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Computationally Efficient, Rotational Nonequilibrium
cw Chemical Laser Model

L. H. Sentman*
University of Illinois, Urbana, III.

and
W. Rushmoret

Bell Aerospace Textron, Buffalo, N. Y.

The essential fluid dynamic and kinetic phenomena required for a quantitative, computationally efficient,
rotational nonequilibrium model of a cw HF chemical laser are identified. It is shown that, in addition to the
pumping, collisional deactivation, and rotational relaxation reactions, F-atom wall recombination, the hot
pumping reaction, and multiquantum deactivation reactions play a significant role in determining laser per-
formance. Several problems with the HF kinetics package are identified. The effect of various parameters on run
time is discussed.
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Nomenclature
half height of the primary nozzle exit plane
fraction of primary nozzle filled by the boundary
layer
speed of light
rotational energy
mass fraction of species /
Boltzmann rotational distribution function
rotational detailed balance function
Planck's constant
intensity of lasing transition
rotational quantum number
Boltzmann's constant
frequency average of spontaneous emission term,
approximated by a' T4 fit
thickness of mixed flow
geometric thickness of the flow in the direction of
the optical axis
mass flow rate of the mixed flow
mass flow rate remaining in the primary stream
mass flow rate remaining in the secondary stream
dipole moment
mole mass ratio of species /
Avogadr o ' s number
pressure of mixed flow
rotational transition probability
transition probability for the lasing species state
change v ',/' — > v,J due to collision with species M
mirror reflectivities
universal gas constant
temperature of mixed flow
velocity of mixed flow
vibrational quantum number
molecular weight of species /
coordinate in flow direction
bimolecular collision frequency

= coordinate in the direction of the lasing axis
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o; = gam
67 = thickness of the mixing layer
dBL = thickness of the boundary layer in the nozzle exit

plane
Br . = rotational temperature of lasing species
\L = reduced mass of colliding molecules
p = density of mixed flow
a' = Stefan-Boltzmann constant
0 = line shape profile
X = rate of change of species mole mass ratio due to

stimulated emission of radiation
u.. = energy difference of transition ij in cm ~ l

Superscript
M = species M

Subscripts
c
L
0
p
r
5-
U

= vibrational-rotational relaxation
= lower level of lasing transition
= value at nozzle exit plane
= primary stream
= rotational relaxation
= secondary stream
= upper level of lasing transition

I. Introduction

THE performance of a cw chemical laser is determined by
the nonlinear interactions which occur between the fluid

dynamics, chemical kinetics, and optical resonator. Of all of
the phenomena that occur in chemical lasers, rotational
nonequilibrium is the dominant mechanism responsible for
the power spectral output. The significant effects of
rotational nonequilibrium on the performance of chemical
lasers have been described in the HF cw case by Sentmanl and
in the pulsed case by Hough and Kerber.2 The DF cw case has
been treated by Hall3 and the HF single-line amplifier by
Skifstad.4 The agreement between these calculations and the
experimental data showed that when rotational
nonequilibrium is included in the model, several J transitions
within a given vibrational band lase simultaneously, most of
the power is contained in those J transitions which are
preferentially populated by the pumping reaction, and the
power is decreased by 20-30% from the rotational equilibrium
value. All of these studies employed a Fabry-Perot model for
the optical cavity, whereas high-energy lasers usually extract
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power with an unstable resonator. The effect of the optical
model on cw laser performance was examined by Sentman.5

Calculations were performed for both rotational equilibrium
and nonequilibrium cases for a confocal unstable resonator
with 50% geometric outcoupling. For the rotational
equilibrium case, the solution resulted in most of the power
being contained in one line. For the rotational nonequilibrium
case, the power is distributed over eleven lines, and the Fabry-
Perot and unstable resonator power spectral distributions are
almost identical, the major difference being that all lines
whose saturated gain region does not extend into the central
portion of the unstable resonator are cut off. For the
rotational nonequilibrium case, fluctuations in cw power were
shown to occur on lines whose saturated gain zone does not
fill the unstable resonator. The amplitude of the fluctuation
was determined by the fraction of the resonator filled by the
saturated gain zone of the oscillating line, and the frequency
of the fluctuation was determined by the location of the in-
tensity peak of the oscillating line.

