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A methodology for the measurement of mid-infrared absorption cross sections of gaseous molecules at
high temperatures and pressures is presented. A rapid-tuning, broad-scan external cavity quantum cas-
cade laser with a tuning rate in excess of 30000 cm~'s~! has been employed in the measurement of
full vibrational bands (> 100 cm~') in shock-heated test gases. The approach is demonstrated with mea-

surements of the absorption cross section of ethylene (C;H4) in the 8.5 um to 11.7 pm region for tem-
peratures from 8.0 to 1.00 K and pressures from 1 to 5 atm. Decreasing peak strength with temperature
is observed as well as pressure-insensitivity. The measurements are compared with existing experimen-
tal, empirical, and ab initio databases. Additionally, illustrative absorption cross section measurements of
propene (C3Hg), 1-butene (1-C4Hg), 2-butene (2-C4Hg), 1,3-butadiene (1,3-C4Hg), and methanol (CH30H)
are presented near 1000 K and 2.3 atm.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

There exists a marked lack of experimental absorption spec-
tra for high-temperature and high-pressure gaseous molecules.
Gases in these high-enthalpy thermodynamic states are present
in a wide range of natural and man-made environments, such as
cool stars, exoplanets, plasmas, explosions, flames, volcanoes, forest
fires, combustion systems, hypersonic flows, industrial processes,
and exhaust stacks. Correspondingly, these gases are the subject of
scientific study and engineering employ for many fields, including
astrophysics, environmental science, plasma physics, combustion
science, aerospace engineering, chemical engineering, and energy
systems engineering. In the endeavor to study and monitor high-
temperature gases, infrared absorption and emission spectroscopy
offer a powerful toolset for understanding the characteristics of
these environments [1-7]. This work presents a methodology us-
ing shock tube facilities in conjunction with rapid-tuning, broad-
scan, narrow-linewidth lasers to measure the high-temperature
and high-pressure absorption spectra of molecules in the mid-
infrared.

Several databases exist to collate the infrared spectra and spec-
troscopic parameters of gaseous molecules. The most comprehen-
sive and prominent line parameter and cross section databases,
such as HITRAN, GEISA, PNNL Northwest Infrared, and NIST Quan-
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titative Infrared Database, focus on molecules at or near room
temperature and atmospheric pressures [8-11] . Additionally, there
are a few databases, including HITEMP and ExoMol, that provide
high-temperature spectral data but only for a limited subset of
molecules [1,3].

The limited availability of high-temperature and high-pressure
absorption and emission spectra stem primarily from the consid-
erable challenges these conditions pose for ab initio, empirical,
and experimental methods. High temperatures require the consid-
eration of hot lines that emerge due to the population of higher
energy levels, including high-] rovibrational transitions and vibra-
tional hot bands. As a consequence, the number of lines that must
be considered for accurate spectral modeling at high temperatures
often increases by several orders of magnitude [1,2,12]. This issue is
further compounded by increasing molecular size and correspond-
ingly the number of vibrational modes, leading to the number of
infrared lines for a single gas species to count in the billions.

Due to the weakness of hot lines at low temperatures and prac-
tical database considerations, hot lines are not typically observed,
calculated, nor included in experimental, empirical, and ab initio
room-temperature databases. This makes it impossible to accu-
rately extrapolate room-temperature spectroscopic data to higher
temperatures [2].

There are presently several initiatives to calculate, measure, and
collate absorption spectra at high temperatures, including the two
predominant databases HITEMP and ExoMol [1,3,13]. Unfortunately,
the experimental validation is often quite limited, especially for
larger molecules. This lack of experimental validation is primarily
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the result of the same challenges that make any experimentation
at high-temperature, high-pressure conditions difficult; namely the
challenge of generating a well-known, homogeneous, chemically-
stable, high-enthalpy gas state that remains steady for a sufficient
duration to perform the desired experiment. All laboratory ap-
proaches achieve only a subset of these desired characteristics and
must compromise on some to faithfully maintain the others. More-
over, the requirement of a stable chemical composition generally
imposes an unavoidable upper-bound on the duration of the ex-
periment. At elevated temperatures, accelerated reaction rates limit
the experimental test time available to any experimental approach
(e.g., the thermal decomposition of large molecules).

