F,/H,/He/Ar=6/3/54/37 [Ref. 52] yields
ey=0.042 J/cm® at an energy contribution of 0.028 J/cm®. 1In this case, nx and
nel are equal to 6.3 and 150% respectively. A pulse enmergy of E=2.52 J was ob-
tained in a mixture of H, with 6% F, at an electric field strength of 11 kV/cm.

Increasing the pressure in the mixture to a few MPa enabled a considerable reduc-
tion in the volume of the chamber and an increase in the specific characteristics
of the gas-static chemical laser [Ref. 50].

A diagram of the experimental facility is shown in Fig.
4.11. The working chamber (anode) with length of

18.5 cm was part of a coaxial high-voltage field-
emission diode placed inside the acceleration tube.

To increase strength, it was made of separate sections
5 cm long that were destroyed at p= 11 MPa. The ampli-
tude of a current pulse with duration of 4+107% s was
5.7 kA, maximum electron energy was 2.9 MeV, Eeg =420 J.
The cavity was formed by a flat opaque mirror with
gold coating on a metallic surface and by a semi. _ans-
parent mirror--interference mirrors with transmission

Fig. 4.11. Diagram of 20, 40% in band A=2,5-3.5 um, and also plates of
of acceleration tube polished germanium and barium fluoride.

with coaxial diode:

l--electrode o. accel- For mixture SFg/H,=70/1, Epax=0.79 J is obtained
eration tube; 2--insu- at p=0.27 MPa, ey=21 mJ/cu’.

lator; 3--mirror; 4--

cylindrica’ cathode; The main barrier to increasing the characteristics
5--working chamber of of chemical lasers with initiation of the reaction
the chemical laser in a mixture of SFg/H, at pk 1 MPa is apparently the
(anode) ; 6--housing collisional deactivation of active molecules of HF(v)
of the acceleration by molecules of H, [Ref. 53]. The influence of col-
tube; 7--Rogowski loop; lisional deactivation can be attenuated somewhat by

8--semitransparent mirror reducing the duration of the initiating pulse [Ref. 50].
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This, as well as an increase in the pressure of the D,/F,/CO, /He mixture to several
hundred kPa and optimization of the composition of the mixture should appreciably
increase the specific power catput and quantum yield of stimulated emission in

the chemical laser of Ref. 54 with electron-beam initiation of the reaction. In
Ref. 55 on a mixture of Hy/F,/0,/He=30/75/6/250, ey=91 mJ/cm was attained at

an efficiency with respect- to invested energy nel = 936%, ny=4.7% and efficiency

of utilization of the electron beam of 250%. Electron-beam initiation of the pro-
cess in HCl chemical lasers (working mixture C1lF/Hp) has also yielded high param-
eters for lasers of this type: ey=5 mJ/cm , W=0.4 MW.

The parameters of chemical lasers can also be increased by using a combined arrange-
ment: master laser + amplifier [Ref. 56]. For example, a photochemical gas-static
laser based on mixture F,/H,/He/O, can be used as the master laser, and the ampli~
fier may be a tube with the same mixture components enclosed in a solenoid to confine
and deflect the initiating electron beam. The use of such a combination system

for high-energy chemical sources of coherent radiation can solve the problem of
radiation strength of the reflectors of optical cavities and avoid the necessity

of making large-scale optics, as well as reducing divergence of radiation.

§4.4. Excimer Gas-Static Chemical Lasers

One of the promising areas of research on new media for stimulated emission in
the visible and ultraviolet regions of the spectrum is in the use of excimers--
unstable molecules that are formed from radicals, one of which is in the excited
state. These include such molecules as the ' 1lides XeF, XeCl, XeBr, KrF, XeO,
KrO, Ar0 [Ref. 57]. The process of generatio: of emission in excimer chemical
lasers based on halides of inert gases involves population of the upper working
state during chemical reaction between the excited atoms of inert gases and mole-
cules that include halide atoms. The molecules formed in the reaction, mainly

in electronically excited state 2y, relax upon collision to lower vibrational levels,
and then make a transition to the ground state of the molecule. Rapid decay of
this molecule leads to inverse population.

Pumping in such chemical lasers is by: an intense electron beam, flashlamp, elec-
tr.~ discharge, and also a number of combined arrangements. Chemical lasers based
on excimers are compact, simple, can provide fairly high radiation power and ef-
ficiency of ~1-10% in the ultraviolet. For example, the peak power of chemical
lasers based on KrF with emission wavelength A= 0.2484 um is W=1.9-10° W at a
pulse energy of E= 108 J with n=~ 3%. Cl,, CH,Cl,, Fp, HBr, SFe and other molecules
are used as sources of donor halide atoms.

To improve the homogeneity of energy release, the ultraviolet pumping source used
in Ref. 58 was a special chamber filled with Ar at p= 1.3 MPa excited by a rela-
tivistic electron beam. Emission with energy of 1 J passed through a series of
MgF, windows into another working chamber filled with an active medium of Ar

(4.35 MPa) and N,0 (266.6 Pa. Within 0.25 us after the pumping pulse, absorption
of a probing radiation pulse was observed in the active medium with subsequent
signal amplification for a time coinciding with the lifetime of the excited level.
Lasing was on the 1So—1D2 transition of atomic oxygen. The form of the emission
spectrum corresponded to the ArO* molecule in excited state 2'r%, including the
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excited state of the 0 atom and the ground state of Ar. The concentration of excited
atoms O* is expressed by the formula

n O*) = 1y (O*) exp (—-— t/T') (Au 14)

with characteristic time of de-excitation of energy stored in the medium t'= 1073 s.
The intensity of luminescence increases linearly with increasing par. Due to re-
laxation on N,0, at py,0= 33 Pa the lifetime of the excited state T~ 2.6 us, which
is less than the calcuiated T~ 12 us, and remains at this level up to p~3 MPa.

With electron-beam pumping, high efficiency and output energy are attained on exci-
mers KrF and XeF [Ref. 59]. The radiation of these excimers is due to transition
from the bound upper state to the separational or weakly bound ground state, which
is formed from a combination of the atom of inert gas in state 13y and a halide
atom in states 2P3/2 and ZPI/Z.

The energy of lasing on excimers KrF, XeF when the electron beam is injected per-
pendicular to the axis of the tube (transverse pumping) had a maximum with the
addition of small amounts of Xe (4 kPa) or Kr (20 kPa) and halide donors (1.33 kPa)
to the Ar. The beam energy was transferred to the Ar, and was then redistributed
to the Kr or Xe as a result of collisions.

In the case of XeF chemical lasers the most important processes are the following
[Ref. 60]:

1) Ar4+-e— Ar*-Art J-¢;
2) Art -2 Ar— Ar; - Ar;
3) Ary+-e—Ar*+4-Ar;

_ 4) Ar*4-2 Ar— Ary+Ar;
5) Ar* 4 NFy— ArF* 4 NF,; (4.15)
6) Ar*4 Xe— Ar 4 Xe*;
7) Xe*+ Xe+ Ar— Xez -}-Ar;
8) Xe* 4 NF; — XeF* -|-NF,;
9) Xe F* -+ NF, (NF;)— Xe -} F 4 NF;(NF,);
10) XeF* —» Xe -+ F |-hv,

Here the energy of stimulated emission increases linearly with increasing pressure
up to 0.3-0.4 MPa. The reduction in output power can be attcributed to an increase
in the rate of de-excitation, for example as a result of collision of the excited
particles with argon, atomic fluorine, xenon, and also due to the formation of
Xe% as a result of the competing process [Ref. 61]

Xe* (Kr*) -+ Xe (Kr) -|- Ar — Xe; (Kr3) -[- Ar.
At n =37 we get maximum W= 1.1-10° W and E=5.6 J.

However, transverse pumping is inefficient since only a small part of the energy
of the electron beam is transmitted to the gas. Other beam injection configurations

89

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP382-00850R000400040049-0

FOR OFFICIAL USE ONLY

are used to increase the efficiency of energy input. For example in the case of
axial beam injection the pulse energy increases to 200 J, and peak power rises

to 5-10° W. This scheme of beam input to the working medium was the one used to
get the appreciable lasing powers and energies on KrF and ArF reported in Ref. 57.

The quantwn efficiency of a KrF chemical laser with electron-beam pumping when

Ar is used as the buffer gas depends on the energy expended for excitation of Ar
[E(Ar)], and is defined as ¢ = hv(KrF) /E(ar) » 24%, whereas the maximum attainable
efficiency with consideration of reactions Kr¥*+F, > KrF*+F, Krt+ F+M->KrF*+ M

is equal to 8%. In electric-discharge chemical lasers the maximum efficiency is
limited by the energy E* required to form metastable atoms of inert gas with minimum
energy. In the case of a KrF electric-discharge chemical laser, the quantum ef-
ficiency is associated with the Kr, and is equal to ¢= hv(XrF) /E*(Kr) = 50%. The
maximum attainable efficiency determined by the above-mentioned reactions is ~25%

or less.

An electron beam has been used with success for pumping chemical lasers based on
a mixture of Ar/I, [Ref. 62] on dimers of Xe%, Kr¥, Ar% [Ref. 63], on XeBr [Ref.64],
XeO and KrO [Ref. 65]. :

When an electron beam is used for pumping, the attainment of high radiation power
is limited by the strength of the thin foil layer used for beam injection that
separates the vacuum chamber of the electron gun from the chamber of the chemical
laser with high pressure of the working mixture, and also by the losses of beam
energy in this layer. Hea%ing of the foil also leads to limitation of the lasing
pulse recurrence rate.

The method of pumping by electric discharge has none of these disadvantages, and
in principle can be used to get high lasing power with a high recurrence rate with
comparatively simple power supplies. A pulsed electric discharge is effective

for pumping XeF chemical lasers since the lower electronic state in the XeF mole~
cule is weakly bound, and the lifetime of the upper electronic state is compara-
tively long—--50 ns.

In the range of relatively low pressures p= 27-53 kPa of a mixture of He/Xe/NF =
100/3/1, an investigation was made in Ref. 66 of the efficiency and intensity of
lasing pumped by a pulsed electric discharge. Here the XeF* molecules are formed
in the excited electronic state, and also in high vibrational states, and make

the transition to lower vibrational levels as a result of collisions with the buffer
gas (He, Ar). The research used an electric supply with discharge duration tp

of 10 ns and discharge space measuring 1%x0.33x 50 cm. The discharge voltage Up
ranged from 5 to 20 kV, and pressure p from 2.66 to 66.5 kPa. The pulse recurrence
rate was several hundred Hz. Lasing was not observed up to p=26.6 kPa. After
this, lasing rose continuously with increasing p. Maximum lasing energy E was
attained at p=53.3 kPa. A further increase in p led to coatraction of the dis-
charge and a reduction in E. The output energy in a pulse E=1 mJ at p=46.6 kPa,
and ey=0.07 mJ/cm®. In this case, nel=0.2%, and with respect to the energy in-
vested in the gas--1.2%. The emission 1ines were the same as for electron-beam
pumping (351 and 353 nm). Besides, a weak line was observed at A= 349 nm.

Wnax ~ 25 kW. Because of comparatively low pressure, the concentration of Xe¥
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was low, and therefore the role of three-particle recombination (Xe+, F, He) in
the formation of XeF* was negligible.

Use of the simplified kinetic model leads to the following expression for concen~-

xers =N [%[1 - ex"(——;_)] + [(T—Tr)lx
ool
sl -]

where N = (0v) nyxelknng,; T = (knyg)™'; T is the lifetime of XeF*; o is the excitation
cross section. :

(4.16)

N e — i

For specific conditions: He/Xe/NF3=100/3/1; p=46.6 kPa; Up=8 kV; je =100 Alcm?;
discharge duration t=10 ns; Eg=4 eV; at k= 10™° cm®/s we get 1=10 ns*t, which

is less than T=50 ns. As a consequence nxex=N= 10'* cm™3<<nxe= 3.6+107 cem™3.
Then from (4.16) at t/T<<1, t/t~ 1, n*=z Nt/t= 10'* cm™®, which corresponds to enmergy
E=hvn*V= 10™% J, and the gain is evaluated as ag =on*=z 102 cm™. This value
agrees with experimental data.

An XeCl electric-discharge chemical laser has been made [Ref. 67] using CF,Cl,,
C,F3Cl, CCly, BCl; as the donor with predominance of He in the mixture. Here the
excited halide molecules are formed in the chemical reaction of excited atoms of
the inert gas with the halide donors. When NF3 is used as the donor, a fine struc-
ture of XeF chemical laser emission is observed with A= 353.54, 353.05, 351.14,
350.97, 350.91 and 348.75 nm. For XeCl molecules, lasing was observed only at
high pressures (>0.12 MPa). The maximum pulse energy for XeF obtained in Ref. 67
is equal to 2 mJ with corresponding values of 1 mJ for XeCl and 0.5 mJ for KrF.
With operation on another composition of the mixture He/Kr/NF3 = 500/50/1, which

is optimum, and overall pressure of 93.3 kPa [Ref. 68], lasing was obtained on

\= 248.5 and 249.5 nm with E=0.8 mJ, T=25 ns, W=32 kW, ey=0.08 mJ/cn’. Almost
no reduction in power is observed at a pulse recurrence rate of €20 Hz.

Combined pumping arrangements offer extensive capabilities for making and studying
excimer chemical lasers. For example, Ref. 69 shows the feasibility of pumping

by a transverse discharge with preliminary photoionization of molecules of ArF,

KrF and XeF by an auxiliary spark discharge. The spark discharge was fed from

a separate source, enabling control of the preionization pulse delay and the delay
of the main discharge over a range of 0.1-25 us. The duration of the preionization
light pulse was 400 ns, and the duration of the current pulse of the main discharge
was 40 ns. The stored energy of the main discharge was about 10 J.

Disciarge took place in a mixture of He/F ,(NF3)/Xe(Kr, Ar) prepared ina stainless
steel fluorine-passivated mixing system. The working chamber of the chemical laser
was pre-evacuated to p=13.3 Pa, and then rinsed with helium and filled with mixture
to p=0.2 MPa.

91

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0

FOR OFFICIAL USE ONLY

Lasing on XeF molecules was observed on lines 351.1, 353.2 and 348.8 nm. An Epax
of 65 mJ was attained in a mixture of He/Xe/NF 3= 100/1/0.3 at p=0.2 MPa. The
cavity of the XeF chemical laser consisted of a totally reflecting mirror and a
mirror with transparency of 70%. In the case where KrF was used, a maximum energy
of 130 mJ was attained. For :n output mirror with transparency of 50%, the emis-
sion spectrum showed a maximum in the vicinity of A= 248.4 nm with width of about
0.3 nm. When a high-Q cavity was used, lasing was also observed on \=248.1 nm.
Substituting NFj3 for F, reduced the pulse energy by a factor of two or three.

Maximum lasing energy of 60 mJ was attained in ArF chemical lasers on A= 193.3 nm.
The shape of the spectrum is about the same as with electron-beam pumping, but
with a more precise structure.

The duration of the lasing pulses in all three of these types of chemical lasers
was 20-25 ns, and the pulse shape was similar. Maximum emission power was 2-4 MW.
It was found that the rate of reduction in lasing energy is very low compared with
the rate of preionization due to dissociative sticking of electrons to the fluorine
molecule, with a typical value of 10° s™!. This means that the negative ions

F~ act as an effective source of negative charges.

Excimer chemical lasers based on halides of inert gases are steadily being im-
proved: lasing is being achieved at higher pressures, in the quasi-cw mode,

in a closed-cycle system, with photodissociation of molecules, in a so-called double
discharge, with stabilization of a beam of fast electrons and so on. Ref. 70 gives
a systematic presentation of some characteristics of such chemical lasers with
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CHAPTER 5: SUBSONIC CHEMICAL LASERS
§5.1. Chemical Lasers With Circulation of Premixed Components

The gas-static chemical lasers described in chapter 4 include units for replacing

the depleted medium with fresh components. If the reagents and reaction products

are continuously replaced at the necessary rate, a quasi-steady or steady level

of stimulated emission can be achieved. Let us consider chemical lasers with sub-
sonic circulation, and the peculiarities of their operation.

In order to realize quasi-cw lasing, particularly in HF chemical lasers, the active
medium must be rapidly changed in the interval between pulses. Then the pulse
develops in the medium that does not contain HF, which reduces the relaxation rate
to an admissibly low level. With optimum selection of the parameters of chemical
lasers (geometry and circulationrate) pulse recurrence rates up to 100 pps can

be attained [Ref. 1]. Some papers [e. g. Ref. 2, 3] describe HF chemical lasers

of this kind but with a lower pulse recurrence rate.

Some reactions give vibrationally excited HF, for example the reaction between
atomic fluorine and molecular hydrogen. Atomic fluorine is fairly simply obtained
from SFg, which is a stable nontoxic gas. There are other possibilities as well:
CFy, freon, inorganic fluorine-containing compounds NF3 and NzFy. However, SFeg

is preferable for reasons of safety in handling.

A mixture of gas SFg with Hp is subjected to the action of a discharge that breaks

down the SF¢ mainly into SFy, and F, although free sulfur is also liberated. The
fluorine then reacts with Hj:

SF,-> SF, +2F, .

.1
F+H,—»HF(@v=2,1,0)4+H. .1

In this reaction, HF is initially formed in the state v=2 [Ref. 4, 5] and therefore
inversion takes place.

98

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP32-00850R000400040049-0

FOR OFFICTAL USE ONLY

Other reactions, such as those with the participation of H atoms, are distinguished
by very high activation energy, or require triple collisions, which makes them

too slow for the given process. The reaction products are small amounts of SF,

and HF mixed with large amounts of SFg and He added to increase the specific heat
and maintain a stable discharge. Conventional laboratory pumps are completely
capable of circulating the gases that take part in the reaction.

20 kv, 0.06 J

fz ¢4M

4J (W M
5F| /Hy
ZUUHH

900 nm

Fig. 5.1. Diagram of the simplest continuous-flow chemical laser: 1l--diffraction
grating; 2--evacuation; 3--receiver; 4--recording equipment; 5--electrodes; 6--
mirror

- The design of such a chemical laser is shown schematically in Fig. 5.1, where all
connections are standard vacuum units, avoiding the necessity of using glass-to-
metal seals. The dimensions indicated on Fig. 5.1 were found by optimization with
respect to stability, recurrence rate, spectral range and output power. In par-
ticular, the small diameter of the discharge capillary gives good reproducibility
of the discharge pulses. One of the mirrors of the cavity was replaced by a dif-
fraction grating to realize single-frequency operation. The main experiments were
done at a pulse energy of 0.06 J; increasing this energy to 0.2 J had no appreciable
effect on the characteristics of the chemical laser. The rise time of a 0.75 A
current pulse was about 0.1 us.

The initial measurements were made on the multifrequency variant. The output radi-
ation was recorded by a spectrometer that measured the average output power. The
spectrum usually included lines P, o(2) — Py1_o (17), Py Q) — P21 9) and P, , (4) —
P4, (6) (this transition was not as pronounced as the two preceding ones). Spectral
distribution did not change appreciably with variation of the composition and align-
ment bf the cavity as long as the mixture used was SFg¢/Hp/He. The average output
power under such conditions was about 20 mW.

In the investigation of the chemical laser in the selective version, i. e. with
the diffraction grating in place of the mirror, the total output power was lower.
A reduction in output power was observed on transition 1-0, which is probably due
to the absence of pumping from transition 2-1.

After a current pulse with delay of 0.15-2.0 us, 21 transition lines were observed.

Transition 0-1 has a delay of 0.4-0.5 us. Good repeatibility of the output radia-
tion pulses was observed. Their recurrence rate depends on the rate of renewal of
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of the gas in the discharge. At a circulation rate of 0.021 cm®/min, recurrence
rates were 100 pps for transition 2-1 and 40 pps for transition 0-1.

In addition to HF in the described variant, it was found that chemical lasers can
also operate on CO with the use of less toxic CS,/0, mixture. In this case, modi-
fications consisted in replacing the NaCl Brewster plates with sapphire, and the
Irtran window with a mirror with radius of curvature of 10 m, gold coating, and
a center hole of 1.5 mm. Besides, the oil in the pump was replaced with silicone
0il that is resistant to oxidation. Because of the danger of detonation of CS, /0D,
mixture, the experiments were done at low pressure. A total power of 3.5 mW was at-
tained, distributed among 65 lines of vibrational transitions from v= 13+12 to
=5-+4, The lasing pulses o. 0.5 ms duration had a 0.1-0.2 ms delay relative
to current, apparently as a result of slower reaction rates and relaxation of the
CO system.

The possibilities of experimental realization of both pulsed and cw lasers on CO

molecules produced in the excited state during varicus chemical reactions have
been demonstrated in a considerable number of papers [Ref. 6-i9].

{ ——Jﬂ ﬂ ) §

Fig. 5.2. Diagram of CO chemical laser with longitudinal circulation and longi-
tudinal discharge: l--working tube; 2--spherical mirrors of the cavity; 3--NaCl
Brewster window; 4--NaCl plane-parallel plate; 5, 6, 7 (5', 6', 7')--electrodes

to pump

Ref. 13 describes a CO chemical laser with longitudinal circulation and longitudinal
discharge. The construction of the laser is shown in Fig. 5. 2. The gas was in-
jected from the ends of tube 1 and evacuated at the center of thls tube by a pump
with capacity of 180 m Y/hr. The laser operated in modes with "internal" and "ex-
ternal" discharges. In the former case, a continuous discharge was struck between
electrodes 5 and 6 and between symmetric electrodes 5' and 6'. The laser operated
wither on a mixture of O, and CS, [see reaction (4.11)] or with additives of He

or CO. Lasing occurred on R-V transitions from vibrational levels of CO having

v from 13 to 7.

The experiments showed that adding He appreciably increases the power of this chemi-
cal laser-—from 0.8 to 2.3 W. In addition to possible facilitation of 0, disso-
ciation and prevention of recombination of oxygen atoms, the addition of He leads

to an increase in the rate of exchange of the mixture in the system. For example

it was noted in Ref. 13 that upon addition of He, there was an increase in the
pressure in the working tube and in the flowrate of the evacuating system. The CO
additives had little effect. There was only a slight increase in nower if this

gas was added without helium,
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In the case of external discharge, continuous discharge was realized in the tubes
for delivery of 0, and He. Here the O; and He were not excited by discharge be-
tween electrodes 5, 7 and 5', 7', and therefore there was a certain delay between
the instant of formation of atomic oxygen and the instant of mixing with CS;. The
maximum power of the chemical laser in this case (0.35 W) was reached at flowrates
of (in mole/s): O05--1.34, He--36.8, CS»--27.4, CO--0.9. The construction of such

LIS N, S
csz”ol cszﬂu,
/5

, :
n

Fig. 5.3. Diagram of chemical laser with longitudinal circulation and transverse
discharge: 1l--cathode; 2--anode with resistor network; 3--power supply; 4--capaci-
tor, 5--electric discharger; 6--flip~-flop

W0 a chemical laser with longitudinal circula-
091 tion but with transverse discharge is shown
° in Fig. 5.3 [Ref. 14], where a cylindrical
3“8' ° discharge tube analogous to those shown in
'2@7_ s Fig. 5.1 and 5.2 with longitudinal optical
3 :\Qb\\c cavity with inlet of the gas mixture and
RLUs /\\ evacuation is equipped with transverse dis-
3&5 charge electrodes. Reactions are initiated
. \ by discharge of a capacitor of 0.02 pF
! —04 charged to 20 kV through a resistor network
803~ . (each resistor is ~100 Q). This chemical
— +
= 2 laser operated both in the gas-static state
0,21 and with continuous circulation of the mix-
1 ture.
o N
0 y ;\\ 7 Fig. 5.4 shows data on the way that lasing

energy depends on the pressure of the mixture.
The energy of the lasing pulse is plotted

in relative units along the axis of ordinates,
divided by the CS, concentration. Maximum
pulse energy in the absence of a diluent
(curve 1) was reached at a pressure of

p, kPa

- Fig. 5.4. Pressure dependence of
lasing energy (C=0.2 yF, V=20 kv,
CSZ/02=2/25): l""CSz/Oz; 2—-

CS,/05 /Ny 3 3--CS,/0,/He
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.66 kPa. The ratio of concentrations CS;/0, was 2/25, which is the ratio where
the energy of lasing is the maximum. If He or Np is added to such a mixture be-
ginning at a pressure of 1.33 kPa, there is a considerable increase in the energy
of stimulated emission (curves 3 and 2 respectively). The maximum energy of stimu-
lated emission E equal to 26 mJ was attained in a mixture with helium at a pressure
of 4 kPa. The peak power was determined on the assumption that the lasing pulse

is triangular. A peak power of 1 kW was attained in a mixture with helium at pres-
sure of 4 kPa. Under these conditions the pulse duration is ~40 us and decreases
with increasing pressure.

The wavelengths of transitions with stimulated emission are situated in the band
from 4.7 to 5.7 pm. Spectral measurements were made with constant circulation

of the mixture of CS2/0,/Nz =2/25/50 at pressure of 4 kPa and pulse recurrence
rate of 2 Hz. Seventy-nine lines were recorded, identified as transitions of the
P-branch as vibrational numbers changed from v=13+v=12 to v=2+v= 1. A defi-
nite sequence was observed in line emission, which can be attributed to cascade
transitions.

There are two possible mechanisms of population inversion when the combustion of
the mixture is initiated by an electric spark. In the first it is assumed that
simultaneous dissociation of both oxygen and hydrogen disulfide is possible with
subsequent direct formation of excited CO molecules, i. e.

CS + O = CO* + S (—313 kJ/mole). (5.4)

If inversion is produced by a spark-initiated combustion chain reaction, an alter-
native possibility is the following system of reactions:

0 + CS, = CS + SO; (5.5)

CS + 0 = CO* -+ S (=313 ki/mole) ; o
CS + 0, = CO* -+ SO (=339 kJ/mole); o
S -+ 0, = SO+ O. (5.6)

When photodissociation is used for initiating reactions, it is not possible to
create the same initial concentration of oxygen atoms as in an electric discharge.
In an electric discharge, there may be fairly high concentrations of atoms of O
and CS radicals, so that the principal role is played by reaction (5.4), whereas
the major role is played by reaction (5.4a) in the case of photodissociation.

The outlook for chain reactions in chemical lasers is pointed out in Ref. 20, 21,
and a kinetic scheme of such reactions is given in Ref. 22. Lasing was first
achieved on components H and F, with initiation of a chain reaction by an electric
discharge in Ref. 23. Such a reaction was produced by both discharge and photo-
pulse in Ref. 24, and this reaction was then studied in Ref. 25-28. The character-
istics of HF chemical lasers excited by emission of a pulsed CO, laser were studied
in Ref. 29.
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Operation of chemical lasers on a branched chain reaction is possible with the

use of components ClF or C1F3; with Hz or CHy [Ref. 30]. Each of these fluoride
compounds yields an atom of fluorine upon photodissociation. The presence of a
chlorine atom creates additional advantages. Of even more importance is the fact
that there is a potential capability of amplification of emission based on a branch
chain reaction in the system with C1Fj.

However, these initial substances react at room temperature with H, and CHy, and
therefore premixing of the initial substances with subsequent photoinitiation under
ordinary conditions is impossible. This difficulty is eliminated in the continuous-
flow system in which the time of spontaneous development of a reaction after mixing
is minimized.

To reduce this time, the components are carefully purified of contaminants, and
HF in particular. The reagents are kept from contact with glass, the construction
utilizes stainless steel, copver or glass with conditioning at a ClFj; pressure

of 33.3 kPa for several hours. Because of the considerable chemical activity of
ClF and ClF3;, the reacting gases are admitted to the working tube through separate
inlets, and a continuous flow is maintained (about 100 umole/s).

Besides, both reacting gases of the mixture are precooled before mixing by passing
them through stainless steel cooling coils directly preceding the inlet to the tube.

As a result of the research in Ref. 30, lasing was achieved in HF in all systems;
however, induced emission on HCl was recorded only for mixtures C1lF/H, and ClF;/H,

Operation of quasicontinuous chemical lasers on premixed components H, F is possi-~
ble also with a rapid-action system of periodic gas admission. For example, in

Ref. 31 the initial mixture newly admitted to the resonator cavity was kept from
igniting upon contact with the already reacted gas volume by setting up a buffer
zone of unreacted gas between the reacted volume of gas and the fresh mixture.

This was accomplished by a feed system utilizing brief interruptions of the flow

of H, while F; and He were supplied continuously.

A diagram of such a system is shown in Fig. 5.5. It is based on bistable fluidic
controllers 1 without moving parts that operate at a speed of 1 ms on a jet flowing
from an interrupter in the form of a disk 2.

Gases H, and He enter rcgulators 1 through sonic nozzles 3. The components go

to mixing chamber 4, and thence into the vicinity of resonator 5. The interrupter
controls both regulators 1, and activation of the flashlamp for photoinitiation

of the reaction. Photomultiplier monitoring of the time dependence in the resonator
cavity showed reliable operation of such a supply system.

Another chemical laser with circulation of premixed components is one based on

a mixture of C$,/0: [Ref. 32]. In such a mixture the reagents are prematurely
depleted during the dark reaction, and therefore the chemical laser operates with
continuous circulation of the reagents. Fig. 5.6 shows a diagram of a facility

on which an investigation was made of the energy characteristics of radiation of

a CO chemical laser based on a CS,/0; mixture. Quartz working tube 1 (1l m long

and 12 mm in diameter) is fitted with CaF, windows oriented at the Brewster's angle.
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Fig. 5.5. Fast-acting system of gas admission: l--bistable fluidic controllers;
2--interrupter; 3--sonic nozzles; 4--mixing chamber; 5--outlet to cavity; 6—-H,
outlet

Pef
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O to pump
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Fig. 5.6. Diagram of facility for studying the energy characteristics of chemical
lasers: l--working tube; 2--photoinitiating lamp; 3--electric capacitor; 4~-net-
work of return lines; 5--mirrors; 6--component feed system; 7--measurement system
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Two IFP-20000 xenon flashlamps 2 connected in parallel (one is shown in the diagram)
with reduced xenon pressure (1.33-2.66 kPa) were supplied by capacitor 3 (15 uF,

- 25 kV, 4.7 kJ). To reduce the inductance of the electric circuit, the wiring was
done with busbars, and the flashlamps were placed in return-line network 4. This
increases the maximum power contributed to lamp 2. The optical cavity 2 m long
was formed by two mirrors 5, one with radius of curvature of 5 m having a dense
gold coating, while the other was flat and could be interchanged to vary the reflec-
tivity. Results were recorded by a photoresistor and radiation thermocouple [RTC]
in measurement system 7.

