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(//\(A ABSTRACT
A THEORETICAL AND EXPERIMENTAL INVESTIGATION

OF THE MECHANISMS OF
THE HYDROGEN-FLUORIDE PULSED CHEMICAL LASER

by

Joseph J. T. Hough

Kinetic mechanisms in the pulsed HF chemical laser are
examined by comparing predictions from improved theoretical models
with experimental observations. Additional insight into these mecha-
nisms is obtained by examining the predictions of the models in regions
outside the domain of the present experiments.

Two rate-equation models are developed for the F + HZ and
FZ + H2 lasers. Both models simulate cavity transients such as the
interaction of the chemical kinetic and radiative phenomena within the
active medium in the pulsed HF chemical laser. Calculations show
that the growth in intensity is sufficiently slow that the gain may attain
levels far above threshold before lasing begins. Intensity increases
sharply after the gain is far above threshold, which causes the gain to
drop rapidly and oscillate near the threshold value. This fluctuation
in gain, which is a result of fluctuation in HF(v,J) populations, makes
the calculations more sensitive to relaxation processes than has been
shown by earlier constant-gain models. The model of the F + I-I2
laser is further expanded to study the effects of preferential pumping
into rotational levels, rotational relaxation, and rotational nonequilib-

rium. Rotational relaxation is modeled by associating with each (v,J)



Joseph J. T. Hough

state a relaxation time constant (t) consistent with available
experimental data and theoretical calculations. The results show
that, as the rotational relaxation rate decreases, the laser output
decreases and pulse energy is more uniformly distributed among the
lasing transitions within a given band. The predicted time-resolved
spectrum exhibits strong simultaneous lasing on many vibrational-
rotational transitions. The model is capable of predicting the perfor-
mance of lasers operating in the line-selected mode. A comparison is
made of the output from a three-transition cascade with the same three
transitions operated in the single-line mode. The sum of the output
from the three single-line calculations is 65% of the output from the
cascade.

Concurrent with the theoretical work, output from an electrically
initiated, transverse pin discharge SF(’-Hz pulsed laser was character-
ized with model predictions, and the results are in good agreement.
Experiments were conducted to investigate the effect of cavity losses
and cavity threshold on the performance of the laser operating in the
single line as well as the multiline mode. Losses within the optical
cavity as small as 5%, typical of many lasers, can easily resultina
30% reduction of output power. This is especially significant for high-Q
cavities. Model predictions graphically illustrate the effect of cavity
threshold on laser output. These results should be helpful in the design
of line-selected extraction techniques for high-power, pulsed (and

continuous) HF lasers.
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1. INTRODUCTION

1.1 History

The basic principles of laser (or optical maser) action have
been well understood since the early days of quantum theory and were
clearly enunciated by Einstein in his paper on the quantum theory of
radiation. e It was not until much later, however, that its practical
significance became clear. The first successful maser was devel-
oped by Townes2 at Columbia University in 1954. It was a gaseous
ammonia maser that operated in the microwave range. In 1958,
Schawlow and Townes3 proposed an extension of the microwave
technique to the infrared and optical range, and the laser was born.

In 1960, Maiman®’®

published experimental results for the
first succesful laser, a ruby laser. By 1972, laser action had been
achieved with atoms, ions, and molecules in gases, liquids, solids,
glasses, flames, plastics, and semiconductors. o

The characteristics of the laser, with its unique capability of
delivering intense, coherent electromagnetic radiation, make it a
valuable tool in the laboratory. Its temporal and spatial coherence
properties have been exploited in such applications as inteferometry
and holography, and made it possible to focus the laser output
into an extremely small spot size, attaining power densities

not possible with any other source of light. The laser quickly

became a valuable tool in industry as well. In 1965, Western



Electric announced the first use of laser light in a mass production
application: They had developed a laser system that could pierce
holes in diamond dies for drawing wire. Industry is now using the
laser to measure process parameters, scribe, drill, evaporate, and
weld, in a variety of applications. {4

Recognition of the advantages and potential of the conversion
of chemical energy to laser power has brought about increased
interest in the development of chemical lasers. The chemical laser
is unique because it is capable of yielding very-high specific power
densities with reaction initiation energies much less than those
emitted in the laser beam. In other laser systems, the population
inversion necessary for laser action must be achieved through the
initiation energy, but in the chemical laser, the initiation energy
only serves to prepare chemical species that react exothermically
to produce the laser active medium. Solid-state lasers have
achieved output energies of 5% of the initiation energy, while the CO2
gas laser has demonstrated an initiation efficiency of as high as
25%. Chemical lasers, on the other hand, have been operated with
2170% initiation efficiency. 8,9

The first chemical laser was demonstrated in 1965 by Kasper
and Pimentel. 5 it was a flashlamp-initiated, pulsed HCI laser

pumped by the reaction

e Cl2 = HCl(v) + Cl1 (AH = -45.2 kcal/mol) t.1)

where AH is the net change in molar enthalpy of the chemical sys-

tem resulting from this reaction. Thereafter, a great many other



compounds were made to lase, although most of the effort has been
directed toward diatomics of the hydrogen halide type. These mole-
cules are favored because they are generally produced by highly
exothermic reactions and are, thus, capable of achieving the popula-
tion inversion of the vibrational levels necessary for lasing to occur.
Furthermore, they have large electric dipole moments, which results
in large cross sections for stimulated emission. Liald

Laser action from the HF molecule initiated by flash photoly-
sis of UF(,'HZ mixtures was reported by Kompa and Pi:nentel“’
shortly after the initial operation of the HCl chemical laser. At
about the same time, De\:u‘.sc:hM reported similar laser action result-
ing from the initiation by pulsed electrical discharge of SF6-—HZ
mixtures. Both lasers were pumped by the reaction

F+HZ—)HF(V)+H (AH = -31.7 kcal/mol) (1.2)

which produced a population inversion ratio‘s of Nl:NZ:N3 =0.31:
1.00:0.47, where Nv represents the population of HF molecules in
the vibrational level (v).

With the discovery of the chemical laser, it was recognized
that one essential advantage of this laser was its potential for high
efficiency, and that this efficiency could be realized through the use
of a chain reaction to achieve the population inversion. The first
chemical laser operating on a chain reaction was, again, the HCl
laser. In 1969, Ba!:ovskii16 and Basmv’7 separately reported the

first HF chain-reaction lasers, which were initiated by electrical

discharge and flash photolysis, respectively, in mixtures of Hz
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and 1-‘2 gases. The chain consists of a cold reaction, Reaction (1.2),

and a hot reaction,

H+F, » HF(v)+H (AH = -97.9 kcal/mol) (1. 3)

2

where the adjectives cold and hot refer to the relative exothermicity

of the reactions. The population inversion ratio of Reaction (1.3)

has been measured by J'ona(:han18 and Polamyi19 and has a maximum
at v = 6.
Many other researchers subsequently investigated the HZ - F2

chain-reaction laser. Both theoretical and experimental studies

were carried out. Many initiation techniques, e.g., electron-beam-

irradiated discharge, electrical discharge, flash photolysis, and

laser photolysis, with a large assortment of experimental apparatus

and a variety of gas mixing procedures were employed to obtain a

wide raige of results. The highest energy output (2360 J) and initia-

tion efficiency (>170%) attained to date were reported by Greiner

etal. ,9 who utilized relativistic electron beams for initiation. Kerber

et al. & also obtained 170% initiation efficiency with a laser initiated

by electrical discharge. Current efforts in high-energy pulsed sys-

tems are directed toward achieving successful large-volume initia-

tion of the laser medium. The electron beam is considered a prime

candidate for accomplishing this objective because of its ability to

deposit large amounts of energy uniformly over a large volume of

the gas mixture. A
Although both the HF and HC1 laser systems have been the

subject of much research activity, the H2 + Fz laser is generally



preferred to the H2 + Cl2 laser because of the significantly higher
exothermicity of the HZ +F, chain (one reaction of the H, + Clz chain
is actually slightly endothermic). In addition, the HF deuterated
analogue, DF, has its transitions in a transmission window of the
atmosphere. Knowledge gained from the study of the HF system will
facilitate the understanding of the DF system at a fraction of the cost
that would otherwise be incurred in direct investigations of that system.
1.2 Present Work

Current efforts to improve the performance of the HF laser
requires an understanding of the detailed mechanisms within this
device. It is the purpose of this thesis to make a systematic and
detailed investigation of the competing mechanisms in the pulsed HF
chemical laser utilizing both the theoretical predictions of a rate-
equation model and laboratory observations. The specific objective
of this study is to examine the kinetic mechanisms and the effect of
the following:

1. The transient behavior of the laser parameters, which includes
the interaction of gain and intensity before and during lasing.

2. Nonlinear deactivation mechanisms, specifically, the
vibration-vibration (VV) energy transfer process.

3. Laser performance as a function of level of initiation.

4. Rotational nonequilibrium resulting from lasing and prefer-
ential pumping into rotational levels.

5. The effect of cavity losses and cavity threshold on the output
of the SI“(’-H2 laser.

Several theoretical models for the analysis of the H2

11,21-26

+ Fz and the SI-‘6-¥~1227 chemical lasers have already been

developed. These models follow the assumption that lasing begins
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when gain reaches threshold and that gain equals loss during the
lasing period. It has been shown, however, that rate-equation solu-
tions of laser performance with the constant-gain assumption will

minimize the effect of the very fast VV exchange reactions. 23725

The model presented here is similar to that of Rockwood et al., 28
which was developed for pulsed CO laser simulation. Model features
include the determination of the time evolution of the gain, intensi-
ties, and species concentrations. This formulation permits the
observation of the time history of the interaction of gain and inten-
sity. Since the gain levels are permitted to fluctuate in a more
realistic manner than in constant-gain solutions, the modeling of
nonlinear deactivation mechanisms is more accurate. This model,
therefore, permits a more careful evaluation of the effect of the VV
energy transfer process.

The time-resolved spectral output of the experimental data
from Suchard et al. 2 is compared with the calculations of the com-
puter model from Kerber et al. 23 in Figure 1.1. The V and J on the
ordinate designate the lower level quantum numbers of the transitions,
and the horizontal bars represent the periods of lasing on these transi-
tions. The calculations predict a rigid J-shifting pattern and no
multiline lasing, whereas the experimental data indicate significant
deviation from the J shifting and definite multiline lasing. G Multiline
lasing was also seen in the work reported in References 30-32. The
model of Reference 23 assumes a Boltzmann distribution of the rota-

tional states at the translational temperature; the effects of preferential

*
The discrepancy in pulse duration has been removed by a later
study, 26 in which revised kinetic rate coefficients were used.
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pumping and rotational hole-burning resulting from lasing are ignored.
This is also true of the other existing models. The conjecture here is
that rotational nonequilibrium does, in fact, exist and is the result of
lasing and preferential pumping. By taking into account the effects of
these two mechanisms, the present model will attempt to resolve
these discrepancies.

In the following sections, the model is presented in its sequential
phases of development. In the initial phase, an H2 Lh FZ model is for-
mulated in which a Boltzmann distribution for the rotational states is
assumed. Itis compared with earlier model calculations of Kerber
et al.23 in order to illustrate the effects of the present model assump-
tions. Other model features are also discussed, including the cavity
transients and predictions of laser performance as a function of level
of initiation, using the recent chemical kinetic rate coefficients sug-
gested by Cohen. 23

In the subsequent phases of development, the model includes
the effects of rotational nonequilibrium. Unfortunately, this
endeavor also increases the complexity of the model considerably,
and makes the numerical computations longer than is desirable. The
model is, therefore, limited to the simpler case of the SF(,.HZ laser.
For this model, the individual rotational level populations are determined
from the solution of rate equations. Relaxation of the rotational popula-
tion is accomplished by the assumption of a characteristic rotational-
relaxation time similar to the model of Schapper';34 for COZ' With the
rotational populations of the first four vibrational levels identified, an
accurate assessment of the effect of rotational nonequilibrium on laser
performance can be made. Calculations were made to assess the effect

of several rotational-relaxation rates on the spectral output of the laser.
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The effect of preferential pumping into rotational levels is also
considered. This formulation permits, for the first time, the study
of a laser operating in the line-selected mode; the effect of cascading
is evident from the results of these calculations.

An SF6'H2 laser was constructed in order to make an experi-
mental check of the model predictions. Reaction of the SFG_HZ'He
(diluent) gas mixture is initiated by a helical array of electrical dis-
charges; pulsed high voltage is supplied through the use of a triggered
spark gap and a capacitor. The results are presented of an experi-
mental and theoretical investigation conducted to assess the effect of
cavity losses and cavity threshold on the performance of this device.
Model predictions of laser performance are compared with experi-

mental data, and the validity of the model assumptions is examined.



2. COMPUTER SIMULATION OF PULSED HF

CHEMICAL LASER

2.1 Model Formulation

The formulation of the chemical laser computer simulation is
described. A general model was developed and then tailored to the
two particular cases of concern. The reactions used to represent the
chemical processes are:

1. The HZ +F, chain

F +H,==HF(v)+H

2

H+F,==HF(v)+F

2
2. Vibrational-translational (VT) deactivation
HF(v) + M= HF(v/) + M
Hz(v) + M%Hz(v -1)+M
3. VV quantum exchange
HF(v) + HF (v/)= HF (v + 1) + HF (v/ - 1)

HF (v) + Hz(v’)# HF(v + 1) + Hz(v’ - 1)

10
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4. Dissociation-recombination

FZ+M—P‘M+F+F
H2+M=M+H+H

HF + M=M+H+F

The major provisions in the models are:

1. The dominant kinetic processesﬁre represented by the reac-
tion system suggested by Cohen”’ (Table A. 1).

2. The reacting mixture is homogeneous and is contained in a
Fabry-Perot laser cavity.

3. All possible transitions within a band are assumed to have low
initial intensities that grow if the gain rises above threshold.
Lasing is always assumed to be in the P branch. Initial inten-
sity levels can be selected individually or set proportional to
the spontaneous emission rate.

4. Initiation is modeled by the introduction of a finite concentra-
tion of F atoms into the gas mixture.

The chemical reactions are written

k
Z L Ni‘__l
: k

-r

D ey @4
R

where Ni is the molar concentration of species i, a; and pri are
stoichiometric coefficients, and kr and k_r are forward and backward
rate coefficients. The rate of change of concentration for nonlasing

molecules is

et A (2.2.a)



and, for HF molecules, one has

dN.
HF(v,J) _
e =X XG0T =X (v - 1, Tp) + A, T)

(2.2.b)

where the Xrad terms are rates of change in concentration as a result
of lasing into and out of level (v,J). The lower-level rotational quan-
tum numbers are J and JL for the transitions v+ 1 —-vandv—-v -1,
respectively. The net rate of spontaneous emission into level (v, J)
is given by A(v,J). The chemical reactions yield a concentration

change

ahy B,
Xi =E (ﬂri - ari) (kr I;[NJ' 3 k-ran U) (2:2)
s J

X agvV D) = gv,J) £(v,7) (2.4)

where g(v, J) is the gain on the v + 1 — v transition with lower-level
J and f(v,J) is the lasing flux on the same transition. The rate equa-
tion for the lasing flux is (Appendix B)

df(v,J) _ clgv,J) - athtJ f(v,J) (2.5)

dt

where c is the speed of light and

oy
@y = - 21 I(RGR) (2.6)
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where L is the length of the active medium and Ro and RL are the

mirror reflectivities. The gain isZ3

hNA
gv,0) = = 0 (v,3) $(v,) B(v,J)

27 + 1
b [(ZJ = 1)NHF(v+1,J-1) e NHF(v,J)] 2.7

where wc(v, J) is the wave number of the transition, B(v, J) is the
Einstein isotropic absorption coefficient based on the intensity, and
¢(v,J) is the Voigt profile at line center as given in Reference 22.
The first term of Equation (2.5) determines the rate of increase in
the intensity of the radiation field within the laser cavity; the second
term gives the rate energy is lost from the cavity. The lost energy
includes that extracted through the output coupler as laser output as
well as real losses resulting from such mechanisms as absorption,
scattering, and extraneous reflections.
The energy equation for a constant density gas is
2nc 4. _Zd—NiH (2.8)
“ iTv;dt L - dt i .

where Cv is the molar specific heat at constant volume, Hi is the
i
molar enthalpy of species i, and PL is the output lasing power per

unit volume. The output power in the v + 1 — v band is

Py =Z he Nya o (v,7) £(v,J) (2.9.2)
3
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P () :; BS(t) (2.9.b)

where the only cavity loss is assumed to be the laser output. In
making comparisons with experimental measurements, however,
real losses must be accounted for, as discussed in Chapter 3 and
Appendix E.

Numerical integration of Equations (2.2), (2.5), and (2. 8) by
the modified Adams-Moulten method of Gear35 determines the time
evolution of the species concentrations, temperature, pressure, the
gain on all transitions, and the intensities on all lasing transitions.
The laser energy extracted in each band is then determined by inte-

grating the power

te d
E, =.{ P, dt (2.10.2)

where tc is the length of laser pulse and the total pulse energy is

E zv: E, (2.10.b)

2.2 Effect of Relaxation Oscillations

The term ''relaxation oscillation' frequently has been used to
describe the phenomenon that results from gain fluctuations during
pulsed-laser operation. In this section, the results of computations
of the performance of a laser pumped by the HZ + FZ chain reaction
are given. These results are compared with those of the model of

Reference 23, and the unique features of the present model are



45

graphically illustrated. In this formulation, a Boltzmann distribution
for the rotational populations at the translational temperature is

assumed; hence,

v
-hcE! /KT
27 + 1] 3 (2. 11)

Nur (v, 1) = NHF(v) [_QV(T) R
r

where the values of the rotational partition function Q:(T) and the

36

rotational energy E}’ are from the data of Mann et al.

2.2.1 Comparison with Existing Models

The most extensive calculations of pulsed H2 + FZ chain-
reaction chemical laser performance have been made by Kerber
et al. gs by means of the constant-gain model. 22 The present model
predictions are compared with those of Reference 23. Comparisons
are made by the use of the same chemical equations and rate coeffi-
cients given in Table II of Reference 23.

In Figure 2.1, a comparison is shown of power histories as
computed from both models for the case F:FZ:HZ:Ar =0.1:1:1:50
at an initial pressure (Pi) of 1.207 atm and an initial temperature
(Ti) of 300°K. The cavity conditions were set at Ro = 0.8, RL =1.0,
and L = 100 cm. In general, the predicted pulse shape and pulse dura-
tion of the two models are comparable. The small fluctuations
resulting from J-shifting in the model of Reference 23 were deleted
in their figure. However, it is clear that the characteristics of the
present model facilitate simulation of power fluctuations and that
these fluctuations are significant during at least half of the pulse.

This is even more graphically illustrated when the results of
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Reference 23 for the power on the 2-1 band are compared with those

of the present model in Figure 2.2.a. In this figure, the details of

the fluctuations from the constant-gain solution are plotted without
smoothing. In Figure 2.2.b, the time evolution of the laser intensity
on the various transitions in the P2-1 band is shown. The present
model permits simultaneous lasing on all transitions that reach thres-
hold; however, the present assumption of rotational equilibrium causes
J-shifting in the manner shown in the earlier models. Previous mod-
els show lasing only on the transition with maximum gain. Lasing
output spectra are found to be on lower J levels than the J levels of
Reference 23; this result is more consistent with experiment. 30
Actual laser performance often exhibits the more erratic oscillations
predicted by the present model; this is confirmed by the pulse profiles
given in References 8 and 26.

The small-signal gain of the standard case from Reference 23
was compared with that calculated by use of the present model to
check the thermodynamic, spectroscopic, and kinetic data. These
results compare to within 1%. The effect of including spontaneous
emission on the small-signal gain is less than 3%.

Since the rate of relaxation of HF (v) by VV processes is pro-
portional to [HF (v)][HF (v/)], these rates are nonlinear with respect
to excited HF populations. With this in mind, the time evolution of
the gain of selected transitions of the present model is compared in
Figure 2.3 with that of the constant-gain model of Reference 23.