Standard approaches for achieving high-enthalpy conditions in-
clude radiative/conductive heating, rapid-compression, arc-heating,
and shock-heating. With the exception of shock-heating, these ap-
proaches generally provide extended high-temperature test du-
rations (from 100 ms up to several minutes) at the expense
of stable chemical composition, temperature uniformity, or ther-
modynamic equilibrium, respectively. Shock-heating provides a
near-ideal mechanism for instantaneously achieving a well-known,
homogeneous, high-temperature and high-pressure environment
with maximum temperatures and pressures in excess of 10000 K
and 1000 atm, respectively. There is unfortunately the significant
caveat of a very short test time (typically 1 to 10 ms but up to
100 ms is possible) in facilities that employ this mechanism, such
as shock tubes.

In addition to the challenges of generating the desired con-
ditions in a laboratory, the experimental challenges are further
increased for the collection of spectroscopic reference data un-
der these circumstances. This is due both to the characteristics
of molecular spectra at high temperatures/pressures and the per-
formance of the tools used to acquire spectra. High temperatures
and high pressures lead to significant line broadening. The out-
come of these broadening effects, in concert with the emergence
of hot lines, is highly congested and blended spectra; wherein, in-
dividual lines are typically not observable and the local absorption
or emission intensity is the result of the superposition of many
neighboring lines. At these extreme conditions, the most practi-
cal parameterization of experimental spectroscopic measurements
for both the interpretation of observed spectra and the valida-
tion of spectroscopic models is the wavelength-dependent absorp-
tion cross section over full absorption bands. Unfortunately, stan-
dard spectroscopic equipment such as spectrometers, FTIRs, and
narrow-linewidth lasers generally provide a slow rate of acquisi-
tion for broad spectra and thus demand a laboratory approach to
high-enthalpy conditions that emphasizes experimental duration at
the cost of thermodynamic condition accuracy and range.

The recent development of rapid-tuning, broad-scan, narrow-
linewidth lasers in the mid-infrared has enabled, for the first time,
the practical use of a shock tube to perform quantitative broad-
band absorption spectroscopy measurements. Through tuning rates
in excess of 30000 cm~'s~!, it has become possible to acquire the
high-temperature absorption cross section over entire branches, or
even entire bands, of large molecules during the short-duration
steady test time of a shock tube.

2. Experimental methods
2.1. Shock tube

The experiments in this work were performed in a pressure-
driven, high-purity, stainless steel shock tube with an inner diam-
eter of 14.13 cm [14,15]. The shock tube consists of a 7.12 m high-
pressure driver section followed by a 8.54 m low-pressure driven
section that are separated by a polycarbonate diaphragm. The post-
reflected shock conditions are determined using shock jump re-

lations, assuming frozen chemistry. The necessary inputs are pro-
vided by the known initial driver gas conditions and the incident
shock speeds measured using five piezoelectric pressure transduc-
ers distributed over the final 1.5 m of the driven section. Uncer-
tainty in the experimental pressure and temperature are each less
than +1% [14-16]. The test plane is 2 cm from the end wall of
the shock tube with instrument access provided by eight ports. For
these experiments, one pair of ports was equipped with ZnSe win-
dows with a 30" wedge and a broadband anti-reflection (AR) coat-
ing providing less than 1% reflection per surface over the wave-
length range of 7 to 12 pm. These window characteristics mini-
mize etalon fringe noise when tuning the wavelength of a laser.
Another pair of ports was equipped with flat AR-coated ZnSe win-
dows (Ravg <5% over 8 to 12 pum) for use with fixed wavelength
lasers where etalon fringe noise is not a concern. Additionally, one
port was instrumented with a transducer to record the pressure in
the post-reflected shock region.

