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Technical Report Summary

This report describes research conducted at Cornell University on
molecular and chemical laser systems. The objective of this work has
been to provide precise, quantitative information concerning: the
rates, and their temperature dependence, with which vibrational and
rotational molecular energy in important laser molecules is transferred
to other molecules, redistributed among the degrees of freedom of the
same molecule or relaxed by collisions with molecules or atoms; the
temperature dependence of these rates; conditions tor rapidly generating
high densities of electronically and/or vibrationally excited boron
containing diatomics and triatomics; the rates of reaction bétween
. various boron hydrides and oxidizers to provide kinetic information
relevant to new laser systems; homogeneous chemical reaction initiation
by means of laser induced gas heating.

The methodology employed consisted of laboratory experiments
utiliziug: laser induced fluoresce ice measurements; quantitative EPR
determination of atom concentrations; optical double resonance experiments;

laser heating with high energy 002 laser pulses coupled with chemi- ;

luminescence spectroscopy.

Specific technical results obtained were:

1. Vibrational deactivation rates of HF(v=1), DF(v=1l) and C0-(00°1) by
collisions with atoms such as H,0,F,C1.Br,N at T=300K .

2. Vibrational deactivation of CO(v=1) by 0 atoms over the temperature
range 273K to 390K.

3. The temperature dependence, at very low temperatures, of vibrational
relaxation in the HF-DF, HF—002 and DF—CO2 systems. These studies
clearly established the lower limit for operating temperature of
HF chemical lasers. At sufficiently low temperatures HF polymers
dominate the deactivation of HF vibrational energy with tetramers
and hexamers being the most effective.

4, Preliminary kinetic results on oxidation reactions with boron hydrides

producing electronically excited boron containing molecules were

obtained.,

The rates experimentally determined in these studies can be directly
utilized in the comprehensive modeling that is required for the

development and scaling of high power HF, DF, €0y, HF-COp, DF-CO,,
and CO lasers.
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Deactivation of Molecular Vibrational Energy by Atoms

Professor G. J. Wolga

Our primary effort during the past year was to complete our study of the

deactivation of HF(v=1), DF(v=1) and 002(00°1) by atoms. Initial study

of the deactivation of HC1(v=l) by atoms was begun also. All our work
employed the technique of laser induced fluorescence in a flow system
with atom concentration determination by EPR spectroscopy. The maijor
portion of our results has been published and reprints or preprints of
published papers are appended to this report giving complete details of
our work. In what follows, the major conclusions to be drawn from these
studies will be summarized.. Our work on HF, DF and 002 deactivation was
reported at the St. Louis Chemical Laser Conference and at the Army

Symposium on High Energy Lasers held at Huntsville on November 3-4, 1975,

A, J4F and DF, v=1

1. The rate constants for deactivation of HF(v=l) and DF(v=1) by

0, Cl1, F atoms are given below in units of sec“l Torr 1: !
~ HF (v=1) DF(v=1)
i +5 ) +5
+4 +4

= + =
kCl—HF 2.6 + 0,4 x 10 kCl-DF ol el 0k el 0
. 8 +4 4 +4
kF—HF = 0.99%£0.2 x 10 kF—DF = 2,3 %0.4 x 10

a) Rotational relaxation cannot explain these results since the

heavier molecule, DF, is relaxed more efficiently.

b) Atom exchange or abstraction reactions can be ruled out in

the cases of 0, Cl and F relaxation because the reactions

are endothermic for 0 and Cl and because the rate constants
iw for G and C1 are much larger than are those for F even though
§ the potentlal reaction® with F becomes exothermic with the
% addition of one quantum of vibrational energy. In the latter
i se these results suggest that the potential barrier for :
% reaction exceeds the excitation of the v=1 state. %
§
%:, —1—
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c) Our U atom experimental results have not shown a measurable
change of the HF/DF decay rate when atoms are present. A
null experimental result complicates the usual approximate
double exponential analysis (appropriate to the HF, H2, H system)
and we believe it is not valid under the experimental conditions
usually found in our and other studies. We have recently
developed a new method of analysis based upon a Taylor series
expansion of the slow and fast time constants which gives
promise of permitting a proper rate constant analysis if
conditions can be found such that a change in the decay rate
is observed. We intend to restudy the H/HF system under
conditions of maximum H atom concentration and minimum HF
concentration in an effort to settle this issue. Full

publication of our H/HF results awaits this better data.

d) In the cases of 0, Cl and F atoms both spin-orbit split states
must be considered to contribute to the deactivation. The
higher lying spin-orbit states are far from resonant with the
v=1 states of HF and DF and thus simple and unspecific
vibrational relaxation has beeg assumed in our analysis. This
is not true in the case of Br( 3/2) deactivating HF(v=1)
where the Br( 1/2) state is closely resonant with HF(v=1) and
we have seen and reported very rapld V-+ L energy transfer in

thls system.

B. C02(00°l)

" 1. The rat: constants for deactivation of C02(00°1) by 0, C1, F,
H, D ana N atoms are given below in units of sec t Torr L :

+3

kp-co, = 6:69°% 1.2 x 10°
5
keyog, = 491 %13 % 10
Kp_ oo, = 1.04 % 0.9 x 10
"‘“402
A 3
kyco, = 33%3x10°
< 3
kp-go, = 20 %10
2%
kN—COZ < 9.6 x 10

T AT =R
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a) In the cases of H, D and N no change in the decay rates were
observed when atoms were present in contrast to the experiments

with 0, Cl and F atoms.

b) Landau-Teller Theory is an unlikely explanation for the very
large rate constants observed with 0 and F and Cl atoms.
Unrealistic interaction parameters would be required to

explain our experimental results.

c) Chemical reactions are not likely in the cases of Cl and F

relaxing C0, because of the large endothermicity of the reactions.

The reaction

€0,(00°1) + 0(°P) + 0., + CO

2
is only slightly endothermic but the reverse step is known to

be very slow whicl discounts the possibility of the forward

reaction.,

d) The large rate constants observed with P state atoms (0,C1,F)
and the small rate constants observed with S state atoms (H,D,N)

suggests a vibronic mechanism discussed in C below.

e) Nothing definite can be said concerning the relative relaxation
efficiencies of the two spin orbit states present in the cases
of 0, F and Cl. However, a fast V+E energy transfer mechanism
is probably ruled out because of lack of energy resonance and

because only a single exponential decay was observed.

