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a b s t r a c t 

High-temperature line mixing behavior was studied for 15 R-branch line manifolds in the v 3 band of 

methane from 3.14 μm to 3.28 μm. The temperature-dependence of the line mixing parameters for the 

R (4) to R (18) manifolds perturbed by nitrogen were empirically-determined over a range of temperatures 

from 30 0–10 0 0 K using Fourier transform infrared spectroscopy in a heated gas cell. A more extensive 

line mixing investigation of the rovibrational transitions comprising the R (15) manifold was performed 

at lower pressures (0.3–2 atm) using laser absorption spectroscopy from 30 0–160 0 K in both the heated 

cell and a high-enthalpy shock tube. Measured spectra were modeled and fit using both a modified ex- 

ponential gap model and a perturbation theory-based first-order model to capture the pressure- and 

temperature-dependence of the line mixing effects. The modified exponential gap model was found to 

sufficiently capture the line mixing behavior at pressures greater than 20 atm, while perturbation theory 

enables more accurate characterization of the behavior at the lower pressures. The applicability of both 

the modified exponential gap model and perturbation theory is also discussed with analyses of the fitting 

residuals and the parameter uncertainties to provide reference for the use of the two empirical models 

in simulating the R-branch of the v 3 band of 
12 CH 4 over a wide range of thermodynamic conditions. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Methane (CH 4 ) is an important molecule in biology, plane-

ary astronomy, climatology, agriculture, and combustion chem-

stry. As a principal fuel component of natural gas, intermedi-

te in the oxidation of larger hydrocarbons, and—increasingly—a

romising future rocket fuel [1,2] , CH 4 plays a key role in energy

onversion systems globally, and high-temperature spectroscopy of

H 4 is particularly relevant to combustion research [3] . Addition-

lly, temperature-dependent spectroscopy of CH 4 is relevant for

oth remote and in-situ sensing of terrestrial [4–6] , extraterres-

rial [7,8] , and extrasolar [9,10] planetary atmospheres. CH 4 is one

f the most substantial contributors to Earth’s greenhouse effect,

fter CO 2 and H 2 O [11] , and its accurate detection and spectro-

copic modeling is key to understanding its environmental impact

n Earth [12] . This work documents an experimental investigation

f 12 CH 4 spectra from 3.14 μm to 3.28 μm at elevated pressures

elevant to energy conversion systems over a wide range of ele-
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ated temperatures (up to 1600 K), with the goal of developing a

redictive model of the target spectral domain that accurately cap-

ures the pressure- and temperature-dependence of collisional line

ixing effects. 

Several researchers have utilized absorption by methane for

uantitative in-situ measurement of species concentration and/or

emperature at elevated temperatures [3,13–21] . Many of these

tudies [3,16–19] employ empirical peak-to-valley absorption

ethods or cross-section correlations for quantitative interpreta-

ion of specific wavelengths, an approach that avoids the complex-

ty of the underlying line-by-line spectroscopy of CH 4 but lacks in

calability over varying thermodynamic conditions or bath gases.

ine-by-line modeling offers greater utility, but the spectroscopic

omplexities must be addressed. 

Though the simplest stable hydrocarbon, CH 4 poses numerous

pectroscopic modeling challenges, particularly at elevated temper-

tures and pressures. The tetrahedral molecule exhibits a compli-

ated series of interacting vibrational states (polyads) as a conse-

uence of the approximately similar energies of two fundamental

ands and two overtone bands ( v 1 ≈ v 3 ≈ 2 v 2 ≈ 2 v 4 ) [22] . As a

esult, the spectra of a given polyad of CH 4 often comprise over-

apping fundamental bands, hot bands, overtone bands, and combi-

ation bands, complicating measurements of spectroscopic param-
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eters such as linestrength, collisional broadening and shift coeffi-

cients due to local spectral blending. Moreover, the abundance of

spectral transitions in these bands poses computational challenges

for comprehensive and accurate predictive modeling of CH 4 spec-

tra at elevated temperatures; only recently has a high-temperature

line list for CH 4 that balances both accuracy and computational ef-

ficiency been compiled and made available via HITEMP [23] . No-

tably, however, even with a comprehensive line list significant dis-

agreement in spectral absorbance, relative to that predicted by

conventional lineshape summation of individual transitions, can

be observed for measured CH 4 spectra at moderately elevated gas

densities. This is largely attributed to line mixing, a band or man-

ifold narrowing effect in spectrally dense regions that occurs at

high gas densities resulting from collision-induced changes in the

populations of energy states [24] . We focus this experimental study

on the characterization of line mixing behavior from 30 0–160 0 K

in the R-branch of the v 3 band of CH 4 over a wide range of pres-

sures and gas densities with the simple goal of developing an ac-

curate empirical model. 

Line mixing in the v 3 band of CH 4 at temperatures at or be-

low 300 K at a variety of pressures has been investigated pre-

viously [25–40] , owing to its relevance in sensing of the atmo-

spheres of Earth [34] , the Jovian planets [35] , and Titan, a natu-

ral satellite of Saturn. Line mixing is notably pronounced in the

Q branch, as well as in the higher rotational energy manifolds ( J -

manifolds) of the P and R branches due to the multiplicity of ro-

vibrational transitions in close proximity. Various line mixing mod-

els have been developed and employed to describe CH 4 spectra for

ranges of temperatures and pressures relevant to in-situ and re-

mote atmospheric sensing. First-order line mixing models based on

the perturbative treatment proposed by Rosenkranz [41] have been

shown to adequately characterize line mixing at low pressures

[25–27,30,31,33,37–40,42] . At higher pressures, energy-gap scaling

models which correlate the population transfer rates that comprise

the relaxation matrix have been used [28–30,32–35] . Though suc-

cessfully implemented for some linear molecules [43–45] , energy-

gap laws [46,47] have been found less appropriate for modeling

non-linear molecules such as CH 4 at low to moderate densities

[28] . 

To the authors’ knowledge, the temperature dependence of line

mixing effects on CH 4 v 3 spectra has not been previously investi-

gated above 300 K. Some temperature-dependence studies of line

mixing for CH 4 have been performed in the v 3 region between

20 0 K and 30 0 K [29] . Line mixing parameters and temperature

dependence in the P(9) manifold of the v 3 band were measured

between 90 and 296 K by Mondelain et al [36] . The line mixing

parameters in the R (6) manifold of the v 3 band were also recorded

over the temperature range from 213.5 K to room temperature [37] .

In general, the collective of previous CH 4 line mixing studies have

been focused on examining behavior near ambient temperature

( ~ 300 K) or below. 

This paper describes experimental measurements and modeling

of the aforementioned line mixing effects in the triply degener-

ate antisymmetric C-H stretch v 3 band of CH 4 at temperatures up

to 1600 K, relevant to combustion environments. R -branch spec-

tra from R (0) to R (18) are initially examined at various pressures

(2–25 atm) and temperatures (298–1021 K) using Fourier trans-

form infrared spectroscopy (FTIR) combined with a heated gas cell.

Line mixing and its temperature dependence in the R (15) mani-

fold are further examined using interband cascade laser absorption

spectroscopy near 3.15 μm at low pressures (0.3–2 atm) and ele-

vated temperatures (298–1610 K) in both a gas cell and a shock

tube. A modified exponential gap law and first-order line mixing

approximation (perturbation theory) were both used to model the

line mixing effects of CH 4 perturbed by N 2 and compared at dif-

ferent experimental conditions. The adequacy of the two empirical
odels for capturing the CH 4 line mixing effects under varying as-

umptions is also discussed, including non-ideal behavior observed

ver varying pressure and temperature. 

