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Abstract A continuous-wave laser absorption diagnostic,
based on the infrared CO, bands near 4.2 and 2.7 um, was
developed for sensitive temperature and concentration
measurements in high-temperature gas systems using fixed-
wavelength methods. Transitions in the respective R-bran-
ches of both the fundamental v; band (~2,350 cm™') and
combination v; + v; band (~3,610 cm™") were chosen
based on absorption line-strength, spectral isolation, and
temperature sensitivity. The R(76) line near 2,390.52 cm™"
was selected for sensitive CO, concentration measure-
ments, and a detection limit of <5 ppm was achieved in
shock tube kinetics experiments (~ 1,300 K). A cross-band,
two-line thermometry technique was also established uti-
lizing the R(96) line near 2,395.14 cm ™!, paired with the
R(28) line near 3,633.08 cm™'. This combination yields
high temperature sensitivity (AE” = 3,305 cm™) and
expanded range compared with previous intra-band CO,
sensors. Thermometry performance was validated in a
shock tube over a range of temperatures (600-1,800 K)
important for combustion. Measured temperature accuracy
was demonstrated to be better than 1 % over the entire
range of conditions, with a standard error of ~0.5 % and ps
temporal resolution.

1 Introduction

High-temperature gas systems are ubiquitous in modern
power, propulsion, and industrial processes. Accurate and
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precise determination of temperature in such systems can
be critical to understanding performance. Additionally, the
determination of species concentration in high-temperature
reacting gas flows provides a basis for characterizing
reaction pathways and chemical kinetic mechanisms. Laser
absorption diagnostics have been utilized extensively to
measure gas temperature and species concentration in
various high-temperature gas systems in both laboratory
and industrial settings [1-3]. Non-intrusive, continuous-
wave (CW) laser sensors provide the capability necessary
for resolving the short time scales involved in chemistry
and high-speed flow fields. This work presents a flexible,
highly sensitive temperature and CO, concentration sensor
based on mid-infrared absorption using two CW lasers,
aimed at high-temperature gas environments.

Carbon dioxide (CO,) is a major product of hydrocarbon
combustion, a component in ambient air, and yet is rela-
tively inert, making the molecule a viable target for
absorption measurements in many high-temperature gas
flows where it may be present naturally or can be added.
Figure 1 shows the infrared absorption spectra of CO, from
1 to 5 pum in wavelength, plotted as line-strengths at
1,000 K. Absorption sensing technology in the 1.3-2.1 pm
wavelength region is relatively mature due to the afford-
ability and availability of optical components supporting
the telecommunications industry. Therefore, many laser-
based CO, absorption sensors have targeted the spectral
combination bands near 1.5 um (2v; + 2v, + v3) [4, 5]
and 2.0 pum (v; + 20, + v3) [6-8]. However, these
absorption bands are relatively weak at increased temper-
atures (T > 800 K), and thus have limited range and
applicability in high-temperature gas systems wherein CO,
is not a major component. More recently, progress in diode
laser technology has enabled spectroscopic access to the
stronger vibrational band near 2.7 pm (v; + v3), and
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Fig. 1 Absorption line-strengths of CO, at 1,000 K (HITEMP [12])

researchers have developed temperature and species con-
centration diagnostics for shock tubes and pulse detonation
engines by probing multiple CO, absorption transitions
within this band [9-11]. The fundamental CO, vibrational
band near 4.3 pm (v3) has approximately 70 and 3,000
times stronger absorption, respectively, than the combina-
tion bands at 2.7 and 2.0 pm. This fundamental band offers
potential for much more sensitive detection than estab-
lished CO, absorption sensors, though a lack of available
room temperature tunable lasers at wavelengths of interest
in this band has mitigated such advancement for highly
quantitative spectroscopy at increased gas temperatures.
Here, we have implemented an existing 2.7 pm diode laser
with a newly developed tunable external cavity quantum
cascade laser (ECQCL) that can access almost the entire v;
fundamental band of CO, (4.13—4.46 pum). The latter laser
was utilized to advance spectroscopic strategies which
enable improved sensitivity for temperature and CO, spe-
cies concentration measurements in high-temperature
gases.