Lasing was observed on carbon disulfide with pure ozone only at low pressure. In-
creasing the pressure leads to explosion of the mixture in the tube and disruption
of lasing. Diluting the mixture with argon or helium increased the specific heat
of the mixture and slowed down the dark-reaction depletion of ozone. The addition
of a diluent with higher specific heat--sulfur hexafluoride--is conducive to

an appreciably higher output energy (Fig. 5.7), and stimulated emission was im-
proved by a further increase in SFg pressure. The addition of nitrous oxide in-
creases output energy by a factor of 1.5 (Fig. 5.8). On the other hand, adding
CO and 0OCS is detrimental to lasing [Ref. 32].

o 0 o)
o 4
b —
=] =]
3 5 sl
5wt o
= -
40 4}
1 - 1 1 |
2 3 4 & 1/ 2
(5531 /105 PN,0s KPa
Fig. 5.7. Influence that relative ex- Fig. 5.8. Energy of stimulated emis-
penditure of sulfur hexafluoride has sion as a function of N0 pressure
on the energy of stimulated emission (pressure [kPa]: C€S3--0.53; 03--0.93;
(pressure [kPal: CS;--0.8; 03--1.33; SF¢——4.66)

N,0--1.6; pumping energy 2 kJ)

The operation of the chemical laser was optimized with respect to the influence

of the initiation energy Ey . on output energy E. Fig. 5.9 shows two curves plotted
for two pressures of the worﬁing mixture. There is a pronounced maximum. The
optimum Initiation energy increases with falling pressure.

The investigated CS;/03; laser has a power output as high as the CO electroioni-
zation laser operating at room temperature, and is an order of magnitude better
with respect to efficiency normalized to the energy investment [Ref. 33]. The
use of this mixture in continuous CO chemical lasers eliminates the difficulties
associated with instability of the CS,/0j3 mixture. With the proper rate of circu-
lation of reagents, such a chemical las2r can provide output power from the cross
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Fig. 5.9. Dependence of energy of
stimulated emission on pumping
energy: mixture composition
CS2/03/N,0/SF¢ = 3/5/6/15

section of the flow of up to 45 W/cm?.

The efficiency of the system is determined
solely by the efficiency of the pumping
AN p =4 KkPa lamps, and may reach 1% {[Ref. 32].

E, rel. units

§5.2. Chemical Lasers With Subsonic Mixing
of Components

| chemical laser is one in which quantum-

17 2 3 mechanical excitation and stimulation of
emission are the result of chemical reac-
tions alone, without any external sources
of energy, i.e. even without preliminary
external initiation of the reaction. 1In such a laser, the process is so rapid

that it competes successfully with relaxation that quenches molecules excited in
the course of the reaction. Formation of these molecules is possible in exchange
reactions of atoms or radicals with molecules. However, the production of reagents
in the atomic state in the process of a single act requires additional expenditures
of energy, and consequently is energetically disadvantageous. Therefore reactions
with a long chain of the H, 4 F, type are used, and atoms or radicals are used as

a seed component.

30 - ) Purely Chemical Subsonic Lasers. A purely
1 Q

Elpaxe kJ

A purely chemical cw laser was first produced in Ref. 34, 35 with quasiresonant
transfer of vibrational energy from the excited molecules formed in the reaction

to the cold working molecules [Ref. 36], and without external sources of excitation
[Ref. 37]. The quantum-mechanical effect of stimulated emission is obtained for
example in a chain reaction of deuterium and fluorine with transfer of vibrational
quanta from excited molecules of deuterium fluoride to molecules of CO: [Ref. 381,
the scheme of which for the case of photoinitiation of the reaction was considered
in §4.1. This reaction has the advantage of realization of a long optical chain.
The seed component is NO. The sequence of reactions in such a chain as the rea-
gents are introduced for mixing into the subsonic stream is shown in Fig. 5.10.

The specific mechanism of setting up inversion is determined in large measure by
the exchange of vibrational energy between molecules, and subsequent redistribution
of energy by vibrational levels. Tor example, the vibrational excitation of HF
molecules formed in the reaction

F - Hy— HF (v =n) + H, (5.7)
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NO(NO/C05)

Hy(D,)
E =
&Y
Fx
B
< Apx
6’,04-* H

2.7 ym—-HF
3.8 ym--DF

10.6 um~-DF + CO,, HF+CO,

Fig. 5.10. Diagram of reagent input in a purely chemical laser
with transverse circulation

where n=1, 2 or 3, is very rapidly redistributed over many levels by near-resonant
processes of exchange of a vibrational quantum:

HF (v = n) -+ 1IF (v = m) — HF (v =n—1) 4 HF (v = m - 1). (5.8)

The relative rate of processes (5.7) and (5.8) determines the possibility of lasing
onset on HF molecules in the region of 2.7 um as a result of total or partial in-
version. And this is what determines the characteristics of chemical lasers: the
V-R lasing spectrum, emission power, gain and optical efficiency. Besides, the
vibrational excitation received by HF molecules as a result of reaction (5.7) may
lead to total inversion of CO, and to onset of lasing on 10.6 um as a result of
the processes

HF (v = 1) 4 CO, (000 0)->HF (v == n—1) 4-CO, (100 1)

CO, (107 1) -- CO, (000 0) — CO, (100 0) -}- CO, (000 1). (5.9

When deuterium is used, the main reactions are [Ref. 39]:

F, - NO—~ONF 4 F (-75,2 kJ/mole); (5.10)
F -+ NO — ONF (238 kJ/mole) ; (5.11)
F-+ D,—»DF (v = n) + D (—129,6kJ/mole) ; (5.12)
D 4 F,—~ DF (v = n) -+ F (—414 kJ/mole); (5.13)
D -{- ONF - DF (v = n) -+ NO (—326 kJ/mole); - (5.14)

DFw=n)-+DF(v=m) >DF (v=1n—1)-+
+ DF (v =m -+ 1); (5.15)
- DF(v=n +M2DFv=n—1)+M (5.16)

DF (v = n) 4 CO, (00°0) 2> DF (v = n — 1) -+
-} CO, (000 1);! (5.17)
CO, (00°1) + M > CO, (nm! 0)4- M; (5.18)
CO, (10°) -I- CO, (00° 0) > 2CO, (01'0); (5.19)
CO, (01' 0) 4 M > CO, (00°0) -+ M, (5.20)
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where M= DF, NO, He, F,, D, ONF, CO,, F or D. When deuterium is replaced by hydro-
gen, equation (5.9) must be substituted for (5.17).

To illustrate how energy is transferred from vibrationally excited HC1, HF, DF,
HI or HBr to CO, (00°1), Fig. 5.11 shows a diagram of the vibrational levels of

Vi-g
C0, V21 ’
- 9 ! Vi~z
L 242 cn Voo
ey Y .
%"“E“__“‘ — 12 HF
02°1 e ( P F
o 3
1 1
g 558em > 2
3} >
‘o . 00°1 \:{ - DF (HCD
o | e fAl P
~ 2F T, =~ 10000 K
L0 1 4
.; KTy T= 500K
I Te= 400K
complete vibrational-resonance defects
1+ DF = 558¢cn”’
HCt= 537 cn”’
Vi~g § HBr=210cH”'
X HL =-119 cn”!
0
] £, 0%

Fig. 5.11. Diagram of vibrational levels of molecules of
CO, and hydrogen halides

these molecules. The left part of the diagram shows the levels (00°0), (00°1),
(10°1) and (02°1) of CO,. The right-hand part shows the energies corresponding

to V-R tran-itions of DF (very close to HCl) and HF in bands 1+0, 2+1, 3+>2 and
4+ 3. For tuc assumed values of vibrational and rotational temperatures, Fig. 5.11
shows the qualitative relative distribution of molecules with respect to V-R states

as a function of the defects of resonances, whose values are indicated for the
band 1-0.

Fig. 5.12. Diagram of subsonic chemical
laser with reagent mixing and energy

e —
transfer: 1--F, and He injectors; 2-- ! 209 £
CO, and NO injectors; 3--D; or H, in- 4]3] l l I/" .[]ﬂ
jectors; 4--NaCl Brewster windows; 5-- < - URUS
spherical mirror (radius of curvature 5 4 gd=’
10 m); 6, 7--flat mirrors; 8--semi- ’ - §
transparent spherical mirror (radius sl Hom “5?’”
of curvature 10 m); 9--section for blow- q- 4
ing nitrogen over the mirrors; 10-- l 1 1 Jﬂ

output emission of chemical laser; 1l1--
flow channel
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Fig. 5.12 shows a diagram of a chemical laser that works on reactions (5.10)-(5.20)
under transverse flow conditions [Ref. 38].

The operation of this laser is as follows. Premixed F, with He and NO with CO;

are admitted to the upper part of flow channel 11 with cross section of Ix 15 cm
through two sets of gas-mixing injector tubes 1 and 2. The gases enter the tubes
through lines fastened in the upper part of channel 11. The gases are mixed rapidly
(within about 50 ps), and then the necessary concentration of fluorine atoms is

set up ia the reactions (5.10) and (5.11). Deuterium or hydrogen is injected into
the flow through tubes 3 that are analogous to the tubes in the first two rows

of injectors, except for the fact that the gas from tubes 3 exits at a right angle
to the flow through staggered orifices.

- A five-pass optical cavity with axis directed across the flow ensures selection
and extraction of energy from a region situated at a distance of from 0.5 to 6 cm
from injectors 3. To eliminate the possibility of parasitic lasing directly on
flat mirrors 6, 7, these mirrors are slightly misaligned. Streams of dry nitrogen
are directed along the side walls of channel 11 to prevent the mirrors from coming
- into contact with the chemically active components of the flow. The NaCl Brewster
windows are installed to enable use of external spherical mirrors. All mirrors
are water-cooled. The opaque mirrors that are not intended for transmitting radia-
tion are covered with metal-dielectric coatings with reflectivity of 99.4%Z. The
output mirrors are made on a Ge substrate 3 mm thick with dielectric coating, and
have reflectivity from 10 to 50%. The optical path between mirrors with radius
of curvature of 10 m is 1.8 m.

The specific construction of the described chemical laser design requires a study

of the mutual relations between all parameters, and optimization of these relationms.
For example, selection of the evacuation system involves the optimum pressure in

the cavity, chemical efficiency is related to the specific consumption of reagents,
the dimensions of the chemical laser are related to optimization of the structure
and composition of the working gas mixture. It is desirable to maximize the pressure
in the cavity, as this simplifies the construction of the evacuating system. In-
creasing the chemical efficiency involves a reduction in the expenditure of reagents
per unit of emission power. Optimizing the composition and flowrate of the mixture
to maximize power leads to the possibility of reducing the dimensions of the cavity
and of the entire chemical laser.

14

]

Fig. 5.13. Relative output power of
subsonic chemical laser with energy
transfer (DF-C02) as a function of
static pressure in the cavity pg at
different flowrate concentrations of
NO, mole/s: ©--0.011; 2--0.007; +-~
0.002. Enveloping curve--change in
lasing power with change of pressure
in the cavity at the optimum NO con-
centration

units

rel.

W,
<
=

=
~

ps, kPa
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Fig. 5.13 shows the typical dependence of output emission power W on the pressure
of the mixture in the cavity pg [Ref. 40]. Here the change in output power with
change in total pressure of the mixture in the cavity depends on the molar concen-
tration of radicals NO introduced into the mixture. It can be seen that the opti-
mum total pressure of reagents in the cavity that corresponds to maximum lasing
power depends on the NO concentration. Increasing the pressure of the mixture
leads to a reduction in molar concentration of NO in inverse proportion to pg.
Fig. 5.13 also shows that there is an optimum pressure of the mixture (2.26 kPa)
and an optimum flowrate of NO (7 mole/s) that maximize the output power of stimu-
lated emission.

The nature of the distribution of the relative population ny/n of the upper level

of CO, (00°1) in the vicinity of the cavity x. and beyond this region in the x-
direction downstream beginning with the H, (D2) injector is shown in Fig. 5.14.

0 100 200 300 400 t, us
T T T

nn

- B DR
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| T

[ 9 12 15 18 X cH

Fig. 5.14. Distribution along the x-axis of the relative
population of the upper level of €0,(00°1) ny/n

Increasing the flowrate of NO accelerated the chain reaction, intensified 4.3 um
radiation and reduced xp—-the distance to the peak of the relative population, and
accordingly the maximum emission intensity.

By way of example, let us cite some data on lasing powers W and chemical efficien-
cies nx of purely chemical subsonic lasers with transverse circulation (Table 5.1).

Systems of purely chemical subsonic lasers have TABLE 3.1

also been developed with longitudinal pumping Values of W and ny according to

[Ref. 42, 43]. A diagram of such a chemical various references

laser is shown in Fig. 5.15 [Ref. 43]. Reac-

tions (5.12), (5.13) and (5.17) were carried Parameter ___Bfiﬁrennav__

out in Teflon tube 1. The length of the tube o | e | wun

was 150 mm, and inside diameter was 8 mm. Re- W, watts 560 160 19

action (5.10) took place in a flow of He/F,/NO

in copper connecting tube 2 on a section 35 cm nx. % l 4 4.6 42
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He —>= «—C0,

’ , ' f . to pump
Fy NO D,

Fig. 5.15. Purely chemical laser with longitudinal circulation: l--working reac-—
tor tube; 2--inlet of He/F,/NO mixture; 3--end face of the reactor; 4--inlet of
C0, /D0, mixture; 5--mirrors; 6--branch for evacuation of gas

long, and the resultant gas mixture was fed to the end face of the reactor 3. Con-
necting tube 4 was used for inlet of gas mixture CO,/D,. This mixture was injected
into the reaction space through a number of orifices around the perimeter close

to the end face 3 of Teflon tube l. A semiconfocal cavity was formed by gold-
coated mirror 5. The stimulated emission was coupled out on the side of the flat
mirror through an orifice 1 mm in diameter. The pressure at the inlet to the reac-
tion space under the conditions of the experiment was 2-2.66 kPa. To ensure ade-
quate velocity of the gas stream through reaction tube 1, it was connected to the
ballast tank through larger-diameter tube 6. This provided an average flow velocity
of ~200 m/s.

The flowrates of working components of the mixture that are optimum with respect
to radiation power were experimentally determined in Ref. 43 [mmole/s]: NO--0.04;
F, ~0.451 D,--0.37; CO --1.65; He--5.07. Fig. 5.16 shows how the power of a cw
chemical laser with longitudinal circulation depends on gas flowiates. Since the

Fig. 5.16. Power of cw chemical laser as a function
of gas flowrate for reagents:
a-—of reaction (5.12), (5.13); b--of reaction (5.11), (5.17, (5.18)
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output power of purely chemical cw lasers is appreciably dependent on the rate
of mixing of initial reagents, the conditions of reagent mixing in Ref. 43 were
altered by reducing the diameter of the injection orifices. For example at an
orifice diameter of d=1 mm the pressure differential between the injected fluid
and the reaction space was Ap=1.33-2 kPa, while at d=0.35 mm and retention of
the same gas flowrate, Ap~0.1 MPa. A reduction in the diameter of the orifices
increased the velocities of the injected jets, i. e. it improved the conditions
of mixing of the components. An imporvement in mixing conditions at d=0.35 mm
led to an increase in the power of cw emission by approximately a factor of four
to 2.1 W.

Electric-Discharge Subsonic Chemical Lasers. Amplification of radiation in the
continuous mode due to chemical reactions excited by an electric discharge was

first achieved in reactions of exchange type [Ref. 44]. The reaction took place

in a stream of a mixture of H; and halide, vibrationally excited molecules of hydro-
gen halides being generated under conditions of low pressures of 1.33-0.13 Pa:

H -+ Cl, — HCI* - CI; (5.21)
H+-Br,— HBr* <+ Br; (5.22)
Cl4-HI—-HCI*+1. (5.23)

At higher pressures--from 0.66 to 2 kPa--a chemical laser operated [Ref. 45, 46]

in which atoms of F were produced in an electric discharge in a gas mixture of

He, O, and SFg. Then the SFg was mixed with hydrogen that fed into the flow region
upstream along the axis of the transverse optical cavity.

? ™ 0-300MA .
M -
\[[j 1

N, N\t pump

Hy

—

0-300mA
. 0-20 kV .
? U
Fig. 5.17. Diagram of subsonic cw electric-discharge HF chemical laser with trans-
verse circulation and mixing of reagents: 1--Pyrex discharge tubes; 2--ballast
resistors for discharge stabilization; 3--discharge power supply; 4--injection

tube; S5--opaque mirror; 6--gas flow; 7--mirror with hole for coupling out the
radiation

Fluorine atoms have also been produced in a dc discharge in a mixture of N, He
and SFg [Ref. 47}, after which these atoms were reacted in the same way with Hy
or Dj.
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The facility described in Ref. 47 is diagrammed in Fig. 4.17. A characteristic
feature of this installation is that the location of the injection tube can be
changed. Gas mixing, chemical reactions and lasing take place in a flow with cross
section of 30x 1.25 cm. The optical cavity is formed by mirrors with radius of
curvature of 2 m separated by a distance of 45 cm. Emission is coupled out of

the cavity through a hole with diameter of 5 mm in one of the mirrors.

The typical gas flowrate [mmole/s]: H,--3, N,;—-20, He--10, the flowrate of SFg
varied from 3 to 20. Increasing the amount of SFg in the mixture led to an in-
crease in the impedance of the discharge, and consequently in the power consumption.
Adding N, to the mixture also increased power consumption since there was a rise

in the voltage drop across the discharge. Helium was added to the mixture to stabi-
lize the discharge and reduce the gas temperature.

- 90x 90x
et ) S——
120V B 0-176 kv
0,014 60 H 600MA
{
] 3 —L
1 N,
to pump
N
2 8
N
R=4m I .
1 @ 38MM
7 5
€52/l 135t KRN
- |

Fig. 5.18. Diagram of electric-discharge chemical laser with longitudinal mixing
of reagents: l--discharge tubes with inlet of N;; 2--injectors with inlet of

CS, /0, mixture; 3--electric supply for the discharge; 4--radiation detector; 5--
flat mirror; 6--gas outlet with evacuation rate of 5 m®/min; 7--spherical mirror;
: 8--working reactor tube

- At an evacuation rate of 0.236 m/s, the pressure in the flow in the intermixing
region was about 0.7 kPa, and the velocity of the flow was about 4-10% cm/s (ac-

- cording to estimates, the speed of sound in the mixture is 7-10% cm/s). Under
these conditions, adequate efficiency of operation of the chemical laser was
reached only when the tube through which H was injected was located in the vicinity
of 2+0.5 cm upstream from the cavity axis. From this we can estimate the lifetime
of the excited gas mixture at about 3.6 us -- the upper limit of the lifetime of
excited HF molecules associated with the specific conditions in the given facility.
The HF makes up a small fraction of the total number of particles, and the tempera-
ture of the mixture is approximately 150°C. A relatively short time for the mixture
to stay in the optical cavity is useful, since HF molecules that are in the ground
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——
02/H8/N2

—| 0-25kV

e ®—— 0-200mA] “

Fig. 5.19. Subsonic electric~-discharge chemical laser with transverse flow: 1--

discharge section; 2--anode; 3--mixer; 4--adapters; 5--working channel; 6--injec~

tors with CS, inputs; 7--cathode; 8--resonators; 9-~branch pipe for gas outlet;
10--ballast resistor; ll--discharge supply source

state are carried off with the flow out of the cavity, and consequently there is
the possibility of achieving lasing on transition (1-0), in contrast to systems
in which the gas flow is directed parallel to the axis of the cavity.

The power of stimulated emission of this kind of HF chemical laser depended on

the electric power of the supply. The maximum power of 5.5 W with lasing on HF
corresponds to intensity of stimulated emission of 700 W/ cm for beam diameter

of about 1 mm. DF lasing power is about half this level under analogous condi-
tions. The ratio of the energy of stimulated emission to the electrical energy
expended on initiating the reaction (called the electrical efficiency of electric-
discharge chemical lasers) was about 0.1%.

By using separate discharge tubes and longitudinal circulation of the reagents,

a chemical laser has been made that is based on CS;/0; and nitrogen [Ref. 9, 48]
(Fig. 5.18). When N is dissociated in the electric discharge in tubes 1, atoms
of N are formed which are then mixed with CS;/0, in the Teflon injectors 2 inside
the optical cavity longitudinal to the flow that is formed by flat mirror 5 and
spherical mirror 7. The radiation is coupled out to InSb detector 4 through an
aperture in the flat mirror.

Here there are two possible paths of initiation of the reaction. One is by disso-
ciation of N,, and the other is by dissociation of 0, in the case where discharge
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tube 1 is filled with a mixture of O, and He. It was found in Ref. 48 that increas-
ing the flowrate of 0, or N, raises the output power of the chemical laser. The
reactions that take place in such a laser are similar to those in the CO photochemi-
cal laser described in Ref. 7.

A subsonic electric-discharge chemical laser with transverse flow operates on an
analogous mixture [Ref. 49]. Fig. 5.19 shows a schematic (a) and the outside view
(b) of this laser. The discharge section is made of Pyrex tube 1, at the inlet

of which is copper disk anode 2 with central orifice for passing a mixture of gases
0,, He, N, coming from mixer 3. From discharge section 1 (90 cm long, 2.5 cm in
diameter) the gas stream passes through adapter 4 into the section of rectangular
working channel 5 (50.8x 30.5x 1.3 cm) with adjustable positioning of injectors

6 for introducing CS;. The reaction-initiating discharge takes place between anode
2 and cathode 7. Adapters 4 and channel 5, made of copper and stainless steel
respectively, are water—cooled. Transverse resonators 8 are installed on channel
5. The gas is evacuated through outlet 9. Ballast resistor 10 is used to stabi-
lize the discharge.

A power of 4.5 W was achieved in such a chemical laser with flowrates of 7.7, 33.4
and 2.4 g/m for He, 0, and CS, respectively at a total pressure of 0.72 kPa, dis-
charge power of 800 W, and distance between the CS; injector and the optical axis
of the resonator of 1.5 cm. The electrical efficiency was 0.56%, and the chemical
efficiency was 2.7%. Fig. 5.20 shows curves for the output power Wout as a func-
tion of the invested power Winy and partial pressures pj of 0, and He (the unstable
discharge region is shaded).

6F 5 5
5l i 7
4 He
= 4} = +
- LI
g3t 3
] o7}
= 2l =
'._
1..
b
1 1 —t
0 0 02 04 46
Pi, kPa

Fig. 5.20. Output power of chemical laser as a function of
invested energy (a) and partial pressures of 0, and He (b)

The described chemical laser [Ref. 49] operates with greater efficiency than simi-
lar lasers described in Ref. 8 and 11. This can apparently be attributed to the
capability for optimizing the position of the CS; injector in the resonator cavity.
Another factor is in the effect of reduced rotational temperature of CO.

Similar in design to the chemical laser depicted in Fig. 5.19 is the miniature
cw HF (DF) subsonic electric-discharge chemical laser shown in Fig. 5.21. The
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Fig. 5.21. Channel of a miniature subsonic electric-discharge chemical laser (a)
and pressure distribution pgy at different powers W of stimulated emission (b)

parameters of this laser were studied in Ref. 50 as a function of the mass flowrate
m of components of the working mixture SFg/Hy (D;)/He/O,. The small overall size
of the chemical laser is due to the comparatively small dimensions of the channel

- (20x 10x 3 cm). BaF, Brewster windows are installed in the side walls of the chan-
nel so that the optical axis passes 1 mm downstream from the orifices of the Hj
injector. The cavity was formed by mirrors placed 40 cm apart: a flat mirror
and an interchangeable spherical mirror with radius that could be varied from 1
to 10 m. Some results of investigation of such a miniature chemical laser are
shown in Fig. 5.21 and 5.22.

An electrodeless discharge is also used to get active atoms that initiate a reac-
tion. An advantage of such a discharge over a conductive discharge for initiating
a reaction in chemical lasers is the fact that it enables production of fluorine
atoms in the large volumes of plasma microwave oscillators with more uniform dis-
tribution of these atoms in the discharge space. Radic-frequency emission [Ref.
51] or microwave radiation [Ref. 52] is used for dissociation of SFg or F, in
chemical lasers.

Fig. 5.23 shows diagrams of a quasi-cw chemical laser with microwave initiation

of the reaction and the working chamber of this laser. The working chamber 1 shown
in Fig. 5.23b is made of a one-piece aluminum block. In this chamber the main
channel for flow of the active medium (indicated by the arrows) has dimensions

of: height 6.4 mm, width 5 cm, length 7.5 cm. Perpendicular to this channel is
an optical channel with the same cross section enabling adjustment of the resonator
axils along the flow of active medium, this axis being perpendicular to the flow.
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Fig. 5.22. Working

characteristics of T N
miniature chemical 1y /'A X
laser: 1% \
a—16.4 kV, 350 mA, W R
m: He--0.0405, Dp--— /
0.044, 0,--0.150 g/s;
pg= 3.2 kPa; --~-15.6 / 15,6kV;350n; p- 3,14 kPa
kV, 350 mA, m: He--
0.054, H;--0.03; 0,-- a b
. = 1 1 1 1. i )|
0.18 g/s; pg=3.14 kPa 00,2 TR ’;'sr,,g/s 0 ; e N
b--m: ---- He--0.054, 08 z’b {
0,--0.18, SF¢—-0.87 g/s; ! we 2
Hp~-0.03, 0,--0.18, SF--0.87 g/s; —+—+- 0 T

He--0.54, Hy--0.03, SF¢--0.87 g/s ! '/177
it Dy--0.044, 0,--0.15, SFg—0.98 g/s; oal|
-+-+~ He--0.0405, D,--0.044, SFs--0.98 g/s; | 164KV3350ma; p-3,2 KP2
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Fig. 5.23. Diagrams of quasi~cw chemical laser with microwave initiation of reac-
tion (a) and the working chamber of this laser (b): Il--working chamber; 2--quartz
plasma tube; 3--air-cooling inlet; 4--microwave plasma generator; 5--microwave
radiation shield; 6--gate; 7--optical bench; 8--mirrors; 9--Brewster windows
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Placed above and below the inlet to the main channel are Hz injectors with a number
of orifices 0.1 mm in diameter. The two rows of transverse H, jets meet the F
atoms contained in the main gas stream of reagents.

The inlet of the working chamber of the chemical laser is connected through a tran~
sitional section to quartz plasma tube 2 with inside diameter of 13 mm. In this
tube, helium-diluted SF¢ is dissociated in the field of a source of microwave radia-
tion [Ref. 53] with power of 1.2 or 2.5 kW at a frequency of 2.45 GHz. The energy
of the microwave emission was injected in pulses with frequency of 120 Hz. For
optimum transfer of the energy of microwave emission inside the plasma tube, and

to attain uniform electrodeless discharge therein, this tube and the source of
microwave emission were placed side by side at some adjustable angle 6.

The cavity was formed by two mirrors: one with radius of curvature of 10 m was
gold~coated, and the other with radius of curvature of 4 m was made of germanium
with dielectric coating having a transmission factor of 4% in the wavelength region
from 1.9 to 3.3 um. The distance between the mirrors was 43 cm. The Brewster's
windows were shielded by helium jets from the diffusion of HF molecules out of

the main flow of active medium. Without this protection, the emission power of

the chemical laser was cut approximately in half due to absorption of radiation

by HF molecules in the ground state. Upon attainment of stimulated emission, the
flowrates of the gas components were adjusted to optimize emission power W. The
optimum proportion of flowrates: helium flow for shielding the windows--6 mmole/s;
main helium flow--21 mmole/s; SFg—-0.4 mmole/s; Hp—-4 mmole/s. Total pressure

in the working chamber--133 Pa.

The design of the given chemical laser enables optimization of not only the flow-
rate of components in the stream, but also the angle 8, the distance X of the
optical axis from the H, injector, the angle of turn ¢ of this axis relative to
the axis of the flow. Graphs of such relations are shown in Fig. 5.24, 5.25.

W, rel. u. 7w, rel. u.
18 141
4
/&7‘\ 12
’ ¢ 10
10
84
8 o
§ 8 1
4 4
1 [ 1 ] | 1 1 L 1 1
-4 -3 24 01 2 3 4 4 -2 0 2 & 6 x,m
6,¢, deg
Fig. 5.24. Relative power Fig. 5.25. Relative power of
of chemical laser as a function chemical laser with transverse
of angles of turn ¢ and © circulation as a function of

the distance of the optical axis
from the H, injector
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As a result of optimization in Ref. 53 at a power of 2.5 kW for the microwave source,
the maximum emission power for all transition lines was 560 mW, with a corresponding
figure of 290 mW at a power of 1.2 kW for the microwave source.

Chemical lasers with transverse flow have operated with a source of electrodeless
discharge in the rf band on both HC1l [Ref. 54] and HF, DF [Ref. 55]. Here the
source of fluorine atoms is a discharge in He/F; inside a water-cooled quartz tube
at a frequency of the electromagnetic field of the source of 21 MHz. The activated
flow passes from the discharge region through a number of small channels matched

to the outlets of the secondary-flow injectors. The primary flow of He/F, and

F is discharged with sonic velocity and mixes with the secondary flow of Hy (Dz).
The cross section of the discharge nozzle (3x 0.5 cm) determines the dimensions

of the flow in which the optical axis of the resonator is located 0.5 cm down-
stream from the nozzle tip. Optimum flowrates in this chemical laser are 2, 0.3
and 0.1 mmole/s for He, F, and H, (D,) respectively. The pressure in the resonator
is about 130 Pa. Radiation power on all lines is 0.3 W for the HF laser and 0.12 W

- for the DF laser.

Microwave initiation of the reaction has also been studied in a CO chemical laser
with subsonic flow transverse to the optical axis of the cavity [Ref. 49, 56-58].
The following conditions of efficient operation of a CO chemical laser, including
conditions that are characteristic of chemical lasers operating on other active
media have been formulated as a result of research.