Helium and helium-nitrogen driver gas mixtures, as well as
driver-section volume inserts, were used to achieve long test times
with a steady pressure profile over a broad range of tempera-
ture and pressure conditions [17,18]. Test gas mixtures were pre-
pared manometrically in a stainless-steel mixing tank using either
neat gases (>99%) or certified standard gas mixtures (£2% un-
certainty on reported concentration) to supply the target species
and high-purity argon (> 99.999%) as a diluent. For the measure-
ments reported here, only dilute test mixtures in argon with a tar-
get species concentration no greater than 5% were used in order to
limit the endothermic effects of pyrolysis at high temperatures.

2.2. Lasers and optics

Two laser systems were integrated into the shock tube in or-
der to perform absorption cross section measurements using the
fractional transmission through the test gas. The fractional trans-
mission is determined by the Beer-Lambert relation:

é =exp(—a) =exp(—onl), (1)
where I is the transmitted intensity, Iy is the incident intensity, o
is the absorbance, o is the absorption cross section in m2.mol~1,
n is the number density of the absorbing species in mol.m~3, and
L is the path length through the gas sample in m.

The first laser system used a Daylight Solutions MIRcat-QT™
with rapid ultra-broad wavelength tuning in order to acquire
absorption cross section measurements over a large wavelength
range within the test time of the shock tube.

As presented in Fig. 1, the MIRcat-QT™ is outfitted with
two external-cavity quantum cascade laser (EC-QCL) modules with
wavelength coverage from approximately 8.5 to 10.5 pm (9.6 to
1.78 cm~1) for QCL 1 (M2095-PCX) and approximately 10.5 to 11.7
um (8.5 to 9.0 cm~!) for QCL 2 (M2115-PC). Variations in the
emission intensity are characteristic of the quantum cascade gain
medium and are specific to individual lasers. Generally, the emis-
sion intensity is strongest in the middle of the coverage region and
decreases to zero at the edges. There was approximately a 6 cm™!
gap between the spectral coverage offered by these two modules.

The laser modules provided a maximum tuning rate in excess
of 30000 cm~!s~! and enabled the full ranges of QCL 1 and QCL
2 to be tuned in less than 10 and 4 ms, respectively. The max-
imum possible tuning rate was used for all experiments here and
only a single laser module was operated during an individual shock
tube experiment. With test times ranging from 2 to 8 ms for the
temperature and pressure conditions studied in this work, spec-
tral measurements over the full wavelength range of the two mod-
ule laser system could typically be achieved with two to three re-
peated experiments.
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Fig. 1. Wavenumber and intensity tuning characteristics of the Daylight Solutions
MIRcat-QT EC-QCL. QCL 1 spans approximately 8.5 to 10.5um (9.6 to 1.78 cm™1)
and QCL 2 spans approximately 10.5 to 11.7 pm (8.5 to 9.0 cm™!).

A pressure transducer monitoring the passage of the incident
shockwave 3.23 m from the shock tube end wall was used to pro-
vide the timing signal for the laser system. The rise in the pres-
sure transducer signal was conditioned into a TTL pulse with a
variable delay by a pulse/delay generator in order to control the
start of the laser scan. The latency between the laser receiving
the trigger signal and the start of the laser scan was typically less
than 300 ns. The desired start wavelength, end wavelength, and
tuning rate for each experiment were configurable in the MIRcat-
QT™ control software. The combination of a variable timing delay
and selectable start wavelength enabled piece-wise measurement
of absorption spectra in cases where the test time was insufficient
for the laser to perform a complete scan.

Fig. 1 presents the wavelength-dependent relative intensity for
each laser module. The large variation in intensity from the edge
to the center of the emission band leads to a corresponding vari-
ation in signal-to-noise ratio (SNR). Absorption cross section mea-
surements in regions with insufficient SNR are excluded from the
results presented here. This exclusion criteria typically reduced the
total tuning range by less than 2%. Repeated experiments with
variable gain/attenuation could be used to recover these low SNR
regions.

