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The rate equations governing the temporal evolution of photon densities and level populations in pulsed
F+H,—~HF+H chemical lasers are solved for different initial conditions. The rate equations are solved
simultaneously for all relevant vibrational-rotational levels and vibrational-rotational P-branch
transitions. Rotational equilibrium is not assumed. Approximate expressions for the detailed state-to-state
rate constants corresponding to the various energy transfer processes (V-V, V-R,T, R-R,T) coupling
the vib-rotational levels are formulated on the basis of experimental data, approximate theories, and
qualitative considerations. The main findings are as follows: At low pressures, R-T transfer cannot
compete with the stimulated emission, and the laser output largely reflects the nonequilibrium energy
distribution in the pumping reaction. The various transitions reach threshold and decay almost
independently and simultaneous lasing on several lines takes place. When a buffer gas is added in excess to
the reacting mixture, the enhanced rotational relaxation leads to nearly single-line operation and to the J
shift in lasing. Laser efficiency is higher at high inert gas pressures owing to a better extraction of the
internal energy from partially inverted populations. V-V exchange enhances lasing from upper vibrational
levels but reduces the total pulse intensity. ¥-R, T processes reduce the efficiency but do not substantially
modify the spectral output distribution. The photon yield ranges between 0.4 and 1.4 photons/HF molecule

depending on the initial conditions. Comparison with experimental data, when available, is fair.

I. INTRODUCTION

The hydrogen fluoride chemical laser based on the
reaction

F+H,~HF(V,J)+H (r.1)

has received a great deal of attention since its discovery
in 1966. 1"? This is motivated, in part, by the fact that
it is one of the more promising systems for high energy
operation. Indeed, both in continuous wave and pulsed
HF lasers, output levels in the multikilowatt and multi-
kilojoule ranges have been demonstrated.® Consider-
able problems arise, however, from their extremely
high radiational and collisional losses, which result in
a very complex and rapidly changing gain distribution
over the vib—rotational manifolds.

The general aim of this paper is to investigate in-
dividual and mutual effects of various kinetic processes
(pumping, stimulated radiation, and relaxation) on the
operation of pulsed chemical lasers in general and the
HF laser in particular. To this end we have solved,
for various initial conditions, the rate equations govern-
ing the temporal evolution of level populations and pho-
ton densities in the laser cavity. In order to study the
effects of rotational disequilibrium and vibration to ro-
tation energy transfer processes, we have not assumed
a priovi rotational equilibrium. (We compare two ra~
ther extreme pressure ranges: Low, where rotational
relaxation is moderate, and high—due to a buffer gas—
where rotational relaxation is fast.)

The rate equations include all the relevant vib—rota-
tional levels and radiative transitions. The main limi-
tation of this approach is in the lack of detailed informa-
tion about all the relevant state-to-state rate constants.
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Another problem is the lack of precision of (low pres-
sure) laser output measurements against which the the-
oretical results can be compared.

The assumption of instantaneous rotational relaxation
enables one to consider only one (the “highest gain”)
radiative transition between each pair of vibrational
levels at a time. In addition, it implies that only vi-
brational populations and vibrational energy transfer
processes must be included in the rate equations. Mod-
el calculations®~!! based on these approximations have
been performed for various chemical laser systems and
have made a major contribution to the understanding of
their dynamic behavior. Yet the common observation of
simultaneous lasing on several vib-rotational lines is
just one indication that, at least under certain condi-
tions (e.g., low pressures), rotational equilibrium is
not maintained throughout the laser pulse.

The role of rotational nonequilibrium in chemical
lasers has been investigated in several recent model
calculations. *~** Padrick and Gusinow'® included the
R-T processes in a model of the HF(CF,I+ N,F,) chem-
ical laser and found that the assumption of a Boltzmann
rotational distribution is a poor approximation to the ex-
perimental data.®® In their work on atmospheric pres-
sure-pulsed HF (H,~F,) lasers, Chen et al.'® have con-
sidered two different initial rotational distributions
(thermal and “frozen”). Taking into account vibrational
(but not rotational) relaxation they found, as expected,
that the two laser outputs are markedly different. Sent-
man'’ studied the effects of rotational nonequilibrium on
cw HF lasers. Using a detailed, two (vibrational) level
model he found, for instance, that lasing can occur si-
multaneously on several lines. A detailed modelling of

Copyright © 1976 American Institute of Physics 1711

Downloaded 05 Dec 2003 to 132.64.1.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



1712

i 1 1 1 1
(o] S 10 15 20 J
FIG. 1. Schematic illustration of the output pattern observed

in low pressure pulsed HF lasers (Ref. 8,12). Pj., (2~8),
etc., indicate the range of observed transitions. Arrows in-
dicate maxima in the spectrum.

the pulsed Cl+HBr —~ HCl+ Br in which the effects of ro-
tational disequilibrium are systematically analyzed has
recently been performed by Keren et al. '® It was found,
among others, that rotational relaxation enhances the
lasing intensity and that single line operation occurs
only at high pressures.

In a preceding paper' we carried out a simple madel
calculation for a low pressure pulsed HF laser. Pump-
ing and radiation into, and from, all the vib—rotational
levels were taken into account, but relaxation processes
were ignored. This was an attempt to explain some ex-
periments'? in which transitions from highly excited ro-
tational levels have been observed,?® Fig. 1. Moreover,
certain transitions originate from rotational levels
which, according to the chemiluminescence measure-
ments of Polanyi and Woodall?! are not populated by
(R.1). Some features of the laser output were correctly
reproduced when a simple statistical model? {which,
like some trajectory computations, ?* predicts the popu-
lation of high rotational levels) was used to describe
the nascent rotational product distribution in (R. 1).
However, the possibility that the lasing from the highest
rotational levels was, partly or completely, due to sec~
ondary relaxation and pumping processes could not be
ruled out. The opposite ways in which V-R, T and R-—
R, T processes affect the laser output may serve as an
example illustrating this point. The V-R processes
can generate HF molecules in highly excited rotational
levels. This will be reflected in the laser output only
if the rates of V=R transfer into, and stimulated emis-
sion out of, these levels can effectively compete with
their depletion by R~7T relaxation. In view of the indi-
cations?®?7 that the rate of R-T transfer decreases rap-
idly with J this possibility seems quite probable.

{I. MODEL

A. Rate equations

As in previous studies, *~%%4-1% the interaction of the
radiation field with the molecules is treated here in the
rate equation approximation. %8 The pumping, relaxa-
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tion, and radiation are taken to be uniform along the
laser axis so that the level populations and photon densi-
ties are functions of time only. Except under very un-
usual conditions of rotational nonequilibrium, the gain
corresponding to the P-branch transition, V,J—- V-1,
J+1 is higher than the gain in the R-branch transition
originating from the same level {V,J~V—-1,J-1).

In a “free running” laser experiment very few R-branch
transitions can, transiently, lase.'® Thus, only P-
branch transitions will be considered.

Using Ny, to denote the density of HF(V,J) mole-
cules and g, for the density of photons in the transi-
tion V,J— V~1,J+1, the rate equations are of the
form

dN
dtw =Py —Aps Nys+ Ay, Vvt 01— €Oy ANy gy
+C0y,1, 7-10Nvay, s1Gvat, 71— Lys 6y
d
_?#i:aAVJNVJ+C0VJANVJQV,J—q—:.i ’ (2)

where ANy, =Ny, =[(2J~1)/(2J + 3)INy_y, ;. is the popu-
lation inversion; Py ; is the rate of pumping into VJ;
Ay, is the Einstein coefficient for spontaneous emission;
oy is the cross section for stimulated emission out of
VJ; Ly, symbolizes the net loss of HF(VJ) molecules
due to all nonradiative processes; 7 is the photon life-
time in the cavity; c is the speed of light; and « is the
{average) fraction of spontaneously emitted photons
which ignite the lasing.

In all, 144 equations are included in the calculations,
84 for vib—rotational levels (V=0-3,J=0-20 in each V)
and 60 for the P-branch photon densities.

1. Radiation

The spontaneous emission terms are important only
before threshold. Their influence on Ny, via (1} is
negligible. In (2) they provide a noise level of photons
to start the amplification process. The constant ¢ is
the effective fraction of photons emitted into the solid
angle confined by the laser cavity (the fraction of pho-
tons corresponding to stable cavity modes). Practical-
ly, owing to the very fast growth in photon density near
threshold the results of the calculafjons are not sensi-
tive to @. We have taken a=10".

