
7 Fortschritte der chemischen Forschung 
Topics in Current Chemistry 

Chemical Lasers 

Springer-Verlag 
Berlin Heidelberg New York 1973 



ISBN 3-540-06099-5 Springer-Verlag Berlin Heidelberg New York 
ISBN 0-387-06099-5 Springer-Verlag New York Heidelberg Berlin 

Das Werk ist urheberrcchtlich geschfitzt. Die dadureh begrCmdeten Rechte, insbesondere die der l~ber- 
setzung, des Nachdruckes, der Enmahme yon Abbildungen, der Funksendung, der Wiedergabe auf photo- 
mechanischem oder fihnlichem Wege und der Speicherung in Datenverarbeitungsanlagen bleiben, auch 
be| nur auszugsweiser Verwertung, vorbehalten. Bei Vervielf~ltigungen ffir gewerbliche Zwecke ist 
gem~ll ] 54 UrhG eine Vergfimng an den Verlag zu zahlen, deren HShe mit dem Verlag zu vereinbaren 
ist. ~c) by Springer Verlag Berlin Heidelberg 1973. Library of Congress Catalog Card Number 51-5497. 
Printed in Germany. Sat--, Druck und Bindearbeiten: Hans Meister KG, Kassel 

Die Wiedergab¢ yon Gebrauchsnamen, Handelsnamen, Warenbezeichnungen usw. in diesem Werk be- 
rechtigt auch ohne besondere Kennzeicbnung nicht zu der Annahme, dab solche Namen im Sinne der 
\Varenzeichen- und Markenschutz-Gesetzgebung als frei zu betrachten wfiren und daher yon jedermann 
benutzt werden dflrften 



Contents 

Chemical Lasers 

K. L. K o m p a  . . . . . . . . . . . . . . . . . . .  1 



Chemical Lasers 

Dr. Karl L. Kompa 

I n s t i t u t  fQr Anorgan i s che  Chemic  der  Un i ve r s i t ~ t  Mt tnchen  u n d  M a x - P l a n c k - I n s t i t u t  
ffir P l a s m a p h y s i k ,  G a r c h i n g  be i  Mi inchen  

C o n t e n t s  

1. In t roduc t ion :  Chemical Lasers in Physical Chemistry and Technology . . . . . .  3 

2. Popu la t ion  Invers ion and Molecular  Ampl i f i ca t ion . . . . . . . . . . . . . . . . . . . . . .  7 

3. E n e r g y - p a r t i t i o n i n g  in E l e m e n t a r y  Chemica l  Reac t ions ,  V ib ra t iona l  R e l a x a t i o n  11 

4. R e q u i r e m e n t s  for L a s e r  Osci l la t ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 

5. Des ign  P a r a m e t e r s  of  P u l s ed  Chemica l  L ase r s  . . . . . . . . . . . . . . . . . . . . . . . . . .  23 

6. Specific Chemica l  L a s e r  S y s t e m s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

6.1. Pho tod i s soc i a t ion  L ase r s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

6.2. H y d r o g e n  F luor ide  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 

6.3. O t h e r  H y d r o g e n  Ha l ides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38 

6.4. Ca rbon  Monox i de  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 

6.5. P u m p i n g  b y  E n e r g y  T r a n s f e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 

6.6. E m i s s i o n  Spec t ra  of P u l s e d  Chemica l  L ase r s  . . . . . . . . . . . . . . . . . . . . . . . .  44 

6.7. C o n t i n u o u s  Ope ra t i on  of Chemica l  Lase r s  . . . . . . . . . . . . . . . . . . . . . . . . . .  50 

7. F u t u r e  Chemica l  Lase r s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  56 

8. P r e s e n t  Pe r spec t ive s  of H i g h - P o w e r  Chemica l  L ase r s  . . . . . . . . . . . . . . . . . . . .  62 

9. K ine t i c  I n f o r m a t i o n  t h r o u g h  Chemica l  L ase r  S tud ies  . . . . . .  ; . . . . . . . . . . . . .  69 

9.1. Charac te r i s t i cs  of  Osci l lator  Signals ,  C o m p u t e r  Model l ing . . . . . . . . . . . . .  69 

9.2. T h r e s h o l d  M e a s u r e m e n t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  75 

9.3. T i m e - d e p e n d e n t  Ga in  M e a s u r e m e n t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77 

10. I~eferences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  86  



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 1). However, developments in this field are rapid 
and often divergent so that constant and renewed discussion of this laser 
concept is called for. 



1. In t roduct ion 

Chemica l  Lasers in  Physical  Chemis t ry  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). 

A N = ( N - - g N ' )  > 0  g' (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 EdEo for a small input signal E0 can be written as 
function of the inversion AN, cross-section for stimulated emission a (see 
below) and amplifier length l. z~ 

E--!~ = exp AN a l (2) 
Eo 

There are several ways of creating the requirednon-equilibrium situation, 
chemical reactions being one way. Chemical lasers are thus defined as lasers 
where a population inversion is effected by seleaive chanelling o] the energy 
o/a chemical reaction into certain excited product states. We also include in 
this discussion lasers which are pumped by energy trans]er from a chemically 
excited species to an admixture which is then capable of lasing, and lasers 
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which are pumped by photodissociation. The following set of reactions (3) 
illustrates these, three types of pumping schemes: 

AB 

A*+B A+B 

~ Chemical "Pumping" 
(for instance, by a bimo- 

~~176176 + CD lecular exchange reaction 
laur A + CD) 

A + hv laser AC* + D 

Energy transfer C~mkal 
("chemosensitization") + F later 

F* + AC AC + hv laser 

Hybr/d / 
~hemical laser 

F + hV la~er 

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. I t  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 radialive or collisionat 
processes. There is always competition between these two types of processes. 
The luminescence quantum yield ~ (4) will be different, depending on the 
type of excitation. 

Pemts~on 
~q -- Pem~ston + PdeseUvatton (4) 

If the energy (EA--AH) is sufficient to permit electronic excitation, the 
probability P of emission is typically 10 6-10 9 sec -1, hence higher than the 
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t i t  

tJ 

Reaction Coordinate 

EA 

Reactants 

-f 

! 

Products 

Fig. 1. Typical reaction coordinate for an cxofJaermic reaction 

average probability of collisional deactivation. On the other hand, vibra- 
tional-rotational transition probabilities are much lower (usually 10--108 
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 in]rated chemilu- 
minescence. As a method ]or obtaining kinetic in]ormation, 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 8). As opposed to this steady- 
state technique, chemical lasers permit observations in the pulsed mode. 
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Since the rate of stimulated emission can be very  much faster than the 
spontaneous emission 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 coliisional rate in 

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

Type of reaction Example 

Photodissociation 

Photoelimination 

Atom abstraction 

Chain reaction 

~-Ehmination following 
chemical activation 

h~ 
FsC- - J  ) CF8 + ja) 

H a C ~ C H F  ) H F  b) + HC-----CH 

C1 + HJ  �9 HC1 b) + J 

F + H3 �9 H F  b + H 
H + Fz ) H F  b) + F 

[FaC--CH3] b) ) H F  b) + F2C=CH~ 

Energy transfer DFb) + CO2 ) CO2 b) + DF 
("chemosensitization") 

a) = 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. I t  has become clear during the development of chemical 
lasers tha t  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 o f  power from the reaction system are, how- 
ever, considerable. A discussion of progress to date will be found in Section 
8 of this report. 

6 



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 populationNvj of the molecular state with rotational 
quantum number J and rotational energy F (J) of the v-th vibrational level 
with density Nn is given for a diatomic molecule as follows: 4) 

N~gj ( hc Fr '~ 
N, , j - -  Qj exp , k Taot/ (5) 

(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 Tvtb,  Eq. (5) can be rewritten as: 

(6) 

Here N is the total number density of molecules, Qs and Q~ are the rota- 
tional and vibrational state sums, and gd ~- 2 J Jr- 1 is the statistical weight 
of the level. Q j  and Q~ are approximated as 

co 

QJ -- h~B, ' Qv = 1 + e x p -  G (v) 
10--1 

(7) 

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

F ( J )  - -  B e J ( J  + 1), G(v) = (oJev - -  o~ex, v ~) ~ ~oev (8) 



Population Inversion and Molecular Amplification 

with the spectroscopic constants Be, oJe, xe. In Eqs. (5) and (6) TRot and 
Tvlb 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 ANvj exists between two vibrational-rotational states. 

g, rN,~v, ) 
AN~j = N~j gJ' > 0 (9) 

Now we consider a P-branch transition (A]= + 1  in emission) where 
v ' = v - - 1 ,  J ' = ] + l .  By substituting Eq. (6) into (9), one obtains the 
population inversion ANvd for a sample of molecules where both Tvtb and 
TRot correspond to an equilibrium energy distribution but may still be 
defined independently: 

N go, 
AN~j- Q,,Qj 

hc [ G(v) + /qJ) ] _ exp hc [G(v-O 
exp -- -~- \ rvtb TRot / - -  ~ ~" - - - }  ~ ]J 

(ao) 

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: 5) 

TRot AF (J) Be 
TvI~ < AG(v-----~ ~ ' 2 ( ]  + 1)~-  (11) 

Thus, an inversion is always found if the vibrational and rotational temper- 
atures differ such that  Tvib exceeds TRot sufficiently to satisfy this inequality. 
This is illustrated in Fig. 2 for the case Nv =Nv-1.  The situation here cor- 
responds to an infinite vibrational temperature Tvib----- oo. In the extreme 
case of such an inversion TRot-*0 and Tvib > 0 ,  all the molecules in the 
various vibrational states are found in the rotational ground state J - - 0 .  
I t  can be seen that  inversion then exists for the P(1) transitions 
( ]  ---- 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 (Tvib < co). 
This is called a l~artial l~Olbulation inversion. If  Tvlb attains a negative 
value, all J transitions may  show inversion. This situation, called a total 
inversion, can arise only if Nv >N~-x.  

Tvlb may be only an "effective" temperature, referring solely to the 
populations of two vibrational levels. 

8 
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T,I 
V a 

N~ 

.•3' 8 
6 

i i i 

4 

2 

0 

=3 
8 

6 

4 

2 

0 

Fig. 2. Partial population inversion between two vibrational levels. The state occupan- 
cies/qj and 2r are drawn to scale for HF at Trot = 300 ~ and Tvtb =oo. Inversion 
is shown for a pair of high jr P-branch and low J R-branch transitions 

In  (2) the maximal  amplification V=EdEo has been introduced as 
V = e x p , d  with the gain coefficient ~ = A N v j ~ .  a[cm~]=B~dg(v)/Avc 
where Bv j  is the Einstein coefficient of st imulated emission, g (v) is a line- 
shape factor, Av the linewidth and c the speed of light. 3) I f  these parameters  
are known, the gain coefficient ~ can be calculated for any  population 
inversion AN. Such model computat ions are presented in Fig. 8 for a 
hydrogen-fluoride laser, the most  popular  chemical laser. 6) I t  has been 
assumed for Av tha t  the line is Doppler-broadened. The emission probabili- 
ties Bvd tha t  have been used have been determined by  Talrose and co- 
workers.7) One can see from the figure tha t  the gain is always higher for P- 
branch (A]  = + 1 in emission) than for the corresponding R-branch t ran-  
sitions (AJ = -  1). Part ial  inversion can lead to gain only in the P branch. 
As shown in Fig. 4, the line of max imum gain is shifted with increasing 
rotational temperature  to higher-, / transit ions.  