. Theory 

.1. Line mixing 

Spectral absorbance, αv , accounting for line mixing collisions

an be written within the impact approximation in the following

orm: 

ν = −ln 

(
I t 

I 0 

)
ν

= 

NL 

π
Im ( d · G 

−1 · ρ · d ) (1)

here N [molec · cm 
−3 ] is the total number density of the absorb-

ng species and L [cm] is the path length, ρ is a diagonal matrix

ith nonzero elements ρ i defined by the lower state Boltzmann

opulation fraction: 

i = 

N i 

N 

= 

g ′′ 
i 

Q 

exp 

[
−hcE ′′ 
k B T 

]
(2)

ere, N i [molec · cm 
−3 ] is the number density at a certain en-

rgy level, g ′′ 
i 
is the lower state degeneracy, E ′′ [cm 

−1 ] is the lower

tate energy, Q is the total internal partition function, h [J · s]

s Planck’s constant, and c [cm/s] is the speed of light, and d

cm 
−1 /(molec · cm 

−2 )] 1 / 2 is a vector of transition amplitudes with

lements d i given as: 

 i = 

√ 

S i (T ) 

ρJ 

(3)

he dependence on wavenumber, ν [cm 
−1 ], is within G [cm 

−1 ], a

omplex matrix defined as: 

 = νI − H (4)

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

 [cm 
−1 ] is defined as: 

 = ν0 − i W (5)

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

cm 
−1 ] is the relaxation matrix which captures collisional effects

n the spectra and is given by: 

 i j = 

{
�νc,i − i �i if i = j 
PA RR R i → j if i � = j 

(6)

here P is the total pressure in units of [atm], the real diagonal el-

ments of W are the collisional half-widths �νc,i [cm 
−1 ], and the

maginary diagonal elements are the pressure shifts �i [cm 
−1 ]. The

eal off-diagonal elements are linearly proportional to the state-

pecific population transfer rates, R i → j [cm 
−1 /atm], between two

tates i and j . The off-diagonal components of W represent contri-

utions from rotational dephasing, which are neglected here and

et to zero. In Eq. (5) , H can be diagonalized using a similarity

ransform to obtain a diagonal eigenvalue matrix � [cm 
−1 ] with

iagonal elements ω i [cm 
−1 ] such that: 

= A 

−1 · H · A (7)

ince G only differs from H by a constant diagonal matrix, G 
−1 is

lso diagonalized by A . Eq. (1) can now be written as a function of

spanning all relevant spectral transitions i : 

ν = 

NL 

π
Im 

[ ∑ 

i 

( d · A ) i ( A 

−1 · ρ · d ) i 
(ν − ω i ) 

] 

(8)

f we define, 	i = ( d · A ) i ( A 
−1 · ρ · d ) i , αν becomes a sum over

orentzian and dispersion terms: 

ν = 

NL 

π

∑ Im �i · Re �i + Im �i (ν − Re �i ) 
2 2 

(9)
i i 
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.2. Perturbative treatment theory 

The perturbative treatment (PT) theory for modeling line mix-

ng consists of making a perturbative expansion of the eigenvalues

nd eigenvectors of the matrix H in powers of W i j / (νi − ν j ) . They

an be introduced in Eq. (9) , which gives the first order treatment:

ν = 

NL 

π

∑ 

i 

S i [�νc + Y i (ν − ν0 )] 

(ν − ν0 ,i − �i ) 2 + �ν2 
c 

(10) 

ith 

 i = 2 
∑ 

j � = i 

d j 

d i 

W i j 

νi − ν j 

(11) 

here S i , �νc , �i and Y i are the linestrength, collisional width,

ressure shift and line mixing coefficient for the spectral line i . The

xpression in Eq. (10) will have different forms depending on the

ineshape model assumed. When accounting first-order line mix-

ng, the spectral absorbance assuming the Voigt profile (a convolu-

ion of the Doppler and Lorentzian profiles) becomes: 

ν = 

NL 

π

∑ 

i 

(
S i 

�νD,i 

)(
ln (2) 

π

)1 / 2 

( Re [ c(ν, x i , y i )] + Y i · Im [ c(ν, x i , y i )] ) (12) 

here �νD,i is the Doppler half-width (HWHM), c is the complex

rror function, and 

x i = 

ν − ν0 ,i − �i 

�νD,i 

( ln (2) ) 1 / 2 

 i = 

�νc,i 

�νD,i 

( ln (2) ) 1 / 2 (13) 

t low pressures, it may be necessary to consider the influence

f narrowing mechanisms, such as Dicke narrowing and speed-

ependent effects [4 8,4 9] . When considering first-order line mix-

ng for the Rautian profile, the corresponding absorbance is given

y: 

ν = 

NL 

π

∑ 

i 

(
S i 

�νD,i 

)(
ln (2) 

π

)1 / 2 

×
(
Re 

[
c(ν, x i , y i ) 

1 − √ 

πβc(ν, x i , y i ) 

]

+ Y i · Im 

[
c(ν, x i , y i ) 

1 − √ 

πβc(ν, x i , y i ) 

])
(14) 

hen considering speed dependent effects, the collisional width

ecomes a function of molecular speed and is modeled with the

ollowing expression: 

νc,i (υ) = �νc,i (υm ) 

(
1 + a s,i 

[(
υ2 

υp 

)
− 3 

2 

])
(15) 

here υ is the speed of the absorbing molecule, υm is the mean

peed of the absorber, υp is the most probable speed of the ab-

orbing molecule, and a s,i is the speed-dependent coefficient for

ine i . The absorption coefficient for the speed-dependent Voigt

rofile with line mixing becomes: 

ν = 

NL 

π3 / 2 

∑ 

i 

S i 

∫ + ∞ 

−∞ 

e −υ2 

υ

×
( 

tan −1 

[
υ + x i 

y i (a s,i (υ2 − 1 . 5) + 1) 

]2 

+ 

Y i 
2 
ln 

[
υ + x i 

y i (a s,i (υ2 − 1 . 5) + 1) 

]2 
) 

dυ (16) 
t should be noted that the line mixing among transitions with dif-

erent A, E, F symmetry are negligible for CH 4 because of the sym-

etry of the intermolecular potential [26,40] and the line mixing

arameter sum rule constraint �i S i Y i = 0 [27] was used for each A,

 or F symmetry block. The temperature dependence of the param-

ter Y i is given by the following empirical relation: 

 (T ) = Y (T 0 ) 
(
T 0 
T 

)n 

(17)

Lastly, we note that in cases where the local linewidths sub-

tantially exceed the line spacing, a first-order treatment may not

e adequate to fully capture line mixing effects [41,50] . However,

n this data-driven work, we constrain the perturbative treatment

o a first-order empirical model framework for simplicity. 

.3. Modified exponential gap law 

In the modified exponential gap (MEG) law, the real part of the

ff-diagonals of the relaxation matrix W ij in Eq. (6) can be con-

tructed using the following form: 

 i j = PA RR R i → j = P × a 1 (T ) 

⎡ 

⎣ 

1 + a 4 

(
E ′′ 
i 

a 2 k B T 

)
1 + a 4 

(
E ′′ 
i 

k B T 

)
⎤ 

⎦ 

2 

× exp 

[ 

−a 3 
(
E ′′ 
j 

− E ′′ 
i 

)
k B T 

] 

(18) 

here a 1 ( T ) [cm 
−1 /atm], a 2 , and a 3 are species-specific MEG

aw coefficients retrieved from spectral fits of the measured ab-

orbance. a 4 describes the collision duration based on distance of

losest approach and is kept constant for all the R manifolds in the

pectral fitting performed in this study. A RR is a scaling constant

ssociated with mixing in the R-branch. Since collisions promote

he Boltzmann population distribution, the upward and downward

opulation transfer rates, R i → j and R j → i , can be related through

he detailed-balance principle [51] : 

j R j→ i = ρi R i → j (19) 

 single set of measured absorbance is sufficient to obtain the

pecies-specific MEG law coefficients for a given temperature [52] ,

nd a 1 ( T ) can be modeled as a power law expression to determine

he temperature dependence of the relaxation matrix components:

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

)m 

(20)

here a 1 ( T 0 ) is the MEG law coefficient at a reference tempera-

ure, T 0 , and m is defined as the temperature exponent, obtained

y fitting multiple sets of absorbance data over a range of temper-

tures. 

