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‘Dynamics of vibrationally excited ozone formed by three-body
recombination. ll. Kinetics and mechanism

W. T. Rawlins and G. E. Caledonia
Physical Sciences Inc., Research Park, P. O. Box 3100, Andover, Massachusetts 01810

R. A. Armstrong®
Infrared Technology Division, Air Force Geophysics Laboratory, Hanscom AFB, Massachusetts 01731

(Received 19 June 1987; accepted 21 July 1987)

Spectrally resolved infrared chemiluminescence from vibrationally excited ozone, O;(v), has
been used to study the reaction kinetics of O;(v) in discharged O,/Ar mixtures at ~ 1 Torr
and 80-150 K. Dependences of the excited state number densities on temperature and O, mole
fraction indicate O;(v) is formed primarily by three-body recombination of O with O, and is
destroyed by rapid chemical reaction with O. Several secondary excitation reactions involving
vibrationally and electronically excited O, are also indicated. The data are treated with a
detailed steady-state analysis of the discharge kinetics, to extract estimates for rate coefficients

of the key elementary reactions. The effective “quasinascent” state distribution in
recombination is also inferred; this distribution shows selective recombination into the
asymmetric stretching mode, but an apparently statistical (i.e., collisionally scrambled)
behavior among the vibrational states within that mode. The results are discussed in terms of

the detailed dynamics of three-body recombination.

I. INTRODUCTION

The chemical kinetics of vibrationally excited ozone,
0, (v), is a complex problem of fundamental importance in
studies of atmospheric photochemistry as well as in basic
molecular dynamics. Experimental observations of O,(v)
formed during the three-body recombination sequence

0 4+ 0,=0}, (1a)
0} +M-0,(v) + M, (1b)
O;(v) +M-0;(v—n)+M (1c)

can provide insight to the detailed dynamics of the initial
formation of O, (v) and to the subsequent vibrational deacti-
vation and intermode exchange. In particular, low-pressure
observations of discrete O, (v) states formed in early stages
of the recombination sequence can provide a unique data
base on a marginally understood problem in chemical kinet-
ics: the molecular dynamics and mechanisms of recombina-
tion and energy transfer in polyatomic systems.'

The kinetics of O, (v) formation and deactivation have
been addressed by a number of investigators. In general, O,
(v) is usually formed by laser excitation of the v; mode or by
three-body recombination following flash photolysis, and is
detected by ultraviolet absorption or broadband infrared flu-
orescence. Rosen and Cool*>™ studied the quenching of in-
frared fluorescence from low-lying, laser-excited vibrational
states of O, by several reagents, and showed that vibration-
to-translation (V—-T) energy transfer near the bottom of
the potential well is rate limited by deactivation from the
well-coupled symmetric (v,) and asymmetric (v;) stretch-
ing modes through the poorly coupled bending (v,) mode.
Using similar techniques, West et al.>° studied the deactiva-
tion of low levels of O, (v) by O, concluding that the deacti-

» Present address: Mission Research Corporation, 1 Tara Blvd., Suite 302,
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vation pathway was primarily VT energy transfer rather
than chemical conversion to O,.

Von Rosenberg and Trainor’® were the first to observe
O; (v) formed in three-body recombination, reporting on
the production and deactivation of broadband infrared flu-
orescence inthe v;, v, + v,, and v, bands. Working at total
pressures of 100 to 400 Torr, they found greater excitation in
the bending than in the stretching modes, presumably be-
cause of the extensive collisional deactivation and intermode
transfer by both V- T and V-V [O,(v) + O, intermode
equilibration] processes that occurred under these condi-
tions. More recently, the kinetics of laser-initiated and re-
combination-generated O, (v) have been reinvestigated us-
ing ultraviolet absorption in the Hartley bands as the
diagnostic for O, (v).'>"* These studies are somewhat less
definitive than the infrared fluorescence measurements
owing to the greater difficulty of resolving contributions
from different modes to the observed absorption spectra.
However, the results are generally consistent with the analo-
gous infrared fluorescence data. It is noteworthy that Joens
et al.,'"® investigating recombination under conditions of
V - T-dominated collisional deactivation, inferred initial
formation of O, (v) in the stretching modes followed by kin-
etically limited collisional transfer to the bending mode, in
contrast to the results of von Rosenberg and Trainor.””

Except for the O + O, (v) studies,™® all of the above
experiments were performed in a flash-photolysis mode,
with relatively high pressures of order 10? Torr, observation
times of 10 to 100 s, and room temperature. Thus the newly
formed O, (v) molecules experienced on the order of 10*-10°
collisions on the time scale of the observations. In many
cases, O, was a significant collision partner, providing the
avenue of rapid V -V equilibration. In contrast, in the upper
atmosphere [e.g., altitudes of 80 to 100 km, where O, (v)
effects are most pronounced], an excited O, (v) molecule
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suffers only about 10°-10° collisions in the time scale of its
radiative lifetime; the principal collision partners are N, and
O,, which we expect to induce simple VT cascade down
the vibrational ladder, and O, which may give more complex
deactivation pathways. Thus it is important to probe the ear-
liest possible stages of the recombination sequence, where
the effects of V— T cascade [reaction (1c) ] are minimized,
in order to determine the range of vibrational levels which
are likely to be populated in high-altitude atmospheric con-
ditions.

We report here on studies of the O + O, recombination
sequence in flowing, microwave-discharged O,/Ar mix-
tures near 1 Torr and at low temperatures, 80 to 150 K. Prior
to their observation, the O, (v) molecules experience ~ 10*
collisions, primarily with Ar, a relatively inefficient VT
transfer partner. Thus collisional effects are significant but
are not severe enough to destroy information about the early
stages of the recombination sequence. The measurements
were made by directly observing the spectrally resolved in-
frared chemiluminescence from O, (v) in the v; band near
10 pm, using the cryogenic COCHISE (cold chemiexcita-
tion infrared stimulation experiment) infrared reactor/
spectrometer facility'® at the Air Force Geophysics Labora-
tory. Our earlier investigation,'” with a limited set of experi-
mental conditions, produced the first laboratory spectra of
O, (v) fluorescence, attributed this fluorescence to three-
body recombination in steady state with collisional deactiva-
tion, demonstrated the effects of deactivation by atomic oxy-
gen, and hinted at the possibility of other discharge-related
excitation mechanisms. We have now reinvestigated this
problem with greater dynamic range so that more definitive
conclusions can be made regarding both spectrosopic and
kinetic/mechanistic issues which arose in the earlier work.
The detailed spectroscopic observations have been reported
in a companion paper (paper I).'® We report here on the
results and interpretations of kinetic/ spectroscopic experi-
ments whose objectives are to: (1) determine a quasiinitial
state distribution from the recombination reaction, for use in
atmospheric modeling; (2) assess the kinetic effects of deac-
tivation by atomic oxygen; and (3) characterize and identify
other O;(v) excitation mechanisms arising in the dis-
charged gas. The results of this work are generally consistent
with those from the initial studies,!” and serve to validate and
extend our interpretations'®?! of the high-altitude chemistry
of vibrationally excited ozone.

