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In this study three theoretical models which yield the temporal evolution of photon densities and 
population levels for a pulsed chemical laser are compared. The models are applied to the 
CI/HIIHe chemical laser system. The simplest one is the well-known Boltzmann equilibrium 
model (BEQM) which assumes instantaneous rotational equilibrium throughout the lasing period. 
This assumption is removed in the detailed rotational nonequilibrium model (DRNM) which 
follows the time development of each vib-rotational population level separately. A third model, 
recently introduced by Baer, Top, and Alfassi, is an approximate rotational relaxation model 
(ARRM) which represents the rotational distribution in each vibrational level as a linear 
combination of three known functions with time-dependent coefficients. The main conclusions are 
as follows: (1) The BEQM is inadequate for providing the properties of a laser operating under low 
and intermediate mert-gas pressures. It can serve at most to derive an upper bound for the actual 
laser performance. (2) The ARRM provides very good estimates of total laser energy and efficiency 
as well as of more detailed properties, such as band intensities and the temporal behavior of the 
vibrational populations, for a wide range of pressures. (3) The use of the DRNM cannot be avoided if 
fine details, such as spectral distribution of output energy or rotational energy profiles, are required. 

PACS numbers: 42.55.Ks, 82.20.Mj, 82.20. Wt 

I. INTRODUCTION 

Indications of rotational nonequilibrium in low-pres­
sure chemical lasers on the one hand,I-8 and direct experi­
mental determinations9-13 of rotational relaxation rates on 
the other, have stimulated the inclusion of rotational non­
equilibrium effects in kinetic modeling studies of molecular 
lasers. 3,14-24 Evidence for rotational nonequilibrium is pro­
vided by, for example, simultaneous multiline operation, 
and R-branch and pure rotational transitions. Chemilu­
minescence measurements, 11.25 double resonance,9.IO and la­
ser infrared fluorescence experiments 13 and theoretical mod­
els based on the exponential gap representation of rate 
constants 11. 12.26 indicate that the rate of rotational relax­
ation decreases exponentially with the rotational quantum 
numberJ. 

The rotational equilibrium assumption, which com­
monly was employed in the early modeling studies of chemi­
cal and other molecular lasers,4.27 states that rotational re­
laxation is practically instantaneous on the time scale of all 
the other rate processes in the laser cavity, excluding transla­
tional relaxation but including, in particular, stimulated 
emission. This assumption is valid when a buffer gas which 
enhances (almost selectively) rotational relaxation is added 
to the lasing mixture; however, it is doubtful at intermediate 

")Part ofa Ph.D. thesis to be submitted by Y. Reuven to the Department of 
Physical Chemislry. the Hebrew University of Jerusalem. 

pressures, especially for high J values, and is generally inad­
equate at low buffer gas pressures. The most important prac­
tical aspect in investigating the role of rotational relaxation 
in chemical lasers is the significant enhancement of the laser 
efficiency upon raising the rate of R-T transfer.2,14. 15. 18 

The abandonment of the rotational equilibrium as­
sumption in the kinetic description of (infrared) molecular 
lasers means that, instead of a few master equations govern­
ing the rate of change of the vibrational popUlations and the 
radiation densities of the few lasing transitions, one has to 
solve a large set of independent rate equations corresponding 
to the various vib-rotationallevels and transitions. More­
over, instead of a few rotationally averaged rate constants, 
one needs detailed information about a multitude ofvibrota­
tional reactive and energy transfer rate constants. The latter 
problem is solved by the rapid accumulation of detailed rate 
constants. The more technical obstacle of solving a multi­
tude of (coupled nonlinear) rate equations, even with the aid 
offast integration procedures, is considerably more difficult. 
For systems involving a large number of significantly popu­
lated levels, such as chemical or electrical CO lasers or the 
H2/F2 laser system, the solution of all the detailed rate 
equations is an extremely complex problem. 

An approximate model for rotational relaxation aimed 
at reducing the number of laser rate equations has recently 
been suggested. 21 The central assumption of this model is 
that the rotational distribution function within a given vibra­
tional manifold can be expressed as a time-dependent super-
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TABLE I. The kinetic scheme. 

Initiation 
h.-

CI, ~ 2CI 
Ha~h 

Pumping 

CI + HI~HCI(V,J) + I 
Reverse reaction 

HCI(V = 4,J) + I~CI + HI 

Radiation 

HCI(V,J -I~HCI(V -I,J) + hV vJ 

Relaxations 

R-R,T 

HCI(V,J) + M~HCI(V,J ± I) + M 

V-T 

HCI(V,J) + M,~HCI(V', J) + M; , V' < V 

where M = L M,; M, = Clz ,CI,HI,l,HCI,He 

V-V 

HCI(V,J) + HCI(V',J') 

+2HCI(V ± I,J) + HCI(V' += I,J') 

(RI) 

(R2) 

(R3) 

(R4) 

(RS) 

(R6) 

(R7) 

position of three predetermined distributions, one of which 
is the Boltzmann equilibrium distribution. In this paper we 
test this model by comparing its predictions with a detailed 
solution of the vib-rotational rate equations of the Cl + HI 
-HCl + I chemical laser. This sytem involves many rel­
evant levels and transitions but the solution of the rate equa­
tions governing its time evolution is still manageable. The 
detailed information about the kinetic behavior of this sys­
tem, obtained by such treatment, is in itself of interest. To 
complete the analysis we compare both the approximate and 
detailed models with a simplified code based on the rotation­
al equilibrium assumption. 