1. High degree of dissociation and production of active atoms, in the given case
oxygen atoms.

2. Rapid mixing of flows of 0/0, with CS,.

3. Adequate input of diluent to regulate the rise in temperature in an exothermic
chemical reaction.

4, Organization of flow geometry to ensure effective interaction with the optical
field of the resonator.

5. Rapid transport of chemically excited CO into the optical field and rapid re-
moval. .

Ref. 56 describes a chemical laser in which atomic oxygen is formed in the process
of dissociation of 0, when a mixture of 0,/He is passed through a high-frequency
discharge region. The cross section of such a chemical laser is shown in Fig. 5.26.
The discharge was excited in quartz tube 2 intersecting waveguide 3 connected to

- the output of a magnetron (2.45 GHz, 1 kW) at an angle of 6=10°. The 0/0,/He
mixture flowed from the discharge region to oxygen injector 4. The flowrate Gy
of atomic oxygen through the region of the resonator was measured by titration
of the working mixture with injected NO, additive. Fig. 5.7 shows the dependence
of Gjp on the pressure pg in the cavity as plotted for fixed flowrates of 0, He
and Hp. A small amount of H, (0.0215 mmole/s) was added to the O,/He mixture at
the inlet to the discharge gap.

Experiments have shown that at a pressure of the mixture of 1.33 kPa, such an addi-
tive doubles the degree of dissociation of 0,. The flowrates of atomic oxygen at

119

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0

FOR OFFICIAL USE ONLY

\
/
-1
\ ‘
o, U T
()
F 7 #6 4
‘ — 7/ | 1 R
HC/ Uz / H,_

Fig. 5.26. Diagram of chemical laser with dissociation of 0, in a high-frequency

discharge: l--evacuated space; 2--quartz discharge tube (diameter 2.7 cm, wall

thickness 0.1 cm); 3--waveguide; 4--oxygen injector; 5--CS, injector; 6--resonator;

7--nozzle; 8--cooling water; 9--evacuation; 10--mass-spectrometer sensor for flow
(with orifice on the axis @ 0.1 mm)

W |
2 g6} Fig. 5.27. Flowrate of atomic oxygen in the
9 active region as a function of pressure in
o 04 & the cavity: O--NO, inlet after the dissoci-
E I ator; A--NO, inlet through the CS; injector;
2 W=1.4 kW; G02=5.6; Gy, = 20.8; GHe=0.0215
o 02t mmole/s

! , 2
0 2 4
pgs kPa
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the outlet from the discharge tube was the same as at the inlet to the cavity.
There was little change in the value of Gg with increasing 0, flowrates from 1
to 7 mmole/s, and He flowrates from about 13 to 21 mmole/s.

The injection system shown in Fig. 5.26 included one atomic oxygen injector and

two CS, injectors arranged transversely to the oxygen injector. The two-dimensional
injectors and the system for evacuating the working mixture had a length of 50 cm
along the optical axis of the cavity. The brass CS, injectors were water-cooled.

The density profiles of the flows of working gases
were measured by a mass-spectrometric unit in

TE 1 ——= F— t’c which the sensor could be shifted along the direc-
8 8FNLC-" M t 40 tion of circulation of the gas (x-axis). Fig.

e O/ 200 5.28 shows the measured distributions of Ar and

S 4p Mpr25) 160 He concentrations along the direction of circu-
2 4120 lation. The point of intersection of injected

g, L ; L é L 3 ! ; L}J" flows of O and CS, was taken as the zero point.

Also shown is the distribution of temperature

Fig. 5.28. Distribution of Ar of the gas mixture. The temperature was measured

and He concentrations along the by a thermocouple placed 2 cm away to the side

direction of circulation in the of the mass-spectrometer sensor. Since Ar was
chemical laser used as a diluent of the CS; stream, and He was

contained in the 0/0, flow, the density profiles

of the flows of Ar and He could be used to determine the degree of intermixing

of the primary (0/0;/He) and secondary (CSa/Ar) flows. It can be seen from Fig.

5.28 that complete intermixing of these flows under the conditions of the experiment

had already been attained at a distance of about 0.9 cm. .

- Excited CO* molecules in a continuous chemical laser operating on an 0/0,/CS; mix-
ture are formed in reactions already considered in section 5.1:

0 -+ CS,— CS - SO; (5.5)
0 4 CS— CO* + 8S. (5.4)

Since the working mixture of gases usually contains a large amount of molecular
oxygen, sulfur is quickly oxidized:

S+ 0, S0 +O. (5.6)

In analysis of the chemical kinetics of such a mixture of reagents and modeling
of chemical lasers based on a mixture of 0/0,/CS,, it is usually only reactions
(5.4)-(5.6) that are considered. Sometimes the reaction

SO -+ 0, SO, -- O, (5.24)

is also taken into consideration, but estimates have shown that the rate of this
reaction at T= 500 K is considerably less than the rate of other reactions.

: in order to determine which reactions take place in the active medium of a chemical
laser operating on a mixture of 0/0,/CS;, a mass spectrometer was used in Ref. 56
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to study the composition of the working gas mixture in operation of a chemical
laser under optimum excitation conditions. Measurements were made at the point
x=1.5 cm.

Mass-spectrometric and flowrate studies of the composition of the working gas mix-
ture led to the following conclusions: 1) CS; is efficiently converted to CO in

_ the reagent system used; 2) reactions in which S0, and $,0 molecules are formed
take place quite rapidly; 3) reactions in which SO molecules participate take place
intensively in the gas mixture.

The optimum parameters of the investigated subsonic CO chemical laser with micro-
wave initiation of the reaction are given in Table 5.2

TABLE 5.2
Optimum parameters of subsonic CO chemical laser [Ref. 56}
Parameter Cavity with opaque Cavity with pervious
mirrors output mirror
Power, watts 28.2 22.0
Flowrates of 0,/He/CS,/N;0,
mmole/s 5.59/19.9/0.58/3.11 | 12.6/21.5/0.50/4.0

Total mass flowrate, g/s 0.44 0.70
Specific power, J/g 65.5 31.4
Chemical efficiency, 7% 21.1 18.7

Here the power for a cavity with opaque copper mirrors was determined from the heat-
ing of the mirrors, and the chemical efficiency was calculated from the expression

W,

Gcs,AHeﬁ:“ (5.25)

N =
where Wy, is the power expended on excitation of vibrational levels of CO; Ggcg,
is the flowrate of CS» [mole/s]; AHg=-356 kJ/mole is the specific heat of reac-
tion 0+ CS; fy=0.66 is the fraction of pumping energy expended on excitation of
vibrational levels of CO molecules.

The optimum parameters of a CO chemical laser with transverse pumping can be in-
creased by adding trace gases to the flow [Ref. 56, 59]. The dopant gases are
added to the mixture for example through CS: injectors. Dopants may produce vari-
ous effects. First of all, they bind atomic oxygen if their reaction rate with
the oxygen atom is of the same order as the rate of the reaction CS2+ 0. This

is observed for example with addition of OCS. Secondly, dopants may take part

in deactivation of CO* molecules. For example, molecules of 0CS, NO, N,0 and CO
have high rates of V-V exchange with CO molecules. Finally, in this injection
system the addition of practically any gas initially at low densities of dopant
flow improves intermixing of the reagents, and consequently increases radiation
power. At high dopant flow densities the homogeneity of the primary flow of work-
ing gases is disrupted, leading to a rapid drop of radiation power. This limits
the admissible flow density of inert dopants such as argon.
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Fig. 5.29. Relative power of stimulated emission as a function of
partial pressure of additives of different gases

Fig. 5.29 shows the way that the measured emission power in relative units depends
on the partial pressure pj of different additives.

The gas N,0 was found to be the best additive; radiation power was doubled when

this additive was injected into the mixture. The introduction of additives changes
the spectral distribution of radiation power by changing the rates of V-V relaxation
of CO* molecules excited to different vibrational levels. 1In collisions

CO(v) + M2 CO (o—1)+M (5.26)

(M is a molecule of additive, P, is the probability of a collision with energy
transfer) there may be either an increase of inversion on transition v-+v-1
(without a reduction in the overall population of levels v and v-1) at Py<Py_],
or a reduction of inversion at Py,>Py_j.

Such changes in the distribution of populations of vibrational levels, and conse-
quently in the gains on different transitions are primarily responsible for the
observed changes in the lasing spectrum. The overall optical gain when additives
are used can be expressed as

M M M
€(GM) = go gy 0 T BGa0M) + A1 (GM)+ A o (Gm), (5.27)
go = exp (apl) — 1, (5.28)
where ag is specific gain; L is the length of the amplification region; Gy is the
molar flowrate of additive M; Aglgd, Agréoll and Agbgptc are the changes in the opti-

cal gain due to the action of M on gasdynamic mixing, due to molecular collisions,
and due to absorption of radiation by additive M respectively.

In Ref. 59, Gy was taken as the independent variable, and estimates were made of
the components in the total optical gain in (5.27). It was found that the term
Aglgptc can be disregarded, and Aggd can be experimentally isolated by injecting an
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inert additive with negligible collisional effects into the flow. This also enables
determination of the remaining component Aggoll-

The results of such an estimate [Ref. 59] are shown in Table 5.3, summarizing the
influence of a number of gas additives on the gain of a CO chemical laser.

TABLE 5.3

Influence of gas additives on the gain of a CO chemical laser

Intermediate
Additive  [OVer levels levels - |Upper levels
3>2-5+4 f> 5-9+ 8 10+ 9-13+ 12
N, n n .
?P ! n n q
i " n q
CFy ; qig %
CCl,F, i Zuq 3
CO Q -
e e
gcg Q Q e—Q
2 ¢ —n n—q

Notation: n--neutral; e--weak intensification; q--weak in-
hibition; E--strong intensification; Q--strong inhibition

It can be seen from the table that inversion on lower levels is intensified by
additive N,0, while inversion on intermediate levels is inhibited by additive NO.
Another important effect of adding NO shows up in the collisionally induced cascade
of population from the upper to the lower levels. This effect is typical of the
pumping reaction O+ CS in CO chemical lasers.

- W, watts
The graph of Fig. 5.29 and Table 5.3 5l
show that the spectrum of output radia- !
tion and the overall output power can 12 |
be controlled by introducing certain
additives in CO chemical lasers. For 'y
example N,O enhances the total output 5
power of chemical lasers with transverse 4|
flow by about 50%. Such power enhance-

ment is due to a slight increase in gain

0 L
. . - - -7 - -
on the lower and intermediate energy 43 B=5 8=7 W00 121 1413

§+~4 76 9=8 U0 B3+12,

leve1's without appreciable quenching o 2+ 1 —} b 10—

on high levels. 21 |

It should be noted that the amplifica- Fig. 5.30. Output power of
tion characteristics of CO chemical chemical laser on different
lasers are not very sensitive to many transitions with introduction
gas additives, and this relaxes the re- of NO additive

quirements for diluents, and expands
the range of both diluents and reagents such as those used for fuel of chemical
lasers. It is also typical that the total power drops rapidly in a multilevel
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cascade chemical laser with a reduction in the length of the cascade [Ref. 59]
as can be seen from Fig. 5.30.

§5.3. TFlame Llasers

The Flame Model. Flame chemical lasers include devices in which induced radiation
is obtained with free combustion of the initial reagents in a flare. This gives

a continuous laser on a self-maintained flame. Such a self-maintained system is

an example of a purely chemical laser that does not require electric or other power
for support of the process except as for a system for feeding the reagents and
evacuating the combustion products, or for igniting the flare.

Ref. 60 considers two gases A and B that enter into a chemical reaction with each
other after they have been brought into contact in a common space. The reacting
mixture is in motion and has a total pressure of some hundreds of Pa. It is as-
sumed that one of the newly produced types of molecules is partly or completely

in the excited state. It is further assumed that there are two energy levels cor-
responding to the reaction

A -+ Bi" Cl-'— (D)

A4B3Cot .., (5.29)
where ki and k, are specific rate constants of the second-order reaction, sub-
scripts 1 and 2 denote the lower and upper quantum state of C respectively. The
concentration of molecules in states l and 2 (n; and a, respectively) is determined
by the radiating transitions characterized by lifetime T;,. The influence of re-
laxation and damping processes is disregarded.

Approximate solution of the rate equations leads to the following expression for
the steady-state population difference, incorporating the characteristic rate con-
stants for the different processes:

(252)  ~te—f 2 [me (U ). (5.30)
no max Tn-i-Tp Ty Tp

where n, denotes identical initial concentrations of gases A and B; [;4 == Ry o/ (ky - Ry);
T, == Ung (ky - ky); T4 is the time over which the difference n; - n; reaches the
maximum value. Obviously, population inversion occurs only when k,>k;. The pump-
ing conditions can be obtained by comparing the population difference with the
threshold conditions

ny -— ng 2= ANyip (5.31)
where
Ahgib—=8nciil5TM(M<%£[Ref. 61] (5.32)
¢ is the speed of light, w is the wave number of the transition between C; and Cj,
(l-r) and I are determined by the properties of the resonator of the chemical

laser. Thus the requirement for the relative reaction rate is defined by the ex-
pression
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fo—fy > -ANvib Totte 4 Tph T [1_ T m(l +lm_)]. (5.33)
n T T Tp

0 M T1a

If we assume that the parameters of the system are w= 2:10% em~!, Aw/w=10"5,
l-r=10"2, 7=10 cm, 172=10"2s, no=10*% em™, 1,=10"% s, then 1, may vary

over a range of 10-2-10~"* s without causing great changes in pumping conditions,

i. e. the f, - f; vary from 6-10 2 t0 9-10 2. The reaction rate constants associated
with these values of tp have values of 10-1*-10-12 cm®/s, or 107-10° (mole-s)™.

To bring about conditions under which stimulated emission from a flame becomes possi-
ble, it is important to have detailed data on the magnitude of absorption for dif-
ferent states of the flame. An oxyacetylene flame was considered as the flame
quantum system in Ref. 69. It is well known that the reaction zone of this flame
emits in the visible and ultraviolet regions of the spectrum, part of this emission
being chemical rather than thermal [Ref. 62]. The studies were done on low-pressure
oxyacetylene flames burning at pressures of 0.1-2 kPa. Particular attention was
given to determination of the population of energy levels of such components as

C, and CH. At a total pressure of 0.66 kPa, absorption bands (0-0) and (1-1) of

C, were observed together with five bands of the (1-0) sequence. The lower limits
for the absorption coefficients were calculated:

(0—0), 7 - 10-*em; (1-1), 2 - 10-¢ em~1; (1—0), 2 - 10-* emY)
(2—1),3 - 1047 (3—2), 3 - 107 pM“‘; (4—3),2 - 10t em™hy
(5—4), 1 - 10~ em7L.

Observation of higher vibrational components, in particular of the (1-0) sequence,
showed a greater degree of vibrational excitation of the X’3Hu state of C, under the
selected conditions of the experiment. The same is implied by the distribution

of intensity in sequence (1-0) with observation of radiation from the Asﬂg state.

Absorstion for CH is obrained in the region of 430 nm. The effect is very slight,
and depends in large measure on the state of the flame. In Ref. 53 an experimental
determination was made of optical gain of a freely burning oxyacetyleme flame in
the pressure range of 0.4-2 kPa, the lower pressure limit being determined by the
conditions of flame cutoff, and the upper limit--by the conditions of reduction

in flare volume, increase of energy release and so on.

Tt was established by the measurements that amplification of radiation takes place
directly in the flame front in some optimum range of flare parameters. It was
shown that in the oxyacetylene flame an appreciable part of the CO is produced

in the nonthermal vibrationally excited state. This agrees with the results of
studies of the kinetics of the oxygen-acetylene reaction in Ref. 64-66. However,
in Ref. 63 lasing was not achieved in an oxyacetylene flame since not a single
transition had a gain greater than the losses in the cavity, equal to about 57%.
Obviously a more promising mixture is CS5/0,, which was used for the first flame
chemical lasers [Ref. 67].

Examples of Realization of Flame Chemical Lasers. Side by side with the conditions
that are conducive to development of flame chemical lasers such as the presence
of a self-maintained process and the absence of a need for energy sources, there
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are also difficulties. These include the high flame temperature that reduces gain,
and the fact that only a few of the large number of high-temperature chemical reac-
_ tions participate in the mechanism of pumping of upper energy levels.

Besides, the rates of propagation of fuel-oxygen flames are unusually slow--from

a few centimeters to several meters per second, and because of this there is a

limit for increasing the volumetric efficiency of flame chemical lasers. Nonetheless,
flame lasers are attractive for simplicity of construction, zero or small expendi-
tures of energy from an outside source, since branched chain reactions are realized
in the chemical laser itself. Such reactions maintain the equilibrium concentration
of intermediate active centers, making up their losses from the flame due to dif-
fusion and reactions that take place in the flame itself. The rates of these
branched chain reactions to a considerable extent determine the success of using

a specific system as a flame chemical laser. In making a flame laser, it is

usually desirable for the chain reactions to be as rapid as possible and to have
minimum activation energies.

The possible reactions in a CS,/0, flame at low pressure [Ref. 67] are analogous
to (5.4)-(5.6), (5.24).

To achieve lasing, as has already been pointed out, a high temperature is undesira-
ble as this reduces amplification and is conducive to relaxation within the flame
itself. Since the degree of impact relaxation depends strongly on the rate of
flame propagation, which determines the time of interaction of molecules, and con-
sequently the number of collisions within the resonator of the chemical laser,

the most advantageous systems are those with rapid kinetics of all processes, which
in turn presupposes a high rate of propagation.

to pump

To reduce the temperature and impact relaxation rate
in the flame, it is desirable to work at lower pressures. L
The results of experiments with chemiluminescence at 4
an overall pressure of 66~80 Pa in a CS;/0, flame were 3///;‘“"- p
reported in Ref. 68, where it was assumed that inversion > p:
exists on certain V-R transitions of CO. At higher pres- ///D 9

- sures [Ref. 69) it was found that in a freely burning Z 5
CS, /0, flame the amplification on V-R transitions of CO ,/,///

in bands 8-7, 9-8, 10-9 amounts to about L
two percent. % =>
Although the designs of flame chemical lasers differ in /// //-\\\\;
details, they are basically quite similar. A general 1 il f— F
design of such a chemical laser is shown in Fig. 5.31.
Burner 1 is installed so that it can be moved vertically '
in vacuum chamber 3 equipped for cooling 2. Above the 5 0
burner is a fine-mesh screen 4. Cavity mirrors 5 are
placed in the direction of the optical axis passing Fig. 5.31. Diagram
through the reaction zone. The position of the reaction of flame chemical
zone relative to the axis of the cavity is shifted by laser: 1l--burners;
mechanism 6, enabling measurement of the gain at any 2-~cooling; 3--evacu-
flame height. 1In Ref. 67 the burner was made in the ated chamber; 4--screen;
form of a row of parallel tubes. Each tube was 60 mm 5--mirrors; 6--burner
long and 6 mm in outside diameter, and had 50 orifices shifting mechanism
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] mm in diameter. Alternate tubes injected CS; and Op. The dielectric mirrors of
the resonator had reflectivity of 99.2%. Emission was coupled out through a 0.5 mm
hole in one of the mirrors. Estimates gave total louses of no more than 3% in
the resonator. The output radiation was modulated by a frequency of 150 Hz and
detected by an Au-Ge detector at 77 K. Measurements were made by a tunable ampli-
fier. A CO, electric-discharge laser was set up inside the cavity outside of the
flame zone. With this laser switched on, the cavity wa tuned and the amplifica-
tion was measured. A vacuum chamber 120 cm in diameter and 270 cm long was con-
nected to a vacuum pump with capacity of 9 m3/min. The flame was ignited by a

- glow discharge located a few cm above the burners. Combustion continued indepen-
dently after ignition.

At pressures below 266 Pa, the blue luminescence of the flame was diffuse and homo-
geneous. As the 0, pressure was increased while holding the CS, pressure constant,
beginning at a ratio of pgg,/pp,=0.5, the flame broke up into several hundred
tongues uniformly distributed in the upper part of the burners. To achieve appre-
ciable amplification, the boundaries of the flame had to be raised somewhat, which
was accomplished by further increasing the 0, pressure. Lasing occurred at pres-
sures of 0, of 1.2 kPa and CS, of 80 Pa, the flame being inhomogeneous with -signs
of some spatial instability. Lasing was interrupted with a slight change in CS:
pressure by about 13 Pa.

The emission spectrum was determined by a monochromator. Continuous lasing in
Ref. 67 was observed on three transitions of CO with wavelengths of 5.216, 5.297
and 5.421 ym. The measured total output power of stimulated emission was 1 mW.

The initial components in flame chemical lasers of the type shown in Fig. 5.31
are mixed either directly in the reaction vessel or in a special mixer installed
at the inlet of gases to the burner or in a feed line.

In Ref. 70, nitrous oxide N,0 was added to the reaction mixture of CS,/0; in the
flame laser to increase the gain. Different versions of premixing of the components
were used: either two of them N,0/0;, or all three components CS;/0,/N»0. 1In

the case of separate delivery of the N0/0, mixture and carbon disulfide, the power
of coherent radiation was approximately half the level for delivery of the three-
component mixture, which is due to inadequate mixing in the reaction region of

the resonator cavity.

. » 100f
i
o

g gnt . ;

. Fig. 5.32. Power W of stimulated
o emission as a function of pressure
o 090 in the evacuated chamber
=

025}
1
il 2 4

p, kPa
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Investigations of the optimum conditions of operation of chemical lasers based

on CS,/N,0/0, mixture with respect to pressures and the relative content of com-
ponents of the reaction mixture have shown that these conditions are similar for

a mixture prepared beforehand and held in the mixer for 3-4 hours and for a mixture
freshly prepared by mixing the streams in the mixer at the inlet to the burner.

For the latter case, Fig. 5.32 shows typical dependences of the power of stimulated
emission on the pressure of the mixture in the evacuated chamber. Power maxima

lie in a range of 2-2.66 kPa. The reduction of emission power in regions of lower
and higher pressures relative to the maximum can be attributed respectively to

a reduction in the density of inverse population in the cavity, and an increase

in the rates of relaxation processes that equalize the nonequilibrium distribution
with respect to vibrational levels of the CO molecules. The dependence of lasing
power on the composition of the mixture is characterized by curves with maxima

in the region satisfying the ratio

SN0 10-0.13 (5.34)

N, 070,

There is also an optimum ratio with respect to CS; concentration.

CO chemical lasers typically operate with small ad-
ditives of N,0 (Fig. 5.33). As N0 is added to the
mixture, the radiation power increases sharply as
compared with that in the state cy,0=0 even at a
ratio cN,0/cQ,/N,0=1/240, and the power rises nearly
linearly upon a further increase in this ratio. The
abrupt change in lasing power at low relative concen-
trations of N;0, in the opinion of the authors of
Ref. 70, cannot be explained by the peculiarities

of the mechanism of vibrational exchange of energy
[see, for example, Ref. 69]. At such low N20 concen-
trations as (3-5)-10'% cm™® the main contribution oaw, a0 [T

075

(]

050

W, rel. units

0,25

1

to vibrational relaxation of CO molecules with con- Lo /e W
centration of the order of 10*® cm™® is from CO-CO o/ Coprmgo
collisions in which the probability of exchange of Fig. 5.33. Power of stimu-
vibrational energy is two to four times as high lated emission as a function
as in CO-N,0 collisions. It is assumed in Ref. 70 of the relative concentra-
that the abrupt increase in radiation power with tion of N,0
small additives of N,0O is due to dissociation of
these molecules in the zone of a flame with temperature of the order of 1200 K.
Actually, calculation of the equilibrium constant for

N,O N, -0 (5.35)
at ny,o of 3(10*5-10'7) cm™? gives nearly complete dissociation of N,0 molecules
at 1060—1200 K. An increase in ng, intensifies the process of formation of CO*
in the course of the reaction

CS - 0 CO* 4S8 (5.36)

and consequently increases the power of stimulated emission.
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Use of a burner with spacing between injection orifices
for fuel and oxygen equal to 1.3 mm with special screens

~
provided rapid mixing of gases on its surface [Ref. 71]. L 30
A burner of this kind was used in the investigation 3 o
of working characteristics of a flame laser on CS2/0; 8 0
and of the way that these characteristics are influenced i
by additives of He, SFe¢, N20, CO, COz, N3, S0, and NO;. = o
The resultant dependence of power on CS; flowrate is ~ gk 000,
shown in Fig. 5.34. Maximum radiation power of 0.6 W a
was attained in operation of a chemical laser on a L °
mixture of CS,/0,/N,0 with corresponding molar flow- =0 ; :
rates of 3, 9, 110 and 7.6 mmole/s. ! z d 4

Ges o mmole/s

Considerably higher output radiation powers of flame
chemical lasers were obtained in Ref. 72-74--of the Fig. 5.34. Dependence of
order of 10-25 W with specific energy of 13 J/g and power of a flame laser on
chemical efficiency of 2.5%. Powers measured in the CS, flowrate. Distance
tens of watts have also been attained in systems with of optical cavity from
predissociation of the reagents, and estimates have burner 1.1 cm

been made of the parameters and working conditions
of plasma chemical lasers in the kilowatt range [Ref. 7573.

§5.4. Subsonic Lasers Based on Metal Vapor
When Ba, Ca and Mg are burned in mixtures of N;0/He/CO2, amplification of emission
is observed on the transition 00°1-10°0 of CO2. On this same transition in Ref.

76, continuous lasing was achieved upon ignition of Mg vapor in a mixture of N,0/CO,.
Pumping was by the fast exothermic reaction

- Mg + N,O — MgO -} N,, (5.37)
during which Mg0 molecules are formed in state Bl:.

Among the various possible schemes of energy transfer

X 19984 cn”'
Bf —T"”' . from reaction products to CO; molecules, the most proba-
B —— ) s——o0s ble is the transfer of energy of excited electronic
states of the MgO molecule to vibrational levels of
the ground electronic state of the CO> molecule (E-V
no~ g3 um transfer). Such a process can take two paths: di-
rectly from levels B!Y and b’L to high vibrational
€W—~ﬁm;}‘ B levels of CO,, or after decay of the excited B'I state
C \‘-lﬁﬂrﬂgbﬁum of MgO to state A'Tl (3563 cm™!) and subsequent popu-
L1100 " lation due to internal conversion of metastable level
g —— 000 &*1 (2610 cm~l)—-to level 00°1 of CO» (2349 cm™).
M0 €0, Both possible schemes are shown in Fig. 5.35.
E-state y-state

V-V transfer of energy from MgO and N, to CO, is improba-
ble since the vibrational levels of MgO are about

760 cm~! apart [Ref. 77] and do not coincide with CO;
levels, and the N, molecule formed in the reaction

Fig. 5.35. States of MgO
and CO, with possible E-V
transitions
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Mg+ N,O is practically unexcited. Formerly E-V quenching of excited electronic
states has been observed in mixtures of Na, Rb, Cs and Hg with Hy, and Na with
N, [Ref. 78, 79].

The results of measurement of the gain in flames show that a more probable process
of E-V transfer is a transition between high levels since the addition of nitrogen
increased the gain on transition 00°1-10°0 [Ref. 76]. 1If excitation had been trans-
ferred directly to the upper level, the addition of nitrogen would have meant that

a part of the energy would go to level v=1 of Ny, and the population of level

00°1 should have been reduced. On the other hand, if level 00°l is populated as

a result of V-V relaxation of upper vibrational levels, then all the energy that
goes to vibrational levels of nitrogen should in the final analysis reach level

00°1 of CO,. Consequently an increase in nitrogen content in this case cannot
reduce the gain.

He 4 N,0/C0,

Mg

q
9

A
2 1

He He

Fig. 5.36. Diagram of metal-vapor flame chemical laser: Il--heaters; 2--crucibles;
3—-working tubes; 4--injectors; 5--flat mirror; 6--concave mirror; 7--bellows; 8-—-
evacuation channel

The construction of a subsonic chemical laser based on metal vapor is shown in
Fig. 5.36, and in many ways is similar to those used in Ref. 35, 80.

Heating of metallic magnesium in aluminum crucibles 2 (2.5 cm deep, 2.5 cm inside
diameter) by tungsten heaters 1 produces Mg vapor that is carried by a stream of
He into tube 3. A mixture of CO,/N,0 is introduced into the Mg/He stream through
radially placed injectors 4 at the inlet to the active region. Additional low-
intensity streams of helium are introduced into tube 3 close to mirrors 5 and 6
to prevent the reaction products from reaching them. The reaction itself takes
place inside stainless steel bellows 7 (inside diameter 1.9 cm, length 7.6 cm).
Two such units are connected into a single channel with common exhaust 8.

The cavity is formed by a flat opaque mirror 5 on a silicon substrate, and a con-
cave mirror 6 with reflectivity of 987 on a germanium substrate (dielectric mirrors
were used). The mirrors were 12.7 mm in diameter and separated by a distance of

65 cm. The position of the mirrors was stabilized by three Invar rods. Coarse
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and fine adjustment of the cavity was provided by gas-discharge excitation of lasing
on CO, and N0 respectively in this same tube 3.

The crucibles usually held 1.5 g of Mg each, which was vaporized within 3 minutes
at a heater power of 300 W. About 50% of the resultant Mg vapor reached the ac-
tive region (the rest condensed on the walls), and uniform blue-green chemilumi-
nescence filling the entire cross section of tube 3 arose close to injectors 4.
Chemiluminescence in the vicinity of ~0.5 um corresponding to transition of MgO
from state B!y to the ground state exists over a length of ~1 cm at a flowrate

of 1400 cm/s, and consequently the time of mixing of the gas mixture was ~l ms.
The bellows within which chemiluminescence takes place are practically unheated.

Maximum power of stimulated emission was 5 mW, and was reached under the same con-
ditions where gain was maximum in the absence of mirrors (~10-2? cm~'). The maximum
was observed at a total pressure in the tube of ~1.33 kPa and with proportions

of the partial flowrates of gases of He/N,/N,0/CO,/Mg=50/15/15/15/5.