For the range of pressures considered in this work
(usually P~1 torr), the spectral lines are mainly Dopp-
ler broadened, and the cross section of a vib-rotation.
al transition, at line center, is given by

Oyr=0pgaval,Je1™ (4 lnz/”)I/Z(CZ/S”VZVJ)-IAVEAVJ-.V-1, T4l s
€]
with Avp= (82T In2/m)"?v,;/c. The numerical values o
o were calculated on the basis of known A coefficients.”
For T=300°K, the value employed in calculating oy,
(see below), Avp~10"2 em™ and oy, ~ 10" cm®  Al-
though the lines are mainly Doppler broadened, the
power extraction is taken to be homogeneous over the
entire line profile. This seems to be justified for la-
sers with low quality factor and overlapping cavity
modes. In view of the presently available, rather in-

J. Chem. Phys., Vol. 65, No. 5, 1 September 1976

Downloaded 05 Dec 2003 to 132.64.1.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



Ben-Shaul, Kompa, and Schmailz!: Pulsed HF chemical lasers 1713

T I I T T

]
—

-

-
.~ [HF] (Discharge)
e

— q
" ——
E 2
(3]

s? g
E ie
e 3 5
o o
= 22
Z 2 -
T

5 10 I5 20 25 30
t(pe sec)

FIG. 2. Time dependence of flash intensity ¢, F and HF con-
centration for flash initiation, calculated from Egs. (8), (9),
and (10), respectively. The time dependence of HF concen-
tration for discharge initiation, calculated from Eq. (6) for
initial ¥: H,=1:10, is shown for comparison.

accurate, experimental data no attempt was made to
correct for any finer optical or spectroscopic details of
the laser.

‘We disregarded all cavity losses except for output
coupling. The power of the laser is thus determined by
gvs/7in (2). In all the calculations we have used 7
=10"" sec. For a 200 cm long optical cavity with one
completely reflecting mirror, this value of 7 corre-
sponds to a round trip output coupling of ~ 15%. The
total output energy radiated in a single vib~rotational
transition, per 1 cm® of active laser volume, is given
by

T
Iy =hvy;qys = LA f quJ(t)dt ’ @)
7 Tth

where 7,, and 7, are the thresholds and quenching times,
respectively. The threshold inversion can be estimated
from AN,,=(co7)?, i.e., AN,,~10''-10' molecule/cm?,
which, at ordinary temperatures, corresponds to a
pressure difference of AP,~ 10" torr,

2. Initial conditions

In order that the model calculations will be applicable
to experimental situations, the following technical con-
ditions are assumed.

(i) Reagent mixture: Two initial reactant concentra-
tion ratios are considered: F: H,=1: 10 and 5: 6.
While the initial H, concentration is kept constant, [H,]
=6x10"° mole/cm®, the final [HF] in both cases is 6
%107!° and 5x10°° mole/cm®, respectively. (At T
=300 °K, 6x10°° mole/em? corresponds to ~0. 1 torr. )
Some of the calculations will apply to the case where
buffer gas is added in excess to the system to enhance
rotational thermalization. In both F: H, compositions,
[SFs]=[H,].

(ii) Initiation: Two mechanisms for generating F
atoms are considered:

(a) Fast; the fluorine atom production is completed
at £<1 usec. This case resembles the situation in
fast electrically pumped lasers'®®® (e.g., via SFy+e*
~8F;+F+e7), and we shall refer to it as “discharge.”
The time dependences of N, Ny,, Ny, and Nyp=JFNy,
are determined by

— dNg/dt=Fk{NgNy, , (5)
where only the forward process in (R. 1) is consid-
ered [see (b) below]. Thus

Ny, =Ny, (0) - X=A4-X,

_y_ _ Alexple, (4 - BY] - 1}
Nowx = X= [00B) expller(d - B -1} - (6)

The half-life times of the reaction for A: B=1: 10 and
5: 6 are 4 and 8 usec, respectively (B=6x10"° mole/
em®), Fig. 2.

Ng=Np(0)~X=B-X,

(b) Slow; gradual production of F atoms, for ex-
ample by flashphotolysis. We refer to this kind of
pumping as “flash.” In this case

dNg/dt=¢(t) - kyNg Ny, , dNHF/dt:k1NFNH2 , (D

where ¢(z) is the rate of photolysis. If, as in Ref. 31,
only a small fraction of the fluorine rich molecules
{e.g., CF,l) are photolized, then ¢{f) = Ncg,19'(8),
where ¢'(#) is the flash profile. We have taken

o (t) = atexp(- b1}, (8)

with a=24 mole/cm®. sec® and b=2x10° sec™. ¢ (t)
obtains its maximum at /=5 usec and has a width of
~10 usec, which compares well with the data of Ref.
31. The choice of ¢ and b is consistent with the re-
quirement that [¢(t)d¢t=6%10""" mole/cm®, i.e., that
[in the absence of (R.1)] the total number of F atoms
produced by the flash will be identical to N;(0) in the
case of discharge initiation for F: H,=1: 10. (This
is, approximately, also the reactant ratio in Ref. 31.)
Insertion of (7) into (8) yields

Ne()= (7_“7)2 expl— b#) [exp(b — k)t - (b= k)t - 1]

(9)

N 1= G-l - expl )} - f‘g’zg—ﬁ;—f}

X[l —exp(=bt)+ b(Taiiﬂ texp(-b1) , (10)

where k=k;Ny,(0)=1.2X10° sec™’.  ¢(#), Ng(t), and
Nyp(t) are shown in Fig. 2. The F: H,=5: 6 case is
not considered for flash initiation.

In experiments characterized by these conditions
the species influencing the laser output are F, H,,
HF, and H. The effect of the fluorine precursor mol-
ecules (SFy, CF;I) will be taken into account only in
an approximate manner, as a buffer gas contributing
only to rotational relaxation.

(iii) Translational temperature*’: The pumping reac-
tion, V-7, R-T, and other processes {e.g., electron
impact) release heat into the reactive mixture and raise
its temperature. In the absence of rotational equilibri-
um temperature rise plays only a secondary role. The
final temperature in the lasing system can be shown to
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FIG. 3. Detailed rate constants of the pumping reaction (R.1),

corresponding to three different vib~rotational distributions
P(V,J). ky;<=P(V,J). Solid curves represent the infrared
chemiluminescence (IRC) data (Refs. 21 and 36), dashed curves
correspond to the statistical model. The dot—dashed curves
are thermal rotational distribution. The area under each curve
is proportional to P(V).

range between 400 and 600 °K; it is lower in the pres-
ence of a buffer gas. Since the temperature dependence
of most of the relevant rate constants in this range is
weak (or not accurately known), we have used a con-
stant value of 7 (mostly 500 °K) in all computations.
The use of T=300°K for Ay, is to correctly describe
the threshold behavior, i.e., when T is still low. The
subsequent change in Av,, is minor.

B. Pumping

The pumping reaction (R. 1), is highly exothermic:
E~ 35 kcal/mole for T=300-500°K. This energy suf-
fices to populate all levels of HF below (V,J) =0, 23),
(1,19), (2,14), and (3,6), Fig. 3.

The pumping term in (1) is given, in obvious notation,
by
Py ()= k(= VIINp(t)Ngp(t) = (V= NG (0N, (2) . (11)

The minor contribution of the second term in (11) was
treated in an approximate manner. % The ratio between

the detailed and total rate constants of the pumping reac-

tion defines the product state distribution

P(V,J)=k(~ VJ)(Z k(- VJ))—1= k(= VIN/E, (12)
P(v,J)=P(V)PU|V), (13)

2o P(V,9)=Y P(N=)_PU[V)=1. (14)
vJ 14 J

Here P(V) and P(J! V) are the initial vibrational and ro-
tational (conditional within V) distributions in (R. 1).

The numerical values of the total®® and detailed reac-
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tive rate constants (and those corresponding to relaxa-
tion processes, Table I) used in the modeling are col-
lected in Table II. Three kinds of P(V.J), which differ
mainly with respect to the rotational distribution P(J1 V),
were employed in the calculations, Fig. 3.

(a) IRC: The distribution measured by Polyani and
Woodall?! in the infrared chemiluminescence (IRC)
method. Similar results for P(V) were obtained by oth-
er authors using various techniques (IRC, **~% chemical
lasers, *'*" molecular beam®®; classical trajecto-
ry?3-#5:39=41 414 collinear quantal®? calculations). Since
according to the IRC’s P{(J| V) high J levels are not
populated (compare Figs. 1 and 3), we test another ini-
tial distribution.

(b) “Statistical”:
given by31,43_45

P(V)= Py(V) exp(-\,E,/E)/Q ,

The vibrational distribution is

] (15)
Py(V) = B;\(E - E,,)3’2<Z B;Y(E - Eu)3/2> :

Here 1, is a (vibrational temperature) parameter inde-
pendent of V, @ is a normalization factor (partition func-
tion), and P,(V) a statistical (“prior”) distribution, *3~46
where B, is the rotational constant. Equation (15) de-
scribes’!'*? the experimental P(V) with E=34. 6 kcal/
mole (7=300°K) and A, ~~6.5. To account for the
translational heating we have used slightly different
values; A,==6.0 and £=35.0. This choice is based on
the finding® that, in (R.1), (f,)=(E,/E) decreases with
T (-2, is a decreasing function of (f,,)). As a repre-
sentative distribution which (like some®~?® put not all
classical trajectory studies®!) assigns nonvanishing
probabilities to all rotational levels below the energy
limit, we use the statistical (prior) function'® %

PU|V)= @I+ VE=-E,- E;(V)]Y%/Qr , (16)

where Qg is a normalization factor and E (V)= heB,J(J
+1). Equation (16) corresponds to equipartitioning of
nonvibrational energy®: (fp); (fz)=2: 8.

{c) Thermal: P(V) is the same as in (a), but P(J| V)
is a Boltzmann distribution at (7=500°K). This distri-

TABLE I. Pumping and relaxation in the F +H, laser.

