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[1] In the Earth’s upper atmosphere, collisions with ambient O atoms efficiently excite the
CO2 [00

00] vibrational ground-state population to the first excited, [0110] or n2,
vibrational bend state. Subsequent relaxation of the n2 population occurs through
spontaneous emission of 15-mm radiation. Much of this radiation escapes into space,
thereby removing ambient kinetic energy from the atmosphere. This cooling mechanism is
especially important at altitudes between the mesopause and the lower thermosphere,
approximately 80–120 km, where the O-atom density is relatively high and the kinetic
temperature is rising. Laboratory measurements have been performed to better
characterize the CO2(n2)-O vibrational relaxation rate coefficient kO(n2). A 266-nm laser
pulse photolyzed trace amounts of O3 in a CO2-O3-rare gas mixture, simultaneously
creating O atoms and raising the gas temperature to create a nonequilibrium CO2

vibrational distribution. Transient diode laser absorption spectroscopy was used to monitor
CO2 vibrational level population reequilibration. A global nonlinear least squares
fitting technique was used to interpret the kinetic data, yielding kO(n2) = (1.8 ± 0.3) �
10�12 cm3s�1. The result is in good agreement with previous laboratory measurements,
with published kO(n2) values in the (1.2–1.5) � 10�12 cm3s�1 range and at the low end of
the (2–6) � 10�12 cm3s�1 range estimated from the analysis of upper atmospheric data.
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1. Introduction

[2] The upper atmospheres of Earth, Venus, and Mars all
cool by radiative emission from vibrationally excited CO2,
particularly from the [0110] bending mode at 15 mm. In the
terrestrial upper mesosphere–lower thermosphere (UMLT),
roughly 80–110 km, emission by CO2 is essentially the only
mechanism by which cooling occurs. At these altitudes, the
relatively low gas collision frequency, about 1000 s�1 at
100 km, results in incomplete collisional coupling between
the populations of the various CO2 vibrational levels.
Because of this phenomenon, the vibrational populations of
CO2 depart from local thermodynamic equilibrium (LTE)
[Lopez-Puertas et al., 1998; Wintersteiner et al., 1992]. The
vibrational temperatures, which can differ dramatically from
the local kinetic temperature, must be accurately determined
in order to calculate the cooling rate. In turn, computing
the vibrational temperatures requires knowledge of each
mechanism by which CO2 vibration-rotation populations
exchange energy with their surroundings.
[3] Atomic oxygen plays an important role by enhancing

CO2 cooling ability in the Earth’s UMLT region [Houghton,

1970]. Conversion of ambient kinetic energy to CO2 inter-
nal energy is governed by collisions with O despite its small
mixing ratio at 100 km, that is, a few parts per hundred
relative to the major atmospheric species, N2 and O2. The
collisional process effectively raises the vibrational temper-
ature of the CO2, thereby increasing the population in the n2
modes and the amount of spontaneous emission and cooling
via 15-mm emission. Here the focus is on the lowest bend-
excited state, CO2 [0110], which is particularly important
since it is directly coupled to the large ground-state popu-
lation. The collisional excitation process is given by:

Oþ CO2 0000
� �

�!k1 Oþ CO2 0110
� �

; ð1Þ

where k1 is the rate coefficient for vibrational up-pumping. The
energy resident in the CO2 vibration may then be converted
back to translational energy by subsequent collisions, or the
molecule may radiate by spontaneous or stimulated emission.
If the radiated energy escapes a local volume of the
atmosphere, a cooling of that volume is achieved.
[4] The reverse process of equation (1) is typically

studied in the laboratory. That is, the rate coefficient
associated with vibrational deactivation through collisions
with atomic oxygen is measured:

Oþ CO2 0110
� �

���!k�1 Oþ CO2 0000
� �

: ð2Þ

The rate coefficients k1 and k�1 are related through the
principle of detailed balance by the equilibrium constant K,

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, A09303, doi:10.1029/2006JA011736, 2006
Click
Here

for

Full
Article

1Department of Chemistry, Bucknell University, Lewisburg, Pennsyl-
vania, USA.

2Stewart Radiance Laboratory, Bedford, Massachusetts, USA.
3Space Vehicles Directorate, Air Force Research Laboratory, Hanscom

Air Force Base, Massachusetts, USA.

Copyright 2006 by the American Geophysical Union.
0148-0227/06/2006JA011736$09.00

A09303 1 of 14

http://dx.doi.org/10.1029/2006JA011736


which defines the CO2 [0110]/CO2 [0000] population ratio
as:

k1

k�1
� K ¼ 2e

�667
kT ¼ 0:078 at 296Kð Þ: ð3Þ

Note that in the discussion below, the rate coefficient for
relaxation of CO2 [01

10] by O is denoted kO(n2) in place of
k�1.
[5] Several laboratory measurements of CO2(n2)-O vibra-

tional relaxation have been performed, with published
kO(n2) values spanning the 1.2–1.5 � 10�12 cm3s�1 range
[Khvorostovskaya et al., 2002; Pollock et al., 1993; Shved et
al., 1991]. For M = N2 and O2, the corresponding kM(n2)
values are in the mid-10�15 cm3s�1 range, about 3 orders of
magnitude smaller than kO(n2) [Lunt et al., 1985; Siddles et
al., 1994]. Thus the studies have confirmed that the UMLT
minor constituent O, with a mixing fraction of a few parts
per hundred at 100 km, governs the collisional excitation
of the CO2 [01

10] level. However, a number of analyses of
15-mm UMLT emissions have suggested an even larger
value of kO(n2), with one landmark publication deriving
the value kO(n2) = (6 ± 3) � 10�12 cm3s�1 [Sharma and
Wintersteiner, 1990]. In light of the uncertainty in kO(n2), it
was felt that a laboratory study in which all low-lying CO2

vibrational populations could be directly monitored would
be of value. The approach described below incorporating
relaxation kinetics with time-resolved IR absorption detec-
tion of CO2 provides this capability.

2. Experimental

2.1. Basic Technique

[6] The temperature-jump technique has been used
for this work because of its ease of implementation and
its well-defined kinetics. A temperature perturbation is
applied to the system that temporarily disturbs the equilib-
rium condition. The relevant species concentrations are then
monitored as a function of time as they return to equilibrium
[Bernasconi, 1976]. For a two-level collisionally coupled
system, the kinetic equations defining the return to equilib-
rium can be linearized regardless of the size of the perturba-
tion. In the present work, assuming an adequate O-atom
density, the CO2[00

00] and [0110] vibrational levels are
coupled solely through collisions with O. For the simple
two-level system described in equation (2) the rate coefficient
governing the return to equilibrium, kr1, is given by

kr 1 ¼ k1 þ k�1: ð4Þ

Combined with equation (3), the relationship between
kO(n2) and kr1 is given by

kO n2ð Þ ¼ 0:928kr 1: ð5Þ

Following the perturbation the population increases (or
decreases, depending on whether the monitored population
is initially underpopulated or overpopulated) with single-
exponential time dependence. The characteristic decay rate
plotted as a function of O-atom concentration allows the

determination of kr1, from which kO(n2) is derived using
equation (5).