C. General Conclusions

1. Most of our work so far reported substantiates the view that
: a vibronic energy transfer mechanism is important when the
deactivating atoms possess degenerate orbital angular momentum.
This concept was proposed by Nikitin on the basis of data for
other systems but ties our work together as well. Thus atoms
like 0, Cl, and F are more efficient relaxation partners than
are H, D and N. A quantitative theory of the vibronic

relaxation mechanism for the atom-molecule pairs we have studied

does not exist at this time.
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2. When the relaxation of HF/DF are compared to that of €0, (00°1)
with the same atoms 0, Cl and F we find that 0 relaxes HF/DF
most rapidly and COZ(OO°1), least rapidly. F atoms are least
effective in relaxing HF/DF while Cl atoms are the fastest
relaxers of COZ(OO°1). It is hard to understand these results
without including details of the interaction complex of
molecule—atom during the collision. Such details will most
likely include effects like Nikitin's vibronic interaction
including curve crossings between different electronic states
and are unlikely to be effectively described by the rather
simple potential surface calculations that are usually invoked

to explain and predict experimental results.

HCl relaxation by atoms

We have performed preliminary experiments on HC1(v=1) relaxed by
H, 0, C1, F and N. In most cases relatively large effects were
observed due to the presence of atoms indicating that useful
results can be obtained from our experiments. However, these
preliminary results suggested that reactive collisions with the
atoms were occurring and thus more careful studies were required
to separate the rate constants for reactive collisions and
ordinary vibrational relaxation. Since reactive collisions can
be studied in flow systems like our own we shall continue this

work during the next contract period.
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Vibrational relaxation of C0O,(001) by atoms

M. |. Buchwald and G. J. Wolga

Cornell University. lthaca, New York 14853
(Received 17 December 1974)

The laser Mnorescence teelmique coupled with ESR detection of atoms has been used to measure the

vibrational relaxation of CO,(001) by O('P), CI(P), and FCP). The rates are keo.o = 6.69¥10°
(scc-Torr) !, kco, o = 4.91X10%(sec-Torr) ' and ko, v = 1.04X10* (scc-Torr)~'. These rates are
much faster than those of rare gas atoms of similar atomic weights. Mcasurcments were also made

establishing limits for the relaxation of CO, by 11(2S), D(2S), and N('S).

. |. INTRODUCTION

Current interest in the rates of vibrational relaxation
of molecules by atoms dates from the study of the re-

* laxation of molecular oxygen by atomic oxygen of Kiefer
and Lutz® in 1967. Researchers in the fieid of upper
atmospheric chemistry and gas lasers have been active
in pursuing these data and the recent literature contains
several of these rates.

Both electrical discharge and chemical transfer CcO,
lasers involve the production of substantial amounts of
atomic and radical species, in the former N atoms, in
the latter H, D, and F. Knowledge of atom deactivation
rates is therefore required to satisfactoriiy model these
as well as other important laser systems.

Above the stratosphere large concentrations of O at-
oms are maintained by the photolytic decomposition of
ozone.? The relaxation rate of atoms on CO,, O, N,
and O, may have an important effect on both the thermal
balauce and through the vibrational temperature of 0,
on the chemistry and constituents of this important at-
mospheric layer. Very recent evidence of the presence
of freons at this altitude gives the measurement of chlo-
rine atom vibrational relaxation rates additional im-
portance.

Some of these previously measured atom-molecule
vibrational reiaxation rates®* are anomalously fast and
exhibit unusual temperature dependencies. Several sug-
gestions have been made for mechanisms of vibrational

- relaxation when one of the coliiders has an unpaired
electron, Cliemical :heorles imply that eitner a chemi-
cal reaction takes place with the aid of vibrational ex-

< eliution ve w utnble Lilarmedinte by fosmoed, i Hrst
type of mechanism can bz inade apparent by isotopic
substitution and the second can usually be detected by
spectroscopic means.

As Nikitin® has pointed out, vibronic mechanisms of
vibrational ¢nergy transfer from ground electronic
states at thermal velocities become possible when one
of the colliding species contains degenerate electronic
angular momentum.

We will contrast atom-CO, relaxation rates between
atoms with L=0 and L#0.

With the addit /n of the data presented here, C0O,{00°1)
vibrational reiaxation is probably the most widely
studied® energy transfer process. Although CO, is not
the most amenable molecule for quantitative calculation

2828
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of relaxation rates we can, as a result of the data now
avaiiable, begin to make some general statement about
differ.ent classes of relaxers.

. EXPERIMENTAL

These experiments were made under fiowing gas con-
ditions (Fig. 1) at room (298 °K) temperature. The flow
tube was 11 mm i.d. quartz with Suprasil in the eiectron
spin resonance (ESR) cavity. Downstream of the micro-
wave discharge the flow tube including the section pass-
ing through the ESR cavity was entirely lined with thin
Teflon tubing during the atom measurement. During the
fluorescence measurement the Teflon lining which ob-
scured the optical cell windows was removed. The cell
was constructed from a standard stainless steel “T”
vacuum connection and the three optical windows were
1.25 em Irtran-2 disks.

The optical cell is lined with Teflon during the ESR
measurement to eliminate the possibility of effective
wall recombination of atoms,

The diatomic gas to be dissociated was mixed with
helium upstream of the microwave discharge {1 stan-
dard Evenson type cavity operating at 2443 MHz) and
CO, was injected downstream of the observed plasma.

The system is capable of high flow rates (40 m/sec)
but the flow was usually throttied downstream of the
ESR cavity to less than 10 m/sec by narrow bore tubing.
This was done in order to permit long enough window
transit timee go that the removal of excited CO, mole-
cules from the detector Tield of view by the flow did not
compete with vibrational relaxitiom,

CO, pressures were varied from 4 to 15 Torr. The
pressure of the diatomic gas plus the helium carrier
was always less than 3 Torr. Microwave power de-
livered to the flow tube varied from 20 to 100 W. Ad-
justing microwave power aliowed us to vary the atom
concentrations over a factor of up to 3 without altering
the initial constituents. Flow conditions did not change
with discharge power because the atom concentration
was always a small fraction of the total flow.

The ESR spectrometer was of the homodyne type.
The klystron frequency was 8968 MHz and was locked
to the ESR cavity. Magnetic field modulation was at 10
kHz. The spectrometer sensitivity was calibrated ab-
solutely with molecular nxygen using the technique de-
tailed by Westenberg.” et :

Copyright ® 1975 Ainerican Institute of Physics
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MICEROWAVE OPTICAL ESR
ISCHARGE Coy INLET CELL CAVITY F1G. 1, Schematic repre-
( B i e SO sentatton of the as flow sys-
- resssss T tem uscd in this work,
; e, =
' Mimm 1D (TEFLON SUPRASIL
OUARTZ LINING OQUARTZ

The measurcment of hydrogen, deuterlum, and nitro-
gen atomn concentrations required special care because
of the low saturation® parameters of the mlcrowave
transitions. Microwave power was lowered untll a con-
stant (with variation of power) apparent concentration

© was measured., Saturation could also be detected by an
increase in signal strength when molecular oxygen was
lnjected just before the ESR cavity. The oxygen mole-
cules are effective at both broadening the microwave
transltion and relaxing the upper state.