The inset of Fig. 1 presents a detailed view of the laser inten-
sity while rapidly tuning the wavelength. The sawtooth-shaped in-
tensity output is the result of ‘micro-hops’ in the laser mode as
the grating angle is rotated [19]. Instead of continuous wavelength
tuning, the laser emits at a steady, fixed wavelength (linewidth:
<0.0033 cm™!) corresponding to the dominant laser mode until
it hops in a discrete step ranging in size from approximately 0.2
to 0.6 cm~!. This dominant laser mode is randomly selected from
a limited set of candidate modes determined by the combination
of the cavity modes (spaced at approximately 0.1 cm~1), the laser
gain curve, and the instantaneous grating dispersion curve. As the
grating is rotated, the shifting center wavelength of the grating dis-
persion curve causes the dominant cavity mode to become weaker
leading to a drop in intensity until this cavity mode exits the grat-
ing dispersion curve. At this moment the laser hops to a new dom-
inant cavity mode, randomly selected among the candidate modes
for that grating angle, and the emitted intensity undergoes a sharp
step-like rise.

Absorption measurements performed using this form of laser
tuning are best interpreted as a sequence of individual narrow-
linewidth, fixed-wavelength measurements each with the duration
of the corresponding intensity sawtooth. The resulting spectrum
comprises discrete absorption cross section values at irregularly
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Fig. 2. Schematic of a shock tube configured with a broad-scan rapidly-tuned
external-cavity quantum cascade laser. The setup includes an intensity reference
detector for common-mode-rejection and a gas-filled wavelength reference cell and
detector for wavelength calibration. (Not shown: Fixed-wavelength CO, gas laser
configured with co-planar alignment.)

spaced wavenumbers. The average spectral interval of the ‘micro-
hops’ (0.35 cm~1) exceeds the laser linewidth by more than a fac-
tor of 100, resulting in a highly-resolved but under-sampled spec-
trum.

As illustrated in Fig. 2, the laser beam was aligned through the
shock tube ports equipped with wedged AR-coated ZnSe windows
and passed through an iris and long-pass infrared filter before be-
ing focussed onto a Vigo Systems™ large-area thermoelectrically-
cooled MCT detector (PVM-2TE-10.6). The iris and long-pass in-
frared filter reduced the quantity of emission from the hot test gas
that reached the detector.

Two ZnSe beam splitters were used to direct a fraction of the
beam toward both an intensity reference detector and a wave-
length reference detector. The intensity reference detector provided
a means to perform common-mode noise rejection and thus cor-
rect for any laser intensity variations during an experiment. The
wavelength reference beam path included a gas cell filled with a
mixture of components selected for well-known room-temperature
absorption features within the scan range of the laser modules.
For the experiments performed here, the mixture was 0.5% ethy-
lene, 0.8% propene, and 2% benzene in a balance of nitrogen at
1 atm. The absorption features produced by this gas mixture pro-
vided an absolute wavelength reference for correcting any varia-
tions in wavelength tuning performance.

For the second laser system, an Access Laser Company™ (O,
gas laser was used to measure the absorption cross section at
a fixed wavelength and monitor any variations in the concen-
tration of the species of interest during the test time. In the
ethylene (C,H4) experiments presented here, this laser was op-
erated at the fixed wavelength of 10.532 pm (949.49 cm™!) to
probe the peak of the fundamental v; vibrational band (CH, wag
mode) [20,21]. The beam was aligned through the shock tube ports
equipped with flat AR-coated ZnSe windows and focussed onto a
Vigo Systems™ MCT detector (PVM-2TE-10.6). The wavelength of
the laser was monitored before and after each experiment using a
Bristol Instruments™ 771B-XIR spectrum analyzer.

2.3. EC-QCL wavelength calibration

To maintain an accurate wavelength reference for the mea-
sured spectra, the EC-QCL wavelength was calibrated relative to
the grating-angle at the factory, independently characterized, and
then corrected for drift. The factory calibration was reassessed us-
ing a spectrum analyzer, the laser output was found to have a
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linear relationship of 1.001 cm~!/cm~! (R-squared: 0.9983) and
0.999 cm~'/em~! (R-squared: 0.9999) between the measured and
calibrated wavelengths, respectively for QCL 1 and QCL 2. While
the absolute wavelength indicated by the laser was found to drift
slightly, the linearity of the relative wavelength was found to be
stable.