2.2. Apparatus Details

[7] Several changes have been made in this work com-
pared with the preliminary apparatus design described in a
previous manuscript [Castle et al., 2003]. A block diagram
of the experimental setup is given in Figure 1. Most
significantly, the reaction cell length has been increased
by nearly an order of magnitude to 96.0 cm, allowing the
use of very small CO2 mole fractions without sacrificing the
ability to detect the transient absorption signal. The reaction
cell inside diameter (ID) is 25.4 mm. Gases were slowly
flowed through the cell during the experiment. Mass flow
rates, controlled using MKS MassFlo flow controllers, were
typically 0.2 standard atm cm�3 min�1 (sccm) CO2, 6 sccm
Ar, 50 sccm Xe, and small, variable amounts of O3. To
encourage a homogeneous gas mix in the laser pump/probe
region, the CaF2 cell windows were inset on 12.7-mm
diameter, 3-cm-long Pyrex stalks, and gases were intro-
duced and removed through four 0.48-cm ID Teflon tubes
spaced equally around the outer portion of the cell end.
With the exception of O3, partial pressures were taken to be
proportional to the individual mass flow rates. A throttled
roughing pump maintained a total gas pressure of 5–12 torr,
measured with an MKS Baratron capacitance manometer
teed off the reaction cell. This pressure range served to
minimize CO2 [0110] and O-atom loss from the reaction
volume through diffusion effects. Ozone was generated by
passing O2 through an Ozomax ozonator and was stored on
a silica gel column cooled to �65�C. After pumping off the
residual O2, Ar was flowed through the column to carry O3

into the reaction cell.
[8] The current setup allowed for direct measurement of

O3 concentrations in the reaction cell along the longitudinal
axis. A UV monochromator (Optometrics) and photomulti-
plier tube were used to detect 120-Hz sinusoidal, 254-nm
Hg lamp output. Given the O3 absorption cross section
s254 = 1.15 � 10�17 cm2, the ratio of the transmitted light
intensity with and without O3 present allowed the determi-
nation of the O3 partial pressure. This pressure was main-
tained in the 1–100 mTorr range by adjusting the
temperature of the column and/or the flow rate of the Ar
carrier gas with a needle valve. The absorption measure-
ments were performed just before and after data collection
whenever the O3 flow was adjusted.

2.3. Species Excitation and Detection

[9] The time-evolving population of the [0110] vibration-
al level of CO2 was monitored using tunable diode laser
absorption spectroscopy (TDLAS) on the Dn3 = 1 asym-
metric stretch transition. The n3 absorption bands of CO2

are very intense, providing a sensitive detection method.
The frequency of the diode laser (Laser Components) was
fixed at the peak of a CO2 [0110] absorption line, and the
transient absorption signal was monitored using an Infrared
Associates liquid-nitrogen cooled InSb detector. A 3.0–
5.0 mm antireflection-coated Ge window and a 3.8–4.8 mm
band-pass filter (Janos Technology) were employed to
reduce the amount of scattered light reaching the InSb
detector. Rotational state populations are typically equili-
brated on a timescale that is short compared with vibrational
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populations; thus any one of several rotational level pop-
ulations could be used to extract the desired kinetic infor-
mation. Figure 2 shows an energy level diagram for CO2

vibrational levels up to 3000 cm�1, and Figure 3 shows a
representative CO2 absorption spectrum. The signal has
been ratioed by the background, taking into account the
diode laser fluence, and allowing more convenient compar-
ison of absorption strengths. The assignments shown were
made with the help of the HITRAN database [Rothman et
al., 2005]. The experiment was aided by introducing several
torr of inert bath gas to pressure-broaden the absorption,
similar to others’ strategy (L. F. Phillips, personal commu-
nication, 2001).
[10] Pressure-broadeningallowed thediode laser frequency

to drift slightly during the course of data taking, without
leading to an unwanted variation in the absorption signal.
The CO2 (01l0)-[0111] P(33) transition at 2307.653 cm�1

was used to obtain the value of kO(n2).
[11] The O3 was photolyzed using 266-nm frequency-

quadrupled Continuum Surelite Nd:YAG laser pulses of
approximately 17-mJ energy (see below), the photolysis laser
running at 5.4 Hz. The photolysis simultaneously produced O
atoms and induced a temperature jump of the gas mixture,
promoting vibrational excitation of the CO2. Dichroic beam
combiners on CaF2 substrates were used to overlap the
photolysis and detection laser beams in a collinear geometry,

Figure 1. Overview of experimental apparatus for the CO2(n2)-O energy transfer studies. The 266-nm
photolysis beam is shown as the short-dashed line, and the 4.3-mm probe beam is shown as the long-
dashed line. The pump and probe beams are offset for clarity. The irises, lenses, optical filters, and
chopper associated with the diode laser beam are not shown. Periodically, the two beams were blocked,
and the Hg lamp was inserted to measure the O3 concentration in the reaction cell. The 254-nm lamp
emission was detected by the UV monochromator (PMT detector shown at left). The transient IR signal
from the InSb detector was passed through a preamplifier to a digital oscilloscope and then to a PC for
storage and analysis. See text for further discussion.

Figure 2. Nine lowest-energy CO2 vibrational levels, plus
the (0111) level, plotted as a function of vibrational angular
momentum l. Two v3 ! v3 + 1 diode laser absorption
transitions are indicated. Populations labeled with the
asterisk have been detected in this study.
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as shown in Figure 1. Two irises were inserted in the diode
laser path to restrict the diameter of the detection beam to
1.5 mm, smaller than the 5.7-mm diameter photolysis beam
(see below). The photolysis pulses triggered data acquisition
by a PC-interfaced Tektronix TDS3014B oscilloscope, and
the population time evolution was extracted from the result-
ing transient absorption.
[12] One disadvantage of the long optical path length is

the likelihood of a photolysis laser fluence axial gradient
due to O3 absorption. The photolysis laser pulse is slightly
absorbed, especially at the higher O3 densities. For 90% of
the data, however, the nominal absorbance A < 0.2 over the
96-cm path length, with A < 0.05 for most of the data. For
the 17-mJ laser fluence the effective absorbance is lower
owing to partial bleaching. To minimize any residual axial
fluence gradient the photolysis laser pulses were divided
using a 50:50 beam splitter and directed through both ends
of the reaction cell. The O3 was dissociated by the photol-
ysis laser to yield O(1D) + O2(

1Dg) (85% branching frac-
tion) and O(3P) + O2(

3Sg
�) (15%). Nascent O(1D) atoms

were efficiently quenched to O(3P) by the predominantly Xe
bath gas, with quenching rate coefficient kQ(Xe) = 7.5 �
10�11 cm3s�1 [Schofield, 1978]. With >0.4 torr Xe, the
O(1D) lifetime is less than 1 ms. CO2 is also an efficient
quencher, with kQ(CO2) = 1.1 � 10�10 cm3s�1 [Sander et
al., 2002], and its mole fraction (typically 0.0035) was
minimized in order to discourage formation of high u level
populations that could cascade downward through the n2
level and bias the relaxation measurement. In one trial, the
CO2 mixing fraction was lowered to 0.0015, with no
discernable difference in the results. Residual O3 will also
react with O(1D) to form a mix of O2 and O products, with

kQ(O3) = 2.4 � 10�10 cm3s�1 [Sander et al., 2002], but this
will be a minor process owing to its small mixing ratio of
	2% relative to Xe.
[13] Simulations have shown that O atoms are long-lived,

limited only by three-body recombination and transport loss
out of the reaction volume, which are expected to have
timescales 10–1000 times longer than CO2 [0110] relaxa-
tion. O(3P) reacts very slowly with residual O3 to form two
O2 molecules [Sander et al., 2002]. Nascent O2(

