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ABSTRACT
(Distribution Limitation Statement B)

The theoretical problem of pulsed chemical laser ignition by
very rapid infrared laser absorption heating is investigated. It is found
that for single-phase systems, the only hope for ever achieving energy
gain appears to lie in the utilization of long or fast-branching chemical
chains in the pumping reactions, For the hydrogen-halide systemn, the
usable chain length is severely limited by the very rapid collisional de-
excitation rate of the vibrational states by the reaction product molecules,
making positive energy gain very unlikely. In two-phase systems, how-
ever, one may try to utilize the large amount of combustion energy
release from burni'ng of finely-dispersed, submicron size solid particles
for generation of additional atoms required in the pumping of the laser
reactions. The reduced input energy requirement for generating a fixed
number of active atoms in such two-phase system may improve the
prospect for achieving positive energy gain in multistage pulsed chemical

laser applications.

IRRVALY




CONTENTS
§CCtiOﬂ
I SUMMARY
1. TECHNICAL PROBLEM AND OBJECTIVE
. OF STUDY
2, GENERAL METHOD OF APPROACH
3. TECHNICAL RESULTS
4, DOD IMPLICATIONS
5. IMPLICATIONS FOR FURTHER RESEARCH
1I DETAILED TECHNICAL RESUL?

1. INTRODUCTION

2. SOML IF'UNDAMENTAL CONSIDERATIONS
O PULSED CHEMICAIL LASER DESIGN
AND OPERATION

3. METHODS OF INITIATION

a. Initiation by Pulsed Flectromagnetic
Wave Absorption

(1) F¥lashlamp Ignition
(2) laser Ignition

b. Initiation by Electronic Processes

(1) Pulsed I'lectric Discharge Ignition

(2) Electron Beam Ignition

4. LASER IGNITION OF SINGLE-PHASE
SYSTEMS

a. General Nature of Interaction Letween

an Intense Laser Beam and an Absorbing
Gas

v

§

Page

o

~J

11

15

16

17
18

19

19
20

21

22

s L ]



bl ]
.

CONTENTS (Cont'd)

Soction Pape
(1) The Governing Equations 23 y
(2) Thermal Detfocusing 27
b, Gas-phase Absorption Processes Resulting T
in Dissociation 31 '
(1) Photodissociation 32 ﬂ
(2) Cascade I'xcitation of Vibrational :
Modes 33 1
c. Prospect of Pulse Energy Gain from
Nonchain Reactions 33
d. Prospect of Pulse Energy Gain from
Chain Reaccions 34

(1) Prediction of Pulsed Chemical llaser

Fnergy Output Based on Chain Reactions 35
-
(a) The Single Chain Reactions 35
(b) The Branched Reaction 37
(2) Kinetics of the HF Chemical Laser
System 42
(3) "Inversion Boundary'' for the Pulsed
Hp-17 System 45
(a) Total Inversion 17
(b) Partial Inversion 55
(4) Estimate of Maximum Enerpy Gain
Potential for Pulsed H>-1, Laser
Systems - 58
5, LASER IGNITION OF TWO-PITASE SYSTEMS 6l
a. Definition of Twou-phase Pulsced Chemical . ]
Laser Systems 61 s
b. Optical Propertics of Two-phase Systems 63

-
<
—

e

.

ol



T T

CONTENTS (Cont'd)

Section

¢. Solid Farticles ~= Inert Catalyst for
Chain Initiation and Chain Branching

d. Two-phase Systems Involving Solid
Particle Combustion

1) Fnergy Gain Potential

2) Chemical and Thermal Stability of
Two-phase Systems

(3) Rate of Heating of Solid Particles

{4) Burning Rate of Mctal Powders

(5) Redistribution of Combustion Fnergy
for Laser Pumping

(6 Matching of Molecular Diffusion Time
and Collisional Deexcitation Time

(7) Simultancous Matching of All Necessary

Conditions

APPENDIX 1. RECOMMENDED RATE CONSTANTS FOR H,-T,
CHEMICAL LASER (Ikrom Ref. 47)

REFERLNCES

e
Pape

72

X
¥

88
89
91
94
98

102

106

109

'S,
| S




Figure

I L SR

ILLUSTRATIONS

The idealized 3-level system used in Ref, ]

Inversion boundaries as functions of the translational
temperature for single-phase, Hy-1'5 chemical laser
systems

Extinction coefficient K as a function of wavelength for
some ionic crystals

Refractive index and extinction coefficient as a function
of wavelength for some metals and graphite near room
temperature

Absorption cross section as a function ol wavelength for
some submicron size particles (ka << 1) of some 1onic
crystals, mectals, and graphite

Particle volume fraction in a two-phase mixture which
would yieid an c-folding absorption length scale of

10 meters at room temperature for some ionic crystals,
metals, and graphite as a function of wavelength,
neglecting pas-phase absorption and assuming ka ~<'1
size particles

Initial rate of temperature rise, d1/dt, for some sub-
micron size particies (ka << 1) suddenly heated by a
laser beam of intensity 1 and wavelength %, neglecting
scattering and conductive heat loss

CGeometry and nomenclature for the spherical diffusion
problem

Normalized solution for transien spherical diffusion
of chain center atoms from a catalytic particle surface
located ai radius &« into a gaseous volume of inter-

particle separation distance 2/, where £ /a =10

Page

46

54

67

68

71

74

76

80




Figure

10

11

ILILUSTRATIONS (Cont'd)

Page
Normalized solution for transient spherical diffusion
of chain center atoms from a catalytic particle surface
located at radius a into a gascous volume of inter-
particle separation distance 2¢, where ¢ /a =100 81
Diffusion flame model in classical vapor-phase
combustion theory 93

ix




'}‘_able

11

il i, T

TABLES

Okserved Spectra from the Continuous Chemical
Lasers

Comparison of Ignition Energy and Heat of Combustion
for Some Solid Particles

Page

44

85




SECTION I

SUMM/RY

A summary of the essential findings of a 6-month theoretical study
on the feasibility of pulsed chemical laser ignition by very rapid infrared
absorption heating is presented. Specifically, the infrared source of
particular interest is the output from another high-power laser, so that
the subject of this investigation is, in cffcect, pulsed-chemnical laser
initiation by another laser. Detailed technical resules frons this investiga-

tion are presented in section 1,

1. TECIINICAL PROBILLEM AND QRIFCTIV

s

SQF STUDY

To make high-energy pulsed chemical laser operations feasible.
it is necessary to obtain some multiplication factor of the input initiation
chergy, Therc are currently several methods of initiating a chemical

laser --- flashlamp, spark discharge, and electron beam, All of these

miethods have petential launitations when applicd to scaling of large
pulsed laser systems, Among the problem arcas arce efficiency of initia-
tion, volume uniformity of initiation, speed of initiation, and the required
pulsed duration of the initiating system, One method which has not yet
been investigated is the initiation of a pulsed chemical laser by another
laser. In view of the current rapid development of high-power chemical
and nonchemical lasers, and the many desirable characteristics of such

lasers (e.g., rapid risc time, beam uniformity, adaptability to multiple

il




staping, etc.) which suggest themselves as natural initiation sources for
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the later~stage power amplifiers in a pulsed chemical laser system, the
feasibility of such initiation method merits cxploration so that their .
potential usefulness can be further assessed,
The objective of the present investigation is, therefore, to deter-
mine the feasibility of initiating a pulsed chemical laser by the use of
another laser, The main emphasis of this study is in the identification
and cdefinition of the physical and chemical conditicns under which such

initiation process would be favorable,

2. GENERAL METHOD OF AFPROACH .
Since this is a theoretical study involving the exploration ot an

original concept, our method of appreach necessarily involves more than

what is ordinax;ily required in a standard aralytical program, Thus, in

additior to literature search for relevant data and related previous works,

it is necessary to carry out conceptual formulation involving consideration

of many alternatives befox"e detailed formulation and numerical computa-

tion can begm,., In areas where no experimental data or prior rrnowledge

exist, it is also necessary to consult experts in related fields so that

meaningful extrapolations from existing knowledge can be made and the

probable uncertainties in the resultant order-of-magnitude estimates can

be assessed,




Because of the extremely short duration of the contracted study,
opportunity for in-depth investigation is severely limited, and breadth
coverage of many pertinent subjects is, at best, highly selective. A best
effort has been made, however, in striking a proper balance between
breadth and depth coverage within the time and resources available so that
the most important features and inherent limitations of the pulsed chemical
laser initiation problem can be brought out and some preliminary conclu-

sions can be drawn regarding the feasibility of the laser initiation process,

3. TECHNICAL RESULTS

From a pragmatic point of view, the use of one laser to initiate or
"trigger' another laser will be meaningful only if one or more of the
following functions could be accomplished: (a) Power or energy amplifica-
tion, (b) frequency shift to facilitate beam propagation and/or energy
coupling to ta;'g‘et, and (c) pulse shaping for the same purposes., However,
because the energy output per unit volume or per mole of reactants from
current pulsed chemical lasers, by whatever means of initiation, is
generally minuscule in comparison with their true potential, achievement
of significant energy amplification have, therefore, been considered our
most important immediate objective, |

It may be noted that all chemical laser systems which have been
studied or under active investigation as reported in the published and

unpublished literatures up to the time of commencement of the present
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research (May 1971) were ''single-phase' systems. That is, the lasing
medium from which chemical energy was to be extracted and converted

into coherent radiation energy was either aﬂ in the gas-phase or all in the
liquid-phase. In fact, the most energetic chemical laser systems dis-
covered to date have been, and appafently still are, purely single-phase
systems involving only gaseous mixtures'(e. g., the hydrogen-halogen
systems). For this very reason, the propcsed feasibility study was origi-
nally intended only for single-phase pulsed chemical laser systems. This is
reflected in the contractual work statement (Section 1). ¥ However, soon

after the commencement of the contracted study, we discovered that artificial
enhancement of infrared absorption in a laseable gas mixture can, in principle,
be achieved by the addition of finely-disper;@d, submicron size solid
particles (or liquid droplets) into the gaseou; medium. Furthermore, the
addition of such solid particles of suitably chosen chemical properties into

a laseable gas mixture may greatly improve the energy gain potential of

the resultant '"two-phase system., "

The consideration of more than one ﬁhase of matter in a lasing
medium clearly represents an additional complication which one wishes to
avoid, if at al~1 possible., However, we feel that in any search for poten-
tially high gain and/or high-power laser systems in the conceptual stage,
there appears to be no goqd a priori reason for limiting cneself to the
consideration of only single-phase systems., Accordingly, with the con-

sent of cognizant personnel at the Air Force Weapons Laboratory .(AFWL)

mAir Force Special Weapons Center (PMRA), contract number F29601-71-
C-0081, 5 May 1971, pp. 25-26,



and at the Advanced Research Projects Agency/Strategic Technology Office

(ARPA/STO), we have broadened the scope of our theoretical study of
pulsed chemical laser initiation to include the consideration of "two-phase
systems' -- with no increase in the contracted leve of effort

The major conclusions which we have arrived at by the end of the

6-month period are as follows:

A. Initiation of a pulsed chemical laser by another laser is
generally feasible.

B. In single-phase pulsed chemical laser systems, the only hope
for ever achieving energy gain appears to lie in the utilization
of long or fast-branching chemical chains in the pumping
reactions. ‘

C. For the hydrogen-ha,lide system, which is about the only

chemical laser system that has been demonstrated to be capable

of operating at high-power density in continuous wave (CW)
application, the usable chain length appears to be severely
limited by the very rapid collisional de-excitation rate o'f the
vibrationai states by the reaction product molecules [e.g., de-
excitation of HF(v) by HF(0)]. The chain-branching rate in the
single-phase hydrogen-halide system also appears to be too
slow to be of any help.

D. 1If long chemical chains cannot be utilized, and the energy

required for generating active atoms for the pumping of the



lasing reactions must’come from the external energy source,
the laser output energy will always be smaller than the inpuc
energy supplied by the external source and hence a positive
energy gain will not be possible. The fact that all pulsed
chemical laser experiments using flashlamp and electric dis-
charge initiation in hydrogen-halogen mixtures failed to yield
any significant laser output energy in relation to the initiation
energy is, perhaps, a good indication of this situation.

In two-phase systems, one may try to make use of the large
amount of combustion energy release from burning of finely-
dispersed, submicron size solid pqrticles for generation of
dissociated atoms in the hot flame zone surrounding the
particles., If the combination of rate constants and experi-
mental pa;rameter,s were right, there is a good chance that
frozen-diffusion of dissociated atoms from the hot flame zone
into the bulk of the inter-particle space would lead to efficient
conversion of the dissociation energy into laser energy through
nonchain rearrangement reactions.

The.heat of combustiop of some metal and solid compound is
often two orders of magnitude greater than the energy required
to heat the same mass of metal or compound up to their respec-

tive ignition temperature, there exists a good possibility for



achieving positive energy gain in the two-phése systems.

G. Our present knowiedge about the burning rate of submicron
size particles in laseable gas mixtures and about the chemical
kinetic a;zd/or de-excitation rates of their reaction products
is too incomplete to allow any quantitative prediction ot two-
phase pulsed chemical laser performance. In fact, we do not
even know the initial chemical stability (or time-dependent
explosion limit) of any of the energeticaliy attractive two-
phase mixtures to allow an assessment of their suitability for

premixed pulsed laser operation at this time.

4, DOD IMPLICATIONS

Existing DOD/ARPA puléed chemical laser programs at the
Aerospace Corporation, Avco Everett Research Laboratory, and at other
contractor locations all involve single-phase systems {i.e., all gas mix-
tures). Initiation mechanisms for these single-phase systems are either
(a) flashlamp initiation, (b) electrical discharge initiation, or (c) electron
beam initiation. So far, no work on two-phase pulsed> chemical laser
appears tc? have been done.

In view of the positive energy gain potential indicated for the two-
ph;.ise pulsed chemical laser system involving solid particle combustion,
it appears that a sufficient level of effort should be mounted by DOD'in the

exploration of this potential so that its eventual development would not



represent a technical surprise. The problem of laser ignition of single-
and two-phase pulsed chemical laser systems also merits further explora-
tion since it may lead to convenient multiple staging of the power (or

energy) amplifiers within such systems.

5. IMPLICATIONS FOR FURTHER RESEARCH
The present investigation of the feasibility of pulsed chemical laser
ignitior;\ by very rapid infrared absorption heating clearly points to the need
for further research in the following areas of chemical physics so that the
energy gain potential of two-phase systems can be more quantitatively
assessed:
A. Chemical and thermal stability of two-phase mixtures with
laser potential.
B. Optical properties of solid particles which are energetically
attractive when used in t‘fvo-phase chemical la;er systems.
C. Ignition process and the rate of combustion of submicron size
particles in laseable gas mixtures.
D. Emissivity of the products of reaction in two-phase chemical

laser systems involving solid particle combustion.

Energy transfer mechanisms during solid particle combustion
in two-phase systems.
F. [Excitation and de-excitation processes in heterogeneous,

nonsteady chemical reactions.



