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Atmospheric Chemiluminescence:
COCHISE and FACELIF Experiments

1. Introduction

During the last four years, many experiments have been performed under the auspices of the
COCHISE! 2 facility. Each of these experiments has measured a fundamental chemical quantity such
as a radiative branching ratio, a quenching rate coefficient or a product vibrational energy
distribution. These measurements are then provided for incorporation into the various atmospheric
radiation codes such as NORSE, ARC, and AARC, where they provide a solid experimental footing for
modeling the complex chemical system of the upper atmosphere.

The COCHISE apparatus has been used to measure:

a. N(2D,2P) + O, = NO(v, high J) + O high rotational energy bandheads.

b. N3* + CO — Ny + CO (v, J) Carbon monoxide bandheads due to energy exchange mechanism.

¢. Ny (W - B) Wu-Benesch radiative electronic transitions and their vibrational branching
ratios.

d. Nascent vibrational population distribution of ground state ozone.

(Recetved for publication 24 February 1989)

1. Miller, S.M., Lurle, J.B., Armstrong, RA., Winkler, 1., Steinfeld, J.I., Rawlins, W.T., Gelb, A.,
Piper, L., Caledonia, G.E., Nebblesein, P., Weyl, G., and Green, B.D. (1985) Spectroscopic, Kinetic
and Dynamic Experiments on Atmospheric Spectes, AFGL-TR-85-0077, ADA162691.

2. Ammstrong, R.A., Kennealy, J.P., Robert, F.X., Corman, A., Rawlins, W.T., Piper, L.G., Caledonia,
G.E., Green, B.D., Murphy, H.C., Steinfeld, J.1., Stachnik, R., and Adler-Golden, S.M. (1982)
Atmospheric Chemiluminescence: COCHISE and Related Experiments, AFGL-TR-82-0305,
ADA130546,




e. N,O production from co-discharged No/O,.

Since each experiment and its results can stand alone, a separate chapter is devoted to each, with
self-contained tables, references, and appendixes.

The experiments that have been performed using the FACELIF (Flowing Atmospheric Chemistry
Experiment by Laser Induced Fluorescence) apparatus include:
N(4S) + O, - NO{v) + O vibrational dependent rate constant.

a.

b. NO Multiphoton Ionization power dependence as a function of NO(A) state vibrational level.
c. N(2D,2P) + O, quenching rate constant determination.
d.
A

N(2D,2P) + O quenching rate constant determination.
pair of lasers was used to measure the:

e. CO,(021 — 020)/CO4,(021 — 000) radiative branching ratio measurement.
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Rovibrational Excitation of Nitric Oxide in the Reaction of O, with Metastable Atomic

Physical Sciences Inc., Research Park, P.O. Box 3100, Andover, Massachusetts 01810

Infrared Technology Division, Air Force Geophysics Laboratory, Hanscom AFB, Massachusetts 01731

The dynamics of the reactions of N(2D,2P) with O, have been investigated by observing the initial vibrational-state population
distributions of NO(X?II) formed in the interaction of oxygen and discharge-excited nitrogen in a cryogenically pumped,
low-pressure reaction volume. Infrared chemiluminescence from vibrationally and rotationally excited NO(v=1-14) was
observed in the 5~7-um spectral region, and spectral data were analyzed to obtain NO(v,J) number densities. The results
show multimodal vibrational and rotational distributions, indicative of several concurrent processes. In particular, extensive
rotational excitation is evident in several vibrational levels of NO, resulting in sharply peaked R-branch band heads characteristic
of J = 80. Surprisal analysis was applied 10 the data to infer the contributions of the various reaction pathways. This analysis
indicates that all the possible reaction pathways for producing NO(X?I1), some of which lead to formation of metastable
atomic oxygen, occur with significant probability. The results are discussed in terms of their implications for the detailed
collisional dynamics of the reactions and their relevance to the study of upper atmospheric auroral chemistry.

Nitrogen
W. T. Rawlins,* M. E. Fraser,
and S. M. Miller
(Received: December 29, 1987)
Introduction

The importance of the reactions

N(D,*P) + 0, - NO + O )
as the principal source of NO in the earth’s mesosphere and
thermosphere was suggested by Frederick Kaufman and others
in 1967." Following the direct rate coefficient measurements and
product yield determinations of Lin and Kaufman,? first reported
in preliminary form in 1970,> atmospheric modeling studies*
showed that the N(3D) reaction accounted for the large upper
atmospheric production of NO observed in rocket experiments.’
A number of subsequent laboratory investigations®™® have provided
refinements of the original®® kinetic measurements, and atmos-
pheric modeling studies'®!! have continued to examine the roles
of these reactions in odd nitrogen chemistry of the quiescent and
auroral upper atmosphere.

From both an acronomic and reaction dynamic point of view,
the potential of the above class of reactions to form excited-state
products, such as NO(v), O('D,'S), and NO(a*IL,v), is of great
interest. In a detailed experimental study, Kennealy et al.'? showed
that reaction 1 is an efficient source of highly vibrationally excited

(1) (a) Kaufman, F., ref 19 in a paper by T. M. Donahue, Invited Papers
from the Fifth International Conference on the Physics of Electronic and
Atomic Collisions, Leningrad, 1967, p 32. (b) Norton, R. B. ESSA Tech.
Memo. IERTM-ITSA 60, 1967.

(2) Lin, C. L.; Kaufman, F. J. Chem. Phys. 1971, 55, 3760.

(3) Lin, C. L.; Kaufman, F. Presented at DAS A Symposia on the Physics
and Chemistry of the Upper Atmosphere, Stanford Research Institute, June
1969, and Philadelphia, June 1970.

(4) (a) Norton, R. B.; Barth, C. A. J. Geophys. Res. 1970, 75, 3903. (b)
Strobel, D. F.; Hunten, D. M.; McElroy, M. B. J. Geophys. Res. 1970, 75,
4307.

(5) (a) Barth, C. A. Ann. Geophys. (CN.R.S.) 1966, 22, 198. Planet
Space Sci. 1966, 14, 623, (b) Meira, L. G. J. Geophys. Res. 1971, 76, 202.

(6) Schofield, K. J. Chem. Phys. 1979, 8, 723.

(7) lannuzzi, M. P.; Kaufman, F. J. Chem. Phys. 1980, 73, 4701.

(8) Piper, L. G.; Donahue, M. E.; Rawlins, W. T. J. Chem. Phys. 1977,
91, 3883,

(9) Black, G.; Slanger, T. G.; St. John, G. A; Young, R. A. J. Chem. Phys.
1969, 51, 116.

(10) Kondo, Y.; Ogawa, T. J. Geomagn. Geoelecir. 1976, 28, 253, 1977,
29, 65.

(11) Caled: G. E.; Kennealy, J. P. Planet. Space Sci. 1982, 30, 1043.

(12) Kennealy, J. P.; Del Greco, F. P.; Caledonia, G. E.; Green, B. D. J.
Chem. Phys. 1978, 69, 1574.

NO(v) (up to 12 quanta with a strongly nonstatistical vibra-
tional-state distribution), with implications that O('D) might be
formed as well. Rocket-borne infrared spectra of a strong aurora
showed extensive auroral excitation of NO(v);!? these results were
successfully modeled'’ in terms of direct formation by the reaction
of aurorally produced N(®D) with O, as studied in the laboratory.

The possible reaction pathways for reaction 1 are shown in
Table I.  Also shown are the reaction exothermicities, the
maximum energetically accessible (rotationless) vibrational levels
in the product NO molecules, and the C, symmetry species for
adiabatic conversion of reactants to products. The symmetry
species were determined®!4 on the basis of the adiabatic correlation
rules for atom—diatom reactions having nonlinear intermediate
complexes, as described by Shuler.!S Note that, despite the
correlation of both reactants and products to doublet and quartet
A’ and A” surfaces, the reaction of N(*P) to form ground-state
atomic oxygen (reaction 3a) has no adiabatic route; this results
from application of the so-called “noncrossing rule” derived by
analogy to avoided crossings in atom—atom collisions.'* As we
will discuss later, this is not sufficient reason to rule out the
occurrence of this reaction pathway. Clearly, if significant reaction
exothermicity goes into product vibrational excitation, it should
be possible to identify the relative contributions of the various
NO(X?1I) product channels by examining the infrared fluores-
cence “signatures” in the fundamental vibration-rotation tran-
sitions in the 5-8-um spectral region.

The objective of the present study is to examine the detailed
vibrational and rotational energy partitioning in NO(XIT) formed
from reactions 2 and 3. We have used the technique of nas-
cent-product infrared chemiluminescence spectroscopy under
near-single-collision conditions in the COCHISE (cold chemilu-
minescence infrared stimulation experiment) cryogenic reac-
tor/spectrometer facility at the Air Force Geophysics Laboratory.
Previous investigation'? of these reactions on the COCHISE
apparatus showed extensive NO vibrational excitation, principally
from N(*D), and inferred the possibility of O('D) formation via
reaction 2b from surprisal analysis of the NO vibrational dis-
tributions. In addition, evidence of significant rotational excitation

(13) Rawlins, W. T; Caledonia, G. E; Gibson, J. J.; Stait, A. T, Jr. J.
Geophys. Res. 1981, 86, 1313,

(14) Donovan, R. J.; Husain, D. Chem. Rev. 1970, 70, 489.

(15) Shuler, K. E. J. Chem. Phys. 1983, 21, 624.

0022-3654/89/2091-1097€01.50/0 © 1989 American Chemical Society
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TABLE [: Pathways for NO Formation from N(D,?P) + O,

Rawlins et al.

AHP® 304, max. v
reacn no. reacn adiabatic surfaces kcal mol™! for NO
2a N(D,) + O,(X’E.') — NO(XIm) + 0(’Pl) A7+ A7 4+ CA + CA -86.80 18
2b - NO(XI) + O(‘D.) A’ -41.43 8
3a N(P,) + Oz(X’Z") — NO(Xm) + O(’P.) none -114.28 26
3b — NO(XiI) + 0('D.) A" -68.91 14
3c — NO(Xm) + O('S,) .\ -17.67 3
3d - NO(a‘lT) + OCP,) A7+ A7 + 2A” -33 1
Oz/ar 1.0+
ETECTOR g ]
l /—gxs'_o T 0.8+
3 mtorr OF VIEW & 1
E 0.6
T g ;
R // \\ / // \ / \\ ] ~ ]
4 / / /' 2 0.4
, f £ y
\/ \\/ \\/ \V/ £ 02
w -4
z 1 A ‘M]M
L MICROWAVE 0.0 4t ﬂkyY — T J*PH‘“
tore OISCHARGES 4.8 5.8 6.8

T

N2 + Ar

Figure 1. Diagram of the COCHISE reaction chamber. The physical
dimensions of the cell are 0.6 m in length and 0.4 m in diameter.

was observed at the lowest pressures employed. However, the
results were affected by the presence of unidentifiable underlying
spectral features at the short- and long-wavelength ends of the
spectra, and the contributions due to N(*P) could not be unam-
biguously assessed. In the present work, we have taken advantage
of increased sensitivity and dynamic range to remove contributions
from background radiation and to extend the results to higher
vibrational levels. We have identified previously unknown spectral
features as R-branch band heads resulting from extensive rota-
tional excitation (J ~ 100) in each of at least eight vibrational
levels, which we attribute to formation by N(*P). We have in-
ferred detailed product channels via surprisal analysis of the NO
internal energy distributions; the results indicate that the N(*D)
and N(?P) reactions with O, proceed by very different molecular
dynamic mechanisms.

Experimental Measurements

The design and operation of the COCHISE facility have been
described in detail elsewhere.’® In brief, the entire radiative
environment of the experiment is maintained at a base temperature
of approximately 20 K, which effectively eliminates background
radiation within the 2-20-um operating range of the apparatus.
The detection system consists of a scanning grating monochro-
mator and a liquid-helium-cooled Si:As detector. Reagent gases
are introduced into the reaction cell through temperature-con-
trolled feed lines, as shown in Figure 1. N(?D,2P) are produced
(together with N(*S) and excited metastable states of N,) by
passing a flowing N,/Ar mixture at approximately 1 Torr through
four parallel microwave discharges (2450 MHz, 50 W) prior to
expanding into a low-pressure (approximately 3 mTorr), cryo-
genically pumped interaction volume. A counterflow gas (O, or
Ar) enters the volume from the opposite side to combine with the
discharge-excited gas in a stagnation region along the axis of the
cell, which coincides with the axis of the cylindrical field of view
of the detection system. In the case of an unreactive counterflow,
this interaction provides an arrested relaxation condition for studies
of infrared fluorescence arising from discharge excitation pro-
cesses.!™!® However, in the present experiments, an O, coun-

(16) Rawlins, W. T.; Murphy, H. C.; Caledonia, G. E.; Kennealy, J. P;
Robert, F. X.; Corman, A.; Armstrong, R. A. Appl. Opt. 1984, 23, 3316,

7

WAVELENGTH, um

Figure 2. Spectrum of fluorescence observed in the interaction of O, with
discharged N,/Ar (12% N,). Spectral resolution is 0.007-um fwhm. Gas
temperature is 80 K.

terflow reacts promptly in the field of view with the effluents of
the N,/Ar discharges to give readily identifiable chemilumines-
cence from vibrationally excited NO under conditions where
diffusive loss dominates over radiative or collisional cascade.'?

For most experiments, reagent gases were introduced at con-
trolled temperatures of 80-90 K; no temperature dependence in
the fluorescence intensity or general spectral distribution was
observed at temperatures up to 120 K. In each discharge tube,
the Ar flow rate was held at 640 umol s™*, and the N, flow rate
was systematically varied from 5 to 86 umol s~ (0.8-12% N,).
Mass-balanced counterflows of either O, or Ar were used to
produce chemiluminescence or determine background fluorescence
levels, respectively. Under these conditions, the gas residence time
in the active discharge is approximately 2-5 ms, the transit time
from the discharge exit to the field of view is ~0.5 ms, and the
residence time in the field of view is ~0.3 ms.

Infrared fluorescence spectra were obtained in the 4-8-um
region with spectral resolutions of 0.007-0.040 um (2.8-16 cm™
at 5 um). Some 50 spectral scans were required to survey the
parameter space of N, mole fraction, O, mole fraction, temper-
ature, discharge power, and spectral resolution (including fore-
ground and background scans). The uncertainty in the observed
wavelengths (due to a slight periodic fluctuation in the cryogenic
monochromator scan rate) is £0.003 um; absolute wavelengths
were calibrated by using the well-resolved band center of the
CO(1—0) vibrational transition excited by energy transfer from
discharge-excited nitrogen.'*?® The spectral data were acquired
via phase-sensitive detection, using a computer-interfaced lock-in
amplifier and chopping the discharges with a 23-Hz square wave.
The observed intensities were corrected to radiometric units by
using blackbody calibrations of the absolute spectra! responsivity
of the detection system.

Results and Discussion

Spectral Data. An example fluorescence spectrum observed
in the interaction of discharged N,/Ar with O, is shown in Figure

(17) Rawlins, W. T.; Armstrong, R. A. J. Chem. Phys. 1987, 87, 5202.

(18) Rawlins, W. T_; Caledonia, G. E.; Armstrong, R. A. J. Chem. Phys.
1987, 87, 5209.

(19) Fraser, M. E.; Rawlins, W. T.; Miller, S. M. J. Chem. Phys. 1988,
88, 538.

(20) Fraser, M. E.; Rawlins, W. T Miller, S M / ¢ hem Phys . to be
submitted




Reactions of N(3D,?P) with O,

2 for the highest usable spectral resolution. Spectral scans in which
the O, in the counterflow was replaced by Ar revealed the presence
of weak underlying radiation from various sources throughout the
band-pass of interest (4-8 um). These consist of (1) Ar [ Rydberg
lines between 4 and 5 um; (2) Ny(W34,-B%I1,) bands near 6.5
and 7.5 um (the (1,0) and (2,1) bands, respectively); and (3) broad
but structured emission extending from 5.2 to approximately 7.5
um. We have previously investigated the fizst two emission systems
in some detail: the Ar I radiation?' is scattered light from the
discharges, and the N,(W-B) emission'® arises from discharge-
excited species which survive long enough to radiate in the field
of view. The third background contribution occurs with signal-
to-noise ratios that are too low to permit conclusive identification;
however it appears that this feature arises from NO(v) formed
in the discharges due to ppm-level oxygen impurity in the dis-
charged gas. The fluorescence spectral distribution is “collapsed”
toward shorter wavelengths (lower vibrational levels), indicative
of substantial collisional deactivation as expected for the ~ 1-Torr
discharges. The maximum intensity of this feature is about 1 order
of magnitude less than that of the chemiluminescence signal, but
the contribution to the observed spectrum from the background
emission is significant for wavelengths below 5.4 um and above
6.4 um (v < 2 and v = 12, respectively). Accordingly, the
chemiluminescence spectra were corrected for backgrourd con-
tributions by subtracting companion background spectra obtained
immediately before or after each scan, with ali conditions identical
except for the substitution of an Ar counterflow instead of O,.
An unfortunate result of this subtraction procedure was to limit
the dynamic range at long wavelengths and hence the maximum
observable vibrational level. The bulk of the remaining chemi-
luminescence, between 5.2 and 6.5 um, can be readily identified
through its vibrational and rotational spacings as NO(X*1,v"=-
1-14). The maximum spectral intensity occurs for v’ = 5-7, and
the rotational distributions in this portion of the spectrum signify
near-thermal equilibrium with the gas temperature. Also present
in the background-corrected spectra is a series of eight sharp,
red-degraded features between 4.95 and 5.55 um (cf. Figure 2).
These features, which have a constant spacing of 31 £ 2 cm™,
are reproducible in wavelength and relative intensity for all NO
chemiluminescence experiments. The features between 4.9 and
5.2 um were noted in earlier investigations;'? however, poorer
signal-to-noise ratios precluded systematic examination, and the
usable spectral resolution in those experiments was too low to
reveal the presence of the additional features extending into the
main NO band. It is clear that the presence of these features could
significantly affect the vibrational analysis of the NO spectrum.
Furthermore, the three features between 4.95 and 5.15 um are
coincident with similar spectral features recently observed by a
rocket-borne interferometer in an overhead aurora,?? suggesting
that this emission represents a previously unknown aeronomic
phenomenon.

The observed spectral features do not correspond to any of the
possible transitions that might be excited in the experiments, ¢.g.,
vibrationally excited NO* or N,O, or electronic transitions of NO,
N,, and O,. However, it is straightforward to show that the
observed band positions correspond well to those predicted for
R-branch band heads of the vibraticnal transitions of NO(X?II)
itself. The presence of such band heads in a vibrational transition
requires an extraordinary degree of rotational excitation. For the
(v'v™) = (1,0) transition, for example, th~ vericx of the Fortrat
parabola occurs for J’ ~ 80, a rotational energy in excess of 1.3
eV. Thus, it appears that the vibrational transitions for at least
v’ = 1-8 have strongly bimodal rotational distributions, with
Boltzmann “temperatures” ranging from ~ 100 to ~ 10000 K.
The rotational states contributing to the R-branch band heads
(J’ ~ 60-100) should also exhibit P-branch structure extending
to 8 or 9 um; unfortunately, due to the low signal-to-noise ratios
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TABLE IL: Spectroscopic Constants for NO(X3II)**

W, 1903.937 a, 0.017554
WX, 13.970 D, 5.36 X 107¢
WeVe -3.7 x 10 B. 50 10°¢
Wz, 5.0 x 107 A, 123.28

B, 1.70488 X, 0.256

?Values are from ref 24 except for g, (see text). ®Units are appro-
priate for calculation of transition frequencies in cm™'.

at the longer wavelengths, we cannot examine the P-branch
distributions to determine the detailed rotational population
distributions at large J”. Furthermore, due to extensive overlap
by the relatively intense, rotationally “thermal” component beyond
5.6 um, we cannot determine whether there are weak rotationally
excited components for vibrational levels v’> 8. By comparison,
in experiments where CO/Ar counterflows are used, we observe
similar band head formation in several vibrational levels of the
CO(Av=1) system from rotational/vibrational excitation by energy
transfer from active nitrogen;” these measurements have sufficient
intensity to permit resolution of the P-branch structure at large
J”and show that a two-temperature bimodal description provides
a reasonable approximation to the rotational-state populations.
To examine trends in the relative intensities of the “hot™ and “cold”
rotational components of NO, as well as in the vibrational dis-
tributions, several experimental parameters were independently
varied. Spectra were obtained over the following ranges: discharge
power, 10-50 W; gas temperature, 80~120 K; counterflow O, mole
fraction, 0.0-1.0 (Ar diluent); and discharge N, mole fraction,
0.008-0.12 (Ar diluent). Increasing the discharge power gave
increased signal intensity with no discernible effect on the spectral
distributions. Increasing the gas temperature did not affect the
observed spectral intensities or distributions except for slight
increases in the “thermal” rotational temperatures. Reduction
of the counterflow O, mole fraction gave a corresponding decrease
in spectral intensity, with no significant effect on the spectral
distributions. Reduction in the discharge N, mole fraction by a
factor of 15 gave a factor of ~2 decrease in overall signal intensity,
with ~30% apparent reduction in the relative high-J’ contribu-
tions. This latter effect is significant for the present observations
and will be discussed further in terms of the derived vibration-
al-state populations below.

Spectroscopic Analysis. The spectral data were analyzed to
determine detailed vibrational-state populations by using a linear
least-squares spectral fitting method which we have employed for
a number of vibrational excitation studies.'>!*!¢1* The method
consists of computing instrument-convolved basis functions for
each Av = 1 vibration—-rotation transition using an accurate
spectroscopic formalism and fitting those functions to an observed
spectrum to determine the individual integrated intensity of each
vibrational transition. These values can then be transformed into
upper vibrational state number densities through application of
the appropriate band transition probabilities.

The vibration-rotation energies a:.d transition frequencies of
NO(X?IT) were computed explicitly,? including the effects of
spin—orbit coupling, vibrational anharmonicity, vibration-rotation
interaction, and centrifugal distortion; effects of electronic rota-
tional interaction (A-type doubling) are negligible for these ex-
periments (<0.1 cm™!). The spectroscopic constants used for the
computations are shown in Table II. For the most part, these
are the same values given by Goldman and Schmidt** and used
by Rawlins et al.” to fit high-resolution auroral spectra. The single
exception is the value of 8., the correction term to the centrifugal
constant D, which we adjusted in order to better reproduce the
positions of the R-branch band heads. The value of 8, given in
Table 11 is about twice that used by Rawlins et al.,’* who reversed
an apparent error of sign in the value given by Goldman and
Schmidt.* Comparison of the D, values of Goldman and Schmidt

(21) Rawlins, W.T; Gelb, A.; Armstrong, R. A. J. Chem. Phys. 1988, 82,

681.
(22) Picard, R. H.; Winick, J. R.; Sharma, R. D.; Zachor, A. S.; Espy, P.
J.; Harris, C. R. Adv. Space Res., in press.

8

(23) Herzberg, G. Molecular Spectra and Mol:-ular Structure: 1.
Spectra of Diatomic Molecules, Van Nostrand: Toronto, 1950.

(24) Goldman, A.; Schmidt, S. C. J. Quant. Spectrosc. Radiat. Transfer
1978, 15, 127.
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to subsequent work by Amiot and Vergés®*indicates a 2% un-
certainty in D, at room temperature, which encompasses the
change we require for B,.

For the limited spectral resolution of these experiments, a
complete description of the line-by-line rotational intensities is
not feasible, nor does adequate information exist for extending
these intensities to the high rotational levels observed here. As
an approximate treatment, we have used band-averaged Einstein
cocfficients together with Honl-London scaling of the relative
rotational strengths. The relative intensity of the ith optically thin
rotational line emanating from the state (¢',J'$’) is then given
by

exp(-E(J/ ) /kT)
Q@)

where v, and vy are the transition frequencies of the line and the
band center, respectively, S;(P,Q,R) are the appropriate Honl-
London factors as given by Herzberg,® 4,,. is the thermally
averaged Einstein coefficient for the band, N, is the population
of the emitting vibrational level, and Q(v") is the spin—orbit/ro-
tational partition function for the emitting vibrational level. Note
that here we have assumed that the 21, , and 211, spin—orbit
states are in thermal equilibrium, which in fact seems to be the
case, at least for the rotationally thermal component of the
spectrum where spin nonequilibrium would be the most apparent.

The individual line-by-line vibrational basis sets are convolved
with the instrumental scan function (in this case, an isosceles
triangle with full width at half-maximum as the spectral resolution)
and are fit to each experimental spectrum by linear least squares
to determine the products N, A4,,~. The individual upper state
number densities are then determined by application of band-
averaged Einstein coefficients for each transition (see below).

In the fitting procedure, the bimodal rotational distributions
in each of the lowest eight vibrational levels were approximated
by two separate vibrational populations with Boltzmann rotational
distributions corresponding to thermal (~ 100 K) and “hot” (~
10000 K) temperatures. These temperatures were independently
varied to optimize the fits to the appropriate rotational contours
and were found to be typically 120 £ 10 and 10000 £ 4000 K.
The quoted uncertainties are based on the variations required to
produce recognizable deviations from the observed band shapes
near 5.6-6.0 and 4.9-5.2 um for the “cold” and “hot” components,
respectively. Within these ranges of temperature parameters, the
vibrational distributions determined from the spectral fits were
not significantly affected. We attempted to determine whether
the rotational temperature for the “hot” component was dependent
on vibrational level. While there was some indication that the
R-branch band head structures required somewhat lower rotational
temperatures for the higher vibrational levels, the limitations of
signal-to-noise ratio, spectral resolution, and band overlap pre-
cluded a quantitative determination of this trend.