In the present work, mid-infrared CO, sensing strate-
gies were developed with an aim toward application in
shock tube kinetics studies. The objectives of this research
are twofold: (1) develop a highly sensitive (<100 ppm)
CO, concentration diagnostic that is relatively insensitive
to temperature changes common to reactive (pyrolysis/
oxidation) experiments and (2) develop a sensitive tem-
perature diagnostic based on mid-infrared CO, absorption
which may be used for shock tube experiments with
nascent or seeded CO,. Two distinct strategies are pre-
sented to accomplish the aforementioned objectives,
highlighting the flexibility of the broadly tunable external
cavity QCL. The sensor is validated and refined at high
temperatures (700-1,800 K) in shock-heated CO,—argon
mixtures and demonstrated in various pyrolysis and oxi-
dation studies.
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2 Theory

Absorption spectroscopy theory is briefly outlined to clar-
ify notation and can be found more rigorously presented in
other works [3, 13]. The Beer—Lambert law provides the
fundamental physical relation governing narrow-band laser
absorption spectroscopy. The equation relates the mea-
sureable incident (Ip) and transmitted (/) light intensities
through a gas medium by

() = (-, 0

where o, represents the spectral absorbance at frequency
v (cm™"). Spectral absorbance is related to gas properties,
including temperature 7 (K) and species mole fraction Xy,
by

o, = —1In <II—;> = PxapsSi(T)p(v),L, (2)
where S;(T) (cm_2 atm_l) is the line-strength of a quantum
transition { which varies only with temperature, ¢(v); (cm)
is the line-shape function and L (cm) is the path-length. It
follows that gas temperature can be directly inferred from
the ratio of spectral absorbance at two different
wavelengths, as expressed in Eq. 3:

%\ _SaT)o(n)y _
(avZ)_SB(T)gb(vz)B R(T). (3)

The absorbance ratio simplifies to the ratio of the
respective line-strengths and line-shape functions for each
selected transition (A or B). With similar line-shape
functions, temperature sensitivity of the absorbance ratio,
(dR/R)/(ATIT), is primarily driven by the line-strength ratio
of the selected line-pair and can be approximated as

dR/R| _ (hc\ |EX — Ej @
ar/T| =~ \k T

where & (J-s) is Planck’s constant, ¢ (cm s~ ') is the speed
of light, k (J/K) is Boltzmann’s constant, and E' (cmfl) is
the lower-state energy for the target absorption lines [14].
From Eq. 4, we note that the difference in lower-state
energies between lines largely governs the temperature
sensitivity for a two-line absorption technique and serves
as a guide for line selection. Additional spectral parameters
that affect the temperature dependence of the absorbance
ratio include the difference in center wavelengths and line-
shapes between selected lines.

The spectral line-shape functions were modeled here
using the Voigt profile, which captures both collisional-
broadening and temperature-broadening effects, charac-
terized by a collisional width Av. (cm™') and Doppler
width Avg (cm™"), respectively. Though the Doppler width
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scales simply with line-center wavelength and gas tem-
perature, the collisional width depends on gas composition,
with unique line-broadening effects for each molecular
collision partner per

Ave = szjzyj—abm (5)
J

where P (atm) is total pressure and y;_,ps (crnf1 atmfl) is
the broadening coefficient between perturbing species j and
the absorbing species. The temperature dependence of
collisional-broadening is often modeled as a power law,

(0 =1 (%) ©)

where n is the temperature dependence exponent.

Two-wavelength thermometry is a common spectro-
scopic method for quantifying gas temperature based on
laser absorption of a single species [15—-17]. With tem-
perature either measured or known, species concentration
can readily be determined per Eq. 2.

3 Line selection

Primary factors influencing line selection include the
strength, isolation, and temperature sensitivity of accessi-
ble absorption transitions. The fundamental CO, asym-
metric  stretch (v3) band centered near 4.26 um
(2,350 cm™") consists of many strong rovibrational
absorption lines. This v; band is also generally well iso-
lated from interfering absorption when among other com-
bustion products and ambient species including water and
carbon monoxide. However, due to the great strength of the
fundamental band, ambient CO, (~400 ppm) absorbs
significantly at typical path-lengths (~1 m) associated
with benchtop optical setups, creating issues of self-inter-
ference. Figure 2 shows absorbance simulations of ambient
(300 K) and high-temperature (1,000 K) CO, in the
wavelength domain of the v; band. As illustrated, even at a
relatively short path-length (15 cm), ambient CO, can be
optically thick for a large portion of the fundamental band,
making utilization of this portion of the band difficult and
impractical for many applications. At high temperatures,
the Boltzmann distribution forces a more dispersed popu-
lation of molecules among energy states, increasing the
relative strength of absorption transitions associated with
high lower-state energies. This makes the far wings of the
fundamental band at frequencies below 2,300 cm™! and
above 2,380 cm™! attractive wavelength regions for high-
temperature applications [18].