SECTION II

DETAILED TECHNICAL RESULT

1. INTRODUCTION

The potential of chemical lasers as efficient, high specific energy
coherent radiation sources has been well demonstr.ated by the recent vyorks
of Airey and McKay, 1 Cool, Stephens et al., 2=5 and Spencer, Jacobs,
et al, 6-9 Among the different single-phase chemical lasers studied, the
deuterium fluoride (DF) and the deuterium fluoride-carbon dioxide (DF-COZj
systems within the hydrogen-halide group appear most promising, both
from the point of view of energy conversion efficiency and that of atmos-
pheric propagation, Of tﬁese two systems, the pure DF laser, with strong
lines lying within the 3.5 ~ 4, 2y atmospheric window, offers one possible

advantage over the DF-CO,_ system in terms of higher breakdown threshold

2
(by a factor of about 8 according to frequency-square scaling). On the
other hand, the DF-CO2 system, being a mixed gas system involving

vibrational energy transfer to a chemically inert diiuent (i.e., CO.) of

2

variable concentration, may offer the advantage of being more flexible in
pulse-sha;ping.

While all of the recent works reported in the literature 1-9 have
been concentrated in the study of CW chemical laser operation and per-
formance, corresponding effort in the basic study of pulsed chemical lasers

appears to be lagging. In addition to the problem of inversion kinetics,



there is the additional important problem of initiation in the pulsed opera-
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tion, To make high-energy pulsed operations {easible it is necessary to
obtain some multiplication factor of the input encrgy. There are currently -
several methods of initiating a chemical laser - spark discharge, flash-

lamp, and electron beam, All of these systems have potential limitations ]

when applied to scaling of iarge pulsed lascr systems. Among the problem

areas are efficiency of initiation, volume uniformity of initiation, speed of

L i s i

initiation and the required pulsed duration of ithe initiating system, One
method currently not being investigated is the initiation of a pulsed iaser
with another laser,

The objective of this study is, thercfore, to determine the feasi- :
bility of initiating a pulsed chemical laser by the use of another laser,
The main emphasis of this study is to define the physical and chemical
conditions under which such initiation would be favorable, :

The most penetrating theoretical analysis of single-phase chemical
laser operation applicable to pulsed hydrogen-halide systems involving
chain chemical reactions to date appears to be that of Oraevskii, 1o even
though the analysis was limited to linecar systems involving very few rate-
limiting reactions, Theoretical and experimental study of nonchain pulsed
chemaical lasers in single-phase, hydrogen-halide systems initiated by

flash photolysis have also been reported by Airey, 1

10
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2. SOME FUNDAMENTAL CONSIDERATIONS Ol' PULSED CHEMICAL
LASER DESIGN AND OPERATION

)

. 8 N 3 . :

As explained by Spencer et al,  and Cool et al., ~ laser action in
the continuous-flow DF and the DF—CO2 systems is caused by population
inversion among the first few vibrational levels of DF, and that between the
0 0 L0 s , . N
{(1070)/(0270) and the (00 1) levels of CO,. respectively.  For both systems,

the chemical pumping encrgy was derived mainly from the pair of chamed

rearrangement reactions

F+D, - DF(v) 41 D ATl = ~31.7 kcal/mole (

s
~—

D+ 1“2 - DF(v) 4 F AH = =106, 7 kcal/mole (2)

in which a large fraction of the respective chemical energy released
(i. e., negative value of the heat of formation 211) enued up in the vibra-
tional excitation of the newly formed DF molecules. In the experimental

8 : :
arrangement of Spencer et al,, = only reaction (1) was involved and the
{free fluorine atoms needed in the chained rearrangement reaction was
supplied by thermal decomposition of Sl"o, using ave-heated nitrogen as
. 3-5
an external heat source. In the experimental arrangement of Cool ¢t al,,
reactions (1) and (2) were allowed to proceed simmultancously in a mixing
flow consisting of one stream of partially dissociated I, and another

(=3

stream of DZ—CO2 miaxture. Partial dissociation of the ¥ pas in the

11
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primary stream was accompiished either by a high-freguency clectrical

discharge or by an auxihiary hypergolic reaction of the type -

I', + NO - NO¥+ ¥ (3)

It is important to note that in the continuous flow chemical lasers
’ . 2-5 H=9

of the types described by Ceol et al, and by Spencer et al., the
chemical pumping rate was actually limited by the rate of molecular mix-
ing between the active reactants when the initially segrepated streains
were brought together, and not by the chemical kinetic rates for the cor-
responding homogeneous gas-phase reactions. The de-excitation rate,
cn the cther hand, was controlled by vibrational relaxation ot the respec-
tive lasing molecular species.

The use of heterogeneous stream mixing as a means for controlling
the chemical reaction and laser pumping rates by the above cited investi-
gators were probably necessitated by the fact that a premixed gas con-
taining substantial concentrations of very active chemicals like I‘Z and
D2 has a tendency of being easily detonated by a fast chemical chain
formed by a close coupling between reactions (1) and (2), and is therejore
too difficult to handle in a continuous flow system.

Because the maximum output power per unil active volume

for any laser system is directly proportional to the population

12
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inversion density, an obvious direction for increasing the chemical laser
output power density is to increase the rcactant mass density within the
mixing reactor while trying to maintain a fixed inverted population ratic
between the upper and the lower lasing states. HFowever, rapid mixing of
initially heterogeneous gas streams of high-mass densities generally
necessitates the use of high intensity turbulent flows. Iurthermore,
operation at high gas densities alsou tends to shorten the vibrational relaxa-
tion time for de-inversion of the lascer levels., This tends to limit the
available streamwise dimension of the active region. Thus, one of the
majar problems in future development of high power-density, continuous-
wave chemical lasers of good optical quality may well lie in the area of
conirolling the spatial homogeneity and temporal stability of high Reynolds
number compressible turbulent flows with strong chemical reactions -- a
well known unsolved problem in contemporary gas dynamics!

In the conceptual design of high-energy pulsed chemical lasers
of relatively short pulse duration (say, of the order of ]O—4 sec or less),
the introduction of convective flow motion appears to offer no particular
advantage, except for the purpose of gas sample replacement within the
active volume for repetitive operations, The argument is simply that:
(a) if a premixed reactant mixture (e.g., a stoichiometric mixture of D

2

and F, gases at standard temperature and pressure) were used in a con-

2

tinuous-flow arrangement through the active laser volume, the danger of

13
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accidentally detonating the entire reactant storage and supply system by
the pulsed chemical reactions would be too great; (b) if an un~-premixed
flow system were used to bring the reactants into the active laser volume
in a continuous fashion, molecular mixing of the reactants may not have
time to reach completion during the intended pulsce period, resuliing in a
loss of effective Jasing volume or an undesirable stretching out of the laser
pulse, or buth. Furthermore, one would have to face the same problem of
controlling the homogenecity of the reacting mixture as in the case of a
continuous-wave chemical laser considered in the preceding paragraph;

(c) if the reactants were brought into the active laser volume in an inter-
mittent manner, then there appears 1o be no compelling reason for initiat-
ing the pulsed chemical reaction before most ot the residual fluid motions
have subsided.

The above argument then leads one to the tentative conclusion that

a high-energy pulsed chemical lascr would most likely consist of the
following essential elements:

(a) An explosion-proof pulsed chemical laser reactor, with infra-
red window {or windows) and other necessary optical elements
for coupling out the laser encrgy. The internal surfaces of the
reactor, of course must be suitably passivated so as to reduce
the probability of prematurely detonating the reactants by

surface-catalysed reactions to a rminimum,

14
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(b) Explosion-proof and tast-actling gas iilling and cvacuation
systems for loading of reactants info, and removal of recaction
products out of, the pulsed rcactor within certain desired pulse
repetition period. If the reactanls were not to be premixed,
the gas filling system must be suitably designed to ensuare
uniform mixing of the reactants within the allocated time
period (i. ., sume fraction of the pulsc repetition period).

(c) Provisions for igniting the pulsed chuomical reactions

uniformly over the active volume of the lascr reactor,

The provision of items (a) and (b) appears relatively straightforward.

It 1s only a matter of degrece to which various mechanical performance
parameters demanded of the laser system can actuelly be satisfied (e. g.,
maximum operating pressure, masinium pulse repetition rate, etce.). The
last provision (c), on the other hand, is cxpected to be the most crucial.

It 1s precisely the suggestion of @ new inethod for homogenccus ignition of
ether with an eaploration of its potential, that

pulscd chemical lasers, tog

provided the initial motivation for the prescent study,

3. METHODS Ol INITTIATION
Let us now coneider the crucial gquestion of unl.orim ignition of a

detonable mixture like D?—l ., or H_-1

5 5 5 in a pulscd chemical laser sys-

tem.  The conventional method of point-ignition (v, g., use of spark-olugs,

as in the case of internal combustion engines) is Lound to be unsatisfactory.




Prom clementary physics considerations, there appear to be only two
general methods for effecting simultaneous {(or "nearly' simultaneous
when measured apainst the characteristic time scale of the chemical
reaction) ignition over an extended volume, namely: (a) pulscd electro-
magnetic wave absorption; and (b) fast particle injection. We will briefly
consider the essential differcnce between these two methods here:

a. Initiation by Pulsed Illectromagneric Wave Absorption
This method can, in principle, be usced whereve. here exists a
strong absorption coefficient in the lasecable mixture over the frequency
range of the source of clectromagnetic radiation.  The resultant spatial
humogeneity of the ignited mixture is expected Lo depend on the initial
spatial homogeneity of the radiation source, and of the mixture absorption
coefficient, Obviously, in order te achicve nearly homogencous volume
absorption from an external radiation source (ur sovrces) introduced
through the boundary surfaces of the reactive v a2lume, the absorption
coctfficient must not be too strong 50 as to cause excessive atfenuation of
the incident radiation. On the other hand, in order to achicve simultaneity
of jgnition vver the reaction volume, the combination of absurption coeffi-
civnt and mcident radiation intensity must be sufficiently high so that the
characteristic tiine for mixture heating remains short in comparison with

the characteristic time for the laser-puniping chemical rcaction.
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According to the nature of the source of clectromagnetic radiation,
this method can further be subdivided into two or more classes:

(1) Flashlamp Ignition. The most common method for initiating
a pulsed chemical laser generally employs an electronic flashlanip as the
source of electromagnetic radiation. Since the emission spectrum of high
intensity flashlamps usually peaks in the near ultraviolet, the incident
radiation can be used for direct gencration of chain centers (e.g., halogen
atoms in hydrogen-halide systems) through phutodissociation of the reac-
tant molecules in most of the chemical laser systems studied to date.

This method of initiation is, thercfore, also called the method of flash
photolysis initiation.

Sincc the process of tlash photolysis is capable of sclective dis-
sociation of the desired chemical species through proper matching of the
flashlamp emission spectrum and the species photodissociation spectrum,
the principal advantage of this method of initiation is in its ability to gen-
erate a rclatively high concentration of active atornis without excessively
heating up the laseable mixture. A secondary advantage of this method is
that electronic flashlamps are readily available and ¢t relatively low cost
(say, in comparison with a laser light source of cumparable pulse energy).

The principal disadvantage of thic method of initiation, on the other

hand, is the limitation of radiation {lux density (or light intensity) that can

be obtained from any electronic flashlamp operating at a finite plasma
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temperature, This limitation imposes an upper bound on the rate of
photolysis, and also a requirement for large window arcas for coupling in
of the initiation energy to the reactive volume. A secondary disadvantage
of this method of initiation is that flashlamps are inhcrently inefficient
devices for conversion of electrical input energy inte light output energy
(say, in comparison with the 10% or higher conversion efficiency that has
been demonstrated for some infrarcd electrical and chemical lasers),
Such low conversion efficiency tends to increase the size and mass of the
electrical energy storage (e.g., capacitor bank or flywheecl gencrator)
required to deliver a given initiation pulsc cnergy -- which is, of course,
Or any poriable system'

(2) Laser Ignition. This 1s the subjeci of the present investiga-
tion about which we have much more to say later, At this point, it sufl-
fices to say that, potentially, lascr ignition offers the same principal
advantage as does [lashlamp ignition, but withoul many of the latter's
inherent limitations. I‘urthermore, since the input and output radiation
arc of the same naturc (i.c., both are coherent lascr radiation), this
method of initiation readily renders itself to the possibility of multiple
staging in which the laser output from onc power amplifier stage can be
used both as the initiation ¢nerpgy source and as the input coherent beam

for further amplification in the next power amplilier stage.
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b. Initiation by Electronic Processes
Electron-molecule collisions at sufficiently high-electron energy
generally lead to dissociation as well as vibrational and electronic excita-
tion of the molecules. Thus, passage of an electric current is a well proven
method for initiating a chain chemical reaction. However, achievement of
spatial homogeneity for the resultant chemical rcaction js not an easy

matter since the local concentration of reaction chain centers (e.g., dis-

)
sociated atoms) would be proportional to the local ¢lectron current density,
and the achievement of uniform current density distribution in a gaseous
medium is not at all trivial, especially at high gas pressures,

According to the way in which the initiating electron current is
introduced into the reaction volunme, this rmethad can further be subdivided
into two or more classes:

(1) Pulsed Electric Discharge Ignition. In recent development of

) 12-17
transversely excited atmospheric (TIZA) COZ lasers, it has been
demonstrated that relatively uniform pulsed clectrical digcharges in diatomic
and polyatomic gas mixtures at pressures comparable to, or somewhat
higher than, the standard atmospheric pressure (760 torr) can be achieved

either through the use of multiple, individually ballasted electrodes, or

througl the use of double-discharge with carefully contoured clectrodes,

While the degree of spatial homogencity so achicved has been found to be

satisfactory for eiectrical pumping of chemically-passive molecular lasers,



one does not know at this time il it would also be adequate for the initia-
tion of chemical lasers. At any rate, for the initiation of those chemical
lasers involving chain chemical reactions, the discharge current must be
uniformly distributed over the bulk of the reaction volume in 2 tirne scale
that is short in comparison with the characteristic chain propagation time
s0 as to avoid the formation of detonation waves. This tends to impose a
more stringent requirement on the discharge geometlry and method. (For

. ] 15 . . .
example, helical discharges =~ which leaves a major fraction of the reac-
tion volume devoid of discharge current are bound to be unsatisfactory.

. 17 s

The use of double discharge  may also be inhibited by prematured
detonation considerations. )

(2) Electron Beam Ignition. The possible use of high-energy
electron beam as a means for uniforrn pumping of COZ*N lasers at
moderately high pressure was suggested hy the principal investigator to

. . AP I - .
one of his graduate students in 1966, The advantage of using high-
energy elecirons is that multiple scattering of the primary beam and rapid
spreading of thc secondary eleciron~-ion pairs in the target gas tend to
make the current distribution much more uniform than would be possible
in ordinary electrical discharges. The only disadvantage of using high-
energy electron beam is that relatively high voltage would be nceded in
the generation of such beam, and that rclatively thin windows made up of

low-Z2 (i.e,, low atomic number) material would have to be employed as

B e e



partition between the beam generation chamber and the laser gas excita-
tion chambear,

The predicted superiority of high encrpy electron beam over that
of conventional electrical discharge as a means for the pumping of electri-
cal lasers has since been demonsirated by recent works at the AVCO
Fver=ztt Research Lal:»oratory19 and elsewherc. 20 Purely from the point
of view of spatial homogeneity, onc may expect that the use of high-energy
electron beam would also be superior te the use of conventional electrical
discharge for the purpose of igniting a chemical laser. However, on
absolute tern, and in actual application, there are other factors to be
considered, For example, 1t is not clear at this point to what extent
would the presence of free electrons be detrimental to the maintenance of
vibrational population inversion in an ignited chemical laser mixture.
(According to the principle of detailed balance, eclection impact processes
that are effizient in vibrational excitation would also be efficient in vibra-
tional de-exvitarion. ) Such questions, of coursce, cannot be answered
without furthcer investigation -- and investigation into such problems is

quite outsidc the scope of the present study.

