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This article deals with a field of research on the borderline between physical
chemistry and laser physics. As it is intended to combine aspects of both
areas, molecular amplifiers based on partial or total vibrational inversion
are first characterized in general, after which the generation, storage, dis-
tribution, and transfer of vibrational energy in chemical processes is review-
ed. There is a brief discussion of the experimental requirements for laser
oscillation and associated hardware problems. Experimental results for
specific chemical laser systems are then surveyed and the prospects for
high-power chemical laser operation considered. The concluding sections
are devoted to the contribution of chemical lasers to reaction kinetics and
their other uses in chemistry.

Thus the paper serves three goals: to provide an introduction to chemical
lasers; to review the literature up to spring 1972; and to examine some
current concepts and perspectives in order to point out possible directions
for future developments in this field.

There are two introductory papers on chemical lasers in the literature,
both by Russian authors ). However, developments in this field are rapid
and often divergent so that constant and renewed discussion of this laser
concept is called for.
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1. Introduction
Chemical Lasets in Physical Chemistry and Technology

Under equilibrium conditions excited molecular states are populated accord-
ing to the familiar Boltzmann equation, N (excited) =N’ (ground) eXp-AE (KT,
where AE is the excitation energy. For a laser to be possible, the equilibrium
has to be disturbed in such a way that a population inversion AN arises
as defined by Eq. (1) 2,

AN=N—-E£N)>0 (1)

The prime refers to the lower state, g, g’ describe the degeneracy of the
states. Under conditions of a population inversion, optical gain is shown on
the corresponding molecular transition. Thus, a photon beam passing through
the medium at the transition frequency is not absorbed but amplified. The
maximum amplification E;/E, for a small input signal Eg can be written as
function of the inversion AN, cross-section for stimulated emission o (see
below) and amplifier length 7. 2

% — exp AN ¢ @)
0

There are several ways of creating the required non-equilibrium situation,
chemical reactions being one way. Chemical lasers are thus defined as lasers
where a population inversion is effected by selective chanelling of the energy
of a chemical reaction into certain excited product states. We also include in
this discussion lasers which are pumped by energy transfer from a chemically
excited species to an admixture which is then capable of lasing, and lasers



Introduction: Chemical Lasers in Physical Chemistry and Technology

which are pumped by photodissociation. The following set of reactions (3)
illustrates these, three types of pumping schemes:

Photodxssoclatlon Initiation of teaction
by, e, AT

A*+ B
((:fhcmica! "Pumbpmg;
) N or instance, by a bimo-
Pbatazlu:r:mtm +CD leculat exchangc reaction
A 41y tager AC*+D

(3)
Energy t.tansfer Chemical
(“‘chemosensitization™) laser

F* L AC  AC A rnger

Hybrid
chemical laser

F + v 1aser

A molecule can store energy in the electronic, vibrational, rotational,
and translational degrees of freedom. However, the probability that energy
can accumulate in these degrees of freedom and can appear in the form of
chemical laser emission differs considerably. Fig. 1 shows the usual form of
the reaction profile for an exothermic reaction. It is apparent that a product
molecule which has just been released from the activated complex is at
some distance from its equilibrium state. It contains excess energy which
can in principle be given off in two ways, namely by radiative or collisional
processes. There is always competition between these two types of processes.
The luminescence quantum yield g (4) will be different, depending on the
type of excitation.

_ P, emission 4
Me ="p emission + Pdeactivation ( )

If the energy (Ea— AH) is sufficient to permit electronic excitation, the
probability P of emission is typically 108 —10° sec—1, hence higher than the
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4 Reaction Coordinate
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Reactants Products

Fig. 1. Typical reaction coordinate for an exothermic reaction

average probability of collisional deactivation. On the other hand, vibra-
tional-rotational transition probabilities are much lower (usually 10—103
sec~1) and the relaxation probability (in relative terms) is correspondingly
higher. These figures would favor chemical lasers based on electronic
excitation. Unfortunately, electronic excitation is not common in chemical
reactions. The energy required for transitions in the optical region
hv < Ea — AH is between 41 kcal/mole (700 nm) and 71 kcal/mole (400 nm).
Thus, many simple chemical reactions do not provide enough energy for
this type of excitation and those which do may not have products with
suitable electronic transitions.

Most chemical reactions proceed via excited vibrational states with
energies of 1—10 kcal/mole associated with one vibrational quantum. This
explains why all chemical lasers investigated so far exploit vibrational
excitation. In one case purely rotational chemical laser emission has been
observed in addition. Only in the related group of photodissociation lasers
has emission from electronic states been found. Table 1 shows the various
types of pumping processes that are known for chemical lasers today.

As these remarks indicate, chemical lasers employ tnfrared chemilu-
minescence. As a method for oblaining kinetic informasion, they have to be
looked at in relation to other spectroscopic techniques having the same goal.
The study of spontaneous vibrational-rotational emission has been most
fruitfully applied to fast reactions in the gas phase. This method has ex-
perimental limitations due to the relaxation processes competing with
spontaneous emission. A very authentic discussion of this method has
been given in a recent review by J. C. Polanyi 3. As opposed to this steady-
state technique, chemical lasers permit observations in the pulsed mode.

5



Introduction: Chemical Lasers in Physical Chemistry and Technology

Since the rate of stimulated emission can be very much faster than the
spontaneous erission rate, the time resolution of chemical laser measure-
ments can be quite high. In a very crude way one might say that the rate of
emission under lasing conditions can be deliberately increased by a suffi-
ciently intense stimulating field so as to exceed any other collisional rate in

Table 1. Classification of reactions in which chemical laser emission has
been found

Type of reaction Example

hy
Photodissociation FgC—J —> CF3 + J®

hy
Photoelimination H;C=CHF —3 HFD® 4 HC=CH
Atom abstraction Cl + HJ — HCID 4 ]
Chain reaction F 4 Ho — HF» + H

H 4 Fg — HFDY 4+ F

f-Elimination following [FaC—CH3]® —— HFD 4 FoC=CHg
chemical activation

Energy transfer DF® 4+ COp; —— COg® + DF
(‘‘chemosensitization’’) )

8) = electronic excitation.
b) = vibrational excitation.

the system. A more specific discussion of the potential of chemical lasers in
reaction kinetics is given in Section 9 of this review.

To assess the role of chemical lasers in laser physics and engineering,
we have to compare them with other molecular gas lasers. Most high-
power gas lasers are pumped either in electric discharges or in supersonic
expansions of hot gases (gasdynamic lasers). Both methods offer high powers
in the continuous mode of operation and considerable pulse energies in the
pulsed mode. It has become clear during the development of chemical
lasersthat large population inversions can be generated in chemical reactions,
too. In addition, there are chemical pumping reactions which are self-sustain-
ing, thus eliminating the need for external energy supplies. The problems,
associated with the extraction of power from the reaction system are, how-
ever, considerable. A discussion of progress to date will be found in Section
8 of this report.



2. Population Inversion and Molecular Amplification

As stated above, chemical lasers generally originate from non-equilibrium
vibrational excitation. This section relates the molecular-state populations
with the optical gain to be found on the corresponding transitions. We first
envisage a situation of partial equilibrium where different Boltzmann dis-
tributions exist in the vibrational and rotational degrees of freedom but
there is no communication between the two degrees. This assumption will
be justified lateron. The population N,y of the molecular state with rotational
quantum number J and rotational energy F(J) of the v-th vibrational level
with density N, is given for a diatomic molecule as follows: 4

NvJ=

N,,g,;ex ( ke j‘(_]l) (5)

Qr Y TRot

(5) assumes a Boltzmann distribution over the rotational states according
to the rotational temperature Trot. If the vibrational states are also defined
by a Boltzmann temperature Tvip, Eq. (5) can be rewritten as:

Nor=N g ep [ 5 (T + 7o) ©

kE \ Tvp TRot

Here N is the total number density of molecules, @y and Q, are the rota-
tional and vibrational state sums, and gy =2 J 41 is the statistical weight
of the level. Qs and Qy are approximated as

0 =5 Qo =1+ ) exp—-G) @)

v=1

The rotational and vibrational energy contributions F(J) and G(v) are
given by

F())y =B J(J+1), G(v) = (wev— wexev?) =~ wev ()]
7



Population Inversion and Molecular Amplification

with the spectroscopic constants B,, we, %e. In Egs. (5) and (6) Trot and
Tvip are Boltzmann temperatures. In the case considered here, where
equilibrium between the degrees of freedom of vibration and rotation is not
established, these temperatures are different.

The most important requirement for a laser is that a positive population
difference AN,y exists between two vibrational-rotational states.

Nyt g
ANpy = (N.,J — gg—) >0 ©)

Now we consider a P-branch transition (AJ= 41 in emission) where
v'=v—1, J'=J+1. By substituting Eq. (6) into (9), one obtains the
population inversion AN,y for a sample of molecules where both Ty, and
Trot correspond to an equilibrium energy distribution but may still be
defined independently:

Ngs
ANvJ == QvQJ
p— 2o (S FD) o de(Slom , FU) (10)
P = 13 Tvib TRot —¢ Tk Tvip TRot

Obviously, to make this difference positive the expression in brackets has
to be positive. Thus with some rearrangement a limiting condition for the
existence of a population inversion is obtained, as first proposed by J. C.
Polanyi: 9

Trot _ AF()) B,
Tvip < AG (v) ~2(J+1) we (11)

Thus, an inversion is always found if the vibrational and rotational temper-
atures differ such that T'yip exceeds Tret sufficiently to satisfy thisinequality.
This is illustrated in Fig. 2 for the case Ny =2~Nj.1. The situation here cor-
responds to an infinite vibrational temperature Tyi, = oo. In the extreme
case of such an inversion Tret—0 and Tyip >0, all the molecules in the
various vibrational states are found in the rotational ground state J=0.
It can be seen that inversion then exists for the P(1) transitions
(J =0-J =1). As this discussion shows, inversion can exist of some J va-
lues can only as long as the vibrational temperature is positive (Tyin < o0).
This is called a partial population inversion. If Tvy, attains a negative
value, all J transitions may show inversion. This situation, called a fofal
inversion, can arise only if Ny >Ny-1.

Ty, may be only an “effective’” temperature, referring solely to the
populations of two vibrational levels.

8
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Fig. 2. Partial population inversion between two vibrational levels. The state occupan-
cies Ny and N are drawn to scale for HF at Ty =300 °K and Ty =00. Inversion
is shown for a pair of high J P-branch and low J R-branch transitions

In (2) the maximal amplification V =E;/E, has been introduced as
V =exp ol with the gain coefficient a=ANys0. ofcm?] =B,y g(v)]Ave
where Byys is the Einstein coefficient of stimulated emission, g(v) is a line-
shape factor, Av the linewidth and ¢ the speed of light. 2 If these parameters
are known, the gain coefficient « can be calculated for any population
inversion AN. Such model computations are presented in Fig. 3 for a
hydrogen-fluoride laser, the most popular chemical laser. ® It has been
assumed for Av that the line is Doppler-broadened. The emission probabili-
ties Bys that have been used have been determined by Talrose and co-
workers.” One can see from the figure that the gain is always higher for P-
branch (AJ =+ 1 in emission) than for the corresponding R-branch tran-
sitions (A J = — 1). Partial inversion can lead to gain only in the P branch.
As shown in Fig. 4, the line of maximum gain is shifted with increasing
rotational temperature to higher-J transitions.
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3. Energy-partitioning in Elementary Chemical Reactions,
Vibrational Relaxation

It was shown in the preceding section how optical gain can arise from a
partial or total non-equilibrium energy distribution in vibrationally and
rotationally excited molecules. This chapter summarizes some experimental
facts about the formation and collisional decay of population inversions in
simple chemical reactions. The class of reactions most often involved are
bimolecular exchange processes, especially the formation of hydrogen
halides. Extensive investigations of the energy distribution over vibration,
rotation and translation in these reactions have been conducted by J. C.
Polanyi and coworkers. Table 2 reproduces some vibrational distribution
data obtained from spontaneous infrared luminescence studies. These
numbers give some information on themagnitude of the inversion potentially
available for use in chemical lasers. Looking, for instance, at the inversion
in the reaction F +Hgz—~»HF 4+ H (Table 2), which may serve as a model
system in this discussion, one finds the occupancy ratio Ny=3 : Ny=g: Ny=1 =
0.48: 1.0: 0.31 with a vibrational energy share E, of 679, of the total heat
of reaction Eto. The reaction preferentially produces hydrogen fluoride
HF with v =2. A rough estimate then shows that no more than about 259,
of the reaction energy of 34.7 kcal/mole can appear as stimulated radiation
(depending on the ground-state population Ny.p, which cannot be directly
measured by this method, and on the rotational temperature Tgot). This
figure represents the maximal yield of energy in this process, assuming that
F atoms are made available by some means, and ignores the energy neces-
sary for the production of the fluorine atoms.

The gas reactions listed in Table 2 have high rates at room temperature
and emission occurs not too far in the infrared. These restrictions are due
to limitations of the experimental method which may be overcome in
the future. The table could be considerably enlarged by including alkali-
metal reactions which have largely been studied by molecular beam
methods. 20 Though much discussed, chemical lasers on alkali halides
have not yet been realized experimentally. Other results, obtained for
instance by flash photolysis/absorption studies, or by the study of com-
bustion, are less detailed and are not included here. But even in this limited
form. Table 2 indicates that nonequilibriam distributions which can lead
to molecular amplification are often found and are perhaps the rule rather.
than the exception in simple chemical reactions.