11. THE KINETIC MODELS 

The pumping reaction in the CI2 /HI laser system is 

Cl + HI-HCl(V,J) + I, (1) 

where V,J denotes the vib-rotationallevel. The exothermi­
city of this reaction suffices to populate the first five (V = ° -
4) vibrational levels of HCI. The number of energetically 
open rotational levels is 30, 28, 25,19, and 9 for V = 0,1,2,3, 
and 4, respectively. 28 All of these vib-rotationallevels as well 
as all the possible P-branch transitions in the bands 
V = 4 _3,3_2,2_1, and 1-+0 are included in the kinetic 
analysis. The Cl atoms are generated by flash photolysis of 
Cl2 molecules. The kinetic scheme is summarized in Table I. 
Except for several modifications, the numerical values of the 
various rate constants are identical to those employed in Ref. 
21. The initial mixture in the laser cavity contains C12, HI, 
and He at various ratios and concentrations. 

The three kinetic models compared in this paper differ 
in the way the vib-rotationallevel populations are treated. 
With regard to the treatment ofthe radiation densities (see 
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below), the models are essentially identical. In all cases we 
assume that the rate processes and the level and photon pop­
ulations are uniform in the volume ofthe laser cavity. Also, 
since except under the extreme condition of rotational non­
equilibrium the gain of an R -branch transition is lower than 
that of a P-branch transition originating at the same V,J 
level,2.27 only P-branch transitions are taken into account. 

Consider first the most detailed model, the detailed ro­
tational nonequilibrium model (DRNM), introduced else­
where 1s

•
19 which we shall describe only briefly. Ifwe let 

N(V,J) denote the level population (molecules/cm 3) and 
t/J (V,J) the photon density (photons/cm 3) in the P-branch 
transition V,J - I-V - 1,J (t/J = p/hv where v is the fre­
quency andp the radiation density (erg/cm 3) of the transi­
tion), the rate equations can be expressed as 

dN(V,J) = P(V,J) _ R (V,J) 
dt 

+ R (V + 1,J - 1) - D (V ,J), 

dt/J (V,J) = R (V,J) - t/J (V,J)h. 
dt 

(2) 

(3) 

Here P (V ,J) is the rate of production ofHCl( V,J) molecules 
by the pumping reaction [Eq. (1)], R (V,J) is the radiative 
depletion rate oflevel V,J, D (V,J) is the net depletion rate of 
this level by collisional energy transfer processess, (cf. Table 
I), and t/J (V,J)h is the radiation loss term. 

The chemical pumping term in Eq. (2) is 

P(V,J) = P(v)f~(J), (4) 

where P(V) = ~JP(V,J)is the overall pumping rate of the 
vibrational level V.f~(J) is a normalized gaussian distribu­
tion which, to a good approximation,28 represents the na­
scent rotational populations in V generated by the pumping 
reaction. Explicitly, we set 

f~(J) = C~(2J + 1) 

X exp{ -Bv[J(J+ 1)-J~(J~ + 1)]2/2~vJ, 
(5) 

where B v is the rotational constant oflevel V, J ~ is the most 
populated rotationlK level in V, U v is the width, and C ~ is 
the normalization factor of the distribution. The numerical 
values of the constants in Eq. (5) are given in Ref. 21. 

R (V,J) accounts for stimulated emission, and for the 
small fraction (a) of spontaneous radiation along the laser 
axis which triggers the lasing 

R (V,J) =g( vvJ)BvJh V VJ £IN(V,J)t/J(V,J) 

+ aAvJN(V,J), (6) 

whereA vJ , B vJ , h V VJ ' and£JN(V,J) = N(V,J - 1) 
- N(V - I,J)[(2J - 1)/(2J + 1)] are the Einstein coeffi­

cients for spontaneous and stimulated emission, the energy, 
and the population inversion of the V,J - 1-V-l,J line, 
respectively. The line-shape function g( VVJ )is taken as the 
Voigt profile,27 which represents the convolution of the pres­
sure and Doppler profiles. It is assumed that the lasing takes 
place at the line center and that the power extraction is ho­
mogeneous over the line profile. Variations in species com­
positions are explicitly included in calculating the collision 
broadening of the pressure profile, but the dependence on 

Reuven, Ben-Shaul, and Baer 131 



vibrational and rotational quantum numbers is ignored. 
The radiation loss term in Eq. (3) accounts for the use­

ful output coupling (Lc) of photons and the dissipated losses. 
The photon lifetime in the cavity, T, was set equal to 
T - I = - (C /2L) In[R (1 - Lc)] in all calculations. L, the 
length of the laser cavity, is taken to be 60 cm. 21 [R (I - Lc)] 
is adjusted so that there is a 10% loss of photons per round 
trip. It is assumed that only 20% of this loss, i.e., Lc = 2% of 
the total loss, appears as laser radiation. The value of a was 
taken to be 10- 5. 

The relaxation term D (V,J) represents the effects of ro­
tational and various vibrational energy transfer processes on 
the population of level V,J. Rotational relaxation is de­
scribed by the Ding-Polanyi expression for the R -T rate con­
stant k (J~J'; V), where J> J' 

k (J~J';V) = AZ (2 J' + I) exp[ - C(EJ - Ej')], 
(7) 

EJ=BvJ(J+I) 

with A = 0.05 and C = 0.011 cm. Z is the collision frequen­
cy.12 The reverse rate constant is dictated by detailed balanc­
ing . .1J,>2 transitions are excluded and it is assumed that Eq. 
(7) applies to all collision partners (Table I). The effects of 
rotational nonequilibrium on the laser performance were 
studied by varying the initial mixture composition 
CI2 /HI/He. 