The significance of the constant-gain assumption is the prediction of
lower inversions, and thereby the effect of deactivation mechanisms

is minimized.
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Comparison of time history of gain for selected
transitions of standard case as modeled in present
model and in constant-gain model of Reference 23.
(a) P(9), (b) P,(10), (c) Pp(11). Exact time his-
tories for the constant-gain model for the times
when the gain is less than threshold were not
available; therefore, these portions of the curves
are shown schematically.
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The results from the two models for the standard case and for
the same case with the HF -HF VV rates increased by one hundred are
compared in Table 2.1. The pulse duration (tl) is the time at which
the intensity drops to 1% of its peak value, and ti/Z is the time
required to release one-half of the total pulse energy. Since the
present model predicts gain to be significantly above threshold, HF(v)
concentrations attain values well above those predicted by the
constant-gain model. Therefore, the role of HF vibrational relaxa-
tion and the associated losses show a more pronounced effect in the
present model. This is evident in Table 2.1 for selected VV rates.
Although energy is extracted from the laser at approximately the
same rate in both models (compare tl/Z)' the present model shows
a much earlier pulse termination. Since the model exhibits this
sensitivity, it is appropriate to examine the effect of VV relaxation
for an assumed rate equal to the bimolecular gas collision rate
(collision diameter (d) = 3 li). The model predictions with this rate
are also shown in Table 2.1. A much higher portion of the pulse
energy is found in the upper bands for this case. Further investiga-
tion indicated that this distribution of energy among the various bands
varies with cavity loss (e,

thr)'
experiments by Bott37 indicate that the VV relaxation rate is much

It is important to note that recent

higher than assumed in the standard rate of Reference 23. This new
rate is incorporated into the kinetic model of Cchen33 in Table A. 1
of Appendix A.

The pulse calculated for the second case studied in depth in
Reference 23, with an initial mixture F:FZ:HZ:Ar =0.01:1:1:50 at
1.207 atm and 300°K and the cavity conditions the same as previously
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used, indicates the presence of relaxation oscillations similar to that
shown in Figure 2.1. However, as the characteristic times of the
chemical kinetic and radiation processes decrease relative to the
period of one round trip in the cavity, the effect of these oscillations
decreases. Therefore, as the level of initiation in the chemical
laser decreases, which implies F/F2 initial decreases, the effect
of the additional features of the present model diminish. Even in
this range, the additional information contained in the prediction of
the time evolution of the gain and intensity on each transition makes
these calculations instructive.
2.2.2 Other Model Features

For all the calculations presented, the initial photon flux was

14

set at 10”7 mcl/cmz. For reductions in this flux of as much as

105

, the pulse length changed by less than 1% and the pulse energy
changed by less than 3%. Therefore, the calculations are relatively
insensitive to the initial flux levels. If desired, these flux values
may be set proportional to the rate of spontaneous emission.

The gain and intensity profile of the Pz(lo) line are shown in
Figure 2.4. When the gain reaches threshold, the intensity begins
to grow, slowly at first; but, since its growth is nonlinear, the rise
becomes sharp as gain and intensity become larger. The resulting
high flux causes the gain to drop below threshold and to oscillate
near that value while lasing continues.

The gain profile shows several other ''dips'' before the pz(to)
line begins lasing. These dips are caused by lasing on the P2(7),
PZ(B), and PZ(9) lines. This is to be expected since the depopulation

of a J-level as a result of lasing must be ''shared" by other rotational
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levels to maintain the Boltzmann distribution. This loss of population
in the upper level causes a drop in the gain profile of all the J-levels.
Those nearest the lasing J are most significantly affected, even
though the Boltzmann distribution is maintained. This is also the
reason for the termination of the P2(10) line. As the PZ(H) line
begins to lase, there is a drop in the gain profile of all J-levels.

The PZ(lO) line is already at threshold gain, and the drop causes

gain to fall far below threshold and lasing terminates. Hence, if a
Boltzmann distribution for the rotational levels is assumed, there is
not an extensive amount of simultaneous lasing among the J-levels of
a given band. The intensity profiles of the PZ(J) lines are shown in
Figure 2.2.b. Although the gain reaches values well above threshold,
a total population inversion has never been observed; therefore,
lasing on the R-branch is not possible.

The kinetic model recently reviewed by Cohen33 has been used
to study the effect of the initial I-‘/I-‘2 ratio on pulse energy and pulse
duration as shown in Figures 2.5 and 2.6, respectively. The initial
F-atom concentration is varied while the stoichiometric balance
is maintained between H and F. Other initial conditions are held
constant. The initial gas mixture is YF:1H

:XF,:50He with 2X + Y = 2,

2 2°
The initial temperature and pressure are 300°K and 50 Torr, respec-
tively. The cavity parameters are set at Ro =0.8, RL =1.0, and

L = 100 cm. For the specific mixture and cavity conditions considered,
the present calculations indicate that the maximum pulse energy will

be obtained at initial F/F2 concentrations of approximately 0.15. For

the more preliminary kinetic model of Reference 23, this optimum oc-

curred at a ratio of 1“/F2 of approximately 0. 4.
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In Figure 2.5, the ratio of pulse energy to the energy required
to produce the initial F-atom concentration by dissociation of Fz is
also shown. Model calculations become very long and expensive as
the ratio I:"/F‘2 is decreased; therefore, an optimum point was not
determined. Note, however, that this ratio is still increasing
sharply with decreasing 1:‘/1"2 at a ratio equal to 0.016. The par-
ticular optimum for this curve is, of course, very dependent upon
mixture composition and cavity parameters.

The variation of the pulse time parameters shown in
Figure 2.6 is similar to that presented in Reference 23.

2.3 Effect of Rotational Nonequilibrium

The significance of rotational relaxation on the characteristics
of laser performance was investigated. Because of the complexity
of the calculations, the study was restricted to the simpler case of
the SF6-Hz laser. Since the model was developed to compare with
subsequent experiments, some features of the model are peculiar to
that purpose.

The laser cavity is assumed initially to contain a homogeneous
mixture of H2 and SFé. Since less than 5% of the Sl-‘6 is typically
consumed during the discharge, 38 it is treated strictly as a diluent,
and the net result of the F-atom producing plasma kinetics is incor-

porated separately. 4 Lyman27 found the F-atom production rate to

—
This model, therefore, does not incorporate deactivation by ions,
at least one of which, F~, is considered significant. (J. S. Whittier,
The Aerospace Corporation, private communication, March 1974).
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be roughly proportional to the input power. This proportionality is
assumed in this study. The contribution of the input power to the
translational temperature rise is also included. The kinetic
processes are the same as in the preceding H2 + FZ model, except
that only the F + H, reaction is considered and the diluents are dif-
ferent. Since the model formulation is the same as that previously
used, with the exception of the initiation simulation and the rotational
relaxation feature, the details will not be repeated.

Rotational relaxation is incorporated into the model by asso-
ciating a relaxation time constant, 7(v,J), with each HF (v, J) state.
These constants are formulated such that their characteristics are
consistent with available experimental and theoretical data concern-
ing the relaxation mechanism. This formulation permits a straight-
forward analysis of the dependence of rotational relaxation without
resorting to the detailed molecular collision dynamics, and it pro-
vides a simple approach to evaluating the broad effects of rotational
nonequilibrium in the lasing process.

Available experimental data on rotational-relaxation time con-
stants are generally the result of analysis of acoustic absorption or

*
thermal conductivity measurements. A partial compilation of

*Several laboratories are presently conducting experiments to
measure HF rotational-relaxation rates. Techniques such as
chemiluminescence (T. L. Cool, Cornell University, Ithaca,

New York), single-pulse pump-probe with a Pocket's cell used for
optical swit:ching,3 - and double resonance 40 are used. Because of
frequency coincidence problems, the double resonance results are
of dubious value. No results are yet available from the chemi-
luminescence studies. The pymp-probe technique gave kyp-HF =
(7.8 £ 0.2) X 107 sec~! Torr-! and (4.9 £ 0.4) X 10/ sec~ Torr-1
for the self-relaxation rates of the P(5) and Py (6) transitions,
respectively.
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existing data are given in References 41 and 42. Although all

measurements are not in agreement, most concur with the following

observations:
1. The rotational relaxation time constant (t,) increases for
i ingvita 41,48 R
decreasing moment of inertia.*!»
3 s a 41,42
2. TR increases for decreasing dipole moment.
43-47

3. R increases for increasing temperature.

R is defined by

R

dt R

dE Ep(T) - Ep(t)
e R e Ty R (2.12)

where ER(T) is the rotational energy of the system in equilibrium at
temperature (T) and ER(t) is that energy at time (t). Strictly speak-
ing, this equation is valid only for small departures from equilibrium.
Raff and W'mter,45 and more recently Polanyi and Woodall,48 have
developed rate-equation models that describe rotational relaxation in
which rate coefficients depend upon the rotational energy separation.
Their results indicate that it is insufficient to associate a relaxation
time with each vibrational level; instead, one such parameter, 7(v,J),
is necessary for each vibrational-rotational state.

If v(v,J) were assumed to be an increasing function of the rota-

tional energy separation (AEv the first and third observations

L
would be satisfied. Such an assumption is realistic since, for the
increasing energy separation between adjacent levels, the probability
of a collision being energetic enough for energy transfer to occur is

decreased. A discussion of the consistency with these observations

follows.
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For a rigid rotor,

AE; = Ej,, - E; (2.13.a)
and
AE_ =h% Ut1) (2.13.b)
7 Z
4wl

which shows that AE_ increases linearly with the rotational quantum

J
number J and is inversely proportional to the moment of inertia of

the molecule. Hence, as I is decreased, AE . and (v, J) increase.

J
Similarly, as temperature is increased, the higher J-states become
more populated, and the larger 7(v,J) associated with these higher
J-states become important in the overall equilibrium process.

Thus, the time scale for relaxation increases. Although this argu-
ment is specifically for a rigid rotor, it is clear that a similar
argument may be used for the general case. When it is considered
that a smaller dipole moment implies a decrease in the interaction
cross section, it is not surprising that R increases for a decreasing

s ignored this in their compu-

dipole moment. Polanyi and Woodall
tations of rotational relaxation of HCl, and still obtained excellent
results. This effect is als,o neglected in this study. Under extreme
conditions of rotational nonequilibrium, J-J lasing may contribute to
the relaxation process. This effect has also been neglected.

There are two processes that contribute to the perturbation of

the equilibrium among the rotational states: lasing and preferential

pumping. It is assumed that the vibrational-relaxation process will



32

not disturb the rotational equilibrium since it is a relatively slow
process. The rate equation for the HF (v, J) populations, i.e.,
Equation (2.2.b), is modified to

Npe(v, 7)

- = P(v,J) + B(v,J) R(v) + g(v,J) f(v,])

Ngng 1) - “uF(v, 1)
-gly -1, T+ Ev-1,T+1)4 : =

TR(V,J)

(2.14)

where P(v,J) is the pumping rate into level (v, J), R(v) is the net rate
of vibrational relaxation into level v, B(v,J) is the Boltzmann rota-
tional distribution at (v, J) for unit concentration, NﬁF(v,J) is the
instantaneous rotationally equilibrated concentration of the level (v,J),
and TR(v,.T) is the time constant of rotational relaxation for level
(v,J). Although some experimental data concerning P(v,J) are avail-

15,49

able, they are far from complete. Monte Carlo trajecto
Y J Ty

calculations have been made by Muckerman, 20 Blais and Truhlar, 51
and Wilkins. 22 For this study, the computations of Wilkins are used;
a linear fit of his results at 300 and 500°K is assumed, and a check

is made of the effect of this assumption. The relaxation time, TR(V, I

is assumed to be of the form

BAE /T

(v, 7) = Are v,J (2.15)

where A;l is selected as some fraction of the binary collision fre-
quency and B is a parametric constant in the exponential that further
approximates the transition probability of the collisions. For this

study, B is setat 1.0X 1073,



33

The initiation energy is added to the energy equation to yield

dT dNi
> NiniE =P -P -Zi:T H, (2.16)
where PI is the input power. This model evaluates the time history
of concentration corresponding to the first sixteen rotational states
of the lower four vibrational states. The resulting set of nonlinear
first-order ordinary differential equations are solved by the same
modified Adams-Moulten technique used earlier.

Model calculations were made at various rotational relaxation
rates. The initial gas mixture used was 1 HZ:S SF6 at 120 Torr and
300°K. Mirror reflectivities of the optical cavity were taken to be
1.0 and 0.8, and the gain length was 50.8 cm. The total atomic
fluorine introduced into the mixture was 5.6% of the SF6 concentra-
tion. The results are given in Table 2.2 of four selected cases:

(1) rotational equilibrium maintained; (2) the rotational relaxation
time constant approximately the inverse of the gas kinetic collision
frequency; (3) rotational relaxation modeled at 10% of the rate in
case (2); and (4) rotational relaxation modeled at 1% of the second
case.

The first and second cases have very similar results. The
relaxation time for the second case is comparable to the time
required for light to traverse the length of the active medium. At
slower rotational relaxation times, the populations in the various
J-states do not contribute instantaneously to the lasing in any given
line. This has a two-fold consequence: (1) Energy is extracted less

rapidly, which allows more time for the deactivation mechanisms
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to act. This results in a more uniform distribution of output energy
among the lasing transitions of a given band and a net decrease of the
total pulse energy (Figure 2.7). (2) Since the higher J-state popula-
tions are not instantaneously coupled to the populations of the lasing
transitions, these higher J-transitions reach threshold earlier and
multiline lasing becomes more prevalent. Lasing on higher J levels
also increases as R increases (Figure 2.8). The decrease in the
predicted total laser output as a result of rotational nonequilibrium
effects was expected. Since previous model predictions have been
significantly higher than actual experimental values, inclusion of this
effect is helpful in achieving agreement between theory and experi-
ment. This, however, is not necessarily the only source of dis-
crepancy between theory and experiment. hi In Figure 2.9, the third
case is compared with Lyman's model and the experimental result
from Beattie et al. 29 This result indicates that even with rotational
relaxation, model predictions of pulse output are still higher than the
experimental values. g Lyman used for his calculations essentially
the initial rate coefficients compiled by Cohen in 1971. For the
calculations of this study, rate coefficients reflecting more recent
experimental data were used. B3

One of the most significant results of the incorporation of rota-
tional relaxation into the model is the appearance of multiline lasing

(compare Figures 2.8.a, 2.8.b, and 2.8.c). The overlapping of

B —
See Reference 26, where the discrepancy was ascribed mostly to
parasitics.

Ak
The data in Figure 2.9 were taken from Figure 7 of Reference 27.
Note that the calculations in Reference 27 were made with RL =
R =1.

o
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the transitions in a given band has always been seen

30,32 Time-resolved spectra that follow a J-shifting

experimentally.
sequence similar to that shown in Figure 2.8 are reported in
References 31 and 32. However, the spectrum found by Suchard

1. 29,30 shows significant departure from the sequential J-shift

et a
pattern. One possible explanation of their result was thought to be
the non-Boltzmann product distribution of the pumping reactions.
For these calculations, a Boltzmann distribution was not assumed,
but the results still show a consistent J-shifting pattern. The
results, however, are expected to be sensitive to cavity losses. A
second calculation was made for the third case, with an assumed
Boltzmann distribution among the rotational states of the product
molecule HF(v), in order to check the significance of the role of
preferential pumping. The results in Table 2.3 show that, for the
gas mixture and the cavity condition considered, the effect is small.
Preferential pumping resulted mainly in a slight increase in output
energy for the higher J-transitions.

One added advantage of modeling rotational relaxation is that
the model has the capability of estimating performance in line-
selected modes. In Table 2.3, a comparison is made of the laser
performance for various modes of operation. It is apparent that
maximum output energy is obtained from a laser where all tran-
sitions are allowed to reach threshold and lase. The effect of
cascading is also evident. The sum of the pulse output from the
three single-line calculations, i.e., P1(8), P2(7), and P3(6), is
only 65% of the output for the case with these three transitions

operating in a cascading manner. The "off-J'" cases, i.e., P1(9),
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P2(7), and P3(5), show a decrease in output energy when compared
with the cascading case.
2.4 Summary

Rate-equation models that graphically illustrate the effect of
gain fluctuation and rotational nonequilibrium on pulsed HF laser
performance are presented. In the present investigation, it was
determined that incorporation of these effects into chemical-laser
models is essential for the accurate investigation of the spectral
content in the laser pulse. Examination of the effect of line-selected
operation on pulse energy indicates that considerable care in line
selection must be made to avoid large energy losses and that a model
similar to the one developed in this investigation will be helpful in

selecting transitions for beam propagation.



3. EFFECT OF CAVITY LOSSES ON PERFORMANCE
OF THE SF6-H2 PULSED CHEMICAL LASER:

THEORY AND EXPERIMENT

3.1 Introduction

Because of the potential for high performance, the reaction of
hydrogen and the halogens have been used widely in the production of

13,38,53-55 Of these, the HF

active species for chemical lasers.
and DF systems have been studied most often because of the potential
for developing lasers with high specific power densities through the

the use of a chemical chain reaction. In an electrical discharge,

SF6 will provide the F atoms for the reaction

F +H, = HF(v) + H (3.1)

The vibrationally excited HF can then be used as the laser medium.
The SF6-H2 laser has proved to be a valuable tool in the examination
of mechanisms in HF and DF lasers. With this laser, the extra
expense and complications of handling a potentially dangerous gas
are avoided, while sacrificing little in the study and interpretation
of the mechanisms.

Several researcher356' 59

have investigated the effect of the
use of different initiation techniques to increase the efficiency of the
SFé-H2 chemical laser. However, with the exception of the measure-

ments of the variation of laser output with output compling made by

42
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.]'ones,60 no formal attempt has been made to systematically identify the
role of cavity losses in the performance of this device. The results of
such an investigation are presented here, where the experimental data
were obtained using a transverse pin-discharge laser, and the theoretical
predictions were made from the computer model given in Chapter 2,
which includes in its computations the effects of rotational nonequilibrium.

3.2 Experimental Details

Figure 3.1 is a schematic diagram of the pulsed SF6-H2 laser
facility used in this investigation. The gas mixture is contained in
two 1-in. i.d., 49-1/2 in. long, lucite tubes placed end to end. Both
ends of the tupes are sealed by Ca.F2 flats mounted at the Brewster
angle for 2.8-pm transmission. The electrode assembly is made up
of 338 resistor (470Q2) pin-pairs set transverse to the laser axis and
mounted on the lucite tubes in a double helical configuration. The
interelectrode gap is set at 2.08 cm. The optical cavity is formed
external to the tubes and consists of a 7.0-m radius, concave
spherical, dielectric-coated (silicon substrate) for a nominal 99%
reflectivity at 2.5 to 3.5 um and a flat-output coupler, dielectric-
coated (silicon substrate) for 95 + 1-5% reflectivity at 2.5 to 3.5 pm.
Pulsed high voltage is obtained by means of a 5400 pF energy storage
capacitor, the voltage of which is applied across the electrodes by
triggering a spark gap (EG&G, Model 14B). The trigger circuit used
is shown in Figure 3.2.

Figure 3.3 is a schematic diagram of the gas-handling sys-
tem. The gases (SF6, HZ’ and He) were research grade (99.99%
pure) supplied by Matheson and were used without further purifica-

tion. The flow rates were controlled and measured with Matheson
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Figure 3.1. Michigan State University SF6-H2 pulsed chemical
laser facility,
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Figure 3.2. Circuit used to trigger spark gap for application of
pulsed high-voltage across discharge electrodes.
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needle valves and flownmeters. Pressures were monitored on Heise
Bourdon tube gauges. A mechanical pump (Kinney) is used to maintain
a continuous gas flow through the laser and provide for operation over
a range of pressures.

Pulse output is focused by a 2-in. -diameter gold-coated concave
spherical mirror of 45.2-cm radius of curvature into a 0. 5-m monochro-
meter (McKee-Pederson) equipped with a 295 line/mm grating blazed
at 2.8 pm. Radiation emerging from the monochromator is detected
by a Au:Ge photodiode detector (Raytheon) operated at 77°K and dis-
played on a fast-rise (1.2 nsec) oscilloscope (Tektronix 485). Screens
were placed before the detector to avoid saturation.

Because of the potential high gain of the HF system, under
some operating conditions, relatively strong output has been mea-
sured from laser cavities with the mirrors removed. 60-62 This
phenomenon is known as superradiance. Except for performance
studies, typical runs in the present experiments were made at
33 Torr, ina 1 SF6:1 H2:10 He gas composition, and at 30-kV dis-
charge voltage. The power output decreased by two orders of
magnitude with the mirrors removed; therefore, superradiance did
not affect the measurements.