In the present work, the broadening half width (HWHM) and

he pressure shift for CH 4 -N 2 are calculated using CH 4 -air broad-

ning and shift coefficients from the HITEMP database [23] . Only

he line mixing coefficients are set as free parameters for both the

EG law and perturbative treatment models in fitting the mea-

ured spectra. 

. Experimental setup 

An FTIR and tunable interband cascade laser near 3.16 μm were

sed to measure the CH 4 absorption spectra in a heated gas cell

ver a range of temperatures from 30 0–10 0 0 K. A high-enthalpy

hock tube was additionally used for measurements at higher tem-

eratures from 10 0 0–170 0 K with the laser source. Here we detail

he experimental configurations. 
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Fig. 1. Experimental setup for the laser and FTIR in the gas cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The measured transmission of the CH 4 v 3 band: P = 2 atm, T = 298 K, X CH 4 
= 0.0052. The strong lines ( J ′′ = 0–18) belong to the v 3 band consisting of P, Q and 

R branches. Weak lines belong to the 2 v 3 , 2 ν4 and ν2 + ν4 bands. 
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Fig. 3. Experimental setup for the laser alignment on the shock tube. 
3.1. FTIR Gas cell measurements 

To determine the line mixing parameters of the CH 4 v 3 
R branch, absorbance measurements were made using a high-

temperature high-pressure optical gas cell at temperatures varying

from 30 0–10 0 0 K and pressures varying from 0.3–25 atm. The cell

body is housed in a tube furnace and connected to a local gas de-

livery manifold leading to vacuum pumps, source gas bottles, and

an agitated mixing tank used to barometrically prepare CH 4 /N 2 

mixtures for experimental measurements, as shown in Fig. 1 . The

gas pressure within the cell is monitored with a variable capaci-

tance pressure transducer for high-pressure measurements and a

dual-capacitance manometer for measurements below 10 0 0 torr

with accuracies of 0.25% and 0.12%, respectively. The cell temper-

ature is monitored with multiple K-type thermocouples along the

test region with an accuracy of 0.75%. More details about the me-

chanical design of the cell, including a thermal analysis of temper-

ature uniformity, are described in previous work [53] . 

Over the full range of pressures, two different optical sys-

tems were used to measure the CH 4 absorbance spectra. At

test pressures from 0.3–2.0 atm, a narrow linewidth laser was

used to spectrally-resolve the R (15) manifold, discussed further

in Section 3.2 . For pressures ranging from 2.0–25 atm, a Fourier-

transform infrared spectrometer (Nicolet iS50 FTIR) was used to

capture the entirety of the v 3 band. We focus our study and data

analysis to the R branch in part due to poor transmission (and

lower data quality) at the longer P-branch wavelengths which is

attributed to the temperature-dependent transmission of the sap-

phire windows on the heated gas cell. The FTIR measurements

shown here represent a spectral resolution of 0.125 cm 
−1 using

the Happ-Genzel apodization function with Mertz phase correction

and no applied zero-filling. Measured spectra were compared to

experimental data by Pieroni et al [28] . to check that FTIR settings

were appropriate for the conditions of interest, yielding accurate

results with weak dependence on apodization function. For each

temperature and pressure condition, the gas cell was initially vac-

uumed for the background measurements before introducing the

test mixtures. Test measurements were taken with N 2 as the test

gas to ensure no pressure dependence of the FTIR background sig-

nal and validate the use of vacuum for background measurements.

The cell pressure and temperature was monitored to ensure ther-

mal equilibrium of the test gas within the gas cell prior to data

collection. The measured data represent 16 averaged scans with a

total data collection time of 5 minutes with pressure constant and

slight fluctuations in temperature recorded for use in the uncer-

tainty analysis. 

Fig. 2 shows an FTIR measurement of the CH 4 v 3 band at the

pressure of 2 atm and temperature of 298 K with 0.52% CH di-
4 
uted in N 2 , which encompasses P, Q and R branches up to J ′′ = 18.

otably, each J ′′ consists of a manifold of transitions with varying

ymmetry and n quantum index [54] , which increases with J ′′ . The
ine mixing of the R branch from R (0) to R (18) manifold was mea-

ured using the FTIR at various pressures from 2 atm to 25 atm

nd the R (15) manifold was more extensively measured at lower

ressures from 0.3 atm to 2.0 atm using the laser source. 

.2. Laser absorption spectroscopy optical setup 

For high spectral-resolution investigations of CH 4 near 3.16 μm

n both the high-temperature optical cell and the high-enthalpy

hock tube, a continuous-wave distributed feedback (DFB) inter-

and cascade laser (ICL) (Nanosystems and Technologies GmbH)

s used to access the individual rovibrational transitions compris-

ng the R (15) manifold. This specific wavelength is targeted for

igh-temperature combustion sensing applications. The ICL is tun-

ble from 3162 to 3171 cm 
−1 , and has a nominal output power of

5 mW at 3166 cm 
−1 . A 10 kHz sawtooth waveform of injection

urrent is used to tune the ICL across a 2 cm 
−1 wavenumber range

o resolve the entire R (15) manifold. Additionally, the injection cur-

ent is scanned below the lasing threshold to account for thermal

mission from the gases in both experimental devices. 

The optical arrangement of the high-resolution sensor on both

he high-temperature optical cell and the high-enhtalpy shock tube

s shown in Figs. 1 and 3 , respectively. The transmitted laser radia-

ion is passed though an optical iris and a bandpass spectral filter

Spectrogon, 3160 ± 60 nm) to minimize thermal emission before

eing focused onto a thermo-electrically cooled photovoltaic (PV)
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etector (VIGO System PVI-4TE-5). For each measurement I t , a cor-

esponding background I 0 is recorded in the absence of a mixture

o establish a baseline for calculation in Eq. (1) . The relative fre-

uency of the laser light is determined by placing a germanium

talon with a free spectral range of 0.0241 cm 
−1 in the path of the

eam using an optical flip-mount. 

.3. Shock tube measurements 

A high-enthalpy shock tube is used to generate higher temper-

tures ( > 1050 K) via near-instantaneous shock heating of test

ases. The shock tube is described in previous work by the authors

44,45,55] , and shown in Fig. 3 . 

Analogous to the gas cell experiment, the driven and driver sec-

ions of the shock tube are connected to vacuum pumps, an agi-

ated mixing tank, and a gas delivery manifold used to baromet-

ically prepare the mixtures for the experimental measurements.

he test section of the device has an internal diameter of 10.32 cm,

efining the path length L in Eq. (1) . Interchangeable ports hold-

ng a dynamic pressure transducer (Kistler 601B1) and optical win-

ows circumscribe the test section 2 cm from the shock tube end

all. The pressure transducer records the pressure time history of

he incident and reflected shock wave through a charge ampli-

er (Kistler Type 5018A), and five piezoelectric sensors (Dynasen

A-1135) record the time of arrival of the incident shock wave,

rom which the incident shock velocity and reflected shock test

onditions are determined [56] . When accounting for non-ideal

as dynamics, the uncertainties in reflected shock temperature T 5 
nd pressure P 5 are typically about 1% [57] . Once the ICL, germa-

ium etalon, and photovoltaic detector were aligned, a series of

ests were performed. Example raw voltage data from the detector

nd transducer charge amplifier, shown in the top of Fig. 4 , were

ecorded at 10 MHz using a PicoScope 40 0 0 series data acquisition

odule, triggered to record by the time-of-arrival sensors. 

Spectrally-resolved CH 4 absorption measurements at 10 kHz

ere conducted in the shock tube for the temperature range

050–1610 K and the pressure range 0.4–1.3 atm using scanned-

avelength techniques. For these high-temperature shock tube
ig. 4. (a) Raw detector and pressure transducer signals during non-reactive shock 

eating of CH 4 in a N 2 bath gas. (b) Example scanned-wavelength detector signal in 

he shock tube for incident light I 0 , transmitted light I t , and incident light through 

he etalon. 