Due to the lack of detailed information on the J depen­
dence of vibrational relaxation rate constants of the form 
k (V,J~ V' ,J ') and in order to simplify the computations, we 
assume that these rate constants are independent of J and 
allow only pure V-Tand V-Vtransitions, i.e., J' = J. This 
approximation is supported by previous studies1s ,19 indicat­
ing that irregularities in the rotational distribution functions 
which might be caused by V-R transfer are rapidly removed 
by the faster R -T processes. 

The set of rate equations (2) and (3) were solved simul­
taneously with the equations governing the time evolution of 
the translational temperature Tand the concentration of the 
nonlasing species (Cl,CI2 ,HI). The total number of rate 
equations for the CI2 /HI/He laser system comes to 192. It 
should be emphasized that neither in the detailed model nor 
in the approximate models described below has the "gain­
equal-loss" (or "on threshold"29) assumption for tP (V,J) [cf. 
Eq. (3)] been employed, 

The simplest of the three laser models compared below 
is the one relying on the rotational equilibrium assumption, 
i.e., the Boltzmann equilibrium model (BEQM). Based on 
this assumption, one can write 

N(V,J) = N(v)f~(J), (8) 

where N ( V) = ~ J N ( V,J) is the total population oflevel V 
and 

f~(J)=C~(2J+ l)exp[ -BvJ(J+ l)/kT] (9) 

is the Boltzmann rotational distribution of molecules in the 
V state. T is the (time-dependent) rotational-translational 
(or "heat bath") temperature and C ~ = l/Q ~ is the nor­
malization factor; Q ~ is the rotational partition function. 
Substitution of Eq. (8) into Eq. (2) and summation over J 
yields a well-known simplified set of vibrational rate equa-
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tions. IY
,27,29 This reduced set of equations, which replaces 

Eq. (2), involves only the sum of the pumping terms 
P(V) = ~JP(V,J) and the average of the collisional relax­
ation terms (V- T and V- V) represented by 
D(V) = ~JD(V,J). Furthermore, since at rotational equi­
librium, practically, there is only one lasing line (the highest 
gain transition) per vibrational band, the number of nonzero 
photon rate equations is also small. 29 The rate equations can 
be further simplified by adopting the gain-equal-loss as­
sumption leading to the replacement of Eq. (3) by an alge­
braic relation. However, as mentioned above, since we are 
interested only in the different descriptions of the rotational 
populations, this last assumption is not employed. (Other 
effects associated with the gain-equal-loss approximation in 
chemical lasers are discussed in Ref. 19.) 

Finally we turn to the approximate rotational relax­
ation model (ARRM). According to this model each vib­
rotational population level at any instant of time is repre­
sented as a weighted sum of the nascent-Gaussian distribu­
tion Eq. (5), the equilibrium distribution Eq. (9), and a third 
distribution f.~ (J), 

N(V,J) = N ~f~(J) + N ~ f~(J) + N ~f~(J). (10) 

The relative weight of each of the three distributions is given 
by the time-dependent superposition coefficients N ~, N ,~, 
and N:;. The intermediate distributionf ~(J) is taken to be 
a Boltzmann-like distribution centered around J ~ which is 
an intermediate value between J ~ [see Eq. (5)] and J ~ 
-(kT /2Bv)1/2, the most populated rotational level at ther­
mal equilibrium, 

f~(J)=C~(2J+ I) 

Xexp[ - U(J + I)/(U,~ + 1)2]. (11) 

The choice of the form of Eq. (11) for f.~ (J) was based on 
the fact that a single parameter, J ,~, determines both its 
peak and width.21 

It should be noted that in the absence oflasing pro­
cesses, which interfere with the rotational relaxation, the 
time evolution of the rotational distribution can often be ap­
proximated by a superposition of the nascent and the Boltz­
mann distributions. 26,30 The inclusion of the intermediate 
distribution is intended to account for two situations fre­
quently encountered in actual cases: (1) when the nascent 
and Boltzmann distribution hardly overlap, (2) when the 
disturbances in the rotational relaxation patterns induced by 
the lasing and, to a lesser extent, by the vibrational relax­
ation processes, have a dominant effect on the overall distri­
bution. Note however, that in the high-pressure (rotational 
equilibrium) limit N ~ and N ~ become negligible. 

The practical advantage associated with this represen­
tation [Eq. (10)] is obvious. Instead of the many independent 
variables N (V,J) in Eq. (2) the number of population varia­
bles in the present model is quite small, namely, three "sub­
vibrational" populations N ~, N ~, and N ~ for each vibra­
tionallevel. In the absence of vibrational population transfer 
(via radiative transfer and relaxation processes) only R-T 
processes can modify the relative values of N ~, N ~, and 
N ~. The present model assumes that the relaxation from the 
initial,f ~, to the final equilibrium distribution,f ~, proceeds 
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TABLE II. Laser performance obtained by the three models, for various pressures (Ptot ), at constant initial species composition ratio (C12 /HI/He = 4/1/4). 