At the beginning of each run, the laser chamber is pumped-
down to check for possible leaks and to re-zero the pressure gauges.
The pulse repetition rate is limited by the time required to recharge
the capacitors and the exchange rate of the gases within the cavity.
For best repeatability, approximately 15 sec was allowed

between shots. A comparison of the output for a single shot and ten
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superposed shots showed that, except for some erratic fringes, the
pulses were repeatable.

The experimental setup is shown schematically in Figure 3.4.
A scheme is desired whereby losses may be introduced into the cavity
without otherwise altering the existing optical configuration (as may
happen, for example, by changing the output coupler and realigning).
An effective variation of the output coupling is accomplished by
inserting a Cal-"2 attenuator into the optical cavity, as is shown in

the Figure 3.4. The threshold gain (crthr) is then given by the

equation

(20, L)
2 thr—" _
RoRL tT e =1 (3.2)

where Ro and RL are the reflectivities of the output coupler and total
reflector, respectively, t is the transmissivity of the attenuator, and

X_. is the gain length in the medium. Since t is a function of the angu-

1= x position of the CaF, attenuator, a continuous range of @, . may

be obtained by varying that angle. In addition to the attenuator, a

Ca FZ compensator is placed outside the optical cavity in the path of

th e output radiation to compensate for the vertical displacement of the

la s er output resulting from the attenuator. An iris is inserted in the

OSP>tical cavity to increase the threshold for parasitics. It also

T ctions as a mode-control device. The iris opening is decreased

X2 til further decreases result only in a monotonic decrease in output
B>O wrer, indicating dominance by the TEM__ mode. To ensure a more
=< curate determination of the angular pusition of the attenuator, this

S Tagle is measured by the calibrated position of a He-Ne beam
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Figure 3.4. Experimental setup for introduction of variable loss
into laser cavity.
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reflected from a mirror affixed to the attenuator (Figure 3.4). A
similar arrangement is used for the compensator.

3.3 Computer Simulation

The computer code is described in Chapter 2. The predicted

output lasing power per unit volume is, from Equation (2.9),
P () =2§T he N, @y o w (v,3) £(v,7) (3.3)
v,

where wc(v, J) is the wave number of the v + 1 — v transition with

lower level J, and f(v, J) is the lasing flux on the same transition,

Xy 18 the threshold gain defined by

o .
apy = - 7T In(RIR)) (3.4)

where L is the length of the active medium and R; and RL are the

ef fective mirror reflectivities.

The laser power PL(t), in Equation (3.3), is the sum from both
i xrrors of the cavity. The output intensity extracted from mirror

- -
R_o is

a - Ré)
P (t) (3.5)

P’/ = -
o ‘ 1/2 / 172
[1 +(R!/R ) ][1 - (RIR,) ]
Initial conditions and model parameters are determined to

X"« flect conditions of the experiments. The electrical-discharge-

AIXritiated laser used in the present investigation produced columns of

e A rly uniform plasma orthogonal to the laser axis. Since diffusion
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is negligible during the pulse, the active region of the laser may be
approximated as homogeneous. The active medium length is taken to
be the sum of the diameters of these columns and is estimated to be
169 cm. Various types of losses within the cavity are lumped with
the 99% reflecting spherical mirror for an estimated value RL = 0.95.
The output coupler is taken as R; = R0 X tz(e), where t(0) is the
transmittance of the CaF2 attenuator set at angle 6 to the laser axis
and Ro = 0.95 is the true reflectivity of the output coupler. The
power extracted from R;, as given by Equation (3.5), includes losses
resulting from reflection from the attenuator out of the optical
cavity, as well as actual power passing through Ro. This loss can
be corrected for by means of Equation (E.6), Appendix E, to obtain
fimally

t(1-R)(1-R)P_(t)
Po(t)=[ ° o L (3.6)

1+ (R;/RL)”Z] [1 - (R;RL)UZ] [1 - R;]

Electric discharge initiation, i.e., abstraction of F atoms
from SF6’ is approximated by the relation

dNF

= (3.7)

=C PI(t) NSF6
“~here PI(t) is the normalized discharge power profile and C serves
=3  a parameter to couple the experimental results to theory. The
P23 rameter C is determined by matching the computed pulse duration
=T q the time that it takes for the laser to reach threshold with the

TX2e agured times for a selected case. Since the laser output was
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attenuated, comparisons of theory and experiment are accomplished
by matching the outputs at a selected reference point.

3.4 Results and Discussion

Typical oscilloscope traces for the discharge current and the
total laser output along with the corresponding predicted laser pulse
are shown in Figure 3.5. The discharge current behaved like a
damped oscillator with a one-half period (FWHM) of 0.26 psec. The
resulting laser pulse was of similar duration (0.24 psec, FWHM),
while the ''tail'' of the pulse was considerably lengthened by the
second half-period of the discharge current. Calculations from the
model showed that, near this level of initiation, i.e., F/S];T‘6 = 0.005,
the laser pulse shape is quite sensitive to that of the discharge
current.
Figure 3.5 shows that the predicted pulse shape compares very
W ell with that observed on the oscilloscope. The ''knee' at the
b e ginning of the pulse is due to lasing on the 2-1 band, which has the
h i ghest pumping rate. This lasing populated the upper level of the
1 — O band and depleted the lower level of the 3-2 band, complementing
th © pumping on those levels. Thus, gain on the 3-2 and 1-0 bands
'O =e rapidly and lasing commenced on all bands, which caused the
A xupt rise in the observed output pulse. Thereafter, lasing was
S stained by the fast-pumping reaction. Pulse termination resulted
W en pumping subsided and lasing and collisional deactivation have
A epleted the population inversion.
Model predictions of total laser output and the corresponding
b served output are plotted in Figure 3.6 as a function of cavity

los ses. The theoretical values were computed from Equation (3.6).



Figure 3.5.a.
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Typical oscilloscope trace of discharge
current during laser initiation.

Oscilloscope trace of laser output for
1 H,:1 SF,:10 He mixture at 50 Torr.
Attenuator angle 8 set at 0 deg.

Laser output predicted by present model
at same gas mixture and cavity condition.
The predicted time to threshold, pulse
width, and pulse shape are similar to
that in (b).
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In conjunction with Equation (3. 4), R;RL is a measure of the sum of
the cavity losses, which are in the form of laser output as well as

transmission through the spherical mirror, reflection from the

attenuator, and other extraneous losses. Three cases are shown:

(1)0.2 H2:1 SF6:10 He at 33 Torr, (2) 1 H2:1 SF6:10 He at 33 Torr,
and (3) 1 H2:1 SF6:10 He at 50 Torr. The lower gain cases, (1) and

(2), were selected to avoid possible complications resulting from

parasitic oscillations or superradiance. When agreement between

theory and experiment was good, a higher gain case, (3), was run.
In Figure 3.6, the curves represent model predictions of laser out-
put as a function of cavity threshold. The vertical bars represent

the scatter in the measured data. In general, the calculated and

o bserved quantities agree rather well. Both indicate a decrease in
1 &aser output with increasing cavity loss, i.e., decreasing R'ORL.
T he experimental data, however, indicate a somewhat smaller slope

fo r the curve than that predicted, especially in the region of higher

1o ss. The higher loss conditions correspond to smaller attenuator

axxgxles (approximately 0 to 20 deg).

It was demonstrated in Chapter 2 that rotational relaxation and

T O tational nonequilibrium play a significant role in the character and
P < xformance of the HF chemical laser. Since the rotational relaxa-
ti o n rates are generally unknown, it is appropriate that an examina-
€3 o n be made of the sensitivity of the present calculations to these

X" A tes. The rotational relaxation rate was increased by an order of
¥X & gnitude from the gas kinetic frequency to ten times the gas kinetic

< ©11ision frequency between HF molecules and all collision partners.

The results indicate that there is no extensive change for this case.



56

60 T

INITIAL_GAS MIXTURE
0.2 H2:| SF6:10 He

| T, =300°K, P; =33 Torr
CAVITY CONDITIONS

Ry = 0.95 x &, R =0.95
L=169cm TI 71

PULSE ENERGY, RELATIVE UNITS

T
I EXPERIMENTAL
DATA

THEORY /

0 | |
0.70 0.80 0.90
RoRL
(a)

60
INITIAL GAS MIXTURE | I

1 HZ:I SF6:|0 He
T = 300°K, P, = 33 Torr
40 [—CAVITY CONDITIONS

Ry = 0.95 x &, R =0.95
L = 169 cm

PULSE ENERGY, RELATIVE UNITS

I EXPERIMENTAL
DATA

20— _]
THEORY
0 | |
0.70 0.80 0.90
,
RoRL
(b)

60 INITIAL GAS MIXTURE |
1 Hp:1 SF4:10 He

T = 300°K, P, = 50 Torr
40 -CAVITY CONDITIONS

Ry = 0.95 x ¥, R =0.95

T
I EXPERIMENTAL

ATA
/—

PULSE ENERGY, RELATIVE UNITS

L =169cm
- THEORY
20 _
0 | |
0.70 0.8 0.90
Ro RL

(c)

Figure 3.6. Effect of cavity losses on total laser output for

three gas mixtures.

(a) 0.2 H,:1 SF4:10 He at

33 Torr, (b) 1 Hy:1 SF/:10 He at 33 Torr, (c)

le

1 | SF6:10 He at 50 Torr
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Because of the rotational relaxation provision in the model, it
is well suited for making calculations of laser operation in the line-
selected mode. The experiment was repeated for the laser operating
on a single line. The transitions P1(4) and P2(3) were selected,
since these were observed to be among the strongest lines in the
pulse output spectra. The results for the P1(4) and P2(3) compari-
sons are presented in Figures 3.7.a and 3.7.b, respectively. The
discrepancy between theory and experiment is more severe in the
P2(3) case. This behavior is not expected from considerations of
the kinetic mechanisms involved, and may be partially due to the fact
that mode structure and diffraction losses were not incorporated into
the model. Further study is necessary to clarify this point.

Note that the value assigned to RL is somewhat arbitrary.
Fortunately, calculations indicate that the shapes of these theoretical

curves are not sensitive to that value. If, for example, R, were

L
assigned the value 0.90 instead of the 0.95 presently used, the maxi-
mum change in predicted pulse energy in Figures 3.7.a and 3.7.b for
any given R'ORL, is less than 2.5%, which is significantly smaller
than the experimental data scatter.

The rotational-relaxation rate is an important factor in deter-
mining the rate at which the population inversion of a given transition
will be restored or maintained following laser action on that tran-
sition. It is expected that, with the laser operating in the single-line
mode, as the rotational relaxation rate is increased, more energy
would be extracted. This was verified by calculations. As in the

multiline case, the rotational-relaxation rate was increased from

gas kinetic to ten times gas kinetic with the laser operating in the
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Figure 3.7. Effect of cavity losses on output of laser
operating in single-line mode for two
selected transitions. (a) P¢(4), (b) P2(3).
Note significant loss in useful laser output
that resulted from parasitic oscillations,
as shown in (a)
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single-line mode on the P2(3) transition. The laser output increased
by approximately 6% for various values of R'ORL but had very little
effect on the overall shape of the theoretical curve presented in
Figure 3.7.b.

The U-shaped curve (Figure 3.7.a) represents an interesting
example of off-axis parasitics that resulted in a reduction of laser
output. Here, in the changing of the effective reflectivity of the out-
put coupling, the attenuator was turned in the counterclockwise
direction. When the normal to the attenuator was approximately
20 to 40 deg from the laser axis, the detector showed an abrupt drop
in laser power. The CaF2 attenuator had apparently coupled itself
to the walls of the laser chamber and produced off-axis oscillations.
Similar results were observed for the P2(3) and multiline cases at these
angles, although the power reductions were not as large. In the P1(4)
case, lasing on the 1-0 band, which depleted the v = 1 level, and the
fact that the pumping to the v = 2 level is at least twice as fast as that
to any other vibrational level, lead to large population inversions in
the 2-1 band transitions. Since lasing on those transitions was sup-
pressed in this mode, parasitics were expected. Parasitic oscillations
were not evident when the attenuator was turned in the clockwise
direction, with all possible extraneous reflecting surfaces outside the
laser chamber covered by a thin layer of sponge.

The results shown in Figures 3.6 and 3.7 illustrate the impor-
tance of ''small'' cavity losses that are often neglected in the design of
optical cavities. At the angles of maximum attenuation the Can
attenuator used in these experiments has typical transmission

coefficients greater than 93%, and the power reduction,in some
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cases, is more than 50%. When the extraneous losses in the cavity
become comparable to the output coupling, large power reductions
will result. Thus, as the Q of the cavity is increased, the problem
progressively worsens. One possible source of such losses in the gas
laser is the Brewster window. While this window theoretically has a
transmissivity of 100% for radiation with polarization parallel to the
plane of incidence, it may still be an important source of losses for
some laser systems. (In high power lasers, there may be window or
mirror, or both, damage after a few shots.) In addition to losses re-
sulting from scattering and absorption, the windows could serve as
couplers for off-axis parasitic oscillations.

Given the reasonably good agreement between theory and experi-
ment, one is encouraged to proceed with some confidence in the model.
Model calculations of the effect of threshold condition on the laser
pulse energy are given in Figure 3.8. A more typical, higher gain gas

mixture was selected, and a wider range for «o was used. The gas

thr
composition was 100 Torr of SF6 and 20 Torr of H,. Three repre-

2
sentative cases are presented: (1) total pulse energy; (2) P2(3) in the
single line mode; and (3) P3(6), PZ('?), and P1(8), in the cascade mode.
For the DF laser, these three lines in the cascade are known to have
good transmission coefficients through the atmosphere. * The re-
sultant curves show the expected profile: At high threshold, lasing

is delayed and sporadic and a large portion of the pumping energy is

lost through deactivation. At low threshold, energy is not extracted

E3
D. J. Spencer, The Aerospace Corporation, private communication,
September 1974.
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Model calculations of the effect of cavity threshold on
pulse energy for a 1 H2:5 SFg mixture at 120 Torr,
with laser operating in three different modes. (a)
multi-line mode; (b) single-line mode on P2(3),
transition; (c) cascade mode of three transitions,
P3(6), P2(7), and P1(8)
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efficiently from the optical cavity, although intensities within the
cavity reach relatively high levels. This condition is also the most
susceptible to power reduction resulting from '"'minor' cavity losses.
The optimum performance lies between these two extremes.
3.5 Summary

A theoretical and experimental investigation was conducted to
assess the role of cavity losses in the performance of the pulsed
chemical laser in the single-line and the multiline modes. Although

the investigation was carried out with the SF6-H laser, the results

2
are believed to be of more general validity. It was found that losses
within the optical cavity, of as little as 5%, typical of many lasers,
can easily result in a 30% or more reduction in‘power output. This
problem becomes especially acute for high-Q cavities. In addition,
model predictions are presented that graphically illustrate the effect
of cavity threshold on laser output. This includes, for the first

time, predictions of performance in the single-line and cascading

modes.



4. SUMMARY AND CONCLUSIONS

Computer models are presented that simulate the performance

of the H2~I-F2 2

lasers. Rate equations are used to represent the chemical kinetic

chain reaction and the SF6-H pulsed chemical
and stimulated emission processes occurring in a representative
unit volume within a Fabry-Perot cavity. All processes are
assumed uniform throughout the cavity. Lasing is permitted on all
lines in the vibrational-rotational bands that reach threshold and
may respond to gain fluctuations during the lasing period. Rotational
relaxation is incorporated into the model of the Sli‘f,--H2 laser to
study the effect of rotational nonequilibrium on the laser perfor-
mance. The individual rotational level populations are determined
from the solution of rate equations. Relaxation of the rotational
population is accomplished by the assumption of a characteristic
rotational-relaxation time similar to the model of Scha.ppert34 for
COZ' With the rotational populations of the first four vibrational
levels identified, the effects of single-line operation can be
examined.

Comparisons of the predictions of this model with that of the
constant-gain model illustrated the unique features of the present
model. The present formulation facilitated the determination of the

time evolution of gain, intensity, and species concentration. Inter-

action of gain and intensity before and during lasing was observed.

64
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Contrary to the constant-gain model, lasing did not commence upon
gain reaching threshold. The growth of intensity was sufficiently
slow such that lasing effectively began only after the gain was well
above threshold. This usually resulted in a large initial spike in the
intensity, which could be a potential source of damage to windows
and mirrors in high power lasers.

In addition to the prediction of transients and relaxation
oscillations seen experimentally, this model demonstrated greater
sensitivity to nonlinear mechanisms such as vibrational-vibrational
(VV) deactivation. This resulted in the prediction of shorter pulses
in the laser output.

Calculations from the model showed that the assumption of a
Boltzmann distribution among the rotational-state populations pre-
cluded extensive multiline-lasing and that such multiline lasing
became prevalent only when rotational-relaxation effects were con-
sidered. Rotational relaxation also accounted for a decrease in
predicted laser output; this prediction is more consistent with
experiment. The modeling of rotational relaxation permitted, for
the first time, an evaluation of the performance of a chemical laser
when operating in the line-selected mode. Calculations were made
of the SF6-H2 laser oscillating on a single line for each of the three
transitions P1(8), P2(7), and P3(6). The sum of the pulse output
from the three single-line calculations is only 65% of the output for
the case with these three transitions operating in a cascading
manner. For the gas mixture and cavity conditions considered, the

effect of preferential pumping on rotational nonequilibrium and laser
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performance was small. It resulted mainly in a slight increase in
output energy for the higher J transitions. This behavior, however,
may be sensitive to cavity threshold.

This model was used in a theoretical and experimental investi-
gation of the effect of cavity losses on the performance of a SF6-I-I2
laser. The experimental data are expected to provide a test of the
validity of the model's predictions and assumptions. At low levels
of initiation, as with the present case, the laser pulse shape is sensi-
tive to that of the discharge current. The predicted pulse shape and
pulse width are in good agreement with experimental observations.
Good agreement between theory and experiment is also found in the
prediction of pulse output variation with cavity losses, for the laser
operating on the single transitions P1(4) and P2(3), as well as in the
multiline mode. Although not modeled, parasitic oscillations was
shown to be an important consideration in the investigation of laser
performance. Under some operating conditions, it could lead to
significant losses in the useful laser output. Laser performance as
a function of cavity threshold is also of interest. Calculations
of the effect of output coupling are presented for the cases of multi-
line operation, single-line operation on the P2(3) transition, and the
cascade of the three transitions P3(6), P2(7)’ and P1(8).

The model has demonstrated remarkably good agreement with
experimental observations. One can conclude that there are no
gross inaccuracies in the chemical kinetic or radiative formulation
of the model. As shown in Chapter 3, however, there are factors

such as cavity losses and parasitic oscillations which exist in real



67

lasers that are unaccounted for, but which could have appreciable
effect on the laser character. These factors obviously are not
easily modeled.

There are other phenomena that are not modeled which exist
within most lasers: Mode competition and mode beating, intensity
distribution transverse to the laser axis, medium inhomogeneity,
temperature gradients, acoustic effects, interaction with the walls,
and plasma kinetics in the case of electrical discharge initiation.
Attempts were made in the present experiments to eliminate or
minimize the effects of some of these unknown inputs. An iris was
used to maintain dominance of the TEMoo mode in the radiation field,
thus mode competition is minimized. The particular configuration
selected for this laser resulted in a high-gain path along the axis of
the laser away from the walls. Thus, in the time sczle of the laser
pulse, interaction with the wall is highly unlikely. The effect of
medium inhomogeneity or temperature gradients have not been
studied. These could result in irregularities along the gain path and
distortions in the radiation field, but the net effect may average out
along the laser axis and result in only minor alterations of the laser
output.

The lack of plasma chemistry in the model appeared to be a
serious drawback in these experiments. Initiation through electrical
discharge proceeds through the creation of a partially ionized plasma
that includes in its composition excited and metastable species as
well as ion-electron pairs and neutral particles. Production of F
atoms necessary for the pumping reaction is the result of complex

processes within the plasma such as charge transfer, Penning
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ionization, recombination, detachment, and attachment. The model
presented here, however, incorporates no plasma kinetics.
Nevertheless, since only a small fraction of the gas is ionized (typi-
cally less than 5%; in this case, less then 2%), the effect of these
charged particles on the neutral chemistry and the associated

model predictions is expected to be minimal. The most important
contribution of the plasma kinetics is F-atom production, which was
found by Lyman to be roughly proportional to the input power. This
fact was incorporated into the model empirically.