11



Energy-partitioning in Elementary Chemical Reactions, Vibrational Relaxation

'¢'6 Ur poredwod 9IB SJUSUIOINSEAUI JOYIO UWIOI €jeP ‘APN3S UOISSIIS pareljul P

SHD ‘HEO ‘HO ‘HS WOI UOISSIH2 ON (o

‘paUIE}qo 219 S}NSOT JUSISPIP STUSWLINSEIW IOIIES UT JO sjuswafuene [eusmirodxs 190 TIM (g
‘oneodenxo 4q (g

(1g1 00~ ¥9°0 0’1 L80 080 99°0 190 LZ0 900~ ®0D sO+0
¢ 4! 144 (43 I or 6 8§ L=a
61 00t 80 o ¥0 HO 0o+ H
6 8 L g=a
81 £€'0 00°1 61 Sy dH 3300°H + «8H
(81 €50 001 ee L dH &40 + ¢HD
(14 19°1 L1 SI'I 001 850 ze'0 JH A+ H
ex L¥'o 00'1 640 60°L t4 40 @dIH SO*H + A
@t sL'o 00'1 I't 01 Syo (o'(qdH S'TH+ 4
@z 10°1 19'1 121 001 $6°0 640 =+9'0 JH IH+ g
@z SL’o 00°1 It 69°0 ®©33'0 AH gH + 4
(39T 0 001 6'S $6°C ©6S'0 dIH DH+ 4
(33 tIA\] 001 <0 1’0 aa 5+ 4a
@1 00°1 8¢ 1 L90 (@'(adH
@3 0 001 Sg'y s¥1 (=0 JIH PHO + 4
(3'ze 0 00'1T 002 09°0 =0 @AH
&1 0 00’1 80°C €90 90 JH ‘H+ 4
€1 <0 se'y 61 00°1 Lg0 0 10d a+mn
©1 ¥eo 00°1 L8°0 610 €90 @lOH IH+D
@1 10 7o 001 9’1 01 (80 g0 IDH
(I §20 £€80°0 00'1 rA] £5°0 ©€0 f A1) IDH DS+ H
(1} 86°0 001t SI°0 o S50 I9H g+ H
(6's £0°0 gz'0 001 90 £0 S0 @IOH ‘D+H
9 < 14 € (S 1 0=a peutexa PoIpMYS
*SIOM 4n suoppemdod reuoneIqia SAnEINT 10357 jasy jonpoIg wyshg

uoneaqIa jonpoad ojur Surod

UOI30BAI JO 3B [€303 0T Jo uopdey = WiF[47 ‘Og + v 9d43 o3 Jo suogoes1 ur uoisreaur wone[ndod pue uonnqysip A810UF 'F S1qEL

12



Energy-partitioning in Elementary Chemical Reactions, Vibrational Relaxation

The relation between the energy distribution in a reaction of the type
A+BC —— AB+C

and the potential energy surface is qualitatively illustrated in Figs. 5 and
6. Two different potential surfaces are shown in Fig. 5. 21). The approach
of atom A to its reaction partner BC may be likened to a point moving along
the solid line from the right to the left. The system climbs steadily up the
reaction barrier and then descends into the valley which corresponds to the
reaction product. For an exothermic reaction, the surface of this valley is
lower in energy than the initial system by the amount of the heat of reaction.
The difference between Figs. 5a and 5b is that in the first case the new bond
A—B is formed slowly and the changes in distance occur smoothly, while in
5b the sudden change in the distance A—B leads to periodic oscillations in
the product molecule AB. This is caused by the low activation barrier and
the strong attraction of A and B during separation of the products AB and
C. A cross-section through the surface, as in Fig. 5, is often pictured as a
“reaction coordinate”. Fig. 6 shows a diagram based on such coordinates
for the process F + Hg - HF - H with HF vibrational excitation according
to a reaction surface which might resemble Fig. 5b. The vibrational states
which are accessible in this reaction are shown. The %&y’s are rate coefficients
for the formation of HF at different vibrational levels and determine the
vibrational state populations N, (Table 2) because ky~Ny, 22

Relaxation processes effect decisive changes on the energy distributions
as given in Table 2. Such processes usually limit the accumulation and
storage of energy in excited states much more than the spontaneous radi-
ation. A rough picture of the relative rates of translational, rotational, and
vibrational relaxation is given in Fig. 7. 23 One can see that the redistri-
bution of energy in molecules occurs at varying rates. The energy exchange
within one degree of freedom (V' + ¥V, R -+ R, T - T) and between rotation
and translation (R - 7)) is generally rapid and may be of the same order of
magnitude as the reaction rate. The conversion of vibrational into rotational
(V - R) and translational (V -+ T) energy is comparatively slower. Thus
one can distinguish several stages in the relaxation of a molecular system
(12).

The data reproduced in Fig. 7 show that the storage of energy in excited
vibrational states is very limited. The total inversion that may be created
in a chemical reaction will rapidly decay to a partial inversion with equi-
librium within the vibrational degree of freedom but still with a high vibra-
tional temperature T'vip 3> Trot. Laser emission is feasible with both states
(I) and (II) of the systems, aithough with differing degrees of efficiency. In
case (I) the stimulated emission rate must be able to compete with the
V - V transfer rate, while in case (II) it has to compete with the rate of
V - T transfer. It is apparent from this discussion that a knowledge of

13



Energy-partitioning in Elementary Chemical Reactions, Vibrational Relaxation

al

3 0 20-t0 20
VA /7 50 A00

A\ 7
T 2r 100
=
N 50
Ll 20
Zs
-0
~50
[l 1 {
0 2
fag Rl —=
b)
: 20, -1
Al \407,0 50 100
|
=12r
B _50
Up k
N
. /0
~50
% 1 : 3

Y le—>

®O— O&—0©

b= rg—te—ryp =

Fig. 5. Potential energy surfaces illustrating qualitatively the formation of vibrationally
excited products in reactions of the type A +BC - AB -+ C. The influence of the cur-
vature of the reaction path is indicated (after Wagner and Wolfrum?2b
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vibrational relaxation rates is of key importance for the development of
chemical lasers. A great deal of relaxation data for small molecules relevant
to chemical lasers has been accumulated. Table 3 summarizes some of the
results including relaxation by atoms and by molecules. It is seen that the
vibrational-translational (V—T) relaxation rate of HF is exceedingly fast.
This imposes most severe limitations on the operation of HF lasers. It
appears likely that in many of these molecules with small moments of inertia
vibrational energy may be transferred into rotational degrees of freedom
rather than into translation €1. The temperature dependence of these
rates has been the subject of various investigations.

Table 3. Some HF and HCl deactivation rates obtained by laser-excited infrared
fluorescence measurements®

Process Rate constant Ref.
[sec~! Torr-1]

HF(v=1) 4+ HF(v =0 ——> 2HF(v = 0) 9.5 - 104 29)

8.7 - 104 143)

6.1 - 104 147

5.25 - 104 140)

5.2 - 104 6%

HF(p =2) + HFp=0) —> 2HF(v = 1) 6.6 - 105 63)

2HF(y =1 ——> HF(@=2 + HF(v=0) 1.05 - 106 152)

DF(p =1) + DF(p =0) —> 2DF({y = 0) 2.0 - 104 140)

2.4 - 104 147)

HCl(v = 1) + HCl(p =0) —> 2HCl(v = 0) 8.3 - 102 148)

DCl(v = 1) + DCl{y =0) ——> 2DCl{v =0) 2.5 - 102 148)
HCl(v = 3) + HCl(v =0) —> HCl{v =2) +

+ HCl(p = 1)» 425 - 103 62)

HCiv=1) + €I —> HCIp =0) + Cl 3.5 - 106 150)

8) For shock tube studies of these and related processes compare 150, 151),
b} Nature of process not explicity specified in the reference.

The most popular technique for studying vibrational relaxation phe-
nomena is laser-excited infrared fluorescence. In the commonest case a
molecule is resonance-excited to the first vibrational level (v =1) by a laser
source. Thus the relaxation of higher vibrational levels is not easily acces-
sible by this method. Only rarely has excitation of v > 1 been achieved, for
instance, by direct excitation of overtones 62 or by secondary vibrational
exchange processes ©3). Consequently the dependence of the relaxation
rates on v is still not clear for most cases.

17



4. Requirements for Laser Oscillation

If a sample of molecules with inverted populations is placed in an optical
cavity which may consist, for instance, of two suitably aligned mirrors (see
next section), induced radiation can change the densities N and N’ of Eq.
(1). The interaction of a system with population inversion with a radiation
field of the right frequency » can be described in the so-called rate equation
approximation. The simplified rate equations for the laser are obtained as
follows if two states N, N3 are considered with the energy difference
AE =hvy9 connected by a radiational transition (13).

Pumping Pay (1) M, (degeneracy gy)
Spontaneous Absorption Stimulated

Deactivation

h tan nute 05565
emission emission Ly, (1), Lyy(t)
o>k B secondary (13
1> k2 A A §512 reactions )

Pumping Pp,(#)  N,(degeneracy g,)
k2

A balance equation for the quantum density ¢ in the laser may be written
with regard to the processes shown in (13).

di
S-=A'Ny+B12N1g— B Neg— fig (14)

While AN, describes the total spontaneous emission rate, A’ Ny refers to

that part of it that remains in the cavity and contributes to the photon

density q. A’ is related to the spontaneous emission coefficient 4 in a more

complicated fashion which involves consideration of the resonator modes

and the bandwidth of the transition. This will not be discussed in detail

here. 2 2% The term pg describes the output with the coupling coefficient
1

B =~ (ze=lifetime of the photons in the cavity). B'am=Bam %:)
-]

where g(»} is a line-shape factor and A is the linewidth. The relationship

between the Einstein coefficients for spontaneous and stimulated emission
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Requirements for Laser Oscillation

4 8 my?
A and Bjg is given byB—12 = Z‘: - Considering now that g1 B1z=gs Bay,

Eq. (14) may be written as

d , . g

d—Z=A N1+B1zq(N1—E:-N2)——3: (15)
Thus the first term in Eq. (15) describes the contribution by spontaneous
emission which is important only at the beginning of the oscillation and may
be ignored lateron. The second term is the rate of the stimulated processes,

while —Tq— gives the coupling losses. It should be stressed that this type of
¢

treatment contains considerable simplifications to allow us to concentrate
on the principal features. For a more detailed discussion, reference is made
to 2, 285),

The above rate equation for the photons may be supplemented in the
same way by equations describing the rate of change of the upper and lower
state densities N3, V2. The notation here follows from (14) and (15). As

before, AN = (N 1— %:— N 2) is used and the cross-section for stimulated

emission ¢[cm?2] =Bjg g(»)/ Ave is introduced. The three balance equations
for the photons ¢ (compare (15)) and the two state densities V1, N3z then
read as follows:

dN

—ét—l- =PN1(t) ~— gC ANq -_ LNl(t)

dN

'—de=PN2(t) +O’CANq ""LNz(t) (16)
4q

7=A'N1+acANq-—-q/rc

It is seen that the excited-state densities V1, N2 are determined by a
pumping term Pyi, x5 (f) and a loss therm Ly, a2 (f) referring to the colli-
sional processes. The loss rate Lyi(f) might, for instance, be given by

dN.
—El— =kq N1 M where %q is a quenching-rate coefficient and M is the con-

centration of particles effective in deactivation. In addition, IV, is decreased
by the stimulated processes which in the same way increase the lower-state
density Nga. The competition between these two types of losses for Ny is
evident. With values for the cross-section ¢ of ~10~-16 —10-18 [cm?] the
rate constant Bs1 = o ¢ becomes ~10-6 — 10-8 [cm3 sec—1] hence far larger
than any rate constants for bimolecular collisional processes. For purposes
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Requirements for Laser Oscillation

of comparison, it may be mentioned that the very fast ¥ - T transfer rate
of hydrogen fluoride, discussed in Section 3, has a rate constant of the order
of 10-11— 10-12 [cm3 sec—1]. Thus it should be stressed that with a suitable
quantum density ¢ and inversion AN the stimulated emission rate can
casily exceed the rate of any collisional deactivation.

Let us now ask what is the value of the inversion AN which effects the
stimulated emission rate. The inversion in a laser cavity cannot build up to
more than a threshold inversion ANy which can be obtained from the thre-
shold condition of Schawlow and Townes.

RiR, T2V2 =1 (17)

Here V is the amplification for one traversal and V2 for a round trip of the
photons in the cavity with mirror-loss coefficients R3, Rz and transmission
loss T. The optical gain ¥ on the other hand is described by Eq. (2) as
V =exp ¢ AN !. With Eqgs. (2) and (17) the threshold inversion density
ANy is obtained.

ANol =5 In(Ry Ra TH-1 (18)

So with the values of ¢ ~10-16 — 10-18 quoted above and a total loss coef-
ficient R; Rs T2=0.3, the total threshold inversion is ANy {~1016% — 1018
[cm—2?]. For the somewhat idealized conditions of a photochemical iodine
laser (Chapter 6.1) the balance equations (16) have been solved numerically
in 29, If a fast pumping rate Py (f) is assumed, the change of the inversion
and quantum density might appear as shown in Fig. 8. After threshold is
reached, the inversion AN starts dumped oscillations around the threshold
inversion AN and later reaches stationary conditions. Thus, the part of
the inversion AN which is available for laser output is that in excess of
ANg.

AN’ = AN — AN, (19)
The maximum energy that can be expected in the laser pulse is

Emax = h‘l’(l + g1lgz)‘1 AN’ (20)

It is clear from Fig. 8 how important it is that the threshold of oscillation be
reached very fast to enable the stimulated processes to compete with the
collisional deactivation processes. It has been assumed so far that the full
inversion under the entire spontaneous-emission line profile contributes to
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Fig. 8. Calculated time-dependent quantum density (upper plot) and corresponding
inversion (lower plot) of a photochemical iodine laser with given linewidth and reso-
nator parameters. After threshold is reached the inversion exhibits oscillations and

shows a steady-state behavior later on
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Fig. 9. Operation of a gas laser in several axial cavity modes spaced by (¢c[2]) Hz (off-
axis modes are not shown in the figure). The three cavity modes near the peak of the

gain profile are above threshold for oscillation8%)



Requirements for Laser Oscillation

laser oscillation. However, oscillation is possible only at frequencies corre-
sponding to cavity resonances. These cavity modes spaced by ¢/2 [ are usually
much narrower than the emission line, as is apparent from Fig. 9. The
requirement then is that during the period of laser oscillation some mecha-
nism must operate to change the energy of the molecules so as to bring them
into the cavity modes. This requirement is normally met by collisions of
the excited molecules and is called homogeneous broadening of the laser
transition. It is easily achieved in gas lasers at moderate pressures and for
not too short a pulse duration. Only then, however, can quantitative in-
formation on the inversion number densities be obtained from chemical
laser experiments (see Section 9).
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5. Design Parameters of Pulsed Chemical Lasers

Three steps may be distinguished in the operation of a pulsed chemical
laser:

1) the initiation of the chemical pumping process

2) the formation (and subsequent partial decay) of the inversion in the
reaction

3) the extraction of power from the reaction system.

The first step involves the preparation of the reactants by some energy
input from an external source. There are several ways of doing this. The
earliest chemical lasers were pumped in flash-photolysis experiments and
this is still a very popular method. Now, however, the initiation of the pump-
ing reaction in an electric discharge is gaining in importance since transverse
discharge geometries have proved to be very convenient for the excitation
of other molecular lasers, for instance, COs. Comparing the two methods,
it may be said that flash photolysis provides somewhat, “cleaner” condi-
tions since the absorption of molecules, photon absorption cross-sections,
and photochemical effects are in most cases well known. The laser reaction
can be started in a controlled fashion by selectively dissociating one reaction
partner. On the other hand, a discharge can provide a more efficient energy
input and usually allows a higher pulse-repetition rate, if desired.

Other sources of energy input that have been used are dissociation by
shock waves and by high-energy electron beams. A further possibility which
has been discussed but not realized so far is to supply the energy by means
of another laser, preferably in the infrared 4.

