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Temperature-dependent line mixing and line broadening parameters were empirically-determined for 17 

rovibrational transitions in the v (1 → 3) bandhead of carbon monoxide near 2.3 μm. Collisional effects 

on the high rotational energy lines ( E ′′ = 550 0–860 0 cm 

−1 ) in the R-branch were studied over a range 

of temperatures from 1200–3750 K in a shock tube and heated gas cell. Measured spectra comprising 

the target lines in Ar and CO bath gases were fit with Voigt profiles at near-atmospheric pressures to 

determine line-broadening coefficients, with temperature dependence accounted by a power law. With 

line broadening established, line-mixing effects were examined at elevated pressures up to 60 atm at 

similar temperatures, reflecting conditions in high-pressure combustion environments. A modified expo- 

nential gap model for line mixing was developed to capture the pressure and temperature dependence 

of collisional transfer rates for the bandhead region using the relaxation matrix formalism. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

Carbon monoxide (CO) is an important molecule in both atmo-

pheric and combustion chemistry. Absorption spectroscopy of CO

s relevant in ground-based measurements (e.g. smog regulations)

f on-road vehicle emissions [1] , satellite-based remote sensing of

ollutants for climate science [2] , time-resolved characterization

f combustion dynamics [3] , and thermal radiation modeling in

he development of planetary entry and propulsion systems [4] . In

ll such cases, accurate spectroscopic data with appropriate ther-

odynamic scaling across relevant conditions provide a basis for

uantitative simulation and analysis. This work experimentally in-

estigates the CO spectra near 2.3 μm at high-temperature con-

itions relevant to combustion and planetary entry over a broad

ange of pressures (up to 60 atm), with the goal of developing an

ccurate model of the target spectral domain capturing relevant

ollisional effects. 

Notably, the first overtone band of CO near 2.3 μm has been

tilized extensively for combustion gas sensing via laser absorp-

ion methods. Several works have targeted rovibrational transi-

ions in the v (0 → 2) band for CO measurements to monitor syn-

as composition (T < 400 K, P < 20 atm) [5] and combustion-

ased power plant exhausts (T < 1200 K, P ∼ 1 atm) [6] . More
∗ Corresponding author. 
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ecently, this domain was exploited by our group for in-chamber

ocket combustion gas sensing at much higher temperatures and

ressures (T > 30 0 0 K, P > 100 atm) [7,8] . At these extreme

ombustion temperatures, transitions with higher rotational ener-

ies and vibrational hot bands, such as the v (1 → 3) band, become

ore prominent. Moreover, at such extreme combustion condi-

ions, transitions comprising the bandhead regions exhibit local

bsorption peaks with high differential absorption, attractive for

ensing. At high gas densities, spectrally crowded bandhead re-

ions become susceptible to collisional line mixing [9] . In this

ork, we examine line broadening and mixing in argon and carbon

onoxide bath gases for 17 high-energy transitions ( J ′′ = 42 −58 )

ear the v (1 → 3) bandhead of CO, identified in Fig. 1 . 

Line broadening of carbon monoxide has been shown to have

eak vibrational energy dependence, with stronger dependence

n rotational energy. Though much progress has been made in

uantifying and modeling CO line broadening in the v (0 → 1) [10–

2] , v (0 → 2) [11,13–18] , and v (0 → 3) [19–21] , a dearth of line-

roadening data exist for rotational quantum number transitions

arger than J ′′ > 31 of any vibrational band, as noted in Fig. 2 . This

s primarily because most measurements of line broadening co-

fficients for CO have been conducted at or near room tempera-

ure [17,22] , corresponding to the lower rotational energy transi-

ions. We focus this experimental study to a temperature range of

200–3750 K to access lines with higher rotational energies. 

Line mixing is a band narrowing effect that occurs at high pres-

ures, resulting from local population transfers when collisional

inewidths are on the order of line spacing [23] . Line mixing is

https://doi.org/10.1016/j.jqsrt.2019.106636
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Fig. 1. (top) Spectral absorbance simulation of the v (1 → 3) first overtone bandhead 

of CO at 30 0 0 K and 1 atm for pure CO. (bottom) Line strength positions and mag- 

nitudes of the spectral transitions relevant to this work. 
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Fig. 2. Experimental self-broadening coefficients for CO transitions obtained by pre- 

vious works. The current study focuses on higher rotational quantum number tran- 

sitions ( J ′′ = 42 −58 ) to extend diagnostic capabilities at extreme temperatures and 

pressures. 
often observed in bandheads where line spacing becomes very

small. Q-branches that have bandheads at lower rotational ener-

gies are often observed to have line mixing near ambient tempera-

tures [23] . Here we study line mixing in the R-branch bandhead of

the v (1 → 3) overtone band of CO at pressures up to 60 atm. A spec-

tral simulation of the target bandhead considered herein is shown

in Fig. 1 . 

This paper describes the experimental measurements and mod-

eling of the aforementioned line broadening and mixing effects in

the v (1 → 3) first overtone bandhead of CO at high temperatures

and high pressures, with Ar and CO collision partners. After es-

tablishing the theoretical framework, we present our experimental

methods, including the optical setup, experimental apparatus, and

data processing techniques required to obtain broadening param-

eters from laser absorption measurements at moderate pressures

(P < 2.5 atm). We then discuss how these broadening parameters

were used to develop the complimentary line-mixing model based

on high-pressure (up to 60 atm) spectrally-resolved CO absorption

measurements in a shock tube. The combination of broadening and

mixing models provides a basis for spectral simulation of CO near

2.3 μm over a broad range of temperatures and pressures. 

2. Theory 

2.1. Absorption spectroscopy and line broadening 

The basic theory of laser absorption spectroscopy is detailed

thoroughly in the literature [24] , but a brief review is provided

here for context and nomenclature definitions. The transmission

τ ν of monochromatic light at frequency ν through an absorbing

gas medium can be expressed by the Beer–Lambert law in Eq. (1) :

τν = 

(
I 

I o 

)
ν

= exp (−αν ) (1)

where I o and I are the incident and transmitted light intensities,

respectively, and αν is the spectral absorbance. In the spectral

vicinity of a single transition , the spectral absorbance relates to
hermophysical gas properties through Eq. (2) : 

ν = −S(T ) NLφ(ν) (2)

here S ( T ) [cm 

−1 /(molec · cm 

−2 )] is the line strength of the tran-

ition, L [cm] is the path length, φ( ν) [cm] is the line shape func-

ion, and N [molec · cm 

−3 ] is the total number density of the ab-

orbing species, given by: 