In Ref. 76 it is noted that many effects that determine the operation of the de-
scribed chemical laser are still unexplained. For example the rate of deactivation
of excited molecules of CO; and N, by atoms of alkali metals is fairly low, and
therefore the only channel of losses in the tube is extraction of radiation through
the output mirror. The radiation power should be 0.5 W/cm®, which corresponds

to a yield of one photon on a wavelength of 10.6 um for every Mg atom that enters
the active region. However, considerably weaker lasing is observed in the experi-
ment, which may be a consequence of either resonant absorption of radiation by

the thermalized reaction products, or the presence of additional intracavity losses
due to scattering of radiation by Mg particles of 1 um size produced when it evap-
orates. E-V quenching of luminescence of atoms and molecules that are the products
of exothermic chemical reactions determines lasing parameters in other gas mixtures
as well. TFor example, in an N,0/CO/Na flame the vibrational levels of CO that

are resonant with respect to electronic state 3p of the Na atom are nonequilibrium-
populated [Ref. 81); in flash photolysis of mixtures of CO2/N»0, CO, lasing is
observed that is most likely excited by energy transfer from high electronic levels
of the NO molecule that is one of the products of photolysis [Ref. 82].

The investigation of chemical lasers excited by E-V transfer is of great interest
since it enables us to find molecules such as MgO that are formed in the course

of exothermic reactions and store energy on metastable electronic levels. Mole-
cules of this type are the basis for chemical lasers that emit in the visible re-
gion of the spectrum. Some problems that are associated with design and develop-—
ment of chemical lasers that radiate in the visible range on electronic transitions,
in particular in the process of the gas-phase reaction Ba+ N,0~ Ba0*+N, and others
are examined in survey articles 83 and 84. Ref. 31, 85 deal with processes in
flame chemical lasers with periodically repeated pulses.
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CHAPTER 6: SUPERSONIC CHEMICAL LASERS
§6.1. Diffusion Chemical Lasers With Thermal Initiation of the Reaction

Working Principles and Design Diagrams of Supersonic Chemical Lasers. Feasibility
studies were done in Ref. 1-10 on achieving inverse population in gases by thermal
methods of excitation: rapid heating or rapid adiabatic cooling. In particular,

it was shown in Ref. 6-10 that a high-velocity flow of a two-component gas mixture
in a Laval nozzle can be used to get inverse population of molecules for operation
of a cw laser in the infrared range. If the components used in the mixture are
capable of chemical reaction, then gas dynamics, chemical reaction and optical
radiation, and convective transfer as well when the components are preseparated,

can convert the energy of the chemical reaction to energy of excitation of molecules.

In supersonic flows, it is possible to bring about conditions for the most efficient
conversion of the energy of the chemical bond to energy of coherent induced radia-
tion with fairly high rates of transfer of components into the reaction zone and
with weak reverse diffusion out of the reactive zone and low collisional deactiva-
tion in the active medium for the time preceding stimulated emission. The produc-
tion of such flows in turn requires high-temperature heating of the gas mixture,
which can be utilized at the same time for dissociation of the medium into chemi-
cally active centers, i. e. for thermal initiation of a reaction in supersonic
chemical lasers.

Here as well, just as in the case of subsonic chemical lasers, the chemical reaction
can also be initiated by the process of combustion, electric discharge, such as a
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microwave induction discharge, or shock-wave initiation. The design peculiarities
of the chemical laser determine which methods of initiatingthe chemical reaction
will be used in processes that take place in supersonic chemical lasers.

The working principle of a supersonic diffusion chemical laser with thermal initi-
ation of the chemical reaction is based on sequential realization of the following
processes:

heating of the heat-transfer fluid to a temperature that ensures the required degree
of dissociation of the chemical reagent;

mixing of the chemical reagent with the heat-transfer fluid, and dissociation of
this reagent into chemically active centers in the mixing process;

acceleration of the mixture of heat-transfer fluid and chemically active centers
to supersonic velocity;

injection and diffusion of fuel molecules into the supersonic mixture flow that
enter into a pumping reaction with the chemically active centers that are in the
flow;

excitation in a downstream resonator of the process of stimulated emission by the
active molecules formed in the pumping process.

Fig. 6.1. Diagram of 0 1]>

supersonic chemical laser b 7 7|
with thermal initiation
of the reaction: a--
laser construction; b--
element of nozzle array
and flow scheme; l--elec-
tric discharge chamber; |
2--cathode; 3--anode; 4-- |
inlet for heat-transfer I
gas; S-—auxiliary coolant I
injector; 6--secondary 2
chamber; 7--expansion E“" l
head; 8--injector of chemi- e | —
| :
|
|

cal reagent (oxidant); 9--
supersonic nozzle module;
10~--semitransparent or a
apertured mirror for ex-
traction of radiation;
l1--opaque mircor; 12--
fuel injector

A

-
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These processes are realized for example in the supersonic diffusion chemical laser
design shown schematically in Fig. 6.1 [Ref. 11-13]. 1In this cw laser with thermal
initiation of the reaction, N» or He is heated by an electric arc and then mixed
with SFg producing dissociation that results in F atoms in expansion head 7 accord-
ing to reaction (5.1).

Inversion is produced when H, or D, diffuse into the supersonic flow containing

F atoms. As it passes through the nozzle array, the gas is accelerated to supersonic
velocities, and H, is injected into this stream. In analogy to process (5.1) as

a result of the pumping reaction

F 4 H, — HF () + H (—134 kJ/mole, v < 3) (6.1)

vibrationally excited HF is formed. The HF molecules approach the state of thermo-
dynamic equilibrium thanks to induced radiation and processes of collisional de-
activation. The latter can be written in the form

HE (o) + M — HF (v — 1) + M; (6.2)
HF () + M () > HF 0 — 1) + M (' -+ 1), (6.3)

where (6.2) and (6.3) are respectively V-T and V-V collisions. Gasdynamic and
energy parameters obtained in chemical lasers [Ref. 12, 13] are summarized in Table
6.1. (Hereafter the subscript "0" denotes gas parameters in an electric discharge
chamber, while subscript "j" denotes gas parameters at the outlet from the nozzle
module.)

TABLE 1.6

Example of the gasdynamic and energy parameters of a
supersonic diffusion chemical laser

. Conditions i h .
MSF,, G e %
g/s . Te, K (pE/p)e Gp» _(‘(L.. X
watts ) mole/s 60sFq
0,105 90 4150 | 0,014 0,00431 1,00 15,8
0,203 167 3970 0,0267 0,90833 1,00 15,2
0,297 236 3870 0,0387 0,0122 1,00 14,7
0,400 293 3660 0,0513 0,0164 1,00 13,5
0,505 357 3510 0,0639 0,0207 1,00 13,1
0,600 415 3400 0,075 0,0246 1,00 12,8
0,800 514 3200 0,0976 0,0328 1,00 11,9
1,00 586 2920 0,116 0,0396" 0,96 11,2
1,25 648 2680 0,135 0,0473 0,92 10,4
1,40 692 2580 0,145 0.0515 0,90 10'2
1,60 722 2480 0,153 0,0548 0,83 10,0
1,80 738 2400 0,155 0,0555 0,75 10,1
2,00 732 2360 0,156 0,0560 11,68 9,9
2,20 710 2320 0,157 0,0564 u,62 9,7

Constant conditions were: iy, =8.5 g/s, my,=1.0 g/s, po=0.166 MPa, beam power
42.5 kW, Mach number Mj= 4.4,

T, == 0,206 To; p; = 3,92 - 1077 py; 1y == 2,03 + 10°x
X (To/2500)'2 /s (cs); = 1,56+ 1077 « (pg/p)o (2500/T) mole/cm®.
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L2

‘rder to get efficient courwversion of the energy of the chemical bond to «
Yerent induced emission it is necessary that the rate at which Hp diffus

e flow, and the rate of pumping reaction (6.1) must be greater than tl
Collisicnal deactivaiica (6.2), (6.3). These rates can be estiwat.’

T //’;//// \\. _ ~
// i/
V)

¥i.. 6.2. The process of supersonic diffusion of fuel: l-—supersonic nozzlies;
i~ stimulated emission; 3--hydrogen-filled space; 4--region of mutual diffusicn
. components; 5--shock waves formed by the chemical reaction; 6~—shock wave: oo
flected from the walls
vsuiesenting the flow in the Hp, diffusion region as shown in Fig. 6.2, where -~ (u}
the boundary of the diffucion region in the y-direction. For laminar flow w-

*thie relation
S = k(Dxlu)'?, &

e k7 is a constant of the order of unity. When H, diffuses into Wz

(.3
Sy

1) =

158 - 10-* T}'% pi' /s

7. 15 in K, Pj is in Pa). Let h, i be the half-width of the flow (see Fig. 5.0:
i 'a itue charatteristic diffusion’ length x =Lp will correspond to § =hy l; aud

. from equations (6.4), (6.5), evpressing uj in terms of the Mach numbar it

) NIEFETICUE i -
() 5 T (G Jianiato v
roo is molar mass.
1 the reagents are mixed at x=0, the rate of initial development of prorcus
». he represented as
(.7

w;{degdx)e o = -=(R;Cr, CF)e=o0-
. _harscteristic length of the reaction along the flow is determined by the zz-
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.
R‘“ljdﬁ#d‘ Jx=o' (6.8)

Here LR is the longitudinal distance that must be covered by the flow for all F
atoms to be reacted if the overall reaction rate remains at the original level.

If we use a local partial pressure of atoms of F equal to pp= 8-10° cpT, then we
get from (6.7) and (6.8)

g Layuefen, 50 e | 732

8 v —Tw Tqor | PR : (6.9
28 ¥ e Mo104 ] ky

The first member includes parameters that characterize the operating conditions

of the supersonic diffusion chemical laser, and the second member of (6.9) is the
function Tj, where

ky = 12,0 - 101 exp [—1710/(1,987 T))l. (6.10)

The relations Lp= fl(Mj) and Lp= fz(Tj) are used to evaluate Lp and Lg in order

of magnitude, assuming that kg/kp»1 for typical operating conditions of the super-
sonic diffusion chemical laser. If in this event Lp/Lg«l, then it can be assumed
that H, has been completely diffused into the flow at x=0, and the reaction zone
should be treated as in a one-dimensional flow. On the other hand, if Lp/Lg>l,
the reaction zone is due to diffusion mixing. For typical working conditions of

a supersonic diffusion chemical laser with the parameters indicated in Table 6.1,
when Tj =500 K, Mj=4.4, it follows [Ref. 12] that Lp=4 cm and Ly~ 0.4 cm. This
means that the reaction zone is determined by supersonic diffusion of components.

The component mixing pattern depends on the nozzle
module design that is used. Fig. 6.3 shows some
of the most widely used nozzle configurations.
Ref. 14 points out the advantages of nozzle blocks
of axisymmetric matrices over slit injectors due
to ease of manufacture, better initial mixing
characteristics and small size of the nozzle at
the outlet (2-3 mm).

Of greatest interest is the investigation of such
parameters of the supersonic diffusion chemical
laser as power W and chemical efficiency nx. A
study was done in Ref. 12 on the way that these
parameters are affected by changes in flowrates

of the components of the working mixture and the
distance x, of the optical axis of the cavity from
the outlet tip of the nozzle, as well as by various ¢
gas additives.

Fig. 6.3. Nozzle designs:
Fig. 4 shows how the chemical efficiency and power a--with perforated tubes;
of stimulated emission of an HF supersonic diffusion b--with slit feed; c--with

chemical laser depend on mass flowrate mgF, at annular feed of the component

constant flowrates of N, and H, and fixed flow
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D1 7o - W, kW parameters. Power was measured in a cavity with
woop opaque mirrors at X.= 1.9 cm, radius of curva-
5| % 9 ture of the mirrors was 1.15 m, distance between
mirrors was 1 m. The chemical efficiency of
/' {0s the supersonic diffusion chemical laser was de-
" ! termined from the relation
' % W (kW)
164 "% 1336y (molefs) = 00 (6.11)
5t Equation (6.11) is the ratio of the actual lasing
10,2 power to the power that is theoretically attaina-

ble on the basis of reaction (6.1). Chemical
efficiency decreases from 16 to 8-10% at maximum
power. The shaded region in Fig. 6.4 corresponds
to the spread of data on chemical efficiency
obtained as a result of a large number of experi-
ments. This scatter is due to errors in evalua-
tion of Gy associated with determination of the
concentration of SFg, and errors in determination
of the electrical energy transferred to the gas
by the arc. At low SFg flowrates, such errors
are lower since under these conditions the SFg

is almost completely dissociated, and the flowrate Gy corresponds to the flowrate
of SFg. A reduction in chemical effieicncy with increasing Gp may be due to an
increase in HF-HF collisional deactivation.

Loy 0
0 g5 10 15 rstFs, g/s

Fig. 6.4. Chemical efficiency
and lasing power as dependent
on mass flowrate of SFg at con-
stant mass flowrates my, = 8.5
g/s and ﬁH2= 1.0 g/s

Lasing power increases with an increase in SFg flowrate, and reaches a maximum

at mgpg = 1.8 g/s. The maximum is due to a lowering of chemical efficiency and

a reduction in the dissociation of SFg (Gp/6Ggp.) at large SFe flowrates. At maxi-
mum power the flowrate of H, is nine times as high as the stoichiometric value
required for reaction (6.1), i. e. GHZ/GF‘=9- A reduction in the flowrate of Hj
reduces the lasing power due to a corresponding reduction in the rate of diffusion
of H, into the supersonic flow.

The parameters of the supersonic diffusion chemical laser can also be optimized

by changing the materials of the heat-transfer fluid and additives, and their flow-
rates. Since SFg is incompletely dissociated even when lasing power is maximized,
the power can be increased by additional injection of oxygen into the high-pressure
chamber. For example at Ty~ 2000 K, po~ 0.1 MPa, another source of fluorine atoms
in addition to (6.1) could be the reaction

SF, 4+ O, — SO,F, + 2F. (6.12)

- In Ref. 15, in addition to investigating the effect of 0, additives, the authors
studied the change in parameters of an HF supersonic diffusion chemical laser when
He was substituted for N, as the heat-transfer agent. The data found at x,=1.9 cm
(see Fig. 6.4) are compared in Fig. 6.5 with other conditions of operation of the
HF supersonic diffusion chemical laser. The comparison shows that adding a small
amount of oxygen to the heat-transfer agent increases power emission by 20-307%.
Probably this is due to the effect of reaction (6.12). A supersonic diffusion
chemical laser with helium as the heat-transfer fluid has higher parameters than
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when nitrogen is used. Typically, the use of helium .
makes the emission powers nearly identical in HF Txs “1;V

and DF supersonic diffusion chemical laser, whereas
when nitrogen is used as the heat-transfer fluid,
the maximum power of the DF laser is only 70% com-
pared with that of the HF laser [Ref. 15].

As has already been pointed out, the characteristics
of flow chemical lasers are determined by competing
processes: formation of excited molecules, inter-
diffusion of two flows with reagents such as Hj

- and F, and deactivation of the excited molecules by 1 1 L 1 0
collisional processes. It can be assumed that 0 1 2 3 ﬁsp;g/s
the process of formation of HF* is fast compared s
with the other two. If the diffusion time is less Fig. 6.5. Lasing power
than the deactivation time, chemical and quantum- and chemical efficiency
mechanical processes must be controlled by the as functions of the mass
deactivation process, and the processes in the flowrate of SFg
chemical laser are not dependent on mixing. In
the case where the deactivation time is less than Q-
or comparable with the diffusion time, the quantum- Mixture |, g/s| & |Ref.
mechanical effect of stimulated emission decreases 5.
owing to absorption during the time preciding total He/H,/O, 2,06/ 1| oy
expenditure of the reagents. 1,25/0,75

Na/H,/0, 8,5/1,0/ 2 |[12,15)
Parameters of a transverse-flow chemical laser As in Fig. g%z 3 | (9

with microwave initiation of the reaction increase
considerably in an accelerated flow. Fig. 6.6 shows an improvement in a fromer
subsonic design made in Ref. 16. Zone A between the microwave discharge region

and the H, injectors contains a mixture of fluorine atoms, inert gas and products
of SF¢ dissociation. Hydrogen accelerated at the nozzle inlet in zone B diffuses
quite rapidly into the fluorine jet. A homogeneous mixture of fluorine and molecu-
lar hydrogen is formed. Formation of HF(v) occurs in zome C by reaction (6.1).
Stimulated emission is coupled out of the cavity with distance of 40 cm between
mirrors.

Fig. 6.6. Diagram of working chamber (a) and gas inlet (b)
in HF diffusion chemical laser

In such a chemical laser, the power W of stimulated emission increases linearly
with an increase in the ionization potentials of the inert gas additives. The
higher their ionization potential, the higher will be the average electron energy,
and hence the greater the dissociation of SFe at inelastic electron collisions

in accordance with
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SFﬂ l - > Sl"[" ‘ (G I) I I 2(:’ (I == l, ceny 6) (6.13)

In Ref. 17, this increase in W is attributed to a mechanism of electron-impact
dissociation of SF; according to which as many as three fluorine atoms are produced
from a single electron with kinetic energy close to the ionization potential of
He, while only one fluorine atoms is formed from a single electron with kinetic
energy close to the ionization potemtial of Ar. On the other hand, there is a
linear relation between W and the injected microwave power. The strong dependence
of W on additives of inert gases and the weak dependence on 0, additive shows that
the dissociation of SFg with formation of chemically active centers--F atoms--—
takes place due to electronic collisions. On the other hand, atoms with a meta-
stable state cannot contribute to dissociation when Kr and Ar are used, and their
contribution is small in He.

The efficiency of chemical lasers increases considerably in the case of repeated
use of chemically active centers such as oxygen atoms as a result of a chain reac-
tion comprising (5.4) and (5.6):

(6.14)

0 4 C5—CO* +§,
S --0,—80 4- O.J

Here CS is the fuel, 0 and S are the active centers.

The efficiency of repeated utilization of each atom in a fuel-oxidant mixture is
measured by the average length of the chain

1% = cEY/ches. (6.15)

Here G§Bd is the flowrate of CO at the outlet of the cavity, GBeg is the flowrate
of the oxygen atoms that initiate the reaction. In essence, 1* is the average
number of cycles of the pumping reaction with participation of an oxygen atom until
it is lost in some quenching reaction such as 0+ 0CS- CO+ SO.

5 ¢
7 He 2 34 5 7[C43

i :
S

0/0, /He —1

Fig. 6.7. Diagram of CO diffusion chemical laser: l--electric heater; 2--super-
- sonic nozzle module; 3--supersonic diffuser; 4--annular injector; 5-—-transition
section; 6--resonator; 7--rows of orifices; 8--tubing; 9--mass spectrometer

Chain reaction (6.14) is realized in the experimental facility shown in Fig. 6.7.
A stream of CS, flows through electric heater 1 in which the CS; molecules are
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thermally dissociated into CS and S. Heating temperature is about 2400°C. The
flowrate of CS reaches ! mmole/s, and the ratio of molar concentrations of CS and
CS; at the heater outlet is 2.2. The temperature of the gas flow is reduced and

the pressure is increased by injecting helium into the hot CS/CS; gas through super-
sonic nozzle 2, and passing the resultant mixture through supersonic diffuser 3.

At the output of the diffuser is annular injector 4 that enables homogeneous intro-
duction of various dopants into the flow. Before entering cavity 6, the flow passes
through transition section 5 with change in cross section from circular to rec-
tangular (height 0.95 cm, length along the optical axis 9.84 cm). In the wedge-
shaped region (length along the direction of flow equal to 15 cm), the flow is
accelerated and expands from 0.95 to 3 cm.

The pumping reaction is initiated at the inlet to the cavity by injecting a mixture
of 0/0,/He into the flow of CS/CS,/He at sonic velocity through two rows of aper-
tures 7 located opposite each other (diameter of the holes 1.5 mm, distance between
centers 2.0 mm, 48 holes in a row). At the outlet from the active region, the

gas flow enters a large section of branched tubing 8, the chemical composition

of the flow in this region being determined by quadrupole mass spectrometer 9 (the
measurement technique is analogous to that used in Ref. 18).

Principles of achieving lasing with the use of low-toxicity reagents that are con-
venient to handle have been worked out, and the operation of continuous chemical
lasers with high flowrate of reagents has been modeled on compact shock-wave chemi-~
cal lasers as well, for example of the type of a shock tube with supersonic nozzle
and mixing of the flow at the outlet of this nozzle with fuel injection [Ref. 19].
In a device of this kind (Fig. 6.8) the dissociation of oxygen takes place in three-
section tube 1 behind the shock wave reflected from the constriction at the inlet

to nozzle 2.

i ] — 1
/ 2 fAcs, e >

7 3

o *csz;nel r 4
[ e— }—o/m—d 5
/

oM

Fig. 6.8. Diagram of chemical laser with shock-wave initiation of the reaction:
l-~three-section tube; 2--nozzle; 3--injector; 4--cavity; 5--receiver

The supersonic wedge-shaped nozzle with critical cross section of 0.3x 70 mm was
equipped with injector 3 in its flared section. The flow was ejected into the
cavity of resonator 4 communicating with receiver 5.

A mixture of oxygen and argon was admitted to the low pressure chamber separated

from the nozzle by a diaphragm. The injected gas, a mixture of CS,/He was fed
through an electromagnetic valve that opened 5 ms after triggering of the shock
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tube and had an opening time of less than 0.5 ms. Discharge of the 0/0,/Ar mixture
from the shock tube began within 3 ms after opening of the valve. To prevent con-
tamination, the mirrors of the cavity were blown with helium through another solenoid
valve synchronized with triggering of the device.

Another shock-wave design of a chemical laser with mixing of reagents was proposed
in Ref. 20, where the mixture was heated in the configuration of shock waves re-~
flected from the constriction at the inlet of the supersonic continuous flow to
the resonator cavity, with chemical reaction

N, + CF4l + Q - CF, + I* -+ N,. (6.16)

The excited atom of iodine in the vicinity of the resonator produces a photon down-
stream I*-> 1+ hv,

The cited examples of shock-wave chemical lasers should be supplemented by the
method proposed in Ref. 2! for shock-wave initiation of a reaction, and the at-
tainment within 1.8 ms of continuous operation of a supersonic diffusion chemical
laser in reflected shock-wave geometry [Ref. 22] in a mixture of F,/HCl. In this
wave fluorine was partly dissociated F, +M->2F+M, and then the resultant flow
expanded in a nozzle with Mach number M= 4. HCl expanded in a nozzle with M=2

to a static pressure identical to this flow. The gas streams were mixed in a two-
dimensional diffusion zone with reaction F+ HCl »HF*+ Cl, and the output power
was generated in an optical cavity transverse to the flow. The supersonic diffusion
chemical laser also uses the pumping reaction Cl+HI-+HC1V+ I. In this case,

nyg * 3.5% for mixture He/C10,/NO/HI.

The thermal energy required for a supersonic diffusion chemical laser is also ob-
tained by combustion in a high-pressure chamber [Ref. 23] into which part of the
flow of F, is injected to react with H, and attain a temperature that ensures dis-
sociation of the remainder of the F,.

An attempt to combine electric heating in a high-pressure chamber with combustion
at the nozzle outlet is described in Ref. 24. The action of a discharge tempera-
ture of about 6000 K was used to convert N, into a stream of active nitrogen in
the form of a mixture of vibrationally and electronically excited molecules. This
mixture expanded through a nozzle into the reaction chamber at a velocity of up

to 15 km/s. The pressure in the chamber was about 1.33 kPa. A bright flame ap-
peared at the nozzle outlet when carbon disulfide was injected into the supersonic
flow of active nitrogen. Analysis of the chemiluminescence of radiation of this
flame showed a photon yield of 18.5% for CN A%+ X25t radiation when C,Fy was used
as the reagent. Estimates in Ref. 24 showed that under conditions of vibrational
cooling of the populations of electronically excited states it is possible to at-
tain a positive gain in such a system.

In Ref. 25, a mixture of oxygen and argon was heated to temperatures in the range

of 1000-4000 K at a pressure of 20-50 kPa in an electric~discharge chamber and

the resultant supersonic flow with oxygen atoms was injected with a Cs;/Ar/He mix-
tuer at the nozzle outlet. This ensured efficient production of CO* and lasing

in a cavity transverse to the flow with power of 34 W in the band of V-R transitions
from 4.9 to 5.7 ym.
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The search for substances that are convenient to handle for producing chemically
active centers has led in particular to the use of liquid fuels such as toluene
(CeHs -CH3) or CgF¢ that react with NFj [Ref. 26]. In such a liquid-fuel supersonic
diffusion chemical laser, burning of the reagents produces excited fluorine, which
after dilution with helium expands through nozzles from 0.3-1 MPa in the combustion
chamber to 0.133-1.33 kPa in the resonator cavity. In the nozzles, the fluorine-
containing flow is mixed with the injected deuterium, and the resultant excited
molecules of DF* produce lasing of up to 8 kW for 120 s.

§6.2. Supersonic Chemical Lasers With Energy Transfer

A method of getting stimulated emission in the cw mode with an auxiliary component
was proposed in Ref. 7, 27. Such a purely chemical laser in which the rapid ex-
change of reagents enables the use of components that react at a high rate without
any initiation was first proposed in Ref. 28. The process is based on the reaction
of D, (Hp) with F, with subsequent transfer of the energy of excitation to CO2,

i. e. the same reaction (5.9) as in the chemical lasers described in §4.1 and §5.2.
Examples of other reactions are given in Ref. 29.

The gasdynamic laser described in Ref. 2, 6 is an example of a device that is capa-
ble of operation at rather high static pressures in a resonator with the capability
of restoring the static pressure to the atmospheric level at the diffuser outlet.
In the case of a supersonic chemical laser the use of an analogous open-cycle gas-
dynamic laser would enable elimination of the complicated system for evacuation

of depleted gases that is required for maintaining low pressure in the resonator.

D, 4 2

ANNANNANNNNR RS Sy

—— 70% He
— = 24% 00,

0,/Me
6% DF

"lﬁ 2 AN\ l(m

1 }
I i | i
(2)i @) ‘&) (s) i6) 1(7)
Fig. 6.9. Diagram of supersonic chemical laser with energy transfer: l-—combus-

tion chamber; 2--diffuser; 3--nozzle module; 4--resonator mirrors; figures in paren-
theses (1)-(7) denote cross sections of the laser channel

1 i(f)

The hybrid supersonic chemical laser design described in Ref. 30 (Fig. 6.9) is
analogous to the CO, gasdynamic laser of Ref. 31 in flow conditions. This design

is in principle the same as shown in Fig. 6.1, but the electric-discharge chamber

is replaced by combustion chamber 1, and supersonic diffuser 2 is installed at

the flow outlet. The flow passes through nozzles 3 and a resonator formed by
mirrors 4. Approximately half the gas flowrate is provided by the combustion chamber
where CO is burned in helium-diluted oxygen that can reach a temperature of 1400 K
at pressure of 1.5 MPa. The hot gases at the outlet to the supersonic nozzle module
form a mixture of He, CO;, F, and F. Upon passage through the nozzle, this mixture
is accelerated to supersonic velocity, mixed with deuterium and enters the cavity.

A pressure of about 8 kPa can be attained in the resonator by selection of the
parameters in the nozzle. The diffuser installed after the resonator brings the
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static pressure to the atmospheric level. A total output power of stimulated emis-
sion of more than 500 W at nx=3%, specific power of about 30 kW/(kg-s) and pressure
in the resonator cavity of p;=3 kPa was achieved on a small model of a supersonic
hybrid chemical laser in Ref. 30.

A large-scale DF/CO, chemical laser with energy transfer has been realized in sub-
sonic (IRIS-1) and supersonic (IRIS-II) versions [Ref. 32}. Nitric oxide mixed
with carbon dioxide was used as the fuel, and helium~diluted fluorine was the
oxidizer. These two versions differ from one another only in the supersonic noz-
zles in the IRIS-II to accelerate the flow to Mach numbers M= 1.75. Such a Mach
number is attained as a result of expansion of 6:1, which is due in turn to the
pressure in the combustion chamber and resonator cavity. The pressure in the com-
bustion chamber should be no greater than about 13 kPa to minimize the formation
. of NOF, which appreciably reduces the output characteristics of chemical lasers,
but should be greater than 2kPa in the resonator cavity to support the chemical
reactions. The output powers attained in the subsonic and supersonic modes are
respectively equal to approximately 5-15 kW at pressure in the cavity p.= 8-4.7
kPa, and 6-7.7 kW at p.=1.8 kPa.

Thus a considerable constraint on operation of both subsonic and supersonic hybrid
chemical lasers is that they are capable of stimulated emission only at resonator
pressures below 8 kPa. However, it has been found that a radical change in the
current concepts of designs of supersonic chemical lasers and of their operating
conditions enables development of chemical lasers with resonator pressures exceeding
27 kPa [Ref. 33]. What distinguishes the design of such a laser from conventional
supersonic lasers is that they use a single nozzle rather than a block of many

- small nozzles, and that the gas in the high-pressure compartment is at room tem-

perature as contrasted with chemical lasers with electric-arc heating or combustion

to produce atomic fluorine.

Let us examine in more detail this chemical

laser that is so unusual compared with estab- — 7N
lished concepts (see Fig. 6.10). The primary &/He -’.Y/
gas flow consists of a mixture of F,/CO,/He

formed in mixing compartment 1. This primary C0,/He wa
room-temperature flow passes through grid 2 2 2

that is designed for breaking up large-scale

eddies in the flow. Downstream is injector Fig. 6.10. Design of hybrid

3 for gases NO and D; with outlet placed along supersonic chemical laser with
the axial line of two-dimensional nozzle 4 with elevated pressure in the reso-
ratio of areas of the outlet tip and the critical nator: 1l--mixing compartment;
cross section equal to 1.14. This gives a Mach 2—-grid; 3--injector; 4—-two-
number of the flow at the nozzle outlet of about dimensional nozzle; 5-~resonator

1.5. Dimensions of the outlet tip are 1.488x

4.445 cm with the longer side in the direction of the axis of cavity 5. The
NO/D, mixture is injected into the primary flow inside the nozzle through 20 tiny
tubes with inside diameter of 0.122 cm and outside diameter of 0.183 cm, each
terminating in 17 corifices with diameter of 0.024 cm. These orifices ensure dis-

charge of the gas at a maximum angle of 20° to the direction of the primary flow.
The entire unit is made of aluminum and Teflon.
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The jet is discharged into the large chamber of the resonator, which is evacuated
by a machenical pump. The two gold-coated mirrors were water-cooled and had di-
mensions of 10x 10 cm, forming a cavity with opaque mirrors for measuring the
power of optical radiation on a wavelength of 10.6 um.