4, LASIER ICNITION OF SINGLE-PHASE SYSTEMS
I.et us now turn to the main subject of the present investigation,
namely, laser ignition. In this subsection, we will consider only single-

phase chemicat laser sysiems, In particular, we will focus our

21

=

.

R



attention on the hydrogen-halide systems since such systems appear to be
the only ones that have been demonstrated to be capable of yielding rela-
tively high power densit: among all presently known chemical lasers,

a, General Nature of Interaction between an Intense Laser Beam
and an Absorbing Gas

Interactions between a laser beai and an absorbing medium are
governed by the olectromagnetic wave propagation cquations: the mass,
momentum, and energy conservation cquations of the medium; the equation
of state which relates the local stress (including the hydrostatic pressure)
to the local strain and other thernmodynamic state variables (such as mass
density and translational temperature) ot the mediang; the constitutive
equations which relate tie local macroscopic clectromuapnetic properties of
the medium (such as the refractive index, the abeorvrption coecllicients, ete. )
to the local thermodynamic state of the mediung; the relaxation equations
(including all relevant chernical kinetic rate cguations); and also the
boundary conditions tor the interaction wmedium.  "he
therefore very complex, and, in fact, open-cided,

IFor the purpose of studying the chemnical laser initiation problem in
a gascous medium, one may ignore all quantized ficeld ¢lleets and adopt the
semiclassical treatment of electromagnetic radiation as an approximation.
Furthermore, the processes of absorption and vefraction can be considered
independently, with the ray curvaturce determioed entirely by refractive

index gradicnt as in a lossless dielectric mnedium,  The refractive index

o
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gradient, in turn, is determined by the non-uniform heating effects caused
by intial beam inhomogeneity, and non-uniformity in the spatial distribution
of absorption coefficient, if any., This is reasonable since absorption occurs
along the path length and has little effect on bending the rays cxcept indirectly
through localized heating, which changes the refractive index distribution,

(1) The Governing Equations. Within the above statced approxima-
tion, the radiation field associated with the lascr beam can be represented
by a slightly-curved, nearly-monochromatic electromagnetic wave of local

eleciric and magnetic field vectors

E=FE e—“wt (4)
o]
I_:I - ﬁ -1t (5)

The vector field amplitudes EO , IIO, in turn, are governed by the source-

18,21,22
free Maxwell's equations, such that

Yx H +ik ¢ E =0 (0)

O (9] (@]
YXx E =ik @ H =0 (7)

o 0

u H =0 (8) i

m o

veg E =0 (9)
o
where ¢ and |y oy 2Te the local dielectric constant and magnetic permis- P

sivity as defined by the constitutive equations
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€ Eo = ¢iactric displacernent (10)

i
n

o u m HO = magnenc induction (11)

and ko =2u/\ o - W /¢ is the magnitude of the vacuum Propagation vector.

After substitution of Eq. (7) into (6) and applying (9), one gets

— 2 — - — ~ b o -
v E g k + v YUX K Y+ V(R e b ) =0 1
D+ ‘uzn o] Eo log 'unlx ( o) ( 3] log =) (12)

For propagation through gaseous media, it is rcasonable to assume

1 m = constant = 1, such that (12) becomes

1T

VvV E +n
o

2~ — = —
Zkz + 2V (E v logn) =0 (13)
o) ) '

Q

where n = \/ € is the ordinary index of refraction.
Inagas, n=1+ An where An << 1, and hence the ratio of the

7
third term to the second term in Eq. (13) is of the order of magnitude

E k An/¢
° < 5 = 2An/in k 0) (14)
é L AY O /
E nk
0

Q

where £ is the smallest scale of variation of the refractive index. It can

2
always be assumed that ) << I, hence 24n/n k 7 << 1 and therefore

0
Eq. (13) reduces to
= 2.2 = .
VE 4+ n k E =9 (15)
0 o o

Next, Jet us assunie that

A oy




ik z-wt+k P(r, z)]
Eo(r,z) = Ar,z) e © © (16)
is a component of the laser beam electric field where A(r,z) and 9 (r, z)
are slowly varying functions of the axial coordinate z and rapidly varying
functions of the radial coordinate r. Substituting Eq. (16) into (15),
equating real and imaginary parts, and making the eikonal approximation

with k - o, one obtains
o

JA JA 2 {q A q)
e -— + = 4 —= =
3z q 3 A ( " S 0 (17)
29 3q 1 dn AT
2 4 =3 - . = L =
52 45y n 2T Ax (18)
3
where q = Ir The condition q =0 implies that phase fronts are moving

in the z direction or that the ray paths are not diverging. Equations (17)
and (18) show that the amplitude and phase of the laser radiation are not
independent. The effect of absorption can be taken into account by

22 2
modifying ~ Eq. (17) to include the absorption termi a A~, such that

Ag 2
6A+q?A.+AZ(%+'—'ﬂ)+oLA=O (19)

where o is the absorption coefficient which may be a function of the spatial
coordinates. Thus, for the simplest case of a nondivergent beam with q =0,

Eq. (19) reduces to

R




2
+ oA =0 (20)

(o¥)
>

which is the radiative transfer ecpuationz4 applicd to a parallel beam
propagating in the z direction with no source term,

Neglecting convection and relaxation effects, the local gas tempera-
ture T 1s related to the electric field amplitude by the energy eguation in

a constant velume absorption process

pC T—— = V- (KvVvT) 4 ol (21)

. , : - e [
where 1= I(r,z) = local beam intensity = {¢/8n Re(ExXxH")) = ¢/8m A~ with
the ( ) brackeis mdicaiing a time average, C is the specific heat at

i ) v
constant volume, and K 1s the heat conduction coctiicient of the gaseous
medium. Thus, if the absorption coefficient a were known, neglecting
convection and relaxation cffects, Eqgs. (18), (19)and {(21) constitute three
equations and three unknowns q, A, and T. These equations are difficult
. .oal 22 X :
to solve in general and therefore the usual procedure is to solve the
equations assuming q =0 (i.e., negligible beam divergence) and then
determine thermal defocusing effects in an iterative manner. This is a
reasonable procedure only when the beam divergence effect is weak (1. e.,
either weak absorption, or small initial beam inhomogeneity, or both).
When the beam divergence effect is strong, ligs. (18), (19)and (21) must

be solved simultancously together with the appropriate boundary conditions,

26

e T T .



including wall reflection and scattering to the extent that they are
present.

(2) Thermal Defocusing. Once the temperature distribution is
determined as indicated above for q=0, the ray paths of the laser beam
can be calculated within the eikonal approximation assuming propagation
through a lossless dielectric medium with a known temperature dependence
of the refractive index n=n(T). The problem would, of course, be much
more complicated if relaxation effects were present. In the case, the
refractive index would also he a function of time, and so would be the
absorption cocfficient «.

25
The eikonal approximation = to Maxwell's cquations assumes that

the time independent part of the electric and magnetic field is described by

L L ik ()

E = ¢&(r)e (22)
(V]

. L. kL (r)

H, = W(r) e (23)

—

where ( (r) is the scalar eikonal term.
If Eqs. (22) and (23) are substituted into Eqgs. (v), (7), and (8) and

going to the geometric optics limits where k ~ o one obtains the eikonal
QO

cquation.

T)% = nlm (24)

.




Also, S = time averaged Poynting vector - ¢/8m Re€ xK) = ¢/8m (€.£%%

/g8Y

Thus, in the geometric optics limit, the gradient of the eikonal has the

same direction as the Poynting vector or the energy flux vector. Therefore,

~ dr
Vi = nS = n:j-};— (25)

— bd o
where 8 is a unit vector in the direction of S§ and r(s) is a positive vector

along the ray path, As the laser beam propagates through an absorbing gas,

self heating effects create radial temperature gradients. These temperature

gradients induce radial gradients in the refractive index which cause the

beam to diverge and reduce the centerline intensity. 1f wall reflection and

scattering were absent, the reduction in intensity duc to diveigence ol the

rays is determined from the condition
F.3=9.0a8=V. (07 /m) =0 (26)

where I is the local intensity. The intensity ratio at any two points of a

diverging ray is therefore given by

S

2 - -
. : LA CLIN
12/1l = (nz/ul) exp | - / - ds (27)
s

1

The local curvature of a ray is related to the variation in the refractive

index by use of Eq. (25). Thus,

28
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d{ dr\_d =~ .
=—in —— }= — QA =V (28
ds <] ds) ds o) " (28)
the curvature
2—
= dr 1 =
W= R ' X (29)
ds %

is therefore from Eq. (32) given by

- — dn -

H=vn - — 8§ (
ny n ds {30)
1 - o . 2
. = || = x- Viogn) = -}; (31)
it

where @ is the angular deflection of the ray. Yor the special case where
the radial gradients in the refractive index ave nwch greater than in the z

direcction, Egq. (31) reduces to

gives the angular divergence of a ray propagating in the 2 direction. To
firgt order, therefore, Fqs. (27) and {22) determine thermal defocusing
. . 2u S .
effects as discussed by Gordon et al. and D. C. Smith for a given
temperature distribution,
An alternate furmulation which eliminates the iteration procedure

is to usc the encrgy equation for the electromagnetic field, Thus, the

energy eguation is
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Ve (18) 4 ol = « VD4 IV . +al =20 (33)
which reduces to the radiative transfer cquation

dl
_— = 3
a5 + al 0 (34)

- — —
for the case 8 = constant. The term V +8 means that the intensity is
reduced by beam divergence as well as absorption. The djvergence effect

is determined from the eikonal approximation

Yn = —d: ns) (35)

and the energy cvquation for the fluid such as Eq. (21) when convection effects
are neglected. The refractive index n=n({T) is asswumned a known functien.
Then Eqgs. (21), (33),and (35) give five cquations ana five unknowns 1, T

and g which must be solved simultaneously., This is more difficult than
the previously discussed iteration procedurc where there are unly two
unknowns I and T.

Using the above formulation, numerical calculations on the time-

dependent temperature and beam intensity distributions in the strong thermal

intcraction region of a suddenly turned on CC, laser beam propagating

2

through a pure CO_ gas confined in a cylindrical chamber of inside diameter

2

much larger than that of the laser beam with a Gaussian initial intensity

)

, . 18,28 . .
digtribution have beon carried out by R. A. Chodzko, asing the finite-

hifference method,  ln Chodzko's calculations, relaxation effects were

30
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neglected, and the teinperature~dependent absorption coefficient was cal-
culated according to the assumption of local equilibrium population uf the
CO, vibrational and rotational states, While not directly applicable to the
2
present problemy of interest (where the reactive gas container diameter is
likely to be comparable to, or even somewhat smaller than, the incident
beam diameter in order to avoid excessive nonuniform heating), Chodzko's
results clearly showed that at high beam intensitics, nonlinear heating
effects caused by the temperature-dependence of the absorption coefficient
are often dominant in determining the time-dependent temperature and beam
intensity distributions witain the absorption regicn.

18
The finite-difference code developed by Chodrko  can readily be

adopted for the calculation of transient heating of any chemically passive —

gas mixture of known a (i) and n(T) for any desired container diameter
and initial bearn intengity distribution. With suitable modifications, it can
also be used for the calculation of other interaction effects, such as

. . 29, 30 _ .
optical-acoustic coupling "' and nternal pressure wave excitation,
However, these have not been carried out in the present study duce to the
very limited time and resources available.

b, Gas-phasc Absorption Processes Resulting in Dissociation

When a laser beam is uscd as an energy source for the initiation of

a2 chemical Jaser, the most ideal absorption process would be one in which

most of the absorbed energy is spent in the gencration of active atoms



which contribute to the chemical pumping of the laser states. This means
not only that very little energy would be wasted in translational/rotational
heating and in other unwanted nternal cxcitations, but also that most
undesirable interaction effects such as thermal defocusing, optical-acoustic
coupling, nonuniform heating, etc., would accordingly be muimized.

In gas-phasc absorption, there are two known processes which could
approach the above cited ideal when the incident lascr beam frequency is in
tne right range.

(1) Photodissociation, It is well kncewn that most halogen mole-
cules, such as }'2, Clz, IZ, etc,, have strong dissoclation continua in the

. 31, , . .
near ultraviolet, T'hug, high-power pulscd lascrs operating i the near

~

ultravivlet region could conceivably be utijized as officient initiation sources
for hydrogen-~halide lasers through direct photodissociation of the halogen
molecules. However, recently discovered coherent quantum c¢ffects, such

o e 32,43 o , .
as self-induced transparency (SIT), may limit the applicability ol
plictodissuciation of such gases by coherent laser sources to relatively
high gas pressures or relatively low incident beam intensity,

Even if coherent quantum cffects does not turn vut to be a serious
impediment to the photodissociation process, the feasibility of laser igni-
tion through direct photodissociation would still hinge on the availability of
efficient, higbh-cncrgy pulsed laser sources operating in the ncar ultraviolet
part of the spectrum, as well as on the kinetics problem common to all

rmethods of initiation,

N e
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(2) Cascade Excitation of Vibrational Modes. In contrast to the
uncertain availability of efficieat, high-energy pulsed near ultraviolet
lasers, recent progress in gas laser technology has made near-term avail-

. . : . . 19
ability of efficient, high-energy pulsed infrared lasers a certainty. Thus,
in the laser ignition problem, it would be most fruitful to look for selective
infrared absorption processes which may lead to preferential dissociation
of the participating mwlecules. The cascade excitation dissociation of BCI3

N : 34
molecules by CO? radiation as recently observed by Karlov et al. appears
to be just one of such processes. Even though it is not clear at ihis time
if such sclective dissociation precess can proceed in laseable gas mixtures,
its possible usefulness as an initiation step certainly deserves further
exploration.

c. Prospect of Pulsec Encrgy Gain {rom Nonchain Reactions

Pulsed chemical laser actions involving nonchain reactions of the

type
Cl 4+ HBr = HCl 4 Br 4 156.% kcal/mole (36)
Cl+HI - HCl 4 I 4 32,0 kcal/mole (37)
have been reported by Aircy  and by Polanyi et a1.35,3()1“ these experiments,

clectronic flashlamps were used as the enerpy source for generation of the
active atoms through photodissociation of CIZ. In such nonchain reactions.
the laser output encrgy that can be extracted from cach mole of Cl atoms

consumed is at most somue fraction of the exothermicity, namely,

(O8]
(& ¥
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15,5 kcal/mole for reaction (36), and 32. 0 kecal/mole for reaction (37). On

the other hand, the dissociation energy of Cl, is about 57 kcal/mole, so

Z
that the encrgy required for generation of each mole of dissociated Cl atoms
is at least 28.5 kcal. Thus, if a laser is used as the energy source for the
generation of the active atoms for the pumping of the nonchain chemical
laser reactions of the type (36) and (37), the reguired laser input energy
would most certainly be greater than the resultant chemical laser output
energy, Therefore, one can quite safely conclude that the prospect of
achieving pulse energy gain from any single-phase, nouchain chemical
laser driven by another laser is always negative.
d. Prospect of Pulse Energy Gain jrom Chain Reactions
When a laser is used as an initiation cnergy source for a pulsed

chernical laser based on chain reactions of the type

F + HZ - HF 4+ H + 31.7 kcal/mole (38)

H 4 ]?‘2 - HF 4 I 4 100.7 kcal/molc (39)

or their isotopic equivalent, reactions (1) and (2), the prospect of encrgy
gain appears to be much better since each chain center atom generated by
the initiation source can now he recycled many times before the chain
terminates. However, in pulsed systems where the reaction produce mole-
cules (e, g., HF or DI from reactions (38), (39), (1) and (2) cannot be

physically removed from the lasing region within the pulse period, the

34
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maximum laser energy output that can be extracted through the consumption

of each chain center atom would be governed by the collisional de-excitation

rate of the upper laser state as well as by the reaction chain length., We

s Ao en i

shall examine thesa points in more details in the sub-sections that follow,
since these points are quite crucial in any quantitative prediction of single-
phase pulsed chemical laser performance, using whatever method of !
initiation, 7

(1) Prediction of Pulsed Chemical Laser Energy Output Based on
Chain Reactions, As mentioned in the introductory section, the most pene-
trating theoretical analysis of single-phase pulsed chemical laser operation
. . . . . .. 10
involving chain chemical reactions to date appears to be that of Qraevskii,
cven though the analysis was limited to lincar systems involving very few -
rate-limiting reactions. Oraevskii's analysis can be summarized briefly
as follows:

{a) The Single “hain Reaction

An idealized three-level system is considered herce {(see ig. 1),
Liet us consider the following chain process,

Lk .
(i) AZ 10 = 2A {Chain initiation)
kg
(ii) A+ B, = AB(U)+ B )
ko s (Chain propagation)
(111) B4+A, - AB(2)4 A
kl -
(1v) AD2)y + M - AB(I) 4+ M (Relaxation process)



where AZ and BZ are the initial reactants, AB(Z2) is a moleculc in the upper
laser level, AB(1) is a molecule in the lower laser level, AB(0) is a mole-
cule in the ground state, Q is the cncrgy supplied to dissociate one of the
reactants to form the chain centers, and M 1is any onc of the reactants.