Model Ptot tThe 
a t h Energy (mJ/cm2) Td t ' p 

type (Torr) ( Ilsec) ( Ilsec) 1--+0 2--+1 

DRNM 0.90 4.0(4--+3) f 41.0 0.21 0.35 
ARRM 4.0(4--+3) 38.0 0.24 0.39 
BEQM 4.0(3--+2) 36.0 0.32 0.50 

DRNM 4.50 1.8(4--+3) 40.2 1.60 2.34 
ARRM 1.8(4--+3) 38.2 1.46 2.29 
BEQM 1.8(3--+2) 38.2 2.04 3.01 

DRNM 9.00 1.4(4--+3) 39.6 3.41 4.81 
ARRM 1.4(4--+3) 36.6 3.15 4.75 
BEQM 1.2(3--+2) 36.8 4.23 6.10 

DRNM 18.0 1.0(4--+3) 38.0 6.71 9.15 
ARRM 1.0(4--+3) 31.0 6.54 9.35 
BEQM 0.9(3--+2) 33.1 8.10 11.7 

DRNM 36.0 1.0(4--+3) 35.0 12.2 16.2 
ARRM 0.9(4--+3) 28.1 12.5 17.3 
BEQM 0.8(3-.2) 31.2 14.5 21.0 

DRNM 72.0 0.8(3-.2) 28.2 20.2 26.6 
ARRN 0.8(3-.2) 25.2 21.6 29.5 
BEQM 0.6(3-.2) 26.4 24.1 35.2 

DRNM 144.0 0.6(3-.2) 25.4 30.1 39.8 
ARRM 0.6(3-.2) 21.4 32.9 45.8 
BEQM 0.6(3-.2) 22.4 34.0 53.0 

·'tTh , is the threshold time of the total laser pulse. 

hI p is the pulse length. 

'Efficiency in terms of photons/HI molecule. 
"All temperatures are given for time = 4O.0llsec, except the I 44.0-Torr run 

via the intermediate distributionf~, i.e., there is no direct 
population transfer from the initial to the final distribution. 
Rotational relaxation is thus governed by two effective deex­
citation "rate constants" k ~M and k ~B (which determine 
the rate of passage from the initial to the intermediate and 
from the intermediate to the final distributions, respective­
ly). There are no reverse rate constants since the passage to 
f ~ is irreversible. The effective constants k ~M and k ~B are 
constructed from the state-to-state rotational relaxation 
constants [Eq. (7)] as follows. Using matrix notation21 one 
obtains for the rotational master equation 

f=Kf, (12) 

where f = I f(J) l is the vector of relative rotational popula­
tions and K is the rotational transition matrix where the 
(nondiagonal) elements are the detailed rate constants [Eq. 
(7)]. The formal solution ofEg. (12) is2l 

f( t) = exp(Kt) f(O) (13) 

and more explicitly 

f(t) = AEA .. J f(O), (14) 

where Eij = exp(qi t) (j Ii ,A is the transformation matrix of 
K, and qi are the eigenvalues. f(O) is the initial distribution 
and f(t) is the distribution at time t. 

In the determination of k ~B the initial distribution is 
identified as f(O) = f ~. The identity f( 00 )=f ~ is ensured by 
the ordinary detailed balance relations between 
k (J~J - 1; V)andk (J - l-i>J; V). Next,f(t )forintermedi­
ate times is represented as 
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3--+2 4--+3 Total Elf.' (OK) (min) 

0.41 0.18 1.14 0.12 728 14.9 
0.47 0.18 1.27 0.13 699 1.5 
0.53 0.17 1.51 0.15 761 0.9 

2.36 0.71 7.00 0.14 812 14.9 
2.32 0.63 6.70 0.13 791 2.1 
3.00 0.81 8.87 0.19 808 1.1 

4.55 1.17 13.9 0.14 856 25.0 
4.32 0.98 13.2 0.13 843 2.5 
5.77 1.42 17.5 0.18 836 1.1 

8.20 1.78 25.8 0.13 905 35.0 
7.76 1.45 25.1 0.13 901 3.8 

10.5 2.29 32.5 0.16 871 1.2 

13.9 2.37 44.6 0.11 964 55.6 
13.3 1.94 45.0 0.11 973 4.8 
17.9 3.38 56.8 0.14 921 1.2 

21.9 2.55 71.3 0.09 1022 85.2 
21.2 2.74 74.5 0.09 1049 6.1 
28.4 4.27 92.0 0.12 980 1.3 

31.4 1.72 103.0 0.07 704 116.6 
30.8 1.58 111.1 0.07 716 7.9 
40.4 3.87 131.2 0.08 675 7.0 

where the time = 25.0 Ilsec. 
'Net CPU computer time. 
'N umbers in parenthesis indicate the vibrational band (V -. V - I) in which 
lasing starts. 

f(t) = [1 - exp( - k ~Bt )]f( (0) + exp( - k ~Bt )f(O) (15) 

which provides a good approximation to the exact relaxation 
pattern. The latter is given by the eigenvalue solution Eg. 
(13) [or equivalently by the numerical solution ofEq. (12)]. 
The best-fitted k ~B is then evaluated by a least-squares pro­
cedure which compares Eq. (15) with the exact solution. The 
evaluation of k ~M follows similar lines but with f(O) = f ~ 
and f( 00 ) = f ,~. Note, however, that in order to ensure the 
convergence off(t ) to f .~, the ordinary detailed balance rela­
tionf~(J)k (J-J'; V) = f~(J')k (J'-J;V) must be re­
placed by f ~ (J)k (J-J'; V) = f.~ (J ')k (J' ~J; V). 
Further details about the ARRM concerning, for example, 
the effects of vibrational relaxation and stimulated emission 
on the overall, N (V), and sub-vibrational populations, N ~, 
N .~, and N ~, are provided in Ref. 21. 

