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ABSTRACT

Line shapes of the R(12) line in the 1<-0 band of CO were measured near 1 atm between 1100 and 2200
K in mixtures of helium and oxygen behind reflected shock waves. A quantum cascade laser was scanned
over the R(12) line at 2190.0175 cm~! with a scan range of 0.4 cm~! and a scan rate of 2 kHz. Voigt pro-
files were fit to the measured line shapes. The temperature dependence of the broadening coefficient was
assumed to take the form y(T)=y(To)(To/ T)" (To =296 K). By extrapolating from the high-temperature
data, values of 0.048 + 0.005 and 0.048 + 0.004 cm~'atm~! were obtained for yco_pe(To) and yco_o, (To),
respectively, while values of 0.53 + 0.06 and 0.62 + 0.04 were obtained for nco_g. and neo_o,, respec-
tively. For validation purposes, line shapes were also measured in argon mixtures; the resulting CO-Ar
broadening parameters were in excellent agreement with recent literature values. Line shapes were also
measured at room temperature in mixtures of CO/He and CO/O,; excellent agreement was found between
measured and historical values of yco_ne(To) and yco-o,(To). The general behavior of the broadening co-
efficient over a wide temperature range is discussed. The broadening parameters presented herein are
useful for modeling CO-He and CO-0, broadening of the R(12), 1«0 transition between 1100 and 2200

K and are the first measurements of their kind.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon monoxide is a key intermediate species and a regulated
byproduct of hydrocarbon combustion as well as a constituent of
planetary atmospheres and a member of the interstellar medium
[1]. Accurate, non-invasive measurements of CO concentrations via
laser absorption require well-known broadening parameters for
perturbing species. Molecular oxygen is a dominant perturber in
Earth’s atmosphere and in combustion systems, while helium is a
perturber in the interstellar medium and is also frequently used as
a diluent in fundamental combustion studies. CO-He broadening is
of particular interest as recent shock-tube chemical kinetics studies
have suggested that CO is formed in vibrational non-equilibrium
during the oxidation of CH4 [2] and CH,0 [3]. Sen et al. [2] there-
fore used 20% He in their mixtures to speed up vibrational relax-
ation of CO. However, they assumed the same high-temperature
broadening coefficient for CO-He as for CO-Ar, an assumption that
the present work shows to be invalid, at least for the CO transition
of present interest.

Line strengths in the fundamental band of CO are ~102 and
~10% times greater than those in the first and second overtone
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bands, respectively, making the fundamental band ideal for sensi-
tive measurements of CO. The R(12), 1«0 line at 2190.0175 cm™!
is well isolated from neighboring CO lines; has a relatively large
line strength; and shows little interference from H,0 and CO, [4].
For these reasons, the R(12) line is useful for sensitive measure-
ments of CO in a variety of applications.

CO-He broadening of the R(12) line has been studied by a num-
ber of workers [5-10]. Each of these studies included tests at room
temperature, and thus the room-temperature broadening is well
known. However, the temperature dependence has only been stud-
ied by Mantz et al. [9] and Predoi-Cross et al. [10], both of whom
studied CO-He broadening at temperatures from 77-296 K. Simi-
larly, several groups have contributed to CO-0, broadening of the
R(12) line at room temperatures [5,11-13], leading to a consensus
on the room-temperature CO-0, broadening coefficient. However,
only Hartmann et al. [12] have provided theoretical predictions of
the temperature dependence of the CO-O, broadening. To the best
of the authors’ knowledge, there are no high-temperature (> 300K)
experimental data on either CO-He or CO-0, broadening of the
R(12) line.

Therefore, the present work reports the first measurements of
high-temperature CO-He and CO-0, broadening of the R(12) line.
In this paper, an overview of the relevant theory is given, followed
by a description of the experimental apparatus. Sample experimen-
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tal results are presented, along with line strength measurements.
Finally, high-temperature broadening data are presented, includ-
ing a set of validation tests in a CO/H,/Ar mixture, as are room-
temperature measurements. A brief discussion is given on the dif-
ference between room-temperature and high-temperature broad-
ening parameters.