I. Initiation (a) Discharge (SFg+e”) (b) Flash (CF3l+Av)

II. Pumping: F+H,=HF(VJ)+F (R.1)
OI. R-R, T transfer: HF(VJH+M=HF(V,J’)+M (R.2)
M=HF, H,, F, H, SFz(CH3l), Ar
IV. V-R, T transfer: HF(V,J)+M= HF(V-1,J)+M (R.3)
M=H, (H, SF;, Ar)
HF(V,J)+Fe2HF(V~1J")+F (R.4)
HF(V,J)+HF(Vy, ) =« HF(V’,Jd’) + HF(V{,J ) (R. 5)
V. V=V transfer:
HF(V,J)+HF(V'J’) » HF(V£1,J)+ HF(V'% 1, J’) (R.6)
HF(V, J) +Hy(0)= HF(V = 1, J) +Hy(1) ®R.7
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TABLE II. Absolute values and VJ dependences of rate constants used in the modeling in
units of cm®/mole * sec.

I. Pumping F+H,=HF(V,J)+H -
k(—V,J)=k P(V)P(JI V), k=2x10%"
a. IRC P(V=0,1,2,3)=0, 0.17, 0.56, 0.27;  {(f,)=0.66 (fg)=0.08

b. Statistical P(v=0,1,2,3)=0, 0,19, 0,53, 0.28, {(fu) =0.63 {fry=0.15
c. Thermal P(V=0,1,2,3)=0, 0.17, 0.56, 0.27;  (f,) =0.66 (fg)=0.03
For k(V,J—) and P(J| V) see text and Fig. 3.

Il. R=R,T HF(V,J)+M= HF(V,J’) + M
R(J—J’<J)=ZN(2J'+1) expl~ C(E; —=E;)]-Z=1.8x1014, N=0.3, C=8.5%x10" cm™!
2J" +1)R(I! —J) = (2J+ DT~ J")expl(~E; = E;)/kT), AJ=0,1,2,++

m. v-R,T (i) HF(V, J)+H = HF(V =1, J)+H
BV, J—= V=1, =k(V =~V =1)=Pyk(l—0); 2(1—0)=3x101
Py P Pa=1; 5 7.3; k(V=1—V)=k(V—V=1)exp(- AE/kT).

(ii) HF(V,J)+ F=HF(V ~ 1, J’)+\F
BV, JV=1,d) =850, 7, ;FI)VR(L—0); B(1—0)=1.5%10%
F(J)=1+0.1J, AJ=[(J+5)?+2w/3B]}/2=(J+}), Table III
BV =1,d+ AJ—~V, J) = [(2d+ 1) /(2 + 2Ad+ 1) lexp(— AEy ;/ £ T)

(iil) HF(V, J)+ HF(Vy, Jy) = HF(V =1, J') + HF(V}, Ji)
BV, d, Vi, Jy= V=10, Vi,J 5 T =Vt 1,057 {» spunckioldy Iy —; Ty)
Ry (T, Iy =) = kg (F—) =R R (D) + R T) = Dy (F) + [1 = 2(500) gy (F)
= 0 (Tegg(T) + 1. 1% 201, Byo(T)=1.7x 1087117 41, 1x 1083704 = pgav (T),
where AJ=[(J+3)?+Bw/2BI/2 ~(J+}), similarly for AJ, Table III
J=max{J, &y}, P=(2J7+1)%hcB/2k, B=0.9, Ty=500°K
o (F=400, 1000, 2000, 3000, 4000 °K) =0, 96, 0.82, 0.69, 0.61, 0,57
ki’ T~y T =(@sgs,/8s 817 exp(— AE/Tky(J, Jy—~J*, JY; Ty
gr=2J+1-AE;= (1 =B)hcw=1.1

v, v=-V (i) HF(V, ) +HF(V’,J*)=HF(V 1, )+ HF(V'=% 1, J*)
AJ=AJ’ =0. Numerical values of 2(V, V' -V =1, V'+1), Fig. 4.
(i) HF (V) + Hy(0) = HF (V = 1)+ Hy(1), AE=~ 250 cm!
BV, 0~V =1,1)=0 k(1,0 —0,1)=k(V~1,1—V,0) exp(— AE/2T)
2(0,1—1,0)=1x10'? 2(1,0—0,1)=5.7x1ol!

1715

bution serves for comparison with the nonequilibrium TABLE III. “Selection rules” for V—R, T transfer.
distributions above.
AJ AJ A AJ
J HF~F HF-HF J HF-F HF-HF
C. Relaxation 0 11 9 10 5 3
) ) . . 1 10 8 11 4 3
In this section we present some of the considerations 2 9 7 12 4 3
leading to the choice of rate constants listed in Table 3 8 6 13 4 3
I, and provide some details which cannot be given 4 7 6 14 4 2
there. [More details are given in Ref. 19(b), general 5 7 5 15 3 2
background in Refs. 48 and 49.] The V,J dependence of 6 6 5 16 3 2
typical rate constants is shown in Fig. 4. The colli- 7 6 4 17 3 2
sional loss terms in (1) will be discussed in accordance g g ; ig 2 :

with the symbolic decomposition
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FIG. 4. J dependence of pumping and relaxation rate constants
for HF(V =2, J) molecules. Truncated horizontal lines cor-
respond to J-independent rate constants. The curve HF(J)+

M —HF (J’)+ M represents 2(J—), the total R—T rate constant
out of J. Reversed V-V rate constants, indicated on the left
ordinate, have been calculated from the forward rate constants
using 7=500 °K in the detailed balance relation.

Lys;=LE7% T+ LR T+ LY7V . a7

1. R-R,T transfer

A model for rotational energy transfer which ac-
counts for the rotational relaxation in hydrogen halides
has been proposed by Polanyi and Woodall®® and (modi-
fied) by Ding and Polanyi. %" The version of the model
given in Table II is based on the “exponential gap law”
for the deactivation (J—J’<J) probability®®

PJ—-J")=N(2J'+1)exp[- C(E, - E;.)], (18)

where N and C are parameters which we take as tem-
perature independent. [P(J—J’) is slightly V dependent
through E,(V).] For large J values (which are of in-
terest here) the probability of R—T transfer is domi-
nated by the rapidly decreasing exponential factor, Fig.
4, Since this trend was confirmed in various molecu-
lar systems, *=> we use (18) for all collision partners.
Moreover, C and the product ZN where Z is the hard
sphere collision frequency® are taken to be independent
of M[k(J—~J")=2ZP(J~J")]. Using (Z,.,)=1/(P2-))
=1/7 (Refs. 55, 56), the value of C was optimized ac-
cording to the procedure suggested in Ref. 26; the
doubly peaked rotational relaxation patterns® were al-
most exactly reproduced. *’

The net loss of HF(VJ) molecules by R-R, T transfer
is

Lz T = [kAJ» Wy =2 byl = )NV"]M’ 19
‘-

where M= Ny,(0)+Ng(0)+ Ngg,(0) + N,
any buffer gas.

N,, represents

Ben-Shaul, Kompa, and Schmailzl: Pulsed HF chemical lasers

2. V-R,T transfer

The present modeling requires detailed rate constants
of the form R(VJ~ V'J’; T). However, the measured
quantities are usually their thermal averages k(v — ;7).
Thus, approximations (sometimes inevitably drastic)
based on theoretical inferences and guided by the need
for computational convenience were employed by us in
deriving the explicit expressions in Table II. Our in-
tention is that at least the major effects of each process
on the laser output will be properly represented.

(i) HF-H collisions: The numbers in Table II are
based on the upper limits to k(v —~; T) of (R. 3) reported
by Kwok and Wilkins® (extrapolated to 500 °K on the
basis of trajectory studies®®®'). More recent studies®?
indicate that (R. 3) is 1-2 orders of magnitude slower
(see, however, Sec. III. A.3). The harmonicity assump-
tion [E(V—~V~1)=2k(1~0), AV=21], which somewhat
contradicts the trajectory studies, **~% was made for
simplicity. The sensitivity of the solutions of (1) and
(2) to this assumption is low.'® Finally, the loss of
HF(VJ) molecules due to (R. 3) is

Ly7"(HF-H)=[k(V~ V= DNy, = (V= 1~ V)N, ,

—k(V+1=VINy,y ;+ (V= V+ 1N, IN, .

(20)

(ii) HF-F collisions: In the context of the present
work the role of (R.4) is more interesting than that of
(R. 3) since its major effect is V—R transfer which may
serve, at least in principle, as a secondary pumping
mechanism of high rotational levels.®® The data in
Table II are based on shock tube measurements® % at
high temperatures and theoretical studies at low tem-
peratures. %% The assumption of harmonic behavior
in this case is reasonable.®"~*® The F(J) factor ac-
counts for the increase in ¥V~ R probability with J. 7
The 8;. ;.5; “selection rule” corresponds to (E,,,)
~(2/3) (-~ AE,p ¥"%® and, moreover, to concentrating
all the vibrational energy transferred to rotation in a
single final J. This “one-to-one” correspondence which
was assumed to reduce the computational effort seems
reasonable because (1) The rotational distribution in
V-1 resulting from a superposition of one to one tran-
sitions from V cannot be significantly different from that
resulting from a one to many scheme. (2) R-R, T
transfer tends to smooth local irregularities in the ro-
tational distributions. The expression for L} 7% 7(HF-
F) is straightforward but cumbersome and will there-
fore be omitted.