It was not possible to isolate a single atomlc chlorine
absorption line due {9 severe pressure broadening and -
the close spacing of Lines. Instead the entire chlorine
spectrum’ of 24 lines from both isotopes was recorded
and reduced to an atom concentration.

Several laser fluorescence decay measurements were
mmade for each initial compositlon. Fluorescence wis
first recorded with no microwave discharge, and then
under several different levels of microwave excitation,
The CO, laser was of the transverse pln discharge type.
Laser output at 10.6 p was 40 mJ In each 5 isec pulse
(FWHM) at a frequency of 2 Hz, Fluorescence at 4.3 p
from the CO,(001)~ (000) transition was detected by
a photovoltale 77 °K In~Sb detector and averaged using
a Biomation 8100 digital transient recorder and a North-
ern 575 signal analyzer (sce Fig. 2). For each fluores-
cence decay rate measurement 128 fluorescence pulses
were averaged yielding signal to noise ratios of better

* than 100 to 1, Semilog plots of laser fluorescence
counts vs time were made over a range of 40 or more
to extract decay rates.

)

Pressures were measured with a 0.1 to 20 Torr range
Bourdon tube type Wallace and Tiernan gauge which
was calibrated by a2 McLeod gauge,

The fractional change ln atoin concentration hetween
the optlcal cell and the ESR cavity 6 cm downstream
was obtajned by use of a measured atom recombination
rate coefficient per unit length in the Teflon lined tube.
Decreases In atom concentration due to the 6 cm of Tef-
lon lined tube was always less than a 20% correction to
the measured atom concentration.

Microwave discharges in the carrier gas alone (heli-
um) made no detectable change 1n the observed CO, re-
laxation. This attested to both the purity of the carrier
gas and the lack of heating downstream of the discharge
in the optical cell. This also demonstrated that the Co,
was being Introduced far enough downstream so that 1t
was not being dissociated hy the micrawave plasma.

CO, was Linde Coleman Instrument Grade. Hellum
was purifled through llquid nltrogen covled activated
charcoal. Nitrogen, hydrogen, chlorlne, fluorine, and
oxygen were Linde ultra high purity grade. Deuterium
was Matheson technical grade,

. ANALYSIS OF RESULTS

Atom-molecule rate constants were easily extracted
from measurements. 'The observed change in fluores-
cence decay rate due to the microwave discharge 1s
given by

HELIPOT BIOMATION
PERRY AMP PERRY AMpP 866 8100
730 AUTO BIAS PREAMP, 450 AG POWER AMP TRANSIENT RECORDER
NORTHERN R PR ARy il
SANTA BARBARA 575 F1G, 2, Schematic (l.mgx.tm
In-Sh 77°K DIGITAL of the signitl procesgi=g elec~
PHOTOVOLTAIC SIGNAL tronics used in ihis work,
o " ANALYZER
TEXAS
INSTRUMENTS
700
DATA
TERMINAL
J. Chem, Phys., Vol. 62, No. 7, 1 Aprit 1975
" R . ibonagi .
" o R R I MY e (i “‘-\.‘_mr—zvu o A ™ x s F RN BT i oo it YN



2830 M. 1
4r
OXYGEN
3l
Tf\
i
O
]
y
o ?r
% x
o o
3]
1
= °
|-
o
°
°
o/ °0
0 1 1 1 ] 1 1 ]
0 Of 02 03 04 05 06 07

Torr

FI1G. 3. A plot of the relaxation rate of CO,(00°1) due to O
atoms vs O atom partial pressure.

X
A Rate= "l"COz-x;; [—'21 +kcoz-x [X], (1)

where {X] is the atom concentration in Torr, A Rate is
the increase in exponential decay rate in sec™, kgo =¥,
is the reduced relaxation rate constant of CQ, in X, in
(sec-Torr)™, and /‘coz-x 1s the reduced relaxation rate
constant of CO, in X in (sec-Torr)™?,

The rates of relaxation of CG,(001) by H,,° 1,,° O,,°

CHLORINE ATOMS

L)

Rote x 10" (sec™)

1 1 L L 1 I 1
002 003 004 005 006 007 008

Torr Atoms

FIG. 4. A plot of the relaxation rate of 002(00°1) due to Cl
atoms va Cl atom partial pressure.

: 1
GD 0.0l

FLUDRIME ATOMS

Rate x 10 (sec”')
5

2_
I.-
0 1 pr:: I 1 1 I
0 0! 02 03 04 05 06

Tarr

FIG. 5. A plot of the relaxation rate of CO,(00°1) due to F
atoms vs I atom partial pressure.

Cl;," and F, ! have all been measured. In the cases
of chlorine, fluorine, and oxygen atom relaxation of
CO,, the loss of diatomic molecules to atoms made only
small ¢ontributions (<2%) in caleniating reduced atom-—
molecule relaxation rates,

Figures 3, 4, and 5 glvethe experimental results for oxy-
gen, chlorine and fluorine atoms deexciting CO, and are
Summarized in Table 1.

The relatively large scatter in the chlorine data is
attributed to several sources. The microwave dis-
charge in chlorine was both inhomogeneous and unstable
depending critically on the tuning of the discharge cav-

TABLE I. A tzbulation of meusured rate constants for the vi=

brationul relaxation of CO,(00°1) by atoms with unpaired elec-
trons,

*co,x
C0,(001) +X —=—~COy(m,n, 0) +X

X kco,~x(this work) kco,-x(other work)

o 6. 691, 2X 10)sec-Tory)"! 6. 25% 10%(sec~Torr)"!
i (Ref, 12)

Cl 4,91£1,3%10°

F 1,04 ,08% 105

Na : 8% 10%(Ref, 13)
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ity and sensitive to vibration. The broadening by CO,
and the low atom councentrations aehieved made atom
coneentration measurements less reprodueible. In ad-
dition, effective heterogeneous reeombination of chlo-
rine atoms at the tube walis nroduced a nonuniform ra-
dial atom distribution aeross the tube whieh influeneecd
both the ESR and fiuorescent decay measurements sinee
the observed gas sample was not uniform.

Wien molecuiar oxygen, mixed with helium, passes
through a mierowave discharge 0,('a,) 1s formed in ad-
dition to O(*P). This exeited moleeular species is rel~
atively stable with respect to wall and gas eollisions
and 1s present in substantiai eoncentrations (~0.1 Torr)
together with atomic oxygen. In order to determine if
0,('4,) had a role in the vibrational relaxation, the flow
tube was lined with a thin ring of mereurie oxide ap-
proxlmately 1 em wide dow.istream of the mlerowave
diseharge. Complete absence of oxygen (*P) atoms with
no change in OZ(IA,) concentration was eonfirmed by
ESR deteetion. Under these conditions no change in
CO0,(001) relaxation from the no diseharge condition was
observed, removing O,(*A,) from eonsideration as an
cffecetive relaxer.