The far wings of the fundamental v; band contain many
candidate lines with attractive characteristics for
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Fig. 2 Absorbance simulations for the CO, vz band at T = 300 K
and 7 = 1,000 K; P = 1 bar, Xco, = 400 ppm, L = 15 cm

quantitative laser absorption measurements in high-tem-
perature environments. The HITEMP database [12] pro-
vides a comprehensive set of CO, line parameters
including line-strengths, lower-state energies, and broad-
ening coefficients which facilitate a detailed assessment
and comparison of individual lines via simulated spectra at
expected test conditions. An FTIR spectrometer
(~0.1 cm™! resolution) was also utilized in conjunction
with a heated static cell to provide empirical validation for
HITEMP simulations and assist in line selection. Details of
the experimental setup involving the FTIR spectrometer
and static cell can be found in a previous work [19]. Fig-
ure 3 shows measured CO, spectra in the far wings of the
fundamental band and comparison with HITEMP simula-
tions at increased temperature (700 K). The HITEMP
simulation exhibits excellent agreement with the FTIR
measurement, providing confidence in the tabulated line-
strengths and air-broadening parameters. The figure also
shows the interference from ambient CO, (400 ppm) at a
1-m path-length and room temperature. Comparison of the
respective spectra in the far wings of the P-branch and
R-branch reveals a substantial difference in relative line
isolation between the two domains. Individual spectral
lines in the P-branch have extensive interference with
neighboring CO, lines at increased temperatures. This
crowded P-branch spectrum is due to an abundance of
active transitions comprising the fundamental hot bands,
including v(001 — 002), v(002 — 003) and so on, where
each progressive band center shifts to a lower wavenumber
due to the decreasing spacing of vibrational energy levels.
Thereby, the lines in the far wing of the R-branch are, in
contrast, relatively well isolated, marking the spectral
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Fig. 3 Measured and simulated spectra in the far wings of the a P-branch and b R-branch of the CO, fundamental v; band; 7 = 700 K,
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Fig. 4 Estimated detectability and temperature sensitivity of CO,
using fixed-wavelength DA at line-center for candidate v; R-branch
lines; T= 1,400 K, P = 1.5 bar, L = 14 cm

domain around 2,381-2,397 cm™! ideal for sensitive laser-
based absorption sensing of CO, at increased temperatures.
Selection of specific lines within the targeted 4.17-4.2 pm
window of the v; R-branch requires further consideration
of the test conditions of interest and optical path-length of
the shock tube.

As outlined, the first objective of this work is to provide
highly sensitive detection (<100 ppm) of CO, for tem-
perature-insensitive species concentration measurements in
a shock tube. With test temperature known from the ideal
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shock relations, a single-line measurement approach can be
taken. Figure 4 shows the mole fraction of CO, for 1 %
line-center absorbance (with Argon bath gas) at a typical
test condition for each of 19 candidate lines in the R-branch
labeled by their respective lower-state rotational quantum
number (J'). Prior experience suggests that absorbance
greater than 1 % provides sufficient signal for quantitative
detection (SNR > 10) with an ECQCL based ona ~0.1 %
absorbance detection limit [20]. Also plotted on the right
axis is the temperature sensitivity of line-center absorbance
for each transition. We see that temperature sensitivity
decreases with J” as the mole fraction for 1 % absorbance
increases. To provide a requisite sub-100 ppm detectability
while minimizing temperature sensitivity, the R(76) line
near 2,390.52 cm™! is selected to compromise these
opposing demands.