+3.0. 

+ 1.0. 

0" 

-02. 

Fig. 3. Relative gain of vibrat ional-rotat ional  t ransi t ions in the  hydrogen fluoride 
molecule for Trot ----- 300 ~ K and  various populat ion ratios Nr~2/Nv-1. I t  is seen t h a t  the  
gain is always lower in the  R-branch  t h a n  in the  corresponding P-branch  t ransi t ions 

ITRot=300~ Nv.2 =3.5 
I01'~r / I k Nv=t 

I,oo.3__\ 

O(l) 0(5) P(lO) 
Fig, 4. Shift of the rotational line with maximum gain to higher J by a rise m the 
rot~tion~l temperature. The vibrational inversion is held constant N~.s/N~.I = 3 . 5  
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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 
rotationaUy 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 ].  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 - k H 2 - ~ H F ~ H  (Table 2), which may serve as a model 
system in this discussion, one finds the occupancy ratio Nvffi3 : Nv-~  : N v - ,  - -  
0.48 : 1.0 : 0.31 with a vibrational energy share Ev of 67% of the total heat 
of reaction Etot. The reaction preferentially produces hydrogen fluoride 
HF with v ----2. A rough estimate then shows that no more than about 25% 
of the reaction energy of 34.7 kcal/mole can appear as stimulated radiation 
(depending on the ground-state population Nv-o,  which cannot be directly 
measured by this method, and on the rotational temperature Tl~ot). 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. 21) Though much discussed, chemical lasers on alkali halides 
have not yet been realized experimentally, i 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 nonequilibrium distributions which can lead 
to molecular amplification are often found and are perhaps the rule ra ther  
than the exception in simple chemical reactions: 

11 
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Energy-partitioning in Elementary Chemical Reactions, Vibrational Relaxation 

The relation between the energy distribution in a reaction of the type 

A + B C  , A B + 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 
5 b 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 + Ha -*- H F  + H with H F  vibrational excitation according 
to a reaction surface which might resemble Fig. 5b. The vibrational states 
which are accessible in this reaction are shown. The kv's are rate coefficients 
for the formation of H F  at different vibrational levels and determine the 
vibrational state populations Nv (Table 2) because kv,-~N~. 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  -*- If, R -*. R ,  T -*. T) and between rotation 
and translation (R + T) 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 Tvib >~ TRot. Laser emission is feasible with both states 
(I) and (II) of the systems, although 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. I t  is apparent from this discussion that  a knowledge of 
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Energy-par t i t ioning in Elementary  Chemical Reactions, Vibrat ional  Relaxat ion 
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Fig. 5. Potent ia l  energy surfaces i l lustrat ing qual i tat ively the  formation of vibrat ional ly  
excited products in reactions o1 the  type  A + BC -~ AB + C. The influence of the  cur- 
va ture  of the  reaction pa th  is indicated (after Wagner  and  Wolfrum 21) 
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Energy-partitioning in Elementary Chemical Reactions, Vibrational Relaxation 

_ l Reaction Coordinate 

'~"'k" H§ (v=3) F§ f ~  3 

~ k t "~--~H+HF(v=2) 

A, HF ~jJ H+ (v-l) 

~1 ' . . . . . . . .  " "  -H+HFfv=O) 
Reactants Activated Products 

Comptex 

Fig. 6. Reaction coordinates for the formation of hydrogen fluoride in various vibra- 
kw 

tional states in the reaction F + H2 ~ HF(v) ~-H 
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Energy-partitioning in Elementary Chemical Reactions, Vibrational Relaxation 

I_" " 1~f~sec "I 
| ~  

~P'--- RELAXATION TIME - -~  

Fig, 7. Scheme of molecular relaxation processes after FlygazeS3). The characteristic 
times shown are average values for room temperature and atmospheric pressure 

Chemical reaction 

(I) Total inversion 

Possible disequilibrium in vibration, rotation, translation 

i~t...~ R, T..~. T, R-.~ T 

V--~ V 

(II) Partial inversion 

Relaxation within each degree of freedom but  still nonequilibrium be- 
tween vibration and rotation/translation 

I V'-'~-R, T 

(III) Total relaxation 

(12) 
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Energy-par t i t ioning in Elementary  Chemical Reactions, Vibrat ional  Relaxat ion 

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. I t  
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 61). The temperature dependence of these 
rates has been the subject of various investigations. 

Table 3. Some H F  and  HC1 deact ivat ion rates  obtained by  la.~er-excited infrared 
fluorescence measurements  a) 

Process Ra te  cons tant  Ref. 
[sec-Z Tort-Z] 

H F ( v = I )  + H F ( v = O )  > 2 H F ( v = 0 )  9.5 
8.7 
6.I 

5.25 
5.2 

H F ( v = 2 )  + H F ( v = 0 )  ~ 2 H F ( v =  I) 6.6 
2 H F ( v  = 1) �9 HF(v  = 2 )  + HF(v  = 0 )  1.05 
DF(v = 1) + DF(v = 0 )  ) 2 D F ( v  = 0 )  2.0 

2.4 
HCl(v = 1) + HCI(v = 0 )  ) 2HCI(v  = 0 )  8.3 
DCI(v = 1) + DCI(v = 0 )  > 2DCI(v  = 0 )  2.5 
HCI(v = 3 )  + HCI(v =0) �9 HCI(v = 2 )  + 

+ t-ICl(v = I) b) 4.25 
HCI(v = 1) + C1 > HCI(v = 0 )  + C1 3.5 

104 z4) 
104 143) 
104 147) 
104 140) 
104 63) 
105 03) 
l0  s 152) 
104 14o) 
104 147) 
102 148) 
10 2 148) 

�9 1 0 3  

�9 1 0 5  

62)  

15o)  

a) For  shock tube  studies of these and  related processes compare z5o). z51). 
b) Na tu re  of process no t  explicity specified in the  rcfcrencc. 

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�9 Only rarely has excitation of v > 1 been achieved, for 
instance, by direct excitation of overtones 62) or by secondary vibrational 
exchange processes 63). Consequently the dependence of the relaxation 
rates on v is still not clear for most cases. 
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4. Requi rements  for Laser  Oscil lat ion 

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 v can be described in the so-called rate equation 
approximation. The simplified rate equations for the laser are obtained as 
follows if two states Nz, Ng. are considered with the energy difference 
AE =hvt~ connected by a radiational transition (13). 

Pumping Pat (t)_.. N~ (degeneracy gO 
Spontaneous Absorption Stimulated kt 

emlssion., t I emission 
kl > k2 IA B2t 812 

Pumping P/v2(t) _ /Y2(degeneracy g2) 

k2 

Deactivation 
losses 
LNI (t),LIV2(t) 
secondary 
reactions (13) 

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

d! = A' NI  + B'12 Nz  q - -  B'zx N z  q - -  ~q dt (14) 

While AN1 describes the total spontaneous emission rate, A' N1 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 A 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. 3, 2s) The term flq describes the output with the coupling coefficient 

fl = T'--~I (~c=lifetime of the photons in the cavity). B'n~=Bn,~ g(v)Av 

where g (v) is a line-shape factor and Av is the linewidth. The relationship 
between the Einstein coefficients for spontaneous and stimulated emission 
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Requirements for Laser Oscillation 

.4 
A and B12 is given by Bx~ -- 

Eq. (14) may be written as 

8 ygv 2 
c8 "Considering now that  gl  Bx~ =g~ B9.1, 

gx ) q dq A '  N1 + B'l~ q N I - -  N2 - - - -  
7i- = ~ ,o 

(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 q gives the coupling losses. I t  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, 25). 

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 N1, Ng. The notation here follows from (14) and (15). As 

gx Ng.) is used and the cross-section for stimulated before, AN---- N1--  g--~ 

emission a [cm2] = B19 g (v) ] Ave is introduced. The three balance equations 
for the photons q (compare (15)) and the two state densities N1, Ng. then 
read as follows: 

dN1 
at  - P~v~ (0  - a c A N  q - -  L m (t) 

dN2 
dt - -  P l v 2 ( t )  + a c A N  q - -  LN~( t )  

dq 
- -  A '  N z  + r c A N  q - -  q/vr  at 

(16) 

I t  is seen that  the excited-state densities N1, Ng. are determined by a 
pumping term P2r ~vg. (0 and a loss therm LN1, lvz (0 referring to the colli- 
sional processes. The loss rate L2r might, for instance, be given by 
dN1 
dt = k~ Nx M where kq is a quenching-rate coefficient and M is the con- 

centration of particles effective in deactivation. In addition, N1 is decreased 
by the stimulated processes which in the same way increase the lower-state 
density Ng.. The competition between these two types of losses for N1 is 
evident. With values for the cross-section a of N10 - 1 6 -  10 - i s  [cm 9"] the 
rate constant B2I = ~c becomes ~ 10 - ~ -  10 -s [cm 3 sec -z] hence far larger 
than any rate constants for bimolecular collisional processes. For purposes 
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Requirements ior Laser Oscillation 

of comparison, it may  be mentioned that  the very fast V -~ T transfer rate 
of hydrogen fluoride, discussed in Section 3, has a rate constant of the order 
of 10 -11 --  10 -1~ [cm 3 sec-1]. Thus it should be stressed that  with a suitable 
quantum density q and inversion AN the stimulated emission rate can 
easily 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 cavi ty cannot build up to 
more than a threshold inversion AN0 which can be obtained from the thre- 
shold condition of Schawlow and Townes. 

R1 R2 T ~ V 9" ----- 1 (17) 

Here V is the amplification for one traversal and Vz for a round trip of the 
photons in the cavity with mirror-loss coefficients R1, R2 and transmission 
loss T. The optical gain V on the other hand is described by  Eq. (2) as 
V = e x p  a AN 1. With Eqs. (2) and (17) the threshold inversion density 
ANo is obtained. 

1 
52r l = ~ In (R1 R~ T~) -1 (18) 

So with the values of a ,~ 1 0 - 1 6 -  10-18 quoted above and a total loss coef- 
ficient R1 R2 T2 =0 .3 ,  the total threshold inversion is &No l,-~1016 - 10 Is 
[cm-9"]. For  the somewhat idealized conditions of a photochemical iodine 
laser (Chapter 6.1) the balance equations (16) have been solved numerically 
in 25). If a fast pumping rate Px (t) 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 AN0 and later reaches stationary conditions. Thus, the part  of 
the inversion AN which is available for laser output  is tha t  in excess of 
AN0. 

