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The twx special but very typical CISCS or ‘instantaneous’ and ‘ncgligiblc’ rotational rclasation involve two different 

king mechanisms. Bawd on the spccik features of cxh mechanism. simple schemes lor estimating the efficiency and 
several other properties of chcmiwl hscrs arc formulated. The results obtained are in good agccmcnt with experimental 
and detailed theorcticd studies. 

1. Wroduction 

The question of rotational nonequilibrium in 
chemical and other molecular gas lasers is a subject of 

considerable current interest [l-17] _ Experimental 

studies and theoretical treatments based on the rate 

equation approach point out that the traditional de- 

scription of the lasing mechanism [ 18,191 which rests 

on the assumption of Boltzmann rotational popula- 

tions throughout the lasing process, is not always val- 

id. In fact, these investigations indicate that no ensure 
rotational equilibrium a buffer gas is generally re- 

quited (to selectively enhance rotational relaxation) 

[14-l 61. When this is the case the nearly single line 

operation, the J-shift in lasing and other characteris- 
tics of the fast rotational thermalization will be re- 

flected in the laser output. The laser output and the 

time evolution of the vibrational-rotational popula- 

tions are markedly different when R-T transfer is not 

the dominant rate process; more precisely, when the 

rotational relaxation cannot compete with the stimu- 

lated radiation. This situation is typical, but not ex- 

clusive, to molecular lasers operating under reduced 

inert gas pressures. The appearance of multiline lasing, 
pure rotational transitions and R-branch transitions in 

the laser spectrum [4-131 and hole burning effects in 

the rotational distributions [14-161 are some of the 

indications for rotational nonequilibrium. Another 

noteworthy effect associated with lowering the R-T 
rates is the reduction inlaser efficiency [13-151. 

This is a consequence of the passage from a ‘coopera- 
tive’ to an ‘individual’ lasing mechanism (cf. sections 

3 and 4). 

The removal of the rotational equilibrium assump- 

tion involves an enormous increase in the number of 

the laser rate equations and in the number of (usual- 

ly unknown) relevant detailed rate constants govem- 

ing, together, the temporal evolution and the perfor-. 
mance of chemical lasers. Thus, a reliable solution of 

the rate equations which is still feasible for systems 

with a small number of populated levels such as HCl 

or HF [lo-l 51 becomes imprectical for larger systems 

like CO. Recourse to approximate procedures is there- 
fore both inevitable and instructive [20]. For exam- 
ple, based on simple arguments concerning the appro- 

priate lasing mechanism, the final (end of pulse) vibra- 

tional populations, the efficiency and the spectral dis- 
tribution of the laser can be determined in two limit- 

ing but experimentally typical situations: (I) Rota- 

tional relaxation is much faster than the stimulated 

emission and the pumping processes. (2) Rotational 

relaxation rates are negligibly small compared to the 
stimulated radiation. These two cases are discussed in 

sections 3 and 4 respectively. The discussion is con- 

fined to diatomic molecules and the results are corn- 

pared to experimental data and exact numerical c&r 
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lations for the F + H, + HF + H and the Cl + HBr + 

HCl + Br systems. 

2. The lasing condition 

To start the lasing ii~ a vibrational-rotational tran- 
sition u, J + u’, J’ the gain of photons by simulated 

emission should exceed their losses by output cou- 

pling and other mechanisms (absorption, diffraction) 
. 8 , , 

,#;Jl,jr = $‘jJ m”$$$’ _ @sJjT > I-J _ (1) 

Here I$, (Y, m and rare the photon density, gain con- 

stant, population inversion, and photon life time of 

the transition, respectively_ (Note the difference be- 

tween the terms ‘gain constant’, 01, and ‘gain coeffi- 

cient’ which is usually used for LIAN. Q has the dimen- 

sion of bimolecular rate constants.) Except for very 

unusual vib-rotational distributions the gain, QAN, of 

a P-branch transition u, J- 1 + u- 1, .f is higher than 

the gain of the R-branch transition originating from 
the same level, u,J-1 +u-l,J-2. We shall therefore 

consider only P-branch transitions. The population in- 

version will be defined as 

AN,, = AN;;!{ = N, , /(~-l)-N,_,,~/(u+!), J_l 

(2) 

where IV, I_1 is the number density of molecules in 
level u, JL1. For simplicity the spectral lines will be 