In the immediate vicinity of the jet are helium feed tubes for preventing strongly
absorbent CO, (100) in the hot ambient gas from getting into the path of the stable
resonator.

A curved mirror was incorporated into the design that could be moved to determine
the change in power as a function of the position of the optical axis.

When the NO/D, gas is mixed with the primary flow, fluorine atoms are produced
in the reaction F, + NO— F+ NOF. These fluorine atoms then excite the DF chain
considered in detail in §4.1:

F - D, - DF* (¢) 4+ D; D 4- F— DF* (v) + F,

and the excited DF(v) pumps the CO; to state (001) which then yields the quantum-
mechanical effect of stimulated emission. An increase in the efficiency of this
effect requires a large CO, concentration. Without CO2, the excited DF is col-
lisionally deactivated too rapidly, and the lasing effect does not arise.

Power measurements using a resonator with opaque mirrors showed some gain of

0.7 ecm™}. A power of 1.45 kW was measured in a chemical laser with optical axis
located 3.89 cm downstream from the nozzle tip. This power corresponds to ny=1.9%.
Under such conditions, the pressure in the prechamber was 84 kPa, and in the reso-
nator proper—-31 kPa. The flow in the jet consisted of 5.29 g/s F2, 57.8 g/s COz,
15.1 g/s He, 1.61 g/s D, and 1.53 g/s NO. It should be noted that these mass
flowrates, resonator pressure, and position of the optical axis were not the optimum
for maximizing power.

Hybrid supers.ulc chemical laser designs can also be developed on the basis of
dissociation of molecular deuterium in a mixture with argon behind a reflected
shock wave [Ref. 34]. On the facility shown in Fig. 6.8, lasing was also achieved
on a mixture of D,/03/CO, in the quasi-cw mode. The mixture of D/D,/Ar obtained
behind the reflected shock wave flowed through a flat wedge-shaped supersonic
nozzle into the injector, where it was mixed with a subsonic flow of a mixture

of ozone, carbon dioxide and helium fed through a solencid valve. Mixing of the
flows led to the basic reactions:

D + O3 — OD* (t) + Oy
OD* (1) + CO, (00°%) - OD* (v — 1) -+ CO, (00°1).

From the mixing chamber of the injector, the flow entered the region of the resonator
with transverse optical axis. The operating time of such a chemical laser was
determined by the discharge time of the gas heated behind the reflected shock

wave, and amounted to 4.5 ms. Lasing duration was nearly four times as long as

the time of existence of the quasi-steady state behind the reflected shock wave
front.

150

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0

rd.

Ih

FOR OFFICIAL USE ONLY

Lasing was obtained under the following conditions: initial pressure of the mix-
ture D,/Ar=1/15 in the low-pressure channel of the shock tube was 9 kPa; velocity
of the incident shock wave--1.48 km/s; pressure of the mixture 03/C0/He=1/3/17
in the valve at the instant of beginning of discharge was 50 kPa. The cavity

was made up of an opaque spherical mirror with radius of curvature of 3 m coated
with gold, and a flat dielectric output mirror with transmission of ~1Z%.

Under the given conditions, lasing was achieved with peak power of 1.5 W at an
average power equal to 0.4 W over 4.5 ms. Control experiments with elimination
of deuterium or ozone from the mixtures were done to prove the chemical mechanism
of formation of inverse population of CO, molecules. Lasing was absent in both
cases. Lasing was achieved when hydrogen was substituted for deuterium, although
the emission power in this case was considerably weaker.

§6.3. Chemical Gas-Dynamic Lasers

The actual conditions of processes in gasdynamic lasers often result in chemical
reactions, depending on the method of producing the working gas and the laser
design, especially in cases where the gasdynamic lasers design is optimized by
using special mixtures, fuel ignition, gas mixing, and stimulation of certain
chemical reactions [Ref. 35]. Chemical gasdynamic lasers may include for example
devices in which nonequilibrium chemical combustion reactions form vibrationally
excited molecules used as the working medium of gasdynamic lasers [Ref. 36]. For
example when CO is burned in air, vibrationally excited CO, molecules are formed
with vibrational temperatures exceeding the gas temperature. When CO or hydro-
carbons are burned, more than 20% of the heat is emitted in the infrared region.
Part of this emission is the 4.4 pym V-R band that is used to pump energy to

the upper energy level [Ref. 37]. Excited CO» molecules may also be formed as

a result of additional burning of the mixture in the nozzle. For example, Fig.
6.11 shows a diagram of a cw chemical laser

of this type with supersonic flow of material -
that operates on a chemical reaction with non-
toxic products. The device uses the reaction (:)

5

of oxidation of CO+0.502 in a mixture of [z:===§=4]
L

C0/0.50,/H, /He.

The working mixture was admitted to combustion

chamber 2, after which it was ignited by a spark. Fig. 6.11. Diagram of chemical
Pneumoelectric valve a enabled admission of the combustion laser: l--pneumo-
ignited mixture to nozzle 3 at nearly any instant electric valve; 2--combustion
of the ignition process. chamber; 3--nozzle; 4--reso-

nator; S5--receiver

The purely gasdynamic mode was studied in addition to the chemical-gasdynamic mode
for purposes of comparison. It was found that the power in the former case drops
considerably when the combustion chamber is opened on the leading edge of the ig-
nition front, which is responsible for the most intense combustion of the mixture.
A drop in power can be attributed to the fact that there is an insufficient amount
of CO, and the temperature is low on the leading edge in the mixture.

In contrast to the gasdynamic mode, in the chemical-gasdynamic mode the maximum
power was realized in just that region where the conditions for thermal pumping
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are far from optimum. Maximum power in this case is observed when the combustion
chamber is opened on the leading edge of the ignition front where the temperature
is 600-900 K. When the chamber is opened on the trailing edge, lasing is absent
even at the same temperatures. Thus the given experiment shows that the excited
CO, molecules are formed due to additional burning of the mixture in the nozzle.

When the resonator axis was moved away from the critical cross section of the nozzle
the power reduction was much smoother than in the gasdynamic mode, which can also
be explained only by formation of excited COy molecules due to a chemical reaction
in the cavity region. The power W; of the chemical laser was slightly higher than
the power W, of the gasdynamic laser (W;/W; =1.25) with the same mixture caloricity.
The use of chemical reactions for additional pumping of gasdynamic lasers based

on products of the reaction of carbon monoxide with nitrous oxide was also studied
in Ref. 39. It was shown that the gain in the temperature region of 1500-2000 K

is appreciably higher for the reacting mixture than for the premix that simulates
the products of the same chemical reaction.

§6.4. Analysis of the Efficiency of Diffusion Chemical Lasers

Particulars of Analysis of Chemical Lasers of Diffusion Type. The energy of the
chemical reaction in cw diffusion chemical lasers is only partly used. For example
the chemical efficiency of conversion of the energy of reagents to the energy of
radiation is no more than 10~20%, and the total efficiency with consideration of
expenditures such as those of thermal energy for preparation of the mixture is
still rather low: n<2-3%. This is due to the fact that there is an equilibrium
store of vibrational energy in the presence of radiation, and this does not permit
conversion of the total vibrational energy of the molecules to the energy of a
radiation field even in the absence of V-T relaxation. Another factor is rapid
relaxation of the working molecules on reaction products and incomplete mixing

of the reagents in the resonator cavity during the cycle of stimulated emission.
The necessity for simultaneous consideration of these factors considerably compli~-
cates theoretical-analysis of operation of cw diffusion chemical lasers.

In the supersonic diffusion chemical laser inversion is formed either as a result
of direct chemical interaction upon diffusion of a single component like H; into
a supersonic jet that contains another diluent component (He) [Ref. 15}, or as

a result of energy transfer to an auxiliary reagent like CO, [Ref. 27, 40]. In
the diffusion mode the time of convective travel of the reacting particle (t conv)
must be greater than the time of diffusional travel of the particle tq, i. e.

TCOHV> Td. (6. 17)
Introducing the Schmidt number Sc and the Reynolds number Re, and assuming [Ref.
41] Tconv=l/u, 14 =I(1/D, where [, and [, are characteristic longitudinal and trans-
verse dimensions of the channel, D is the coefficient of diffusion, u is the
characteristic flow velocity, we get

Sc Re < eyley. (6.18)

In the case of a purely diffusional mode we have ScRe < |, i. e. for example
ScRe - 0,1,
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_ For continuous lasing (U s necessary that the lasing time t be greater than the
transit time of the reagents 1¢, i. e. T > 1, == [}/u, whence u>lyt

For the minimum value of =1 cm and 1= 10-*-10-% s, typical of pulsed chemical
lasers at pressures of the reagents up to a few kPa we have

v>10%-10° cm/s.

As a rule, the longitudinal dimension of the channel is greater than 1 cm, and
T decreases with increasing pressure and specific lasing power. Therefore, suc-
cessful operation of actual cw chemical lasers requires high-velocity flows of
reagents moving at the speed of sound or faster. These high velocities on the
one hand create additional technical difficulties associated with the need for
having powerful evacuating systems, and on the other hand enable the use of com-
ponents that react with one another rapidly upon mixing without any initiation.

Besides, efficient operation requires that the time tq of mixing of components
and the time 1 of the chemical reaction be less than the time of collisional re-
laxation Tps i. e.

Ty Tx < Ty

For a purely chemical laser operating without preliminary external initiation,
suitable from this standpoint are exchange reactions of atoms or radicals with
molecules as considered in Chapter 2, but it is more advantagegus to use chain reac-
tions such as the H;+F, type, and to introduce additional reagents for the origi-
nal initiation of the reaction that react with the main component and yield seed
atoms or radicals.

Laminar Mixing Model. 1In theory, the highest efficiency of a supersonic diffusion
chemical laser can be realized at comparatively low pressures in the cavity and

at low Reynolds numbers, i. e. with laminar flow conditions. However, in actual
cw chemical lasers, where high pressures are used, the rate of laminar mixing be-
comes inadequate to compete with deactivation of excited particles. As a conse-
quence, more rapid--turbulent--mixing becomes desirable. A solution can be found
[(Ref. 41] for linear differential equations of multicomponent diffusion with con-
sideration of nondiagonal diffusion components:

p .
—%‘— fuyni— X, DV oy =0. (6.19)
k=1

llere U is the mean velocity vector of the flow, agi are the dissipative coefficients,
Dk are coefficients of diffusion that are related by Onsager laws.

On the basis of (6.18), the second term in (6.19) can be disregarded for the purely
diffusional mode. Besides, when the inequality

| ot — G | << T7! (6.20)

is met, which is often the case in practice, we can disregard differences in the
dissipative coefficients, and then instead of (6.19) we have
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a"‘ 2 Din V2 n—a, 1. (6.21)

This sum of equations is reduced to a system of p independent equations by diago-
nalization of matrix D. Multiplying the equations of system (6.21) by the elements
gis of auxiliary nonsingular square matrix g, summing with respect to i and sub-
stituting subscript k for i in terms with simple summation, we get

3 &
T El gnyny =div gfadk Ny 2 giyDin—2, Z gnitr  j=1,2,..,P. (6.22)

k= = (=1
Introducing the notation

P
E &y Dus (6.23)

=1

P
- Zgu"ru Hy=—
E=1 8t

we get from (6.22)

OGj/Ot = vaz(;j — aSG/'

(6.24)
The elements of matrix H are found from the condition
det (Dy, — HOy) = 0, (6.25)
and the solution of system of equations (6.21) is
ﬂz=l§ gi' Gy (6.26)

where the gi] are elements of inverse matrix g-!

Ref. 41 gives the reduction of this problem of multicomponent convective diffusion
with consideration of the geometry of the system. It is shown for an HF amplifier

of diffusion type that a gain in the output power of a chemical laser is possible
with asymmetric injection of reacting molecules.

Turbulent Mixing. The description of macroscopic characteristics of turbulent
mixing is based on time-averaged Navier-Stokes equations. Representing each quan-
tity f as a sum of time-averaged f and pulsation f' components

f=F+F (F=0), (6.27)

we get equations of conservation of mass, momentum, enthalpy of the mixture and
mass of an individual component:

Ol—vﬁj/(7x, =0

o o (6.28)
—~
Uy —~ |- =2~ |- — (puf uj — PE) =
Pl dx; Ay [ (‘ i ) 0; (6.29)
_— 0;1:. ~ 0,7 AN ——
puy o5, ] o) |- —(pu, hy - q, fh/-«p)sbf/)~

_PL 01‘4] " 4)/) oL ‘)“1 -\ =

Pl/ |5 (7Xj Ill 0X} ‘S_‘/I/.swau (6.30)
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~~ ¥, 0~ oy -
puy —Okv;— ! a_xj‘({’lly Ys | P)st/.)=wa. (6.31)

Here Yg is the mass fraction of component s, DL, Pl ¢f are the rate of diffusion,

the stress tensor and the thermal flux for laminar flow, wg is the rate of chemical
reaction of component s.

In fully developed turbulent flow, the laminar transport coefficients are negligible,
compared with the turbulent coefficients.

In the simplest approximation of an incompressible turbulent boundary layer with
consideration of component of velocity v directed along the y-axis, we have

—— N T o,
—pu'v" =0T —g" , pUhe = ——nT "—”a'; ;
y - Pr (6.32)
TR n 3
VY= -0 2
0 * scT Oy

Here the numbers PrT, ScT are taken as constant, and turbulent viscosity nT is

determined by the mixing length 7 or excess shear velocity I‘]max"ﬁmin‘:

nT=61512\%5_ ; (6.33)
=0, E)-Gl;zmax —Z{niril' (6.34)
where 6 is the thickness of the boundary layer.
For heterogeneous mixing, agreement with experiment is better at
nr;:caamﬂwa*' (6.35)

where 6*= s ‘1»— LX ldy, and coefficients Cy, Cz, C3 in (6.33)-(6.35) are determined

flew oo

from experiment.

Amplification of Radiation in the Flame-Front Model. In analytical description
of the hydrodynamics and optical properties of chemical lasers with diffusion,
convection and chemical reactions, the presence of nonequilibrium distribution
of populations can be accounted for if we consider each long-lived vibrational
level of the active molecule as an individual component of the mixture. To do
this within the framework of the flame-front model, Ref. 43 uses laminar boundary
layer equations that take consideration of chemical reactions with formation of
excited particles and radiation. These equations disregard the axial pressure
gradient, and assume that Dij= D, and the Lewis number Le==pDcp/A= 1, which is
true for most gases. Then from (3.38)-(3.41):

dpulox + dpvloy = O; (6.36)
du u 0 du
e o} U — mz gy
[ P bpv o o 1 P (6.37)
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ohe e\ [ [Ohe \ pr_j L—"—“f’—]];
"(” EA ) % [pr [ 5 T )T (6.38)
e W\ _ 0 i’_t_) Lw,, i=0,1,..,n—1;
plu G+ ay) 5 (L R (6.39)
p=:PRT2:.|(Y1/l‘t). (6.40)
where Pr=mcp/d; cp= ;YWM

By analogy with (1.22) and (1.6), for N chemical reactions of n gas components
we have

N n—1 n—1 .l .
w = Y (n'z—ru)[kukl’lo (cn) M —=kyy kﬂo(Cu) "’]. i=1,..N. (6.41)
fe=1 = =

If the transfer coefficients are expressed in terms of the flow parameters, then
equations (6.36)-(6.40) with consideration of (6.41) are equations for the unknowns
ps U, V, he, T and Yi.

For solution, we convert to variables x, and

- ~ ue \V2 (¢ plr¥) i
— % PI7d
y"( D« ) b (6.42)
l/](x)

Based on the definition of the stream function, we get an expression for the flow
velocity, and for the corresponding boundary conditions we seek the solution of
(6.36)-(6.40) under the conditions:

Ky = (kylky), - 0; x/x, — 00, (x/xeg)* L 1.

Here x, and x.q are the respective characteristic distances of chemical pumping
and deactivation. As a result, expressions were found in Ref. 43 for the power
per unit of area of the flow, and for the chemical efficiency, showing qualitative
agreement between theory and experiment. At low temperature, when collisional
deactivation can be disregarded as compared with radiational deactivation, calcu-
lation shows that the chemical efficiency should exceed 30%; however, effects of
collisional deactivation reduce efficiency to 10-20% for a time of Hy diffusion
that is comparable to the time of collisional deactivation of HF.

Simplified Analysis of a Saturated Chemical Amplifier Based on Analytical Solution
Ref. 44]. 1In analysis of coordinates x (along the direction of flow velocity
u) versus y (in the direction of propagation of emission) we use the equations

Oyt G e e T (9= 1,2, L, m): (6.43)

ay u—l..lv v—1,J, To—1, ]y

d _ "F Lo wpbd, -
¥ (o yp) =4y [pnTx' -+ Qur (V) 4-Quv (v) 4 - l,a”' e RV

1;;51-4’;;-“"' —ay v 12'_’;'.",,')]} (©=0,1,..m) (6.44)
d dy nrYy
o (09 = No b == 5 (6.45)
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Here [v;/° is the intensity of radiation on tramsition v',J — v, J; 1, ns, Ny are

the respective concentrations of HF molecules on the v-th vibrational level, F
atoms in the active zone within the surface of the flame front yg(x), and the

initial concentration of F atoms in the flow; alyl’ = oz'-f’ (n, — Pr,n,-) 1is the
specific gain in the active zone on transition v',J'-—v,J; B;=exp (——2&7‘3—‘1); ov /" is

the cross section of the induced tramsition; GY';’" = ya¢'-/'/h, is the gain averaged

over the height hy of the jet; Py is the probability of population of the v-level
of the HF molecule in the course of the reaction; kyx is the rate constant of the
chemical reaction; m is the number of the higher vibrational level that is populated

during the reaction (m=3 for HF chemical lasers); the Qyy and Qyr terms describe
V-V exchange and V-T relaxation of the HF molecules.

For purposes of simplification, it is assumed that

m
Io=1y y==...o= Iy m—y =1/m, where | == E, /i o1
U=

Oy, v—1 =010 U=1,2,..,m—1)

Ji, o:f.lg,|=...=‘::.lm‘m_| ===,

m
For the density of vibrational quanta g¢,= 3 uvn, under the given assumptions we get
=0

qv == NS] *“ BJ(Z/O’I'O, (6.46)

where

! u oo V[ Brt
- : —m41) —— —1}[;
m(l—ﬁJ) ,,; ( Op, v—1 )[U (” t )"“r‘f/".H ( 6.7 )]

— Q) . . By o 1—fy
o = ,2", SRR TR ry [1 ~(m-|-1) fin (l——ﬂT-ﬁ)]'

The values of m=1, By=1 correspond to a two-level medium. From (6.44), (6.46)
we get an equation for a(J):

gqy—8 e N
2 (ay) =gy [0 [ 2L ~L) np— -t ey g 1y Gel ] (6.47)
dx B, Xx Xyr By xyp | xyr mul3; |

a where Xyr = u/(ka!n,-) is the characteristic length of the zone of V-T relaxation;
!

n
£x = X kPy is the reserve of vibrational energy (per molecule) that is created in

the course of the reaction (for the reaction F -+ H, e, ~ 2,1).

For the coordinate of the surface of the flame front in laminar mixing

= [V EEL, (8<Ba);
0@ = | . (<) 6.8
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(§= £, E,d=;x—d—, x4 is the characteristic diffusion length) .

*vr 1%
From (6.47) with consideration of (6.46) and (6.48) we have

«OWB) VE (1 tc) 2O
(- VT ¢ ot =t vyr
” Vir F<Ea
- __.I_ ___d_ = D fr t 3
hy (ax.uNm) fi—L'/—c—gi‘lexpl.—a(a—ad)l—&+(—‘-_ (6.49)
-0 Ve t !
— e | B e (R >
Here .
B D (2) =exp(—2?) ‘j)exp (x®)dx (6.50)
is the Dawson integral;
e B Ex 1) (= L
(=2 s "‘“‘“(e, ),t vy oot
In the case of instantaneous reaction on the flame front xy 0, £+ =, then
'(L_'-ﬁ. __1)_&@__1@' Bty
ﬁu(_ﬁl),: oo v ! (6.51)
[ N i £ )
R e “‘)-—-—D(V'f"’exp[—-t(&—gm—&. >k
e V, t

In the absence of radiation I=0 (t=1 is the unsaturated gain of the medium),
the width of the inversion zone is

1B,
] (6.52)

1
1—p7t

e
~N Xyr —— R Xyt

X
Ax inv 2%,

BJ[“‘(’" BT

It can be seen from this that in a multilevel medium with partial inversion (B3<1)
the width of the inversion zone is considerably greater than in a two-level medium
(m=ey=By=1), where AXjpy = XyT-

At high radiation intensity (t»1), relation (6.51) enables determination of the
width of the inversion zone of a saturated amplifier. For £> gq the gain decreases
exponentially with increasing £, and therefore the width of the inversion zone

is bounded by the quantity g4 or Axjny =X4. In the region £<gq for a multilevel
medium

y 1
Axinvz-é—xvr (—z—:—- — ). (6.53)

158

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0

FOR OFFICIAL USE ONLY

and for a two-level medium Axinv;%xVT. Hence it is clear that even in the region
£<fq in a multilevel medium the inversion zone is larger than in the two-level
medium. With increasing J the inversion zone grows up to AXj,y=X{.

In the case of instantaneous reaction on the flame front, the useful normalized
power Wporm Per sq. cm of the critical cross section of the nozzle module is ex-
pressed by the relation

h,v,0 ToNog x
Vhorap) = —t oV (‘ LI

n Vi ar\T T

t ey
In a saturated amplifier the maximum power from the entire lasing zone is

Whax (&*)=huwuNoeJl/—§’—;— [(E— —1)—%—?]. (6.55)

€y

JVE=DWB- e gt 6.0

whence

. Nyhyvye; ex _l " E
N, (8 )~——————Q [(;— l) 3 %]Tl/gd—- (6.56)

We can see from (6.56) that in accordance with Ref. 45 the efficiency of a cw dif-
fusion chemical quantum amplifier increases with an increase in the number J of
the working transtion. Actually, according to calculations done in Ref. 44 by
the given formulas, at T= 400 K, p=0.66 kPa, u=3 km/s, nge/np=5, hy==0.2 cm

and Tyge = 100 K, it is found that passage from J=4 to J=8 raises the efficiency
of the chemical amplifier by a factor of 2-2.5 (from 8% to 20%). 1In this connec-
tion the spectrum of radiation can be shifted to higher values of the rotational
number J even without using selective mirrors.

To do this, it is suggested in Ref. 44 that a working mixture be used in the master
laser with a degree of dilution by an inert gas such as helium that is lower than

in the amplifier itself. Then the average temperature of the lasing mixture will

be higher, and therefore the frequency spectrum arriving at the amplifier input

will be shifted toward values of J that do not coincide with the maximum amplifi-
cation zone, but ensure higher efficiency of the chemical amplifier. However,

it is possible that such an increase in efficiency will be realized only in a rather
powerful amplifier with greater extent of the active medium that compensates for

the reduction in gain that is due to the reduction in the cross section of the
induced transition as J increases.

Numerical Study of DF Chemical Laser When Rotational Equilibrium is Violated.

- The assumption made in some theoretical studies about equilibrium boltzmannian
distribution is unjustified. Refinements in the ideas of the role of rotational
relaxation have shown that in cw chemical lasers the violation of rotational equi-
librium results in a reduction in power by 20-30% [Ref. 45]. 1In Ref. 46 a theo-
retical study was done on a cw DF chemical laser without the assumption of equi-
librium distribution of populations of rotational levels. It was assumed that
gas dynamics and processes of mixing of reagents are described by quasihomogeneous
equations along individual jets in which mixing has already occurred, and which
vary in width in accordance with the formula
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L x \!1/2
8l — = g *_
=) (6.57)

where L. is the total length of the resonator cavity, i is the number of nozzles,
L4 is the length of the mixing zone. The concentration of reagents was determined
by using the equation

dey Cs 0 dw
. i (6.58)
where ¢g is the rate of change in concentration due to chemical reactions, V-V
exchange and vibrational relaxation, rotational relaxation and induced transitions.
Analogous equations have also been used for the reaction products in excited V-R
states of DF (v<4) in excited V-states of DF (v>4) and for excited D, molecules
(vz21).

It was assumed that the only pumping reaction was
F -+ D,— DF (v, J) |- D, (6.59)

with integral rate constant taken from Ref. 47. The distribution of products of
relaxation with respect to levels v and J is taken from Ref. 48, in accordance
with which the distribution maximum for v=1, 2, 3, 4 falls respectively to J=
13, 11, 9, 5. Numerical calculations were done for active medium F/He/HF/D, =
3/6/3/14 at T=300 K, u=2.13 km/s, pLg=1.66 kPa*cm, pLc=13.3 kPa-cm, p=133 Pa.

High amplification on transitions of strongly rotating molecules immediately after
the onset of mixing shows up experimentally in the development of lasing in this
region simultaneously on several lines. Calculations of lasing intensity also

show that after the beginning of mixing, lasing takes place at the same time on
many lines, those lines with small J ceasing to emit with the course of time, and
the maximum of the spectrum being shifted toward higher J. Amplification on purely
rotational transitions of DF (v=2) may increase considerably. For example at
p=0.66 kPa, a>1 cm™* at distances x<0.3 cm.

Violation of rotational equilibrium leads to a reduction of power in a nonselective
cavity by 147%, and with selection of a single line--by 35%. According to calcula-
tions, in the case of selection of individual lines, the output power is appreciably
dependent on the choice of the rate constant of rotational relaxation.

Other Numerical Studies of the Supersonic Diffusion Chemical Laser. The idealized
flow pattern with laminar diffusion of a stream of H, of finite width into a semi-
infinite stream containing fluorine and a diluent was considered in Ref. 49 in

a coherent radiation field. Mises transformation was used to simplify numerical
solution of equation system (3.38)-(3.41) of boundary-layer type with consideration
of multicomponent diffusion, radiation and chemical reactions. At constant values
of the initial velocity of the flow, temperature, width of the stream of H, and
initial partial pressure of fluorine, direct relations were found for the pressure
dependence of the integral gain and the effective specific output power of chemical
lasers, and inverse relations for pressure dependence of the length of the active
region and the chemical efficiency.
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Similar constraints on the length of the active zone and efficiency with pressure
increase due to processes of mixing of reagents in the laminar mode of operation
of an HF supersonic diffusion chemical laser were found by numerical calculation
in Ref. 50. However, the total efficiency of chemical lasers with consideration
of thermal expenditures on mixture preparation increase in the case of operation
in the mode of a chain mechanism of excitation, which is analyzed in Ref. 51 in
chemical lasers with a small degree of dissociation of molecular fluorine. The
comparative efficiency of different fuel compositions of chemical lasers on an
H,/F, mixture can be evaluated by using calculation based on an instantaneous mix-
ing model {Ref. 52].

Numerical analysis of the efficiency of energy conversion in HF diffusion chemical
lasers [Ref. 53] shows that the use of turbulent injectors in chemical lasers leads
to an increase of pressure in the resonator cavity. This ensures a high rate of
mixing of the components of the mixture under conditions of a turbulent flow mode.

For HF chemical lasers, especially with a chain reaction mechanism, there is typi-
cally multilevel excitation with kinetic pressures in the active zone that take
place against a background of diffusion flow with gradients of the index of refrac-
tion in flow beyond the nozzle tip. Calculation of the structure of amplitude

and phase diagrams of the radiation field in the near and far zones [Ref. 54] for
typical conditions of operation of HF chemical lasers has shown that the use of
telescopic cavities leads to an increase in the directionality of emission with
moderate reductions in efficiency.

Numerical analysis of the kinetics of physical processes has also been done for

a chemical-gasdynamic laser on a mixture of CS;/CS/0,/0 [Ref. 53]. Simultaneous
solution of equations of chemical kinetics, vibrational relaxation and gas dynamics
for a logarithmic nozzle shows that efficient chemical pumping and gasdynamic
cooling should give comparatively high values of total inversion (~10** em™?) and
gain (~0.1 em™1).

§6.5. Open-Cycle Chemical Lasers With Pressure Recovery in the Diffuser

Since gas flow with Mach number M> 1 takes place at the inlet to the cavity of

a supersonic chemical laser, it is possible, as pointed out in §6.2, touse a dif-
fuser for restoring the pressure from the range of 0.66-3.33 kPa required in the
resonator to 26.7-53.3 kPa at the diffuser outlet. From this level, a mechanical
pump or ejector can bring the exhaust pressure up to the level that is required
for example when chemical lasers work into the atmosphere [Ref. 56]. Energy ex-
penditures on evacuation must be minimized to increase the overall efficiency.
From this we can see that the requirements for pressure recovery in the diffuser
are important in calculating and designing supersonic chemical lasers.

In the open-cycle chemical laser (see Fig. 6.9) the primary fuel mixture is formed
on section (1)-(2) and is accelerated in nozzle (2)-(3) to supersonic velocity

at low static pressure. In the cavity (3)-(4), heat release takes place in the
flow as the primary and secondary mixtures burn, and in the diffuser (4)-(7) the
flow is decelerated from supersonic velocities with a corresponding increase in
gas pressure. A one-dimensional analysis of such a flow in chemical lasers is
given for example in Ref. 57, where an examination is made of chemical and
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thermochemical processes in the cavity, the hydrodynamics of the flow with consider-
ation of the boundary layer and deceleration of the flow in a diffuser with constant
cross section of the intake and throat (4)-(6), and with a subsonic expanding dif-
fuser (6)-(7) at the outlet.

If we denote the parameters of the primary flow of oxidant by subscript p, and
those of the secondary flow of fuel by subscript s, the molar flowrates of oxidant
in the nozzle are GpF and GpF,. The relative dissociation of fluorine is then
defined as a=l§GpF/§pF2, where éppz= 4GprF + GPF2=§ is a normalizing parameter that

characterizes the flowrate of all fluorine in molecular form. The dilution of
components i (F, Fz, D, D2, He, DF and so on) in the cavity is described by the
degree of dilution Ypi= Gpi/G, the total dilution of the primary oxidant flow being
expressed as Yp = Z¥pi- The molar flowrates of F and F; will be Gpf = 20rG and

GPFz =(1-ap)G.

The normalized molar flowrate of fuel with consideration of the ratio R¢ of com-
ponents of the mixture in the cavity will be Ggp, =R.G, and the flowrate of diluted

secondary flow \!’sé' Overall molar flowrate of fuel: Gs=§(RC+ vs) .