AN' = &N - - /LNo (19) 

The maximum energy that  can be expected in the laser pulse is 

Emax = h~( l  + gl/gg.) -1 AN" (2o) 

I t  is clear from Fig. 8 how important  it is tha t  the threshold of oscillation be 
reached very fast to enable the stimulated processes to compete with the 
collisional deactivation processes. I t  has been assumed so far tha t  the full 
inversion under the entire spontaneous-emission line profile contributes to 
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I AV =5 GHz �9 

AN = Nz-N3/2  

AV : 5 GHz 

1017 

- -  t [10-%c] 
Fig. 8. Calculated t ime-dependent  quan t um  densi ty (upper plot) and  corresponding 
inversion (lower plot) of a photochemical  iodine laser with  given l inewidth and  reso- 
na tor  parameters.  After threshold is reached the  inversion exhibits  oseillations and  
shows a s teady-state  behavior  la ter  on 

DOPPLER- 

IN CURVE 

% / ", 
CAVITY MODES . f '  CAVITY 

ABOVE THE . . . . . . . . . . .  = RESONANCE OSCILLATION- 
THRESHOLD / I LASER 

.4- - - - OSC I LLATOR 

FREQUENCY I, 
Fig. 9. Operat ion of a gas laser in several axial cavi ty  modes spaced by  (c/2l) Hz (off- 
axis modes are not  shown in the  figure). The three cavi ty  modes near  the  peak of the  
gain profile are above threshold for oscillation 65) 



Requirements  for Laser Oscillation 

laser oscillation. However, oscillation is possible only at frequencies corre- 
sponding to cavity resonances. These cavitymodes spaced by c/2 l 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, CO~. Comparing the two methods, 
it may be said that flash photolysis pro~cides 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 s4~. 

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 

Fig. 10. Laser oscillator with coaxial flashlamps. I laser tube suprasil, 2 flashlamp, 
3 tungsten electrodes, 4 filling port  for flashlamp, 5 to vacuum line, 6 high voltage pulse 
capacitor with switching gap 25) 

lamp of this design but  with a larger illuminated length had a risetime and 
halfpeak duration of .5/~sec with a discharge energy of 1.2 kJ. Actinometric 
data  are available for some flash-lamps 28). A diagram of a typical flash- 
photolysis laser experiment is given in Fig. 11. 27) 
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Design Parameters of Pulsed Chemical Lasers 

. ,~ 115. 
1 2 4 

Fig. 11. Chemical laser arrangement with flash initiation, l laser tube, 2 100% reflecting 
cavity mirror, 3 coupling mirror, d He-Ne laser for resonator alignment, 5 to gas mani- 
fold, 6 infrared detectors, 7 monochromator, 8 diode providing a triggering signal for 
the oscilloscope, 9 single spectral line, lO total emission signal 6) 

PUMP 

Ms M 

I! "--. ::u u u u up ~' 
B.---,- il 

Fig. 12 a 

Fig. 12 a and b. Chemical laser with flow of chemicals transverse to the resonator axis and 
transverse discharge geometry. El,  2 electrodes, E1 (brass) serving as the inlet tube for one 
of the reagents fed by A. B feeding line (glass) for the other reagent. The relative heights 
hi, ~ of the inlet pipes can be varied. M cavity mirrors. P,C pulse discharge unit 39~ 

25 



Design Parameters of Pulsed Chemical Lasers 

Fig. 12 b 

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. 
I2 a and 12 b. 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 CO 2 lasers ~ 1~, 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 
bot tom 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- 
trodes ~0) 

27 



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 .~8~. The emission occurred 
in the photolytically initiated hydrogen-chlorine explosion (H~/CI~ -* 2 HC1). 
Predating this discovery, the first photodissociation laser was described by  
the same authors in 1964 84}. 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, e.g. electrons, to generate excited states. Table 4 lists the chemical 
systems where photolysis produces laser action. I t  is appropriate to begin 
the discussion of Table 4 with the alkali-metal lasers since Schawlow and 
Townes in 1958 35} chose the 5 p -*- 3 d 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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Table 4. Photodissociation lasers 

Photodissociation Lasers 

Photolysis Active species Refs. 

hT 
CF3I > CF8 + I(5 spli t)  ~.s,84,3e--54) 

h~ 
NOC1 ) C1 q- NO (X s 1I1/2, 8IS u > O) 55,5e) 

ht 
CsNs > 2 CN (X s ~., v > 0) 57) 

h~ 
IBr > I + Br(4 2Plls) ss) 

hv 
Ks > 2 K (5~ sPII 2, 3/'~) sg) 

h~ 
Rb~ ) 2 Rb (6~ sPz/s, s/2) 59) 

Cs3 ) 2 Cs (7~ SPll 2, 213) 59) 
hi, 

CFsBr > CF8 q- Br(4 sPzl~) so) 

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 7p via the 5d states down to the 6p states and from the 7~5 ~- 7s transi- 
tion. Fig. 14 shows the possible cesium laser lines. 

2S1~ 2p3~ 2P12 2D52 2D~2 2F?~ 2 F~ 

- . .  , I 

- -  ~ ~P 5f  
- -  �9 8p 7d 

, ~f 

1.3"/6p 

�9 3.489 p 

6 p - -  J ' f "  3,010p 

S 

10 

15 "r 
E 

O 

20 "~ 

25 

30 

35 
Cs 

Fig. 14. Spectroscopy of the cesium photodissociation laser 59) 
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Specific Chemical Laser Systems 

Among the other photodissociative laser systems listed in Table 4, the 
NOC1 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 C2N2 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 ~ < 2000 A is also necessary for the 
CFaBr dissociation. 

Much the most carefully investigated photodissociation laser is the 
iodine laser from the photodissociation of alkyl iodides, preferentially 
CFsI or i-CsFTI. This laser, reported first by Kasper and Pimentel in 
1964, uses the excitation of iodine to the 52P1/2 state in the photolysis of 
the iodides according to the following much simplified scheme. 

Photolysis CF3I -4- hv27oo J[ ) CFs + I(2PI/2) 

(21) 
Laser I(~Pz/~) ) I(~P8/2) + ~V13150.~k 

Breaking the CFsI bond requires ~2.5 eV; photolysis is accomplished via 
an absorption band of the CFsI 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. 

[CF3 l ~] 

C2 FI Ins) CF3I in1) I21n61 

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 hexaltuoro 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 Tort of CFsI were used in a laser 
tube of --,1 cm i.d. The light input by the flash-lamp was measured as 
N1017 quanta]cm 3. ~5) This corresponds to 9 J of useful photolysis light 
in the range of the absorption band of CFsI centered around 2700 A. Flash 
duration (half-peak) was 4 ~tsec. 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 CFs 
radicals (Reaction 9 in Eq. (22)) and the recombination of ground-state I 
and CF8 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 

1. I* + CF8 ) CFz + I O 

2. I* + C2Fe ~, C~.F~ + I + 

3. I* + CF3I �9 CFzI + I + 

4. I(*) + I(*) + CFsI , CFsI + Is + 

S. I(*) + I(*) + 12 , 213 + 

6. I(*) + 19. , I~ + I + (22) 

7. I* + O~. , 09. + I 

S. I + CF3 ) CFsI  O 

9. CF3 + CFs ~ CzF6 O 

0 Fast processes, important during the photolysis and immediately thereafter 

-t- 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 CF8 
radicals are present, while lateron quenching by CFsI may predominate 
due to its large concentration. I t  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 I9. formation with 
CFsI, 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 I2 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 CF3I, C~F6, I* and I together with some impurities like 02. From 
then on the further decay of I* is controlled by CF3I deactivation. In addi- 
tion the decay of I* will be very sensitive to the presence of I9 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 

disappears as the population inversion AN = ( N I , - - ~  --[~) 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,s3) 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- 
finues to increase after termination of the photolysis flash. This effect, 
which has been reported before 5x) and is probablydue 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 54) 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, HC1, 
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 O8]H2 photo- 
lysis lo5). The pumping scheme is likely to be 

03 , 02 + O('D) (23) 

0(ID) +Hg. , OH(v)+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 12s) has become the most 
popular chemical laser system. One might even say without exaggeration 

32 



Hydrogen Fluoride 

tha t  H F  now is the most carefully investigated molecule of all diatomics. 
The most frequently used reaction for pumping the laser is: 

F + H2 , , '  HF(v) + H (24) 

Etot = - -  A H  + E A  + 5[2 R T  ~ 35 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 134). As outlined in Section 8, three 
types of processes have to be included for a full description of this laser: 
formation of the active H F  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 v-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 H F  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 

h~ = flash photolysis 
e = pulsed-diseharge initiation 

Reaction system Type of information Refs. 

UF6 + Hz(D2, HD)/h~ First report of aflash initiated 
HF laser, cmpirical study of 
experimcntal parameters, 
quenching by various addi- 
tives, spectra 

Kompa, Pimentel 
Kompa, Parker, 
Pimentel 122) 

UF6 q- CH4(CD4, C2H6, 
C3H8, ~--C4Hlo, i--C4Hlo, 
CHsF, CH2F2, CHFa, CHaC1, 
CH2C12, CI-ICI8) [ h~ 

Comparison of hydrogen com- 
pounds, spectra 

Parker, 
Pimentel x53) 

UF6 + H2(CH4)]by Vibrational energy partition- Parker, 
ing study Pimentel 112) 
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Table 5 (continued) 

Reaction system Type of information Refs. 

UFe + CC13H [ h~ Vibrational energy partition- Parker, 
ing study Pimentel 154) 

UF,  (XeF4. SbFs. V q F 6 )  Comparison of fluorine sources. Kompa. Gensel. 
-[- H2(CH4) / hv spectra Wanner 155) 

WF6 d- H8/h~ Comparison of different flash Gensel, Kompa, 
photolysis setups, actinometry Wanner 28) 

WF6 n u H2(D2, CH4, C4Hlo, Measurement of rate constants Kompa, 
HCI) / hv of fluorine atom reactions Wanner 186) 

IF5 + H2 ]h~ Indication of chain reaction Gensel, Kompa, 
with IF5 as fluorine source, Wanner 15e) 
unknown transitions, spectra 

MoFs(UFs, F2) + H2 ] h~ Comparison of fluorine sources, Dolgov-Savel'ev, 
experimental parameters Polyakov, 

Chumak 157) 

NaF4 -]- HCI(CH4, CHsF, Comparison of hydrogen corn- Brus, Lin 15s) 
CH2Fz, CH3Br, C2H6, CaHsF, pounds, analysis of pumping 
CaHsI) ] hv reactions 

F20 -}- Ha ] h~ Use of F20 as a fluorine source, Gross, Cohen, 
possible chain reaction Jacobs 159) 

MoFr -{- Hg. / h~ Pulse delay interpretation, Chester, 
MoFe actinometry, laser para- Hess llS) 
meters 

lqaF 4 q- CD 4 / hv DF overtone emission Suchard, 
Pimentel ?4) 

CFgI + C2Ha(CaH4, Calls, Energy partitioning study Berry 160) 
CH4) / hv 

CIF s (CIF) q- H2 //~v Investigation of chain reaction Krogh. 
pumping Pimentel 161) 

VV'I?0 + CH4 [ h~ Small-signal gain Gensel, Kompa, 
measurements MacDonald lao) 

F~O d- H2 / shock wave Reaction initiation by a shock Gross, Giedt, 
wave Jacobs 16~) 
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Table 5 (continued) 

Reaction system Type of information Refs. 