No ehanges in apparent fiuorescence rates were ob-
served when H,, D,, or N, was diseharged. Inorder to
maximize sensitivity these measurements were ex-
tended to the regime of slowest observed relaxation
rates and highest atom eoneentrations. A limlt was
reaehed since maximization of these two eonditions eon-
flieted. Inereasing the atom eoncentration requires In-
creasing the fiow veloeity. Lowering the relaxation
rate involves both lowering the pressure and slowlng
the flow speed to allow an adequate residence time In
the optical eell.

Assuming that we ean measure a change in rate of
more than 2% and using the known values of Fgg,—x, We
ean set limits on the I, D, and N relaxatlon rates of
CO,(001). The results are summarlzed In Table IL

V. DISCUSSION

The vibrational relaxation of CO; is eonsiderably
more eoniplex than that of a diatomie molecule. SSH
ealeulatiors show that if the process:

C0,{001) + CO,(000) ~ 2 CO,(000) (2

were the only path of relaxation CO, would relax as
slowly as CO and consequently less than 107 tlmes as
fast as is observed.

Huetz-Aubert and co-workers,“ by utllizing aeoustie,
laser fluoreseenee, and speetrophone data have shown
that CO, must be treated as having two reservoirs of
vibrational energy. One reservoir eontains the asym-
metric stretehing mode, the other the symmetrie stretch
and bendlng modes.

Two important routes of relaxing CO,(001) are

C0O,(001) + X~ CO,(11%0) + X+ 272 em™ {3)
and
CO0,(001) + X~ CO,(03°0) + X +416 em™. (4)
B I"?"":""" TR .., 4 pd t

These processes as well as other pathways involving
multiquantum vibrational state ehanges are not ecasily
amenable to eaiculatlon.

We can however, test some qualitative predictions of
relaxation meehanisms by attempting to explain the
rates summarized in Tables I and IL

A. Landau-Teller theory

Landau-Teller, or impulsive type theories distinguish
between atomie eflliders only on the basis of mass and
interaction parameters. Since the range for deuterlum
relaxing CO, suggests that the hydrogen rate will falt in
the lower part of lts range we ean separate our results
Into two classes (see Tables I and 11). Hydrogen, deu-
terium, and nitrogen—all atomic S states—relax CO,
much more slowly than the atomie P states including
oxygen, chlorine, and fluorine.

Estimates from extrapolating rare gas relaxation ef-
ficlenelies fall into the ranges measured for hydrogen,
deuterium and nitrogen. The rates due to atomie P
state atoms, however, are faster than any rare gas
atom and would requlre unrealistie interaetion param-
eters to explaln their high effieieney. Other meehanisms
must be eonsidered.

B. Complex formation and chemieal reactions

Complex formation through the existence of strong
attractive potentials between CO, and O, Cl, or F must
be eonsidered. We have, howeve-, measured the pres-
sure broadening coefflcient of CO, on the atomie fiuo-
rine ESR lines. It was found to be 5.85 Miz/Torr.
Helium, for eomparlson broadens F atoms as 2,26
MHz/Torr, No frequeney shifts were observed. Oxy-
gen and ehlorine showed similar broadeniag behavior.
We would expect line shifts and mueh more severe
broadening effeets 1f long lived complexes formed and,
therefore, fee! we can diseount the possibility of ecom-
plex formation.

Arnoldi and Wolfrum?!® have measured vibrational re-
laxation and ehemieal reaction of HCl{v=1) with hydro-
gen and oxygen atoms. Time resolved measurements
of both atom eoneentration and HCl laser indueed fluo-
reseenee were simultaneously reeorded. The apparent
relaxation of HCl{v=1) by Oxygen atoms was shown to
proeced by the reaetion:

HCl{v=1) +OFP)~ OH +Cl. (5)

The possibility of ehemleal reactions ean be disinlssed
in the cases of Cl or F relaxing CO, on the basis of

TABLE 1. A tabulation of measured rate constants
{titls work) [or the vibrational relaxation of C0(00°1)
Dby S-state atoms with unpaived clectrons. These de-
terminntions only give limits for the rate constants
because the addition ol atoms to the flow give no mea-
surabio change to the relaxation rate,

F coy-n = (3.3 3)X 10" (sec-Torr)™!
koopn=2.0% 10® (sce~Torr)™!
kcopn S9.6% 10%(sec-Torr)"!
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TABLE HI. Spin orbit splitlings in the V. CONCLUSION
ground cleetronie state of halogen atoms, d
The coupling of laser induced fluorescence with clece-
Species Spin orblt splitting(s), em! tron spin resouance has allowed us to measure unusual
- o P T b =0 rcl:txfttion proccss.:es. Our experiments have shown
¥ 105.0 ' chloviue and fluorine to rank anymg the most effective
l 881 0 reluxers of CO,(001).
This experimental technique is both versatile and
sensitive and may be extended to otlier atomic species
large endothe rmicity. and free radicals. Measurement of relaxation rates
over a temperature range of -100° to 400 °C may be
The reaction: possible with smali alterations in proccdure. These
C0,(001)+ 0L P)~ 0, + CO (6) temperature studies may well produce the best evidenec

is only slightly cndothermic (2 keal) but the extremely
slow reverse slep discounts uny possibility of reaction.

Experimental evidence was also obtained which elimi-
nates the possible cffcet of atoms or soma nther dis-
charge products reacting with unexcited CO,. Maxi-
mum values of the laser induced fluorescence are quan-
titative indicators of the CO, concentration and may be
measured to an accuracy of better than 1%. Under
our experimental conditions we did not observe any
change in CO, concentration. Wc can, therefore, dis-
count any chemical reaction with CO,.

C. Vibronic mechanisms

The very cffective relaxation of CO, by atoms in clce-
tronic P states suggests interaction between elcctronie
and vibrational degrees of freedom. Nikitin® suggests
that relaxation takes place via a potential crossing
madc possible by the splitting of previously degenerate
levels of 1ve atum-melecule systemn. Other vibronic
meclanisias have been suggested. Fisher and Smith!®
have proposed an jonic curve crossing model which pre-
dicts 1 ery high cross secrions for alkali metals re-
laxing N,(v=1). This mechanism has been invoked by
Benson!® and co-workers to cxplain the efficient relax-
ation of CO, by Na atoms (Table I). Adiabatic relaxa-
tion cfficiencies may be enhanced by vibrational to clec-
tronic encrgy transfer where some of the vibrational
cuergy is converted tn excited spin orbit staics of the
colliding atom. Inour vdse oxygen, chlorine and fluo-
rine have low lying spin orlit states (Table IT11). Tlis
type of process has already been observed in the bro-
mine atom-hydrogen halide system.78

(alculation of the rates due to vibronle mechanisms
demands preeisc information on atom-molecule poten-
tials and is outside the scope of this paper. We ean not
distinguish between these mechanisms, all of which may
have a share in atom-molecule rclaxation processes.