And k, kO , kZ’ and k1 are respectively the rate constants for the reactions
(1), (i1), (i11) and (iv). If the initiation of the reaction is by light, then k is

proportional to the photon density and the photodissociation cross section.

The rate equations describing th« forward reactions of these processes can

be written down for the concentrations of Al (2], AB(l), A, B3, A2 and
BZ’ i,e., [AB(2)], [ABQ)], [A], [B], [A?], and IB]. However, [AZ] and

[Bz] are assumed constant to permit a lincar approximation of the equations.

Introducing the following dimensionless variables,

« - lap@)] « . lanw)
2 [BZ]O 1 [132]0
_|A) _ 18]

L Vo= e
B ' 13

2, 15,1,
(40)

T = k,[B,] = kO[B'—L*
At LA g X |5 ]

2 27
1(1[1\/1] k{A,]

1 Tk LTI

272 21720

the rate equations can be written as
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(41)
du dv
FES v - 0Ju+t+ Yy s 1T = -v +0u

With initial conditions such as X, =Xy Fu=vs= 0 at 7 =0, and the

assumptions that the excitation short pulse duration 7 0 is much less than

the relaxation timme and that 1 + ¢ >~ o, the following expression for the

maximum value of population inversion is obtained

(x,-x%x.)
2 " 1'max

;
0
< | venar (42)
0

1 - . .
( Gln 2) 17 5 1S the chain length. It is obvious
1

where AV

from Eq.(42) that the maximum inversion density is propo-tional to the

absorbed number of pump quanta, Therefore, even for long effective chain

a 1
length Veff 1 5 0. the output power of the chemical laser based on a

1

simple chain reaction will be detcrmined by the pump intensity.
(b) The Branched Reaction

From chemical kinetics point of view, the branched reactions give
grounds for supposing that the number of active particles obtained in the
final stage is independent of the energy initiating the reaction since it has

3
been shown for such reactions that the rate grows exponentially with time.
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To obtain a population inversion in the system, a number of limitations on
the rates of the elementary reactions of a branched chemical process are

derived.

First, the following branching scheme is assumed,

{(v) AB(2}) + RA 2 AB(l) + R + A

where RA is some additional reagent that dissociates upon collision with

AB(2), By incorporating reaction (v) into IEq. (41), the fellowing system of

equations are obtained

'dx) ) ) dxl )
— L v - (o, + x = {5 40
EEIE S B S RS T L

45
du dv , (43)
1 :v—O’u'i'02X7+Y , 'ET:—V%Ou

k'[RA
</ [RA]

2 kB

where G ]
FARAN

, and ké is the rate constant for reaction (v). The

solution to X, may be written as

: (44)
2

where A is a constant which depernds on the intensity of illumination, and

s is the positive root of the equation

3
5 1 4 + g (1 ' 4 - - = 4
S 4b(lu+ol4oz)+5( 40)(;1 )2) 99, 0 (45)
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and it follows from £q. {43) that

The condition of exponential growth of the inverted population, i.e,

(XZ- xl) > 0 implies the following inequality

s ®» 0, +0 (47)

Therefore a general condition which imposes a limitation on the partial
densities of the reactants and the rate constants of the reacting mixture is
obtained,

To be more specific, counsider the following case of low branching

rates such that 02 << 0, and also o0 << 1, From Eq.(45), we obtain

s = 002/01 (48)

Thus, the inequality (47) becomes

oo, > 012 ' (49)

Equation (49) can then be written as

4
(1 tnd E)Z < i{_o_l_(_%.. (50)

wherve




Now Eq. (50) implies that §

must satisfy the following inequality,

where

T4 2 (l+n-n
2k

Since physically & > 0, therefore from (50)

k. k

14
>
“~

V)
9

X “

1

Similar conclusions can be drawn on

7 since it is obvious in Eq. (10) that

both T and are symrnetrical.

Now, if the branching scheme is the following

(vi) AB(2) +l"24 2B + AB(0)

then following similar analysis as before, we obtain the following:

7 < NN <
i 1 ﬂ+

(54)

where N and N
- b

are the roots of the equation




2 0
n o+ |2- 2 n+l=0
k2
1
and we must have
4
kOkZ .
= 4 (55)
kZ
1

And if the branching of the reaction is due to the dissociation of A2

molecules:

(vii) AB{2) +A2==2A~+ABUM (56)

then it is necessary that

and

where 1 and m + are the roots of the equation

kZ

2 koké
M (1-—————)+ 2n 411 +1 =0 (59)
1

It can be obhserved that conditions (53), (55), and (57) all indicate

that in order to have exponential growth of the inverted population with time
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in the initial stage of a branched chain rcaction, the effective reaction rate

. ) ) ] 1/2
ot production of the active chain centers (kOk'l’) must be greater than
s

the relaxation reaction rate kl (for reaction 1iv).

A numerical solution of a model problem is solved with arbitrarily
selected rate constants demonstrating the independence of the maximum
inversion on the intensity of initiation of recaction. This independence
could be expected from the exponential growth of inversion at the initial
moments of time,

(2) Kinetics of the HF Chemical Laser System., Experimental
observations of laser action of hydrogen fluoride was tirst reported
in 1967 by Kompa and Pimental. 38 They observed this laser action

in the flash photolysis of uranium hexfluoride/hydrogen (deuterium)

mixtures. Since then scveral other fluoride /hydropen mixtures were used

’ 39-43
in the production of hydrogen fluoride laser by flash photolysis. ) The
first continuous-wave HF chemical laser was reported by Spencer, Jacobs,
6,7
Mivels and Gross. They used a supersonic nitrogen jet, containing

a dilute concentration of ¥ ms, flowing into ain amnbienti hydrogen atmos-
phere and past an optical cavity. Molecular hydrogen was then injected
through perforated tubes transverse to the jet. Diffusion of HZ into the

jet produces HF  which lases in the optical cavity.

The spectral lines observed from continuous HF and DF laser
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outputs are given in Table I reproduced from Ref. 9. From the intensities

of the lines shown in Ref. 9, it is found that P _(5) transition av 2,795 u
and Pl(é) transition at 2. 707 1 are the strongest in 'II' laser. 1t is also
secn that all the lines are in the P branches of the various bands, This

observation is confirmad by their calculations of the zZero-power gain

coefficients of the transifions in a given band. The calculations show that
the P-branch lines gencrally have greater gain cocificients and the

R-branch coecfficients do not even have positive values unless the total

inversion in the populations of two vibrational statcs is gquite significant,

The proposed chemical chain reaction used tor the H, - I, system
(g

(viii) F,+ M &7 2F 4 M (Chain-iuitiation step)

(ix) ¥ +H, T HF{v) +H )

‘ (Chain-propagation step)
HF(v) 1 I

B
sy
+
=1
N

{(xi} HE(v) + M ¥ HF(v-1) 1+ M
(xii) HF(v) + HF(v’) =* HF &~ +1)4HF(v'-1;
(xiii) HAH+M * H +M

(Chain-te, mination step)
(xiv) F+r+M = F, +M
[

Reaciion (viii) represents the dissociation of fluorine molecule by collision
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Table 1

QOBSERVED SPFCTRA FROM THE CONTINUOUS CHEMICAL LASERS

HI® DI
Identification Wave- Identification Wave-
vibrational length vibrational length
band Line () band Line V]
1-0 P{4) 2.640 1-0 P(e) 3. 680
P(5) 2.673 P(9) 3.716
P{6) 2.707 P{10) 3.752 -
P(7) 2. 714 1°(21} 3,790
21 P4) 2. 760 P(12)  3.830 -
P(5) 2. 795 21 P(8) 3,800
P{¢) 2,832 P(9) 3,838
P(7) 2.871 P(10) 3.876
P(11) 3,916
P(12) 3.957
3—- 2 P(8) 3,927

P(9) 3. 965
P(1o) 4,005

P(ll)  4.046 e

44




with M, a collision partner. In reactions (ix) t~ (xii), a particular vibra-
tional level of HY is indicated by v. Reactions (ixj and (x) arc the
excitation processes of HF meolecules; reactions (xi) arc the vibration-
translation (V-T) transfer equations with single quantum steps only;
vibration-vibration (V-V) exchange of a single quantum is represented by
reactions (xii).

Different excitation and de-excitation rates for the HZ—FZ

system

44-47 . . .
were also reported. In fact, a detailed list of reactions considered

for the rate equations of the vibrational levels of HHF molecule together

-~

with seclected rate constants prepared by the Aerospace group ‘s pre-

sented in Appendix 1.

(3) "Inversion Boundary' for the Pulsed HZ—F System. Due to

2
the complexity of the chemical reactions involved in the HF chemical laser

(HZ—F system), it is very difficult to solve the resulting non-linear

2
chemical rate equations without resorting to numerical techniques. The

simplified treatment of Ref, 10 on chemical lasers cannot be applied

directly to the HF laser without making nmwuch more elaborate analyis he-

cause the HF laser is not & simple 3-level system as depicted in I'ig. 1,

and many more reactions are involved (Appendix 1). Therefore, the

“inversion boundary' of HF laser is defined here as the dividing line in the

M E and o plane which indicates the possible extent as to how the HF '__-

laser may progress. (Here n(; denotes the number of type-{ molecule or

atom per unit volume at any given instant. )




LA o ST L e SN o P R By

~

AB(2)

AVaVa

AB(2) + M

AB(1)

AB(0)

Fig, 1, 7The 1dealized 3-Jevel system used in Ref, 1.
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6 - - .
It has becen reported 8,38-43,48 that the main laser actions of the

HF chemical laser are between the second and the first (and also between
the first and the ground) vibrational states of the HF molecules. TFor the
sake of simplicity, let us only consider laser acticn between the second and
the first vibrational states of the HF molecules. Since all the reaction rates
are supposed to be known (Appendix 1), the detailed rate equation for
the first and the second vibrational state population can be written down
respectively. These two equations will generally involve the following

unknowns: the various vibrational state number density of the HF molecule,

nHF(v)' v=0,1,2,3,..., the hydrogen atom and molecule number density
Dipr Oy respectively, the fluorine atom and mmolecule number density
2 dn dn
n n respoectivel By sctting HF{2) _ HI(v) Ly ebra
1 FZ, respectively, y setting at = T , an algebraic

equation results. With some simplification, this algebraic equation can be
reduced to one involving only n and n_ . This eguation can then be

HF F

represented by a curve in the n_. - n plane using n. as the independent
B '

HY
variahle. Such a curve is what we call the '""inversion boundary'' of the
system.

(a) Total Inversion. In the isitial stage of the overall reaction,

rcaction (ix) is responsible for the vibrational excitation of the HI mole-

cule, It can be accordingly cxpressed as

¥4 1, HYiV) o H, where v o=0,1,2,3 (6,0)

PUNUUPNIID P - P




The laser action occurs approximately at 34 (see Table I), therelfore, it
requires about 9. 6 kcal/mole to excite the HF molecules from their existing
vibrational levels to the next higher vibrational levels. The heat of reaction
for (38) or (60) can excite vibrational levels up to v=3 for the HF mole-
cule, It is then assumed that only v=0,1,2,3 vibrqtional levels of HF
molecule are excited in the following formulation of the rate processes for
the first and second vibrational levels of the HF molecule.

Now the rate equations for the first and sccond vibrational levels of
the HF molecule can be written down according to the rcactions listed in

Appendix 1, i

Mp)
—_— = + +k 3 '+k 1
1t ka1 nFnHZ 501) "HUE, 72 () M )7 1F 0) T 722) R (2) 1 F ()

t K (2P HF () PHF (3) T b (1) P HE (1) PHF (2) 7 F7a ) MIE (1) PHE )

- k. -k

7a(2) "HF (1) "HF (3) ?c(l)nm‘(l)nmf(3)'k6a(1)[nmr(l)n}w

+ +
ST Rt 2] Koa(2)®mr(2) Par T n z)

n_. +k n_ - kK

" Kb TP T Rob2)Par 20 ()c(l)“HF(u“rz

+ k n on

+ k 1

oc(2)PHr2) . T Rer) P )™ T Res2) Par 2) P (61)

>
[




j-1—1-1:1—11—(~-2—)—~k n_n + Iz n..n -k n n -k n
dt T f4@)FH,  5@)THF,  7ail) HF(2) HF(0) "Ta(2) HF (2) "HF (2)

- n - +k
kp ) ™nr 2 BEG)” Se ) PR PEr2) T 57 () P (1) PHE (1)

TR ) Par (1) ur ) T ¥ea2) MHE ) PHEF T PHE (2) P2

) EBk()c(Z)nHF(Z)nFZ +k6c(3)nHF(3)nF2 " Ree2)Pur ) M

t R (3) P HE (3) P H 62

1 - 2y ~ = -1 o ]
where all DR (v) can be related to e 2; 0 (v) by the following

relationship,
n k
HF 4
=t v) - (v) (63)
HEF 2 Ky
v o

By using the values of rate constants in Ref. 7,  we have

> 00,9552 n

"HE(0) ' HF
: = Q.111
e () iito
(64)
nHF 2 0.555 nHl"
! =~ (3 277R
nI-IF(3) 0, 2775 nH}*‘

The atorm conservation cequations for the hydrogen and fluorine atoms

can be written as,
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= - 27 - .
g T 4Py =0 ‘Mg " "yr (65)
2 2
= - 2 - o
"F T M w=0) “Pp 7 Mup (60)
2 2
where n o, Z(t -0) and nFZ(t -0) are the initial number densities of hydrogen
n n
and fluorine molecules. Since — 1L << 1, and o« 1, we
"H,(t=0) PF (t=0)
b I

have approximately,

n +2n

=2n. . _ : (67)
HF H2 HZ(L =0)
n + 2n = 2n
HF F, F,t=0) (68)
Thus, 1 : = = conscquent
ws, if n, (t=0) N (t=0)’ then . (t) n )’ and conscquently,
2 2 2 2
“Hit) T TFt)
724 .t v eg. L. - ' . + 3
With the initial condition that nHz(t - 0) nFZ t=0)’ we can introduce

the following dimensionless quantities into Eqs. (61), (62), (64), (65), (606):

o I N 11
T T n " n ~
FZ(L 0) Hz(t = 0)
; - qF Mg
‘n._, s n N
I'Z(t—O; HZ('C-O)
y = nHF(V)
v n
& (0
I«Z( )

57 g o o b Y e




Then Egs. (61), (62), (65),and (66) become,

dy
1
—_—= z +k_ | xz + + +
ac - Kay*4 TRy 2 YRea)Y 1Yo ko2 Y272 "X 2) Y2¥'s
“ ko Y12 T B Y11 T Kra) Y1Ys T R IRALE
- ; + + - + .
L LLARZTARR I FL RS PLURE TINTER S LSNP R P
“ ko) Y17 TRec2) Y27 T Ker) Y1¥ T B 2) VX (69)
dyz
= 7z T - - -
k) X TR 2 T K ) V1Yo T Rra) Y22 T Mbiey Y23
"k Y1 2 TR Y11 TR 2) Y1Y3 T Reaq2) yoly +2)
] +2) - rx 4 -
TRe(3) Y30 T2) = Koy o) VX TR (3) Y3® Kee(2) Y22
ke 3y V3% T Bpry V2 P Rep3) Y3 {70)
z = 1-%5(x+y) (71)
dy dy
By setting 2. 1 we have
y se dt dat
k Koyl - &k 1 2
X# - -k, %) = T
k4 <, k7y kb (y,z) =0 (72)




where

=1

4T Re) TRy “a1) " ¥4z

1

- N - 1 2 c
2 0.597 k?a.(l) + 40,5564 k 0.0308 k,{,c 10,208 k

7a(2) (1: h(2)

— 2 ~
ke, 0.2) =y (111 Kea(z) = 92775 k - 0.111 k

6a(3) 6C(1)]

+yz [l 11 a<6a(2)+k6c(2))~ 0. 2775}(63,(3)“(60(3)% 0,111 (e, - 4

ba(l) k6(:(1))]

S tae e el i e
et it AN o ...

