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[. INTRODUCTION

I'he understanding of the temperature dependence generated by the larpc

set of experimental rate \'\u'fﬁ\‘icntsL 14 for HF(\'| 1) relaxation by HE

between 300 and 4000 K hitherto has been incomplete.  Bott and Cohen™ and

Q
Hinchen  compared these experimental rate coefficients with rate coetficients

y

calculated by means of several theoretical models, . I'hey concluded that
neither the temperature dependence nor the magnitude of the rate coefticient
for HF vibrational relaxation is predicted adequately by means of these
models.

The experimental rate coefficient for HE(v - 1) relaxation by HE de
creases with increasing temperature from 300 to about {400 K and increases
with increasing temperature bevond 1400 K. This anomalous temperature
dependence has been observed in other hvdrogen halides and 1s a basis for
speculation that vibrational-to-rotational (v » R) cnergy transter is involved
in these interactions. A comparison of isotopic relaxation rates for HCOL-

Q
HCL and DC1-DC1 collisions by Chen and M\mrc‘ and HBr-HBr and DBr.

Al
P . : 20 , . "
DBr collisions by Chen and Chen provides convincing evidence that the

relaxation of hyvdrogen halide molecules in the vy { vibrational state occurs
by a v = R energy-transter process. Experimental analyses are based on

the assumption that the rotational states of HE arve equilibrated in about
N
. . . ~ Ay . . . . .
0.2 psec for a typical pressure of 20 Torr; therefore, rotational cquilibrium

1-10,12,13

is assumed in the analyses, The possibility of formation of highly

excited rotational states of HE by a v -+ R mechanism in Hl"(\'l 1) ¢




HE(v, 0) collisions and of rotational relaxation from these high
rotational states with considerably longer characteristic times has not been
considered. This possibility of formation of high rotational states of HE by

2%, &2

. 8,
a v = R mechanism has been suggested, however, by several authors

on the basis that the lll-‘\\l 1) self-relaxation rates observed in pure HE
weore 30% slower than the similar rates with HE diluted i argon. It
%

-

. ) “~
was predicted i a previous trajectory study that 1n HE (v

y

i S v ))
N 1) H1 (v (

collisions, the vibrationally excited HE rotor removes the energy nusmatch
Al that corresponds to rotationless HE molecules by means of a v = R ene rgy

transfer process.  This process, which corresponds to nonresonant v - R

intramolecular energy trauster, accounts for the formation of hughly excited
rotational states \.ll' 10 through to) of HE. These haigh rotational states of

.I ’ .
LR encrgy-transtfer processes.

tHE are slowly relaxed by R - (1

The trajectory study provided tempe rature-dependent rate coetficients
for the formation of HE 1n high rotational states. These calculated temperature
dependent rate coetficients cannot be compared divectly with the expe rimental
tempe rature -dependent rate coefficient for the vibrational deactivation of

1

HE (v { 1) in pure HE. The latter should be called an

'empirical quenching

coetficient” since it represents the net removal rate of HE(v 1) through a

1
number of energy transter channels.  The previous analyses used to deduce

the experimental results did not consider v == R and R = v energv-transfer

processes, which are behieved to be important in the vibrational deactivation

of Hl-‘(\'l 1). In tact, the experimental methods to date are not capable of




measuring directly the actual rate coefficients for the encrpy-transter
processes predicted by the trajectory study.

The rate coefficients were incorporated forv = R, R = v, R - (T ,R ),
and (R7, T ) = R encrgy-transter processes obtamed from the trajectory study
nto a noncquilibrium kinetic computer program that models the shock tube
laser-induced fluorescence techmque.  This study 1s designed to determine if
this rotational nonequilibrium model can reproduce the experimental
tempe rature -dependent quenching rate coetficients tor the vibrational deacti

vation of Hl“\\'l 1) by HE.
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S MODE TS