2. Theory

The spectral absorption of nearly monochromatic light by a
weakly absorbing medium is described by the Beer-Lambert rela-
tion,

It/lo = exp[—S¢PynsL]. (1)

which relates the transmitted (I;) and incident (Ip) intensities to
the line strength S [cm—2atm~!], the line shape ¢ [cm], the partial
pressure of the absorber P, [atm], and the path length L [cm]. The
dependence of S on temperature T [K] is given by

S(T) =S(Ty) 3((TT0)) (?) exp [— hck : (% - Tlo>]

h h -1 (2)
Pl B

Here, S(Ty) is the line strength at reference temperature Ty (typ-
ically 296 K), Q(T) is the partition function at T, Q(Ty) is the par-
tition function at Ty, E” is the lower-state energy [cm~!], v, is
the line center [cm~'], and h, ¢, and k are Planck’s constant [J-s],
the speed of light [cm-s—'], and Boltzmann’s constant [J-K~'], re-
spectively. According to the HITEMP database [14], the parameters
Vo, S(Tp), and E” for the R(12) line have values of 2190.0175 cm™!,
7.13 cm~2atm~!, and 299.77 cm™~!, respectively.

The line shape ¢ can be modeled by a number of profiles [15].
The Voigt profile is relatively simple and well known, describing
the convolution of Gaussian (Doppler broadening) and Lorentzian
(collisional broadening) profiles. The shapes of the Doppler and
Lorentzian profiles are determined by their collisional full width at
half maximum (FWHM) values Avp and Av; [cm~1], respectively,
given by

Avp =7.162 x 1077vy/T/M (3)
and
AUL = ZJPJZ]/,_J (4)

Here, M is the molecular weight of the absorber [g mol~1], P; is the
partial pressure of the j-th perturber [atm], and y;_; is the broad-
ening coefficient of the i—j absorber/perturber pair [cm~!atm~!].
The summation extends over all j perturbers, including the ab-
sorber itself. The temperature dependence of y;_; is given by

Yiei (T) = iz j(To) (To/T)™, (5)

where y;_;(Tp) [cm~latm~!] is the broadening coefficient at Ty
and n;_; is the temperature exponent; both of these parameters
are necessary to describe the broadening of spectral lines for a spe-
cific i —j pair. The line shape ¢ is normalized to have area of unity,
meaning that the integrated absorbance A [cm~!] can be written
as

A = SPy.L. (6)

The integrated absorbance is a useful parameter in that it can
remove the dependence of a species or concentration measure-
ment on the broadening parameters of the transition.
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Fig. 1. Vibrational relaxation times for four mixtures at a pressure of 1.0 atm ac-
cording to Millikan and White [16]. The parameter c for CO-0, relaxation, not given
in [16], was assumed equal to that of CO-H, since this parameter shows “distinc-
tion between a diatomic and monatomic collision partner” [16].

3. Experiment

Experiments were performed in a high-purity, stainless steel
shock tube. The driven section had a length of 4.72m and an in-
ner diameter of 15.24 cm, while the driver section had a length of
4.88 m and an inner diameter of 7.62 cm. Five fast-response, piezo-
electric pressure transducers were used to measure the velocity
of the incident shock wave over the final 180cm of the driven
section; the temperature (Ts) and pressure (Ps) behind the re-
flected shock wave were calculated using this measured velocity
and the 1-D shock relations. The tube was pumped down to at
least 1 x 10~ Torr prior to each experiment. Mixtures were mano-
metrically prepared in a 100-L mixing tank using a series of capac-
itance manometers; all mixture compositions given herein are on a
by-volume basis. Gas purity levels were 99.9% for CO, 99.995% for
He, and 99.999% for O, and Ar; all gases were supplied by Prax-
air. Four mixtures were used to study broadening parameters: 0.6%
C0O/1.0% H,/Ar, 0.6% CO/He, 0.6% CO/19.4% Ar/He, and 0.6% CO/8.0%
He/Oz.

Shock-heated CO requires a finite amount of time, 7, to fully
attain vibrational equilibrium. Estimates of 7, are shown in Fig. 1.
A small amount (1%) of H, was added to the Ar mixture to encour-
age vibrational relaxation. Since H, would react in the presence
of O,, He was instead used in the O,-based mixture, although a
larger amount (8%) was necessary since He is a less-efficient col-
lider than H,. All laser scan data were acquired later than the es-
timated t,;, typically by at least 100 ps.