The total molar flowrate at the cavity inlet (3) (see Fig. 6.9) with consideration
of dilution is equal to the sum of the flowrates of fuel and oxidant:

Gy =G (1 + a5+ @p+ P+ Re)- (6.60)

Since F and F, react completely to DF at the cavity outlet, and the diluent does
not take part in the chemical process, the equality Gupp=2G is satisfied in cross
section (4), and for atomic deuterium Gup=apGyp = ZaFuDG, where ap is the relative
dissociation of D atoms. Then the flowrate of molecular deuterium at the cavity
outlet GQD2=G(RC_ 1 - apap), and the total molar flowrate at the cavity outlet is

G,= G(1 +arap+¥p+Pa+Re): (6.61)

Thermochemical processes in cavity (3)-(4) are described by the expressivns
Hg3 = G3hgs and Hgy = Gyhgu, which are equal in the adiabatic state. However, the
cavity releases the power of stimulated emission W= Gsuzwgp, where py is molar mass,
wgp=W/m 1is the specific power of stimulated emission, m3 is mass flowrate. Then
Ho3=Hey+ W or

(G heas — Gy foog) + Ga g W,p =Q = Z(Gal hy—Gy hyy), (6.62)

{

where h;; is the specific heat of formation of the i-th component. For diluents
G3i=Gyi and for F, and D hjgz=th2=0, therefore

Q = Gpehyr — Geor yor — Gaohyp. (6.63)
The specific energy release in the cavity with respect to oxidant F; is

g =Q/G = 2 (b —ap hyo) —2hyor. (6.64)
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From (6.60)-(6.62) we can get a relation for the specific enthalpies of deceleration
of the flow in the cavity:

1 9l heo M3 Wap '
b e P i .A5)
504/ €03 F A [ 1-+ap-+¥p Xp heop ' *

where =G,/G; is the mole fraction of oxidant, hgy, is the specific enthalpy
of deceleration of the primary flow at the nozzle ocutlet; Ag is a parameter that
describes the influence of the secondary flow,

A, ==

S

Xqh,
{ . osle0s 6.66
} Xp"c()p ( )

In general, as can be seen from Fig. 6.2, the flow at the nozzle outlet is inhomo-
geneous and may have a complicated system of compression shocks. However, these
effects, which are associated with energy release and mixing, play a major role
only in the inlet part of the cavity, and in the remaining part they can be disre-
garded. The contour of the walls on section (4)-(5) is usually smooth with a large
radius of curvature, and therefore there are no large pressure gradients. Thus
since transverse velocities of the flow are small throughout the entire extent
of the channel compared with axial velocities, deviations fromunidimensional flow
can be treated as quantities of the second order of smallness. 1In this connection,
the homogeneous flow parameters at the outlet of the nozzle array in Ref. 57 are
obtained by integrating the inhomogeneous distributions across the nozzle by the

- method given in Ref. 58. The diffuser (4)-(6) is equipped with a throat with con-
stant cross sectional area and length sufficient for conversion of the flow in
the shock wave system from supersonic to subsonic flow, and also for equalizing
inhomogeneities of the flow at the diffuser outlet. Thus the one-dimensional ap-
proximation can be used in analyzing the flow in cross section (6) as well.

The equation of momentum for the inviscid control volume I of the cavity in region
(3)-(4) is written as

4
[pS (1 4-yM3)ar =[pS (1 + yM?)]; -+ S pdsS. (6.67)

3
Here the cross section of the inviscid control volume S4T = Sy~ Sg, Sg characterizes

the boundary layer in the cavity determined by the thickness of displacement §
and the hydraulic diameter Dy as Sg= S448/Dy.

The solutions of the equations of momentum, energy and continuity give expressions
for the velocity of the flow uj, enthalpy hg3 and pressure pj:

uy = Yyup + Y, + mi* [p,S, + psSs — p3 (S, -+ Syl (6.68)
heg = Xphep + Xy log + (283) =V Y p 14 Y us —ud]; (6.69)
P =y Ry Ty/(ity Sy) (6.70)

T
J

(R is the gas constant, f,; — X { CpdT 1s the enthalpy of the j-th state of the
[

medium, for example j = p,s, 3, Y, - my/m, is the mass fraction of component i) from
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which, by iterations with the use of temperature dependences of the gas properties,
we determine p3, us, T3, and then pp3 and M3. For the general case p=£(S), the
relation

pSHt—H = const (0CET) [Ref. 59] (6.71)

is substituted in (6.67) and an estimate is made of the pressure integral and the

quantities
[ Mg ] (6.72)
Pu/Ps I:C'H’Mfl ] ’
SalSs =L+ yMI/IE + yMilo-; (6.73)
Tu/Tq = [Mu (€ + ?M:’s)/Ma € + YMEI)]Q- (6.74)

For the stagnation pressure ratio we have
. —1 Y1 M2 vitv=1)
Posl Poa == (pu/pn)[(l L Mit) / (1 e MJ)] - (6.75)

The stagnation temperature at the cavity outlet is
y—1 M3
TM:T“ l-{-—T— Al - (6.76)

The expression for Tg3 will be analogous. Dividing (6.76) by To3 and substituting
the result in (6.74), we get

Taul Tow =1 4 l;—'m:,)/(w = M’i)][ T«l'écm,; ] (6.77)

The ratio Ty4/Tg3; is found from (6.65), (6.66), and equation (6.77) is solved with
respect to My at a given ¢, after which the quantities appearing in (6.72)-(6.75)
are readily determined. Data of Ref. 58 can be used to convert from inviscid param-
eters to averaged parameters in cross section (4) with consideration of the boun-
dary layer.

The parameters in cross sections (4) and (5) for a diffuser with throat of constant
cross section and without constriction at the inlet can be taken as equal: §s5=Sy,
My ~ My, ps~py, and so on. From cross section 5 to cross section 6 the flow tran-
sition from M>1 to M<1 takes place on a throat length of (8-13)Dy through a com-
plex system of oblique shocks identifiable with a single straight shock wave. Con-
sequently the flow parameters in cross section (6) are calculated from the param-
eters in section (5) by well known expressions for a forward compression shock.

After this, the unknown pressure is determined at the diffuser outlet of the open-
cycle supersonic chemical laser:

P7 7= Py (16 (Poa/ Py — I)]. (6.78)
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where § is the coefficient of recovery of static pressure of the subsonic dif-
fuser (6)-(7). Here we can assume pj =z Po7 in view of the smallness of the number
M-,

The characteristics of the described diffuser can be improved by using a constrict-
ing inlet (4)-(5) as shown in Fig. 6.9 that compresses the flow and reduces the
Mach number in front of throat of constant cross section (5)-(6).

The above-mentioned one-dimensional analysis of Ref. 57 agrees with the results

of experimental studies of the nozzle module of a chemical laser with diffuser

of constant cross sectional area of the inlet and throat. In these experiments,
the pressure at the outlet of the diffuser (7) was restored to 35 kPa. The re-
sults showed linearly increasing dependence of the output pressure in the diffuser
as a function of increasing pressure in combustion chamber (1)-(2). The change

in temperature of the medium in the combustion chamber has a considerable effect
on pressure recovery o. For example increasing Ty, from 1700 to 2100 K leads

to a rise in pgoy by 257%.
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CHAPTER 7: CHEMICAL DETONATION LASERS
8§7.1. General Information on Detonation Processes

We know that the process of detonation of solid [Ref. 1] and gaseous [Ref. 2, 3]
explosives can be used for optical pumping of lasers. In this process the chemical
energy of the explosive is converted directly to luminous pumping energy, and then
to the energy of stimulated emission. Chemical energy conversion should be still
more efficient in chemical detonation lasers with working principle based on stimu-
lating emission directly from the zone of chemical reaction behind the detomation
front [Ref. 4, 5], or from the region of free dispersal of the detonation products
[Ref. 6], or from the region of discharge of the detonation products through the
nozzle [Ref. 7]. 1In general we will apply the term detonation laser to a chemical
laser in which detonation products serve as the active medium or as a component of
this medium.

Let us give some information of a general nature on detonation.

Detonation is an explosive combustion wave for which one of the major well known
properties is propagation at a constant supersonic velocity characteristic of the
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given explosive and given initial parameters. If we take a coordinate system fixed
on the detonation wave front, then in accordance with the one-dimensional theory of
detonation the flow can be represented as shown in Fig. T.1l. The gas flows elong

8 G
Reacticn
Pyr /o rﬂ ) Py feos Teo X
Zlone
l G
i B - s
0 D=0 D-u,,

Fig. 7.1. Flow in coordinate system tied to the velocity D of
the detonation front

the x-axis in the positive direction, and the wave parameters remain constant in
planes perpendicular to the x-axis. Equations that describe such flow are given in

Ref. 8. From these equations in coordinates of p vs. V we get a curve -- the
Hugoniot adiasbat -- that describes the solution for any values of the wave velocity
D (Fig. T.2):

VIV, = wm+m+mw-m+@mM)' (7.1)
[(p/p0) (¥ + D/(y— D141

Here V=1/p is specific volume; y=c /cv is the ratio of specific heats; Q is the
heat of combustion of a unit mass of the system; cp is the speed of sound in the
initial mixture.

Fig. 7.2. Hugoniot adiabat
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The condition of uniqueness of the detonation rate is demonstrated in Ref. 9, and
has come to be called the Chapman-Jouguet rule:

(p — po)l (Vo — V) = —(9pldV)s. (1.2)

This rule implies that normal detonation corresponds to the minimum veloecity D of
all posible velocities, which is shown on the curve of p(V) (see Fig. 7.2) by the
Michelson line AB tangent to the Hdugionot curve CMNE at point G, known as the
Jouguet point. It is typical of the process that in the state corresponding to
point G, the detonation rate is equal to the sum of the flow velocity and the rate
of propagation of the disturbance in the blast products, i. e.

D=u+c (71.3)

In addition to the mode of normal detonation corresponding to line AB tangent to
the adiabatic curve of the detonation products, there are two other detonation
modes described by curve CM: overdriven (CG) and underdriven (GM) detonations.
For the former mode u+c>D, and for the latter u+c<D.

According to the elassical one-dimensional theory of detonation [Ref. 10, 11],
after the initial mixture has been compressed by the shock wave, its state corre-
sponds to point B (see Fig. 7.2) in the case of normal detonation, and to point Bz
in the mode of overdriven detonation. Thereafter in the course of the chemical
reaction the state of the medium shifts along Michelson curve BG or B;C. States
described by points G or C respectively correspond to completion of the chemical
reaction. Thus the pressure should increase at points B or B;.

The detonation wave theory that assumes the presence of a smooth wave front is
based on solution of one-dimensional equations of gas dynamics and chemical
kinetics.

There is & departure from this one-dimensional model in what is called spin deto-

nation [Ref. 12]: the phenomenon of helical motion near the wall of a tube on the

part of a single focus of a chemical combustion reaction, this focus being formed

upon splitting of the wave front [Ref. 13]. Spin detonation always occurs at the
_ limits of propagation of the detonation wave [Ref. 1h].

The limits of propagation of the detonation are critical initial conditions with
respect to pressure pg or density p, explosive charge diameter d, and also with
respect to the concentration of components and the composition of the initial
mixture, such that a change in these parameters either toward a reduction in pres-
sure or diameter, or toward an initial mixture that is richer or leaner in the fuel
component, mekes it impossible for the detonation process to propagate.

According to the classical concept, the detonaticn wave should have a flat, smooth
front far from the limits of propagation. However, the results of high-resolution
photography and the wake method under these conditions have shown [Ref. 15, 16] an
inhomogeneous high-frequency structure of real detonation waves with periodic in-
nomogeneities in the uneven leading edge of the wave.

Spin detonation close to its limit of propagation corresponds to the wake print

of Fig. T7.3a [not included in the translation] with a thickened helical wake of
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only one combustion focus moving with a trajectory at an angle x to the generatrix
of the detonation channel. With increasing distance from the limits of propagation
there is a stepwise restructuring of the process: instead of a single combustion
focus in the detonation front, there are 2n (n=1, 2, 3...) combustion foci moving
in contrary motion over the front with spacing Ax, undergoing collisions and reflec-
tions. A time photoscan gives the frequency of pulsations of the process:

v = D/Ax. (7.4)

It is convenient to characterize such a periodic process by the detonation mode

Q.= viv, @ =n), (7.5)

where vy is the minimum frequency of pulsations in the near-limit region of exis-
tence of the detonation wave with Qwn-1. The spacing of the pulsations decreases
with an increase in the initial pressure py of the mixture or in its reactivity,

e. g. by changing the chemical composition (Fig. 7.4) [Ref. 15-19]. Here the re-
sults of extrapolation of data of Ref. 20 correspond to Ax= 5.10"3 and 2+10~3% mm,
and v= 7-10% and 11-10% Hz.

Ax,
mm
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a /
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Fig. T.4. Scale of pulsations Ax as a function of initial pressure pg of explosive
wixbures 2Hy/0p (O [18], + [15, 161 ® [19]); 2CaHz/02 (¥ [17-191); CaHa/0p (& [18]);
2H,/0, (O--extrapolation of data of Ref. 20)

Pulsations also occur in spherical detonation waves [Ref. 20], which is further
evidence of the general nature of the pulsating mechanism as a property of deto-

nation waves.
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One of the peculiarities of detonation is the phenomenon of discreterness of the
pulsation spacing Ax, frequency v and other parameters that characterize the struc-
ture of the detonation wave as functions of initial pressure pj.

Analysis of sequences of Ax for successive n in Ref. 22 gave an expression for the
discrete spectrum of Ax in the form

adide=1n 4+t (I + Un)(n—1), n=1,2, 3, (7.6)

Here g, =tan(X)pin, 1. €. the tangent of the smallest angle x reached far from the
detonation limits.

Each of the intersecting lines on the wake prints of Fig. 7.3b, ¢ [not included in
the translation] in Ref. 15, 16 is interpreted as a trajectory of a so-called kink.
The kink was examined in Ref. 23 in the form of three intersecting shock disconti-
nuities: an oblique compression shock, a head-on shock wave normal to the gener-
atrix of the detonation channel, and a shock wave that moves tangentially to the
nead-on shock wave. Gasdynamic calculation of such a model, which is the Mach
configuration, leads to the necessity of existence of a fourth discontinuity as
well: a tangential discontinuity emenating from the point of intersection of the
other three, the triple point.

And indeed, a triple point delineates each of the wake lines of the kinks [Ref. 2k].
The space structure of an actual detonation wave for the case with n=2 recorded on
the wake print of Fig. 7.3b [not included in the translation] is graphically shown
in Fig. 7.5 [Ref. 24] for three successive times tg, t3, tz. Concavity of the

Fig. 7.5. Diagram of three-dimensional structure of detonation for Q@a=n=2: light
lines are the trajectories of triple points; heavy lines are shock discontinuities;
circles indicate the triple points A; 0, 1, 2 -- states of the gas: initial, and
behind oblique and head-on compression shocks respectively

wave front is replaced by convexity at collisions of triple points marked with the

crosses. Pulsating behavior of the leading edge of a detonation wave has also been
observed in Tdpler schlieren photographs of the process of detonation in a flat
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channel [Ref. 25, 17). However, as shown in Ref. 25, the flow structure behind the
leading edge for detonation at low n is still more complicated, and includes a
transverse detonation wave suggested in Ref. 26 for spin detonation, experimentally
observed in the structure of this detonation in Ref. 27-29, and studied in Ref.

- 30-32.

Flat Mach configurations in a detonation wave and their collision with one another
were first analyzed by the method of shock and detonation polar curves in Ref. ok,
- 33 and 34. To do this, equations were derived that relate the relative pressure
change AP in the i-th shock, AP=(pj -po)/pg =b8p/pg, to the angle of deflection n
of the flow behind the shock:

For the detonation polar curve

__ AP M2 (1—q/8P) 4
tgn YM!—APl/AP/(P-’—i-l)-q-l (7.7)

[M is the Mach number, a=Q/Eg =Q(y-1)(pp/pg)~! is the effective energy release
as a fraction of the internal energy of the gas, p2=(y-1)/(y+1)1;

for the shock polar curve

_ AP M2 —1.
tgn= M:—AP ‘/AP/(p'+l)+l (7.8)

Solution showed that for detonation with Q>1, collisions of Mach configurations
and the resultant formation of new pulsations in the wave should be important.-
However, the actual process of interaction of perturbations in the detonation wave
far from the limits of propagation is even more complicated than that usually con-
sidered in the plane model, and involves the influence of a volumetric effect on
the structure of the detonation front [Ref. 35]. What is really important is that
the process is three-dimensional, and that the most intense sources of disturbances
that renew pulsations with Mach configurations in the wave are points of "triple"
or nigher multiple collisions of the Mach configurations. As a result, the pulsa-
tion multiplication factor

K=14+I[{1+ N (n*+ NI (7.9)

at a sufficiently large number of initial pulsations N approaches two (n*=3 for
detonation in channels of circular cross section, n* =5 for spherical detonation).
The feasibility of such multiplication is implied by the reaction-kinetic data of
a detonating medium [Ref. 21]. When the number of pulsations in the wave is small
(<n*) they may multiply by the formation of new triple points when there is an
uneven change in the intensity of the discontinuities making up the Mach configu~
ration [Ref. 36].

The question of localization of controlling factors of the combustion zone is an
important one for an understanding of the detonation mechanism. Ref. 37T suggests a

mechanism of chemical reaction under conditions of adiabatic explosion where the
induction zone is a compression shock in which a few collisions between atoms or
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molecules lead to chemical conversion of a small part of the explosive, and this
brings about conditions for the concluding stages of the reaction. Hence we can
assume thet during detonation there is a thin layer (a shock-wave film) in which
combustion foci are imbedded. That such a reaction zone structure is present in
the detonation wave is demonstrated by methods of correlation analysis, experimen-
tal investigation of disturbances of the fine structure of spin detonation and com-
parison of the resultant data with calculated dimensions of the zone of vibrational
relaxations of molecules [Ref. 38, 39]. The controlling factors of the combustion
zone during detonation are localized in the narrow forward layer of the detonation
wave with thickness of the order of the size of the zone of vibrational relaxations
of the mixture; consequently, the scale of detonation pulsations may also reach
values of this same order of magnitude.

§7.2. "Optical" Properties of Detonation Waves, and the Phase Nature of Their
Propagation

In accordance with Fig. 7.5, the detonation wave front can be treated as consisting
of elementary fronts that oscillate about some average position propagating at con-
stant velocity. The interactions between neighboring elementary fronts are sources
of new fronts. If the initial explosive is isotropic, the propagation of such a
wave front should conform to laws of geometric and physical optics.

On this basis, the Fermat analytical principle and the Huygens-Fresnel principle
can be applied to the process of propagation of detonation waves in an inorganic
medium [Ref. LO]J.

The first of these states that propagation of a wavefront f in an isotropic medium
from point P,(xy,¥y;) to point Pp(x,,yp) corresponds to the extremum value of the
integral

Py
ds
T=( a7 (7.10)

Py

where T is the time required for passage of the section of wave front from P; to Pp
and s is the length of arc of the trajectory of a point of the wave front.

The integral curve is determined from the differential equation of Euler for the
extremun

a4 y' VITWD oD(x.y) _q
% Dy VTR | Dn) (7.11)

The constants of general solution y (x, Cj, Cy) are determined from the conditions

h=y(x, Cp, Cy),

(7.12)
.‘/2=.‘/(x2: Cl! C?.)

In many cases the Fermat principle reduces to simple algebraic expressions for
conditions of minimum time of propagation of the wave fronts, as shown for example
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Fig. 7.6. Examples of application of the Fermat principle to the detonation pro-
<I:ess (detonation collimators): ea--with two continuous explosive media 1 and 2
{?1/D2>1); b--with separate explosive channels

in Fig. T7.6a, b. In the two-dimensional case, for simultaneous emergence of all
points of the detonation front f,; emanating from a single initiation point I at
straight line PP, (see Fig. T.6a) when a compound charge is used with two media 1
and 2 having different detonation rates D; and Dy, the shape of the boundary be-
tween media 1 and 2 is calculated from the equations:

T =V 3+ y?IDy +(x* —x)/Dy; (7.13)

Tmin = XQ/DI + (x‘ bt "--\\/Dg. (T-lu)
When D;/Dp> 1, the boundary C between the media is a hyperbola. Such a generator
of a straight wave front (collimator) may be important for chemical detonation
lasers as a device for simultaneous input of gaseous detonation products into the
optical cavity. The detonation wave generator shown in Fig. 7.6b can serve the
same purpose.

Here the line MM, is a channel filled with a detonating medium having detonation
rate Dj, and the lines MiNj (i=1, 2,..., n) are channels with a medium detonating
at rate Dp. The condition of simultaneous arrival of the detonation fronts in all
channels M;N;j at the level of straight line M)Np is

M M Ny =M = ANn_ .
T.___._Bl_l = or T= Dy |My N =0 T Dy (1M=0 (7.15)
whence
D, = Dy sin B/sin a. (7.16)

If a=8, then Dy =D, and IM; = INg. An example of realization of such a scheme is
linear detonation generators filled with gaseous explosive and made in the form of
detonation channels of the same length [Ref. 3]. A device based on an analogous
principle focuses the detonation wave by using hollow cylindrical shaping lenses
made in the form of a stack of cylindrical diaphragms that are roughened in the
central part and smooth on the edges.

A number of wave generator designs based on the Fermat principle are shown in Fig.
7.7a-r [Ref. 40]. Shown are: a, b, i, o -- designs with focusing of detonation
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Fig. 7.7. Diagrams of detonation wave generators

fronts at a point; ¢, d, e, g, hy, r -- linear detonation front; f, 1 -- focus~
ing of detonation on the axis of the system; j, k -- generation of a planar deto-~
netion front; m, n -- generation of a curvilinear detonation front; p, q -- 4if-

fraction of detonation fronts. Designs p, g and r are based on the diffraction
properties of detonation waves occasioned by the physical rather than the geometric
optics of the system.

Witnin the framework of physical optics of detonation, the Huygens-Fresnel prin-
ciple enables construction of the detonation wave front for some instant if the
wave front is known at a preceding time. Such a construction is based on the fact
that each point of the medium reached by the wave front s treated as a new source
of oscillations.
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The regions of collisions of kinks -- triple Mach configurations -- act as such new
sources of pulsations in a detonation wave. The sources of new pulsations in the
detonation front are responsible for the phase nature of pronagation. After each
collision of kinks, a new pulsation arises with parameters that depend only on the
initial conditions. This can explain the effect of detonation wave diffraction
that takes place for example when detonation waves flow around corners, or the
effect of refraction on interfaces [Ref. 41]. The pattern of phase propagation of
a detonation front is shown schematically in Fig.

7.8, where the numbers 1-8 denote positions of ) D~

pulsation fronts corresponding to times from t;
to tg. The heavy lines depict regions of maximum
energy release that renew pulsations in the wave.

Phase propagation of such a structure at velocity
D, as can be seen from Fig. T.3b, ¢ [not included
with the translation] forms patterns similar to
those observed in hydrodynamics during flow of
shallow water (motion in a field of gravity of an
incompressible liquid with a free surface and with
depth of a layer of this liquid that is small com-
pared with the characteristic dimensions of the
flow). It is known (see for example Ref. 42) that
wave processes on shallow water are described by
the Xortweg — de Vries equation

cLv<D

B + Db + bex + W9, =0 (7.17) 12354 6

(D is wave velocity, b=DL2, 1 is the scale fac-

tor). Special cases of this equation for propa- Fig. 7.8. Diagram of phase

gation of small and finite perturbations in a propagation of a detonation

medium with a chemical reaction were considered wave. For tangential veloci-

in Ref. u3. ty of development of pulsa-
tion ¢ <v<D (v=D -- spin

Long-wave perturbations for the case of acoustic detonation, n=1)

detonation in reacting media have been analyzed to

derive an equation that describes the structure of a finite perturbation propa-
gating in one direction in a reacting medium. The general system of equations of a
reacting sas.presented in §1.7 is reduced in Ref. 43 to a single equation from
which the Xortweg- de Vries - Burgers equation is derived for waves on the surface
of a liquid with positive viscosity in limiting cases rch/T<l (Tch is the time of
the chemical reaction, T is the characteristic period of the initial disturbance).
In this connection, condition top~1 corresponds to medium frequencies, while
Tc‘n>l corresponds to the high-frequency approximation. The analysis implies that
when a long-wave perturbation propagates through a medium with an exothermic reac-
tion, it increases in amplitude and decreases in duration, i. e. signal amplifica-
tion takes place.

The frequency response of wave bursts in each of the possible detonation modes for
given initial conditions of the explosive medium can be derived by the energy
method and the formalism of elementary quantum mechanics [Ref. L42] in which the
state of the medium is described by a normalized function ¥{x,t) that satisfies an
equation of Schrodinger type as a special case of (7.17). Such a set of possible
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normal frequencies of the detonation process can be obtained in the following way

[Ref. 4L4]. Energy release Q(T) is accounted for by the equation of the second law
of thermodynamics:

Tds = dT — (y — D)Tdplp = (ley)Q (T)dt. (7.18)
Here s =S5/cyR is the dimensionless specific entfopy.
To simplify the problem, we will assume that Q is a linear function of T, i. e.
Q(T) = (3Q/9T)T, where 3Q/9T = const. Then from equation (7.18)
" T = T, exp (o), (7.19)
where m—ds/dt = —;- ?% = _].; ¢t is the ignition induction periecd; T, = To (o/po)?!

flash point.

Each wave burst in the detonation wave is described on the average by the trans-
ported mass m, momentum §=mﬁ and energy E in phase space ?, t. By analcgy with
quantum mechanical formalism [Ref. LZ] we write

1hg%}’——-— bvzw-{-(ﬁ‘el— S‘Tds)tp. (7.20)

Here HD is a constant that depends on the thermodynamic properties of the medium,
w(r t) is the wave function that characterizes the wave burst in the detonation
front.

To determine the constant hp, we use one of the solutions of equation (7.20) in
the form of a plane wave

¥ (r, f) ~ exp [—(i/hp) (Et —pr)—iso ()], (1.21)
where sg is the initial phase of the wave.
The law of conservation of energy in such a wave is

E = mu*2 + (T, (y — 1)] exp wt. (1.22)

We determine constant hp by substituting (7.21) in equation (7.20). We get

E + hpdspldt = mu¥2 + [To/(y — Dl exp (@f) + T,. (7.23)
From expressions (7.22) and (7.23) we get
dsyldt = Ty/hp = ® or hp = T, /. (7.24)

In a physical sense, the initial phase of the wave 59 coincides here with the idea
of specific entropy, and therefore when a new wave burst is formed by a discontinu-
ity, not only the phase changes, btut the entropy as well.

Now let us verify whether equation (7.20) satisfies the principal laws of conser-
vation of mass and momentum. The expressions for these laws can be obtained from
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expression (7.20) by averaging. For instance the law of conservation of mass

AlepP _
o - v (7.25)

> ik
is written as % [ ppldu = —div § Jdu, where |p[? ~ plpy, and j = ’270@ Vy* —9*Uy) is

the probability flux density. Integration with respect to physical volume ?, t
- gives the averaged law of conservation of mass. The law of conservation of
momentum is written as

) 9
S 1y, (7.26)
Here the momentum probability flux density tensor is

A h3 .
= 2 (v v B + Vb v 0) — (v v 8 + 9 00V 01+ 845 (Po/po) vexp (@0)/(y—1).  (T7.27)
im

Analogously upon integration of (7.26) with the use of (7.21) we get an expression
for the law of conservation of momentum.

Let us analyze the structure of the detonation front on the basis of equation
(7.20). To do this, we consider the two-dimensional problem with longitudinal
transport of wave energy in the direction of the x~-axis, and along the y-axis in
the transverse direction. We will look for periodic solutions with respect to y,
and derivatives with respect to x, t in the form

"P—"—'\P(X. t) €xp (lky)v (7-28)

where k = 21/Ay is the wave number, Ay is the transverse scale of the pulsations in
the detonation front. From (7.20) we get

Loy _ kb oy eofby—=1\  BhH ] .
tho 5 om  oxt +[T°( =1 )T | ¥ (7.29)

et us look for self-similar solutions of (7.29) for steady-state motion by a
procedure analogous to that used in the theory of steady-state shock waves (Ref.

457]:
P (%, ) = (x — Di).
. - . . d ‘10
Making the self-similar substitution "D Ve get
2y 2imD* &p _ 2mDS T, expla)ty—l L) P=0 (7.30)
o hp Ot A, y—1 2m

To solve this equation for eigenvalues, we use the conditions [Yll=s =1, [P{fae = 0.
After the substitution
P (x, £) = @ (x, 1) exp (—imD*/hp) (7.31)
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(7.30) is transformed to

L7 —m( 2mD? ) [Tc(e‘"'“—‘) L, . ] =0.

h}, y—I 2 2m

(7.32)

We solve this equation at ¢u.g=1, $t4w = 0. The solution can be represented as a

cylindrical function of the imaginary argument K,(z), and then

vir=ere[ 2 (=) e feen[$ (= )]}

2D [2m Tg \1/2 . s s
where g = kg (Yl—i’) , and C is found from the normalization condition

+oco
f [ fdv=1.
From the solution we get a dispersion relation for the pulsating process

=2D_ _2211‘1. +k1_m1£_ l/2_
w h} by

IS

Y t-x/0

Fig. 7.9. Model of wave burst of the detonation process

(7.33)

(7.34)

Fig. 7.9 shows the resultant model of the wave burst in the form of the function ¢
in coordinates y vs. t-x/D at a fixed value of Q. Estimation of the time scale

of the pulsation with respect to x in the detonation wave gives
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2 8nD? 1-1/2
Af ~ = ———
~ = ln[(v l)Ta] . (7.35)

Using expression (7.33) for the wave function § and taking the representation of
energy in esccordance with formula (7.22) in operator form, we get after averaging

Q1T
E-poT‘,+poD’[1}—WD‘]. (7.36)

This implies for example that for Q> & -1 the Mach number of the detonation wave is

R IRCATR (e
M—[W'*' = ] (plpo) T, (7.37)

where &= Qu/RTY; Q=ZE/p,.