F

r

s

p

f

i

i

(

f

tudies, a mixture of 5% CH 4 in an N 2 bath gas was used as the

est gas. 

. Results and discussion 

Empirically-determined line mixing coefficients of CH 4 per-

urbed by N 2 are reported for the v 3 R branch between 3024–

200 cm 
−1 over a range of conditions. Models based on the modi-

ed exponential gap (MEG) law and perturbation theory were used

o fit the experimental absorbance spectra and determine temper-

ture and pressure dependence of the line mixing parameters. For

ll spectral modeling and fitting, values for the transition line cen-

ers v 0, i , linestrengths S i ( T 0 ), lower state energy levels E ′′ 
i 
and col-

isional broadening coefficient γ air,i were taken from the HITEMP

atabase for CH 4 [23] . Natural abundance of 
12 CH 4 is assumed for

ll experiments. The following two subsections describe experi-

ental results for the entire v 3 R-branch at high pressures (2–

5 atm) and the R (15) manifold at lower pressures (0.2–2 atm),

espectively. 

.1. Line mixing in the v 3 R-branch at high pressures 

Measured absorbance of the R branch and the best-fit MEG

odel at a pressure of 24.5 atm at room temperature are shown

n Fig. 5 (a), with stem plots (blue) showing the positions and

inestrengths of the transitions comprising each J -manifold. Each

anifold from R (0) to R (18) was fit separately using MEG model

ith no line mixing considered between different manifolds.

ithin each manifold, only lines within three orders of magnitude

f the strongest line were evaluated for mixing. The line strength

f the weakest line included in the line mixing model for each

anifold is denoted S(T 0 ) min in Table 1 . The inset in the top-

ight corner of Fig. 5 (a) shows the R (12) manifold absorbance in

reater detail, considering 18 transitions. Absorbance from weak

ines below the specified linestrength cutoffs was calculated us-

ng the HITEMP database parameters assuming Voigt profiles at
ig. 5. (a) Measured absorbance for R (0) to R (18) at 24.5 atm and 298 K with cor- 

esponding MEG model fits (red) alongside prediction using HITEMP without con- 

idering line mixing (green). Note: The air-broadening coefficients and their tem- 

erature exponents in HITEMP were used in place of N 2 -broadening. (b) Residuals 

rom the fits considering line mixing (red) and predictions not considering line mix- 

ng (green). (c) Residuals from the fits considering line mixing within each manifold 

ndividually (red) and considering intra-branch mixing in the entire R branch (blue). 

For interpretation of the references to color in this figure legend, the reader is re- 

erred to the web version of this article.) 
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Table 1 

Temperature-dependent MEG law parameters determined in this work. 

J ′′ S ( T 0 ) min No. of a 1 a 2 a 3 a 4 m CH 4 −N 2 

[cm 
−2 /atm] lines [10 −3 cm 

−1 atm 
−1 ] 

R (4) 2.09 × 10 +0 4 0.99 ± 0.03 1.56 ± 0.06 10 .00 ± 0.17 2.69 ± 0.15 1.31 ± 0.08 

R (5) 1.95 × 10 +0 4 1.32 ± 0.01 0.94 ± 0.02 9 .99 ± 0.04 2.69 ± 0.15 1.35 ± 0.02 

R (6) 1.65 × 10 +0 6 1.97 ± 0.35 0.84 ± 0.24 10 .04 ± 2.68 2.69 ± 0.15 1.98 ± 0.18 

R (7) 1.34 × 10 +0 6 1.24 ± 0.28 0.88 ± 0.09 10 .15 ± 0.12 2.69 ± 0.15 1.39 ± 0.25 

R (8) 9.85 × 10 −1 7 1.22 ± 0.17 0.86 ± 0.01 10 .14 ± 0.08 2.69 ± 0.15 1.71 ± 0.15 

R (9) 7.09 × 10 −1 8 2.06 ± 0.65 0.85 ± 0.01 9 .95 ± 1.86 2.69 ± 0.15 1.41 ± 0.34 

R (10) 1.22 × 10 −1 11 1.13 ± 0.02 0.82 ± 0.12 10 .43 ± 0.15 2.69 ± 0.15 1.19 ± 0.02 

R (11) 7.49 × 10 −2 13 1.07 ± 0.10 0.87 ± 0.10 10 .15 ± 0.02 2.69 ± 0.15 1.41 ± 0.10 

R (12) 3.87 × 10 −2 18 1.08 ± 0.09 0.83 ± 0.11 9 .52 ± 0.20 2.69 ± 0.15 1.17 ± 0.09 

R (13) 3.10 × 10 −2 14 1.29 ± 0.26 0.84 ± 0.09 10 .20 ± 0.10 2.69 ± 0.15 1.24 ± 0.22 

R (14) 3.92 × 10 −2 12 1.39 ± 0.33 0.84 ± 0.07 10 .03 ± 0.09 2.69 ± 0.15 1.34 ± 0.26 

R (15) 2.50 × 10 −2 13 1.74 ± 0.54 0.85 ± 0.03 9 .78 ± 0.26 2.69 ± 0.15 1.21 ± 0.34 

R (16) 1.21 × 10 −2 14 1.21 ± 0.18 0.84 ± 0.06 10 .03 ± 0.13 2.69 ± 0.15 1.20 ± 0.16 

R (17) 5.78 × 10 −3 14 1.14 ± 0.02 0.83 ± 0.10 10 .02 ± 0.01 2.69 ± 0.15 1.31 ± 0.02 

R (18) 2.37 × 10 −3 16 1.19 ± 0.05 0.84 ± 0.05 10 .03 ± 0.13 2.69 ± 0.15 1.12 ± 0.04 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. (a) Measured absorbance from R (13) to R (18) for elevated temperatures 

(541 K, 809 K and 1021 K) at 10 atm with corresponding spectral fits from the MEG 

law model. Note: The air-broadening coefficients and their temperature exponents 

in HITEMP were used in place of N 2 -broadening. (b) Residuals from the fits consid- 

ering line mixing (red) and predictions without considering line mixing (green) at 

541 K. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 
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the gas cell condition; this absorption was fixed in the fitting pro-

cedure used to obtain the line mixing parameters of the stronger

transitions. For all simulations, the entire spectral range of interest

(2850–3200 cm 
−1 ) is simulated for each line considered so as to

account for absorption by the far wings of each transition. 

Comparative residuals from the MEG model fits (red) and from

HITEMP predictions not considering line mixing (green) in Fig. 5 (b)

highlight different levels of line mixing for various R manifolds.

The level of disagreement observed by not accounting line mixing

(as a percentage of peak manifold absorbance) tends to increase

with J ′′ , though not monotonically, associated with the increasing

multiplicity of lines within each manifold. The entire R branch was

also fit integrally using the MEG model with only one group of

line mixing coefficients a 1 through a 4 , with the residuals presented

in Fig. 5 (c). Considering line mixing amongst all measured spectra

captures the line mixing behavior of some J -manifolds very well,

such as R (7), R (8) and R (10); however, the line mixing is underes-

timated for R (6) and R (9) and overestimated for R (4), R (11) and

R (12). For the subsequent results reported in this study, each J -

manifold was fit independently when using the MEG model. 

The R branch was also measured at elevated temperatures, from

541 K to 1021 K at pressures up to 25 atm. Representative ab-

sorbance measurements at 10 atm and multiple temperatures are

shown in Fig. 6 with the MEG law fits and corresponding residuals.

It can be observed that the MEG law model does not fully capture

line mixing, with peak residuals ( ~ 4–8%) at T = 541 K shown

in Fig. 6 (b), but the model is significantly improved over a HITEMP

simulation without line mixing (green). At these elevated tempera-

tures, several hot band transitions are observed, most prominently

at 809 K and 1021 K. The measured absorbance in these spec-

tral domains between the fundamental band manifolds is reason-

ably consistent with expected values calculated using the updated

HITEMP database, without accounting for line mixing, and suffi-

cient for properly modeling the far wings of the primary mani-

folds of interest. We note that transitions of the naturally abundant

( ~ 1%) 13 CH 4 are also included in the absorbance simulations, al-

though no line mixing is accounted here due to the relative weak-

ness of these lines being below the aforementioned linestrength

threshold. Similarly, the fit provided by the MEG model at the

highest pressure of 25 atm (and for these elevated temperatures)

generally captures the line mixing behavior, although there re-

mains small underestimation of peak absorbance in each manifold

with peak residuals of ~ 0.8–5.6% at T = 541 K and ~ 4.9–10.6%

at T = 1021 K. 