A computer code was developed in order to calculate the time-dependent

HF (v Jl) concentrations in defined vibrational v, and rotational J, states

) R 1 1

for specific kinetics experiments relevant to energy transfer in HIY. This

: Gty : 3 24
code is an extension of the nonequilibrium chemistry and gasdynamics code”
(or NEST code) to consider rotational nonequilibrium effects. Until now, in
NEST, it was assumed that HF species were in rotational-translational equilib-
rium at all times, whereas the kinetics between vibrational levels only could be
represented. The relation of Wilkins'z 3 predicted rate coefficients with experi-
ments can only be understood with a more sophisticated model. As a test of
this model, an attempt was made to duplicate the anomalous results of the
experimental rate coefficient for HE (v = 1) self-relaxation, with its pronounced
minimum at about 1400 K. Since the principal method of experimental study

= )
has been laser-induced fluorescence,l’ a=iu, 1=

tubcé' &l or heated cell.4’ BV

often coupled with a shock
model initial conditions have been defined to
replicate these approaches.

The generation of time-dependent HF(\'l, .Tl) densities by the model 15
required for comparison with actual experiments. These computer number
densities can be summed over Jl’ and the sum then analyzed in the same man-
ner as in actual experiments in order to deduce those empirical quenching
coefficients reported by experimentalists. The relationship between thesc
empirical quenching coefficients and rate coefficients for different modes of

energy transfer is discussed.

wil=




The mechanisms of importance for Hl"(\‘1 1) + HEF quenching are

described by v = R energy-transfer processes

k:.'"'RLIl.J,.J'l.J',)
N v + SV = & S S —— - 4 ) y
HF(v, = 1,J,) + HF(v, = 0,],) =g= b—te HF(v} = 0, 7))
k IR M L
G
HF(v) = 0,J%) + .M-i::—.:{ (1)

and rotational-to-rotational-translation energy-transfer process

’

(R-R", T")

} (FosFas Tos Toaw, )
HF(v,; J.) + HE(v, = 0, J5) = e T L4 ~1»~-" L. HE (v .J))
't 2 i A e T £
\b {7 1.\:..1. ‘:,\1
S E el «
HF (v, = 0, J%) + _u:f_{*]”‘ sk (2)

The v = R processes in Eq. (1) reflect the main results of a recent trajectory
study, 43 which predicted that in one out of three HF(\'1 = 1 .Tl) 1 111-‘(\'.Z =uhedig
collisions, one quantum of vibrational encrgy of HI-'(\‘1 = 1, Jl) is transferred
to rotational encrgy of the same molecule with almost no change in the distri-
bution of internal energy of the HE(v, = 0,J,) molecule. For the range of
study 10 = ‘Ill < 1o, the energy defects for the v - R processes in Eq. (1)

are much smaller than would be predicted if both reagent and product HE
species were assumed to be rotationless.  The rotationally excited HF mole-
cules in the \"l 0 vibrational state are relaxed by collisions with other HIF

- ’ & . . “
molecules by way of the R = (R’, T”) encrgy-transfer processes given in Eq. (2).




The R - (R’, T’) mechanisms with AJ = -1 are the main processcs for

deexcitation of rotationally excited HF species. The I'{F(vi' =0, J'l) specics

at low temperatures will have a nonequilibrium distribution of the high

rotational states because, at high values of J, spacing between the rotational
levels is so large that a few collisions will not cause rotational relaxation

by AJ = -1 transitions. In trajectory study,23 it was predicted that rota-

tional relaxation from the high J levels to the low J levels with multiple

quantum J-transitions is a very inefficient process. A transition from J - 3
[ i to J = 2 occurs about one in three collisions, whereas a multiquantum transi-
‘ tion from J = 15 to J = 12 occurs about 1 in 1000 collisions, or a transition

| from J = 3 to J = 0 occurs about 1 in 50 collisions. Even at low J levels,

the probability of multiquantum transitions are at least one order of magni-
tude smaller than the probability of a single-quantum transition. In this
study, only single-quantum deactivation processes are used for the

R = (R’, T') mechanisms for relaxing the rotationally excited states of HF.