Two experimental set-ups are described here. Both are used in the
author’s laboratory but represent general design features. An important
requirement, especially for hydrogen-halide lasers, is a fast excitation pulse
and a high pumping rate to reduce the effect of vibrational deactivation.
Here fast coaxial flashlamp-laser arrangements of the type developed
originally for the excitation of dye lasers have proved most useful 26), A
small chemical laser of this kind is illustrated in Fig. 10a, the design of the
lamp being shown schematically in Fig. 10b. The light pulse from a xenon
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Design Parameters of Pulsed Chemical Lasers

100 mm -

Fig. 10. Laser oscillator with coaxial flashlamps. 7 laser tube suprasil, 2 flashlamp,
3 tungsten electrodes, 4 filling port for flashlamp, 5 to vacuum line, 6 high voltage pulse
capacitor with switching gap25

lamp of this design but with a larger illuminated length had a risetime and
halfpeak duration of .5 usec with a discharge energy of 1.2 £]. Actinometric
data are available for some flash-lamps 28). A diagram of a typical flash-
photolysis laser experiment is given in Fig. 11.279
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Design Parameters of Pulsed Chemical Lasers
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Fig. 11. Chemical laser arrangement with flash initiation. 7 laser tube, 2 1009, reflecting
cavity mirror, 3 coupling mirror, 4 He-Ne laser for resonator alignment, 5 to gas mani-
fold, 6 infrared detectors, 7 monochromator, & diode providing a triggering signal for
the oscilloscope, 9 single spectral line, 70 total emission signal ®

PUMP

Hi
T
el
P

n2 h

J)

—_— X &
A— ]

—ift
B:JJ__U__U_U__UD L

Fig. 12a

Fig. 12 a and b. Chemical laser with flow of chemicals transverse to the resonator axis and
transverse discharge geometry. E1,s electrodes, E; (brass) serving as the inlet tube for one
of the reagents fed by 4. B feeding line (glass) for the other reagent. The relative heights
k1,9 of the inlet pipes can be varied. M cavity mirrors. P,C pulse discharge unit39
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Design Parameters of Pulsed Chemical Lasers
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Fig. 12b

In the other experimental apparatus the flow of chemicals and the dis-
charge are both transverse to the cavity axis. Details are shown in Figs.
12a and 12b.29 Improvements are possible if the single row of pin electrodes
is replaced by a brush or shower discharge with many pins in a two-dimen-
sional arrangement. The discharge then fills a larger volume, as can be
seen in Fig. 13.30 The prime experimental problem is to achieve a homo-
geneous electron distribution over a large laser-tube cross-section. Dis-
charge techniques developed recently for CO3 lasers 3D, for instance, preioni-
zation or electron-beam initiation, might now be considered for application
in chemical lasers. However, we need to know more about the dissociation
and excitation by electron impact of molecules used in chemical lasers in
order to design experiments so as to ensure optimal distribution of the energy
of the electrons.
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Fig. 13. Pulse discharge-initiated laser with transverse-discharge geometry. Top and
bottom lifted to show the multiple-pin electrodes. The trough above the pins is filled
with an electrolyte solution serving as a resistor for electrically decoupling the elec-
trodes3®
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6. Specific Chemical Laser Systems

The idea of the chemical laser is nearly as old as the whole area of experimen-
tal laser physics. The first meeting on the subject, in 1963 32), was organized
by the American Optical Society, and chemical laser emission was reported
for the first time in 1965 by Kasper and Pimentel 33, The emission occurred
in the photolytically initiated hydrogen-chlorine explosion (Hg/Clz -2 HCI).
Predating this discovery, the first photodissociation laser was described by
the same authors in 1964 34, This laser was based on the formation of
excited iodine in the photochemical dissociation of alkyl iodides, prefer-
entially trifluoromethyl iodide.

Interest in the physics and technical applications of chemical lasers
appeared somewhat later. Unlike other types of laser — gas lasers and solid-
state lasers — which soon found various useful applications, chemical lasers
remained for many years within the field of physical-chemical research.
The reason for this may well be that, before progress could be made in
either the theory or the applications of chemical lasers, certain concepts
from various disciplines had to be combined. However, from about 1969 an
increasing number of technically oriented papers on chemical lasers have
appeared in the literature. Continuous lasers were of course, developed
first (Section 6.7), but the interest in pulsed chemical lasers is now growing.

6.1. Photodissociation Lasers

Chemical lasers are pumped by reactive processes, whereas in photodissocia-
tion lasers the selective excitation of certain states and the population inver-
sion are directly related to the decomposition of an electronically excited
molecule. Photolysis has been the only source of energy input employed
in dissociation lasers, although it appears quite feasible to use other energy
sources, ¢.g. electrons, to generate excited states. Table 4 lists the chemical
systems where photolysis produces laser action. It is appropriate to begin
the discussion of Table 4 with the alkali-metal lasers since Schawlow and
Townes in 1958 3% chose the 5 p - 3 4 transitions of potassium for a first
numerical illustration of the feasibility of optical amplification. These
historical predictions were confirmed in 1971 by the experimental demonstra-
tion of laser action in atomic potassium, rubidium and cesium (Fig. 14).
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Photodissociation Lasers

Table 4. Photodissociation lasers

Photolysis Active species Refs.

CF3l L CF3 + I(52Pyy3) 26,54,36-54)
Nocl -—::—> Cl 4+ NO(X2Ilys g20>0) 5650
Ci:Ng —— 2CN(X2Z,v > 0) 57

IBr —M—> I + Br(4 2Pyps) 5%)

Kg —£—> 2K(5, 2P112: 9/2) 59

Rbgy %—) 2 Rb (6 2Pyj2, 3/2) 59)

Csg — 2 Cs(7p 2Pyj2, 3/3) 50

CFsBr —— CFs + Br(d *Pyy) 0

The pump sources here were various giant-pulse lasers. In the case of
cesium, emission of a variety of transitions is observed by cascading from
the 7 via the 54 states down to the 64 states and from the 7p - 7 transi-
tion. Fig. 14 shows the possible cesium laser lines,

Py ®y Dy Dy Fp
2 2 2 2 2
L EE = == = ]
9s—1 I = j—-
s T THT Ll 1°
7 6d ]
J10
75—/\ 1376|.| ]
30954 ]
13604+ Js T
{389 X £
\ 71’ 613y 1 %
—p—— 3010 4 20 5
25
]
4 30
6 5—te ]
135

Cs

Fig. 14. Spectroscopy of the cesium photodissociation laser59)
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Specific Chemical Laser Systems

Among the other photodissociative laser systems listed in Table 4, the
NOCI and IBr photolyses have received attention because of their chemical
reversibility. With IBr in particular, the starting compound is recovered
within a few milliseconds, thus allowing a repetition rate of some 102 Hz
without the need for a vacuum system for refilling the laser tube. Although
the C3Ng photodissociation is reversible, too, photolysis is required in the
vacuum UV and only very weak emission signals have been reported.
Photolysis in the vacuum UV with A< 2000 A is also necessary for the
CF3Br dissociation.

Much the most carefully investigated photodissociation laser is the
iodine laser from the photodissociation of alkyl iodides, preferentially
CF3sl or +—CgFrl. This laser, reported first by Kasper and Pimentel in
1964, uses the excitation of iodine to the 52Py;s state in the photolysis of
the iodides according to the following much simplified scheme.

Photolysis CF3l + hvazeod —— CFs -+ 1(2Pys2)
. 21
Laser I{2Py2) —> I(2Pg;2) + hrizis0i

Breaking the CF3l bond requires ~2.5 eV; photolysis is accomplished via
an absorption band of the CF3I molecule at around 2700 A (~4.75 eV) 25
which gives ample excess energy for exciting the products. A variety of
secondary chemical reactions and collisional deactivation processes changes
the concentrations of I* and I during and after the photolysis flash. A rough
picture of the relevant processes is given in the level scheme of Fig. 15.

8
s |
% E
B ]
E
Q
—s Y ;
Cz Fg (ng) CF31{n,) I2{ng)

Fig. 15. Level scheme of the photochemical iodine laser. The primary process of photo-
dissociation as a result of molecular excitation and some of the secondary processes are
indicated
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Photodissociation Lasers

One can see that the final photolysis products are hexafluoro ethane and
molecular iodine. The rate constants for these processes have either been
measured or can at least be estimated with sufficient accuracy, so that
we can make the following classification with regard to their influence on
the I* concentration. Detailed numerical calculations have been carried out
for the set of rate equations shown above. The experimental conditions
were specified so that pressures up to 100 Torr of CFgl were used in a laser
tube of ~1 c¢m i.d. The light input by the flash-lamp was measured as
~1017 quantaj/cm3. 25 This corresponds to 9 J of useful photolysis light
in the range of the absorption band of CF3l centered around 2700 A. Flash
duration (half-peak) was 4 psec. The computations then confirm that two
time domains can be distinguished. Shortly after beginning of the photolysis
the two most important chemical reactions are the dimerization of CFg
radicals (Reaction 9 in Eq. (22)) and the recombination of ground-state I
and CFg to regenerate CF3I (Reaction 8). Thus two pumping processes have
to be considered: the primary photolysis to give I* and the removal of I by

I* + CF§ — CF3 + 1

I* 4+ C;Fg —> CoFg + I

I* + CFsI ——> CFsl + I

I® 4+ I® 4 CFgl —s CFsl + I

I® £ 1IN L I, — 21,

I + Iy — Ig + 1
I* 4 Oy —> Og + I

I + CF3 — CFsl o

CF3 + CF3 — CyFg o

+4++++0

(22)

L PN BN RN~

O Fast processes, important during the photolysis and immediately thereafter
+ Reactions that are only important lateron

Reaction 8 which further increases the population inversion. Reactions 8
und 9 are competing for the CF3 radicals. Reactions 1—7 reduce the I*
concentration and therefore limit the storage of energy in excited iodine
atoms. Among these quenching reactions, 1 is dominant as long as CF3
radicals are present, while lateron quenching by CFsl may predominate
due to its large concentration. It has been stated frequently that laser action
in this system is ultimately limited by the formation of molecular iodine
which is a very efficient quencher for I* (Reaction 6). The I formation with
CFgl, however, is relatively slow and inefficient and for the experimental
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conditions stated above has to be taken into account only at longer times.
Once I has been formed, processes 5 and 6 proceed with high efficiency.
After completion of the fast Reactions 8 and 9, the gas mixture contains
mainly CF3l, C3Fg, I* and I together with some impurities like Og. From
then on the further decay of I* is controlled by CF3l deactivation. In addi-
tion the decay of I* will be very sensitive to the presence of I3 and therefore
to the rate of Reaction 4.

The discussion shows that one of the limitations to the storage of energy
in the system is collisional deactivation. A parameter most sensitive to
these processes is the optical gain of the amplifier system. Since the gain

N;
disappears as the population inversion AN = (N I* _71) decays, gain meas-

urements were chosen to investigate the chemical processes which determine
the concentration of excited iodine atoms as a function of time. This tech-
nique of time-resolved gain spectroscopy 25,53 yielded data on the rate of
energy-transfer processes involving excited iodine I*. These measurements
will be discussed in Section 9 of this paper. A result worth mentioning here
is that a plot of gain versus time definitely shows that the inversion con-
tinues to increase after termination of the photolysis flash. This effect,
which has been reported before 51 and is probably due to additional chemical
pumping processes, is not yet understood. It follows then that the set of
reactions in Eq. (22) does not fully describe the chemistry of this laser
system. In fact, the iodine laser may even be considered a chemical laser in
part.

This laser shows some potential for high-power operation 59 which will
be discussed in detail in Section 8 of this review.

6.2. Hydrogen Fluoride

Chemical laser action has so far been restricted to the molecules HF, HC],
HBr and their deuterated analogs and to CO. Lasing has also been stated in
a brief report to occur in the OH radical produced in the Ogf/Hjs photo-
lysis 105, The pumping scheme is likely to be

03 —=» Oz + O(ID) (23)

O(D) +Hy; — OH(¥)+H

There has been no further information on this laser.
The hydrogen-fluoride laser, first described by Kompa and Pimen-

tel 122) in 1967 and independently by T. Deutsch 123), has become the most
popular chemical laser system. One might even say without exaggeration
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Hydrogen Fluoride

that HF now is the most carefully investigated molecule of all diatomics.
The most frequently used reaction for pumping the laser is:

Ky

F + H; (k_—’_ HF(») + H (24)

Ett = — AH + Ex + 5/2 RT ~ 85 kcal/mole

Other pumping steps are possible, for instance, in chain reactions and with
other hydrogen- and fluorine-containing reaction partners. Extremely high
gains have been found in this laser 124, As outlined in Section 8, three
types of processes have to be included for a full description of this laser:
formation of the active HF molecules, relaxation and deexcitation reactions,
and radiative processes. Each process has to be considered as function of the
vibrational quantum number v and rotational quantum number J. However,
even if only the »-dependence is included, the set of differential equations
describing the temporal behavior of the system includes some sixty rate
equations. All the rates in addition are more or less dependent on J. For
obvious reasons, no account of the rotational effects has been published so
far. In spite of all the rate information that has been accumulated, this
aspect has not been explored sufficiently but may be important. The
considerable complexity of this laser system calls for very extensive colla-
boration of theoreticians and experimentalists.

Table 5 lists most of the papers published on HF which contain experi-
mental observations. Conference reports are quoted only where no other
accounts have been published to date.

Table 5. Pulsed hydrogen-fluoride chemical lasers

hy = flash photolysis
e = pulsed-discharge initiation

Reaction system ' Type of information Refs.

UFs + Hz(Dg, HD)/h» First report of a flash initiated ~ Kompa, Pimentel
HF laser, empirical study of Kompa, Parker,
experimental parameters, Pimentel 122)

quenching by various addi-
tives, spectra

UFg 4 CH4(CDy4, C2Hg, Comparison of hydrogen com-  Parker,
C3Hg, n—C4Hjp, t—CsHio, pounds, spectra Pimentel 153)
CHgF, CHyF3;, CHF3, CH3Cl,

CHgCls, CHClg) | by

UF¢ + H2(CHy) [ by Vibrational energy partition- Parker,
ing study Pimentel 112)
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Table 5 (continued)

Reaction system

Type of information

Refs.

UFg + CCIgH [ hy

Vibrational energy partition-
ing study

Parker,
Pimentel 159

UFg(XeF4, SbF5, WFg)
+ Ha(CH4) [ by

Comparison of fluorine sources,
spectra

Kompa, Gensel,
Wanner 155)

WFs + Hg/hy

Comparison of different flash
photolysis setups, actinometry

Gensel, Kompa,
Wanner 28

WFg + Hg(Dg, CHy, C4Hjy,
HCY) | by

Measurement of rate constants
of fluorine atom reactions

Kompa,
‘Wanner 136)

IFs + Hga [ hy

Indication of chain reaction
with IFs5 as fluorine source,
unknown transitions, spectra

Gensel, Kompa,
Wanner 156)

MoFg(UFs, Fg) + Hg [ by

Comparison of fluorine sources,
experimental parameters

Dolgov-Savel'ev,
Polyakov,
Chumak 159

NgF; + HCI(CH,4 CHgF,
CHyF3, CH3Br, CoHg, CaHsF,
CoH5I) [ hy

Comparison of hydrogen com-
pounds, analysis of pumping
reactions

Brus, Lin 158)

Fo0 4 Ha /[ hy Use of FoO as a fluorine source,  Gross, Cohen,
possible chain reaction Jacobs 159)

MoFg + Ha [ Ay Pulse delay interpretation, Chester,
MoFg¢ actinometry, laser para- Hess 119
meters

NgFy + CDy4/ by DF overtone emission Suchard,

Pimentel 74

CFgl + CgHa(CoHy, CoHg, Energy partitioning study Berry 180
CHy) | by
CiFg(CIF) 4 Ha |/ hy Investigation of chain reaction Krogh,

pumping

Pimentel 161

WFg + CHy/ hy

Small-signal gain
measurements

Gensel, Kompa,
MacDonald 120

Fg0 + Hg/shock wave

Reaction initiation by a shock
wave

Gross, Giedt,
Jacobs 162)
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Table 5 (continued)

Hydrogen Fluoride

Reaction system

Type of information

Refs.