taken as purely Doppler broadened. Thus, with AN 

defined by (2). the gain constant at line center is given 

by 

“J+$ll= 4ln3 112 c3 V”J 
& ( 1 ~ . - - (ZLl)AUb, 

8av;J A% 
(3) 

where vvJ and A,, are the freqtiency and the 

Einstein coefficient for spontaneous emission of the 

u, J- 1 + u-1,J transition, respectively. Using the ex- 

plicit expressions 

64ff Vi 
(u-l)A"J= 3 Jqn1”,“-112 1 ( 1 (4) 

where M is the molecular weight, T is the tempera- 

ture, FJ is the vibration-rotation interaction factor 

(taken as independent of u), ~fl~,“_~ is the vibrational 

dipole matrix element (in debye) and 8 E 300/T. g, 

is the gain constant of rhe Pu+,_l (J=l) transition at 

300 K, (F1 = 1). Finally, introducing the relative 

populations (probabilities) 

P,/ = NJN , ~PuJ=Pu=NulN, CPU= I, 
” 

(7) 
and using (2) and (6) the lasing condition (1) can be 
expressed as 

JFJAPUJ 2 (LY$@~T)-~ , (8) 

where 

M”J =p”,J-_l/(21-l)-p”_~ ,/(2++1) - (9) 

3. Thermal rotational populations 

The conventional description of chemica1 laser 

operation [l-3,16-19] rests on the assumption, val- 
id at high buffer gas pressures, that on the time scale 

of other kinetic processes in the laser (pumping, stim- 

ulated emission, vibrational relaxation), rotational 
relaxation is practically instantaneous. Consequently, 
the rotational distributions of the lasing molecules 

maintain their Boltzmann shape throughout the laser 

pulse. Hence 

PUJ=PUPJ(u) =P,b,(U+l)exp[-6,J(~+l)] _ (10) 

Here !I,’ = kT/hcB,, where B, is the rotational con- 

stant, is the (high temperature limit of the) rotational 

partition function for molecules in vibrational level u. 

Henceforth the weak u-dependence of b, will be ig- 

nored. Combining (8), (9) and (10) the lasing condi- 

tion for Pu_,U_l (.I) transitions reads 

JIJ{Pv exp[-bJ(J-l)]-P,_l-exp[-bJ(J+l)]) 

2 (qvzAe3/2)-1 , (11) 

where l/b0 is the room-temperature partition function. 

Although (11) may be satisfied for severalI’s si- 

multaneously, the assumption of instantaneous rota- 

tional relaxation implies single-line operation. That is, 

lasing takes place only on the highest gain transition 

P ,,_,,,_l (4 corresponding to the values of P, and p,,_l 
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Fig. 1. Relative gain for HI: and a rcprescntative r-line, 
(7’~ 350 K). (Einstein coefficients and vibration-rotation 
interaction factors from [24,X, 271.) Lasin~ is possible for 
transitions with g@, s) > 7. The heavy dashed cuwc connects 
the highest gain trsnsitions. 

at that moment. Single line, or more precisely, nearly 
single line operation is a consequence of the socalled 

‘funneling’ or ‘J-shift’ mechanism. Although the 

mechanism has been repeatedly described an outline 
of its essence seems appropriate. To simplify the 
analysis WC lirst consider only two vibrational levels 

so thatN, +N,_t =NorP, +P,_t = 1. Using the 

notation p = P, = N,/Ar in (11) we find 

E(P.4 -JFJ[pf(J-1)-(1-P)JcoI 27, (12) 
wheref(J) = exp[-bJ(J+l)] and 7-l = 0r,Nb~r0~~~. 

A number of relative gain, g@,J), curves for HF and 

HCl are shown in figs. 1 and 2 respectively. The 
horizontal lines correspond to specific values of y_ 

For given vaIues of p and y (in the laser system both 

are functions of time) the lasing condition is fulfulled 

for all g(p, J)-points above the appropriate y line. For 

certain purposes such as to determine the highest 

gain transition, one may use, instead of (12) the 

weaker (necessary, but not sufficient) lasing condition 

b =0.055 

! \_ 
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Fig. 2. Rclativc gain for HCl(7 = 300 K). Other notation as 
in fig. 1. 

g(p.J) > 0, which implies 

J> (2b)-’ ln[(l-p)jp] _ (13) 