 = 

P X 

k B T 
· 10 −6 (3)

ere, P is the pressure with units of [Pa], X is the mole fraction

f the absorber, k B [J/K] is the Boltzmann constant, and T [K] is

he temperature. Based on the compressibility factors for CO and

r, deviations from the ideal gas assumption implied in Eq. (3) are

ot expected to exceed 1% for any condition in this study [25] . The

pectral line shape φ( ν) can be modeled using a Voigt profile [23] ,

 convolution of a Lorentzian and a Gaussian profile accounting

or collisional and Doppler broadening, respectively. Each broad-

ning mechanism is characterized by full width at half maximum

FWHM) parameter; �νC [cm 

−1 ] for collisional broadening and

νD [cm 

−1 ] for Doppler broadening. Doppler linewidth is given by

q. (4) [24] : 

νD = ν0 (7 . 1623 · 10 −7 ) 

√ 

T 

M 

(4)

here ν0 [cm 

−1 ] is the transition linecenter and M [g ·mol −1 ]

s the molecular weight of the absorbing species. Collisional

inewidth scales with the collision frequency of the absorbing

olecule A , adjusted for quantum state, and is often modeled as

he product of pressure and the sum of mole fraction weighted

ollisional broadening coefficients of each perturbing species B , as

hown in Eq. (5) : 

νC = P 
∑ 

B 

X B 2 γA −B (T ) (5)

here γA −B (T ) [cm 

−1 atm 

−1 ] is the transition-dependent collisional

roadening coefficient at temperature T . Note that in Eq. (5) , total

ressure P has units of [atm]. 
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Fig. 3. Collisional line mixing of rovibrational transitions in an overtone band of a 

diatomic molecule, adapted from Hartmann [23] . 
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As seen in Eq. (5) , collisional broadening scales linearly with

ressure and often leads to an additive blending of neighboring

ines. The temperature dependence of γA −B (T ) is modeled as a

ower law expression, given in Eq. (6) : 

A −B (T ) = γA −B (T 0 ) 
(
T 0 
T 

)n 

(6)

here γA −B (T 0 ) [cm 

−1 atm 

−1 ] is the broadening coefficient at a ref-

rence temperature T 0 , and n is the line-specific temperature ex-

onent of the absorbing species. As lines become more closely

paced together, the spectral absorbance αν at a given wavenum-

er ν is no longer a function of just one spectral transition, but is

ather a summation of all neighboring transitions as demonstrated

n the bandhead shown in Fig. 1 . In this work, we report mea-

ured values of γCO −CO and γCO −Ar at a reference temperature of

500 K along with their respective temperature exponents, n CO −CO 

nd n CO −Ar , for 17 transitions in the v (1 → 3) band of CO (described

n Section 1 ). The reported values are considered most appropriate

or a temperature range of 150 0–40 0 0 K. 

.2. Line mixing 

Line mixing relates to collisions that cause a change in rota-

ional energy, usually within the same vibrational energy level. At

igh gas densities and collision frequencies, the collision-induced

opulation transfers between rotational energy states can cause

 vibrational band narrowing effect due to an intensity exchange

etween different lines [23] . This effect is more pronounced in

pectrally dense regions, such as bandheads, where line spacing is

mall. 

To illustrate this phenomenon, consider two rovibrational tran-

itions depicted in Fig. 3 : 

(v ′′ , J ′′ ) → (v ′ , J ′ ) 
nd 

(v ′′ , K ′′ ) → (v ′ , K ′ ) 
ocated at frequencies νJ ′′ → J ′ and νK ′′ → K ′ , respectively, where J and

 denote different rotational energy levels for the diatomic. In the

resence of radiation, a molecule in energy level ( v ′′ , J ′′ ) can be
xcited to ( v ′ , J ′ ) by a photon at frequency νJ ′′ → J ′ . Additionally, a
olecule in energy level ( v ′′ , J ′′ ) can be transferred to energy level

 v ′′ , K ′′ ) via collisions, then be excited to level ( v ′ , K ′ ) by absorbing
 photon at frequency νK ′′ → K ′ , and finally relax from ( v ′ , K ′ ) to ( v ′ ,
 

′ ) via collisions [23] : 
(v ′′ , J ′′ ) → (v ′′ , K ′′ ) → (v ′ , K ′ ) → (v ′ , J ′ ) 
his path from ( v ′′ , J ′′ ) to ( v ′ , J ′ ) via ( v ′′ , K ′′ ) and ( v ′ , K ′ ) shows

hat a molecule initially at ( v ′′ , J ′′ ) can contribute to the absorption
ntensity located at νK ′′ → K ′ by population transfers between energy

tates associated with collisions. Population transfers of the reverse

ath are also possible. 

For collision-induced population transfers to have a significant

ffect on the vibrational band structure (i.e. transfer intensity be-

ween line positions), the following criteria must generally be sat-

sfied as described in [23] : (1) The neighboring transitions must

e from the same species; (2) the transitions must be similar in

pper and lower state energy levels, such that transfers are purely

otational jumps; (3) the transitions must be identical in nuclear

pin; (4) collision broadened linewidths are greater than line spac-

ng, | νJ ′′ → J ′ − νK ′′ → K ′ | < �νC . This last criterion reflects the scaling
ith gas density and collision frequency. Accordingly, at very high

as densities or pressures, line mixing can significantly affect the

ntensity distribution of a vibrational band. 

To model line-mixing effects, we implement the relaxation ma-

rix formalism [26] to account for collisional effects on the molecu-

ar spectra. For brevity, lower state rotational energy levels, J ′′ and
 

′′ , are written as J and K for the proceeding equations. The ab-

orbance, αν , for overlapping transitions can be written within the

mpact approximation [27] in the following form: 

ν = 

NL 

π
Im ( d · G 

−1 · ρ · d ) (7) 

here ρ is a diagonal matrix with nonzero elements ρ J defined by

he lower state Boltzmann population fraction [28] : 

J = 

N J 

N 

= 

g ′′ J 
Q 

exp 

(
−

hcE ′′ J 
k B T 

)
(8) 

here N J [molec · cm 

−3 ] is the number density, g ′′ 
J 

is the lower

tate degeneracy, E ′′ J [cm 

−1 ] is the lower state energy, Q is the to-

al internal partition function, h [J · s] is Planck’s constant, and c

cm/s] is the speed of light. d [cm 

−1 /(molec · cm 

−2 )] 
1 
2 is a vector

f transition amplitudes with elements d J given as [29] : 

 J = 

√ 

S J (T ) 

ρJ 

(9) 

nother commonly used form of Eq. (7) is shown in Appendix A ,

here the temperature dependence of d is removed. The depen-

ence on wavenumber ν [cm 

−1 ] in Eq. (7) is within G [cm 

−1 ], a

omplex matrix defined as: 

 = νI − H (10) 

here I is the identity matrix and a frequency-independent matrix

 [cm 

−1 ] is defined as: 