C1Ns -~ NFa (SF6) ~- H~ [ h~ Thermal reaction initiation by Jensen, Rice xss) 
CINs explosion 

N2F4(NF3) -t" Hz(BsHe) / High-energy electron-beam Gregg et al. ze4) 
h~, r initiation, comparison with 

flash photolysis 

CF3I -I- CHsI [ h~ Elimination laser produced by Berry. 
decomposition of chemically Pimentel 165) 
activated CFsCHa 

H2C = CHX J h~ First demonstration of this Berry, 
(X ~- F0 CI) type of molecular photoelimi- Pimentel 160) 

nation laser 

CH3I + NsF4/kv Elimination laser produced by Padrick, 
decomposition of vibrationally Pimentel 180) 
excited CH~NF2 

C2H20 + CHsF / h~ Energy-partitioning study Roebber, 
Pimentel z e 7 )  

CH~.FCOCH2F J hu Energy-partitionlng study Cuellar-Ferreira, 
Pimentel les) 

Os -~ C H , X 4 - , / k v  Elimination laser action from Lin zes) 
(X ~ F, CI, ~ ffi= 1, 20 3) the ~-halo-methanols 

CF3I -I- HI / h~ Energy-partitioning study Coombe. 
Pimentel, 
Berry 199-) 

H~ + F8 Demonstration of purely Spinnler0 
chemical pumping Kirtle 170) 

H~ + Fz / he Investigation of quantum yield Burmasov, 
Dolgov-Savel'ev0 
Polyakov0 
Chumak 171) 

H2 ~- F2 / e Investigation of chain branch- Batovskii, 
ing, efficiency estimates Vasflev, Makarov0 

�9 Talrose z~'~) 

H2 Jr Fe / he Em~sion spectrum, "hot" 
versus "cold'* reaction 

Basov. Kulakov, 
Markin, Nildtin, 
Oraevskii 146) 
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Table 5 (continued) 

Reaction system Type of information Refs. 

H2 + F~ / hvLaser F2 photolysis with second 
harmonic of ruby laser, 
quantum yield 

Dolgov-Savel'ev, 
Zharov, Neganov, 
Chumak 70) 

H2 + F2 [ hv Chain-reaction pumping Hess 173) 

H2 + F2 + M o F e ] h v  Addition of MoFs to increase Hess 174) 
reaction rates 

Ha + F2lhv  Time-resolved spectroscopy Suehard, Gross. 
Whittier lS2) 

H~O + F~ / e Demonstration of laser action 
with H~O as the hydrogen 
source 

Florin, 
Jensen i75) 

Ha + F2 / hv Atmospheric pressure operation 
by mixing above the second 
explosion limit 

Wilson, 
Stephenson 17s) 

CF4(CBrF3, CC1Fs, CC12F2) 
"4- H2 (D2, CH4, CHsC1) / e 
C19.(Br2) + H2{D2) / e 

First report of the discharge- 
initiated chemical HF laser, 
spectra, parameter study, 
rotational emission of HF, HC1 

Deutsch 
133,133,177) 

CHFaC1 (CHFC12, CHFa, 
CF2C12) + H~ / r 

Demonstration of transverse 
multiple-arc discharge 
initiation 

Lin, Green 178) 

NFe + H2(C2Hs)/e Demonstration of laser action Lin 179) 

NFe(NgF4) + H2(CH4, 
C2H6, HC1, HBr. natural gas) 

Emission spectra, power meas- 
urements, investigation of pop- 
ulation inversion in HF, 
R-branch lines 

Lin, 
Green 180,181) 

SF6(CCI2F2, CF4) + H2 
(CH4, C3Hs, C4H10, CsH14, 
m )  / e 

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

Jacobson, 
Kimbell 182) 

SFs(C3Fs, C2Fe, CF4) 
$ CsH8(H2, CH4, C2He, 
C4H10) / e 

Atmospheric pressure operation Jacobson0 
Kimbell lSa) 
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Hydrogen Fluoride 

Reaction system Type of information Refs. 

SF8 + Hz / e Vibrational-rotational and 
purely rotational laser action 
of HF, comparison of 13 gases 
in the same experimental set- 
up, emission wavelengths 
0.8--28 

Wood, Burkhard, 
Pollack, 
Bridges 184) 

SF e + H~. ] e Comparison of performance 
and spectra for HF, HC1, HBr 
and all isotopic compounds 

Wood, 
Chang zSS) 

SF e + Hg.(HBr)/e Investigation of laser perfor- Jensen, 
mance Rice xss) 

SFs + HS ] e Parameter study, gain meas- 
urement, R-branch transitions 
in selective cavity 

Marcus, 
Carbone lS~) 

SF6 + H s / e  Design parameters, gain coef- Ultee 188) 
ficients, spectra 

SF8 + H2(C4Hlo)]e Energy and efficiency has been Wenzel, 
investigated, double-discharge Arnold 189) 
laser arrangement 

SFe + H2 / e Supcrradiant emission, llnc- 
narrowing 

Goldhar, Osgood, 
Javan 19~ 

SFe + HsJe Spectroscopy, rotational energy Pummer, 
distribution, energy > 1 J Kompa 71) 

SFe + H z / e  Optical pumping of HF 
rotational lines 

Skribanowitz, 
Osgood, Feld, 
Herman, 
Javan 73) 

NFs + SiH4(GeH4, AsH~, 
B2H6, C4Hs, C8H10, C6H12, 
C3H8, i--C4H1o, n--C4Hlo, 
CzH8, CH4, neo--CsHls) ] e 

Comparison of hydrogen 
donors, parameter study 

Pearson, Cowles, 
Herman, 
Gregg 19o) 

BF3 (BC13, BBrs) + HsO ] e Rotational emission in HF, Akitt, 
HCI, HBr Yardley ZSl) 
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6.3. Other Hydrogen Halides 

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

DL~. 
Clz ~ 2 C1 

C I + H a  ~, H C I + H  AH---- + l k c a l  

H + Cl~ , HCI(v) + C1 AM = - -  45 kcal 

(25) 

Further  details of this reaction are discussed in Sextion 9. An important  
alternative reaction used for pumping is that  of a C1 atom with HI.  

Dts$. 
C19. �9 2 C1 (26) 

C1 + HI  ~ HCI(v) + I AH = --  31,7 kcal 

Hydrogen bromide formation may be described in an equally global fashion 
by 

Di~. 
Br2 ~ 2 Br 

Br -I- Hz ~ HBr  -t- H AH = + 16 kcal (27) 

H + Br2 ~ HBr(v) + Br AH = --  41 kcal 

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

Table 6. HCI and  H B r  pulsed chemical lasers 

React ion system Type of information Refs. 

H2 + ~2/h~ Firs t  report  of a chem. laser, 
empirical invest igation of 
emission details 

Kasper. 
Pimentel  193) 

H~(HD) + C12/hv Spectroscopy, invest igation of Come/l, 
pumping  processes, discussion . P imentel  194) 
of deta/les ra te  constants  

1,1-(ds 1.2-) trans (1.2-) 
C2HoCIs / he 

Energy-par t i t ioning s tudy  Berry, 
Pimentel  138) 
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Table 6 (continued) 

Reaction system Type of information Refs. 

1,1-(ds 1,2-) C2HzCIs ~ hu Energy-dLstribution study, Molina, 
tandem laser Pimentel 118) 

Hz + CIs/r Stimulated emission observed Anlauf, Maylotte. 
Hz + Br2 / e marginally in infrared lumines- Pacey. 
HI + Clz ] e cence study Polanyi 10) 

Hz + Clz I e First observation of pulse Deutsch 
Hz + Br~ / e discharge-initiated HCI. HBr izs.iss.i77.195 

lasers, spectra 

HI + CIs ] h~ New reaction system with Airey lOS) 
potentially very high inversion 

HI + CIs ] �9 Initiation technique Moore 107) 

CI~ + HBr / h~ Theoretical and experimental Airey 99) 
study, rate equations. 
computer modelling 

Cls + Hz ] e New reaction system, chain Lin lOS) 
mechanism proposed 

Os + CHnX4-, i hv Elimination laser action from t i n  169) 
(X ~ F, CI, • ~ 1, 2, 3) the ~-halo-methanols 

CIs(NOCI) + H9 / h~ Small-signal gain Henry e| ~.  119) 
measurements 

BCls(BBrs, BFs) + HzO ] r Rotational emission in HC1, Akitt. 
HBr, HF Yardley 191) 

Hz -{- CIs l e Transverse multiple-arc Burak, Noter, 
H2 + Brs / e excitation, power, experimental Ronn, Szoke 199) 

characteristics 

Hs + C12 ] e Comparison of performance Wood. 
HZ § Brz ~r and spectra for (HF). HCI. Chang lS5) 

HBr and all isotopic 
compounds 
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6.4. Carbon Monoxide 

The carbon-monoxide chemical laser exhibits a variety of pumping reactions. 
Laser action was first reported by Pollack in CS2/Oz photolysis 195). The 
pumping scheme in this case is believed to be the following 126): 

CS2 , CS + S Initiation 

S + 09 �9 SO + 0 Propagation and 

0 + CS ~ CO (v) + S laser pumping 
AH ~- -- 75 kcal/mole 

S + SO �9 S~O 
$ 2 0 + 0 2  �9 S 0 + S O 2  

SO + SO , SaOa , ' SO2 + S Termination 

$202 + SO , S~.O + S02 

(2s) 

02 may be substituted by NOz with some minor changes 127). Alternative 
pumping for CO sequences are 1~8,1z9) 

or  

08 ' 0 2 + 0 ( I D )  

0 (ID) + C302 , 3 CO (v) (29) 

O(1D) +CN(X2X+,v  ') , CO(IN.+v) + N(~D) 

A very interesting way of pumping a CO laser has been opened up recently 
in the discharge-initiated combustion of acetylene 130) 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 C02 laser, first described by C. K. N. Patel in 1964 ss) involves as one 
possible pumping step the transfer of vibrational energy form molecular 
nitrogen to the asymmetric stretching vibration (001) of C02. 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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Table 7. Pulsed carbon-monoxide chemical lasers 

Reaction system Type of information Refs. 