If the spectrum of detonation frequencies is represented in accordance with (7.5)
as v =Qug, where vg is the minimum frequency of pulsations in the near-limit region
of existence of the detonation, and the specific energy release of the chemical
reaction of 1 Si.tion, the flash point and the average molar mass of the mixture are
taken as Q, T30/ and @i respectively, then relation (7.37) qualitatively follows the
spectrum of the experimentally observed relation between the longitudinal mode and
the Mach number M. This can be seen for example from a comparison on Fig. T.1l0

of the experimental discrete

detonation frequency Fig. T7.10. Comparison
spectrum (shown by the of experimental and 10
vertical lines and the theoretical discrete I
broken curve; the cross detonation spectra g T
shows the value calcu- i
lated from the data of Ref. 18) with the results 8 /
calculated by relation (7.37) (short lines and /
dot-and-dash curve) for a stoichiometric oxygen- 7 j
hydrogen mixture.

Although the comparison of theory and experiment 5 ; <t
on Fig. 7.10 shows only the qualitative corre- /, -
spondence between the directions of changes in lﬂ,pﬂf
parameters, nevertheless the theoretical concept ;
that has been developed can serve as an illustra- ! /
tion of the phase process of detonation wave [ /
propagation based on the "physical optics" of [
detonation waves. A condition of applicability
of such consideration, of course, must be the "
fact that the frequency of the process v =Qvg |
must be less than the natural frequency of vi-
brations of the molecules.

-\

The fundamental harmonics of detonation pulsa- 1 107 10
tions were also found in Ref. 46 by examining
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periodic instability as a theoretical basis of the internal property of detonation
-- pulsation wave structure.

4 detailed mechanism of phase propagation of detonation is proposed in Ref. L7. It
is based on equality of the average tangential velocities of collision D, and re-
flection D3 of triple points A treated as ignition points (ignition lines) in the
relaxation layer (film).

Actually, conditions of stable existence of detonation should be

DyD, =1, (7.38)
M, =Dyey = 1, (1.39)
where the latter condition means that the tangential velocity of point A is close

to the speed of sound in the initial shock-compressed gas in state 1.

Suppose that shock waves collide, and Chapman-Jouguet waves are reflected. When
condition (7.38) is satisfied, the conservation equations yield

M= ! 293 (3—y)+ 11 (4 —71)—3 —
2 {[Pa(h— D420 (n—2)1F—4v (1:—3) (293 (2 —13) +
i
—b .
Y Ry L e e e (7.k0)

In Ref. 38, 47, the motion of ignition point A during detonation is treated in a
coordinate system fixed to this point as supersonic flight of a pointed wedge in a
gas mixture with an exothermal reaction in the wedge. Let us represent the flow

in %he near vicinity of the point A as shown in Fig. 7.11. Since the collisions of
ignition points (lines) are symmetric relative to
the directed average velocity D, the absolutely
rigid wall x-x can be taken as the axis of sym-
metry of the process. We will take AB as the
incident wave front of obligue Mach reflection,

AN as the Mach disk of this reflection, the dot-
and-dash line indicating the direction of "flight"
of iznition point A with dispersal of the products
of iscthermic reaction to both sides of this line
at angles ¢ =¢,, and AK indicating the limit of
dispersal in the form of a compression shock that
changes into a Mach wave. In order for an obligue
Mach reflection to form again after collision with )
x-x, the condition //

X

Fig. T.1l. Diagram of flow in
the vicinity of an ignition
nust te satisfied. point in the Jdetailed struc-
ture of a detcnation wave

W > arcetg ‘//JL_’*'_I_’)_"(I.._P_L\), (7.41)
2 s P2

Taking the equal sign, and assuming that the tran-
sition 0-2 is strong =nough that py/pp = (yp-1)/(yp+1), we get from (7.L1)

b=arcctg Vm—Dim+ 1), (7.12)
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For angles ¢; and ¢, we have

R p=atr="—ht xR, (7.43)

where
= arctg (D/D,;) = arctg (Myco/Mycy); ) (7.4k)
coley = {(¥1 + D? (o — 1)/291 (v — 1) [2 + (vo — DMI}I/2. © o (7.45)

From (7.44 and (7.45) with consideration of (7.43) we get

¢ =arctg {(

m

I A

where

m= My{2y: oy — ) [1 +2M} (yo — DI}/
pe = [ (s =1/ (2 + DI

For the pressure in region 2 we have [Ref. L8]

2
ngt1

Py = po D,’ Sil’lz‘Pv (7"4’7)

which with consideration of the fact that Dg=D/sink (see Fig. 7.11) beccmes

14+ (y2—1)q/2y; (___ 2Q )
Ng= = i
1= L+ (ya—1)q/2 Pl P (7.48)
Here, in accordance with Ref. 48,
P _ 290 M} sin*o@
po  ma+1 sinix (7.49)

In the given calculations, pj/pg and p1/pg are related to M) by the respective
formulas

O voMitl +[( YoMi+1 )’ 2v0 M{ (Yo — ¥1)
Po nt+! nt! (1) (o—1)
2y Mi—(n—1) ]’/2 . (7.50)
n+! '
_ it 290 MI \ Yo “4yo
Pl/Po—-{l + yi—1 [( Yo+ ! ) Yo+ ! ]}[ v§—1 *

+_2_?_°M_{J_l. (7.51)
Yo+ 1
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There are analogous formulas for pp/p); and pa/py.

From (7.40), (7.4L), (7.45) for a stoichiometric hydrogen-oxygen mixture at
Yo ='T/5, v1=8/6, y2=9/T we get calculated values of k = 55-56° close to the ex-
perimental results at Mach numbers M) =5-6 typical of pulsating detonation.

n T~ 7718
07— =1344 ~——
0’5 s ke 7 {’”‘
) o 7
0’5\“%\\0 :
= P g7
N N2 |17
¢] l ’4 N ..703
v A
) e b \ 7
é %
0,212+ 0; . 2T 104
7=75 E - A
- A
Al [ =
! l :i"/LQ "701
=917 % Ly |8
\1.‘*%\ iy - I
- i
_,Ir,l__ [t |t
0 / iil L
2 3 4 5 6 768 9M,

Fig. 7.12. Graphic solution of equations (7.48), (7.49) for Q;=3.77 and Qg=13.4k
1J/kg, and comparison with the limits of the experimental spectrum of detonation
frequencies

The Mach number M) of the detonation wave in this same mixture can be conveniently
determined from the graphic scluticn of equations (7.48) and (7.49) on Fig. T7.12,
which alsc shows for comparison the experimental spectrum of detonation frequencies
n coordinates M;, 2=v/vy. For pulsating detonation the region of this spectrum

the graph is bounded by the shaded dot-and-dash line. Solutions Lj and L of

ations {7.48) and (7.49) for Q;=3.77 and Qp=13.4k MJ/kg respectively shcw
ittle difference from the indicated region of the experimental spectrum of deto-
nation frequencies. Here Q) is the energy release for near-limit pulsating deto-
nation with fundamental mode =1, Qg is the maximum theoretically possible energy
release accompanying 1 chemical reaction in a detonation wave. The point Ljg
corresvonds to detounation of a mixture of 2Hp; +0, under normal initial conditions
with natural frequcncey characterized by the mode Q©=30 and v=1.5 MHiz.

o

o O e

qu
4
v

In the fan of rarefaction waves that is formed in region 2 as the reaction produccs
disperse from ignition point A, the incoming flux may be deflected to the point
where compression takes place in rexion 1 (see Fig. 7.11), and self-regulation is
effected by this kind of "feedback". It is by this that the detonation wave
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"gnows" in what tangential geometry it is propagating: in chennels of circular or
perhaps rectangular cross section, and at the same time does not "know'" the geom-
etry of the space in the direction normal to its flow, for example whether the ends
of the channel are closed or open.

§7.3. Overdriven Detonation

Of interest in application to chemical lasers of detonation type is an examination
of conditions of overdriven detonation, since it is in just such modes that the
effect of direct stimulation of coherent emission has so far been realized [Ref.
L]. Corresponding to modes of overdriven detonation are states on the Hugoniot
adiabat lying above the Chapman-Jouguet point, e. g. on curve CG (see Fig. T.2).
Such modes can be realized by preventing the formation of a rarefaction wave behind
the detonation wave front, e. g. by using a piston or some other method to compress
the reaction products [Ref. 10]. Overdriven detonation is realized for example by
a change in the channel geometry tangential to the wave in a narrow tube as deto-
nation passes to it from a wide tube, by setting up an electric discharge current
layer in the explosive mixture to act as an impermeable piston that pushes the
shock wave [Ref. L49].

Overdriven detonation can also be realized by "driving" the detonation wave out of
a high-pressure section into a section with a low-pressure explosive medium that
is separated from the high-pressure section by a breakable diaphragm.

Unless they are maintained, overdriven waves have . damped velocity, and in essence
should not be considered detonation waves, for whicin one of the major properties is
steady-state propagation under fixed initial conditions.

However, there is another feature of detonation that must be taken into account --
the periodic structure identified by the wake method [Ref. 15]. The presence of
such a structure in a reactive medium is evidence of energy release immediately in
the wave front, and in particular during overdriven detonation.

From -he way that pulsation spacing Ax changes on wake prints for known initial
conditions pg, dtybe, one can judge whether overdriven detonation occurs, and can
select structures with a smooth front that are of interest for chemical lasers.
Fig. 7.13 shows diagrams of such wake prints for some methods of exciting over-
driven detonation, and graphs of the cha. ze in pulsation spacing Ax as the detona-
tion waves from overdriving are reaching the steady Chapmen-Jouguet state on length
Log from the cross section in the detonation channel that corresponds to over-
iriving at point C of che Hugoniot adisbat until the steady state of detonation is
reached, correspending to point G (see Fig. 7.2). The overdriven detonation mode
with velocity D¢ was realized both by stimulated excitation (broken curves on Fig.
7.13) and by the natural onset of detonation from the unsteady combination of an
accelerated flame G preceded by a shock wave 8 (solid curves) propagating at
velocity Dy.

We can see from these diagrams that chemical detonation lasers can utilize pro-
cesses shown in diagrams I, III and V on sections corresponding to overdrive com-
pressions beyond the limit values, i. e. downstream from cross section C to points
where high-frequency detonation pulsations arise. Use can also be made of the
overdriven processes with smooth fronts found in Ref. 52.
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Fig. T7.13. Diagrams of wake prints
and graphs of the change in pulsation
scale Ax on the length of transition
of overdriven detonations to the
steady state, Lpg: I--spin detonation
wave transition of a pulsating deto-
nation artificially produced under
overdriving conditions in a tube with
a wire helix [Ref. 24, 50]; II--pul-
sating detonation transition of an
induced spin detonation produced in a
tube with a helix at fixed initial
parameters of the mixture (an analo-
gous result was obtained in Ref. 36
by changing the initial density of the
mixture); IIJ--strong initiation by an
electric discharge [Ref. 51]; IV--
onset of detonation from unsteady G-S
complex; V--strong initiation by an
electrodetonator or a suspension of
lead azide; VI--collision of spin
detonation with unsteady G-S com-
plexes; VII--collision of pulsating
detonation with unsteady G-S com-
plexes

km/s
52
27
2,2

4 . | )

Mixture !E:fperlment , kPa dtube’ mm Leg, mm
CH,¢/20, X 40 20 90
2H,/0, A 13,3 16 400

G- 17,3 18 50
(@) 26,6 18 800
A 40 20 30
] 53,3 20 40
I 66,6 2 50
) 9,3 16 30
v 40 16 8
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The process by which detonation arises under conditions of overdriving is identical
to the process of stimulated emission in lasers and masers, and is characterized by
shock wave amplification and coherent energy release {for example, IV on Fig. 7.13)
-- called the "swaser'" effect in Ref. 53.

§7.4. Mechanisms of Population Inversion in Chemical Detonation Lasers

Pumping the active substance by the energy of the chemical bond. To increase the
coefficient of utilization of pumping energy, it is suggested in Ref. 4 that ex-
plosion energy be converted directly by dissociation, including by photolysis,
impact dissociation or some other chemical reaction through the process of pre~
mixing the working substance of the laser with the initial explosive. Such a
method of producing a medium with negative absorption factor is based on the fact
that any explosive in the initial state can be treated as a medium with population
inversion for which the state of the combustion products is a stable state. In-
version upon detonation of an explosive can be realized by a variety of reactions
in the detonating explosive medium. Let us consider some of these reactions.

a. Two-component mixture: explosive +working (emitting) substance.

For this case, energy conversion is realized as follows. The explosive XY disso-
ciates:

XY > S (XY, + A+ hv)),

=

(7.52)

where the XYJ are products of dissociation of the initial substance; AEj is the
kinetic energy of the reaction products; th is the energy of a quantum emitted
upon dissociation of the intial substance XY into components XYJ; m is the number
of terminal products.

Upon explosion, the energy of the products of dissociation is expended on decompo-
sition and emission of the introduced working substance AB:

AB + AE;—~ AB¥%; (7.53)
AB + hv, -~ AB*. (7.54)
4B* in turn may emit a quantum as a result of reactions
AB* ~ A + B*—~ A + (B +hv); ’ (7.55)
AB* —~ A + B + hv + AE. (7.56)

Reaction (7.55) corresponds to emission of a product of dissociation (B*) of the
excited AB* molecule, and reaction (&.56) corresponds to conversion of the working
substance from the excited to the dispersed state.

Tnstead of the diatomic working molecule AB, the working substance may contain a

monatomic substance A that in the excited state forms a metastable molecule with a
dispersed lower state. The reaction scheme for this case is as follows:

A+AE)| pu. (7.57)
A—*—h’\)l
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A+ A* > A
A; > A+ A+ AE + hv, (

From an energy standpoint it is more advantageous to use substances with low dis-
sociation potentials such as metal salts in reactions (7.35)-(7.56). On the other
hand, reactions (7.57), (7.58) can utilize noble gases or metals such as Zn, Cd and
Hg that are capable of forming dispersed molecules as the substance A.

b. Pure explosive. The most interesting method of energy conversion is that in
which the initial substance XV, one of the fission fragments XY; and intermediate
dissociation fragment XYJ are excited or deactivated according to reactions (7.53)-

(7.56) or (7.57)-(7.59).

Let us examine each reaction individually. The initial substance XY dissociates
into

XY 3, (XY, +4E) (7.60)

Upon collision of the initial substance with fission fragment XYJ, a molecule XY of
this substance is excited:

XY + AE, -~ XY* (7.61)

and emits a quantum of light with transition of the molecule to the dispersed state:
XY* - XY' 4 XY? 4+ hv + AE, + AE,. (7.62)

As the dispersing fragments interact with each other, they are converted to the
terminal products of the dissociation reaction of the initial substance XY, i. e.

XY! 4 XY2 > 31 (XY, +AE)). (7.63)

f=1

The dissociation reaction products XY; in turn enter into reaction with the initial
substance XY, and the chain reaction continues until the initial reserves of sub-
stan:2 XY are completely exhausted, the greater part of the energy stored in the
substance being converted to emission energy in reaction (7.61). The terminal
products of such a reaction have a low temperature since the kinetic energy of the
reaction products XYj is converted to luminous radiation in reaction (7.61).

Another mechanism of transformation of the energy of the chemical bond to luminous
radiation is dissociation of the initial explosive XY in accordance with scheme
(7.60). One ot the fission fragments, for example XY; that has sufficiently low
dissociation energy emits a photon by reaction scheme (7.53)-(7.56), i. e.

XY, + AE;— XY! - X, + Y[, (7.64)
Y Y + hvg; (1.
X, + Y, —~ XY,. (7.66)

Thus the kinetic energy of fission fragments is transformed to luminous emission,
and the final rhemical makeup of the mixture remains unaltered.
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Also of some interest may be the following reaction mechanism that leads to con-
version of the energy of the chemical bond to luminous radiation, and that is: the
initial explosive is divided into several intermediate fission fragments (taken as
two in our case for the sake of simplicity):

XY — XY® + XY®, (7.67)
The fragments dissociate further into the terminal products of the decomposition
reaction R
X‘{(l)--a-lg"Jl (XY;+ AE)); (7.68)
m
XY<2)_,]_}E+1 XY;+AE)). (7.69)
- The unstable intermediate dissociation products (complexes) may emit a light

quantum with the following reaction schemes in the medium:

one of the complexes XY(J) is formed in the electron-excited state, and its deacti-
vation takes place upon radiative transition of the complex to the dispersed state:

]
xwv»ygl (XY, +AE ) +hv (7.70)

or as a result of spontanecus emission with transition to the ground state
XY — XYW 4 pv (7.71)
with subsequent dissociation in accord with reaction scheme (7.68), (7.69);

the intermediate complex is formed during collisions with the terminal reaction
product

and emits a quantum upon transition to the dispersed state

k
XYW~ 3 (XY, +AE)+hv (7.73)

7=

or with transition to the ground state

XY — XY + hy (7.74)

with further dissociation

L]
XY - 3 (XY, +AE)). (7.75)
[ 1

These cases do not cover all possible reactions that convert the energy of the
chemical bond to radiation. The given reactions are typical in that they are non-
eguilibrium, and that population inversion with stimulation of coherent radiation
mey take place in the medium in which they occur.
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Feasibility of lasing on the CO molecule behind an overdriven detsnation front
.Ref. 54}, The detonation process, as we pointed out in §7.1, is characterized by
constant average parameters that are high inside the limits of detonation propa-
gation. This makes it difficult to vary temperature or density ot the reaction
croducts for example when using mixtures in which the ratios of components are
outside the concentration limits of detonation. So far no methods have been found
ror chemical laser utilization of the high-frequency processes in detonation wave
structure described in §7.1. Accounting for them is quite complicated, and so far
it can only be assumed that the nonlinearity of the detonation structure, the local
inhomogeneities of temperature and density fields, and alternation of zones of
unreacted mixture and combustion products must reduce the maximum possible gain

oT emission. These constraints can be removed by using a mode of overdriven deto-
nation from plane shock wave 5 and trailing combustion zone G. In this case, the
induction time of chemical reactions mgy be more than five times as long as the
veriod for reaching the thermodynamically equilibrium state of the gas behind the
shock wave. It was shown by calculation in Ref. 5S4 that under such conditions it
iz possible to make CO chemical detonation lasers based on a C3; + 0, mixture.

the parameters behind the shock wave front are calculated without consider-
of chemical transformations. The Runge-Kutta method is used with a com-
to calculate the concentrations of all components from the equations of
al kinetics. Zach vibrational level of the CO(v) molecule from zero-energy
seventeenth was taken as an individual component. The thermodynamic quanti-
les t, o, T and wave velocity were taken as constant at energy release Q less than
cme predetermined wvalue Aq. After calculating the new values of the thermodynamic
juantities and velocity corresponding to the calculated concentrations, the rate
constants of the chemical reactions were found at the new temperature values. The
rethod of iterations was used to account for the temperature dependence of specific
neats.

&)
ct
33
1D 0

&
v
3

Tha principal reactions amcng more than 4O elementary reactions known from data in
the literature for *he given mixture were selected from consideration of their role
in the first 75 us from the instant when the shock wave acts on the mixture. Reac-
~ions were not considered if their elimination during this period caused no more
“nan 0.1% deviations in the concentrations of components. The given time interval
compiasely covers the time of existence of inversion under the conditions assumed

“or the given problem with respect to: a) composition of the mixture CS;/0p/Ar =
=1

R
Lt<.Dy

L0, 1/1/30, 2.5/1/10; b) temperature range T=1400-3400 K; c) pressure

: ; &) chemical kinetics in the given initial time interval of 75 us de-
v 16 selected principal equations of reactions with the following rate
of trese reactions (k, cm®-mole~l+s=!; E, kJ-mole~!; R, kJ-mole” S et

1. CSy+CS, 2 CS+S 4+ CS,, &y =0,166-10% x !

x exp(—183/RT); [55]

2. CS,--Ar=CS S +Ar, ky = 0,364 101 x
x exp(—336/RT); [55]
3. CS; + 0= CS+ SO, ky=0,12.104 X |

x exp(—4,4/RT); [56] |
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4. CS; +020CS+5, k,=0,1.10" x ¢
xexp (—33,6/RT); (58]
5. CSQ+SZCS+52, k°=-0,1'1016 X
x exp (— 16,7/RT); 58]
6. 0. +S0=280,+0, ke =10,35-10% X
. x exp (—27,2/RT); (57]
7. 0,+S=S0+0, k,=0,1-101* x -
' "7 Xexp(—23,4/RT); (57)
8. 0+0CS=C0+S0, k. =0,19.10" X
: * " Xexp(—18,9/RT); (58]
9. 0+S,=S0O+S, bo=0,4-108npu T =" & -
=0 : = 1100 K; [57) (7.76)
10. O+ OCS=CO, +S, by, = 0,16.100° npu T'=
s " = 1270K; [58]
11. CS+0,=0CS+0, kyy = 0,1-10% X
| mT N exp (—50,3/RT); (58]
12. SLOCSECO+S,, Eyp=0,19-10% X
x exp(—18,9/RT); (58]
13. SO+S0= S0, +S, kyg=0,45.10" x
) xexp (— 15,9/RT); (571
) 14, OCS +Ar = CO+S-+Ar, hy = 0,398-100 T=1:37 x
x exp (— 299/RT); (55]
- 5. 0,4 CS2CO* (1) + SO,  kus=0,55-101 X
- . xexp (—8,36/RT); (58]
- ) 16. O +CS= CO* () +S, ke =0.24-101% X
©) #7 L exp (—8,36/RT). (58]

Equations (1)-(16) characterize & complex chain reaction for which curves are shown

on Fig. 7.1L4 obtained in Ref. 54 for the way that the concentration of reagents c¢;
= and temperature T depend on the time t of motion of the gas volume relative to the
leading shock front of overdriven detonation. The calculations were done for a
mixture of CSZ/OZ/Ar==l/2.5/hO at an initial gas pressure of 2 kPa and shock wave
velocity of 1500 m/s. It can be seen that the temperature in the reaction zone
changes insignificantly. The broken curves show the change in concentrations of
05, CSy, CS and CO; in calculating these concentrations, the rate constants for dis-
scoiation of CS, (ky, k) were assumed to be zero beginning at 6 us. After this
instant the reaction may be maintained by chain branching processes, but chain
initiation processes considerably accelerate combustion. With wesker dilutions, or
in the undiluted working mixture the temperature may rise during reactions. For
example Fig. T.1l5 shows the calculation of the chemical kinetics of reaction in
a mixture of CS,/02 =1/9 at initial pressure of the mixture of 2 kPa and shock wave
velocity of 1700 m/s. Here the temperature changes from 1510 to 2800 K during the
course of the reaction.

Reactions (15) and (16) determine the populations of vibrational ievels of CO mole-
cules [Ref. 59} in the same way as processes of V-V exchange with molecules of

co(v), 0p, OCS, CSy and V-T exchange with molecules of CO, 0, Ar. Molecules of
0p, 0CS(v3) and CSy(v3) may make a transition from the ground state to the first
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Fig. 7.1h. Calculation of the change in concentration of reagents cj and tempera-
ture T as a function of the time t in the overdriven detonation wave

excited vibrational level upon collisions with CO(v). This calculation did not
consider transfer of excitation from Op, OCS(001) and CS,(001) to CO.

Numerical computer solution of the system of equations for chemical, relaxation and
gasdynamic processes gave the time dependences of the population of vibrational
levels of CO molecules behind the leading shock front of the overdriven detonation
wave. The results of calculation of this dependence for complete inversion of the
vibrational levels of CO are shown on Fig. 7.16. The rate constants of relaxation
as a function of vibrational number v were calculated by using formulas from Ref.
60, and the emission gain in the center of the line for individual V-R transitions
of - and A-branches was calculated at times corresponding to the maximum complete
inversion between each pair of vibrational levels. Maxwell-Boltzmann population of
rotational levels was assumed at a temperature equal to the translational tempera-
ture, the half-width of the line was taken as corresponding to impact broadening,
and the linewidth was assuwed to be independent of quantum numbers or the kind of
molecules responsible for broadening. The resultant maximum values of gain opgy
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Fig. 7.15. Results of calculation of the
chemical kinetics of a reaction behind the
leading shock front of an overdriven detonation

on a given vibrational level v for a mixture of CS;/0; =1/9 at T=2495 K are shown
in Table 7.1. This same table gives the populations of vibrational levels ny,
ny/ny-1, and the corresponding rotational quantum number J and wave number mg-_’l,m
of the transition on which ap,, is reached for the - and A-branches.

Analysis of the calculated data shows that during the first 1.5 us the first inver-
sion wave passes through all vibrational levels from 1 to 13. As we can see from
Table 7.1, this wave is characterized by low populations of vibrational levels of
the CO moleculzs and low gains (J.O""---lO'5 cm'l). The second inversion wave is due
to the intense process of chemical reactions, and under the given conditions propa-
gates to only three vibrational levels (7, 8, 9). This wave is characterized by
high values of the maximum gain (10-3—-10-2 cm~!) and long durations of inversion.
The calculated maximum gains opgy, the duration of inversion T, the dimensions of
the inversion zone Axj that correspond to this duration, velocities D, temperature
in the inversion zone and the transition vibrational and rotational quantum numbers
corresponding to apgy are given in Table 7.2 for pg = 2 kPa.
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The following conclusions are drawn in Ref. 54 from the results of such a numerical
analysis of the possibilities for achieving stimulated emission on the CO molecule
behind an overdriven detonation wave front in a mixture of CSp; +03:

A change in pressure causes an inversely propcrtional change in all characteristic
times of chemical and relaxation processes, including 143

the maximum gain does not change as long as the impact approximation remains valid
in calculation of the linewidth,

the inversion duration increases as the composition approaches stoichiometric pro-
pertions; increasing the temperature from 1800 to 2495 K for the same composition
(modes 2 and 4) reduces both gain and inversion duration;

calculations done for an idealized one-dimensional model yield relatively high
values of the gain.

Processes of population inversion in the case of adiabatic cooling of the deto-
nation products. The chemical energy of detonation of the initial fuel mixture
may also serve simply as a source of thermal energy for heating the mixture of
products that are formed with added gases before they are cooled in the process of
subsequent adiabatic expunsion. Detonation lasers that utilize such processes are
quite similar to shock-wave and chemical-gasdynamic lasers (described in chapter 6)
and to gasdynamic shock-tuoe lasers [Ref. 61]. However, what distinguishes them is
that in detonation lasers thermal pumping is realized in conditions of more intense
heat release in the detonation wave than that accompanying ordinary combustion, and
the components required for forming the active medium, as well as the proportions
of concentrations of these components necessary for stimulated emission are pro-
duced immediately during the chemical reaction in the detonation wave. Otherwise,
the process of population inversion in such lasers is analogous to the method of
obtaining negative temperatures by cooling the medium that was first outlined in
Ref. 62, and then in Ref. 63 and 6L4. In accordance with this method, a three-level
system is considered that has different relaxation times between subsystems -- the
levels 1, 2, 3 situated in sequence one above the other. If the relaxation time
between subsystems is considerably greater than the relaxation time within each
subsystem, and if radiative transitions between them are possible, then with a
sufficiently rapid change in thermodynamic state, equilibrium will be established
fairly rapidly within each subsystem, but there will be no equilibrium between them.
Then a state is possible with negative temperature with respect to transitions from
the energy levels of one subsystem to those of another.

Based on such a method of getting inverse population by an abrupt change in tem-
perature of the medium, it was demonstrated in Ref. 65 that a state of inverse
population cen exist for some time with respect to vibrational levels in the case
of adiabatic expansion of mixtures containing molecules that have appreciably dif-
ferent vibrational relaxation times and that are capable of exchanging energy of
vibrational excitation. This kind of exchange is effective if the energies of the
vibrational levels are close to one another, or the energy deficit is

|AE| & kT. (7.77)

Mixtures of N,/CO, and Np/NO, were considered in Ref. 65 as media that satisfy
the resonant condition {7.77) of exchange of vibrational excitation. In these
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mixtures the process takes place without chemical transformations, and hence is
characteristic only for purely gasdynamic lasers. However, in chemical detonation
lasers with adiabatic expansion the mixtures N,/CO, and N/NO; may be either added
gases, or may be part of the components formed during reaction of detonation pro-
ducts, and therefore it is of interest here to outline the analysis of Ref. 65.

- The probability of energy transfer in the mixture of N,/C0y during a single col-
1ission of a molecule at room temperature is B~10"° [Ref. 66]. The exchange pro-
cess is conside:ed in the assumption of a surplus concentration of molecules that
are carriers of vibrational excitation as compared with the concentration of work-
ing molecules with levels that involwve inversion, ny§>>nco,, i. e. concentration
ny% is taken as constant in time. On the other hand the time change of the number

Jé|
b N TN Ol
v=f 3(00%
\_/ t ﬁj’z* rﬁzg { }
s ‘ Z————;—Z
2
« By iﬁ,, , L 1 #
v={ 1

Fig. 7.17. Time change in number of CO; molecules on three vibrational levels

of molecules of the working gas COp on three vibrational levels (Fig. 7.17) of
which level 0001 may exchange molecules of N¥ with level v=1, can be written as

dns/d_t=_Pab’"3+Pbaril“‘P:1n3+Plsn—Paﬁns+ Py ny §} (7.78)
dﬂg/dt=P32 ﬂ3+Pn ﬂr—'Pgsnz—Pnng.

Here n; +np +n3=n is the concentration of working molecules; Py , Pop are respec-

tively the probabilities of forward and reverse transfer of excitation between the

working molecule COp and the carrier molecule N%, P3;, P13, P32 and so on are the

probabilities of thermal relaxation of a working molecule between the corresponding
vibrational levels.

Let the rate of adiabatic expsnsion of the gas mixture be such that its cooling
time from initial temperature T; to final temperature T is much less than the
inherent vibrational relaxation time of the carrier gas. After completion of ex-
psnsiocn of the gas mixture, steady-state distribution of the working molecules is
established with respect to vibrational levels. Hence by setting the right-hand
members of equations (7.78) equal to zero end denoting the probabilities of rglaxar
tions during one collision by 821, B3z, B3y, We can determine the population in-
version between levels 3 and 2:

ng—ny __ B (o —fsa) exp (__ Ey — Ea )

n - B (BtBastBa) kT, (7.79)

In the derivation of (7.79), thermal perturbation of the molecule was disregarded,
i. e. no consideration was taken of probabilities Py3, P23, P1p, but account was
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taken of deactivating collisions and condition (T7.77) for temperature Tp. Expres-
sion (7.79) implies that there is no inversion when B3 > Bz, and inversion is
maximum when B51>B3, and under the condition where the probability of transfer of
vibrational excitation B is much greater than the probability of deactivation of
level 3 of the working molecule. In this case inversion is equal to the relative
concentration of excited molecules of the carrier gas with initial temperature T,.