 = ν0 − iP W (11) 

0 [cm 

−1 ] is a diagonal matrix of transition frequencies and W

cm 

−1 /atm] is the relaxation matrix [26] . Note that in Eq. (11) , to-

al pressure P is in units of [atm]. H can be diagonalized using a

imilarity transform [30] to obtain a diagonal eigenvalue matrix �
cm 

−1 ] with diagonal elements ω J [cm 

−1 ] such that: 

= A 

−1 · H · A (12) 

ince G only differs from H by a constant diagonal matrix, G 

−1 is

lso diagonalized by A . Eq. (7) can now be written as a function of

spanning all relevant spectral transitions J : 

ν = 

NL 

π
Im 

[ ∑ 

J 

( d · A ) J ( A 

−1 · ρ · d ) J 
(ν − ω J ) 

] 

(13) 
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The relaxation matrix is implemented to model line-mixing ef-

fects in the spectra and is given by: 

W JK = 

{
γJ + i �ν0 ,J if J = K 
−R J→ K if J � = K 

(14)

where the real diagonal elements of W are the broadening coeffi-

cients γ J discussed in Section 2.1 and the imaginary diagonal el-

ements are the pressure shifts �ν0, J [cm 

−1 /atm] (termed “δ” in

the HITRAN database [31] ). The real off-diagonal elements repre-

sent the state-specific population transfer rates, R J → K [cm 

−1 /atm],

between two states, J and K . Notably, for linear molecules, broad-

ening coefficients can also be expressed in terms of total depopu-

lation rates through Eq. (15) [23] . 

γJ = 

∑ 

J � = K 
R J→ K (15)

The imaginary off-diagonal components of W represent contribu-

tions from rotational dephasing [32] . Previous work has found the

effect of these terms to be negligible for collisionally-narrowed in-

frared spectra at both low and high densities [33] . Consequently,

the rotational dephasing contributions are approximated as zero

for all transitions in the relaxation matrix. It is noteworthy that

if the population transfer rates are set to zero for all transitions,

Eq. (7) simply represents the sum of the Lorentzian lines with no

line-mixing effects. When multiple collision partners are present,

the full relaxation matrix is written as a summation of the indi-

vidual perturber contributions: 

W = 

∑ 

B 

X B W A −B (16)

In this study, we model R J → K using a modified-exponential-gap

(MEG) law [34,35] to construct the real part of the relaxation ma-

trix. The MEG law takes the following form: 

R J→ K = a 1 ( T ) 

⎡ 

⎣ 

1 + a 4 

(
E ′′ J 

a 2 k B T 

)
1 + a 4 

(
E ′′ 
J 

k B T 

)
⎤ 

⎦ 

2 

× exp 

[ 

−a 3 
(
E ′′ K − E ′′ J 

)
k B T 

] 

(17)

where a 1 ( T ) [cm 

−1 /atm], a 2 , and a 3 are species-specific MEG law

coefficients obtained by fitting measured absorbance data to the

model using a least-squares fitting routine. a 4 describes the colli-

sion duration [34] based on distance of closest approach [36] and

is set to a 4 = 2 as an estimate for CO 

–CO collisions [37,38] . It is

important to note that the value of a 4 is not critical in the ability

of the MEG law to fit the measurement data [37,38] ; therefore, it

was kept constant for all experiments in this study. 

This empirically-derived MEG law formulation has been suc-

cessfully implemented for other linear molecules [28,37] using ab-

sorption spectroscopy techniques to account for line mixing. Since

collisions promote the Boltzmann population distribution, the up-

ward and downward population transfer rates, R J → K and R K → J ,

respectively, can be related through the detailed-balance princi-

ple [39] : 

ρK R K→ J = ρJ R J→ K (18)

This completes the real part of the relaxation matrix and indi-

cates that starting from the less populated energy level is the more

probable of the two counter processes. This suggests that line mix-

ing favors population transfers from weak transitions to strong

transitions, inducing a narrowing of the spectral structure and en-

hancing high absorbing regions. 

Only a single set of measured absorbance data is needed to ob-

tain the species-specific MEG law coefficients for a given tempera-

ture [40] . To determine the temperature dependence of the popu-

lation transfer rates, a ( T ) can be modeled as a power law expres-
1 
ion: 

 1 (T ) = a 1 (T 0 ) 
(
T 0 
T 

)m 

(19)

here we define a temperature exponent m obtained by fitting

ultiple sets of absorbance data at different temperatures, and

 1 ( T 0 ) is the MEG law coefficient at a reference temperature T 0 . 

Similar to the reported broadening coefficients γCO −B , we re-

ort measured values of MEG law coefficients for both a i, CO −CO and

 i, CO −Ar with their respective temperature exponents, m CO −CO and

 CO −Ar at a reference temperature of 1500 K. We show that these

arameters can model line-mixing effects in the v (1 → 3) bandhead

f CO at high pressures ( > 5 atm) over a temperature range of

0 0 0–360 0 K. 

. Experimental setup 

We first note that extreme caution should be exercised when

andling mixtures with high concentrations of CO, due its acute

oxicity. All CO was stored in a ventilated toxic gas cabinet and

ransported to the experimental apparatuses in lines that had been

horoughly checked for leaks with inert gases. After each measure-

ent, each device described in this section was vacuumed and di-

uted with N 2 to eliminate residual CO before the next measure-

ent. 

The experiments in this work were conducted using the high-

nthalpy shock tube facility illustrated in Fig. 4 with some support-

ng collisional broadening measurements conducted in a heated

tatic optical gas cell described in previous work [41] . The shock

ube has a constant 10.32 cm inner diameter, a 4.88 m long

riven section, and a 1.56 m long driver section. The test sec-

ion is circumscribed with interchangeable port plugs, which in-

egrate different sensors or optical windows, located ∼2 cm from

he driven endwall. Incident shock speeds are determined by five

ast-response, piezoelectric time-of-arrival sensors (Dynasen, Inc.)

ocated at equidistant intervals over the last 170 cm of the driven

ection, as shown in the bottom of Fig. 4 . Initial reflected shock

onditions are determined by the incident shock speed with a typ-

cal uncertainty of ∼1% in temperature when properly account-

ng for vibrational relaxation of the gas mixture [42] . Prior to each

xperiment, a roughing pump (Alcatel Adixen 2021i) was used to

acuum down the shock tube to < 1 × 10 −3 Torr. Test gas mixtures

ere barometrically prepared in a 12.5 L agitated mixing tank us-

ng a heated capacitance manometer (MKS 627D Baratron) with a

ull-scale pressure range of 10 0 0 Torr and an uncertainty of 0.12%

f the reading. All gases were supplied by Airgas, Inc. with purity

evels of 99.9% for CO, 99.999% for Ar, and 99.995% for He. Two dif-

erent mixtures were prepared for collisional broadening and line

ixing investigations: 100% CO for CO 

–CO measurements and 30%

O/Ar for CO 

–Ar measurements. 