Coherent light near 2190.0 cm~! with a linewidth of ~1.5 MHz
was generated by a quantum cascade laser. The laser was scanned
at 2kHz over a range of ~0.4 cm~! via injection current mod-
ulation. Two beam paths were directed onto two InSb detectors
with 200 kHz bandwidths. Before terminating on the first detector,
the first beam path passed through a 50.8 c¢cm long solid germa-
nium etalon with a free spectral range of 0.024 cm~!. The fringes
observed in this detector signal were used to determine relative
changes in frequency. The second beam path, used to monitor Iy
and I;, passed through two sapphire windows located 1.6 cm from
the shock-tube endwall before terminating in the second detector.
This detector was fitted with a bandpass filter (center wavelength
4562 nm, FWHM 33nm) to reduce background emission; experi-
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Fig. 2. (a) Sample detector (top panel) and sidewall pressure (bottom panel) traces in a mixture of 0.6% CO/He at dP/dt-corrected conditions of 1275K, 0.593 atm. The
estimated 7, is 23 ps. The etalon signal has been inverted and slightly offset for clarity. (b) Sidewall pressure trace for the same experiment, scaled to demonstrate dP/dt

effects.

ments with the laser turned off confirmed that this emission was
negligible (<0.1% of the absorption signal) for the conditions stud-
ied herein. Pressure measurements were recorded in the same ax-
ial plane as the sapphire windows using a high-speed pressure
transducer. For more details on the laser diagnostic, see Mulvihill
and Petersen [17].

Sample laser scan data are shown in Fig. 2a. As expected, the
line shape at the pre-shock conditions of 296.5K and 20.3 Torr is
quite narrow. Following the passages of the incident and reflected
shock waves, visible in the pressure trace, the measured line shape
becomes significantly broader. Immediately before filling the shock
tube with the mixture, a baseline scan was recorded; this scan was
subtracted from the measured scan during data analysis to obtain
the measured line shape at Ts and Ps. In this experiment and all
others, the first available scan was taken from each experiment.

During the He-broadening experiments, non-ideal pressure rises
(dP/dt) as high as 15%/ms were observed. This pressure rise
(and concomitant temperature rise), while well understood in the
shock-tube community, can noticeably alter post-shock conditions.
To account for this, the measured pressure at the time of peak
laser absorption was used in place of the nominal Ps and the tem-
perature calculated assuming isentropic compression of the test
gas was used in place of the nominal Ts. Isentropic compression
has been shown to be a valid assumption for such calculations
[18]. Fig. 2b shows a sample pressure trace at initial conditions of
1265K, 0.581 atm. The corresponding laser scan (Fig. 2a) had peak
absorption at 270 ps, leading to corrected conditions of 1275K,
0.593 atm. All conditions reported herein for He-broadening tests
are the dP/dt-corrected conditions. The Ar- and O,-broadening tests
displayed much smaller values of dP/dt (typically <2%/ms) and
thus were not dP/dt-corrected.

4. Results
4.1. Fitting of measured line shapes

For each experiment, a Voigt profile was fitted to the high-
temperature scan data. Fig. 3 shows four representative line
shapes, along with Voigt fits and corresponding residuals. The
Voigt fits were obtained by selecting the best-fit values of S and
Av; and also using the value of Avp calculated via Eq. (3). The

Ar-broadening experiments, which are included in the Supplemen-
tary Material (SM), exhibited strong signs of collisional narrowing
by manner of the “gull wing” shape noted in the residuals. The O,-
broadening experiments also showed signs of collisional narrow-
ing (e.g., Fig. 3c and d), although not to the degree noted in the
Ar-broadening experiments. The He-broadening experiments per-
formed in 0.6% CO/He showed no clear signs of collisional nar-
rowing, even at higher temperatures (e.g., Fig. 3a and b). The He-
broadening experiments in 0.6% C0/19.4% Ar/He (not shown in
Fig. 3) displayed noticeable signs of collisional narrowing. These
observed collisional narrowing trends accord with the idea that, in
general, heavier molecules tend to promote a higher degree of col-
lisional narrowing since a heavier mass promotes a higher number
of velocity-changing collisions [19]. Included in the SM are a total
of 33 measured line shapes and accompanying Voigt fits.

The best-fit values of S for the He- and O,-broadening exper-
iments are compared with theoretical predictions in Fig. 4. The
solid line in Fig. 4 was calculated via Eq. (2) using R(12) line pa-
rameters (vg, S(Tg), and E”') from HITEMP [14] and values of Q(T)
and Q(Ty) from Laraia et al. [20], while the dashed line was calcu-
lated using line parameters from HITRAN 2016 [21] and the parti-
tion sums from Li et al. [22]. Note that the R(12) line parameters
in HITEMP and HITRAN 2016 only differ in their reported values
of S(Tp): 2.876 x 1019 and 2.938 x 10~'° cm~!/molecule-cm—2
for HITEMP and HITRAN 2016, respectively. Over the 1000-K range
measured, the measured line strengths show good agreement with
the theoretical predictions; similar agreement was observed for the
Ar-broadened line strengths (not shown).