If the inversion is complete (vibrational), p > l/2, 

(13) is satisfied by all J values. In the case of partial 

(line) inversion, p < 112, the minima] J consistent 
with (13), say Jo, is positive. Moreover, when p is 
small Jo and j (corresponding to the highest gain tran- 

sition) coincide, cf. fig. 1. Yet, it should be noted 

that since for every value, however small, ofp there 

is a high enoughh/ to fulfill (13) it is clear that this 

condition can not provide the values of p and J at the 

end of the laser pulse. Note in addition that almost 

irrespective of how small y is (r Z= 10M4 at 1 torr pres- 

sure) and how large p is, the fast exponential decay of 
g@. J) wtth J ensures that from the infinity of J-values 

consistent with (13) only a few satisfy (12) cf. figs. 1 

and 2. The reason for using the more complicated but 
more informative condition (12) is now obvious. 

To describe the lasing mechanism at high R-T 

rates consider a specific example; the HF laser-pumped 

by the reaction F + H, + HF(uQ + H. The reaction 
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populates u = 0, 1,2,3 with initial probabilities Pk, 

Pi,P;andP;= 0,0.16,0.54 and 0.30 respectively 

[I 6.21-231. The reaction also populates many rota- 

tional levels (section 4). Yet, as rotational relaxation 

is assllmed to be instantaneous the original rotational 

distribution is irrelevant. We now focus attention on 

two vibrational levels, say u = 1 and 2 so that 

N= iv, + N2 and p = P,/(P, + P2). Since in most ac- 

tual cases vibrational relaxation is negligible at the 

early stages of the reaction, the value of p at the start 

of oscillations will be p = pi = Pi/(P: + Pi) % 0.77. 

Lasing begins when the number of molecules pro- 

duced by the reaction, N, + Nz, becomes sufficiently 

large (implying y sufficiently small) to fulfill the 

threshold condition (12) for the highest gain transi- 

tion corresponding to pi. In our example pi = 0.77 so 

that P2_l (j=3) (cf_ fig. I), will be the first to reach 

threshold. [For b = 0.08, g(p = 0.77, J= 3) = 1.34 is 

the threshold value of y. Using cy2(HF) = 7.38 X IO5 

cm3/s [24,25], T = lOA7 s and T= 350 K, the thresh- 

old value ofNis -1.0 X lOI2 mo1ecules/cm3.] The 
vigorous onset of laser oscillations is accompanied by 

a sharp decrease in p_ Typically, p falls into the partial 

inversion region, P < l/2 [ 14,151. Considerable por- 
tions, if not most, of the laser energy are extracted in 

the second period of the pulse where p decreases slow- 

ly and smoothly towards its final (end of pulse) value 
pf_ Concurrently with the stimulated radiation which 

tends to reduce p the pumping reaction continues to 
increase N, reducing y_ Thus, although p is considerably 

lower than pi, the lasing condition (13) may be ful- 

filled by several J-lines. Nevertheless, lasing will only 

take place on the highest gain transition. The instanta- 

neon rotational relaxation ensures rapid transfer of 

molecules into (from) u, j- 1 (u- 1, j) from (into) ad- 

jacent rotational levels so as to prevent hole burning 

(hump building) in the Boltzmann profile of the 

higher (lower) vibrational level. Pictorially, molecules 

from the higher vibrational manifold are ‘funneled’ 

[I 61 into the lower manifold through the highest gain 

transition. By way of analogy, the rotational distribu- 

tions can be described as homogeneously broadened 
(with a Boltzmann rather than a Lorentz profile). The 

decrease in p due to the lasing (and vibrational relaxa- 

tion) causes an upward shift in j, cf. fig. I, which will 

be reflected in the laser output [l, 2,14-201. Of 

course, the gradual decrease in p and the corresponding 
j-shift can not proceed indefinitely. Eventually a value 

of p will be reached, say pf, for which (12) is no more 

satisfied by any of theJ’s and the laser pulse terminates. 