III. RESULTS AND DISCUSSION 

The master equations which govern the time evolution 
of the HCllaser system were solved in the framework of the 
three models: 

(1) As a function of total pressure keeping the initial 
Cl2 /HI/He ratio constant (see Table II). The major effect of 
scaling up the total gas pressure is to increase the rates of the 
pumping reaction and vibrational relaxation. The enhance­
ment of the total laser energy depends on the interplay be­
tween these rates. 

(b) As a function of the partial inert-gas pressure while 
keeping the initial partial pressures of Cl2 and HI constant 
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TABLE III. Elfect of inert gas on laser performance obtained by the three models. 

Initial species pressure (Torr) 
Model Ptat tThr 

a 

type CI2 HI He (Torr) (psec) 

DRNM 8.0 2.0 0 10.0 1.0(4--+3) , 
ARRM 0.9(4--+3) 
BEQM 0.8(4--+3) 

DRNM 8.0 2.0 8.0 18.0 1.0(4--+3) 
ARRM 1.0(4--+3) 
BEQM 0.9(3->2) 

DRNM 8.0 2.0 32.0 42.0 1.2(3---.2) 
ARRM 1.4(3--+2) 
BEQM 1.0(3->2) 

DRNM 8.0 2.0 80.0 90.0 1.4(3->2) 
ARRM 1.4(3->2) 
BEQM 1.3(3---.2) 

a(Th' is the threshold time of the total laser pulse. 

b( p is the pulse length. 
'Efficiency in terms of photons/HI molecule. 
d All temperatures are given for time = 40.0 Ilsec. 

( b 
p 

(psec) 

36.0 
28.1 
31.2 

38.0 
31.0 
33.1 

40.8 
37.6 
39.0 

44.6 
41.6 
43.2 

(see Table III). The major effects of increasing the inert-gas 
pressure are to enhance rotational relaxation and to reduce 
the temperature rise in the system. These effects tend to in­
crease the laser efficiency. It is expected that this series of 
runs will reflect the adequacy of the three models which 
differ in the way the rotational relaxation is treated. 

The comparison between the models is made by consid­
ering the results each gives for the following quantities: 

(a) the total and vibrational output energies and 
efficiencies, 

(b) the threshold times and duration times, 
(c) the temporal behavior of the lasing output flux for 

the total pulse as well as for the various vibrational bands, 
(d) the temporal evolution of the relative vibrational 

populations, 
(e) the spectral distribution of the integrated output 

energies. 

ILl --~2------5L---~IO----2~O~--~5~O--~OO 

Total pressure (torr) 

FIG. I. The total output energy as a function of the total pressure of the 
lasing medium. Initial species composition ratio is kept constant, 
CI2 /HI/He = 4/1/4. 
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Energy (mJ/cm 2) 
Td ( , 

1-.0 2--1 3--+2 4--+3 Total Elf. ' (OK) (min) 

5.50 7.33 6.22 1.39 20.4 0.10 1240 26.1 
5.07 7.26 5.98 1.20 19.5 0.10 1191 3.4 
7.06 10.1 8.83 1.95 27.9 0.14 1201 1.2 

6.71 9.15 8.20 1.78 25.8 0.13 905 35.0 
6.54 9.35 7.76 1.45 25.1 0.13 901 3.8 
8.10 11.7 10.5 2.29 32.5 0.16 871 1.2 

8.53 12.0 11.2 2.58 34.3 0.17 590 53.7 
8.90 12.6 10.9 1.98 34.4 0.17 599 3.2 
9.77 14.1 12.8 2.75 39.5 0.20 571 1.1 

9.43 14.0 13.4 3.33 40.2 0.20 475 82.2 
10.1 14.6 12.7 2.36 39.9 0.20 490 4.2 
10.4 15.7 14.1 2.97 43.3 0.22 464 1.2 

'Net CPU computer time. 
'Numbers in parenthesis indicate the vibrational band (V---.V - I) in which 
lasing starts. 

The aim of the analysis is not only to compare the results due 
to the three models but also to gain a deeper insight into the 
physical and chemical characteristics of the lasing medium 
under different modes of operation. 

A. Output energy and efficiency 

The results obtained for the output energy, the total and 
the vibrational distribution, and the efficiency as calculated 
in the framework of the three models are given in Tables II 
and III and in Figs. 1-6. Laser performance as a function of 
the total pressure at constant initial species ratio Cl2 /HI/He 
= 4/1/4 and as a function of the partial pressure of He at 

constant initial partial pressures of Cl2 (8 Torr) and HI(2 
Torr) is given, respectively, in Tables II and III. The total 
output energy as a function of total initial pressure, and as a 
function of the partial pressure of He, are shown in Figs. 1 
and 2. In Figs. 3 and 4 the efficiency of the system (photons 
per HI molecule) is given. In all cases we found that the 
ARRM results practically overlap the DRNM results over 

N 50 .--------------------------------, 
E 
~ 
E ------_.-'-

DRNM 
ARRM 

BEaM 

---

10L-______ -L ____ L-__ L--L~_L-L~ 

1.0 2.0 5.0 10 

FIG. 2. The effect of enhancing the inert gas pressure (PHe ) on the output 
energy, initial pressure of the reactants is kept constant, i.e., PCL/ HI 

= 8 Torr(CI2) + 2 Torr(HI) = 10 Torr. 
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the entire pressure range (- 1.0 -- 150 Torr), whereas the 
BEQM results deviate significantly from the other two 
models. 