1Dg) is very
slowly quenched by all of the species present, the fastest
reaction occurring with residual O3 to form 2O2 + O, with
krxn = 3.8 � 10�15 cm3s�1 [Sander et al., 2002]. However,
this reaction produces negligible additional O atoms on the
several hundred ms timescale of the CO2(n2)-O vibrational
energy transfer kinetics.
[14] For a sufficiently large CO2 mole fraction and/or O3

partial pressure, IR emission in the 4.3-mm spectral region
was detected by the filtered InSb detector following the
photolysis laser pulse. Aside from being opposite in sign,
the emission had a similar temporal dependence to that of
the transient absorption. The emission increased with in-
creasing CO2 and O3 mole fraction, and with increasing
pulse energy. It displayed as a broad, featureless emission
with a maximum at approximately 4.35 mm (2300 cm�1)
when dispersed by a 12.8-nm resolution, 4000-nm blaze
grating monochromator. The emission was presumably due
to CO2 n3! n3 � 1 transitions arising from excitation into
high-energy u levels. Under the data-taking conditions no
long-lived emission was observed. A second, short-lived
(30–40 ms) emission transient due to UV laser scatter was
accounted for by detuning the diode detection laser a few
line widths off the CO2 [0110] absorption line center,
measuring the transient signal, then tuning back onto
resonance and repeating the measurement. The off-reso-
nance signal was subtracted from the on-resonance signal
prior to further analysis.

2.4. Photolysis Laser Profile

[15] The photolysis laser beam spatial profile was deter-
mined by assuming the energy E to be described by the
normalized Gaussian function

E rð Þ ¼ 2ETOT

pw2
e
�2r2
w2 ; ð6Þ

where r is the off-axis radial distance and w is the 1/e2 beam
radius, both in units of cm, ETOT is the integrated beam
energy in units of mJ, and E(r) is the r-dependent
differential beam fluence in units of mJ cm�2 [Demtröder,
1996]. The beam radius w was determined by passing the
laser through an adjustable iris, and fitting the transmitted
energy Etrans to equation (7), derived from equation (6):

Etrans

ETOT

¼ 1� e
�2a2
w2 : ð7Þ

In equation (7), Etrans is the beam energy transmitted
through the iris in units of mJ, a is the aperture radius, and w
is the 1/e2 beam radius, both in units of cm. Figure 4 shows
data from three different ETOT values of approximately 15,
20, and 24 mJ, least squares fit to the functional form given
in equation (7). All three curves are adequately fit assuming

Figure 3. CO2 absorption spectrum exciting v3 ! v3 + 1
bands, obtained using diode laser absorption spectroscopy
with a static gas cell. The vibration-rotation designations of
the various lower states are noted. The single asterisk refers
to the 16O13C16O isotope, and the double asterisk refers to
the 16O12C18O isotope.
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a Gaussian line shape, the fits yielding a consistent value of
w = 0.284 cm.
[16] The beam profile measurement can be used to

specify the fractional dissociation of the O3 as a function
of photolysis beam energy and radial off-axis distance. For a
given fluence E(r) the fractional O3 dissociation F(r) is
given by

F rð Þ ¼ 1� e
�lE rð Þs

hc ; ð8Þ

where l is the wavelength of the photolysis laser (2.66 �
10�5 cm), s is the absorption cross section of O3 at the 266-
nm photolysis wavelength (9.65 � 10�18 cm2), h is Planck’s
constant (6.63 � 10�31 mJ s), and c is the speed of light
(3.00 � 1010 cm s�1). Using the measured values of ETOT

and w the O3 dissociation fraction can be calculated as a
function of r. Under nominal running conditions the energy
ETOT = 17.0 mJ, with 8.5 mJ entering each side of the cell
following the 50/50 beam splitter. Equation (8) predicts
that a fraction Favg = 0.77 of the O3 in the diode laser
detection region was dissociated by the photolysis laser,
resulting in O-atom densities ranging from 1.38 � 1013 to
2.15 � 1015 cm�3. This yield is nearly independent of initial
O3 concentration. Figure 5 shows the differential beam
fluence E(r) and O3 dissociation fraction F(r) calculated as
a function of r. Note that F(r) is a less sensitive function
than E(r) within the diode laser detection region of r =
±0.075 cm, owing to the fact that the O3 absorption is
partially saturated.

2.5. Temperature-Jump Calculation

[17] The localized heating of the gas parcel initiated by
the O3 photolysis stimulates an expansion wave that travels
radially inward from the boundary of the laser pulse, then
back outward, resulting in a two-stage cooling [Fairchild et
al., 1982]. This process is complete on a timescale of
approximately tcool = 2r/u = 7.5 ms, where r = 0.75 mm
and u is the speed of sound in the Xe/Ar mix, approximately
0.2 mm ms�1. After this, according to Fairchild et al. [1982,
p. 107], ‘‘the density, pressure, and temperature of the
initially heated gas remain steady for a relatively long
period.’’
[18] The initial gas temperature increase DT can be

determined by first estimating the energy deposited in the
gas mixture by the laser pulse, Eabs, which has units of mJ
cm�3. The quantity Eabs is equal to

Eabs ¼ Favg Ephoton � EO2�O � fO2 að Þ � EO2 að Þ

� �n o
rO3; ð9Þ

where the fractional O3 dissociation Favg = 0.77 as derived
above, the photon energy Ephoton = 7.46 � 10�16 mJ (1 eV =
1.602 � 10�16 mJ), the O3 dissociation energy EO2-O = 1.6
� 10�16 mJ, the O2(

1Dg) photolysis quantum yield fO2(a) =
0.85, the O2(

1Dg) internal energy EO2(a) = 1.6 � 10�16 mJ,
and rO3 is the O3 density in cm�3. It is assumed that the
O(1D), O2(

3Sg
�, u 
 1), and O2(

1Dg, u 
 1) primary
photoproducts are quenched, with their internal energy
released into bath gas translation. As mentioned above,
metastable O2(

1Dg, u = 0) is long-lived. Nascent O(1D) is
quenched quickly, but will react with any residual O3 to
produce 2O + O2 and 2O2 with a roughly 50:50 branching
ratio; the former channel moderates the heating, while the
latter produces more heating. The presence of minor
amounts of the polyatomics CO2, residual O3, and O2

introduced with the O3 or produced through photolysis has
been ignored. Since these polyatomics have higher heat
capacities than Xe, they would serve to slightly moderate
the temperature increase.
[19] The initial temperature increase is given by

DT ¼ Eabs

CvrTOT
; ð10Þ

where Cv is the constant volume heat capacity of the gas
mixture in mJ K�1 and rTOT is the total gas density in cm�3.
Since the bulk of the gas mixture is Xe, the value Cv(Xe) =
2.068 � 10�20 mJ K�1 has been used. With representative
experimental conditions of [O3] = 5� 1014 cm�3 and rTOT =
2.1 � 1017 cm�3, one calculates Eabs = 0.17 mJ cm�3 and
DT = 39 K.
[20] The final temperature Tfinal following the expansion

wave is then calculated as [Fairchild et al., 1982]