The rotational-relaxation process modeled in this investigation
represents only an initial step in a rapidly developing area of active
research. Recognition of the importance of the role of rotational
nonequilibrium and rotational relaxation in the behavior of chemical

63-65 and

lasers has led to several recent studies, both theoretical
experimental. * While the formulation adopted in this work has been
valuable in the prediction of broad effects of rotational relaxation
and in providing physical insight into the problem, the rotational
relaxation rates now being measured will permit a more accurate
study to be made of these phenomena through a careful model of the
detailed collisional dynamics involved in the processes. To be
complete, this model should include the effects of R~branch and J-J
lasing. However, the increased computational complexities result-

ing from these additions make this proposition impractical for the

present day generation of computers.

E3
See footnote, page 29.
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Further experimental verifications of the model predictions
are desirable. Experiments such as small-signal-gain probing and
Raman scattering would provide valuable data on the species
concentrations within the laser medium, and side-arm chemilumi-

nescence could be used to verify the predicted high-gain overshoots
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APPENDIX A

RATE COEFFICIENTS FOR HZ + F‘2 CHEMICAL LASER

The chemical kinetic model used for the rate -equation solution
has been suggested by Cohen33 and is shown in Table A.1. Rate
coefficients k and k- designate forward and backward rates, respec-

tively, For each reaction, the missing rate coefficient is determined

from the equilibrium constant.

70
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Table A.1. Rate coefficients for H2 + F2 chemical lasera
Re,:;tion Reaction Rate Coefficient, cc/mol-sec M, v
1a® F + H,(0) = HF(1) + H Kia = 2.6x 101371670
1h F + H,(0) = HF(2) + H k‘b=8.8x10”"'6/e
1c F + Hy(0) = HF(3) + H k‘c:4.4x10l3"'6/e
1d F + Hy(0) = HF(4) + H K g =7.4x10'2:0.5076
te F + Hy(0) = HF(S) + H Ky = 1.1 % 101303178
1 F + H,(0) = HF(6) + H K_yg = 1.9 x 1013-0.5678
2a H+ F, = HF(0) + F Koo 1.1 x 1012-2.4/8
2b H+F,=HF(1)+F k2b=z,5x10'z‘z'”°
2¢ H+ F,=HF(2)+ F 1<ZC=3.5><10‘2‘2"/e
2d H+F,=HF(3)+F Kpq = 3.6 x 101272478
2e H+F,:=HF(4)+F kZe=1.6~(10U'z‘4/°
21 H+ F, = HF(5)+ F kpp = 3.6 x 1013°2:4/8
28 H+F,=HF(6)+F nzg=4.sxto'3‘z~‘”°
2h H+F, =HF(7)+F kzh=s,5xto’2'z'”°
2i H+F,=HF®8)+F Ky, = 2.5 % 101272478
3a,¢ HF(v) + M = HF(v - 1)+ M, Ky, =100 08y o035y i L, Va8
3, HE(1) + M, = HF(0) + M, kab‘:: 1.5 x 1010-1-1/8 1 M, =
3b, HF(2) + M, = HF(1) + M, Ky, = 145 1010-0.5/8 ¢
3, HF(v) + M, = HF(v - 1) + M, kabv=l.5xlOlOT v=3...8
3c, HF(v) + M, = HF(v - |)+M4 k3cV:(8x10" T‘)v My = Ar, Fp, SFiv=1g- -
34, HF(v) + Mg = HF(v - 1) + M, kjdvnqs.vno"’TS) Mg=He vet...8
e, HF(v) 4 M = HF(v) + M Kse = 1.8 x 1013-0.7/@ Mg=H vzl...8 vev
3, HF(v) + M, = HE(v - 1) + M, Ky = vt x 10° T?) MysHy vete--8
4a HF(v) + HF(v) = HF(v - 1) + HF(v + 1) Ky = 1.5 x 102 7t/2 T
4 HF(v) + HF(v + 1) = HE(v - 1) + HF(v + 2) | kg = 0.5k, vite-.b
4c HF(v) + HF(v + 2) = HF(v - 1) + HF(v + 3) k4c=°'25k4a vy 5
4d HF(v) 4 HF(v + 3) = HF(v - 1) + HF(v + 4) | k,, = 0,125k, Vet 4
sa HF(0) + H,(1) = HF(1) + H,(0) kg, =9 x 10!
5h HF(1) + H,(1) = HF(2) + Hy(0) kgy = 2.9 x 102
sc HF(2) + Hy(1) = HF(3) + H,(0) kg =9 X 1012
5d HF(3) + Hy(1) = HF(4) + H,(0) Kog = 2% 10'?
Se HF(0) + Hy(2) = HF(1) + H,(1) se = ksa
5L HF(1) + Hy(2) = HF(2) + H,(1) koo = kg
6a, Hylv) + Mg = Hy(v - 1) + Mg Kea = V(2.5 1074 743 v =1, 2 Mg = all except H, H,
™, Hy(v) + Mg = Hylv - 1) + Mg k7b: =v(1073 143 ve1,2 Mg=H H,
*Note dissociation-recombination reactions have been neglected.

b

<

.

0 = 4,575 T/1000 kcal/mol

= vibrational level; M = collision partner
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APPENDIX B

DERIVATION OF THE RADIATIVE TRANSFER EQUATION

Let

2
i

HF(v+1, J - 1) (B.1.a)

N1 HF (v, J) (B.1.b)

where Nu and N1 are the concentrations in mol crn-3 of, respectively,
the upper and lower states of the transition. Following Gilles and
Vincenti6 and Emanuel, 1 the transfer equation for radiation of
intensity(IV) passing through the active medium in the x direction is

dI

v -
ax hv NA¢(v)[ NuAul + (NuBul - N1 Blu)IV] (B.2)

where N, is the Avagadro's number; A ., B ., and B, are Einstein
A ul ul

lu
coefficients defined in terms of the intensity per unit solid angle; Aul
is the coefficient for spontaneous emission; Bul and Blu are the

coefficients for stimulated emission and absorption, respectively; and

¢(v) is the line -shape function normalized according to

[e0)
f “(v)dv = 1 (B.3)
0
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Equilibrium considerations and detailed balancing require thaté"7
B q
_ 3( ul _{
Au1 = 2hv (CZ ) Bul = (—qu> Blu (B.4)

where q represents the degeneracy of the level. Thus, Equation (B.2)

is written

dIv 9
Tx - By Nael) [NuAul Mg Pra - NPy

The gain coefficient (g ) is defined by’ '

4
g, = thA¢(v)Blu(§ Nu - Nl) (B.5)

Thus,

dI

v—
= hv NA¢(V) NuAul +g,I,

Under lasing conditions, spontaneous emission has negligible effect

on the intensity; the following approximation may then be made

dI

d—;-=gvlv (B. 6)

This expression, however, only describes the change in intensity as
the radiation passes through the active medium. In a laser cavity,
there are additional factors that affect the intensity, notably the losses
at the mirrors that form the cavity. Consider a cavity with homo-

geneous active medium of length (L) and enclosed by mirrors of
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reflectivity Ro and R The intensity, after one round trip in the

L’

cavity, is

I' =''e Y RR (B.7)

The threshold condition is defined as that at which the intensity within
the cavity neither increases nor decreases and the associated value of

g, is the threshold gain (athr)' Thus, at threshold
e "thr R R_ =1 (B.8.a)

or

Combining Equations (B.7) and (B. 8), the change in intensity after one

round trip in the cavity is

AIV :Iv - Iv

i ZgVL
Iv e RoRL -1

i [ ZL(gv- athr) ]
e -1

|4

I

For small departures from threshold,

2L
e (gv-athr)_-_ 1+2L(gv-a )

thr

Then,

ax - = (gv-athr)Iv (B.9)
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For computational purposes, a photon flux (fv), in mol-cm” 2-sec' 1, is

defined as

LNy, (B. 10)

The corresponding rate equation for this flux is

df df
v | v

ax e & (B.11)

(gv - athr) fv

Although Equation B. 11 was derived with the assumption that
L(gv - athr) is small, the same result may be obtained by averaging

the intensity, gain, and loss over the cavity.
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APPENDIX C

DERIVATION™ OF X
rad

The rate equation for NHF(V, 1) 18

dN
HF(v,J) _
—gr Xi + Xrad(v,J) - Xrad(v -1, T+ 1)+ A(v,T)

(C.1)

where Xi is the net change in NHF(V, 7) resulting from chemical

reactions and Xr represents the change that results from stimulated

ad

emission and absorption

Xrad - Xabs Xst em (C.2)
. . 66
the absorption term is
v _ ’
Xabs - -NlBluf¢(V )1, dv?
= -N1B1u¢(v)1v (C- 3)

where the frequency integration is over the narrow laser bandwidth

assumed to be at line center v. The emission is

v _ , ,
Xgt em - NuBulf¢(v )1,dv

= NuBulqs(v)Iv (C.4)

b3
The derivation of Reference 11 is partially followed.
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with Equations (B. 4), (C.2), (C.3) and (C.4) combined

9

v = —
Xl'a.d = 9 V)Blu (qu Nu - Nl) Iv

and substituting from Equations (B.5) and (B. 10),

g I
XV - vV v
rad thA
= gva

are obtained.

(C.

5)
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APPENDIX D

DERIVATION OF THE ENERGY EQUATION

The first law of thermodynamics is
dQ =dU + p dV
Applying the definition for enthalpy, h, this equation may be written as

dh = dQ + V dp (D. 1)

Make the identifications

=) NH (D. 2.a)

<|=

(%)(QQ.) =P (D.2.b)

where Ni is the molar concentration of species i, Hi is the molar

enthalpy of species i, and PL is the output lasing power per unit

volume. Equation (D, 1) then becomes

or
dH dN.
i _i_ dp
ZNi at +ZHi - Frta
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For an ideal gas,
dHi i} dHi dr\ _ c iI._) (D.3)
dt dT J\dt | = p, \ dt :

where C_ is the molar specific heat of species i at constant pressure.
i
The energy equation then can be written

dT dp _ dN.
2 :Nicpi at "at - FL o) Mt (D.4)
T T

For computational purposes, an alternate form of this equation that

does not contain explicitly the pressure variable is sought. For an

ideal gas,

p=z NRT (D.5. a)
1

C - C =R (D.5.b)

By the differentiation of Equation (D.5. a) and the assumption that the

density remains constant,

is obtained. The substitution of Equation (D.5.b) then leads to

dp _ 3 dT
I Z N, (cpi cvi)(dt) (D. 6)
T
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The desired form of the energy equation is obtained by combining

Equations (D. 4) and (D. 6); thus,

dN

dT _ i
> :NicVi " PL) Mim (B.7)
i

i
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APPENDIX E

CALCULATION OF PULSE ENERGY

For the optical cavity shown in Figure E. 1 (with the attenuator

momentarily ignored),

Ic->ut = (1 - RO)I- (E.1.a)
I = -ROT (E.1.b)
I=1"+1 (E.1.¢)
and, from Reference 22,
lowt o (E.1.d)
T TN v

- + e . . cels O
where I and I are radiation intensities within the cavity in the
negative and positive-x directions, respectively, I is the average
. e s s . - + s . e
intensity inside the cavity, and I and I are radiation intensities
out out

passing through mirrors R_and R, respectively. (1°

out 1S the pre-

dicted laser output from the model.)
With the attenuator in the position shown, the radiation lost

from the cavity in the negative direction consists of three parts

I e =T (1-t)+I7t(1-R)+ItR (1 -t) (E.2)
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RO \ t - RL

H \\zg\\\\ // H +X
OUTPUT MIRROR
COUPLER

ATTENUATOR

Figure E. 1. Optical cavity,
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where t is the transmissivity of the attenuator, The three terms on
the right-hand side of Equation (E. 2) represent, respectively, the
radiation reflected from the attenuator while traveling in the negative
direction, the radiation passing through Ro’ and the radiation reflected
from the attenuator after reflection from Ro' The second term is the
only portion actually seen by the detector and is the laser output.

Equation (E.2) may be expanded and rewritten as

- - 2
I =1 (1 St Ro) (E.3)
If
;_ 2
R’ = t°R (E. 4)
o o
is defined, then
Iout =I(1 - RO) (E.5)

With R:) as the reflectivity of the output coupling, the model can be

used to compute I_ The actual output (I; ), however, is given by

ut”’

1? _ I_t(l -ZRO) :t(l -ZRO) -
S (1 -t Ro) 1 - tR_
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APPENDIX F

DESCRIPTION OF COMPUTER SIMULATIONS
FOR THE PULSED HF CHEMICAL LASER

Simulation of the pulsed HF laser is accomplished through two
distinct computer models. The two systems modeled are: (1) the
H2 + }?‘2

assumed to follow a Boltzmann distribution at the translational temperature,

chain reaction laser, where the rotational level populations are

and (2) the S}5‘6-H2 laser pumped by the F + H, reaction, where the

2
individual rotational-level populations are determined from the solution
of rate equations.

The basic structure of both models is similar. Each consists of
a controlling main program, designated by MODEL, and four subroutines,
designated GAIN, DIFSUB, DIFFUN, and FLASH. MODEL initiates the
computational variables such as concentration, photon flux, temperatdre,
and time; defines the cavity conditn;ons; obtains reaction rate constants
and necessary spectroscopic and thermodynamic data from data files;
and provides the program control parameters that direct the program
flow as well as the integration process. In the case of the SF6-H2 laser,
MODEL also computes the rotational-relaxation rate constants, and provides

the product energy distribution for the pumping reaction. Subroutine

GAIN is used to compute the medium gain of the laser for any given

84
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allowed P-branch transition by means of Equation (2.7). When this
gain is found to be near or above the threshold value, the corresponding
photon flux is monitored by MODEL for possible laser action.

Time progression within the model proceeds along the integration
steps. Numerical integration is accomplished through the subroutine
DIFSUB, which utilizes a modified Adams-Moulten technique developed
by Gear. 35 Derivatives required for the integration are computed from rate
Equations (2.2), (2.5), and (2.14) and obtained by means of the subroutine
DIFFUN. Laser initiation by electrical discharge (or flash photolysis)
may be modeled through the subroutine FLASH, which provides a time-
dependent F-atom production rate, based on the input power profile.

A flow chart describing the computer programs is presented in
Figure F.1. This figure is an overview that displays the chain of commands
and decisions that are followed to obtain ultimately the integrated values of
the species concentrations within the laser medium as well as the photon
flux density and temperature as a function of time.

The variables and symbols used in Figure F.1 and in the computer
programs are defined in Tables F.1 and F.2. Bookkeeping limitations and
computational practicability demand that the large number of time-dependent
variables be grouped in an array. In addition, since the dimension of an
array is changable, this provides the model with the flexibility of altering
the number of variables under consideration. The array is two dimensional
and is designated Y(I,J), J =1, ..., N, where Y(1,J) represent the variables

in question, N is the total number of such variables and Y(I,7J), I>1,
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1. Initialize Variables [Y(1,J), t]

2. Initialize Program Control
Parameters [H, HMIN, HMAX, EPS,
MAXDER, TIMEL, TSKIP, NCT,
JSTART, NRVAR, etc.]

3. Obtain
a. Spectroscopic Data E,WC,B,Q,F
b. Thermodynamic Data Cv, H

c. Pumping Reaction Product Energy
Distribution [SLOP, TRCEP]

4. Define Cavity Conditions (R , R, . L]

,I

1. Obtain Rate Coefficients [KFR, KBR]

2. Compute Normalized Boltzmann Distribution
from Equation (2 11)

3. Compute Rotational Relaxation Rate
Constants from Equation (2.15)

v

1. Cail Subroutine GAIN;

2. Compute g{v,J) from
Equation (2.7)

v

Monitor all transitions with gain
near or above threshold

v

Call integration subroutine DIFSUB

( Print This Set of YES
Answers? PRINT

NO (Pulse Terminated? ,

YES

Figure F.1. Computer simulation of
pulsed HF chemical laser,
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are related to the (I-1)th derivatives of Y(1,J). Tables F.1.a and F.1.b define
these variables as used in the H2 - F2 and the SF6 - HZ models, respec-
tively. The other symbols found in the computer programs are defined
in Table F.2.

Typical computer outputs from the model calculations at a selected
time in the duration of the laser pulse are given in Tables F. 3 and F. 4.
Table F.3 is from the H2 + F2 model and Table F.4 is from the Sl=‘6-H2

model. Complete listings of the programs and subroutines are given in

Tables F.5 through F. 12.
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Table F.1.a. Identification of variables Y(1,N) in HZ + F2 model

N
1-9
10-16
17
18-20
21
22
23

24-79

Y1, N)
HF (v) concentration, mol-cm_3, v=N-1

Undefined, reserved for additional variables

. -3
H-atom concentration, mol-cm

Hz(v) concentration, mol—cm-3, v=N-18

F-atom concentration, mol-cm’

F, conc entration, mol-cm~ 3

Translational temperature, °K
Photon flux, f(v,J), mol-cm-z-sec-l,vv = I(N - 17)/7] ,

J =J%ax -4, ***, Jmax + 2, where Jmax indicates the
transition of maximum gain.
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Table F.1.b. Identification of variables Y(1,N) in SF6-H model

2

N Y (1, N)

1-7 HF(v) concentration, mol—cm-3, v=N-1

8-23 HF (0, J) concentration, mol-cm-3, J =0, , 15
24-39 HF (1, J) concentration, mol-cm-3, J =0, , 15
40-55 HF (2, J) concentration, mol—cm-3, J=0, -, 15
56-71 HF (3, J) concentration, mol-cm-3, J=0, -+, 15
72 H-atom concentration, mol-cm
73-75 Hz(v) concentration, mol-cm'3, v=N-73

76 F-atom concentration, mol-cm™>

77 FZ concentration, mol-cm.3

78 Translational Temperature, °K
79-125 Photon flux f(v, J); specific values of v and J selected by the

program



Table F.2.

Symbol in
Text

A(v,J)

B(v, J)

dN.
—1
dt

Nomenclature

Symbol in

Computer Program

A(V,J)

B(V,J)

C

CVl

E(V,J)

F(T,J)

FLUX(V,J)

ALPHA(V, J)

EHPYI
CRRNT

K

KFR, KBR

LNTH

Y(1, 1)

DERV1{Y(I)

Definition
Einstein isotropic coefficient for
spontaneous emission, 1/molecule-
sec

Einstein isotropic intensity absorption
coefficient, cm</molecule-J-sec

Speed of light, 2.997925 X 1010 cm/sec

Molar specific heat at constant volume
of species i, cal/mol-°K
Rotational energy of state V, 7J, ——

Resonance broadening function,
Reference 22

Photon flux, mol-cm" 2 _sec”

Gain of transition (v + 1, J - 1) = (v, J),
cm-

Plank's constant, 6.6256 X 10-34 J-sec
Specific enthalpy, kcal/g

Molar enthalpy of species i, kcal/mol
Discharge current, amp

Boltzmann's constant, 1.38054 X 10'23

J-°Kk-1

Forward and backward rate constants, in
terms of moles, centimeters, and sec-
onds

Length of active medium, cm

Concentration of species i, mol-cm

. . . -3 -
Time-derivative of Ni’ mol-cm ~-sec
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Table F.2. ( Continued)

Symbol in Symbol in
Text Computer Program Definition

N, NA Avogadro's number, 6.02252 x 10%3
molecules-mol

123 POWER Power density of laser output, W-cm'3

P, PIN Power input from initiation, W-cm™3

QZ Q(V, T) Rotational partition function for level v

RORL RO, RL Mirror reflectivities

R R Universoal %as constant, 1.98725 cal-
mol-1-°K-

t T Time, sec

T Y(1, 23) Temperature, °K

o Bri -- Stoichiometric coefficients of reaction r

Y p THGAIN Threshold gain, crn.1

o(v, J) PHI(V, J) Normalized line profile of transition
(v+1, J-1)=(v,J), cm

TR TAU(V, J) Rotational rela.;{ation time constant, sec

wc(v,J) wC(V,J) Wave number of transition (v + 1,

J-1)=(v,J),cm~



Table F. 3. Sample computer output for the H2 + FZ model.