These studies have demonstrated that:
1) Rotational nonequilibrium plays a major role in

determining the power spectral performance of the laser. This
phenomenon must be included in any model, Fabry-Perot or
unstable resonator, which is to predict the power spectral
performance of the laser.

2) Rotational equilibrium models overpredict the total
power and maximum intensity.

3) For rotational nonequilibrium, the Fabry-Perot and
unstable resonator power spectral distributions are nearly
identical.

4) Rotational nonequilibrium is the mechanism responsible
for a nonlinear coupling which may occur between the
saturated gain and the resonator geometry resulting in large-
amplitude fluctuations on a given line.

Since the computation time for a computer model of a
chemical laser depends upon TV2, where N is the number of
dependent variables, the necessity of including rotational
nonequilibrium in the model will result in a significant in-
crease in run time because the number of dependent variables
will increase from about 30 to 80, or more. The main thrust of
the present work was to modify the qualitative, but com-
putationally efficient, rotational nonequilibrium cw chemical
laser model developed by Sentman1'5 so that it would give
quantitative predictions of the power spectral performance of
the laser.

In Sec. II, the approach used and the kinetic fluid dynamic
model which has evolved is described; in Sec. Ill, the validity
of the model is demonstrated through detailed comparisons
with the results from the sophisticated, rotational equilibrium
chemical laser model Blaze II6 for two different cases. Some
comments on run time are given and several problems with the
HF rate package that were discovered during this work are
discussed.

II. Kinetic Fluid Dynamic Model
For computational efficiency, the number of dependent

variables must be kept to a minimum. Based on experience
with an earlier model,l the approach used in this study was to
include the essential chemical kinetics—the pumping reac-
tions, major deactivation reactions, and rotational relaxation
reactions—and to include the fluid dynamic effects of mixing
by inputting the pressure, temperature, velocity, mass flow
rate remaining in the primary, mass flow rate remaining in the
secondary, and the length of the active media as functions of x
which are obtained from one of the available quasi-2-D, 2-D,
or 3-D fluid dynamic, rotational equilibrium, chemical kinetic
laser models. 6~8 This approach was motivated by the fact that
changes in chemical kinetics, which significantly affect the
power spectral performance, in most cases, have only a minor
effect on the flowfield in which the kinetics takes place. Thus,
the fluid dynamics provide the environment in which the
kinetics occur.

Since the present model, denoted MNORO, will reproduce
the rotational equilibrium results when it is run using a value
of the rotational relaxation rate constant which is 10 5 times its
measured value, the model has evolved from detailed com-
parisons with the rotational equilibrium Blaze II model6 for
two different cases: an arc-driven HF power spectral ex-
periment9 and the CL XI lasing lines experiment. 10 These two
cases were chosen because, in addition to providing power
spectral data, and in the CL XI case, intensity distributions on
each line, they represent two extremes of fluid dynamic
mixing; analysis of the arc-driven case shows that the mixing
rates are slower than the CL XI nozzle which uses a
gasdynamic trip mechanism. This variance between the two
cases should insure that the polynomial fits used for the fluid
variables are capable of handling any profiles likely to be
encountered.

For purposes of developing the kinetic fluid dynamic
model, the optical cavity was modeled as a Fabry-Perot
resonator. The geometry is shown in Fig. 1. When rotational
nonequilibrium is included in the model, several /transitions
within each vibrational band lase simultaneously with the
dominant ones being determined by the / dependence of the
pumping reaction. l Because of this, the treatment of
rotational nonequilibrium effects is facilitated by using a
more exact treatment of the radiation field than that afforded
by the constant gain approximation. The description of the
radiation field employed is that developed in Ref . 1 , in which
the radiative transfer equations are solved for a Fabry-Perot
cavity to obtain an equation for the average intensity, /, as a
function of the gain, a. With this expression for 7, the x term

(1)

(2)

in the species equations for nv and nL is given by

XUL =

The retention of the spontaneous emission term, Sv, in the
radiative transfer equations resulted in an explicit expression
for the intensity in terms of the species variables. With this
result, the x terms are simply nonlinear terms on the right-
hand sides of the species equations. Thresholds and cutoffs
are obtained as part of the solution of the differential
equations for the species variables.

