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With the aid of the temperature parameters characterizing product state distributions in a number of 
chemical reactions, frequently used concepts in chemical laser studies can be expressed in a compact 
form. The assumption of a rotational-translational microcanonical equilibrium in the product atom­
diatom system leads to simple expressions for population inversions and gain factors. (However, the 
equilibrium assumption is not necessary; the expressions will retain their simple form also when the 
vib-rotational distributions are more specific.) The main advantage is that of using only one or two 
parameters instead of different vibrational and rotational temperatures for every transition. Two special 
situations are considered in detail: (a) a nonrelaxed initial product population and (b) a vibrationally 
nonrelaxed but rotationally thermal population. As a specific example, the HF laser with 
F + H2 ~ HF + H as the pumping reaction is studied. Rate equations governing the emission of 
different laser transitions are solved. In the solution, cascading and pumping effects are considered but 
not rotational or vibrational relaxation. The detailed rate constants of HF formation in different 
vib-rotational levels used in the calculation are those which lead to equipartition (microcanonical 
equilibrium) of rotational and translational energies. Comparison with experimental results indicates that 
the model calculations are in agreement with some chemical laser and trajectory studies which show 
initial population peaked at some high rotational states. The chemiluminescence measurements for low 
reagents energies show relatively lower peaks. 

l. INTRODUCTION 

It was recently noticed that vibrational state 
distributions of the products in a number of exo­
thermic atom-diatom reactions may be character­
ized by a single temperaturelike parameter. 1 This 
parameter specifies the deviations of the observed 
vibrational energy distribution from a suitably de­
fined microcanonical equilibrium distribution. Ro­
tational distributions within vibrational manifolds 
canbe characterized ina similar way. This is done 
either by the introduction of an additional tempera­
ture parameter2 or by assuming that there is an 
equipartition of the nonvibrational energy between 
the rotational and translational degrees of freedom 
(R-T equilibrium). 3 The reactions which were 
found to follow this pattern are typical pumping 
reactions for chemical lasers, i. e., their products 
are formed with a large amount of vibrational pop­
ulation inversion. On the basis of this notion we 
will attempt in this paper to reformulate in a more 
compact form some of the expressions generally 
used in chemical laser studies. The comprehen­
sive description given in the following should be 
particularly useful in numerical model studies of 
chemical lasers. It may also provide an easier 
starting point for rotational energy distribution 
and relaxation investigations in amplifying media. 
The formalism of the subsequent sections which 
will be explicitly applied to the R-T-equilibrium 
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case can be easily extended to more general cases. 

The reaction F + H2 - HF + H, besides being an 
efficient pumping reaction for a hydrogen fluoride 
chemical laser, provides a test case of particular 
importance since it was studied by different tech­
niques. Product state distributions were investi­
gated by chemical laser4 and chemiluminescence 
methods5 ,6 and were extenSively analyzed by clas­
sical trajectory calculations. 7

-
9 The isotopic re­

action F+D2 -DF+D was studied also by the mo­
lecular beam method. 10 The description of the 
vibrational state distribution with the aid of the 
temperature parameter was shown to be in good 
agreement with the experimental data. 1 Concern­
ing the rotational state distribution there is, how­
ever, some disagreement in the literature. 5-10 In 
the following, we will discuss this question by com­
paring the consequences of the use of the tempera­
ture parameters to the interpretation of recent 
experimental results for a pulsed HF laser. 11 

So far, the question of rotational energy distri­
bution has not been dealt with in chemical lasers 
in any detail before. In fact the original rotational 
distribution has scarcely been resolved experimen­
tally. In most cases it has even been chosen de­
liberately such as to assure complete rotational 
relaxation (and hence a Boltzmann equilibrium 
over the rotational states). This reflects the dif­
ficulties in dealing with a great multitude of vib-
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rotational states and corresponmng radiational 
and nonradiational transitions if the populations 
of these states do not follow a simple pattern. In 
this kind of treatment, however, not only valuable 
kinetic information is lost but also potential laser 
energy is given away since the effective popula­
tion inversion of a totally unrelaxed distribution 
can be larger than that of a partially relaxed one. 
In addition, it has to be assumed that rotational 
and vibrational relaxation occurs on a strictly 
separable time scale. This may be questionable 
in view of the very fast vibrational relaxation of 
molecules like HF as long as no detailed informa­
tion on rotational relaxation particularly of higher 
rotational states is available. 

