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Abstract

The temperature-dependent ultraviolet absorption cross-section for CO, has been measured in shock-heated gases between 1500
and 4500 K at 216.5, 244, 266, and 306 nm. Continuous-wave lasers provide the spectral brightness to enable precise time-resolved
measurements with the microsecond time-response needed to monitor thermal decomposition of CO, at temperatures above 3000 K.
The photophysics of the highly temperature dependent cross-section is discussed. The new data allows the extension of CO, absorp-
tion-based temperature sensing methods to higher temperatures, such as those found in behind detonation waves.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Accurate ultraviolet (UV) absorption cross-sections
for CO, at high-temperatures are needed for many
applications including: combustion and flow diagnos-
tics, photolytic conversion of CO, to CO, and the
modeling of planetary atmospheres. Many previous
studies [1] have focused on the absorption in the vac-
uum UV by room temperature CO, but few have
investigated the absorption at elevated temperature or
for wavelengths longer than 200 nm. At longer UV
wavelengths absorption by hot CO, occurs primarily
due to pre-dissociative transitions in the CO,('B,) «
CO,('E}) electronic system [2,3]. However, small con-
tributions to the cross-section may also come from
transitions to the 'A,, >A,, and °B, states [4,5]. Here
we present new absorption cross-section measurements
made behind reflected shock waves at high tempera-
tures (1500-4500 K) utilizing time-resolved absorption
of four selected continuous-wave (cw) lasers at 216.5,
244, 266, and 306 nm. Recently, Schulz et al. [6] have
shown that the UV CO, absorption feature is spectrally
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smooth at wavelengths longer than 190 nm. The
continuous nature of the absorption and its strong
wavelength- and temperature-dependence allow for
temperature sensing strategies using two laser wave-
lengths as demonstrated by Jeffries et al. [7]. This study
extends the absorption cross-section measurements of
Schulz et al. [6] to the higher temperatures needed to
study the gas temperature behind detonation waves.
Previous studies of the CO, absorption cross-section
at high temperatures in the range from 190 to 355 nm
have utilized shock tubes [2,6,8,9], furnaces [3,10], and
laminar flames [11]. The earliest of these studies, carried
out by Generalov et al. [8], reported the cross-section at
238 and 300 nm measured behind shock waves at tem-
peratures of 1400-6300 K, but their cross-section results
are uncertain because of difficulty in correcting for time-
dependent CO, dissociation with the instrumentation of
the era. Ibreighith and Roth [9] reported cross-section
measurements at 214.7 and 236 nm made behind shock
waves at temperatures of 1400-2800 K and Koshi et al.
[2] have reported cross-sections at 193 nm measured
behind shock waves at temperatures of 1500-2700 K.
Hartinger et al. [10] have measured cross-sections at
193 nm in an electrically heated furnace at 573-1273
K and Jensen et al. [3] have published UV cross-sections
(230-350 nm) at 1523-2273 K also measured in a
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furnace. Joutsenoja et al. [11] measured the UV absorp-
tion cross-section of CO, in a laminar pre-mixed flame
across the wavelength range of 200-270 nm and temper-
ature range 1400-1700 K. Schulz et al. [6] reported the
absorption spectrum of shock-heated CO, between 200
and 320 nm from 900 to 3050 K. Most recently laser-
induced fluorescence from CO, was observed following
UV absorption [12,13].

The strong temperature-dependence of the absorp-
tion cross-section has enabled new UV absorption-based
temperature measurement strategies in combustion
gases [7,14]. A CO, thermometry diagnostic [7,14]
requires precise absorption data over an extended tem-
perature range and this need motivates this work. Addi-
tionally, the temperature-dependence of the absorption
cross-section measurements enables us to speculate on
the photophysics of CO, UV absorption.