When tuned rapidly, a wavelength reference pulse was gener-
ated every 0.5 cm~! and recorded alongside the detector signals.
The fixed-wavelength for each ‘micro-hop’ was determined by lin-
early interpolating the wavelength reference pulse signal at the
timing of each step-like rise observed in the laser intensity. The
average intensity during each individual ‘micro-hop’ was used in
determining the absorbance at the corresponding wavelength.

To assign an absolute wavelength to the measured spectra
and correct any drifts in the absolute value of the output wave-
length provided by the laser system, a known reference spectrum
was measured simultaneously during every shock tube experiment
using the configuration detailed in Fig. 2 and Section 2.2. The
room-temperature wavelength reference cell provided an absorp-
tion spectrum with several strongly absorbing peaks with center
wavelengths known to within 0.06 cm~! [10]. To ensure absolute
wavelength accuracy in the region of greatest interest, a single
prominent reference feature nearest the ethylene band peak was
used to assign absolute values to the well-known relative wave-
length values during tuning. In the case of QCL 1, the ethylene
peak at 949.35 cm~! was used for absolute wavelength correc-
tion. For QCL 2, the prominent propene peak at 912.58 cm~! was
used. Comparing the resulting calibration to the known locations
of other prominent peaks observed in the reference cell mixture of
ethylene, propene, and benzene, wavelength discrepancies of less
than +0.1 cm~! were observed over the range of the scan. To en-
sure that the accuracy of the measured spectra were not influenced
by small absolute wavelength drifts, the above calibration was per-
formed during each shock tube experiment.

2.4. Absorption cross section and wavelength validation

Validation of the measurement methodology was performed
at room temperature and atmospheric pressure where the results
may be compared to the PNNL Northwest Infrared database [10].
Fig. 3 presents this comparison for propene. As can be observed,
the expected cross section values are faithfully reproduced with
residuals not generally exceeding 4+ 10% and major peak locations
correctly located within +0.15 cm~!. Additionally, the measured
integrated cross section over the range of wavelengths in the fig-
ure is 5.9% lower than that calculated for the PNNL Northwest In-
frared database. These discrepancies are within expectation given
that the PNNL reference spectra have a smaller spectral interval of
0.06 cm~! and larger instrument resolution of 0.112 cm~! enabling
narrow spectral features to be more reliably captured in compari-
son to the measured results [10]. At higher temperatures and pres-
sures, line broadening mitigates the need for a smaller spectral in-
terval.

Additional validation of the absorption cross section measured
by the EC-QCL was provided during every shock tube experiment
by the co-planar CO, laser operating at 949.49 cm~!. As demon-
strated in Fig. 4, the measured absorbance on both lasers agree at
the moment the EC-QCL tunes to the CO, laser wavelength.

2.5. Experiment test time

The duration of the test time available for the measurement of
absorption cross sections in a shock tube experiment is dependent
upon the nominal temperature and pressure conditions as well as
the mixture composition. Fig. 4 presents the time-dependent char-
acteristics of a low-temperature and a high-temperature test con-
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Fig. 3. Comparison of the propene absorption cross section measured at 298 K and
1 atm with the corresponding cross section catalogued in the PNNL Northwest In-
frared database [10].

dition employed in the investigation of the C;H,4 absorption cross
section. For each condition, the pressure time-history measured at
the measurement plane is given. Within the test time, the stan-
dard deviation of the pressure was observed to be less than 1.5%. A
conservative cut-off threshold of 100 ps prior to a pressure change
exceeding +2.5% provides the primary criteria for the end of the
test time. For the low-temperature and high-temperature condi-
tions presented here, the test times were 8.6 and 3.0 ms, respec-
tively.