J. Chem, Phys,, Vol, 62, No. 7, 1 April 1975

toward understanding the meehanism of vibrational re-
laxation of molecules by spceics containing unpaired
electrons,
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A resonance effect in electronic-to-vibrational energy *ransfer.

Deactivation of HF(v =1) by Br(*P
G. P. Quigley* and G. J. Wolga

3/ 2)

Laboratory of Plasma Studies, Cornell University, Ithaca, New York 14853

(Received 16 Junuary 1975) :

This letter reports direct evidence of the existence of
a resonance effect in energy transfer from the vibration-
al to electronic mode. Experiments have been per-
formed in other laboratories! which glve direct evidence
of efficient £~ V transfer in the relaxation of Br(?P,,,)
by liCl und HBr, However, these processes are not
resonant,

The spin-orbit splitting in Br(®P,,,~ 2P,,,= 3685 cm™)
is highly risonant with several possible vibration rota-
tion transitions in HF, This fact was used to explain the
efficiency of Br relaxing HF(»=1) in recent shock tube
experiments, 2

1t should be pointed out that a similar situation exists
between these same spin-orbit coupled states of Br and

The Juurnal of Chemical Physics, Vol, 62, No. 11, 1 June 1976

vibration rotation transitions in H,. Recent theoretical
work™* on thin system has shown that quantum resonarce
effects should be expected in electronic-to-vibrational
energy transfer processes of this type.

A description of the apparatus used in this experiment
has been given elsewhere, ® Basically, an HF chemical
laser was used to excite HF to v=1, A microwave dis-
charge in the flowing mixture of Br;, and an argon diluent
was used to produce the Br atoms, The HF was injected
into the Br + Bry +Ar flow downstream of the discharge

and thoroughly mixed before laser excitation,

The results after signal averaging for a typical set of
cxperiments are shown in the oscilloscope photograph in
Fig. 1, The top trace is a simple exponential decay of

Copyright © 1975 American institute of Physics
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This double exponential behavior is not found in the
deactivation of HF(v=1) by O, F® or ClL, 8 cases for which
a resonant cnergy transfer process is not available, It
is characteristic of systems, e.g., COp: Ny, "HF: H,®
where resonant v-» energy transfer occurs. Since the
chemical reaction Br+HF(p=1)~ HBr+ F is 37 keal
eidothermic, a reactive coilision is nol a likely explana-
tion for the fast rate. In combination, these faclors
support our conclusion that the fast process observed is
the resonant V- E cnergy exchange process (1).

A possible resonant E-—V process is
"l
HF(v=1, J=5)4 Br(*ry,) #HF(v=0, J=6)+Br(%r),)
a

AJ=1, AE= -9 cm™, vy . -

Other near resonant processes can be found closer to

FIG. 1. H¥ (v=1) lascr induced fluorescence signal Inthe pres-  the peak of the Boltzmann distribution in rotational lev-
encc of i1F (¢ =0), Bry, Br, and Ar. versus time. Top trace els, and this experiment cannot identify the relative im-
without brominc atoms, S\lccccding.traceg dispiay the cffect of portance of each of them, It is assumed in what follows
increasing bromine atom concentration. Total width of traco that Process (1) is the domlnant one. Rotational relax-
(inctuding baseline® is 220 psce for top trace and 110 psec for [ ; h . *
bottom Micee Lrades, ation consideration aside, the reasons for assuming (1)

to be dominant is that the energy defect is smallest and

the transition Involved is identical to one of the laser

lines used to pump the HF(1P6).

"HF(v=1) in a2 mixture of Bry+Ar +HF(v=0), i.e., the Using this, and the consequent assumption that &, =&/,

discharge is off. In separate experiments, the rate con- the analysis of the fast time constant in the usual way® !

slant for relaxation of HF(»=1) by Br, was found to be glves

3.5+0.8%10° sec™ - Torr™. The rate constunts for Ar® (1/1,)

and HF(»=0)" have been measured and are =60 sec™! k¢=-—TI.J— ) (2) 1
- Torr™ and 6. 0x10* sec™ - Torr™, respectively (T , Poc+ Pug

=300°K in this experiment), Thus, the partial pressure where 7, is the time coustant for the fast decay, Pyy is

of HF can be found from the decay time of the single ex- the partlal pressure of IIF, and Py, 1s the partial pres-

ponentlal, sure of Br. Py, is measured by an electron paramag-

netic resonance spectrometer.® The assumption that
P p

E - V processes are much faster than all ¥~ R, T pro-
cesses is implicit in (2),

Referring again to Fig. 1, the lower three traces are
double exponential decays of IIF(v=1) in mixtures of Br,
+Br+Ar+HF(v=0). The fast exponential is caused by

rapid energy exchange from the vibrational mnode of HF Figure 2 shows a semilog plot of the HFF 1~ 0 R~
1o the electronic mode of Br, The slow time constant branch laser induced fluorescence as a function of time
Is duc tothe V=R, T and E~ T processes which relax for the single exponentlal decay and one of the double ex-
the energy pool set up by the equilibrium between ponential decays (the top one). These and other data are
HF(v=1) and Br(®p,,,). . readily analyzed to give a prellminary number of k,=1.0
[ 4 20 usec 10p5ec
ak N f——] e
6} "-_

L

| No Discharge
T =|28sec
2r Pyr =0.13 Torr Discharge on
Ty = 3.9usec
t Ty = 824 usec
Pﬂr =024 Torr ‘
| i L o0 | 1 1 A i i : i i i

TG, 2. Semilog plot of laser induced fluoroscence signal versus time. The data plotted are tho top two traces of g, 1,
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+0.5%10° see™ . Tore™, Taus the E— V transfor pro-
eess oceurs Inabout six or seven gas kinetic collisions,
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The deactivation of HF(v=1) and DF(v=1) by O, Cl,

and F atoms
G. P. Quigley* and G. J. Wolga

Laboratory of Plasma Studies, Cornell University, Ithaca, New York 14853

(Received 24 June 1975)

The retaxation of vibralionally excited HF and DF by O, Cl, and F atoms at T == 300°K has been

measttred by the laser induced fluorescence method. The rate constants in units of cm® molecule™"see ™!

for HE(v = 1) are kg gy = 3.1:£0.6 X 10712, k¢ == 7.4 1L6X 107", kg 1p = 2.8:£0.6X 107", for DF(p= 1) they
ore ke = 7.842.2X 107", ke pp=2.020.3% 1078, kg ;= 6.541.2X 1073 The resulls pravide further
evidence for the validity of a vibronic lo Iranslalional energy transfer mechanism. Atom transfer reactions

are shown 1o be of no importance.