«31252E-37 SEC

STEP SIZE

4529 TIMES,

OIFSUB CALLED

o 47042€E-02 JOULES/CC

= +50459E+¢03 K,

TEMPERATURE

o 76017E-04 SEC.

TIME=

PULSE ENERGY=

«62237E+02 WATYS/CC

LASING POHWER

CONCENTRATIONS IN MOLES/CC

H2(2)
«33308t-09

F2
27312627

«59477E-09

H
«14620E-08

IN 4OLES/SEC/CM-SQUARED

OF THE LASING LINES,
JMAX
12

PHOTON FLUX
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(Continued)

Table F. 3.

CONTRIBUTION TO PULSE ENERGY FRCHM EACH TRANSITION IN JOULES/CC
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THE GAIN FOR ALL POSSIBLE TYRANSITIONS,
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Table F.4. Sample Computer output for SF()-H2 model.
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GAIN OF EACH POSSIBLE TRANSIVION (1/CM)

ENERGY CF EACKH LINE (JOULES/CO)

(n8T715/CCH
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Table F.5.

*)ECK MO)ELC
POYSRAM MONELF(INOUT,AUTPIT,TAPEY,TAPE?, TADE3,TAOEL, TAPE? , TAPE 8,
1 TAPCA,TADF 10, TAPFE11,TAPF12)

JIIENSTION Y(B,79) NERVIY(79),STIRE(7)

CO4MON YMAX(79) ,SAVF(172,70) ,ERIVR(79) ,PH(H400),E(10,31) yWC(I,18),

n
20
30
sn
60

.. s

RFIL KFR,KBO ,N?
PELN(1,A0)E
READ(2,10) W
RFAID(3,10)8
REID(L,1M)0
READ(10,10)F

Program MODELC

95

B(9,1%),0(2,h1),F(50,30) yKFR(142) yK3R(142) yALPHA(B,15),
JUAY(3) yAVF(L17) yAVF2(17) yEHPYH(17) yE4PYH2(17) ,EHPYF (17),
FHPYE2 (17) , FHOYME (17) JTHRATIMN, 2L yTLUX, CUN2 (17) y ARy HE 4 N2,
RCTF(142) ,PRTA(142) yPF(1462) ,SIGNL(8) yPLINF (8,15) yELINE(4,15)

PFID(8,50)CVYF,CVF2,NYN2,CVSF6,NVH2,CVHF
RFLD(9,2N)FUOYH ,FHPYH? FHPYF ,EHPYF2,EHPYHF

FOUMAT(SE16.5)

FOUMAT(5F 1645, /5F16,5/5F1R .G/ 2F1A,5,6AX)

FIUMAT( F20.8)
ENMAT(SF16.5)
FAYMAT(5F14,5)
RMY = 1,
RF?z,98
REL=,.04
PHI =50,
eN? = 0,
PAY = 0.
XFr=23
FETR = .5142€-7
FLIX=1.F-1b
TIVEL = 200.F-5H
DE.MIN = 1.F-15
= NELMIN/10C.
M = 4 F=-10
= DELMIN
= 2,F=7
F=1

RL = 1.
LNfY = 100.

TsCIP
TS°Fe
NP =
)UT=
J5\VIM
PN ER
FN Y =0
PL = N,
T: 0.
JSranT
ME = 0
DY 990N I =
JUILXC(T) = 4
90 990 J =
PLINF(I,J))
ELINF(I,J)

1.F-6
TSKIP

N
[ TS ) - I T T}

JONT
0.

n

[

L.

115
T
Ne

"o -
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Table F.5. (Continued)

990 AL2HA(I,J) = 1.
DO 1000 T = 1,1°2%

1000 Y4\ X(I) = 1.€-6
D" 1005 I=1,14?
RCFFC(I) = 0,
RAIB(I) = 0,

1005 RF I) = 0.

HE = RHF ® FCTR
. N2 = RN?2 * FCTR
A? = PAD ® F(TO

T4, AIN = =ALOG(=0 * ©OL) /(2. * LMTH)
. D) 1010 I = 1,17
1010 v(L,I) = 0.

Y(L,18) = ou4p & FrT"
_ Y(l,19) = 0.
Y(L,y20) = 0.
Y(L,21) = PT1s FCTC
Y(L,22) = PF2 *® FrT>
Y(l,?3 = 3n0.
00 1020 T = 24,79

1020 Y(L,I) = FLUX
ACT = (Y(1,23) - 100 V/25, ¢ 1,5
KT: TFIX(AKT)
0N 1022 T=1,KT
READ(12,30) KFC

1022 RF\N(7,30) Knro

1025 12,7 = T

AT({T = (Y(1,2) =~ 110.)/25. ¢ 1.5
Ter = IFIX(AIKT)
1030 IS(KT.FN.IKT) GC ¥C 105N
KT)IF = IKT - KT
IF{KTDIF.GT.0) KO TO 1035
P NT 1033
1033 SOYMAT(//*TEMPERATUPE HAS DROPEI®//)
GO TN 1190
1035 KT = IKT
D7 1040 I = 1,KTOIF
RZ1D(12,30)KFR
1040 RFID(7,30) Kxee
1050 IF(T,EQ.0.) GO TO 1139
J5VIN = JUGATH + 1
IFIJGAIN - JCNT) 1054,10%8,1058

escesese s« COMPUTE GAIN FOF THE LINES NEAR J-MAX

(9 Iy 2% ]

-105% D7 1056 I=1,8

Iv:I-1

JUIW = JMAX(T) - %
JULGH = JMAX(T) ¢ =

70 1056 J=JLON, JHIRH

1056 ALPHALT,J) = RAINT(IV,J,79,Y)
G0 TO 1130

o
Ceceesses « COMPUTF GRAIN SCP FACH POSST3LE TRANSITION TO LOWER LEVEL (Iv,J)
32_.-_0_!3_1 _CI_Q CHFCK c0° J‘\:\HIFT
c
1058 JGVIN = O
DD 1060 I = 1,8
Iv = 1 1
DO 1060 J = 1,15
1060 AL2HA(I,J) = RAINM(TV,J,79,Y)
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Table F.5. (Continued)

[

Cecsoscess « DETERMINF THF J (LCWER LEVEL) QF ¥AX GAIN
[
M 1120 T = 1,8

JUL X0 = JMAX (T)

MX(D = &

M =4

DN 1070 J = S.13
IFLALPHA (T,J) .LF.ALPHACT,JM)) GO TO 1070

INMX(T) = J
JM = JMAX(T)
1070 CONTINUF
IFI UMAX(T) LEN. W) 60 T 1075
JMIEXCT) = JUMAX(T) = 1
1075 COITINUE
IFL JMAX(I).EQ.JMAXOD) GO TC 112)

IR KX RN NN ‘PEINIYIALI’F

JSI AT = 0
LJ = JMAX(I) - JrAXN
L= 7 * 714+ 15
IFILJ.LT.D GO TO 1192
TFILJGEL7) GO TO 140N
KS = 7 - UJ
DO 1080 M = 1,KS
~1080 Y(L,Le¢M) = Y1, LeLJe)
DO 1090 N = 1,LJ
1090 Y(L,L#¢N#KS) = FLUYX -
.. 60 TN 1120 _
1192 NL) = -LJ
IFINLJ.GHEL7) GD TO 1100
NK3_ = 7 = NLJ
DY 1193 M=1, NKS
1193 STIRE(M) = Y (1,L¢M)
9N 1194 M=1,NKS
1196 Y(L JL+NLJ#M) = STOPF (V)
N0 1195 M=1,HL)
1195 YL, LeM) = FLUX
G" TO 1120
1100 DO 1110 M = 1,7
1110 YL ,L+M) = FLUX
1120 CO{ TINUF

£
Ceesececs « INTEGRATE
c
1930 CA.L DIFSUR(79,T,Y, AVYF M, HMIMN,HMAX,EPS,MF,YMAX,ERFOIR,KFLAG,
1 CJSTAPT,MAXNFF sFW,KEY)
NGP = NCT ¢ 1
GO TO 1136

1138 H t HMTN

 MMIN = HMIN/2C,
JSF ART = -1
50 TO 1131
_1136 COATINUE
IF.XFLAG.LF. 0) GO TO 11°0
DO 1610 I=24,79
TIFIYC1,T)LTFLUXY Y(1,T)=FLUX

essess o IF A J=SHIFT HAS NCOUFRED, RENEFINE THE APPROPRIATE F(V,yJ)

ANO
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Table F.5. (Continued)

1610

1137

1139
1160

1610

1510

1161

COdTINUE

H1 = T - TOLD

CNIST=2,45912 * THUGAIN

POIER =10,

DD 1137 T=1,8

C=)MAX(T) - &

L="*1¢16

ne 1137 J=1,7

PLINF(T X)) = Y(1,L*)) * WC(I,K¢J) * NONST * 4.184

PIIER = PNWFP & PLINE(I,K+J)

ELINF(T Ke#J) = FLINMF(T,K+J) + 2LINE(I,K+J) * Hi

ENsY = FENRY + POWFP * 41

IF{T.GT,TIMFL) GO TN 119

IFITLLELTSTEF) "] TC 114°

TSIEP = TSTEF & TSKTF

92: NT 1140,T,Y(1,23),NCT,H1

FORMAT(*1TIME=%,F11.5,% SFC,*,10X,*TEMPERATURE=%,F11,5,% K,*,
1 1)X,%0TIFSUS CALLFL®,IA,* TIMES,*,10X,*STEP SIZF=%,F11,.5,% SEC*)
PRI NT 1410,PO0WFR,FNAY i
FOUMAT(/* LASTNG PONFP=%*,F11,5,* WATTS/ZC®*,10X,* FULSE ENERGY=%,
1 F11.5,* JOULFS/CC®)

PO NT 1510

FOYMAT(///7% CONGCENTRATINMS IN MOLFS/CC*)

POINT 114}y

FAAMAT(/ 11X PH®, 1SN, #F %, 1LX, #*F28,12X,*H2(D) *,12X,*H2(1)*,12X,
1 *H2(?) %)

PRINT 1162,V (1,17),Y(1421),Y(1,22),Y(1,18),Y(1,19),Y(1,20)

1162 FOUMAT(HAF1H,5)
PRI NT 1143
1163 FNUMAT(//7X, #HF (D) %, 19X, *HF (1) %, 10X, %HF (2)%,10X,*HF (3)*,10X,
1 BFHFE (L) *y 10X *HF(S) *, 1 IX,*HF (6) *, 10X, *HF (7) *,10X, *HF (3) *)
FRI NT 11.'0‘0, (V(!vt)- T = 1)9)
114% FIIMAT(IE15,5)
PO2[ NT 1520
1520 FOUMAT(///% PHOTON FLUX OF THFE LASINS LINES, IN MOLFS/SEC/CHM-3QUAR
1ENH)
PRINT 1145
1145 FNUMAT(/ LX,3VY® AY,* JMAXYS 4X, 2T (Vy,JMAX=3) *,5X,*F(V,JMAX=2) *,5X,
1 BE(V,y JMAX=1)% AX,*F (V,JMAX)*,RAX,*F(V,y JMAX+1) *,5X,
1 BE (Vg JMAX42) * ,SXy *F (V, JMAX+3) ¥)
DN 1147 T = 1,9
Iv = 1 -1
L: 7 %14+ 16
PRINT 1146,IVyJMAX(T) ,(Y(1,L%)),y, J = 1,7)
1146 FOIMAT(IS,T10,7F16,F)
1167 COITINVE
PRE{NY 1530
1530 FOUMAT(//7/% POWFR 0OF T4F LASINS TRANSITIONS, IN WATTS/CC®*/)
DO 1540 1=1,A
IvV:=1-1
K=)MAX(I) - &
PEINT $16A, TV JMAY(T)Z(PLINE(TIZK#J),yJ=1,7)
1560 CHITINUE
PRI NT 1SS0
1550 FOUMAT(®*{NONTPIUTTINN TO PULSE ENERSY FRNM FACH TRANSITION IN JOUL

1560

1ESICn*)

POI NT 1560

FOUMAT(/3Xy % )% yAX ,*HF (0, J) *,0X, *HF (19 J) ®* 39X, *HF (2,J) *,9X, *HF (3,J)*
1990 9 PHF (b 9J) 40X, 3HE (55 J) ¥,9X, *HF (6,J) *,9X, *HF (7,J)*)

00 1570 J=1,1¢

POINY 1210,y (FLINFE(T4J),T1=1,8)
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Table F.5. (Continued)

1579 CCITINUE
PRI NT 158N
1580 FOYMAT(///% THE SATYN FOR ALL POSSIBLE TRANSITIONS, IN 1/CM¥)
PRI NT 1200
1200 FOUMAT(/ /30 %% AX, *ALPHALD,J) * s AX, *ALPHALL,J) *,6X, *ALPHA (2,J) ¥,
1 BXy*ALOHA (T, )%y RY s *ALPHA (LyJ) ®,HX, *ALPHA (S, J) %, 6X, $ALPHA (6
19J) Py6X,®ALPHA(7,.) ")
0N 1220 J=1,15
PO[ NT 1,10,J,(ALPHA(T0J,’Izi,ﬂ)
1210 FOAIMAT(TL,8F1A,5)
1220 COMTINUE
IFIT.EQ.N.) GO TO 1120
IFLTGT 150, F=-h AMD, POWFF ,LT.1.E-1) 6D TN 1170
1149 JSTART = 1
1310 IF(TLLF.TIMFL) 5N T7 10°%
G0 Tn 1170
1150 IF( HMIN .GF. ALTM) GO TO 1134
POLNT 1160,XFLAG,T

1160 FOIMATC(LX,*STFP UNSUGRFSSFUL®//I5,E16.5)
fA.L DIFFUN(T,Y,0FPV1LY)
oL NT 1165,9F2V1Y
1165 FIIMAT(/1X,5E16.5)
G0 TN 1190
1170 PRINT 1189
1180 FNAMAT(1X,*UPPFR LI~IT OF INTF3R ATION REACHED®)
1190 COYTINUE
£
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Table F.6. Subroutine GAINC

2IECK _GALNC
FUICTION GAINCC(IV,J4M,Y)

THLS FUNCTION CALCULATES THE GAIN OF A P-8RANCH TRANSITION WITH
LOJER LEVFL HT(V, )
THLS SURPAUTINFE TN °F USF" WITH PROGRA™ vJJE_C,

[« X3 Ny By Nel

DIYENSION Y(8,79)

CO4MON YMAX(79) ySAVF(12,79) ,EC02(73) yPH(6400) yE(10,31) yWC(I,18) ,
1 B(9,1R),0(9,61) ,F(50,30),<FR(142),K3(142) ,ALPHA(R,15),

1 JMAYX(8) JCVF(17) JCVF?(17) JEHPYH(17) ,E4PYH? (17) JEHPYF (17),

1 EHPYF 2 (171, FHOYHMF (17) ,TH3ATIN,OL,SLUX, CVN2 (17) y AR, HE , N2,

1 RATF(147) ,PNTO(162) ,FF(142) ,STGNL(3) ,PLINE(B,15) , FLINE(8,15)
REAL NUP,NON,N2,LONT?

TFY = Y(1,23)
o __AIr = TFM/100. ¢+ .5
IT = IFIXC(ATT)
A1 = 0.07052307R4
A2 = 0.0622329127%
A3 = 0.000270527?
AL = 0,0001520163
A% = 0,000276567?
AR = 0.00N043NA3R
W4T = 20,01
D72P = 3.5R11T3BE-7 *HCLIV41,J) * SOIRT(TEM/WAF)
WT41=0,
WwT42=0.
0N 10 I=1,6

WT41=WT™L & Y(1,1)
1D HT42 = WTM2 & Y(1,7¢1R)
HT42 = WTM?2 & HF & M2 & AP
CNTE T 1,76 % (WTML 4+ Y(1,7) ¢ Y(1,8) ¢ Y(149)) + .BAS * N~ M2
LOITZ = R?2.057 % SQPT(TFM) * (WTM ¢ Y(1,IV ¢ 1) * F(IT,J) * ((
1 | 252./S09T(TEM)) = 1,74))

YLINE = 0.83255461 * LONTZ / D)I°P
IFLYLINF.GT. (2.4)) 0 TP 20
PHL = (0.4697186L/DNPP) * FEXP(YLINE*YLINE)
_PAL = PHI * (1. ¢ A1 * YLINE ¢ A2 * YLINE®®2 + A3 * YLINE®*3 + A4
1% (LINF®*®4 ¢ A5 * YLINF®®*S ¢ A6 * YLINF**65)**(-16)
G0 TO 39
—_.20 COIST = 2. * YLINE®S®2
P4l = (1. = CONST*®(-1) & 3, * CONST*»(-2) - 15, * CONST*%(-3)
14 105, * CONST®*(-4))/(3.1415925535 * LONT?7)
— 30 NU> = (Y(1,IV¢2)* (2, * FLOAT(J)=1.)/Q(IV+2,IT+1))*EXP(-1.L387836
1 SE(IV#2,9)/TEY)
NOI = (Y(1,TV41)* (2. * FLOAT(J)+1.)/0(IVe1,IT+1))*EXP(~1,4387886
o RECIVEL, 1) /TEM) .
GAINC = 3.175646F-11 * WC(IV+1,J) * PHI * S(IVei,J) * (((2, *
1 FLOAT(J) +1.)/7(2. * FLOAT(J) = 1.)) * NUP = NDN)
_ RETURN
EN)
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Table F.7. Subroutine DIFFUNC

*JECK DI FINC
__ SUIROUTIME NIFFUN(T,Y,DEFVLY)
c
f THIS SIBROUTINF TN AF USFN WITH MOIFLC
" DIMENSTION Y(R,79) 4NFPVYLY(79) , VVHF (8) , VTHF (3) , VTH2(AR) , SEM(B)
CIIMON YMAX(79) ySAVF(12,79) ,ERRIP(73) 4PW(5400) ,E(10,31) ,HC(9,18),

1 _B(9,18),N(9,R1)F(F0,30),KFR(142),K3(142),ALPHA(B,15),
1 JMAX(R) yCVF (17) ,CVF2(17) ,FHPYH(17) ,EAPYH2(17),FHPYF(17),
1 EHOYF2 (17) FHPYHF (17) yTHSAIN,OPL,FLUYX,TVN?2(17),AP,HE, N2,
- 1 RETF(LL?) 4ROTS(142) yRF(142),SIGNL(B) ,PLINE(B,15),)FLINE(3,15)

REAL M1,M2,M 3 Ml M5, MB, M7 g MR,y M3, M10,KFR, KRR y N2
M5 = Y(1,1)
DN 10 I = 2,9

10 M5 = M5 + Y(1,1)

My = Y(1,17)

MO = Y(1,1%) 4 Y(1,19) + Y(1,21)

FSIM = Y(1,21) & Y(1,22)

HFIR = HF ¢ AR ¢+ FSUM

M{ = M5 & 2.4 * FSUM & HE & AR + M3 + M4

M? = MS & HFASF & 2,5 % ¥Q 4 20, * M4 + N2
MI = MS & HFARF & MQ 4 ML ¢ N?