Il. EXPERIMENTS AND SPECTRAL DATA

The COCHISE facility is described in detail else-
where,'® and the configuration of the O, (v) experiments is
described thoroughly in paper I.'® O, (v) is produced in four
parallel microwave discharges (2450 MHz, 50 W) of rapidly
flowing O, /Ar mixtures at ~ 1 Torr total pressure and se-
lected temperatures between 80 and 150 K. The discharge
effluents expand into a low-pressure ( ~3 mTorr), cryogeni-
cally pumped chamber, where they enter the collimated field
of view of a scanning monochromator/infrared detector as-
sembly. Optional opposing flows of O, or Ar may be used to
create a quasistatic interaction region along the centerline of
the field of view. The use of this counterflow thus gives some

increase in the observed effluent fluorescence intensities, but
also causes partial rethermalization of the expansion-cooled
rotational distributions. Thus in most of the experiments,
counterflows were not employed in order to keep the rota-
tional temperatures lower and minimize spectral overlap.
The use of O,, Ar, and N, counterflows give essentially iden-
tical results; the absence of a counterflow gives the same
vibrational spectral distributions but colder rotational distri-
butions and about half the total intensity. These results con-
firm the expectation that measurable O, (v) is formed only
in the discharge tubes and not in the low-pressure viewing
region. Typical gas residence times are ~2 ms for the high-
pressure (1 Torr) discharge region, 0.5 ms for the expansion
region between the discharge exit and the field of view, and
~0.3 ms for the viewing volume.

Vibraluminescence from O; (v) was observed with spec-
tral resolutions of 0.027 t0 0.080 um (2.7 to 8.0cm—!). For
convenience and optimized signal-to-noise (S/N) ratio, the
lower resolution was employed for most of the measure-
ments. Higher resolution scans for selected conditions were
used to develop and verify the spectroscopic model used in
the analysis as described in paper 1.®

The primary thrust of these experiments is to examine
the variation in O, (v) number densities and relative popula-
tion distributions with varying O, mole fraction in the dis-
charge gas. Our previous work'” showed: (1) atlow O, mole
fractions, yo, < 1072, the relative contributions of the high-
er-lying states increased as y, decreased, presumably dueto
reduced collisional deactivation by atomic oxygen formed in
the discharge; and (2) for yo, ~ 10", bimodal vibrational
distributions were obtained, implying the onset of another
excitation reaction pumping the higher vibrational states.
Accordingly, in the present experiments, the Ar flow rate
was maintained at 640 gmol s~ and the O, flow rate was
varied from 2.3 to 86 umol s~! (0.3% to 12% 0, ), all at a
constant discharge tube temperature of 80 K. The dynamic
range of y,, was limited by poor S/N at the low end and
difficulty of remote discharge ignition (inside the cryogenic
chamber) at the upper end of the range. The variations in
spectral distribution over this range are illustrated in Fig. 1.
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FIG. 1. Effect of O, level in discharged O,/Ar mixtures on observed spec-
tral distributions (no counterflow, 80 K, 640 umol/s Ar, 0.08 zm resolu-
tion).
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For selected constant O, and Ar flow velocities, the dis-
charge sidearm and gas supply temperatures were varied
systematically from 80 to 150 K. The effect on the observed
spectra is illustrated in Fig. 2. The spectral distribution is
seen to be invariant with temperature, however, the total
intensity exhibits a strong negative temperature coefficient.
These data lend credence to the interpretation that the ob-
served O, (v) derives either directly or indirectly from ozone
formed in three-body recombination, which follows a simi-
lar temperature dependence.”> We will pursue this point
further in the next section.

Prior to analysis of the spectral data, it was necessary to
correct the observed spectra for atomic argon Rydberg lines
appearing as scattered light from the discharge tubes.?® This
was a straightforward procedure involving subtraction of
background spectra obtained with no O, added to the dis-
charges. This contamination was at worst only a minor effect
near 10.0 and 10.3 gm, with stronger features near 11.1,

11.4, and 12.3 um lying generally beyond the maximum
spectral extent of the O, (v) emission.

During the course of the measurements, spectral sur-
veys were conducted over the entire 2 to 16 um range of the
apparatus in search of other ozone emission bands besides
the prominent v, band reported here. The only other O,-
related feature we could detect was the v, + v, combination
band, which originates near 4.7 um. The v, and v, bands,
which are factors of 22 and 45 weaker than v,,>* were not
observable under any conditions of flow, temperature, or
spectral resolution. Based on blackbody calibrations of the
spectral responsivity, examination of the S/N of the v; data,
and the results of the spectral fitting analysis described be-
low, we estimate a minimum detection limit for O, (001) of
5x 10® molecules cm 3, which in turn corresponds to detec-
tion limits of 1x10® and 3 10® cm™2 for O,(100) and
0,(010), respectively. Also unobservable was any O; -relat-
ed fluorescence near 6.6 and 8 um, observed at high pressure
by von Rosenberg and Trainor® and attributed by them to
electronic and vibrational transitions of electronically excit-
ed triplet ozone.
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FIG. 2. Effect of temperature, low-O, case (no counterflow, 640 umol/s
Ar, 1% O,, 0.08 um resolution ).

Ili. ANALYSIS AND RESULTS

Individual excited state number densities were deter-
mined from the spectral data using the linear least-squares
spectral fitting method described in paper 1.'® As discussed
there, high resolution spectra showed evidence for emission
from (00v, ) and [10(v; — 1)] states up tov; = 5, with no
observable features from states withv, > 1 orv, > 0. Accord-
ingly, the (O0v, ) and [10(v, — 1)] states were included in
all the spectral fits. An important aspect of this fitting proce-
dure is that the solutions are values of N, 4,,,., where N, is
the number density for the emitting state and A4, is the
Einstein coefficient for the radiative transition to the lower
state v”. As discussed in paper I,'® the scaling of 4,,,. with v’
is highly uncertain, and we have chosen a course which
could result in underestimates of the values of N,. We be-
lieve these estimates are reasonably accurate for up to three
quanta of stretching excitation, but become progressively
more uncertain for the higher levels, with perhaps as much
as 50% uncertainty for five quanta. The error bars shown in
the following figures reflect only statistical uncertainties
from the fitting unless otherwise stated.

