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1  Introduction

Carbon dioxide (CO2) is a minor yet closely monitored 
atmospheric constituent as well as a primary byproduct of 
hydrocarbon combustion. Accurate spectroscopic infor-
mation is often desirable for measuring CO2 concentra-
tion in these applications, and thus, several spectroscopic 
databases on CO2 have been compiled for ambient tem-
peratures, including HITRAN 2004 [1], HITRAN 2012 
[2], and CDSD-296 [3], among others. Databases have 
also been developed for high-temperature applications, 
including CDSD-1000 [4], CDSD-4000 [5], and HITEMP 
[6]. These databases contain line positions, linestrengths, 
and various broadening parameters pertaining to air- and 
self-broadening.

Laser absorption techniques play a large and growing role 
in gas-sensing measurements [7]. The high spatiotemporal 
coherence of lasers offers quantitative, spatially resolved 
measurements of species concentrations and temperatures. 
To attain reliable quantitative measurements for high-res-
olution spectroscopy, accurate parameters are needed to 
describe the broadening of the spectral lines of an absorb-
ing species (an absorber) by a non-absorbing species (a 
perturber).

Argon (Ar) is often preferred as a shock-tube bath gas in 
chemical kinetics experiments, because it is chemically inert 
and because its high specific heat ratio mitigates reflected-
shock bifurcation [8]. Since high dilution levels (≥ 98% by 
vol.) of Ar are typically used in shock-tube laser absorption 
experiments to limit the temperature rise due to exother-
micity, Ar-broadening is often the dominant broadening 
mechanism. Therefore, obtaining accurate predictions of 
CO2 absorption during shock-tube chemical kinetics exper-
iments requires values of CO2–Ar-broadening parameters 
that are valid at high temperatures (> 1000 K). None of 

Abstract  Scanned-wavelength laser absorption measure-
ments of CO2 diluted in Ar were performed behind reflected 
shock waves at high temperatures (1158–2017 K) and low 
pressures (5.1–108.4 kPa). High-resolution (0.001 cm−1) 
scans were conducted in 0.4-cm−1 increments from about 
2188.8 to 2191.8 cm−1 at a scan rate of 2 kHz. The HITRAN 
2004, HITRAN 2012, and CDSD-296 databases were all 
found to underestimate the absorption, typically by an order 
of magnitude or more. The HITEMP database, however, 
closely predicted the measured data. For the assumed form 
�
CO

2
−Ar(T) = �

CO
2
−Ar(T0)(T0∕T)

n with T
0
 = 296 K, an opti-

mization routine was implemented to determine the val-
ues of �

CO
2
−Ar(T0) and n. From the optimization, values of 

0.033 ± 0.004 cm−1 atm.−1 and 0.61 ± 0.04 were determined 
for �

CO
2
−Ar(T0) and n, respectively, which are in good agree-

ment with historical values. These values describe an aver-
age CO2–Ar broadening coefficient in the frequency range 
studied herein and are reliable within the experimental tem-
perature range. In addition, a set of fixed-wavelength meas-
urements at 2190.0175 cm−1 were carried out at 122, 446, 
and 1115 kPa between 1100 and 2100 K, and the HITEMP 
predictions incorporating the proposed Ar-broadening 
parameters showed excellent agreement with these data.
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the previously mentioned spectral databases contains Ar-
broadening data.

The ν3 (asymmetric stretch) band of CO2 manifests itself 
from about 2000 to 2500 cm−1. Of interest to the authors is 
the overlap of the low-frequency wing of the ν3 band of CO2 
with the fundamental band of CO. In a recent work from the 
authors’ laboratory [9], interfering absorption from CO2 had 
to be subtracted out from laser absorption measurements at 
the R(12), �′′ = 0 line of CO at 2190.0175 cm−1. This inter-
ference from CO2 absorption was unexpected due to earlier 
calculations by Ren et al. [10] using HITRAN 2004 that 
suggested negligible absorption by CO2 at this frequency 
(see Fig. 2 of [10]). Although HITEMP better predicts CO2 
absorption at high temperatures (see below), a need still 
exists for high-temperature CO2–Ar-broadening parameters 
near 2190 cm−1. The subject of the present study, therefore, 
was to measure directly the CO2–Ar broadening at condi-
tions of interest to shock-tube combustion studies. Provided 
in this paper, following a background section on relevant 
theory and literature, are details of the experimental setup. 
The results of the experiments and the suggested broadening 
parameters are covered in the last half of the paper.

2 � Background

2.1 � Theory

The absorption of monochromatic light is described by the 
Beer–Lambert relation:

which relates the incident and transmitted intensities I0 and 
It to the linestrength S(T) [cm−2 atm.−1], the lineshape func-
tion �(� − �0) [cm], the total pressure P [atm.], the mole 
fraction of the absorber Xabs, and the path length L [cm]. 
The linestrength S is a function of temperature T  [K], while 
the lineshape � is a function of T  and P as well the distance 
� − �0 from the line center �0 [cm−1].