MR = Y(1,21)

M7 = Y(1,22) & AR

My = HE

M1) = HEARF ¢ 4. ® M9 & UL, * ML + N2

-

C THF C0_LOWING APF THF rNLN PUNPING 2SACTTONS

¢

- .00 20 I = 1,6
RETF(10+T) = Y(1,18) ® Y(1,71) * KFR(10+¢I)

20 RCIB(10¢T) = Y(1,17) * Y(1,1¢1) * KBP(10+1)

C THF FN_LOWING ARE THF H4NT PUFPING 2FATTIONS

6

.. D0 30T =1,9 _

REPFC164T) = Y(1,17) * Y(1,22) * KFUA16eI)
30 RCTB(16+4I) = Y(1,21) * Y(1,I) * KBR(16+I)

G . o

C THF FO.LOWING APF THE V-T NDFACTIVATION REACTIONS

e
D) 40 I = 1,A
RGFF(25+1) = Y5 % Y(1,I41) * KFR(2541)

RCT B(25+47) = MS * Y(1,1) * KBR(25+I)

) REFF(33+I) = MG ® Y(1,T+1) * KFO(33+1)
REFB(3II+I) = M5 ¢ Y(1,I) * KRR(33+1)
RCIF(L14T) = M6 * Y(1,1¢1) * KE(L1+I)

 ROIB(414T) = MR ® Y(1,I) * K8(41+1)
RCTF(WRI4T) = M7 * Y(1,I¢1) * KFR(4I +I)
RCIB(4I+T) = 47 & Y(1,T) * KBR(4O+I)

_ RCTF(9341) = M8 * Y(1,I+1) * KFR(93eI)
RCT3(9+4T) = MB * Y(1,I) * ¥BR(I3+])
PCIF(1014T) = MO ® Y(1,T+1) * KTR(101+I)

_ _RCTA(1014T) = MA ® Y(1,T) * K32(101+T1)

£

C THE FO.LOWING A®F MULTI-QUANTA v-T DEACTIVATIONS

e

) RCFF(S7¢I) = M4 % Y(1,9) * KFR(57+I)
&) ORI Q(57¢I) = M4 * Y(1,9-7) * K32(57+1)
59 50 I = 1,7
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Table F.7. (Continued)

RCFF(HS4T) = Y& * Y(1.,8) * KFR(H5¢I)
S0 RCTB(654+T) = M4 ® Y(1,A-I) * K3(K5¢I)

00 60 I = 1,6

REFF(72¢T) = M4 ® Y(1,7) * KF2(72+1)
60 RCITB(72+4T) = M4 * Y(1,7-T) * K3R(72+])
DN 70 I = 1,5
RETF(784T) =
70 ROFB7ALTY = M

Oh B0 I = 1,4

My % Y (1.6) * KFR(78+I)
L % Y(1,h=-T) * K3(78+1)

RREFF(A3+T)
80 RLrBCAa3+1)
N 90 I =1
RCIF(87+])
9N RC " B(AT7+1)
00 100 I =
RETF(90+1) My * Y(1,3) * KFR(90+I)
100 RN°B(A0+1I) ML * Y(1,3-T) * K32(90+I)
REFF(Q3) = ML * Y(1,2)*KFE(93)
R B(9%) = M4 * Y(1.1)*KPF(93)

* Y(1,5) * KFR(R3+])
M4 * Y(1,5-T) * K3IR(A3+I)

nn
b 4
&

ML ¥ Y(1,4) * KFR(AT7+I)
ML % Y (1,6=T) * KAR(A7+I)

%4

W= N

THF FO. LOWINF ARE HF=-HF v-V EYCHANGE REACTIONS(NEGLECT 117,124,13))

QY

0O 110 I= 1,7
RC°F(109+1)
110 RAIB(109+T)
00 120 I = 1
REFFCL1741)
120 PCIB(1174])
DM 130 I=1,5
PC F (124 4+T)
130 QLI B(1244T)
DO 140 I=1,4
REFFCI304I) = Y(1,T¢1) % V(1,T44) ® KFR(13N+1)
RE°B(130 +T) = Y(1,T) * Y(1,I+5) * <BR(130¢I)

YO1,T41) ® Y(1,141) * KF(109¢I)
Y(1,I) * Y(1,I+2) * K3R(109+1)

6

Y(1,1¢1) ® Y(1,T42) * KFRU117+¢I)
Y(1,1) * Y(1,I+3) * K3IR(117+¢])

Y(1,I41) * Y(1,I+3) * KFR(124¢])
Y(1,I) ® Y(1,I+4) * KIR(124+])

THF FO.LOWING ARF HE-H2 y-y FXCHANGE 2MACTIONS

DO O

REFF(136+¢D)
140 RCB(134+T)
00 150 I=1,?
PCTF(138¢T)
RCF3(138+1)

Y(1,I) * Y(1,19) * KFA>(134+I)
Y(1,141) * v(1,18) * KSR(134+¢])

Y(1,I) * Y(1,20) * KF3(138+])
Y(1,I¢1) ® Y(1,19) * KBR(138+])

THF FO.LOWING ARF y-T DFAGTIVATIONS FOR M2(V)

DA

WIF(L1L0+D) M10 * Y(1,18+I) * XFA140 ¢+I)
1650 R 3(140+7) M10 * Y(1,17+I) * KBR(140 +I)
20 160 I = 11,147
167 RF. I) = POTF(I) = RATA(T)

VTHF(D - IS THF v-T HFACTIVATION RATE QF HF FROM HF(I) TN HF(I-1)

30D

DD _165 1=1,8
165 VTAF(I) = RF(2541) + OF(33+4I) ¢ RF(414I) ¢ RF(4O+I) ¢ RF(II+D

1 RE(101¢1)

+
c ________
C VTH2(I. |
C

TS THF V=T DEACTIVATION RATE OF 42 FROM H42(I) TO H2(I-1)

VT12(1) = RE(135) ¢ PF(L13E) ¢ IF(137) + RF(138) + RF(141)
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-CERVIY (LD

Table F.7. (Continued)
VT42(2) = RF(139) & RF(140) & 2T (142)
c
C _THE PUYIPING TFOMS SUMMFN
c
0.0 = PF(11) # RF(12) + PF(13) + RF(1%) + BF(15) + RF(16)
_ HOr = RF(17) ¢ RF(1A) + PF(19) + RF(20) # RF(21) + OF(22) + RF(23)
1 + PF(24) ¢ RF(25)
-
C__VVHF(I- | APE SNMF Y-y EXMHANGF TFRMS FOR 4F-4F, ADD TO HF(I-1) TERM
A
VVIF(1) = RF(11R) + PF(125) + W (131) - RF(135) - PF(139)
_  VVAF(?) = RF(119) ¢ RF(126) ¢ 2F(132) - RF(136) - PF(140)
VVIF(3) = =RF(118) + SF(120) + RF(127) ¢ RF(133) - 2F(137)
VVIF(L) = =PF(119) ¢ RF(121) - W (125) + RF(128) + RF(136)=-F(138)
_ VVIF(B) = =RF(121) + OF(123) = PF(127) - RF(13?)
VVEF(S) = =2F(120) & OF(122) = F(126) + RF(129) - °F(131)
VWIF(7) = =-FF(122) - PF(128) - RF(133)
__ _____VVIF(AR) = =PF(1?3) - °F(129) - F(134)
©
€ TIYE PIRIVATIVF OF THF CONSFNTRATIINS DUE TO CHEMISTRY CONLY
~
NEAVIY(L) = RF(17) + RF(65) + RF(72) + RF(78) + 2F(B3) & FF(87) +
1 RF(Q0) ¢ SF(92) ¢ RQF(93) + RF(11G) ¢ VTHF(1) & VVHF(1)
i _ DFAV1Y(2) = PF(11) ¢ OF(18) + I°(64) + RF(71) + RF(77) ¢ RF(82) +
1 PF(RR) + 2F(RI) + RF(91) - RF(I3) - 2, * RF(110) +
1 PF(111) = VTHF (1) ¢ VTY4F(2) = VVHF(1) & VVHF(2)
_____ DFAVAY(3) = RE(12) ¢ SF(19) + 3IF(63) + RF(70) ¢ CF(76) ¢ RF(81) +
1 PF(BS) ¢ °F(BR) = W (91) - W (92) ¢+ RF(110) -
1 2. * RF(111) ¢ RF(112) - VTHF(2) + VTHF(3) = VVHF(2) ¢
1  VUHF(D)
DFAVLY(4) = PF(13) & CF(20) 4 RF(H2) + QF(H9) & RF(75) & FF(8]) +
1 PE(RL) - ?F(RR) - RF(BI) =-RF(90) + RF(111) -
1 2. * RF(112) ¢ RF(113) ¢ VTHF(4) = VTHF(3) ¢ VVHF(&) =~
1 VVHF (3)
DFAVLIY(5) = RF(14) & RF(?21) + F(HK1) + F(58) + RF(74) ¢ FF(7I) -
1 RF(AL) - RF(B5) = RF(B86) = RF(B7) + RF(112) -~
1 2. * RF(113) ¢ RF(114) & VTHF(5) = VTHF(L) ¢ VVHF(S) -
1 VVHF (&)
DFAVLIY(R) = FF(15) & WF(22) + OF(60) ¢ RF(67) ¢+ RF(73) = RF(7I) -
1 FE(RQ) - RF(R1) = RF(R2) = F(83I) + RF(113)
N 1 - 2. % CF(110L) ¢ RT(115) ¢ VIHF(6) = VTHF(5) ¢ VVHF(6)
1 - VVHF(5) ¢
DFAVLIY(7) = PF(16) & RF(23) & F(59) + RF(56) = RF(73) = RF(74) -
] FF(76) = PF(76) = W (77) = RF(78) + RF(114) -
1 2., ® RF(115) ¢ RF(11h) ¢ VTHF(7) = VTHF(R) & VVHF(7) -
1 VVHF (&)
NFAVIY(R) = RF(24) & RF(SA) = IF(RB) = 2AF(67) = RF(RB) - RF(6I) -
1 RE(70) = RF(71) = RF(72) ¢ RF(115) = 2. * °PF(116) ¢
1 VTHF(R) = VTHF(7) + VVHF(R) = VVHF(7)
DFAVIVY(Q) = FF(25) = 3F(58) = RE(59) = RF(HKO) - RF(61) - RF(62) =~
1 RF(H3) = RFIHY) = AF(65) ¢ IF(L1R) = VTHF(B) - VVHF(8)
DN 470 T = 10,16
170 ODFAVLY(I) = 0.
0FAVLIY(17) = £OLN - HOT
JFAVLY(18) = VTH2(1) - CCLD
DFAVIY(19) = VTH2(2) = VTH?(1)
DEAVIY(20) = =VTH2(?)
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Table F.7. (Continued)

DEAVIY(22) = =HDT

EFFECT NOF RAQDIATIIN ON HF(V) CONCENTRATION
STENL(I) IS TOTAL PATF OF EMISSION FROM 45(I) TO HF(I-1)

2000

02 180 T = 1,A
L= 7 ®* 71+ 16

K = JMAX(Y) - &
sts

1A0 STHNL(TI) = ALPHA(I,K+1) * Y(Li,L+4) ¢ ALPHA(I,Ke¢2) ® Y(1,L¢2) ¢
1 ALOHA(T,K43) * Y(1,L+3) ¢ ALPHA(T,K*&) ® Y(1,L¢4) ¢
1 ALPHA(T,yXK#5) * Y(1,L¢5) ¢ ALPHA(I,K+6) * Y(1,L+6) +
1 ALPHA(TI, X+7) * Y(1,L¢7)

DFAVLY (1) DFRVIY(1) ¢ STGNL (1)
DEVLIY(9) DFPVL1Y(9) = SIGNL (8)
. 0N 190 I = 2,8
190 NFAVLIY(I) = NERVEIY(T) ¢ SIGNL(T) = SIAGNL(I-1)

CALCUL\TE OUTPUT POWFO

OO0 D

HC* AVAGADRO NO. = 2.85912 CAL=-0M/MOLF
COISY = 2.,A5Q912 * THRATIM

PL = 0.
DO 200 T = 1,8
Kz JMAX(I) - &
L3 7 % 1 #16
DI 200 J = 1,7
200 PL = PL & Y(1,L¢)) * MC(T,K+J)
PL = PL * CONSY

c
C TEVYPER\ITURE OFRIVATIVF
c

ATl = Y(1,23)7100. + .5
IT = IFIX(AIT)
CVSUM = 2,981 * (MF + AR # Y(1,17)) 4 CVUN2(IT) * N2 ¢

1 5.076 * (Y(1,18) + Y(1,19) + Y(1,20)) + 5.020 * (Y(1,1) +*

1 Y(1,2) ¢ Y(1,3) & Y(1,4) + Y(1,5) + Y(1,6) ¢ Y(1,7) +
1 Y(1,8) ¢ Y(1,9)) + CVF(IT) * Y(1,21) ¢+ CVF2(IT) * Yv(1,22)

ETILPY = ((EHPYH(IT) ¢ 52.102) - (EHPYF(IT) ¢ 18.900)) *DERVIY(17)

1 S(EHPYF2(IT)) * DERVIY(22) + (EHPYH2(IT)) * DERV1Y(18)
S +(EHPYH2(IT) ¢ 11,889) * DERV1Y(19) o

1 +(EHPYH2(IT) + 23.112) * DERVLY(20)

1 +(EHOYHF(IT) - 64.800) * DERVIY(1)

1 $(EHPYHF (IT) - 53,473) * DERVIY(2)

1V CHPYHF (IT) - 42.6%8) * NERVLIY(3) ¢ (EHPYAF(IT) - 32.282) &
10EAVLY(4) + (EHPYHF(IT) - 22.392) * DERVLIY(5) + (EHPYHF(IT) -
1 12.959) * NERVIY(6) + (EHPYHF(IT) - 3.973) * DERVIV(?) ¢
1 (CHPYWHF(IT) + 4o.572) * DFRVIY(8)+(EHPYHF(IT) #12.6R0) *DERV1Y(9)
ETILPY = ETHLOY * {,E+3
NFAVIY(23) = -(PL ¢ ETHLFY) / GUSUM
DO 210 T = 1,8
L:7 %71+ 16
K : JMAX(T) = &
8 210 J = 1,7
210 DFAVLY(L#J) = (ALPHA(I,K+J)-THGAIN) * 2.99792SE+10 * Y(1,L+J)

30 220 I = 24,79 e
220 IFIAN(1,1) oLEFLUX.AND.OEPVIY(T) cLT.0.) DERVIV(I) = 0.

RET URN

EN)
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Table FF.8. Program MODELG

PRNGRAM MONFLS ( INPUT,JUTPUT,TAPEL,TAPE2,TAPE3, TAPEG,TAPE7 ,TAPES,
1 TAPE9,TAPF10,TAPEL11,TAPEL12,TAPEL3)
CocecocacecaaeMORELS USES THE SAME QATES AND MATOIX ELFMENTS AS MODELC
NIMENSION Y(8,125) ,DEVLY(125) ) XXX(3) , YMAX(125) ySAVE(15,125) ERRD
. P(125) ,PW(15000)
COMMON E(10,31),
B(9,18),0(9,61) ,F(50,30) yKFR(142) yKAR(142) , ALPHA(3,15),
ELVL (T3 CVF (17) ,CVF2(17) yEHPYH (17) yFHPYH2(17) ,EHPYF (17),
FHOYF2(17) ,EMPYYF (17) y THGAIN,PL,FLUX,CUN2(17) ,AR,HE ,N2,
PCTF(142),PCTB(142),RF (1462) , SIGNL(4) PLINE(3,15), HC(3,18),
FLINF(3,15) ,TAUC4,416) yBOLTZ (4, 16) yHFVJ (4, 16) ,SF6,
CVSFB(17) yCVH2(17) ,CVHF(17) yFLUXJ(3,15) yMFLAG(3,15) ,
NFLAG(3,15) ,NVAR,NPVAR,FPRODA,SLOP (3,19) ,TRCEP( 3, 19)
PFAL KFR,KOP,N?
PFAD(1,69) F
READ(2,19)WC
PEAD(3,10)8
READ(&4,10) N
_READ(10,10)F
RFAD(R,50) FVE, CVF2,CUN2,CVSF6y CYHZ ,CVHF
READ(9,20) FHPYH,EHPYH2,EHPYF JEHPYF2, EHPYHF
_ RFAD(11,40) SLIP,TRCEP
10 FORMAT(SE16.5)
20 FORMAT(5F16.5/5F16.5/5F1645/271645,48X)
30 FORMAT( £20,.8)
4n FOPMAT(F15.5)
50 FORMAT(5F16.5)
0 FORMAT(5E14.5)
f ===== PAOTTAL PRFSSURES (TORR)
RF2=0,

(T T T WY

"=c*9 «S3URE=7
FLUX=1 E~-1t

TIMEL = 1.E-6
Hi=10. o

DELMIN = 1.F=15

_ALTM = DELMIM/100.

H =,
HMTIN DELMIN
HMA X 2.F-7
FPS=1.F~1
MAXDFR = 8
RL= .58

R0=,95
LNTH=169,
TSKIP=5,F-9
TIMFL=3,9F -6
TSKIP2,1F=-6
TSYEP = TSKIP
_NRVAR = 78
NVAR = NPVAR
NCT = 0

KKK=0

E-10

" un &
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Table F.8. (Continued)

PONWER = 0,
ENGY = (.
PL = A,
T = 0.
JSTART = 0
MF = 0
N0 99N T = §,%
FLVL(I) = 0,
00 990 J = 1,15
FLUXJI(T,J) = FLUX
MFLAG(T,J) = 0
NFLAG(T,J) = N
PLINF(I,J) = 0.
ELINF(I,J) = 0.
990 ALOHA(I,J) = 0.
0o 1000 T = 1,125
1000 vMaAX(T) = {.E=FR
00 1005 Is1,14?
RCTF(I) = 0,
ecTYnalI) = n,
1008 RF(I) = 0,
HE = OHF 8 FNYR
N2 = RN?2 & F(CT?
AR =z RAR & FNTR
SFHh = PSFR & FNRTR
THRATN = =ALOG(RO * RL)/(2, * LNTH)
N0 1010 T=1,125

1010 Y(1,7) = 0.

Y(1,73) = ©H2 * FCTR

Y(1,764) = 0,
_.Y(1,75) = 0,

Y(1,76) = PF1* FCTR

Y(1,77) = RF2 * FCTR
_Y(1,78) = 300,

AKY = (Y(1,78) - 100.)/25. ¢+ 1.5
KT=IFIX(AKT)
_ . DD 1022 T=1,KT
PEAD(12, 30) KFR
1022 READ(7,30) KBR
. __ITOROP=Q
1025 TOLD = T
AIKT = (Y(1,78) - 100.)/25. ¢ 1.5
_____IKT = IFIX(AIKT)
1030 IF(KT.EN.IKT) GO TO 1050
KTOIF = IKT - KT
____IF(KTDIF.GT.0) GO TO 1035
POINT 1033,Y(1,78)
1033 FORMAT(//* TEMPFRATURF HAS OIPPED NEW TEMPERATURE IS*,F10.577)
_ __TTOROP=ITOROPe1
GO TN 1nS0
1035 XT = IXT
00 1040 T = 1,KTOIF
PEAD(12,30) KF®
1040 PEAD(7,30) KAR
1059 ABT = Y(1,78)/100. + 1.5
IBT=IFIX(ART)
00 1051 TY=1,6 -
_D0_1051 J=1,16




107

Table F.8. (Continued)

BOLT7(I,J)=((2.*FLOAT(J)-1.)/7Q(I,I3T))*EXP(~-1,4387386%
1 ECI43J)/7Y(1,78))
1051 WFVJ(T,J)=Y(1,1I) * BOLTZ(I,J)
- TAUA=2.E-B8/Y(1,7R)** .5
XI=1.E-3

DO 1056 T=1,4

D0 1054 9 = 1,16
1056 TAU(I,J)= TAUA® EXP(1.4387ARG*XI*(E(I,J+1)=E(T,J))/Y(1,78))
IF(T.FN.0.) G0 TO 1139

LFLAG=0

CeoccosocecseasesSINGLF LINE ON P(2,3)
_ALPHA(2, TV =GAING(1,3,125,Y)

Nno 1100 1=1,3

Iv=1T-1
, 00 1100 J=1,15 , ) ,
c )Y,521,J, VI(GNIAG = ) Jy,I(AH?
CesccesesoCHECK FOR LINES NEAR OR ABOVE THRESHOLD
____ IF(ALPHA(I,J) - .1 * THGAIN) 1060,1080,1080
1060 IF(FLUXI(I,J) = 1.E=5) 1070,1080,1080