An example least-squares fit to spectral data is illustrat-
ed in Fig. 3. The slight mismatch between observed and com-
puted rotational distributions, most noticeable in the P/R
branch structure of the prominent (001) — (000) band near
9.6 pum, appears to be due to a non-Boltzmann rotational
distribution resulting from collision-limited R« T transfer
in the low-pressure expansion region of the reaction
chamber. However, since the vibrational state number densi-
ties are determined from the much coarser band integrals,
the results are insensitive to such small discrepancies in the
fine structure of the spectrum. Examples of the detailed vi-
brational state number densities determined from such fits
are shown in Fig. 5 of paper L.'®

RELATIVE INTENSITY

9.5 10.0 10.5 1.0
WAVELENGTH (xm)

FIG. 3. Comparison of observed and computed (least-squares fit) spectra
(11.8% O, in Ar, T = 80 K, spectral resolution = 0.08 um; ---, experimen-
tal spectrum; —, computed spectrum and individual vibrational bands, T,
=60K).
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A. Temperature dependence

The O, (v) temperature dependence was studied from
80 to 150 K for initial O, mole fractions of 0.0067, 0.030,
0.109, and 0.118. In all cases, the individual relative vibra-
tional state populations did not change with temperature,
but the total absolute number densities varied by almost an
order of magnitude. Accordingly, the total vibrationally ex-
cited number densities, £, [O;(v) |, were normalized to a
common value at 100 K in order to collapse the data onto a
single temperature dependence curve. The results are shown
in Fig. 4.

The normalized Z[O, (v)] values can be fit quite well
by a T ~ " dependence, where n = (3.2 4 0.3) at the 95%
confidence level. This is considerably larger than n=2 as
commonly observed for O + O, recombination with Ar
near 300 K.”2 However, in Arrhenius form, as plotted in Fig.
5, the COCHISE data extrapolate well to the higher tem-
perature results for the recombination reaction,?>* with ap-
proximate asymptotes of *®7 at high T and **7 at low T.
The close correspondence of the temperature dependence of
O;(v) and that of the three-body recombination reaction

O0+0,+ Ar-0; + Ar (2)

is evidence that the O, (v) observed in COCHISE is formed
either directly in reaction (2) or by excitation of ground-
state O, formed in that reaction.

Since the observed O, (v) is actually in steady state with
collisional deactivation processes, one might expect the tem-
perature dependencies of those processes to influence the
behavior of either the relative distributions or the net num-
ber densities. The apparent absence of such effects indicates
that the overall temperature dependence is controlled by
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FIG. 4. Temperature dependence of total [O,(v)] (V,0.67% O,; O, 3.0%
Oy A, 10.9% O,; O, 11.8% O,. The solid line is a least-squares fit to the
data, 2,[05(v)] « T ~32%%3 (959% confidence level).
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FIG. 5. Arrhenius plot comparing the observed Z,[O,(v)] temperature
dependence to that observed for the recombination rate coefficient (A: Ref.
25; B: Ref. 26; C: Ref, 27; D: Ref. 28).

that of the O, production rate. For VT deactivation pro-
cesses, viz. Ar + O, (v), one might expect a weak positive
temperature coefficient, perhaps 7'!/2. However, the down-
ward curvature in the data at low T'indicates a decreasing O,
(v) production efficiency rather than a decreasing deactiva-
tion rate. Thus it appears that the reactions controlling O,
(v) deactivation are not strongly temperature dependent.

B. Variation of O, mole fraction

O, (v) number densities were determined for a variation
of yo, over slightly more than two orders of magnitude for
constant discharge pressure (1.3 Torr) and temperature (80
K). For clarity, we display the results in three figures, Figs. 6
through 8. The overall results, comparing 2[O; (v)], [O,
(001)}, and 2[00, (v>1)], are plotted in Fig. 6. Break-
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FIG. 6. Observed O,(v) number densities forallv, v = 1,and v > 1 (number
densities are those observed in the field of view at 3 mTorr).
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FIG. 7. Observed O,(v) number densities in field of view, (00v,, v;5>2)
only.

downs of the individual (00v,) and [10(v; — 1)] number
densities for v, > 1 are plotted in Figs. 7 and 8, respectively.
In general, the data show a roughly first-order dependence
on O, at low y,_, a strong quenching effect for the higher
levels above o, ~0.01, and a striking increase in O, (v) pro-
duction near y, ~0.1 which results in population inver-
sions among the higher levels.

The first-order behavior below yo, = 0.01 is consistent
with our earlier view'” of O, (v) formation by reaction (1)
balanced by destruction principally by atomic oxygen. The
regime above y, ~0.01 exhibits a substantial increase in the
O, (v) loss rate, especially for the higher levels; the implica-
tion is the onset of another reaction with some discharge-
produced species which reaches large concentration at this
0O, level. As we will discuss in the next section, we do not
expect O, O;, or O, to be responsible for this behavior.

The increase in O, (v) production at large y,, seems to
originate in the highest observed levels, v; = 4-5. The pro-
duction of these levels begins to increase at substantially low-
€r Yo, than for the lower levels, v, = 2-3, asif the high levels
are directly excited and the lower levels are increasingly pop-
ulated from above by collisional cascade as y, is increased.
Since O; (006) is not observed even though there is sufficient
sensitivity {[O; (005)]/[O; (006) ] > 10}, the excitation re-
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FIG. 8. Observed O,;(v) number densities in field of view [ (10v,) states].

action responsible for these observations must have an ener-
getic limit in the 5000-6000 cm ~ ! range. Furthermore, since
the temperature dependence of O;(v) tracks with that of
recombination even in this regime of y,, , the reaction must
involve excitation of ground-state O,, formed from deacti-
vation of recombination-generated O, (v). The dramatic in-
crease with y, points to an energetic excitation partner
which is formed from electron-irradiated O,. The possibili-
ties then are V- V transfer to O, from O, (v), or E-V trans-
fer from an electronic metastable species. The energy defect
we require, ~4900 to 5800 cm ™, is significantly off reso-
nance with the states of O, (v); for example, the v = 3 and 4
states of O, lie at energies of 4598 and 6085 cm ™', respective-
ly. However, the observed energetics correspond well to the
energy difference between O,(b'2;") and O,(a 'A,) of
5238.5 cm™'. We therefore invoke the reaction

0,(b'2;") + 0,-0,(a 'A,) + 05(005). (3)

The quenching of O, (b) by O; has been observed to occur at
room temperature with a rate coefficient of 2.2 10~ !! cm?
molecule ! s~ ! and a branching fraction of 2/3 for dissocia-
tion of O;.% As will be discussed in the next section, if the
remaining 1/3 of the quenching proceeds by reaction (3), we
anticipate that there is sufficient O, (b) produced in the dis-
charge to account for the observations at large v, .