This work follows up on previous CO, absorption
cross-section measurements made in our laboratory
[6] in which light from a deuterium lamp was trans-
mitted through shock-heated gas mixtures and dis-
persed with a small imaging monochromator; the
time-resolved transmission spectrum (10 us time reso-
lution) was recorded with a modified frame transfer
CCD camera (kinetic spectrograph). These measure-
ments provided the UV CO, absorption spectrum
from 900 to 3050 K, found that this absorption fea-
ture is spectrally smooth, and suggested use of the
strong wavelength- and temperature-dependence of
the feature for high-temperature sensing strategies.
However, the limited spectral brightness of the deute-
rium lamp limited the signal-to-noise ratio and
required millisecond temporal averaging. Because of
this time averaging, the previous work above 2300 K
required corrections for thermal decomposition of
CO,, and these corrections limited the maximum tem-
perature to 3050 K. The current experiments were per-
formed wusing light from cw lasers at selected
wavelengths detected with UV photodiodes with a
wide dynamic range. The increased spectral brightness
and detection sensitivity enables microsecond time res-
olution with a tenfold increase in signal-to-noise. This
improved time resolution enables direct monitoring of
the thermal decomposition of the CO,, and thus
allows an extension of the temperature range from
3000 to 4500 K. The absorption cross-section at these
very high temperatures is of interest for temperature
sensing behind detonation waves [14] where many
other diagnostic techniques utilizing discrete absorp-
tion transitions become difficult because of collisional
broadening at the high pressures. In addition, the
time-resolution of the experiments enables a determi-
nation of the absorption cross-section immediately fol-
lowing the passage of the shock wave, hence, none of
the data presented here require chemical model-based
corrections for thermal decomposition.

2. Experimental

Mixtures of 2%, 5%, and 10% CO, dilute in argon
were studied behind reflected shock waves, which pro-
vide stationary gas mixtures at known initial tempera-
ture and pressure. Experiments were performed in a
high-purity pressure-driven stainless steel shock tube
(14.13 cm diameter) that has been described elsewhere
[15]. The initial pressure and temperature of the post-
shock experimental conditions were calculated from
the ideal shock wave relations and the measured incident
shock speed. The pressure and temperature were taken
to be the vibrationally equilibrated conditions. As dis-
cussed below, the vibrational relaxation time is very
short (~1-5 ps depending on temperature and pressure)
behind the reflected shock wave in these experiments.
The vibrationally relaxed experimental temperature
and pressure have uncertainties of 0.6% and 1.1%,
respectively [16]. The gas samples were mixed external
to the shock tube in a stainless steel tank with an inter-
nal stirring system with research grade gases (99.998%
CO; and 99.999% Ar). Absorption measurements were
made at a location 2 cm from the endwall of the shock
tube through UV-grade fused silica windows. The re-
flected shock conditions ranged from 1500 to 4500 K
and 40 to 170 kPa.

CW laser radiation was generated at four different
wavelengths: 216.5 nm (2-3 mW) was generated by dou-
bling the output of an Ar* pumped dye-laser, operating
at 433 nm, in a BBO external frequency-doubling cavity,
previously described in our methyl radical work [15]; 306
nm (2-3 mW) was generated by intra-cavity frequency
doubling in a Nd:YVOg4-pumped (532 nm) dye laser
operating at 612 nm, as described in our OH radical
studies [17]; and 244 and 266 nm (1.5 mW each) were
produced by the single pass of a focused laser beam at
488 nm (Ar" line) or 532 nm (Nd:YVO,) through
angle-tuned BBO. The harmonics (244 and 266 nm)
were separated from the fundamental beams (488 and
532 nm) with a set of Pellin-Broca prisms.

The UV laser beams were split into two components:
one, less than 1 mm in diameter, passing through the
shock tube to be absorbed by CO,(/), and one detected
prior to absorption as a reference (/y). These two beams
were detected using amplified S1722-02 Hamamatsu sil-
icon photodiodes (risetime <1.0 ps, 4.1 mm diameter)
and recorded on a digital oscilloscope. The absorption
cross-sections were determined using Beer’s law

1/1y = exp(—o(A, T)nL),

where [ is the transmitted laser intensity, I, is the refer-
ence beam intensity, o(1,7) [cm®molecule™'] is the
wavelength- and temperature-dependent CO, absorp-
tion cross-section, n [molecules cm ] is the CO, number
density, and L is the absorption path length (diameter of
the shock tube 14.13 cm). For these experiments the
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minimum detectable absorbance (In(Zy/1)) was <0.1%
and absorption cross-sections were not derived for
experiments in which the absorbance was less than 0.7%.