4.2. Room-temperature measurements

Direct measurements of yco_pe(To) and yco-o, (To) were also
performed at room temperature. Mixtures of 0.158% CO diluted in
0, or He were scanned at a rate of 1kHz between 10 and 100 Torr
at 299 K. Voigt fits were applied to the measured spectra; the aver-
age measured S was 7.08 cm~2atm~! (+ 3%), which is in agreement
with the HITEMP prediction of 712 cm~2atm~! (£2-3%). Fig. 5
shows the measured values of A versus pressure for O,- and He-
broadening. Linear fits to the room-temperature data yield values
of 0.0483 and 0.0502 cm~'atm~! for yco_pe(To) and yco_o, (To)-
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Fig. 3. Experimental line shapes, best-fit Voigt profiles, and residuals as a percent of peak absorbance in mixtures of 0.6% CO/He for (a) and (b) and 0.6% CO/8.0% He/O, for

(c) and (d). The He broadening conditions are dP/dt-corrected.

Table 1
Historical and present values of CO-He and CO-0, broadening parameters.

j Yco-j(To), measured at To (cm~'atm=!)  Ref. v co-j(To), from high-temp data (cm~'atm=')  Ref.  ngo_; Temp. range for nep_; (K)  Ref.

He 0.0483 +0.0008 PWe 0.048 +0.005" PW 0.53 +0.06" 1100-2250 PW
0.04712 19] 0.572 77-297 [9]
0.04666 -+ 0.0005 171 0.574 79-296 [10]

0, 0.0502 4 0.0014 PW 0.048 £0.004 PW 0.62 +0.04 1100-2250 PW
0.0501 [12] 0.60 220-3000° [12]
0.0502 + 0.0012 [13]

2 PW signifies the present work.
b Corresponding to “High-temp fit 2” in Fig. 6.
¢ Theoretical calculations were conducted over this temperature range.

These measured values are in close agreement with literature val-
ues, which are shown in Table 1.

Note that the room-temperature line strengths measured in the
present work seem to be in better agreement with HITEMP (within
0.6%) than with HITRAN 2016 (within 2.3%). This better agreement
with HITEMP was also observed by Ren et al. [4], whose value of

S(Ty) was within 0.4% of HITEMP but only within 1.8% of HITRAN
2016. Although these differences are within experimental uncer-
tainty (2-3% in both cases), it is recommended that the HITEMP
value of S(Ty) be used in place of the HITRAN 2016 value for the
R(12) line.



436
T v T L T L T X T L T
164, - --HITRAN2016
1 HITEMP
1.4+ m  He experiments -
< ® O, experiments
E124
© |
o
£1.0
Q.
=
-6)0.8
5 -
S0.64
7
()
£ 0.4+
|
0.2+

T T T T T T T T T T v T
1000 1200 1400 1600 1800 2000 2200
Temperature (K)

Fig. 4. Line strengths of the R(12) line as measured in He and O, experiments. Solid
line: prediction from HITEMP [14], which uses Q(T) from Laraia et al. [20], dashed
line: prediction from HITRAN 2016 [21], which uses Q(T) from Li et al. [22].

5. Discussion
5.1. High-temperature broadening coefficients

To validate the methods used herein, CO-Ar broadening mea-
surements were performed for comparison with the recent mea-
surements of Ren et al. [4]. A set of experiments was carried out
with a mixture of 0.6% CO/1.0% Hy/Ar at temperatures from 1163
to 2212K. As in Ren et al., the broadening from CO and H, was
neglected. The measured 2ycg_s values are shown in Fig. 6 and
demonstrate excellent agreement with the Ren et al. experimen-
tal data and best fit within the estimated 3.15% uncertainty of the
current measurement.