For a better understanding of the problem we 
first give a brief summary of the conventional de­
scription of chemical lasers. 12,13 In order for 
laser emission to be possible in a suitable optical 
resonator the Schawlow-Townes condition has to 
be met: 

(1) 

Here V is the single-pass gain and V2 is the round 
trip gain of the photons in the cavity with R 1,2 and 
T referring to reflection and transmission losses. 
The gain V in (1) is the maximum gain at the 
threshold of oscillations: 

V= expaANl . (2) 

The population inversion AN in this expression is 
(for chemical lasers where the lasing species are 
diatomic molecules) 

(3) 

where Nv.r is the population and g.r = 2J + 1 is the 
degeneracy of a vib-rotationallevel. The primed 
indices refer to the upper states. The cross sec­
tion (j(cm2

) is related to the Einstein coefficient of 
stimulated emission B by (j=Bg(v)/Avc, where 
g(v) is a line shape factor which depends on the 
type of line broadening and Av is the linewidth. 
The product a = a AN is often referred to as the 
gain factor. 

After oscillation has started the gain expression 
(2) changes since saturation effects become appre­
ciable. For a sufficiently large field intensity a 
becomes a function of intensity. In the saturated 
oscillator limit the laser output E (j oules/ cm 2 of 
laser aperture) is simply given as 

E = (AN - AN o)h v 
1 +g.r./g.r ' 

(4) 

where ANo is the threshold value of the population 
inversion. For a reasonably large laser oscillator 
the threshold inversion which can be calculated 
from Eqs. (1) and (2) if the resonator losses are 

known is only a negligible fraction of the total in­
version AN. It should be stressed that Eqs. (2) 
and (4) apply only to a situation of homogeneous 
broadening of the laser transition. 14 

For quasisteady state conditions of a laser os­
Cillator, the intensity of stimulated emission di­
rectly reflects the pumping, and the output signal 
can be used to analyze growth and decay of the 
inversion I(t) ex AN(t). Such conditions can be 
found not only in cw lasers but also in pulsed la­
sers with not too short a pulse duration. The 
populations Nv.r are then proportional to the de­
tailed rate constants kv.r' We shall use this fact 
later, deriving expressions for gain constants and 
population inversions. 

As mentioned above, the population inversion 
is usually written for the special case of complete­
ly relaxed rotation (assuming an unrelaxed vibra­
tional distribution at the same time) characterized 
by a rotational temperature equal to the kinetic 
gas temperature. An effective vibrational tem­
perature Tv is introduced to relate the populations 
of just the two vibrational levels connected by the 
radiational transitions in question: 

AN:,T = const g.r' {exp -[ Ev·/kT v +E.r' (v')/kT R] 

- exp -[E/kTv+E.r(v)/kTRH . (5) 

E v" E.r'(v') and E v" E.r(v) are the vibrational and 
rotational energies of the upper and lower level, 
respectively. The notation E.r (v) accounts for the 
weak dependence of E.r on v. It has been shown 
first by Polanyi12 that the sign and the extent of the 
population inversion AN is related to the ratio 
T v/T R' 

The scheme outlined above suffers from several 
inconsistencies. First, apart from being defined 
as a quasithermodynamic temperature, Tv has only 
a loose physical meaning. Secondly, different Tv's 

must be assigned to different v' - v transitions. 
In prinCiple, Eq. (5) can be extended to include the 
case of no rotational relaxation. In this case, 
however, T R is not an ordinary temperature any 
more but, like Tv, its value will differ from one 
J' - J transition to the other. Such difficulties do 
not arise if the product state distributions can be 
characterized by one or two (temperature) param­
eters as will be shown in the following sections. 
Characterizing the distributions in AN (or in the 
rate constants k vJ which are more conventionally 
used than populations N vJ) by the same one or two 
parameters for all v'J' - vJ transitions we obtain 
much simpler descriptions of chemical lasers. 

Closed-form expressions for Nv.r will be pre­
sented in the next section in two special cases: 



4666 BEN-SHAUL, HOFACKER, AND KOMPA 

(a) The reaction products have the vib-rotational 
distribution as found immediately after the reac­
tion, i. e., no rotational or vibrational relaxation 
has occurred. (b) The products are in thermal 
equilibrium regarding rotation and translation, 
with temperature T R, while the vibration still re­
tains its original distribution. We will then try to 
compare this description with experimental re­
sults from a pulsed HF laser in which rotational 
relaxation is believed to be partially arrested. 