LI ey )Pk o)) 0,111 en 1) Hgp(r)) - 0- 2775 ey ak

61(3)]

By substituting Eq, (71) into Eq. (72

2), there resulis,

2 Gy Pekgieo Keac) X 1 R
yo T it
—{- - -
[Z(k'? kéa) k()ac]
. S S e
T S TR AR L%
[Z(k'?”{éd) kéac] {“‘“? a “bac’
{73)
where
k., = 1,111 - 00,2775 k - 0,111
ea P oaz) T TS R ) ea(1)
k, =1, ik, ~0,27 4 -0.11 ]k +
“pac 1tk o oo (2)]70- 2775 s 3) e 3] Ka 1) R )]
K
k=111 +k -0, 2775 [k, + ] -0.111
Kb ! ’“ob(z) kc,f(z;] 24175 ““bw) k()fm] 0. L1k

o (1) ¥er )]
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where

=
"
-
+
-
]
-
1
-

=~
I

0.597 k +0.5564 k - 0,0308 k ) +0.308 k

7 7a(l) 7a(2) 7c (1 Th(2)

— 2 .
K v,2) =y [L 11K - 0.2775 k - 0,111 k, _

6a(2) 6a(3) (1)]

tyz LA o) R ee2) 70 2T R0 3 e 3y T O R 1) T R )]

+yx [1.11 (k +k ) - O.lll(kéb(l)hcéf(l)

)= 0, - +
6b(2) S6£(2) ) . 2775 (k( k

b (3) 6f(3))]

By substituting Eq. (71) into Eq. (72), there results,

2 (k4 t2 kébi" B kéac) x t 2 k()ac
y ot ——— y
[2(1(7 +k6a) ) k()a.c ]
t ——— _B — XZ— 2 — .__]iil. pe——— x =0
[Z(k,(, +k6a) k6ac] [2 7 +k6a)_ kéac]
(73)
where

Koo = Ll Ko o) 7 02T K (3 = O ki)

ke R 2T e 2)d 7 02775 g () R pe 3] 7 0 1 B ) TR 01y

T - - 5 , - 1 :

k()bf 1.11 [kéb(2)+k6f(2)] 0, 27175 {kéb(?;)-jrkéf(_’:)] 0.11 [k()b(l)J kéf(l)]

(P2
[av]




In Eq. (73), all the rate constants k are known functions of tempera-
ture; therefore, once the temperature of the system is given, Eq. (73) can
be represented by a curve in the x-y plane, This curve is the '"inversion
boundary' for the HF chemical laser we sought.

In Fig. 2, the HF inversion boundary for three different values of
the translational temperature, T = 300°K, S00°K, 1200°K are presented,

It can be seen from the figure that in the region under the inversion
/dt is greater than dn

boundary, dn 1)/dt because the pumping

H¥(2) SR

rate by n_ is faster than the de-excitation rate by n In this region,

g HF®

population inversion in the system is most likely (i, e., assuming reason-
ably favorable past history). Whereas in the regicn above the inversion
boundary, the opposite is true. As expected, the inversion boundary moves
upward as the translational temperature increases from 300° K to 500° K;
but the upward move decreases as the temperature increases further from
500°K to 1200°K, These phenomena are because the excitation
rate constants are much steeper functions of temperature than the de-
excitation rate constants in the temperature range from 300°K to 500° K.
As temperature increascs further from 500°K to 1200° K, the temperature
dependence of both the rate constants are comparable. In other words, as
the temperature increases from 500°K to 1200° K, the de-excitation rate
constants of the HF chemical laser catch up slowly with the excitation rate
2

constants., In fact, for nF/nF,(t:O) 2z 1077, it is seen from Iig, 2 that

()
e

. Y
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Fig., 2 Inversion boundaries as functions of the translational temperature
for single-phase, H,-}, chemical laser systems.




the inversion boundary at 1200° K is actually lower than the inversion

boundary at 500° K,

{(b) Partial Inversion. So far, we have only discussed the
case of complete inversion (or vibrational inversion) in the HF chemical
laser system, i.e., n(v') and n(v) arc the number densities of the upper
and lower vibrational states v’ and v of a two-level laser system.

In fact, it is not always necessary to have complete inversior; to
ensure laser action between two levels of the same vibraticnal mode in a

molecule. Laser action may be obtained also if there is only partial

inversion 48-50 (vibration-rotational inversion), i.e.,
3G 7)
niv',j’y - Lh niv,j) > 0 (74)
gQ)

and

niv’) - nv) € 0

where n(v,j) is the number density of the specified vibrational state v
and rotational state j, and g(j) is the rotational degeneracy, 2j +1. From
statistical mechanics, we know that if the rctational states are in
equilibrium among themselves at temperature Tr » (v, j) would be given by

. -E.G)/KT
niw,j) =n) gl Qe ° T (75)

rot
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The rotational partition function Qrot and the energy of the rotational

state i, Eo(j) can be expresscd as

E () =heB j({+1) (relative to j =0 state of that same
vibrational level v)

where n(v) = }_J n{v,j) is the total number density of the specizied vibra-
J

tional state v, k is the Boltzmann constant, h is the Planck constant, ¢ is
the speed of light, and B is the rotational constant. The rotational tem-
perature Tr may be assumed to be equal to the translational temperature T.

Now in order to [ind the "partial-inversion boundary, " we have to

use the following condition:

=

dn(v’,j") . g’ dn(v,j)

: (76
at e at (76)

Assuming that the temperaturc is independent of time, we differentiate

Eq. (75) with respect to time for both n(v’,j’) and n(v,j)

“Eo G /KT

— . / ] .

dt = T4 g(G ") Qrot (77)
dn(v,j) _ dn(v) 5 g -1 )—Lo(j)/kT . )

dt - dt E(J rot [ &4 (/8)

By substituting kqs. (77) and (78) into Eq. (70), we obtain the following
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cquation for the 'partial-inversion boundary, "

anw’y 1 TEgU )/le_—_d_n(Xl 1 ~EGG)/RT o)
at ' © TTat o °

rot rot

A numerical example is chosen to compare the ''partial-inversion
boundary'' with the "complete inversion boundary' in the HF chemical
9

laser, For the strong HF laser line P(5) of the vibrational band 2 =1,

we have

<
-
1
™~
S 3
~
i
N
tws)
~
It

19,0335 cnn—1 }
- {Re!l, 51)

19,7883 cm )

<
"
e
fi
Ut
o3}
1

By substitutling these values into Eqg. {39), there results

)

_dn(v: 2) - 1.04 C~307/'l dn(v = 1)

dt dt (80)

An algebraic equation similar to Eq. (73) can be obtained with diffcrent
coefficients by substituting Eqgs., (69) and (70) into Eq. (80).

The ""partial-inversion' boundary for the HY chemical laser are
calculated for three different temperatures, T = 300°K, 500°K and 1200° K,
for comparison with the ""complete-inversion' boundary. Thesc are the
dotted curves in Fig. 2. It is scen that the "partial-inversion' boundary is
generally higher than the 'complete-inversion' boundary. That is to

say, under identical conditions, it is easier to obtain partial population




inversion than complete population inversion, But the increase is not very
substantial; at T’ = 300°K, the increase is about a factor of 2, at T = 500°K,

; the increase is about a factor of 1.3, and at T = 1200°K, the increase is

only about a factor of 1.1, Actually, this is obvious from [Eq. (80) because

. -307/7T . .
of the oltzmann factor e . As the temperature increases, the effect of
the Boltzmann factor drops off exponertially, In other words, at hiph
temperatures, complete inversion is as easy to obtain as partial inversion.
But the effect is much more pronounced at low temperatures where partial

inversion is much easier to obtain than the complete inversion.

(4) Istimate of Maximum Inergy Gain Potential for Pulsed H —172

Laser Systems, The "inversion boundary' of the I chemical laser just
presented can be related to the maximum cfficiency or cuergy gain potential =i

the laser system in the following way. The inversion density An is defined as

An = =

) T e (81)

<
ey Tar

= >

Dy < T () is the total number density of the IEF mwolecule,

where

Now the total pulse encrgy up to time { is

1 t
[ a '
E{) = hv J ¢ (An? dt < hv J/ dn_ | (82)
dt 11
0 0
We want to define 7 0 2% the time when the gain of the laser system is
g =

k-
‘
F
b 58




s s O ‘-”ff"”m;1

zero, i.e., t =T _ when An=0, and 7, as thetime when dlan) =0,
g=0 1 dt
Therefore, the total pulse energy of the laser is
T T
g=0 g=0
: d (An) f
I" = 1 V f —_— < \ = N -
E! :O) 1 at dt h dnHF hv nHF('g:O)
0 0
(83)
o _ d = "
nHF( | 1) can be related to nHF(T - 0) in the following way,
g
THP(T)) 1
- ~ (84)
HE(r ) g

Since Tl is the time vhen d(An;/dt = 0, it is reasonable to assume that

Tl is proportional to the cxcitation time of HE(2), T . And
Cx

T4 where 7T_ is the time duration starting from d(An)/dt =0

Tg=e T 1T T

until 4An = 0; thus TZ is assumed to be proportional to the fastest relaxa-

tion time q HF(2), Trel

-3
&
—
|

T2 % Mol T KT T a
re 6z (2) nHZ

Thus,
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I . .
HE (T ) T L
g -0 ~ Tg + 1 + —"'_':‘l""
nHF(Tl) 1 2
k4201
~ 1+
k

k n
o 141,822 1F (86)
6a(2) “HF

Now we want to deifine the maximum laser efficiency or energy gain

potential as

n
HE (T
. - laser output A ‘___“_( g = 0)
lrnax max, chem, energy input 3 - 0
PHE(r ) BE(T)
oy } —— g :O _—!:-‘,. (87)
~ 3 n n. ,
TF(T ()
HE( 1) k 2( )

whel1e n /fa_, . as a function of n_/n

Py () PR (0 ™
1 2

"inversion boundary ' plot of Fig. 2.

- is the curve in the
I (G)

A
Therefore, ihe maximum

laser efficiency m____ is directly proportional to

maex

/n_. . .
1) IZ(O)

<ae ratie of the free fluorine

B (T

For most of the opcrational HI' lasers,

atem concentration to the hydrogen molecule concentration is abont 4%,

i. e. nF/nF (0) ~ 4%. I'romn. the rate constants compiled in Apperdx 2

2 3

. . . 7,40
and the "inversion boundary' plot, it can be shown that for nli‘/n}‘ (()}S 44,

at T = 300°K

(0




"LgF(T ) “HE (1))
g=0 .
n ~ 28 Max™ 9.9 n
HF(TI) F,0)
at T =500°K
"HE(T ) “HE(T))
—_—_ ~ 3 n 2 —
n max n_.,
HF(T,) F,(0)
at T = 1200°K
PHF (T ) YHE ()
e=0 o g LINE T IR L
nHF (1) max nF (0)

Thus, the ‘inversion boundary' plot can serve as an approximate maximum

laser efficiency plot as a function of nf‘/nF (0) "

2
<

5. LASER IGNITION OF TWO-FPHASE SYSTEMS
a, Deiinition of Two-phase Pulsed Chemical Laser Gystems
For the purpose of the present study, we define a two-phase pulsed
chemical laser systemn as a pulsed chemical laser system in which the
lasing medium is made up of a rcactive gas mixture plus some finely-
dispersed, submicron size scolid particles or liquid droplets. The apparent
advantages of two-phase systems over the commmonly considered single-

phase systems (i, ¢., gascous mixtures only) are many:
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(1) The absorption of infrared and visible radiation by small particies is
generally broad-band, which allows a wide selection of the chemical
and suriace prowperties of the absorber,

(2) By suitable choice of particle size and surface properties, the heated
particles may be used to provide 2 large catalytic surface area for
chain initiation and for subsequent chain branching without the need
for grossly heating the entire gas mixture during the initiation process.