Comparison of the results shown in Figs. 1 and 2 reveals 
that varying the total pressure does not affect the differences 
between the total output energy values obtained by the three 
models, whereas these differences decrease with increasing 
inert-gas pressure. These trends reflect the different effects 
of increasing the total versus the inert-gas pressure on the 
relative rates of stimulated emission and rotational relax­
ation. Increasing the He pressure enhances, almost selective­
ly, rotational relaxation and consequently the applicability 
of the rotational equilibrium assumption, which is the basis 
of the BEQM. On the other hand by increasing both the 
reactant- and inert-gas pressure we increase the rate of rota­
tional relaxation as well as the concentration oflasing mole­
cules (hence of stimulated emission). Since the validity of the 
BEQM requires that R-Tprocesses are faster than all other 
rate processes in the laser system, in particular stimulated 
emission, scaling up the concentration of all species evident­
ly prohibits its applicability. Inspection of Figs. 1 and 3 re­
veals that the increase in the total output energy upon in­
creasing the total pressure is accompanied by a decrease in 
the laser efficiency (except at very low pressures). On the 
other hand, the increase in the output energy as a function of 
the buffer gas pressure (Fig. 2) is a direct consquence of the 
increased efficiency (Fig. 4) due to the enhanced rotational 
relaxations and the reduced temperature, Table III. (Adding 
inert gas increases the heat capacity of the system. The lower 
temperature rise is also responsible for the increased laser 
efficiency predicted by the BEQM). The enhancement ofla­
ser efficiency upon increasing the R -T rates has been dis­
cussed extensively elsewhere. 14

-
22 The reduction in the laser 

efficiency displayed in Fig. 3 reflects the increasing influence 
of vibrational deactivation, especially due to Cl2 and HI 
molecules. The low efficiency in the very low pressure re­
gime is due to the fact that the threshold inversion is relative­
ly large compared to the total concentration of lasing mole­
cules [see, e.g., Ref. 18(c)]. Besides increasing the R-T rates 
the addition of buffer gas to the lasing mixture has a (small) 
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FIG. 3. The efficiency as a function of the total pressure for a constant initial 
species composition ratio eI2 /HI/He = 4/114. 
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effect on the efficiency due to dependence of the radiative 
cross section on the gas pressure. Increasing the bl,lffer gas 
pressure moderates the temperature rise, thereby reducing 
the Doppler width. On the other hand it also increase the 
collisionallinewidth. However the combined joint effect of 
these two (opposing) mechanisms on the radiative cross sec­
tions is considerably smaller than the pressure effect on the 
R-Trates. (Note that it is the competition between the rates 
of the R-Tprocesses and stimulated emission which deter­
mines the efficiency. 14-22) 

A more detailed comparison between the models is pro­
vided by Fig. 5 which shows the relative deviation of vibra­
tional output energies (E ~RRM / E 6RNM ) and (E ~EQM / 
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FIG. 5. Relative output energies, EARRMIEDRNM (-) and E BEQ,,/ 

EORNM (---), of the various vibrational bands in the lasing system as a func­
tion of the total pressure. Species composition ratio is the same as in Fig. 1. 
The straight line(-·-), which represents the DRNM, is drawn for 
comparison. 
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FIG. 6. Relative contributions of the various vibrational energies to the "'-
total output energy as a function of total pressure for the DRNM. Species 
composition ratio is the same as in Fig. I. 

E riRNM) as a function of the total pressure. Again it can be 
seen that the ARRM results are in good agreement with 
those of the DRNM (the largest deviation is 15% and the 
average deviation is less than 10%). On the other hand the 
BEQM results deviate significantly from those of the de­
tailed model (sometimes as much as 50% and on the average 
more than 30%). 

Finally, Fig. 6 (see also Table II) shows the DRNM 

10.------------------, 
3-2 

2-1 

TOfol 

40 

FIG. 7. The lasing output flux as a function of time for a system without 
buffer gas. PIOI = \0 Torr, initial species composition ratio CI2 /HI = 4/\. 
DRNM (_.-), ARRM (-), BEQM (---). 
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FIG. 8. The lasing output flux asa function oftimefor PIOI = 18 Torr; initial 
species compost ion ratio CI2 /HIIHe = 4/1/4. (_._) DRNM, (-) ARRM, 
and (---) BEQM. 

results for the relative vibrational band intensities as a func­
tion of total pressure. As noted above, the increase in the 
reactant concentration involves a corresponding increase in 
the vibrational deactivation rates; the higher the pressure, 
the lower the relative intensities of the high vibrational 
bands (4 -3) and (3-2) and the higher the relative intensi­
ties of the lower bands, (2--1) and (1---+0). 