(iii} HF-HF collisions: The mechanism of V-R, T
transfer in HF-HF collisions is by far more complex
than for HF-H, HF-F. Nevertheless, the amount of
information on HF, DF self-relaxation™ is considerably
larger. ***® The main fihdings and interpretations on
which the rate constants of Table II and Fig. 4 were
formulated are (1) HF(V=1) relaxation is appreciably
faster than in any other HX-HX system. In particular
(except at very high temperatures), it is faster than
DF-DF relaxation. (2) The Landau~Teller plot of P7
is nonlinear and displays a wide maximum between T
=600-1000 °K. The high relaxation rates and the non-
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TABLE 1V. Effects of kinetic processes on laser performance.

Pv,d)

t
initial Relaxation Ty T* BWUY  $,° ¢4 @° %‘ﬁ— %1-‘1’— PV, @ t=1,
conditions scheme (usec) (usec) 2—1 -1 =1 V=0 1 2 3
IRC No Rel.% 0.6 14 5 1.0 0.8 4.6 0.37 0.71 33 31 27 9
discharge R-~T 0.6 15 7 1.0 0.8 4.7 0.37 0.72 34 31 26 9
F:Hy=1:10 R~=T+V=V 0.6 15 4 1.0 0.8 4.5 0.41 0.70 34 30 25 11
High R—T" 0.7 (30) 7 1.4 1.4 8.3 0.31 0.89 59 25 11 5
At 0.6 14 4 0.9 0.7 4,2 0.40 0,72 35 31 26 11
IRC No Rel. 0.2 (30) 5 1.0 0.8 39.4 0.34 0.73 35 31 27 7
discharge R--T 0.2 (30) 4 1.0 0.8 42.5 0.37 0,71 38 30 23 9
F:Hy=5:6 R-T+M 0.2 (30) 5 1.1 0.9 45.5 0,34 0,80 42 29 20 9
V-V 0.2 14 5 0.6 0.4 20.3 0.46 0.63 34 31 26 9
R~T+V~V 0.2 17 4 0.6 0.4 21.6 0.47 0.60 48 24 17 11
V=R, T 0.2 (22) 4 0.6 0.5 26.9 0.37 1.01 35 32 25 8
High R=T 0.2 (30) 8 1.3 1.1 55.5 0.30 0.92 63 24 9 4
All 0.2 13 4 0.6 0.4 19.4 0.46 0.68 41 28 20 11
Thermal No Rel. 0.6 15 4 0.9 0.7 4.4 0.26 0.75 34 29 22 15
discharge R-T 0.5 13 4 0.8 0.7 4.3 0.27 0.77 38 28 20 14
F:H,=1:10 High R=T 0.6 (30) 7 1.4 1.4 8.5 0.32 0.88 59 24 11 6
IRC No Rel.® 4.0 21 5 1.0 0.6 3.8 0.37 0.71 33 31 29 9
flash High R-T" 3.5 (40) 7 1.4 1.3 7.9 0.31 0.88 58 25 11 6
F:H,=1:10 Al 4.0 24 4 0.9 0.6 3.7 0.37 0.72 34 31 26 9
Thermal
flash, 1:10 High R-T 4.0 (40) 7 1.4 1.3 8.0 0.32 0,88 58 25 11 6
Statistical No Rel. 0.8 11 7 0.9 0.7 4,25 0.41 0.73 33 31 ‘26 10
discharge R-T 0.8 i1 6 1.0 0.7 4.3 0.41 0,74 34 31 25 10
F:Hy,=1:10 V=V 0.8 9 7 0.9 0.6 3.6 0.43 0.72 32 31 26 11
High R-T 0.8 (30) 7 1.4 1.4 8.4 0.36 0.92 59 25 11 5
All 0.8 10 7 0.9 0.6 3.6 0.42 0.73 32 31 26 11
Statistical No Rel. 0.3 28 7 0.9 0.7 38.2 0.36 0.76 35 31 25 9
discharge R-T 0.3 30 5 1.0 0.8 41.7 0.37 0.78 38 31 23 8
F:H;=5:6 V=V 0.3 12 7 0.6 0.4 20.0 0.50 0.65 38 27 22 13
V=V (low)* 0.3 20 7 0.8 0.6 31.5 0.42 0.73 34 30 25 11
All 0.3 12 6 0.6 0.4 18.6 0.48 0.71 41 28 20 11
Alldlow V=V) 0.3 25 6 0.7 0.6 27.8 0.39 0.97 41 33 9 7

aThe quenching times were determined by the (somewhat arbitrary) requirement that at {=7y, all gy;’s are less than 1078
mole - photon/cm®. Numbers in parentheses correspond tolongtail pulses. Practically, att 2 30 usec the reactionis already com~

pleted, Fig. 2.

B,., (J) is the most intense transition (it always occurs in the V=2—1 band).

°Photon yield; photons per HF molecule at Tg.

9photon yield; photons per HF molecule at ¢— <,

°Total pulse energy in units of 10" mole - photon/cm?.
1Qy .v-1/Qv-1-y-2 is the ratio between band intensities.
€No rel. means no relaxation processes included,

bHigh R~T corresponds to M=3x 10" mole/cm? in (19).
1A11 means a full run, all relaxation processes included.

iHere M=5.2x10"% mole/cm®, 3 times larger than in the normal R—T.
k{,ow V-V means V-V rate constant for HF—HF taken smaller by 1 order of magnitude.

linearity of the LT curves at low temperatures are at-
tributed to the strong dipole—dipole interactions. %72~
The isotopic effect (DF slower than HF) can be ex-
plained as the result of strongly preferred V=R (over
V-T) transfer. ®="® The maximum in the L, T plot is
explained as the net result of the “short range V-R, T”
and the “long range V-~R” mechanisms governing the
relaxation at high and low temperatures, respectively.
At very high T the V-7 mechanism becomes important
and DF relaxes faster than HF, >

We now briefly outline some of the specific approxi-~
mations and assumptions leading to the expresssions in

Table II. (1) The rate constants are linear in V and in-
dependent of V;. AV=zx1, (2) The major mechanism
is V=~ R. A fraction B of the vibrational energy trans-
fer hcw is released as rotational energy. Inter- and
intramolecular V- R transfer have the same probability
(3Brcw for each molecule). To each J,J, a single J'
=J+AJ, J{=J,+ AJ, combination [“selection rule,” see
(ii) above] corresponds. Large AJ jumps and significant
J dependence, Table IV, Fig. 4, were indicated by sev-
eral authors™ "™ (see, however, Ref. 80), on the basis
of experiment and theory.®+® (3) The dependence of
the rate constants on J,J, is governed by J = max{J,J,}
=3(J+J)+ |J=J, ||~ IG/h, where @ is the average rela-
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tive rotational velocity of the colliding pair.® (4) The
temperature dependence of 2{¥(T) is dominated by the
rotational motion. To determine k,4(J~) we thus con-
siderA}em(f), where J is the most probable J at tempera-
ture 7." The (small) contribution of the translational
motion (with constant 7,) is accounted for by a correc-
tion factor a(7) suggested by Shin.” (5) Note that be-
cause exp(- AE,/kT,) is small, activation and deactiva-
tion rates are not much different.

Writing down LY 78T (HF-HF) is a straightforward but
tedious task and will therefore be left out.

3. V-V transfer

Owing to their near resonant character, V-V pro-
cesses are generally fast and do not involve large AJ
changes. ®% In the absence of rotational equilibrium,
V-V exchange can affect the rotational populations.

(i) HF-HF collisions: Rate constants attributed to
the process HF(V)+ HF(0)® HF(V -~ 1) + HF (1) were
measured by Osgood, Sacket, and Javan® for V=2, 3,4,
Similar results and a 7! dependence (for DF) were re-
ported by Bott® 8 (for V=2). We adopted the 7! de-
pendence to extrapolate the room temperature measure-
ments of Ref. 83 to T=500°K. The values in Table II
and Fig. 4 correspond to gas kinetic transition proba-
bilities of ~0.5. These values are an order of magni-
tude larger than the V=R, T rates, (R.5). (Some calcu-
lations were carried out with lower values—Sec. III.)
The excitation rates are higher than the de-excitation
rates owing to the large anharmonicity of HF. As pro-
posed in Ref. 83, the “asymmetry” of the V-V rates®®®
may enhance the lasing from V=3,

We assume that, in (R.6), AJ=0 and ignore V=>4
(see Sec. III). k(3,1—2,2) was estimated from k(2,0
-1,1) and %(3,0~1,1) using 2(V, V' =~ V-1,V +1)
=v(V' +1)k(1,0~0,1). Finally,

3
LYY (HF-HF)= 9. 2 [klv, V'~ Vy, V)IN,.Ny,

V=Vl V=0

- k(Vls V{"' v, V,)NViNVlJ] ’ (21)
where some of the rate constants are identically zero.%®

(ii) HF-H, collisions: H, molecules can deactivate
HF via near resonant V-V transfer or via V-R, T trans-
fer. Since (R.7) is a relatively slow process, ¥ it is
mainly influential when [H,] is large, i.e., in the F: H,
=1:10 case. Only H,(V=0,1), ([(H(0)]~[H,]> [H,(1)]
are considered in the modeling. The rate constants of
(R. 7) were measured by several authors, e.g., Refs.
80, 89. The expression for LY,;"'T(HF-H,) is obvious.