The v (1 → 3) bandhead of CO near 2.3 μm was spectrally re-

olved by current-tuning a continuous-wave distributed-feedback

DFB) laser (Norcada, Inc.) with ∼10 mW output power. The DFB

aser is temperature- and current-tunable from 4290–4325 cm 

−1 .

 10 kHz triangle waveform, shown in Fig. 4 , was implemented to

njection-current-tune the light source over a wavenumber range

f ∼4.5 cm 

−1 between 4302–4306.5 cm 

−1 . Additionally, the in-

ection current was scanned below the lasing threshold to ac-

ount for transient thermal emission during the measurements.

he relative frequency of the laser light during the scan was de-

ermined using a germanium etalon with a free spectral range

f 0.0231 cm 

−1 . During the experiments, the incident light was

itched across the shock tube through two 0.5 ◦ wedged sapphire

indows with a 9.5 mm aperture, as shown in Fig. 4 . The trans-

itted light was passed through a bandpass spectral filter (Spec-

rogon, 2320 ±20 nm) and an iris to mitigate thermal emission,
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Fig. 4. ( top left ) Cross-section of the shock tube test section showing windows for optical access and laser/detector setup. (top right) Example raw detector and pressure 

transducer signals during non-reactive shock heating of pure CO. (bottom) Side view of the shock tube showing lengths of the driven and driver sections as well as the 

locations of the time-of-arrival sensors. 
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Fig. 5. Vibrational relaxation times for mixtures and conditions considered in this 

work, using calculations of Millikan & White [44] . 
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nd was focused onto a thermo-electrically cooled photodetector

Thorlabs PDA10D) using a CaF 2 plano-convex lens. Incident and

eflected shock pressures were measured using a dynamic pressure

ransducer (Kistler 601B1) mounted in one of the test section port

lugs, which was connected to a charge amplifier (Kistler 5018A).

ressure and detector data were collected on a PicoScope 40 0 0 se-

ies data acquisition module at 80 MHz while detector data were

ampled at the maximum detector bandwidth of 10 MHz, yielding

n equivalent measurement rate of 5 MHz. 

Representative raw time-resolved signals from a shock tube ex-

eriment are shown in Fig. 4 . Prior to the incident shock arrival,

he R(12) feature from the v (0 → 2) first overtone band of CO is vis-

ble at 296.3 K and 23.8 Torr. Following the passage of the inci-

ent and reflected shocks, R(42)–R(58) appear as the high temper-

tures more densely populate the v (1 → 3) first overtone hot band.

hroughout the test time, a non-ideal pressure rise was often ob-

erved and accounted for by assuming isentropic compression of

he test gas. This method has shown to be a valid assumption

or correcting thermodynamic conditions behind reflected shock

aves [43] . For a single scan interval, the change in temperature

nd pressure are less than 0.3% and 1.2%, respectively, when pure

O was used, and 0.2% and 0.6% when the 30% CO/Ar mixture was

sed; thus, the thermodynamic properties were assigned at the

can mid-point and assumed to be constant during each scan. 

Shock tube experiments for line-broadening parameters of pure

O were conducted over a temperature range of 1700–3750 K and

 pressure range of 0.5–2.5 atm. Moderate pressures were tar-

eted for line-broadening experiments to minimize spectral blend-

ng amongst neighboring transitions and resolve the line-specific

roadening and temperature coefficients discussed in Section 2.1 .

or the 30% CO/Ar mixtures, the lower end of the temperature

ange was limited to 20 0 0 K due to decreased absorption in the

 (1 → 3) band, precluding reliable line-broadening measurements;

owever, the pressure range ( < 2.5 atm) was kept similar. Shock-

eated CO requires a finite amount of time to attain vibrational

quilibrium; estimates of vibrational relaxation time for the mix-

ures used in these studies are shown in Fig. 5 , with empirical

orrelations from Millikan and White [44] . Pure CO experiments

ave a faster vibrational relaxation time compared to CO/Ar mix-

ures, owing to argon’s poor collision efficiency. Lower tempera-

ure ( < 2500 K) line-broadening experiments were conducted at

igher pressures ( > 1.5 atm) to reduce vibrational relaxation time.

t lower temperatures, reflected shock test times were typically
600 μs, allowing sufficient time for CO to vibrationally relax. Pro-

essed laser scans were typically acquired at least 100 μs after the

stimated vibrational relaxation time. Shock tube experiments for

ine-mixing parameters covered a temperature and pressure range

f 20 0 0–360 0 K and 5–60 atm, respectively, for both pure CO and

0% CO/Ar. Higher pressures were targeted for line-mixing experi-

ents in order to determine MEG law coefficients and prove pres-

ure scalability. 

For each experiment, absorbance αν was determined through

q. (1) via measurements of incident and transmitted intensity, I 0 
nd I . The incident laser light intensity through the shock tube was

easured without a mixture present prior to each shock experi-

ent to provide a baseline I 0 for calculation of αν . Each scan of the

ransmitted laser intensity, I , was corrected for detector offset from

oth emission and dark current noise by tuning below the las-

ng threshold. Minimal emission was observed throughout the test,
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Fig. 6. (top) Absorbance of the first overtone bandhead of CO at 3200 K and 

1.07 atm with corresponding Voigt fits. (bottom) Residuals of the Voigt fit, show- 

ing larger disagreement at the bandhead. 
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Fig. 7. Collisional width �v C versus pressure for select rovibrational transitions in 

the v (1 → 3) first overtone bandhead recorded in the static optical cell at 1226 K. 

Measurements for R(42), R(45), and R(47) (markers) are shown along with best fits 

(dashed lines). 
as seen in the representative data from Fig. 4 . For broadening ex-

periments, the absorbance profile was least-squared fit with Voigt

lineshape functions positioned at the line center of each transition

with the broadening coefficients set as the free parameters. For

higher-pressure line-mixing experiments, the MEG law coefficients

were set as free parameters with the diagonals of the relaxation

matrix assigned with the pre-determined broadening coefficients. 

4. Results and discussion 

Temperature dependent line-broadening and line-mixing coeffi-

cients of CO with CO and Ar are reported for seventeen transitions

in the v (1 → 3) first overtone hot band between 4302–4306.5 cm 

−1 .

Values for the transition line centers ν0 , line strengths S J ( T 0 ),

and lower state energy levels E ′′ 
J 

were taken from the HITEMP

database [45] . Quantum number assignments and lower state en-

ergies are noted in Table 1 . The following two subsections detail

the line-broadening and line-mixing results, respectively. 