Ref. 65 gives a specific computational example of population inversion by using a
supersonic nozzle with continuous mode of adiabatic expansion of the working mix-
ture. For example under conditions of inverse population between levels (00%1) ana
(1000) of the CO, molecule at Tj=1000 and T, =300 K, it is found that (n3-np)/m;~
~1-3.5%.

Following Ref. 62-65, a number of papers were published dealing with the process of
rapid expansion of a preheated mixture of molecular gases a&s they are discharged
through nozzles or slits, thus bringing about conditions of inverse population of
vibrational states of molecules [Ref. 67-Tk].

Such an effect can also be produced in a strongly exothermic reaction duriig deto-
nation with free dispersal of the reaction products [Ref. 6] without using gas-
dynamic devices like nozzles and slits.

As was already pointed out above, in this case the composition of the detonation
products should correspond to a relaxation scheme analogous to that used in gas-
dynamic lasers of the type described in Ref. 67, 75 and 76. Many gaseous and con-
densed explosive media have such a composition of detonation products [Ref. 77, T8].
The rate of dispersal of detonation products heated to 2000-5000 K depending on

the type of expleosive is comparable to or greater than the flow velocity in gas-
dynamic lasers -- 105-10% cm/s. The process for an acetylene-air mixture is
described by the exothermic chemical reaction [Ref. 791

0.081C,H, +0.202(09 + 3.T6Np) =0.162C0p + 0.081H0 +0. 757N, + 108.9 kJ/mole.
(7.80)

This process is analyzed in Ref. 6. Thus it is known from Ref. 79 that at a
pressure of more than 0.05 MPa in an initial mixture with volumetric concentration
of 8-14% C,H, detonation is excited from a spark in tubes of diameter @ 218 mm.

The detonation rate in this case is 1.8°103 m/s. For the conditions of reaction
(7.80) the temperature of the reaction products is 2000-2400 K. It is assumed that
the walls of the detonation tube are rapidly destroyed by pressure in the detonation
wave. This destruction is accompanied by adiabatic expansion and cooling of the
reaction products, the calculated rate of expansion being about 0.9-10° cm/s.
Dispersal into vacuum will change the parameters of state of the reaction products
with formation of population inversion of states 2 (00°1) and 1 (1090) of the CO,
molecule.

In this case, relaxation of the excited CO, molecules corresponds to the kinetic
equation

dng,
dt

= Pye—c N*no82a—[na/Ta (f)], (7.81)
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Fig. 7.18. Time dependences of gas temperature and molecule concentration in the
case of cylindrical dispersal of the detonation products of an acetylene-air mix-
ture: T--temperature of detonation products; n--concentration of CO; molecules;

21/n, ny/n and N*/N--relative populations of excited states of molecules of COz
and nitrogen respectively

_ /{’/

where a=1.2; 6, is the Kronecker delta; N*, ng, ng are the concentration of
excited molecules of N, COy in the ground and a-states; Pyx_¢ is the probability
of transfer of excitation from N; to COy; Ta(t) is the time of collisional re-
laxation.

The time dependence of gas temperature and molecule concentration have been calcu-
lated for cylindrical dispersal geometry [Ref. 6] (Fig. 7.18).

With consideration of data on the temperature dependence of the probability of
collisional relaxation of CO, molecules [Ref. 80], the time t_(t) has also been
determined. The initial conditions here are selected from th& following consider-
ations. At a temperature below 1000 K the relaxation of excited molecules of COz
depends on collisions with molecules of Hy0 and is most probable for the lower
level. Due to the relatively large concentration of water in the reaction products
the relaxation times are short and at pressures of the initial mixture higher than
0.1 MPa relaxation occurs faster than cooling of the gas. And at pressures of the
initial medium below 0.05 MPa, as already stated, the process of detonation exci-
tation is hampered in an acetylene-air mixture. Therefore the selected conditions
corresponded to the following: pressure 0.05-0.1 MPa, tube diameter d=z2 cm.

Integration of kinetic equation (7.81) yields the time dependence of the population
of excitel states. In this connection we can disregard the transfer of energy from
N, to CO, and approximate 14(t) by power functions. It is found that relaxation of
level I takes place more rapidly than depopulation of the level due to cooling of
the gas, i. e. its populaticu is determined by the Boltzmann factor. On the other
hand, beginning with a certain instant the relaxation of level 2 takes place more
slowly, end the vibrational temperature is separated from the temperature of random
motion in the gas. It can be seen from the results of calculation on Fig. 7.18
that separation of the vibrational temperature of level 2 takes place at t =200 us,
and population inversion arises 650 ps after the beginning of dispersal. The time
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dependence of the population density of the excited level of the nitrogen atom N*

is determined mainly by relaxation upon collision with CO, molecules. It is pointed
out in Ref. 6 that accounting for the energy transfer from nitrogen to CO; should
lead to an increase in inversion and to a reduction in time before onset of in-
version, and moreover that inversion should occur at higher pressures in the

initial mixture. Increased inversion is also possible when an explosive medium is
used with a lower relative concentration of water in the products of explosion.

§7.5. Experimental Stimulation of Emission in Chemical Detonation Lasers

Lasing in an overdriven detonation wave. Realization of the possibility of lasing
in detonation just as in a thermal explosion is so far a complex problem. The
pertinent experimental results include the use of overdriven detonation for direct
stimulation of emission and normal Chapman-Jouguet detonation and explosion for
thermal pumping of an active medium.

Induced emission was first obtained directly from a detonation wave in a mixture of
F,0/Hp/Ar=1/1/20 [Ref. 5, 81]. Before this, emission of vibrationally excited HF

?ad been produced in the course of a chain reaction initiated by flash photolysis
Ref. 82]:

F+H,=HF + H (— 134 kJ/mole);
OF +H, = HOF +H;
H+F,0=HF+4OF;
H 4 HOF = HF 4- OH;
H+OF =FH+0 or OH+F. |

(7.82)

In carrying out reaction (7.82) in a detonation wave, the process was initiated at
a wave propagation rate exceeding the Chapman-Jouguet velocity, i. e. in the over-
driven detonation mode. Despite heavy dilution of the mixture with argon and rela-
tively low initial pressure (about 0.66 kPa) the wave velocity was 1.8-2 km/s with
temperature on the wave front above 2000 K. In the opinion of the authors of Ref.
5, 81, under these conditions the reaction zone is apparently quite narrow, and
therafore diffraction losses in the optical cavity are high, i. e. the working con-
ditions of such a chemical laser with respect to temperature and pressure are near
critical.

In Ref. 5, 81, a detonation tube was used of the type shown in Fig. T.19a, 16.7 cm
in diameter with a special nearly confocal resonator mounted flush with the walls
of the tube. The output of coherent emission from the cavity was recorded by an
InSb photoelectric detector using a narrow-band filter for spectral resolution.

A typical record of the emission is shown in Fig. 7.19b as a two-beam oscillogram.
Here the upper curve is the radiation of gas heated by the detonation wave as ob-
served through a CaF, window installed upstream relative to the resonator. The
lower curve is a recording of emission from the optical cavity by the InSb photo-
electric detector with aperture of 1.5 mm. Comparison of these curves shows that
the amplitude of the curve characterizing the coherent radiation is 10° times as
great. This is convincing proof of reliable observation of the effect of stimu-
lated coherent emission.
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Fig. 7.19. Diagram of chemical detonation laser (&) and record of its output (b)

A brief report is given in Ref. 83 on theoretical analysis of processes in the
chemical detonation laser described above in the form of a numerical calculation
for the most realistic chemical model of the reaction. In this calculation some
chemical reactions were ruled out, and the complexity of accounting for processes
in the resonator was eliminated by considering the process of nonequilibrium radia-
tion only for "zero" amplification, i. e. for the process characterized by the
upper curve in Fig. 7.19. It is pointed out that the calculation utilized the
results of experiments with mixtures of F,0/Hz/Ar in corresponding concentration

- limits from 1/1/10 to 1/1/200 with heating in the wave from 2200 to 3500 K. It is
found frrom the calculations that during the chemical reaction the concentrations of
HOF, Fp0 and OF decrease rapidly to an insignificant level, so that reactions
involving these components can be disregarded. Thus there remains only the first
of reactions (7.83) that yields excited HF. Besides, it turned out that for the
given reaction deactivation is controlled by processes of V-V transfer of energy,
while V-T processes are unimportant.

Using detonation and explosion for production and thermal pumping of active laser
media. Selection of the initial composition of the mixture for detonation lasers
that work on the principle of adiabatic expansion of the detonation products through

201

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400040049-0

FOR OFFICIAL USE ONLY

a nozzle involves the relaxation scheme described in §7.4. This results in a
variety of reagents that can be used, and a number of design peculiarities of the
chemical detonation lasers that operate on these reagents.

We describe herewith the designs and working principles of the most typical of
these lasers.

One of the first experimental lasers in which detonation was used to produce a
high-temperature gas mixture at the inlet to a slit nozzle was a detonation laser
based on the exothermic explosive reaction of dissociation of a hydrazoic acid
molecule in a mixture of carbon dioxide and xenon [Ref. T]. The mechanism of this
reaction is determined mainly by the following processes [Ref. 84]:

CHNj—>NH + N; . (— 41,9 kJ/mole);
NH 4 HNy—Hz 4 Na 4 N2 (+ 635 xJ/mole);

N34 HNy— % HN3 +Ng; ‘ (7.83)
N2-+M—> N+ M% )
M4 HNG ~ HNg + M.

When carbon dioxide is used as the diluent M, the excited nitrogen transfers its
energy to the CO; molecule due to quasi-resonance between the vibrational levels of
nitrogen and the vibrational mode (0091) of carbon dioxide. The process of ob-
taining population inversion during such a chemical reaction was analyzed in

detail in Ref. 85, and was investigated in Ref. 86.

A diagram [Ref. 7] of the experimental hydrazoic acid detonation laser is shown
in Fig. T.20.

4 A-A

7K.,
Y B
N 1
Y BN —4
N By
:‘ ‘. °
N Q
\ < N
— — 76 ¢ 10
- — = A
5 7 -
4 9

Fig. T7.20. Detonation laser based on hydrazoic acid: 1--0.3-liter high-pressure
chamber; 2--200 x0.4 mm slit; 3--metal rod with cavity; Lh--heat insulation; 5--
ballast tank with volume of 0.012 cu. m; 6--gold-coated mirrors 25 mm in diameter,
one of which has an output aperture 2.5 mm in diameter; T--Brewster wrindows of NaCl;
8--plane-parallel germanium plate; 9--calorimeter; 10--photocell; ll--oscilloscope
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The gaseous mixture is admitted to tank 5 and then frozen out on hollow metal rod 3
with cavity 4 filled with liquid nitrogen. Detonation was initiated by an electric
spark. The pressure and temperature in the high-pressure chamber after dispersal
of the detonation products were about 1-2 MPa and 2000-3000 K depending on the
amount and composition of the gas mixture. The time of discharge of the detonation
products and diluents through the slit was evaluated as the ratio of the volume of
the high-pressure chamber to the product of the slit area multiplied by the speed
of sound in the critical cross section, and was about & millisecond. The distance
from the slit to the axis of the cavity was adjusted in the experiment. The opti-
mum distance was abcut 3 cm. The duration of the stimulated pulse at the optimum
composition of the mixture was close to the time of discharge of the gas through
the slit.

E, J E, J

1,0 ' 06
04
06 4 N i \

’ R} 025

L

2 R TETR
0,5 0,9 7,3 Ccnz . sz/ HNy

Cun
a 3 b
Fig. Fig. T7.21. Energy characteristics of HN3 laser with a change In the content
of CO0p (a) and Xe (b) in the mixture

Shown in Fig. T7.21 are experimental curves for the output energy as a function of:
a--the content of CO, in the HN3/CO, mixture for a predetermined content of HN3
(0.5 g); b--the content of Xe in the mixture HN3/C0p/Xe for the same am>unt of HNj
end COp (0.33 g). The maximum energy (about 1 J) was attained at a relative
content of components corresponding to initial temperatures of detonation products
of about 2500 X, which is much greater than the temperatures given as optimum by
Ref. 69 for mixtures of Np/CO,/He. In Ref. 7 the cause of this was discovered in
the difference of gasdynamic parameters of the experimental facilities, and in the
way that temperature of the mixture depends on change in composition.

Thermodynamic calculation and analysis of the detonation products showed that
nearly all the hydrogen (about 90%) was oxidized to water, reducing part of the
carbon dioxide to carbon monoxide. In this process, the water content in the mix-
ture reached 15-20%. The addition of chlorine to the mixture in an amount close to
the stoichiometric va’ ze for reaction with hydrogen led to a sharp (approximately
triple) increase in the radiated energy. There was a concomitant reduction of
water content in the products to 2-4%.

The H,0 molecules deactivate symmetric and deformation vibrational umodes of the

C0, molecule, 2and therefore small amounts of water in the detonation products
improve the emission characteristics of the active medium. However, most explosive
lasers use hydrocarbon fuels that yield sc much water in the reaction products that
it leads to deac*ivation of both the antisymmetric mode of CO2 and the vibrationally
excited N molecules, i. e. to losses of vibrational energy. To reduce such losses,
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additives that interact with hydrogen are introduced that form compounds for which
losses of vibrational energy from the antisymmetric mode of COp andthe vibrational
mode of Ny are lower than for water molecules.

Research results given in Ref. 87 desl with the question of the influence that
chlorine additives have on gain of a laser working on producis of explosion of a
hydrocarbon fuel, and specifically methane-oxygen mixtures. This paper points out
that under the conditions of Ref. T the explanation of a nearly triple increase in
lasing power as due to a reduction of water content when chlorine is added is not
completely unambiguous. Actually, when hydrogen was bound by chlorine there was
an increase in COp content as compared with preceding experiments. It is also
possible that the conditious (fairly high water vapor content) were close to the
lasing threshold, and here even a slight increase in gain due to an increase in
CO, content could significantly increase the lasing power.

In Ref. 87, in order to study the influence of additives, an explosive laser was
used that consisted of an explosive chamber (volume 500 ce), a wedge-shaped nozzle
(height of the critical cross section 1 mm, half-angle of the vertex 15°) and a
receiver. Width of the gas stream was 400 mm. At a degree of expansion equal to
18, the wedge-shaped profile of the nozzle was changed to & plane-parallel section.
The gein (absorption) of the medium was measured by a CO3 electric-discharge laser
at a distance of 80 mm from the critical cross section of the nozzle. The mixture
was made up of methane, oxygen and nitrogen in partial pressures of: CHu——30.6,
0y--61.3 and N,--288 kPa. Chlorine additives were introduced in amounts of 25, 50,
75 and 100% of the stoichiometric content of chlorine with respect to hydrogen, and
a comparison was made between the resultant gains and the gains without chlorine
added. The results of thermodynamic caleulation of the composition of the products
of explosion as a function of the content of chlorine additive are shown in Fig.
7.22. The experimental dependence of the maximum gain on the chlorine content in

,% T
N ! HCL -
15 0,2 g
Cﬂz /g/e
10 N
/’ \\\ ‘ 01 |
5
Hy0 |
0 5 10cy.% 0 1 2
: Pou/Pong
Fig. T.22. Thermodynamic calcula- Fig. 7.23. Maximum gain in the
tion of concentrations of CO2, Hy O products of explosion of a mixture
and HC1 in the products of explo- of CHy/07/No/Cly as a function of
sion of mixtures of CHy /02 /N2 /Clz the ratio of chlorine and methane
as a function of chlorine content pressures (pCH“==3O kPa)

in the initial mixture

the initial mixture is shown in Fig. 7.23. The pressure in the prechamber in front
of the nozzle that corresponds to maximum gain increases with an increase in the
chlorine content in the initial mixture, and changes from 0.15 MPa in mixtures
without chlorine added, to 0.25 MPa with the stoichiometric amount of Cl2 with
respect to hydrogen. At equal pressures in the prechamber the gain increases
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monotonically with increasing content of Cly in the initial mixture up to the stoi-
chiometric level with respect to hydrogen. It is concluded from the research of
Ref. 87 that adding chlorine to the hydrocarbon fuel reduces losses of vibrational
energy from the upper energy level of stimulated emission in a laser that operates

on the products of explosion of these fuels, and consequently improves the energy
characteristics of these lasers.

Also operating on hydrocarbon fuel is a detonation laser proposed in Ref. 88. Ex-
periments on achieving lasing in products of gas detonation were done on the
following explosive chemical reactions:

1) CoHo+2,5 0y 4% Ny =2 CO; +H, O + % Np 4 Qs
2) CO+ N, O+ ¢ He— COy +N; + ¢ He + Qo (7.84)

where QK’¢ is energy release, x and ¢ are the fractions of nitrogen and helium
dopants respectively. The properties of the initial gas mixtures are summarized
in Table 7.3.

TABLE 7.3

Characteristics of explosive mixtures [Ref. 88]

Mixture composition by q, J/ Detonation
partial pressure » /8 rate D, m/s
i C,H,/04 /N, 16,7/41,6/41,7 5650 2150
- 112,6/31,4/56,5 4030 1920F20
CO/N,Q/He/H, 35/35/28/2 6340 224020

The relative concentrations of initial components were selected in accordance with
contradictory requirements on the composition of the final mixtures and on the deto-
nation properties of the initial mixtures. In reaction (2) of equations (T7.84)

the catalyst was traces of hydrogen. The experiments were done on a detonation
laser diagrammed in Fig. T7.2b.

The explosive gas mixture at atmospheric pressure in tube 2 was ignited by a spark,
an igniter or an electric ignition wire 15. The resultant self-accelerating com-
bustion becomes detonation moving in the direction shown by the arrows on the
diagram. The double input of the detonation wave to explosion chamber 1 is to
ensure more simultaneous rupture of mylar film 1L cemernted to slit 3, 40 cm in
length. The gas mixture of predetermined composition heated behind the detonation
wave front flows through the slit into vacuum space 6 after the film breaks and is
cooled upon rapid expansion. Inversion of the population of V-R levels 0091 and
1090 of the CO, molecules takes place in the gas stream. The jJet of active medium
shown by the broken line on Fig. T.2L4 disperses through a transverse optical
cavity 1.5 m long formed by two copper or gold-coated mirrors -- one flat (11) and
the other spherical (L) with radius of curvature of 5 m. The distance between the
slit and the axis of the cavity is 4 em. PFmission is coupled out to GeAu photo-
resistor 9 through an annular or circular opening in flat mirror 11. Wavelengths
shorter than 8 um are cut off by InSb filter 12 in front of photoresistor 9.
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- Fig. T.24. Diagram of detonation laser with breakable film diaphragm: l--explo-
sion chamber; 2--tuhe with explosive gas mixture; 3--slit; b--opaque mirror; 5--
vacuum pump; f~-vacuum chember; T--NaCl window; 8, 9--Ge-Au photocells; 10--
oscilloscope; ll--output mirror; 12--InSb filter; 13--contact sensor; lh--mylar
film; 15--ignition

Lasing was realized on all three mixtures shown in the table as the detonation
products were discharged through a slit 1 mm wide. For the C0/N,0/He mixture,
lasing was also observed as the detonation products were discharged through a slit
up to 4 mm in width.

t is pointed out in Ref. 88 that each lasing pulse has its own more detailed
structure, apparently due to the complex gasdynamic process of unsteady discharge
of the detonation products.

From the given laser designs using detonation for production and thermal pumping
of act ve media, it can be seen that one of the peculiarities that to a great
extent aetermines the overall design of a detonation laser is handling the problem
of a method of containment of the initial substance in the reaction space, and
cutting off this space from the evacuated optical cavity until the beginning cf
discharge of the products of detonation or explosion.

in Ref. T this problem was solved by phese transformation of the working substance
to the initial condensed state. In Ref. 88 the job was handled by separating the
explosion chamber from the evacuated space by a diaphragm in the form of a mylar
f£ilm that was ruptured by the detonation wave.

Peculiarities of this kind are chiefly what determine the designs of other deto-
nation lasers as well. For example Ref. 89, 90 investigated the operation of a
laser (Fig. 7.25) in which the stop of gas-tight high-pressure valve 4 is released
by solenoid tripper 3 at the end of the period of the explosive process in a mix-
ture of CO/0,/Hp/Np initiated by spark plug 1 inside chamber 2. This ensures rapid
expansion of the products of explosion in two—-dimensional slit nozzle 5, population
inversion, and lasing in the region of optical cavity 6 with subsequent exhaust of
these products into vacuum chamber 7.
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Fig. T7.25. Diagram of detonation laser with electric-release valve: l--ignition;
2--explosion chamber; 3--solenoid release; 4~-valve; 5--nozzle; 6--cavity; T--
vacuum chamber

The most typical conditions in such experiments were: composition of products of
explosion CO,/Np/Hp,0=15/83.5/1.5; stagnation temperature and pressure 1500 K and
1 MPa respectively. Temperature and pressure in the cavity region 300 K and about
13 kPa respectively, Mach number M=L4.5. Periodicity of operation about 3 minutes.

T Tor T T 7 E ) J
Explosion —i Voaj}e? 1 10
H#HH;#4H;%€;H:H:Q‘“"“' e /jk P
‘!k.‘ LARLARE RARAI A
= 411
v | £ : \
2ﬁ7 \\\i LA 2 / \\\
0.1s 0 10 20 30 40 CC0,%
e -
Fig. 7.26. Change of gas pressure Fig. 7.27. Energy output as
and power of stimulated emission a function of COp concentration

in a detonation laser

The changes of pressure in explosion chamber 2 and variation of stimulated emission
in cavity 6 are illustrated by the synchronous oscilloscope record on Fig. T.26.

It can be seen that from the instant the valve opens, lasing begins {upper curve),
whereas the pressure p in the explosion chamber falls comparatively slowly (lower
curve) as the explosion products are discharged and cooled.

Of some interest are measurements made in Ref. 89 of the way that energy output

depends on CO, concentration (Fig. 7.27). In experiments using the three types of
nozzle sets shown in Fig. 7.28 —- wedge-shaped (a), profiled (b) and a block of
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Fig. 7.29. Comparison of the Fig. 7.30. Output energy as a
energy output of a laser with function of transparency of the
different types of nozzles: mirror of the optical cavity

O--profiled; ®--wedge-shaped

axisymmetric nozzles (¢), it was found that the energy output for the profiled
nozzle is approximately 2.5 times the value for the wedge-shaped nozzle (Fig. 7.29).
On this graph the blackened circles correspond to lasing processes with gas expan-
sion in a wedge-shaped nozzle, while the unblackened circles correspond to lasing
with gas expansion in the profiled nozzle. The stagnation temperature was equal to
1400 X. This difference in output energies is partly due to a reduction in the
relaxation rates of molecules with more intense expansion of the flow in the pro-

filed nozzle.

The output energy is a function of the transparency of the mirror in the optical
cavity. An experimental curve for this function in the case of a profiled nozzle
set is shown in Fig. 7.30 for stagnation pressure and temperature of 0.54 MPa and
1100 K respectively. The gain determined from these data was approximately 0.7 m™*,
whereas this parameter was about 0.4 m~! for the wedge-shaped nozzle set, although
the stagnetion temperature is considerably higher -- 1400 K. This indicates that
better conditions for freeze-out of the upper energy level of population exist for
profiled nozzles. The meximum energy obtained in the described detonation laser
was 110 J for a profiled nozzle. This is 0.06% of the thermal energy contained in
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the initial gas. Experiments with the block of axisymmetric nozzles show that
shock waves and turbulent wakes in the flow from the boundaries of the nozzles
cause heating of the gas and optical inhomogeneity of the medium in the cavity.

High energy losses in a laser of the described design can be attributed to the
following causes:

1. Following the end of the laser pulse about 50% of the gas remains in the ex-
plosion chamber. This is due to pressure elevation in the vacuum space -- an
effect that can be reduced by using a diffuser.

2. Heat is lost to the walls as the gas expands.
3. Losses to relaxation in the nozzle.

4. The small dimensions of the cavity in the direction of flow (about 1 cm) prevent
complete utilization of the energy contained in the Ny due to slow energy transfer
from Ny(v) to CO(00v), and the lower energy level cannot completely transfer its
energy to the vibrational mode because of the rapid transit of gas through the
cavity. Estimates show that these factors account for a loss of about 50% of the
energy entering the optical cavity.

5. Flow losses in the cavity due to nonoptimality.

It is suggested in Ref. 90 that by minimizing these losses or some of them an
overall efficiency of about 0.5% can be achieved, and this value can be increased
still further by increasing the stagnation temperature.

In contrast to the described laser design, the problem of containment of the
initial substance in the reaction zone and cutting off this space from the evacu-
ated volume of the optical cavity is handled by using an electromagnetic valve of
periodic action in Ref. 91, enabling operation of the device in periodically
repeated cycles (twice a minute). A schematic diagram of such a laser with ex-
plosive pumping is shown in Fig. T.3l.

[ﬁ/l:__—q% | ,/
= 1,0
[%3—__——-‘4 \5\5

3

Q.

Fig. 7.31. Detonation laser with periodically acting electromagnetic valve: 1--
electromagnet; 2--input of mixture; 3--spark plug; l--pressure sensor; 5--valve;
6--nozzle; T--optical cavity; 8--reservoir for removal of the used gas mixture
After the explosion chamber has been filled with the gas mixture to the necessary

pressure, electromagnet 1 is disengaged and ignition takes place. When the maximum
temperature has been attained and the burning gas has reached the maximum pressure,
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valve 5 is opened and the gas rushes through nozzle 6. The pressure in front of
the nozzle is recorded by sensor U4, and the temperature in this zone is calculated
from the pressure increase in the chamber. Direct measurements of the temperature
in this zone have shown good agreement between the results of measurements and cal-
culated values.

After exit through the electromagnetic valve, the products of explosion expand in
the nozzle, and then are removed to reservoir 8 in analogy with the design de-
scribed above. Optical cavity T, with active length of 20 cm, is placed across the
gas stream at the nozzle outlet. Both mirrors of the cavity are 76 mm from the
gas stream to prevent contamination during operation of the laser.

For a nozzle with h=1.5 mm, ratio of cross sectional areas §/S* =15, and half-
angle of the vertex ¢ =15°, the gas flow leaves the nozzle with M= 4, and at
h=0.75 mm, S/S*=30 and ¢ =15°, we have M= 5.

It has been established that the beginning of amplification coincides with the
instant of opening of the valve in a system that uses an explosive mixture of CO/H,
and a mixture of CO,/Ny/Hp0=1.5/8.3/0.2. For an area ratio S/8*=15, the pressure
in the explosion chamber increased from 0.2 to 0.5 MPa within the first 0.15 s
after initiating the explosion, and after the valve was opened fell to zero within
the next 0.15 s and again slowly rose to the initial value of 0.2 MPa. At the
instant of opening of the valve, optical amplification increased and there was a
simultaneous increase in the power of the stimulated output radiation to 60 W with
a pulse duration of this emission of 0.8 s.

After the pressure in the combustion chamber had fallen to zero, a rapid increase
in optical absorption was observed in the active medium. Moreover it can be noted
that the process of amplification of the active medium and generation of stimulated
emission were accompanied by fluctuations in the gain of the active medium and the
power of the output radiation, which were due to a change in conditions during ex-
pansion of the gas through the nozzle, and apparently to certain gasdynamic in-
stabilities inherent in the given design.

It would be & good idea in the described lasers to consider the feasibility of using
ordinary hydrocarbons as the fuel. However, the large amounts of water vapor that
are liberated upon combustion of such 'fuel may to a considerable extent inhibit
processes of stimulated emission since the cross section of processes of relaxation
of antisymmetric modes of the COp molecules under the action of HpO molecules is
large [Ref. 80]. To determine the influence of water vapor on the characteristics

of the described lasers, a study was done in a,m!
Ref. 91 on several types of CO/Hp mixtures that 43 . /5% 30
yield different amounts of water vapor upon ig- ) Lo d .
nition. Fig. 7.32 gives the results of these 0,2 ~<3
studies in the form of curves for the gain as a \
function of the percent content of water vapor. ot \.3 S%15
1

It can be seen that for a nozzle with h=1.5 mm b
(8/S*=15) the gain reaches the maximum value at : - =
a water vapor content of ~1%, and falls to about 0 2 4 0 CHO,%
one-half at a water vapor content of ~8%. With Fig. 7.32. Gain o as a function
more rapid expansion of the gas, i. e. for of water vapor content cy,o in
h=0.75 mm (S/S*=30) amplification Qdecreases the active medium
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with increasing water vapor content in the active mixture much more slowly than in
the first case. The laser design with h=0.75 mm was less sensitive to water
vapor content, and therefore several types of hydrocarbon fuels were used in this
design to check the extent to which the additional combustion products that are
inevitably present in such fuel affect the characteristics of the system. The use
of three types of such fuels -- acetylene, propane and natural gas -- was charac-
terized by generation of an intense pulse of stimulated emission regardless of
whether there was an excess or insufficiency of oxygen in this case. For example
when natural gas was used as the fuel, and the active medium was CO,/N,/H0=
0.66/8.0/1.34, the power of the output radiation reached 60 W with duration of the
pulses of this radiation of the order of 0.03 s. On the other hand when the fuel
was acetylene and the active medium was CO,/N,/H,0=1.2/8.2/0.6, the power of the
output radiation was T0-75 W at a pulse duration of sbout 0.08 s. If propane was
used as the fuel, and the active medium was a mixture of C0,/N,/Hp0=0.85/8.0/1.15,
the output radiaticn had a pronounced series of very short beams with power of some
of them being greater than 100 W.

Further research in the area of developing the described lasers is possible in the
direction of increasing the working pressure and temperature. At high temperatures
there is a strong increase in the percentage of energy associated with vibrational
states of the molecules, and this should mean a considerable increase in the power
and energy of the stimulated coherent radiation. The use of large pressures is
necessary in turn for getting higher temperatures and higher gas flow rates. Then
the increased energy of coherent emission will be released in shorter periods of
time, and consequently there will be a considerable increase in the peak power of
the output radiation.
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