Tfinal ¼ Tini
Tini þ DT

Tini

� �1
g

; ð11Þ

where Tini = 296 K is the initial room temperature value, and
g is the ratio of the specific heat capacity at constant
pressure to that at constant volume, taken to be the value
g(Xe) = 1.67. Equation (11) has the effect of mitigating the

Figure 4. Transmitted photolysis laser energy as a
function of adjustable iris aperture radius, for three different
total energies. The data points were fit to equation (7) in the
text, which predicts the dependence of the transmitted
energy assuming a Gaussian spatial profile for the laser
beam. The results are consistent with a 1/e2 beam radius of
0.284 cm.
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initial temperature jump predicted by equation (10). Using
equations (10) and (11) for the gas pressures employed in
this experiment, Tfinal � Tini typically has values in the 10–
50 K range, that is, a perturbation of 3–17% relative to
room temperature. The gas density decreases in inverse
proportion to the fractional temperature increase (Tfinal �
Tini)/Tini according to the ideal gas law. Figure 6 shows the
range of O3 densities and associated temperature jumps for
the runs used in the data analysis.
[21] The value of Tfinal predicted by equation (11) can be

compared to transient absorption data obtained from two or
more (u, J) transitions of the same or different u levels,
provided all of the levels are in local thermodynamic
equilibrium (LTE). To obtain the absolute static and tran-
sient absorption for a given transition a three-step sequence
was performed: (1) the CO2 was pumped out and the diode
laser power measured using a mechanical chopper, (2) CO2

was reintroduced and the transmitted diode laser power
measured, either by positioning the laser at line center and
using the chopper or by frequency-scanning over the
absorption line, and (3) the chopper was turned off, the
photolysis laser turned on, and the diode laser transient size
measured and added to the static absorption to obtain the
transient absorption.
[22] The absorbance A(u, J) is given by

A u; Jð Þ ¼ ln
IO

I

� �
; ð12Þ

where Io is the diode laser signal in the absence of CO2 and
I is the laser signal with CO2 present. For a given transition

the measured absorbance was found to agree to within 5%
with a prediction based on the known path length, CO2

number density, and the literature integrated intensity S and
Voigt line width g [Rothman et al., 2005]. The absorption
coefficients for the various Dn3 = 1, DJ = ±1 transitions
discussed below are the same to within ±10%, [Rothman et
al., 2005] and the relative populations are closely
approximated by the absorbance values. The reduced
populations N(u, J) are then written as

N u; Jð Þ ¼ A u; Jð Þ
2J þ 1ð Þg uð Þ ; ð13Þ

where 2J + 1 is the rotational degeneracy and g(u) is the
vibrational degeneracy, equal to either 1 or 2 depending on
the u level.
[23] Under the LTE assumption the CO2 rovibrational

population distribution can be described by a single temper-
ature via a Boltzmann plot. Figure 7 shows equations (12)
and (13) applied to calculating reduced populations for
several different u, J level populations detected through
diode laser absorption. The use of different u levels allows
for a relatively large x axis range and a more precise
determination of the static and transient temperature. It
should be noted that the relatively high O3 density and
CO2 mole fraction used in this instance were necessary to
create a large enough temperature jump to detect the higher-

Figure 5. Photolysis laser profile, shown as a function of
the radial distance off the laser centerline. Shown are
profiles for the distance-dependent laser fluence and
fractional O3 dissociation. The area subtended by the diode
detection laser is indicated by the two dashed lines near the
center. The laser profile is plotted out to ±0.35 cm, outside
of which the beam is blocked by the edge of the cell
aperture. The total pulse energy prior to the beam splitter is
equal to 17.0 mJ.

Figure 6. Calculated temperature jump versus O3 partial
pressure for the CO2 absorption transients analyzed to
obtain kO(n2). The O-atom densities were estimated using
O3 absorption measurements, equation (8) to predict the
266-nm photolysis efficiency, and equations (9)–(11) to
estimate the temperature jump. As can be seen, the majority
of the transients had temperature jumps 	50 K, representing
a 	17% increase in temperature from 296 K. The majority
of the data points were obtained at pTOT = 6.5 torr, while
data from one day (defining the lower set of points) were
obtained at pTOT = 12.6 torr.
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energy level populations. In particular, the [0001] popula-
tion was undetectable under these conditions, while the
[0111] population could only be detected through its tran-
sient. No higher-energy populations could be detected. For
the smaller O3 and CO2 mole fractions used in the kinetic
data-taking no CO2 populations above [0110] could be
detected.
[24] Transient absorption data utilizing several J-state

transitions were obtained for the [0110]-[0111] band, includ-
ing the P(26), P(27), P(33), P(39), and P(47) lines. These
were conveniently located and free of contamination from
an adjacent transition. However, a competing effect that
complicates the analysis is the J-dependent population
redistribution stimulated by the temperature jump. This
redistribution effectively offsets the signal at t = 0, when
the photolysis laser fires, with the offset positive or negative
depending on the J level. The rotational population in level
J is a function of temperature according to

PopJ Tð Þ / e
� EJ�E1ð Þ

kT =T ; ð14Þ

where the T in the denominator accounts for the temperature
dependence of the rotational partition function. For two

different temperatures, the population ratio in a given J state
is given by

PopJ T2ð Þ
PopJ T1ð Þ

¼ e
� EJ�E1ð Þ

kT2

T2

	
e
� EJ�E1ð Þ

kT1

T1
¼ T1

T2
e

EJ�E1ð Þ
kT1T2

T2�T1ð Þ
: ð15Þ

For a given J-state population, the change in volumetric
density is modified by the thermal expansion since the
overall gas density decreases as T1/T2. The combination of
the two effects is described by

PopJ T2ð Þ
PopJ T1ð Þ

¼ T1

T2

� �2

e
EJ�E1ð Þ
kT1T2

T1�T2ð Þ
: ð16Þ

For a small range of J values the population redistribution
and density rarefaction effects nearly cancel. Figure 8 shows
the relative population change for the five monitored J levels
plotted against the temperature jump in K. The J = 33
population change is 	1% for temperatures jumps <60 K,
while the other populations are altered by 10–40%. Indeed,
clear evidence is seen in the P(47) data for a large positive
t = 0 signal offset. To simplify the analysis the P(33) data
have been used to derive the rate constant kO(n2).
[25] Short-lived absorption transients were observed

superimposed on the longer timescale kinetic transients,
particularly for higher O3 mole fractions or lower bath gas
pressures. Various observations showed the short-lived
transients to be consistent with periodic compression and

Figure 7. Relative populations for selected J states within
the five lowest CO2 vibrational levels – (0000), (0110),
(0220), (0200), and (1000), obtained from TDLAS absor-
bance measurements. The populations have been normal-
ized by the appropriate rotational and vibrational state
degeneracy. The open circles were obtained from the
absorption of static gas mixture, and the solid triangles
were obtained by adding the transient absorption to the
static absorption. Note that upon laser-induced heating, all
of the excited levels gain population at the expense of the
ground state. The derived 125 K temperature increase is in
accord with the prediction of equations (10) and (11).
Conditions were as follows: laser energy ETOT = 19.5 mJ,
[O3] = 2.2 � 1015 cm�3, pTOT = 5 torr containing 2.7%
CO2, 37% Ar, and 60% Xe.