The absorbance (In(ly/I)) traces for several experi-
ments are shown in Fig. 1. The passage of the incident
and reflected shock waves cause two schlieren spikes in
the signal, due to steering of the beam off the detector.
After the passage of the reflected shock (marked by a
strong schlieren induced signal), there is a very short
risetime in the absorption signal (~1-5 ps depending
on the temperature and pressure) prior to the steady
absorption due to hot CO,. The absorption cross-sec-
tion is determined during this plateau. This short induc-
tion time is caused by the CO,/Ar V-T relaxation
process [18,19] which brings the vibrationally cold CO,
to an excited vibrational condition where absorption is
possible. The observation of this induction time pro-
vides evidence that the high-temperature UV absorption
of CO, comes from a vibrationally excited CO, ground
state ('Z]). It has been shown by Spielfiedel et al. [20]
that molecules with excited bending modes could ac-
count for the hot CO, absorption at wavelengths longer
than 200 nm because of the significantly better Franck—
Condon overlap these states have with the bent
CO,('B,) electronically excited upper state. The data
shown in Fig. 1 are at temperatures below 3000 K and
do not show significant thermal decomposition in the
first 200 ps.

At higher temperatures (>3000 K) the CO, undergoes
thermal decomposition and the absorption traces show
temporal decay at long times behind the reflected shock;
an example experiment is shown in Fig. 2. This example
(Fig. 2) shows a significant induction prior to constant
absorption following the incident shock due to vibra-
tional relaxation; the vibrational equilibrated conditions
behind the incident shock are 1812 K and 16.3 kPa.
Although, the vibrational relaxation is resolved after
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Fig. 1. Example CO, absorbance (In(/y//)) for experiments at 216.5,
244, 266, and 306 nm.
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Fig. 2. Example CO, absorbance (In(Zy/)) at 216.5 nm for experiment
with thermal decomposition. Initial mixture: 2% CO,/Ar. Vibrationally
equilibrated incident shock conditions: 1812 K and 16.3 kPa. Initial
(prior to decomposition) vibrationally equilibrated reflected shock
conditions: 3838 K, 83.1 kPa. Note the vibrational relaxation after
incident shock-heating and the incubation period prior to decompo-
sition after reflected shock-heating.

the incident shock, it is not resolved after the reflected
shock because the higher temperature and pressure
behind the reflected wave have a much faster vibrational
energy transfer rate. Following the passage of the
reflected shock wave an incubation period is observed
in the absorption prior to the thermal decomposition
(Fig. 2). The reflected shock conditions are 3838 K
and 83.1 kPa for the experiment in Fig. 2. This incuba-
tion period is somewhat longer than the vibrational
relaxation time and is similar to behavior commonly
seen in shock tube laser-schlieren experiments [21].
CO, has a large bond energy (125.7 kcal/mol, 43970
cm™ ') and thus only the high-energy tail of the energy
distribution plays a role in the dissociation, even at the
high temperatures of this study. In the experiments re-
ported here where the average thermal energy is signifi-
cantly below the dissociation energy, thermal
dissociation can only proceed when the highest vibra-
tional levels are populated, and a steady dissociation
rate is not established until the shock-heated CO,
reaches a steady-state vibrational distribution in these
high levels. The incubation period is longer than the
vibrational relaxation time because the time required
for vibrational relaxation in the low-lying vibrational
levels is much shorter than the time required to reach
the steady-state vibrational population in the highest
levels. The incubation period is dependent on collisional
transfer rates from the low-lying vibrational levels at the
bottom of the energy ladder to the levels near the disso-
ciation threshold [22]. It should be noted that the
absorption cross-section was determined for these exper-
iments in the incubation plateau prior to dissociation,
and therefore, the cross-section determination does not
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depend on knowledge of the subsequent chemistry.
Additionally, the experimental temperature during the
plateau is not in question for these high-temperature
experiments because the CO, vibrational temperature
equilibrates to the translational temperature within
~1 s (the vibrational relaxation time in these high-tem-
perature decomposition experiments). To our knowl-
edge this is the first observation of incubation prior to
dissociation in CO,. We plan to comprehensively exam-
ine this phenomenon in future work.