The band-averaged Einstein coefficients for each vibrational
transition were chosen by logic analogous to that recommended
by Rothman et al.?® The value for the (v’0") = (1,0) band was
taken from the absorptivity measurement of Holland et al.,?” and
the scaling to higher v’ followed relative values predicted by
Billingsley?® from ab initio calculations of the dipole moment
function. This relative scaling is supported by experimental
measurements of the (Av = 2)/(Av = 1) branching ratios for v’
< 7,7 and the resulting values of A,,. appear to be reasonably
accurate (approximately £30% or better). Recent COCHISE
measurements of (Av = 2)/(Av = 1) ratios extending to higher

4
14
1= he=S(P.QR)AyyNy
B

(25) Amiot, C.; Vergls, J. J. Mol. Spectrosc. 1980, 81, 424.

(26) Rothman, L. S.; Goldman, A.; Gillis, J. R.; Gamache, R. R_; Pickett,
H. M.; Poynter, R. L.; Husson, N.; Chedin, A. Appl. Opt. 1983, 22, 1616.

(27) Holland, R. F.; Vasquez, M. C.; Beattie, W. H.; McDowell, R.S. J.
Quant. Spectrosc. Radiat. Transfer 1983, 29, 435.

(28) Billingsley, F. P. 11 J. Mol. Spectrosc. 1976, 61, 53; J. Chem. Phys.
1978, 62, 864; 1978, 63, 2267, AFCRL-TR-75-0586, Air Force Geophysics
Laboratory, Hanscom AFB, MA 01731, 13 Nov 1975.

(29) Green, B. D.; Caledonis, G. E.; Murphy, R. E. J. Quant. Spectrosc.
Radiat. Transfer 1981, 26, 215.
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TABLE III: Band-Integrated Einstein CoefTicients for NO(Ar=1)
Emission”

v’ Ay, st v Ay, s v Ay, s
1 134 8 7.2 15 76.4

2 253 9 75.0 16 74.1

3 36.2 10 717 17 71.3
4 45.8 11 79.4 18 68.1

5 54.2 12 80.0 19 64.3
6 60.1 13 79.5 20 60.0
7 66.3 14 78.2

2Determined from data of ref 27 and scaled according to predictions
of ref 28 (see text).

u‘- A~ ]
I‘IV \ﬁ \N’\ e
pi i
AIVAJ "\"\\
A "
-~ T
\ (e
N \‘K\\\r\, , , .
5.0 5.5 6.0 65

WAVELENGTH, um

Figure 3. Comparison of computed and observed NO(v) spectra: dis-
charge, 12% N, in Ar; counterflow, O,; gas temperature, 80 K; spectral
resolution, 0.013-um fwhm; dorrected for background emission from the
discharges. (a) Comparison of calculated (heavy line) and observed (light
line) spectra. (b) Contribution to computed spectrum from rotationally
“cold” component, T, = 120 K, v = 1-14. (c) Contribution to computed
spectrum from rotationally “hot™ component, T, = 10000 K, v = 1-8.
The sharp features between 4.9 and 5.6 um are the R-branch band heads
forv = 1-8.

v’indicate more substantial uncertainty in the theoretical dipole
moment function for v’ 2 9,% but the relative values of 4, for
the fur Jamental band are probably not severely affected by this
uncertainty. The values of A4,,., determined by the above pro-
cedure and used in the analysis of all data discussed in this paper,
are listed in Table I1I. It should be noted that, although the
band-averaged Einstein coefficients are nearly independent of
rotational temperature up to at least 600 K, there may be effects
at high J’due to rotation-vibration coupling and uncoupling of
spin and orbital angular momentum (transition to Hund's case
b), as noted by Billingsley? for J' ~ 30. To test for this possibility,
we performed more detailed computations accounting for spin
uncoupling which indicate that the case a Hdnl-London factors
provide a good approximation up to J ~ 100. More significantly,
however, the high-J’ states forming the band heads are sufficiently
high in the NO manifold to probe the range of internuclear
distance where the calculations of Billingsley indicate the onset
of downward curvature in the dipole moment function and where
our recent (Av = 2)/(Av = 1) data® indicate uncertainty in this
calculated behavior. Thus, the computed relative rotational in-

(30) Rawlins, W. T ; Fraser, M. E.; Miller, S. M., manuscript in prepa-
ration.
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Figure 4. Vibrational band intensities determined from spectral fit in
Figure 3.

tensity scaling may not be applicable to the R-branch band heads;
the rotationally “hot” vibrational populations determined in this
way are then somewhat uncertain. A more detailed determination
of the absolute values of A4,,,(J9, as well as experimental de-
termination of the transition moment at large internuclear sep-
aration, is currently in progress.

Vibrational Population Distributions. A typical comparison
of observed and computed least-squares-fit spectra is illustrated
in Figure 3, together with the contributions of the rotationally
“hot” and “cold” components. The values of N, A4,,~ determined
from the fit are plotted in Figure 4. The error bars indicate the
statistical standard deviations (% 1) in the solutions. Application
of the Einstein coefficients of Table III gives the upper state
vibrational number densities with the same relative standard
deviations. Uncertainties in the Einstein coefficients, which cannot
be evaluated statistically and are the same for all the data ana-
lyzed, are not shown in our plots of the vibrational populations.

In general, relative vibrational population distributions obtained
by omitting the background correction procedure and the “hot”
rotational contributions gave excellent agreement with values
determined earlier in COCHISE for v’ = 1-12'2 and with values
inferred for reaction 2, v’ = 1-7 from electron beam excitation
of air.3' Application of background correction reduces the ap-
parent relative population in v’ = | by about 10% and that for
v’ =12 by more than a factor of 2 from the previous determination;
in addition, the present experiments provide information for levels
up to v’ = 14. Inclusion of the rotationally “hot” states gives a
further reduction of the “cold” v’ = 1 population by a factor of
~2, with only minor effects on the higher levels. As described
above, the relative distributions were not affected significantly
by variations in experimental parameters. Accordingly, the so-
lutions for a series of five spectra, obtained sequentially with
spectral resolution of 0.013 um and carefully optimized signal-
to-noise ratio, were averaged together to give a set of absolute
vibrational-state populations corresponding to the condition 7 =
80 K, discharge power = 50 W, and discharge N, mole fraction
= (.12, to be used for subsequent kinetic analysis. This composite
averaged distribution is shown in Figure 5 and is well repre-
sentative of relative distributions determined for all experimental
conditions. The remainder of this paper deals with kinetic in-
terpretations of the results in Figure 5 to determine product
branching fractions for the reactions in Table 1.

Kinetic Interpretations

On the basis of the results of previous studies,'>*! it is reasonable
to expect that the rotationally “thermal” vibrational distribution

(31) Green, B. D.; Caledonia, G. E.; Blumberg, W. A, M.; Cook, F. H.
J. Chem. Phys. 1984, 80, 173,
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Figure 5. Average vibrational population distributions for (a) rotationally
thermal and (b) rotationally “hot” portions of the NO chemilumines-
cence.

TABLE IV: Estimated Number Densities of Energetic Discharge
Effluents®

number density, molecules cm™

species discharge exit reaction zone
N(‘S) 2% 101 7 X 10"
N(D) (1-4) x 1012 (0.3-1) x 10t°
N(?P) (0.5-1) x 10" (1-3) x 10°
Ny(X'Z*0=1-7) 3 x 108 1 x 10"
Ny(A’Z, ) 1% 107 3x10°
Ny(W3A,0=1-2) 3 % 10'° 3 x 108
Ny(a''Z,) 1 x 1012 3Ix10°
Ny(w'A, 0=0~2) 6 x 10° 1% 10%

?Microwave discharge conditions given in the text, approximately
10% N, in Ar. ®Based on direct observations reported in ref 19.
Higher vibrational levels are affected by radiative losses during transit
from discharge exit to reaction zone.

in Figure 5 arises largely from the reaction of N(23D) with O,.
However, the rotationally “hot” vibrational distribution may arise
from another process involving reaction or energy transfer of other
excited species formed in the discharge. The principal energetic
species emanating from the Ar/N, microwave discharges for our
fast-flow conditions and surviving into the field of view are
N(*S,’D,?P) and Ny((X'Z,*0).AZ, * W3A, 2" 2" w'A,)."® The
flux of charged species escaping the discharge region is negligibly
small; this is verified by the observation of no excitation in CO
and N, counterflows upon interaction with the effluents of 100%
Ar discharge. On the basis of a combination of discharge modeling
calculations (using methods'® and electron-impact cross sections*?
described elsewhere), direct observations of discharge effluents
in a flow reactor at room temperature,’ and observations of
infrared-radiating states of N, in COCHISE," we can assemble
a set of anticipated discharge effluent number densities for the
present experiments at a discharge N, mole fraction of ~0.1, as
shown in Table IV. The molecular metastables arise principally
from direct excitation of N, by electrons (characteristic electron
energies are 6-8 eV in dilute N,/Ar mixtures) and metastable
argon, and the atomic metastables arc produced primarily by
clectron-impact excitation of N(“S) formed from N, dissociation.
Clearly, N(*S) is the dominant species, but it is" too unreactive
with O, at these temperatures to produce significant NO(p).!123

(32) Caledonia, G. E.; Davis, S. J., Green, B. D.; Piper, L. G.; Rawlins,
W. T.; Simons, G. A.; Weyl, G. AFWAL-TR-86-2078, Air Force Wright
Aecronautical Laboratories, Wright Patterson AFB, OH 45431-6503, 1986,

(33) Piper, L. G.; Rawlins, W. T., unpublished work.
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Similarly, we do not expect any of the molecular metastables to
react with O, to form NO(v), as a four-center collision complex
would be required. An interesting possible route for NO(v) ex-
citation is via energy transfer from N,(A) to NO* that is formed
by N* reactions in the field of view:

Ny(AYZ,*) + NO(XMLw) — Ny(X'Z,*) + NO(AZZ*p)
NO(AXZ*p) = NO(X*ILv) + hv

The NO(v") distribution that is formed by the rapid radiative
cascade step is governed by the Franck—Condon factors for the
transition and is similar to that observed for the rotationally “hot”
component in Figure 5. However, due to the low number densities
of both N;(A) and NO in the interaction volume, the NO(v")
number densities obtained from this process are about 4 orders
of magnitude smaller than those observed in the measurements.
Furthermore, although rotational excitation of NO(A) has been
observed in this process,’ there is insufficient exoergicity to ac-
count for the much greater rotational excitation observed here.
By similar kinetic arguments, it is straightforward to eliminate
other electronic-energy-transfer processes, as well as the possibility
of rotational excitation by energy transfer to NO from transla-
tionally excited atoms emanating from the discharge. While
translational excitation of atoms is known to occur by energy
transfer frc-m1 Ar metastables,’* this energy is moderated within
microseconds in the 1-Torr discharge tubes, and the number
density of “hot” atoms reaching the field of view will be miniscule.
Finally, the possibility for collisional quenching from a high vi-
brational level of NO into a high rotational level of a low vi-
brational level (VR transfer), analogous to processes observed
for HF,*® can zlso be dismissed. To excite the high-J’levels we
observe would require quenching of vibrational levels 5-12 or
higher. Since we observe very low relative populations for v >
10 under conditions of 20-30 collisions per observed NO(v)
molecule, this would require essentially gas-kinetic quenching of
NO(v) by Ar. This is highly unlikely, since direct measurements
of the v-dependent quenching of NO(v) by 0, and of CO(v) by
CO,% indicate quenching rate coefficients (by whatever mecha-
nism) which are less then 1% gas kinetic even for seven or more
vibrational quanta of excitation. Thus, any amount of rotational
excitation produced by V,R transfer will be insignificant in our
experiments. Similarly, the observed vibrational distributions are
not perturbed by collisional deactivation by O, O,, N,, N, or Ar,
as demonstrated in the earlier work of Kennealy et al.!? We
conclude that the observed vibrational distributions represent
composites of the initial product distributions from the reactions
of N(?D,?P) listed in Table I. Based on the results of ref 31, the
rotationally “cold” distribution appears to arise largely from the
N(®D) reactions; by process of elimination, the rotationally “hot”
distribution appears to result from N(*P) reactions with O,.

Due to the composite nature of these product-state distributions,
it is difficult to assign the individual reaction channels unam-
biguously. However, it is instructive to examine the observed
composite distributions with the aid of surprisal theory. This
approach postulates the existence of an exponential gap law for
an individual metathetic reaction:*!

P(v) = P°(v) exp(-Af,) /exp(Xo)

(34) Winkler, 1. C.; Stachnik, R. A.; Steinfeld, J. I.; Miller, S. M. J. Chem.
Phys. 1986, 85, 890.
s (35) Piper, L. G.; Cowles, L. M.; Rawlins, W. T. J. Chem. Phys. 1986,
5, 3369.
(36) Piper, L. G.; Clyne, M. A. A.; Monkhouse, P. B. J. Chem. Soc.,
Faraday Trans. 2 1982, 78, 1373.
(37) Rawlins, W. T.; Piper, L. G. Proc. Soc. Photo-Opt. Instrum. Eng.
1981, 279, 58.
(38) Haugen, H. K.; Pence, W. H.; Leone, S. R. J. Chem. Phys. 1984, 80,
1839. Yang, X. F.; Pimentel, G. C. J. Chem. Phys. 1984, 81, 1346.
(39) Green, B. D.; Caledonia, G. E.; Murphy, R. E.; Robert, F. X, J.
Chem. Phys. 1981, 76, 2441.
, (40) Caledonis, G. E.; Green, B. D.; Murphy, R. E. J. Chem. Phys. 1979,
1, 4369.
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Figure 6. Computed prior distributions for NO(v) formed in N* + O,
reactions. (a) N(*D) + O,: @, OCP) product; @, O('D) product. (b)
N(*P) + O,: 0, OC’P) product; D, O('D) product; ¥, O('S) product.

where f, is the fraction of the reaction exoergicity appearing as
vibrational energy in the product, P(v) is the observed relative
vibrational population, and P°(v) is the statistical “prior” dis-
tribution obtained when all final translational, rotational, and
vibrational states are equally probable. Thus, the ratios of the
observed and statistical vibrational populations should be expo-
nential in the vibrational energy E,, with the exponential falloff
constant X quantifying the departure of the observed distribution
from a completely statistical product distribution. While this
theory does not necessarily hold for all chemical reactions, it does
provide useful guidelines for the interpretation of product-state
distributions in terms of the molecular reaction dynamics. The
prior distributions were determined from the usual relationship
for a vibrating rotator:*!

Poo) = (1 -fo)’“/g(l =
v=0

Computed prior distributions are shown in Figure 6 for the re-
actions in Table 1.

Application of surprisal analysis to the vibrational distributions
of Figure 5 is by no means straightforward as it is impossible to
obtain linear plots of In (P(v)) vs f, for any single assumed ele-
mentary reaction from Table I. Thus, it appears that each dis-
tribution, thermal and rotationally excited, is a composite of

(41) Bernstein, R. B.; Levine, R. D. In Advances in Atomic and Moleculc -
Physics II; Bates, D. R., Bederson, B., Eds.; Academic: New York, 1975; pp
216-297. Bernstein, R. B. Chemical Dynamics via Molecular Beam and
Laser Techniques; Oxford University Press: New York, 1982,




Reactions of N(?D,?P) with O,

109 T T T 7T T
108 [~ =
107 - -

[NO(v)), cm-3

106L— —

105 J 1 1 1 I 1
0 10000 20000 30000
Ev + Eg, cm-1
Figere 7. Comparison of rotationally “hot™ populations for v = 1-8 and

rotationally “thermal” populations for v = 12-14 to composite prior
distribution for the N(?P) + O, reaction (curve).

distributions for more than one reaction channel. Previous work,
employing differential quenching of N(3D) and N(*P) by N, in
clectron-irradiated N,/O, mixtures, provides strong evidence that
the inverted, rotationally thermal distribution of Figure Sa is due
to the N(?D) reaction channels.?? We therefore believe that the
rotationally excited distribution of Figure 5b results from reactijons
of N(?P) with O,. The rotational excitation required for band
head formation, J ~ 80-120, is about 2-3 e¢V. This plus the
number of vibrational levels observed (at least eight) gives a
reaction exoergicity of 4-5 eV that is only satisfied by reaction
3a. A combination of reactions 3b and 3c, with roughly equal
contributions from each in approximately statistical distributions,
can also account for the relatively large populations observed in
the v’ = 1, 2 states. Furthermore, a statistical combination of
all three reaction paths (3a, 3b, and 3c¢) in equal contributions
gives an excellent fit to the data, as shown in Figure 7. It is also
interesting to note from Figure 7 that the observed populations
of v’ = 12-14 from the rotationally “thermal” distribution also
fall on the statistical curve for reaction 3. This does not signify
a discrepancy in rotational excitation effects, because the spectral
contributions from these states are so weak that it is not possible
to identify their rotational distributions with any accuracy, and
we cannot determine whether their production is associated with
the rotationally thermal reaction channel (i.c., N(3D)) or with
the rotationally “hot™ reaction (N(2P)). As will be shown below,
the data for v’ = 13-14 seem less consistent with the trends
identified for production by N(2D), so it is possible that the
abserved populations for these states arise primarily from reaction
3. The intermediate states v = 911 should also be produced in
this reaction, but at levels which are obscured by production of
NO(v) from reaction 2. Similarly, population of levels v > 14
by reaction 3a may occur but cannot be observed in these ex-
periments because of signal-to-noise limitations. It should be noted
that, while the contributions of reactions 3b and 3c are implied
by the fit in Figure 7, they can by no means be demonstrated
conclusively from these data, as we do not have any positive
identification of the energetic O* products of these reactions.
Nevertheless, the inclusion of these reactions is consistent with
the data and with the picture of a completely statistical product
distribution for the N(2P) reaction, as will be discussed below.
Alternatively, the entire rotationally hot distribution may be due
to reaction 3a alone, with nonfinear surprisal behavior.

We examine the “thermal” component of the observed NO(v)
distribution by first noting that correction must be made for
partially thermalized contributions from the reaction branch which
produces rotationally “hot” NO(v). These contributions are es-
pecially evident for levels v = 1-3, where the rotationally thermal
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populations closely parallel those for the rotationally excited
products. To illustrate this effect, we show in Figure 8 the surprisal
plots for reactions 2a and 2b where no correction is made for
thermalized high-J contributions. This plot shows two interesting
effects: (1) the populations for v’ = 1, 2 deviate significantly from
the trend for v’ = 3-7, and (2) reaction 2a appears to make no
contribution for v” < 8, as evidenced by the break in slope at v’
= 7. This general behavior was noted in the surprisal treatment
of singlar NO(v) distributions in the previous work of Kennealy
et al.

Since each initial NO(v,/) molecuie is subjected to 20-30
collisions (mostly with Ar and O,) during its residence time in
the field of view, it is reasonable to expect substantial rotational
thermalization, with deactivation of low to middle rotational levels
occurring at nearly every collision and deactivation of the high
rotational levels proceeding more slowly. Our data for v/ = 1-3
indicate that, at most, half of the rotationally excited NO(v,J)
initially formed is thermalized within 30 collisions. This corre-
sponds to an effective rate coefficient on the order of ~107"! ¢cm®
s\, in agreement with a similar value obtained by Taherian et
al.4? for thermalization of highly rotationally excited NO(v.J)
formed from NO, photofragmentation in He. To correct the
“cold” distributions for this contribution from the “hot™ reaction
channel, we assume as an upper bound that essentially all the v’
= | population is due to thermalized NO(v,J), scale the “hot”
populations accordingly to approximate the contributions from
the “hot™ channel, and subtract. The maximum correction thus
obtained is large for low v’ but is minor near the peak of the
distribution.

The remaining population distribution, plotted in Figure 9,
shows an inversion peaking at v’ = 7. Noting that v’ = 8 is the
thermodynamic limit for reaction 2b, we show in Figure 10 the
combined surprisal plots for reaction 2b (v’ = 2-7) and reaction
2a (v’ = 8-11). The composite population distribution determined
from the surprisal fits of Figure 10 is given by the dashed curve
in Figure 9. Excellent linearity in the surprisal analysis is now
evident, as is the implication that reaction 2b accounts for all the

(42) Taberian, M. R.; Cosby, P. C; Slanger, T. G. J. PAys. Chem. 1987,
2304.
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O(’P) branches, respectively.

NO(v) production for v’ < 7. In contrast to reaction 3, the reaction
of N(3D) with O, appears to be strongly channeled into a specific
product configuration; this will be discussed further below. The
corrected product-state distribution for reaction 2, inferred from
Figure 10 and plotted in Figure 9, represents a lower bound for
v’ < 8; the upper bound is that of Figure 5a (no “hot” channel
correction). The fact that the lower bound gives linear surprisat
for v’ = 1-7 and is consistent with a reasonable “hot™ channel
correction gives strong support for the choice of this distribution
(Figure 9) as the actual nascent vibrational-state distribution for
reaction 2.

The observed ratio of rotationally thermal to rotationally excited
NO(v’>0) is approximately 3. If we correct for rotational
thermalization effects and use surprisal extrapolations to higher

Rawlins et al.

vibrational levels (sce below), the apparent ratio of N(*D) to N(*P)
contributions could be as small as ~0.5. However, as noted above,
our determination of the number densities of the high-J states may
be uncertain owing to effects of curvature in the dipole moment
function on the scaling of the rotational line strengths to high J.
Thus, the ratio of production rates for reactions 2 and 3 cannot
be precisely determined from the present data but may be of order
unity or less for temperatures 80-100 K. This is in significant
contrast to our expectations based upon room-temperature kinetic
data. As shown in Table IV, for room-temperature discharges
similar to those used in COCHISE, we typically observe number
density ratios of [N(?D)]/[N(?P)] ~ 3 at the discharge exit using
atomic resonance absorption and fluorescence techniques.® Taken
together with the rate coefficient ratio of k,/k; ~ 2 at room
temperature,’*343 this would indicate a ratio of NO(v) production
rates of about 6. There are several possible implications from this
discrepancy: (1) our underestimate of the high-J line strengths
may be far more severe than expected; (2) there may be a sig-
nificant unreactive component (i.e., direct energy transfer to O,
without NO formation) for reaction 2 at low temperature; and
(3) the rate coefficients for reactions 2 and 3 may follow opposite
temperature dependencies; i.e., k; may follow a negative tem-
perature dependence, such that k,/k, becomes considerably smaller
at low temperatures. All of these possibilities have significant
implications for auroral chemistry, and we are continuing to pursue
them in the laboratory.

The final vibrational distribution shown in Figure 9 for reaction
2 is in significant disaccord with the results of Green et al.%!
inferred from electron beam experiments at higher pressures.
Specifically, the corrected relative populations from Figure 9 for
v’ = 1-3 are much lower than the initial relative populations for
these levels inferred from a time-resolved kinetic analysis of NO(v)
distributions created and partially relaxed in a pulsed electron
beam experiment irradiating N,/O, mixtures. Green et al.?!
convincingly eliminated N(?P) as a precursor in their experiment
by noting that the NO(v) precursor was quenched by N, (with
a rate coefficient appropriate for N(*D)), whereas N(?P) is not .6
Under electron beam conditions, much of the N* production is
due to dissociative recombination of N,* and NO*, which would
tend to favor N(2D) formation, so that the relatively small N(*P)
contribution would be difficult to identify. This is in contrast to
microwave discharge conditions, where there is much less ioni-
zation and N(®D,?P) arelexcited by direct electron impact. Thus,
Green et al.’s large populations at low v’ are probably not due
to reaction 3, unless there is some unforeseen excitation or
deexcitation mechanism which would cause N(?P) to follow an
unexpected kinetic behavior under their experimental conditions.
However, their kinetic analysis relied heavily on the assumption
of single-quantum collisional deactivation of NO(v). While this
appears to be a reasonable approximation for describing the loss
rate of a given vibrational level,” it may lead to a significant
underestimate of the production rate for the lowest levels by
multiquantum deactivation of higher levels by atomic oxygen. In
classical trajectory studies of O + O,(v) collisions, we have ob-
served a similar effect, with efficient multiquantum (Av = 2—4)
deactivation of O,(v) resulting in rapid population of lower vi-
brational levels from initially excited higher states.** Thus, the
discrepancy between the present results for reaction 2 and those
of Green et al.*’ for the lower vibrational levels of NO(v) may
be due to the effects of multiquantum O + NO(v) deactivation
in their experiments. In addition, the rapid quenching of N(?P)
by O*% may compete very effectively with reaction 3 for their

(43) Phillips, C. M.; Steinfeld, J. 1.; Miller, S. M. J. Phys. Chem. 1987,
91, 5001

(44) Note that Lin and Kaufman (ref 2) reported unit probability for
reactive quenching at room temperature, based on observations of atomic
oxygen formation. However, our own measurements using discharge-flow/
resonance fluorescence (Piper, L. G.: Rawlins, W. T., unpublished work)
indicate that copious atomic oxygen is formed in other processes in the afi-
erglow, so this result may be questionable. See slso: Fraser, M. E., Piper,
L. G. J. Phys. Chem., in this issue.

(45) Gelb, A.; Rawlins, W. T. Physical Sciences Inc. TR-582 under Air
Force Contract No. F19628-85-C-0032, Dec 1986.




TABLE V: Sarprisal Predictions of Relative Initial Populations of
NO(r) in the Reactioss of N(*D,’P) with O,

N,/2N,
v N(D) + 0,* NCP) + O
0 1.36 X 107 2.67 X 107!
1 2.49 x 1072 1.85 X 107!
2 4.37 x 102 1.18 x 10!
3 7.22 X 1072 7.10 X 1072
4 1.12 x 107 5.72 x 1072
5 1.58 x 107 5.03 x 1072
6 1.87 x 107 4.37 % 1072
7 1.53 x 107 3.77 X 1072
8 1.24 x 107! 3.21 x 1072
9 5.51 x 102 2.69 X 102
10 2.84 x 1072 223 % 1072
1 1.44 X 1072 1.81 x 102
12 7.17 x 107 1.44 X 102
13 3.47 x 107 1.13 X 107
14 1.62 x 107 8.82 x 10°?
15 7.11 X 107¢ 7.50 x 107
16 283 x 107 6.43 x 107
17 9.01 x 10°% 5.43 %107
18 1.51 x 1078 4.50 x 107
19 3.67 x 107
20 2.88 X 107
21 223 x 107
22 1.67 x 107
23 1.13 x 107
24 9.00 X 107
25 3.20 x 10¢
26 6.00 x 10°*

*koa/kpn = 0.285. Phyfkyy = kyfky, = 1.

electron bombardment conditions. Alternatively, our upper bound
correction for rotational thermalization may be too large (i.c.,
rotational thermalization is slower than one might expect from
the data of ref 42), and the product distribution of reaction 2b
simply does not follow linear surprisal behavior.