As discussed in paper 1,'® in the recombination-domi-
nated regime of y,_, we observe population of the combina-
tion states (103) and (104) in thermal equilibrium with the
“pure-v,”’ states (004) and (005), and have interpreted this
observation in terms of initial recombination into the v,
mode followed by rapid, near resonant VT transfer with
Ar to populate the nearby [10(v; — 1) ] states. In addition
(also in paper I'®), we observe a strong enhancement of [O,
(102)] and a minor enhancement of [O; (101)] which is
most likely the result of resonant V-V exchange with O,
(v=2):

0,(v =2) + 0,(000) » O, (v = 0) + 0,(102),  (4)
0;(102) + M—-0,(101) + M. (5)

It is also likely that O, (002, 003) are enhanced to some
extent by deactivation of O, (102). We have attempted to
estimate a lower bound to the total O, (v) formed from
V-V exchange by computing from the data the total
amount of O, (101, 102) in excess of the thermal equilibrium
with O, (002, 003 ) expected for recombination. These values
are plotted in Fig. 9. For [O; (000) ] estimated by extrapola-
tion of the observed O,(v) distributions, a value of ~ 10~ !
cm® s~ ! for rapid V-V exchange, and deactivation by O as
described below, the levels of O;(v) observed in Fig. 9 re-
quire an O,(v) vibrational temperature of ~ 10° K, which is
well within the range expected for microwave discharges
such as those used here. In addition, the behavior with Yo,
shown in Fig. 9, i.e,, a first-order dependence below y,,
= 0.01 and constant within experimental scatter above that
point, has a bearing on the formation kinetics of O, (000);
this point will be addréssed in the next section.

We now wish to isolate the effect of recombination ki-
netics on the vibrational distributions at low yo, . In the re-
combination-dominated regime of Y, , we view the observed

J. Chem. Phys., Vol. 87, No. 9, 1 November 1987
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FIG. 9. Estimated contribution from O,(v) + O, exchange [number densi-
ties (field of view values) represent sum of (102) and (101) values, correct-
ed for their estimated levels due to recombination/deactivation (see the
text)].

O, (v) as being populated by collisional cascade from higher
levels which are formed directly in recombination, and de-
stroyed primarily by atomic oxygen. In the steady-state ap-
proximation, we have

kp(v)[O][O,][Ar]
kp (V) [Ar] 4+ k4 (v) [O]
kF(U)
ko(v)

As discussed in the next section, the direct formation term
k. (v) does not apply to the relatively low vibrational states
observed here, but rather to much higher states which are
rapidly deactivated to the lower levels. In this analysis the
cascade production rates cannot be treated on a state-to-
state basis, so collisional scrambling effects among the low-
est five levels are inherent in the values of k. (v). There is
also some contribution from the V-V exchange reaction
(4), which can be subtracted from the data using the results
of Fig. 9. [ Note that there is probably some residual contri-
bution from reaction (4) in the (003) and perhaps (002)
populations which we cannot evaluate. ] Finally, we correct
for resonant V — T transfer to the combination states by add-
ing the population of each [10(v; — 1]) state to that of the
corresponding (00v;) state. A plot of the resulting relative
vibrational state populations, [O,;(00v;) ]/
2,51 [05(00v,)], as functions of yo, is shown in Fig. 10.
For Xo, <0.01, the data fit well to an exponential empirical
expression, with well-defined intercepts at y,, = 0. Since
[Ar] is constant throughout, the slopes of the lines reflect
variations in the atomic oxygen deactivation rates with y, ;
variation in the slopes suggests a vibrational level-dependent
rate coefficient which increases with v,. The intercepts re-
flect an effective vibrational distribution which is affected
only by collisions with argon. A least-squares analysis of the
Xo, = 0 vibrational distribution gives a vibrational “tem-
perature” of 2070 + 210(10) K. In the next section, we will
attempt to extract from these data further details about the
atomic oxygen deactivation and about the nascent or quasi-
nascent O, (v) distribution from three-body recombination.

[03(U)] =

o=

[02] [Ar]. (6)

1.0

5
8> ou
40
o
e

0.01

i | | | 5
0.0 0.2 0.4 0.6 0.8 1.0 .2

PERCENT 0, IN DISCHARGE GAS {I.3 torr, BOK)

FIG. 10. Dependence of relative vibrational distributions from recombina-
tion upon O, mole fraction in discharge gas (the solid lines are least-squares
fits to the data points).

As a final point in the data analysis, we note the striking
difference between the kinetic behavior of O, (001) and that
of the higher levels (cf. Figs. 6 and 10). The relative (001)
contribution increases steadily with y, , showing none of
the sensitivity to O, -related loss processes that are evident in
the data for higher v. While a number of hypotheses might
account for this, the simplest explanation which satisfies
both the reaction order and temperature dependence is that
significant O; (001) might be formed by secondary electron
impact excitation of O, (000), which undoubtedly accumu-
lates in the recombination process. If this is true, then O,
(001) and O, (000) might well be in a quasiequilibrium,
especially at higher y,, where O, (000) buildup is more sub-
stantial. Similar excitation of the higher levels may also oc-
cur, however, from inspection of the data, this does not seem
to be a dominant contribution.

IV. KINETIC INTERPRETATIONS

In order to fully interpret the data in terms of produc-
tion and loss mechanisms for O, (v), we must assess species
number densities, rate coefficients, and scalings with yo,
and T for the relevant reactions which we expect to occur in
the microwave discharges. In this section, we first address
the physics and chemistry of the discharge in order to esti-
mate number densities of the key species. We then apply
these values in a comparative assessment of the various pos-
sible O; (v) production and loss processes. This leads to the
derivation of a rigorous steady-state Kinetic analysis, which
we can then use to interpret the experimental results.

A. Discharge conditions

The COCHISE discharges are of the conventional mi-
crowave type, whose operating conditions are governed by
ambipolar diffusion.>**! For the conditions of these experi-
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ments, we estimate an electric field/density ratio of
E/N~3X10~' Vcm? from energy balance consider-
ations, this leads to an estimated electron number density of
~10" cm™>3. We have solved the Boltzmann transport
equation, treating all the inelastic processes occurring in the
discharge to the accuracy with which their cross sections are
known, to obtain a characteristic electron energy of ~8 eV
for dilute O,/Ar mixtures. This characteristic energy is
roughly constant from y,, = 0 to 0.01, and then decreases
with increasing y,, due to increasing collision frequency of
electrons with O,, approaching a value of ~2 eV for 100%
0,. Application of the electron energy distributions obtained
in this fashion to energy-dependent excitation cross sections
available in the literature gives the effective excitation rate
coefficients as functions of £ /N and y, .

We have used this treatment to estimate rate coefficients
for the key electron impact processes, including O, dissocia-
tion (O formation), excitation of O, (v) and of the O, me-
tastablesa 'A,, b '3, ¢ '2,7, and dissociation of O, (akey
O; loss process). An important aspect of these calculations
is that, since the electron energy distribution is unaffected by
O, at low y,,, the excitation rate coefficients are constant
below o, = 0.01, i.e., in the recombination-dominated re-
gime. This means that the production rates for O, O, (v), and
O,(a,b,c) are linearly dependent upon [O, ] in this regime.
We will use these rate coefficients in the steady-state analysis
presented below. Further details on the Boltzmann trans-
port solutions are given in the Appendix.