The species-specific MEG law coefficients a 2 , a 3 , and a 4 for each

J -manifold are obtained by fitting the absorbance at a single con-

dition where the model works very well (room temperature and
 A  
5 atm) [28] , and are held constant when fitting the spectra at dif-

erent temperatures to obtain a 1 ( T ). The temperature dependence

f a 1 ( T ) for each manifold was determined by applying a weighted

east-squares fit [58] of the power-law expression in Eq. (20) to

hese a 1 ( T ) values at different temperatures (also at 25 atm). Rep-

esentative experimentally obtained values of a 1 ( T ) for the R (14),

 (15) and R (17) manifolds are presented alongside corresponding

ower-law fits in Fig. 7 . The calculated species-specific MEG law

oefficients and temperature exponents for all the manifolds are

iven in Table 1 , along with the number of lines considered in the

ts and the minimum transition linestrength among those lines,

 ( T 0 ) min . Overall weaker absorbance in the v 3 band at elevated

emperatures contributes to increased measurement uncertainty in

he coefficients as seen in Fig. 7 , largely due to lower measure-

ent signal-to-noise ratio (SNR). Although inter-manifold blending

s present in the spectral regions surrounding the higher J ′′ man-

folds, the restriction to intra-manifold line mixing (similar E ′′ at
he same J ′′ ) in our fitting procedure enables improved spectral

imulation compared to a single MEG model for the entire branch.

s such, the listed coefficients for each manifold in Table 1 are
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Fig. 7. Temperature dependence of the line mixing coefficients a 1 [cm 
−1 /atm] and 

power law fits for the manifolds R (14), R (15) and R (17) at the pressure of 25 

atm. The temperature-dependent parameters for the other manifolds are given in 

Table 1 . 

Fig. 8. (a) Absorbance ( X = 0.0 0 06, L = 9.4 cm) calculated from α/P CH 4 [cm 
−1 /atm] 

reported by Pieroni et al [28] at P = 24.4 atm and ambient temperature for R (7)–

R (9). Measured values (black points) shown alongside calculations [28] (blue), the 

MEG law model of the present work (red), and predictions without line mixing 

(green). Note: The air-broadening coefficients and their temperature exponents in 

HITEMP were used in place of N 2 -broadening in the present work, while the N 2 - 

broadening was deduced by multiplying the air-broadening in HITRAN by a factor of 

1.02 [28,34] . (b) Residuals from the two line mixing models and calculations with- 

out line mixing. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 

v  

m  

c  

w  

o

 

c  

a  

l  

s  

t  

t  

p  

d  

p  

s  

t

Fig. 9. (a) Measured absorbance from R (0) to R (18) at various pressures (2 atm, 

10 atm and 25 atm) at 809 K with corresponding best-fits using first-order line 

mixing with the Voigt profile (red). Note: The air-broadening coefficients and their 

temperature exponents in HITEMP were used in place of N 2 -broadening. (b) Resid- 

uals from the fits of the first-order line mixing model (red), MEG law model (blue) 

and predictions without considering line mixing (green) at 25 atm. (For interpre- 

tation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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alid for transitions with the same J ′′ . It should be noted that only
anifolds for which line mixing is significant, R (4)–R (18), are in-

luded in Table 1 . R (0) only has one transition, and the line mixing

ithin R (1)–R (3) is either restricted by transition symmetries ( A, E ,

r F ) or very weak ( a 1 (T 0 ) < 10 −14 cm 
−1 /atm). 

To test the validity of the empirical MEG model, the reported

oefficients were used to calculate the absorbance at P = 24.4 atm

nd T = 298 K for comparison with the measured and calcu-

ated results from Pieroni et al [28] as shown in Fig. 8 . The

pectrally-resolved absorption coefficient ( α/P CH 4 [cm 
−1 /atm]) for

he wavenumber region reported in that study was multiplied by

he partial pressure of CH 4 and the pathlength of the present ex-

eriments to obtain a comparable spectral absorbance αν . The pre-

icted spectrum from the MEG law-based line mixing model in the

resent work is in very good agreement with the absorbance mea-

ured by Pieroni et al [28] and shows consistent accuracy in cap-

uring the effects of line mixing among the various manifolds. 
Fig. 9 (a) shows the broader R-branch spectra ( R (0)–R (18)) mea-

ured at 809 K for varying pressure, alongside corresponding spec-

ral fits of the first-order line mixing model (PT) using the Voigt

rofile. The residuals for both the PT model (red) and MEG law

blue) are shown in Fig. 9 (b). While the MEG model produces

arger residuals as pressure or gas density decreases, the first-order

ine mixing model derived from perturbation theory could fit the

easured absorbance well at any pressure and temperature. How-

ver, this good agreement associated with the PT model fit should

ot necessarily be interpreted as a more physical representation of

ine mixing, but rather the simple result of many more free param-

ters. In perturbative treatment theory, Eq. (11) is only valid when

he transition overlap is not severe [41] ; strongly overlapping lines

n the measured high-pressure FTIR spectra convolute the retrieved

 i values obtained from the PT model fits such that they lose di-

ect relation to the off-diagonal elements in the relaxation matrix

nd allow for multiple solutions. This convolution may be acutely

ronounced for the high J ′′ R -manifolds, wherein more lines exist

nd line mixing effects are more significant. In floating the Y i val-

es over the range of high pressures ( ~ 5–25 atm) there was no

lear pressure dependence (as would be expected) of the line mix-

ng coefficients obtained from the PT model fit, with the exception

f the R (2)–R (4) manifolds (owing to fewer lines in each manifold).

ultiple solutions to the PT fit could also be found given the large

umber free parameters and fewer distinct spectral features at el-

vated pressures. As such, a higher-resolution lower-pressure study

as deemed necessary for utilization of perturbation theory. 

.2. Line mixing of the R (15) manifold transitions 

A detailed high spectral-resolution investigation of line mixing

mong the 13 transitions comprising the R (15) manifold was con-

ucted using interband cascade laser absorption spectroscopy near

.16 μm at various pressures from 0.3 atm to 2.0 atm in the heated

as cell and shock tube. Fig. 10 highlights the transitions compris-

ng the R (15) manifold along with their ground-state symmetries

 
′′ ( A, E, F ). The transitions can be grouped into three clusters, ref-
renced by their left-to-right ordering in Fig. 10 . Line mixing be-

ween the first and second cluster is observed at pressures as low
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Fig. 10. (a) Measured absorbance of the R (15) manifold at ambient temperature and 

0.6 atm with corresponding best-fits from the PT-based line mixing model using the 

Voigt lineshape profile (red) alongside prediction using HITEMP without consider- 

ing line mixing (green). The stem plots indicate the symmetries of each transition. 

Note: The air-broadening coefficients and their temperature exponents in HITEMP 

were used in place of N 2 -broadening. (b) Residuals from the best-fit of the line 

mixing model and predictions without considering line mixing. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. (a) Measured absorbance of the R (15) manifold for various pressures 

(0.3 atm, 0.9 atm and 2.0 atm) at ambient temperature (298 K) with corresponding 

best-fits from the first-order Line mixing Voigt profile (red) and MEG model (blue). 