Various models can be used to describe �; combustion 
scientists often employ the Voigt profile. The Voigt profile 
is given as the convolution of the Doppler and Lorentzian 
profiles, which are themselves described by their full width 
at half maximum (FWHM) values Δ�D and Δ�L [cm−1], 
given by

and

Here, M is the molecular weight [g mol−1], �i−j(T) is the 
broadening coefficient of absorber i broadened by perturber 

(1)It∕I0 = exp
[

−S(T)�(� − �0)PXabsL
]

,

(2)Δ�D = 7.162 × 10−7�0

√

T∕M

(3)Δ�L =
∑

j

2�i−j(T)PXj.

j [cm−1 atm.−1], and Xj is the mole fraction of perturber 
j. The summation in Eq. (3) extends over all perturbers, 
including the absorber itself (i.e., self-broadening). The 
temperature dependence of the broadening coefficient �i−j 
is assumed to follow the familiar power law:

where �i−j(T0) is the broadening coefficient at reference 
temperature T0 (herein, T0 = 296 K), and n is the tempera-
ture exponent of the same i − j system. Both �i−j(T0) and 
n are necessary to predict the broadening behavior of an 
absorber–perturber pair at high temperatures. The functional 
dependencies of �i−j(T0) and n are discussed more in the fol-
lowing sections.

2.1.1 � Previous work concerning �
CO

2
−Ar(T0)

At or near 296 K, CO2–Ar broadening has been investi-
gated by a number of workers and in various vibrational 
bands. Boulet et al. [11] measured �CO2−Ar

(T0) at 296 K up 
to J ≈ 40. Similar measurements were performed in the 3v3 
band [12], the v3 band [13, 14], and the 3v1 + v3 band [15]. 
A general consensus has been reached, based on theory and 
experiments, that there is no dependence of �CO2−j

(T0) on the 
vibrational band [16] as first suggested by Arié et al. [17]. 
As for rotational effects, the J′′-dependence of �CO2−Ar

(T0) 
has been well established [16, 18, 19].

Despite the considerable body of work on �CO2−Ar
(T0), 

no studies near 2190 cm−1 were found in the literature. The 
lack of activity at this frequency is likely due to the small 
linestrengths (~ 1 × 10−5 cm−2 atm.−1) at room temperature 
and the many overlapping hot bands at high temperatures 
(> 1000 K) that make measurements difficult to interpret. 
Furthermore, the prediction of broadening parameters using 
the known J′′-dependence of �CO2−Ar

(T0) is complicated by 
the many strong lines at high temperatures that muddle the 
definition of an effective J′′ value. Thus, the present work 
aimed to measure �CO2−Ar

(T0) by making measurements 
at high temperatures near frequencies of 2190.0 cm−1 and 
extrapolating back to T0 through use of the temperature 
exponent n.

2.2 � Previous work concerning n

To obtain information on the temperature exponent n, Ar-
broadening measurements and calculations have been per-
formed at temperatures other than 296 K. This problem was 
first addressed by Pack [20], who assessed the temperature 
dependence of Ar- and He-broadened CO2 lines via infinite-
order sudden (IOS) calculations. Brownsword et al. [13] 
performed measurements at 160 and 300 K and reported 
n = 0.88 ± 0.18. In an experimental and theoretical work 
between 77 and 765 K, Thibault et al. [18] reported a value 

(4)�i−j(T) = �i−j(T0)(T0∕T)
n
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of n = 0.70 below 296 K and a value of 0.64 above 296 K. 
At higher temperatures, Wooldridge et al. [21] measured a 
value of n = 0.61 ± 0.01 for the R(48), R(50), and R(52) 
lines of the v3 band from 296 to 2290 K, while Spearrin et al. 
[22] investigated several lines in the v3 and v1 + v3 bands 
from about 1000 to 2000 K. Farooq et al. [23] investigated 
two lines in the v1 + v3 band between 300 and 1200 K. The 
literature values of n are summarized in Table 1.

It is well known that n is itself a weak function of tem-
perature [10, 18, 20] and that the power dependence given 
in Eq. (4) is typically only valid over a certain temperature 
range for a given value of n. The difference in the tempera-
ture ranges studied by Brownsword et al. [13] and Wool-
dridge et al. [21] is thus the likely explanation for the large 
discrepancy in their reported values of n. Similarly, Spearrin 
et al. [22] and Farooq et al. [23] both measured n for the 
R(28) line at 3633.08 cm−1, but obtained noticeably differ-
ent values, since their temperature ranges were different. 
Since both Spearrin et al. [22] and Wooldridge et al. [21] 
performed their measurements near the temperatures of the 
present study, it is expected that the value of n obtained 
herein should fall closer to their values.