Sensitive two-line thermometry represents our second
objective, and for these experiments CO, may be seeded in
the shock tube test gas at modest concentrations (1-2 %)
without meaningfully perturbing reaction chemistry. To
achieve maximum temperature sensitivity, we primarily
aim to select two lines with a large difference in lower-
state energies (AE") as defined by Eq. 4. However, a large
difference in lower-state energies is generally associated
with a large difference in line-strengths (4S) and thus
measured absorbance values when the two lines are
selected from within the same band. A large difference in
absorbance values is non-ideal due to limitations in
dynamic range, bound by the optically thin and thick limits.
The result is a tradeoff between temperature sensitivity and
range when using conventional intra-band two-line
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thermometry. In this work, we present a cross-band two-
line CO, thermometry technique to both increase temper-
ature sensitivity and expand the temperature range of utility
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Fig. 5 Line-strengths versus temperature for transitions utilized in
two-line CO, thermometry (past and present)

T T T T T
12

3 8 2
zZ \ g
g 11 R(96)/R(28) ES
é 5
d
3

_____ 4

014 /e T
: — 0

T T T
600 1000 1400

Temperature [K]

Fig. 6 Line-strength ratio and temperature sensitivity for cross-band
line-pair compared to previous intra-band line-pair [9]

compared with previous intra-band sensors. We select two
lines from different vibrational bands of CO, (v; and
v1 + v3), taking advantage of the sizable difference in band
strengths to select a line-pair with a large AE" and a rela-
tively small 4S.

Relaxing the detectability requirement (100 ppm —
1 %) for CO, thermometry allows us to select a line within
the vz R-branch that has a much higher E than the line
selected to meet our first objective. Moreover, because low
E’ transitions within the v; band are very strong, selection
of a line with a lower-state energy <1,000 cm™' leads
to issues of self-interference with ambient CO, and a
problematically large line-strength/absorbance ratio,
R(1,000 K) > 25, when paired to yield AE' greater than
2,000 cm ™!, In combination, these intra-band issues con-
strain both range and sensitivity for two-line thermometry.
To address such difficulties, we look to the weaker v; + v3
band near 2.7 pm to choose the low E’ line. The R(28) line
near 3,633.08 cm ™! is selected from the v; + v3 band to
serve as the low E line due to relative strength and iso-
lation. This line has been utilized previously for intra-band
thermometry at 2.7 um in similar applications [9, 10, 21].
We pair this line with the R(96) transition near
2,395.13 cm ™! in the v; band to yield a 4E of 3,305 cm ™.
Figures 5 and 6 illustrate the expected temperature range
and sensitivity of the new cross-band thermometry sensor,
with comparison to the previous intra-band sensor at
2.7 um [9]. Table 1 lists relevant spectral parameters
associated with each line used in this work.

4 Sensor development
4.1 Light source selection

Two mid-infrared light sources are utilized for this sensor
to access the three CO, lines of interest. Access to the
R(76) and R(96) transitions near 4.2 pum is attained with a
continuous-wave, single-mode ECQCL from Daylight
Solutions. The quantum cascade laser is broadly tunable
(2,240-2,420 cmfl) over the CO, v; band using a motor-
ized grating (~Hz) and more precisely tuned over a small
range by a piezoelectric driver (~ 100 Hz). Figure 7 shows

Table 1 Spectroscopic line assignments and modeling parameters for the CO, lines of interest

Line

/"

Vo E Band S(296 K) Yar(1,000 K) Ny Yseit (296 K)
(cm™h) (cm™h) (cm™%/atm) (1073 x cm™/atm) (1073 x cm™/atm)
R(76) 2,390.52 2,278 U3 10.1 x 1073 18.3 £ 0.6 0.60 + 0.02 65
R(96) 2,395.14 3,622 U3 18.5 x 1076 16.4 + 0.4 0.48 + 0.02 63
R(28) 3,633.08 317 v; + U3 59.5 x 1072 26.7 + 0.7 0.51 4+ 0.02 93

Parameters taken from HITEMP [12] except where measured (YA, 7ar)
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Fig. 7 Scanned-wavelength direct absorption measurement of the
R(76) CO, transition using a Daylight Solutions ECQCL (100 Hz);
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Fig. 8 Peak absorbance time-history for the R(76) line near
2,390.52 cm™" during a non-reactive shock tube experiment of CO,
dilute in argon; Xco, = 0.005, L = 14.1 cm, T5 = 1,540 K

an example piezo scanned-wavelength measurement of the
R(76) line using the ECQCL. Output power ranges from 30
to 100 mW depending on wavelength, with a typical power
of 40 mW at 4.2 um. The ECQC laser linewidth is
~5 MHz with a wavelength stability of £0.002 cm™'in a
fixed-wavelength mode. The R(28) transition of the
v; + v3 band is probed with a DFB diode laser from
Nanoplus centered near 2.75 um with an output power of
~5 mW. The diode laser linewidth is ~3 MHz with
wavelength stability of £0.001 cm™' and a tunability

range of £3 cm™".