The extremely high sound speed of helium introduces sev-
eral problems for shock-tube experiments. First, high sound speed
causes short time intervals between the transducers used to mea-
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Fig. 6. Log-log plot of 2yco_4 values obtained in a mixture of 0.6% CO/1.0% H,/Ar.
Open diamonds: experimental data of Ren et al. [4], solid line: predictions using
Yco-ar(To) = 0.0395 cm~'atm~! and nco_4-=0.581, as given by Ren et al. [4].

sure shock-wave velocity, which increase uncertainty in the shock
velocity and consequently in Ts and Ps. Second, high sound speed
leads to poor shock-wave transmission, leading to lower Ps and
thus making the exact timing of the incident shock wave difficult
to ascertain. Finally, high sound speed generates short test times,
which make the completion of a full laser scan difficult. These
problems are exacerbated at higher temperatures (i.e., at higher
shock-wave velocities). To mitigate these issues, a 0.6% CO/19.4%
Ar/He mixture was utilized for some experiments given that Ar has
a much lower sound speed than He. This Ar-containing mixture is
not shown in Fig. 1 for clarity but has a t,;, that is only slightly
higher (~3 ps) than the 0.6% CO/He mixture. The Ar-broadening pa-
rameters from Ren et al. [4] were used to subtract out the appro-
priate portion of the collisional FWHM that was due to Ar. Self-
broadening by CO was neglected for all tests.

Fig. 7 shows 2yco_ye measurements for both He mixtures.
Due to reasons given above, the estimated uncertainty of the
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Fig. 5. Integrated absorbance versus pressure for a mixture of (a) 0.158% CO/He and (b) 0.158%/0, at 299 K. Solid lines: best fits, yielding yco_o, (To) =0.0502 cm~'atm~" and

Vco—te(To) =0.0483 cm—'atm~".
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0.6% CO/He measurements was 4.26%, while the estimated uncer-
tainty of the 0.6% C0/19.4% Ar/He measurements was 3.15%; see
Section 5.2 for more details. The temperature uncertainty of the
0.6% CO/He data is also markedly higher than that of the 0.6%
C0/19.4% Ar/He mixture. Two fits to the He data are shown in
Fig. 7: a fit to both mixtures (“High-temp fit 1”) and a fit to
only the 0.6% CO/19.4% Ar/He data (“High-temp fit 2”). The two
fits vary only slightly in the high-temperature region of Fig. 7a.
However, extrapolating back to lower temperatures (Fig. 7b), one
can see that “High-temp fit 1" deviates significantly from the
low-temperature fit of Predoi-Cross et al. [10]. To reconcile the
Predoi-Cross fit and “High-temp fit 1” would require two different
power law behaviors in the intermediate temperature range (300-
1000 K). However, the alternate “High-temp fit 2”, obtained by set-
ting yco—_pe(To) =0.048 cm~'atm~! and ngy_pe =0.53, agrees very
well with the 0.6% C0O/19.4% Ar/He data and also comes into close

agreement with the Predoi-Cross fit at lower temperatures. The
value of ngy_p, for “High-temp fit 2” is slightly lower than n¢o_pe
from Predoi-Cross, which might be in accord with the temperature
exponent approaching the classical hard-sphere limit of 0.5 with
increasing temperature. Note that although the 0.6% CO/He data
were excluded from the “High-temp fit 2” due to their large un-
certainty estimates, the given uncertainty bars can reconcile this
fit with these data.

In a similar manner, measurements of 2yco_o, were carried out
in a mixture of 0.6% C0O/8.0% He/O, and are shown in Fig. 8. As dis-
cussed earlier (Section 3), the 8% He served to hasten vibrational
relaxation. The He-broadening parameters measured in the present
work were used to subtract out the portion of the collisional
FWHM due to He, while self-broadening of CO was neglected. The
uncertainty was assumed to be 3.68%; see Section 5.2 for more
information. A best fit to the 2yco_o, data was achieved using
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Fig. 9. Uncertainty analyses of the measured collisional widths of individual experiments in mixtures of (a) 0.6% CO/He and (b) 0.6% CO/19.4% Ar/He. Conditions are (a)

1331K, 0.472 atm and (b) 1451K, 2.73 atm.

Yco-o,(To) =0.048 cm~'atm~! and ncp_g, =0.62. Also shown in
Fig. 8a and b is the theoretical prediction of Hartmann et al. [12],
who assumed a constant value of nco_p, over the temperature
range 220-3000K.

The various values of CO-He and CO-0O, broadening parameters
are summarized in Table 1, and two observations should be made.
First, the “High-temp fit 2" proposed for the He-broadening data
in Fig. 7b suggests a broadening coefficient temperature depen-
dence that displays more than a single power law dependence over
a wide temperature range. Such a possibility has been suggested
previously [23], and Cybulski et al. [24] have shown analytically
that broadening coefficients could certainly experience changes in
slope of the kind necessitated by Fig. 7b. Second, the difference be-
tween the extrapolated and directly measured values of yco_o, (To)
is quite small. Although the differences may appear significant in
Fig. 8b, these small differences fall within the uncertainty of the
present work, which were obtained (for both CO-He and CO-0,
broadening) by fitting the extreme limits of the error bars on the
data.