3 � Experimental setup

3.1 � Shock tube

All experiments were performed in a stainless steel, pres-
sure-driven, single-diaphragm shock tube. The driver side 
had length and diameter of 2.46 m and 7.62 cm, respectively, 
while the driven side had length and diameter of 4.72 m 
and 15.24 cm, respectively, where 15.24 cm is the absorp-
tion path length. Sidewall pressure traces were recorded 
1.6 cm from the endwall using a Kistler 603B1 pressure 
transducer. The incident-shock velocity was measured via 
five piezoelectric pressure transducers and extrapolated to 
the endwall to calculate the temperature and pressure behind 
the reflected shock wave (T5 and P5) using the normal-shock 

relations. Using this method, conservative estimates for 
uncertainties in T5 and P5 are 1.0 and 1.8% due to uncertainty 
in the determination of the shock velocity [24].

Prior to each experiment, the driven side was vacuumed 
down to ~ 1 × 10−6 kPa via a turbomolecular pump. The 
fill pressures for experiments below 50 kPa were monitored 
with a 0–1.3 kPa gauge, while others were monitored with a 
0–130 kPa gauge (MKS Baratron). The leak rate was meas-
ured to be ~ 1.3 × 10−4 kPa min−1, and diaphragms were 
typically burst less than 1 min after filling. The 7.509% CO2/
Ar mixture used for all experiments was manometrically pre-
pared in a separate, 40-L mixing tank using the 0–130 kPa 
gauge. CO2 and Ar were supplied by Praxair and Airgas with 
purity levels of 99.999%. The 7.509% CO2/Ar mixture was 
chosen to provide adequate absorption levels while keeping 
Ar as the dominant perturber. Calculations with the Ara-
mco 1.3 chemical kinetics mechanism [25] confirmed that no 
thermal decomposition of this mixture occurred even at the 
highest temperatures studied. In addition, despite the higher 
concentration of CO2, no signs of reflected-shock bifurcation 
were noted in the sidewall pressure traces.

The CO2 behind the reflected shock wave was subject 
to vibrational relaxation effects. Estimations of the vibra-
tional relaxation time �vib were made at the lower-temper-
ature, lower-pressure conditions (1158 K, 5.1 kPa) of this 
study, where �vib will be at a maximum. At these conditions, 
calculations according to Nevdakh et al. [26] suggested 
�vib ≈ 12 µs, while interpolation of experimental data from 
Simpson et al. [27] suggested �vib ≈ 40 µs. To completely 
avoid �vib effects, laser data were recorded starting at least 
100 µs after the arrival of the reflected shock wave. The 
effects of �vib become increasingly negligible at higher pres-
sures, as shown in Fig. 1.

The pressure rise behind the reflected shock wave (dP∕dt)  
is caused by nonideal effects such as shock attenuation and 
boundary-layer growth and is exacerbated by the presence 
of CO2 [28]. For the lower pressure, higher temperature 
experiments (~ 5 kPa, ~ 1900 K), dP∕dt values were as 
high as 18% ms−1. This value decreased dramatically with 

Table 1   Literature values of 
the temperature exponent n for 
the CO2–Ar system

a  For potential energy surface 2
b  This range is approximate due to complications discussed herein

Rotational quanta n Temperature range (K) References

P(20) 0.66a 300–400 Pack [20]
P(6)–P(60) 0.88 ± 0.18 160–300 Brownsword et al. [13]
R(0)–R(80) 0.70 77–296 Thibault et al. [18]
R(0)–R(80) 0.64 296–765 Thibault et al. [18]
R(48), R(50), R(52) 0.61 ± 0.01 296–2290 Wooldridge et al. [21]
R(28), R(76), R(96) 0.51, 0.60, 0.48, ± 0.02 ~ 1000–2000 Spearrin et al. [22]
R(28), P(70) 0.658, 0.694 ~ 300–1200 Farooq et al. [23]
P(77)b 0.61 ± 0.04 1158–2017 This work
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increasing pressure, however, and for experiments at or 
above 20 kPa was ≤ 2% ms−1. To reduce the impact of this 
nonideality, laser data were taken no later than 800 µs after 
the reflected shock wave, constraining the measured uncer-
tainty in P5 due to dP∕dt to 14.4% at the lower pressure, 
higher temperature case. This uncertainty had negligible 
effect on the determination of �CO2−Ar

(T0), as demonstrated 
by the error bars shown later in Sect. 5.