(3) By suitable choice of chemical properties, the heat of reaction from
combustible particles may be utilized for generation of a high concen-
tration of active atorns essential for efficient pumping of most known
chemical laser systems,

Point (3) is especially attractive from the point of view of potential
laser energy amplification due to the very large ratio between the heat of
combustion of most metals and the energy required to heat the same metals
to their corresponaing ignition temperature, starting from room temperature
il wnen infrared lasers are to e used as initia-
tion sources in view of the generally narrow-band nature of the absorption
precess, (For example, the cascade excitaticu dissociation procoss reported
in Reference 34 was a resonant absorption process, and hence reqguired acci-
dental matching of the incident laser frequency and the molecular vibrational
frequency. ) Point (2) could be useful if long cnains could bé ufilized for
chemical laser pumping and if the rate o chain initiation in the otherwise

Jurely gas-phasce reaction were too slow,
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We shall demonstrate these points in the subsections that follow,
b. Optical Properties of Two-phase Systems

The absorption and scattering properties of finely-dispersed, sub-
micron size particles (or liquid droplets) at infrared frequencies can be
calculated according to classical electromagnetic theory., According to such
theory, >2 the total extinction cross-section Qext for a particle of equivalent
spherical volume V =4m a3/3 and with mean radius a smaller than the
radian wavelength * = XA /2T = 1/k of the incident radiation can be repre-

sented by an asymptotic series:

Q { 2 2 2 4 2 \
“ext ) - 4 3 /m” -1 m_ 127 m” +38 |
—S = - Im { 4% - + = x - :
2 . 15 2
Ta m +2 m T2 dm  + 3 ‘
2
+ x* Re %(9———1) Foees (88)
m + 2

where Re and Im deuote taking real and imaginary part, respectively,

x =ka =a/kx is the radius-to-wavelength ratio, and m is the complex index
of refraction of the material that makes up the particle, The first term is
the main absorption termn, and the second term is the main scattering term

which gives rise to the Rayleigh scattering formula when m is a real constant,

By writing m =m - ik , where n denotes the ordinary index of refraction
and K denotes the bulk extinction coefficient of the material, onc obtains

from Eq. (68) the following expressions for the absorption and scattering




cross sections of the particle in the long wave limit (i.e,, * >> a, cor
N =< 1)’
Qabs , 24 ny
B R R 2 2 k@ (59)
Ta ("7 - KT +2) +4m K
Q
scat _ { {(nv) 4
2 ARG 5 oo (ka) (90)
Ta ™ = ™ +2)" 4 an” )"
where

. Z 2
f(n,«) :% (71.2+K2)4+Z(7L2..K&)[(>’L“+" )“~2]
-37\«4—46n ‘CZ—SK 1 4

If the particle material is a low-loss diclectric (e.g., quartz, glass, ionic
crystal, water, etc.), the extinction coefficient is generally much smaller

than the index of refraction (i.c¢., * << %), TFor such particles, the two

cross sections become asproximately,

a'tfs . _v7;4qn K_’__; ka (91)
2 2 2

Ta (n™ +2)

) ... 8 5 4 2 .

scat En” 427 -~ 3" - 4m +4; 4 ,
5 ) 2 ~— {ka) (92)

Ta 3(n 1 2)

I'or metallic particles, » and K are nearly identsisally given by

b SRR s i i S R

T

I "




where ¢ is the electrical conductivity of the metal expressed in Guassian
units, A is the wavelength, anl c is the velocity of light in vacuum,
(Note that one M, K, S. unit of conductivity, i.e., 1 mho/inster, is equivalent
o -nd 3 . - ‘ . . -1
to 9 X 10" Gaussian units of conductivity, which has the dimension of sec ".)
For a typical good conductor, such as aluminum, the numerical value of o
) . 17 -1 . .
at room temperativre is typically 3 X100  sec . Thus, at a typical infrared

. iz ~1 . \
frequency f =c/iA =3 %10 7 sec = (corresponding to x =10 y), the numerical

5
value of » and K for a good conductor is of the order of 107, which i3 much
greater than unity. Accordingly, the absorption and scattering cross sections

for submicron size metallic particles at infrared frequencies aie approxi-

mately given by ’ j
L . - (94) ]
2 2 g
Ta n

2 == ._ (ka): (95)

It is interesting to note that, since O .
' abs

power of ka while Q c is proportional to the fourth power of ka, the
5¢C '

at

scattering cross section decreases much more rapidly with particle size
than the absorption cross section, so that at sufficiently small values of ka,
the scattering cross scction will become insignificant in comparisorn with the ;

absorption cross section. In other words, a two-phase mixture compesed

of very fine suspended particles will essentially bebave like a geod absorbing

S NI T
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medium rather than a strong scattering mediuvm at infrared frequencies.
From Eqgs. (91) and (92), it is seen that for dielectric particles, the scatter-
ing cross section begins to fall below the absorption cross section when

- 1/3 . . . . .
ka < 3¢ . (Note that n = 1.4 for most dielectric material at infrared
frequencies. ) Similarly, from Egs. (94) and (95), one may deduce that the
scattering cross section for metallic particies will fall below the absorption

. 173

cross section when ka <1,3 (c/o)) .

Another interesting point to note from Kgs. (91) and (94) is that, if

we divide these equations through by the mean particle radius a, one obtains

8 1
i_z_”_n*z for dielectric
) ( (n. +2)° X
Zabs ) 08
3 .
n <
a LE.E. for metal
2
oA

which states that the absorption cross section for very small particles is

proportional to the volume of the particle at a given frequency, no matter

what kind of particle material,

Using handbook values, the extinction cocfficient ¥ and index of
refraction m are plotted in Figs. 3 and 4 as functions of the incident
electromagnetic wavelength X (in vacuum) over the infrared region for
some ionic crystals and metals., From these valucs of m and «, the
absorption cross scction for very small size particles made up of these

materials (i, e,, ka << 1) has been calculated according to Eq. (96) as a
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function of incident wavelength, The results are plotted in Fig. 5. From
these values of the absorption cross section, one can readily calculate the
e-folding absorption length scale for a monochromatic beam of electro-
magnetic radiation propagating through a two-phase mixture consisting of a
transparent gas-phase component, and a finely-dispersed solid-phase

component of np particles per unit volume,

I"'a.bs T n 0 97
p abs
Since the volume fraction of solid particles, ®_, in such a two-phase mix-~

ture is simply given by the product of np and the volume per particle
vV = 4ﬂa3/3, and the absorption cross section per particle is proportional
to the particle volume according to Eq. (%6), one can subsequently calculate

the value of ¢p for yielding a desired absorption length scale, such that

‘ A
n_*2) for dielectric
3 ‘ 36K
417 3 _ 3
¢)p abs  3Q - 2 (9¢)
abs g A
for metal
91 c
The value of ¢p so determined for an absorption length scale Labs =10

meter in two-phase mixtures containing the indicated solid particles is
plotted in Fig. 6. Since the bulk density of most sclids is typically

-1 . .
10 ~ mole /crn3 while the standard density for any perfect gas at room tem-

=

. . -2 3
perature and atmospheric pressure is about 4 X 10 ~ mole/cm”, the curves
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shown in Fig. ¢ indicate that at the (‘,O2 laser wavelength of 10,6 U
nwic fraction of solid particles required to yield an absorption Jength scale
of 10 meter in a two-phase mixture at standard atmospheric pressure and
femiperature is about uuity whoen the particles are made of highly conducting
metals, such as alumidum and maynesium,

c. Soulid Particles as lnert Catalyst for Cnawn Initiation and Chain
Branching

It is well known shat hot solid surfacces can act as catalylic surfaces
for dissociation of gascous moleodes. Dicsodciation of }12 by hcated tungsten
is just one of the examples. In gerneral, one may cxpoct that the rate of dis-

sociation or catalytic efficiencyv would be a sensitive function of thy solid
53

surface temperature, as observed in the digscciation of ‘»12 by tungsten.
Thue, the large surface avea provided by suddenly heated, finely-dicpersed
sclid particles in a two-phase mixture can conceivably be utilized as a
catalyst for chemical chain initiation and branching in the gas-phasce cornpo-
nent, Of course, in order to utilize such catalytic ceffect in a pulsed chemical
lascr system, the solid surfacc must be initially passive and inert so that the
two=-phase mixture would be stable before initiation,

Detailed calculation of the surface-catalized chain initiation and chain
branching rate would require a specification of the particle heating rate as
well as adequate knowledge about the temperature-dependent catalytic prop-

crtics of the surface of interest. While such catalytic properiics may be

difficult to get, especially for particular combinations of pases and suifaces

bt i



that have not yet been studied. The initial rate of heating of the solid particles
by a suddenly turned on beam of electromagnetic radiation, on the other hand,
is relatively cesy to calculate. For example, by neglecting scattering,
r¢-z2mission, and conductive heat loss, one can readily write down the

encrgy balance equation for the small solid particles of individual volume

V =41 ;13/3 ard of bulk specific heat per unit velume CCV during the

pascage of a2 laser beam of local intensity I,

daT
£ » — \ =
acv_v T +1gabs 0 (99)

Thus, fLe rate of temperaware rise per unit beam intensity is simply given

by

™

1 abs 3 abu
oI = = — . - 100
I dt ﬂCVV 4pC 3 ( )

[oIg R

The inicdal particle heating rate so calculated [or the various particle
material and absorption cross scction shown in Iig. 7 is plotted here in

Yig, 7. it is secen that for 10,06 ¢ radiation, ine healing rate for aluminum

particies by a beam of 106 wa.th/cn.lZ wunld be about 1°K/uiwec, whereas for
graphite, the corresponding heating rate would be 300°K/usec. At solid-
slate laser frequencies (* =~ 1 1), the heating rate would be about 50 times
faster,

Aveter the chain center atomms are generated by the heated solid

particles through surface catalysis, the nrobiem of subscguent chaip cencer
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diffusion into the gas-phase mixture which fills up the interparticle space
cun be treated as a problem of spherical diffusion involving conserved
passive scalar quantities (since the chain center atoms arc simply being
recycled during the chain propagation step in nonbranching, non-

s s . . : 54 . .
terminating chain reactions): It can be shown ~ that the three-dimensional

spherically symmetric diffusion equation with constant diffusion coefficient

may be written in the following way,

2 ) =D 2= (on) (101)
ar

where r is the radial distance, n is the concentration, and D is the
binary ditfusion coefficient,

Consider now some small spherical parvticles distributed randomly
in 2 medium of detonable gas mixture such as I—[Z./FZ. When the surface
of any one of the particles is uniformly heated to some temperature Ta
instantaneously, dissociation of FZ. will take place on the surface at some

P | -

value of T . Equation (101) with some appropriate initial and boundary

a
conditions may be uscd to describe approximately the diffusion process both
in time and space of the {lucrine atom concentration on the particle surface.

This approximation is based on the "equivalent spherc’

concept which
assumes that spherical symumetry js valid in this casc up to a certain point
in space for each particle. A schematic diagram of the problem is

illustrated in IMig. 8.

Assuming that the concentration of the fluorine atom on any spherical

%
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E Fig, 8 Geometry and nomenclature for the spherical diffusion problem,




surface remains constant, and that there is no flux at the imaginary outer
spherical boundary, we can set up the proper boundary conditions as

follows,

nF(t, r) = nFa at r = a for all t

(102)
-a—n(t,r)zo at r =4 +ta for all t
or ¥

And the initial condition that thrre is no {luvorine atom concentration any-

where in space «t t=C can be represented as

p b n) =0 at t =0 for all r (103)

Similar solution of the problem can be obtlained if the following

dimensionless quantilies ara introduced,

(10-3)
noir, t)

n

=~
~
AVAY)
-
Z
|

nFa

By substitu.ing the expression in Ig. (104) into F.gs. v101), (102) and (1U3), we

obtain the following tnondimensional equation ard its initial and boundary

conditions,
) N
Llzu 2] o 20 e g2y o] 105
i "(J 4 ,g) nF] 5 [( 4 £> JIV_. (105}



with

1. C. 111; (t,2)=09 at T =90 forall & (106)
- j a Vi a. ~—
) T = = at £ =0 for al
B.C, ( f) n,. : at < for all t
) (107)
a E)n‘
(2+2) == =0 at $ =1 forall t

This may be transformed into a problem involving diffusion in a plate of

unit thickness (the 'equivalent plate') under specific boundary conditions by

. a . o
making the substitution u = (% + ";)111; Then lkgs. (104), (105), and (1006)
become
Ll
ou _ 9w (10%
= _ 2
at o
with
1. C. ut, €) = ¢ for 0<E£<1 at =0 \109)
B.C. uft, &) = a/t at £=0 forall t
(110)
v M .5 atE=1 forall T
01‘ (F + i\

Notice here that the second boundary condition that iliere is no flux at the
outer boundary in the original problem hecomes a radiation boundary condi-
tion (in the sensc of Ref,51) after the transfermation. According to Ref, 54,

the solution to the problem represented by '=qs, (1085, {109), and (1iU) is
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) 2 2 . . 2m
u lﬁi-l-"_(l.;j‘,l_ S‘ 287+ 1L 7) sin(B %) “nt

I 1

g (L+L2+ 82)
n n

and B are the positive roots of
n

Bcot B+ L =0 (112)

Thevefore, the {luorine atom concentration is obtained,

[sa}

2 2
+L7)sin(B 2) -B 7t
n

- e {(113)

.2

) Z(B
n/ (LT =1 - 2L ), —=t ——
£ 4= n=1 B (L+L7 487
£ n bel

. . /
Numerical solutions of n for

F £/a = 10,100 with different values

of t are shown in Figs. 9 and 10, It should be remarked here that for
large values of t, the infinite serics in Eq.{113) converges very rapidly.

But for simall values of t, morc and more terms in the series have to be

nsged; in our case, for t = 0,01, six terms of the series are used.

Fortunately, for even smaller values of t, we can approximate this diffu-
sion problemn with finite boundaries by the semi-infinite diffusion problem.
Physically, for the case of small values of t, the concentration does not

have time to diffuse out far enough to '{feel' the presence of the outer
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Normalized solution for transient spherical diffusion of chain
center atoms from a catalytic particle surface located at

radius a into a gaseous volume of interparticle separation
distance 2/, where #/a =10, Other nomeinclature:

n
I . . .
nl{, = PR = normalized chain center concentration
n -
Fa
r-a ) . .
g€ = . = normalized radial coordinate
t = — = pormalized time (D = diffusion cocfficient)
277D
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Fig. 10 Normalized solution for transient spherical diffusion of chain

center atoms from a catalytic particle surface located at
radius a into a gaseous volume of interparticle separation
distance 2¢, where £ /a = 100. Other nomenclature:

¥ . . ,
n ¥ = _(n ) = normalized chain center concentration
Fa
r-a . - .
g = 7 z normalized radial coordinate
{ . . _ e e
t = 5 = normalized time (D = diffusion coefficient),
» /D
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boundary. This is verified by taking the solution of the semi-infinite
diffusion problem at t = 0.0l to compare with the solution given by
Eg.(113), And the comparison shows very little difference between the

two solutions. Thus, for t << 1, we have

¥

n

I‘i t, §) = lrg erfe (‘—F ) (114)
where erfc(x) is the complem: tary error function of argument x,
d. Two-phase Systems Involving Solid Particle Curmbustion

(1) Energy Gain Potential, When the heated particles in a two-
phase chemical laser system is used simply as an ineri catalyst, the
energy gain potential of the two-phasc system is not very different trom
that of a single-phase system using the same gas-phase reactive mixture.
The reasomn is that the energy required to generate the dissociated atoms
must still be supplied by the initiation source, so that the pulsed energy
gain potential woild still be governed by collisional de-excitation and
useable chain length considerations as discussed in subsections 3. c and 3. d,

If the solid particles suspended in the two-phase system can be made

to burn and the subsequent release of combustion energy could be utilized
for further chemical pumping of the laser reactions, the prospect of
encrgy gain appears much better. The improved prospect of energy gain :

derives from the fact that the heat of combustion of most metals and some

solid compounds is often much greater than the energy required to heat the




same mas of metal or compound to their respective ignition temperature,
starting from room temperature, This is illustrated in Table 2 in which
some known ignition temperaturc TC for various solid dust particles in
. 55 : - .
air, the heating ecnergy per mole AEC for raising the solid temperature
from To = 300°K to Tc , and the heat of combustion HC per mole of the
. . 56
initial solid in OZ.’ I, and Clz are listed, Even though the ignition
Lo

temperaturc for these solids in ') and Cl, are not known, they are likely to
L

2
be lower than those corresponding to the air case. Thus, the heat of com-
bustion of the more energetic solid fuel such as alauminum and boron in
fluorine is generally greater than the energy required to bring the solid
particies up to ignition temperature by a factor of ahout 100, For combustion
in chlorine, the energy ratio is of the order of 30,

The dissociation energy for F, and CIZ is about 31 and 57 kcal/mole,
respectively. Thus, the heat of combustion from 1 mole (or 27 grams) of Al
in an Fz—rich mixiure could generate up to 10 moles of F-atom (after due
allowance is made for the enthalpy change associated with raising the gas
temperature to 1, 700°K, which corresponds roughly to the temperature for

complete dissociation of F_ under thermodynamic equilibrium condition at

2
standard density). Similarly, the heat of combustion from 1 mole of Al in

a Clz—rich mixture could generate up to 2.4 moles of Cl-atom. The corre-

sponding maximum F-atom and Cl-atom yield from burning of 1 mole (or

24.3 grams) of Mg in an Fz-rich or a Clz- rich mixture is about 6 and 1,0




muoles, respectively, If the I'-atom or Cl-atom so generated can be utilized

. . . . . cq s . 8,11
for direct pumping of such exothermic hydrogen-halide lascer rcactions as '

F +TIl, » HF 4 14 31,7 Leal/mole (115)
I 4+ HBr = II® 1 Br 4 45, 3 keal/mole (116)
F +HI - HF 41 +62, 3 keal/mole (117
Cl + HI - HC1 +1 + 32 keal/mole (118)

and assuming that only 12% of the exothermicity can be extracted as laser

8 . .
energy, then combustion of 1 mole of aluminum could generate as much as
38, 55, and 75 kcal of HF lascr energy from reaction (115), (116), and (117),
respectively; or Y. 2 keal of 11CH lascr cnergy from reaction (118}, Comparing
these with the ignition energy AL‘C < 4 kcal/mele indicated for Al in Table I,
it is scen that a potential cncrgy gain by a factor of somewhere between 2 and
20 is quite possible through a lascer-ignition process in a two-phase svstem,
When a conventional flashlamp insteaa of a pulsed laser is used to initiate
the ignition process, the potential enerpy gain is :ven muore significant since
the minimum encrgy required for direct photodissociation of 10 moles of FZ
is 310 kcalories and absorption of {lashlamp ¢nergy by solid particles is
likely to be more cfficient than by a dissociating gas.