In an attempt to discriminate between N(*D) and N(?P) effects
on the observed NO(v) distributions, we obtained data from five
spectral scans over a range of a factor of ~15 in initial N; mole
fraction in the discharge gas mixture, as described above. For
this range of conditions, the relative production rates for N(3D)
and N(?P) in the discharges remain constant to within 10%, but
the N, quenching contribution to the loss rate of N(*D) in the
side arm will provide some variation in the N(*D)/N(?P) ratio
entering the reaction zone. Unfortunately, due to the short
residence time in the discharge sidearms, this amount of variation
in [N,] will provide only about a 30% variation in this ratio, with
the ratio decreasing with increasing N, flow rate. In the ex-
periments, we observe the ratio of rotationally thermal to rota-
tionally “hot” [NO(v)] (summed over all observed v levels) to
decrease systematically by a factor of 1.3 with increasing N, flow
rate, as expected for the production of thermal NO(v) by reaction
2 and of rotationally “hot™ NO(v) by reaction 3. This result is
then consistent with the conclusions from the analysis of the
population distributions. However, there is sufficient scatter in
the data that an average ratio for all the scans gives a %20
uncertainty of 26%, so the observed trend lies only slightly outside
the scatter of the data.

Discussion

The surprisal parameters determined from the above data
analysis provide a basis for extrapolation of the results to other
vibrational levels for which direct observations cannot be obtained.
For the N(*D) reaction, we find that the branch for O('D) pro-
duction (reaction 2b) can account for all the production of NO(v’
= ]1-7), with a surprisal parameter A = -6.25 £ 0.14 (99%
confidence level), while the remaining production of NO(v'28)
is due to the O(*P) branch (reaction 2a), with A = 9.16 & ].19,
The relative initial populations of NO(v) determined from these

(46) Young, R. A.; Dunn, O. 1. J. Chem. Phys. 1978, 63, 1150.
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surprisal fits are shown in Table V. Summing the initial popu-
lations for each branch over all v gives the branching ratio ky/k;
= (.76 at ~100 K. Similarly, for the N(*P) reaction we infer
(at most) equal branching ratios for formation of O('S), O('D),
and O(’P), with essentially statistical product-state distributions
(see Table V).

The acronomic implications of the present conclusions for the
auroral upper atmosphere are quite significant. The production
of O(D,'S) from these reactions has an impact on interpretations
and modeling of ultraviolet and visible airglow and auroral
emissions from these states and from other species, such as N,-
(A3Z,*) and metastable states of O,, which are believed to be
linked to their production.*’” Our interpretation that v = 1-2 are
inefficiently populated in reaction 2 is a significant revision of
previous conclusions'>?! and will have an important bearing on
the interpretation of observed auroral NO(v) distributions, which
often show hitherto unexplained “inversions” in the population
of v = 2 (v = | is known to be strongly populated by nonchem-
iluminescent processes).'? These results also impact the current
views on the roles of O-atom deactivation of higher vibrational
levels and of reaction 3 as sources of the observed populations in
lower vibrational levels under certain conditions, suggesting that
these processes are more important than previously thought.
Furthermore, the high degree of rotational excitation provided
by the N(3P) reaction will have a dramatic effect on the high-
altitude infrared spectrum of auroral NO(v) emission, as evidenced
by the R-branch band heads for v = 1-3 observed in a recent
rocket-borne interferometer flight.22 The presence of these R-
branch band heads to the blue of the main band means that the
corresponding P-branch distributions must appear to the red. Our
calculations indicate that the unrelaxed P-branch contributions
from the observed eight rotationally excited vibrational states can
provide more intensity in the 6-8-um range than the emission from
high vibrational levels (for any rotational distribution) produced
from reactions 2a or 3a. Our observations further indicate that
the very high J levels responsible for these contributions are
deactivated relatively slowly in Ar/O,/N, mixtures. The extent
of collisional coupling in the COCHISE experiments is similar
to that expected for NO(v) at altitudes of 110-120 km (assuming
the primary loss for NO(p) is by radiative cascade). Thus sensitive,
high-resolution measurements of the NO(v,J) spectrum above ~
100kmina strong aurora could ultimately provide a means of
estimating the N(*D)/N(?P) ratio and hence the energetics of
the auroral event.

Our approach to describing the rotationally “hot™ distributions
deserves some comment. Due to limitations of spectral resolution
and sensitivity, we are unable to directly observe any part of the
rotational distributions other than the distinctive R-branch band
heads. Thus, there is no clear indication that the low to inter-
mediate J levels are populated, either in the initial reaction or on
the time scale of the measurements. It is conceivable that the
initial rotational populations are statistical or that the initial
population of high J is rapidly randomized by collisions to give
an apparently statistical distribution. Such a distribution would
have the behavior

Po(J) = (27 + )(E - E,) - EJ?

where E,, E,, and E are the rotational, vibrational, and total
reaction energies, respectively. Thus, the rotational “temperature”
would depend on the vibrational energy of the emitting state, with
higher vibrational levels exhibiting “colder” rotational distributions.
We cannot clearly discern this effect in the NO(vJ) spectra, except
for the disappearance of obvious band heads above v’ = 8.
However, in similar studies of CO(v,J) excitation by energy
transfer from active nitrogen,® we are able to fit the observed
rotational distributions better with the statistical formula than
with a Boltzmann (v-independent) description. Planned im-
provements in the measurement sensitivity for NO(v,/) may permit

(47) Vallance Jones, A.; Meier, R. R.; Shefov, N. N. J. Atmos. Terr. Phys.
1988, 47, 623, and references thersin.
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us to address this issue more accurately in the future.

The observed product-state distributions imply strongly con-
trasting behavior in the reaction dynamics of the N(3D) and N(?P)
reactions with O,. For reaction 2b, the high degree of sclectivity
for the highest accessible vibrational levels is characteristic of a
direct, abstraction reaction with a repulsive approach configuration
and a very short lived collision complex. It would appear that
successful reactive encounters require maximum vibrational motion
along the product N-O coordinate, perhaps as a result of a barrier
in the N~O, entrance channel. The behavior for reaction 2a is
somewhat surprising, since the reaction appears to occur only when
reaction 2b is thermochemically forbidden. This behavior suggests
that all reactive N-O, encounters proceed initially along the A’
surface leading to O('D) formation, but some, with too much
N-0O, motion in the product channel (insufficient motion along
the NO-O coordinate) to form O('D), undergo enough motion
in the collision complex to dissociate to highly vibrationally excited
NO + O(’P) via transition to one of the other 2A” or 2A” surfaces
that are available (cf. Table I). Thus, there may be no direct path,
or perhaps a large energy barrier, to O(°P) formation in reaction
2. If the occurrence of this reaction branch indeed depends upon
the lifetime of the collision complex, then its contribution may
diminish substantially at elevated collision energies (or higher
temperatures). The direct reaction, reaction 2b, ought to follow
at least a T'/2 temperature dependence, or possibly one somewhat
stronger due to the presence of an energy barrier in the entrance
channel. For comparison, Slanger et al.*® observed essentially no
activation energy for quenching of N(?D) by O, between 240 and
370 K; however, the temperature dependence for NO formation
has never been determined. Clearly, the effects of temperature
dependence on this reaction need to be studied in more detail, as
the present data base lends somewhat ambiguous support to the
possibility of an unreactive energy-transfer channel at lower
temperatures. This possibility has been suggested in interpretations
of aeronomic data on emission from excited states of O,,* aibeit
on controversial grounds.*®

In contrast to N(*D), N(*P) appears to react with O, through
a long-lived collision complex, resulting in complete randomization
of the reaction energy. The appearance of high rotational ex-
citation is characteristic of a highly attractive approach config-
uration. The collisions must satisfy the principles of conservation
of angular momentum and energy

(2uE)"%, = (2uE)" b + Jh/2x

Ei+ AE = E+ E, + BJ?

where u is the reduced mass of N-O,, E; and E; are the initial
and final center-of-mass collision energies, b; and b; are the initial
and final impact parameters, AE is the exoergicity of the reaction,
E, s the product vibrational energy, and BJ? approximates the
product rotational energy after the collision. It is straightforward
to show®! that large values of J can be achieved through highly
attractive collisions in which large initial impact parameters are
converted to small final impact parameters, with the concurrent
result that the final center-of-mass kinetic energy is small. By
analogy to the well-studied reaction dynamics for O('D) with H,%
and HC\,* this type of collision can occur through a C,, insertion
approach, leading to a highly attractive ONO collision complex.
Such a complex would probably undergo enough vibrational pe-

(48) Slanger, T. G.; Wood, B. J; Black, G. J. Geophys. Res. 1971, 76,
8430

(49) Torr, M. R.; Welsh, B. Y.; Torr, D. G. J. Geophys. Res. 1986, 91,
456

(50) Slanger, T. G; Liewellyn, E. J., McDade, 1. C.; Witt, G. J. Geophys.
Res. 1987, 92, 1753, Torr M.R; Owem.J K. Torr, D. G. J. Geophys. Res.
1987, 92, 7756.

(51) Poppe, D. Chem. Phys. 1987, 111, 17, 21.

(52) For example: Whitlock, P. A.; Muckerman, J. T.; Fisher, E. R J.
Chem. Phys. 1982, 76, 4468. Aker, P. M_; Sloan, J. J. J. Chem. Phys. 1986,
85, 1412, and references therein.

(53) Luntz, A. C. J. Chem. Phys. 1980, 73, 5393. Schinke, R. J. Chem.
Phys. 1984, 80, 5510, and references therein.
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riods to completely randomize the internal energy, giving rise to
statistical product-state distributions. With so much Lissajous
motion in the complex, the adiabatic correlation rules given by
Shuler'S would have little relevance,'*'* so there is no basis for
the previously suggested®!* prohibition of reaction 3a. The reaction
rate coefficient may increase substantially with decreasing tem-
perature, owing to both the dynamics of the initial insertion ap-
proach (favored for less O, rotational motion) and the increased
lifetime of the collision complex at lower temperatures. This trend,
together with those suggested above for reaction 2, is consistent
with our observation of an unexpectedly large k;/k, ratio at ~100
K.

It is interesting to compare our results for reaction 3 with those
of Taherian et al.*? for NO(vJ) observed in the photolysis of NO,.
Their experiments, conducted at 157.6 nm, are nearly isoenergetic
with the N(?P) + O, reaction and may probe portions of the same
ONO surface. They observed excitation of high rotational states
comparable to those reported here, together with a partial vi-
brational distribution which is not inconsistent with our statistical
picture. Most interestingly, they have identified the excitation
of v = 21, confirming that O(’P) is a primary product of the
photodissociation process. However, the authors report upper
bounds for O('D,'S) formation which indicate these to be minor
product channels at best. Such a result for reaction 3 would not
give a good surprisal fit to our data but certainly cannot be ruled
out on that basis alone. Alternatively, this disparity between our
results and theirs may arise from the much larger phase space
sampled in reactive collisions. It is clear that more definitive
product-state identifications are required to confirm our prelim-
inary assignment of the product branching ratios of reaction 3.

Conclusions

We have used the technique of low-pressure infrared chemi-
luminescence to investigate the vibrational and rotational excitation
of NO(X?IT) formed in the reactions of N(?D.?P) with O, near
100 K. The initial vibrational distributions obtained from the
experiments are composites from several reaction channels. The
results of surprisal analysis indicate that N(°D) reacts with O,
via a direct abstraction mechanism, probably on a repulsive po-
tential surface, to give a product vibrational distribution which
is sharply peaked to high vibrational levels. This interpretation
also implies that reaction to form O('D) comprises 76% of the
total NO(e) production at these temperatures. In contrast, the
results indicate that N(?P) reacts with O, through a long-lived
complex, perhaps via an insertion mechanism on an attractive
potential surface, to give essentially statistical product-state
distributions with extensive rotational excitation of the molecular
products. The observed NO(v) distributions are consistent with
approximately equal contributions from the reaction channels
forming O('S), O('D), and O(*P) as products.

The results of this work amplify and extend the information
obtained from previous studies of these reactions and provide
additional insights into the kinetics and spectroscopy of vibra-
tionally excited NO in the auroral upper atmosphere. However,
the results of the present investigations raise a number of issues
requiring further study, including the temperature dependencies
of the various reaction pathways, the possibility for quenching
collisions which do not produce NO(X?I1), confirmation of O-
('D,'S) production, and quantitative determination of the rota-
tional line intensities at high J. We are continuing to address these
issues through experiments on the COCHISE facility as well as
with discharge-flow reactors using resonance fluorescence and
laser-based diagnostics. In addition, these reaction systems lend
themselves well to theoretical investigations of quantum me-
chanical potential energy surfaces and semiclassical collision
dynamics.
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3. COCHISE IR Emission from N,/O,/Ar Discharges

by
W.T. Rawiins, M.E. Fraser, and S.M. Miller

Preliminary scoping experiments performed on COCHISE examined IR emission (2 to 8 um)
observed in the reaction chamber following discharge excitation of N;/O,/Ar mixtures. The
measurements were made for a constant Ar flow of ~3.7 std {/min, both in excess N, and in fixed O,. In
excess Ny, the N, flow rate was set to ~0.2 std {/min and the O, flow rate was varied from 10 to 200 std
cm3/min. In fixed O,, the O, flow rate was set to ~0.1 std I/min and the N, flow rate was varied from 10
to 400 std cm3/min. Discharge tube pressures ranged from 1.0 to 1.7 torr. The temperature of the side
arms was maintained at ~80 K for almost all the measurements. No counterflow was employed. The
purpose of these measurements was to: (1) identify the various bands comprising the spectral
signature of discharged N,/O, mixtures; (2) examine the variation of intensities and spectral
distributions as functions of separately varied N, and O, flow rates to check for quenching or
metastable effects; and (3) deflne an optimum range of experimental conditions for carrying out
more detailed investigations. Particular emphasis was placed on characterizing the N,0O(v3) band near
4.5 ym. We present here a summary of the data in its raw, uncalibrated form as obtained in COCHISE.

SWIR spectral signatures were observed between 2 and 4 um. Typical spectra showed sharp bands
and/or lines atop a weaker, broad continuum peaked near 3 um. Some of this continuum may result
from NO(Av = 2) radiation, but the continuum persists outside the NO bandpass. The NO-O air
afterglow is a possible source of continuum emission in this spectral region. The molecular bands

17




arise predominantly at the shorter wavelengths, that is, nearer 2 um, with the Wu-Benesch (Av = 2)
features, normally so prominent between 3 and 4 um for N, /Ar discharges, strongly suppressed by the
presence of O,. The features between 2 and 3 pm until the relative contributions of the 3 to 4 um bands
awalit identification and comparison to our earlier data for Ny/Ar, but may arise in part from the First
Positive system of N,. As the O, level is increased to excess O, conditions, more of the intensity shifts
into the 2 to 3 um bands until the relative contributions of the 3 to 4 ym bands and the continuum are
barely discernable. Thus, in general, the SWIR spectral distribution is markedly different than in

N, /Ar, favoring shorter-wavelength features near 2 to 2.5 um. These features show a pronounced
increase in intensity with increasing O,. By comparison, previous experiments with Ar/O, showed
only Ar lines in this spectral region, with intensities decreasing with increasing O,. Since the Ar lines
are even more strongly "quenched" in N, it is not likely that there are any prominent Ar lines in the
Ny /O, /Ar spectra. We plan to analyze these data together with the N,/Ar data to identify these
transitions.

MWIR spectra were taken between 4 and 8 um for excess N, and excess O, conditions. A
representative excess-N, spectrum (low resolution, 0.04 pm) is shown in Figure 1 for the lowest O, flow
rate (10 std cm3/min). The prominent negative-going feature near 4.5 um appears to be N,O emission
which is 180° out of phase with the rest of the radiating species; we will examine this point further
below. The NO fundamental band arises near 5.3 um and extends to longer wavelengths. Indeed, the
“tail” of this band appears to persist all the way to nearly 8 pm in this particular spectrum. NO{v) is
undoubtedly formed in the discharge by reactfon of N(2D) with O, and is relaxed to a steady-state
distribution by a variety of collisional processes. The spectral distribution shown here is strongly
peaked to low v, but exhibits bimodal behavior at middie v (~6 um), and the extended "tail” is
indicative of population of higher vibrational levels than are commonly observed in more
conventional COCHISE experiments. Of course, contributions from underlying radiators cannot yet
be ruled out, but other excitations sources for NO(v) are suggested by these data.

The band near 4 pm appears to be due in part to the (4-2) band of the Wu-Benesch W-B system of
N,; however, the origin of the emission between 4 and 4.5 pm is not yet known. Some of the emission
near 4.7 to 5 ym could be due to the O3 (v, v3) combination band and its hot bands. The sharp bands
near 5 um are the same as those previously observed in the interaction of discharged Ny/Ar with Oy,
but we do not yet know their identity conclusively.

In excess fixed Ny (0.2 std [/min), as the O, flow rate increases from 10 to 200 std cm3/min, the
intensities of all the bands decrease except for that of the out-of-phase N,O feature, which passes
through a maximum near the 1 percent O, level. This latter behavior is similar to that of O4(v > 2) as
observed in the O5/Ar discharge experiments. If this trend is supported in future experiments, it could
implicate Og(v > 2) as a precursor of the observed N,O(v). The decrease in intensity of the other features
with increasing O, could be due to collisional deactivation by Oy, O, and/or O, as well as to colder
electron energy distributions in the discharge.

For a fixed O, flow rate of ~0.1 std {/min, N, flow rates were varied from 10 to 400 std cm3/min at
nominal temperatures of 80 K. In the fixed-O, case, the intensities of all spectral features decrease
uniformly with decreasing N, flow rate. The general spectral distribution is similar to that of the
fixed-N, spectra, except for some slight variations observed at the lowest N, flow rate as shown in
Figure 2. Here the N,O feature is no longer observable, and the NO band exhibits a secondary
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maximum near 6.5 um. It remains to be determined whether this feature arises from another NO(v)
excitation reaction (perhaps N(2P) + 0,?) or from vibrationally excited NO, formed in the discharge.

At the highest N, flow rates, the S/N was high enough to permit high resolution scans of the N,O
band. Such a scan is shown in Figure 3 for 0.5 mm slits (0.007 um resolution). The system consists of
four distinct bands, each of which appears to be a vibation-rotation band of the N,O(v,) mode.
Preliminary inspection of the raw data gives o = 2226 +3 cm™1, x33 =15 +1 em-!, in excellent
agreement with the values for N,O used in the AFGL line parameters comptlation (2223.76 cm-!,
15.06 cm-1), The narrowness of the bands suggests a very low rotational temperature; however, since
the rotational constant for N2O is only ~0.42 cm-1, this conclusion cannot be stated with certainty
until we perform a spectral fitting analysis.

When the sidearm temperature was elevated to 120 K, part of the N,0 emission became in phase
with the NO emission. This is demonstrated in Figure 4 by comparison of spectra obtained for the
same flow conditions at 80 K and 120 K. Emission from the lowest vibrational level is in phase with
NO at 120 K, but emission from the highest levels is not, resulting in a peculiar composite positive- and
negative-going spectrum for N,O. If the excited N,O were being formed by reactions occurring in the
active discharge, we would expect to see the N,O fluorescence roughly in phase with the NO and N,
emissions. When the N,O emission is out of phase, this means that most of the fluorescence seen by
the detector occurs after the discharges are off, that is, in the absence of discharge-excited species. In
other words, the out-of-phase N,O emission arises from a slug of undissociated gas. It is difficult to
account for this phenomenon. However, the 120 K results suggest that, in the lower temperature
experiments, transport of N,O out of the discharge tubes may be impeded by condensation of
discharge-produced N,O on the walls. (The vapor pressure of N,O is 10-6 torr at 80 K and 0.1 torr at
118 K). Thus, in the 80 K experiments, discharge-produced N,O would condense and accumulate in the
sidearms, exerting its equilibrium vapor pressure. The small amount of N,O vapor may be destroyed
in the active discharge, such that gas phase N,0O only escapes into the viewing region during the period
when the discharges are off. It is fascinating to consider that the N,O appears to retain considerable
vibrational excitation in this process. Clearly, these experiments should be repeated at elevated
temperatures (120 to 150 K), and a systematic study of temperature dependence is required. In any
case, it is clear that N,O is indeed formed in discharge-excited mixtures of N,, O,, and Ar.
Identification of the processes responsible for this will be pursued in further investigations.

In summary, we have performed a series of scoping experiments to examine the IR signatures of
discharged N,/O,/Ar mixtures under a variety of conditions. Band systems of N, and NO are observed,
but with significantly different spectral distributions than observed in previous experiments
employing N, /Ar discharges and O, counterflows. In addition, emission from the v, and, in some
cases, v, bands of N,O are also observed; however, these data are clouded because the sidearm
temperature was too low. It appears that systematic variation of N, and O, flow rates can be employed
to probe the kinetics of the N,O formation processes. Further experiments should be performed at
temperatures above 120 K and with the highest possible resolution, over the same ranges of flow rates
employed here. In the meantime, the present data base should be subjected to spectral fitting analysis
for quantitative comparisons to previous N,/Ar discharge work.
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4. Rovibrational Excitation of Carbon Monoxide
by Energy Transfer from Metastable Nitrogen

by
M.E. Fraser, W.T. Rawlins, and S.M. Miller

Abstract

CO fundamental vibration-rotation band emission resulting from the interaction of discharged
nitrogen with carbon monoxide has been supplied at low pressure (~3 mt) in a cryogenic apparatus.
The spectra exhibit bimodal rotational distributions; we have identified fourteen vibrational levels of
a thermalized component and eight vibrational levels from a rotationally excited component. The
rotationally excited emission is adequately reproduced by a statistical distribution, E = 3.7 eV, which
provides sufficient population in the region of the Fortrat reversal (J ~ 90) to account for the observed
R-branch band head formation. The excitation reactions are:

Ny(v) + CO - Ny(v-1) + O(v=1) (a)

- N,(v-2) + CO(v=2) (b)

Ny(a'lZ,") + CO - Ny(X,v) + CO(AM) — CO(vs9) + hv (©
- N,(X,v) + CO(v<14,J) d
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Single and two-quantum transfer from N2(v), reactions (a) and (b), contributes to the thermalized
CO(v=1,2) populations. Radiative cascade from CO(A) produced by quenching of Ny(a’), reaction (c), also
contributes to the thermalized populations. Based on kinetic and energetic arguments we have
determined another branch of N,(a') quenching to be responsible for the rotationally excited
components.

Surprisal analysis of the rotational excited component vibrational distribution indicates two
dynamic mechanisms. We have modeled this distribution with equal contributions from a direct
(v<4) and a statistical (all v) process. The vibrational distributions of the rotationally thermal
component are reproduced by CO(A!IN) radiative cascade and a contribution from reaction (d).

1. INTRODUCTION

The dynamics of energy disposal in quenching/reaction of excited state species may be
determined from the nascent electronic-vibrational-rotational-translational distributions of the
product molecules. The observed product state distributions reflect the detalls of the interaction
mechanisms and provide insight into the nature of the potential energy surfaces. We have previously
reported observations of infrared chemiluminescence from vibrationally and rotationally excited NO
generated from the reaction of metastable atomic nitrogen with molecular oxygen.! Surprisal
analysis of the data supports two mechanisms: a direct abstraction reaction (N2D) + O, producing
rotationally thermal but vibrationally excited NO and an insertion reaction N(?P) + O, giving
essentially statistical vibrational and rotational product state distributions.

This paper reports observations of highly rovibrationally excited CO formed by energy transfer
between carbon monoxide and nitrogen metastables. The observed CO fundamental spectra contain
rotationally thermalized emission for v<14 and rotationally excited bands for v<8. The rotationally
excited component appears as R-branch band heads that require significant populations in high
rotational levels near the vertex of the Fortrat parabola (J ., ~ 90). The energetics of both the
thermal and rotationally excited components are attributable to an energy transfer process that
deposits up to ~3.7 eV into CO rovibrational states.

Modest energy depositions (typically <1 eV} in CO internal states have been observed in
photochemical and abstraction reactions. In general, large fractions of the energy above threshold
are manifested {n product internal states. For example, photolysis of OCS at 157 nm?2, of acetone3 at

Rawlins, W.T., Fraser, S.M., and Miller, S.M. (1989) Rovibrational Excitation of Nitric Oxide in
the Reaction of O with Metastable Atomic Nitrogen, J. Phys. Chem. 98:1097.

Houston, P.L. (1987) Vector Correlations in Photodissociation Dynamics, J. Phys. Chem.
91:5388.

Woodbridge, E.L., Fletcher, T.R., and Leone, S.R. (1988) Photofragmentation of Acetone at 193
nm: Rotational- and Vibrational-State Distributions of the CO Fragment by Time-Resolved
FTIR Emission Spectroscopy. J. Phys. Chem. 92:5387.
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193 nm, and l{2C04-5 produces vibrationally excited CO with rotational excitations up to 0.9 eV.
Studies of energy partitioning in CO from the reaction of hot H atoms with CO, indicates nearly 1.0 eV
in CO internal states® with the rotational distribution in the v=0 level following a statistical model.