3.2 � Laser diagnostic

Figure 2 shows a schematic of the laser setup. A quan-
tum cascade laser (QCL) from Alpes Lasers (HHL-L 

module) was used to generate laser light with a linewidth 
of ~ 1.5 MHz, which is ~  400 times less than the narrow-
est measured linewidth. The laser was passed through the 
shock tube via sapphire windows in the same plane as the 
sidewall pressure transducer. The laser was scanned across 
a ~  0.4 cm−1 range at 2 kHz by modulating the injection cur-
rent with a sawtooth wave. The center frequency of the laser 
was controlled by varying the laser temperature between −6 
and −18 °C. An external cooling plate provided additional 
laser stability. Two cryogenically cooled InSb detectors (Jud-
son J10D) with bandwidths of 200 kHz monitored It and 
Ietalon and were sampled at 1 MHz using a digital oscillo-
scope. To monitor relative changes in laser frequency, a solid 
germanium etalon of length 50.8 cm with a free spectral 
range (FSR) of 0.024 cm−1 was placed in front of the Ietalon 
detector. Scan time was converted to relative frequency by 
fitting a third-order polynomial to the location of the peaks 
in the Ietalon signal. Even at the lowest pressures, where the 
lines are most narrow, the detector bandwidth and sampling 
rate were able to adequately capture the shape of the spectra 
with a spectral resolution of 0.001 cm−1.

The use of Eq. (1) necessitates measurement of both It 
and I0, which was accomplished by taking the data from the 
scan prior to the arrival of the reflected shock wave as I0. 
This baseline intensity was highly repeatable and typically 
varied by < 0.4% from scan to scan. Figure 3 shows typi-
cal data traces from a scanning experiment. The portions of 

Fig. 1   Estimations of �
vib

 over a range of temperature at various 
pressures for a mixture of 7.509% CO2/Ar. Calculations according to 
Nevdakh et al. [26]

Fig. 2   Schematic of the laser absorption setup used in the scanning 
experiments

Fig. 3   Sample data traces of the transmitted intensity I
t
 (a), the 

etalon intensity I
etalon

 (b), and the sidewall pressure (c) from a scan-
ning experiment at 2017 K and 18.4 kPa in 7.509% CO2/Ar
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the It detector trace taken as the baseline intensity (I0) and 
scan data (It) have been thickened. In accordance with the 
dP∕dt concerns mentioned earlier, the first full scan after the 
reflected shock was recorded for all experiments.

To convert the relative frequency of the scans to abso-
lute frequency, separate tests were undertaken using a refer-
ence line. The location of the strong R(12), �′′ = 0 line in 
the fundamental band of CO is given in HITEMP [6] as 
2190.0175 cm−1, with an uncertainty between 0.0001 and 
0.001 cm−1. An absorption cell was filled with a mixture 
of ~ 10% CO/Ar, and experiments were carried out with 
this cell placed in the path of the It beam. The sharp CO 
absorption spike in the resulting measurements was fixed 
at 2190.0175 cm−1, and the absolute frequencies of the sur-
rounding CO2 peaks were determined using this known fre-
quency in conjunction with the relative frequency obtained 
from the Ietalon trace. This characterization was performed 
over the range of temperatures and pressures studied herein 
to characterize the locations of the CO2 peaks at different 
conditions. The absorption cell was filled to a pressure of 
1.3 kPa to reduce collisional lineshift of the reference CO 
line.

Broadband emission from shock-heated gases and shock-
tube walls is a source of uncertainty in laser measurements. 
Narrow bandpass filters (center wavelength 4.5 µm, FWHM 
0.5 µm) and irises were utilized to reduce this emission. 
Since the emission could not be completely eliminated, a 
series of experiments were carried out to characterize the 
background emission as a function of T5 and P5. Experi-
ments were run with the laser turned off, and the resulting 
emission level (typically 0.5–10.0 mV) in the It detector was 
recorded. Correlations of the emission versus T5 and P5 were 
obtained and used to correct all CO2 spectra; corrections 
slightly increased CO2 percent absorption levels by a relative 
change of 1.0–2.2%.

4 � Results and analysis

4.1 � Experimental profiles

Figure 4 shows typical experimental results. The presence of 
several distinct CO2 lines is evident, although, as discussed 
later, there are many more lines present than is immedi-
ately evident. Also depicted in Fig. 4 are the bounds due to 
uncertainty in background emission and detector offset. A 
slight detector offset was measured to be −11 mV for the 
It detector and was taken into account in post-processing. 
Highly conservative estimates of uncertainty in emission 
(± 20%) and detector offset (± 10 mV) were used to calcu-
late the dashed lines in Fig. 4, and yet, the relative differ-
ence between experiment and uncertainty calculations is still 
only ≤ 1.5% at all points.