4.1. Line broadening 

Laser absorption measurements were made behind reflected

shocks and in the heated optical cell to gather line broadening

data from 1200–3750 K for R(42)–R(58). A representative single-

scan absorbance measurement from a shock tube experiment with

corresponding Voigt line fits is shown in Fig. 6 . Generally, the Voigt

fits produced low peak residuals (1–4%). At high temperatures

and low pressures both CO-broadening and Ar-broadening experi-

ments exhibited some evidence of collisional narrowing (gull-wing

residual) likely due to a reduction in Doppler broadening from

velocity-changing collisions [46] . Fig. 6 also provides evidence of

line-mixing effects where the Voigt lineshape summation is unable

to properly fit the measured absorbance near the bandhead. 

As discussed previously, line-broadening experiments targeted

lower pressures ( < 2.5 atm) to minimize spectral blending from

neighboring transitions, which become more significant near the

bandhead and complicates the fitting routine. Despite the low

pressures of the experiments, the R(48)–R(54) transitions near the

bandhead are too closely spaced to reliably extract broadening in-
ormation. Instead, the broadening coefficients from transitions be-

ore and after the bandhead—R(42)–R(47) and R(53)–R(58)—were

sed to establish a J ′′ dependency and estimate the broadening

oefficients of the bandhead transitions for the Voigt line shape

odel. 

As previously mentioned, self-broadening measurements were

onducted on a high-temperature gas cell at 1226 ±10 K over a

ressure range of 0.6–1.0 atm to extend the temperature range

f the reported broadening parameters. This data served to re-

uce uncertainty in the temperature-dependence exponent, and

o check that acquired data had negligible facility dependence.

s with the shock tube measurements, the detectable transitions

n the absorbance spectra were fit with simultaneous Voigt line

hape functions positioned at the line center of each transition

ith broadening coefficient, γCO −B (T ) , as the free parameter using

 least squares fitting routine. Representative collision width mea-

urements from these experiments are shown as a linear function

f pressure in Fig. 7 . At these lower temperatures (1226 ± 10 K),

he absorbance from each of the transitions after the bandhead

as too weak ( αν < 0.005) to recover reliable collision widths

nd was not factored into γCO −B (T ) . Consequently, to help es-

ablish temperature dependence for the higher energy lines af-

er the bandhead, R(53)–R(58), we incorporate estimates of room-

emperature broadening in the power law fit from an existing

odel [47] validated for lower J ′′ transitions [31] . The resulting
roadening coefficients referenced to 1500 K and temperature-

ependence exponents are reported in Table 1 . 

Owing to weak expected absorbance at the maximum tem-

eratures achievable by the heated optical cell, CO 

–Ar broaden-

ng measurements were not conducted, considering these experi-

ents would require significant dilution of the CO. Therefore, as

ith the aforementioned R(53)–R(58) lines in pure CO, a room-

emperature estimation of the Ar-broadening coefficient [48] is

ncorporated into the power law fit for all transitions before

nd after the bandhead (R(42)–R(47) and R(53)–R(58)). Room-

emperature Ar-broadening estimations were obtained by extrap-

lating existing measurements that have been validated at lower

 

′′ transitions [48] . 
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Table 1 

Self- and Ar-broadened line parameters for the v (1 → 3) band of CO. 

Transition E ′′ J γCO −CO (1500 K) n CO −CO γCO −Ar (1500 K) n CO −Ar 

( v ′′ , J ′′ ) [cm 

−1 ] [ 10 −3 cm 

−1 atm 

−1 ] [ 10 −3 cm 

−1 atm 

−1 ] 

R(1,42) 5563.82 17.08 ± 0.35 a 0.521 ± 0.023 a 12.36 ± 0.45 b 0.485 ± 0.036 b 

R(1,43) 5725.71 16.75 ± 0.38 a 0.500 ± 0.025 a 12.05 ± 0.49 b 0.455 ± 0.037 b 

R(1,44) 5891.27 16.45 ± 0.41 a 0.480 ± 0.026 a 12.09 ± 0.48 b 0.478 ± 0.037 b 

R(1,45) 6060.50 16.40 ± 0.46 a 0.488 ± 0.028 a 11.55 ± 0.52 b 0.425 ± 0.038 b 

R(1,46) 6233.39 16.22 ± 0.52 a 0.497 ± 0.031 a 11.57 ± 0.52 b 0.455 ± 0.039 b 

R(1,47) 6409.92 16.31 ± 0.60 a 0.501 ± 0.034 a 11.37 ± 0.59 b 0.429 ± 0.040 b 

R(1,48) 6590.11 15.72 ± 0.64 c 0.465 ± 0.046 c 11.26 ± 0.66 c 0.429 ± 0.065 c 

R(1,49) 6773.93 15.51 ± 0.71 c 0.456 ± 0.045 c 11.10 ± 0.71 c 0.422 ± 0.064 c 

R(1,50) 6961.38 15.30 ± 0.79 c 0.448 ± 0.045 c 10.94 ± 0.76 c 0.414 ± 0.063 c 

R(1,51) 7152.46 15.09 ± 0.88 c 0.439 ± 0.044 c 10.78 ± 0.82 c 0.406 ± 0.062 c 

R(1,52) 7347.15 14.89 ± 0.98 c 0.431 ± 0.043 c 10.62 ± 0.88 c 0.398 ± 0.061 c 

R(1,53) 7545.45 14.53 ± 1.13 b 0.431 ± 0.037 b 10.47 ± 0.94 c 0.390 ± 0.060 c 

R(1,54) 7747.36 14.38 ± 1.19 b 0.383 ± 0.037 b 10.29 ± 0.98 b 0.401 ± 0.043 b 

R(1,55) 7952.85 14.28 ± 1.40 b 0.401 ± 0.038 b 10.25 ± 1.12 b 0.393 ± 0.044 b 

R(1,56) 8161.93 13.98 ± 1.40 b 0.372 ± 0.039 b 10.18 ± 1.23 b 0.379 ± 0.044 b 

R(1,57) 8374.60 13.91 ± 1.64 c 0.389 ± 0.038 c 9.88 ± 1.26 c 0.359 ± 0.056 c 

R(1,58) 8590.82 13.53 ± 1.82 b 0.382 ± 0.041 b 10.00 ± 1.55 b 0.355 ± 0.045 b 

a Power law fit incorporates high-temperature gas cell data 
b Power law fit incorporates room-temperature broadening estimation (discussed in Section 4.1 ) 
c Interpolation based on J ′′ -dependence (reference Fig. 9 ) 

Fig. 8. CO- and Ar-broadening coefficients for select transitions with power law fits 

for 10 0 0–40 0 0 K. High-temperature optical cell data at 1226 K annotated, all other 

points from shock tube experiments. 
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Fig. 9. Measured broadening coefficients 2 γCO −B for J 
′′ = 42–58 for CO and Ar at 