Figure 8. Predicted short-time change in volumetric
density as a function of the temperature increase induced
by the photolysis laser, as calculated using equation (16) for
several J levels. The change results from a combination of
rotational population redistribution and density rarefaction,
as discussed in the text. The J = 33 level used to determine
the rate coefficient kO(n2) is seen to undergo little change in
concentration over the predominantly DT 	 50 K
temperature jumps used in the study.
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rarefaction induced by a recurrent sound wave. The sound
wave was generated by the laser-induced heating, alternately
reflecting off the cylindrical cell walls and passing through
the detection region. Given the pressure-independent speed
of sound w = (RTg/m)1/2, where the mass m is taken to be
equal to the weighted mean of the Ar and Xe bath gas
constituents, a recurrence time on the order of 100–200 ms
is predicted. For two cells with radii of 20 mm and 12.7 mm
and similar gas mixes, periods of 155 us and 80 us were
observed in rough accord with expectation. For the 20-mm
cell, the Xe mole fraction in an Ar/Xe bath gas mix was
varied between 0.36–0.81, with the observed 155–195 ms
period approximately proportional to 1/m1/2 again as
expected. For a given gas mix, no dependence of the period
on the pressure was observed. The pressure wave-induced
transients were mitigated by moving the excitation/detection
volume a few mm off the cell radial axis and by using
relatively low O3 mole fractions.

3. Analysis and Results

[26] An example of a transient absorption curve obtained
in this work is shown in Figure 9. The smooth line in the
figure was generated by fitting the data to the dual expo-
nential function

I tð Þ ¼ C

kf � ks
� � e�kst � e�kf t

� �
: ð17Þ

As discussed by Pollock et al. [1993], in equation (17) the
decay constant kf describes the relatively fast evolution of
the CO2 [0110] population to its equilibrium value at the
perturbed temperature, and ks describes the slower reequili-
bration of the transient population as the gas mixture returns
to the original temperature.
[27] To determine the best fit rate constant a large amount

of data were obtained on nine different days of data-taking,
with the pressure varying from 5.6–12.6 torr and the CO2

mole fraction varying from 0.00145 to 0.00386. The data
were fit simultaneously using a home-written Fortran com-
puter program employing the Levenberg-Marquardt nonlin-
ear least squares fitting algorithm. Two ‘‘global’’ parameters
were found to be necessary to reproduce the data, the rate
coefficient kr1 (equation (4)), and an ‘‘intercept’’ value R,
which describes the O-atom density-independent contribu-
tion to the rise decay rate. In addition, a large number of
‘‘local’’ parameters were used, describing the day-depen-
dent reequilibration rates and the run-dependent scaling
factors. In all, a total of 355,000 data points were analyzed
to determine best fit parameters. Best fit global parameter
values of kr1 = 2.2 � 10�12 cm3s�1 and R = 2360 s�1 were
obtained with outputted error bars on the order of 1%. When
the nine days of data were fit separately, similar values of kr1
and R were determined with mean standard deviations of
approximately 10%, a more realistic value. The parameters
did not change significantly when fitting subsets of the data
over several different O3 density bins. The temperature at
which the measurement was performed is taken to be 318 K,
equal to the gas temperature following laser excitation
averaged over the experimental runs (see Figure 6).
Figures 10 and 11 show the transient absorption data and
nonlinear least squares best fit model curves for three
different kinetic runs with different O-atom densities from
a given day.
[28] In analyzing preliminary data sets it was observed

that the best fit R value increased rapidly with increasing
CO2 mole fraction, and it was feared that the large values of
R reflected O(1D) quenching by CO2 followed by rapid
vibrational cascade populating the n2 level. On the basis
of the gas partial pressures and the known values for
quenching of CO2(n2) by the principal constituents Xe (1 �
10�16 cm3s�1) [Allen et al., 1980], Ar (7 � 10�16 cm3s�1),
CO2 (5.5 � 10�15 cm3s�1), and O2 (5.2 � 10�15 cm3s�1)
[Lunt et al., 1985; Siddles et al., 1994], the contribution from
O3 density-independent relaxation to the R value is expected
to be less than 100 s�1, much lower than derived from the
kinetic fit. It should be noted that the best fit value of R given
above is 27 times lower than the preliminary value, while kr1
is the same within error, suggesting that the slope is not
highly dependent on the [CO2]-sensitive intercept.
[29] To better quantify the relative contributions made by

temperature-jump-induced repopulation and vibrational cas-
cade to the CO2 [01

10] transient absorption signal, a control
experiment was performed utilizing various Ar and Xe bath
gas mixtures. Table 1 shows the signal magnitude as a
function of gas mix. The CO2 transient signal is very large
at relatively low pressure with a large CO2 mole fraction
and balance Ar. Ar is 250 times less efficient than Xe at
quenching nascent O(1D), with kQ(Ar) = 3 � 10�13 cm3s�1

[Schofield, 1978]. In this case the O(1D) photolysis product
is likely to excite a large fraction of the CO2 to high

Figure 9. Sample CO2 (0110)-(0111) transient absorption
signal together with a fit to a double-exponential function as
given in equation (17). In the global fit the rise decay
constant is equal to kr1[O] + R. The fall decay constant was
observed to be constant for a given day’s data and spanned
the 150–350 s�1 range over the nine days of data. The fall
decay constant characterizes population reequilibration as
the gas mixture returns to the original temperature.
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vibrational levels, promoting cascade. Upon raising the Ar
bath gas pressure and lowering the CO2 mole fraction the
transient size decreases by a factor of three, and then by
another factor of two when replacing half the Ar with Xe.
Finally, on replacing the roughly 50:50 Ar/Xe mix with
94% Xe the transient size decreases by only 14%, indicating
that vibrational cascade is nearly eliminated. It should be
noted that the CO2 mole fraction is about five times lower in
the data used to derive kr1, further discouraging the cascade
effect. For these data no emission was observed in the 3.8–
4.8-mm band pass, and no absorption transient could be
detected for any of the higher vibrational level populations
probed, including the [0200], [0220], [1000], [0310], [0001],
and [0111] levels (see Figure 2).
[30] The best fit intercept R, however, low by some

measures, remains a concern. As discussed above, R is
20–30 times larger than predicted on the basis of the
assumption that all of the CO2 [0110] population is being
formed through collision-induced up-pumping of the [0000]
population by Xe, Ar, CO2, and O2. The data are well fit
using a model that employs a single rate coefficient kr1 and
intercept R, while an alternative model that incorporates two

independent exponentially decaying feed terms does not
reproduce the data. The assembled evidence suggests that
another species besides those considered is exciting ground-
state CO2 to form CO2(n2).
[31] A likely scenario is that excitation of CO2(n2) is

being catalyzed by residual, undissociated O3, for which the
n2 bending mode at 701 cm�1 is nearly equienergetic with
the CO2 n2 mode. Like CO2, any O3 remaining in the laser-
excited region will also undergo vibrational reequilibration

Figure 10. CO2 (0110)-(0111) P(33) transient absorption
signal obtained on a single day for three different O-atom
concentrations, plotted on a semi-log scale. Only every
tenth data point is shown for clarity. The lines are the
predicted population time evolution from a global fit to that
day’s data set. For a given transient the rise decay constant
is equal to kr1[O] + R, while the best fit fall decay constant
for this day is equal to 308 s�1. Overall, the O-atom density
spans a factor of >50 over the nine days of data.