The effect of pressure on measured spectra is shown in 
Fig. 5 for several experiments at similar temperatures. As 
expected, the spectra become more broadened with increas-
ing pressure. Note that the increasing absorption is almost 
entirely due to growth of the P term in Eq. (1) rather than 
shock-to-shock variations in temperature. Figure 6 shows the 
effect of temperature for experiments at similar pressures. 
The absorption was found to increase with temperature for 
all frequency regions of this study. Although a discussion 
of linestrengths is outside of the scope of this study, the 
increasing absorption is likely due to the presence of many 

Fig. 4   Percent absorption versus absolute frequency for an experi-
ment at the conditions of Fig. 3. Dashed lines are uncertainty limits 
due to uncertainty in emission and offset and are nearly indistinguish-
able from the experiment

Fig. 5   Measured spectra at varying pressures in a mixture of 7.509% 
CO2/Ar. The temperature is 1910 ± 70 K
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underlying hot bands that become increasingly populated 
with increasing temperature.

Experiments performed near 2190.0  cm−1 had low 
uncertainty in absolute frequency (± 0.001 cm−1) due to the 
proximity of the reference CO line. For experiments farther 
from this line, similar spectral features at overlapping fre-
quencies were compared (starting from experiments near 
2190.0 cm−1) and used to assign absolute frequencies with 
an estimated uncertainty of ± 0.005 cm−1. This uncertainty 
arises from the uncertainty in aligning similar features as 
well as the uncertainty in line-shift effects due to tempera-
ture and pressure. The full set of measured spectra is pro-
vided in the Supplementary Material.

4.2 � Optimization routine

4.2.1 � General principle

Modeling of measured spectra with HITRAN 2004 [1], 
HITRAN 2012 [2], and CDSD-296 [3] gave extremely poor 
results. HITEMP [6], however, showed good agreement with 
measured spectra, as shown in Fig. 7. The HITEMP database 
was specifically developed for high-temperature applications 
through inclusion of many hot bands that are excluded in 
the other databases. Figure 7 demonstrates the potential pit-
falls of using a spectroscopic database far from its intended 
temperature range, particularly in frequency regions with 
hot bands.

To extract broadening information from the data, an opti-
mization routine was implemented to minimize differences 
between measured and modeled spectra, using HITEMP as 
a starting point. The optimization was performed for each 

individual experiment, although only experiments near 
2190.0 cm−1 were optimized due to lower uncertainty in 
absolute wavelength. Three types of variables were allowed 
to vary: the linestrength of each line, the position of each 
line, and a global value of Δ�L for all lines within the 
experiment.

Justification for use of a global Δ�L across all lines in this 
region is twofold. First, as previously mentioned (Sect. 2.2), 
there is general agreement that �CO2−Ar

(T0) is independent 
of the vibrational band. The contribution of many hot bands 
should, therefore, still allow for a global Δ�L. Second, at 
high temperatures and high J′′, broadening coefficients of 
CO2 by various molecules (including CO2 itself) become 
independent of J′′ [29]. Temperatures in this study were all 
greater than 1150 K. Optimized lines near 2190.0 cm−1 had 
high J′′ values, typically from about 50–90, although values 
as high as 127 were noted.

Sample optimization results are shown in Fig. 7. Through 
optimization of linestrengths, line positions, and the global 
value of Δ�L, the optimization achieved excellent agreement 
with the experiment. For this experiment, an optimized value 
of 0.0040 cm−1 was obtained for Δ�L.

4.2.2 � Initial guesses and bounds

The initial guess for the linestrength of each line was the 
calculated linestrength at the experimental T5 using S(296K) 
from HITEMP and the partition function according to [30]. 
The bounds for the linestrength were based on the uncer-
tainty indices given in HITEMP. For lines with a stated 

Fig. 6   Measured spectra at varying temperatures in a mixture of 
7.509% CO2/Ar. The pressure is 7.5 ± 1.4 kPa

Fig. 7   Experimental results at the conditions in Fig.  3. The opti-
mized HITEMP values are indistinguishable from the experiment. 
Not shown are HITRAN 2004 and CDSD-296 as they yielded nearly 
identical results to HITRAN 2012
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uncertainty of ≥ 20%, the linestrength was allowed to vary 
within a factor of 1.4.

The initial guess for the line position of each line was 
the HITEMP value of the line position. The bounds for the 
line position were based on the uncertainty indices given in 
HITEMP, but were conservatively given a maximum value 
of ± 0.05 cm−1, although most lines in this frequency region 
have a stated uncertainty of up to ± 0.1 cm−1.

The initial guess for Δ�L was set at the value calculated 
from Wooldridge et al. [21]. The bounds for Δ�L were arbi-
trarily set to within a factor of three of the Wooldridge value; 
all optimized values of Δ�L fell well within these bounds, 
thereby avoiding constraint effects on the optimization. 
The value of Δ�D for each line was calculated according to 
Eq. (2). The lineshape calculation was performed according 
to the Voigt approximation by Liu et al. [31].