H1. RESULTS AND DISCUSSION

The laser rate equations (1) and (2) were solved for
several initial conditions (Sec. II), with various “kinet-
ic schemes” for every initial condition. A Kkinetic
scheme is specified by the product state distribution in
the pumping reaction (IRC, statistical, or thermal)
and by a certain combination of relaxation processes,
e.g., “no relaxation,” R-T, R—-T+ V=V, or high R—T.
No relaxation means L,;=0 in (1), (2); R~7T means that

Ben-Shaul, Kompa, and Schmailzl: Pulsed HF chemical lasers

only pumping, stimulated emission, and rotational re-
laxation are considered in the calculation, etc. The
rate equations were solved using a fourth order Runga-
Kutta-~Gill integrator.

The solutions of the rate equations provide the time
evolution of the vib—rotational populations, N, (), and
the photon densities, gy,({). The profile of each
Py ., J) laser pulse is reflected by the corresponding
qv;(1).%° The integrated output energy I,,, or ¢y, ob-
tains from ¢, (f) according to (4). The ¢,’s are oscil-
latory functions (strongly, just after threshold) whose
fine structure between 7,, and 7, is very sensitive to
variations in the initial conditions or in the kinetic
scheme. The integrated output energies, being aver-
aged quantities, are less sensitive to such variations
and reflect only the major effects of each kinetic pro-
cess. Thus, the results will be generally presented in
terms of the @,,’s.

The specific effect of a given kinetic process on the
laser output may be amplified, surpressed, or unaf-
fected, depending on the initial conditions and the
strength of the other kinetic factors. Still, as a guide-
line for a systematic analysis of the results presented
in Figs. 5-18 and in Tables IV and V, a separate dis-
cussion of the major effects of each kinetic factor
seems appropriate.

A. Effects of rate processes
1. Effect of P(V.J)

The spectral composition of the laser outputs result-
ing from the IRC and the statistical distributions (for
the initial condition discharge 1: 10) are shown in Figs.
5 and 6, respectively. Figures 7 and 8 illustrate the
results for F: H,=5: 6.

These figures clearly demonstrate that, except for
the case of high R—T7, the output pattern is, to a large
extent, a reflection of the pumping function (the product
state distribution). This is particularly so in the F: H,
=1: 10 case, where the energy transfer processes have
only a minor effect on the output.

As an illustrative example consider the statistical
distribution, Fig. 6. Comparison with Fig. 3 indicates
that @,,, the laser energy radiated in the Pj.,(J) band,
is very similar in shape to P(J/V=3). Since radiational
cascades do not affect V=3, this means that on the
average, the gain o, ; is proportional to P(J/3). The
gain coefficient is given by

- (27-1)
aVJ:aV,J-l-V-l,J=COV,J-1-V-1.J( v, 1" (_ZJ- 1) l)NV-l.J .

(22)

If relaxation processes are not effective, as in the pres-
ent case, then at least in the early stages of the pulse
Nay< ky(3,d) < P(J/3) and Ny, y<p < [(2+1)/(2 = 1[N, ;.
Since ¢ is almost independent of J, it follows that @, ,
will be roughly proportional to P{(J/3). The lasing in
the V=3~-2 band populates the low J states in V=2 and
leads to a peak of @, ; around J=6. The peak at J=12
results from the chemical pumping into V=2, Fig. 3.
The radiative cascade is also reflected in the V=1-0
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TABLE V. Threshold and quenching times. Ty =7y (usec).?

IRC 1:10 Statistical 1:10 IRC 1:10
discharge discharge flash
No Rel.  R~T High R~T R~T High R-T  All High R—T
P3.g (2) 0.6-12 0.6-12 1.2-1.8 4.5-20
3 0.6-13 0.6~13 1.2=2 0.9-7 1.1-1.8 4.0-21
4 0.9-10 0.9-10 1.1-4 0.8-9 1.0-4 4,5=13 5-10
5 3.0-7 0.8~9 1.2-6 7=15
6 6.0-13 0.9-8 6.0-13 13-24
7 12-22 1.3-3 1.2-22 23-34
P3.y (2)
3 1.0-10 0.9-13 0.7-1.7 1.4-7 0.8-1.7 5.0-19 4—-6
4 0.8-13 0.8-15 0.7-5 1.1-9 0.8-1.4 4,5-24 3.5-8
5 0.7-13 0.7-13 0,7-8 1.0-10 0.8-8 4,.5=21 5-12
6 0.6-13 0.6-12 0.8-9 0.9-11 0.9-9 4.5-18 7-21
7 0.6=12 0.6=-12 1.0-22 0.9-11 1.1-22 4,0-18 9-30
8 0.7-12 0.7-11 1.3-31 0.9-7 1.1=31 4.5-16 13-40
9 0.7-=11 0.7-10 1.8-5 0.8=7 1.2-6 4.5-14
10 0.9-8 0.9-8 0.8~7 1.2-1.5 5.0-7
11 0.9-5 1.1-4 0.8~7 1.2~1.6 6.0~7
12 1.5=3 0.8~7 1.3-1.6
Pig (3 1.1-2 1.2-2 67
4 1.1-3 3.0-4 1.3-3 5-=8
5 1.4-6 1.4-9 1.1-4 1.8=7 - 1.3—4 6.5-10 6-11
6 1.3-9 1.3-9 1,3-8 1.6-7 1.4-7 6.5=10 8-15
7 1.3-10 1.3-9 1.7-15 1.5-7 1.9-15 6.0-9 10-25
8 1.1-10 1.1-9 3.0-31 1.4-6 3.0-31 5.5~9 12--36
9 1.0-10 1.0-10 5.0-=25 1.6=5 5.0-25 5.5=15 21-35
10 1.0-9 1.0-9 1.5«5 5.56=13
11 1.2-5 1.2--7 1.4-5 6.0-9
12 1.3—+4 1.4-5 1.4-5 6.5-8
13 1.4=-3 1.8-4 1.4-5
14 1.4-5

3see footnote a in Table IV.

band; the peaks at J=6 and 13 result from V=2-1 tran-

sitions, while the “shoulder” around J=18 is due to the
chemical pumping — P(J/1). In the IRC 1: 10 case,
Fig. 5, the humps in @, resulting from the radiative
cascades are not so clearly separated because of the
larger overlap between the original rotational distribu-
tions, Fig. 3.

As distinguished from the individual @y;’s, the total
energy radiated in the V- V-1 band

QV-V-1=QV=;QVJ v=1,2,3 (23)

is not very sensitive to the initial rotational distribu-
tion, Table IV. This is because the @, .y.,’s are pri-
marily determined by the vibrational distributions; the
IRC and the statistical P(V)’s are almost the same.
The thermal distribution, Fig. 3, deviates from this
rule. In this case the rotational distributions in differ-
ent vibrational manifolds overlap, and since P(V=3)

< P(V=2) lasing in the V=3~ 2 band occurs only be-
cause of partial inversion. ~1° Consequently, in the
(hypothetical) case of thermal P(V,J) with no relaxa-
tion (or with “normal” rotational relaxation), the ratio
@3.2: Q2.1 is smaller than for IRC or statistical
P(V,J)’s, Table IV.

2. Rotational non-equilibrium and R-T transfer

The effects of enhanced rotational relaxation on the
spectral distribution and overall intensity of the laser
pulse are clearly seen in Figs. 5-7 and Table IV. Com-
parison of the high R-T curves in Figs, 5 and 6 indi-
cates, as expected, that the fast rotational relaxation
erases completely the memory of the initial product dis-
tribution. The IRC, statistical, and thermal initial dis-
tributions lead to the same output pattern (see also the
data for ¢, Q,.y, etc., in Table IV). Not shown in
these figures are the different effects of low and high
pressures on the finer details of the laser pulse, e.g.,
on 7., and 7, of specific transitions. Before consider-
ing these points in more detail, let us briefly outline
the traditional description of chemical lasers in rota-
tional equilibrium, -0

In order that lasing in a certain vib-rotational transi-
tion be possible, the gain must exceed the threshold
value @,,=co0AN,, =7, see Eq. (2). Since oy, ;1. y-q,s
is almost independent of J [see, e.g., Refs. 4(j), 10]
the relative gains are primarily determined by the popu-
lation inversion, particularly so in the state of rotation-
al equilibrium, where the effective populations Ny ;/
(2J+1) decrease exponentially with J(7+1). In this case
the necessary, P-branch, lasing condition, ANy sa-va,.