The generalized rate equations for the v = R and R = (T', R’) energy

! transfer processes in Eqs. (1) and (2) are given as

; 16
| dlHF (v, = 1,7,)]
1 ) - T :
g = = -zz z A O R o TR B
{ T =10
l
)

i 221

x [HF(v, = 0,7,)]

{ (cont.)
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quations (1), (4), and () provide a coupled set of first-ovder ditfervential
s o 24 L =R
cquations asolvable by the use of NEST 'he rate coetficients K el
i
o =, K ;
1 ' depend on the eight quantum numbers ( PR P |
. { | | |
v R=(T* R")
aned J5). In Table { arvre given the 1.-l Y and Ll\ \ 3 vate acefticrent isod
to caleulate the guenching rate coellicient tor selt-relaxation ot 11 (v, i)
W00 K
Uhe tnttial conditions for the computation stmualate a laser anduced
{luorescence expe riment At a given tempe ratute, pressures ot 1!1'1'\\ : ARl
\ 'lIH-'(\ . 0, ‘,\f up to 0.5 Torr were used "he imtial amout of cotationally
I »
cquilibrated (v 1) ‘\/lmf\\‘ £ 1{\] s taken to be 0,01 of | HF@® o
Iy
{



Table 1. Rate cocfficients? for v = R and R = (R’, T') energy transter
in HE(v 1) + HEY(v, 0) collisions at T = 300 K

1
v = R Rates “’—‘“":\‘*R'
cm /mol-see
HE(1,0) + HE(0,1,) = HI(0, J'l) +HIE(0,J,) ‘ 1.3
HE(1, 1) + HF(0,1,) = HF(0, .1'1) + HI(0, ) v. 4
HE(L, 2) ¢ HEW©,0,) - Hl-‘(()..l'l) tHE(O0,T,) 13.0
HE(L, 3) ¢ 10, 0,) = U0, J)) + RO, J,) 9.1
HE(L 4) ¢ U0, 0,) = HE(, .1'1) FHEQ,T,) 5.1
HE(1, 5) + HF(, 1,) - HE(0, J'l) + HF(0, J,) 5.1
R - (R, T") Rates m-’ikt'R»(R i )'
cm /mol-sec
HIE(0, 10) + M 3% HE(0, 15) + M SER 8
HI (0, Ji) NI lll~‘10.‘l'l - 1)+ M, b. b
|l R S
HE(0, 0 ) ¢ N3 Hl”(()..l'l - 1)+ M, 11,
.l' 1) R
lll~‘1l‘..l'l\ PN s Hl-‘(O.\I'l - 1)+ M, 21.
.l" o Tl A |
“ '1 O L TR () i 0, 1, ..., 5 To obtain rate coetficient

2
for v -+ R relaxation of HF(\" 1, J l) by HE (v

by (2T, + 1)+« exp[-E(v, - 0, .T,)/k'l‘]/QR(\ e

the total rotational partition function,

5> 0 0, multiply k" o
J,), where QRW:. ,l:\ is

“

-lh-

e e e
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L temperatures trom 300 to 1004
LO00 to 2100 K Since the | HE (v
tha that tor | H q\l \H., in kg
1) |1 [ B 1) ol
|
he | lau- Telle theory
relationshap o the time rate of
tancous transtational temperatur
{
L |
WL 1 nlU b as the equilibriun
vl 1s the relaxation time ot the
cchamsm lhe empirical quen
(8 (O} can be written as
" l
S R I s 3y .
cemp  [HE - 0 diEn
From | V) wiath application ot

tents depend on the v o+ R

) K, 0.1 from 1000 to 1500 K and 0, 2 from
{ 1)] concentration is generally much less
(3) v =« v pumping processes that involve
cule have been nepglected.
" for an harmonic oscillator pives the
change of number density l\lcl\ at the imstan
!
( / (hxl
L) no(t ~] ot {9}
1 /
1y muumbe r density of the s I viabrational state

» bumolecular collisional deactivation

ching rate coetticient k obtained trom
cmp
| dure 1]
0] - [hre ul‘_\“ dt '
Eq. (7), the empirical quenching rate cocetfi