To determine pf we require -/, the value of 7 at the 

end of the laser pulse. Postponing the question (how to 

determine rf) to a later stage, we note that ifrr is 

given, both pf and rf, (corresponding to the last 

lasing transition) are uniquely determined by the con- 

dition 

g(_D pf, jf) = y f - (14) 

A simple graphical solution of this equation can be 

obtained from fig. 1 (or, for HCI, fig. 2);g@‘,jf) is 

the tangent point of the g(p, J) curve tangential to 

y = yf_ Equivalently, this is the crossing point between 

the highest gain curve (dashed line) and y = yr. If in 

our HF example yf = 10d3 (see below) then p’= 0.22 

and jf = 0. (Considering the same IV, T and band, say 

u = 1 + 0, then yf 0: (f~~~~)-l_ Hence #(H(I) = 3 

X 1 0e3 corresponding to pr = 0.30 and jf = 11.) 

An alternative approach to (14) is displayed in fig. 3. 

Each curve here conneck the solutions of& .I) = y 
which are, in fact, the points of intersection between 

the various g(p. .I) curves and the horizontal y line in 

fig. 1. For a @en y the minimum point in the p vs J 
curve of fig. 3 corresponds, ofcourse, to the tangential 

point in fig. 1. 
Both g(p, J) and y depend on the temperature in the 

laser system. The temperature rise due to heat released 

by the pumping reaction, residual initiation (flash, dis- 

I 23 L567E 
P 

Fip. 3. The solutions of&J) = y Ior HF, b = 0.08, curves 
1.2, ___, 7.8 correspond to 7 = 5 x lo-‘, 10-2, . . . . 5 x lo-‘, 

IO@ rcspestively. For a given y(= 7’) the minimum point de: 
tcrmines pT and If. 
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I;& 4. The solutions ofg(p,I) =-, for HF. b = 0.057 (T= 
500 K). Other notation as in fig. 3. 

charge) energy and to a certain exteut the relaxation 

processes can be calculated on the basis of the initia- 

tion and pumping parameters. It is well known that the 
temperature rise involves a reduction in the laser effr- 

ciency [ 1,2,16-20,26,27] _ In our terminology this 

means that, for a given number of molecules N, or 
equivalently for a given value of yf03/z a -yr/T3j2, pf 

is a decreasing function ofb-’ a T. Inspection and 
comparison between figs. 3 (or 1) and 4 or between 
figs. 2 and 5 verify that this is indeed the case. How- 

ever, as high buffer gas pressures are generally em- 
ployed, the temperature rise cannot be appreciable 

[I, 2,161. (The main reason for presenting figs. 4 and 

5 is for comparison with detailed results, see below.) 

Therefore, the variations in y during the laser pulse 

are dominated by those in N. In a two level system 

Ar = N, + N, is governed only by the pumping. V&en 

more than two vibrational levels are involved, radiative 

and radiationless cascades interfere with the pumping. 

It will be shown below, however, that the final vibra- 

tional populations N,f can, rather accurately, be eval- 

uated even when only IV‘= Z,N,f is known. 

An upper bound to ,V’ can be derived on the basis 

of the total reactant concentrations * In the simplest, 

*Because of uncertainties associated with the time profile and 
the dissociation efficiency of the initiating (flash, dischargc) 
pulse the exact values ofthc reactant concentrations arc not 

always known. This problem arises, of COUISC, also in dctailcd 
theoretic31 treatments and expcrimcntal sludics. 

b:O022 

Fiy. 5. The solutions ofg@.J) = ‘y for HCI, b = 0.022 
(T= 600 I;). Other notation as in fig. 3. 

but also quite typical case, Nf approaches this limit in 

the early stages of the laser pulse [ 14, IS]. Deviations 

from this behavior are mainly expected when the rate 
of vibrational relaxation is high and can exceed the 

rate of pumping long before the reaction is completed. 

In such cases Nr can be determined, to a good approx- 
imation, from the approximate (steady-state or linear- 

ized) solutions of the laser rate equations [20] _ An- 

other possibility, more general but ‘less predictive’, is 

to employ experimental results. For example, given 

the pulse duration and the total pumping rate, N’ and 
consequently pf, can be calculated. An even more di- 

rect route to evaluating pf is to rely on the measured 
value ofjr and eq. (14). (Note that jr determines both 

pf and yf or more generally any one OF these three 

quantities fixes the values of the others.) Finally, it 

should be noted that to estimate pf or jr, a high degree 

of accuracy regarding the value of Nf (7’) is not really 

necessary. Inspection of figs. l-3 proves that even at 

very low pressures pf and jr are rather insensitive func- 

tions ofy’, e.g., -0.1 torr corresponds to y - lop3 

(see table 1 below). 
An upper bound to the laser (quantum) efficiency 

[26] equal to the actual efficiency in systems where 
vibrational relaxation effects are negligible, is given by 