@ Springer

Temperature [K]

Fig. 9 Argon-broadening coefficients for the R(76) and R(96) CO,
lines

4.2 Spectral modeling

Accurate fixed-wavelength direct absorption (fixed-DA)
measurements require a comprehensive spectral model.
The HITEMP database combined with the Voigt line-shape
function has been demonstrated for very accurate modeling
of the infrared CO, spectra in air, as shown in Fig. 3 and
documented elsewhere [11, 22, 23]. However, shock tube
kinetics studies are commonly carried out with argon as the
bath gas, for which collisional-broadening and collisional-
shifting parameters do not exist in the HITEMP database.
For the R(28) line of the v; + vz band, these parameters
have been measured by previous researchers [9]. To
account for argon-broadening and shifting parameters of
the R(76) and R(96) lines of the v3 band, static cell and
non-reactive shock tube measurements were made of CO,
dilute in argon in order to adjust our spectral model. First,
measurements in a heated static cell confirmed that pres-
sure shift in argon is small and negligibly different than
pressure shift in air over the conditions of interest. Second,
in addition to the relatively low-resolution FTIR spec-
trometer measurements, the ECQCL was used to validate
HITEMP line-strength values for spectral lines near 4.2 pm
using a scanned-wavelength (100 Hz) direct absorption
method. In these experiments, a Voigt line-shape function
was fit to the experimental data, as shown in Fig. 7, from
which an integrated absorbance area (A;) could be extracted
and related directly to line-strength by:
A; = PxpS{(T)L. Measured line-strength values agreed
with HITEMP tabulated values within measurement
uncertainty (<2 %). Using the Voigt function, the only
remaining parameter necessary to fully characterize the
spectral line-shape is the argon-broadening coefficient.



Multi-band infrared CO, absorption sensor

861

Here, we inferred argon-broadening coefficients at
temperatures of interest (700-1,800 K) by making fixed-
wavelength measurements at the absorbance peak of each
line during non-reactive shocks of CO, dilute in argon.
Experiments in the shock tube provide well-defined
environments for short time periods (~ms) at tempera-
tures not attainable in a static cell (>1,000 K). Figure 8
shows an example time-history of a non-reactive shock
tube experiment assessing the R(76) line near
2,390.52 cm ™! at 1,540 K. Based on the measured pres-
sure and dilute nature of the gas mixture, the broadening
coefficient at a given temperature is effectively solved by
Eq. 5, where peak absorbance and collisional width are
uniquely coupled in the spectral model. Such experiments
are critical for understanding the temperature dependence
of collisional-broadening, which is not well defined by
Eq. 6 over a large temperature range, and thus cannot be
reliably inferred from low-temperature measurements
alone [24, 25]. Measured broadening coefficients for the
R(76) and R(96) lines of the v3 band are shown in Fig. 9
over a range of temperatures (800-1,900 K) and each fit
with a respective power law function. These measure-
ments are consistent with other CO,—Ar broadening
measurements in an FTIR (550-800 K) by Thibault et al.
[26]. Caution should be exercised when extending the
respective power law functions based on this data to a
wider range of temperature. Collisional-broadening
parameters for all three lines used in this work, as well as
other relevant spectroscopic modeling parameters asso-
ciated with the CO,; lines, are given in Table 1. Further
detail on the experimental setup is discussed in the sub-
sequent section.

4.3 Optical setup

Figure 10 shows a representative optical setup for the
current shock tube experiments. The lasers were used both