3. Results and discussion

The measured absorption cross-sections at the four
wavelengths are plotted versus temperature in Fig. 3
and compared with the data from the earlier study from
our laboratory [6]. We find excellent agreement for tem-
peratures between 1800 and 2800 K; at higher tempera-
tures, the extrapolation from the earlier lower
temperature data would predict too large a cross
section.

Due to the spectrally smooth nature of the UV CO,
absorption feature [6] the current absorption cross-sec-
tion results in Fig. 3 can be fit to a semi-empirical form

Ino(Z,T) = a+ b,

where a =c¢y + ;T + ¢3/T and b=d, + d,T + d5/T. The
cross-section, a(4,T), is in units of 107" cm? molecule !,
the wavelength, /, is in units of 100 nm, and the temper-
ature, 7, is given in units of 1000 K. The following
parameters provide a best fit to the data: ¢; = 0.05449,
¢» =0.13766, ¢3=23.529, d;=1991, d,=-0.17125,
and dz = —14.694. As is shown in Fig. 3 the scatter of
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Fig. 3. Temperature-dependence of the UV CO, absorption cross-
section. Solid symbols, experimental results: squares, 216.5 nm; circles,
244 nm; triangles, 266 nm; diamonds, 306 nm. Solid lines, semi-
empirical fit to current data; dashed lines, Schulz et al. [6].

the data about the fit is quite small with a 1 — ¢ stand-
ard deviation of 1.8%. It should be noted that this semi-
empirical expression for the absorption cross-section
should not be extrapolated outside the temperature
and wavelength range of the data, but based on experi-
ence from Schulz et al. [6] study interpolation is justified.

The absorption cross-section is plotted versus wave-
length in Fig. 4 for selected temperatures below 3050
K to compare with Schulz et al. [6]; this comparison
shows good agreement for temperatures below about
2800 K. The difference between the current measure-
ment and the previous data at 3050 K can be attributed
to over-estimation of the thermal decomposition in the
earlier paper as discussed below.

The uncertainty in the CO, cross-sections obtained in
these experiments is the result of uncertainties in the
experimental temperature and pressure, uncertainties
in the initial CO, concentration, and uncertainties asso-
ciated with the signal-to-noise of a given experiment.
The experiments in which the smallest absorption was
monitored (low 7 and long ) provide cross-sections
with the highest uncertainty. The majority of the
cross-section results have uncertainties less than 5%;
only a few of the smallest absorption cross-sections
measured at 244 and 266 nm have larger uncertainties,
with the largest uncertainty of 14%.

A comparison of our new cross-section determina-
tions with those of Schulz et al. [6] shows that the agree-
ment is quite good in the middle of the temperature
range, with deviations of 30% and 40%, respectively, at
the highest and lowest temperatures of the Schulz et al.
study which is within the reported uncertainty for those
data at the low and high temperature extremes. At low
temperatures the difference in our findings and Schulz
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Fig. 4. Wavelength-dependence of the UV CO, absorption cross-
section. Solid symbols, semi-empirical fit to current data: squares, 3050
K; circles, 2610 K, diamonds, 2010 K; stars, 1630 K. Solid lines, Schulz
et al. [6].
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et al. is likely due to limited signal-to-noise; as the noise
in the spectra (Fig. 4) shows, the Schulz et al. results at
low temperatures and long wavelengths are significantly
more uncertain than the current results due to poorer sig-
nal-to-noise. At high temperatures our absorption cross-
sections are lower than those of Schulz et al. due to their
use of data impacted by CO, thermal decomposition.
The current experiments indicate that the mechanism
used in the Schulz et al. study (GRIMech 3.0) to account
for decomposition by CO, has a rate coefficient for
CO, — CO + O that is too fast. Schulz et al. calculated
the average mole fraction of CO, during their averaging
time period using the GRI mechanism, thus giving a low
CO, mole fraction. Thus they inferred an absorption
cross-section that is too large. We plan to re-evaluate
the thermal decomposition of CO, in the future.