I. INTRODUCTION

The relaxation of vibrationally excited molecules by
potentially reactive atoms has attracted wide Inter-
est.!”!% These processes are particularly important
from the standpoint of elucidating the mechanisms for
energy transfer involving chemically reactive species,
of which little is known,

Chemical lasers contain large concentrations of high-
ly reactive atoms. It is important to know the effect of
these atoms on the decay of the vibrationally excited
molecules in order {o accurately characterize these la-
ser systems for the purpose of predicting performance
and optimizing efficiency.

Another area of intensive study is in determining the
importance of reagent vibrational energy in chemical
reaction rates. Since the vibrational relaxation of a
molecule by an atoin can in some cases proceed via a
reactive route, experiments on these systems can shed
some light on the efficiency (or lack thereof) of vibra-
tional energy in accelerating chemical reacticn rates.

The experiments reported Lere involve the meéasure-
ment at room temperature of the rates for relaxation of
HF and DF by F, Cl, and O atoms. The relative
quenching efficiencies of these atoms, as well as the
isotope effect on going from HF to DF, lends further
support to the vibronic mechanism® first proposed by
Nikitin, !*'!2 Further, it is shown that the reactive
channel for relaxation is not of importance for interac-
tion between O, F, and Cl atoms and HF(»v = 1) or
DF(v=1).

H, CAFERIVENTAL

In an earlier paper, ® a simple expression was cb-
tained for the rate constant for deactivation of HF (or
DF) by an atom X. This is given by Eq. (7) of Ref, 5
as :

1

1
Tp To

}"11"'[}1(_]’ +3 kg, 1)
where ky, is the rate constant for deactlvation of
HF(»=1)orDF(v=1}bytheparent molecule (X,), [X] is
the atom concentrziion, 7, is the laser induced fluores-
cence decay time of HF(DF) in the presence of atoms,
and 7, is the laser induced fluorescence decay time of
HF(DF) wilh no atoms present, Thls expresslon is

correct for all cases except those which involve near
resonant energy transfer processes resultlng in double
exponential fluorescence decays. All of the systems
reported here exhibit a single decay, and the rate con-
stant for atom deactivation is given by (1). Thus, the
determination of %, involves the measurement of four
quantities (ky, , 75, 7p, [X].

The rate constant for relaxation by the parent mole-
cule is found by a laser induced fluorescence (LIF)
measurement under quasistatic flow conditions, Table
I gives the results, In all cases, these made a negli-
gible contribution to %,

The other three quantities were measured under fast
flow conditions in a system whose over-all block dia-
gram is shown in Fig, 1, A brief description of this
system was given in Ref, 5, Both the decay time by
LIF and atom concentration measurements were made
using the same flow system, The LIF measurement
was done in the downstream section with the flow rates
set by the pressures P, and P;. The HF(DF) was ex-
cited by a transverse discharge chemical laser which
Wwas upeTated multiline and whose gas tlow, SFg and H,
(D;) mixture, and pulse repetition rate were adjusted to
give optimum v=1-p =0 laser output,

The decay time of the fluorescence was first mea-
surcd in the flowing Ar +X, + HF (DF) mixture. This
yielded 73, The decay time in the presence of atoms
(7p) was then found by striking a microwave discharge
upstream of the HF(DF) injection port in the Ar +X,
flow. The flow conditions before and after the dis-
charge was turned on were identical since the dissoci-
tion of X rosulbted in & neglighly #limnge: eompared (o
the total flow which was dominated by the argon diluent,

TABLE I, Relaxatlon ratos for parent
molecules, *

Xz ku for HF I"ﬂ for DF
cl, 1,0£0,2%10°%% < 1,2x10°140
F, <3,1%10°1513 <8x10715®
0, 12 w105 <1,6x104"

*Ralo constants are in units of ecm® mole~ .
cule”! - sec™,
b This work,
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| ATOM CONCELTRATION BY EPR

DECAY TIME OF LASER iNDUCED FLUORESCENCEl

FIG. 1, Over-all block diagram of the system,

The atom conceutration was measured by EPR meth-~
ods' in the upstream scction of the flow tube. All flow
conditions determined by pressure Ineasurements 2,
and P, were reproduced exactly at P, and P, respec-
tively. This section of flow tube was identical to the
downstream section except that an EPR microwave res-
onant cavity was in the same location relative to the mi-
crowave discharge and HF/DF injection port as was the
sapphire window of the monel fluorescence cell,

Figure 2 shows a detailed block diagram of the EPR
spectrometer. This spectrometer is of the homodyne
type which uses an X-hand klystron locked by a com-
mercial stabilizer to the resonant frequency (8,975

trometer is sensitive only to the absorption and not the
dispersion of the paramagnetic atom, As the amplitude
modulated (10 kHz) de magnetic field is slowly swept
through a I'esonance, the output of the lock-in amplifier
traces out a curve which is proportional to the first de-
rivative with respect to the magnetic field of the imag-
inary part of the paramagnetic susceptibility x;;. The
absolute atom concentration is proportional to the dou-
ble integral of the recorded output of the spectrometer,
The proportionality constant is dependent on instrumen-
tal parameters and can be eliminated by calibrating the
system with the paramagnetic molecule O, filling the
sample volume at a known pressure,'® The sample vol-

ume is a 10 mm i.d, quartz tube (with a thin walled

GHz) of the high @ cylindrical cavity. Thus, the spec- Teflon tube insert) passing through the EPR cavity
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POWER VOLTAGE __|MICRONOW
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FIG. 2. Block diagram of the EPR spectrometer,
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along the cylinder axis, Owing to wall recombination,
the [illing factor for the atonis is nol the same as tlat
for O, since, for the former, there is a density grad-
ient along the radial and longitudinal {flow) directions.
The error introduced by this diserepancy is made neg-
ligible by the Tefton insert which reduces wall recom-
bination significantly, The loaded cavity @ (12000 with-
out the Teflon tube) is degraded by 15% as a result of
the Teflon, and since the minimuni detectable slgnal is
proportional to @', the seusitivity suffers somewhat,
However, the atom concentration was so large in all
cases (- 0.1 Torr) that it was nowhere near the mini -
mum detectable concentration (== 0,01 Torr), and hence
excellent sigual to noise ratios were obtained with mod-
erate lock~in-anmplifier time constants (<100 msec),

Taking the ratio of the unknown atown concentration to
the known O, concentration, one [inds

Ny _ Q¢  [ISydH'du
Noy Qo [ISoddH

(2)

where @, and @o, #re the theoretical intensity factors
for the atom and O, resonances, respectively; S, and
st are the recorded EPR signals which are proportion-
al to the corresponding resonance derivatives dxy;/dn.
The @ factors are tabulated by Westenberg!® for all
species of interest,

The above analysis assumes that the Zeeman levels
are in thermodynamic equilibrium. Thus, effccts such
as suturation of the cpjtn syutem owing to filgh luleasity
microwave fields will lead to significant errors, This
problem is particularly important for paramagnetic
species which have spin-lattice relaxation times on the
order of the residence time in the PR cavity, The mi-
crowave powers used here are well within the limits im-
posed by such saturation effects and do not constitute a
problem, For a more detailed account of the experi-
mental techniques used with this EPR spectrometer,
consult Ref, 16,

Most of the gases used were described in Ref, 5, To
that list, the following should be added: Cl;; Matheson
Uil High Lunity (purity >99,9%), no furtherpurifica-
tion; DF: Merck, Sharpe and Dohm (purity 298%), fur-
ther purification by trap to trap distillation between
77 °K and 195 °K.