CSz + Os ] h~ First report of a chem. CO laser, Pollack zoo) 
spectroscopy, chemical pump- 
ing scheme 

CS2 + Os [ hv Analysis of pumping reactions, Gregg, 
new lines Thomas 134) 

G_,S= + NO2 / h~ New reaction system Rosenwaks, 
Yatsiv t27) 

CS2 + Os [ e Discharge initiation of the Arnold, 
pumping sequence, spectra Kimbell z01) 

CSa + O2 ] e Pulse discharge initiated CO Jacobsen, 
laser Kimbell sos) 

CS2 + O2 [ hv Chemistry and performance Suart, Dawson, 
characteristics, computer Kimbell 120 
simulation 

C302 + O2 ] e New reaction system, spectra, Liu, Bauer 203) 
pumping mechanism 

Os + CsOs ] h~ Pumping by the reaction of Lin, Brus 128) 
O (1D) with C30~. 

O3 + CN 1 hv Pumping by the reaction of Brus, Lin 129) 
0 (1D) with CN 

CS2 + Os ] hv Small-signal gain measure- Hancock, 
ments, infrared chemilumines- Smith 204) 
cence study Hancock, Morley, 

Smith 121) 

O2 + Calls ] e Discharge-initiated combustion Barry, Boney, 
of acetylene and other hydro- Brandelik 1so) 
carbons 

Oa + CsNz [ e Generation of CO laser in Brandelik, 
cyanogen combustion with Barry, 
relatively high efficiency Boney t sl) 

CS~. + O2 1 e Parameter study, spectroscopy, Ahlborn, Gensel, 
Q-switching Kompa 205) 
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3000 

20OO 

'7 
Z 

r ~  
I I I  

Z 

tOO0 

CO 2 Z~ 00o0 [GROUND STATE) 

Pump transition Coupled transition 
(v = 1 excited state) 

Designations) Wavelength (~) Jupper --]lower Wavelength 

.P1 (3) 2 .608 2 1 126.5 

.P~. (4) 2 .639 3 2 84.4 
P1 (5) 2 .672 4 3 63.4 
P1 (6) 2.707 5 4 50.8 
P1 (7) 2.744 6 5 42.4 
P1 (8) 2 .782  7 8 36.5 

s) -PI(J-) signifies the (v = I, J-I) (u =0,j) transition Pumping scheme and wave- 
lengths of far-in,Tared rotational oscillations for P-branch transitions in HF. 

Fig. 16. Partial molecular-energy level diagram and transitions involved in the C09. 
laser (according to Patel sS)) 

Quite similar to this pumping scheme was an attempt to pump a C02 laser 
by  chemical means reported by Russian workers 67). Vibrationally excited 
N2 was produced by flash-photolyzing hydrazoic acid (HN3) and subse- 
quent energy transfer. However, pumping by energy transfer from hydrogen 
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halides was first achieved by R. W. F. Gross in 1967 6s). 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 CO2 admixture increases 
the efficiency and the output of pulsed as well as cw lasers. Such lasers 
have been most effectively produced in Dg-F2-CO~. reaction mixtures. 
The maximum pulse energies according to preliminary reports go up to 
15 J. 69) The reactions of interest are 

together with 

F + D 2  , DF(v) + D  

D + F 2  , D F ( v ) + F  (30) 

DF(v) + COs C02(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. Vib ra t iona l  ene rgy  t r an s f e r  in  H F - - C O ~  a n d  D F - - C O z  m i x t u r e s  

Process  k sec- l torr l  Ref.  

D F ( v  = I) -}- C02(000) 

H F ( v  -- I) + CO~(O00) 

CO9.(001) + DF(v  = 0) 

CO3(001) --}- HF(v  = 0) 

D F ( v  = 0) + CO3(001) 17.75 4- 2.5 �9 104 14o) 
58 �9 104 '~) 141) 

H F ( v  = 0) + CO3(001) 3 . 7 •  �9 104 140) 
3 . 8 -  104 s) 141) 
5.9 * 0.1 �9 104 14s) 

CO2(mn0) + DF(v  ---- 0) 1.9 • 0.4 �9 104 140) 
1 . 8 6 .  104 142) 

�9 COs(nm0)  + H F ( v  = 0 )  3.6 4. 0.3 �9 104 140) 
2.29 �9 104 143) 
5.3 • 0.2 �9 104 143) 

a) O t h e r  va lue s  ob t a i ned  w i t h  di f ferent  a s s u m p t i o n s .  

Conventional CO~ 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 tha t  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 + Fz ~, HF(v) + F AH = --  98 kcal/mole (31) 

versus the "cold reaction" 

F + H2 ~ HF(v')  + H AH = --  31 kcal]mole (32) 

in an H F  laser may  be determined. The terms "ho t"  and "cold" here refer 
to the fact tha t  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 H F  and 
D F  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 IFs]H2 mixtures, giving indication of a chain reaction in this system, 
too. 

Chemical-laser emission spectra up to 1967 have been compiled by  
Patel 65). There is some inconsistency between H F  laser spectra obtained 
in different laboratories and with different experimental set-ups. This is 
probably due in part  to the absorption of several H F  lines by  the atmosphere 
inside or outside the laser cavity. However, there is additional inconsistency 
between the emission spectra of infrared chemiluminescence experiments 
and H F  chemical lasers. While spontaneous luminescence predicts a peak in 
the v = 2 - ~  1 transitions around J = 6  x4) the laser emission usually 

Note added in proof: More detailed investigations which have  been conducted in 
the  meant ime indicate a stronger contr ibut ion ~rom the  hot  reaction now (S. 
Suchard, pr ivate  communication).  
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Tab le  9. M easu red  wave l eng t h s ,  ident if icat ion,  a n d  peak  
powers  of H F  laser  t r an s i t i ons  obse rved  in f lash pho to lys i s  
of  H2  a n d  F2132) 

Iden t i f ica t ion  

Measu red  Vibra t iona l  T r a n s i t i o n  P e a k  power  
w a v e l e n g t h  b a n d  (J) (relat ive uni ts)  

2.61 1 -~  0 3 < 1 
2.64 4 < 1 
2.68 5 40 
2.71 6 130 
2.74 7 28 
2.79 8 107 

2.67 2...-~1 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 4 -~  3 1 320 
2.96 2 126 
2.99 3 60 

peaks at J = 3,4. a) This has been taken as an indication of excessive rotatio- 
nal relaxation prior to emission. The situation is different in H F  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 t~sec, 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. 

a) The re  is one  excep t ion  to  th i s  wh ich  h a s  been  r epo r t ed  r ecen t ly  70). 
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Table  10. H F  laser spectra in SFs/H2 pulse discharge 71) 

Transit ion Pressures [Tort] 

v - ~ v - -  1 P ( J )  0.5 H s  + 8 SF6 0.25 H s  + 3 SF6 0.1 H s  + 0.7 SF6 
Energy [relative scale] a) 

1 - . - 0  P(3) b) _ _ _ 

P(4) b) 0.5 0.5 0.6 
P(5) b) 0.25 0.3 --  
P(6) b) 0.5 0.65 0.65 
P(7) b) 1.6 1.45 1.8 
P(8) b )  5.0 8.1 6.6 
P(9) b) 4.5 4.15 6.8 
P(iO) - - - 

P(ll)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 ( 1 6 )  - - ,  - -  5 . 4  

1 : ' ( 1 7 )  - -  - -  0 . 5  

2 - . - 1  P ( 3 )  b) 0.5 0.3 0.6 
P(4) b) 0.6 0.35 0.8 
P(5) b) 1.0 0.65 1.0 
P(6) b) 1.0 1.0 1.0 
P(7) ~) 3.3 2.9 6.0 
P(8) b) 5.15 3.85 9.0 
P(9) b) 3.5 1.1 7.0 
P(IO) - -  - -  - -  
P (I I) 2.35 2.4 6.0 
P(12) b) 1,65 6.4 4.5 
P(13) 1.65 8.9 7.0 
P(14) --  - -  - -  
e ( 1 5 )  - - - 

P ( 1 6 )  - -  - -  0 . 5  

3 - , - 2  P(2) b) 0.1 0.3 0.4 
P(3) b) 0.85 0.3 0.8 
P(4) b) 0.45 0.3 0.65 
P(5) b) 0.45 0.5 0.S 
P(6)  ~) 0.45 0.85 1.2 
P(7) ~) 0.25 0.15 1.4 
P(8) b) 0.45 0.65 0.6 
P(9) 0.1 --  - -  

a) Normalized to P6 (2 --  1) = I in each column. The rat io  of the  P6(2 --  1) lines for the  
for the  three  pressures in the  above order is 1.7 : 1.2 : 1. 

b) Also observed a t  a pressure of 2.5 Tor t  Hz and  60 Tor t  SF6. 
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Fig. 17. l~elative intensity contributions from the various vibrational transitions in 
H F  and DF  chain-reaction lasers. The major part  of the emission corresponds to 
pumping by the "cold" z:eaction 145) (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 7z). It should also be mentioned that two peaks in the rotational 
energy distribution are similarly observed in HC1 chemiluminescence ex- 
periments under conditions of partial rotational relaxation 9). A simple 
rotational relaxation model suggested by Polanyi and Woodall ~9.) has been 
applied to fit these observations. In this model the probability P of the 
relaxation process (]  + AJ) -~ jr is given as 

PjJ+~ = C e x p - M  (Ej+A$ -- Ej) /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 n o t  clear at present, whether there 
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Table 11. H F  rotational laser transitions observed using a 
pulsed discharge in a flowing freon and hydrogen mix 
(CF4 + H2 unless otherwise indicated) z33) 

Identification 
Measured 
wavelength Vibrational 
(vacuum) ~t level v 

Lower 
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 (c) 
14.2881 2 19 
13.2211 2 21 
10.8117 2 28 
10.5819 2 29 
21.7885 3 12 (e) 
20.3513 3 13 
19.1129 3 14 
11.5408 3 27 

or 
4 29 

(a) CC13F + H2 
(b) CC1F3 + Hg. 
(c) CBrFa + H2 

the rotational emission depends to any extent  on the vibrational rotational 
emission which occurs simultaneously. Rotational fines are also found in 
pulsed discharge-initiated HC1 lasers. 
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HF rotational laser emission has also been obtained by Skribanovitz 
et al. w) by pumping the first vibrational state of HF gas resonantly with 
another pulsed HF laser. Pumping the P-branch transitions of v = 0 -*- 1 
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=IEXCITED . %  . . . .  FAR IR 
VIBRATIONAL t v  =.J '=J"2T'~ ROTATIONAL 
STATE C A  {- OSCILLATION 