Figure 11. CO2 (0110)-(0111) P(33) transient absorption
signal for the initial portion of the curves shown in
Figure 10, plotted on a linear scale. Only every other data
point is shown for clarity. The lines are the predicted
population time evolution from a global fit to that day’s data
set. The approximately 80-ms period modulation results
from residual sound wave activity as discussed in the text.
For a given transient the rise decay constant is equal to
kr1[O] + R, while the best fit fall decay constant for this
day is equal to 308 s�1.

Table 1. Observed CO2 [0110] J = 33 Transient Size Under

Varying Bath Gas Mole Fractionsa

c(CO2) c(Ar) c(Xe) pTOT
, torr Transient Size, mV

0.25 0.75 0.0 3 20
0.016 0.984 0.0 16.5 7
0.016 0.438 0.546 16.5 3.5
0.016 0.047 0.937 16.5 3
aIn all cases a trace amount (approximately 40 mT) of O3 was present in

addition to the gases listed.
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at the increased gas temperature. Rate coefficients for the
relevant O3 (010) collisional quenching process

Mþ O3 010ð Þ ���!k18
Mþ O3 000ð Þ ð18Þ

have been measured for M = Xe (3.7 � 10�15 cm3s�1), Ar
(5.8 � 10�15 cm3s�1), O2 (2.3 � 10�14 cm3s�1) [Zeninari
et al., 2000] and O (3 � 10�12 cm3s�1) [West et al., 1976].
On the basis of these values, formation of O3 (010) is
expected to have a fixed background rate of about 800 s�1

plus an additional amount depending on the O-atom
concentration.
[32] Formation of O3 (010) would be accompanied by

efficient resonant vibrational energy transfer with CO2:

O3 010ð Þ þ CO2 0000
� �

���!k19 O3 000ð Þ þ CO2 0110
� �

;

where DE = �34 cm�1. Taking the species concentrations in
equation (19) to be approximated by those of the ground
vibrational levels the equilibration rate R19 is given by
[Bernasconi, 1976]

R19 ¼ k19 CO2½ 
 þ k�19 O3½ 
: ð20Þ

Equation (20) shows that even in the limit of very small
[CO2] or [O3] that the equilibration can still be rapid owing
to the presence of the other constituent.
[33] Figure 12 plots the dependence of the decay constant

for CO2(n2) production on the CO2 number density at

constant pressure. Varying the CO2 density over the range
shown in Figure 12 had no effect on the decay constant for
the longer-term thermal equilibration, as expected. The
kinetic data were analyzed using the same global fit model
described above to determine kr1. Assuming the mechanism
in equation (19), the fit yields k19 = (1.4 ± 0.3)� 10�12 cm3s�1

and k�19 = (0.6 ± 0.1) � 10�12 cm3s�1, the latter by
microscopic reversibility. For [CO2] = 7.6 � 1014 cm�3

corresponding to cCO2 = 0.00386 used in the majority of the
experimental runs, the decay constant for CO2(n2) formation in
the limit of small [O3] is predicted to be k19[CO2] = 1100 s�1,
in factor-of-two agreement with the best fit intercept value R.
The decay constant also has a component proportional to
[O3]residual through the k�19[O3] term. The process described
in equation (19) contributes 0.3 � (0.6 � 10�12) = 0.2 �
10�12 cm3s�1 to the slope used to determine kr1, where the 0.3
factor takes into account the [O3]residual/[O] ratio derived from
the 0.77 photolysis yield. The kr1 value is thus revised
downward to 2.0 � 10�12 cm3s�1. The 3100 ± 1000 s�1 best
fit intercept for the Figure 12 data is roughly consistent with
the predicted value of k�19 [O3]residual + kr1 [O] = 1600 s�1,
where [O3]residual = 2.2 � 1014 cm�3 is taken from the known
O3 concentration and photolysis yield. Allowing for uncer-
tainty in experimental parameters such as gas mixing and O3

photolysis fraction, error bars of ±15% have been assigned to
both the original determination of kO(n2) and its correction
due to O3(n2) energy transfer, resulting in a final value of
kO(n2) = (1.8 ± 0.3) � 10�12 cm3s�1.
[34] In principle, it should be possible to gauge the

influence of residual O3 on the derived kO(n2) value by
varying the O3 photolysis yield. However, it is necessary to
vary the laser pulse energy substantially to create a mea-
surable effect due to partial saturation by the photolysis
laser. In a preliminary experiment, the pulse energy was
varied ±25%, creating a ±10% variation in the O3 photolysis
yield. No significant trend in the derived kO(n2) values over
the four different photolysis yields was apparent. More
extensive trials varying the photolysis yield are planned,
including 100% bleaching if possible, to mitigate the effect
of residual O3 catalyzing the formation of CO2(n2).
[35] While it is conceivable that some other prompt O3

photoproduct is exciting the CO2(n2) population with a rate
proportional to the initial O3 concentration, further biasing
the kO(n2) value upward, the other photoproducts are either
present in too low concentration or are quenched too slowly
to make a difference. The photoproducts include O(1D) and
O2(

1Dg) as well as vibrationally excited O2(a, u 	 3) and
O2(X, u 	 20). These are considered in order:
[36] 1. For O(1D), direct excitation of CO2 has been ruled

out as discussed above. Excited O2 could be formed through
the reaction O(1D) + O3 which forms a mix of O(3P) and O2

with an overall rate coefficient of 2 � 10�10 cm3s�1[Sander
et al., 2002]. However, Xe will quench >99.7% of the
O(1D) for the 90% of the data with [O3] < 30 mTorr. This
puts an upper limit of 2 � 1012 cm�3 on the excited O2

formed from the O(1D) + O3 reaction, an amount too small
to significantly affect the CO2(n2) population.
[37] 2. For O2(

1Dg), quenching by residual O3 could
produce excited O2, but the rate would only be about
5 s�1, too slow to affect CO2(n2) formation.
[38] 3. For O2(a, v) and O2(X, v), 266-nm O3 photolysis

forms O2(a, v = 1–3) in large yield [Dylewski et al., 2001],

Figure 12. Best fit decay constant for CO2 (0110)
formation as a function of CO2 number density. The
unweighted least squares fit shown gives rise to a slope and
intercept of 1.35 � 10�12 cm3s�1 and 4100 s�1,
respectively, similar to the values obtained when the global
least squares fit is applied. Conditions were as follows:
[O3] = 9.5 � 1014 cm�3, pTOT = 6 torr containing variable
CO2 in a 18% Ar/82% Xe bath gas mixture.