Note: The air-broadening coefficients and their temperature exponents in HITEMP 

were used in place of N 2 -broadening. (b) Residuals from the best-fit of two line 

mixing models for each pressure. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. (a) Root mean square error (RMSE) from the best-fits of the PT model and 

the MEG model at pressures from 0.3 atm to 2.0 atm at ambient temperature. (b) 

RMSE from the best-fits of the PT model and the MEG model at various tempera- 

tures (298 K, 541 K, 809 K and 1021 K) at 0.3 atm and 2.0 atm. RMSE calculated as 

% of the peak absorbance. 
as 0.6 atm, while line mixing between the third cluster and the

other two clusters is relatively weak, and we show in this study

that it can be neglected at pressures lower than 2 atm. The weak

line mixing contribution by the third cluster is likely due to its rel-

ative spectral isolation [31] , resulting in the constituent transitions

with F 1 and F 2 symmetries following the sum rule independent of

the other R (15) transitions at each pressure. 

4.2.1. Line mixing and lineshape model performance 

The MEG model and the PT-based model were both used to

fit the experimental laser absorption data, and Fig. 11 (a) shows

the measured absorbance alongside the best-fits from each model,

with residuals shown in the lower panel. As expected from the

FTIR study, the MEG model does not fully capture line mixing at

these low pressures, and the resulting fits yield peak residuals of

5%–30%. The PT-based model, however, better captures line mixing

in the R(15) manifold, yielding peak residuals less than 5.5% at any

pressure. To examine the performance of the different line mix-

ing models at different temperatures and pressures in more detail,

the root mean square error (RMSE) was calculated from the best-

fit residuals for both models, as shown in Fig. 12 . The RMSE for

the MEG model decreases with pressure, while there is no obvi-

ous trend for the RMSE obtained from the PT-based model, though

the values are smaller for pressures lower than 1 atm. Fig. 12 (b)

shows that the performance of each model is not strongly depen-

dent on temperature for the temperature range considered in this

study, though the first order PT-based model outperforms the MEG

model at all temperatures and pressures. The R (15) manifold ap-

pears to demonstrate high selectivity in collisional effects for the

examined pressure range; significant coupling among the F 1 and F 2 
transitions is apparent in the first (strongest) cluster, while much

less significant coupling is evident in the third (weakest) cluster.

This selectivity renders statistically based fitting laws such as MEG

model inappropriate for characterizing line mixing in CH 4 spec-

tra [28] , especially at low pressures. For this reason, the remain-

ing discussion focuses on the results obtained from the first order

PT-based line mixing model. 
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Fig. 13. (a) Measured absorbance of the R (15) manifold at 980 K and 0.52 atm with 

corresponding best-fits from the first order line mixing model using Voigt, Rautian 

and speed-dependent lineshape profiles. Note: The air-broadening coefficients and 

their temperature exponents in HITEMP were used in place of N 2 -broadening. (b) 

Residuals from the best-fit of the three models. 
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Fig. 14. (a) Measured absorbance in the R (15) manifold from 0.3 atm to 2 atm at 

298 K with corresponding best-fits from the first-order line mixing model using the 

Voigt profile. Predicted absorbance using HITEMP (not considering line mixing) also 

shown for reference. Note: The air-broadening coefficients and their temperature 

exponents in HITEMP were used in place of N 2 -broadening. (b) Residuals for the 

pressures of 0.3 atm, 0.9 atm and 2.0 atm. 
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To confirm the appropriateness of the Voigt lineshape profile

or this study, the first-order PT-based line mixing model using

autian and speed-dependent profiles were also spectrally fitted

gainst the experimentally measured absorbance at low pressures

 ≤ 2 atm). Fig. 13 shows the best fits and fitting residuals for the

rst-order model with the three profiles at 0.52 atm and 980 K

ith a Lorentz-to-Doppler broadening ratio of 2.8. 

The RSME decreases from 1.23 ×10 −2 for the original Voigt line-

hape profile (VP) to 1.17 × 10 −2 for the Rautian profile (RP)

nd 1.15 × 10 −2 for the speed-dependent Voigt profile (SDVP).

he inclusion of Dicke narrowing or speed dependence yielded lit-

le improvement, and the retrieved corresponding narrowing co-

fficients approach zero for the two profiles in most cases. For

his reason, the Dicke narrowing and speed-dependent coefficients

ere not measured in this study, and we report only the line mix-

ng coefficients obtained using the Voigt lineshape profile in sub-

equent plots and in Table 2 . We note that collisional widths were

alculated using data from HITEMP [23] instead of assigning them

s free parameters when using the first-order line mixing profiles

30,37] owing to unreliable fitting of a highly underdetermined

ystem with significant line mixing effects. 
Table 2 

Measured first-order line mixing coefficient and temperature dependence 

J ′ C ′ α′ J ′′ C ′′ α′′ ν Y i (0.3 atm) Y i (0.6 atm) 

[cm 
−1 ] [no unit] [no unit] 

16 F 2 57 15 F 1 3 3166.05235 0 .05 ± 0.02 -0 .43 ± 0

16 E 38 15 E 2 3166.05948 -0 .54 ± 0.04 -2 .20 ± 0

16 A 1 21 15 A 2 2 3166.07227 0 .46 ± 0.03 -3 .10 ± 0

16 F 1 57 15 F 2 4 3166.08286 4 .38 ± 0.06 31 .88 ± 0

16 F 2 58 15 F 1 4 3166.09674 -4 .29 ± 0.07 -26 .99 ± 0

16 F 2 56 15 F 1 2 3166.10877 0 .73 ± 0.06 1 .00 ± 0

16 A 2 18 15 A 1 1 3166.11530 -0 .72 ± 0.03 2 .17 ± 0

16 F 1 56 15 F 2 3 3166.15875 -0 .03 ± 0.01 -0 .30 ± 0

16 A 1 20 15 A 2 1 3166.29768 0 .28 ± 0.01 0 .91 ± 0

16 F 1 55 15 F 2 2 3166.31721 -0 .96 ± 0.22 -3 .74 ± 0

16 E 37 15 E 1 3166.32460 0 .55 ± 0.04 2 .27 ± 0

16 F 2 55 15 F 1 1 3166.72679 1 .38 ± 0.03 2 .62 ± 0

16 F 1 54 15 F 2 1 3166.73280 -1 .50 ± 0.04 -2 .84 ± 0
.2.2. Temperature-dependent line mixing in R (15) 

The first-order PT-based model using the Voigt profile was

pectrally fitted against the measured absorbance of the R (15)

anifold at ambient temperature from 0.3–2 atm, as shown in

ig. 14 alongside HITEMP predictions (not considering line mix-

ng) for reference. Overall, we observe that line mixing in the R (15)

anifold is significant, even at the lowest pressure condition ex-

mined, typically resulting in a factor of two or more increase in

he peak linecenter absorbance for the strongest line cluster. Calcu-

ations reveal that the collisional width is larger than the frequency

pacing at pressures greater than 0.2 atm, associated with popula-

ion transfers between the same rotational energy states with dif-

erent levels α (where α is an integer corresponding to different

evels of the same rotational quanta) [54] . The R (15) manifold ab-

orption was also measured in the heated gas cell at 541 K, 809 K

nd 1021 K, and fit with the first-order PT-based model using the

oigt lineshape profile, as shown in Fig. 15 . Similar to the room

emperature results, the first-order line mixing model is shown to

apture the spectra well at these higher temperatures, yielding low

esiduals near 3%. Line mixing coefficients at temperatures higher
for CH 4 R (15) manifold. 