Greater energy depositions are observed for energy transfer reactions since these interactions
have little or no threshold energy. Quenching by O(2!D)7, Na(32p)8.9, 1 (52p, ,,)10, and Br(42P, ,))10, and
Hg(6°P, and 63Py)! 1 have been observed to produce vibrationally excited CO. Rotational excitations of
<0.8 eV have been reported for the Na(32p) + CO quenching reaction® which accounts for a large
fraction of the total 2.1 eV exoergicity.

The excitation process observed here is energy transfer from a metastable state of nitrogen.
Energy transfer to CO from discharged nitrogen has been examined closely, particularly with respect
to the N2-CO laser.12:13 High CO vibrational excitation is produced from near-resonant Ny(v) energy
transfer and subsequent CO{v) collisional up-pumping!4:15, reactions (1a and 1b).

N,(v) + CO(v') - N,(v-1) + CO(v' +1) (1a)

CO(v) + CO(v') » CO(v'~1) + CO(v' +1) (1b)

4. Bamford, D.J., Filseth, S.V., Foltz, M.F., Hepburn, J.W., and Moore, C.B. (1985)
Photofragmentation Dynamics of Formaldehyde: CO(v.J} Distributions as a Function of
Initial Rovibronic State and Isotopic Substitution, J. Chem. Phys. 82:3032.

5. Debarre, D., Lefebvre, M., Péalat, M., and Taran, J.-P.E. (1985) "Photofragmentation Dynarmics
of Formaldehyde: H,(v.J) Distributions, J. Chem. Phys. 83:4476.

6. Harding, D.R,, Weston, RE., and Flynn, G.W.,
J. Phys. Chem., in press.

7. Shortridge, RG. and Lin, M.C. (1976) The Dynamics of the O(!D,) + CO(X!Z*, v=0) Reaction,
J. Chem. Phys. Lett. 42:4076.

8. Hsu, D.S.Y. and Lin, M.C. (1976) Electronic-to-Vibrational Energy Transfer Reactlons:
Na(32P) + CO(X!£*, v=0), Chern. Phys. Lett. 42:78.

9. Reiland, W, Tittes, H.U., Hertel, 1.V., Bonacic-Koutecky, V., and Persico, M. (1982)
Stereochemical Effects in the Quenching of Na*(32P) by CO: Crossed Beam Experiment and Ab
Initio C1 Potential Energy Surfaces, J. Chem. Phys. 77:1908.

10. Lin, M.C. and Shortridge R.G. (1974) Electronic-to-Vibrational Energy Transfer Reactions:
X* + CO(x=0, I and Br), Chem. Phys. Lett. 29:42,

11. Horiguchi, H. and Tsuchiya, S. (1979} Vibrational Distribution of CO and NO Excited by
Electronic-to-Vibrational Energy Transfer Collisions with Hg(63P, and 63P,), J. Chem. Phys.
70:762.

12. De Benedictis, S. and Cramarossa, F. (1987) Vibrational Analysts of Ny(B®[, and C3I1,) and CO(X)
Excited in N, Discharge and Post Discharge, Chem. Phys. 112:363.

13. De Benedictis, S., Capitelli, M., Cramarossa, F., D'Agostino, R., and Gorse, C. (1984) Vibrational
Distributions of CO in N, Cooled Radio frequency Post Discharges, Chem. Phys. Lett. 112:54.

14. Treanor, C.E., Rich, J. W., and Rehm, R.G. (1967) Vibrational Relaxation of Anharmonic
Osclllators with Exchange-Dominated Collistons, J. Chem. Phys. 48:1798,

15. Caledonia, G.E. and Center, R.E. (1971) Vibrational Distribution Functions in Anharmonic
Oscillators, J. Chem. Phys. 85:552.
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Although high CO vibrational levels are produced in this manner, no rotational excitation is
observed, which Is consistent with the small energy defect for the near-resonant process. The energy
defect from N,(a!Il) quenching!®, reaction (2) has been determined

N,(a'T) + CO - N,(X,v) + CO(AIl, v', J') {2)

to be largely manifested in rotation but the total energy defect is small (<1000 cm-1), much less than
the rotational excitations observed here. The quenching of N,(A3E}) by CO!7 produces CO(a3IT) with no
reported observations of a CO(v,J) product channel.

The energy transfer process reported here represents a previously unobserved quenching
reaction of CO with metastable nitrogen. We will show that consideration of kinetic and energetic
constraints positively identiftes N,(a''Z{,) as the responsible agent. We will also present and discuss
the results of surprisal analysis of the observed vibrational distributions that indicates the
rotationally excited component to be formed by two distinct mechanisms.

2. EXPERIMENTS

These experiments were performed in the COCHISE (COld CHemiexcitation Infrared Stimulation
Experiment) cryogenic discharge afterglow apparatus which is described in detail elsewhere.18 A
flowing N,/Ar mixture is excited by four parallel microwave discharges (2450 MHz, 50 W) a flowing
N,/Ar mixture is at ~1 torr total pressure. A diagram of the reaction chamber is shown in Figure 1.
After exiting the discharge tubes the gas expands into a low pressure (~3 mt), cryogenically pumped
chamber (~20 K) where the molecules enter the collimated field of view of a scanning monochromator/
infrared detector assembly. Residence times in the discharge tubes are on the order of 3 to 5 ms; an
average time of flight of 0.5 +0.1 ms is required for the gases to exit the discharge tubes and enter the
field of view. Opposing flows of argon/carbon monoxide are used to create a quasi-static interaction
region along the centerline of the field of view, resulting in partial rethermalization of the expansion-
cooled rotational distributions. The gas residence time in the field of view is ~0.3 ms. Gaseous helium
refrigerant maintains all internal temperatures at 20 K, excepting the gas lines and optics which are
held at 80 and 40 K, respectively.

The infrared emissions are observed by a cryogenic 0.5 m Czerny-Turner monochromator
equipped with a liquid-helium-cooled arsenic-doped silicon detector and a grating blazed at 3 um. A
chopper located in front of the monochrometer entrance slit modulates the signal at 23 Hz. Data
collection is performed with a computer-interfaced lock-in amplifier. The absolute uncertainty in the

16. Piper, L.G., Cowles, LM., and Rawlins, W.T. (1986) State-to-State Excitation of NO(A2Z*, v'=0,1,2)
by Ny(A3E,*, v=0.1,2), J. Chem. Phys. 85:3369

17. . Dreyer, J.W., Perner, D., and Roy, C.R. (1974) Rate Contestants for the Quenching of N,(A3g, *
v = 0-8) by CO, CO,, NH,, NO, and O,, J. Chem. Phys. 61:3164.

18. Rawlins, W.T., Murphy, H.C., Caledonia, G.E., Kennealy, J.P., Robert, F.X., Corman, A., and
Armstrong, RA. (1984) COCHISE:Laboratory Studies of Atmospheric IR Chemiluminescence
in a Cryogenic Environment, Applied Optics 23:3316.
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wavelengths (due to monochrometer drive error) of the data is +0.003 um. The data were corrected for
instrument responsivity using blackbody calibration spectra taken in the 300 to 370 K range. The
uncertainty in the accuracy of the blackbody temperature is £+3 K, which results in a relative error of
+14 percent for 4.0/6.0 um intensity ratios. Spectra were taken for No/Ar mixtures with No mole
fractions of 0.005 to 0.12, with a mass-balanced counterflow of CO/Ar with CO mole fractions of 0.018
to 0.35. The data were typically at the spectral resolution of 0.013 pm (FWHM).

3. RESULTS

In all, 24 emission spectra of the CO fundamental region were obtained at various N, and CO
mole fraction conditions. The conditions are similar to those in which nitric oxide fundamental
emission was examined.! The general features of the emissions are relatively invariant with CO mole
fraction but the intensity of the CO(1-0) emission exhibits a strong mole fraction dependence as shown
in Figure 2.

The envelope degrading to the red of the CO(1-0) band center at 4.666 um is due to the Av=1
progression from v<14. The five sharp red-degraded features to the blue of the CO(1-0) band center,
which have a spacing of 29.2 £ 1.4 cm™1, cannot be attributed to CO thermalized vibrational emission.
These bands have not been previously observed in published spectra of CO fundamental emission
taken at higher pressures (>1 torr).19.20.21 At low pressure with the COCHISE apparatus, these features
are observed under all conditions that produce the CO fundamental emission. They have been
observed to remain unstructured even at the highest resolution employed (0.0067 pm). Under low
nitrogen mole fraction conditions, in which the CO(1-0) emission intensity is greatly reduced, eight
bands are observed with three progressing into the thermalized CO{Av=1) envelope. Considering the
overlap of the CO thermalized emission, identification of eight such features represents a lower limit.

These emissions are not observed in the absence of nitrogen in the discharge mixture. Thus,
argon metastables and residual ions do not contribute. We have determined these features are not due
to CN(v), electronic N, transitions, or NCO. The spectral shape of these features, sharply peaked and
degraded to the red, is similar to the nitric oxide R-branch band heads identified in spectra of
chemiluminescence produced from the reaction of discharged nitrogen with oxygen. CO forms band
heads similarly; at sufficiently high rotational excitation band heads will form in the R-branches and
the P-branches will extend to the red and do not form band heads. We have used a spectral generation
technique to predict the band shapes and positions of the CO R-branch band heads. The methodology
and result will be presented in detail in the following section. Using this technique the sharp red-
degraded features have been positively identified as CO R-branch band heads. These features are

19. Legay-Sommaire, N. and Legay, F. (1970) Vibrational Distribution of Populations and Kinetics
of the CO-N, System in the Fundamental and Harmonic Reglons, Can. J. Phys. 48:1966,

20. Washida, N., Bandow, H., and Inoue, G. (1983) Chemiluminescences in the Carbon Monoxide-
Active Nitrogen System, Bull. Chem. Soc. Japan 858:3748.

21. Farrenq, R., Rossetti, C., Guelachvili, G., and Urban, W. (1985) Experimental Rovibrational
Populations of CO up to v=40 from Doppler-Limited Fourier Spectra of the Sequences AV=1,2
and 3 Emitted by a Laser Type Source, Chern. Phys. 92:389.
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sufficiently intense that we have been able to determine an optimum rotational distribution.
Additionally, the P-branches of the rotationally excited component associated with the R-branch
band heads are identiflable, which verifies both the spectral assignment and confirms the appropriate
choice of rotational distribution.

4. SPECTRAL ANALYSIS

The data have been analyzed using a spectral generation linear least squares fitting technique.22
A computed infinite resolution spectrum is convolved with the instrument scan function (in this case,
a symmetric triangle with full width at half maximurm as the spectral resolution) to create a basis set
for each vibrational transition. The basis sets are then fit to each experimental spectrum using a
linear least squares method ylelding a determination of the product of the upper state density and the
spontaneous emission coefficient of the transition, N, A, -

The spectroscopic data used in this study are from Huber and Herzberg.23 The data were
sufficient to adequately reproduce the line positions of both the rotationally thermalized emission
features and the R-branch band heads.

The rotational temperatures used to reproduce the CO vibrational progression to the red of
4.6 um was determined empirically by reproduction of the observed branch structure. The optimum
temperature was determined to be 80 K indicating this emission system is rotationally thermalized.
The rotational distribution was treated by a simple Boltzman expression, so that band-integrated
vibrational number densities and transition probabilities were used. The transition probabilities
were calculated using using the dipole moment function of Chackerian et al.24¢ Fourteen vibrational
levels of thermalized CO emission have been positively identified from the data. This corresponds to
vibrational excitation of 3.425 eV.

The band-averaged transition probabilities used for the rotationally excited component are the
same as those for the thermalized CO emission. We believe these values to be accurate since the CO
ground state is 1Z and therefore not subject to spin-uncoupling at the high J' as discussed for NO. In
addition, the dipole moment function of Chackertan et al.24 extends to v'=40, well above the
internuclear separation of the highest V' and J' levels encountered in this study. Thus, Hénl-London
scaling of the band-averaged transition probabilities is sufficient to accurately determine the
populations of the rotationally excited component.

The 5 cm™! resolution (at 5.0 um) of the spectral data is insuffictent for rotational resolution of
the R-branch band heads so the chosen rotational distributions are those which best reproduce the
band shapes and peak positions. To adequately fit the R-branch band head features by a Boltzmann

22, Fraser, M.E., Rawlins, W.T., and Miller, S.M. (1988)
J. Chem. Phys. 88:538.

23. Huber, K.P. and Herzberg, G. (1979) Molecular Spectra and Molecular Structure IV. Constants of
' Diatomic Molecules, Van Nostrand Reinhold, New York.

24. Chackerian, C., Farrenq, R., Guelachvili, G., Rossettt, C., and Urban, W. (1984) Experimental
Determination of the I+ State Electric Dipole Moment Function of Carbon Monoxide up to a
Large Internuclear Separation, Can. J. Phys. 63:1579.
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distribution requires temperature of approximately 20,000 K. Although the fits to the lower
vibrational levels are adequate, higher vibrational levels are poorly fit and are better described by
lower Boltzmann rotational temperatures. This is evidence for an anti-correlation between
rotational and vibrational excitation; that is, the lowest vibrational levels contain the most
rotational excitation. Such anticorrelations have been observed in photolysis experiments,
abstraction reactions and energy transfer processes.2 79 In these instances, the observed rotational
distributions are sometimes best described by a statistical model.6 Such a model distributes the
population statistically over the accessible states. The model that incorporates the observed
anticorrelation between vibrational and rotational excitation is given by,

PO(J) @ (2J + 1){(E; - Ey) - Ej}1/2 (3
where E; is the total energy available for the product states, Ey, is the vibrational energy, and E; is the
energy of the particular rotational level. Figure 3 contrasts the relative population distributions
predicted by Boltzmann and statistical models. The statistical model contains greater relative
population in the higher rotational levels at the expense of the lower. Thus, rotational band head
formation, which requires significant population of rotational levels in the region of the Fortrat
parabola vertex (Jyetex = 92 for v=1), is readily facilitated by a statistical distribution.

We have examined several values of E1 to determine which produces the best fit to data, that is,
reproduction of the positions and spectral shapes of the observed eight band heads. Values of E below
3.0 eV reproduce the lower viprational levels well but the predicted band heads at higher vibrational
levels are broadened .r- ied-shifted. The responsible mechanism may be seen from Figure 3. At
higher E,, and lower E,, the relative population of the rotational levels near the region of the reversal
decreases, which causes the observed effects. Values of E greater than 4.0 eV predict band head
formation for vibrational levels 10 or greater. We prefer a value of E between these two bounds.
Comparing fits using several values within this range, we have determined E; = 3.7 eV to be optimum.
Values within 0.2 eV of the optimum value produce adequate fits with only small differences.

Table 1 shows the energetics of CO band head formation for E; of 3.7 €V. Shown are the values
for E_, the rotational level corresponding to the vertex of the Fortrat parabola, (the rotational energy
corresponding to this value of J, and the maximum rotational level allowable from E,.

Figure 4 shows a typical fit to the data using 14 vibrational levels of rotationally thermalized
emission and eight vibrational levels with a statistical rotational distribution corresponding to
Er=3.7 eV. All of the principal spectral features are accurately reproduced. The only features not
entirely reproduced fall within the 5.7 to 6.5 um region. Figure 5 shows an enlarged view of this region
from Figure 4. The fit is shown by the heavy line. The spacing of the bands shown in Figure 4 is
~6 cm~l, These features have been observed in all spectra containing sufficient intensity in this
wavelength region. The fit shows excellent reproduction of the spectral shapes but does not match the
absolute intensity. Figure 4 shows that the thermalized emission does not contribute to this spectral
region; the discrete features are reproduced by the P-branches of the rotationally excited component.
Inclusion of v>8 of the rotationally excited component improves the fits in this wavelength region.
Due to overlap with the thermalized CO envelope, however, unique determination of the populations is
not possible, so we have generally excluded these bands from the fits. We describe in the Discussion
Section that unique fits may be obtained by fitting the rotational excited component as a single
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Table 1. Energetics of CO Band Head Formation E+=3.70 eV

3.425 0.275

Vibrational
Level Ev(ev)a ET-EV Jvertex EJ vertcx(ev) Jmax
1 0.266 3.434 92 1.966 123
2 0.528 3.172 91 1.907 118
3 0.788 2.912 90 1.848 114
4 1.044 2.656 90 1.831 109
5 1.296 2.404 89 1.774 104
6 1.546 2.154 88 1.719 98
7 1.792 1.908 87 1.685 a3
8 2.035 1.665 87 1.€48 87
9 2.274 1.426 86 1.600 81
10 2.511 1.189 85 1.544 74
11 2.744 0.956 84 1.444 66
12 2.974 0.726 84 1.478 58
13 3.201 0.499 83 1.430 48
14 82 1.382 35

a. Ecovs=0)=0
b. Calculated from the value for E;-Ey,
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Figure 4. Data (Light Line) and Best Fit (Dark Line). (a) to thermalized (80 K) CO fundamental emission
(v'= 1-14) and CO rotationally excited bands using a statistical distribution with E;=3.7 ¢V. The data
is the same used for the light line in Figure 2. The spectral resolution is 0.013 um. The thermalized CO
and rotationally excited basis sets which comprise the best fit in (a) are shown in (b) and (c),
respectively.
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variable with the relative vibrational levels fixed in ratios from a modeled distribution. By
comparing fits with different vibrational contributions to the rotationally excited component, we
have determined that the majority of the intensity in the 5.7 to 6.5 um region arises from the higher
vibrational levels (v'=6-8). The relative line spacings may be calculated (omitting D, correction) from

Av = P(J) - P(J=1) = (B, + B,+) - (B, - By.)(2J+1). @

For v'= 6-8 this wavelength region contains P-branch line spacings of ~6 cm-! for rotational levels
50-80. The No(W34,, v'=1 — B3[I,, v'=0} emission in the 6.3 to 6.6 um reglon, which we have previously
examined and reported22, and signal to noise considerations, impede determination of the full extent
of the P-branch structure. The reproduction of these features, however, by fits to the rotationally
excited component confirms the identification of the CO R-branch band heads.

All 24 spectra have been fit using 14 thermalized CO emission bands and eight vibrational levels
of the rotationally excited component, as shown in Figure 4. All the fits show similar reproduction of
the principal features although many do not accurately reproduce the absolute emission intensity of
the P-branch envelope. The discrepancy shown in Figure 4 is typical. Fits to this spectral region are
improved by inclusion of higher vibrational levels of the rotationally excited component. Accurate
determination of any contribution from the higher levels cannot be determined due to the overlap of
these band systems with the thermalized envelope. Bounds for their relative populations will be
discussed in the next section.

The statistical rotational distributions employed in these fits provide a better reproduction of
the data, both in the R-branch spectral band shapes and the absolute intensity of the P-branches, than
do Boltzmann rotational distributions. We consider the statistical model employed here to be a more
accurate representation of the true rotational distributions but it cannot be considered to be an unique
determination. Signal to noise considerations and band overlap do not permit unambiguous
identification of the vibrational-level dependent rotational distributions. The true distributions may
deviate from a purely statistical model, containing gaussian character as has been observed in other
systems. However, the model employed here has successfully demonstrated an anticorrelation
between vibrational and rotational excitation and permitted a bound of ~3.7 eV to be determined for
the rotational excited component. Determination of this bound and its similarity to the vibrational
excitation of the thermalized component, 3.425 eV, suggests that these two components arise from the
same excitation process.

5. KINETIC INTERPRETATIONS

The kinetics of processes occurring in the COCHISE reaction chamber have been previously been
described.! The low number densities in the reaction zone, the short residence time in the field of view
(0.3 ms), and the long radiative lifetimes for the infrared chemiluminescent processes that we observe,
allow us to neglect reactions and quenching (excluding rotational) of the excited species created in the
reaction zone. Thus, vibrational quenching and CO(v) up-pumping, reaction (1b) can be ignored. The
kinetics of [CO(v.J)] are therefore in steady-state according to the production rate and the lifetime of
the excited species in the field of view,




d[CO(v.J)]/dt = k[M*][CO] - ~![CO(v,J)] = O (5)

where M* denotes the responsible excited species created in the microwave discharges, k is the
excitation rate constant, and 1 is the residence time in the field of view, 0.3 ms.

Figure 6 shows the absolute populations for the fit in Figure 4. The bimodal nature of the
rotational distributions is apparent. The populations for the rotationally excited component exceed
those of the thermal component of all vibrational levels except v=1,2. As noted in Figure 2, the lowest
thermalized CO vibrational levels exhibit an N, mole fraction dependence. We have determined
previously that only N,(v) exhibits a strong variation in its discharge production rate with N, mole
fraction over the range used here. Thus, relative increases in low CO vibrational population at higher
nitrogen mole fraction must be due to the near-resonant energy transfer from N,(v), reaction (1a).

As illustrated by Figure 2 the lowest CO vibrational populations exhibit a marked dependence
with N, mole fraction. Examination of the determination populations for all the spectra indicates
that only CO(v=1,2) are affected by nitrogen mole fraction. Since CO(v) up-pumping cannot occur
under our experimental conditions, the excitation process must be single and two quantum transfer,

N,(v) + CO— N,(v-1) + CO(v=1) (6a)

N,(v) + CO - N,(v-2) + CO(v=2) (6b)

To determine the relative contribution of the N,(v) energy transfer process to the CO(v=1,2)
populations we have plotted the ratios of these populations to [CO(v=3)] as a function of nitrogen mole
fraction. Figure 7 shows one of these plots. Extrapolation of these curves to zero determines the
relative CO(v=1,2) populations which arise from sources other than N,(v=1,2) populations which arise
from sources other than N,(v); that is, from quenching of nitrogen metastables. For the data in
Figure 7, the multiplicative factors are 3.0 and 1.5 for CO(v=1,2), respectively. The multiplicative
factors for all CO mole fractions examined have been determined to be approximately the same.

Using these factors, the contributions to the thermalized CO(V=1,2) populations from Ny(v)
transfer and E-V transfer may be separated. Figure 5 shows the CO(v=1,2) number densities corrected
for N,(v) transfer. The relative distributions in both the thermalized and rotationally excited
components are now remarkably similar. The vibrational populations of the rotationally excited
component typically exceed those of the thermalized component by ~30 percent. This is
approximately the ratio determined for all the analyzed spectra. Ratios of the vibrational
populations for each component exhibit no dependence on nitrogen or carbon monoxide mole
fraction.

As shown in Figure 6 the fraction of the CO(v=2) population attributable to two quantum
transfer, reaction (6b), is small. An average ratio [CO(v=2)]/[CO(v=1)} of 0.06 +0.01 from Ny(v) transfer
has been determined for all the observed spectra. This ratio is related to the rate coefficients for
reactions (6a, b} by:

[CO(v=2)] Tk, (AVv=2)IN,(v)]
[COv=1)] " Xk, (Av=1)IN,(v)]

(7)
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Figure 6. Determined Population Distribution versus Ey, for the Fit Shown in Figure 4. The
thermalized component i{s shown as (O), with contribution to thermalized CO(v = 1,2) as (@), and the
rotationally excited component is represented as((J).
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Figure 7. Plot of the Ratio of the [CO(v = 1,2)] to [CO(v = 3)] Populations as a Function of Nitrogen Mole
Fraction. The CO mole fraction for these data was 0.33.
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Eq. (7) may be resolved for the ratio 2k, (Av=2)/% k, (Av=1) if the N,(v) distribution can be determined.
Discharge-flow measurements using Penning ionization spectroscopy indicate the effluent of our
microwave discharges may be represented by a ~6000 K "modified Treanor” distribution in Ny(v).25 A
Treanor distribution contains enhanced populations at higher vibrational levels, relative to a
Boltzmann distribution, which are created by collisional up-pumping.!5 Using the modified Treanor
distribution, we have determined z k, (Av=2) /‘},:kv (Av=1) =0.1 10.04. Owing to the known increase in k,
as a function of v12.13, the ratio determined here is likely representative of higher v (probably 7 to 8).

Figure 8 shows the average population distributions for the thermalized and rotationally excited
components, normalized separately and shown with one-standard-deviation e-ror bars. The
population distributions from only 11 spectra were chosen for this average. The spectra containing
large contributions to thermalized CO(v=1,2) have been excluded since this emission envelope
overlaps the v=5-8 levels of the rotationally excited component, interfering with reliable population
determinations of these levels.

The distributions shown in Figure 8 are similar but the distribution of the rotationally excited
component appears to be relatively flat above v=4, We have examined the data carefully and
determined this trend to be accurate. Fits to the data using a fixed relative vibrational distribution of
the rotationally excited component following the distribution of the thermal component seriously
underfits the data in the region of v'=5-8 of the R-branch band heads and in the regfon of the
P-branches.

6. EXCITATION MECHANISM

Several processes that may account for all or a portion of the observed emissions require
consideration. One possible mechanism for rotational excitation of CO is energy transfer from
translationally excited atoms emanating from the discharge. Translationally excited atoms may be
produced in the discharges by energy transfer from Ar metastables. Translationally hot H atoms have
been reported to excite V.R states of CO.26 We may discount such processes in our apparatus due to
rapid energy accommodation of any "hot" atoms in the 1 torr discharge tubes. The number density of
such species reaching the field of view will be minuscule. Collisional quenching of high CO
vibrational levels into high rotational levels of lower vibrational levels (V,R transfer), analogous to
processes observed for HF27:28, may also be dismissed. To excite the high J' levels we observed would
require nearly gas kinetic multiquantum (Av<8) quenching of CO(v). This is unlikely since direct

25. Piper, L.G. and Marinelli, W.J. (1988) Determination of Non-Boltzmann Vibrational
Distributions of No(X,v") in He/N, Microwave-Discharge Afterglows, J. Chem. Phys. 89:2918.

26. Chawla, G.K., McBane, G.D., Houston, P.L., and Schatz, G.C. (1988) State-Selective Studies of
T-R, V Energy Transfer: The H+CO System, J. Chemn. Phys. 88:5481.