ð19Þ ���
k�19
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while the slightly shorter wavelength 248-nm O3 photolysis
produces O2(X, v 	 22) with a broad maximum in the v =
5–10 range [Park and Slanger, 1994]. Rate coefficients for
the quenching of O2(a, v = 1, 2) by CO2 are in the low-to-
mid 10�14 range (E. S. Hwang et al., Collisional removal of
O2(a, v = 1, 2) by O2, N2, and CO2, manuscript in prepara-
tion, 2006), too small for the process to significantly
populate CO2(n2). Rate coefficients for the quenching of
O2(X, v = 8–11) by CO2 are in the low-10�13 cm3s�1 range
[Klatt et al., 1996], while for O2(X, v = 18) the CO2-induced
relaxation rate coefficient peaks at 3.8 � 10�12 cm3s�1

[Mack et al., 1996]. In the latter case, Dn1 = +1 excitation in
CO2 is nearly resonant with the O2 v = 18 ! 17 transition.
However, for 248-nm photolysis O2(v = 18) and nearby
levels are formed in only about 1% yield, translating to
about 1012 cm�3, too small to significantly affect the
CO2(n2) population. For 266-nm photolysis the high-v yield
is expected to be even smaller.

4. Discussion

4.1. Previous Studies

[39] Relatively few laboratory studies of the O-CO2 V-T
energy transfer process have been performed. Table 2 lists
the published laboratory measurements for kO(n2) along with
the present measurement. As can be seen, the values are in
good agreement. Shved and coworkers [Khvorostovskaya et
al., 2002; Shved et al., 1991] have performed two indepen-
dent measurements of kO(n2). The experiments utilized a
hollow-cathode glow discharge in pure CO2, with a total
pressure on the order of 1 torr. The O-atom density, about 1%
of the total, was determined from kinetic modeling of the
principal production and loss mechanisms and the excited
CO2 [01

10] population detected in emission. In their initial
work [Shved et al., 1991] the authors performed a steady
state analysis of CO2 vibrational level populations at room
temperature. In their more recent study [Khvorostovskaya et
al., 2002] the discharge was extinguished at regular intervals
and the time evolution of the CO2 [0110] population
observed under quasi–steady state conditions. The authors
employed a large number of kinetic model assumptions in
their analysis, a possible source of error.
[40] Phillips and coworkers [Pollock et al., 1993; Scott et

al., 1993] analyzed the approach to equilibrium of the CO2

[0110] population following ultraviolet flash photolysis of
Ar-O3-CO2 mixtures, using the temperature-jump method.
The O3 photolysis produced O atoms and also served to heat
the mixture by approximately 12 K, giving rise to a slightly
enhanced steady state CO2 [0110] population. The [0110]
population was detected using the same transient diode laser
absorption technique employed in the present study. Unfor-

tunately, the authors did not monitor other manifold pop-
ulations to quantify the possible effects of vibrational
cascading.
[41] A flow tube approach has been documented in two

technical reports. Lilenfeld [1994] used a microwave dis-
charge to overpopulate CO2 [01

10], which was relaxed by O
atoms produced by an O2 microwave discharge. Slow
heating of the flow tube walls by the CO2 discharge altered
the equilibrium CO2 [01

10] concentration and was a poten-
tial source of systematic error. Nelson et al. [1997] encoun-
tered similar problems in their attempt to measure the rate
coefficient kO(n2) in a fast flow tube that employed an oven
to preheat the CO2 and overpopulate the CO2 [01

10] level.
The temperature-jump method used by Phillips and cow-
orkers has the strong advantage of removing wall effects
from the kinetic mechanism that proved so troublesome for
the flow tube experiments.
[42] In recent work, de Lara-Castells et al. [2006] have

performed fully quantum ab initio calculations of the
quenching of CO2(n2) by the three spin-orbit states of
O(3PJ), namely J = 2,1,0. Those calculations show that
for temperatures less than about 2000 K that the J = 2
sublevel dominates the quenching. This result does not
present a problem for the current measurement or its
interpretation. The measured kO(n2) value is simply the
sum of the rate coefficients for each O-atom J level. It is
necessary to consider, however, the O(3P) nascent J-popu-
lation distribution following quenching of O(1D) by Xe and
the subsequent Xe collision-induced intersystem crossing
efficiency. Matsumi et al. [1994] measured a nearly statis-
tical distribution of O(3P) J populations following O(1D)
quenching by Xe, with relative populations equal to
0.54:0.31:0.15 for J = 2,1,0. The populations were found
to be thermalized in Xe bath gas after approximately 10
collisions, a time corresponding to a negligible 0.5 ms for
the 6-torr pressure used in the present study. Thus the O(3P)
J-population distribution in this work can be taken as the
Boltzmann 296-K distribution of 0.74:0.21:0.05 for J =
2,1,0. Since O atoms are long-lived in the upper atmosphere
they are almost certainly thermalized in that environment as
well. Note that this result implies the presence of a weak
temperature dependence due to the varying Boltzmann
distribution of the three spin sublevels.

4.2. CO2 Vibrational Manifold and Dynamics

[43] Known aspects of CO2 vibrational self-relaxation
have been summarized by Levine and Bernstein [1987].
Briefly, the symmetric stretch manifold (m000) is strongly
coupled to the bend manifold (0nl0) via Fermi resonance
interactions [Taylor and Bitterman, 1969]. Both the bend
and asymmetric stretch manifolds are efficiently collision-
ally relaxed to the first excited levels [0110] and [0001] via
near-resonant collisions with ground-state CO2 [Kreutz et
al., 1987; Lepoutre et al., 1977; Orr and Smith, 1987;
Siddles et al., 1994]. Thus the excited levels that are
presumably longer-lived following collisional excitation
reduce to [0110], [0001], and [0111]. The first of these is
the level under study in this work. The latter two popula-
tions with n3 asymmetric stretch excitation are probably the
chief concern regarding delayed feed of [0110]. Note that
the [0110] population is only slowly quenched by CO2 and
most other species, since it involves V-T energy transfer.

Table 2. Laboratory Determinations of the CO2 [0110]-O

Vibrational Relaxation Rate Coefficient Ko(n2) at or Near Room
Temperature

kO(n2)
(� 10�12 cm3 s�1)

Temperature,
K Reference

1.8 ± 0.3 318 this work
1.4 ± 0.2 300–358 Khvorostovskaya et al. [2002]
1.2 ± 0.2 295 Pollock et al. [1993], Scott et al. [1993]
1.5 ± 0.5 300 Shved et al. [1991]
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[44] Several low-lying CO2 vibrational level populations
resulting from O(1D)-CO2 single collisions were monitored
by Zhu et al. [1990]. They observed modest translational
and rotational excitation, consistent with inelastic scattering
between CO2 and translationally excited O(1D) but not
electronic quenching. Their calculations imply that the
O(1D)-CO2 E-V energy transfer process should result in
CO2* containing a very high level of rotational and trans-
lational excitation, inconsistent with their observations. For
the pressures used in our experiments, the energy deposited
in the R,T degrees of freedom would likely be quenched
rapidly and are not a major concern. If higher vibrational
levels are significantly populated, the downward cascade
from them into the [0110] level could complicate the
interpretation of the kinetic observations. However, it is
not obvious that this has been a major problem in previous
experiments. For instance, Pollock et al. [1993] point out
that such cascading would produce an obvious perturbation
on the double-exponential relaxation behavior described by
equation (17). They observed reproducible but only very
slight nonexponential effects on the shape of the decay
curve. Lilenfeld [1994] checked more directly for the
presence of higher-lying vibrational populations, using a
diode laser to probe populations in six different vibrational
levels. At a point well downstream of his microwave
discharge source, only the [0110] level was significantly
populated.
[45] Nonexponential behavior in the [0110] transient