SLer
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1II. RESULTS AND DISCUSSION

Typical results from the calculation are shown in Figs. 1 through 5.
The logarithmic densities of HF (v = 1, J) and HF (v = 0, J) are plotted as a
function of time. An essentially exponential decay is computed for
HF(Vl =1, Ji)' As with the actual experiments, the empirical quenching
coefficient kemp is deduced through Eq. (7). The calculation is performed at
several HF densities in order to verify that kemp is indeed the result of HF
quenching. The slope of the inverse characteristic decay times versus
HF (v = 0) densities yields the same computed value of kemp. This proce-
dure has been used by experimentalists to ensure that the deduced observed
quenching coefficient is not effected by competing or secondary processes.
Thus, the analytical techniques of the e¢xperimental workers have been
duplicated exactly.

Vibrational-to-rotational processes predominately cause the high J
states of HF (v = 0, J), corresponding to the Jil states of Eq. (1), to depart
significantly from equilibrium in Figs. 2 and 3. For example, att = 50 psec,
HF(v = 0, J = 13) is four orders of magnitude greater than its equilibrium
density. In this model, rotational inversions are also computed for some
J in limited time domains.

In Figs. 1 through 3, the initial amount of rotational equilibrated

HF(V1 =1) is taken to be 0. 01 of HF(v2 =0). For this case, the densities of the

HF(V" =0, J"1 =10, ... ,14) after 50 pusec are equivalent to those of the initial
@ w-&-\
e
-19- e PRECEDING PAGE BLANK

i cai
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Fig. 1. Typical computer-generated number-density curves
of a laser-induced fluorescence study of HF(vy = 1)
t HE(vp = 0) molar concentrations of HF (vq - 1,
J =1 through 5) versus t(psec). T 300 K,
P =0.47 Torr.
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HE (v 1,J,) states. If only 0, 1% of the HF (v, = 0) molecules are pumped

{
mto Hl"i\l 1) state, similar calculations indicate that the densities of the
Hl"l\'l ¥ Al'l 10, ... ,14) after 50 usec are down by almost an order ot

magnitude trom those of the 1. 0% pumped case. These computed results
mean that the presence of the J{ states would be difticult to detect and that

‘
the magnitude of these

1

state densities are quite sensitive to initwally
excited vibrational-votational states.

The inverse of the quenching rate coefficient is shown on a traditional
/3R

Landau-Teller plot in Fig. 4, where Pr is plotted as a function ot 1 3
lhe calculated quenching coetficient Pr, depicted tor pedagogical purposes
by large open circles, is in quite good agreement with the available experi-
mental data. It tncreases with increasing temperature up to 1371 K,
levels off at about 1400 K, and then begins to decrease, The range of study
1s 300 to 2400 K. Thus, the model is able to replicate the behavior ot the
empirical quenching coefticient tor HIE(s i} + HF relaxation.

; . . v e O 7
'he agreement of k 5 is within 5% of Bott and Osgood results at
en

50 . A
300 K but 34Y% smaller than that ot Stephen. At 1000 K, the agreement with

2] ‘) N il
Bott and thnchen s excellent, whereas K : is 30% smaller than the
emp
l )
quenching coetticient of Blair, 7 At 2400 K, agreement within 109% ot the

2 it 13 :
results of Bott, ™ Vasil'ev, and Just is still achieved; but this computed
36 o 3 . 12 !
N 43% smaller than the number of Solomon  or Blair., When it 1s
emp

constdered that our model ts constructed from theoretical cross sections
(Table 1) without adjustment of parameters, the general agrecment over the

entire temperature range with experiments ts quite satistactory.
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uantum number J in Figs. 5 through 8. At low temperatures, the low
q g 8 I

rotational states (J ‘< 8) have a Boltzimann distribution; the high rotational

states (J "~ 8) exhibit a non-Boltzmann distribution. At high temperatures

(T > 700 K), all of the rotational states exhibit a Boltzmann distribution.