B. Excitation of O;(v)

We wish to evaluate and compare the O, (v) production
rates for the most likely reactions: three-body recombina-
tion; electron-impact excitation, resonant V-V transfer
from O, (v =2); resonant E-V transfer from O,(d '2;" );
and the possible chemical reaction between O, and one or
more of the high-lying metastables O,(4 >}, 4'3A,,
¢ ' 7). The reactions considered are listed in Table I, along
with their estimated rates for y,, = 1073, 1072, and 10~

To estimate the three-body recombination rate, we use
values of [O] given by the discharge analysis. O is formed by
electron-impact dissociation of O, , and its number density is
limited by the residence time ¢ in the discharge. Thus we

TABLE I. Estimated rates® of O,(v) formation in microwave discharges of
0,/Ar, 1.3 Torr, 80 K.

Reaction Xo, = 1077 10~2 107!

O+ 0O, + Ar 2(13)° 2 (15) 4 (16)
—0;(v) + Ar

e+ 0O, <2(12) <2 (14) <4 (16)
—0,(001) + e~

O,(r=2)+4+0,; 2 (12) 2 (14) 2 (16)
~0,(102) + O,

0,(b'2) + 0, 1(11) 1(14) 6 (15)
~.0,(005) + O,

0,(¢'3) + 0, 1-10 (13)

2.0,(001,002) + O

2Rates are in units of molecules cm=>s~".

®2 (13) represents 2 10'2,

have [0]/[0,] = 2k Q:[e~]/t. For k$: as determined for
the COCHISE discharges, we get [0]/{0,]~1 for yo,
<107 % and [01/[0,]1~0.2 for y,, = 10~". From Fig. 5,
we estimate a recombination rate coefficient of kg
~2%107% cm®s~! at 80 K; this then gives a product
kx[O][0O,][Ar] =2X 10", 2x10%, and 4x10'
em ™ s~ for yo, = 1072, 1072, and 10~, respectively.

The next three reactions in Table I involve excitation by
energy transfer to O, (000), whose number density must be
estimated from the discharge calculations. The only efficient
means of forming O, (000) in the discharge is by the recom-
bination/vibrational relaxation pathway; the above total O,
(v) production rates provide an upper bound for O, (000)
formation. The principal loss process for O, (000) is most
likely by electron-impact dissociation; we estimate a loss rate
on the order of 10° s~! based on the discharge predictions.
Dissociation of O; by metastables of O, O,, or Ar proves to
be more than an order of magnitude slower by comparison.
Thus we estimate upper-bound values for [O,(000)] of
210", 210", and 4x 10" cm ™ for yo, = 1073, 1072,
and 10~". The value at y,, = 107 is consistent with extra-
polation of the observed vibrational distribution and correc-
tion for the expansion pressure ratio, i.e., [0, (000)]/{O,
(001)] ~25. The actual [O; (000)] value may be consider-
ably less than this owing to incomplete vibrational relaxa-
tion.

Vibrational excitation of O, by low-energy electrons is
difficult to assess since its cross section is unknown and the
effective electron density is ill defined. If we describe the
process in terms of the total electron density and an effective
rate coefficient of 10~ cm® s ™!, the upper-bound excitation
rates are about an order of magnitude smaller than those for
recombination. Thus this reaction may compete with recom-
bination for formation of O;(001), but does not appear to be
effective for general excitation of O, (v).

O, (v) is formed in the active discharge by electron-im-
pact excitation of O,, and is removed by deactivation by O
and electron-impact dissociation. For low vibrational levels,
the O-atom reaction is the dominant loss process by one to
two orders of magnitude. From the discharge predictions
and a likely O + O, (v) rate coefficient of ~10~ " em®s~!,
we expect [0, (v =2)] =8Xx 10", 8Xx10'% and 4x10"
cm ™ at yo, = 107,107, and 10~", corresponding to vi-
brational “temperatures” of about 1700, 900, and 800 K,
respectively. The actual temperatures could be significantly
higher due to V&V self-pumping by O,, not considered
here. For an O,-0O, V-V transfer rate coefficient of
~107" cm?®s™!, we obtain O;(102) production rates
which are competitive with those expected for recombina-
tion. The values listed in Table I are also consistent within a
factor of 2 with the apparent O; (102) production rate deter-
mined from the data of Fig. 9 using the deactivation rates
derived below. The O, (v) 4+ O; hypothesis therefore ap-
pears to be quite credible in terms of both the data and the
expected discharge kinetics.

O,(b ‘2; ) is formed and dissociated by electron im-
pact. The dissociation cross section is not known, but the
effective rate coefficient can be scaled from the O, (v) data.
From the onset of the O; (v) enhancements shown in Fig. 7,
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together with an E— V rate coefficient of 7 10~ 2 em®s™!
(in keeping with the results of Slanger and Black®®), we esti-
mate [O, (b)] values which, taken with the discharge-pre-
dicted O, (b) production rates, correspond to an O, (b) dis-
sociation rate coefficient which is about five times larger
than that for O,(X *Z, ). This gives [0, (b)] = 102, 10'3,
and 2 10" cm ™~ for y,, = 1073, 1072, and 10~". The re-
sulting O, (005) production rates, shown in Table I, are seen
to be competitive with recombination only at large y, .
Lastly, we consider the reaction

0% + 0,-0,(v) +O, (7

where O# is one of the Herzberg states: 4 2.5, 4 >A,,, and
¢ '3 .. This type of reaction was implicated in high altitude
auroral measurements,'>?! but has yet to be demonstrated in
the laboratory. The reaction with O, (4,v = 0) is exoergic
enough to form O, with up to two quanta of stretching vibra-
tion. For yo, = 1072, we estimate from the discharge pre-
dictions for O, (c) an O¥ production rate of ~6X10'°
cm ™3 s !, By analogy with the other metastables, the loss
rate by dissociation is probably 10°-10° s~ so we expect
[O%¥] = ~10"'-10" cm™>. This means that reaction (7)
may compete successfully with recombination if the rate co-
efficient is in the 10~ '* cm® s~ ! range, a value which is con-
sistent with quenching measurements at room temperature
for O, (A).* However, the strong negative temperature
coefficient observed for all O; (v) under all ¥, conditions
argues against the contribution of reaction (7) in the CO-
CHISE measurements at cryogenic temperatures.

C. Deactivation of O,(v)

The principal loss of O, (v) occurs through collisions
with Ar, the wall of the discharge tube, and atomic oxygen.
Deactivation by O, is not important at these dilutions. In
addition, we will consider dissociation of O, (v) by elec-
trons, O,(a 'A,), and O,(b '3, ). The relevant reactions
are listed in Table II.