Given the increasing rate of decomposition with temperature
for species of interest, deviations in temperature and composition
must also be considered when interpreting the measured absorp-
tion spectra and defining the serviceable test time. Fig. 4 includes
the absorbance time-histories measured by both the scanned-
wavelength EC-QCL and the fixed-wavelength CO, laser. The fixed-
wavelength absorbance measurement allows the target species
(C;Hy) concentration to be monitored throughout the experiment.
As illustrated in the figure, at low temperatures the absorbance,
and thus concentration, was stable throughout the test time, while
at high-temperatures the concentration was rapidly decreasing. For
the high-temperature case the absorbance dropped by 50% over
the duration of the test time. Decomposition at temperatures ap-
preciably above 1625 K sufficiently curtailed the test time such
that measurements were deemed impractical with the presently
available wavelength tuning rates.

In addition to decreasing C,H,4 concentration, this endothermic
decomposition caused the gas temperature to decrease. The calcu-
lated variations in temperature due to decomposition are also pre-
sented in Fig. 4. The time-dependent temperatures for each con-
dition were determined using the ARAMCOMECH 2.0 C;H4 mech-
anism in Chemkin-Pro™ version 17.2 [22]. The calculations as-
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Fig. 4. Absorbance of C,H; as measured by a rapid-tuning EC-QCL during a
low-temperature test condition (Bottom: 811 K; 1.91 atm; 1.0% C,H4/Ar) and a
high-temperature test condition (Top: 1625 K; 1.71 atm; 2.5% C;H4/Ar). C;Hs ab-
sorbance simultaneously measured by a fixed-wavelength CO, gas laser at 949.49
cm~! (10.532 pm). Measured pressure time-histories, calculated temperatures time-
histories, and serviceable test times are also presented for each shock.

sumed a constant enthalpy reactor with the pressure time-history
defined by the measured values. The initial conditions included
a temperature determined by frozen-chemistry shock jump rela-
tions and a known mixture composition. In the low-temperature
condition, where no appreciable decomposition occurs, the tem-
perature is nominally steady. For the high-temperature condi-
tion, the temperature dropped 4.1% over the duration of the test
time.

The time-dependent concentration and temperature observed
during high-temperature experiments influence the absorbance
measured by the scanned-wavelength EC-QCL. In the results pre-
sented here, the known time-dependent concentration, as mea-
sured by the fixed-wavelength CO, laser, is used to correct the
absorption cross section for the decreasing C;H4 concentration.
The modeled temperature time-histories and the temperature-
dependent absorption cross sections measured by Ren et al. are
used to determine the C,H4 concentration throughout the test
time [21]. The dependence of the absorption cross section on tem-
perature at other measured wavelengths besides 10.532 pm is not
independently known and is the subject of this work, thus the
scanned-wavelength cross section values reported in figures here
are not corrected for variations in temperature but rather the vari-
ation in temperature over the duration of the test time is reported
alongside each spectra. In the electronic distribution of these re-
sults, the corresponding instantaneous temperature (and pressure)
are reported for the measured cross section at each individual
wavelength that was investigated.

3. High-T and high-P absorption spectra
3.1. Ethylene

C,H,4 was the first species to be thoroughly investigated using
the methodology described above. This species was selected as the
initial target based upon favorable spectroscopic and kinetic char-
acteristics, as well as relevance to numerous fields of study.

First, the absorption spectra of C,H4 at high temperatures and
pressures is sufficiently broadened that the limited spectral inter-
val of the EC-QCL measurements will capture the dominant fea-
tures. Smaller molecular species may prove to be challenging with
this methodology due to narrow spectral features except at very
high temperatures and pressures. C;H, is spectroscopically inter-
esting due to the present lack of high-temperature experimental
datasets while still being a sufficiently simple molecule that it
has been the subject of recent ab initio modeling efforts at high-
temperatures [12]. The measurements presented here serve to ap-
preciably expand the range of temperatures, pressures, and wave-
lengths for which quantitative experimental C,H, absorption spec-
troscopy data is available [10,20,21,23-39].