27. Haugen, HK,, Pence, W.H,, and Leone, S.R. (1984) Infrared Double Resonance Spectroscopy of

V-T, R Relaxation of HF{v=1): Direct Measurement of the High-J Populations, J. Chem. Phys.
80:1839.

28. Yang, X.F. and Pimentel, G.C. (1984) HF Multiquantum V—R Relaxation Rates with N2 and CO,
J. Chem. Phys. 81:1346,
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Figure 8. Averaged Relative Population Distributions for 11 Spectra. Both thermalized (®) CO and the
rotationally excited component ((J) are shown but have been normalized independently. The error
bars represent one standard deviation.




measurements of the v-dependent quenching of CO(v) by C0229 indicate the total quenching rate
coefficients to be less than 1 percent gas kinetic. Under quasi-resonance conditions, collisional
quenching diatomics in low v, higli J levels into high v, low J levels (R,V transfer) may have rate
coeflicients of 10-!! cm3 s-1.30 The resonance conditions are given by

e (8)

For CO, resonance is satisfied at J' ~120 which is populated only at the lowest vibrational level for the
statistical model. Therefore, R,V transfer should not contribute significantly to the higher
vibrational levels of the observed thermalized emissions.

With other possibilities excluded, the mechanism for CO(v.,J) excitation must be energy transfer
from one or more of the metastable nitrogen species created in the discharge. We have previously
determined that to account for the CO(v.J) excitation observed here, the energy transfer reaction must
be at least ~3.7 eV exoergic. This constraint, combined with kinetic considerations from Eq. (8). may
be used to determine the identity of the responsible species.

Summing the populations of the thermalized and rotationally excited components, a Product
kim*] ~0.5 s! is required to account for the observed emissions. The measured quenching kinetics for
many of the metastable nitrogen species is shown in Table 2. This table contrasts the number
densities of the metastable species required in the interaction zone to account for the observed
emissions with the number densities determined from modeling studies. The number density
calculations have employed the room temperature rate coefficients in the absence of data at 80 K.

Quenching of the metastable nitrogen atoms are shown in reactions (9) and (10). N(2D) may
deposit 2.38 eV into CO

N{(2D) + CO - N{4S) + CO(v<9) AE =2.38 eV (9)
N(?P) + CO — N(2D) + CO(vs4) AE = 1.196 eV (10a)
— N(4S) + CO(v<15) AE = 3.576 eV (10b)

rovibrational states, which is well below the ~3.7 eV needed to account for the observed emissions.
Additionally, the kinetics of this reaction indicate that contributions to the spectra from this source
would be negligibly small. The energetics of N(2P) quenching to form N(4S) matches the required

~3.7 eV well. However, the recently determined rate coefficient for quenching of N(2P) by CO is several
orders of magnitude too small for reactions (10a, b) to be the CO(v.J) excitation mechanism.

Excitation of CO(v<14) by energy transfer from N, (X, high v) requires multi-quantum transfer
from v<14. The determined contributions to the thermalized CO(v=1,2) populations from N2(v) energy
transfer are consistent with a preferred channel for single-quantum exchange and a less favored
channel for two-quantum exchange. We have found no evidence for multi-quantum exchange.

29. Caledonia, G E. and Green, B.D. (1979) A Study of Vibrational Level Dependent Quenching of
COf(v=1-16) by CO,, J. Chem. Phys. 71:4369.

30. Stewart, B., Magill, P.D., Scott, T.P., Derouard, J., and Pritchard, D.E. (1988) Quasiresonant
Vibration & Rotation Transfer in Atom-Diatom Collisions, Phys. Rev. Lett. 60:282.




Table 2. Measured CO Quenching Kinetics of No*, N*

Number Density in COCHISE, cm3
Kg (300K) Required for Estimated for
Species cm-3s-1 CO(v.J) Excitation Interaction Zone
N(2P) <1.5 (-14)31 > 313 1to 3°
N(2D) 1.7 (-12)32 > 311 3to 10°
N,(A3E, "),
v=0 1.5 (-12)b33 > 3ll 1to 39
v=4 1.9(-11)b33 310 1to 39
N,(alllg) 2.8 (-10)334 29 26
No(a'%,) 1.1 (-10)235 49 3°

a. Includes excitation of CO(A!I)
b. Includes excitation of CO(a3I)

N,(A3Z, ") quenches with CO to form CO(a311).33 Although the
No(A3Z ") + CO - N,(X) + CO(a3M) (11)

CO(a3I) + CO - 2CO(X,5<v<13) (12)

rate coefficient for the quenching process is known,33 the absolute yield for reaction (11) has not been
measured. Reaction of CO(a) with another CO molecule produces vibrationally excited Co3€:37 with a
rate coefficient for the process near gas-kinetic (k;o ~ 1 x 1071 cm? s°! at room temperature),38.39
Quenching of N,(A) may produce rovibrationally excited CO directly from a branch in reaction (11).

31. Rawlins, W.T., Piper, L.G., Fraser, M.E., and Murphy, H.C. (Feb, 1989) CANOES II: Dynarmics of
Atmospheric Infrared Thermochemical Excitation, PSI 9032 /TR-901, Final Report, Contract
F19628-85-C-0032.

32. Piper, L.G., Donahue, M.E., and Rawlins, W.T. (1987) Rate Coefficients for N(2D) Reactions,
J. Chem. Phys. 91:3883.

33. Thomas, J.M., Kaufman, F., and Golde, M.F. (1987) Rate Constants for Electronic Quenching of
N,(A3Z,+, v=0-6) by O,, NO, CO, N,0 and C,Hy, J. Chem. Phys. 86:6885.

34. Marinelli, W.J., Kessler, W.J., Green, B.D., and Blumberg, W.A M., The Radiative Lifetime of
Ny(allly, v=0-2), J. Chem. Phys., in press.

35. Piper, L.G. (1987) Quenching Rate Coefficients for Ny(a'lX ), J. Chem. Phys. 87:1625.

36. Slanger, T.G. and Black, G. (1975) Electronic-to-Vibrational Energy Transfer Between Molecules,
J. Photochem. 4:329.

37. lonikh, Y.Z., Kuranov, A.L., Lobanov, A.N., and Starenkova, L.S. (1986) Vibrational Excitation
of CO Molecules in the Reaction CO*(a3[T) + CO — COY + COV, Opt. Spectrosc. (USSR) 60:444.

38. Taylor, G.W. and Setser, D.W. (1973) Quenching Rate Constants for CO{a3IT: v'=0,1,2), J. Chem.
Phys. 88:4840.

39. Clark, W.G. and Setser, D.W. (1975) Comparison of Quenching Rate Constants of CO(a3IT) at 300
and 77 K, Chem. Phys. Lett. 33:71,
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Since Ny(A) lies 6.17 eV above Ny(X,v=0), such a process would be sufficiently energetic. The
determined N,(A) quenching rate coefficient, however, is too small for this process or any derived
reactions, such as reaction (12), to be responsible. Additionally, the activation barrier determined for
this process by Slanger40 indicates the rate constant to be <10-13 cm3 s-! at 80K.

The Ny(W34,,, wlA) states are sufficiently energetic to produce the observed CO(v.J) emissions;
7.36 and 7.35 eV above the ground state, respectively. The quenching reactions of these two species
have not been reported in the literature. We have determined Ny(W3A,,, v=1-5) and Ny(w!A,;, v=0-2)
number densities in COCHISE directly from their IR radiance over the 2 to 4 um region. Their
concentrations in the interaction region are 3 x 108 cm?3 and 1 x 108 cm3, respectively. Even if these
species quench CO with rate coefficients near gas kinetic, they cannot account for the observed CO(v.J)
emissions.

Quenching of Ny(a'IT) 1s rapid, forming CO(A![1).34 Since the

No(alll) + CO - N,(X,v) + (A1) (13)

yield of CO(A) formation from this reaction has not been determined, a channel forming CO(v,J) is
possible. Nj(a) may deposit any fraction of the available 8.4 eV into CO rovibrational states from such
a process. However, the radiative lifetime of Ny(a) is short, 56+4 us4l, which makes the number
density of this species in the interaction zone to be too small to account for the observed emissions.
The upper limit for Ny(a) number density shown in Table 2 has been determined for the noise level of
discharged Ar/N, spectra at the wavelength N,(a-a)) features would occur,22

The possible quenching reactions of the Ny(a'1Z,-) with CO are

No(a'lZ,") + CO - Ny(X,v) + CO(Al) (14a)
- Nyo(X,v) + CO(X,v,J) (14Db)
— Ny(X.v) + CO(I1Z-, D1A) (14¢)

N,(a’) may deposit up to 8.5 eV into CO electronic, vibrational and rotational states. The branching
ratio forming CO(A) has been measured as 20 *}0 percent.35 This value, however, was based on an
80 *39 us lifettme for the N,(a) state which has recently been revised to be 564 ps. The corrected CO(A)
branching ratio is 30 +8 percent. The remaining fraction must be divided between the other
energetically accessible spin-allowed channels. These channels are rovibrationally excited CO(X),
reaction (14b), and the I11Z- and DA states, reaction (14¢c). At room temperature the total quenching
rate constant for reaction (14) is 1.1 x 10-10 cm3 s-1, Table 2 shows that the kinetics of this reaction
are sufficient to account for the observed emissions.

Since Ny(a’) is the only species present in the interaction zone that satisfles both the kinetic and
energetic constraints, we postulate that reaction (14b) is responstble for the observed CO(v,J)

40. Slanger, T.G., Wood, B.J., and Black, G. (1973) Temperature-Dependent Ny(A3E}) Quenching Rate
Coeflicients , J. Photochem. 2:63.

41. Marinelll, W.J., Kessler, W.J., Green, B.D., and Blumberg, W.AM. (1989) Quenching of
Nz(alng. v'=0) by Ny, Oy, CO, CO,, CH,, H,, and Ar, submitted to J. Chem. Phys.

46




excitation. For this hypothesis to be correct, the branching fraction for reaction (14b) must be
relatively large, constraining that for reaction (14c) to be small and, owing to the short radiative
lifetime of CO(A), the thermalized populations must reflect a contribution from CO(A) radiative
cascade. ’

7. DISCUSSION

Further interpretation of the data may be assisted by surprisal theory.42:43 This approach
postulates the existence of an exponential gap law for an individual metathetic reaction:

P, = PO(v) exp(~-Af,)/exp(dy) (15)

f, is the fraction of the reaction exoergicity appearing as vibrational energy in the product, P(v) is the
observed relative vibrational population, and PO(v} is the statistical "prior" distribution obtained
when all final translational, rotational, and vibrational states are equally probable. Thus, the ratios
of the observed and statistical vibrational populations should be exponential in the vibrational
energy E,. with the exponential fall-off constant A quantifying the departure of the observed
distribution from a completely statistical product distribution. Whiie this theory does not necessarily
hold for all chemical reactions, it has proved useful in the analysis of rovibrational product
distributional from several photochemical and reactive interactions.

Both the vibrational extent of the thermalized CO emission (v<14), E ~ 3.4 ¢V) and the
rovibrational excitation of the rotationally excited component (ET ~ 3.7 eV) can be attributed to an
energy transfer process of 3.5 to 3.7 eV. Using a prior distribution for 3.7 €V determined from the usual
relationship for a vibrating rotator,

Vi
PO(v) = (1-f,)3/2/ Eo(l-fv)3/2 (16)
v=

the vibratfonal surprisal plot for the vibrational populations of the rotationally excited component
has been plotted in Figure 9. The change in slope indicates two dynamic mechanisms are responsible
for the rotationally excited component: one accounting principally for v=1-4 and another for the
higher vibrational levels. The relative populations of the rotationally excited component may be
reproduced by a model composed of two such mechanisms as shown in Figure 10. The model is
comprised by roughly equal contributions from a low v excitation process and a "statistical" process
which contributes to all vibrational levels. The distribution used for the statistical process is the
prior calculated for 3.7 eV. This model predicts populations for v>8 of the rotationally excited

42. Bemnstein, R.B. and Levine, R.D. (1975) Role of Energy in Reaction Molecular Scattering: An
Information-Theoretical Approach, in Advances in Atomic and Molecular Physics II, edited by
D.R. Bates and B. Bederson, Academic, New York, 216.

43. Levine, RD. and Bernstein, R.B. (1975) Thermodynamic Approach to Collision Processes, in
Modern Theoretical Chemistry, Vol. II: Dynamics of Molecular Collisions Part B, edited by
W.H. Miller, Plenum, New York, Chapter 7.
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Figure 9. Vibrational Surprisal Plot for the Rotationally Excited Vibrational Populations. The
populations are those from Figure 8.
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component. Absolute populations of these levels cannot be determined from the spectra because these
bands overlap the thermalized CO emission features. However, we have performed fits to the data
using v=1-14 of the rotationally excited component following the modeled distribution shown in
Figure 10. The resulting fits do not exhibit any marked differences from fits excluding v>8 of the
rotationally excited component and the match to the absolute intensity in the P-branch region is
generally improved. Under these conditions the determined populations of .he tliermalized
component for v>4 are decreased by an average of ~40 percent. Thus, the populations for v>8 of the
thermalized component shown in Figure 8 are the upper limits.

Due to implications of the model and the improvement in the P-branch fits, we believe that v>8
for the rotationally excited component are present in the data. However, higher resolution studies
will be required to confirm their presence and determine the true population distribution.

Stmilar analysis of the rotationally thermalized component must include the contribution of
reaction (14a) to these populations from CO(A) radiative cascade. Quenching of No(a' %,~, v=0) via
reaction (14a) ylelds CO(A!I1, v<2).35 Owing to the short radiative lifetime of the CO(A) state, ~10 ns,
all of the CO(A) created by this process will radiatively cascade to form CO{v<9) with a vibrational
distribution reflecting the known branching ratios. Since the maximum energy defect for this process
is ~3000 cm™1, Ny(a’,v=0) + CO — Ny(X,v=0) + CO(A,v=0), we do not expect substantial rotational
excitation in the initially formed CO(A) state or, therefore, in the CO(X) populations created by
radiative cascade.

Thermalization of the rotationally excited component may also contribute to the observed
thermalized component populations. The fraction that may be thermalized will depend on the
particular rotational distributions and the quenching rates at 80 K. There are no published quenching
studies of high rotationally levels of CO at low temperatures. However, studies of CO(v=0, J) created by
formaldehyde photodecomposition at room temperature have determined the rotational relaxation
rate constant for transfer of population out of J=12 to be nearly gas kinetic, 3 x 10-10 ¢m3 s-!, and that
for J=36 to be 5 x 10-11 cm3 s-1.44.45 Rotational levels in the region J=80 have rotational spacings of
>300 cm-!, greatly exceeding the room temperature value of kT. Thus, quenching of these levels is
expected to be significantly slower. At 80 K, kT exceeds the CO rotational spacings for only J<15.
Assuming this to be the maximum number of rotational levels that may be thermalized within the 20
to 30 collisions in the fleld of view limits the fraction contributions from the rotationally excited
component to be 30 percent for high v and 6 percent for low v.

We may determine the maximum fraction of the CO thermal populations arising from the
thermalizations of the rotationally excited component by fitting the observed thermal component
population distribution to a model composed of thermalized and CO(A) radiattve cascade
contributions. The results of this analysis are shown in Figure 11. Reproduction of the observed
distribution requires roughly 30 percent of the initially formed CO(v,high J) to be thermalized and a
branching fraction for CO(A) excitation of 14 percent.

44. Ho, P. and Smith, A.V. (1982) Rotationally Excited CO from Formaldehyde Photodissociation,
Chem. Phys. Lett. 90:407.

45. Brechignac, Ph. (1978) Transfer of Rotational Population in CO by IR Laser Double Resonance
Opt. Commun. 28:53,




r T I I | T _
- — — DIRECT -
Y -——=STATISTICAL |
o . -—-—-CO(A) CASCADE
=
wl B _
>
<
w101 |(— \ —
i L\ ROTATIONALLY |
Zz_ [ ~\. EXCITED ]
Q2 . N COMPONENT
5 g | e \ N, .
i R *‘s
S5 \
a W - \ -
|
< \
Z \
O 102}— ]
: 8} -
5 s s
S
4 —
2 = p—
\|
10-3 | | | A |
0 5 10 15 20 25 30 ~ 103

VIBRATIONAL ENERGY, (cm-1)

A-9610

Figure 11. Model Fit to the Rotationally “Thermal” Vibrational Populations. The model () has been
produced by a contribution of 14 percent branching fraction from reaction (14a), (-__-), and 30 percent
of the rotationally excited model, shown separately as direct (--) and statistical contributors (--). The
relative populations have been normalized to the sum of the rotationally excited vibrational
populations. The rotationally excited component is also shown (- - *).

51




The determined contribution from CO{A) radiative cascade is about a factor of 2 lower than the
recalculated branching ratio of Piper.23 Our result could be consistent if the branching ratio for
reaction (17a) decreases somewhat at lower temperatures, Conversely, the requirement of 30 percent
thermalization of the initially formed rotationally excited component is larger than the established
bound. Inclusion of v>8 of the rotationally excited component in the fits decreases the v>4 thermal
populations by ~40 percent which reduces the fractional thermalization proportionately. Even with
this reduction, we still require rotational relaxation processes to be faster than our estimates or the
nascent distributions to be bimodal. Bimodel rotational distributions have been observed in HF
under near-nascent conditions.46 These studies clearly indicate that determination of rotational
relaxation must take the nature of the excited complex into account. The important factors are the
rate of rotation and the relative velocities of the fragments. If the velocities are low and rate of
rotation high, rapid rotational thermalization will occur, The similarities between the thermal and
rotationally excited vibrational distributions strongly suggest a direct correlation. Whether the
observed bimodal distributions arise from excitation followed by multi-collisional thermalization or
near-nascent relaxation of the excited complex cannot be distinguished at these experimental
conditions.

In summary, the results of surprisal analysis indicates two dynamic mechanisms are
responsible for the rotationally excited component, one producing the low vibrational levels and
another, more statistical mechanism contributing to all vibrational levels. CO(A) radiative cascade
and a fixed fraction of the rotationally excited component are sufficient to account for the
thermalized populations.

The dynamics of the Ny(a') + CO quenching process are worthy of some comment. The interaction
must satisfy conservation of angular momentum and energy,

(2RE|)1/2b = (2uE()1/2b + Jh/211 (17)

E, + AE=E;+ E, + BJ2 (18)

where u is the reduced mass, E; and E¢ are the initial and final center-of-mass collision energies, b, and
brare the initial and final impact parameters, AE is the exoergicity of the process, and BJ2
approximates the product rotational energy after the collision. High rovibrational excitation of CO
from Ny(a') quenching is certainly energetically permissible. The observed CO rovibrational
excitation of ~3.7 eV represents only 45 percent of the total exoergicity; the remainder will be
manifested in the N, internal modes. The manifestation of fractional energies of this magnitude in
internal modes is common to many processes containing a large energy defect.

From Eq. (17) , large values of J can be achfeved through highly attractive collisions with large
initial impact parameters and small final impact parameters with the concurrent requirement that
the final center-of-mass kinetic energy is small.47 Large initial impact parameters have been

46. Clark, W.G. and Setser, D.W. (1980) Energy Transfer Reactions of N,(A3E, *)V: Quenching by
Hydrogen Halides, Methyl Halides and Related Molecules, J. Phys. Chem. 84:2225,

47. Poppe, D. (1987) Rotational Excitation of Diatomic Molecules in Exothermic Processes, Chem.
Phys. 111:17; Classical Dynamics of Rotationally Inelastic Scattering of Atoms with
Molecules, Chem. Phys. 111:21,
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determined for the quenching of Na(32P) + CO which is 2.1 eV exoergic. Two mechanisms were
identified, a "direct” process involving colinear Na--CO approach with an impact parameter of 16a,
and a "complex" formation mechanism from colinear NA--OC approach with an impact parameter
13a,. Both mechanisms produce rovibrational excitation of CO with up to 0.8 €V in rotation.
Extensive molecular orbital calculations of the Na* + CO interaction indicated the source of the
rotational excitation to be a strong angular anisotropy of the potential energy surface. There are
similarities between the Na* + process and the No(a') + CO quenching process observed here. However,
these similarities cannot be considered more than qualitative until extensive potential energy surface
calculations can be performed.

8. CONCLUSIONS

We have observed extensive rovibrational excitation in carbon monoxide from quenching of
discharged nitrogen in a low pressure cryogenic apparatus. The CO fundamental emission spectra
exhibit bimodal distributions; 14 rotationally thermalized levels and 8 rotationally excited
vibrational levels have been identified. The spectral features due to the rotationally excited
component are best fit by a statistical distribution, E = 3.7 e€V. this distribution provides sufficient
population in the region o1 the Fortrat reversal, J ~ 90, to account for the observed R-branch band head
formation. The energy transfer process of ~3.5 eV is sufficient to account for the vibrational extent of
the thermal component. These two energetic limits are not different in our analysis.

Analysis of the data has identified a contribution to CO(v=1,2) of the thermalized component
from

Ny(v) + CO > Ny(v-1) + CO(v=1)
N,(v) + CO - Ny(v-2) + CO(v=2).

Based on kinetic and energetic arguments we have determined the energy transfer process
Ny(a'lZ,") + CO - Ny(X,v) + CO(A1IT)

— No(X,v) + CO(v,J)

to be responstble for the observed rovibrational excitation. The branching ratio for CO(Al)
formation is 3018 percent. In order to account for emissions observed here, CO(v,J) excitation must
account for the remainder.

The energy transfer mechanism producing the rotationally excited component exhibits dynamic
similarities to that determined for Na(?P) + CO; two mechanisms have been identified, one responsible
for the low vibrational levels and another that contributes to all accessible vibrational levels.
Rigorous potential energy surface calculations will be required, however, to determine the true
dynamics of the Ny(a') + CO interaction.




Acknowledgements

The authors would like to acknowledge advice provided by B.D. Green, W.A.M. Blumberg,
K.W. Holtzclaw, L.G. Piper, and W.J. Marinelli, and assistance provided by H.C. Murphy, M. Gouveia,
and M. DeFaccio. This work was performed under contact F19628-85-C-0032 with the Air Force
Geophysics Laboratory, and was sponsored by the U.S. Air Force Office of Scientific Research under
Task 2310G4 and by the Defense Nuclear Agency under Project SA, Task SA, Work Unit 115,




10.

11.

12.

References

Rawlins, W.T., Fraser, S.M., and Miller, S.M. (1989) Rovibrational Excitation of Nitric Oxide in
the Reaction of Og with Metastable Atomic Nitrogen, J. Phys. Chemn. 93:1097.

Houston, P.L. (1987) Vector Correlations in Photodissociation Dynamics, J. Phys. Chem.
91:5388.

Woodbridge, E.L., Fletcher, T.R., and Leone, S.R. (1988) Photofragmentation of Acetone at 193
nm: Rotational- and Vibrational-State Distributions of the CO Fragment by Time-Resolved
FTIR Emission Spectroscopy, J. Phys. Chem. 92:5387.

Bamford, D.J., Filseth, S.V., Foltz, M.F., Hepburn, J.W., and Moore, C.B. (1985)
Photofragmentation Dynamics of Formaldehyde: CO(v.J) Distributions as a Function of
Initial Rovibronic State and Isotopic Substitution, J. Chem. Phys. 82:3032.

Debarre, D., Lefebvre, M., Péalat, M., and Taran, J.-P.E. (1985) "Photofragmentation Dynamics
of Formaldehyde: Hy(v,J) Distributions, J. Chem. Phys. 83:4476.

Harding, D.R., Weston, R.E., and Flynn, G.W.,
J. Phys. Chem., in press.

Shortridge, R.G. and Lin, M.C. (1976) The Dynamics of the O(!D,) + CO(X!Z*, v=0) Reaction,
J. Chem. Phys. Lett. 42:4076.

Hsu, D.S.Y. and Lin, M.C. (1976) Electronic-to-Vibrational Energy Transfer Reactions:
Na(32P) + COX1Z+, v=0), Chem. Phys. Lett. 42:78.

Reiland, W., Tittes, H.U., Hertel, 1.V,, Bonacic-Koutecky, V., and Persico, M. (1982)
Stereochemical Effects in the Quenching of Na*(32P) by CO: Crossed Beam Experiment and Ab
Initio C1 Potential Energy Surfaces, J. Chem. Phys. 77:1908.

Lin, M.C. and Shortridge R.G. (1974) Electronic-to-Vibrational Energy Transfer Reactions:

X* + CO(x=0, I and Br), Chem. Phys. Lett. 29:42.

Horiguchi, H. and Tsuchiya, S. (1979) Vibrational Distribution of CO and NO Excited by
Electronic-to-Vibrational Energy Transfer Collisions with Hg(6%P, and 63P), J. Chem. Phys.
70:762.

De Benedictis, S. and Cramarossa, F. (1987) Vibrational Analysis of No(B[1g and C3I1,) and CO(X)
Excited in N, Discharge and Post Discharge, Chem. Phys. 112:363.

55




13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28,

29.

31.

32.

8

De Benedictis, S., Capitelli, M., Cramarossa, F., D'Agostino, R, and Gorse, C. (1984) Vibrational
Distributions of CO in N, Cooled Radio frequency Post Discharges, Chem. Phys. Lett. 112:54.

Treanor, C.E., Rich, J.W., and Rehm, R.G. (1967) Vibrational Relaxation of Anharmonic
Oscillators with Exchange-Dominated Collisions, J. Chem. Phys. 48:1798.

Caledonia, G.E. and Center, RE. (1971) Vibrational Distribution Functions in Anharmonic
Oscillators, J. Chem. Phys. 88:552.