The original rotational nonequilibrium model l was a two-
level, premixed model in which the pumping reaction did not
conserve mass and deactivation was included by collision with
a generic species. To obtain quantitative predictions, the
correct pumping and collisional deactivation reactions in-
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Fig. 1 Flow and optical geometry.
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volving the primary deactivators HF, F, H, and H2 have been
included. The model as it has developed to date comprises the
following reaction set.

Pumping reactions:

F + H2-*HF(l,/)+H

F + H2-HF(2,/ ')+H

F + H2-HF(3) + H

Collisional deactivation reactions:

HF(2,/') + M- +M

-HF(2,/')+M

where M=HF, F, H, and H2.

HF(2,/)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(H)

(12)

where A/=HF,F, and H.

Rotational relaxation reactions:

HF(2,/' ) ) +M

,/" ) +M

(13)

(14)

where M=HF, F, H, H2, F2, He, and Ar.
The species denoted by Ar is included to take account of

any other combustion or dissociation products that may be
present in the mixture and which would contribute to the
rotational relaxation but not the collisional deactivation of
the lasing species.

The above model, while retaining the key chemical kinetics,
is quite concise compared to the kinetic models employed in
codes such as Blaze II6 or Lamp.7 As shown in Sec. Ill, to
duplicate the species profiles calculated by Blaze II, it was
necessary to include reactions (5), (6), (8), and (9) in the
model. As will be shown later, the addition of the
multiquantum deactivation reactions (10-12) has a significant
effect on the power and the length of the lasing zone.

The Xchem terms for the above reactions are developed in
Ref. 11. The global rate constants are input in the usual way
as

k=AT~NQxp(-B/RT) (15)

where A, TV, and B are input constants. For the /-dependent
reactions, the rate constants are now /-dependent. For the
pumping reactions,

(16)

where kv
p are the global forward reaction rates that have been

determined experimentally as a function of temperature and
which are used in the rotational equilibrium models \fv (/) is
the normalized distribution over the rotational states of each v
level (Z,jfv(J) =1) which is obtained from experiment. For
HF and DF, the data of Polanyi and Woodall12 are used for
/"(/). The pumping reactions are assumed to be one-way
reactions.

BOUNDARY
LAYER PRORLE

UNMIXED LASANT OR COMBUSTOR STREAM
STRIATED DUE TO BOUNDARY LAYER

Fig. 2 Schematic of the mixing region.

For the V-R collisional deactivation reactions, the detailed
rate constants are expressed as

(17)

Cj and C2 are input constants determined by requiring that
the following relation be satisfied l:

(18)
J J'

where the global rate constant ky>v, which is determined
experimentally, is expressed by Eq. (15).

The rotational relaxation rate constants are expressed13 as

where

-C2r(Er -Ej}lkT\

(19)

(20)

Clr and C2r are input constants determined from ex-
periment 14'15 and EMr is the rotational relaxation efficiency of
species M compared to HF.

To keep the number of dependent variables to a minimum,
P(x), T(x), u(x), rhp(x), ths(x), and Le/Lg are input as
functions of x from a detailed rotational equilibrium model
such as Blaze II. These functions are input as polynomials in
jc, where the coefficients are determined by a least-squares fit
to the Blaze II profiles. Experience has shown that P, T, and u
require ninth-order polynomials, m and ms require a
quadratic in YJC, and Le/Lg requires Vx times a quadratic in
x'/4 . The coefficients of these polynomials are input data.