J. Chem. Phys., Vol. 65, No. 5, 1 September 1976

Downloaded 05 Dec 2003 to 132.64.1.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



1720

>0, reads

1\17\::1 >exp(——z},}CB J> ,

where, for simplicity, we employed the rigid rotor
level scheme E; =hcBJ(J+1). In principle, lasing can
simultaneously occur on all lines consistent with (24).
However, this lasing criterion is only valid if rotational
equilibrium prevails throughout all lasing stages, i.e.,
if rotational relaxation is instantaneous. (The term in-
stantaneous is used here to mean that rotational relaxa~
tion is fast enough to smooth over any changes in the ro-
tational distributions caused by other rate processes,
e.g., to prevent “hole burning” by the stimulated emis~
sion,) Consequently, at every moment only one—the
“highest gain”—transition can lase. In general, the
highest gain transition corresponds to the lowest J,
satisfying (24), say J—1—~J. As a result of the lasing,
N,/Ny_, decreases until at some moment (24) is no
longer fulfilled by the J — 1 —J transition and the lasing
is shifted to the subsequent highest gain transition J
~J+1, and so on. Throughout the J-shifting process

(24)
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FIG. 5. Spectral distribution of the integrated output energy

corresponding to initial IRC distribution, discharge initiation,
and initial concentration ratio F; Hy=1: 10, -+-'— represents
the results when no relaxation processes are included in the
rate equations (i.e., only pumping and radiation are con-
sidered). =---, R=T transfer processes (due to Hy, HF, F, H,
and fluorine precursor) included; M=1.26x20"% mole/cm?,

or P ~9.5 torr in Eq. {19). -, All relaxation processes
taken into account. The right-hand scale (units as on lhs) re-
fers to the high R—T results (M =3% 10"% mole/cm?, P ~80
torr. V-V and V=R, T processes disregarded). --++-+, High
R-=T with initial IRC distribution, A, High R~T with initial
thermal distribution. The two sets of high R—T results show
that enhanced rotational relaxation improves the efficiency and,
as expected, erases the memory of the initial rotation distri-
bution.
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FIG. 6. Spectral distribution of integrated output energy cor-
responding to statistical initial distribution. =—+---, No relaxa~
tion, ~--, R~T, all relaxation processes included (left-
hand scale). <+, High R—T (right-hand scale). Note that the
high R=T results coincide with those of the IRC distribution,
Fig. 5.
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FIG. 7. Spectral distribution of integrated output energy, ini-

tial concentration ratio F: Hy=5:6, ~---+-, No relaxation.
===, R—T (M=1,7x10"¢ mole/cm?, P ~0.5 torr). , All
relaxations; o correspond to the case when only V~R, T, re-
laxation is taken into account; @ similarly for V-V +R—T;
where not indicated the solid circles almost coincide with the
“All” curve. +++, High R~T (right-hand scale).
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FIG. 8. Spectral distribution of integrated output energy.
—e=s=~ No relaxation; —-=, R~T; +°°, R=T+V=V; ——/ all,

the fast rotational relaxation ensures rotational equi-
librium; no hole is burnt in the rotational distribution
of the upper vibrational level and no hump is created in
the lower level. (This “funneling” mechanism3"®! re-
sembles lasing in homogeneously broadened spectral
lines; the entire line profile—the analogue of the rota-
tional distribution—is drained through the highest gain
cavity mode). From (24) it is clear that J shifting can
also result from a rise in 7.*"!® Considering, however,
that to ensure rotational equilibrium the total pressure
in the laser must be appreciable, the temperature rise
(for example, due to the pumping reaction) cannot be
significant.®! Thus, the main cause for the J shift is

T
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FIG. 9. Stages in the temporal evolution of the rotational dis-
tribution (in V=2) at low pressure. Numbers associated with
each curve indicate time in microseconds.
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FIG. 10. Stages in the temporal evolution of the rotational dis-

tribution (in V=2) at high pressures, Numbers indicate time
in microseconds.

the decrease in N,/Ny_,. It should be mentioned that
the qualitative description given above is mainly ap-
propriate to the case of partial inversion (N, <N,_,);
we shall see below that if R—-T transfer is fast, the
major part of the laser energy is extracted from par-
tially inverted populations.

Figures 9 and 10 illustrate some early stages in the
temporal evolution of the rotational distribution of
HF(V=2) molecules. Figure 9 represents the situation
when only F, H,, HF, H, and fluorine percursor mole-
cules are responsible for rotational relaxation, while
Fig. 10 corresponds to the case where a buffer gas is
added to the mixture to enhance rotational equilibrium.
In the first case, Fig. 9, the relatively slow rotational
relaxation does not affect the growth of N,; due to the
pumping, i.e., before threshold N,; « P(J/2)—the rota-
tional distribution in (R. 1), Fig. 3. The irregularities
in Ny, immediately after threshold (¢=0.6 usec), name-
ly, the hump in J=3 and the dip in J=6, result from the
start of lasing in Ps_,(3) and P,_,(7), respectively.
These two transitions are the first to reach threshold,
Table V. N,; remains irregular also after threshold,
indicating that the R—T transfer is slower than stimu-
lated emission. The picture is entirely different in
Fig. 10. Here the fast rotational relaxation ensures
rotational equilibrium before threshold and maintains
it afterwards. The truncation of N,; at J=2-4 [P, ,{3-
5) lase first, Table V] is rapidly compensated by re-
moval of molecules from higher rotational levels.

Figure 11 is the analog of Fig. 10 for the statistical
rotational distribution. In this case, R-T transfer is
fast enough to suppress irregularities around the ther-
mal peak (J,,, = 2—3) but not to completely deplete the
high, non-Boltzmann, levels. This is due to the expo-
nentially decreasing rate of R—7 transfer at high rota-
tional levels.

A simple estimate of the average number of colli-
sions suffered by an HF molecule can indicate whether
rotational equilibrium will be achieved before thresh-
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Ty = 0.84L sec
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N

N(V=2.4)(10"% mole/cm 3)

FIG. 11. Stages in the temporal evolution of the (initially
“statistical, ” V=2) rotational distribution under conditions of
enhanced rotational relaxation. The peak of J=~ 12 is due to the
primary distribution in the pumping reaction.

old. Using the values for Z, M, P{J-) mentioned in
Sec. II, one finds that for HF(J=2) the number of ef-
fective (rotationally inelastic) collisions per 1 psec is
~ % in the low pressure case and ~ 100 in the high pres-
sure case, For J=12—the peak in the statistical
P(J/2)—the collision frequency is ~ 10 psec! [P(12-)/
P(2-)~1/10, Fig. 4]. Thus, an HF(J=12) molecule
produced between =0 and 7,,=0. 8 usec suffers only
~4 collisions till threshold. Figure 12 illustrates sev-
eral rotational distributions at 7,,.

After threshold the R~T transfer competes with the
stimulated emission. The ratio R,; between the rates

2,J)-Threshold,(Arbitrary scale)

N(V

FIG. 12. Rotational distribution at {=Ty,. =---, IRC; dis-
charge, 1:10, R—T (low pressure); Ty, =0.6 usec; —, the
same but with high R=T, 74,=0.6 usec; --=, IRC, flash, 1:10
high R—=T, T4,=3.5 usec; owing to the longer threshold time
this distribution is closer to the thermal shape than in the case
of discharge initiation. -+, IRC, flash, R~T (low pressure)
at t=4 psec2 Ty. The irregular shape is due to the fact that
lasing has just started in P,.; (7) and P;., (2, 3).

Ben-Shaul, Kompa, and Schmailzl: Pulsed HF chemical lasers

I
L IRC 5.6 »
DISCHARGE

P342(J) 4

(6]

Qy, (10" mole photon/cm3)

FIG. 13. Laser outputs at three different total pressures,
===, P~0,5 torr; =+=o-, 1,5 torr; ——, 80 torr. The two
low pressure results differ only at the low J values.

by which stimulated emission and rotational relaxation
deplete the vib-rotational level V,J is

_COysANysqyy
Rys= S GONGH - (25)

To estimate R,; we replace N, and g, by their quasi-
steady-state values® AN,, and P, 7, respectively (P,
is the pumping rate at ¢ 27,;). Equation (25) then yields
Ry;~10 and 1/30 for V=2,J=5 in the low and high pres-
sure limits, respectively. Figure 13 illustrates three
output patterns corresponding to F: H,=5: 6 with M
=1.7, 5.3, and 300X10"® mole/cm®, respectively. The
corresponding values of Ry, ; (for V=2,J=5 at ¢=2
psec) are about 3, 1, and 1/100, respectively

The different effects of moderate and enhanced rota-
tional relaxation on 7., and 7, are indicated in Table V.
In the first case the threshold behavior can be predicted
from the data for no relaxation; the spread in 7, is
small, and all positive gain transitions lase simultane-
ously. The growth in the population inversion of specif-
ic transitions, before threshold, is governed by the
pumping reaction Ny, < P(VJ). Therefore, the first
lines to reach threshold can be determined from

(t< Ty ANy, < AP(V,J)=P(V,J - 1)

-[@I+1)/@I-VIP(V=-1,0),
(26)
where P(V,J) is the product state distribution in the
pumping reaction {12). For the IRC distribution, (26)
implies that the highest gain transitions are P;_,(2, 3)
and P,.,(5-9), as confirmed in Table V. Although
V=13 is less populated than V=2, P(V=3,J<3)

J. Chem. Phys., Vol. 65, No. 5, 1 September 1976

Downloaded 05 Dec 2003 to 132.64.1.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



Ben-Shaul, Kompa, and Schmailzl: Pulsed HF chemical lasers

Pa.2l4)—

Pz"(3

j> >w?‘3-‘r> e

FIG. 14, Temporal evolution
and relative intensities of P-
branch transitions., Flash ini-
tiation, IRC product distri-
bution, F:Hy=1:10, high R=T.
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4 ‘QA
AN
° /\\
! ' {/\\A
8 T - -
9 14 LT

10 20 30

t (L sec)

> P(V=2,J<4). Inthe high R—T case, 7,, increases
with J and the (time) overlap between the pulses is
considerably smaller than in the normal R-7T case.