2.75 pm
DFB Diode

PV
Detector

Test Medium

BP Filter

Beam
Splitter

4.18 pm

CaF, Lens
ECQCL

Fig. 10 Optical setup for shock tube experiments

independently (for spectral validation and ultra-sensitive
species detection) and in combination as shown (for ther-
mometry). The shock tube has a 14.13-cm internal path-
length and barium fluoride windows located approximately
2 cm from the end wall. The incident beam from the
quantum cascade laser (4.2 um) is split with an anti-
reflection coated calcium fluoride beam splitter to provide a
reference signal for common-mode intensity noise rejec-
tion. The diode laser (2.7 um) exhibits intensity noise of
<0.2 % of absolute signal, and the ECQCL can achieve
similar intensity stability after common-mode rejection.
The beams from both lasers (QCL and diode) are colli-
mated and spatially conditioned with an iris to be ~2 mm
in diameter prior to entering the test section at co-planar
angles. Each laser beam is spectrally filtered with a band-
pass filter (~60 nm) after passing through the test section
and focused onto a photovoltaic detector by a calcium
fluoride plano-convex lens (20 mm f.1.). The photovoltaic
detectors (Vigo PVI-X) are aligned collinear with the beam
path and are thermo-electrically cooled, having a 2-mm
detection area and 10-MHz bandwidth. Data from the
detectors are collected at a sample rate of 1| MHz. Between
tests, a wavelength meter (Bristol 621B) is used to verify
that each laser is centered at line-center. More detailed
information on the shock tube utilized for this work can be
found in previous writings [27, 28].

5 Demonstration and validation
5.1 Sensitive species concentration measurements

The first objective of this work was to provide the ability for
ultra-sensitive (<100 ppm) species concentration measure-
ments of CO, with minimal temperature dependence. This
strategy is targeted for utilization in multi-species mea-
surement campaigns in shock tubes to inform and improve
the modeling of chemical kinetic mechanisms. In previous
research, limited resolution in CO, concentration measure-
ments (~ 300 ppm) based on absorption at 2.7 pm required
the utilization of greater initial fuel concentrations (2-3 %)
than desired [29], which leads to larger changes in temper-
ature during the experiment that can meaningfully alter the
kinetic interpretation. Additionally, to achieve the afore-
mentioned resolution in the 2.7 um band, the relatively
strong R(28) line was used, which has a larger temperature
sensitivity than lines at higher rotational quantum numbers.
To improve on these aspects, we probed the R(76) transition
near 4.2 pm to achieve greater absolute sensitivity and lower
temperature dependence as discussed in Sect. 3. Figure 11
shows example species time-histories during oxidation of
methyl butyrate (MB) at several temperatures to exhibit the
high-fidelity data producible with the new sensor. The sensor
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Fig. 11 Measured CO, species time-histories during methyl butyrate
oxidation (¢ ~ 1)

demonstrates the ability to resolve complex kinetic mecha-
nisms on multiple time scales in a self-consistent manner at
fuel concentrations more than ten times lower than previous
experiments. Figure 12 highlights the improved detection
limit of the new sensing strategy and the ability to resolve
kinetic rate information at early times, critical for anchoring
chemical mechanisms. Based on an observed signal-to-noise
ratio (SNR) of ~ 10 at 50 ppm, the detection limit of the
current sensor is approximately 5 ppm with 1 MHz band-
width at typical shock tube conditions. Results of the first
kinetic studies utilizing this new sensor were presented in a
separate paper by the current authors [30].

0.2% MB/Ar 12

T5=1259 K
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Fig. 12 Pressure and CO, species time-histories during methyl

butyrate pyrolysis at 1,259 K with comparison to the kinetic model
of Huynh et al. [31]
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5.2 Cross-band thermometry

The sensitive cross-band thermometry technique, utilizing
the R(96) and R(28) lines, was validated in the same shock
tube as discussed previously. Non-reactive CO,—Ar shocks
were performed over a range of temperatures
(600-1,800 K) and pressures (1.2-2.5 bar) to evaluate the
accuracy of the spectral model and the precision of the
fixed-wavelength sensor. An example time-history of the
shock tube validation is shown in Fig. 13, wherein the
strong inverse temperature dependence can be observed
between the two wavelengths as the experiment proceeds
in time, and increases in temperature. This strong inverse
dependence yields the high level of temperature sensitivity
in the ratio of absorbances. With similar line-strengths, the
concentration of CO, in the bath gas can be readily tailored
to optimize the absorbance magnitudes between the opti-
cally thin and thick limits (¢ =~ 0.1-1.5) over a wide range
of temperatures. As seen in the figure, both wavelengths
provide favorable absorbance levels with 2 % CO, seeded
in the bath gas.