Y i (1.3 atm) Y i (2.0 atm) n CH 4 −N 2 

[no unit] [no unit] 

.06 -27 .39 ± 0.70 -112 .83 ± 2.81 3.48 ± 0.12 

.11 2 .49 ± 0.48 14 .00 ± 0.30 0.49 ± 0.07 

.10 -64 .08 ± 2.31 -536 .66 ± 15.75 3.41 ± 0.07 

.30 457 .90 ± 10.32 3185 .10 ± 73.80 2.54 ± 0.03 

.45 -446 .09 ± 10.00 -3178 .60 ± 73.48 2.54 ± 0.03 

.31 16 .73 ± 1.18 118 .39 ± 2.36 3.53 ± 0.40 

.10 61 .75 ± 2.26 526 .22 ± 15.39 4.37 ± 0.07 

.03 -1 .26 ± 0.44 -25 .41 ± 2.20 1.68 ± 0.17 

.04 1 .01 ± 0.03 1 .17 ± 0.03 1.48 ± 0.06 

.43 -0 .23 ± 0.02 14 .92 ± 0.53 1.05 ± 0.17 

.11 -2 .56 ± 0.50 -14 .44 ± 0.31 0.49 ± 0.07 

.06 6 .95 ± 0.13 9 .63 ± 0.37 2.23 ± 0.04 

.07 -7 .51 ± 0.15 -10 .42 ± 0.44 2.23 ± 0.04 
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Fig. 15. (a) Measured absorbance of the R (15) manifold at 541 K, 809 K and 1021 K 

and 1.3 atm with corresponding best-fits from the first-order line mixing model 

using the Voigt profile. Predicted absorbance using HITEMP (not considering line 

mixing) also shown for reference. Note: The air-broadening coefficients and their 

temperature exponents in HITEMP were used in place of N 2 -broadening. (b) Resid- 

uals from the fits to the experimental data at each temperature. 

Fig. 16. (a) Measured absorbance of the R (15) manifold at 1610 K and 1.28 atm 

with corresponding best-fits from the first order line mixing model using the Voigt 

lineshape profile. Predicted absorbance using HITEMP (not considering line mixing) 

is shown for reference. Note: The air-broadening coefficients and their temperature 

exponents in HITEMP were used in place of N 2 -broadening. (b) Residuals from the 

fits with line mixing and calculations without line mixing. 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Pressure dependence of the measured line mixing parameter Y i given 

by the first order model using the Voigt profile for the transitions (a) spanning 

3166.052 cm 
−1 to 3166.158 cm 

−1 . (b) F 1 1 → 55 at 3166.727 cm 
−1 and F 2 1 → 54 

at 3166.733 cm 
−1 . Here, T = 298 K and the pressures from 0.3 atm to 2.0 atm. 
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than 1050 K were measured in the shock tube. A representative

measured absorbance and best-fit first-order line mixing model at

1610 K are shown in Fig. 16 with a simulation not accounting line

mixing for reference. 

An examination of the line mixing contributions by specific

transitions, designated by C ′′ α′′ → α′ , reveal notable differences
among the clusters comprising the R (15) manifold. The pressure

dependencies of the line mixing coefficients obtained by the first-

order PT model are displayed in Fig. 17 with polynomial fits for

the transitions spanning ν = 3166.05 cm 
−1 to 3166.16 cm 

−1 in

Fig. 17 (a) and linear fits for the F 1 → 55 (3166.727 cm 
−1 )
1 
nd F 2 1 → 54 (3166.733 cm 
−1 ) transitions in Fig. 17 (b). The

ine mixing coefficients increase dramatically as pressure increases,

eaching 10 3 for the F 2 4 → 57 (3166.08 cm 
−1 ) and F 2 4 → 58

3166.10 cm 
−1 ) transitions while the coefficients are approximately

inear with pressure for the F 1 1 → 55 (3166.727 cm 
−1 ) and

 2 1 → 54 (3166.733 cm 
−1 ) transitions, achieving a much smaller

agnitude. The pressure dependence of the line mixing coeffi-

ients at 1021 K is depicted in Fig. 18 (a), demonstrating a nominal

ecrease and more linear dependence on pressures compared with

he values at ambient temperature. In general, the line mixing co-

fficients with smaller magnitudes have a more linear pressure de-

endence, consistent with the approximation of the relaxation ma-

rix in the first-order line mixing model based on perturbation the-

ry; however, Eq. (11) does not appear valid in this regime, since

he coefficients with larger magnitudes increase significantly and

onlinearly with pressure. 

To check that the non-linear pressure dependence of the mixing

oefficients was a not an issue of over-fitting too many free param-

ters, a multispectrum fitting routine [25] was used to fit the spec-

ra over a range of pressures from 0.3 atm to 2.0 atm, constraining

he pressure dependence of the line mixing coefficients, with units

f [atm 
−1 ], to be strictly linear. However, the absorbance spectrum

t each pressure could not be fit well, yielding peak residuals typi-

ally larger than 10%, reaching 20% at the lowest measured pres-

ure of 0.3 atm. The nonlinear dependence of Y i parameters on

ressure is similar to the Dicke narrowing coefficients in Rautian

nd Galatry profiles [59,60] with the growth rate increasing with

ncreasing pressure. The retrieved Dicke narrowing coefficients also

eviate from the dynamic friction coefficients due to the neglect
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Fig. 18. Pressure dependence of the measured line mixing parameter Y i given 

by the first order model using Voigt profile for the transitions (a) spanning 

3166.052 cm 
−1 to 3166.158 cm 

−1 . (b) F 1 1 → 55 at 3166.727 cm 
−1 and F 2 1 → 54 

at 3166.733 cm 
−1 . Here, T = 1021 K and the pressures from 0.3 atm to 2.0 atm. 
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Fig. 19. (a) Absorbance ( X = 0.03, L = 9.4 cm) calculated from the absorption coef- 

ficient α/P CH 4 [cm 
−1 /atm] reported by Tran et al [34] at P = 0.97 atm and ambient 

temperature for R (15). Measured values (black points) shown alongside calculations 

by the model of Tran et al [34] (blue), the first-order model in the present work 

(red), and calculated values without line mixing (green). Note: The air-broadening 

coefficients and their temperature exponents in HITEMP were used in place of N 2 - 

broadening in the present work while the N 2 -broadening was deduced by multiply- 

ing the air-broadening in HITRAN by a factor of 1.02 [28,34] . (b) Residuals from the 

two line mixing models and calculations without line mixing. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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f the correlations between velocity-changing and state-changing

ollisions [61] , which is similar to the deviation between the mea-

ured Y i parameters and the values calculated by Eq. (11) . Thus,

 line mixing model based on first-order perturbation theory may

ot be sufficient to physically characterize the transitions exhibit-

ng this nonlinear mixing behavior with increasing pressure, and a

igher-order line mixing model may better describe the observed

rends. Nonetheless, a modified first-order PT-based model (allow-

ng for some non-linearity of Y i parameters with pressure) captures

he CH 4 line mixing satisfactorily, and may be more simply used

s an empirical approach (as opposed to a higher order model) to

imulate the spectra over a range of conditions, despite potential

on-physicality. 

These results may be further examined in the context of pre-

ious line mixing studies. The line mixing coefficients in the R (15)

anifold are observed to be relatively large, achieving values up to

4.4 at 0.3 atm. These values are much greater than those in the

ower J -manifolds, such as those measured by Ghysels et al [37] ,

ho observed a maximum line mixing coefficient of 0.5 among the

ransitions comprising the R (6) manifold at atmospheric pressure

nd ambient temperature. Significant line mixing effects among

he transitions comprising high- J ′′ manifolds ( J ′′ > 15)—such as

 (17) and R (19)—have also been documented by Grivoriev et al

32] , who noted that the absorbance predicted by the summa-

ion of isolated lines underestimated the experimentally measured

alue by a factor of 2, similar to the results for the R (15) mani-

old. The authors cautioned that the Y i parameters obtained in the

t were unlikely to be reliable, despite that the calculated and ob-

erved absorbance were in good agreement [32] . Unlike the current
ork, no pressure or temperature dependence was investigated,

recluding more detailed comparison beyond ambient conditions. 

For the current work capturing the R (15) manifold, Y i param-

ters with their uncertainties at the pressuresof 0.3, 0.6, 1.3 and

.0 atm are presented in Table 2 . The listed uncertainties for each

arameter are calculated according to the methods detailed in

ppendix A . A polynomial fit may be implemented to describe

he pressure dependence of Y i , so that the parameters at pressures

ther than those listed in Table 2 can also be obtained. The tem-

erature dependence exponent n in Eq. (20) for each line mix-

ng parameter Y i was determined by a power-law fit, using the

 i parameters evaluated at atmospheric pressure. These empirical

elationships readily enable calculation of spectrally-resolved ab-

orbance in the R (15) manifold for broader CH 4 sensing applica-

ions. 