1500 K and 3500 K. Least-squares exponential fits (dashed lines) of the measured 

broadening coefficients (filled markers) are used to estimate 2 γCO −B for J 
′′ too inter- 

fered to measure directly (open markers). 
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Fig. 8 shows broadening data versus temperature for repre-

entative transitions before and after the bandhead, representing

ll relevant test conditions. The measured broadening coefficients

ere fit with a power law to obtain the temperature exponent

 for each transition, using 1500 K as the reference temperature

 0 . Details regarding the uncertainties associated with this proce-

ure are provided in Appendix B . With measured broadening co-

fficients before and after the bandhead, we infer the broadening

oefficients for transitions located at the bandhead—R(47)–R(53)—

ia linear interpolation, as shown in Fig. 9 . It is important to note

hat R(57) is blended with R(12) from the v (0 → 2) first overtone

and, and therefore broadening parameters for this transition also

equired interpolation. Temperature-dependent exponents n for the

nterpolated transitions are determined by similarly fitting the in-

erred broadening coefficients γCO −B (T ) over the range of test tem-

eratures. The broadening parameters for all seventeen transitions
nd their uncertainties are listed in Table 1 . Subscripts in the ta-

le indicate if the reported parameter is an interpolated value

r if it incorporates any high-temperature gas cell data or room-

emperature estimations. Power-law fits of all measured broaden-

ng coefficients versus temperature (similar to the subset shown in

ig. 8 ) are provided in the Supplementary Material. 

.2. Line mixing 

As discussed in Section 2.2 , the relaxation matrix, W , accounts

or the collisional rates that result in line mixing in the spec-

ra. The real diagonal elements of W are the broadening coeffi-

ients, γ J , the imaginary diagonal elements are the pressure shifts,

ν0, J , the real off-diagonal elements represent the state-specific

opulation transfer rates, R J → K , and the imaginary off-diagonal
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Fig. 10. Absorbance measurement of the v (1 → 3) first overtone bandhead of CO 

at 3351 K and 25.4 atm with spectral simulations using Eq. (2) (green) and 

Eq. (7) (red) with no population transfers, too many population transfers, and best- 

fit population transfers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Population transfer rates R J → K given by the MEG model, from select initial 

states J ′′ = 42, 46, 50, 54, and 58 to final K ′′ states, plotted as �J = K ′′ − J ′′ . 

Fig. 12. Best-fit determinations of a 1 for different tem peratures (markers) with 

power law fits (dashed lines) for both CO –CO and CO –Ar collisional line mixing. 
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components are set to zero. The reported broadening coefficients

in Table 1 and the pressure shift coefficients from the HITEMP

database [31] are used to complete the real and imaginary diagonal

elements of W , respectively. The MEG law described by Eq. (17) is

implemented to model the population transfer rates. To find the

MEG law coefficients, a i , high-pressure absorbance data measured

using the shock tube facility are least-squares fit with the ab-

sorbance model, given by Eq. (7) , with a 1 , a 2 , and a 3 set as the

free parameters. It should be noted that since line mixing only oc-

curs within the same vibrational band, as described in Section 2.2 ,

transitions not belonging to the v (1 → 3) first overtone hot band

were simulated using the HITEMP database and removed from the

measured absorbance data prior to the fitting routine. This proce-

dure was initially carried out using pure CO in order to determine

the population transfer rates associated with CO 

–CO collisions, and

then repeated with test gas mixtures of 30% CO/Ar to obtain the

appropriate rates for CO 

–Ar collisions using Eq. (16) . 

A comparison of representative high-pressure absorbance data

collected in the shock tube at 25 atm and 3350 K is shown

in Fig. 10 with various simulated results from the line mixing

model. Without line mixing, the simulated spectra poorly repre-

sent the measured spectra near the bandhead, where most pop-

ulation transfers occur. Implementing the fitting routine described

above allows for a high fidelity reconstruction of the spectra with a

max residual < 3%. This compares to a disagreement of nearly 50%

at the bandhead peak without accounting for line mixing. As ex-

pected, away from the bandhead, the line mixing model still agrees

well with both the measured absorbance and the simulated spec-

tra without any line mixing. Notably, with the MEG law coefficients

established, we can adjust the a 1 parameter to vary the degree of

line mixing and visualize the associated changes in the spectra. As

population transfer rates increase, line mixing favors population

transfers from weak absorption regions to strong absorption re-

gions; consequently, narrowing the spectral structure and increas-

ing the differential absorption near the bandhead. 

It is informative to compare the transfer rates of different

transitions as a function of �J . Fig. 11 shows the rates for select
ransitions given by the line-mixing model at two conditions. Since

ollision-induced transfers across larger rotational levels require

ore energy, R J → K decays as �J increases. Accordingly, Fig. 11 il-

ustrates that at higher temperatures, the population transfers

rom larger �J become more significant. This can be described

hrough Eqs. (11) and (17) . It should be noted that the relaxation

atrix scales linearly with pressure, but the relative probability of

ollision-induced transfers between a given �J is only dependent

n temperature. Previous studies have implemented the MEG

odel at room temperature and shown that collision transfer rates

ccur predominantly at �J = ±1 [49,50] . However, at the high

emperatures ( > 1500 K) investigated in this work, population
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Fig. 13. CO –CO: measured spectral absorbance compared to the developed MEG 

model used to capture line-mixing effects over a range of pressures. The simulated 

spectral absorbance with no line mixing is illustrated for reference. 
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Fig. 14. CO –Ar: measured spectral absorbance compared to the developed MEG 

model used to capture line-mixing effects over a range of pressures. The simulated 

spectral absorbance with no line mixing is illustrated for reference. 
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Table 2 

Temperature-dependent MEG law parame

a 1 (1500 K) a 2
[10 −3 cm 

−1 atm 

−1 ] 

CO –CO 1.52 ± 0.15 0.51 ±
CO –Ar 0.85 ± 0.13 0.30 ±

ransfers with larger �J significantly contribute to the popu-

ation redistribution. 