I f  
Ps(J|PUMP I I  IV= t. j -  2, FIELD I I  - - -  " " ' 
(2,7p) / /  

GROUND I I  IV=O.JI VIBRATIONAL iv v,a# 
STATE 

"_2F 

Fig. 18 

N~ He 

Area ratio {A/A*} 15.3 15.3 

Mach no. (Ms) 4.4 5.9 

Pressure ratio (P~/Po) 0.0039 0.0018 

Temperature ratio (T~ITo) 0.20 0.079 

Velocity ratio uj[o~o (N~} 1.99 4.80 

Some effort has also been expended in analyzing the emission spectra 
of HC1, HBr (Table 6) and CO lasers. The CO spectra as produced in t h e  
CS~/O~ 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 SOz. 
It  is noted that overtone emission (Av =2)  has been achieved in a DF laser 
in v = 3  -*- 1 transitions. 74) 
In this context it also appears noteworthy that hyperfine splitting could be 
observed in the iodine photodissociation laser by Kasper et al. 146). 
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Table 12. Range  of CO lines found to lase z34) 

Lowest  Highes t  Lowest Highes t  
Vibrational observed observed observed observed 
t ransi t ion P-branch  P-branch R-branch  R-branch 

line line line line 

1--~0 9 21 
2-*- 1 6 20 
3--~ 2 8 33 
4--*- 3 8 22 
5--*-4 8 33 
6.-~5 8 33 
7-*- 6 7 32 
8"*- 7 7 33 
9 - * - 8  6 33 

10 ~ 9 6 26 
11 .-.~. 10 7 27 
12-*- 11 8 26 
13 -~ 12 9 28 
14 --~ 13 10 18 
15 --~ 14 12 16 
16-*- 15 9 9 

6 8 
11 16 
13 22 
15 24 
2 12 
9 20 

15 28 

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 75) the other one at Cornell University under T. A. Cool 76). 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 HC1 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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operational characteristics of a high-power HF laser reported by Mirels, 
Spencer et al. 78). In their system, arc-heated N~ is mixed in a plenum with 
SF6 to provide F atoms by thermal dissociation. The mixture is expanded 
to form a supersonic jet into which H2 is diffused. Population inversion and 
lasing are due to 

H ~ + F  ) HF(v) + H , v ~ < 3 ,  A H = - - 3 1 . 7 k c a l .  

Power levels above 1 kW are reported. The efficiency of emission of chemical 
energy to laser power is 16% at low SFs flow rates and approximately 10% 
at peak power. Fig. I9 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 H2 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 N2. The efficiency and intracavity power of HF and DF is 
indeed the same with He as a diluent instead of N2. The efficiency of HF 
lasers with He and, with N2 carrier gases is compared in Fig. 20. 

P0 M j ,  Pj, �9 - 

.,-o r ,"'"') 

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

Obviously SF6 as a fluorine source can be substituted by molecular 
fluorine. An improved version of this laser would thus employ partly dis- 
sociated F~(T,~1000 ~ and a diluent in the plenum section. The F2 
present in the jet will permit the reaction H + F 2 - ~ H F ( v ) + F ,  v>8 ,  
AH ~ - - 9 8  kcal. The chemical potentiM of the H~.+F2 chain reaction 
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Table 13. Observed spectra from continuous-wave chemical lasers 135) 

H F  D F  

Identif ication Line Wave-  Identification Line Wave- 
vibrat ional  length (i z) vibrat ional  length (ix) 
band  s ) band  

1 .-,- 0 P (4) 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 ( l l )  3.790 

P(12) 3.830 

2 --~ 1 P (4) 2.760 2 --~ 1 
P(5) 2.795 
P(6) 2.832 
P(7) 2.871 

3-*-2 

p(s) 3.8o0 
P (9) 3.838 
P(lO) 3.876 
P ( l l )  3.916 
P(12) 3.957 
P(8) 3.927 
P(9) 3.965 
P(10) 4.005 
P ( l l )  4.046 

s) In later  work also v = 3 - - 2  emission of H F  was reported 78). 

could be reMized in this way. The partial dissociation of F2 in the plenum 
can be effected by combustion, regenerative heating, arc heating, etc. 
Experiments with such systems have been reported by Meinzer a al. ~9~ 

Hydrogen halide cw lasers can also be operated in subsonic flows s0,slL 
This means some sacrifice in power and efficiency but may be more con- 
venient experimentally for some applications. Such lasers provide multiUne 
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, HC1, and CO. 
Presumably HBr, DBr, DC1, and OH will be added to this list in the near 
future. Some of the results according to Cool et al. 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 CO2 lasers. 

An interesting laser device to be mentioned here is the CO laser result- 
ing from a free-burning additive CS2/09. 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 s~). 
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Table 14. Hydrogen-halide cw laser emission in sonic flows so) 

Reaction Identification 

Vib. band Transition Strength 

Vibrational 

population 

ratio 

Effective 

vibrational 

temp. (~ 

F + HS 2 - *  I P(6)  w 
P(5) s 

P(4) s 
P (3) w 

0.656 13 O00 

H -}- F~ 2 - - I  P (6) w 
P (5) s 
1:' (4) w 

0.656 13 000 

F + H1 2 .*  1 P (5) s 
3 . * 2  P(5)  w 

P(4) s 

F + Ds 3 - * 2  P(8) w 
P(7) s 

2 . . 1  

P(6) s 
P(5) w 
P(S) s 

0.685 10 300 

D + Fs  3 . *  2 P (8) w 
P(7) s 

P(6) s 
P (5) w 

F + D1 4 . *  3 P (5) s 
3 . *  2 P(6)  w 

H q- CI~ 1 . * 0  P(6) w 
P(5) s 
P(4) w 

CI -}- HI 2 . . 1  P(7) w 
P(6) s 

0.685 10 300 

1 . . 0  

P(5) s 
P(4) w 
P(7) w 
P(6) s 

P(S) s 
P(4)  w 

0.770 

0.778 

17 000 

17 400 
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Efficient, purely chemical laser operation is possible in hydrogen halide- 
CO~. transfer lasers, as developed by Cool and coworkers sa). In these lasers 
no external energy sources are required. The systems, which operate on the 
mixing of commercially available bottled gases, are HCI-C02, HBr-COs, 
DF-C02, and HF-C02.  The pumping scheme for a DF-COz laser, for 
instance, is as follows: 

F s + N O  �9 N O F + F  

F d - D 2  ~ DF(v) + D  

DF(v) + C02 , COs(001) + DF(v--1) 

(34) 

Details of the energy transfer from DF to COs 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-COs laser operation in supersonic flows with full atmos- 
pheric pressure recovery in the exhaust gases have been anounced 
recently s4). 

A - - - - - ~  o,o..o o o o o o o ooJ J 
B .~oooooooo~--- . 

Fig. 21. Schematic representation of a subsonic COs laser with purely chemical excita- 
tion (after CoolSZ)). A He and Fs injectors, H COs and NO inlet, C construction detail 
shown in B, L Ds mixing array, K part of the D~ 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, 0 partially reflecting cavity mirror for 
output coupling. N laser beam, G resonator housing flushed with nitrogen 
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7. Future Chemical  Lasers 

Various directions may be distinguished in chemical laser research. There 
are some relatively straightforward at tempts 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 
lasers. 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 et al. 1). With reference to the discussion of population inversions in 
Section 4 (14), we consider first the relationship between chemical pumping 
P ( t )  and relaxation L (t) 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 (t) now have to be investigated. If 
the initial external energy input produces a certain concentration of active 
centers n, the pumping rate in the case of a linear chain reaction is given as 

P(t) = kA  n e x p - -  w - t ,  (3s) 

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

kA 
A N =  (1 - - ln2)  (36) 

while in the second case 

kA 
A N  = - -  n ( 3 7 )  

W-- 
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The quanti ty 

in the first case and 

k A  
Vopt = (1 --  In 2) "L(O (38) 

h A  
(39) V ~  w _  

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 tha t  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 Vopt < 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(t)  = Po exp s t ,  (40) 

where s is the branching factor. This expression shows that  the population 
inversion can grow exponentially with time if s > L  (t). 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 H F  laser from H d F s  
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 H F  laser was conducted by  Dolgov- 
Savel'ev et al. in experiments with the second harmonic of the ruby laser 70k 
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 F2 at  the 
doubled ruby wavelength 2 = 3 4 7 0  J~ was measured. For an absorbed 
energy of 5 m J, the stimulated emission energy was found to be 100 mJ.  
Therefore Eemlsston]Eabsorptlou = 2 0  and the quantum yield of generation 
w a s  

Eemtss ion~emtss ion /Eabsorp t ion)~absorp t ion  ~ 1 8 0  . 
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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 H2/Fg. 
system reties on either energy transfer or thermal branching, attempts 
have also been made to explore the possibility of material chains by substitut- 
ing for H2 hydrocarbon components in which the generation of more than 
one radical per reaction step can produce branching. An example is the 
reaction with CH2F2 according to the reaction scheme 

C H 2 F g + F  * C H F 2 + H F  

C H F 2 + F 2  * C H F a + F - - A H > 8 0 k c a l  

CHF8 * CH2 + H F  

C F + F ~  * C F 3 + F  

C F 3 + F 9  , C F 4 + F .  

(41) 

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 3z). 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 8~}. 
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  , " (AB*)  , A B + h v  (42) 

(42) is an example of a photorecombination or photoaddition reaction 
since the stabilization of A B *  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 ~a be the lifetime of the complexes A B *  with respect to dissociation 
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into A and B, and 1/~'rad the probabili ty of emission by  the complex. The 
rate of change of the density of AB* is then 

dAB _ k A B - -  I _ A B , _  I AB* 
d t  ~a ~rad 

d A (B) 
~ - - k A B + l A B *  

Td s 

(43 )  

where k is the collision rate constant. For  a collision pair AB* whose life- 
time ra is only of the order of one vibrational period ra ,~ 10 -18 sec, and with 
an emission probability W--,10 6 sec -1, one finds for an initial density of 
A = B - - - - n o -  1019 cm -3 that  about half of the molecules have reacted in 
a time of --~10 -9' sec. Although this does not look encouraging, improve- 
ments are possible in two ways. First, one might find complexes AB* which 
are not just collision pairs but  transient species with a hfetime in the nsec 
or tzsec range. 
Alternatively the radiative lifetime rr~d may be decreased by  stimulated 
emission to 

1 1 
- - -  [1 + (44 )  

� 9 ~rad(O) 

where 2 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 86,88), N2 ss), CN ss) 
and the halogens ST}. A somewhat different system is the "dimol" emission 
from an excited-state dimer of molecular oxygen in either the 1~$ or 1&r 
state sgk 

02(Iag) ) O (S + h 1 6seA 

1 
~ - =  2 . 5 8  X 10 - 4  s e c  - 1  (45)  

202 (lAg) *[ ' (O2)~ ' 202  (3 Xg) -l t" ~V6340 k 

I 
- -  ---- 0.67 sec -1 

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 02 molecules. Finally, it should be 
mentioned that sizable densities of Oz(1Ag) can be generated by various 
means, for instance, by a microwave discharge in O~, 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 za of the complex (02)2 which does not seem to be known with 
certainty. Laser action would appear to be feasible only if thl- 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. 9~). 