The J shifting is particularly pronounced in the V=3-2
band. Inthe V=2-1and V=1-0 bands, radiational
cascades from higher vibrational levels interfere with
the J shifting.

The differences between the two extremes of R-T
relaxation are particularly pronounced for the flash
initiation—slow pumping mechanism. As a result of
the slow pumping (in comparison to discharge), 7,, are

—

T1Re t10
L Flash
0.6 ve2 High R-T —

V=0

P(V)

t{p sec)

FIG. 15. Development in time of vibrational populations P (V)
=Ny/ENy. Lasing starts in the completely inverted band V
=2—1. Most of the laser energy is extracted under partial
inversion conditions, compare with Fig. 14,
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FIG. 16. Development in time of vibrational populations.

Lasing begins in V=3—+2 and V=2-—1.

longer, the spacings between 7., of neighboring transi-
tions are larger, and the overlap between individual
pulses is smaller, mainly in the P;., band. The tem-
poral evolution of the laser pulses in the case of flash
initiation (high R—T) is shown in Fig. 14. Note that
here (as in all other cases characterized by high R—T)
lasing begins in the V=2-~1 band. Lasing from V=3
begins only after V=2 has been sufficiently depopulated
by V=2-1 transitions as shown in Fig. 15. The de-
velopment in time of P(V) under normal R— 7 conditions
is depicted in Fig. 16.

Comparison of Figs. 14 and 15 indicates that in the
high R—T case, a major portion of the laser energy is
extracted from partially inverted populations, i.e.,
when P(V)<P(V-1). (The situation is similar for dis-
charge initiation.)

Lasing terminates with P(V) < P(V - 1) also at low
pressures, Fig. 16. However, the ratio P(V)/P(V~1)
is considerably smaller than in the former case. This
fact is consistent with the result indicated in Table IV,
that enhanced rotational relaxation improves the effi-
ciency of the laser. A qualitative explanation to this
behavior can be given as follows: The laser pulse ter-
minates when the pumping rate falls to such a low value
that the nonradiative losses prevent any of the AN, ,’s
to reach threshold, or simply when all Ny, < AN,,.
[AN,,=(coy;7)! is inversely proportional to V but al-
most independent of J.| If the pressure is low, the R— T
transfer cannot couple the different rotational levels and
lasing terminates independently in every transition,
i.e., ANy;=~AN,, for every V,J. In the other extreme,
high pressures, lasing may continue until ANy,
=~ AN,,, where J* is the highest gain transition in the
J-shifting sequence whereas AN,; <AN,, for all J<J *,

The improvement of the laser efficiency by enhanced
rotational relaxation was also found for cw lasers!” and
other (not HF) chemical lasers. 8

3. Effect of V-R,T transfer

As can be judged from Figs. 5-8 and Table IV, the
V—R, T deactivation processes reduce the total pulse
energy but do not have a drastic effect on the spectral
distribution of the laser output. In testing their influ-
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ence no distinction was made between pure V-T trans-
fer (HF-H collisions) and (almost) pure V-R transfer
(HF-HF and HF-F collisions). Considering that
Nyp ()= Ny (¢) and that our kyp_y is significantly larger
than %yp_yr (for most J’s, Fig. 4), it is clear that the
V~R effect is partly suppressed by the V~T transfer.
In the early stages of the laser pulse HF-F collisions
are the main cause for V-R, T transfer. However,
these have relatively low rate constants and cannot
significantly compete with the intense stimulated emis-
sion. In addition, the V-R rate constants for populat-
ing the high J levels in V=2 (originating in the low J’s
of V=3) are somewhat smaller than the rate constants
for depopulating them [terminating at high J’s in V-1,
see Eq. (18), Fig. 4, and Table II]. This is reflected
by the diminished laser intensity from several high J
levels in V=2 and the somewhat enhanced intensity from
similar levels in V=1 (in comparison to no relaxation,
Fig. 7). These effects almost disappear when the V-V
and R—-T processes are also taken into account.

Based on approximate expressions for the V=R, T
rate constants formulated in Sec. II.C, we conclude
that V—R transfer cannot serve as an efficient pumping
mechanism of high rotational levels. Only if 2(V—~ V=1)
> VR(1-0) would V—R effects be expected in the laser
output. [£(V~V-1=V2%:(1-0) was suggested by Chen
et al.® to account for their experimental data, |

4. Effect of V-V exchange

The results of the calculations indicate that the ef-
fects of V-V exchange are pronounced only for F: H,
=5: 6. This implies, as expected, that unless [H,]
>>[HF], HF-HF collisions are considerably more ef-
fective than HF-H, collisions.

The main findings about the V-V processes are that
they reduce the overall laser intensity @ =3 @, but in-
crease the ratios Qy.y.1/Qv.1.v.z (V=3,2). These re-
sults are in accordance with the suggestion of Osgood
et al. ® regarding the important effect of HF anharmoni-
city. Specifically, both the asymmetry of the V-V
rate constants, Fig. 4, and the vibrational population
ratios (NyNy >N,_ N, for almost every ¢, Fig. 16)
favor the 2,2—+3,1; 1,1—+2,0, and 2,1~ 3, 0 transitions
over the corresponding reverse transitions. This
leads on the average to an increase in N, and N,, hence
enhancing lasing in the V=3—2 band and reducing the
lasing in the V=1-~0 and V=2~1 bands. Since the
general trend is of equalizing the N,’s, the overall la-
ser intensity is smaller than in the case of no relaxa-
tion. This tendency is also reflected by the reduction
in 7, Table IV.

To estimate the sensitivity of the results to the ab-
solute values of the V~V rates, several calculations,
denoted as “low V~V” in Table IV, have been per-
formed. The rate constants of (R.6) were taken an or-
der of magnitude smaller than in the general case. It
is seen that the effect of V-V transfer, although re-
duced, remains appreciable. Indirectly this implies
that removal of the approximations involved in neglect-
ing V-V transfer to V 24 and in disregarding the tem-
perature variations would not yield qualitatively differ-

Ben-Shaul, Kompa, and Schmailzl: Pulsed HF chemical lasers

ent results. In fact, the errors resulting from these
approximations have been tested in detail (for Cl1+HBr
-~ HC1+Br laser) and found to be small, !®

B. Laser performance
1. Initial conditions and threshold behavior

The increase in pumping rate and total HF concentra-
tion in passing from F: Hy=1: 10 to F: H,=5:6 leads
to shorter threshold times, longer pulse durations (as
long as V-V and V=R, T processes are not taken into
account), and larger output energies, Table IV. On the
other hand, the larger H, F, HF concentrations in the
F: H,=5: 6 case lead to a significant reduction in the
total energy (in comparison to no relaxation). The
spectral distributions of laser outputs corresponding to
the same initial rotational distribution (IRC or statis-
tical) are not very sensitive to the initial concentration
ratio (also in the high R—T case). ®

In addition, the spectral distribution of the laser out-
put does not markedly change when the laser is initiated
by flash photolysis instead of discharge, compare Figs.
5 and 17. The total output energies corresponding to
the two initiation methods are also similar, Table IV.
The differences are displayed, as expected, mainly in
the threshold behavior, Tables IV and V and Figs. 14
and 18.

Besides threshold times the pumping rate also deter-
mines the pattern of the relaxation oscillations. 92

First order approximation to the frequency of these
oscillations w and to the decay time of their amplitude

I

T
= [110,FLASH
L 2N\ i
o 7 \\\ Ps—d) |
e N
(3] e >~ }
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[ =
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FIG. 17. Spectral distribution of laser output, flash initiation.
-+, IRC distribution high R=T. ——, IRC, V=V +R~-T+V-T
(by H atoms). —--=-, Thermal rotational distribution, high R—T.
The difference in initial rotational distributions is cancelled by
the fast rotational relaxation, compare Figs. 5 and 6 and Table
II. The low pressure results are similar to those for dis-
charge initiation, Fig. 5.
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(10'2 mole photon/cm 3)

vi

8 12
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t{p sec)

FIG. 18, Typical laser pulses; P,.; (5) at different initial con-

ditions. 1. IRC, discharge, 1:10 2. IRC, discharge, 5:6
(right-hand scale). 3. IRC, flash, 1:10.4. Thermal, flash,
1:10.