With the MEG law coefficients inferred empirically at vari-

us conditions, the temperature dependence of a 1 ( T ) was found

hrough Eq. 19 by fitting experimental data at different tem-

eratures, while holding a 2 and a 3 constant. The temperature

ependence of the relaxation matrix is captured in Fig. 12 for

oth CO 

–CO and CO 

–Ar collisions. Notably, the temperature expo-

ents for the off-diagonal components of the relaxation matrix are

arger than those of the corresponding broadening coefficients. For

O 

–CO collisions, a 2 and a 3 were obtained at 3463 K and 18.7 atm

ith a 1 (T) reported at a reference temperature of 1500 K. Sim-

larly, for CO 

–Ar collisions, a 2 and a 3 were obtained at 3586 K

nd 28.3 atm with a 1 (T) reported at a reference temperature of

500 K. The reported MEG law coefficients can be found in Table 2 .

t is important to note that the specific transfer rates obtained by

he reported MEG law coefficients do not in themselves sum up

o the broadening coefficient (as shown in Eq. (15) ) as there are

ther state-changing collisions not accounted for in the modeled

bsorbance. As such, caution should be exercised in using these

nferred population transfer rates beyond modeling the target ab-

orption spectra, as the absolute values have not been normalized.

With an established temperature dependence for R J → K and γ J ,

he full relaxation matrix can be calculated over a wide range

f temperatures and pressures. To validate the pressure scala-

ility of the line mixing model, a series of shock tube experi-

ents were conducted from 5–25 atm for pure CO and 25–60 atm

or 30% CO/Ar at similar temperatures, respectively, as shown in

igs. 13 and 14 . At all pressures, the line mixing model exhibits
etermined in this work. 

a 3 a 4 m 

 5.21 ± 0.10 2 1.28 ± 0.06 

 7.46 ± 0.15 2 1.66 ± 0.09 

xcellent agreement with the measured absorbance spectra. More

pecifically, in these figures, the a i parameters were obtained at a

ingle pressure and then used to calculate the spectra at the other

ressures; therefore, validating the pressure scalability of the MEG

aw model. It should be noted that below 5 atm we found the

imulated spectral shape could no longer accurately represent the

easured spectra, a limit associated with the Lorentzian lineshape

ssumption in Eq. (7) . An additional Voigt convolution step with

he Gaussian function is required to capture the less prominent

ine mixing at lower pressures. 

. Conclusion 

Self- and Ar-broadening coefficients and temperature-

ependent exponents for CO have been measured and reported for

7 rovibrational transitions, R(42)–R(58), in the v (1 → 3) first over-

one hot band of CO near 2.3 μm. Experiments were conducted

ver a wide range of temperatures, 1200–3750 K, utilizing a shock

ube facility and a heated gas cell. To the authors’ knowledge, this

ork represents the first experimental study of these very high

otational energy transitions ( E ′′ = 550 0–860 0 cm 

−1 ), extending

he spectroscopic knowledge base of temperature-dependent

roadening for CO. With broadening parameters established, a

odified exponential gap model was developed to evaluate the

hermodynamic scaling of state-specific collisional transfer rates

ssociated with line mixing. The line-mixing model developed

n this work quantitatively resolves the spectral domain over a

ange of extreme temperatures and pressures, 20 0 0–360 0 K and

–60 atm, relevant to combustion and planetary entry. 
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Appendix A. Unifying line mixing equations 

Within the impact approximation, the absorption coefficient for

overlapping lines can be written as: 

k ν = 

N 

π
Im ( d · G 

−1 · ρ · d ) (A.1)

In this form, solving for k ν can be significantly time consuming,

especially if considering mixing between multiple transitions, as it

requires a matrix inversion for each frequency. The computation

of k ν is simplified considerably by following the procedure dis-

cussed in Section 2.2 , as shown by Gordon and McGinnis [30] and

Koszykowski et al. [51] . The resulting expression for k ν is shown in

Eq. (A.2) . 

k ν = 

N 

π
Im 

[ ∑ 

J 

( d · A ) J ( A 

−1 · ρ · d ) J 
(ν − ω J ) 

] 

(A.2)

Note that Eq. A.2 is still an exact expression for k ν and involves no

approximations. 

In this form, d represents a vector of transition amplitudes with

a temperature dependence given by: 

d J = 

√ 

S J (T ) 

ρJ 

(A.3)

where S J ( T ) [cm 

−1 /(molec · cm 

−2 )] is the transition line strength

and ρ J is the Boltzmann population fraction given by Eq. (8) . It is

often of interest to express d in terms of temperature independent

molecular properties. This can be done by letting S J ( T ) take the fol-

lowing form: 

S J (T ) = I a 
A J 

8 πcν2 
0 

g ′ J exp 
(
− hcE ′′ J 

k B T 

)[ 
1 − exp 

(
− hcν0 

k B T 

)] 
Q 

(A.4)

where I a is the natural terrestrial isotopic abundance, g 
′ 
J 
is the up-

per state degeneracy, E ′′ 
J 
[cm 

−1 ] is the lower state energy, Q is the

total internal partition function, and A J [s 
−1 ] is the Einstein coeffi-

cient for spontaneous emission. The Einstein-A coefficient is inde-

pendent of temperature and, for electric dipole transitions, can be

related to the weighted transition-moment squared R 

2 
J [Debye 2 ]

through Eq. (A.5) : 

A J = 

64 π4 

3 h 
ν3 
0 

g ′′ J 
g ′ 
J 

R 

2 
J (A.5)

where g ′′ 
J 
is the lower state degeneracy. Substituting Eq. (A.5) into

Eq. (A.4) yields: 

S J (T ) = I a 
8 π3 

3 hc 
ν0 ρJ 

[ 
1 − exp 

(
− hcν0 

k B T 

)] 
R 

2 
J (A.6)
inally, combining Eq. (A.2) with Eqs. (A.5) and (A.6) produces an

xpression for absorption coefficient accounting for line mixing

requently seen in literature: 

 ν = I a 
8 π2 

3 hc 
ν
[ 
1 − exp 

(
− hcν

k B T 

)] 
×

∑ 

J 

∑ 

K 

N J R J R K 

× Im {〈〈 J| [ � − L 0 − iP W ] −1 | K〉〉} (A.7)

here �, L 0 , and W are operators in Liouville line space. � and L 0 
re diagonals associated with the wavenumber of the calculation ν
nd the transition line center ν0 , respectively. All collisional influ-

nces on spectral shape are contained in the relaxation matrix W ,

s discussed in Section 2.2 . 

ppendix B. Uncertainty analysis 

The broadening parameters reported in Table 1 and the MEG

aw coefficients reported in Table 2 are provided with uncertainty

stimates, the calculations of which are detailed in this Appendix.

nless otherwise noted, we follow the Taylor series method (TSM)

f uncertainty propagation [52] , in which the uncertainty of a vari-

ble r , �r , is given by: 

( �r ) 
2 = 

(
∂r 

∂x 1 
�x 1 

)2 

+ 

(
∂r 

∂x 2 
�x 2 

)2 

+ · · · (B.1)

here x i are dependent variables and �x i are their respective un-

ertainties. 

1. Thermodynamic state variables 

The parameters we report are determined from measurements

ade at various thermodynamic conditions, uncertainties of which

ltimately affect the temperature- and pressure-dependence of the

ssociated models. 