In order to make use of the heat of combustion from solid particles for
cificient purmping of chemical Jasers in two-phase systems, a number of

physical and chernical conditions must be simultancously satisfied.,  The
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more important of thesc conditions are: (a' The system must be initially stable,
or at least quasi-stable to the extent that no significant spontancous conversion
of the reactants inte products takes placein the time scale required to prepare '
the two-phase mixture for ignitior within the laser cavity {a time scale which
needs not he much preater than the typical gas-{illing time of a few milli-
seconds, depending on the size and geometry of the cavity). (D) The intensity
of the initiating radiation source must be satfiziently high so i1hat the solid
particles can be brought up to ignition temnmperature without excessive heat loss,
and that ignition of ail the particles will be nearly simwultancous in order to
maintain a high depree of spatial homogeneity for the resulting Jascable medium,
{¢) The burning rate of the soibd particles rmust be swiiciently {ast in compari-
son with the rate of de-excitation of the reaction product so that a high popula-
tion inversion density can be maiatained for laser genevation, {d) The heat of
cornbu,s‘gion generated in the flame zone surrounding the solid particles must
be transferred out, cither through radiation or through molecular transport,
into the irnterparticle space and redistributed among the gas-phasce reactants
in a time sc¢ale shorter than, or at most coruparable to, the characteristic
time tor de-activation of the resultant gas-phase reaction products. (¢) The
prucesses of combustion encrygy redistribution and subsequent gas-phase
reactions must favor the production of the upper lascr state over that of the
lowes states.
1t may be noted that condition (a)is actually a prercquisite for any true

(i.¢., premixed) pulsed chemical laser operation, and the satisfaction of which
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is just a matter of finding compatible mixtures, Satisfaction of condition (&) :
15 also somewhat automatic if the gas-phase reaction chosen were one of the
principal pumping reactions in single-phase chemical lasers like reactions

(115) through (118), and that redistribution of the heat of combustion favors

the generation of active atoms which participate in such principal pumping i
reactions. Condition (b) is common to all initiation process, and the satisfac- i
tion of which depends only on the availability of an initiation source of suffi- 1

ciently high intensity,

Even though much of the basic chemical kinetics information required

for gquantitative analyscs of processcs related to the satisfaction of conditions

ko

{(¢) and (d) is not yet available, order-of-magnitude arguments based on
cxtrapolation of existing knowledge about metal powder combustion in air or
in other oxygen-laden gas mixtures does not indicate that these conditions
cannot be satisfied. In fact, if the unknown rate constants for exothcrmic gas-

phase reactions of the type

Al + 1“2 - AIF +F + 117.5 kcal/mole (119)

LAIl + 612 - HCI1 4 LiCl + 108, 0 kcal/mole (120)

were anywhere comparable to these for the halogen-hydride reactions (1)

through (4) cited in the introductory section, onc could even become optimistic

about the prospect of clficient two-phase chemical laser operation, We will
demonstrate this point through the rollowing discussion of various critical {

problems related to such prospects.
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(2) Chemical an? Thermal Stability ot Two-phase Systems. 1f the
mixing of fincly-dispersed metal powders, such as Al and Mg, with active gas
mixtures, such as FZ—HZ’ CIZ—I*LI, ClZ-HBr, 1'“2()—Ii2, etec,, were strongly

hypergolic (i.e., spontancous ignition temperature equal to or below room

temperature, wiith very ranid combusting rate), no ipnition systemn will be
, i Y

;
necessary. For such hypergolic mixiures, the only possible mode of pulsed
laser operation will be that oi an intermittent-{low {1, ¢, , biow-down type)
mixing laser in which the reactive compuonents are instantly introduced into
tae laser cavity in much the same way ~s reactants are introduced in any
single~-phase mixing lascr system, oe efficiency of such tweo-phase mixing
laser system will be governed Ly a coinpetition amonyg the rates of reactanis
mixing, combustion, halogen-ator 2everation, active molecule formation
and collisional de-excitation of the active molecules,

If the two-phase mixture were stable or only weakly hypergolic f{in
the sense that the rates of reactijorn: at room temperature remains so low that
no significant conversion of reaclants into products takes place in the time
scale required to prepare the two-phase mixture and to send it through the
laser cavity), genuince pulsed operation with premixed reactants would be
possible, KEconomy of the initiation process would then be governed by the
specific heat of the solid particles and the ignition temperature of such particles
in the active gas mixture. The efticiency for subsequent conversion of chemical

¢nergy into lascr cnerpy is then governed by a competition among the rates

A ——

 amnr ey

|
i
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vf combustion, active-atom generation and diffusion, cxcited molecule forma-
tion, and collisional de-excitation of the active molecules,

(3) Rate of Heating of Solid Particles, To minimize the
energy required for bringing the surface temperature of the solid particles up
to ignition temperature without grossly heating the pascous components in a
two~phase system, it would be desirable to heat up the solid particles as
rapidly as possible, i.e., in a time scale that 1s short in comparison with the
characteristic time TD for diffusion of heat in the gas phase over the
averaged inter-particle distance { (sce subsection ¢ abovel),

fZ
TD = (121)

The thermal diffusivity D is gencrally a function of gas density, temperature
. Cs 57 . . .
and chemical composition, However, for the purpose of the present discus-
sion, it suffices to consider D to be identical to the averaged mwolecular dif-
2
fusivity with a typical value D() = 0.25 ¢ [sec for all gas mixtures of
interest at standard density ¢, (defined here as the density at which the total
U

. NI . L1 19 3

number density of mwolecules in the gas phase is equal to 2,5 X 10 "/cem™),

Thus, at any given gas density p, the characteristic interparticle diffusion

time is given by (when f is measured in microns),

2
- 2
TD = fg-— L 4 X 10 8 ! pi second (122)
0 o 0

It is scen that for a typical inter-particle distance of 50 microns, the
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characteristic diffusion time is about 100 ;1sce at standard density,
The rate of heating of very small particles by a suddenly turned on
source of clectromagnetic radiation was discussed earlier in subsection b,
and the calculated rate of temperaitre rise per unit radiation intensity was
plotted in Fig. 7. As noted carlier, fov the heating ol aluminum particles, in
. . . are s . .

order to obtain a temperature rise of 1, U00°K in a time scale of 10~ sec.,

R . ) 6 ) 2
an intensity of 10 watis/cm™ would be necded at 1 Jascer wavelength, or

8 2 . o . . .
107 watts/cm would be needed for 10,6 radiation, I'or the heating of
graphite particles, the intensity requirements for providing the samie rate cof

>

. . o I 2 .
temperature rise is reduced to 2.2 % 107 watts/cm™ at L = 1u and
o e BV \5 / h) 1 et X LS 1 1
2.2 107 watts/em at Y =100, These intensitics, though very
to be well within current puised iascr technolopy., For example, a com-
merically available glass lascr with a 9-joule encrgy output, 30-mscce pulse
width, and a beam diameter of 12-mm would provide a perak intensity of about

8 2
3 X107 watts/cim at 1, 06-11 wavelength, The same range of intensity at
10, 6-u wavelength can also be reached by mild focussing of the output beam
from Transverse Flectrically-excited Atmospheric-pressure (I'tA) CO,
<3
lasers of performance characteristics comparable to those reported in the

58,5
recent literature. 58,59

"E.pg., American Optical Corp. Model No, A0-301 as listed in the laser
Focus 1971 Puyers' Guide, pp. 120-121.
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When a flashlamp instcad of a pulsed laser is used as the initiation
source, the maximum intensity available for solid particle heating will be
limited by the apparcent brightness temperature of the flashlamp. Thus, for
a flashlamp opcrating at a peak brightness temperature of 15, 000°K, the

. . . 3 . 5 2

maximum intensity will be limited to about 3 X107 watts/cm”™. Iowever,
since the light output {rom such a flashlamp would have a broad spectral
distribution which pecaks around 3, 000 A, it appears that such an intensity
would be quite adequate for heating up highly conductive metal powders,
such as aluminum and magnesium, to their respective ingition temperature
. . . e
in a time scale of the order of 10 7 scec.

(4) Burning Rate of Metal Powders, The rates of combustion of

metal powders, such as Al, Mg, B, Ti, Zr, clc,, in pases such as ¥F_, Cl

2’ 2’

NF}, FZO’ COZ’ ctc., are generally not known, Hence, one can only infer

such rate from experimental data published in the literature for burning of
metal powder ir air and in oxygen-luden gas mixtures.
According to the recent paper of Wilson and Williams, the charact

.....

istic time 7., for combustion of aluminum particles in oxygen-laden gases

B

from all published experiments can be reprece. ted by the formula

“Jt may be noted that in order to calculate the heating rate by a flashlamp
properly, c¢quations should be suitably medified to take into account the broad
speciral distribution of the flashlamp, as well as any resonance absorption
clfect near A= 27a,
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T = I (123)

b AplO))

where o, is the initial radius ol the aluminumn particle, p(O ) is the particle
2
pressure of OZ expressed in units of the standard atimosvhere, and B is a
conestant which depends only on the dilution ratio of the oxygen-laden gas
mixture for any given diluent. For cunmbustion of aluninum particles of
initial radius ranging between 10 and 300 nmacron in Qz/Ar mixtures, the
valuec of B was found to be 4 X 10_5 ctm')'/sgc. for pure OZ’ and 9 % 10_4 (:1112/
sec for a 10% QZ— 90% Ar mixture of total pressure ranging between 1 and
5 atmospheres. The characteristic time LN is detined here as the time it
takes the combustion process to reduce the initial rvadius of the aluminum
particle by a factor of 2 (and hence,its volume by a factor of 8. Thus,
according to these experimental data, the burning time for aluminum
particles of 10 micron initial radius in pure oxygen at standard atmospheric

. . -4
pressure is about 2,6 X10 SQC.

>

bl 2
As noted by Wilson and Williams, the «

0 dependence of the

characteristic burning time Tb as indicated by 12g. (123} is consistent with
what one would predict from the classical quasi-steady vapor-phase com-
bustion theory (see Fig. 11) in whichk the diffusion flame geometry is assumed
self-similar and the rate of release of combustion encrgy from the reaction
zone is assumed to be governed by local equilibrium chemistry. Since the

chemical kinetic rates never enterced such a theoretical model of solid particle

a2
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combustion, there is no size limit on the applicability of the theory as long

as the molecular mean-{rece-path remains sufficiently small in comparison }
with the particle diameter so that the continuum treatment was justified. ’ 1
However, from clementary considerations, it would be unrealistic to expect
that the empirical formula (123) could be extrapelated indetinitely for pre- B
diction of the burning time for very small particles (i.c., 9y ~~ 10 u) due \
to the eventual onset of finite~rate chemistry and tree molecale flow,  (Note ;
that the viscesity mean-free-path for aiv at standard density is about 0. 0o i, ) 1
|
At this juncture, if onc assumes that the rates of combustion of metal ‘
powders, such as Al, Mg, I, Ti, Zrv, cte., in pgascs such as I“.Z’ cl,, V.0, “
etc., arc at least as fast as that found for combustion of aluminum in O, 1
and that the particle-size-dependence of the characteristic hurning time as \ —

indicated by Eq. (123) can be extrapolated down to Ty of the order of 1 1)

. . . . -0
then metal powder burning time of the order ot 10 7 sec appears reachable
in two-phase ignition systems operating at standard density.

(5) Redistribution of Combustion Knergy for Laser Pum

cfficient conversion of combustion enceryy into laser encray in two-phase sys-

tems, it is essential that the heat of combustion generated m the flame zone
surrounding the solid particles be transferred out into the interparticle space
and redistributed among the pas-phase veactants in a tnme scale which is j
shorter than, or at most comparable to, the characteristic time for colli-

sional de-activaticn of the lasing molecules. In chemical systems which

makc use of dissociated atoms for pumping of the upper laser states through
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reactions of the type represented by Reactions (115) through (118), re-

disiribution of the combustion encrgy must reswdt in a preferential dissocia-

tion of the halogen-rich gases such as 17, Cl1,, NF3, FZO, cte. over that

of the hydrogen-containing molecules such as ), 11B:

[

o, T, ete.  Alter-

natively, it redistribution of the cumbustion encrgy were to result in a pref-

crential dissociation of the hyaride molecules, the H atoms so generated may

be utilized for pumping of hydrogen-halogen lascers through “hot reactions'

of the type

HAAVF, = HE 4174 1UL. 5 keal/mole

H i Cl, = HCI 4 Cl < 45,1 keal/mole

The worst situation one can iimagine i1s that re-distribution of the combustion
enerygy leads to simultancous decomposition of all gas-phase reactants at

about the same rate, but such a situation is probably not very likely,

Redistribution of the combustion energy from the hot flame zone cut

to the cold gas occupying the bulk ol the micrparticle space will nrecead

far &l

radiatively as well as through molecular transport, If the flame zone were

strongly chemiluminescent and the emitted light were to have a spectral range

which overlaps that for photodissociata of the halogen-rich molecules, then

direct conversion of 2 significant fraction of the combustion energy into dis-

sociated halogen atoms could take place instantancously throughout the inter-

particle space. In other words, the burning metal powder could act like an
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"internal flashlamp'” for generation of active atoms in much the same way
that active atoms are genorated by external light sources in the conventional
flashlamp initiation process for single-phasce chemical lasers,

Visible light generated from burning o) fine magnesium wires or
powder in oxygen (or air) has Jong been utilived as a convenient light source
in flash photography. Likewise, one mnay expect that the blue and near-
uliraviolet end of the cmission spectrwn trom the tame wone associated with
burning of aluminum and magnesium ponwders in halogen-rich gases can atso

be utilized for photodissociotion ot 17 and 1, which are known to have

P i

‘ 56

strong dissociation continua in the speciral range 2, 0U0 = ' 4 000 A,
( Photodissociation of }l2 from its ground clectronic state ir not very likely
since the dissociation continua bic in the far wltraviolet, 1 According to