the expression 
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Here P: and P,’ are the initial (pumping, nascent) and 

final fractional vibrational populations; EJ, and 
EJ, are the average initial and final vibrational ener- 

gies atid u* is the highest vibrational level with non- 
zero population. (In principle, V-V transfer can 

populate initially vacant levels. Practically. however, 

u* is Tied by the pumping reaction.) The second 
equality in (15) applies in the harmonic oscillator 

approximation where all the vibrational spacings are 

set equal to hw. The efficiency defined by (15) ex- 
presses the average number of photons emitted by one 

product molecule during the laser puke. Other quan- 
tities describirig the laser efficiency are simply related 

to 9; e.g., the chemical effkiency is given by qhw/E 
where E is the exoergicity of the pumping reaction. 

Various experimental and theoretical methods pro- 

vide information on the nascent vibrational popula- 

tions [ 1,2] _ The final populations necessary for esti- 

mating the efficiency can be evaluated wiylth the aid of 
the approximate procedure described above - for a 
two-level system. The extension to systems with more 

than two levels is simple. Since p: E ~V~/(IV~_~ + Ni) 

= P$(Pkl + P,’ is typically small (say, Pf = O-25), 

and insensitive to small uncertainties in y,’ 

= [(N,’ + Nk,) %,1-l, an iterative approach can be 
employed. Several very simple and very fast (one or 

two iterations suffice to determine the pt’s to a few 
percents) schemes can be suggested. Using the notation 

x, =Nz/Nkl =&(I-p:) we find 

v* 
N’= c Iv;=N&l +X1 +x1x2 + . . . +qq..XU*). 

v=o 
(16) 

As allx, < 1 the series converges rapidly. One of the 

simplest iteration schemes proceeds as follows: We 
first approximateNo +NI (superscripts f omitted) by 

N to calculate y, and then use (14) or an appropriate 
graph of the kind of figs. 1 or 3 to determine p1 and 

hence x1, Iv,-) and N,. To evaluate pr (x2. N2) we use 

an approximate value of -yT obtained by replacing 

N, +N2=N1 +x2N1 byNl (or, better, byN, +xlN,; 

the decrease in 7, with 1, t Nv_1 is partly compen- 

sated by LX,, a ual so that xu >x~~). Proceeding in 

this way we find all the pv’s and the N,‘s. The latter, 

being somewhat greater than their true values can be 
renormalized using (I 6) w-i th the values of pv just ob- 

tained and the entire procedure can be repeated. Usu- 
ally, however, the first iteration suffices. 

Some estimates of final vibrational populations, 

range of king transitions and efficiencies, based on 
the approximate procedures described above are prc- 

sented and compared with experimental and detailed 
computational results in table 1. In the HF gain meas- 

urements of Berry [16] an excess of a buffer gas was 

used to ensure rotational relaxation but vibrational 

relaxation could not be completely arrested. A sensi- 
tive test for the applicability of the approximate pro- 

cedure is provided by the comparison with the theo- 

retical studies [14,15] where all the input parameters 

(e.g., r, T, I?) are accurately known. The results 

quoted in table 1 were obtained by solving the rate 

equations for all the relevant vibrational populations 

and photon densities in the laser system and imposing 

high R-T rates. The much better agreement between 

the approximate and accurate results for HF as com- 

pared to HCl is due to eliminating the V-T processes 

in the former case (they are negligible for @ = 0.33 

[14]) and their large effects in the latter [ 151. An ap- 
proximate inclusion of V-T effects may greatly im- 

prove the agreement but will be beyond the intentions 

of the present treatment. 

4. Non-relaxed rotational populations 

Two very different lasing mechanisms were men- 
tioned in section 1. The first mechanism based on the 

rotational equilibrium assumption and appropriate for 

systems operating at high inert gas pressures was de- 

scribed in the previous section. This section deals with 

the second mechanism which applies at low (buffer) 

gas pressures and rests on the assumption of negligible 

rotational relaxation. As in the previous section, vibra- 
tional relaxation wiU not be taken into account. When 
rotational energy transfer is slow compared to stimu- 
lated emission there is nearly no coupling between 

neigbbouring rotational levels of the same vibrational 

manifold. Consequently, different transitions of the 

same band, e.g., u = 2 + 1, reach threshold, Iase (gen- 

erally simultaneously) and decay independently. 