In Fig. 5 is shown the incomplete thermalization of the high rotational
I-levels during vibrational relaxation of lll"(v1 1) ia pure HEF. ‘The
maximum rotational nonequilibrium in the high rotational states at about

t 50 usec. As t increases trom 50 to 8300 pusec, the high rotational states
tend to relax rotationally toward the Boltzmann distribution indicated at

t - 0 usec. In Fig. 5, inverted behavior of some of the high J or .l; states
with time can be observed.

From Eq. (7), can be written as

K
emp

! t
k .
emp - [HE(v, = O] {{HF(vy = 0] - [HF vy - D)

I'he Lt' and Ll terms represent the total rate contributions to (—dnl dt)

)
from v--R and R - v processes, respectively. In Fig. 9, are curves repre-
senting the temperature dependency of the tour parts of the expression for

t L Ly [HF(v, 70\]". and {lHEF (v

emp’ f

{ - DI - [HEy = 1)}, }

I'he initial amount of lll~’(\~l 1) is 0. 01 that of HF (v, = 0). In Fig. 10,

another four curves are exhibited for the high-h.‘n\pt‘l'dt\ll'(‘ conditions: initial

HE (v 1) is 0.1 of initial HF(v, = 0). From the curves given in Figs., 9

1

and 10, both v == R and R - v processes are important from 300 to 2000 K
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N

and bevond 2000 K, only the v = R processes are important. The
contributions from v« R processes decrease monatonically wiath increasing

temperature. The contributions trom R - v processes decrease with
i

mncreasing temperature.  Lhe expression l.! l'l . theretore, exhibits a
)
decreasing slope with increasing temperature or a concave-up behavior tor
b ‘he ascending high-temperature leg of K (or descending leg of
i : ‘ cmp

N .
emp

1) depends very much on the Landau-Teller analvtical interpretation used by

» »

2,12 ,
experimentalists and the tact that {{HEF(y 1] [HERN 1] ) becomes

much smaller at higher temperatures, which gives the "normal’ appearance

t /3
of a rate coeftictent with a 1 dependence.,  Wiathout thas interpretation

and division by the difference ot two densities, the high-temperature leg ot

'
\

K cannot be reproduced by the model. The model also indicates that even
(SRR RNA

though a Boltzmann distribution ot 1 states 18 maintained at all times above

1000 K (Fig. 8), the functional behavior of L., l‘l ,oand {|H1"\\ ]
t Al
| FLE (v )] Y} generates the muinmmum and increasing leg ot k !
eq . ernp
It appears that Kk 1s a net summation of a servies of rate terms
\'l!\“

representing available channels for v == R and R -y mechanisms. Each rate

term is essentially a collision trequency consisting of a product of rate coef

ficients and densities of colliding molecules, Eqs. (3), ¢4, and (5 In gen

eral, k can have significantly lavrger or smaller values than the induviduaal
cimp > 2

k. (J.. T, 00,00 terms. Morcover, the temperature dependence of K
{ o cmp
Ve R ' '
need not have the same behavior as the andividaal l\‘ (J " R | 0 J,) terms.

It follows then that the rotationless encrpgy defect, definable from experi-

; -1
ments on K as ol cm o, also has no meaning when determining a
cmp »




"backward'" quenching rate coefficient. The individual energy defects
B

AEIV g as defined by Eq. (1), are much smaller.

’

1

ditions is crucial evidence in establishing validity for the v == R processes and