CIN3 + NF3(SFe) + Ha/kv

Thermal reaction initiation by
CIN3 explosion

Jensen, Rice 163)

NpF4(NF3) + Hg(BgHg)/
hy, e

High-energy electron-beam
initiation, comparison with
flash photolysis

Gregg et al, 169

CF4l + CHgl [ b

Elimination laser produced by
decomposition of chemically
activated CF3CH3

Berry,
Pimentel 165)

H,C = CHX | by
(X = F, Cl)

First demonstration of this
type of molecular photoelimi-
nation laser

Berry,
Pimente] 166)

CH3l 4 NgFq/hv

Elimination laser produced by
decomposition of vibrationally
excited CHaNFg

Padrick,
Pimentel 189)

CoHo0 4 CHgF /Ay

Energy-partitioning study

Roebber,
Pimentel 167}

CHZFCOCHgF | hy Energy-partitioning study Cuellar-Ferreira,
Pimentel 198
O3 + CHuXy p [ by Elimination laser action from  Lin 189
(X=FCl,Ln=123) the a-halo-methanols
CF3l 4 HI/hy Energy-partitioning study Coombe,
Pimentel,
Berry 192
Hy + Fg Demonstration of purely Spinnler,
chemical pumping Kittle 170)
Ho 4+ Fafhy Investigation of quantum yield Burmasov,
Dolgov-Savel'ev,
Polyakov,
Chumak 171
Hy + Fae Investigation of chain branch- Batovskii,
ing, efficiency estimates Vasilev, Makarov,
Talrose 172)
He + Falhy Emission spectrum, “hot” Basov, Kulakov,

versus ‘‘cold’’ reaction

Markin, Nikitin,
Oraevskii 145
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Table 5 (continued)

Reaction system

Type of information

Refs.

Hgz + Fa/hv Laser

Fy photolysis with second
harmonic of ruby laser,

Dolgov-Savel'ev,
Zharov, Neganov,

quantum yield Chumak 70
Hz + Fa[h» Chain-reaction pumping Hess 173)
Addition of MoFg to increase  Hess 174)

Hz + Fa2 4+ MoFg/ hy

reaction rates

Hy 4 Fa[hy Time-resolved spectroscopy Suchard, Gross,
‘Whittier 132)
H20 + Fale Demonstration of laser action  Florin,
with HgO as the hydrogen Jensen 178
source
Hg 4+ Fa/hv Atmospheric pressure operation  Wilson,

by mixing above the second
explosion limit

Stephenson 176)

CF4(CBrFj, CCIF3, CClgFg)
+ Ha(Ds, CHy4, CH3Cl) [ e
Cla(Brg) + Ha(Dsg) /e

First report of the discharge-
initiated chemical HF laser,
spectra, parameter study,
rotational emission of HF, HCl

Deutsch
123,133,177)

CHFCl(CHFClg, CHF3,
CFaCls) + Hafe

Demonstration of transverse
multiple-arc discharge

Lin, Green 178)

initiation
NFg -+ Hg(CzHg) [ e Demonstration of laser action Lin 179
NF3(NgF,) + Hga(CHy, Emission spectra, power meas- Lin,

CgoHg, HCl, HBr, natural gas)
|e

urements, investigation of pop-
ulation inversion in HF,
R-branch lines

Green 180,181)

SFg(CClgFa, CFy) + He
(CHg4, C3Hg, CqHio, CeHia,
HI) /e

New laser systems, opti-
mization of experimental
parameters, pulse energies

Jacobson,
Kimbell 182)

SFg{CsFs, CoFg, CFy)
+ CgHg(Hg, CHg4, CoHg,
CaHj0) / e

Atmospheric pressure operation

Jacobson,
Kimbell 183)
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Table 5 (continued)

Hydrogen Fluoride

Reaction system

Type of information

Refs.

SFg + Hgz/e Vibrational-rotational and Wood, Burkhard,
purely rotational laser action Pollack,
of HF, comparison of 13 gases  Bridges 184
in the same experimental set-
up, emission wavelengths
0.8—28

SFg 4 Hy /e Comparison of performance Wood,
and spectra for HF, HCl, HBr  Chang 185
and all isotopic compounds

SFg¢ + Hz(HBr) [ e Investigation of laser perfor- Jensen,
mance Rice 1898

SFg + Hg/e Parameter study, gain meas- Marcus,
urement, R-branch transitions Carbone 187
in selective cavity

SFg 4 Hale Design parameters, gain coef- Ultee 188)
ficients, spectra

SFg + Ha(CqHio) [ ¢ Energy and efficiency has been = Wenzel,
investigated, double-discharge  Arnold 189

laser arrangement

SF¢ + Hafe Superradiant emission, line- Goldhar, Osgood,
narrowing Javan 124)
SFe¢ + Hg/e Spectroscopy, rotational energy  Pummer,
distribution, energy > 1] Kompa 71
SFg + Hgfe Optical pumping of HF Skribanowitz,
rotational lines Osgood, Feld,
Herman,
Javan 78

NF3; + SiH4(GeHy, AsHg,
ByHg, C4Hg, CgHyg, CeHia,
CaHg, i—CgHig, n—CgHio,
CzHe, CH4, neo—C5H12) /e

Comparison of hydrogen
donors, parameter study

Pearson, Cowles,
Herman,
Gregg 190)

BF3(BClz, BBrs) + HgzOJe

Rotational emission in HF,
HCI, HBr

Akitt,
Yardley 191)
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6.3. Other Hydrogen Halides

The hydrogen-halide lasers to be considered here besides HF are hydrogen
chloride and hydrogen bromide and the corresponding deutero compounds.
HCI lasers are normally generated according to the following scheme:

cl, 2= a2q
Cl4+Hy —s HCl+H AH = + 1 keal 25)
H4Cy —s HCl(r) +Cl  AH = — 45keal

Further details of this reaction are discussed in Sextion 9. An important
alternative reaction used for pumping is that of a Cl atom with HI.

Cls == 2c1 . (26)
Cl+HI —s HC@) +I  AH = — 31,7 keal

Hydrogen bromide formation may be described in an equally global fashion
by
Brg 2, 9Br
Br+H; —— HBr+H AH = +4 16 kcal (27)

H +Br, — HBr(s) +Br AH = — 41keal

Table 6 lists the known experimental results for these laser systems.

Table 6. HCI and HBr pulsed chemical lasers

Reaction system Type of information Refs.
Hg + Clg [ by First report of a chem. laser, Kasper,
empirical jnvestigation of Pimentel 193

emission details

Hy(HD) 4 Clz [ hy» Spectroscopy, investigation of Corneil,
pumping processes, discussion Pimentel 194
of detailes rate constants

1,1-(cis 1,2-) trans (1,2-) Energy-partitioning study Berry,
CoHeClg [ By Pimentel 138)
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Table 6 (continued)

Other Hydrogen Halides

Reaction system

Type of information

Refs.

1,1-(cis 1,27 CaHoCly | by

Energy-distribution study,
tandem laser

Molina,
Pimentel 113)

Hz + Cla /e Stimulated emission observed  Anlauf, Maylotte,

Hz + Brg/e marginally in infrared lumines-  Pacey,

HI + Clg/e cence study Polanyi 10

Hy + Clg/e First observation of pulse Deutsch

Hz + Bra/fe discharge-initiated HCl, HBr 128,138,177,185
lasers, spectra

HI + Cla/ Ay New reaction system with Airey 198)
potentially very high inversion

HI + Clg/e Initiation technique Moore 197

Clg + HBr/hv Theoretical and experimental Airey 9
study, rate equations,
computer modelling

Clg + Hafe New reaction system, chain Lin 198)
mechanism proposed

O3 4+ CHpXyn/hy Elimination laser action from  Lin 169)

(X=FCn=1223)

the o-halo-methanols

Clg(NOCl) + Ha/h»

Small-signal gain
measurements

Henry et al. 119)

BCl3(BBrg, BFg) + Hz0 /¢

Rotational emission in HC],
HBr, HF ’

Akitt,
Yardley 191

Hg + Cla/e Transverse multiple-arc Burak, Noter,

Hs + Brafe excitation, power, experimental Ronn, Szoke 199
characteristics

Hg + Clg /e Comparison of performance ‘Wood,

Hg 4 Braje and spectra for (HF), HC], Chang 18%

HBr and all isotopic
compounds
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6.4. Carbon Monoxide

The carbon-monoxide chermical laser exhibits a variety of pumping reactions.
Laser action was first reported by Pollack in CSz/O3 photolysis 125), The
pumping scheme in this case is believed to be the following 126):

by, e

CSs — (CS+S Initiation
S4+0; — SO+40 Propagation and
04+CS —— CO(w)+5S laser pumping
AH = — 75 kcal/mole (28)

$+S0 — S0
S0 4+ 0g —— SO + SOgq
SO0 4+80 —> S0 = SO02+ S Termination
S202 +SO0 —— S0 + SO

O3 may be substituted by NOg with some minor changes 127. Alternative
pumping for CO sequences are 128,129)

Os 2 02 4- O(1D)

O(!D) +C30; — 3CO() (29)
or :
O(ID) +CN(X2 5+ v) —> CO(13*1) + N(2D)

A very interesting way of pumping a CO laser has been opened up recently
in the discharge-initiated combustion of acetylene 139 or cyanogen 131,
Table 7 lists the published work on CO chemical lasers, arranged according
to the chemistry; it also reflects the history of the field.

6.5. Pumping by Energy Transfer

The CO; laser, first described by C. K. N. Patel in 1964 69, involves as one
possible pumping step the transfer of vibrational energy form molecular
nitrogen to the asymmetric stretching vibration (001) of COj. The laser
emission then occurs at either the (100) or the (020) state. The energy level
diagram is seen in Fig. 16. Excitation is also possible by direct electron
impact, or recombination and cascading to populate the (001) level. As is
well known, the high cross-section for excitation, the low collisional deacti-
vation rates, and the long radiative lifetime of the upper state of the laser
transition are very favorable for high-power operation of this laser 66).
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Pumping by Energy Transfer

Table 7. Pulsed carbon-monoxide chemical lasers

Reaction system

Type of information

Refs.

CSg + Oz hy First report of a chem. COlaser, Pollack 200)
spectroscopy, chemical pump-
ing scheme
CSy + Oz hy Analysis of pumping reactions,  Gregg,
new lines Thomas 139
CSa + NOz /Ay New reaction system Rosenwaks,
Yatsiv 129
CSg + Ogle Discharge initiation of the Arnold,
pumping sequence, spectra Kimbell 20D
CSyg + Ogfe Pulse discharge initiated CO Jacobson,
laser Kimbell 202)
CSg + Og/ hv Chemistry and performance Suart, Dawson,
characteristics, computer Kimbell 126)
simulation
Cg0g + Og /e New reaction system, spectra, Lin, Bauer 203)

pumping mechanism

O3 + C302 | by

Pumping by the reaction of
O (1D) with C30g

Lin, Brus 128)

O3 + CN/[hy Pumping by the reaction of Brus, Lin 120
O(ID) with CN

CSz + Og/hy Small-signal gain measure- Hancock,
ments, infrared chemilumines- Smith 204
cence study Hancock, Morley,

Smith 12D

Oz 4 CeHa /e Discharge-initiated combustion = Barry, Boney,
of acetylene and other hydro- Brandelik 130
carbons

Og + CgoNa/e Generation of CO laser in Brandelik,
cyanogen combustion with Barry,
relatively high efficiency Boney 131)

CSg 4+ Oz/e Parameter study, spectroscopy,  Ahlborn, Genéel,

Q-switching

Kompa 208
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AD DECAY
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0 *
C02 Zg 00°0 (GROUND STATE)
Pump transition Coupled transition
(v =1 excited state)
Designations) Wavelength () Jupper — J1ower Wavelength
(w)
P;1(3) 2.608 2 1 126.5
Pi(4) ’ 2.639 3 2 844
Py(5) 2.672 4 3 63.4
P1(6) 2.707 5 4 50.8
Pi(7) 2.744 6 5 42.4
P1(8) 2.782 7 8 36.5

8) P;(J) signifies the (w =1, J—1) (v=0,]) transition Pumping scheme and wave-
lengths of far-infrared rotational oscillations for P-branch transitions in HF.

Fig. 16. Partial molecular-energy level diagram and transitions involved in the COg
laser (according to Patel69)

Quite similar to this pumping scheme was an attempt to pump a-CO; laser
by chemical means reported by Russian workers 67, Vibrationally excited
Nz was produced by flash-photolyzing hydrazoic acid (HNj) and subse-
quent energy transfer. However, pumping by energy transfer from hydrogen
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Pumping by Energy Transfer’

halides was first achieved by R. W. F. Gross in 1967 ¢8), The advantage of
this type of laser resides in the principal shortcoming of all hydrogen halide
lasers, namely the rapid vibrational relaxation. As a result, accumulation
and storage of vibrational energy is very limited in HF or similar lasers.
Transfer from the hot reaction product to the cold COg admixture increases
the efficiency and the output of pulsed as well as cw lasers. Such lasers
have been most effectively produced in Dy—Fz—CO3 reaction mixtures.
The maximum pulse energies according to preliminary reports go up to
15 J. 69 The reactions of interest are

F+4+Ds —> DF(v) +D
D+Fy —> DF@»)+F (30)
together with
DF(v) 4+ CO; —— CO2(001) + DF(v—1) + AE

For an analytical description of the laser, a detailed knowledge of the
energy transfer rates is of key interest. Table 8 contains a summary of
published transfer rates which are very large (corresponding to 50—200
collisions).

Table 8. Vibrational energy transfer in HF—COg and DF—COg mixtures

Process k sec~ltorr—1 Ref,

DF(v = 1) + CO3(000) — DF(v = 0) + CO2(001) 17.75 £ 2.5 - 104  140)

7 58 - 104 ) 141)

HF (v = 1) + CO3(000) —— HF (v = 0) 4 CO,(001) 3.7+0.3 - 104 140
3.8 - 104 8) 141

59£0.1- 104 143)

CO3(001) + DF(v =0} —— CO3(mn0) + DF(v = 0) 1.9+0.4 - 104 140
1.86 - 104 142)

COz(OOI) + HF(y =0) ——> COgz(nm0) + HF(v =0) 3.6+0.3 - 104 140)
2.29 - 104 142)

53+0.2 - 104 143)

») Other values obtained with different assumptions.

Conventional COg lasers are pumped in electric discharges. The method
described here is different in that it uses flash photolysis for initiation of the
pump sequence. An important feature is that one can utilize the potential
of chain reactions in pumping such hybrid lasers.
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6.6. Emission Spectra of Pulsed Chemical Lasers

There is a large number of chemical laser publications that deal with the
investigation of the output spectra, mostly in a rather empirical fashion.
The two questions which may be answered qualitatively concern the iden-
tification of the pumping reaction and the confirmation of predictions for
the output composition. Such predictions may be based on spontaneous
infrared luminescence measurements.

By investigating the vibrational transitions present in the laser signal,
the contribution of the “hot reaction”

H+F; — HF@ +F AH = — 98 kcal/mole (31)
versus the “cold reaction”

F+Hy —> HF@)+H AH = — 31 kcal/mole (32)

in an HF laser may be determined. The terms “hot” and “‘cold” here refer
to the fact that the first of these reaction steps, by virtue of its greater
exothermicity, can pump higher vibrational states than the second one.
The second reaction can populate only HF (v <{3) states. As Table 9 shows, .
the contributions to the total output from higher vibrational transitions
(v >3) are very small*. This was qualitively confirmed by another investi-
gation yielding the vibrational distributions shown in Fig. 17 for HF and
DF lasers. Since the inversions pumped by the hot reaction are expected to
be considerable (compare Table 2), very fast vibrational relaxation of high
v-levels has to be invoked to explain the very small high-v emission. Emission
from v =5 + 4 and v =6 — 5 transitions has also been observed in the photo-
lysis of IF 5/H 2 mixtures, giving indication of a chain reaction in this system,
too.