 tEne ,o f--V 
1 ,~ 

Exc]tecl 
accepter 

Donor 

t t cl 
Excited charge transfer comptex 

(4s) 

Our last example of this class of lasers is the xenon laser recently reported 
by Basov et al. 94). 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 Xe2 that radiates to the repulsive ground state. The electrons used for 
the pumping first produce Xe*, Xe + and secondary electrons 95) 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 vibrational excitation and vibrational inversion 9o. 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 0 s)). 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. 
I t  is seen tha t  a barrier along the approach coordinate is best surmounted by motion 
along tha t  coordinate (reagent translation). A barrier along the separation coordinate 
is best surmounted by motion along tha t  coordinate, which is to say, by reagent 
vibration 
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of an exchange reaction A + B C ~- 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 + 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 9~. 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 + Oz and Sr + 0 2  
measured in a molecular beam experiment 98~. 
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The question of the high-power potential of chemical lasers has a straight- 
forward answer for ew 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 a t tempt 
to model an HC1 laser 99). We will follow here the discussion of Kerber, 
Emanuel and Whittier 10s), again taking the H F  laser as the model system. 
The processes which describe the growth and decay of the population in- 
version are the following: 

a) H2--F2 chain 
F + H 2  , ' H F ( v ) + H  (47) 

H + F ~  , * HF(v) + F  (48) 

b) Vibrational-translational (VT) deactivation 

H F ( v ) + M  , ' H F ( v - - 1 )  + M  (49) 

c) Vibrational-vibrational (VV) quantum exchange 

HF(v) + HF(v') , ' HF(v + 1) + H F ( v ' - -  1) (50) 

HF(v) + H2(v') , ' HF(v + 1) + H2(v' -- 1) (51) 

d) Dissociation-recombination 

F z + M  , ' M + F + F  (52) 

H 2 + M  , ~ M + H + H  (53) 

H F ( v ) + 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 t h e H F  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 - t rans i t ion  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 ao = aAno (compare 
(17), (18)) which is given as 

~o = - (1/2 L) In (R1 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 m ay  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 N 2 0 %  was found to be possible. 

I t  is somewhat difficult to compare these predictions with experimental 
results since no reMly systematic experimental s tudy has yet  been published. 
This is due in part  to difficulties in preparing mixtures of H~ and F~ 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 H F  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 lo2~. 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 a, which has 
not been measured experimentally, might attain values as high as 10 - i s  cm ~', 
it follows that  the small signal gain V = e x p  aAnl  can become v e r y  high 
even with relatively low inversion densities An. 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 lOZ). 

I t  appears that  we need a more detailed insight, both experimental 
and theoretical, into the coUisional 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 hv 
V = E I ] E o = I "~- ( i-}-gl~Eog--~/ (ss) 

E0 is the input energy, El the output  energy of the amplifier, gl, g2 are the 
degeneracies of the states. The amplification then depends only on the total 
inversion AN [cm-~] (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 --~4% in discharge 
lasers operating on SF6/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 CO2 lasers. I t  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 C02 lasers by  using electron-beam controlled discharges. 
Accordingly there are tendencies in several laboratories to use such sustained 
discharges in H F  lasers, too. Evidently the next steps in this development 
could be the exploration of fluorides other than SF6 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 
CO2 as an admixture. A chemically pumped C02 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 C02 laser 
oscillator with a chemically pumped C02 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 106). For instance, 20 nsec pulses 
have been obtained in I-IF 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 forgiant-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 et 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. 

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 

I t  is likely that  this type of laser can be sealed up to the 1 kJ[1 nsec 
range. I t  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.s%. 
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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 3) that for quasi-steady state conditions of a laser 
oscillator the intensity of stimulated emission is proportional to the pumping, 

z(t) ~ P ( t ) .  (ss) 

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 (t) 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 k, 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 

EAN~,+J T M  = ~ [ N , + I . j - x -  (gJ-l[gJ)Nn,j] (57) 
�9 ,J vtJ 

For exchange reactions of the type A + BC-~AB + C (A = F, 
BC----H2, HC1, CH4, C4H10, D2) with initial concentrations A-~ a, 
BC = b and AB ~ x = 0, one may write: 

P(t) ,s -~ N,,+I, J-1 ~ [k,,+1,,,,-1 (gJ-1lgJ) k~,j] (~ - x) (b - -  x) 

= k ' ( a - x )  O - x )  = k ' ( a - x )  b (s8) 

Cascading emission of several vibrational quanta can be accounted for by 
multiplying k' by a constant factor. 

It is indicated in Eq. (88) that the rate equation reduces to first order 
since, with the density of the F atoms being 10 -3 Torr and that of the BC 
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reaction partner 0.25 Tort, it follows that x ,~ b. Thus the rate constants 
kBc of Table 15 are obtained from the slope of the plots of log I versus time 
of Fig. 25. 

200 

100' 

50' 

20' 

10' 
-= F+C4H10X F§ \ F+D2~ 

t t0"6.o] 
52 4 8 10 

Fig. 25. Decay of H F  chemical-laser signals produced in the reactions of F atoms with 
HC1, H2, D2, CH4 and C4HI0 

Table 15. Rate constants of F atom reactions z3e) 

Process 

k [cmSmole -1 sec -z] Relative h 

Chemical 
laser Direct measurement in flow 
(300 "K < T system 
< 350 ~ 

IR  
Chemical luminescence 187) 
laser (T ~ 350 ~ 

F + Hz 3.8 �9 10 is  1.6. 101%xp (--1600JRT) los) 0.88 0.74 • 0.07 
(300 K < T < 400 ~ 
2 �9 1013 (T = 290 ~ lo7) 

F Jr Dz 2.9 �9 101s 0.67 

F -t- CH4 4.3 �9 1018 1 1 

Y + C4Hlo 7.6 �9 I0 z3 1.77 

F -t- HCI 1,5 �9 10 ls  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 e~ a/. z07} 
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find has = 2  • 10 is cma/mole -1 sec -1 (290 ~ and H. G. Wagner et al. 10B) 

give k~----1.6 X 10! 4 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  Cornet  et d .  z44), Cohen et 02. Zll) and Airey sg). I t  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 Hs/F9 laser oscillator. Here the 
comprehensive work of Igoshin and Oraevskii 109) on the kinetic processes 
in an HC1 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 

C12 + hv , 2 C1 Initiation (59) 

h ,  ( 0  = 7 1  t �9 10-wt 

7x's are constants which determine duration and intensity of the pumping 
flash. 

kt 
C1 + H~ , HC1 (v = 0) + H Chain stretching (60) 

hi  = 8.3 �9 10Z3exp (--5480/RT) [cmS/mole sec] 

H + CI~ k..- HCl (v = n) + C1 Laser pumping (61) 

ks = 4.1 �9 10Z4exp(--3000]RT) [cruZ]mole sec] 

The probabilities ~ ,  of HC1 formation in n-th vibrational state (compare 
Table 2) were assumed as ~0 = 0, xl  ---- 0.134, ,c~. = 0.482, as = 0.362, 
~ 4  ---- 0.022, a5 = 0, (X ~ ---- 1). 

H + H C 1  (v = n) , Hs  + C1 Inhibition (62) 

ha = 5.9 �9 101Sexp(--4500/RT) IctuS/mole sec] 

ka(") t o r n  t> 1 = 5.9 �9 1018 [cma]mole sec] 

Cl + C1 + M k t ,  Cb + M Chain termination (63) 
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The vibrational energy exchange was accounted for by considering reactions 
of the following type. 

k~ ,~+ l  
.rR, In.-1 

HCI(v =n)  + HCl (v ----- m) ,t ' HCl(v = n  + 1) + HCI(v = m - -  1) (64) 

m- i ,  m 

Values for the exchange constants were obtained by calculating the probab- 
i l i -  ~ n ,  n + l  ty  vra, ra-1 of vibrational energy transfer. 

~n, 'tl+l en, n + l  (6s) 

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

Vo av (aT~dO = W+ --  W -  (66) 

V is the volume, O is the concentration, c~ 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. 

�9 Finally the stimulated processes were included in the following way: 
the balance equations for the populations Nv, Nr and the photon density 

V' J '  qv,'a in the transition v', J '  - v, J having maximum gain were derived as 
shown in Section 4 of this review. 

dNv' (rv'~ "'c ~'J" ,, r  (67) 
dt - -  --Av" r v q~ J "v  J 

dt = A r  dg~" + "----U- q~ J "'~ J (68) 

dg~'~r" o v'J' v,J, 
�9 - -  q'------~J + A r  d g c s ,  (69) 

,, ~ v J C ~) ,J ,  V t j *  

d t  ~ V f v  J A v  j T v  

V is the resonator volume, c is the speed of light ,v~ is the photon lifetime 
in the cavity, a v J  is the cross-section for stimulated emission, Av,~ is the 

A ~ ' J  s Einstein coefficient for spontaneous emission, and "vJ  is the population 
inversion. I t  is assumed that emission occurs in only one v J- l ine 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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I INVERSION 

5x I0 �88 ~ 

lxlO it, 

II 

2s 30 3s "~o \ 

,,.E [ . .c]  

PHOTON 
DENSITY [cm-3j 

~o ~ 

to" J• i , i  

25 30 35 &O 
TIME [psec] 

l~ig. 26. Calculated time dependence of the inversion in the presence (I) and absence (II) 
of laser radiation in an HCI laser109). The lower picture shows the corresponding emis- 
sion signal due to v = 2 -~ 1 transitions. The parameters were as follows: zp = 1.S �9 10 -7 
sec, A~=0.1 cm - I  at~n -1, fllreshold inversion AN0--3" 1018 cm -8, C12 :H~ = 1:1, 
2 �9 10 -e mole cm-8, To = 300 ~ active volume V and time dependence of the flash, 
as specified in Ref. 109 

Obviously  this  HC1 model  is somewhat  idealized, a nd  disagreement  
between calculat ion a n d  exper iment  is found in  some cases. W i t h  even more 
simplifications and  concent ra t ion  on the essential  features, a closed-form 
solut ion to such rate  equat ions  is possible. This  has been  a t t empted ,  for 
instance,  b y  E m a n u e l  and  Whi t t i e r  11o). I n  the i r  t r e a t m e n t  a simplified 
analysis  is presented for in tens i ty ,  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 + H 2  -*-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(O) 
o d, - z~h (o) + zra~ (0) (70) 

d.  (1) 
d t  - -  gch(1) "4- grad(l) -- grad(O) (71) 

Here n (v) is the number of moles in vibrational level v per unit mass, q is 
density, gch (v) is net production of n (v) by chemical reactions, grad (V) is 
production of n (v) by lasing from v -t- 1 -~ v. The above equations are inver- 
ted for the grad (v). 