Lines with an initially calculated linestrength below about 
0.001 cm−2 atm.−1 were excluded from the optimization, 
but were included in the calculation of the final objective 
function. For these non-optimized lines, the line position 
was fixed at the HITEMP value and the value of Δ�L was 
fixed at the value calculated from Wooldridge et al. [21]. 
This simplification was necessary due to the large number 
of lines contained within HITEMP. For example, for the 
frequency range (~  0.4 cm−1) shown in Fig. 7, HITEMP 
contains ~  3700 lines. Most of these lines are negligibly 
weak at the experimental T5, and a line-strength cutoff of 
0.002 cm−2 atm.−1 reduces this to 48 optimized lines, mak-
ing the optimization computationally feasible. It should be 
stressed once again that the non-optimized lines were still 
included in calculations of the objective function, and that 
it is this large number of lines that makes HITEMP more 
accurate at higher temperatures than certain other databases. 
Shown in Table 2 is the number of lines and maximum line-
strength at 1500 K in a selected frequency region for four 
databases. It is seen that HITEMP has a much higher num-
ber of lines and a higher maximum linestrength due to the 
inclusion of hot bands. CDSD-1000 [4] and the more mod-
ern CDSD-4000 [5] were not considered due to the recom-
mendation by the authors of [5] that HITEMP be used for 
temperatures below 2000 K.

5 � Broadening coefficient results and discussion

5.1 � Extraction of �
CO2−Ar

(T
0
) and n

The optimized values of Δ�L still contain self-broadening 
from CO2 due to the non-negligible concentration (7.509%) 
of CO2 in the mixture. To remove the self-broadening por-
tion of Δ�L, relations for CO2 self-broadening based on 
Eq. (3) and Rosenmann et al. [29] were used:

and

Here, Δ�L,CO2−CO2
 is the self-broadened Lorentzian FWHM; 

XCO2
 is the mole fraction of CO2; and �300, N300, and � are 

constants given by [29]. These constants assume a value 
of CO2 self-broadening that is independent of J′′, as was 
assumed in the optimization. The Ar-broadened FWHM, 
Δ�L,CO2−Ar

, can then be calculated via

The values of Δ�L,CO2−Ar
 obtained from the optimized values 

of Δ�L and Eq. (7) are shown in Fig. 8 as a function of pres-
sure. As expected based on Eq. (3), a linear relationship with 
pressure is evident in the data. Similarly, Fig. 9 shows the 
behavior of Δ�L,CO2−Ar

 versus temperature. The data appear 
linear on a log scale, confirming the power law behavior 
described in Eq. (4). Error bars on the y-axis in Figs. 8 and 
9 were estimated at ± 12 and ± 10%, respectively, based 

(5)Δ�L,CO2−CO2
= 2�300

(

300

T

)N

PXCO2

(6)N = N300

(

300

T

)�

.

(7)Δ�L,CO2−Ar
= Δ�L − Δ�L,CO2−CO2

.

Table 2   Spectroscopic database parameters in the frequency range 
2188.5–2193.0 cm−1

Database name Number of lines Smax at 1500 K 
(cm−2 atm.−1)

HITRAN 2004 75 2.08 × 10−3

HITRAN 2012 701 2.17 × 10−3

CDSD-296 928 2.17 × 10−3

HITEMP 43,440 8.42 × 10−3

Fig. 8   Effect of pressure on the Lorentzian linewidth due to CO2–Ar 
broadening in 7.509% CO2/Ar. All data points were adjusted to the 
average temperature of 1908 K for this plot. Solid line is the predic-
tion according to the proposed broadening parameters
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on the scatter in the data and the uncertainty introduced 
by the subtraction of the CO2 self-broadening. Uncertain-
ties in pressure in Fig. 8 are due to measured dP∕dt values 
(Sect. 3.1). From the data plotted in Figs. 8 and 9, best-fit 
values of �CO2−Ar

(T0) = 0.033 ± 0.004 and n = 0.61 ± 0.04 
were obtained.

5.2 � Comparison to historical data

Values of �CO2−Ar
(T0) from the literature are compared 

to the present work, as shown in Fig. 10. The consen-
sus on the J′′ dependence of �CO2−Ar

(T0) can be seen in 

the excellent agreement between Thibault et al. [18] and 
Rachet et al. [19]. Note also that the Thibault et al. and 
Rachet et al. measurements were made in different vibra-
tional bands, confirming the lack of vibrational depend-
ence mentioned earlier. The Brownsword et al. [13] meas-
urements show less agreement with this consensus value 
and also have a value of n that is noticeably different from 
other workers (Table 1).

The single value provided by Wooldridge et al. [21] was 
made directly at 296 K in addition to measurements up 
to 2290 K. On the other hand, the value provided by this 
work and the three values provided by Spearrin et al. [22] 
were made at high temperatures and extrapolated to 296 K 
via the exponent n. Nonetheless, both the present work and 
Spearrin et al. are within 12% of historical measurements 
of �CO2−Ar

(T0) at 296 K.
Previous evaluations of the temperature exponent n are 

shown in Table 1. The value from the present work is in 
excellent agreement with Wooldridge et al. [21] and the 
R(76) results from Spearrin et al. [22]. Good agreement is 
also seen with the theoretical predictions from Pack [20] 
and the high-temperature measurements/predictions from 
Thibault et al. [18]. As previously mentioned, the discrep-
ancy between Brownsword et al. [13] and the remaining 
literature values is likely due to the lower temperature 
range studied by Brownsword et al.