Chemical-laser emission spectra up to 1967 have been compiled by
Patel 63), There is some inconsistency between HF laser spectra obtained
in different laboratories and with different experimental set-ups. This is
probably due in part to the absorption of several HF lines by the atmosphere
inside or outside the laser cavity. However, there is additional inconsistency
between the emission spectra of infrared chemiluminescence experiments
and HF chemical lasers. While spontaneous luminescence predicts a peak in
the v=2 1 transitions around J=614, the laser emission usually

* Note added in proof: More detailed investigations which have been conducted in
the meantime indicate a stronger contribution from the hot reaction now (S.
Suchard, private communication),
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Emission Spectra of Pulsed Chemical Lasers

Table 9. Measured wavelengths, identification, and peak
powers of HF laser transitions observed in flash photolysis
of Hp and Fyl32)

Identification
Measured Vibrational Transition . Peak power
wavelength band (¥))] (relative units)
(1)
2.61 10 3 <1
2.64 4 <1
2.68 5 40
2.71 6 130
2.74 7 28
2.79 8 107
2.67 21 1 6
2.70 2 300
2.73 3 600
2.76 4 300
2.80 5 62
2.83 6 8
2.87 7 <1
2.79 3>2 1 165
2.82 2 170
2.86 3 417
2.89 4 379
2.93 5 4
2.96 6 14
3.01 7 2
3.05 8 8
2.92 43 1 320
2.96 2 126
2.99 3 60

peaks at J =3,4.8 This has been taken as an indication of excessive rotatio-
nal relaxation prior to emission. The situation is different in HF lasers initi-
ated in pulsed electric discharges 71). Emission spectra for different pressures
are summarized in Table 10. The spectral output is very sensitive to pressure
and gas composition. As the pressure is reduced, the total pulse duration is
prolonged from 200 nsec to 35 psec, and additional rotational lines which
carry a considerable portion of the pulse energy then appear at high J
numbers. Assuming rotational equilibrium, it is impossible to explain the
appearance of these lines by a rise in the gas temperature. Thus it is con-
cluded that the emission of this group of lines corresponds to a non-thermal
rotational energy distribution.

8) There is one exception to this which has been reported recently 70).
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Table 10. HF laser spectra in SFg/Hg pulse discharge 71

Transition Pressures {Torr]
v+v—1 P(J) 0.5 Hg -+ 8 SFg 025 Hy + 3SFg 0.1 Ha 4 0.7 SFg
Energy (relative scale] ®

1-0 P3) » - - -
P4 D 0.5 0.5 0.6
P{5) B 0.25 0.3 —_
P6) » 0.5 0.65 0.65
P(7)y » 1.6 1.45 1.8
P@B) O 5.0 8.1 6.6
PO B 4.5 4.15 6.8
P(10) — — -
P(11)b) 4.0 3.05 5.6
P(12) 7.75 10.9 12.2
P(13) 2.75 3.85 5.0
P(14) - - 1.0
P(15) - — 5.8
P(16) —_ - 5.4
P(17) — - 05

241 ‘P W 0.5 0.3 0.6
P{4) B 0.6 0.35 0.8
PGy 1.0 0.65 1.0
P(6) b 1.0 1.0 1.0
P D 3.3 2.9 6.0
P8 » 5.15 3.85 9.0
P9 » 3.5 1.1 7.0
P(10) - - -
P(11) 2.35 24 6.0
P(12)® 1,65 6.4 4.5
P(13) 1.65 3.9 7.0
P(14) — - -
P(15) - - -
P(16) — -— 0.5

32 P2 D 0.1 0.3 0.4
P({3) 0.35 0.3 0.8
P4) B 045 0.3 0.65
P(5) b 0.45 0.5 0.8
P(6) ™ 0.45 0.85 1.2
P(7) @ 0.25 0.15 1.4
P@B D 0.45 0.65 0.6
P(9) 0.1 — -

3) Normalized to Pg (2 — 1) =1 in each column. The ratio of the Pg{2 — 1) lines for the
for the three pressures in the above order is 1.7:1.2:1.
b) Also observed at a pressure of 2.5 Torr Hg and 60 Torr SFe.
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Fig. 17. Relative intensity contributions from the various vibrational transitions in
HF and DF chain-reaction lasers. The major part of the emission corresponds to
pumping by the “cold” reactionl49 (see text)

A tentative interpretation of these results may be based on the assump-
tion that in this laser high rotational levels (J > 10) are indeed populated
initially 71), It should also be mentioned that two peaks in the rotational
energy distribution are similarly observed in HCl chemiluminescence ex-
periments under conditions of partial rotational relaxation . A simple
rotational relaxation model suggested by Polanyi and Woodall 72 has been
applied to fit these observations. In this model the probability P of the
relaxation process (J + AJ) - J is given as

PJ*™ = C exp—M (Es+as — Eg) | KT (33)

where C and M are constants.
Pure rotational HF laser emission can be produced under suitable
conditions, as Table 11 shows. It is not clear at present, whether there
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Table 11. HF rotational laser transitions observed using a
pulsed discharge in a flowing freon and hydrogen mix
(CF4 + Hg unless otherwise indicated) 133)

Identification
Measured
wavelength Vibrational Lower
(vacuum) [ level v rotational

level J
16.0215 0 15 (a)
14.4406 0 17 (b)
13.7841. 0 18
13.2009 0 19
12.6781 0 20
12,2082 0 21
11.7854 0 22
11.4033 0 23
11,0573 0 24
10.7439 0 25
10.4578 0 26
10.1978 0 27
21.6986 1 11 (c}
20.1337 1 12
18.8010 1 13
15.0163 1 17 (b)
13.7277 1 19
or

2 20
13.1877 1 20
12,7006 1 21
12.2619 1 22
20.9393 2 12 {©)
14.2881 2 19
13.2211 2 21
10.8117 2 28
10.5819 2 29
21.7885 3 12 (c)
20.3513 3 13
19.1129 3 14
11.5408 3 27

or
4 29

(a) CCIsF + Ha
(b) CCIFs + Hgz
{c) CBrF3 -+ Hy

the rotational emission depends to any extent on the vibrational rotational
emission which occurs simultaneously. Rotational lines are also found in
pulsed discharge-initiated HCI lasers.
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HF rotational laser emission has also been obtained by Skribanovitz
et al. ' by pumping the first vibrational state of HF gas resonantly with
another pulsed HF laser. Pumping the P-branch transitions of v =01
produces gain at the coupled rotational transitions in the v =1 state. The
principle is shown in Fig. 18. As stated in the above paper, the gain is very
high and anisotropic and thus exhibits directional properties.

V=1 EXCITED FAR IR
VIBRATIONAL (V=1,J-1) ROTATIONAL
STATE OSCILLATION

136 -126p)
{JIPUMP 21, -
g'sELn {V=1,3-2}
{2,71)

HE
Fig. 18
Ng He

Area ratio (4/4%) 153 15.3
Mach no. (M) . 4.4 59
Pressure ratio (P;/Po) 0.0039 0.0018
Temperature ratio (T;/T o) 0.20 0.079
Velocity ratio 2;fuq(Ng) 1.99 4.80

Some effort has also been expended in analyzing the emission spectra
of HCl, HBr (Table 6) and CO lasers. The CO spectra as produced in the"
CS2/03 flash photolysis are given in Table 12. Measurements of the time
of initiation of the lasing lines indicate that CO was being selectively excited
at two vibrational levels by two different mechanisms, namely the chemical
formation of excited CO and collisions with electronically excited SOg.

It is noted that overtone emission (Av =2) has been achieved in a DF laser
in v =3 - 1 transitions. 79

In this context it also appears noteworthy that hyperfine splitting could be
observed in the iodine photodissociation laser by Kasper ¢t al. 146),
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Table 12. Range of CO lines found to lase 139

Lowest Highest Lowest Highest

Vibrational abserved observed observed observed
transition P-branch  P-branch R-branch R-branch
line line line line
10 9 21
21 6 20
352 8 33
43 8 22
54 8 33
65 8 33
7>6 7 32
817 7 33
98 6 33 6 8
109 6 28 11 16
11~ 10 7 27 13 22
1211 8 26 15 24
13> 12 9 28 2 12
‘1413 10 18 9 20
1514 12 16 15 28
16> 15 9 9

6.7. Continuous Operation of Chemical Lasers

Earlier than with pulsed chemical lasers, the first technological break-
through in chemical lasers occurred for continuous-wave lasers. Almost
simultaneously in 1968 two groups successfully operated continuous-wave
chemical lasers. One was at the Aerospace Corporation headed by T. A.
Jacobs 79, the other one at Cornell University under T. A. Cool 79). One
of these lasers was an HF laser; the other was that is now called a hybrid
chemical laser, being pumped by energy transfer rather than by a direct
chemical reaction. This laser principle has been described in the context
of pulsed chemical lasers in Section 6.5, In addition to these devices, an HF
cw laser having millisecond flow duration was also demonstrated in prin-
ciple in a shock tunnel. The latter employed diffusion of HCl into a super-
sonic stream containing F atoms 77,

The first cw HF lasers were operated in supersonic flows. This is deemed
necessary for higher mass transport, smaller back diffusion from the reaction
zone, and reduced collisional deactivation prior to emission. We will omit
a description of the early stages of the development and present here some
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Fig. 19. Schematic representation of an HF (DF) laser with supersonic flow (a). In
part (b) nozzle and diffusion details are shown
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operational characteristics of a high-power HF laser reported by Mirels,
Spencer ef al. 78. In their system, arc-heated N3 is mixed in a plenum with
SF¢ to provide F atoms by thermal dissociation. The mixture is expanded
to form a supersonic jet into which Hy is diffused. Population inversion and
lasing are due to

Hy; +F — HF(@v) + H,v <3, AH = — 31.7 kecal.

Power levels above 1 kW are reported. The efficiency of emission of chemical
energy to laser power is 169, at low SF¢ flow rates and approximately 10%,
at peak power, Fig. 19 gives a schematic representation of some of the opera-
tional features. It is intuitively obvious that, in order to have an efficient
laser, it is necessary that the rate of Hs diffusion into the jet and the rate
of the pumping reaction be rapid compared with the rates of collisional
deactivation. The performance of a corresponding DF laser has also been
investigated 78, The ratio of DF to HF laser power is 0.7 under similar
flow conditions. The observed output spectra are reproduced in Table 13.
It has been suggested that the lower DF efficiency is due to vibrational de-
activation by Ng. The efficiency and intracavity power of HF and DF is
indeed the same with He as a diluent instead of Nga. The efficiency of HF
lasers with He and, with Ny carrier gases is compared in Fig. 20.

Y

Mj' P," T,, Uj

Fig. 20. Comparison of N and He jet flow parameters

Obviously SFg as a fluorine source can be substituted by molecular
fluorine. An improved version of this laser would thus employ partly dis-
sociated Fa(T ~1000°K) and a diluent in the plenum section. The Fz
present in the jet will permit the reaction H4Fo - HF(v) +F, v >3,
AH =—98 kcal. The chemical potential of the Hy+ Fa chain reaction
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Table 13. Observed spectra from continuous-wave chemical lasers 139

HF : DF
Identification Line Wave- Identification Line © Wave-
vibrational length (@)  vibrational length (u)
bands) band
10 P4) 2.640 1-0 P(8) 3.680
P(5) 2.673 P(9) 3.716
P(6) 2.707 P(10) 3.752
P(7) 2.744 P(11) 3.790
P(12) 3.830
21 P(4) 2,760 21 P(8) 3.800
P(5) 2.795 P(9) 3.838
P(6) 2.832 P(10) 3.876
P(7) 2.871 P(11) 3.916
P(12) 3.957
3>2 P(8) 3.927
P(9) 3.965
P(10) 4.005
P(11) 4.046

8) In later work also v =3 — 2 emission of HF was reported 78).

could be realized in this way. The partial dissociation of Fg in the plenum
can be effected by combustion, regenerative heating, arc heating, etc.
Experiments with such systems have been reported by Meinzer e al. 79

Hydrogen halide cw lasers can also be operated in subsonic flows 80,81,
This means some sacrifice in power and efficiency but may be more con-
venient experimentally for some applications. Such lasers provide multiline
power outputs ranging from 0.1 to 5 W for small devices requiring pumps of
moderate size. Selective single-wavelength operation is possible with dis-
persive resonators. For pumping these lasers several simple atom-exchange
reactions of the type extensively studied by Polanyi and coworkers have
been employed. Laser radiation was obtained from HF, DF, HC], and CO.
Presumably HBr, DBr, DCl, and OH will be added to this list in the near
future. Some of the results according to Cool ¢t af. are summarized in Table
14. In all cases only partial population inversions have been found under
these conditions. The experimental arrangements for these lasers are not
different in principle from those used for chemically pumped COg lasers.

An interesting laser device to be mentioned here is the CO laser result-
ing from a free-burning additive CS»/Oz flame. With the burner injector
having an area of 30.5 by 0.79 cm, a maximum power of 0.6 W was obtain-
ed 82),

53



Specific Chemical Laser Systems

Table 14. Hydrogen-halide cw laser emission in sonic flows 80

Reaction Identification Vibrational Effective
Vib. band  Transition Strength  population vibrational
ratio temp. (°K)
F 4 Ha 21 P(6) w
P(5) s
0.656 13 000
P4) s
P(3) w
H 4- Fy 21 P(6) w
P(5) s 0.656 13 000
P4) w
F4 H 21 P(5) s
32 P(5) w
P(4) ]
¥ 4 Da 352 P(8) w
P(7) s
. 0.685 10 300
P(6) s
P(5) w
21 P(8) ]
D + Fg 3>2 P(8) w
P(7) s
0.685 10 300
P(6) s
P(5) w
F4-Di 43 P{5) s
32 P(6) w
H + Cla 1-0 P(6) w
P(5) s
P{4) w
Cl4+Hl 21 P{7 w
P(6) s
0.770 17 000
P(5) s
P(4) w
1+0 P(7) w
P(6) ]
0.778 17 400
P(5) )
P(4) w
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Efficient, purely chemical laser operation is possible in hydrogen halide-
COg transfer lasers, as developed by Cool and coworkers 8. In these lasers
no external energy sources are required. The systems, which operate on the
mixing of commercially available bottled gases, are HCI—COj,, HBr—COg,
DF—CQ¢, and HF—CO2. The pumping scheme for a DF—CO; laser, for
instance, is as follows:

F; + NO —> NOF 4 F
F+D; —> DF() +D (34)
DF(s) + COz —> CO3(001) + DF(v—1)

Details of the energy transfer from DF to COz have been discussed. The
experimental set-up is schematically shown in Fig. 21. The power range
reported so far is a few hundred watts for sonic flows. Extensions to achieve
multikilowatt DF—CQj; laser operation in supersonic flows with full atmos-
pheric pressure recovery in the exhaust gases have been anounced
recently 84,
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Fig. 21. Schematic representation of a subsonic CO3 laser with purely chemical excita-
tion (after Cool82)). 4 He and Fj injectors, H COz and NO inlet, C construction detail
shown in B, L Dy mixing array, X part of the Dg inlet system which is shown in detail
in J, D sodium chloride window, E totally reflecting cavity mirror with long focal
length, M, F beam-folding (plane) mirrors, O partially reflecting cavity mirror for
output coupling, N laser beam, G resonator housing flushed with nitrogen
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Various directions may be distinguished in chemical laser research. There
are some relatively straightforward attempts to utilize the potential of
chain reactions, especially branched chains. There is a widespread and
mostly empirical search for new laser reactions and new types of chemical
Jasers. Finally, there is a more fundamental approach to the problem on the
basis of theories about the creation of inversions in reactive processes.
Progress in this field will also depend largely on a better understanding of
energy-transfer processes. Chemical laser research has already motivated
many energy-transfer studies and has supplied a strong stimulus in this
area (compare Section 3).