Evidence of high J| states in significant rotational nonequilibrium con-
this model. The densities in Fig. 3 indicate some rotational population inver -
sions, which means that laser action on pure rotational transitions of HE might
. X 30 ; ;
be possible. For example, Deutsch™ observed laser action on pure rotational
transitions of HIF formed by the F + H, chemical reaction. lHe observed rota-
tional transitions in HF from energy levels corresponding to very high J values,
which indicates a rotational nonequilibrium distribution of HI (v, Jhigh) states.
L]
The rotational states responsible for the laser action observed by Deutsch
23
could not have been formed from the F + H reactions.” It would appear that
the high J states observed may have been formed by energy-transfer processes
involving vibrational relaxation from high (v, J) levels of HE where multi-
quantum v - R energy-transfer processes are important., This is believed to
provide a plausible explanation for the high J-states observed by Deutsch.
’ 31 : T SR . :
Krough™~ has reported lasing in flash-photolysis-initiated HI' chemical lasers
involving exceptionally high J states and has invoked versions of the v —+ R
mechanism to explain the results.
Some indication of rotational nonequilibrium has been given by Green,

1; 22, 32 . - }
il who measured HI(v 1) self-relaxation rates

>
Sanders, and Hancock,”
in pure HF in HF highly diluted with argon by means of the laser-excited
vibrational fluorescence technique., They found that HF(\'l 1) self-relaxation

rate observed in pure HF was 30% slower than the similar rate with HEF diluted




in argon. They speculated that this behavior was a result of incomplete

the rmalization of the high rotational states during vibrational relaxation in
pure HE. If it is assumed that a quantun of vibrational energy of the lI1~‘(\l 1)
molecule goes mostly into rotational energy of the same molecule upon an

1) + HE(v, 0) collision, the v == R mec¢hanism would give a large Al

1 2

change with a very small energy defect. In Fig. 5, the incomplete thermahiza-

HE (v

tion of the rotational levels speculated on by Green, Sanders, and Hancock
is shown. Such evidence is considered to be indirect, however, and an
unambiguous experiment, which reveals very high I states out ot equilibrium

as a result of the v - R processes in HI', 1s still to be performed.
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IV. CONCLUSIONS

The empirical quenching coetficient for Hl"(\'1 1) + HE vibrational

relaxation has been successfully duplicated with good agreement over the

entire temperature range with the use of a rotational nonequilibrium model
5 23

and rate cocfficients computed by Wilkins. The key processes are v = R

and R = v mechanisms, which give the problem a multiple-channel nature,

3 2

I'he puzzling temperature dependence 77 observed for HE (v q 1) vibrational
relaxation by HE(v | -~ 0) 1s explained by this model.  This model should be
equally applicable to vibrational relaxation of other hydrogen halide mole-
cules. This theoretical study is the first in which Hl“(\'l - 1) vibrational
relaxation by HE (v , = 0) has been fully described over the entire temperature
range. It also confirms previous high (1400 K) and low (1000 K) tempera-
turce experimental studies. No mechanisms involving dimerization appear
to be necessary to an understanding of the inverse temperature dependence
of the reported quenching rate coefficients.

Significant high rotational state nonequilibria are predicted by Wilkins

and this kinetic model at the low temperatures.  An attempt by us to experi-

mentally observe these high J states is in progress.
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THE IVAN A, GETTING LABORATORIES

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary tor the evaluation and
apphication of scientific advances to new military concepts and systems. \Ver
satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered 1n the nation's rapidly
developing space and missile systems. Expertise in the latest scientific devel
opments 1s vital to the accomplishment of tasks related to these problems, The
laboratories that contribute to this research are:

fer, reentry physics, chemical kinetics, structural mechanics, flight dynamucs,
atmospheric pollution, and high-power gas lasers,

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-

Chemustry and Physics Laboratory: Atmospheric reactions and atmos-
pheric uptics, chemical reactions in polluted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser - induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-
sensitive materials and sensors, high precision laser ranging, and the appli-
cation of physics and chemustry to problems of law enforcement and biomedicine,

ectronics Research Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics, communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging. atmospheric pollution; millimeter wave and far-infrared technology.

and ceramics in reentry, spacecraft materials and electronic components in
nuclear weapons environment,; application of fracture mechanics to stress cor-
roston and fatigue-induced tractures in structural metals.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow, magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere, solar physics, studies of solar magnetic
fields, space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionospher., and
magnetosphere, the effects of optical, electromagnetic, and particulate radia-
thions in space on space systems.
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