Uncertainty in pressure, �P is generally dominated by two

ources. For both shock tube and heated optical cell experiments,

ncertainty in the pressure transducer/capacitance manometer

easurements �P meas leads to uncertainties in broadening param-

ters. For the shock tube experiments, uncertainty in the reflected

hock pressure P 5 due to uncertainties associated with the shock

elations �P 5 contribute. 

�P 

P 

)2 

= 

(
�P meas 

P meas 

)2 

+ 

(
�P 5 
P 5 

)2 

(B.2)

or the heated optical static gas cell experiments, �P 5 is taken

o be zero, and �P meas is 0.012% of the measurement reported

y the capacitance manometer, while for the shock tube experi-

ents, �P meas is 0.18% of the measurement reported by the pres-

ure transducer. 

Uncertainty in temperature, �T , is different for each of the de-

ices. For the shock tube measurements, the uncertainty in tem-

erature is simply the uncertainty in reflected shock temperature

 5 , �T 5 . For the sake of brevity, the uncertainties �P 5 and �T 5 
ill not be discussed here in further detail; however, we note that

ignificant contributors include uncertainties in the composition of

he driven gas (from the barometric mixture preparation), uncer-

ainties in the time-of-arrival measurements, and small uncertain-

ies in the initial pressure P 1 and temperature T 1 . Further informa-

ion regarding uncertainties in reflected shock conditions can be

ound in the work by Campbell et al. [42] . 

Temperature uncertainty in the static optical cell measurements

aken at 1226 K is �T meas = 10 K, based on the uncertainty of ther-

ocouple measurements taken on the outside surface of the cell.

https://doi.org/10.13039/100000001
https://doi.org/10.13039/100006602
https://doi.org/10.13039/100000001
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ore detail about the optical cell used in this paper is provided in

revious research [41] . 

2. Broadening coefficient 

The uncertainties in collisional broadening coefficient (for ab-

orber A by perturber B ) γA −B (T 0 ) , �γA −B (T 0 ) , and temperature-

ependent exponent n , �n , are determined from applying a linear

egression to Eq. (6) . In this case, the standard errors of the slopes

nd intercepts of the fitted lines are �n and �γA −B (T 0 ) , respec-

ively. In our linear regressions, we follow the approach of York

t al. [53] , incorporating variable uncertainties in both x and y to

rovide slope and intercept standard errors more reflective of vari-

ble measurement quality amongst the data. In practice, this al-

ows for us to utilize measurements from both the shock tube and

he heated static optical cell in the same regression (as shown in

ig. 8 ), despite that each of these devices has different measure-

ent uncertainties in thermodynamic state variables. 

�γA −B (T 0 ) and �n thus have uncertainty dependence on �T

discussed previously) and �γA −B (T ) . We can determine �γA −B (T )

y applying Eq. (B.1) to Eq. (5) after rearranging to solve for

A −B (T ) : 

�γA −B (T ) 

γA −B (T ) 

)2 

= 

(
�(�v C ) 
2 P X B 

)2 

+ 

(
�v C �P 

2 P 2 X B 

)2 

+ 

( 

�v C �X B 

2 P X 2 
B 

− �X B 
X B 

∑ 

C 

X C γA −C (T ) 

) 2 

+ 

( 

1 

X B 

∑ 

C 

�X C γA −C (T ) 

) 2 

+ 

( 

1 

X B 

∑ 

C 

X C �γA −C (T ) 

) 2 

(B.3) 

q. (B.3) describes the uncertainty dependence of the broadening

oefficient of absorber A by perturber B , γA −B (T ) , on the uncer-

ainties in collisional width �v C , total pressure P , mole fraction of

erturber B, X B , and broadening influences of any other perturbers

 (which includes self-broadening by A ). For self-broadening, X B =
 A ≈ 1 and X C = 0 , and so the last few terms of Eq. (B.3) drop out.

hen considering only a single perturber B , C = A to account for

he influence of self-broadening. �P is given by Eq. (B.2) , and mole

raction uncertainties �X i are determined based on the barometric

ixture preparation uncertainties. Collisional width �v C is deter-

ined from a Voigt fit of the measured absorbance spectra, and so

( �v C ) is conservatively estimated by multiplying the maximum

esidual of the Voigt fit by �v C , typically less than 3%. 

Thus, the uncertainty dependencies of �γA −B (T 0 ) and �n are

ll accounted for. Some sensitivity is observed in the preceding

quations regarding the mole fraction of perturber B , such that

ower mole fractions of B lead to higher uncertainties in �γA −B (T )

or a given transition, as demonstrated in Figs. 8 and 9 . 

3. MEG law coefficients 

Because the MEG law is an empirical model [34,35] , the coef-

cients a 1 ( T ), a 2 , and a 3 for each experiment are determined by

 nonlinear least-squares fit, and so their uncertainties cannot be

nterpreted as meaningfully through physical relationships as de-

cribed by Eq. (B.1) . Thus, we estimate uncertainties for this model

n a manner consistent with how the model will be used; i.e., to

ake predictions of absorption spectra in the range of thermody-

amic conditions described in this work. The uncertainties in a ( T ),
1 
 2 , and a 3 for each high-pressure shock tube experiment were de-

ermined by varying the wavenumber range over which the least-

quares fit described in Section 4.2 was made. The differences be-

ween the values of a i determined from the simulating the wave-

ength range of the measured experiment (4300–4310 cm 

−1 ) and

he values of a i determined from simulating the wavelength range

f the entire v (1 → 3) band (4210–4310 cm 

−1 ) were taken to be a

onservative estimate of �a i . This represents the uncertainty asso-

iated with using experimental data gathered from a limited spec-

ral range to model the line mixing behavior of the entire band. 

The uncertainties for a 1 ( T ), �a 1 ( T ), are shown as error bars in

ig. 12 . Together with �T , these are used in the linear regression

etermination of a 1 ( T 0 ) and m to obtain their respective uncertain-

ies �a 1 ( T 0 ) and �m using the same approach of York et al. [53] as

escribed for �γA −B (T 0 ) and �n . 

�a i are observed to be similar for line-mixing in argon de-

pite the lower signal-to-noise ratios in the measurements; this is

ecause the MEG law coefficients a i determined for pure CO are

sed to determine a i for argon through Eq. (16) . Since these co-

fficients are treated as fixed for this second least-squares fitting

rocedure, the additional constraints on the fit reduce the varia-

ion in suitable a i . As such, the MEG law coefficients presented in

able 2 for CO 

–Ar should not be interpreted independently from

hose for CO 

–CO. 

upplementary material 

Supplementary material associated with this article can be

ound, in the online version, at doi: 10.1016/j.jqsrt.2019.10 6 636 . 
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