For the exploitation of chain reactions, we follow the discussion of
Basov ef al. V. With reference to the discussion of population inversions in
Section 4 (14), we consider first the relationship between chemical pumping
P({#) and relaxation L (f) which determines whether the reaction proceeds
with or without an inversion. The temporal dependence of the level popula-
tions is given by the set of balance equations (16). Various types of temporal
dependence of the pumping function P (f) now have to be investigated. If
the initial external energy input produces a certain concentration of active
centers #, the pumping rate in the case of a linear chain reaction is given as

Pty =k Anexp—w-t, (35)

where £ is the rate of chain propagation, 4 is reagent concentration, and =
is the chain termination rate. There are now two critical cases, characterized
by w- <L (¢), w—> L (t). It can be shown that in the first case the maximum
population inversion AN is given by

kA
while in the second case
kA
AN =—n (37)
w.
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The quantity

kA
VYopt = (1 —In 2) L—(t) (38)
in the first case and
kA
Yopt =~ (39)

in the second case determines the number of molecules which contribute to
radiation at each active center and may be called the optical length of the
chain. These equations indicate that the inversion maximum depends on the
rate of chain development. A substantial inversion can be achieved only if
the latter exceeds the rate of vibrational relaxation. If »opt <<1 in the case
of strong relaxation, the chain effect remains unused and a large energy
input is necessary to a sizable inversion density.

The rate of chemical pumping in the case of branched chains can be
written as

P{f) = Ppexpst, {40)

where s is the branching factor. This expression shows that the population
inversion can grow exponentially with time if s>L(#). The inequality
s >0 also defines the self-ignition condition. In the case where the inversion
and ignition regimes are non-coincident a certain amount of energy must be
supplied in initiating the reaction in order to bring it into the inversion
region. In principle the reaction mixture could heat itself into and also out
of the inversion region. However, if the inversion and ignition regimes coin-
cide, an ideal chemical laser might be realized which could function with
very little external energy. There are thus sound reasons for examining the
extent to which branched-chain reactions can be exploited in chemical
lasers.

A particularly interesting example here is the HF laser from Hy/Fg
mixtures where it is uncertain how much chain-branching occurs. The con-
tributions of the chain steps could de betermined by an investigation of the
laser emission spectra, as discussed in Section 6.6 of this review. A meas-
urement of the quantum yield of an HF laser was conducted by Dolgov-
Savel’ev ¢f al. in experiments with the second harmonic of the ruby laser 79.
This has advantages over measurements with flashlamp initiation where
a number of difficulties arise due to problems in determining the amount of
energy absorbed in the mixture. The absorption coefficient of ¥z at the
doubled ruby wavelength 1=3470 A was measured. For an absorbed
energy of 5 mJ, the stimulated emission energy was found to be 100 m]J.
Therefore Eemission/Eabsorption =20 and the quantum yield of generation
was

E emissionlemission/ E absorptionlabsorption = 180.
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The quantum yield obtained in this manner depends on the experimental
conditions. It is still not clear how much chain-branching contributes to the
observed chain length of > 180 steps. Since chain-branching in the Hy/F3
system relies on either energy transfer or thermal branching, attempts
have also been made to explore the possibility of material chains by substitut-
ing for Hs hydrocarbon components in which the generation of more than
one radical per reaction step can produce branching. An example is the
reaction with CHoF 2 according to the reaction scheme

CH,F; + F — CHF; + HF
CHF; +F3 —> CHF3+F — AH > 80 keal
CHF; —» CHj -+ HF (41)
CF+F; —> CFg+F
CF3 +Fy —> CF4+F.

The chemical laser systems suggested by this reaction and other reactions
of the same type are numerous, and more work along these lines is to be
expected.

The list of unsuccessful attempts to find new chemical laser reactions is
very long and will not be discussed in detail here. The reader is referred to the
discussion of prospects at the first chemical laser conference which appeared
as a supplement to Applied Optics 32, A new approach of a more general
nature is the photorecombination laser first suggested by R. A. Young 85
as early as 1964 and treated in detail by Kochelap and Pekar 86). In de-
scribing this principle, we follow in part the argument of A. N. Oraevskii 87,
A number of chemical processes give rise to the emission of a photon such
that this emission is not a consequence but a necessary condition of the
elementary act.

A+B T— (4B%Y — AB +hv (42)

(42) is an example of a photorecombination or photoaddition reaction
since the stabilization of AB* is possible only if the excess energy is given
off as emitted radiation. The argument has been extended by Pekar to
include photosubstitution reactions, but the discussion here is restricted to
the photorecombination case. Gas-phase free-radical association almost
inevitably populates highly excited states of the associative complex. The
emission spectrum produced by the radiative recombination is usually
continuous and does not give a high emission cross-section for any given
frequency interval. Let us take a specific example to illustrate the difficul-
ties: Let 74 be the lifetime of the complexes A B¥ with respect to dissociation
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into 4 and B, and frraq the probability of emission by the complex. The
rate of change of the density of 4B* is then

248 o hAB——AB*———4p*

t Tq Trad

d 4(B) 1 (43)
7 =—kAB+;;'AB*,

where £ is the collision rate constant. For a collision pair AB* whose life-
time 74 is only of the order of one vibrational period r¢ ~ 1013 sec, and with
an emission probability W ~10% sec=1, one finds for an initial density of
A =B =mn7=101% cm—3 that about half of the molecules have reacted in
a time of ~~10~-2 sec. Although this does not look encouraging, improve-
ments are possible in two ways. First, one might find complexes 4 B* which
are not just collision pairs but transient species with a lifetime in the nsec
or psec range.

Alternatively the radiative lifetime 7raq may be decreased by stimulated
emission to

1

Trad Trad(0)

[1 + (A31/kc)] (44)

where 1 is the wavelength of radiation and I is the effective light intensity.
I can be increased deliberately if an intense stimulating radiation field can
be provided, for instance by an external laser source. This would suggest
that such a photorecombination system should be operated as an amplifier
rather than as an oscillator in order to demonstrate optical gain. In such a
laser the increasing radiation intensity speeds up not only the stimulated
transitions but also the reaction itself.

So far, preassociation and the possibility of photorecombinative laser
action have been investigated in the formation of NO 85,88, N, 85, CN 89,
and the halogens 8%. A somewhat different system is the “dimol” emission
from an excited-state dimer of molecular oxygen in either the 12; or 14,
state 89),

02(1A)) — 03(3 37) + hvizess A

1
? = 2.58 X 10_4 Sec_]' (45)
203(14)) = (0z)2 —> 202(3 37) + hvesso A

1
— =0.67 sec™}
T

The transition probability is seen to be considerably increased in the
excited complex. In addition, the terminal state of the transition decom-
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poses rapidly into two ground-state Oy molecules. Finally, it should be
mentioned that sizable densities of O2(14,) can be generated by various
means, for instance, by a microwave discharge in Oz, the photolysis of
ozone 90, or the alkaline halogenation of hydrogen peroxide 91}, More detailed
consideration shows that successful laser operation will strongly depend on
the lifetime 74 of the complex (Og)2 which does not seem to be known with
certainty. Laser action would appear to be feasible only if thi: complex
could be accumulated to some extent.

These considerations lead to a general discussion of exciplex lasers. This
is a well-established laser scheme for dye lasers where charge-taransfer
complexes of excited molecules form the upper lasing state. Examples are
the dyes 4-methyl-umbelliferone or N-methylacridin 92,

Such exciplex laser systems could perhaps also be pumped by chemical
reactions in systems of the type investigated by Weller et al. 83,

% —_VI—L\EH[‘:TESCE"CG

£ Energie -
levels —?— _T—l_ _T_h ‘+

(46)

A" D AD")
Excited  Donor Excited charge transfer complex
acceptor

Our last example of this class of lasers is the xenon laser recently reported
by Basov ef al. #9. Here stimulated emission in the far-UV region of the
spectrum (1680—1700 A) is generated by excitation of liquid Xe with high-
energy electrons. The upper level of the transition is a bound excited level
of Xez that radiates to the repulsive ground state. The electrons used for
the pumping first produce Xe*, Xet and secondary electrons 9. By colli-
sional processes the energy is channelled down to the relatively stable excited
molecular level where it piles up. The system is noteworthy, despite some
difficulties in operating it, not only for its extreme wavelength but also for
its potentially high efficiency (65%). The exploration of other exciplexes
made up of molecules or atoms is suggested by these results. These examples
show how the laser principle can be approached from rather different areas
of chemistry.

Turning away from these somewhat exotic systems, we conclude with
some brief remarks on the systematic theoretical study of the generation of
inversions in the course of chemical reactions. Vibrational inversions are
mainly concerned. J. C. Polanyi has discussed the connection between the
properties of potential surfaces of exchange reactions and the formation
of vibratjonal excitation and vibrational inversion 96). In the normal case
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Fig. 22. Computed trajectories showing the role of barrier location in the formation
of vibrationally excited products (after Polanyi®8)), The barrier heights on both surfaces
are equal, In the upper case the reagent vibrational energy was zero while in the lower
case a certain amount of reagent vibrational and translational energy was assumed.
The unreactive trajectory had the same energy but the opposite vibrational phase.
It is seen that a barrier along the approach coordinate is best surmounted by motion
along that coordinate (reagent translation). A barrier along the separation coordinate
is best surmounted by motion along that coordinate, which is to say, by reagent
vibration
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of an exchange reaction A +BC - AB(v) +C shown in Fig, 22, the factor
determining the energy distribution among the reaction products appears
to be the location of the energy barrier along the reaction coordinate. If
this is located early in the entry valley, vibrational excitation of the product
AB will result. There are exceptions to this rule and a much more detailed
discussion is needed to cover all the possible cases. It can be concluded that
in the situation shown in Fig. 22 translational energy in the reagents will
be most effective in pushing the system over the barrier. Employing the
argument of microscopic reversibility, it may then be said that in the reverse
reaction AB 4-C -~ BC+ A vibrational excitation will be most influential
in bringing about the reaction. The opposite will be true of reactions in
which the barrier is located late in the exit valley. Thus this model not
only explains qualitatively the formation of inversions but also gives some
indication of the relative effectiveness of translational and vibrational
excitation in promoting the reaction.

A different approach to the problem of vibrational inversion in exchange
reactions is found in the work of Hofacker and Levine 7, These authors
have shown that coupling between vibrational and translational degrees
of freedom can be understood mainly in terms of the internal centrifugal
force due to the curvature of the reaction path on the potential energy
surface and the kinetic energy of the system. Conditions for a collinear
collision complex, which is most favorable for inversion among products,
and predictions of the model for enhanced inversion are: few atoms (effec-
tively 3) in the collision complex, small reaction cross-section, light central
atom in the complex potential energy surface with early attracting entry
valley, exothermic reaction. In general, collision complexes with a mini-
mum number of coupled degrees of freedom are the most promising producers
of vibrational inversions. The concept of internal centrifugal force can be
tested and may be very useful in selecting reactions with optimum potential
for chemical-laser action. Some support for this theory is obtained from
experiments on energy partitioning in the reactions Ba+- 03 and Sr+Og
measured in a molecular beam experiment 28).



8. Present Perspectives of High-Power Chemical Lasers

The question of the high-power potential of chemical lasers has a straight-
forward answer for cw lasers. Such lasers can operate in the kW range,
as outlined in the preceding chapters. Where pulsed chemical lasers are
concerned, there are striking differences between the expectation based
on theoretical models and the actual performance of such devices. Many
computer simulation studies have been published since Airey’s first attempt
to model an HCI laser 29. We will follow here the discussion of Kerber,
Emanuel and Whittier 108), again taking the HF laser as the model system.
The processes which describe the growth and decay of the population in-
version are the following:

a) Hos—Fg chain
F+H;, &— HF{ +H (47)

H+F, — HF@p)+F (48)

b) Vibrational-translational (VT) deactivation
HF(v) + M — HF{r—1)+M (49)
¢) Vibrational-vibrational (VV) quantum exchange
HF(») 4+ HF(v') — HF(v + 1) + HF(»' — 1) (50)
HF (@) + H2(v) &= HF(v + 1) + Ha(v" — 1) (81)

d) Dissociation-recombination

F2+M — M+F+F (52)
H:+M — M+ H+H (53)
HF(W) +M — M+H+F (54)

Most of the rate constants for the processes listed here are known from
experimental studies or can be estimated with reasonable accuracy. With
certain assumptions, a detailed kinetic model can be developed including
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rate equations for the growth and decay of the HF vibrational-state densities.
To consider the stimulated processes, a Boltzmann distribution is assumed
for the rotational levels with lasing on each vibrational band at the line
center of the transition having maximum gain. Given these assumptions,
only one v— J-transition within a band can lase at a given time. Initiation
of the reaction is simulated by the instantaneous introduction of some F
atom concentration. Excited species are then produced according to the
kinetic parameters until, at some time and for some J, the gain on a vibra-
tion-rotation transition reaches threshold. From then on the gain for the
highest gain transition is equal to the threshold gain a9 =0oAne (compare
(17), {(18)) which is given as

xg = — (1/2 L) In (R Rs)

ignoring transmission losses. The somewhat questionable assumption of a
uniform photon density in the laser cavity is made, and the gain is assumed
to be constant over the amplifier length.

The interaction of the cavity and chemical mechanisms may be predicted
by means of such calculations. Since lasing has a large effect on the con-
centration of excited HF. The importance of deactivation mechanisms dif-
fers for the zero power case and during lasing.

" Of the 31.56 kcal/mole released by Reaction (47), 22.6 kcal is channeled
into vibrational excitation of HF (v) (compare Table 2). Reaction {48) in
addition produces 98.04 kcal/mole of which 43.1 kcal is available as vibra-
tional energy. Thus 50.7%, of the chemical energy of the chain is converted
to vibrational energy. Obviously not all of this energy could be extracted
as laser radiation. However, in the computations considered here an effi-
ciency of ~20% was found to be possible.