A schematic of a typical mixing region is shown in Fig. 2.
From Ref. 16, the mixing term which appears in the species
equation is given by

For the products of reaction, nis0 = nip0 = 0; for reactants from
the primary stream, nis0 = 0; for reactants from the secondary
stream,
given by

nip0 = Q. The mass flow rate of the mixed stream is

(22)

The resulting species equations are:

d/iHF(7,J)
= - *£/•' (7)/iF/iH2

/'=/+/
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(32)

where kPT is the sum of kv
p over 1;= 1-3, kPHT = k3

PH, and A:̂
is the sum of kPH over y = 3-6. With 7M = 20, there are 50
differential equations for the mole mass ratios of the various
species in the mixture. The initial values of the mole mass
ratios of the species are calculated from the initial flow rates
of the species in the primary and secondary streams.

n —j^j / m TXA f^\flipO — rftipO' rflpO YY i \JJJ

n — tYi /tfi ^ W^ r^4^isO isu' so i y**^/

In some cases, F-atom recombination at the wall is im-
portant. This effect is included by varying the F-atom con-
centration in the primary stream from zero at the wall to its
value in the core of the primary flow. This results in a
variation of nFp0, the value of nF at the edge of the mixing
layer which appears in the mixing terms, with x. The bound-
ary-layer profile is used to provide the variation of nF from
the wall to the core. The mole mass ratio is related to the
species mass fraction by

nio(z)=fi/Wi (35)

The value of z depends upon the value of jc, and the thickness
of the mixing layer z = <5; (x) at that value of x. Thus,

M*).]3

5», J
(36)

(37)
BL
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Table 1 Blaze II CL XI results when various bands are allowed to lase (relative powers and lasing zone lengths are shown)

Bands
lasing

All bands
32,21, 10

21, 10

Lasing zone
length

1
1

0.909

Total
power

1
0.956

0.740

PW_
PT

(Pw \
\P rall /

bands

0.417
0.436

(0.417)
0.518

(0.384)

PT
(P21 \

\PT all )
bands

0.422
0.443

(0.423)
0.482

(0.356)

PT
(P32 \

\PT all /
bands

0.113
0.122

(0.117)

P D n D

P^ PT PT PT

0.0019 0.025 0.0198 0

Fig. 3 Blaze II CL XI temperature and pressure
profiles.
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Since the number of F atoms must be conserved, flF2waII is
related to %wall by

•> „2 wall -,2core (38)

where the Vi occurs because PFF2 =2WF. The boundary-layer
profile is input from Blaze II as

(39)

where dBL=BLTxbj and a and b are curve-fit constants
determined by fitting Eq. (39) to the Blaze II data.

The final element of the model is the inclusion of the effect
of lasing on the 1:0 band. This was necessary to obtain
quantitative agreement with the Blaze II results. Since the
present model is a two-level model, the effect of lasing on the
1:0 band was included as a rate constant k™d, which was
determined from the Blaze II value of x/ad (*) by setting

(40)

which simulates the depopulation of HF(1) by lasing as a
collisional deactivation by HF. FromEq. (40), k*°d(x) is ob-
tained and input as a function of x in the program. The rate
constant for the deactivation of HF(1) by HF is then written
as

_ A^HF , I,, 10
) — Klf) I ftraH (41)

and the effect of lasing on the depopulation of HF(1) is taken
into account in the collisional deactivation reaction.

The gain is given by

a(v,J,m)=phNAuUL<i>(uUL)BLU[(gL/gu)nu-nL] (42)

where for a Doppler profile

H/. \ !/2
T-» (43)

WL is the molecular weight of the lasing species,

4-K3

"LU 3h2c

gL=2J+l, gu=2J+l+2m

(44)

(45)

and m = - 1 for the P branch and m = + 1 for the R branch.
For a Voight profile,

(46)

where K(Q,y) is given in Ref. 6. The power in each transition
is given by

P(x,v,J,m) =
FJM

where AmT= m/pu, and

(47)

rk/hcu2]]} ~l (48)
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HF(0)

H F ( I )

HF(2)

: HF(3)

BLAZE IE CLU SPECIES PROFILES

——— LASING ON ALL BANDS

- - -LAS ING ON 3-2,2-IJ-O

• * 'LASING ON 2-1,1-0

2 4 6 8 10
X, CM

Fig. 4 Blaze II CL XI HF(t;) profiles.