Radiative cascades couple consecutive transitions in 
adjacent bands, namelyP,,l (J),P,_l,,_2(J+1), . . 
and-serve as a secondary pumping mechanism. Thus, 
according to this lasing scheme the temporal evolution 

of the freshly pumped molecules is dominated by the 

radiative processes; their original vib-rotational distribu- 
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Laser performance in the limit of fast R-T transfer. Comp;lrison bctwccn estimated and experimental or dcailed computational 
rcsulls 

Nfd) 
(10” molcc/cm3) 

b 

(Tr, 10 
q, u = I+ 0 e) 

2+1 
3-Z 

Method: 

if,,=l+O 

2+1 
3-2 

pf - 
“So-0 

1 

2 
3 

,j) 

(phoron/moIec) 

System 

HF a) -- 

3.3 = nr 
0.080 

m3 
1.1 x 10-3 
2.2 x lop3 
7.5 x 10-3 

Exp. fJ Figs. 1,3 

9(io) 9 9 
S(9) 8.9 
6(7) 718 

0.72 
0.20 
0.06 
0.02 

1.8 

HFb) srb) 

3.o=lv 0.33 = R 
0.057 0.057 

(500) (500) 
2.5 x lo@ 2.3 x 1o-2 
4.2 X IOK3 2.9 x lo-’ 
9.3 x lop3 6.5 x 1O-2 

Camp. 6) Fig. 4 Camp. 9) I+,.. 4 

il(12) i) 10,ll 89 
lO(11) 9.10 8&) ?3:9 

B(9) 8.9 60.) 617 

0.63 0.65 OS8 0.57 

0.24 0.23 0.25 0.25 
0.09 0.085 0.11 0.12 
0.04 0.035 0.06 0.06 

1.5 1.5 1.4 1.4 

1ICI 4 

30 = N/2 
0.022 

(600) 
2.0 x 1o-3 
2.3 x 10W3 

_ 

Camp. h) Fig. 5 

15 15-17 
_ (15-17) i) 
_ _ 

0.58 0.54 

0.30 0.30 
0.12 0.16 

0.22 0.43 

al Input data Form (remark d), b, -yf, Pi; T’(final tcmpcnturc) and capcrimcntal results from ref. [ 16). 
b) Rcr. ~141. 

c) RCF. [15]. 

d) Estimated on the basis of pumpin! puamcrcrs, initial reactant concentrations and V-T raps. E is the upper limit to N! 
C) Using 0” (units of 1o-5 cm3/s) and T (s) as follows: 

For IIF (in a11 CJSCS) P, = 3.90, 02 = 7.38, q = 10.59, T = lo-‘. 
For HCI, q = 2.65. q = 5.07. T = 4 x lo-‘_ 

fJ 50 IOX Ar (VS - 0.1 torr HF) were used to enhance rotational relaxation [ 161. 
d Computational results based on solutions ofratc equations (including all v&rotational populations and photon dcnsitics) with 

very high R-T rates- Vibrational relaxation is negliSiblc for N= 0.33 (initial F:H2 = 1: 10) and not included in the results for 
Iv= 3.0 (516) [14]. 

11) As in g) but with extensive vibrational rclaxalion as rcflectcd by the absence of u = 2 - 1 IranGtions and the (relatively) low 11 

IW- 
1) lkackcts indintc wry weak transitions. 

J) Based on eq. (15). Using for HI:: 96, .~,, I’$ = 0.0.17. 0.56, 0.27; t/j = 0.67 [21-231 (- 

0.32, but CJ;, = 0.67). For IICI: Pb,P;, PJ = 0.18,0.59,0.23 1151. 
m ref. [16]: Pj= 0.01. 0.15.0.52, 

tion will therefore be reflected in the spectral distri- case, completely sufficient requirement for positive 

bution of the laser output. In the following we de- 

scribe a simple procedure for estimating the final vib- 

rotational populations, the efficiency and the spectral 

distribution of the laser radiation (in the liiit OF 

slow rotational relaxation). The first practical step 
towards this end is to replace the strong lasing condi- 