It is somewhat difficult to compare these predictions with experimental
results since no really systematic experimental study has yet been published.
This is due in part to difficulties in preparing mixtures of Hs and F2 of any
desired composition and pressure and also to experimental limitations in
the sufficiently rapid initiation of the pumping reaction. However, as far
as the experimental information goes, it can be concluded that the efficiency
is considerably lower than expected. For instance, in flash photolysis-
initiated HF lasers a chemical efficiency of below 1%, is usually found 101),
Two suggestions may be made to explain this discrepancy. One may look
at it as either a chemical rate problem or a laser problem. In the first case,
some unknown rate process must be assumed to reduce the build-up of
excited HF. Since the formation and deactivation rates are known with some
accuracy, this could only be excessive recombination or an unusually high
rate of the reverse reaction 102). Alternatively, parasitic oscillations or
superradiance have been claimed to cause radiation losses in off-axis
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directions. The reason for this may be seen in the potentially very high
gain of HF lasers. Since the stimulated emission cross-section o, which has
not been measured experimentally, might attain values as high as 10-16 cm?2,
it follows that the small signal gain V ==exp cAnl/ can become very high
even with relatively low inversion densities Axn. Thus parasitic modes
bouncing off the laser tube walls which do not experience much feedback
from the resonator mirrors could be preferred due to their longer ampli-
fying length. In the most extreme case this would mean that there is no
longer any defined cavity mode structure because induced emission can
occur in any direction.

This interpretation is supported by the observation that at low pressures
relatively good agreement is found between experiment and theory. As the
pressure is raised, an abrupt levelling-off of peak intensity occurs whereas
the calculations predict a continuing increase 193),

It appears that we need a more detailed insight, both experimental
and theoretical, into the collisional and radiational rate processes. A
saturated amplifier experiment should be done in order to monitor the total
amount of inversion in the chemical reaction system. In the discussion of
the balance Eq. (16) in Section 4 of this review, it was stated that in prin-
ciple it is always possible for the stimulated processes to predominate over
the collisionally controlled reactions. In such a large-signal gain measure-
ment all the inversion that is created immediately contributes to the
amplification since a sufficiently intense stimulating radiation field gives
rise to a high stimulated-emission rate. Unlike the small-signal gain region
referred to above, the large-signal amplification V is given as

An by

V —E [ Eo=1+—2® _
P (1-}-%)&, (55)

Ey is the input energy, E; the output energy of the amplifier, g1, g2 are the
degeneracies of the states. The amplification then depends only on the total
inversion AN [cm~2] (compare Section 9.3). The experiment suggested
here aims to reduce or eliminate any collisional quenching and control the
emission by saturation of the amplifier medium at all times.

The question concerning chemical efficiency is even harder to answer
for chemical lasers initiated by electric discharge. Here it is uncertain how
much of the electrical energy is effectively deposited in the medium. The
maximum electrical efficiency that has been reported is ~49, in discharge
lasers operating on SF¢/H2 mixtures 104). Pulse energies of > 10 J have
been reported with a double-discharge technique and 10 J pulses were ob-
tained in the author’s laboratory with a simple multiple-pin TEA type
laser. Obviously lasers with such pulse energies and suitable repetition rates
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are useful tools for many applications. They suffer, however, from the same
problems as TEA COg lasers. It is difficult to excite larger volumes of gas
without arc formation. Due to the highly electronegative character of
SFe, high-pressure operation is even more difficult. These problems have
been overcome in COg lasers by using electron-beam controlled discharges.
Accordingly there are tendencies in several laboratories to use such sustained
discharges in HT lasers, too. Evidently the next steps in this development
could be the exploration of fluorides other than SIs and perhaps of chain
reactions.

A principal shortcoming of all hydrogen-halide lasers is their rapid
vibrational deactivation. The deactivation problem is much less severe if
the vibrational energy of, for instance, deuterium fluoride is transferred to
COg as an admixture. A chemically pumped COg laser is operated in this
fashion. The principle of operation has been considerably advanced by Cool
and coworkers for cw lasers, as discussed above (Section 6.4). Recently this
type of transfer laser has yielded energies of 3 J and 5—15 J in pulsed lasers,
too. Considerably higher energies are to be expected from this type of laser.
One might envisage the combination of an electrically driven COjy laser
oscillator with a chemically pumped CO32 laser amplifier.

For many applications of high-power lasers not only are large energies
important but it is also essential to have a short pulse duration. This can
be accomplished to some extent by very rapid pumping in combination
with pulse-shortening in an amplifier chain 196). For instance, 20 nsec pulses
have been obtained in HF lasers in a fast discharge. Pulses in the nsec and
sub-nsec range, however, will usually require some sort of optical manipula-
tion or switching technique. In this case the energy has to be stored for some
time before being released. There are two main prerequisites for this: colli-
sional deactivation mechanisms must not be too effective so that accumula-
tion and storage of the energy is possible over a certain time range; and
self-starting of the oscillation and/or excessive superradiance losses must be
avoided. We will ignore here the material problems often encountered in
high-power lasers.

Owing to their very rapid vibrational deactivation, hydrogen-halide
lasers are not very suitable candidates for -giant-pulse operation. The only
chemical laser so far known which can meet these requirements is the
photochemical iodine laser. A high-power iodine-laser system has been built
by K. Hohla ¢t al. employing an oscillator and two amplifier stages. Fig. 23
shows the experimental arrangement. The two amplifiers are operated in a
different fashion. The first one may be called an “overshoot” amplifier.
This principle can be employed if the time for the build-up of the oscillation
is comparable with the time of pumping, that is to say, if very fast pumping
is used. In this situation the inversion may transiently exceed the threshold
inversion by a considerable amount. For this short time interval the Schaw-
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low-Townes threshold condition which holds for the steady-state oscillator
is not applicable. Therefore no optical isolators are needed between the
various amplifier stages provided the oscillator pulse is applied before self-
oscillation can start in the amplifier chain. This requirement is reflected in
the pump sequencing shown in Fig. 23. Fig. 24 shows the considerable pulse
sharpening which is found in the first amplifier. The second amplifier is
pumped comparatively slowly and the inversion here does not grow above
threshold. The pumping of this stage may still be considered fast by com-
parison with other lasers. This is borne out by the chemical pumping and
deactivation requirements discussed in Section 6.1. In addition, shock waves
have been found to develop after a while in the photolyzed gas, giving rise
to a large disturbance of the beam. This effect also calls for fast operation
of the laser.

10mv 2pnsec

Oscillator signal Amplified signal

Fig. 24. Pulse-sharpening in the photochemical iodine laser. The left picture shows the
oscillator signal, the right one the signal shape after the first amplifier stage of Fig. 23.
The series of pulses is due to multiple switching of the Pockels cell. Time scale is 20
nsec/div

It is likely that this type of laser can be sealed up to the 1 £J/1 nsec
range. It is to some extent comparable to the neodymium glass laser.
Both lasers show similarities with respect to the pumping, the efficiency
and the wavelength of emission. Noticeable differences, however, exist for
iodine in its comparatively high gain, gain control via linewidth control,
and homogeneous broadening of the laser line. Pulses as short as 2 nsec
have been measured, although it is not clear whether this measurement was
detector-limited. No experimental limitations have appeared so far for the
high-power operation of this laser except for the rather low efficiency of
0.5%,.
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9. Kinetic Information through Chemical Laser Studies

9.1. Characteristics of Oscillator Signals, Computer Modelling

A simple approach is to obtain overall rate constants for the pumping
reactions from the pulse shape of the emission signal.

It can be shown 2 that for quasi-steady state conditions of a laser
oscillator the intensity of stimulated emission is proportional to the pumping,

1) ~P) . (56)

Since this condition is satisfied during the decay of the HF laser emission
in certain cases (fast photolysis, low pressure), the time profile of the output
intensity reflects the time dependence of the pumping. The pumping term
P(¢) can be described solely as the formation of the inversion by the reac-
tion as long as losses due to vibrational deactivation are negligible.

With the assumption of negligible vibrational deactivation, the forma-
tion of the vibrational inversion is governed by the microscopic rate con-
stants &, for product formation at the various vibrational levels. The multi-
line laser signal, however, results from the total inversion of all lasing P-
branch lines which may be written as

v;AN'éﬂ”“ = 3Nor10-1 — (85-1/gs) NoJ] (57)
” vl

For exchange reactions of the type A4+BC-+>AB+C (A=F,
BC = Hj,, HCl, CH4, C4Hip, D3} with initial concentrations A = a,
BC =5 and AB = x =0, one may write:

PO =52 N0 = Slherns-1 — (go-1/gy) ksl (a — %) (b — %)
=ka—x)(b—x) ~k(a—x)b (58)
Cascading emission of several vibrational quanta can be accounted for by
multiplying 2’ by a constant factor.
It is indicated in Eq. (58) that the rate equation reduces to first order
since, with the density of the F atoms being 10~2 Torr and that of the BC
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reaction partner 0.25 Torr, it follows that x € b. Thus the rate constants
kpc of Table 15 are obtained from the slope of the plots of log I versus time

of Fig. 25.
200}
1001
501 E F+HCL
%:: F+eH
= 2
2012
g F+ 02
10- = F«+ C"H10 F+CH4
t Bo'ssec]
°7 4 6 8 0

Fig. 25. Decay of HF chemical-laser signals produced in the reactions of F atoms with

HCl, Hj, Dg, CH4 and C4Hjg

Table 15, Rate constants of F atom reactions 136)

k [cm3mole-1 sec-1) Relative &
., Chemical IR
Process laser Direct measurement in flow Chemical luminescence 187
(800 "K << T system laser (T ~ 350 °K)
< 850°K)
F+4+Hy 38-1013 1.6-104exp (—1600/RT) 198 (.88 0.74 £0.07
(300 K < T < 400 °K)
2 - 1013 (T = 290 °K) 107
F 4+ D, 2.9 - 1013 0.67
F 4+ CHy 4.3-.1018 1 1
F 4 C4Hyg 7.6 - 1013 1.77
F+4+ HCIL 15-1018 0.35 0.19+0.02

Other directly measured rate data are available for comparison for the
reaction of fluorine atoms with hydrogen only. V.L. Tal'rose et al. 107
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find £, =2 X 1013 cm3/mole-1 sec—1 (290 °K) and H. G. Wagner et al. 198
give km,=1.6 X 1014 exp-1600/RT. The agreement may be considered
satisfactory.

A great deal of more or less detailed computer modelling has been done
to predict operational features of chemical lasers since the first studies of
this type by Corneil ef al. 149, Cohen et al. 111 and Airey 99). It is beyond
the scope of this review to account for all the computational approaches
that have been made. One paper of this kind was reviewed in Section 7 in
connection with power predictions for an Hy/F4 laser oscillator. Here the
comprehensive work of Igoshin and Oraevskii 199 on the kinetic processes
in an HCl laser may serve as a reference to show the relevant features. The
analysis proceeds from the simultaneous solution of chemical kinetics,
vibrational relaxation, and radiational processes. The chain reaction model
used here is the following

Clz +h» —> 20 Initiation (59)
Bo(t) =1t - 10-v2t

y1-3 are constants which determine duration and intensity of the pumping
flash.

A

€14+ Hy — HCl(x=0+H Chain strefching (60)
k1 = 8.3 - 1013exp (—5480/RT) [cm3/mole sec]

H 4 Cly =, HCl(v =a) 4+ Cl Laser pumping {e1)

kz = 4.1 - 1014exp(—3000/RT) [cm3/mole sec]

The probabilities @y of HCl formation in #-th vibrational state (compare
Table 2) were assumed as ap =0, oy = 0.134, a2 = 0.482, ag = 0.362,
ag = 0.022, a5 =0,(3 an = 1).

n

H4+HCl(p=n == Hy+Cl Inhibition (62)
ks = 5.9 - 1013exp(—4500/RT) [cm3/mole sec]

k3® forn > 1 = 5.9 - 1018 [cm3/mole sec]

Cl+Cl+M -2 Cl+M Chain termination  (63)
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The vibrational energy exchange was accounted for by considering reactions

of the following type.

ﬁ n+l
km’, m-1

HCl(v=n) + HCl(p=m) ———= HClw=n+1) + HCl(v=m—1) (64)

nt+l, n
km—l m

Values for the exchange constants were obtained by calculating the probab-
ility P w2y of vibrational energy transfer.

n, n+1 7, n+1
m, m—1=— Zmn Pm. m—1 (65)

where zmp is the collision frequency. For calculating the average tem-
perature of the mixture the following thermal equilibrium' equation was
used:

Vocy (dT}dt) =Wy — W_ (66)

V is the volume, g is the concentration, ¢y is the specific heat at constant
volume, W is the rate of heat release by the reaction and W_ is the rate of
heat transfer to the walls.

Finally the stimulated processes were included in the following way:
the balance equations for the populations Ny, Ny and the photon density
qv, 7" in the transition ', J' — v, J having maximum gain were derived as

shown in Section 4 of this review.

dNy e wr L og
7= —Ay Ny —— vy Aoy (67)
dNu o} 5 C g Avd’
=dy Ny + o7 Aoy (68)
g3y a¥Fc vy o 9015’
= v Avy ~ + Ay oNo g (69)

V is the resonator ~volume, ¢ is the speed of light ,7; is the photon lifetime
in the cavity, av.y is the cross-section for stimulated elmssmn, Ay is the
Einstein coefficient for spontaneous emission, and Ayy is the population
inversion. It is assumed that emission occurs in only one »J-line in a given
vibrational band, thus draining the entire population inversion of this band.

The basic results of the calculations are reproduced in Fig. 26. The
corresponding experimental parameters are given in the caption to the

figure.
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Fig. 26. Calculated time dependence of the inversion in the presence (I) and absence (II)
of lager radiation in an HCI laserl09), The lower picture shows the corresponding emis-
sion signal due to v =2 — 1 transitions. The parameters were as follows: tp =1.5 - 10-7
sec, Ay=0.1 ecm-1 atm-1!, threshold inversion ANg=23-1013 ¢cm-8, Cla:Hay=1:1,
2-10-8 mole em—3, Ty =300 °K, active volume V and time dependence of the flash,
as specified in Ref. 109

Obviously this HCl model is somewhat idealized, and disagreement
between calculation and experiment is found in some cases. With even more
simplifications and concentration on the essential features, a closed-form
solution to such rate equations is possible. This has been attempted, for
instance, by Emanuel and Whittier 119, In their treatment a simplified
analysis is presented for intensity, energy, and chemical efficiency of a
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hydrogen-fluoride chemical laser. Simultaneous effects of laser power
extraction, chemical pumping, and chemical deactivation are considered.
A multilevel laser is discussed where from lasing threshold to cutoff there
is simultaneous lasing between all adjacent vibrational levels. This assump-
tion permits using gain expressions to establish the relative vibrational
level populations. The temperature is assumed to be constant and the vibra-
tional energy levels are harmonic. As in other treatments, lasing occurs
in only a single J for the entire pulse within one vibrational band. Pumping
is provided by the reaction F +Hjy - HF (v=0,1,2,3) + H. The rate equa-
tions for a chemically reacting system with lasing are then set up in the
following form:

dn (0

e = 7en(0)+ 7200 (0) (70)
dn(l

e T2 = zen() + zma(1) — 2220 (0) (71)

Here #(v) is the number of moles in vibrational level v per unit mass, g is
density, xcn(v) is net production of #(v) by chemical reactions, yraa (v) is
production of # (v) by lasing from v 4 1 - ». The above equations are inver-
ted for the yraq(v).

yeaa (0) = g5 #(0) — 7en(0) @2)
#rsa(l) = @5 [7(0) — 7 ()] — [zen(0) + zen(1)] (73)

If vy is the highest vibrational level,
trsa (o= 1) = 05 [0) + .. + (o7 — 1] -

~ [%en(0) + ... + xen(vr — 1)]

A sumation yields

vl
rrad = 2, xraa(v) = A1 — A3
v=1 :

where (75)
Vf—l an (U) or—1
Ad1=¢ 3 (4y—v) —5—.A2= 2 (s — ) zen(v)
v=0 v=0
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The quantity yraqa is the most important figure here since it is used in the
determination of energy, intensity and efficiency. The pulse energy E (f)
{J/em3], for instance, assuming that all transitions have the same wave
number w, per unit volume of gas is given by

t
E@) =heNa o f gra dh (76)

#raq is calculated by assuming gain and threshold conditions and calculat-
ing the #(v) —s. The chemical kinetics model for the HF laser as usual
includes the pumping reaction and deactivation of HF (v) by HF, H2 and
F. A comparison with more exact computer solutions shows the validity of
this type of analysis. It is considered to be helpful in establishing the rela-
tive importance of initial conditions, laser parameters, and rate coefficients
for pumping and deactivation reactions.