II. CASE A: THE VIBRATIONAL AND ROTATIONAL 
DISTRIBUTIONS WITH NO ROTATIONAL RELAXATION 

In several recent papers l
-

3 it has been shown 
that vibrational distributions resulting from some 
exothe rmic reacti ons of the type X + L Y - LX + Y 
(X and Yare halogen atoms and L is H or D) as 
well as from the reactions F + H2 (D2) - HF (D F) 
+H(D) and O+CS-CO+S (exceptions are men­
tioned later) can be described by the formula 

P(fv) = Q;l p°(fv) exp r - Avfv] , (6) 

with 
v* 

p°(fv) = (1 - fv)3/ 216 (1 - fv?12 . (7) 
v.O 

In these equations fv = EvlE is the fraction of the 
total energy E available to the products (exother­
micity plus reactants energy) in the vibrational 
state v. v* corresponds to Ev*:S E:S E v*.l and Qv 
is a normalization factor. Av is a constant, inde­
pendent of v but E dependent, which was called 
the (reciprocal) vibrational temperature param­
eter. For the reactions mentioned above, Av is 
negative with values ranging from - - 5 to - -10. 
p°(fv) is proportional to the density of states of 
the atom-diatom system with total energy E in the 
vibrational state v. 1-3,15 When all vibrational 
states of the products are equally probable P(fv) 
=p°(fv), or Av= o. Hence, Av provides a quantita­
tive measure for the deviations from a microca­
nonical equilibrium. As Av becomes more nega­
tive vibrational population inversion increases. 
The connection between the probabilities P(fv), 

the rate constants k(fv) and the initial vibrational 
state populations N(fv) is simply P(jv) = k(fv)lk 
=N(fv)/N, where k is the overall rate constant and 
N is the total number of product molecules. The 
dependence on the reactants state is impliCitly 
contained in Av. 

By comparison to the very comprehensive chemi­
luminescence measurements of Polanyi and co­
workers16 and to several classical traj ectory cal­
culations 7-9 it was found3 that for some reactions 
the joint vibrational-rotational distributions can 
be described by the formula 

Here J is the rotational quantum number and fJ (v) 
is the fraction of energy in rotation. The factor in 
front of the exponential in the rhs of Eq. (8) is 
proportional to the density of states of the atom­
diatom system with total energy E and in the state 
v, J. 1-3,15 

Equation (8) represents a situation where the 
nonvibrational energy is equipartitioned among 
the rotational and translational degrees of free­
dom. 3 (It should be emphasized again that the 
term equipartition here always refers to the atom­
diatom system only.) In an independent approach 
LeVine, Johnson, and Bernstein2 applied the fol­
lowing equation, 

p(fv, J) = Q;; (2J + 1)[1 - fv - fJ(V )]1/2 

x exp[ - Aviv - Or f/(l- f')l , (9) 

to the interpretation of vib-rotational energy dis­
tributions. The parameter Or used here was 
called the rotational temperature parameter and 
allows for more specific rotational energy release 
than that predicted by Eq. (8). Equations (8) and 
(9) [as well as any expression which includes in 
the exponent in Eq. (8) an additional function F 
(fr/1 - fv)] are consistent with Eq. (6), i. e., by 
summing over all J values one gets Eq. (6) as the 
result. Thus any vib-rotational distribution can 
be tested only for reactions for which the vibra­
tional energy distribution follows Eq. (6). [Some 
remarks concerning the theoretical background 
and aspects of Eqs. (6)-(9) will be given in Sec. V.) 

Levine et al. 2 compared Eq. (9)toseveralchemi­
luminescence measurements. 16 For the Cl + HI, 
Cl +DI reactions they found that Or is small. On 
the other hand they observed that for the reaction 
F+H2 -HF+H, Or is large. Here the peaks in the 
experimental (chemiluminescence5

) rotational 
distributions occur at J values lower than those 
predicted by Eq. (8). 