1070 NFLAGC(I,J) =0
_FLUXJI(I,J) = FLUX
PLINF(I,J) = 0.
GO To 1090

1080 NFLAG(INJ) =1 . . . B
1090 TF(NFLAG(I,J) .FQ. MFLAG(I,J)) GO TO 1100
LFLAG = LFLAG + 1
1100 CONTINUE _ . . . :
CeeoscesesTF THE SET CF VARIABLES HWAS NOT CHANGEN,PROCEED TO INTEGRATION
CeoeccoseeeIF THE SFT HAS CHANGED, DEFINE NEW VARTABLES AND REINITIALIZE.
IF(LFLAG oLE. 0) GO TJ_ 1130 . AU R
JSTARY = 0
NVAR=NPVAR
00_1110 T=1,3
N0 1110 J=1,15
IF(NFLAG(I,J) .LE. 0) 50 TO 1110
 NVAP = NVAR ¢ 1 e
Y(1,NVAR) = FLUXJ(I,J)
1110 CONTINUE
c
Ceesconss s INTEGRPATE
c
1130 CALL DIFSUB(NVAP ,T,Y,SAVE,HyHMIN,yHMA Xy EPS ,MF, YMAX,ERRORyKFLAG y
1 JSTART,MAXDER,)PHyKEY)
NCT = NOT @+ ¢
60 TN 1136
1136 H = HMIN
HMIN = HMI™/20.
JSTARY = -1

60 10 1130 _
" 1136 CONTINUE
IF(KFLAG.LF., M) GO TO 1150
D0 _16/10 T=79,NVAR
TFOY(L, 1) LT.FLUXY) Y(1,I)=FLUX
1610 CONTINUE
HL =T = TOLD_
CONST=?2,85912 * THGAIN
PONER =0,
MVAR = NRVAR
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Table F.8. (Continued)

00 1120 I=1,3

FLVL(D) = o,

DO 1120 J=1,15

TMFLUAG(I,J) = NFLAG(I,J)
IFINFLAG(T,J) .LE. 0) GO TO 1120
MVAR = MVA® ¢ 1

FLUXJ(T,J) = Y(1,MVAR)
PLINF(YsJ) = FLUXJ(I,J) * WC(IoJ) * CONST * 4,184
POWER = POWFER ¢ PLINE(I,J)

ELINE(I,J) = FLINE(I,J) ¢ PLINE(I,J) * H1
ELVLCI) = FLVL(I) + ELINE(I,J)
1120 GONTINUE

FNGY = FNGY + FOWER * 41
IF(T.GT.TIMEL) GO TO 1139
TF(TLLE.TSTE®) GO TO 1149

TSTEP = TSTEP ¢ TSKIP
1139 PRINT 1140,T,v(1,78) yNCT,H1
1140 FOPMAT(*ITIMF=%,F11.5,* SECy®y10X, *TEMPEFATURE=",E11.5y* K)*

1 10X, *DIFSUR CALLEO'.IS.' TIMES,*,10X, *STEP SIZE=%,E11.5,* SEC®)
PRINT 1410,POWFR,ENGY
1410 FORMAT(/® LASING POWER=%,E11.5,® WATTS/CC*®,10X,* PULSE ENERGY=*®,

1 E11.5,* JOULES/CC¥)
PRINT 1510
1510 FORMAT(//* CONCENTRATIONS IN MOLES/CC®)

PRINT 1141
1161 FORMAT(/ 11X, ,®H*, 15X, *F¥,14X,*F2%,12X,%H2(0) *,12X,*H2(1)*,12X,
1 *H2(2) %) [

PPINT 1142,Y(1,72)3Y(1476)9Y(1977),Y(1,73),Y(1,74),Y(1,75)
1142 FORMAT(E6F16.5)
PRINT 1143

1143 FORMAT (/74X % %, 7X,%HE(0)%,10X, *HF (1) %, 10X, *HF(2)*,10X,*HF (D) ¥,

1 10X, *HF (1) *, 10X, *HF (5) ®, 10X, *HF (6) %)
PRINT 2001, (Y(1,10,I=1,7)

2001 FORMAT(S5X,7E15.5)

Ne 2010 X=1,16
J=K =1
__PRINT 110Uy J,YC1,74K),Y(1,23¢X),Y(1539¢K),Y(1,554K)

1144 FORMAT (IS, 4E15.5)
2010 CONTINUE
_____PRINTY 1520
1520 FORMAT(///7X,*POWER OF LASING LINES (WATTS/CC) *,10X,*ENERGY OF EA3
1H LINF (JOULFS/CC)®*,11X,*GAIN OF EACH POSSIBLE TRANSITION (1/CM)*)

B _PRINT 1530
T 1530 FORMATC/3X %% 3 AX 3B HF (0,J) %y 7Xy *HF (19J) *3 7Xy *HF(2,J) %, 7 X,
1 SHFE(Ny D) ®y TXy PHF(1,J) ®,7X, *4F (2, J) *y5X,*ALPHA (0, J) *yl X,y
.1 __BALPHA(1,J) *,LX,,*ALPHA(2,J)%/)

N0 1540 J=1,15
PRINT 1550,Jy(PLINE(I,J),I=1,3), (ELINE(I,J),I=1,3),

A ___ . (ALPHA(I,J),1I=1,3)
1560 CONTINUE
1550 FORMAT(I&,y9F1k.5)
PRINT 3000 _
73000 FORMAT(///* POTATIONAL RELAXATION TIMF(SEF)®)
PRINY =010

3010 FORMAT(/3X,%J%yFYyPHF (0y) %y 7Xy*HF (19J) *7 X BHF(2,J) %97 Xy *HF(3pJ)®

1)
N0 3120 J=1,16
S ELE b S
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Table F.8. (Continued)

PRINT 3030,JJy (TAUIL, J)yT=21,04)
3020 CONTINUF
3030 _FORMAT(IGL,LF14,5)
KKK =KKK+1
D0 1230 J=1,15
o XXXCJ) _ =ALPHA(2,J)
XXX (15+J) =PLINF(2,J)
1230 CONTINUE

— XXXQRL) =YL, 78)
XXX (32) =BOWFF
XXX (33) = Y(1,76)
. XXX(36) = T

WRITE(13,0LN) XXY
PRINT 4Q0,X¥XX
. YF(T.EQ.0.) GO TC 1139
TFC(TeGTel1.F=hoe AND.POWNER ,LT.5.E=3)50 TO 1170
1149 JSTARY = 1
1310_IF(TLLF.TIMEL) GO _TO 1025

GO0 TO 17O
1150 IF(HMIN .GF, ALIM) GO TO 1136
PRINT 1160,KFLAG, T
. 1160 FORMAT(1X,*STEP UNSUCCESSFUL*®//15,E16.5)
CALL OIFFUN(T,Y,DERV1LY)
PRINT 116S,0ERV1Y
1165 FORMAT(/1X,5E16,5) _
GO TO 1190
N PRINT 1180
0 _FORMAT(///1X,®UPFER LIVIT OF INTEGRATION PFACHED®)

PRINT 1185,KKK
1185 FORMAT(//® KKK=%,I5)
...-1190 CONTINVE _ __ __ __ __ R
IF(ITD20P.RT.0) PPINT 1133,Y(1,7%)
END
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Table F.9. Subroutine GAING

FUNCTION GAING(IV,JyN,Y)

THIS FUNRTIONON NALCULATES THE GAIN OF A P-BSANCH TRANSITIOM WITH
LOWFR LFVEL HF(TV,J)
THIS SUARNUTIMNE TC BE JSED WITH4 PRIGRAM MOLELG.

DIMEMSTIONM VYV (R,12%)

COMMNN F(1N0,31),
R(9, 1R) yN(2,61) ,F(50,30) yKFA(14L2) ,KBR(142),ALPHA(3,15),
ELVL (3D, CVF(17) yCVF2(17) JE42YH(17) ,FHOYH2(17) ,EHPYF(LT),
FHOVE2(17),EHPYHF (17)  THGAIN,PL,FLUX,CVN2(17) AR, HE,N2,
PCTF(142) 4PCTB(142) 4, (162) ySIGNL (L) ,PLINE(3,15),y%C(9,18),
FLINF(3,15) ,TAU(4,16) yROLTZ(4,16) yHFVJ(4,16),SF6,
CVUSFAR(L7) yFVH2(17)4CVHF(17) ,FLUXJ(3,415),PFLAG(3,15),
MEFLAG(3,15) yNVAR,; NPVAR,FPPODA,SLNP(3,19) ,TRCEP(3,19)

BFAL N'JP,NPN,N?,LONTZ

TEM = v(1,78)

T e

AIT = TEM/100. & .5
IT = IFIX(ATT)

A1 = 0.07052%0784
A2 = 0.0427820123
A3 = 0.0197705277
At = 0.0001520143
AS = 0,00N27R5672
A6 = 0.M000L30538

WHE = 20,01
nOOP = 3,581133RF=7 *WN(IVel,J) * SORT(TEM/WHF)
WTv1=0,
HT‘4?=0.
NN 1N T=1,h
CHTMAZWTML ¢ Y(1,T)
10 WTM? = WTH? & Y (1,I+471)
WTM2 = WTM? & 4F & N2 + AR ¢+ SFp
WTM = 1,74 % (HTM1 & Y(1,7)) & ,965 * WTM?
LONT? = R2.057 ® SQRT(TEM) * (WTM + Y(1,IV ¢ 1) * F(IT,d) * ((
1 2652, /SAPT(TEM)) = 1.74))
YLINF = 0,%3°55461 * LONTZ / NOPP
IFCYLINF.GT.(?2.L4)) GO TO 20
PHT = (0.LRATIARL/NOPO) * FXP(YLINE*YLINE)
PHT = DOHT * (1, ¢ A1 * YLINE + A2 * YLINF®**2 + A3 * YLINE®**3 + AL
1% YLINF*%4 & AS * YLINE®®5 ¢+ A6 * YLINE®*R)*%(-1F) )
60 TO 20
20 CONST = 2, * YLINE®®?

PHY = (1. = NONST*¥(=-1) ¢+ 3, * CONST*%(=2) - 15, * CINST®**(-3)
1+ 105, ®* CONST**(-4))/(3.1415926535 * LONT?)
IN IMISTV*LIA ¢ 22 ¢ J
IML = JV*1A & A +
GAING = R,17S3KLEE-11 * WC(IVe1,J) * 2HI * B(Ivel,J) * (((2. *
1 FLOATCY) +1.)7/(2. ®* FLOAT(J) = 1.)) * Y(1,IMU) = Y(L1,IML))
RFTU®PN
FNN
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Table F.10. Subroutine DIFFUNG

SUSROUTINF OTFFUN(T, Y,0ERVLY)

c

G THIS SHARSNHUTINE TO 8F UISFD WITH MIIELS.

c

NIMENSION Y(8,125),0FRV1Y(125),VVHF (6) yVTHF(6) yVTH2(2)

COMMON E(19,31),
3(9,18),0(9,h1),F(50,30)yKFR(142)4KRP(142) JALPHA(3,15),
FLVL(3)3NVF (17) yTVF2(17) yFHPYH (17) yFHPYH2(17) ,EHPYF(17),
FHPYE2(17) yEHPYHF (17) y THSAINGPLyFLUX,CVN2(17) yARyHEyN2,
RCTF(142) ,ECTB(162),F (162) ,SIGNL (L) ,PLINE(3,15),WC(9,18),
ELINFE(3,15) yTAU(L,16) yBOLTZ(4,16),HFVI(4,16),SF6,
CVSFA(17) yCVH2(17) ,CVHF(17),FLUXJ(3,15),MFLAG(3,15),
NFLAG(3,15) yNVARYyNRVAR,FPRODA,SLOP(3419) ,TRCEP(3,19)

PEAL MY M2 M MY, M5,4,,M7,M8,M3,M1 0, KFRyKRF,N?

M& = Y(1.1)

: 00 1P T = 2,7

10 MS v5 ¢+ Y(1,T1)

MY Y(1,7?)

M = Y(1,77) ¢ Y(1,74) ¢ Y(1,75)

FSUM = Y(1.7h) ¢ Y(1,77)

HFARF = HE & AF ¢ FSUMY ¢ SFH

‘M{ = MS & 2,4 * FSUM ¢ HE ¢ AR ¢ M3 & M4 ¢+ SFA

M2 M5 & HFARF ¢ 2,5 % MJ ¢ 20, * 44 ¢+ N2

M3 MS ¢ HEARF & M3 ¢+ M4 ¢+ N2

M6 = Y(1,76) I

M7 Y(1,77) ¢ AR ¢ SFAQ

MB HE

ML = YFARF ¢ L, * M9 + L, * M4 ¢+ N?

s s s e s pa

W ononn

¢

C THF FOLLOWING ARE THF COLO PUMPING REACTIONS
_C
N0 20 I = 1,6
RCTF(10+¢T) = Y(1,73) * Y(1,7h) * KFR(10+I)
CRETRUAN+T) = Y(1,72) * Y(1,1+1) * KBR(10+I)

~N

I
]

FOLLOWING ARF THE Vv-T NEACTIVATION KEACTIONS

OO
-
x
m

N0 & T =1
RCTF(25+1)
PETB(25¢ 1)
RCTF(32+7)
RCTB(33+1)
RCTF(u1eT)

3
5
M5
M5
M5
6

Y(1,I41) ® KFR(25+1)
Y(1,1) * K8R(25+I)
Y(1,141) % KFR(33+])
Y(1,I) * KAR(33+I)
Y(1,T¢1) * KFR(41+I)

NN ne

I A

. RCTBL4ILT)
RCTF(49¢T)
PrTB(4LI+T)
RCTF(A3¢T)
RCTE(93+1)
RCTF(101+1)

40 RCTR(101+I)

Y(1,I) * KBR(WLL+I)
Y(1,T+1) * KFR(4Q +I)
Y(1,I) * KBI(4I+I)
Y(1,T41) * KFRA(I3+1)
M8 Y(1,I) * XKBR(93+I)

Mg * Y(1,I+41) * KFR(101+I)
MO * Y(1,I) * K3R(101+1)

TL£sL X
BDNNO

CER IR IR I ]

c

C THE FOLLOWING APF MULTI-N'ANTA v-T DEACTIVATIONS

c o )
N0 60 T = 1,6
RCTF(7241I) = My

-

Y(1,7) * KFR(72¢1I)

60 PCTB(72+T) = M4 * Y(1,7-1) * KBR(72+])
00 70 T = 1,5
RECTF(7AR+TI) = M4 * Y(1,6) * KFR(78+I)
70 RCTB(7A4I) = ML * Y(1,5=-]) * <B(73¢I)
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Table F.10. (Continued)

0O 80 T = 1,

RCTF(R3+¢I) =
80 RCTB(A3+T) =

npo a0 T = 1§,

OPLTF(R74T) = MWL * Y(1,4) * KF(87+1)
9N RCTR(B74T) = M4 ¥ Y(1,4-I) * KBR(87+])

00 100 I = 1,42

RCTF(90¢T) = M4 * Y(1,3) * KF(90+1I)
100 RCTR(OO+T) = ML * Y(1,3-I) * KRR(I0+I)

T RETF(AT) = M4 * Y(1,2)*KFR(93)

b * Y(1,5) * KF(83+I)
L % Y(1,5-=1) % KBR(83+T)

°CTB(93) My * Y(1,1)*KBR(93)
c
S THE FOLLOWINF ARE 4F=HF y-v EXCHANSE FACTIONS
c
70 110 I= 1,5 N o
o TTRCTF(1094T) = Y(1,T41) * Y(1,I+41) * KFR(10Q+1)
110 RCTB(1094I) = Y(1,I) * Y(1,I+2) * KBR(109+I)
00 120 I = 1,4 .
B POTF(117¢I) = Y(1,I+41) * Y(1,I+42) * KFR(117+])
120 RCTA(1174T) = Y(1,T) * Y(1,I1+3) * KRR(117+1)
N0 170 I=1,% _
QRTFI12L4T) = Y(1,I+1) * Y(1,I¢3) * KFR(124L+])
130 ROTA(1244I) = Y(31,I) * Y(1,T+4) * KOP(124+1)
. N0 135 1I=1,? . .
T RCTF(13IN+I) = Y(1,I+1) * Y(1,I+¢4) * KFR(130+1)
136 RCTF(130 #T) = Y(1,1) * Y(1,I+5) * KBR(130¢I)
c

C THF FOLLOWING AFF YF=-H? V-V EXCHANGE REACTIONS

c
NO 140 I=1,4
PCTFL1364T) = Y(1,1) * Y(1,74) * KFP(134L+])
140 RCTP(1344+I) = Y(1,I+41) * Y(1,73) * KBR(134+I)
00 150 1=1,?
RCTF(1384T) = Y(1,I) * Y(1,75) * KFR(138+I)
RCTP(1384I) = Y(1,I+41) * Y(1,74) * KSR(13R+])
C
C THE FOLLOWING APE V-T DEACTIVATIONS FOR H2(V)
c
RCTF(140+4TY = M10 * Y(1,73+I) * KFR(1410 +1)
150 RCTR(14O+I) = M10 * Y(1,72+I) * K3R(140 +I)
N0 150 T = 11,142
160 RF(I) = RCTF(I) - RCT3I(I)
c

£ VTHF(I) IS THE v-T NEACTIVATION RATE OF HF FPOM HF(I) TO HF(I-1)
c
. D0 _1R5 I=1,A _ . )
165 VTHF(TI) = TF(2541) + RF(33+4I) + RF(L1+T) & RF(LI+TI) + RF(I3+I) +
1 IE(INL+])

VTH2(I) TS THF V=T CFACTIVATION RATE OF H2 FROM H2(I) TO H2(I=1)

(e Xy K9]

YTH?2(1) = SF(135) + RF(136) + RF(137) + RF(138) + RF(141)
VTH42(2) = °F(139) + RF(140) + RF(142)

THF PUMPTNG TEPMS SUMMED

COLD = RF(11) ¢ PF(12) + RF(13) + RF(14) * RF(15) ¢+ RF(16)

Q s Ee Xy]
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(Continued)

T VVHF(T) ARF SOYF V-V EXCHANGF TERMS FIR HF-HF, ADN TO HF(L-1) TERM
c
VVHE (1) = TF(118) #+ RF(125) ¢ RF(131) - RF(135) - RF(139)
VVHF(2) = PF(119) ¢ RF(126) + RF(132) - RF(136) - RF(140)
VVHF(3) = -RPF(118) ¢ P (120) + F(127) + RF(133) - RF(137)
VVHF (W) = -OPF(11Q) + 2F(121) - RF(125) + RF(128) + RF(134L)-RF(138)
VVHF(R) = -PF(121) + F (123) - RF(127) - RF(132)
VVHF(S) = -PF(120) + 2F(12?2) - RF(126) + FF(129) - RF(131)
o
C TIME DFPIVATIVF IF THE CONCENTRATIONS OUE TO CHEMISTRY ONLY
f
DEA2VIY(1Y = FF(17) & RFE(ARS) + RF(72) + RF(78) + RFI(83) + RF(87) +
1 RF(A0) + F(92) + RF(93) + RF(110) ¢+ VTHF (1) ¢ VVHF (1)
NERVLY(?) = RE(18) + RF(HL) + RF(71) + PF(77) + RF(82) +
1 FF(RR) + A (B8I9) + F (1) =~ RF(II) - 2. * RF(110) +
1 mF(111) - VTHF(1) + VTHF (2) - VVHF (1) + VV4F(2)
NERPVIYI(3) = RF(19) + RF(H63) ¢ RF(70) + RF(75) ¢ RF(81) ¢+
1 PF(RS) + RF(RB) - RF(91) = RF(92) ¢ PF(110) -
1 ?, * RF(111) ¢ RF(112) - VTHF(2) & VTHF(3) - VVHF(2) ¢+
1 VVHF (3)
NERVLIY (L) = RE(20) + RF(H2) ¢ RF(ARI) & RF(75) ¢ RF(B0) ¢
1 FE(RL) - RF(RF) - F(89) =RF(IN) + PF(111) -
1 2. ®* RF(11?) + RF(113) + VTHF(4) - VTHF(3) + VVHF(4) -
1 VVHF (3)
NEPVLIY(S) = PF(1L) + RF(21) + RF(H1) & PF(HKB) & RF(74L) & RF(79) -
1 PF(R4) - RF(85) - RF(86) ~- RF(87) ¢ RF(112) -
1 ?¢ * RF(113) ¢ RF(114) + VTHF(5) - VTHF(4) + VVHF(S5) -
1 VVHF (&)
DERVIY(R) = RF(1%) + I (22) + RF(50) + RF(R7) ¢ RF(73) - RF(79 -
1 RF(RD) - RQF (A1) - RF(B2) = RF(8/3) ¢ FF(113)
1 - ?¢ ® RF(114) ¢ RF(115) + VTHF(6) = VTHF(S) + VVHF(6)
1 = VVHF(5)
NFAYIY(7) = PF(16) + RF(23) + RF(59) ¢+ RF(HH6) = KRF(73) - RF(74) -
1 AF(7€) - F(76) = RF(77) - RF(78) ¢ RF(114) -
1 2. * RF(115) ¢ RF(116) - VTHF(K) - VVHF(6)
C ====< F NISSOCCTATICN = (N5%SFH FOR FOP00=4.E-?