5.2. Uncertainty analysis

To assess the sensitivity of the best-fit values of 2yo_; to vari-
ous sources of uncertainty, a detailed uncertainty analysis was per-
formed on two experiments using the root-sum-squares method
and is summarized in Fig. 9. The experiments chosen were both
He-broadening experiments; one in 0.6% CO/He and one in 0.6%
C0/19.4% Ar[He. In each case, the root uncertainty (at the bottom
of each tree in Fig. 9) was measured, estimated, or retrieved. Then,
the effect on the best-fit value of the collisional width was as-
sessed by performing a new analysis after perturbing the uncertain
variable by the specified amount.

A large source of uncertainty for both experiments is the fit-
ting uncertainty, which is larger for the 0.6% CO/He experiment
due to the lower pressure that leads to smaller linewidth and also
lower absorbance. The other large source of uncertainty is the un-
certainty in Ts and Ps, which arises primarily from uncertainty in
the shock wave velocity, which is larger for the 0.6% CO/He ex-
periment as the weak shock strength (and low Ps) makes it dif-
ficult to determine the location of the shock wave. Uncertainty
in the measured value of dP/dt also contributes to uncertainty in
Ts and Ps. Other, smaller uncertainties include mixture composi-

tion and uncertainties in the Ar-broadening coefficient. The abso-
lute values at the top boxes of Fig. 9a and b correspond to rel-
ative uncertainties of 4.26% and 3.15%, respectively. For the Ar-
broadening experiments, the 3.15% uncertainty estimate obtained
for the 0.6% CO/19.4% Ar/He mixture was assumed; this is likely
an overestimate of the uncertainty due to the significantly slower
sound speed of Ar. For the O,-broadening experiments, a 1.9% un-
certainty due to sensitivity of the 2yco_o, values to uncertainty in
the “High-temp fit 2” He-broadening parameters was added (via
the root-sum-squares method) to the same 3.15% uncertainty esti-
mate, yielding an estimated 3.68% uncertainty in 2yco_o,-

5.3. Implementation of broadening parameters

As previously mentioned, the R(12) line is of interest as a
means to measure CO time histories in chemical kinetics exper-
iments and has been previously utilized in such a manner on
several occasions in the authors’ laboratory. As the recent work
of Sen et al. [2] has suggested the need to account for vibra-
tionally unequilibrated CO, the inclusion of 20% He in chemical
kinetics experiments is currently under consideration. Shown in
Fig. 10 is a sample CO time history obtained during the oxidation
of a fuel-lean “sour gas” (H,S/CH4) mixture at 99% dilution, where
20% of the mixture is He and the remaining diluent (79%) is Ar.
Fig. 10 demonstrates that assuming identical broadening parame-
ters for CO-He and CO-Ar can lead to a 7-8% error in the calcu-
lated levels of CO, demonstrating the need for accurate values of
CO broadening at high temperatures for various perturbing species.

6. Conclusions

Scanned-wavelength measurements of CO-0, and CO-He
broadening were performed at high temperatures. Voigt fits to
the measured line shapes yielded collisional line widths and line
shapes between temperatures of 1100 and 2200K. The measured
line strengths were found to be in excellent agreement with
predictions from the HITEMP database [14]. Validation measure-
ments of CO-Ar broadening were found to be in excellent agree-
ment with literature measurements. The measured collisional line
widths were described well by the power law y(T)=y(To ) (To/T)".
CO-0, and CO-He measurements were also performed at room
temperature, and the measured line strengths and collisional line
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Fig. 10. Sample CO time history in a mixture of 0.0638% H,S/0.1492% CH,/0.787%
0,/20% He/Ar. Experimental conditions are 1831K, 1.02 atm. The gray line ignores
the 20% He by assuming that the CO-He broadening is identical to the CO-Ar
broadening. Data are from Mulvihill et al. [25]. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

widths were in excellent agreement with literature data. Differ-
ences between the values of y(Ty) when measured directly at Ty
and when extrapolated from high-temperature data were observed
and discussed. The present work facilitates accurate modeling of
the CO 1<-0, R(12) line shape in the presence of O, and/or He in
the temperature range 1100-2200K.
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