The predictions from Eq. (8) for F+ H2 are in 
agreement with trajectory calculations7

-
9 and (as 

will be shown later) with chemical laser measure­
ments. Thus this reaction provides an interesting 
test case for our R-T equilibrium assumption. 
For this reason we shall write the expressions for 
the population inversion and gain factors only for 
distributions described by Eq. (8). It should be 
stressed, however, that writing the same expres­
sions corresponding to Eq. (9) or more specific 
distributions is a straightforward procedure. 

If we assume that in a situation of zero rotation­
al relaxation the energy distribution of the HF 
molecules is given by Eq. (8), then for P-branch 
transitions (v' = v + 1- v, J' = J - 1- J) we find the 
following expression for t:.N: 
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~~.T' =c(2J -l)exp[ - Avfv] {q~1/2 rSv+1 _J(J_1)]1/2 

-[Sv-J(J+1)]1/2}. (10) 

c is a proportionality constant, and the dimension­
less quantities qv and Sv are defined by 

qv = (bJb v+1)1/2 exp[ 2Av~fv] , (11) 

(12) 

where ~fv=fv+1 -fv and bv=BJE. Here, and later 
in the calculation we use the anharmonic oscilla­
tor-vibrating rotor levels scheme 17

: 

Ev = wev - wexev(v + 1) , 

E.r(v) = BvJ(J + 1), 

with 

Bv=B. - a.(v + 1/2) . 

The ground vibrational energy is not taken here 
into account, and the units are cm-1

• 

III. CASE B: ROTATIONAL DISTRIBUTION 
CORRESPONDING TO THERMAL EQUILIBRIUM 

In this case it is assumed that Nv.r is the product 
of the vibrational distribution of Eq. (6) with a 
thermal rotational distribution: 

Nv.rc£ (1 - fyr2 (2J + 1) exp[ - Aviv - f3b.J(J + 1)], 

(13) 

with f3 = ElkT R. When the rotational distributions 
within each v state are thermal they almost over­
lap, with only small deviations due to the differ­
ences in bv. The maxima of these distributions 
occur at J", (2f3b vt 1/2 - 1/2. For HF with T R 

= 300 OK this corresponds to J = 2. For these rea­
sons intense v' J' - vJ transitions are expected in 
this case only if PUv') > PUv) ("total vibrational 
inversion" 12.13). The necessary laser requirement 
CJ{> 0 (for the P branch) is equivalent to the fol­
lowing inequality 

- Av~fv+ (3J {2b v + a(J -1) 

- 3/2ln[ 1- ~fv/(l- fv) l}> 0 (14) 

where a= a.IE. The a-containing term can be 
ignored for molecules like HF where ~fv'" o. 3 
(Ay = - 6. 5) and typical J's are relatively small 
since a« bv. For heavier molecules like CO, 
where ~fv",O.055 (E",90 kcallmole and Ay =-7. 7 
for the 0 + CS- CO + S reaction3,18 and J - 25, this 
term is not negligible any more. For typical 
chemical laser reactions, obviously Ay< 0 and the 
only negative term in the lhs of expreSSion (14) is 
the last one. For R-branch transitions J' =J +1 
-Jthe second term is -f3(J+1)[2b v -a(J+2)], and 
thus except for very large J which are usually not 
populated it is negative. As an example we con­
sider again the HF chemical laser pumped by F 
+H2 - HF +H. Here - Avl::t.fv- 2 and 2i3b v- 0.2. 

Thus even for transitions from v' = 3 - v = 2 (v = 3 
is less populated than v = 2 5) I::t.N is positive for all 
J since for v' = 3 the last term is - - 1. 8. How­
ever, remembering that (14) is only a necessary 
condition and the value of the lhs of this inequality 
is small, the above conclusion should be checked 
for any given set of laser parameters. 

IV. COMPARISON WITH EXPERIMENT 

Rotational relaxation of the HF molecule is re­
ported to require an average number of nine HF­
HF collisions at a temperature of - 400 OK. 19 At 
this temperature the maximum level populations 
are found at J= 3, 4. To acc'ount for the J depen­
dence of this relaxation a Simple model has been 
suggested by Polanyi and Woodall. 20 This model 
assumes an exponential dependence of the relax­
ation probability for J - J - I::t.J on the amount of 
rotational energy to be transferred in the collision. 
I::t.J is unrestricted except for the relation 

pLtW =Nexp[ -CCt.E] , (15) 