The density p is given by

where the molecular weight of the mixture is given by

-7

(49)

(50)

III. Comparison with the Blaze II Model
To develop a simplified cw chemical laser model that will

give quantitative predictions, it is necessary to carry out as
many detailed comparisons with other models or ex-
perimental data as possible. In the present study, two diverse
cases were selected for initial baselining of the model. One is
an arc-driven cw HF power spectral case9 and the other is the
CL XI lasing lines case.10 In the interest of conciseness and
because the CL XI was the more stringent test of the model
(the higher temperature of the CL XI required a more ex-
tensive kinetics model), the results for that case will be
presented here. It should be emphasized, however, that the
quality of the results for the arc-driven laser are as good as the
CL XI results.

In the diagnostic experiments with the CL XI nozzle, the
power spectral distribution and the intensity distribution on
each line were measured. The intensity distributions were
measured with cylindrical mirrors oriented with the axis of the
cylinder parallel to the x axis (flow direction). Thus, a Fabry-
Perot model of the cavity should provide a good represen-
tation of this experiment.

The primary flow contained F, F2, He, N2, CF4, and DF
and the secondary flow contained H2 and He. The N2, CF4,
and DF were treated as inert species which were represented

BLAZE H CLXC SPECIES PROFILES

«—•-• BLAZE 31 LASING 2-1,1-0
X X X M N O R O HOT REACTION AND MQVT
O O O M N O R O H O T REACTION, NO MQVT

A A A MNORO NO HOT REACTION,NO MQVT

H2

10 a

Fig. 5 Comparison of Blaze II and MNORO rotational equilibrium
H, F, H2, and F2 profiles for the CL XI showing the effect of the hot
reaction and multiquantum VT deactivation (MQVT).

by argon in the present simplified model. To preserve
numbers of particles, the total molar flow rate of these species
was replaced by the same molar flow rate of argon. To verify
the simplified kinetics model, the emphasis to date has been
on comparing the present MNORO model run in the
equilibrium mode with the Blaze II results for the CL XI case.

Several Blaze II runs were made for this study. The first one
allowed all bands up to 8-*7 to lase. The second case allowed
only 3 — 2, 2—1, and 1—0 to lase. The last case allowed only
2—1 and 1—0, the bands observed experimentally, to lase.
The Blaze II calculations took the effect of the nozzle trip
flow on the mixing into account by increasing the binary
diffusion coefficient. This multiplier was established by
comparison of lasing zone length and total power with ex-
perimental data for the case when all bands up to 8 —7 could
lase if conditions would allow it. The results of these three
runs are shown in Table 1. The effect of the change in the
vibrational bands which were allowed to lase on the fluid
dynamic and species profiles is shown in Figs. 3 and 4. From
these figures, it is seen that the hot reaction bands have a
negligible effect on these profiles. Not allowing lasing to
occur on 3—2 results in a 10% increase in the peak pressure
and temperature and a negligible effect on the other profiles
except for the HF(3) profile. Thus, one set of fluid profiles
was used throughout this study. The polynomials give an
excellent representation of the fluid dynamic variables. The
hot reaction bands have a negligible influence on the 2—1
power spectral distribution. However, lasing on 3 —2 has a
significant effect not only on the total power in the 2—1 band
(Table 1), but also on the 2—1 power spectral distribution.

The MNORO results when the hot reaction (6) is included
by pumping only to HF(3) and when multiquantum VT
deactivation by HF, F, and H are included are shown in Figs.
5 and 6. Because of the relatively high temperature
(rmax=585 K) and the F-atom wall recombination which
results in a significant amount of F2, the hot pumping
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HF(0)

HF(I)

HF(2)

HF(3)

BLAZE IT CL XI SPECIES PROFILES

• •• » LASING ON 2-1,1-0 BLAZE H
XXX MNORO HOT REACTION AND MQVT
000 MNORO HOT REACTION,NO MQVT

A A A MNORO NO HOT REACTION, NO MQVT

10-6
10

Fig. 6 Comparison of Blaze II and MNORO rotational equilibrium
HF(i;) profiles for the CL XI showing the effect of the hot reaction
and MQVT.