B. Temporal profiles of the laser pulses 

The time evolution of the total output energy as well as 
its vibrational components yields additional detailed infor­
mation on a lasing system and therefore serves as a more 
sensitive test of the ability of the ARRM to describe a rota­
tional nonequilibrated lasing system. Results obtained for 
the three models are compared in Figs. 7 and 8 which show 
the time profiles of the total output pulse and of the various 
vibrational bands for a total pressure of 10 Torr composed of 
partial pressures CI2 /HI/He = 8/2/0 (no inert gas), and a 
total pressure of 18 Torr, where the He pressure is raised to 8 
Torr, respectively. 

Again we note the good agreement between the ARRM 
and DRNM profiles. The threshold times are almost identi­
cal, the pulse shapes are similar and the peak fluxes are com­
parable. Deviations are only observed towards the end of the 
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FIG. 9. Development in time of vibrational populations for a system with­
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pulse where the ARRM pulses terminate somewhat earlier. 
Much more severe differences are obtained for the BEQM. 
These are seen not only in the sharp and strong oscillations 
which are typicaP9 of BEQM profiles, but also in the earlier 
start, faster rise, and larger peak fluxes which only towards 
the end ofthe lasing become comparable to the DRNM 
pulses. In Sec. III C we shall see that the main contributions 
to the tail of the lasing are due to the higher rotational states 
in the band. The fact that the ARRM fails to follow the 
DRNM at the end of the pulse indicates that the former 
model does not account correctly for the populations of the 
higher rotational states at the final stages of the pulse. It will 
be shown that the ARRM somewhat overestimates the pop­
ulation of these states and although the differences are small 
they are significant enough to inhibit any additional lasing 
from these states. 

The smooth pattern of the laser profiles as given by the 
DRNM reflects the simultaneous emission from the signifi­
cantly populated vib-rotational states of HC1. The dented 
pattern of the BEQM pulse, reflects the consecutive initi­
ation and termination of the vib-rotational pulses, namely, 
the J-shift phenomenon. 14-23 The fact that this structure is 
almost entirely eliminated by applying the ARRM is an­
other indication of its ability to account for most of the pro­
cesses during the lasing period. 
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By comparing Figs. 7 and 8 we can see the effect of the 
inert gas on the lasing system in greater detail. The effect of 
adding He is only minor at the early stages of the lasing (8-10 
",sec) but gradually increases towards the end of the pulse. 
Adding the inert gas yields higher peak fluxes as well as 
longer lasing periods. These findings confirm again that 
strong rotational coupling and low temperatures enhance 
the lasing from partially inverted vibrational populations 
through high J lines. 19 

c. Level populations 

1. Vibrational populations 

The time evolution of the relative vibrational popula­
tions is presented in Fig. 9 for a total pressure of 10 Torr 
made up of partial pressures CI2 /HI = 8/2 (no inert gas) 
and in Fig. 10 for a total pressure of 18 Torr and partial 
pressures Cl2 /HI/He = 8/2/8. As before, the fit between 
the ARRM and DRNM curves is good, while large devi­
ations are seen between them and the BEQM curves. The 
deviations are substantial during most of the lasing period 
and only towards the end do they tend to disappear. The 
largest deviations are encountered for the V = 0, level which 
is the most sensitive to the various treatments. The reason is 
that the populations of all upper states (V = 1-4) are deter-
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FIG. 10. The effect of inert gas on the time evolution of the vibrational 
populations. Ptot = 18 Torr and the initial species composition ratio 
Cl2 /HI/He = 4/1/4. (_._) DRNM, (-) ARRM, and (---) BEQM. 
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mined by differences of fluxes, which are less sensitive to the 
particular treatment, while the population of V = 0 is deter­
mined by incoming flux alone, a magnitude which is much 
more model dependent. 

Another set of sensitive parameters are the threshold 
times for the lasing which are clearly seen from the discon­
tinuous jumps in the relative populations a few microse­
conds after initiation. Again the thresholds times according 
to the ARRM and DRNM are almost identical, whereas 
those due to the BEQM are always shorter. The differences 
result from the instantaneous concentration of most of the 
BEQM vibrational population in a few (low) rotational 
states. In the ARRM and DRNM the vibrational population 
is more evenly distributed among the rotational states due to 
the (finite-time) R-T relaxation processes. The BEQM also 
differs from the DRNM and ARRM in that the shortest 
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threshold is encountered in the 3--2 transition, whereas in 
the other two models it is usually in the 4 --3 transition 
(Table 11). These effects have to do with the fact that V = 3 is 
the most heavily pumped vibrational state and since in the 
BEQM the population of this state (like any other) is instan­
taneously concentrated in a few rotational states, the thresh­
old conditions for the lasing are created relatively rapidly. In 
the DRNM and ARRM the conditions for reaching the 
threshold are more involved and as a result the threshold is 
reached first in the V = 4 state. 

A comparison between the results plotted in Figs. 9 and 
10 gives a deeper insight to the effect of the inert gas on the 
lasing system. Whereas in Fig. 10 (with He) the relative pop­
ulations of the upper states are relatively stable, they decay 
in Fig. 9 due to the enhanced V- Trelaxation processes which 
increase with temperature. It is interesting that in both cases 
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the relative populations of V = 1 are almost constant 
throughout the lasing period. 

2. Rotational populations 

From Figs. 9 and lO we observe that the time evolution 
of the vibrational populations is characterized by four 
stages. First the prethreshold region where the relative vi­
brational populations reflect the vibrational distribution of 
the nascent products of the pumping reaction. The second is 
the threshold region, characterized by sharp changes in 
these populations. Most of the laser energy is extracted in the 
third stage where the vibrational (partially inverted) popula­
tions are nearly time independent (reflecting a nearly steady­
state operation). The fourth and final stage begins towards 
the end of the pulse where vibrational relaxation, which 
eventually carries the system to equilibrium, becomes in­
creasingly important. 