As mentioned in Sect. 4.2.1, values obtained in the 
present work were averaged over many different rota-
tional lines. To determine the average J′′, a linestrength-
weighted average of the J′′ values for each optimized line 
was performed for each experiment, yielding a value of 
J′′ = 76.7 ± 3.3; this explains the x-axis error bars on 
the present work, as shown in Fig. 10. Consequently, it 
should be stressed that the current results only represent 
an averaged CO2–Ar broadening coefficient in the region 
near 2190.0 cm−1.

5.3 � Line‑mixing effects

Collisional line mixing is a phenomenon that can signifi-
cantly alter spectra and has been previously studied for 
CO2 (see [32] and references therein). Line mixing occurs 
when “collisions transfer absorbers from weakly absorbing 
regions to strongly absorbing regions leading to a narrow-
ing of spectral structure” [7] and becomes significant at 
higher number densities and with tighter spacing between 
lines of the same band [33]. Previous work has shown that 
CO2 line mixing is of no consequence at ~ 0.92 amagat 
near 3600 cm−1 [32]. Since the number densities for the 
experiments herein ranged from 0.01 to 0.16 amagat, line-
mixing effects can be neglected, and the use of the Voigt 
profile is justified.

Fig. 9   Effect of temperature on the Lorentzian linewidth due to 
CO2–Ar broadening in 7.509% CO2/Ar. All data points were adjusted 
to the average pressure of 20.3 kPa for this plot. Solid line is the pre-
diction according to the proposed broadening parameters

Fig. 10   Historical and present values of �
CO

2
−Ar(T0). The x-axis 

is the absolute value of the spectroscopic parameter m, where 
m = J

��

+ 1 for R-branch lines and m = −J�� for P-branch lines
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6 � Fixed‑wavelength experiments

6.1 � CO2/Ar experiments

To test the ability of the current results to predict CO2 
absorption levels at the R(12), �′′ = 0 line of CO, a series of 
fixed-wavelength experiments were carried out over a range 
of temperatures (1150–2050 K) and pressures (122, 446, 
and 1115 kPa). The experimental setup was identical to that 
described above (Fig. 2) save for two differences: the fre-
quency of the laser was fixed and the etalon was removed 
from the setup. The laser was scanned over the R(12) CO 
transition and fixed at the peak of 2190.0175 cm−1 prior to 
each experiment through use of the removable absorption 
cell. Post-shock checks revealed no signs of laser drift dur-
ing the course of an experiment.

In a similar manner as the scanning tests, broadband 
emission entering the It detector was characterized as a 
function of temperature for each pressure range. Emission 
measurements for 122 and 446 kPa are shown in Fig. 11. 
Using linear fits to the emission measurements, predicted 
emission for each absorption experiment was subtracted 
from It in post-processing. Slight detector offsets were also 
accounted for.

Experiments at 122 and 446 kPa were performed with a 
mixture of 1.748% CO2/Ar. For the 1115-kPa experiments, 
a mixture of 1.165% CO2/Ar was used to avoid optical thick-
ness complications. For both mixtures, calculations of �vib 
according to [26] yielded �vib ≤ 1 µs for all conditions and 
thus vibrational relaxation effects were not considered.

A sample experiment is shown in Fig. 12. In agreement 
with predictions from HITEMP, no absorption was observed 
prior to the incident shock. A slight rise in absorption can 
be seen behind the reflected shock due to nonideal dP∕dt. 
The effect of this nonideality was eliminated by taking the 
absorption level immediately after the reflected shock.

The fixed-wavelength results are shown in Fig. 13 along 
with predictions from HITEMP. These predictions utilized 

Fig. 11   Broadband emission entering the I
t
 detector as a function 

of temperature for two different average pressures in a mixture of 
1.748% CO2/Ar

Fig. 12   Absorption time history for an experiment at 1854  K 
and 1079  kPa in a mixture of 1.165% CO2/Ar. The path 
length is 15.24  cm, yielding an absorption coefficient of 
0.672 ± 0.016 cm−1 atm.−1

Fig. 13   Experimental and modeled absorption coefficients at 
2190.0175 cm−1 versus temperature at various pressures. Solid lines 
are HITEMP predictions incorporating the broadening from the pre-
sent work and the measured lineshift for the nearest CO2 line. Uncer-
tainty in the y-axis is due to noise in the signal and is smaller than the 
size of the symbol if not visible
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the CO2–Ar broadening parameters proposed herein along 
with the J′′-independent self-broadening parameters from 
[29]. In addition, the lineshift of the CO2 peak nearest to 
2190.0175 cm−1 (the peak at 2190.22 cm−1 in Fig. 7) was 
measured during the tests mentioned in Sect. 3.2 and was 
determined to be Δ�s = 0.00424XArP(T0∕T)

0.40, where Δ�s 
is the lineshift [cm−1]. This lineshift was incorporated into 
the calculations, as displayed in Fig. 13.