where Ct.E is the energy difference between the two 
rotational states and N and C are constants. It is 
seen from this expression that rotational relaxa­
tion times are drastically increased in going to the 
higher J levels. Accordingly complete thermal 
rotational equilibrium should not be considered to 
be self-evident in the normal operating range of 
HF lasers, i. e., pressures of 1-100 torr and 
Ilsec pulse durations. There is some indication 
for incomplete rotational equilibration prior to 
emission in a few chemical laser studies which 
employed flash photolysis initiation. 21-23 However, 
no detailed analysis has been given of these obser­
vations. Nonthermal rotational energy distribu­
tions are more obvious in pulsed discharge-initi­
ated HF lasers. Table I shows some of the rele­
vant spectral measurements. For these measure­
ments mostly hydrogen-lean SFJH2 reaction mix­
tures have been used. Thus the pumping reaction 
of a fluorine atom with a hydrogen molecule is 
preceded by the discharge-initiated dissociation 
of SFs. 

SF5 + F, 

HF+H. 

(16) 

(17) 

The reaction of a H atom with SFa, a possible 
secondary pumping step, is believed to be slow. 24 

The reaction H+SF5 -HF+SF4, however, cannot 
be excluded as a minor contribution to the laser 
pumping25 and could perhaps influence the ob­
served spectral distribution to a small extent. 

The highest rotational state into which transi­
tions from v + 1 are compatible with energy con­
servation is 
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TABLE I. Emission spectra of HF lasers showing 
high rotational transitions. 

Vibrational-rotational transitions Reference 

v~ 1-0 v~2 -1 v~3-2 

P(2)-P(17) P(2)-P(9) P(4)-P(5) Vltee26 

P(8)-P(13) P(4)-P(12) P(2)-P(S) Wood, Burkhardt, 
Pollack, and Bridges27 

P(6)-P(15) P(2)-P(15) P(2)-P(S)' Deutsch28 

P(4)-P(S) P(3)-P(S) P(4)_P(7)b., Jacobson and Kimbell" 

P(3)-P(15) P(2)-P(12) P(2)-P(S)' Wood and Chang30 

P(I)-P(I~l) P(1)-P(10) P(3)_P(6)d Green and Lin31 

P(4)-P(17) P(3)-P(16) P(2)-P(8)' Pummer and Kompa11 

aAlso purely rotational laser emission observed in the 
same system. 

bSome of the lines not seen with H2 but only with hydro­
carbon compounds. 

cSome lines missing in the sequence. 
dR-branch emission observable with grating in the 

cavity. 

J* '" 1/2 +S ~g . (18) 

The most probable J value [as determined from 
Eq. (8)1 occurs at J'" (SJ2)1/2. The highest Jval­
ue for which t::.N (in the P branch) is still positive 
is determined by Eq. (10) to be 

Jm = (2rvtl {1 + [1 + 4r~ (Sv+l - qv Sv)/(l - q v)11/2} 

",,(2rvr1+[(Sv+l-qvSv)/(1-qvW/2, (19) 

with rv= (l-qv)/(l +qv)' If we assume that for the 
reaction considered here E = 34. 7 kcal/mole and 
A.= - 6. 5 (see however the discussion below) then 
we find for P-branch transitions from the most 
populatedlevelv=2, t::./v=0.31, S2=219, SI=402 
andq 1 = 1. 85 X 10-2 (spectroscopic data from Ref. 17). 
From Eqs. (18) and (19) one gets J* -=Jm = 15 (note 
that the J's correspond here to v -= 1, thus transi­
tions from v = 2 are possible in principle from J' 
=J -1 = 14). For v= 3- 2 and v= 1-0 we find J* 
= .Jm = 7 and 20, respectively. From Table I we 
see that the emission lines observed in HF lasers 
span almost entirely the range of transitions com­
patible with energy conservation. 

We will then examine the intensity relations 
both in the model and in the experiments. Only 
two of the papers cited in Table I give integrated 
output intensities of single vib-rotational transi­
tions. Jacobson and Kimbell observed intensity 
maxima at P 3- 2 (5,6), P 2- 1 (6,7) and P 1- o (7,8).29 
This behavior is suggestive of a cascading se­
quence of P-branch transitions. Pummer and 
Kompa l1 found the most intense lines at P 3_ 2(6, 7), 
P 2_ 1(8) and (12), and P I _ o(9), (12) and (15, 16). 
They reported in addition that the higher J lines 
disappeared when the pressure of the reaction 

mixture was raised above a few torr. Since these 
high J transitions can in no case be explained by a 
simple rise in the gas temperature it is concluded 
that the rotational state distribution is nonthermal 
and that rotational relaxation is at least partially 
arrested. 