Typical dimensions in the flow system were as fol-
lows: the distance from the HF/DF injection port to the
EPR cavity or the {luorescence window was about 20 cm;
Hie midcrowave dischaige wok place in a 10 mm i,d,
quartz tube and was located approximately 10 ¢m from
the HF/DF injection port, All other tubing was either
quartz with a Teflon insert or solid thick~walled Teflon
tubing. The flow did not come into contaet with any
metal surfaces,

Typical flow speeds were on the order of 10 m/sec.
The HF(DF) concentration was rarely more than 1% of
the total flow, Atom concentrations were typically
greater than the HF(DF) concentrations.

The heating of the gas by the microwave discharge
could have presented a problem slnce the expression for

the atom concentration (2) iy temperature depeudent,
Also, the self-relaxation rates for HF and DF are high-
ly temperature dependent, ' and this would give a false
change in the LIF decay time, This was not cousidered
to be a significant problem, since wany different dis-
charge and flow conditions yiclded consistent data, as
shown in Fig. 3 of Ref. 5,

Finally, an additional source of concern was the pos-
sibility of an effect due to the production of electroni-
cally and vibrationally excited etastables in the micro-
wave discharge which could survive long enough to
transfer their energy to HF(DF) in the fluorescence ro-
gion and result in a change in the LIF decay time inde-
pendent of atom effects, It was assumed that all vibra-
tionally excited molecules produced in the discharge
were collisionally quenched by the HF(DF) or the atoms.
before they reached the laser illuminated region,

The only electronically excited metastabie which
could have presented a problem was 0,(*a,). Experi-
ments in this laboratory indicate that this electronic en-
ergy is rapidly transferred by near resonant E~ V pro-
cesses to v =2 of HF (and perhaps to v=2 of DF). Sub-
sequent rapid quenching of the HF and DF by the atoms
and ground state HF or DF completes the relaxation
process. Furthermore, the insensitivity of our atom
deactivation efficiencies to widely varying experimental
conditions (partial pressures including that of the dilu-
ent, and discharge power) that would affect the relative
stons 16 O 4, Y eomcentrution suggest that O('a,) was
not an important factor in our results,

1. RESULTS AND DISCUSSION

A typical example of a semilogarithmic plot of the la-
ser induced fluorescence as a funation of time is shown
in Fig, 3 for the deactivation of HF(v=1) by Cl atoms,
Each curve represents the average of 128 pulses, The
DF data generally required consiclerably more signal
averaging to get similar results, since the DF laser
produced about one-fifth the intencity of the HF laser.

Tahle I suooarizes the somlls for U, P, ad C!
deactivating HF(v=1) and DF(v=1), Notice that Cl at-
oms are more effective than F atoms, and O atoms are
the most effective. Also, in all cases, a particular at-
om relaxes DF(v =1) more effectively than HF(v=1),

A relevant question concerns the importance of atom
exchange or abstraction reactions as possible contribu-
tions to the observed rates, Consider the following:-

O+HF(v=0)~OH(u=0)+F, AN=33kcal/mole, (3)
CL+HF (v =0)~ CIH(v =) + F, AH=32kcal/mole,” (4)

TADLE II.  Summary of results (I'=300°K),

k“ for P

kyy for DF
X {em® niolecule’! . see!

{em® melocule™!. soe!

O ()  3,1%0,6x10"12
¥(P) 2.840,6x10°1
Cl P)  7.4+1,6%10°8

7.8+2,2%x106°12
6.51,2%x10°1
2,0£0.3x10°12
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F'+HF(v=0)=-F'N(v=0)+F, AH=0. (5) . the rate eonstants, Thus it appears that the taking of
) It

Sinee the H atom exchange reaetions involving O and Cl
atoms are substantially endothermic, it is unlikely that
these reactions are important even with the addition of
a quantum of vibrational energy in the HF or DF (about
12 keal/mole and 9 keal/mole, respectively). However,
both O and Cl are more effective than F atoms in re-
iaxing both HF and DF, even though in the latter ease
the addition of a vibrational quantum makes this reac-
tion exothermie by 12 kcal/mole and 9 kcal/mole, re-
spectively. This supports the coneiusion that for
HF(s=1) and DF(v=1) one is observing pure vibrationai
relaxation processes and that the atom exchange reae-
tions do not make a signifieant contribution, Also, the
results suggest that in the F atom case, either the vi-
brational energy is ineffective in enhaneing the reaetion
* rale for exehange, or the potential barrier to exchange
is larger than a single vibrational quantum and one may
need excitation to higher vibrational levels to see a sig-
nificant contribation from the reactive chaanel to the
over-all relaxation rate, The calculations of O’Neil
el al.'® support the lalter conclusion, since they show
that the minimum barrier height for Reaction (5) is 18
kcal/mole,

One ean suggest a qualitative explanation for the dif-
ference in the Cl and F atom rates on the basis of the
larger attraetive forees prevaiiing in the C1-HF(DF)
encounters, A simpie eaicuiation of the van der Waais
constant!® C, ineiuding induction and dispersion effects
gives for C1-HF encounters Cy=106 X107 erg. emn®,
and for F-HF encounters C,=22x10"% erg. em®,?
Thus, the iong range attractive forees are 5 times
larger for Cl atoms than for F atoms, This eould ac-
eount for the increased efficierey of Cl over F through
an effective inerease in the coliision frequency.