9.2. Threshold Measurements

If two vibrational rotational lines start to oscillate at the same time, the
respective gain products are the same.

cAN, o = o' AN, v'J’ (77)

If the two lines are of the same v and if for a rough approximation the
cross-sections ¢ and ¢’ are taken to be equal, this means that

&8s -0
Nyg———Ny = Nyg» — Ny g+ 78
o = oo Nt w — T Nura (78)

or, more explicitly, if /" = J 4 1 (neighboring J transitions)

Ny
—~J(J+1) By/T
Ny © ’

79
Ny e~ (J+1) (J+2)By/T (79)
Ny

@] — 1) ev-BIT — 2] — 1)

= (2] 4 1) e/U+DBIT — (2 ] 4 1)

It follows then that the ratio Ny/N, is

Ny (2 J —1)eIV-DBYT — (2 J + 1)e~J+DBy/T
Ny = (2] —1)edUHDBIT _ (2 ] 1 1)e-W+DU+DB,T

(80)

The temperature T in these expressions is the rotational temperature
which is equal to the kinetic temperature of the gas. Thus the equal gain
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condition can be met if the temperature is properly controlled. This so-
called equal-gain method has been developed and used extensively by
Pimentel and coworkers 113 A variety of population ratios has been ob-
tained in this way. Examples are quoted in Table 16. Experimental problems

Table 16. Population ratios N,/N,-1 by equal gain (zero gain) measurements

Reaction N3/Na Ng/Ny Ni/Ng Ref.
F 4+ Hy —— HF(y) + H : 5.5 112)%
F 4+ Dy — DF(v) + D 1.6 112)
1,1—CaHj3Cly ——> C3HCl 4 HCl(v) 0.87 138)

0.85 1.08 13
¢is-1,2—CoHaClg ——> CgHCl 4+ HCl(v) 0.81 138)

0.71 0.76 113
trans-1,2—CgHyCls ——> CgHCl + HCl(v) 0.70 138)
{CHsNFz}"‘ —— 2HF({y) + HCN 0.35 139)
F + CClgb ——> DF{v) + CCla 1.54 164)

* Note added in proof: As a result of more detailed measurements this value has
been corrected now and agreement is found with the population ratios of Table 2
of temperature effects are taken into account {G. C. Pimentel, private communica-
tion).,

arise from the finding that the results appear to be pressure-dependent.
For this reason data have to be taken at various pressures and corrections
have to be made by extrapolating back to zero pressure. In addition, as
Fig. 4 shows, the relative gains become rather insensitive to temperature
changes for high total inversion. Consequently the method is most useful for
partial inversions. A general problem is apparent in the fact that the dy-
namics at the start of the oscillation have to be equal and reproducible for
the two lines in question. It is most desirable that oscillations should start
immediately after threshold is reached and that the laser should attain
steady-state behavior. This would require in principle detailed control over
cavity losses, gains and cavity modes.

A more sensitive technique developed recently by Pimentel and cowork-
ers 113) is called the “zero-gain technique”. Here a tandem laser set-up is
used consisting of two laser tubes in a common optical cavity. One contains
a known laser system, the “driver”. The other mixture, called the ‘‘slave”,
produces the same active reaction product but in an unknown state of
vibrational excitation. The onset of oscillations for the driver is then shifted
in time, depending on whether the slave produces gain or absorption on
certain vibrational rotational lines. Since this effect can also be influenced
by varying the rotational temperature, conditions of zero gain — and hence
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zero population inversion — can be found. This information can be evaluated
as explained above for the “equal-gain technique” to yield population ratios
Ny/Ny-y for the unknown reaction system. It should be mentioned that in
laser spectroscopy it is often advantageous to place the probe.inside the
laser cavity for the measurement of small absorptions 114, The sensitivity
is then increased by a factor which depends on the quality of the Q factor
of the cavity and which can be very large (about 102 or more), since quite
small changes in total absorption may cause large changes in laser intensity,
especially if the laser is operated near threshold. Coupled resonators have
also been used for such measurements. The first active laser cavity generates
the signal whose absorption is to be determined. The probe is placed in a
second cavity which is coupled to the first one and which is undamped by
an active medium just below the threshold of oscillation. In this way ab-
sorption coefficients down to « ~10~¢ have been measured by Boersch and
coworkers 115,

All the experimental techniques described here involve the determina-
tion of the delay time between initiation of the pumping pulse and laser-
pulse onset, or the coincidence of two such delay times belonging to different
transitions. An analytical model has been presented by Chester ¢f al. 116)
to describe the delay 7, between flashlamp initiation and the start of the
laser signal in the flash-photolysis HF chemical laser. The model has been
used to predict the functional dependence of ¥, on pressure, flashlamp
intensity, optical-cavity losses, and the absolute magnitude of v.. However,
the possible extension of this work to a detailed vibrational energy-partition-
ing study has not been demonstrated so far.

9.3. Time-dependent Gain Measurements

The experiments described in the preceding section are based, at least
indirectly, on threshold gain determinations. As an extension of this
approach, gains have been measured directly.

Laser oscillator-amplifier measurements can be effective in studying the
details of the pumping and collisional deactivation processes in chemical

—
- T

OSCILLATOR AMPLIFIER

Sq, I
Input pulse Output

Fig. 27. Schema of an oscillator-amplifier system
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laser systems 25, This technique utilizes the signal from one laser, the
oscillator, as a diagnostic aid to study the kinetics of another laser, the ampli-
fier. By operating the oscillator on different molecular transitions and
monitoring the change in the signal after it passes through the amplifier,
it is possible to study the processes which populate and depopulate the
molecular energy levels involved in the laser transition.

An oscillator-amplifier laser system consists of the two principal com-
ponents shown in Fig. 27. Both operate on the same laser transition. The
oscillator provides the input pulse, which is amplified as it passes through
the amplifier section. The ratio of the integrated output and input signals
is given by 2

I A O'MIO
L AL A - AN
Ip = acly In {1 +e D e } 1)
Here
T
I = [i,(1) dt
2

is the integrated output intensity (Wattsec/cm?), Io is the integrated
input intensity, AN is the population inversion per unit area given by

AN LRy,
= (n2 —EM)

and ¢ =1+gs/g1. The quantity ¢ is the cross-section for stimulated emis-
sion which is related to the Einstein A coefficient, the wavelength 4, and
the linewidth A» of the transition by

ci24
= 8mAv

o (82)
Here C is a lineshape factor whose value depends on whether the transition
is Doppler- or pressure-broadened.

Fig. 28 shows the variation of I} with I¢. As can be seen, there are two
distinct regions of operation — the small-signal region with

OCO'IQ

hy <1

and the large-signal region with

aclg

hy >1.

In the small-signal region Eq. (81) reduces to
IjjI§ = e7AN (83)
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Fig, 28, Variation of amplifier output signal I; with input signal I

and in the large-signal region

ANk
Ljlo=1+— Iov
or (84)
ANk
Li=Iy+——

Eqgs. (83) and (84) provide the basis for obtaining kinetic information from
oscillator-amplifier measurements. The amplification is dependent on the
population inversion AN which depends on the population of the energy
levels of the laser transition. Thus, by measuring the changes in the ampli-
fication or absorption as the system parameters (temperature of the system,
and relative population of the molecular energy levels) are varied, the rates
of the interactions affecting the level population can be determined. It
should also be mentioned that by combining small- and large-signal gain
measurements (Eqgs. (83) and (84)), the cross-sections for stimulated emission
o and the linewidths AN of the laser transitions can be measured.

For the application of this technique the following requirements have
to be met 29: '

(1) The laser transition has to be homogeneously broadened, which is
to say that a sufficient number of collisions has to occur during the time
of the oscillator pulse. Only then is Az in (83) the full inversion under the
entire line profile.

(2) Linear and non-linear loss processes in the amplifier material must
be negligible. This is conditional for the use of Eq. (81). This requirement
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is normally fulfilled in gas laser materials at low pressures and with suf-
ficiently homogeneous excitation.

(3) In addition, for large-signal gain measurements the energy distribu-
tion over the cross-section of the oscillator beam has to be known and must
be constant. This condition is much harder to meet than the other require-
ments.

Combined small- and large-signal gain measurements have been applied
to the photochemical iodine laser by Hohla and Kompa 119. A plot of the
gain versus time is shown in Fig. 29 for certain experimental conditions.

3 1
- )

t{msec] 1]

Fig. 29. Plot of the gain V =exp. ¢ AN/ versus time after photolysis at 20 Torr of
CF3l

According to Eq.-(83), for small-signal gain the relation In (I;/Ig) ~AN
exists. One may write for the population inversion

N 8mAy

An =2~ 1o seon (85)
The lineshape factor € =.94 for a Gaussian line. When the measured data
of I;/I¢ are reduced by the use of Eq. (85), the plots of Az versus ¢ in Fig. 30
are obtained. The plot shows the unexpected result that the population
inversion continues to increase after termination of the flash. This behavior
is consistent with the observation of several authors that additional chemical
pumping processes are operative in the system 4449, although no definite
conclusion on their nature has yet been reached. It can be seen that under
the conditions of Fig. 30 the pumping contribution of this reaction is com-
parable to that of the photodissociation.
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Fig. 30. Decay of the population inversion AN = Ny« — (1/2) N1 and of the concentra-
tion of excited iodine atoms Ny« after flash photolysis at 20 Torr of CF3l

The data of Fig. 30 show that the pumping process has terminated at
¢ ~3 msec. After that time the decay may be assumed to be controlled by
CF3gl deactivation. With this assumption one obtains an expression for the
inversion AN by introducing N1« =x, N1=y, Ncrg1=a, and x4y=
const =z (no removal of I by Iy formation).

AN = (x — %) =2 (3 exp(—kat) — 1) (86)

The time £; at which the inversion has dropped to AN =0 (or V =1) (Fig. 2)
is #1 = In3[k «. Thus one obtains for the rate coefficient 2 with @ =20 Torr
CF3l

In3

=ha = 2.55 - 1016 [cm3 sec~1 molecule—1] .
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This is in reasonable agreement with a rate coefficient estimated from flash-
photolysis absorption data given by Donovan and Husain 118), kopg1=
4-10-16 [cm3 sec—1 molecule~1]. For the operation of this system as a
photochemical laser, it is important to note that under these conditions
there are no chemical constraints to the storage of energy for times of
several milliseconds.

The measurements can be extended to investigate generally the colli-
sional deactivation of I* by various added molecules. By comparing
small- and large-signal gain measurements, the cross-section for stimulated
emission o was found to be ¢ =2 - 10~18 cm2 (20 Torr CF3I) and 0 =6 - 10-18
cm?2 (100 Torr CFgl) 25,

The principle of time-resolved gain spectroscopy was first applied to a
molecular chemical laser by L. Henry and coworkers 119, The HCI laser
from the flash photolysis of an Hj/Cly mixture was chosen for this study.
Initial vibrational population figures have been obtained and rate constants
derived for the vibrational deactivation, as given in Table 17.

Table 17. Gain spectroscopy, application to Ha—Cly kinetics

Relative rates of formation Decay rates of
ky of HCl (1) HCl(v) %y [sec™! Torr-1]
Polanyi et al 89 Henry et al. 119 Henry ¢t al, 119)
v=0 0
1 0.3 0.2—0.28 175
2 0.6 1.1 380
3 1.0 1.0 670
4 0.22 0.29 1100
5 0.03

Small-signal gain measurements have also been conducted for an HF
chemical laser by Gensel ef af. 120, The reaction of fluorine atoms with
methane has been used to pump the HF amplifier. Thus the inversion is
produced exclusively by

F +CHy —> HF(r) + CH; AH = — 332kcaljmole  (87)

This was believed to reduce the chemical complexity of the system. Fluorine
atoms to start the reaction are generated in the flash photolysis of tungsten
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hexafluoride 28), This provides a relatively clean fluorine source through
the photodissociation process (88).

WFg + Avegioon —> WE, +6—n)F (88)
The time behavior of three selected vibrational-rotational inversions is

shown in Fig. 31. Some qualitative conclusions may be drawn from this
figure. Even at the shortest delay times of 2 psec (Altrash ~ 2 psec) no

B (21

Fig. 31. HF population inversions in WFg¢/CH4 photolysis, piota1 =0.06 Torr HF.
Three vibrational-rotational inversions are shown belonging to transitions in the
v=8->2 2> 1and 1 - 0 bands

positive population inversion is found on ¥ =3 - 2 transitions. It is con-
cluded that lasers where such transitions appear (Section 6.6) in the emission
are pumped for the most part by the depletion of #y=g through v =2 +1
laser emission. The v=2 - 1 lines reach maximum inversion at the end of
the flash, while the maximum inversion of the v =1 — ( transitions is seen
only at Af=4 psec. The inversion has completely decayed at A¢=10 psec
under the experimental conditions chosen here. Attempts have been made to
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interpret the growth and decay of the population inversion on the basis of
a computer model using known or in some cases estimated rate constants.
The relaxation processes considered to contribute to the deactivation are
approximately as listed in Eqgs. (49)—(51).

However, agreement between computation and experiment is found
only if an additional vibrational-translational deactivation rate is taken
into account. It seems uncertain at present whether this excessive deactiva-
tion is due to the methyl radicals generated in the system. The role of
different chemical compositions should be investigated to identify this
deactivation.

A gain-absorption technique has also been used by Smith and cowork-
ers 121} to study the chemical CO laser from the reaction

O+CS —» CO+S AH = — 75 £ 5 kcal/mole

Table 18. Relative rates of O 4 CS = CO 4 Sinto
individual ‘vibrational levels of CO 121)

@ (®) {©

v= 4

5 0

6 0.05

7 ~0.06 0.17

8 0.27 0.32

9 0.61 0.41

10 0.66 0.55

11 0.80 0.65 ~0.6

12 0.87 0.85 0.87

13 1.0 1.0 1.0

14 0.64 0.90 0.72

15 ~0.2 0.58 0.28

18 0 0.32 0

17 0 0.18 0

18 0 0 0

{a} From infrared emission experiments, 300 °K
< Tvip (CS) < 1775 °K.

(b) From time-resolved measurements, CS formed
by photodissociation of CSa.

(c) From experiments similar to (b) but with N3O
added, Ty (SC) ~2300 °K.

All results are quoted relative to Ry3 =1.0.
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which occurs as one reaction step in the photolysis of CS2/Og mixtures.
A cw CO laser was employed to measure the CO vibrational distribution in
this reaction. In the same investigation the more conventional method of
spontaneous infrared chemiluminescence measurements was applied to
this problem so that a very valuable comparison of the two techniques
was obtained which is shown in Table 18. The data confirm the potential
of this chemical laser.
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