The deactivation of low levels of O, (v) by Ar has been
studied at room temperature.>*!* We have scaled those data
by vT"? to apply to our conditions. Based on the state distri-

TABLE 1I1. Estimated loss rates® for O,(v) in microwave discharges of
0,/Ar, 1.3 Torr, 80 K.

Reaction Xo, =107° 1072 107!
O;(v) + Ar 7000 700v 7000
-0;(v—1) +Ar
wall
0,20, w—n) <300 <300 <300
0,() + 0 13y 1(4) 2(4)
-20, or
O;(v—n)+0
0,(v) + e~ 1(3) 1(3) 1(3)
-0,+0
O,(v) + 0,(a'A) 1-10 (2) 1-10 (3) 4-40 (4)
220,40
O;(v) +0,(b'3) e 1(2)
-20,+0

2 Rates are in units of molecules s~ .

®1 (3) represents 1 10°.
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butions we observe, it appears that the deactivation occurs
mainly by Av, = 1 changes until the (001) state is reached,
after which it may proceed through (010) into (000) as sug-
gested by Rosen and Cool.?* For this type of VT transfer,
we expect single quantum cascade down the vibrational lad-
der. The assumed Ar deactivation rates are therefore in the
10’ s~ ! range, with a significant dependence on vibrational
level.

Deactivation of O;(v) on the wall of the discharge tube
was estimated from lowest mode diffusion® by analogy to
CO,,"* assuming unit deactivation efficiency. This gives
an upper bound of ~300s~"', which is of minor importance
for our conditions. This value is comparable to 500 s~ ' cor-
responding to the inverse of the residence time in the active
discharge prior to expansion, so little influence of wall colli-
sions on the vibrational distributions is expected.

Deactivation of O, (v) by O is a critical reaction which
is difficult to treat. West et al.® studied this reaction for
O;(v = 1) and found efficient removal of O, (v) by O, witha
rate coefficient of either ~10~" or ~10~'2 cm?®s™!, de-
pending upon whether chemical reaction or VT transfer
occurred. These same investigators® later reported no signifi-
cant loss of O in the process, implicating V— T transfer as
the dominant pathway, at least for O, (v = 1). The behavior
for higher v is not known, although statistical arguments**
favor deactivation by multiquantum energy transfer. For
reasons discussed later in this paper, we suspect that the
chemical reaction pathway plays a role in our experiments.
For the present purposes, we invoke a rate coefficient of
10~ cm?®s™! with no dependence upon vibrational level.
For this value, we can see that deactivation by O is competi-
tive with Ar at the lowest y,, and faster for larger y,, . In the
analysis to follow, we will use the data to obtain better esti-
mates for the rate of this process.

The rate of dissociation of O (v) by electrons was esti-
mated by analogy with O, (000) + e~ rates determined
above, assuming no large increase in the rate with O, vibra-
tional energy. This loss process may be a minor factor at low
Xo,» but does not appear to be generally important except to
determine the overall loss rate of total ozone.

The dissociation of O, (v) by O, (a ‘Ag ) is an interesting
possibility and may provide an explanation for the anoma-
lously large loss rates for O, (v>>2) which are evident in the
data (Figs. 6 through 8) for y,_ > 10~2% Quenching of vibra-
tionally cold O, (a) by ground state O, is known to be
slow?%; however, excitation of at least one vibrational quan-
tum of either partner would permit dissociation of the O;,
and might therefore lead to a substantial increase in the reac-
tion cross section. Based on the discharge predictions, we
estimate [0, (@) ] ~10"t04X 10" cm ™ for yo, = 1077 to
10!, Thus we can account for the observations with a rate
coefficient in the 10~ ' to 10~ '®cm® s~ range. We know of
no other possible hypotheses to explain the observed deple-
tion in O;(v>2) above yo, = 1072

Finally, we have evaluated the dissociation of O, (v) by
O,(b '2;") using the discharge predictions given above for
[O, (b)] and the total quenching constant of Slanger and
Black® for ground-state O, . As shown in Table II, this turns
out to be an insignificant loss process for O; (v).
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D. Steady-state kinetic analysis

Comparison of the estimated O; (v) production and loss
rates in Tables I and II allows us to confidently verify our
initial belief that, for yo, <1072, O, (v) is formed primarily
through three-body recombination and is removed by colli-
sions with O and Ar. The values of Tables I and II give
predicted steady-state O, (v) number densities in the field of
view of ~3X 107, 7% 10%, and 3 X 10°cm > for y,,, = 0.001,
0.01, and 0.1, respectively. The first two values are within a
factor of ~2 of the observations (cf. Fig. 6), which is well
within the uncertainty of the calculations. The predicted val-
ue at Yo, = 0.1is high by a factor of ~ 3, suggesting that we
may have underestimated some of the loss rates for this dis-
charge condition.

The excited ozone observed in these experiments is in
low vibrational states, v<5, which are unlikely to have been
formed directly upon stabilization of the O,-O collision
complex. We define here a true nascent distribution, O,
(v*,J *), asbeing the earliest rotational-vibrational distribu-
tion for which collisional redissociation is insignificant com-
pared to radiative and/or collisional deactivation. This dis-
tribution is likely to encompass vibrational states in the
upper third or half of the potential well, and is also probably
extremely short lived, perhaps surviving for only 100 colli-
sions. On this time scale there will evolve a secondary vibra-
tional distribution, O, (v), which is the quasiinitial distribu-
tion that precedes the deactivation observed here. The states
within this distribution are populated by downward colli-
sional cascade, not by direct recombination. Thus for each
state there are several production terms involving higher-
lying states, which in turn have more production terms. For
algebraic simplicity, we treat the O, (v) states collectively,
such that collisional “scrambling” among the individual
states is an inherent part of the distribution. In terms of the
steady-state analysis for collective [O, (v)], it is easy to
show that a steady-state assumption of O, (v*,J *) formation
by three-body recombination and removal by Ar gives the
same form for the production rate for O, (v) as if we assume
direct recombination into O, (v). We can therefore write the
level-dependent steady-state equations [cf. Eq. (6)]:

k;[01[0,][Ar]
O =
O, == ST v R (8)
2,k 7[0][0,][Ar]
O =
2[0,)] IS N 9

where k £ is the apparent rate coefficient for “direct” recom-
bination into state v, k ° is the rate coefficient for collisional
removal of state v by O, and R, represents the removal of
state v by all oxygen-independent processes, mainly Ar and
wall collisions. In Eq. (9), k9 represents the rate-limiting
step for removal of all O, (v) by O. For example, if the
O + O, (v) step proceeds by single quantum cascade, this is
given by k¢ = k9 if the process is a chemical reaction or
involves total multiquantum deactivation to O, (v = 0), we
have k¢ =2, k°[0;(v)1/2[05(v)].