Several stages in the time evolution of the rotational 
distribution are illustrated in Figs. 11 and 12 where two re­
gions are considered: (a) time before threshold is reached 
( t = 0.4, 0.8, 1.6 J-lsec), (b) time after threshold is reached 
(t = 6.0, lO.OJ-lsec). Figure 11 corresponds to the case,with­
out inert gas (Ptot = lO Torr, CI2 /HI = 4/1) and Fig. 12 to 
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N 

E 
~ 
E 

the case with inert gas (Ptot = 18 Torr, CI2 /HI/He 
= 4/1/4). It can be seen that for times before threshold the 

distributions due to the two models are identical, but for 
longer times they differ in certain details. Although the bulk 
of the two distributions is moving toward the low rotational 
states at the same rate, some of the higher rotational states 
according to the ARRM seem to lag somewhat. In other 
words, the high rotational states in the ARRM are more 
populated than those in the DRNM (and also the BEQM) 
and consequently also the contribution of these states to the 
lasing is different. 

An important fact to be noted from these results is that 
the main part of the lasing process takes place when the 
rotational populations are nearly Boltzmann. This also ex­
plains why the total output energies due to the BEQM do not 
differ by more than 30% from those due to the DRNM and 
theARRM. 

D. Spectral composition of laser pulses 

The spectral distribution of the integrated output ener-
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gy provides a sensitive measure of the applicability of ap­
proximate models to obtain rotational details of chemical 
lasers operating under rotational nonequilibrium condi­
tions. Figure 13 and 14 show the spectral composition of 
output energies for the main vibrational bands, as predicted 
by the three models, for slow and fast R -T relaxations, re­
spectively. Examination of Fig. 13 reveals that the energy 
distribution due to DRNM in a given vibrational band is a 
superposition of cascading effects from the upper bands and 
the pumping into the vibrational levels constituting this 
band. For example, the spectral distribution of the 3-2 
transition is divided between two peaks: the first, centered 
around J = 7(_8), results from lasing in the 4 -3 band 
which is centered around the J = 6 state; the second peak, 
centered around the J = 12(-13) transition, results from 
the initial rotational distribution in V = 3, which is centered 
aroundJ = 12. At high inert-gas pressures the fastR-Trates 
smooth over the effects of pumping and cascading. This is 
true for all models and therefore the corresponding spectral 
distributions are similar (see Fig. 14). 

E. Rotational pulses 

R -T relaxation rates are strongly reflected in the tempo­
ral evolution of radiative vib-rotational transitions. A slow 
rotational relaxation rate is characterized by long pulses and 
simultaneous lasing. As the R-Trates increase, the J-shift 
mechanism comes into play, i.e., lasing occurs on the highest 
gain line, which is gradually shifted to higher J levels. 

A sample of the main rotational transitions in the 2_1 
vibrational band, as calculated according to the three models 
for conditions of intermediate R-Trate (Ptot = 18.0 Torr; 
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initial concentration ratio CI2 IHI/He = 4/1/4), is present­
ed in Fig. 15. Inspection of the pulses given by the DRNM 
shows that although there is rather extensive overlapping, 
the maxima of adjacent pulses clearly demonstrate a J-shift 
pattern, typical of Boltzmann conditions. This effect proves 
that the major part of the energy is extracted from the system 
which is under close to rotational equilibrium conditions. 

The rotational pulses which result from the ARRM are 
similar to those obtained from the BEQM, namely, short, 
intense, and almost nonoverlapping. 

IV. CONCLUDING REMARKS 

The present analysis of the three kinetic models reveals 
that the rotational equilibrium assumption is inadequate for 
lasers operating under low and intermediate buffer gas pres­
sures. In general the laser efficiencies derived on the basis of 
this assumption can only serve as upper bounds to the actual 
effi.ciencies. The temporal characteristics of rotational popu­
l~tl?nS and pulse patterns predicted by the rotational equi­
IIbnum model are qualitatively different from those derived 
from the detailed solutions of the rate equations, except at 
very high inert-gas pressures. 

The approximate model, based on a superposition re­
presentation of the vib-rotational populations, provides very 
good estimates for the laser energy as well as for integrated 
(rotationally averaged) quantities, such as vibrational popu­
lations and band intensities for a wide range of pressures. On 
the other hand, the details of the rotational populations and 
spectral distributions are not adequately reproduced by this 
model. However, in view of the very short computation 
times (see Tables II and III) required for the approximate 
model (compared with detailed solutions), it can be em­
ployed as an efficient tool for scanning a wide range of initial 
conditions. Then, if desired, the detailed (and time consum­
ing) model can be used to obtain additional information 
about the laser operation. 

Our major goal in this paper was to compare three ap­
proaches to the modeling of chemical lasers. This goal was 
motivated by the accumulation of experimental data indicat­
ing that the assumption of rotational equilibrium is not al­
ways justified. Unfortunately systematic measurements of 
detailed chemical laser spectra as a function of inert-gas 
pressures and other parameters are rarely available. Un­
doubtedly experiments of this kind could greatly contribute 
to the understanding of the complex kinetics of chemical 
lasers and other non equilibrium chemical systems. 
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