Piper, L.G., Cowles, L.M., and Rawlins, W.T. (1986) State-to-State Excitation of NO(A2:*, v'=0,1,2)
by No(A3Z, *, v=0,1,2), J. Chem. Phys. 85:3369

Dreyer, J.W., Perner, D., and Roy, C.R. (1974) Rate Contestants for the Quenching of N,(A3Z *
v, = 0-8) by CO,.CO,, NH3, NO, and O,, J. Chem. Phys. 61:3164.

Rawlins, W.T., Murphy, H.C., Caledonia, G.E., Kennealy, J.P., Robert, F.X., Corman, A., and
Armstrong, R.A. (1984) COCHISE:Laboratory Studies of Atmospheric IR Chemiluminescence
in a Cryogenic Environment, Applied Optics 23:3316.

Legay-Sommaire, N. and Legay, F. (1970) Vibrational Distribution of Populations and Kinetics
of the CO-N, System in the Fundamental and Harmonic Regions, Can. J. Phys. 48:1966.

Washida, N., Bandow, H., and Inoue, G. (1983) Chemiluminescences in the Carbon Monoxide-
Active Nitrogen System, Bull. Chem. Soc. Japan 858:3748.

Farrenq, R., Rossetti, C., Guelachvili, G., and Urban, W. (1985) Experimental Rovibrational
Populations of CO up to v=40 from Doppler-Limited Fourler Spectra of the Sequences AV=1,2
and 3 Emitted by a Laser Type Source, Chem. Phys. 92:389.

Fraser, M.E., Rawlins, W.T., and Miller, S.M. (1988)

J. Chem. Phys. 88:538.

Huber, K.P. and Herzberg, G. (1979) Molecular Spectra and Molecular Structure IV. Constants of
Diatomic Molecules, Van Nostrand Reinhold, New York.

Chackerian, C., Farrenq, R., Guelachvill, G., Rossetti, C.. and Urban, W. (1984) Experimental
Determination of the 1EZ+ State Electric Dipole Moment Function of Carbon Monoxide up to a
Large Intemmuclear Separation, Can. J. Phys. 62:1579.

Piper, L.G. and Marinelli, W.J. (1988) Determination of Non-Boltzmann Vibrational
Distributions of Ny(X,v") in He/N, Microwave-Discharge Afterglows, J. Chem. Phys. 89:2918.

Chawla, G.K., McBane, G.D., Houston, P.L., and Schatz, G.C. (1988) State-Selective Studies of
T-R, V Energy Transfer: The H+CO System, J. Chemn. Phys. 88:5481.
Haugen, HK,, Pence, W.H., and Leone, S.R. (1984} Infrared Double Resonance Spectroscopy of

V-T, R Relaxation of HF(v=1): Direct Measurement of the High-J Populations, J. Chem. Phys.
80:1839.

Yang, X .F. and Pimentel, G.C. (1984) HF Multiquantum V-R Relaxation Rates with N2 and CO,
J. Chem. Phys. 81:1346.

Caledonia, G.E. and Green, B.D. (1979) A Study of Vibrational Level Dependent Quenching of
CO{v=1-16) by CO,, J. Chem. Phys. 71:4369.

Stewart, B., Magill, P.D., Scott, T.P., Derouard, J., and Pritchard, D.E. (1988) Quasiresonant
Vibration <& Rotation Transfer in Atom-Diatom Collisions, Phys. Rev. Lett. 60:282.

Rawlins, W.T., Piper, L.G., Fraser, M.E,, and Murphy, H.C. (Feb. 1989) CANOES II: Dynamics of
Atmospheric Infrared Thermochemical Excitation, PSI 9032/TR-901, Final Report, Contract
F19628-85-C-0032.

Piper, L.G., Donahue, M.E., and Rawlins, W.T. (1987) Rate Coeflicients for N(2D) Reactions,
J. Chem. Phys. 91:3883.

Thomas, J.M., Kaufman, F., and Golde, M.F. (1987) Rate Constants for Electronic Quenching of
N,(A3%, *, v=0-6) by O,, NO, CO, N,0 and C,Hy, J. Chem. Phys. 88:6885.

Marinelli, W.J., Kessler, W.J., Green, B.D., and Blumberg, W.A.M., The Radiative Lifetime of
Np(ally, v=0-2), J. Chem. Phys., in press.




35.
36.

37.

38.

39.

40.

41.

42,

43.

45,

46.

47.

Piper, L.G. (1987) Quenching Rate Coefficients for Ny(a'lZ,7), J. Chem. Phys. 87:1625.

Slanger, T.G. and Black, G. (1975) Electronic-to-Vibrational Energy Transfer Between Molecules,
J. Photochem. 4:329.

Ionikh, Y.Z., Kuranov, A.L., Lobanov, A.N., and Starenkova, L.S. (1986) Vibrational Excitation
of CO Molecules in the Reaction CO*(a3[) + CO — COY + COV, Opt. Spectrosc. (USSR) 60:444.

Taylor, G.W. and Setser, D.W. (1973) Quenching Rate Constants for CO(a3[T: v'=0,1,2), J. Chem.
Phys. 58:4840.

Clark, W.G. and Setser, D.W. (1975) Comparison of Quenching Rate Constants of CO(a3I) at 300
and 77 K, Chem. Phys. Lett. 33:71.

Slanger, T.G., Wood, B.J., and Black, G. (1973) Temperature-Dependent N,(A3Z}) Quenching Rate
Coefficients , J. Photochem. 2:63.

Marinelli, W.J., Kessler, W.J., Green, B.D., and Blumberg, W.A.M. (1989) Quenching of
Ny(allly, v=0) by Ny, Oy, CO, CO,, CHy, Hy, and Ar, submitted to J. Chem. Phys.
Bernstein, R.B. and Levine, R.D. (1975) Role of Energy in Reaction Molecular Scattering: An

Information-Theoretical Approach, in Advances in Atomic and Molecular Physics II, edited by
D.R. Bates and B. Bederson, Academic, New York, 216.

Levine, R.D. and Bernstein, R.B. (1975) Thermodynamic Approach to Collision Processes, in
Modern Theoretical Chemistry, Vol. II: Dynamics of Molecular Collisions Part B, edited by
W.H. Miller, Plenum, New York, Chapter 7.

Ho, P. and Smith, A.V. (1982) Rotationally Excited CO from Formaldehyde Photodissociation,
Chem. Phys. Lett. 90:407.

Brechignac, Ph. (1978) Transfer of Rotational Population in CO by IR Laser Double Resonance
Opt. Commun. 28:53.

Clark, W.G. and Setser, D.W. (1980) Energy Transfer Reactions of N,(A3Z, *)V: Quenching by
Hydrogen Halides, Methyl Halides and Related Molecules, J. Phys. Chem. 84:2225.

Poppe, D. (1987) Rotational Excitation of Diatomic Molecules in Exothermic Processes, Chem.
Phys. 111:17: Classical Dynamics of Rotationally Inelastic Scattering of Atoms with
Molecules, Chem. Phys. 111:21.

57




Contents
1. Introduction and Overview 59
1.1 Description of Solid State
Photomultiplier (SSPM) 59
2. First Generation SSPM Package in COCHISE 61
3. Second Generation SSPM Package 68
References 74

5. Solid State Photomultiplier Results
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S.M. Miller

1. INTRODUCTION AND OVERVIEW

In April 1986, representatives of Rockwell International made a presentation at AFGL
concerning new infrared detector technology. Reported in this briefing was the development of a new
infrared detector, capable of counting individual infrared photons, called a Solid Sate
Photomultiplier (SSPM). Two of the critical operating conditions, low detector temperature and low
blackbody background, were already satisfled by the COCHISE facility. So, an agreement was made
with Rockwell that some of these new devices would be tested utilizing the COCHISE facility.

Over the next several months, both a detector housing and amplifier were designed and built.
Preliminary testing began in October 1986. A description of an SSPM and the subsequent testing of
this device is presented next.

1.1 Description of Solid State Photomultiplier (SSPM)

An SSPM is a solid state device made from Si:As. Unlike a traditional S1;As photoconductor, it
possesses enough inherent gain to increase the pulse of current from an individual photon above the
bfas current of the device itself. The detailed operation of an SSPM can best be described using the
schematic in Figure 1. Working from right to left the device is made from a silicon substrate with a
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layer of arsenic implant for the negative contact. Next comes the infrared active layer of arsenic
doped silicon with an acceptor concentration profile that produces the drift and gain regions of this
layer. At the far left is another layer of silicon substrate acting as a blocking layer. This blocking
layer is implanted with arsenic for the positive electrode.

A bias voltage of a few volts applied across the device produces the electric field profile shown in
Figure 1b. A photon entering from the front (left) of the device is absorbed in the IR active layer and
creates an ion-electron pair from the arsenic-created impurity levels. The electron drifts to the left
under the influence of the low electric fleld until it reaches the gain region. Here it is accelerated until
it possesses enough energy to create a second ion electron pair. This avalanche process continues until
the blocking layer is reached where the resulting electrons drift in a high fleld region to the positive
contact. The much heavier lons drift slowly in the low field region until they recombine to create
impurity levels once again.!

This process produces a gain of approximately 50,000, reduced at high photon flux by the
recombination rate of the ions. The resulting pulses of electrons can be observed by connecting the
SSPM to a current to voltage device such as a a transimpedance amplifier with the output of the
amplifier connected to an oscilloscope. The height and width of the pulses are mainly limited by the
amplifier. The amplifier circuit will be described later. Typical SSPM pulses are shown in Figure 2.

The main characteristics of the SSPM that make it unique are the low noise equivalent power,
< 10718 W/Hz!/2 at 10 pm, the bandwidth, potentially > 100 MHz, and the spectral range, 0.4 pm < A< 20
um (in different physical configurations). These each have the potential to significantly improve the
quality and variety of . ata taken with the COCHISE facility. The improved NEP could provide orders
of magnitude improvement of signal to noise on very weak signals. The added bandwidth could
provide a means to take time dependent data on the microsecond time scale and the spectral range
could allow spectral scans in the visible as well as the infrared.

2. FIRST GENERATION SSPM PACKAGE IN COCHISE

The first COCHISE SSPM detector housing was made from a large block of oxygen free copper and
is shown in Figure 3. This was bolted to the monochromator with a nylon spacer between to provide
thermal insulation. A copper strap connected this housing and thus the SSPM to the liquid hellum
reservoir. The copper cold finger to which the SSPM was mounted is shown in Figure 4. Along with
the 1 x 1.2 mm? detector, a platinum RTD and a heating resistor were mounted to the cold finger to
provide first order temperature control. A transimpedance amplifier was designed and built to
convert the pulsed current output of the SSPM to voltage. A schematic of this amplifier is shown in
Figure 5. This equipment along with additional amplifiers and pulse counters interfaced to a
computer represents the hardware necessary for the initial SSPM testing in COCHISE.

The first COCHISE run utilizing the SSPM was performed in the short wavelength infrared
(SWIR). This was done to preclude any potential high background due to light leaks. After a cooldown

1. Petroff, M.D., Stapelbroek, M.G., and Kleinhans, W.A. (19??) Detection of Individual 0.4 - 28 ym
Wavelength Photons via Impurity-Impact Ionization in a Solid-State Photomultiplier, ApplL
Phys. Lett. 81(6):401.
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period of 3 days the detector reached an operating temperature of 7 K. At this point the SSPM operated
properly as an integrating detector but no photon pulses were observed. This was later determined to
be due to excessive capacitance from the long leads connecting the SSPM to the amplifier. The
sensitivity of the detector was then exarmined utilizing COCHISE’s blackbody calibration source. The
results show that when the transmission loss due to the bandpass filters and the lack of a collection
mirror is taken into consideration, the SSPM, operated in photoconductive mode, had approximately
the same sensitivity as a conventional Si:As detector.

Several modifications were made during the next series of runs. These included the addition of a
collection mirror to increase photo collection efficiency, the installation of a FET on the cold finger to
drive the long output line to the amplifier and the installation of an InAs photodiode to provide an
amplitude modulated source of light at 3.2 pm. Additional cold straps were also mounted to the SSPM
housing for faster cooling.

The first COCHISE SSPM pulses were detected in January 1987. The first test was to determine if
any background light from the COCHISE reaction cell could be detected in this 2 - 4 micron band. The
SSPM output pulse count with the monochromator slits open and closed was compared to that
measured at Rockwell in their test dewar, In this way, it was determined that no background radiation
from the reaction cell was detectable in the 2 to 4 micron band. For the second test, a data acquisition
program was written to simulate a multichannel analyzer (MCA). For the SSPM to be a true photon
counter, it must obey Poisson statistics. The MCA allowed us to model the statistics of the incoming
data and determine if they were Poisson. The results, displayed in Figure 6, show that at low photon
fluxes, < 50 kHz, the pulses were essentially Poisson in nature while at higher count rates, >70 kHz, the
statistics deviated significantly from Poisson. This problem was traced to a pulse pileup problem
where two overlapping pulses were being counted as one. This in turn was caused by the long wires
from the SSPM to the amplifier. These wires provided additional capacitance which reduced the
effective bandwidth to less than 100 kHz. Although this reduced the dynamic range to about 10, it
provided us with a working photon counting system to observe chemiluminescence.

Another problem became apparent at this time. During a typical 30 minute spectral scan, the
detector would “drop out”. That is, an avalanche too large for the detector's capacity would essentfally
short it out. This could be rectified by reducing the bias voltage monentarily to zero. This breakdown
was more prominent at higher temperatures, > 7K and with larger area detectors. A related and
potentially more serlous problem occurs when the COCHISE microwave discharges are lighted with a
tesla coil. The tesla cotl induces a large bias across the SSPM, causing many ion electron pairs to
develop. The number of ions is so high that it takes many hours for recombination to occur. Warming
the detector to 12 K reduces this time to about 3 hours. Up to this point the solution to this problem has
been to shut the SSPM bias and amplifier power off when the discharges are lighted. A better solution
must be found for the long term.

Chemiluminescence studies with the SSPM began in June 1987. For these studies the 2 - 4 ym
bandpass filter was replaced with a BaF, window to take spectra in the mid wavelength infrared
(MWIR). The background photon flux test was repeated for the 4 to 8 micron band. No background was
observed. The first set of runs confirmed that one could indeed collect chemical spectra with the
SSPM in the photon counting mode. Typical spectra of carbon monaxide and nitric oxide are shown
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in Figures 7a and 7b, respectively.2 The signal to noise of these spectra turned out to be good but not
exceptional, similar to the Si:As detector.

Several experimental changes were made for the last series of SSPM COCHISE runs. These
included the installation of two pulse counters, longer integration times, and lower detector
temperatures. The dual pulse counters provided us with the ablility to either count double pulses and
thus increase dynamic range or simultaneously collect both in-phase and out-of-phase data. The
longer integration times increased the signal to noise by the square root of the time and the lower
detector temperature (6.4 K from 7 K) reduced the detector dark count by an order of magnitude.

These changes resulted in a significant increase in signal to noise as can be seen in the higher
resolution NO spectra of Figure 8. These spectra provided the first glimpse of the P branches of the NO
hot bands3, thus confirming the identification of the NO band heads. The final COCHISE SSPM test
utilized the 3.2 pm LED and the N, (W, v = 2) - N, (B, v = 1) band to cornpare the signal to noise ratio
obtainable with the SSPM to that of the Si:As photoconductor. These comparisons are shown in
Figures 9 and 10. A proper signal to noise analysis was used to determine that the SSPM possesses a
factor of 3 better signal to noise than the Si;As photoconductor. The major caveat in the result is the
collection efficiency of optics in the SSPM package compared to that of the Si:As detector package.
Taking this collection efficiency factor (x 10) into consideration the SSPM detector tested in COCHISE
is capable of signal to noise improvements over the SI:As detector of a factor 30.

3. SECOND GENERATION SSPM PACKAGE

To improve upon the performance of the SSPM in COCHISE, a major redesign of the detector/
amplifier package was made. The parameters that can be readily improved are dynamic range,
detector dark counts and therefore signal to noise, and optical collection efficiency. The dynamic
range improvement requires that the amplifier be placed as close to the SSPM detector as possible.
This should allow the LF157 operational amplifier to operate near its 1 MHz bandwidth, over a factor
of 10 improvement. The major challenge here is to provide the detector with a 7-10K operating
environment thermally and radiationally isolated from the amplifier 2 cm away which requires at
least an 80K operating environment. This will be accomplished by building a detector housing with
two isolated chambers. The detector dark count can be reduced by using a smaller detector and by
obtaining a new quieter version of the SSPM from Rockwell which trades off pulse height dispersion
for NEP. Finally the optical collection will be improved by coupling the detector to the focal length of
the collection mirror. This package is presently being prepared for testing in a small test dewar. When
this package is found to be operating optimally, it will be placed back into COCHISE and additional
chemiluminescence studies will be performed. They will include examination of the nitric oxide
overtone band heads in the 2.7 to 4 um band, long wavelength infrared measurements of ozone in the

2. For future spectral comparisons, it should be noted that throughout the SSPM testing in
COCHISE only discharges 2 and 4 worked properly, thus reducing the absolute signal level by
about a factor of two.

3. Refer to Chapter 2 for a thorough discussion of all aspects of the COCHISE nitric oxide chemistry.
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11 to 12 um band to search for higher vibrational states and a general survey from 2 to 16 um to search
for previously undetected states of a variety of atmospherically related molecules.
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For future spectral comparisons, it should be noted that throughout the SSPM testing in
COCHISE only discharges 2 and 4 worked properly, thus reducing the absolute signal level by
about a factor of two.

Refer to Chapter 2 for a thorough discussion of all aspects of the COCHISE nitric axide chemistry.
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Eleven transitions in the W3A, —~B°Il, (W-B) and w 'A, —a'll, (w-a) systems of nitrogen
have been observed in the infrared including the previously unobserved (1,0) and (2,1) W~B
features at 6.5 and 7.65 um, respectively. The fluorescence spectra were observed in a
cryogenic reaction chamber at pressures of ~3 mTorr (0.4 Pa), following expansion of
flowing N,/Ar mixtures excited by microwave discharges at ~ 1 Torr. Einstein coefficients for
the w-a system, calculated using a published transition moment function, predict the radiative
lifetimes of th. lower vibrational levels of the w 'A, state to be a factor of 3 longer than earlier
estimates. Using a spectral simulation and linear least-squares fitting technique, the published
W-B and calculated w—a branching ratios are verified for the transitions observed across the 2
to 4 um region. The observed vibrational/electronic state distributions are not characteristic of
those expected for direct excitation, but appear to result from extensive collisional coupling
among excited states of nitrogen which occurs in the high pressure region prior to expansion.

INTRODUCTION

There are several nitrogen electronic transitions which
give rise to emission in the 2 to 8 um infrared region.'™
These systems include WA, «+B Il w'A, ~a'll,, and
a'll,~a 'Z, . Emissions from the 8’ %, ~B’ll, and
B'll, ~A4 2, systems alsoextend into this spectral region.
These systems are commonly observed in nitrogen discharge
plasmas and several have been indicated as potential infrared
auroral transitions.'® The detailed excited state populations
and vibrational distributions responsible for the observed
fluorescence provide information on mechanisms of excita-
tion and energy disposal in excited nitrogen. Interpretation
of auroral or plasma spectra for these band systems, how-
ever, requires prior verification of the transition branching
ratios. We report here observation of emission from several
vibrational levels in W 'A, ~B8°'ll, (v'=1-5) and in
w'A, ~a 'llR (v' = 0-2), and verification of their radiative
branching ratios across the 2 to 4 um region.

EXPERIMENTS

These experiments were performed in the COCHISE
(cold chemiexcitation infrared stimulation experiment)
cryogenic discharge afterglow apparatus, which is described
in detail elsewhere.'' Excitation of nitrogen electronic states
is produced in four parallel microwave discharges (2450
MHz, 50 W) of flowing N,/Ar mixtures at ~ 1 Torr total
pressure. A diagram of the reaction chamber is shown in Fig.
1. After exiting the dischiarge tubes the gas expands into a
low pressure ( ~ 3 mTorr), cryogenically pumped chamber
(~20 K) where the molecules enter the collimated field of
view of a scanning monochromator/infrared detector as-
sembly. Residence times in the discharge tubc - are on the
order of 3 to 5 ms; an average time of flight of 500 4+ 100 usis
required for the gases to exit the discharge tubes and enter

the field of view. Opposing flows of argon are used to create a
quasistatic interaction region along the centerline of the field
of view, resulting in partial rethermalization of the expan-
sion-cooled rotational distributions. The gas residence time
in the field of view is ~0.3 ms. Gaseous helium refrigerant
maintains all internal temperatures at 20 K, excepting the
gas lines and optics which are held at 80 and 40 K, respec-
tively.

The infrared emissions are observed by a cryogenic 0.5
m Czerny-Turner monochromator equipped with a liquid-
helium-cooled arsenic doped silicon detector and a grating
blazed at 3 um. The discharges are chopped with a 23 Hz,
50% duty cycle square wave, and data collection is per-
formed with a computer-interfaced lock-in amplifier. Data

J_.

3mion[_q //\\ / N j\</
777
VYV

B |
ARk

Nyt Ar

DETECTOR
FIELD OF VIEW

MICROWAVE
DISCHARGES

FIG. 1. Diagram of the COCHISE reaction chamber. The physical dimen-
sions of the cell are 0.6 m in length and 0.4 m in diameter.
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over the 2 to 4 um region were taken with the phase shift
between reference and signal waveforms locked in at the 3.3
or 3.6 um features. The phase shift for the 4 to 8 um spectra
was locked at the emissions at 6.5 or 7.5 um.

The absolute uncertainty in the wavelengths (due to
monochromator drive error) of the spectral scans is
+ 0.003 um. The data were corrected for instrument re-
sponsivity using blackbody calibration spectra taken in the
300 to 370 K range. The uncertainty in the accuracy of the
blackbody temperature is + 3 K, which results in a relative
uncertainty of + 20% in the measured 2.5/5.0 um intensity
ratios. This method of calibration has been verified in studies
of the fundamental/overtone ratios for NO(v) vibralu-
minescence.'?

Spectra were taken for N,/Ar mixtures with N, mole
fractions of 0.006 to 0.12, with a mass-balanced counterflow
of argon added to thermalize the observed emissions. Spec-
tra were also taken without nitrogen to identify the back-
ground Arl Rydberg emission.'* The data were taken typi-
cally at a resolution of 0.013 um in the 2 to 4 um region and
0.040 p2m for the 4 to 8 um region.

SPECTRAL ANALYSIS

The interpretation of the 2 to 4 um discharged nitrogen
data is complicated due to the coincidence of several of the
WA, ~B'll, (W-B) and w'A, —a 'll, (w-a) features.
The transitions that are not distinguishable from each other
at a resolution of 0.013 #m include the W-B (4,1) and uw-a
(2,1)at2.4um, the W-B(3,!) and w—a (0,0) at 3.6 um, and
the W-B (4,2) and w—a (2,2) at 4.0 um. These overlapping
bands cannot be identified or quantified by inspection, there-
fore a spectral fitting technique 1s required.

The spectral analysis technique used for these studies
has also been successfully applied to the analysis of
NO(A4 °2)," N, elec’ronic emission,’* and IF(B 'Il,.).""
The synthetic spectra are generated by a computer code
based upon the work of Kovacs'” and implemented through
major modification of a program written by Whiting et
al.™'" The program considers singlet-singlet, doublet~
doublet, and triplet-triplet dipole transitions for diatomic
molecules in the optically thin limit. Line-by-line transition
frequencies are computed from energy eigenvalues deter-
mined by exact solution of the Schrodinger equation, where
the matrix elements of the upper and lower state Hamilto-
nians are specified from tabulated spectroscopic constants,
Following well-established procedures,'’" the eigenfunc-
tions of the states are described as linear combinations of
eigenfunctions of hypothetical pure Hund’s case (a) cigen-
states. The transition amplitudes are given by the transfor-
mation of the dipole moment function between the upper
and lower states.'””” The computed infinite resolution emis-
sion spectrum is convolved with the instrument scan func-
tion (in this case, a symmetric triangle with full width at
half-maximum as the spectral resolution) to create basis sets
for each vibrational level which are then fit to the experimen-
tal spectrum using a linear least squares method. The fitting
procedure yields a determination of the product of the upper
state number density and the spontaneous emission coeffi-
cient of the transition. Rotational distributions are treated

by simple Boltzmann expressions, so that band-integrated
vibrational state number densities and transition probabili-
ties may be used.

Lambda doubling, which is on the order of 1 cm ™' for
the W?'A, -~ B 'Il, system,’' is not treated in this analysis.
The W*A, —~B'll, emission syscem totals 27 branches
without lambda doubling. Furthermore, the coupling for the
W state is close to Hund's case (b) while the B state coupling
exhibits transition from (a) to (b) at higher rotational lev-
els. Despite these complexities, comparison of the line posi-
tions of the synthesized W *A, — B *I1, (2,0) feature to pub-
lished high resolution data®' indicates the positions of the
principal lines are reproduced to within 1 cm ~'. Similarly,
the agreement between the synthesized and high resolution®*
w'd, —a'll, (0,0) transition is excellent, <0.1 cm™".
Since most of the data presented here have been taken and fit
to a resolution of 0.013 um (12 cm ~ ' at 3.3 um), deficien-
cies in the spectral synthesis program on the order of 1 cm ~!
or less are too small to be observed. The spectroscopic data
sources for the considered N, states were Huber and Herz-
berg™* and Roux et al.*” for w 'A, and a 'I1,, Cerny et al.**
for WA, and Effantin er a/.** for B *I1.