We will attempt here to interpret the intensity 
distribution, and in particular the multiple maxima 
in the v= 2-1 and v= 1-0 transitions as a com­
bined result of both the original energy partitioning 
in the reaction and cascading emission (i. e., in 
this stage we do not take into account the relaxa­
tion processes, see Section V). To this end first 
the normalized gain factors av.r are calculated. 
These can be represented as 

because of the proportionality Nv.r<X kv.r' t::.kv.r 
= [kv·.r· - (g .r./g.r) kv.r 1 where again v' = v + 1 and 

(20) 

J' =J+ 1 for R-branch and J -1 for P-branch tran­
sitions, respectively. The detailed rate constants 
kv.r are calculated as kv.r = (k~.r/l,k~.r)k where k 
-= 3.8 X 10-11 cm3 molecule-I. sec-l (400 OK) is the 
overall rate constant for the F + H2 reaction, 32 and 
where k~.r is given by Eq. (8) as 

The value of the total energy E is not precisely 
known in chemical lasers or chemiluminescence 
measurements, and the uncertainty is believed to 
be -1 kcal/mole (350 cm- l

). An estimation of E in 
the laser experiment is possible on the basis of the 
spectral data. The highest vib-rotational level 
contributing to the laser emission is v = 3, J = 7, 11 

with corresponding energy of 12390 cm -I. In the 
chemiluminescence experiment5 E is estimated as 
E= - t::.H +EA + (5/2)RT= 34. 7 kcal/mole or 12150 
cm- l • Therefore, we have performed our calcula­
tions for two slightly different energy values. The 
first is the chemiluminescence value above, and 
the second is 12550 cm- l which is an average value 
between v = 3, J = 7 and v = 3, J = 8. The value of 
Av= - 6. 5 was determined from the chemilumines­
cence data. I On the basis of the notion that en­
hanced reagent energy leads to a smaller amount 
of population inversion (<lv»),1·33 we assume thatfor 
the higher energy value Av would be less negative. 
Therefore, for the higher energy the value of Av 
= - 6.0 was estimated. The uncertainties associ­
ated with this estimation may influence the predict­
ed ratios of integrated outputs from different vi­
@rational levelS, but they have no effect on the ro­
tational distributions within vibrational manifolds. 
The stimulated emission cross section to be used 
in the calculations is given as 

(22) 
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FIG. 1. Cross sections 
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transitions for the HF 
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is according to Eq. (22) 

with Av.r from Ref. 34. 
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with the Einstein coefficient Av.r 34 and transition 
wavenumbers w. For a Doppler-broadened tran­
sition the line shape factor g(v) = O. 94 and the 
linewidth ~v (sec-I) = w (8ln2RT /M)I/2. Figures 1 
and 2 give plots of O"v.r(cm2) for the transitions in 
question and of the detailed rate coefficients kv.r 
(cm3 molecule-I. sec-I). Figure 3 then shows the 
gain products Civ.r (on a relative scale) both for the 
R branch and the P branch. Since the gain is al­
ways higher in the P branch, R-branch emission 
is never observed experimentally unless a wave­
length-selective element is introduced in the laser 
cavity. Figure 3 shows that if the higher total 
energy is used the gain peaks shift to somewhat 
higher J. Thus the maximum gain should be ex­
pected at P 3_ 2(5-7), P 2_ 1(1l-14), and P 1_ o(15-18) 
which is in good agreement with the experimental 
findings. 

To predict more details of the chemical laser 
output by this model a numerical simulation study 
was done. Since coherent effects are negligible 
under the experimental conditions used, the prob­
lem can be treated in terms of rate equations. 
Balance equations for the populations Nv.r and the 
photon densities Qv.r as function of time can be 
written as follows: 

(23) 

dQv.r/dt = Av.rNv+l.r_l + O"v.rQv.rcMv.r - Qv.ri-rp . (24) 