Neglecting the lineshift and using the broadening parame-
ters from Wooldridge et al. [21] yield predictions at 122 kPa 
that are consistently ~ 6.3% higher than those shown in 
Fig. 13. This difference is well outside of the measurement 
uncertainty of the data and falls closer to the 446-kPa data 
than the 122-kPa data, demonstrating the importance of 
accurate lineshape modeling.

The experiments at 1115 kPa have number densities 
between 1.57 and 2.21 amagat. At these number densities, 
line-mixing effects may no longer be insignificant as in the 
122-kPa tests or in the scanning tests. Nonetheless, Fig. 13 
still demonstrates excellent agreement between data and 
predictions. Thus, for the purposes of modeling kv of CO2 at 
2190.0175 cm−1, using HITEMP with the broadening and 
lineshift parameters or interpolating between the experimen-
tal data of Fig. 13 will both yield accurate results.

6.2 � CH4/C2H6 experiments

The kv data at 2190.0175 cm−1 (Fig. 13) were recently imple-
mented in a study from the authors’ laboratory [9]. This 
study measured CO time histories during the oxidation of 
a fuel-lean (φ = 0.5) CH4/C2H6 blend diluted in 99% Ar. 
The experimental setup was identical to that described in 
Sect. 6.1. A sample experiment is shown in Fig. 14, during 
which the mixture was shock heated and, after a very short 
induction period, began to form and then consume CO as 
combustion progressed.

Initial CO measurements that did not account for interfer-
ing CO2 absorption showed significantly higher levels of CO 
in the tail of the time history than was predicted by a modern 
chemical kinetics mechanism. However, correcting for CO2 
absorption using the kv data from Fig. 13 and the predicted 
CO2 profiles from the chemical kinetics mechanism yielded 
much better agreement with the mechanism, as shown in 
Fig. 14. The significant correction to the CO profile results 
from the fact that kv for CO decreases with increasing T5 
and P5, while kv for CO2 shows the opposite trend, making 
the two kv values comparable at the conditions of Fig. 14. 
Corrections at lower T5, P5 are much less significant. Note 
that the shape of the predicted CO2 profile (the dotted line 
in Fig. 14) for similar mixtures has also been confirmed 
experimentally using a CO2 emission diagnostic. Thus, the 
present results should be useful in correcting for interfering 
absorption from CO2 during chemical kinetics experiments.

7 � Conclusions

Ar-diluted CO2 spectra were recorded between 1158 
and 2017 K at pressures between 5.1 and 108 kPa using 
a scanned-wavelength laser diagnostic between 2188.8 
and 2191.8 cm−1. HITRAN 2004, HITRAN 2012, and 
CDSD-296 were all found to severely underpredict the 
data. HITEMP, however, provided much better predictions, 
highlighting the need for caution in selecting a spectral 
database for simulating high-temperature spectra. Spectra 
near 2190.0 cm−1 were analyzed using an optimization 
routine to extract Ar-broadening information from the 
data. The spectra were simulated with the Voigt profile due 
to low number densities in these experiments that should 
eliminate line-mixing effects.

The  op t imized  b roaden ing  pa ramete r s  o f 
0.033 cm−1 atm.−1 and 0.61 for �CO2−Ar

(T0) and n agree 
well with historical data assuming an effective J′′ value 
of 76.7 for the experiments near 2190.0 cm−1. These val-
ues should be accurate at 2190.0 ± 0.2 cm−1 and within 
the temperature range of 1150–2050 K and may be useful 
beyond these ranges. Fixed-wavelength experiments were 
also conducted at 2190.0175 cm−1 in CO2/Ar mixtures at 
122, 446, and 1115 kPa and between 1100 and 2100 K. 
The measured kv data show excellent agreement with pre-
dictions from HITEMP using the proposed broadening 
data along with a slight lineshift. These kv data for CO2 
were shown to be successful in correcting CO time histo-
ries measured in chemical kinetics experiments.

Fig. 14   Measured and predicted CO time-histories during oxi-
dation of a fuel-lean (φ  =  0.5) mixture of CH4/C2H6 in 99% Ar at 
1737 K and 1099 kPa. The predicted k

v
 for CO2 at these conditions 

is 0.592 cm−1 atm.−1. Data are from [9], while the model predictions 
(dashed line and dotted line) are from [25]
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