tion (12) which played a crucial role in the case of 

thermal rotations by the weaker but, in the present 

inversion AN,, > 0. (Practically, all the transitions 

which are effectively pumped by the chemical reaction 

or by radiative cascades can reach the threshold in- 

version). The final vib-rotational populations are de- 

termined by the requirement A$,_,@- 1) = 

Nf 1 J(7-+l) or equivalently PO I_lj(2J-1) = 

prl &+I). (Except for levels’which were not in- 

volvid in the lasing.) 
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The radiative transitions modify the relative popula- 

tions in a sequence of levels connected by consecutive 

transitions; u,J+ u- 1, J+l + u-2, J+2 + ___, but their 

sum remains constant 

(17) 

with U= min{J, u*) where, as before, u* is the highest 
level populated by the pumping reaction. Recall that 
Pi, is the completely nonrelaxed vibtational rotation- 

al distribution. Except for some very special cases to 

be mentioned below, the final probabilities are deter- 

mined by the requirement for equal effective (degen- 

eracy averaged) populations. The ‘associative rule’ for 

effective populations in successive levels implies 

P;,_“/cW-u) + 11 = c, (n’(3, (18) 

where C, is a constant charactenstrc to the sequence 

of transitions originating in ??and terminating in u=O. 

Substitution ofI’:,_” from (18) into (17) yields 

C, =S,/[(c+ 1)(2&l-G)] or equivalently 

Pi,_” = 2(Lu)+l 

(G+1)(2M-i$,- (19) 

Hence, given the initial populations one can evaluate 

S, from (17) and the final distribution from (19). The 
final vibrational populations and the quantum effi- 

ciency can then be calculated using (7) and (15). The 

spectral distribution of the laser output Q,, defined 
as the (relative) intensity of the P,,__r (J) line, is 

given by 

(20) 

Consider again the F + H2 + HF + H example. Using 

the initial vibrational-rotational populations meas- 
ured in the chemihrminescence experiments [?I-231 
eqs. (15) (19) and 20) yield: 

$ (a)Pi;P{;Pi;P, =0.350;0.305; 0.260; 0.085; 
(b) n = 1 .O photons/molecule; 
(c) the spectral distribution QuJ shown in fig. 6. 

These results are identical to those obtained, for sim- 

ilar conditions, in exact calculations [14]. As expected, 

there is a considerable reduction in the laser efficiency 

as compared to the case of high R-T rates. Whereas the 

I$ 6. Spectral distribution of the 1: + II2 -p HF + H law in 
the limit of no rotational relaxation- Elascd on cq. (20) with 
inili31 distribolions Irom rcfs. [21-U J. 

cooperative effect of the funneling mechanism enables 

efficient extraction of energy from partially inverted 

populations, the independent lasing at low R-T rates 

can only equalize the (effective) populations. In this 

connection it should be emphasized that the assump- 

tion of Boltzmann rotational distributions and the 

funneling mechanism cannot be separated. A method 

for estimating chemical laer efficiencies was described 
by Chester (in the framework of two vibrational lev- 

els) several years ago [26] This treatment applies to 

Bohzmann rotational distributions but lasing is, tacit- 
ly, allowed to take place independently on all transi- 

tions consistent with (13). 

Finally, a remark should be made concerning eq. (18) 

This equation may not hold and should be modified 

for a few, generally high, vib-rotational levels. For 

example, since the initial population of the highest 

level in a sequence of transitions [level &J-Fin 

(17)-(18)] can not be less than the final population, 
i.e.,P&J__,ZP&,_E, eq. (18) does not hold for 
U. J-Cif this condition is not fulfilled. When this is 

the case, iFin (18) and (19) should be replaced by 

V-l (or even F-2 if V-l, J-u + 1 is poorly populated 
as well). One can easily point out other cases where 

(18) should be moditied. Yet, they usually refer to 

scarcely populated levels and, in any case, the moditi- 

cations required are simple. 



5. Concluding remarks 

Several important quantities characterizing the per- 
formance of chemical lasers can reasonably be esti- 

mated on the basis of simple considerations. A careful 

examination of the lasing mechanisms prevailing at 

high gas pressures where rotational equilibration is 
rapid and at relatively low pressures where its effects 

are negligible, can yield (besides physical insight), the 
final vibrational populations, the quantum effrcien- 
tics, and some features of the spectral distributions. 

The present treatment can be improved by incorpo- 

rating the effects of vibrational relaxation. In addition, 

it can also be extended for cases of intermediate R-T 

rates. 
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