N j and N2 are the time dependent concentrations 
of fluorine atoms and hydrogen molecules. Since 
the discharge is much shorter than the laser emis-
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FIG. 2. Detailed rate constants into different vib-ro­

tational levels of HF in the reaction F + H2 - HF + F. cal­
culated according to Eq. (21). Open symbols correspond 
to rate constants into different v, J levels for E = 12150 
cm-! and Av=-6. 5. Filled symbols correspond to E 
= 12 550 cm-! and Av= - 6.0 (see text). 
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sion time the F atom production is considered as a 
step function at the beginning of the pumping pro­
cess. Thus the time dependences of N1 and N2 are 
like in a bimolecular reaction with given rate con­
stant and initial concentrations. The first term 
in Eq. (23) describes the formation of HF mole­
cules in the state vJ. The next two terms corre­
spond to the stimulated processes. The first one 
of these is applicable only in the case of cascading 
from the next higher state while the second one 
describes the depletion of Nv.r by stimulated emis­
sion. The stimulated emission rate is given as 
the product of the cross section (Jv.r, speed of 
light c, quantum denSity Qv.r, and population in­
version ANv.r. As before, the indexing of (J, A, 
and Q refers to the lower state of the transition. 
The last terms in (23) account for the start of the 
laSing process by spontaneous emission. These 
terms become negligible once the emission has 
started. The second balance equation (24) de­
scribes the rate of change of the photon density 
Qv.r' While the first two terms in this equation 
refer to the spontaneous and stimulated emission 
rates the last term describes the output coupling 
with 'T p being the average photon lifetime in the 
laser cavity. Accounting for the various v's and 
J's the expressions (23) and (24) result in some 80 
coupled differential equations which were solved 
numerically. The relative output intensities calcu­
lated in this way are shown in Fig. 4. It is seen that 
the various experimentally observed maxima are per­
fectly reproduced if the higher total energy is used. 

The intensity ratios for the three series of vi-

FIG. 3. Gain factors of 
P-branch and R-branch 
transitions calculated from 
Eqs. (20), (10), and (22). 
Symbols like in Fig. 2. 

p- branch 
J - 1 --J 

8 12 16 20 
J --

brational transitions as predicted by these model 
calculations are (a) for the higher energy value 
(with Av= - 6. 5) Q1-0: Q2-1: Q3-2= O. 69: 1: O. 41; 
(b) for the lower energy (Av= - 6. 0)Q1-0 :Q2-1 :Q3-2 

= O. 69 : 1 : O. 54. These results are not confirmed 
by the experimental results of Pummer and Kom­
pa. 11 Instead, a lower relative intensity of the 
v = 3 - 2 transitions and a higher intensity of the 
v = 1-0 transitions is found. The calculations 
could possibly be adjusted by using an even less 
negative value of \. However, we feel that at 
present the precision of the experimental results 
does not warrant such a modification. It should 
be noted that the intensity data of Jacobson and 
Kimbell Q 1-0: Q2-1 = O. 69 : 129 agree with the pre­
dictions above. However, no Q3-2 intensity is giv­
en there for the HF laser with H2 as the hydrogen 
compound. Thus in order to test this aspect of the 
model more conclusively one will have to wait first 
for more refined laser experiments and second for 
the inclusion of relaxation phenomena in the model. 
Such measurements and calculations are in prepara 
tion. 

V. DISCUSSION 

In the previous sections we attempted to refor­
mulate some commonly used expressions in chemi­
cal laser investigations in a more compact form. 
This was done on the basis of the notion1

-
3 that the 

product energy distributions in a number of typical 
pumping reactions of chemical lasers can be char­
acterized by means of simple functions. The small 
number of parameters, so called "temperature 
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FIG. 4. Integrated output intensities calculated from Eqs. (23) and (24). Upper limit for integration t = 200 /-lsec. 

(The major contributions occur before t = 50 /-lsec. The relative intensities are already established at 20 /-lsec.) Other 
notation is as in Figs. 2 and 3. 

parameters" characterizing the distributions, 
simplify to a major extent the form of the expres­
sions for population inversions and gain factors 
which are used later to solve the rate equations 
for the output of the laser. 

The discussion of the results has to serve two 
purposes, namely to critically review some con­
clusions with respect to the experimental data and 
besides that, to give some more of the theoretical 
background of the model proposed here. 