Several important conclusions can now be stated upon
examination of the reaction orders observed in Figs. 6
through 8. First, the observed number densities of %[O,
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(v)] and [O, (v)] are first order in O, even at the lowest
Xo,» corresponding to [0,] = 1.3 10" cm™>. From the
discharge predictions, we expect [0]/[O,] to be constant
throughout this regime, with an estimated ratio of unity.
From the condition required for first-order behavior,
k°[O1>R, and R, given by Table II, we conclude k¢
>8% 1072 cm®*s™!, etc., up to k3 >3x 107" cm?s™ L
Further information on the deactivation step can be gleaned
from the V-V transfer resuits plotted in Fig. 9. From the
discharge predictions, we expect (O, (v = 2) ] tobe constant
from yo, = 1072 to 1072 The first-order behavior in [O,
(102) ] exhibited in Fig. 9 must therefore be due to a similar
dependence in [O; (v = 0)]. First-order behavior of [O;
(v = 0)] cannot occur if there is significant formation of O,
(v = 0) by O + O, (v). This, together with the large values
of k %, indicates that the major route of the O + O, (v) step is
chemical reaction to form O,.

To assess the level-dependent kinetic effects, we exam-
ine the relative vibrational distributions

ky k2[0]+R,

[O;(»)] — .
S,k5 k[0] +R,

10)
2, [03(U)] (

It can be shown after considerable algebra that, over the
range of [O] and relative population observed here, Eq.
(10) is approximated by the empirical exponential form
plotted in Fig. 10. The empirical slopes are related to the
kinetic parameters via

dIn{[0,()1/3,[0,(®)1} fki Sk,
d[0,] "R, R,

to within ~30%, where f= [0]/[0, ] =~ 1. The first-order
kinetics in [O, ] provides us with the lower bound k9 /R,
>8X 107" cm>. Using the Ar and wall deactivation rate
coefficients from Table II, and the empirical slopes from Fig.
10, we can evaluate lower bounds for k£ %: (0.8, 1.4, 2.0, 2.7,
and 3.6) X 10~ cm® s~ forv = 1,2, 3, 4, and 5, respective-
ly.

The y,, = O intercepts from Fig. 10 can be used to de-
termine the quasiinitial O, (v) distribution from recombina-
tion. From Eq. (10) at [O] = 0, we obtain

( [03(U)] )= kf 5_1_
2,[0;(»)] S,kRR,’

(11)

(12)

where k /3 kX are the quantities we seek. The observed
intercepts and the values corrected for R, /R are plotted in
Fig. 11. The error bars reflect the combined uncertainties in
R, /R, (i.e.,, with and without wall collisions) and in the
Einstein coefficients used in the spectral analysis. Also plot-
ted in Fig. 11 is the statistical nascent distribution which
would obtain if the entropy change of the reaction were
maximized, i.e., if all final states within the v; mode were
equally probable. In the language of surprisal theory,*” this is
called the “prior” or “zero surprisal” distribution of states,
and is given by*®

PO(D) _ (1 _Ev/E)3/2

3, (1—E,/E)*?’ (13
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FIG. 11. Quasiinitial vibrational distribution of O,(v) formed in recombin-
ation [---@---, yo, =0 intercepts, with least squares-fit [T,]
= 2070 + 210(10) K]; O, zero-O, values adjusted for Ar deactivation; —
O-,computed statistical distribution (including v =0)].

where E,, is the energy of vibrational state v and £ is the total
energy available (E = 8468 + 140 cm™'). The close corre-
spondence between the COCHISE quasiinitial distribution
and the zero surprisal distribution is striking. It appears
from this that the energy contained in the truly nascent O,
(v*.J *) states is rapidly randomized throughout the asym-
metric stretching mode of the molecule in collisions with the
Ar bath gas.

V. DISCUSSION

The detailed dynamics of three-body recombination are
summarized in Table III. In the energy transfer or associa-
tion/deactivation mechanism, we envision the formation of
an unbound but associated O---O, complex which can live
long enough to collide with an Ar atom. This collision results
in either dissociation of the complex or formation of slightly
bound O, (*). Further collisions of O; (*) result in either

TABLE III. Dynamics of three-body recombination.

(1) Association/deactivation mechanism
Complex formation: O + 0,-0---0,-0+ 0,
0--0,+M-0+0,+M
0---0, + M-05(*) + M

Stabilization: 0,(*) +M->->-0+0,+M
03(*) + M—»—>—>03(U*,J*) + M
Deactivation O,(v*J*) + M- - -0,(0) + M

Rotational thermalization

O03() + M=~ —~ viprational cascade
(2) Chaperon mechanism

O +M=0M

0,+0M-0,+0+M

0,+OM-0;(v*J*) + M

Rotational thermalization
O;(v*J*) + M= == yiprational cascade

redissociation or stepwise deactivation until finally the non-
dissociative nascent distribution O, (v*,J *) is attained. The
state distribution continues to evolve downwards by colli-
sional cascade, at first rapidly through V,R — T transfer until
the rotational distribution is thermalized, and then more
slowly by conventional V — T transfer thereafter. Within the
framework of this model, we require rapid scrambling of the
recombination energy throughout the v; mode. This is not
unreasonable, since trajectory calculations for Ar + O,
(vJ) collisions indicate efficient energy transfer with large
AE for excited ozone molecules with high rotational ener-
gy.>"* The observed preference for asymmetric stretching
motion is also striking; it seems that the newly formed mole-
cules (probably in a quasicontinuum of states) are deacti-
vated into the nonchaotic portion of the potential well so
rapidly that they retain “memory” of the original approach
configuration. The decrease in the recombination rate with
increasing temperature can be ascribed, qualitatively at
least, to less efficient complex formation and increased colli-
sional redissociation prior to formation of the nascent distri-
bution.

In an alternative recombination scheme, the chaperon
or radical-molecule complex mechanism, O and Ar may ex-
ist in equilibrium with the weakly bound van der Waals mol-
ecule ArO, which can react with O, to either dissociate or
form excited O, . Troe® has suggested that this mechanism
may be responsible for the anomalously low values for the
three-body and high-pressure rate coefficients observed for
the reaction at room temperature. We can find no evidence
in our data to preclude the occurrence of this mechanism. A
detailed study of these mechanisms using classical trajectory
calculations is currently under way in our laboratory; pre-
liminary results indicate an O, (v) production rate by the
chaperon mechanism which is much smaller than that ob-
tained from Fig. 5.%

The elusive triplet excited state of ozone*'*? may also be
involved in the recombination sequence, perhaps as a colli-
sional precursor to the quasiinitial O, (v) distribution. Our
data neither support nor contradict this, however, there is no
spectral evidence for significant triplet ozone,'® nor do we
need to invoke its presence to account for the results.