The hot CO, pre-dissociative absorption is a contin-
uum spectral feature caused by the intersection of many
electronic-vibrational-rotational lines, with a dense en-
ergy spectrum typical of a triatomic. If one uses a
quasi-diatomic approximation to describe these optical
transitions [23], it can be shown that the absorbance at
a given wavelength, /, is described by

0(4 T)n = oer(A)n1 = [oerr(A)n/ Oyip) €xp(—e1(4) /AT),

where the average absorption takes place from a popu-
lation with density #; at a lower state vibrational energy
€1(4) above the zero-energy ground state and where
oen(4) 1s an effective cross-section for absorption. The
vibrational partition function, Q.;, is given by

Quip = [1 = exp(=01/T)]"'[1 — exp(~0/T)]*
x [1 = exp(=6:/T)] ",

where 0, = 1999 K, 0, =960 K, and 05 = 3383 K. This
description of the temperature-dependent absorption
cross-section allows estimation of the effective vibra-
tional energy of the absorbing lower state, &(1). Fig.
5(a) shows a plot of the product of the measured cross-
section, o(4,T), with the vibrational partition function,
O.iv versus inverse temperature. This plot shows the
product, o(4,7)Qyip, 1s linear with a slope that provides
an estimate of the absorbing lower state energy, ¢;. The
cross-section measurements provide lower state energies
of 1.09 eV (8790 cm™ '), 1.48 eV (11940 cm™ ), 1.79 eV
(14440 cm™ "), and 2.34 eV (18870 cm ™) for absorption
of photons at 216.5, 244, 266, and 306 nm, respectively;
these results can be expressed with

e1(A) = —1.94 4+ 0.014[1/nm]A eV.

The lower state energy results are compared to previ-
ous determinations made by Eremin et al. [24] (193 nm)
and Zabelinskii et al. [25] (238 and 300 nm) in Fig. 5(b)
with good agreement. Unfortunately, this simplified
photophysical model does not allow for an assignment
of the absorption at a given wavelength to a specific
vibrational level(s) because of the complex nature of
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Fig. 5. Product of cross-section and vibrational partition function
(0 Qyip) Versus inverse temperature (a) and ground state energy versus
wavelength (b). (a) Solid squares, 216.5 nm data; solid circles, 244 nm
data; solid triangles, 266 nm data; solid diamonds, 306 nm data; solid
lines, least-squares fit of form a(4,7)Qyip = den(A)exp(—e/T). (b)
Squares, current results; line, linear fit to current results; open circles,
Eremin et al. [24]; X, Zabelinskii et al. [25].

the triatomic energy spectrum. Also, note that the line-
arity of a(4,T)Q;, deviates slightly at the highest tem-
peratures (Fig. 5(a)). This deviation might be caused
by enhanced absorption due to transitions to electronic
states other than 'B, such as 'A,, *A,, and °B, that
occurs at the highest temperatures where there is more
highly excited population.

The improved determinations of the CO, absorption
cross-section presented here should enable absorption-
based thermometry in the high-temperature post-com-
bustion gases in a variety of practical systems. For
example, a two-wavelength temperature sensor using
244 and 266 nm laser radiation in a combustion system
with 10% CO, at 1 atm, a 10 cm path length, and an
uncertainty in absorbance of 0.1% (In(/y/1) = 0.001),
could be used to measure temperature over the range
of 1900-4500 K with an uncertainty of 6% at 1900 K
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and 2% at 4500 K. Note, these two wavelengths are
longer than the primary absorption due to aliphatic
hydrocarbons, NO, and O,, and shorter than the OH
absorption feature at 306 nm, and thus avoid interfer-
ence from the major components of combustion effluent.
Such a diagnostic scheme has excellent potential for
high-temperature gases, especially at high-pressures
such as those found behind detonation waves; this is a
regime where many other schemes fail.

4. Conclusions

The absorption cross-section of shock-heated carbon
dioxide has been measured at four different laser wave-
lengths (216.5, 244, 266, and 306 nm) in the temperature
range of 1500-4500 K. The high spectral brightness
provided high signal-to-noise ratios and microsecond
time resolution, which allowed accurate measurement
of the absorption cross-section without the use of a chem-
ical model to describe the decomposition of CO,. These
experiments show an incubation period prior to dissocia-
tion, observed for the first time in CO,. The temperature
dependence of the CO, cross-section was used to estimate
the energy levels of the absorbing ground state. It was
found that those molecules absorbing at 216.5, 244,
266, and 306 nm have characteristic vibrational energies
of 1.09, 1.48, 1.79, and 2.34 eV, respectively.
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