]

176
178

_FPPONA=.AIAE-3
FPRONZFPONNASFLASH(T) **2
e==== FNFRGY IMPUT = 2,43JIULES/S76 CC FOR ©PA=3,78F3

PA=7.90F?

no 170 1=1,4
00 170 J=1,16
IM=T*1hey=-0

170 DFRVIY(IM) =NFPVLY(I) *AILTZ(I, ) +(4FVI(I, ) -Y(1,IM))/TAJ(T, ))
nn 178 I=2,4

KF=94+1
K=TI-1

no 174 J=1
TM=TI*15 &
NEQVIY(I™)
NEAVLY(T)
NEO V1Y (7?)
NFRVIY(7TY)
DFRVIY(74)
NERVIY(75)

NFRVIY(76)

’16

| -9

= NFRVIY(IM) + (SLIP(KyJ) *Y(1,7R)+TRCFP(K,y J)) *RF(KF)
= NF2VIY(I) ¢ PF(KF)

soLp

VTH?2 (1) - COLD

VIH2(?) = VvTH2(1)

-VTH2(2)

w o

==-DEFV1Y(72) +FPROD
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Table F.10. (Continued)

OO0

OO0

DO

NERVIY(77) = -1,

EFCERT 0F SANTIATTCOM AN HF(V,yJ) CONCENTRATICN
SIGNL(YI) IS TOTAL RATE NF EMISSION FROM HF(I) TO HF(I-1)

PL = 0.

KVAF = KNPYAR

N0 180 T=1.3

SIGNL(T) = N,

nn 180 J=1.15

IF(NFLAGIT,J) JLF,. 0) G50 TO 180
KVAR = KVA2 + 1|

IML = T % 16 ¢+ J - 8
My = 1T % 16 ¢ J ¢+ 7
ALP = ALPHA(T,J) * Y(1,KVAR)

PL = PL & Y(L1,KVAR) * WC(I,J)
NFRVIY(KVAFS) = (ALPHA(I,J) - THGAIN) * 2.99792SE+10 * Y(1,KVAR)
NERVIY(IML) = NFPVIY(IML) ¢ A_P
NDERVIY(T“UY = NFPVLIY(IMU) - ALP
SIANL(T) = STSNL(I) + ALP
180 CONTINUF
SIGNL(W) = D,
NEFoyvIY(1) = NFRVIY(1) + SIGNL(1)
N0 190 I = 2,4
190 NFOVIY(I) = JEAy1Y(I) + SISNL(L) - SIGNL(I-1)

CALCULATF JUTFIT POWFR
HC® AVAGADFN NO. = 2.85912 CAL-34/40LEF
CONST = 2,85012 * THGAIN
DL = DL » FQNST
TEMPFRATURF NFSIVATTVE
ATT = Y(1.78)/7100. + .5

IT = IFIX(AIT
CVSUM = 2,981 * (HE + AR + Y(1,72)) + CyM2(IT) * N2 ¢

1 TVH2(ITY (Y (1,473) ¢ Y(1476) ¢ Y(1,75)) ¢CVHF(IT)I*(Y(1,1) ¢

1 V(1,2) ¢ Y(1,3)0 4 Y(1,4) & Y(1,5) ¢ Y(1,€) & Y(1,7)) +

1 AVSFBITIT) * SFR & CVF(IT) * Y(1,76) & CVF2(IT) * Y(41,77)
ETHLOY = ((FYPYH(IT) & 52,102) - (EHPYF(IT) ¢ 18.900)) *DERViY(72)

1 +(EHOYF2 (IT)) * DFRVLY(77) & (FHPYH2(IT)) * DERViY(73)

1 $(FHPYH?(IT) + 11.R89) * DERVIY(74)

1 +(FHPYH2 (IT) + 23.112) * DERV1Y(7S)

1 +(FHPYHF (IT) - 64.B800) * DFPVIY(1)

1 +FHOYHE (IT) - 53,473) * DERVIY(?)

1#(FHPYHF(TIT) = L2?2.638) * DFERVIY(3) + (FHPYHF(IT) - 32,282) *
1NFPVIY (W) + (EHPYHF(IT) = 22.392) * NDEFVIY(S) ¢ (EHPYHF(IT) -
1 12.969) * NFRVIY(A) + (FHPYHF(IT) - 3.973) * CERVLIY(7?)
FTHLPY = FTHLPY * {,E+3
IF(FOPPN0NF,0.)GP TO 12
PIN=1,
GO 10 11
12 PIM=FPPON®RA/FPFCDA
11 CONTINUE
NEPVIY(78) = =-(PL + ETHLPY - PIN)/ CVSUM
TF(MVAF,LF.73) CC TO 230
no 220 I = 793,MnvaAR
220 TF(Y(1yT) o LEFLUXANN,DERVLIY(I) LT.0.) OFPVIY(I) = O.
230 CONTINUE
RFTUPN
FND
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Table F.11. Subroutine FLASH

FUNCTION FLASH(T)

DIMENSION CRPNT(2,100)

ﬁA"A CDPNY/‘.q’pQU’OO‘J,c}E‘r,?oO’-11E'6’?og, olqE‘6,206, 016E'6,

12.‘:7,-17‘-‘-,?.7,.18E°‘1y2.7,.225-6,2.65, 023F°6,?-65, 02‘06‘6,206’

1.2‘55-6,?-9,-’6F°6,?.3..28&'-6,2.15v .2qE'69200,03E-6’10 0' .36E'6’

10.0’.‘0‘“’:“,"‘?.0, .‘o‘iE-‘:,-.38,.'¢7E~5,-.6, .5E-6,--BB,.55E-6.°.92.

qunF‘61'091, .FiF'f‘,'.gy .62F-6,-.8, .655‘6,’05' -76'5,'.25, u’SE‘s,OQOI

1.7QE-6/

N=28

FLASHY=D,

IF(T.GF.CRPNT(2,M)) GO TO 200

JC=0

D0 100 T=1,N

TF(T.GFCRENT(?,T)) JL=JC+L
100 CONTTNUE

FLASH=(CRRMT(1,JC+1) =CRRNT(1,JN) ) *(T-CRRNT(2,JC)) /(CIRNT(2,JC+1) -

1CRRNT(2,JN) ) +CEFNT (1, JC)
200 CONTINUE

PETUCN

FND
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Table F.12. Subroutine DIFSUB?

SURFOUTINF NIFSUE(Ny Ty Y,SAVE ,HyH4MIN,HMAX ,FPS,MF,YMAX,EROR,KFLAG,

1 JSTARAT,MAXDER,PH,,KFEY)
NDIMENSION Y (8,N), YMAYX(N)ySAVE(104N) ) FRROR(N) 4yPH(N),
1 A(R) yPFRTST(7,42,3)

DATA OFRTST /2, 094.597e6333510e42913.7,17.15,1.0,

1 2.0,1%.0,24.7,37.89,53,23,70.08,87.97,
1 3Ny 6.0y3.167912.5515.98,1.0,1.0,

1 12.092640537489,53.33,70.08,87.97,1.0,
1 1091¢90¢5,041667,0,06133,0.008267,1.0,
1 1eP31.002.0y1.0943157,.07407,.0139/
NATA A(?) / -1.0/

IRFT =1

XFLAR=1

IF (JSTARTLF.0) (O TO w0
100 0O 110 I = 1 ,N
A0 110 J= 1,K
110 SAVE(J, V=V (I, ])
HOL D=HMEW
CIF (M FNLHALY) GO TO 130
129 RAMUM=H/HOL D
IRFT1=1
G0 YN 750
130 NOOLDN=NN
TOLN=T
_RATUM=1.0
TF (JSTAET,GT.NM) GN TN 259
GO TN 171
140 TIF (JSTAPT.FN.=1) GO TJ 1RN
NQ=1
N3I=N
N1=N*10
TN2= N 41
NG Nee®D>
NG N1 ¢ ™
N6 NS & 1|
CALL DIFSUN (T,Y,SAVE(N?2,1))
PN 150 I = 14N
M11 = N1 + 1
150 Y(2,I) = SAVF(N11,1) *H
HMNFH = H
K= 2
GO0 TO 100
160 IF (NN.EN,NQOLN) JSTART = 1

T = TOLD

NNz NOALA
K = NQ & 1
GO T 121

170 IF (MF.F2.0) 30 TC 189
IF (NN.GT.A) GO TC 199
6O TN (271,7222,223,224,275,226) 4N
189  TF(NN.5T.7) G0 TO 190
60 TN (211,212,213,214,215,215,217) 4N

190 KFLAG = -2
OF TUPN
211 A(1) = =1.1N
. GO Tn 22n
212 A(1) -0.520000N00000097000000

A(3) = -N.,5000000000090000900
GO TN 231
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Table F.12. (Continued)

213

215

221

222

223

225

A(1) = -N.L1h66666666H6HAHT7

A(3) = -N0,7590n00000090009970000000080
A(L) = =N,1H6R66FR6HADAKAKEHT7

50 11 230

A(1) = -0,375000N000071000000000000000
A(3) = =-0.716hHERE66656HK7

A(L) = =N, 3IXITTIIIITI33II3

A(S) = =N, NL16K6FRE6HHHHEET

GN Tn 230

A(1) = =", 3AR111117 112114111 11111111111
A(3) = -1.0LLIBHEREHBERSHEH7

a(u) = -N.6R611111111110211112 121111111
A(S) = =N, 10L1AHFRE66HHREAT

a(R) = =-0.N0ATIIT3ITII3III3IIITIIIII3I3I3333333
nO TN 230

a(1) = =N, ar”pt 111111111111 111111111111
A(T) = -1.,1L1RE6FRA6BHKAHEHHRHHEBARAT
A(4L) = -0.~?500000000300000

A(5) = =0, 177NR3IIITITITIIITIITITII3
A(R) = =0,N25N0Q0C00007300000000000

A(7) = -N,NC1383RR33833488388R34333

G0 TG 23N

A(1) = -N,3155910312153312

A(3) = -1,235000M00000

A(4)=-0.7518518518518519
A(S)=-N,?2552083333333333333
A(R)==-0.NuR111911111 112112121111

A(7) = -0.0068A11111111111111111111
A(8) = -0.9PN19°4126984126A84
60 TN 231

AC1) = -1.,7000

GO To 230

A1) = =0.5hHHEEEBERE566H7

A(3) = -0.%333323333333333333333
50 10 239

A(1) = =N,54545L56565454545L54565450
AC3) = A(1)

a(4) = -0,190309090909990909090903
GO TN 230

A(1) = -0,4R0000000007000000900000
ACI) = =n,70700N000009

A(G) = =9,2000000000000000

A(S) = =0,N200000000010000

GO TO 239

A1) = -0.437956204373562

A(3) = -0.83211778832116788

A(W) = =0.31071RA7A41021598

A(S) = -0.N5474L52554744526
A(R) = =N,NNIRLARI50354953504

GO TO 23n

A(1) = =N, 4081632653061225

A(3) = -0.92063L92065349205

A(4) = =0, 4156hREB566AHE6?

A(5) = =0,0992063492053492

A(F) = =N.01190M67619047619

A(7) = =1.N00566A93424036282

K = NN + 1
I0NU = K
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Table F.12. (Continued)

MTYP = (4= ™F) /2

ENN2 = S/FLNAT(+Q + 1)
ENNT = ,S/FLOAT(NN + ?2)
FNO1 = LS/FLNAT(*N)
PFPSH = FOS

FUYP = (PECGTST(NN,MTYP,2)*PEPSH) 2
£ = (PFRTST(N),¥TYP,1) *PEPSH) **2
FOWN = (OF-TST(MQ,MTYD, 3)¥dFPSH) 88
IF (FDWN.EN.M GC TO 730
BND = FPS®ENNI/ FLOAT(N)

240 IWFVAL = wMF
GO TC (250,630) ,TRET

250 T = T & 4
nc 260 J = 2,K
70 260 U1 = J,K
12 = K = J1 &+ J - 1
90 250 I = 1,N
260 Y(I2,T) = Y(J2,I) + Y(J2+1,01)
00 2h5 T=1,KFY
TE(Y(1,I) JLTe C.) GO TO 44O
265 COMTTNUF
no 270 I = 1,
270 FPOORLI) =
nn w30 L = 19,
CALL CIFFUN (T,Y,SAVE(N2,1))
IF (TWEVAL.LT.1) GO TO 350
TF (MF.FN.?) 50 TC 3110
CALL PFOTRY(T Yy PHyN3)

N
0.0
3

© = A(1)*H
N0 280 I = 1,MbL
280 OW(I) = TH(I) *F

290 Nt = MT & {

N1? = N¥M191 - 13

DO 310 1 = 1,N12,N11 .
300 PH(IY = 1,0 ¢ FW(I)

IWF VAL = -1

CALL MATINV(PW,NyN3,J1)

TF (J1.6T.") R0 T0O 359

GO TN 440
310 0O 320 T = §,N
320 SAVE(A,T) = Y(1,D)

Ng 34 J = 1,N
R = FPS*AMAXL1(FPS, A3IS(SAVF(3,J)))
Y(1yJ) = Y(1,J) ¢ =
7 = A(1)YSH/?

FALL DIFEUN(T,Y,SAVI(NS,1))
70 320 T = 1,N

Mig = T & (J-1)%N3
N2 = ME e ]
MeIT = M & T
320 OWIN11) = (TAVE(M12,1) - SAVF(N13,1))®n
40 Y (1,00 = SAVF(9,J)
60 T 290

350 IF (MF.NE.N) G2 TO 37)
N0 3RO T = 4,N

N1l = N1 ¢ I

360 SAVF(9,T) = v(2,I) - SAVE(N11,1)°*H
G0 TN 410

370 O 380 T= 1,N
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Table F.12. (Continued)

N1l = N5 ¢+ T
N1? = N1 + T
IR0 SAVF(N11,1) = Y(2,I) - SAVE(N12,1)*H
NO 400 T = 1,M
N = n.n

nO 390 J = 1,N
Nit = T ¢ (U=-1)%*N3
Ni2 = NS5 ¢ J

390 P =N ¢+ PHINTIL) *SAVF(N12,1)
400 SAVE(A,I) = N
410 NT = N
N0 420 T = 1,N
Y(1,T) = Y(1,T) & AC1)*SAVE(3,T)

Y2, Y(2,I) - SAVE(9,I)
FRPOP(T) = EPROR(I) + SAVE(3I,I)
TF ( AS(SAVF(9, 1)) JLF.(INN®*YMAX(I))INT = NT -
420 fONTINUF
N0 425 T=1,KEY
IF(Y(1,I) LT, 0.) GO TO 44O
425 CONTINUF
CTF (NT.LF.N) G0 TO 493
430 CONTINUE
L) T = T - H
IF ((HoLF./HMIN®1,00991)) AND.C((IWEVAL = MTYP) ,LT.=1)) GO TO 460
IF ((MF.EN.0)e0P.(IWEVAL.NELO)) RACUM = PACUM * 0.2500
IWNE VAL = MF
IRFT1 = 2
GO TN 750
460 KELAG = =7
1690 FORMAT(1H1/2F15.5,215,F15,5//77/)
PRINT 1690,H,4MTMH ,IWFVAL,MTYP,RACUM,HOLD,HMAX
470 00 LAD I = 1,N
DO WRO J= 1,K
480 Y(J,I) = SAVF(J, D)
H = HOLD
NN = NNOLN
JSTART = NN
RETURN
%90 D = n,.n

A0 500 I = 1,N
500 N =D ¢ (FRIOF(I)/YIAX(TI)) **2
TWFvaL = 0
IF (NGTLEY RO TC 540
IF (X.LT.3) GO TC 520
Ny 510 J = 3,K
20 510 I = 1,yN
510 Y(I,T) = Y(J,I) + A(J)®ERRORI(I)
520 XFLAG = 1
UNFW = H
IF (INCUR,LF.1) CO TO 550
100UR = I%70U3 - 1
IF (1T0NUSR.GT,.1) GO TO 700
DA 530 T = 1N
530 SAVE(10,T) = FFROR(I)
GO TN 70N
5S40 KFLAL = KFLAG - ?
IF (H,LE.(HMIN®1.00001)) 50 TO 760
T = TOLD
IF (XKFLAG.LE.=-5) GN T) 720
560 PR2 = (D/E)Y®*ErN?*1,?
PRT = 1,F+70
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Table F.12. (Continued)

TF (IND.GE ,MAXNFF) ,OR. (KFLAG.LE.=-1)) 50 TO 570
N = 0.0
N0 560 T = 1,4M
560 D=N+((FFPNP(TY=-CAVE(17, 1)) /YMAX(T))**2

PR3I=(D/EVYPY *SFNNI*L, 4

670 PR1 = {.F+20
TF (NN,LF.1) G) TO 599
D= 0.0
00 S30 I = 14N

SAN N =0 ¢ (YK, TY/YMAX(T)) **2
PR1 = (C/FTHWN)®*FENN1*{.3

590 CNONTINYF
IF (PR2.LF,.,P?3) GO TO HS50
IF (PP3.,LT.%%1) GO TO 6hAKO

600 P = 1,N/AMAX1I(PF1,1,E-4)
NEWD = NN - 1

610 INcuUR = 1N
TF ((KFLAR,FT¢1) cAND. (R.LT.(1,10)) GO YO 700
IF (NFHWQ.LT.NN) GO TO A3
D0 620 I = 1,N

R2N Y(NFWN+1,T) = FRROR(T)*A(K)/ FLOAT (K)

£30 K = NFHO ¢ 1
TF (KFLAG,FQ.1) GO TQ /70
RACUM = PAny4sD
IRFT1 = 3
G0 T0 759
640 IF (NFWN.EN.HNO) GO TO 250
NQ = NFWO
GO TN 170
50 TF (PP2,GT,.PR1) GO TO A00
NEWQ_= NN
R = 1.0/AMAX1(PF2,1,E=4)
GO TN AN
K60 R = 1,0/BMAX1(PF3,1,E-4)
NFHO = NN & 1
GO TO 610
670 IRFT = 2
R = AMINY(R,4¥AX/ ARS(H))
H*Q

N1.FNJNFWY) GO TO 680

" o~y

YY)

690 Y(J. 1)

700 OO0 710 I = 1,N
710 YMAX(I) = A&MAX1(YMAX(I), ABS(Y(1,1)))

"RETUPN

720 IF (NO.FN.1) 50 TO 780
CALL DIFFUN(T,Y,SAVE (N2,1))
R = H/HOLN

no 730 1 = 1,N

CY(1,1) = SAVF(1,I)
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Table F.12. (Continued)

N1l = M1 & T
SAVF(?,I) = HCLD®*SAVE(N11,1)
730 Y(2,1I) = SAVF(2,1)*R
NQ= 1
KFLAG = 1
GO Y0 170

TLO KFLAG = -1
HNFW = H
JSTAOT = NN
RF YURN
750 PACUM = AMAX1( ARPS(HMIN/HOLO),RACUM)
RACUM = AMTN1(PACUM, ARS(HMAX/HOLD))
RL = 1.0
00 70 J = 2K
P1 = RI®CACUM
N0 7A0 I = 1,
760 Y(JyI) = SAVF(J,][)*R}
H = HOLD*PACYM
N0 770 T = 1,N
770 Y(1,7) = SAVF(1,])
Iyt = K
GO0 YN (130,250, FL0), IRFTY
7A0 KFLAG = =4
GO TNh &70
FNP

% This algorithm is a modification of Algorithm 407 '""DISFUB for
Solution of Ordinary Differential Equations, ' by C. W, Gear,
Communications of the ACM, 14, (3), (March 1971), pp. 185-190;
copyright 1971, Association for Computing Machinery, Inc; used
by permission.
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