If one considers for HF or DF the ratio of the rate
constants for the different atoms, one finds that thi data
is remarkably consistent, Table III shows the bounds
on sueh ratios as determined from the error bounds of

the ratio has eliminated ail of the isotopic dependence
and one is left with a quantity which depends on the in-
teraction of the atom with the electronie cioud of HF or
DF. Therefore, these ratios depend on the detaiis of
the eleetronie pntential energy of interaction between
the atom and the moleeule,

One of the most important resulits of these atom
molecuie relaxation studies has been the eonciusion that
in nonreaetive eneounters, vibrational relaxation is
dominated by a vibronic to translational energy transfer
meehanism,® This was first proposed by Nikitin!!*!? to
explain the anomalously high probability for vibrational
relaxation in systems sueh as NO(r) + Ar(*8), N,('%)
+0(P), and 0,0%) +OCP), where at least one of the
coliiding partners has electronie orbital angular mo-
mentum degeneracy. The essence of this theory as it
applies to this experiment is that atoms which are in
degenerate eleetronie orbital anguiar momentum states
le.g., OCP), C1EH), and FEF)| are more eftective in
vibrational relaxation than those which are in states
without Lthis degeneracy [e.g., H®S), N(*s), and Ar( S)].
This model assumes that during the collision the elec-
trostatic fields act to split the degeneracy such that
wihivnt the OHALug partuers veach apohid in thels Lrajec-
tory where the splitting equals the vibrational quantum
(termed the “resonanee distance”), an enhancement in

the cross section for vibrational energy transfer oceurs,

TABLE Iil, Ratioy of the atom relaxation

rates,

[3 k
7.4<2ME 16,8 - 7.3<z2RE 18,9
F-IIF “F-DF
17<-£L—u£<41 zz<ﬁ"—'ﬂ’—<4a
ky-yr kg-pr

»
2,8<=ME £ 4 z4<-&DL<59
kej-nr kci-pr

—
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Thus, for lhe systems with anpular momenlum degen-
eracy, the total cross section for vibrational energy
transfer can be pictured as the sum of the nsual adia-
batic term (describable by a Landau-Teller?! or SSHe
model) and the dominant nonadiabatic term which con-
siders transitions between the crossing adiabatic poten-
tinl energy surfaces. Actual values of the probability
for vibrational energy transfer depend on the details of
the potential surfaces and the interactions and selection
rules which couple lhe different adiabatic states, A
complete solution to this theoretical problem is not
available.

The isotope effect that one expects in the Nikitin mod-
el is that for a given atom the molecule with the smaller
quantum relaxes faster. This is a consequence of lhe

fact that a smaller vibrational quantum requires a
.smaller electrostatic field to produce the required res-
onant splitting. Thus the resonance distance is greater
and mors collisions are effective in the nonadiabatic
mechanism. Reference to Table I shows that ia all
cases DF relaxes faster than IF by a factor of U.5 for
a given atom, This provides further evidence for the
Nikitin model.

The usual is-tope effect for the hydrogen halides® is
based on the observation that the molecule with the
smaller moment of inertia relaxes faster. The small
moment of inertia results in a rotational velocity of the
hydrogen atomn which is greater than the relative trans-
lational velocity at low enough temperatures. In this
case, the relevant energy transfer process is from vi-
pration into rotation, and therefore, one would expect
the hydrogen containing molecule to relax faster than
the deuterium containing one. The observed isotope ef-
fect is opposite to this and hence this rules out the im-
portance of V-~ R processes in collisional quenching of
vibrational energy by atoms with orbital angular mo-
‘nentum degeneracy.

All of the atoms considered here have ground states
which are split by the spin—orbit coupling interaction,
In all cases, each of the excited states has appreciable
population at room temperature (see Table V)., It is
not possible from this cxperiment to tell whether these

. excited states are more or less effective than the low-
est state in vibrational energy transfer. Such diffor-
ences should be considered since calculations have

. shown, 24 for example, a difference in the reactivity for
the 2P, ,, and 2P, , states of F atoms,

Another important electronic effect to conslder s the
possibility of vibration to electronic energy transfer
leaving an electronically excited atom. Reference to
Table IV shows that the low lying spin—orbit states are
far from resonant with HF (v =1) or DF(v=1) and V—E
processes are not expected to be important, Inthe case
of Br(2P,,,) reluxiu; HF(n=1), the levels are closely
resonant, and rapid V- E processes are observed,®

V. CONCLUSIONS

The experiments reported here provide further evi-
dence for the validity of the vibronlc to translation en~
ergy transfer model of Nikitin in accounting for the

S rivy)

TABLE V. ‘Thermally accessible states of ¥, Cl, and O
atoms, *

X Stules Encrpy level {em™h) Boltzmann factor

P 2py 0 1
P, 404 6.7»107

Cl 2P:!/Z 0 1
Py, 88 7.3%107
3

Y 0 1

0o i 159 0,47 s

3py 226 0,34

2y =4138 em™, v =2998 cml,

quenching efficiency of atoms with ground states which
have electronic orbital angular momentum degeneracy.
Both the order of magnitude of rates for P-state atoms
relative to those for S-state atoms and the molecular
isotope effect support this conclusion,

Also, it has been shown unambiguously that for HF
and DF, atom transfer reactions are not an important
channel in vibrational relaxation of HF(y =1) or
DF(v =1), However, for ¥ atoms attacking HF or DF
excited to higher vibrational levels, H or D atomn ex-
change reactions become a distinct possibility and may
result in a signiflcant increase in the relaxation rate.
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Deactivation of Vibrationally Excited C0 Molecules by AtQﬂiE.QﬁXﬂER

Professor R. A. McFarlane

Antroduction

During the past contract period measurements were carried out on the
temperature dependence of the rate of collisional deactivation of

CO(v=1) molecules by oxygen atoms, The rate was found to be substantially
faster than the deactivation rate for collisions with oxygen molecules
and can now be included in any kinetic modelling of carbon monoxide
chemical lasers. The first set of measurements which we report here

are over a limited range of temperature, 273°K to 390°K and it is
planned to extend the range both higher and lower for oxygen and for

other atoms during this contract period,

When the present data is compared with high temperature data from shock
tube experiments, it is found that both sets of data can be accommodated
on a T_l/3 Landau-Teller plot. Because of the limited temperature
range for the present measurements however, this result is not surprising
and future measurements may indicate a deviation from strict Landau-

Teller behavior.

Although the experimental technique using laser induced fluorescence,
which was employed for this work, is in principle similar to that
employed for related studies on other molecules in this laboratory, it
was found that because of the long spontanéous emission lifetime for
CO(v=1) molecules, the observed fluorescence decay signals were dominated
by a loss rate duc to the flow of gas out of the observation cell and

not by spontaneous emission or collisional deactivation. It was necessary
to abandon therefore the usual analysis of the time dependence of the
fluorescence which looks simply at the difference in two exponential
decay rates and ascribes this to collisions with the species being
examined and to go to a modified analysis which permits a non txponential
functional dependence to be used and still allows the extraction of

quenching effects due to collisions with atoms.
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The Experiment

A block diagram of the experiment is shown in Figure 1. As it has been
described in detail in earlier reports it will be only briefly disrussed
here. A stream of molecular oxygen in an argon dilvent is dissociated
by a microwave discharge, mixed with injected CO molecules, passes
throngh a fu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>