Each vibrational transition is treated as an independent
basis function in a linear least-squares fit to the total spec-
trum to determine the band-integrated intensities, V.4 -.
To determine the excited state number densities, accurate
values for A,... are needed. The transition probabilities used
for the W-B system are the ab initio values calculated by
Werner ¢f al.”® and shown in Table I. These \ulues are more
than a factor of 2 smaller than the empirical estimates of
Covey, Saum, and Benesch,”” but exhibit essentially the
same branching ratios; we prefer the results of Werner er
al.”® owing to their use of a more accurate transition moment
function. There are no published transition probabilities for
the w'A, —a 'll, system. Consequently, we calculated
them using the Franck—-Condon and r-centroid data tabulat-
ed in Lofthus and Krupenie™ and the transition moment
function determined by Yeager and McKoy.™ The results
are shown in Table I1. The radiative lifetimes for the first five
vibrational levels are predicted to be 1500, 830. 470, 430, and
360 us, respectively, at variance with earlier estimates™ of
500 to 100 us. These radiative lifetimes are more than an
order of magnitude longer than those used by Cartwright"’
for auroral modeling predictions.

Using the spectral synthesis linear least-squares fitting
technique described above, 11 bands from the
N.(W A, ~B'll,) and N.(w 'A, —a 'll,) systems have

TABLE L Einstein coefficients for the W 'A, < B 'l transitions (in 10°
s ') as calculated by Werner e al. (Ref. 26).

[N O 0 1 2 K 4 S 6

0.000

0.2

0.735  0.084

0.868 0.764 0014

0649 1528 0457 0000

0377 1619 1.55 018} 0.000
0187 1222 2311 1157 0.043  0.000

DA e N = D
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TABLE II. Computed Einstein coefficients for the w 'A, —a'Il, transi-
tions (in 10°s™").

AN 0 i 2 3 4 5 6

0 0.636 0013

1 0979 0206 0013

2 0.660 103 0444 0010

3 0308 1.199 0.767 0002 0.006

4 0.117 0797 1415 0466 0004 0.004

5 0040 0394 1284 1362 0237 0017 0.002

6 0013 0.164 0800 1.600 1.13 0095 0028
been indentified. Inclusion of the B°ll,~A4°%},

B'33; —B°l, a'll,-a 'S, and B, - W34, sys-
tems of nitrogen in the fits indicated no evidence of emission
from these systems in the abserved spectra. This is consistent
with the rapid radiative decay expected for the N, (8,8 ",a)
states in transit from the discharge exits to the field of view.

The rotational temperatures, T,, used in the fits were
determined empirically by comparison of intensity distribu-
tions and branch structures of the data with theoretical spec-
tra. The (2,0) band was used for the W-B system with the
result 7, = 100 K, indicating this emission system is nearly
rotationally thermalized. With the rotational temperatures
of the W-B system fixed at 100 K, simultaneous W-B and
w~a fits were used to determine the rotational temperature
for the w—a sytem. The optimal T, was chosen as that which
best reproduced the intensity distribution of the first two
branches of the 3.6 um emission feature which corresponds,
in large part, to the R and Q branches of the w-a (0,0) emis-
sion. The result for w—a was T, = 300 K, although 200 K
produced better fits in some data taken at low nitrogen mole
fraction. The deviation in the calculated populations in-
curred using w~a basissets with T, = 200 Kvs 7T, = 300 K
is <« 10% in the w-a populations and < 5% in the W-B
populations.

RESULTS

Identification of the observed spectral features was fa-
cilitated by a variation of the relative W-8 and w-a intensi-
ties as a function of nitrogen mole fraction. At low nitrogen
mole fraction the w—a features are more prominent allowing
unambiguous identification. Under these conditions the
dominant spectral feature at 3.6 um is the (0,0) w—a transi-
tion. Figure 2 shows the data and b. st fit to the 3.5t0 3.9 um
region of data obtained at a nitrogen mole fraction of
1.2 1072 The figure also shows the contributions to the fit
from each of the w—a and W-B basis sets. The best fit was
obtained for a w—a basis set with T, =200 K. At higher
nitrogen mole fractions the W-B features predominate, in
particular the (2,0) feature at 3.3 um. Figure 3 shows data
taken at high nitrogen mole fraction and fit to both W-B and
w-a systems over the full 2 to 4 um region. Six transitions in
the W-B system are identified, three from the Av = 3 series
and three from the Av = 2 series. The W-B (5,3) band at 4.5
/4m cannot be distinguished from the noise level, in keeping
with its small transition probability relative to that for the
(5,2) band (cf. Table 1). No W-B emission from vibrational
levels higher than v’ = 5 is observed under any nitrogen mole
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|

1
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35 3.6 3.7 38 3
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FIG. 2. Data (light line) and best fit (dark line) (a) to the (0,0) and (1,1)
N,(w'a, —a ') and (3.1) N;(W A, — B l1,) emission systems at ro-
tational temperatures of 200 and 100 K, respectively. The spectrum was
obtained at a discharge nitrogen mole fraction of 1.2x 10 ~ and a resolu-
tion of 0.0067 um. The maximum intensity of the spectrum is 3.45x 10 ~
Wem™? st~ um™'. The u—a and W-B basis sets which comprise the best
fit in (a) are shown in (b) and (c). respectively.

fraction condition. Five transitions in the w—a system are
also identified, the (1,0) and (2,1) bands in the Av = 1 se-
quence and the (0,0), (1,1), and (2,2) bands in the Av = 0
sequence. No clearly identifiable emission from ¢’ = 3 in the
w—a system is observed. All additional features in Fig. 3 are
due to Arl Rydberg emission, which appears as scattered
light from the discharges. We have reported on these emis-
sions previously."?

Spectra taken of discharged nitrogen in the 6 to 8 um
region also show evidence of W-B features. Fits to the data
provide unambiguous identification of the previously unob-
served (1,0) and (2,1) transitionsat 6.2 to 6.8 umand 7.4 to
8 um, respectively. Figures 4(a) and 4(b) show data and fit
tothe W-B (1,0) and (2,1) W-B features, respectively. The
W-B (2,1) feature is the only emission observed with this
apparatus in the 7 to 8 um wavelength range.

Figure 5 shows the detemined populations in the v’ = 3
level of the W A, state and v’ = 0 of the w'A, state as a
functinn of nitrogen mole fraction. The W-8 and u—a emis-
sion systems coexist in the efluent of a microwave discharge
under all nitrogen mole fraction conditions. Both systems
exhibit similar kinetic behavior except at N, mole fractions
in excess of 109. Under these conditions thew 'A, (v = 0)
population drops off more rapidly than the WA, (¢v' = 3).
The W-B (2,0) feature exhibits dissimilar and variable tem-
poral behavior as measured by phasing relative to the other
W-B, w-a emission features as a function of nitrogen mole
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FIG. 3. Data (light line, shown with the best
fit and separately above) and best fit (dark
line) to the indicated N,(w ‘A, —a 'I1,) and
N,(W?A, — B*Il,) emission systems at rota-
tionai temperatures of 300 and 100 K, respec-
tively, and at a spectral resolution of 0.013
pm. The spectrum was obtained at a discharge
nitrogen mole fraction of 9.1x 10~°. The
maximum intensity of the spectrum is
34x1077 Wem *sr™'um~'. The ob-
served features not accounted by the fit are
due to Arl Rydberg emission (Ref. 13).
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20 25 3.0 35 40

WAVELENGTH, um

fraction. The W-B (2,0) feature is in phase only at the high-
er nitrogen mole fractions. At the lower N, mole fractions,
the phase lag of the (2,0) band is on the order of 7 (22 ms),
corresponding to cessation of the discharge pulse. Since the
radiative lifetime of the W3A, (v’ = 2) level is short (1200
ps) compared to the modulation frequency (23 Hz), and is
comparable to the radiative lifetimes of other observed states
which exhibit no phase lags, radiative decay effects have
been ruled out as the cause. Investigations of the (1,0) and
(2,1 W-B bands also indicate variable phasing between
these emissions. These two emissions are in phase with each
other only at low nitrogen mole fractions. No phase shift
effects are encountered with w—a emissions or with the W-B
(v'>3) bands.

The relative population distributions for the vibrational
levels of the W 'A, and w 'A, states are shown in Figs. 6(a)
and 6(b), respectively. Also shown in Figs. 6(a) and 6(b)
are the distributions backcorrected for the 500 us radiative
decay which is incurred during transit from the end of the
discharge tubes to the field of view. In the absence of colli-
sional feed sources in the reaction cell, the corrected distri-
butions are those which would exist at the discharge exits.
Both W *A, and w 'A, states exhibit strongly relaxed distri-
butions, with the maximum population occurring at the low-
est vibrational levels. Also shown in Figs. 6(a) and 6(b) are
the determined upper limit relative populations for W *A,
(v =6)and w'A, (v' = 3). The value for W*A, (v' = 6)
corresponds to the noise level of the data. The w-a (3,2)
band corresponds to a distinguishable feature which lies at
2.5 um, but the observed intensity appears to be principally
attributable to a coincident Arl Rydberg line.'* (The w-a
(3,3) band a. 4.2 um is not observable owing to its very small
relative transition probability (cf. Table II).]

Emission from v'>1 levels in the Ny(a 'l ~a"'Z, )
system also occurs in the 2 to 4 um region. Owing to the

short radiative lifetime of the a 'ﬂg state ( ~ 100 us), obser-
vation of this band system in the field of view due to dis-
charge excitation is unlikely. Fits to the data of the a—a’
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FIG. 4. Data (light line) and best fit (dark line) 10 the N.( W ‘A, ~B ')
Av = | transitions. Shown in (a) is the (1,0} band fit at a rotational tem-
perature of 100 K. The spectrum was taken at a nitrogen mole fraction of
74x10 ° and has a maximum ntensity of 26%10°'"
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(v = 1-3) features indicate none of these features are distin-
guishable from the noise level in the data, with determined
upper limit populations of <2 X 10°cm ~*. This is consistent
with the anticipated production of N,(a,v'> 1) in the field of
view by the observed w-a radiative cascade. Similarly, the
absence of identifiable emission in the B' 2, — B8 'Il, sys-
tem gives an upper bound of ~10" cm * for the N,(B")
number density in the field of view.

DISCUSSION

In comparison of the data and the predictions of the
spectral synthesis code, we observe only minor disagree-
ments in spectral position and branch intensity distribution.
Discrepancies in the reproduction of the branch head posi-
tions arc within the spectrometer drive error of 0.003 pm.
Failure to exactly match the relative branch intensities with-
in a given band may be partially due to non-Boltzmann rota-
tional temperature distributions. Assumption of a single
Boltzmann distribution may also cause discrepancies in the
detailed reproduction of the relative branch intensities. The
magnitude of these descrepancies is small, and at low resolu-

Fraser, Rawlins, and Miller: Infrared fluorescence of nitrogen

tion (64 > 0.013 um) the band shapes and integrated inten-
sities are relatively well reproduced. Because the w~a and
W-B systems can be discriminated at different nitrogen mole
fractions, the fits confirm the (3,0)/(3,1), (4,1)/(4,2) W-
B and (1,0)/(1,1), (2,1)/(2,2) w-a branching ratios, ob-
tained from Tables I and I, to + 20%.

The observed vibrational and electronic state distribu-
tions are quite different from those one might expect for
discharge-flow excitation under the conditions of these ex-
priments. Typically, at low N, mole fractions, the residence
time in the active discharge plasma ( ~2800cm/sat 1.4 Torr
in each tube) is 3 to 5 ms, with the discharge region extend-
ing essentially to the end of the tube. For N, mole fractions
near 0.1, the discharge region “shrinks” to about 2 ms, al-
lowing 1 to 2 ms of flow time downstream of the dosed vol-
ume prior tJ expansion into the observation volume. For
typical conditions of this type of discharge ([e”]~10"
cm ™}, E/N~10"'% V cm?, characteristic electron energy
~6to 8 eV), we expect the principal excitation mechanism
for N,( W,w) to be via direct electron impact on ground state
nitrogen. This production term would be balanced by losses
due to electron impact processes (dissociation, superelastic
deexcitation), collisional deactivation, radiative loss, and
flow out of the discharge.*

For the discharge conditions used in these studies, the
dominant loss terms are dissociation, surface quenching,
and flow, which should not affect the vibrational/electronic
state distribution formed in the excitation process. Since
electron impact excitation gives rise to Franck—Condon vi-
brational distributions relative to ground state nitrogen, we
would expect to observe significant fluorescence from higher
vibrational levels (v = 4-9) of the W and w states, with a
preponderance of the triplet over the singlet, qualitatively
similar to the state distributions predicted by Cartwright'’
for an aurora. In contrast, however, we observe relatively
“cold” vibrational distributions with roughly equal popula-
tions in the triplet and singlet states, despite their 1.5 eV
energy difference. These observations suggest that there are
rapid collisional “scrambling’ reactions occurring in the
discharge which can significantly alter the excited state pop-
ulation distributions. A possible example of such a reaction

10— T T ] 10.0 T T T T T
(o) > (b)
5 S
5 <
< ol 4 32 of .,
2 [ FIG. 6. (a) Relative vibrational population
% 8 distribution for W ‘A, at a discharge nitro-
& w genmole fractionof 1.2 > 10 ' (@) normal-
‘;‘ N > \\ 1zed 1o’ = 2 Alsoshown are the data back-
o [ L corrected for a 500 us radiative decay (O)
a 001 \x T 3 0. T (b) Relative vibrational population distri-
\:JJ '&" bution for w 'A, at a discharge mtrogen
® mole fraction of 1.2« 10 * (@) normalized
tor’ 0. Also shown are the data backeor-
rected for a 500 us radiative decay (O)
ooot -+ 4 1 4 1 ] 0.0t -y 1 1 | S
[ 2 3 4 5 6 7 o] I 2 3 4 5
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would be the enhancement of the lower levels of the W state
by fast reaction of nitrogen atoms with singlet metastables:

N(S) + Ny(a' 'S ) =Ny (WA, 0<5) + N(*S).

Similar rapid intersystem crossings may occur through colli-
sions of excited N¥ with N, and Ar. Indeed, previous obser-
vations of fluorescence from N, (B *[1,) excited by an elec-
tron beam gave evidence of strong collisional coupling
between the neighboring vibrational levels of the B and W
states.®'

The excitation mechanism for N,(w) is less apparent
owing to its high energy relative to the neighboring states of
NZ. The nonthermal rotational distributions we observe for
the w —a transitions suggest formation of N,(w) by a reac-
tive collision, although direct energy transfer to N, cannot
be ruled out. In the latter case, however, the precursor states
would have to be medium to high vibrational levels of one or
more of the neighboring N¥ electronic states. An intriguing
possibility is excitatior. of N,(w) via metastable-metastable
interactions, e.g., N¥ + N¥ or N* + N¥; precursor number
densities on the order of 10'2cm ~* (in the active discharge
at 10" cm ™ total number density) and a near gas-kinetic
rate coefficient would be sufficient to account for the quanti-
ty of N,(w) observed in the field of view.

The large phase lag between N,(W,v' = 1,2) and the
remainder of the excited N, states is difficult to understand.
Evidently these states are not formed as rapidly (and/or are
destroyed more rapidly) in the active discharge as
W = 3-5) and w(v' = 0-2), but are rapidly formed by
collisional energy transfer following cessation of the dis-
charge. This could occur through a relatively inefficient pro-
cess such as energy transfer with N,, such that at lower N,
mole fractions a substantial amount of N,(W,v = 1,2) can-
not be formed until after the precursor and N, ( W) loss pro-
cesses in the active discharge are terminated. The precursor
may then be a sufficiently energetic afterglow species such as
N.(A4,029) or N,(X,v333).

The collisional processes for energy redistribution
among the states of N¥ implied by these data must occur
with relatively high efficiency, with collision efficiences
ranging from near unity for atom-metastable and metasta-
ble-metastable reactions to perhaps 1% for collisions with
N.{(X,v = 0). Such processes will clearly affect the energy
flow in N, plasma systems at pressures of a few Torr or
greater. Furthermore, some of the collisional energy shuf-
fling reactions may be fast enough to affect N¥ state distribu-
tions in the auroral upper atmosphere, particularly in the 80
to 100 km altitude regime where collisional quenching com-
petes with radiative deactivation of excited species. This pos-
sibility could be tested by observations of altitude-dependent
N.( W) fluorescence in a strong aurora and comparison of
the observed vibrational/electronic distributions with those
expected for direct auroral excitation.

CONCLUSIONS

We have obs J infrared (2 to 8 um) fluorescence
from nitrogen in the Ar =0 and | progressions of the
w'A, ~a'll, band system and in the Av = 1, 2, and 3 pro-
gressions of the W ‘A, — B ‘11, band system resulting from

microwave discharge excitation of N,/Ar mixtures. Using a
spectral synthesis procedure with literature values for the
spectroscopic constants provides adequate description of the
observed spectra for spectral resolutions with full width at
half-maximum greater than or equal to 0.007 zm (6.4 cm ™'
at 3.3 um). Experimental observations of relative intensities
of different transitions arising from a common upper state
support the theoretical predictions for the dipole moment
functions of Werner?® for W-B and Yeager and McKoy ™’ for
the w-a system. We report w—a Einstein coefficients calcu-
lated from the data given in Ref. 29; these values differ mar-
kedly from those used by Cartwright' in his estimation of
the relative N,(w 'A, ) auroral number densities. Recalcula-
tion with the new w-a Einstein coefficients leads to an in-
crease in the predicted high-altitude N,(w 'A,) relative
number density by an order of magnitude.

The identification of the (1,0) and (2,1) W-B bands
represents the first time these bands have been experimental-
ly observed. The observed W-B and w-a vibrational distri-
butions provide evidence of complex collisional coupling of
the discharge-excited states of N, in particular a collisional
feed of WA, . More detailed time-resolved kinetic studies
will be required to resolve this issue.

ACKNOWLEDGMENTS

The authors would like to acknowledge advice provided
by W.J. Marinelli, L. G. Piper, B. D. Green, and W. A. M.
Blumberg, and assistance by H. C. Murphy, M. A. DeFac-
cio, and M. Clawson. The spectral generation code was de-
veloped at PSI in large part by P. F. Lewis. This work was
performed under Contract F19628-85-C-0032 with the Air
Force Geophysics Laboratory, and was sponsored by the U.
S. Air Force Office of Scientific Research under Task
2310G4 and by the Defense Nuclear Agency under Project
SA, Task SA, Work Unit 115.

'R. A. McFarlane, IEEE J. Quantum Electron. QE-2, 229 (1966).

‘H. L. Wu and W. Benesch, Phys. Rev. 172, 31 (1968)

‘W. M. Benesch and K. A. Saum. J. Quant. Spectrose. Radiat Transfer 12,
1129 (1972).

'R. A. McFarlane, Phys. Rev. 140, A1070 ( 1965)

‘R. A. McFarlane, Phys. Rev. 146, 37 (1966)

"K. A. Saum and W. M. Benesch, Appi. Opt. 9, 195 (1975)

E. M. Gartner and B. A. Thrush. Proc. R. Soc. London Ser. A 346, 103
(1975)

“H. Sakai, P. Hansen, M. Esplin, R. Johansson, M. Peltala, and J Strong.,
Appl. Opt. 21, 228 (1982).

“W. M. Benesch. J. Chem. Phys. 78, 2978 (1981)

"“D. Cartwright. J. Geophys. Res. 83, 517 (1978)

""W. T. Rawhns, H. C. Murphy. G. E. Caledonia, J. P. Kennealy, F X,
Robert, A. Corman, and R. A Armstrong. Appl Opt. 23, 3316 (1984)

“W. T. Rawlins, M E. Fraser. and S. M. Mutler (in preparation)

"W.T. Rawhns, A. Gelboand R A Armstrong, J. Chem Phys 82. 681
(1985).

"I G. Piperand I M Cowles, J. Chem. Phys 85, 2419 (1986)

"“L.G. Piper. 1. M. Cowles, and W T Rawlins, ¥. Chem. Phys 85, 1369
(1986)

"L G Piper. W J. Mannelli, W T Rawlins, and B D Green. J Chem
Phys. 83, 5602 (1985).

1 Kovaces, Rotational Structure i the Specira of Diatomic Molecules
(Adam Hilger, London, 1969)

"J O Arold. E E Whiting. and G C Lvle,J Quant Spectrose. Radiat
Transfer 9. 775 (1969)

J Chem Phys vol 88, No 2 15 January 1988

81




544 Fraser, Rawlins, and Miller: infrared fluorescance of nitrogen

'°E. E. Whiting, J. O. Arnold, and G. C. Lyle, NASA TN-D5088, NASA/
Ames, Distributed as Cosmic Progam #ARC-10221.

). T. Hougen, The Calculation of Rotational Energy Levels and Rotational
Line Intensities in Diatomic Molecules, Natl. Bur. Stand. Monogr. 115
(U. S. GPO, Washington, D.C,, 1970).

*'C. Effantin, J. D’Incan, and R. Bacis, J. Mol. Spectrosc. 76, 204 (1979).

**F. Roux, C. Effantin, and J. D'Incan, J. Mol. Spectrosc. 91, 238 (1982).

*'K. P. Huber and G. Herzberg, Molecular Spectra and Molecular Struc-
ture. 1V. Constants of Diatomic Molecules (Van Nostrand, New York,
1979).

**C. Cerny. F. Roux, C. Effantin, I D'Incan, and J. Verges, J. Mol. Spec-
trosc. 81, 216 (1980).

5C. Effantin, C. Amiot, and J. Verges, J. Mol. Spectrosc. 76, 221 (1979).

2H. J, Werner, J. Kalcher, and E. A, Reinsch, J. Chem. Phys. 81, 2420
(1984).

*'R. Covey, K. A. Saum, and W. Benesch, J. Opt. Soc. Am. 63, 592 (1973).

**A. Lofthus and P. H. Krupenie, J. Phys. Chem. Ref. Data 6, 117 (1977).

D, L. Yeager and V. McKoy, J. Chem. Phys. 67, 2473 (1977).

*G. E. Caledonia, S. J. Davis, B. D. Green. L. G. Piper, W. T. Rawlins, G.
A. Simons, and G. Weyl, Analysis of Metastable State Production and
Energy Transfer, AFWAL-TR-86-2078, Air Force Wright Aeronautical
Laboratories, Wright Patterson AFB, OH 45433-6563.

YB. D. Green, W. J. Marinelli, L. G. Piper, and W. A. M. Blumberg (in
preparation).

J Chem. Phys Vol 88, No 2, 15 January 1988

82




7. Cynamics of Vibrationally Excited Ozone Formed
by Three-Body Recombination: I. Spectroscopy

by
W.T. Rawlins and R.A. Armstrong




Dynamics of vibrationally excited ozone formed by three-body

recombination. |. Spectroscopy
W.T. Rawlins

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 fluorescence near 10 zm from vibrationally excited O,(v,) has
been observed in a cryogenic reactor facility at low pf'essure. The excited O,(v) is formed
principally by three-body recombination of O and O, in flowing, microwave-discharged O,/Ar
mixtures at 1 Torr and 80 K. The spectral resolution is sufficient to permit identification and
assignment of band centers for up to five quanta of stretching excitation. The observed
transition frequencies are consistent with those predicted from a Darling-Dennison
perturbation treatment. The spectra, which sample the recombination/deactivation sequence
in its early to middle stages, indicate surprisingly little intermode coupling, being
predominantly v, in character. There is also evidence of O,(v) excitation by near-resonant V-
V coupling between O, and O, (v = 2). The spectroscopic analysis of the data is described, and
considerations for scaling the spontaneous transition probabilities with vibrational level are

discussed.

I. INTRODUCTION

The three-body recombination of atomic and molecular
oxygen to form ozone,

0+0,+M-0,+ M, ()

has long been a problem of special interest in the study of
recombination reactions in polyatomic systems. The large
negative temperature coefficient and relatively small room-
temperature rate coefficient for this reaction offer intriguing
questions which have not yet been answered in terms of reac-
tion rate theory. In addition to its relevance to fundamental
reaction rate theory, reaction (1) is a crucial component of
the oxygen/ozone photochemical cycle which governs the
chemistry of the Earth’s atmosphere.

The presence of recombined vibrationally excited ozone
O, (v) in the upper atmosphere is a matter of considerable
interest. A significant fraction of vibrationally excited mole-
cules can lead to a red shift in the Hartley continuum ultra-
violet absorption spectrum, resulting in increased solar pho-
todissociation of atmospheric ozone. In addition, O, (v)
may be an important energy carrier in the upper atmosphere,
and could exhibit enhanced reactivity over vibrationally
cold O,. At high altitudes (90 + 20 km), airglow from
O, (v) is one of the dominant sources of infrared radiation in
the upper atmosphere, its variations in intensity and spectral
distribution reflecting the complex interplay of the O, /0,
photochemical cycle.

Direct observation of O, (v) infrared chemilumines-
cence from reaction (1) is difficult owing to the need to
make high-sensitivity emission measurements at relatively
long wavelengths (approximately 10 um for the v, band, the
strongest of the O, bands—see Table I). The first such mea-

* Present address: Mission Research Corporation, | Tara Blvd., Suite 302,
Nashua, NI{ 03062.

surements were reported by von Rosenberg and Trainor' ‘in

an excellent series of flash photolysis studies at room tem-
perature and relatively high pressures ([M] = 2-13x 10'*
cm *). However, this work involved only bandpass obser-
vations of the infrared emissions, and the extent of colli-
sional intermode and intramode coupling was clearly rather
large. The extension of the data base to lower pressures and
higher spectral resolution has required rather extreme mea-
sures, namely the construction of a totally cryogenic dis-
charge-flow apparatus to eliminate thermal infrared back-
grounds.