It has been demonstrated above that the spectral 
distribution of the chemical laser output can be 
predicted on the basis of a simple model using just 
one parameter. More generally, a set of balance 
equations has been set up to describe time depen­
dently the vib- rotational population inversion and 
the photon densities in the laser cavity. Quantita­
tive intensity relations for single transitions de­
rived from the model could not be fitted to the ex­
perimental data so far. This may be due in part 
to limitations in the rate equations because in this 
first approach collisional relaxation processes 
were ignored. Such processes, however, can now 
be studied experimentally with the aid of this or 
similar models. Thus, experiments have to be 
done to investigate rotational coupling phenomena 
and relaxation as function of various collision part­
ners in the HF laser and in chemical lasers in 
general. Such measurements will also have to 
avoid some of the experimental shortcomings which 

were encountered in the previous investigations. 
These are the changes in the relative intensities 
due to absorption of some of the HF laser lines by 
atmospheric water, a more reliable evaluation of 
the total energy (and consequently of ;\), and a 
more explicit consideration of the time dependence 
of the F atom production by the discharge. 

One might question the general validity of such 
simple expressions for product state distributions. 
At present the best argument in favor of these ex­
pressions is the good fit they provide with experi­
mental results. 

Some exoergic reaction like H + Cl2 - HCI + CI do 
not "obey" Eqs. (6) or (8).1,2 One probable reason 
for this may be that conservation of angular mo­
mentum was not considered in the derivation of 
p°(fv) and p°(fv.J). This was shown2 to have only 
a minor effect in reactions like CI + HI - HCI + I, 
but for reactions with large reduced mass differ­
ences between reactants and products the effect 
may be appreciable. The appearance of tempera­
ture parameters can be justified to some extent 
from a theoretical point of view. These param­
eters provide a measure for the deviation of the 
observed product distributions from expected mi­
crocanonical distributions in the microscopic sys­
tem of two (or more) product molecules. A quan­
tity which was called the "surprisal" is simply 
related to the temperature parameters. 1-3 The 
average of the surprisal over the distribution is 
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called the "entropy deficiency" and this provides 
a useful integral measure for the deviations men­
tioned above. A microcanonical distribution in the 
present sense should be in fact the one predicted 
by the well known statistical theory of chemical re­
actions. 35 The statistical theory amounts for equal 
probabilities of equal regions in the phase space 
of the product states. This means that phenomena 
like vibrational population inversion cannot be ex­
plained on the basis of simple statistical theory. 
In other words, a drastic modification of this ap­
proach is requested in order to account for example 
for such inverted distributions. 

Temperature parameters like \ or Br appear 
naturally in the predicted distribution functions 
if different regions of the phase space (such as 
those corresponding to different vibrational states) 
are weighted according to some simple criteria. 
Such criteria are provided by a statistical mechan­
ical approach or more accurately an information 
theory approach. 36,3 In terms of statistical me­
chanics the temperature parameters are essen­
tially the "Lagrangian multipliers" characteriz­
ing the distributions obtained from the maximum 
entropy principle. 37 In the absence of constraints 
the resulting distribution is the microcanonical 
distribution while in the presence of constraints 
the distributions are of the canonical type. 

The temperature parameters in Eqs. (6)-(9) can 
also be explained as a result of the maximization 
of a suitably defined entropy subj ect to some con­
straints. 36

,3 Since we are concerned with a reac­
tive system the constraints are of dynamical origin, 
and the entropy which has to be maximized is the 
entropy deficiency mentioned above. 1-3 To ac­
count for \ the constraint must be that the value 
of (Iv) is predetermined by the mechanism of the 
reaction. 36

,3 To obtain e like in Eq. (9) a similar 
constraint is imposed on (f rl (1 - Iv)' 

The main power of the approach outlined above 
is that a small number of constraints may ac­
count, at least for the main features of the product 
distributions (small number of parameters). The 
problem remains how to determine the most rele­
vant constraints. At present it is easier to go the 
opposite way and deduce the constraints from the 
analysis of the experiments. The "predetermining 
requirements" imposed on the reactive system 
are, obviously, related to the nature of the atoms 
taking part in the reaction and to the features of 
the potential hypersurface. An attempt to identify 
the value of (Iv) which turns out to be the most im­
portant constraint in a number of exoergic reac­
tions l

-
3 was done by Hofacker and Levine. 38 On 

the basis of their nonadiabatic strong coupling 
model for population inverting reactions38 they 

expressed Avand (Iv) in terms of the curvature 
of the reaction path and the initial kinetic energy. 
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