. 2 . . .
Pearse and Gaydon, Al and ATCEHare known te have strong olectronic
bands emitting in this speatral range of interest,  In addition, continua emis-

sjon resulting from molecular complex formation such as (AlF )

. (AICT )
i n 3

n’

or from condensation of such reaction products into very small refractory
sclid particles near the high-termperature tlame zone may well extend into
this near ultraviolet repgion. However, one must say at this time that we do
not yet know enough about the probability of excited electronic strate forma-

tion within the flame zone of burning nwetal powders, nor do we know the

»
ascillator strengths associated with suco excited clectronic states of reaction

products so formed, to make any quantitative prediction abeut the efficiency .

of such photo processes, TMor this reason, we suggest that some shock-tube




experiments be carried out to collect quantitative information on chem-
iluminescence from burning metal powders that would be useful for further
analysis of this particular rroblem,

In contrast to the photodissociation precesses, which can be con-
sidered instantaneous for all practlical purposes, redistribution of combus-
tion en-rgy into the bulk of the interparticle space through molecular
diffusion and/or heat conduction would be much slower. Even though the
detailed kinetic steps related to the burning of metal powders are not known
fnot even for burning of aluminum powder in oxygen, according to experts in
the field of combustion t;heoryo “),one may postulate that gas-phase combus-
ion of metal vapers, such as Al and Mg, in diatomic gases such as FZ and
ClZ’ is likely to proceed according to scquences of the type

Al + .- F + 117,5 kcal/mole
Al 4+ . ¥ - ¥ 4+ 87.1 kcal/mole (126)

AP, + ¥_. - T + 106, 0 kecal/mole

Al + Ci. — AIClL 4 €1 4 53.1 kcal/mole
AlCT + Cl? - A]Ci,’,'r Cl 4 35,3 keal/mole (127)

£,

AlCl2 + ClI 5 - AlCl3 + Cl 4 35.5 kecal/menle
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Qut of the 310, 6 kcal/mole generated {rom scquence (126), or the 123, 9
kcal/mole generated from scquence (127), only 70,4 kcal/mole would be
needed for vaporization of the aluminum solid, 'The renaining 240, 2 keal/
mole from sequence (126) or 53.5 kcal/mole from scquence (127), would
cither be radiated out into the inter-particle space or deposited in the reac-
tion preoducts ALF, AIFZ’ AlIE‘}, 17, or AILCI, AlCla, AJ.C],3, 1, in the form
of vibrational and translational/rotational energies. In the case of sequence
(126), outward diffusion of the cnergetic reaction prodncts into the inter-
particle space may well lead to further dissociation of the ambient I, through

1%

reactions of the type

ATWv) 4 1 = AR 4 ) T (128)
ALF fv) 11, ~ ALY () 1 1 41 (1.29) i
. P - AIF_(U) 4 41 1
ALF (V) 4 F, = AIF (U) 4 ] 1 (130)
e A e \
P4 1 P ] (131)

For sequence (1271, however, the residual cocrgy from none of the three
steps appears high enough for further dissociation of Ci_" but by the end of
stepr 3, three moles of atomic Cl woula already have been produced from
burning of onc mole of aluminum,

(6) Matching of Molecular Diffusion Time and Collisional Deexcita- :
tion time, If chemiluminescence were weak and the photodissociation ;

processes were compleicly ineffective in redistributing the combustion

enerygy, onc must then rely on diffusion of the active atoms and/or the




energetic molecules for such energy redistribution.

Again, going back to the example of the hydrogen-halide systems cited
in the preceding section, one may readily note that, concurrent with the dif-
fusion of the F or Cl atoms into the interparticle space, laser pumping recac-
tions, such as Reactions (115) through (118) will take place. The excited
laser molecules, such as HI(v) or 1TCL(v), which are formed ecarlier (i.e. R
closer to the flame zone) will also Lo subjectied to more de-excitation colli-
sions as the outward diffusion of active atoms and cnergetic molecules
progresses, Thus, in order to maintain a positive gain over ihe bulk of the
inter-particle volume, it is essential that the characteristic diffusion time

B be kept shorter than, or at most comparable to, the characteristic

collisional deexcitation time

. -1
TC = ‘_\_’kk) nj (132)
J
where kcj denotes some averaged riate constaut for collisional de-cxcitation
of the upper lascr state by a type-j mwolecule over the interparticle space,

n. denotes the corresponding averaged number density of type-j niolecules,
J
and the summation is to be carried over all types of molecules present in

the gas mixture filling the interparticle space. By writing

9 : p -3

1
n, =2.5x10 "M ] — ¢m (133)

j ity
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where [MJ.] denotes some averaged mole fraction of type-i molecules
(approprr'atelly normalized with respect to the initial melar concentration of
the total gas-phase mixture before combustion and dissociation took place),
and 7 /DO is the actual gas density divided by the standard gas density as
defined earlier. The characteristic collisional de-excitation time may be

expressed in the form

-1
‘ 19 o N . )
T .=y 2.5X%X10 — k | |M,] sccond (134)
C l "0 : <) ] s
i
if k , is given in units of cmj/molecular—scc.

<)

By equating Eq. (122) and Eq. (134), onc¢ therefore obtains the follow-

ing expression for matching the characteristic diffusion time 7

N with the
characteristic collisional de-excitation time T,
’ -1/2
0 6 s W - .
L —— =10 Zk( [Mw (135)
1 o l i

where { 1is the averaged interparticle distance measured in microns. The
coliisional de-excitation rate constant kcj depends, of course, strongly on
the type of laser molecule and the particular upper laser state under consid-
cration, 1t may also depend strongly on the chemical type of the collision
partner MJ , and on the translational/rotational temperature. For example,
the value of kcj for collisional de-excitation of the v =1 level of HIE at

T = 500°} is about 8 x10 cm3/molcculc—sec when the collisjon partner

100
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is Ar or FZ; and about 2,5 X 10'12 cn13/molecule-sec when the collision

partner is another HI', At a temperature of 1,500°K, the corresponding

~-15
valuc ef k . becomes 7 %10 13 cm3/1noleculc~sec for collision with Ar
<

-

or and 1,7 X 10° -2 cm3/moleculc—sec for collision with ancother HF,

FZ’
respectively. On the cther hand, the value of kcj for collisional de-

e . - e -14 3
excitation of the v =1 level of HCl at 71 = 500K is about 1,7 X10G cm”/

molecule-sec, wlicether the collision partner were Cl H, or another

20 5,

HC1 molecule at ground vibrational level, At a temperature of 1,500°K,
aa=13 3,

the value of kcj becomes 4 K10 cm’” /molecule-sce {or the same set of

collision partners,

12

By taking tynical value kaj [M.]= 107 cm3/molecule-sec for
het J

collisional de-excitation of i} vibrations, and 1';;‘"](I cm3/molecule-soc for
collisional de-excitation of HCI vibrations, respectively, ¥Eq. (135) indicates
that matching of T, and 7. can be achieved for Q/DO = 1 micron in an

HF system, and for /{ p/po = 10 micron in an HCl system. Thus, at standard
density, the characteristic diffusion time T, €an be made shorter than the
characteristic collisional de-cexcitation time 7_. if the averaged inter-
particle distance £ is kept shorter than alLioul 1 micron in an HF system,

and 10 microns in an HCIl system. Af cne-tenth the standard density (i.e.,
p/po = 0.1, the corresponding valuc tcr £ should pe kept shorter than 10
inicron in an Ml° system, and 100 microns in an HC1 system, in order to make

e . . . L . -7
the diffusion time shorter than the collisional de-excitation time of 4 X 17) sec

for HY, and 4 X 10_5 sec for HCl, respectively,
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(7) Simultanecus Matching of All Necessary Conditions, After
matching the molecular diffusion time TD with the collisional de-

excitation time ’TC in accordance with E£q. (135), one must now go back and
re-examine all other constraints that may have been imposed, either directly
or indirectly, on the product f p/pO through the requirement for matching
of other characteristic time scales discussed earlier, and then see if they
are all compatible.
The averaged interparticle distance /£ 1is related to the number of
. . . -1/3
solid particles per unit volume, np , such that £ = np (since the averaged
volume occupied by each particle is n; ). The initia] volume fraction of
solid particles ¢ is given by n_times the initial volume per particle
3
AT 0 /3, so that
3

a
0 = 4—3” (1_0) (136)

The volume fraction of solid particles ¢p to be used in a two-phase system,
in turn, is related to the mole ratio between the solid-phase particles and

the gas-phase recactants, such that

X = No. of moles of solid particles per unit volume
P No, of moles of gas-phase mixture per unit volume

molal volume of gas-phase mixture at standard density
P : (P/DO) molal volume of solid

= ¢

2. 24 x10% @
P
(p/po) vp

(137)
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By combining {136) and (137), onc obtains

/3

) 1 1
: ) /3 (p/po) (138)

CI.O _
— = 2,2%X10 vV X
1 P P

The rolal volume Vp for most metals of interest to the present problem
3
is of the order of 10 em” (.., V, = 10.0 cm® for Al, 14,0 for Mg, 10,6
for Ti, 14,3 for Zr, 4.3 for B, ef¢.), while the desired mole ratio Xp
between solid and gas is expected to be of the order 0.1, Therefore, one
1/3 . ; . :
may let (V Xp) = 1 for all practical purposes. The required ratio be-

tween the initial particls radius and the averaged interparticle distance is

therefore, approximately

o
0 RV /s
—— = 2, 2x16 ° (n/po) / (139)

Thus, if one denotes the value of f P/DO which satisfied the matching condi-

W
tion (135) by the symbnl (¢ P/F‘-O) . Eq. (139) requires that the initial radius

of the particles must satis{y the folicwing incquality in order to keep

D C
. 2 Welog)
e, S 2,2%X10 7 5 (140)
0 (0/ )-113
Preg
In the preceding section, we estimated that (¢ O/DO):‘: = 1 micron for the HF

ES
systern, and ({ p,/po) = 10 micron, Accordingly, Eg, (140) requires that

. -2
the particle radius be kept smaller than 2, 2 X10 ~and 0, 22 micron for




normal density operation in HF and HCI systems, respectively. Fo1 opera-
tion at p/p0 = 0.1, the initial particle radius requirement becomes
% s 0,102 and 1. 02 micron for HI® and HCI systems, respectively,

If the particle burning time formula (123) can be extrapolated to
burning of aluminum particles down to the sub-micron region in FZ and Cl2 ,
then using the value of B =4 X l(J-E1 crnz/s‘ec previously obtained for Al-O2

combustion, one obtains a burning time TB =1.,2 >\‘10-(9 and 1,2 X 1(‘)~'7 sec
for burning of 2, 2 X 10_2' and 0, 22 micron particles, respectively, at normal
density. For burning at 0.1 normal density, the burning time so obtained
becomes 2.6 X 10-7 and 2, 6 X 10—5 sec for burning of 0,102 and 1, 02 micron
radius aluminum particles, respectively, Since the collisional de-excitation
time at p/po = 0,1 has been estimated to be 4 XlU-‘;'i sec and 4 10”5 sec
for HF and HC] respectively, these estimated burning times appear quite
satisfactory. However, as we discussed earlier, we do not really know if
the burning time formula (123) can be extrapolated to burning of aluminum
powder in halogen gases, nor do we know how far it can be extrapolated in
the direction of decreasing particle radius beyond those covered by previous
experiments.

From preceding discussion of the rate of heating of solid particles
in subsection (3), we concluded that heating time scalc of the order of 10-5 sec

appeared quite feasible, but further compression of the heating time scale

to values much shorter than 10-5 sec would cause undue strain on the

i+ o atpel e\ 1w+ e e



requirement of radiation source intensity (unless the absorbing particles )
werc made of much poorer conductors than aluminum). This additional
constraint accordingly further limits the feasible range oi two-phase pulsed
hydrogen-halide lasers to initial gas-phase density somewhat below the

standard atmospheric deusity (say, D/PO ~ Q,1). However, comparing this
to the accessible density range of existing single-phase hydrogen-halide
systems, the present estimated feasible gas density (for undiluted gas-

phase rcactants) p/po ~ 0.1 already represents a very significant potential

for improvement,
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APPENDIX 1]

RECOMMENDED RATE CONSTANTS IFOR HZ'F:"
CHEMICAL LASER (From Ref. 47)

A detailed list of rcaction considered for the rate equations of the
first and sccond vibrational levels of the HIT molecule togethe r with
sclected rate constants is presented here f(only forward reactions are

considered).

Excitation Reactions

k
401) Sl ¢
r+H, —% Hr() 1 Ky, = 18 % 19} 3716/
k “ N hY
¥F + H ——4(4')> I 2y 1 k Y- J‘)l 1.6/
2 () N
k
1) 2-2. 4/
Harp, —2W HI (1) 1 1 K =6 100 t/9
2 5(1)
k5(2) 12-2.4/3
HA4F., ——Zs 1IF(2) 4 F k =gx 10 “ ¢
2 5(2)
Deexcitation Reactions
(1) V-T iransfer
k(a(l) 6.23 1.77 16 _-1.43
HE (1) + HF s HEF{0) 4+ HFY k. =101 "Cyr0 %7
6Ga(l)
K ]
1 .
e 411z —220 o) 4 :
k
. 6a(2)
HF(2) + HF e TIF (1) 4 HF =
(2) (1) k()a,(&) Zkba(l)
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HIF(2)

HE(3)

HF (3)

HF¥ (2)

HF (3)

HEF (1)

HIF (2)

HF (3)

HF (1)

HF (2)

HF (3)

+ H2

+ HF

+ H2

+F

+ I

+F

4+ F2

1F2

+H

+

+ H

k
6202 e + 1z

6a(3)

———» HI(2) + HIY

k
6203 s 1

k
Seb o sy

BELIC T et
HE(2) 4 F
e nro) 1 F2
— > JII'(1) 1t F2
HI(2) + 2
HEO) 1 11

HI (1) + H

HE(2) + 11
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oa(3) 7 ? Moa ()

kcl)(l) =1.5X 1ot0- L. I/OT
kbb(z) = 2 X k6b(1)

v T Feva)

k()cu) = 65,45 X 1074 T4. 056
k()c(Z) =e2X k()c(l)

koo © 3% Koo

k :T(l.5><1()10-1.9/9)

6£(1)
ko) = 2% R
ko) =2 % Rer2)
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v
—

V-V exchange

k
HF (1) + HF (1) ~—7—a—(I—Z:-HF(O) 1F@) K, 0 = 210% 71+ %,
(38
k?b(l) 7 1.5
HF (1) + HF (2) ——J 17 (0) 4 1T1°(3) k7b(1) =365 x10" T
k7~(1) 7 1.5
HF (1) + HF (3) —— HI"(0) + IIF(4) k, (1) Sarx10t T
-
ka(2) 8.1.5
HF (1) + HF (3) —2%5 HI(2) 4 1} (2) k7a(2) 6107 17
k
HF (2) + HF(0) —2d)_ HIF(1) + HT(1)
k
HF(2) + UF(2) 22 HIN(1) 4 HF(3)
1.
HF(2) 4 LIF(3) 7b(1)~>-”l‘ (L) + HE(4) 1*71)()) < 8(5 X 107 1’1'5)

where 0 = 2.3 RT/1000 kcal/mole, R is the universal £as constant,

T is the temperature in °K, and the rate constants k are in units of

cc/mole-sec,
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