CL XT SPECIES PROFILES

• • . BLAZE H LASING ON 2-|,|-0

X X X MNORO ROTATIONAL NONEQUILIBRIUM

10-2--
HOT REACTION PUMPS HF(3),MQVT
LASING ON 2-1, hO

X.CM

Fig. 7 Comparison of Blaze II and rotational nonequilibrium
MNORO H, F, H2 , and F2 profiles for CL XI.

HF(0)

HF(I)

HF(2)

HF(3)

CL XZ SPECIES PROFILES

BLAZE H LASING ON 2-1,1-0

X XX MNORO ROTATIONAL NONEQUILIBRIUM

HOT REACTION PUMPS HF(3),MQVT
LASING ON 2-1,1-0

X.CM

Fig. 8 Comparison of Blaze II and rotational nonequilibrium
MNORO HF(t>) profiles for CL XI.

reaction must be included in the kinetic model to duplicate the
Blaze II F, H, and F2 profiles (Fig. 5). As might be expected,
the multiquantum deactivation has a negligible effect on the
F, H, F2, and H2 species profiles. From Fig. 6 it is seen that
both the hot reaction and multiquantum deactivation are
required to obtain good agreement with the Blaze II HF(i>)
profiles. The agreement it not as good for HF(3) because the
hot reaction is pumping completely to HF(3) rather than to
the upper levels with collisional cascade to HF(3). When hot
reaction pumping to HF(3) and HF(4), where

CP//

is included, there is no change in the HF(i>) species profiles
for y = 0, 1, 2, and only a slight improvement in HF(3). To
obtain better agreement with HF(3) would require including
at least up to HF(5) because, based on the magnitude of the
rate constants involved, there is a bottleneck at HF(4) which
would result in decreased HF(3). Since the effect on the 2—1
power and power spectral distribution would be small, the
additional complexity is not warranted. Thus, the final model
includes the effect of the hot reaction by allowing it to pump
toHF(3)only,i.e.,

— {^ kvpPH

From runs made with only the 2—0 multiquantum deac-
tivation and with 2—0, 3 — 1, and 3—0, the most important of
these reactions is the 2—0 deactivation by a factor of about
2:1.

The rotational nonequilibrium species profiles when the hot
reaction pumps only to HF(3) and multiquantum deac-
tivations are included are compared to the Blaze II profiles in
Figs. 7 and 8. As can be seen, the nonequilibrium species
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0-2

O.I

I _
6

3

8

J

;

10
J ,., .

12 14

CLZT POWER SPECTRAL DISTRIBUTION

MNORO RNE HOT REACTION PUMPS
HF(3), P2,= .79,MQVT

MNORO RE HOT REACTION PUMPS
HF(3), P2|= .83.MQVT

Fig. 9 Comparison of rotational
equilibrium (RE) and rotational
nonequilibrium (RNE) MNORO power
spectral distributions.

Fig. 10 MNORO rotational equilibrium P
branch saturated gains for CL XI.

2-1, P-BRANCH INTENSITIES

CL XI MNORO

Fig. 11 MNORO rotational equilibrium P branch
intensity distributions for CL XL
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Fig. 12 MNORO rotational non-
equilibrium P branch saturated gains for
CL XI.

i .003 +

Fig. 13 MNORO rotational nonequilibrium P branch
intensity distributions for CL XI.

profiles agree as well with the Blaze II species profiles as the
equilibrium ones do. However, it is seen from Fig. 9 that the
nonequilibrium power spectral distribution is considerably
different than the equilibrium power spectral distribution
(PSD). The peak of the nonequilibrium PSD at 7=8 is in-
dicative of the relatively large r(Tmax=585 K); since the
experimental data peaks at /=6, Blaze II may be over-
predicting the temperature.

Figures 10-13 give the rotational equilibrium and the
rotational nonequilibrium saturated gains and intensity
distributions. The /-shifting is evident in the gain and in-
tensity distributions for the equilibrium case, whereas
simultaneous lasing on many lines occurs in the
nonequilibrium case.