74 can be obtained from the linearized form of the rate

equation for ¢, [see, e.g., Refs. 4(h) and 92]. For a

given P-branch transition, w and 7, are given by
w=[4cPo ~ (cTPo)?|V3/2 , en
7,=2/cTPo , (28)

where 7=10"7 sec is the photon lifetime and P=dAN,;/
dt is the pumping rate of the transition considered.
Consider for example the P,_,(5) line shown in Fig. 18
for which 6=1.6x10""® cm®. To estimate w and 7, we
‘take the pumping rate at f~7,;. In the case of dis-
charge initiation (Curves 1 and 2 in Fig. 18), 7, is
small and P is given, in a good approximation, by

dAN, s
dt

p= kyAP(2, 5)Ny ()N (0) (29)
where AN, 5= N, 4— (9/11)N, 5 and AP(2, 5)=P(2, 4)
—-(9/11)P(1, 5). [k, is the pumping rate constant and
aP(V,d) is the quantity on the rhs of (26)]. For the
IRC distribution P=3.6x10" and 3.0%x10”° mole/cm®

- sec for F: Hy=1: 10 and 5: 6, respectively. Substi-
tutions of these values into (27) and (28) yield w=~8x 10°
and 2.5x107 sec", respectively. FEquivalently, the
separations between two adjacent maxima are T=21/w
~0. 8 usec and 0. 25 usec. These values compare well
with curves 1 and 2 in Fig. 18. The corresponding 7,
values are 0.2 usec and 0.02 pusec. If (27) and (28)
were exact, this would imply that the first peaks in
Curves 1 and 2 of Fig. 18 had to be drawn much higher.

Equations (27) and (28) can also be used to estimate
w and 7, for the case of flash initiation® (Curves 3, 4 in
Fig. 18). Qualitatively, the relatively small w and
long 7, are due to the slow pumping.

2. Efficiency

The quantities ¢, and ¢. given in Table IV represent
the efficiency in terms of the average number of photons
extracted from one HF molecule, or the photon yield

Q@ ___Q @
P N0 T N - N0

The pumping reaction releases 35 keal/mole.

(30)

Taking

1725

7y~ 3500 cm™' =10 kcal/mole as an average photon en-
ergy [appropriate to P, (7), P,.4(9), or P,_,(3)] the
chemical energy is ~ 3. 5 photons/molecule. Hence,
the chemical efficiency is 7=¢/3.5. The initial inter-
nal energy of the nascent HF molecules is (Ey + Eg)

~ 26 kcal/mole =2. 6 photons/molecule, which is the up-
per limit to ¢. In the case of rotational equilibrium
(most of) the initial rotational energy has been trans-
ferred to the heat bath®''°! so that only (E,) ~23 kcal/
mole =2. 3 photons/molecules can be extracted as la-
ser energy.

The maximal photon yield ¢, ~ ¢, =1.4 obtains in the
high R~ T cases, corresponding to about 60% of the
available vibrational energy and 40% of the total chemi-
cal energy. Note, however, that these values repre-
sent upper limits to the actual efficiency since V-V and
V—~R, T processes were not taken into account here,
Theoretically, the efficiency could be improved by tak-
ing lower AN,, (larger 7) values. This will allow P(V)/
P(V—1) to fall below the values given in Table 1V, i.e.,
more efficient extraction of the vibrational energy from
partially inverted populations. However, decrease in
AN, is accompanied by an increase in the pulse dura-
tion, i.e., in the effectivity of the relaxation processes.

The total pulse energy is given by I=hvVQ, where V
is the active laser volume. If V=2000 cm® (as in Ref.
12) and @ =20x10"'® mole - photon/cm? (as for IRC, dis-
charge; 5: 6, “All” in Table 1IV), we find 7=~0.16 J.
The corresponding average power (Af~10 usec) is P
=16 kW; the peak power is considerably higher, Fig.
18. For @=4x10"' mole - photon/cm® (IRC, discharge,
1: 10, all), I~ 30 mJ and P =3 kW,

3. Comparison with experiment

The limited accuracy of the presently available low
pressure-discharge experimental data!? does not allow
a meaningful step-by-step comparison between experi-
ment and theory (model calculations). The experimen-
tal values 7,,~0.5-~1 usec, 7,~15 psec, and I~ 50 mJ
compare reasonably well with the computed results for
F:H,=1:10. The agreement with respect to Q. ..,/
Qv-1-v-2 18 POOT; Q.5 @a.1; €1.0=0.15: 1.00: 1.10 ex-
perimentally and ~0.4: 1.0: 0. 7 from the calculations.
This discrepancy may indicate that the actual V-R, T
and R—T processes are faster than assumed in the cal-
culations, (A better agreement with experiment could
be achieved by assuming, for example, ky_y.q =V 2%, o
as suggested in Ref. 16). The absence of a few lines in
the experimental spectrum [P,_,(10) and P,_,(10)] points
out that unknown factors in the experiment (e.g., ab-
sorption or electron impact phenomena) may also con-
tribute to the discrepancy. The range and maxima of
the experimental laser spectrum, shown schematically
in Fig. 1, are typical for lasing under conditions of ro-
tational disequilibrium.

If the intense lasing from high rotational levels is (as
far as we rely on the rate constants used here) not due
to V=R transfer, it must be attributed either to direct
chemical pumping or to secondary pumping processes
such as electron impact. The first interpretation im-
plies that the statistical distribution accounts for the
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experimental output better than the IRC distributions
{compare Figs. 1, 6, and 7). Yet, according to the ro-
tational relaxation model described in Sec. II.C. 1, high
rotational levels relax slowly and it seems very unlike-
ly that the arrested relaxation IRC data do not correct-
ly represent the original population of these levels.

The possibility that the high rotational levels {such as
in the statistical distribution) are pumped because the
initial reactant energy in the laser experiments is con-
siderably higher than that in the IRC experiments can-
not be excluded. Another possibility for the population
of high rotational levels may be pumping by electron
impact. However, experirnents2 (carried out under dif-
ferent conditions than in Ref. 12) indicate that this is
not a very probable explanation either. Finally, as
mentioned above, it might be that we have used too
small V=R deactivation rates for V= 2. The ines-
capable conclusion from this analysis is that more re-
fined laser experiments as well as detailed product
state distribution measurements (corresponding to dif-
ferent reactant energies) still need to be performed in
order to account for the fine details of the laser output.

We have not attempted to reproduce the detailed flash
photolysis—high pressure data of Berry. 31 We adopted
the flash profile from these experiments but did not try
to vary parameters (e.g., the cross section for CF;I
+ hw—~ CF,I+F or the cavity parameters such as 7) so
as to achieve good agreement with experiment. (The
calculations were carried out mainly for the sake of
comparison with the discharge results). Qualitatively
the calculations agree with the experiments with re-
spect to the number of lasing transitions, the small de-
gree of overlap between adjacent Py _,_,{J) transition
(mainly in V=3-2), the rise in 7,, with J (J shift), and
the efficient extraction of laser energy from partially
inverted populations. Figure 14 indicates that the cal-
culations are in quantitative accord with the experimen-
tal results for 7, of the first few lasing transitions but
not with respect to 7, or 7, of later transitions. There
are three main reasons for that difference. First, in
the calculation corresponding to Fig. 14, V-V and V-
R, T processes were not taken into account; their inclu-
sion would lead to shorter pulses and smaller Q,.y._,/
Qv.1.v-2 values (experimentally®! Qs.5: Qz-1: @10
=0.3:1.0: 1.25). Second, our AN,, is larger than the
experimental. Third, the high sensitivity of the output
pattern to the flash profile. * The good agreement with
respect to 7,, of the first few oscillating transitions is
due to the steep rise in AN before threshold. Our re-
sults confirm the assumption®! that ¢ <2 photons/mole-
cule.

IV. CONCLUDING REMARKS

By solving the laser rate equations it has been shown
that the common assumption of instantaneous rotational
relaxation in chemical lasers is not always adequate.
Model calculations based on this assumption may over-
look important features of the laser output pattern.
Single line operation (only in the highest vibrational
band) and J shifting are achieved only at high buffer
gas pressures. In general, enhanced rotational relaxa-
tion increases the laser efficiency; V-V exchange,

largely due to the anharmonicity of the HF molecules,
enhances the lasing from upper vibrational levels but
reduces the overall intensity; V-R, T processes reduce
the intensity; V-R transfer is not an efficient pumping
route for high rotational levels to the extent that rates
used in this analysis represent true HF energy transfer
rates.

The reliability of the results is restricted by the ac-
curacy of the rate constants employed in the calcula-
tions. For a more faithful modeling, further detailed
information in needed, for example, about the tempera-
ture dependence of the pumping rate constants and the
initial product state distribution; the J dependence of
the relaxation rate constants; deactivation rate con-
stants of high vibrational levels. Yet we believe that in
spite of the limitations model calculations of the kind
presented here are valuable, at least qualitatively.
Moreover, in view of the rapidly accumulating data on
state-to-state rate constants there is no inherent rea~
son why such, and more accurate, calculations should
not become a (rather inexpensive) routine tool. Obvi-~
ously, for systems more complicated than HF {e.g.,
CO or DF-COQ, lasers where multitudes of internal
states can be populated) there will be a need for very
efficient computational techniques and systematic error
analysis methods on the one hand®® and physically sig~
nificant approximations on the other.

We intend to extend the present work in several di-
rections: for example, to perform more accurate low
pressure experiments with well specified initial condi-
tions {(including different initiation techniques); to ex-
periment on similar systems such as F+HCl—-HF +C],
which.have the same exothermicity as (R. 1), in order
to resolve the discrepancy between the laser output
measurements and the calculations based on IRC dis-
tributions; to investigate the role of optical and spec-
troscopic factors.
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