Next, the comparatively slow decomposition rate of C;Hy4 rel-
ative to other larger, less stable molecules allows for longer test
times at high-temperatures before the test gas concentration is
significantly depleted and the temperature perturbed. The well-
studied kinetics of C,H4 pyrolysis enable high-confidence in pre-
dicting the effects of decomposition on the test gas temperature
time-history [22].

Finally, CoHy4 is relevant to a number of areas of research con-
cerned with high-temperature gases. In high-temperature combus-
tion chemistry C;Hy is a key intermediate species from fuel py-
rolysis and significantly influences subsequent oxidation chemistry
[40,41]. Similarly, C,H4 is a pyrolysis product of many modern
ablative thermal protection systems for atmospheric entry vehi-
cles and influences boundary layer flow fields, kinetics, and ra-
diation [42-44]. Moreover, C;H, is a constituent of the atmo-
sphere of many substellar objects such as brown dwarfs, gas gi-
ants, and super-earths [45,46]. In all of these fields, improved high-
temperature C,H, spectroscopic data will enable better diagnostic
tools and improved understanding of foundational phenomena.

Fig. 5 presents a comparison of the measured absorption cross
section of C;H, at 995 K and 2.28 atm to predictions by HITRAN
2016 and the model by Rey et al. for temperatures up to 700 K
[8,12]. The measured spectrum is a concatenation of three shock
tube experiments in order to span the full wavelength coverage
range of both EC-QCL modules (8.5 to 9.0 cm~!, 9.6 to 1.89 cm™!,
and 1.71 to 1.78 cm~!, note the gap in laser coverage near 920
cm~1). The variation in the temperature and pressure of the test
conditions for the three experiments was +5 K and +0.02 atm,
respectively. The results demonstrate the shortcomings of applying
a room-temperature database, such as HITRAN 2016, at elevated
temperatures. The lack of high-] rovibrational transitions leads to a
significant underprediction of the strength and breadth of promi-
nent features. Additionally, new spectral peaks that emerge at high
temperatures, such as those neighboring the primary peak near
10.532 pm, are missing from the predicted spectra due to the ab-
sence of vibrational hot bands from the database.

The accuracy of the Rey et al. 700K model is considerably bet-
ter at predicting both the cross section amplitude and the discrete
high-temperature features within the spectrum. This database in-
corporates hot bands and a rotational quantum number cutoff of
J = 71. This cutoff is sufficient for a fully convergent rotational par-
tition function, and thus a complete line list, for spectrum predic-
tions up to 700 K. However, as stated by Rey et al, a rotational
quantum number cutoff of | = 80 — 85 would be required for spec-
trum predictions at 1000 K [12]. The result of the missing lines
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Fig. 5. Comparison of the C,H4 absorption cross section measured at 995 K and
2.28 atm with predicted values from HITRAN 2016 and the model by Rey et al.
for temperatures up to 700 K [8,12]. The inset provides a detailed view of the v,
vibrational band peak near 10.532 pm.
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Fig. 6. C;H, absorption cross section measured over a range of temperatures from
8.1 to 1.22 K near 2 atm. The inset provides a detailed view of the v; vibrational
band peak near 10.532um with individual measurement wavelengths indicated by
data markers.

with higher rotational numbers presumably bears out in compar-
isons to the measurements where the residual is observed to be
predominantly negative. These missing lines may also account for
the observation that the integrated cross section of the model over
the measurement wavelength range of 864.9 to 1178.2 cm! is
13.6% smaller than that of the measurements. Overall, the model
is a substantial improvement over those previously available and
in this high-temperature case provides predictions with a residual
generally less than +30% relative to the measured cross section.
Measurements of the C;H, absorption cross section were per-
formed at a range of temperatures and pressures presented in
Figs. 6 and 7, respectively. The spectra presented in these figures
each represent a single shock tube experiment; however, multi-
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Fig. 7. C;H4 absorption cross section measured over a range of pressure from 1.01
to 5.08 atm near 1000 K. The inset provides a detailed view of the v, vibrational
band peak near 10.532 pm with individual measurement wavelengths indicated by
data markers.

ple repeated experiments were performed to ensure consistency
in the observed spectra. The inset in each figure provides a de-
tailed view of the fundamental v, vibrational band. The data mark-
ers within each inset indicate the individual measurement wave-
lengths and highlight the approximately 0.35 cm~! spectral inter-
val of the measurements.