From the Blaze II results (Table 1), it is seen that the oc-
currence of lasing on 3 — 2 results in a 21% increase in the
power on 2—1; MNORO indicates a 24% increase when
lasing on 3 —2 occurs (lasing on 3 —2 is simulated in MNORO
by setting k2

p=k2
p+ks

p). Since this is a significant effect
which was also found in the arc-driven laser case, it may be
worthwhile promoting 3-* 2 lasing to obtain the increased
performance on 2—1 and 1—0. It should be noted that the

equilibrium and the nonequilibrium powers only differ by
about 4% rather than the 20% difference1 observed in
premixed cases.

From these comparisons, it is seen that the MNORO model
includes the essential elements required to give good
agreement with the very detailed Blaze II model. These
elements are, in addition to the pumping, collisional deac-
tivation and rotational relaxation reactions, lasing on 1—0
and 3 —2 if it occurs, F-atom wall recombination, and the hot
reaction. The importance of the multiquantum deactivation
depends upon the temperature. For low temperatures (-300
K), multiquantum effects were less than 3%; however, for the
CL XI device in which the temperature was quite high ( — 585
K), multiquantum deactivation results in about a 29%
decrease in power and has a significant effect on the length of
the lasing zone (Table 2).

In Fig. 14, the MNORO rotational nonequilibrium power
spectral distributions are compared to experimental data for
the CL XI and for the arc-driven laser. The agreement is quite
good for the arc-driven laser; as pointed out previously, the
peak in the CL XI theoretical power spectral distribution at
J= 8 is due to the high temperature predicted by Blaze II. The
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Fig. 14 Comparison of experimental and MNORO rotational
nonequilibrium power spectral distributions (data are from Refs. 9
and 10).

Table 2 Effect of hot reaction and multiquantum VT deactivation
on the 2-+1 power and the length of the lasing zone for CL XI

Model ^cutoff

Blaze II
MNORO
NO hot reaction

NO MQVT
Hot reaction

NO MQVT
Hot reaction

MQVT
Rotational
Nonequilibrium

Hot reaction
MQVT

1.0

0.89

1.27

0.98

0.93

1.0

1.87

1.57

1.15

1.25

greater number of lasing lines predicted by the model may be
due to the fact that the experimental CL XI resonator was not
a Fabry-Perot cavity, whereas the data of Ref. 9 was obtained
with a Fabry-Perot resonator.

The rotational nonequilibrium model employs sparse
matrix techniques in the evaluation and inversion of the
Jacobian matrix used by the implicit integration scheme. The
use of sparse matrix techniques reduces run time by a factor
of three. The MNORO model varied from 108 s for the arc-
driven laser case to 248 s for the CL XI case (all times are on
the CYBER 175). This difference in run time is the result of
the different pressures in the two cases. The CL XI pressure is
in the range of 15-20 Torr, while the arc-driven laser pressure
is 1.4 Torr. When the CL XI is run with the pressure reduced
by a factor of 10, the execution time is 66 s, and when the arc-
driven laser is run with the pressure increased by a factor of
10, the run time is 203 s. It should be noted that variation in
other parameters such as the temperature profile, mass flow

rates, and mirror reflectivities had at most a 10% effect on
run time.

The physical reason the pressure has such an effect is that
the kinetic terms depend upon p2 and hence P2; thus, a factor
of 10 in the pressure changes the magnitude of the kinetic
terms by a factor of 100, which significantly influences the
stiffness of the equation system. This is manifested in the gain
curves; the high-pressure case reaches saturation at a one
order of magnitude smaller value of x than the low-pressure
case.

IV. Concluding Remarks
From the detailed comparison between the Blaze II and

MNORO results, the objective of developing an efficient
rotational nonequilibrium model of a cw chemical laser which
is capable of giving quantitative predictions of the power
spectral distribution has been achieved. The essential elements
required for a quantitative, rotational nonequilibrium model
have been identified. In addition, the prediction by the very
complete laser models6"8 of lasing on the upper vibrational
bands and on 3^2 for cases in which the experimental data
indicate no lasing above 2^1 suggests a fundamental problem
with the HF rate package, either in the pumping rates to the
higher vibrational levels or in the deactivation rates of those
higher levels.
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