d 
grad (0) = 0 ~7 n (0) --  gch (0) (72) 

grad (1) d = e - ~  In C0) - n (1)3 - [zob (0) + zeh (1)] 

If  vl is the highest vibrational level, 

grad (V f - -  I)  = ~ ~ -  [~/' (0) -[- , , .  -[- n (r - -  1)] 

- [zch (o) + . . .  + zch (vt - 2)] 

A sumation yields 
v/-.-1 

grad ~ E grad(v) = A 1 - - A s  
v-1  

(7s) 

(74) 

where (75) 
vf.-X dn(v)  , v y - 1  
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The quantity ~rad is the most important figure here since it is used in the 
determination of energy, intensity and efficiency. The pulse energy E (Q 
[J/cmS], for instance, assuming that all transitions have the same wave 
number co, per unit volume of gas is given by 

E(t) ---- hcNA co ~.Zrad dr. (76) 

Zrad 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. 

o'ANv,,r ----- o" AN,.,,j, (77) 

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

Y v j  ~ gJ  gJ" gJ+1 Nv'j+I ~ Nrj, gJ'+x Nv" J'+l (78) 

or, more explicitly, if J '  --- J -b 1 (neighboring J transitions) 

( 2 ]  - -  1) e - c J - ~ / ~  - -  (2 J - 1) ~ e - ~ J §  

(79) 
= (2 J + 1) eJ(J+l)r,/~' (2 J + 1) N~ 

It  foUows then that the ratio Nv/Nv, is 

N~ (2 J - 1) ~-J~.r-l~Bv/T -- (2 J + 1) r-J~g+l~Bd~' 
N~, - -  (2 J - I) e-J~J+1~s~/T _ (2 J + l)e-~J+1~g+2~s~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 n z )  A variety of population ratios has been ob- 
tained in this way. Examples are quoted in Table 16. Experimental problems 

Table 16. Popula t ion ratios Nv/N,,_I by equal gain (zero gain) measurements  

Reaction N:3/Ns Ns/NI Nz/N3 Ref.  

F + H2 �9 HF(v) + H 5.5 

F + D2 ) DF(v) + D 1.6 

I,I--CzHzCI2 ; CaHCI -}- HCI(v) 0.87 
0.85 1.08 

0.81 

0.76 

0.70 

cis-1,2--C2H2C12 ) C2HCI + HCI(v) 

tran.s-l,2--CzHzC1z ) C2HCI + HCI(v) 

{CHoNF2} + ) 2 H F ( v )  + HCN 

F + CCIaD �9 DF(v) + CCIa 

0.71 

1.54 

0.35 

112)* 

112) 

138) 
112) 

138) 

113) 

138) 

13e) 

184) 

* Note added in proof: As a result  of more detailed measurements  this  value has  
been corrected now and  agreement  is found with the  populat ion ratios of Table 2 
of tempflrature e~ects are t aken  into account  (G. C. Pimentel ,  pr iva te  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 
Nv/Nv-i  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 I0 9" 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 -s 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 a al. n6) 
to describe the delay T, 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 Tr on pressure, flashlamp 
intensity, optical-cavity losses, and the absolute magnitude of ,e. 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 

L t J 
r -I 

OSCILLATOR AMPLIFIER 

Input pulse Output 

Fig. 27. Schema of an oscillator-ampliiier 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- 
tier. 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 9.) 

I t  hv 
I o - -  ~ l n  l + ( e  h, _ 1) e *a2v (81) 

Here 
"c 

z = I i~(O at 
0 

is the integrated output intensity (Wattsec/cm~), I0 is the integrated 
input intensity, AN is the population inversion per unit area given by 

gZ 
AN = (nz - ~ nl) l 

and  o: = 1 +g~. /gv  The quantity a is the cross-section for stimulated emis- 
sion which is related to the Einstein A coeftident, the wavelength 4, and 
the linewidth Av of the transition by 

- 8 = t . ,  ( s 2 )  

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

Fig. 28 shows the variation of Iz with I0. As can be seen, there are two 
distinct regions of operation -- the smaU-signal region with 

a~Io 
ho .~1  

and the large-signal region with 

hv >>1.  

In the small-signal region Eq. (81) reduces to 

I~/Io = eaa2r 
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p/SMALL-SIGNAL 
/ REGIONI f 

/ / '  

Fig. 28. Variation of amplifier output signal II with input signal I 0 

and in the large-signal region 

ANhv 
I d l o =  l + =Zo 

or 
ANh~ 

Is = I o  + - -  

Eqs. (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 (Eqs. (83) and (84)), the cross-sections for stimulated emission 

and the linewidths AN of the laser transitions can be measured. 
For the application of this technique the following requirements have 

to be met 25): 
(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 An 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 11~). A plot of the 
gain versus time is shown in Fig. 29 for certain experimental conditions. 

Gain V 

6 oo o 

2 / z ~ , , , } , 

2 t, = 6 
t [msec] t ,  

Fig. 29. Plot of the gain V = exp. a A N I  versus time after photolys/s at 20 Tort of 
CFsI 

According to Eq. (83), for smaU-signal gain the relation In ( I i / Io )  , - ' A N  

exists. One may write for the population inversion 

A N  _ l n ( i z / i o  ) s ~ v  A n  - -  ~ ~ z , 4 l c  (85) 

The lineshape factor C =.94 for a Gaussian line. When the measured data 
of I l ] I o  are  reduced by the use of Eq. (85), the plots of An versus t 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 44,45), 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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100 

50 

10 

Nto -('112) NI 
[ARBITRARY SCALE] 

e ~  ~ m s e c )  

"I , , l , ,At [~.,.1 
1 2 3 4 5 6 

Fig. 30. Decay of the  populat ion inversion AN = NI* --  (1/2)/VI and  of the  concentra-  
t ion of excited iodine a toms NI* after  flash photolysis a t  20 Torr  of CFaI 

The data of Fig. 30 show that  the pumping process has terminated at 
t-,~3 msec. After that  time the decay may  be assumed to be controlled by 
CF3I deactivation. With this assumption one obtains an expression for the 
inversion AN by introducing Ni.=x, NI=y, NcFsI=a, and x + y =  
const = x 0  (no removal of I by  12 formation). 

.o 
- -  = -~- (3 exp (--kat) - -  1) (s6) 

The time h at which the inversion has dropped to AN = 0  (or V = 1) (Fig. 2) 
is tl = ln3/k~. Thus one obtains for the rate coefficient k with a = 2 0  Torr 
CFsI 

ln3  
k --  h---~ --  2.5S �9 l0 - l e  [cm 3 sec -1 molecule -1] . 
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This is in reasonable agreement with a rate coefficient estimated from flash- 
photolysis absorption da ta  given b y  Donovan and Husain i l S ) k c F s l  = 
4 .  l0 - i s  [cm 8 sec -1 molecule-I].  For  the operation of this system as a 
photochemical laser, it is impor tant  to note tha t  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 st imulated 
emission a was found to be a = 2 . 1 0  -18 cmS (20 Torr  CF~I) and a = 6- 10 -18 
em s (100 Tort  CFsI) a57. 

The principle of time-resolved gain spectroscopy was first applied to a 
molecular chemical laser b y  L. Henry  and eoworkers 119). The HCI laser 
from the flash photolysis of an H2]C12 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 H2--CI~ kinetics 

Relative rates of formation 
k v of HC1 (v) 

Polanyi et al s,97 Henry et al. 1197 

Decay rates of 
HC1 (v) k v [sec -1 Tort - l ]  

Henry et al. 119) 

v = O  0 

1 0.3 0.2--0.28 

2 0.6 1.1 

3 1.0 1.0 

4 0.22 0.29 

5 0.03 

178 

380 

670 

1100 

Small-signal gain measurements have also been conducted for an H F  
chemical laser by  Gensel et al. 12o7. The reaction of fluorine a toms with 
methane has been used to pump  the H F  amplifier. Thus the inversion is 
produced exclusively b y  

F ~ CH4 * HF(v)  + CHs AH ---- - -  33.2 kcal]mole (87) 

This was believed to reduce the chemical complexity of the system. Fluorine 
a toms to s tar t  the reaction are generated in the flash photolysis of tungsten 
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hexafluoride ~s). This provides a relatively clean fluorine source through 
the photodissociation process (88). 

W F ~  + h~<2100A , W F .  + (6 - -  n) F (88) 

The t ime 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 Fsec (Atnash,-~ 2 ~sec) no 

; m%JO 2O 3O ~ 5O 

- 0.Sxl0 ; -  

- 0 . S x # '  , . ~lt-0) 

4k 

Fig.  31. H F  p o p u l a t i o n  invers ions  in  WFs/CI- I  4 photo lys i s ,  Ptotaa = 0 . 0 6  T o r t  I-IF. 
Th ree  v ib ra t iona l - ro t a t iona l  invers ions  a re  s h o w n  be long ing  to  t r a n s i t i o n s  in  t h e  
v = 3 -->- 2, 9. .+ 1 a n d  1 --~ 0 b a n d s  

positive population inversion is found on v ---- 3 ~ 2 transitions. I t  is con- 
cluded tha t  lasers where such transitions appear  (Section 6.6) in the emission 
are pumped for the most  par t  b y  the depletion of ~ - 2  through v-----2 -* I 
laser emission. The v = 2 -*- I lines reach m ax i mum inversion a t  the end of 
the flash, while the max imum inversion of the v = I -~ 0 transitions is seen 
only a t  At = 4 ~sec. The inversion has completely decayed a t  At = 10 ~sec 
under the experimental  conditions chosen here. At tempts  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 Eqs. (49)--(51). 

However, agreement between computation and experiment is found 
only if an additional vibrational-translational deactivation rate is taken 
into account. I t  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 19.1) to s tudy the chemical CO laser from the reaction 

O + C S  ~ C O + S  A a r / = - - 7 5 - 4 - S k c a l / m o l e  

Table 18. Relative rates of O + CS -~ CO + S into 
individual vibrational levels of CO 121) 

(a) (b) (c) 
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 

12 0.87 0.85 

13 1.0 1.0 

14 0.64 0.90 

15 ~ 0 . 2  0.58 

16 0 0.32 

17 0 0.18 

18 0 0 

~ 0 . 6  

0.87 
1.0 

0.72 
0.28 
0 

0 
0 

(a) From infrared emission experiments, 300~ 
< Tvib (CS) < 1775 ~ 

(b) From time-resolved measurements, CS formed 
by photodissociation of CS2. 

(c) From experiments similar to (b) but with N20 
added, Tvtb (SC) ~ 300 ~ 

All results are quoted relative to R13 ~ 1.0. 
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which occurs as one reaction step in the  photolysis of CS=/02 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. 

A cknowledgeme~ts. Where  results from our own labora tory  have  been reported in this  
paper, I wish to acknowledge with thanks  the  contr ibut ions of P. Gensel (t), K. Hohla, 
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