In Fig. 6, five temperatures from 8.1 to 1.22 K were measured
near 2 atm. The available test time in a shock tube is inversely
related to the test gas temperature. Correspondingly, the available
scan range in a single experiment is reduced with increasing tem-
perature. This can be observed in the figure. As discussed in Sec-
tion 2.5, decomposition is a concern at high temperatures. 1622
K was the only temperature for which appreciable decomposition
was observed with a corresponding temperature drop of 4.1% over
the duration of the test time. All other conditions experienced
minimal decomposition with less than 0.6% temperature drop over
the duration of the test time. As expected, significant weakening of
the absorption cross section and smoothing of individual features
was observed with increasing temperature.

In Fig. 7, four pressures from 1 to 5 atm were measured near
1000 K. These results demonstrate the relative pressure insensitiv-
ity of the spectra at high temperatures. Prominent spectral features
were smoothed with increasing pressure but the local absorption
strength remains largely unchanged. This indicates that small vari-
ations in pressure during the shock tube test time or between ex-
periments have little effect on the observed spectra.

3.2. Illustrative spectra

In addition to the measurement of the C,H4 absorption cross
section at a range of temperatures and pressures, the methodol-
ogy was applied to several additional species as an illustration
of the potential of this approach to generate a new database of
high-temperature absorption spectra. Fig. 8 presents measurements
of the absorption cross sections of propene (C3Hg), 1-butene (1-
C4Hg), 2-butene (2-C4Hg), 1,3-butadiene (1,3-C4Hg), and methanol
(CH30H) near 1000 K and 2.3 atm. In general, the current ap-
proach may be applied to any infrared-active species under condi-
tions where the salient features may be resolved by the spectral in-
terval of the laser tuning. However, future developments in rapid-
tuning, broad-scan laser systems will inevitably reduce the spectral
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Fig. 8. Absorption cross section measurements for multiple illustrative species
(propene, 1-butene, 2-butene, 1,3-butadiene, and methanol) near 1000K and 2.3
atm.

interval, increase the tuning rate, and open new wavelength ranges
enabling a greater range of species and conditions.

4. Summary

A methodology has been developed for the measurement of
quantitative absorption cross sections for high-temperature and
high-pressure gases. The approach leverages the recent develop-
ment of rapid-tuning, broad-scan EC-QCLs to take advantage of the
short-duration near-ideal high-enthalpy test conditions generated
by a shock tube test facility.

Absorption cross section measurements of the v; fundamen-
tal vibrational band of C,H, from 8.5 to 11.7um were performed
over the temperature range 8.1 to 1.22 K and the pressure range
1 to 5 atm. Additionally, to illustrate the broad range of applica-
tion, absorption cross section measurements for propene, 1-butene,
2-butene, 1,3-butadiene, and methanol near 1000 K and 2.3 atm
were presented.

Using presently available rapid-tuning, broad-scan EC-QCL sys-
tems, the methodology is applicable to any infrared-active species
with absorption in the wavelength range of approximately 4 to
12pm. This range of wavelengths is rapidly expanding with emerg-
ing laser technologies and full coverage of the molecular rovibra-
tional spectrum with broadband, rapid-tuning lasers is anticipated.
Shock tubes conceivably permit this methodology to be applied to
maximum temperatures and pressures in excess of 10000 K and
1000 atm.

In use, quantitative high-temperature absorption spectra over
a wide range of wavelengths could service a need for validation
targets in the development of high-temperature empirical and ab
intio spectral models (emission and absorption). Additionally, the
data could be employed in the interpretation of spectroscopic ob-
servations and the development of laser absorption spectroscopy
Sensors.

Overall, the methodology presented here provides an avenue
to significantly expand upon existing experimental spectroscopic
databases with a new range of previously impractical temperatures
and pressures.
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