The ratio of absorbances was then converted to tem-
perature, as depicted in Fig. 14, based on the respective
spectral models for each wavelength, using the measured
pressure and known mole fraction as inputs. For each
shock, temperature was also calculated from the measured
incident shock velocity using the ideal shock relations and
known initial conditions in the shock tube. Typical
uncertainty in temperature using this calculated method is
approximately 0.6 % for non-reactive shocks and treated as
the known temperature here [32]. The known temperatures
(pink) for region 2 (between incident and reflected shock)
and region 5 (after reflected shock) are shown overlaid with
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Fig. 13 Example peak absorbance time-histories of the R(96) and
R(28) lines in a non-reactive shock tube experiment
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Fig. 15 Comparison of cross-band thermometry with known tem-
perature in the shock tube

the measured temperature from cross-band CO, ther-
mometry, with excellent agreement displayed between the
two methods. Looking more closely at the measured tem-
perature behind the reflected shock reveals the precision
that can be achieved using the cross-band technique (£5 K
or <0.5 %) over the test time (~ 1 ms) of the non-reactive
shock. Figure 15 provides an assessment of the accuracy of
the cross-band technique, comparing the measured tem-
peratures to the known temperatures from the ideal shock
relations. Over the full range of conditions, the measured
temperature agreed with the known temperature within
1 %, and the standard error was ~0.5 %. Precision
decreased with temperature such that noise in the

temperature measurement reached +2 % at the high end of
the temperature range compared with a typical 0.5 % as
illustrated in Fig. 14.

6 Summary

Accurate and precise determination of temperature and
species concentration is important to the assessment of
reacting gas systems. In this work, we developed a highly
sensitive laser-based absorption diagnostic that probes the
infrared spectra of CO, to measure gas temperature and
CO, concentration at time scales (us) and temperatures
(600-1,800 K) relevant for shock tube kinetics studies. An
ECQCL was utilized to exploit the far R-branch wing of
the fundamental v3 band of CO, near 4.2 pm, which is well
isolated from potential interfering absorption. The R(76)
line was selected for sensitive (<100 ppm) species detec-
tion with relatively weak temperature dependence. Oxida-
tion and pyrolysis experiments were performed on various
methyl esters, wherein the sensor exhibited a detection
limit of better than 5 ppm at conditions of interest for
combustion kinetics. This mid-infrared (4.2 um) CO,
concentration sensing represents an improvement of
greater than 50 times the sensitivity achieved previously
near 2.7 pm. A cross-band two-line thermometry technique
was also established using the R(96) line of the v; funda-
mental band and the R(28) line of the v; + v3 combination
band. The cross-band spectroscopic approach facilitates
high-temperature sensitivity (A4E" > 3,000 cm™") with
similar ranges of absorbance between the two lines, which
is desirable in order to maximize the useful range of the
sensor. Non-reactive CO,-in-argon shocks were carried out
to validate the accuracy (~0.5 %), precision (0.2-2 %),
and range (600-1,800 K) ofthe cross-band thermometry
technique. Compared with previous intra-band fixed-DA
thermometry methods, this cross-band method offers more
than twice the sensitivity along with expanded useful range
to higher temperatures.

7 Potential sensor improvements

While the current sensor substantially improves upon prior
CO, absorption sensing techniques, future work is recom-
mended to further optimize the sensor and expand its appli-
cability. Normalized wavelength modulation techniques
(WMS-nf/mf) can be employed to desensitize measurements
to non-absorption light intensity fluctuations such as emission,
beam steering, and vibrations that may limit precision, espe-
cially at the high end of the temperature range. WMS methods
can also desensitize measurements to spectrally broad
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interfering absorption, which may be present with various
fuels. Additionally, the optical engineering of the current
sensor may be improved to create a more field-deployable
diagnostic. Specifically, the two beams for thermometry may
be combined onto a single optical path, using a beam splitter or
bifurcated optical fiber, to minimize the optical footprint of the
sensor and mitigate the influence of spatial non-uniformities in
the test gas, which are more pronounced in engine applica-
tions. From a spectroscopic standpoint, the ECQCL may also
be utilized to probe any of the thirty well-isolated CO, tran-
sitions in the v; R-branch between 2,381 and 2,397 cmfl,
which may be desirable for certain applications with slightly
different test conditions, detection requirements, and path-
lengths. Here, we have demonstrated two distinct applica-
tions, for which the R(76) and R(96) lines were used, but the
current diagnostic offers additional flexibility in line selection,
and can be optimized for a broad range of high-temperature
applications.
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