We have previously reported on spectrally resolved
O, (v) chemiluminescence observed from reaction (1) at
~1 Torr and 80-120 K.* These experiments utilized the
cryogenic COCHISE (cold chemiexcitation infrared stimu-
lation experiment) reactor/spectrometer facility® at the Air
Force Geophysics Laboratory, and constitute the first labo-
ratory measurements of spectrally resolved infrared emis-
sion from vibrationally excited O, We have subsequently
applied the spectroscopic and kinetic information developed

TABLE L. Ozone fundamental and overtone vibrational bands.*

Band Band origin (um) Einstein coefficient (s ')
v, 9.07 0.61
v, 14.27 023
v 9.60 14
v, 4.86 0.35
Iy, 329 0.1
vy + v, 4.74 iR
vy + vy 579 012
vy + v, 5.57 0.55
¥y 4oy by 359 014

*Data from Ref 1}
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in that work to the analysis and kinetic interpretation of high
altitude O, (v) infrared emission spectra.®® However, a
number of key issues remained unresolved in the laboratory
measurements. Principally, the spectroscopic description of
the O, (v) emission was only approximate, and the detailed
excited state distributions and number densities could not be
determined unambiguously. Furthermore, because of the
limited spectral resolution, it was not possible to assess the
degree of intermode coupling via spectral contributions
from combination states.

We have now acquired an extensive data base for O, (v)
chemiluminescence over a wide range of kinetic effects (i.e,,
initial O,/Ar mixing ratio, gas temperature, etc.) and at
sufficiently high spectral resolution to permit conclusive
spectroscopic analysis. These results support and extend the
preliminary conclusions of our earlier work. Studies of the
kinetics and mechanisms for O, (v) formation and destruc-
tion are presented in a companion paper’ (paper II). In the
present paper, we present a spectroscopic analysis of the ob-
served O, (v) fluorescence near 10 ym. The results show
that: (1) observed vibrational transition frequencies are
close to those predicted from a Darling-Dennison p~rturba-
tion treatment; (2) little intermode (v;—v,, v,) coupling
occurs i.. the early stages of the recombination sequence,
with evidence only for weak contributions from the lowest
excited v, level; and (3) the possibility of near-resonant V-
V energy transfer from molecular O, is indicated. The as-
sumptions for scaling the band-integrated Einstein transi-
tion probabilities with vibrational guantum number are ex-
amined in detail 10 assess the uncertainties in transforming
the observed band intensities into vibrational state number
densities.

il. EXPERIMENTAL MEASUREMENTS

The design and operation of the COCHISE facility have
been descrived in detail 2lsewhere.® In brief, the entire radia-
tive environment of tP- _xperiment is maintained at a base
temperature of approximately 20 K, which effectively elimi-
nates background radiation within the 2-20 um operating
range of the apparatus. The detection system consists of a
scanning grating monochromator and a liquid-helium-
cooled Si:As detector. Reagent gases are introduced through
temperature-controlled feedlines to the reaction cell as
shown in Fig. [. A flowing O, /Ar mixture at approximately
1 Torr passes through four parallel microwave discharges
(2450 MHz, 50 W) prior to expanding into a low-pressure
(approximately 3 mTorr), cryogenically pumped interac-
tion volume. A counterflow gas (usually O, or Ar) enters
the volume from the opposite side to combine with the dis-
charged gas in a stagnation region near the axis of the cell,
which coincides with the axis of the cylindrical field of view
of the detector. In some cases (e.g., Ref. 10), this interaction
consists of a chemical reaction under nearly single-collision
conditions. However, in the present experiments, reaction
(1) is too slow to occur significantly in the interaction zone
at 3 mTorr, and all the O, emission observed arises from
processes occurring in the discharge sidearms. This is readi-
ly confirmed by substituting nonreactive counterflow gases
and obtaining no change in the observed emission intensity.

05 or Ar

|

AR

AN, /////

VYV VY

——

MICROWAVE
DISCHARGES

Lottt

Op tAr

FIG. 1. COCHISE reaction chamber. The cross-hatched region delineates
the field of view of the detector (not shown).

In the experiments reported here and in paper 11, the
reagent gases were introduced at temperatures of 80-150 K;
most of the experiments were conducted at 80-90 K. In the
discharged gas, the Ar flow rate was held at 640 umol/s, and
the O, flow rate was varied from 2.3 to 86 umol/s (0.3% to
12% 0, ). Under these conditions, the residence time in the
chemically active portion of the sidearm is approximately 2
ms, and vibrational deactivation of O, (v') occurs mainly via
collisions with O and to a lesser extent with Ar and the sur-
face of the discharge tube.*” The transit time through the
expansion regime from the discharge exit to the field of view
is ~0.5 ms; the gas residence time in the field of view is ~0.3
ms.

Vibraluminescence from O, (v) was observed with spec-
tral resolutions of 0.027 to 0.080 #m (2.7 to 80 cm ).
Some 45 spectra were obtained with sufficient signal/noise
for meaningful analysis. A typical higher-resolution spec-
trum is shown in Fig. 2, illustrating the readily identifiable
(001)-(000) transition centered at 9.6 um and the charac-
teristic extension to longer wavelengths due to Av, = 1 flu-
orescence from higher vibrational states. All spectral data
were acquired by an on-line computer and were corrected to
radiometric units using blackbody calibrations of the spec-
tral responsivity of the detection system. Detailed spectro-
scopic analyses were restricted to the data with high spectral
resolution, intermediate O, mole fraction, and low reagent
temperature ( ~ 10 spectra). However, the results of the
analysis were applied to all the data and were found to pro-
vide consistent representations of the observed spectra over
the entire range of experimental conditions.

(il. METHOD OF SPECTRAL ANALYSIS

The O, (v,) spectral data are analyzed by a least-
squares spectral fitting procedure® originally applied to O,
spectra in Ref. 4. In this formulation, the transition frequen-
cies and band strengths for the appropriate vibration-rota-
tion transitions are computed or estimated from spectro-
scopic da:a in the literature, are convolved with the
instrumental scan function, and are fit to the observed spec-
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FIG. 2. Observed O, (¢') chemiluminescence spectra, medium resolution.
7= 80 K, spectral resolution - 0.04 4m. (a) 1.0% O, in Ar; (b) 10.0%
O, inAr.

tra to determine number densities of O, (v) in various emit-
ting vibrational states. A complete spectral analysis would
treat all Av, = | transitions for all possible (v, 1) combi-
nations; hawever, such a treatment is extremely difficult
owing to the overlap between adjacent emission bands and to
the lack of spectroscopic data on highly vibrationally excited
ozone (above two quanta). As will be shown in the next
section, the spectral resolution of the present data is suffi-
cient to allow clear identification of contributions and band
center frequencies for emission from (00v,) and (10v,)
states with up to five quanta of excitation. This result per-
mits a more definitive representation of the emission spec-
trum than was possible in the previous work.

Detailed information on the rotational line positions
and strengths of the (001)-(000), (002)~(001), (101)-
(100), and (011)-~(010) transitions is available from the
absorption line parameter compilation of the Air Force Geo-
physics Laboratory''; these data are collected from the re-
sults of many recent high resolution absorption measure-
ments.''* To describe the band shapes for Av, =1
emission from higher-lying vibrational states, it is necessary
to estimate the upper state emission band centers ¥, (v v,0,)
from some description of the anharmonicity of the molecule.
In our previous work,* the band centers were estimated from
the simple first-order anharmonicity formula:

v, (00v,) :f':,(00|) — 2xy (v, - 1) (2)

with x,, = 12.3cm ' after the results of Barbe et al.'® How-
ever, since O, exhibits Darling-Dennison resonance, a sec-

ond-order coupling between upper levels of the symmetric
and asymmetric stretching modes,'” a more precise descrip-
tion of the vibrational energy levels can be obtained from the
perturbation treatment presented by Barbe ef al.'? Adler-
Golden and Armstrong'® extended this treatment to incor-
porate additional high-lying states relevant to the present
study. The transition frequencies at band center as deter-
mined from the vibrational state energies predicted by Ad-
ler-Golden and Armstrong"® are used in the present analysis,
with only slight adjustments as required to improve the com-
parison between observed and computed spectral features
(see the next section).

With the band center frequencies chosen as described
above, the rotational line spacings and relative strengths
within each band are taken to be the same as those given by
Ref. 11 for the (001)-(000) band. This treatment thus ne-
glects the effects of vibration-rotation interactions, an ap-
proximation which has no obvious impact on the analysis of
the data reported here. The rotational population distribu-
tions are described by the usual Boltzmann factor using a
single assumed rotational temperature. The assumed values
of rotational temperature are adjusted to optimize the fit to
the envelope of the R branch of the (001)-(000) band.
where there are no underlying contributions from other
states. The contribution to the total integrated intensity due
to each Av, = | band is then given by

I =heiy, N.A, - &)

where v’ and v” denote the upper and lower (v,v.t,) states.
N, is the number density of species in each upper state, and
A, ..~ is the band-integrated Einstein coefficient for each
transition. The sum of the d/,. /dA contributions. convolved
with the instrumental slit function, is matched to each ex-
perimental spectrum by a linear least-squares fit in which the
quantities {NV, 4, .} are the solutions which minimize the
sum of the squares of the intensity differences between ex-
perimental and computed spectra. The values of N, can then
be determined if values for 4. - can be specified. The esti-

mation of 4, - is discussed in the next section.

-

IV. RESULTS AND DISCUSSION
A. Spectral analysis

A representative comparison between observed and
computed high-resolution spectra is illustrated in Fig. 3.
Also shown in Fig. 3 are the individual contributions of the
identifiable vibrational bands to the total spectral intensity.
At the present spectral resolution of0.027 um, the P, @, and
R branch structures of many of the individual vibrational
bands can be clearly identified, especially with the aid of the
spectral fitting analysis. Spectral fits incorporating only
(00v, ) transitions are clearly inadequate at this resolution,
failing to account for the spectral intensity observed near
10.0, 10.3, and 10.7 zm. Incorporation of (10v, ) bands into
the calculations provides a good match to the observed spec-
tral structure. Further incorporation of other (v,v5) combi-
nations is unnecessary to explain the data, and leads to ar
overspecification of the least-squares fitting due to extensive
band overlap. Indeed, spectral calculations show that if the
v, and v, modes are excited to the extent observed for v, the
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FIG. 3. Observed and computed O, (v) chemil ence spectra, high
resolution. (a) Experimental spectrum, 1.0% O, in Ar, T = 80K, spectral
resolution = 0.027 um, corrected for spectral responsivity. (b) Computed
spectrum, least-squares fit, Ty,; = 50 K. The heavy line is the computed
fit; the light line is the observed spectrum. (c) Contributions from individ-
ual vibrational bands. Data for the five-quantum states are available in spec-
tral scans of lower resolution and better S/N near 11.0 um.

resulting band overlap would cause a smoothing effect on the
total spectrum, i.e., the vibrational structure would be more
“washed out™ than we observe. Thus we conclude that the v,
and v, modes are not significantly excited in these experi-
ments.

From the comparison of best fit and experimental spec-
tra, it is possible to deter nine the band center frequencies
which provide the best alignment. The values of v,, deter-
mined from calculations of Ref. 18 (i.e., Darling-Dennison
perturbation of a harmonic oscillator, fit to the spectroscop-
ic data of Barbe et al.'?) provide a reasonable fit to the data;
however, we find it necessary to adjust these values slightly
to give the best results. The band centers determined in this
fashion are listed in Table I, along with the harmonic Darl-
ing-Dennison values. The values reported in Table II repre-
sent an optimization for the entire data base, but are most

TABLE 1. Band origins (cm ') for observed Av, = | transitions.

This work  Darling-Dennison Algebraic  Anharmonic
State (+3cm™')  perturbation* Harhiltonian®  oscillator
001 1042 1042.1 1040.94 1042
002 1016 1015.8 1013.32 1018
101 1008 1007.6 1003.96 e
003 987 987.3 983.57 993
102 971 974.5 969.81 e
004 952 9554 949.59 968
103 939 941.6 935.37 oo
1X)5 916 918.8 910.61 944
04 904 907.1 899.64 e

006 878.6 868.86 919
105 8710 862.54
007 e 837.7 827.35

106 e 833.6 824.45

* Reference 18, fit to spectroscopic data of Ref. 12.
® Reference 20, fit to spectroscopic data of Ref. 19.
© Approximation used in Ref. 4, spectroscopic data of Ref. 16.

sensitively determined by comparison of the Q branch posi-
tions for the highest resolution spectra. For the 0.027 um
resolution, differences in Q branch positions of 2 to 3 cm ™'
are readily identifiable in the comparisons. The observed
values agree with the results of Barbe ez al.'? and the predic-
tions of Adler-Golden and Armstrong'® within approxi-
mately 3 cm ™', i.e., well within the uncertainties of both the
present experiment and the predictions. Also listed in Table
I, and in significant disagreement with the present results,
are values of v, as determined from: (1) the simple anhar-
monic oscillator approximation of Eq. (2) (used in our pre-
vious work)*; and (2) a fit to the data of Imre et al.'° using
an algebraic formulation for coupled anharmonic modes.*

An additional factor which aids in spectral separation of
the vibrational bands is the low rotational temperature ob-
served in the experiments ( Ty oy ~ S0 K in Fig. 3). The tem-
perature of the discharge sidearm is typically 80 K or higher.
As the discharged gas expands into the reaction chamber
(Fig. 1), it undergoes a free expansion where rotational ¢n-
ergy is partially converted to translation. When an equal
mass flow of opposing counterflow gas is admitted to the
reaction cell, a stagnation region develops along the axis, and
most of the initial rotational energy is recovered.”' This is
confirmed by observation of rotational temperatures consis-
tent with the sidearm temperature, as reported previously.*
However, when no opposing counterflow is introduced,
there is no well-defined quasistatic region within the field of
view, and the recovery of rotational energy is incomplete.
This resuits in fower rotational temperatures and corre-
spondingly reduced spectral overlap between adjacent vibra-
tional bands. Indeed, close examination of the P and R
branch structure of the (001) — (000) band (Fig. 3) reveals
that the observed rotational distribution is multimodal and
is not adequately represented by our Boltzmann approxima-
tion. The higher-energy wings of the band are well fit by the
value 50 + 5 K, but the ratio of the R and P branch maxima
is characteristic of a much higher rotational temperature
near that of the discharge gas prior to expansion. Thus the
lower rotational levels appear to be collisionally thermalized
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on the time scale of the measurement, while the higher levels
are not. For comparison, the transit time from the discharge
tube outlet to the field of view is approximately 0.5 ms and
the residence time in the field of view is approximately 0.2~
0.3 ms. The 50 K distribution found for the higher rotational
levels suggests that R — T transfer in the expansion is colli-
sion limited for our apparatus. Thus the observed rotational
structure is not fully accounted for in the spectral analysis.
However, as we have observed for other molecular sys-
tems,>'° minor discrepancies in the rotational fine structure
of the spectrum do not significantly affect the analysis of the
much coarser vibrational envelope, so the results of the spec-
tral fitting are not sensitive to the above uncertainties in the
rotational distribution.

B. Estimation of band Einstein coefficients

As described above [Eq. (3)], values of the band-inte-
grated Einstein coefficients 4, _,- are required to transform
the spectra) fitting solutions into O, (v) number densities.
Values for low-lying vibrational states accessible in thermal
absorption measurements are well documented and are
available in the literature.'' However, no such data exist for
the higher vibrational states of O, (i.e., three quanta or
more). It is therefore necessary to estimate values for the
higher states based on possible scalings of Av, = 1 transition
probabilities with vibrational energy.

The Einstein coefficients for the Av; = 1 emissions ob-
served here may be scaled from the well-known'* values for
(001) - (000) and (101) —(100) transition via the rela-
tionship

A("ll. (VU'U' )S(RU'U‘ )2 (4)
Ay Vio Ry
where R, . is the transition moment matrix element con-

necting states v’ and v”, and the subscript 10 denotes the
(001)~(000) or (101)-(100) transitions as appropriate. If
the system is electrically harmonic, Eq. (4) reduces to

3
Al"u' = U'AI()( ) .

In this case the transition probabilities scale with vibrational
quantum number, but are moderated by the mechanical an-
harmonicity of the oscillator. We have used this scaling for-
mula in our previous work.* However, it is highly likely that
this approximation will break down at some point for higher
vibrational levels. This could occur by one or more of several
mechanisms, including electrical anharmonicity, near-reso-
nant intermode coupling (e.g., Darling-Dennison coupling
or accidental resonance  vibronic coupling with a possible
bound electronically e..c.ted triplet state,?? or the approach
to ergodic behavior® near the dissociation limit. With the
possible exception of electrical anharmonicity, these effects
will tend 10 reduce the transition probabilities from the val-
ues predicted by Eq. (5). We expect vibronic coupling and
ergodic behavior, if they occur, to be more significant tor
vibrational levels higher than those observed here; indeed,
such effects may be partially responsible for our failure to
observe emission from O, states near the dissociation limit.

v

v'v”

(5

Vio

ottt ———
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FIG. 4. Estimated Einstein coefficients for O, (v, ) emission. A: Equation
(5) with observed band origins, used in this work; B: Eq. (5) with anhar-
monic oscillator estimation of band origins, used in Ref. 4; C: Darling-
Dennison + electrical harmonicity, derived in Ref. 18 from data of Ref. 12;
D: Darling~Dennison + theoretical dipole moment of Ref. 24, reported in
Ref. 25.

The effects of Darling-Dennison coupling and transi-
tion moment variations have been investigated theoretically
by Adler-Golden and co-workers.'®?*** Adler-Golden and
Armstrong'® report (R, /R p)* values determined from
the first-order matrix elements obtained from overlap inte-
grals of the perturbed harmonic oscillator wave functions of
Barbe e al.'? These calculations predict lower values of 4,.,..
than Eq. (5), the deviation being less than 10% for v,. <3 but
more substantial at higher v,.. The two sets of values are
compared in Fig. 4. Also shown in Fig. 4 are values of 4,
determined from the perturbed harmonic oscillator wave
functions together with a theoretical dipole moment func-
tion.”*?* These latter calculations indicate that the effects of
electrical anharmonicity may be substantial for v,>5. How-
ever, it should be noted that the quartic potential surface'?
used in these calculations is accurate only near the bottom of
the potential well, and may not be adequate for treatment of
the higher vibrational levels.

For the range of vibrational levels observed in our ex-
periments, we have elected to use the 4,.. values given by
Eq. (5). It appears upon comparison to complex theoretical
calculations?’ that the uncertainty in these values is minimal
for v,. <3, and that Eq. (5) provides, at worst, upper bounds
to A, for higher v,. Thus the vibrational state number
densities inferred from our analysis may actually be lower
bounds for v, = 4-5, the values being perhaps 50% low for
vy = 5. We await definitive measurements of either 4, or
(R, /R,)? to resolve this remaining uncertainty.

J. Chem. Phys., Vol. 87, No. 9, 1 November 1987

88




W. T. Rawling and R. A. Armstrong: Vibrationally excited ozone. |

VIBRATIONAL QUANTUM NUMBER, vy

1 2 3 4 5 9
T T T T 30
—0— oov, 3
- - 10(v5-1) §
"?E A
o -3 l08
'] -
@ 3
u ]
2 .
u -4
w
u J
o
, -
EY
w8 Y
> 3
- 3
s 3
2 b
-4 -
w
'S
z )
—_ (]
3 107k o
S ]
E ]
108 | 1 1
1000 2000 3000 4000 5000 6000

VIBRATIONAL ENERGY, cm™!

FIG. 5. Example O, (v) vibrational population distributions, 7= 80 K.
A:0.24% O, in Ar; B: 1.46% O, in Ar; C: 10.1% O, in Ar.

C. Vibrational population distributions

The values of N, 4, obtained from the spectral fitting
analysis were transformed into vibrational state number
densities using 4, values estimated from Eq. (5). Repre-
sentative vibrational distributions obtained for different ini-
tial O, mole fractions are shown in Fig. 5. The error bars,
indicated where larger than the data point symbols, are the
statistical standard deviations in the least-squares solutions
(67% confidence) as determined from the variance-covar-
iance matrix for each spectral fit. (It should be noted that
this error analysis assumes Gaussian statistics, which may
not be strictly correct for nonorthogonal solutions as pertain
here.) The variations in both absolute number density and
relative distribution as functions of initial O, mole fraction
in the discharges are clearly seen. For low O, levels, the
vibrational distributions are roughly Boltzmann in charac-
ter, with the relative contribution from higher levels increas-
ing as the O, is reduced. In contrast, at high O, mole frac-
tion, the distribution is sharply bimodal. In our previous
work,* we interpreted similar observations to represent
steady-state distributions resulting from excitation and de-
activation processes occurring in the discharge tubes: (1)
Three-body recombination of O and O, at low O, levels,
with deactivation by O and Ar; and (2) one or more addi-
tional O, (v) excitation processes at high O, . These interpre-
tations are supported and amplified by more detailed kinetic
measurements of this type, as described in paper II.

Another effect can be seen upon examination of the
combination state number densities. The v, + (n — 1)v,

5207

states lie closer in energy to the corresponding nv; levels
than any of the other vibrational levels of O, Indeed, they
are the only levels within ~&7T at the bath temperature
of 80 K, having Boltzmann factors at that temperature,
Niow, -1y /N, 0f0.39, 0.52, 0.62, and 0.77 for v, = 2, 3, 4,
and 5, respectively. Within the statistical fitting uncertain-
ties, the observed population ratios for the v, = 4, 5 states
match the 80 K Boltzmann factors for the low O, mole frac-
tion cases (i.e., the recombination-dominated regime). This
observation is consistent with population of the 103 and 104
[s_tates by rapid, near-resonant collisional V — T energy trans-
er from the 004 and 005 states initially populated in the
recombination/deactivation sequence. However, the 102
and 101 populations are significantly larger than dictated by
Boltzmann factors; in particular, the population of the 102
state is enhanced by as much as a factor of 3, giving rise to its
prominence in the spectrum as discussed above. This type of
observation indicates a direct source of O, (102) other than
deactivation of higher states. We note that O, (102), which
lies at an energy of 3085 cm ™', is nearly resonant with O,
(v=2) at 3089 cm . Since O, (v) is surely an important
species in discharged oxygen effluents, it is possible that O,
(102) is efficiently produced by the rapid V-V exchange:

0,(v =2) + 0,(000) ~0,(102) + O,(v=0).  (6)

We then expect O, (101,002,003) to be formed by collisional
deactivation of O,(102).

The v, mode does not appear to be significantly popu-
lated by collisional energy transfer in our experiments; this is
consistent with the slow rates for transfer from the stretch-
ing to the bend modes observed by other workers.?>*® Per-
haps more surprisingly, higher levels of the v, mode (v, > 1)
are also not observed in the spectra. These results imply that
the recombination/deactivation sequence is mode selective,
with only near-resonant transfer to v, = 1 states branching
into the symmetric stretch mode. This point will be exam-
ined in more detail in paper II.

V.SUMMARY AND CONCLUSIONS

In summary, we have obtained moderate-resolution
spectra of infrared emission from vibrationally excited
ozone, formed principally by three-body recombination of O
and O, [reaction (1)] in flowing, microwave-discharged
O,/Ar mixtures near 1 Torr and 80 K. The observed emis-
sion occurs entirely in the v, mode fundamental band near
10um. The v, and v, bands at 9 and 14 um, respectively, are
too weak to be observed in our experiments.

From the emission spectra, we are able to identify the
band centers for Av, = 1 transitions from (00v,) and (10¢,)
vibrational levels with up to five quanta of stretching excita-
tion. The band center frequencies for these transitions are
consistent with those predicted from a Darling-Dennison
coupling analysis."*

We have determined individual vibrational state num-
ber densities from a least-squares spectral fitting analysis.
Central to this determination is the description of the vari-
ation of the Einstein transition probabilities with vibrational
quantum number. This is fairly reliable near the bottom of
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the poténtial well but becomes highly, uncertain for levels
above those identified here.

The results presented here are consistent with those of
our previous work,* which was performed over a less exten-
sive range of experimental conditions. In that work, a simple
kinetic analysis was used to establish that reaction (1) is
responsible for the observed emission for most conditions;
furthermore, evidence for a secondary excitation of the
V', =4, 5 levels is observed at larger O, mole fractions. In
addition to these effects, the improved spectral resolution of
the present work reveals that O, (102) appears to be selec-
tively excited relative to the other vibrational levels; we take
this to be evidence for a rapid, near-resonant V-V exchange
between O, (000) and O, (v = 2) [reaction (6)). The de-
tailed excitation and deactivation kinetics of O, (v) are the
subject of a companion paper (paper 11).°

As a final point, the absence of higher vibrational levels
deserves comment. The O; potential well can accommodate
up to eight or nine bound vibrational levels in the v, mode;
however, under no conditions do we observe more than five
quanta of excitation. Thus the chemiluminescence spectrum
never extends substantially beyond approximately 11 um
(at our spectral resolution and low rotational tempera-
tures). The five-quantum level occurs at an energy of 4919
cm ~ !, or about 58% of the dissociation energy of O, Possi-
ble explanations for this apparent spectral “cutoff” include
kinetic interference of the long-postulated triplet excited
state of O;,%>*' or a catastrophic loss of transition strength at
high energies due to anharmonic or resonance effects or
quantum “‘chaos”* as discussed above. If any of these hy-
potheses are correct, then the 11-12 um fluorescence from
higher vibrational levels of O, may never be observable, even
in the rarefied conditions of the upper atmosphere. How-
ever, it is clear that collisional deactivation by both Arand O
is important in our experiments, and the “‘hottest” vibration-
al distributions are obtained at low initial O, mole fractions
where the total fluorescence signal is very small, so the flu-
orescence from the higher states may simply lie below our
detection limit because of rapid collisional deactivation. In
that case, 11-12 m fluorescence may be detectable at low
pressures if sufficient detector sensitivity can be attained.
The kinetic data and analysis presented in paper 11° address
this issue.
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Spectrally resolved infrared chemiluminescence fro

1. INTRODUCTION

The chemical kinetics of vibrationally excited ozone,
O;(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+ 0,=0%,
O} + M-O3(v) + M,
O;(v) +M-0y(v —n) + M

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, | Tara Blvd., Suite 302,

Nashua, NH 03062.
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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.
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vation pathway was primarily V- T 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 in the vy, 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) int! _tretching 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 us, 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 V- T 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 | 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 lavoratory 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 1).'®* 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.

. 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 1."* 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 ~canning 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 part