curve was observed in the initial stages of this study when
larger CO2 and O3 mole fractions were used. These con-
ditions helped promote an undesirably large temperature
jump and increased direct excitation of CO2 by O(1D)
[Sedlacek et al., 1989; Zhu et al., 1990]. In later experi-
ments the CO2 and O3 mole fractions were lowered to
minimize the higher-u-level populations, making use of
TDLAS monitoring of various CO2 (mnlp) level popula-
tions. In particular, it was found that using a large excess of
Xe bath gas greatly reduced the nascent CO2 higher-u-level
populations, for example, the [0001] asymmetric stretch
population. For example, with 3.1% CO2 in Xe at 5 torr,
the [0001] population absorption transient was observed to
be 10 times smaller in magnitude than the [0110] transient.
When the CO2 was lowered to 1.2%, the [0001] transient
was 400 times smaller than the [0110] transient. Under the
typical conditions of <0.5% CO2 in Xe at >5 torr total
pressure, the [0001] transient was unobservable and it was
concluded that cascade from higher vibrational states was
negligibly small.

4.3. Field Measurements

[46] CO2-O vibration-to-translation (V-T) energy transfer
has been shown to be important through the analysis of
aeronomical data. Sharma and Wintersteiner [1990] through
analysis of CO2 emission from the terrestrial MLT region,
have determined that the CO2-O V-T transfer rate must be
high to explain the observed radiance levels. They derived a
value of kO(n2) = (6 ± 3) � 10�12 cm3s�1 for a temperature
of 300 K. Rodgers et al. [1992] using earthlimb CO2

absorption data, showed that the populations giving rise to
the 15-mm fundamental and first hot bands of the CO2

primary isotope were in LTE to about 95–100 km. Similar
to the Sharma and Wintersteiner result, their observations

implied efficient O-CO2 V-T coupling. Assuming a high
V-T efficiency also reduced some of the problems associated
with understanding the heat budget of the Venusian thermo-
sphere [Keating and Bougher, 1992]. Lopez-Puertas et al.
[1992] derived kO(n2) = (3–6) � 10�12 cm3s�1 on the basis
of an analysis of CO2 radiance from ATMOS spectra, and
have used kO(n2) = 3 � 10�12 cm3s�1 in predictive non-LTE
models [Lopez-Puertas et al., 1998; Lopez-Valverde and
Lopez-Puertas, 1994]. Bougher et al. [1994] report that
data from Venus and Mars constrain the value of kO(n2) to
2–4 � 10�12 cm3s�1 for 300 K. Vollmann and Grossmann
[1997], on the other hand, report that their analysis of 15-mm
emission observed in four SISSI (Spectroscopic Infrared
Structure Signatures Investigation) sounding rocket launches
confirms the 300-K value of kO(n2) = 1.5 � 10�12 cm3s�1

measured by Shved et al. [1991].
[47] Recent publications [Bougher et al., 1994; Lopez-

Puertas and Lopez-Valverde, 1995; Sharma and Roble,
2002] have repeatedly stressed the need for an accurate
measurement of kO(n2) in order to refine computations of
the thermal balance in the terrestrial MLT region. Given the
agreement among the room temperature laboratory results in
Table 2, the logical next steps are to resolve the discrepancy
between the laboratory and aeronomically derived kO(n2)
values and to characterize the temperature dependence in
the 150–500 K range. The CO2 concentration is variable at
altitudes above 75 km [Lopez-Puertas and Taylor, 1989],
and thus the O-CO2 radiative cooling mechanism depends
on variable O and CO2 mixing ratios and a variable
temperature. Accurate knowledge of kO(n2) as a function
of temperature will help elucidate the strong interplay
between chemistry and dynamics that is a consequence of
these variabilities. It is also required for NASA’s Office of
Space Science Thermosphere-Ionosphere-Mesosphere En-
ergetics and Dynamics (TIMED) mission [Mlynczak, 1997].
The TIMED Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) experiment is measuring
emission from the n2 bands of CO2 at 15-mm wavelength.
These measurements will be used to derive the kinetic
temperature of the atmosphere and the IR cooling rates
associated with CO2 emission. The rate coefficient kO(n2) is
a key parameter in the SABER analyses and is necessary for
the SABER experiment to achieve its accuracy goals with
respect to mesospheric temperature measurements and cool-
ing rate calculations [Houghton, 1970; Mertens et al., 2001;
Mlynczak, 2001].
[48] There is also mounting evidence that increasing

levels of CO2 and other greenhouse gases are causing the
upper atmosphere to cool and contract, leading to a signif-
icant density decrease. Evidence for this ‘‘greenhouse cool-
ing’’ effect has been documented by many researchers,
analyzing a variety of data sets. In particular, recent anal-
yses of satellite orbital trajectories are consistent with a
decrease in thermospheric density over the last few decades.
Keating et al. [2000] observed a 10% decrease in atmo-
spheric density at an altitude of 380 km since 1976. Emmert
et al. [2004] observed a decrease of 2% per decade at
200 km and 4% per decade at 700 km since 1966. A study
byMarcos and Grossbard [2004] indicates a 5% decrease in
density at 400 km between 1970 and 2000. Other evidence
of thermospheric cooling includes observation of polar
mesospheric clouds at much lower latitudes than had
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previously been observed [Olivero and Thomas, 2001].
Somewhat more speculative evidence includes observed
decreases in the altitudes of several layers of the ionosphere
[Bremer, 2001]. Several groups have run models suggesting
that, for a given altitude, the thermosphere could respond to
a doubling of CO2 by a 40 to 50 K decrease in temperature,
and, perhaps more significantly, a factor of three decrease in
density [Akmaev and Fomichev, 1998; Roble, 1995]. Thus,
understanding the O-CO2 vibrational energy transfer pro-
cess could be key in accurately predicting long-term
changes in the temperature and density structure of the
upper atmosphere.

5. Conclusions

[49] The rate coefficient kO(n2) for the vibrational deac-
tivation of the bend-excited state CO2 [0110] by oxygen
atoms has been measured. The temperature-jump method
was used, in which 266-nm photolysis of variable amounts
of O3 in a trace CO2/predominately Xe gas mix produced a
high yield of O atoms and provided modest heating. The
CO2 [01

10] population evolution was monitored using time-
resolved, tunable diode laser absorption spectroscopy in the
4.3-mm spectral region. The CO2 mole fraction was kept as
low as possible to minimize competing energy transfer
pathways. Under the appropriate conditions no higher-
energy CO2 u-level population transients could be detected.
A global, nonlinear least squares fitting algorithm was
employed to determine the rate coefficient kO(n2) = (1.8 ±
0.3) � 10�12 cm3s�1, in good agreement with results from
previous experiments. The value is a factor of 2–3 lower
than many aeronomically derived estimates, however, a
discrepancy that needs to be resolved. The CO2(n2)-O vibra-
tional transfer efficiency is a crucial input for aeronomic
models of the energy budget of Earth, Mars, and Venus, and
for the interpretation of the SABER IR sounding measure-
ments on NASA’s TIMED satellite, currently in orbit.
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