The COCHISE data have profound significance in the
interpretation and modeling of high-altitude O, (v) chemis-
try.'*2! We expect the observed quasiinitial distribution to
correspond fairly well to the three-body recombination reac-
tion in the upper atmosphere. The effects of N, and O, as
third bodies and VT collisional deactivation partners
should be similar to those observed here for Ar. Further-
more, the large rate coefficients we find for reaction of O, (v)
with O indicate that the atomic oxygen reaction will be im-
portant between 80 and 100 km for some (but not all) atmo-
spheric conditions. Finally, the characterization of other dis-
charge-related O, (v) excitation processes has an important
bearing on the interpretation and scaling of auroral observa-
tions.

1,42

VL. CONCLUSIONS

By a detailed analysis of spectrally resolved O; (v) flu-
orescence data over a wide range of experimental conditions,
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we have been able to characterize completely the kinetics of
O, (v) formed in microwave discharges of dilute, flowing
O,/Ar mixtures. The primary result of this effort is the de-
termination of the quasiinitial distribution of O, (v) states
formed in three-body recombination of O with O,,

0+ 0, + Ar—0,(v) + Ar.

The results indicate statistical behavior in the asymmetric
stretch mode, but little or no transfer into the other modes on
the time scale of the measurements. An analysis of the
change in vibrational distribution with changing O, mole
fraction leads to the conclusion that deactivation of O, (v)
by O proceeds via chemical reaction:

O + O3(U)—)02 + 02

with rate coefficients in excess of 10~ '' cm?® s~ ! and increas-
ing with v. As an interesting aside, this reaction can lead to
considerable vibrational and electronic excitation in O,, in-
cluding the formation of the metastables 433+, 4 %A,
andc 'z

Additional evidence was obtained for other O, (v) exci-
tation processes. These include: resonant V-V transfer
from O, (v),

0,(v=2) + 0;-0,(v =0) + 0,(102);
resonant E— V transfer from O,(b 'Z,),

0,(b 'S} ) + 0;-0,(a 'A,) + 0,(005);
and possibly electron-impact excitation of O,

e~ 4+ 0;-0,(001) + ¢

Finally, indirect evidence suggests rapid dissociation of
O;(v3> 1) by O,(a 'A,):

05(v;>1) + 0,(a'A,) >0+ 0,4+ O,.

Much of the information presented here was inferred
from indirect and often circuitous analysis of a complex data
base. For this reason, these results are by no means defini-
tive. Nevertheless, they represent the current state of the art
for this difficult problem, and the development of a more
definitive data base will undoubtedly prove to be extraordi-
narily difficult. We eagerly await the testing of the concepts
and models presented here by advanced theoretical and ex-
perimental methods.
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APPENDIX: THE PREDICTION OF EXCITATION RATE
CONSTANTS IN O, /Ar DISCHARGES

We present here predictions for excitation rates in
O,/Ar microwave discharges. These calculations not only
incorporate the collective effects of ground-state excitation
of O, but also include excitation of discharge created species
such as cross sections for O-atom excitation, ozone dissocia-

5219

tion, and ionization of argon metastable states.

We have used a computer model which solves the Boltz-
mann transport equation to evaluate the excitation rates
characteristic of the O,/Ar discharges used in the
COCHISE ozone studies. Discharge predictions were per-
formed for various O, /Ar mixtures as a function of E /N
(electric field per unit length normalized by total number
density). The inputs to these calculations are the electron
energy dependent cross sections for the inelastic processes
occurring in the discharge while the outputs include dis-
charge characteristics such as characteristic electron energy
and drift velocity as well as excitation rate constants. The
calculational techniques are straightforward and well under-
stood (see, e.g., Ref. 43).

The predictions are, of course, only as accurate as the
cross sections employed. In the case of argon all the cross
sections are well known with the exception of those for elec-
tronic excitation. We have characterized electronic excita-
tion with two processes representing s state excitation with
an energy loss of 11.6 eV and p state excitation with an ener-
gy loss of 13.1 eV. These cross sections were used with the
more standardly accepted cross sections for momentum
transfer and ionization for Ar**** to predict the transport
properties of argon discharges. Predicted values of drift ve-
locity, characteristic energy, and ionization coefficient as
functions of E /N gave good agreement with experimental
measurements for argon discharges.

For the case of O, the cross section data base discussed
extensively by Phelps and co-workers***® has been used.
These cross sections provided reasonable agreement with O,
discharge data and limited measurements of O, metastable
state excitation rates.***’ The processes considered include
momentum transfer, rotational and vibrational excitation,
electronic excitation of several states, dissociation, dissocia-
tive attachment, and ionization.

Several excitation processes involving O and O, have
also been included in the analysis. These species have been
treated as traces and thus do not affect the discharge electron
energy distribution. Electron-impact excitation of O(°P) to
O('D) and O('S) has been specified by the cross sections
recommended by Jackman et a/.,** and dissociation of O, by
the analysis of Keto.® The latter treatment is theoretical
with no experimental validation.

Similarly, electron-impact ionization of the Ar(4s, 4p)
states has also been incorporated. These cross sections have
been taken from the theoretical treatment in Ref. 51. The
cross sections for Ar(4s) have been validated experimental-
ly. Ar metastables were only treated as a trace in the calcula-
tions. Note, however, that this stepwise ionization process
can change the discharge operating conditions if the Ar
metastable state concentration becomes sufficiently large.

These cross sections have been used to calculate dis-
charge properties and excitation/deexcitation rate coeffi-
cients of various O, /Ar mixtures as a function of E /N. Some
of the predictions are shown in Figs. 12 through 16. These
rate coefficients were used in the kinetic analysis presented
in Sec. IV. More detailed tabulations and plots of the rel-
evant cross section data and predicted rate coefficients are
available from the authors upon request.
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FIG. 12. Predicted characteristic energies in microwave excited mixtures of
O,/Ar.
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FIG. 13. Predicted rate constants for Q, dissociation in microwave excited
0O,/Ar discharges.
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FIG. 14. Rate constants for electron-impact excitation of ground state O, to
several metastable states for microwave excited O,/Ar mixtures.

It must be noted that these predictions should not be
considered to be exact. Indeed, at these high characteristic
energies the adequacy of the first-order expansion of the
transport equation is in question. In addition, superelastic
collisions have not been accounted for and it has been as-
sumed that the O and O, concentrations are traces relative
to those for O, . If the latter assumption is valid, and given
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FIG. 15. Predicted rate constants for direct excitation of vibrational levels
v =1 and 2 of O, in microwave excited mixtures of O,/Ar.
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FIG. 16. Predicted rate constants for electron-impact dissociation of O in
microwave excited O,/Ar mixtures.

the accuracy of the cross sections, we expect the rate con-
stants to be accurate to within a factor of 2. Furthermore, at
very high excitation levels additional processes should be
considered, e.g., electron-impact dissociation of the metasta-
ble states of O,.
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