To test the validity of the empirical model, the line mixing pa-

ameters were used to calculate the absorbance at P = 0.97 atm

nd T = 298 K for comparison with the measured and calculated

esults from Tran et al [34] as shown in Fig. 19 . As with the lit-

rature comparison for the MEG law coefficients, the spectrally-

esolved absorption coefficient ( α/P CH 4 [cm 
−1 /atm]) for R (15) re-

orted in that study was multiplied by the partial pressure of CH 4 

nd the pathlength of the experiments in the present investigation

o obtain a comparable spectral absorbance αν . As no experiments

ere conducted at exactly 0.97 atm in this study, the Y i parame-

ers for P = 0.97 atm were obtained using a 3-order polynomial

t of the parameters with respect to pressure at ambient temper-

ture in Table 2 . Graphical depictions of the polynomial fits used

o obtain Y i at 0.97 atm are shown in Fig. 17 . The predicted spec-

rum from the first-order line mixing model in the present work
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Fig. 20. (a) Pressure dependence of the line mixing parameter Y i for the F 2 4 → 57 

transition at various temperatures (298 K, 541 K, 809 K, 1021 K). (b) Tempera- 

ture dependence of the line mixing coefficients Y and power law fits for transitions 

( A 2 2 → 21, F 2 4 → 57, F 1 4 → 58, F 2 1 → 55, F 1 1 → 54) in the R (15) manifold at 

1 atm. 
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is in good agreement with the absorbance measured by Tran et al

[34] and shows some improved accuracy in capturing the effects of

line mixing among the F 1 1 → 55 (3166.727 cm 
−1 ) and F 2 1 → 54

(3166.733 cm 
−1 ) transitions relative to the model presented in that

study. It should be noted that the prior work was using an older

and more sparse database. As expected, both models show much

better agreement than the prediction which does not consider line

mixing near the most prominent cluster of lines. 

Finally, we examine the temperature dependence of the first-

order PT-based model for the transitions comprising the R (15)

manifold based on data from both the heated gas cell and shock

tube experiments. Fig. 20 (a) shows the line mixing coefficient for

the prominent F 2 4 → 57 transition near 3166.083 cm 
−1 at the

temperatures 541 K, 809 K and 1021 K over the range of pres-

sures studied. The magnitudes of the line mixing coefficients for

this transition and the others decrease dramatically with increasing

temperature, exhibiting a more approximately linear pressure de-

pendence. Fig. 20 (b) shows the line mixing coefficients determined

at different temperatures spanning 298 K to 1610 K at P = 1 atm

for several representative transitions in the R (15) manifold. As dis-

cussed previously, the Y i coefficients were fit with a power law us-

ing Eq. (20) to obtain the temperature-dependent exponent n for

each transition, and the resulting fits are also plotted in Fig. 20 (b).

The power law formulation captures the temperature dependence

of the line mixing coefficients reasonably well, demonstrating its

applicability for predicting CH 4 spectra across a wide range of tem-

peratures. The temperature-dependent exponent n determined at

atmospheric pressure for each transition is listed in Table 2 along
ith associated uncertainties calculated according to the methods

etailed in Appendix A . 

. Conclusion 

Empirically-derived line mixing parameters and associated

emperature-dependence exponents are reported for the R branch

f the v 3 band of CH 4 perturbed by N 2 in the 3024–3200 cm 
−1 

egion. Experiments were conducted over a wide range of tem-

eratures from 300 K to 1600 K, utilizing a heated gas cell and

 shock tube facility. High-temperature experiments were coupled

ith an FTIR survey of the R-branch from 2–25 atm and a more

ocused laser absorption spectroscopy investigation of the R(15)

anifold at lower pressures. Two empirical models were tested

nd found appropriate for different ranges of gas density. A modi-

ed exponential gap (MEG) law, with manifold-specific coefficients,

as found to capture line mixing in the R branch manifolds from

 (0) to R (18) with very good accuracy at the higher pressures

 < 3% max residual at 25 atm) and increased error with de-

reasing pressure and gas density. Despite residual error, the MEG

aw model offers significant improvement over conventional mod-

ling that neglects line mixing and reasonable agreement down

o 2 atm, with temperature scalability to 1020 K. Line mixing of

he R (15) manifold was examined at lower pressures of 0.3–2 atm

nd at higher temperatures up to 1610 K using a narrow-band in-

erband cascade laser. A first-order line mixing model based on

erturbative treatment theory was developed to improve spec-

ral simulation and scaling with temperature and pressure com-

ared to the MEG law. The temperature dependence of the PT

odel coefficients follows the power law while the pressure de-

endence is nonlinear for some transitions in R (15), and requires

nterpolation between pressure-specific coefficients for scaling. In

ggregate, this work represents a novel investigation of CH 4 line

ixing at elevated temperatures and, perhaps more importantly,

he temperature-scalable empirical models which were developed

n this work will enable quantitative interpretation of absorption

pectroscopy measurements in high-temperature environments. 
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ppendix A. Uncertainty analysis 

The uncertainty analysis presented here follows the analysis

resented in the Appendix of Bendana et al [44] . The MEG law co-

fficients reported in Table 1 and the first-order line mixing coeffi-

ients reported in Table 2 are provided with uncertainty estimates,

he calculations of which are detailed in this Appendix. 

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 line mixing param-

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

hock pressure P5 due to uncertainties associated with the shock

elations �P 5 contribute. 

�P 

P 

)2 

= 

(
�P meas 

P meas 

)2 

+ 

(
�P 5 
P 5 

)2 

(A.1) 

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

o be zero, and �P meas is 0.12% of the measurement reported by

he capacitance manometer, while for the shock tube experiments,

P meas is 0.18% of the measurement reported by the pressure

ransducer. 

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

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

erature is the uncertainty in reflected shock temperature T 5 , �T 5 .

or brevity, the �P 5 and �T 5 are not discussed here in further de-

ail; however, we note that significant contributors include uncer-

ainties in the composition of the driven gas (from the barometric

ixture preparation), uncertainties in the time-of-arrival measure-

ents, and small uncertainties in the initial pressure P 1 and tem-

erature T 1 . Further information regarding the calculation of un-

ertainties in reflected shock conditions can be found in the work

y Campbell et al [62] . 

Temperature uncertainty in the static optical cell measurements

s �T meas = 10 K, based on the uncertainty of thermocouple mea-

urements taken on the outside surface of the cell. More detail

bout the optical cell used in this paper is available in previous

ork [53] . 

2. The first-order line mixing coefficients 

A nonlinear regression fitting routine (The nlinfit function

n Matlab ) was used to fit the experimental absorbance to ob-

ain the first-order line mixing coefficients. The uncertainties in

ables 1 and 2 were determined as the single-sigma confidence

nterval calculated using the estimated Jacobian matrix of the non-

inear regression and the estimated variance-covariance matrix for

he fitted parameters. It should be noted that the uncertainties

f the broadening coefficients and temperature exponents in the

ITEMP database may also increase the uncertainties of line mix-

ng coefficients since these were assumed as fixed in our spectral

tting routines. The uncertainties for the broadening coefficients of
he studied transitions in R (15) manifold are all given as ≥ 20%

nd those of the temperature-dependent exponents are given as

%–20%. Although it is not included in our uncertainty calculation,

t is an important source of uncertainty for the line mixing coeffi-

ients. 

The uncertainties in line mixing coefficients Y ( T 0 ), �Y ( T 0 ), and

he temperature dependent exponent n , �n are determined from

pplying a linear regression to Eq. (20) . In this case, the stan-

ard errors of the slopes and intercepts of the fitted lines are �n

nd �Y ( T 0 ), respectively. In our linear regressions, we follow the

pproach of York. et. al [58] , incorporating variable uncertainties

n both x and y to provide slope and intercept standard errors

ore reflective of variable measurement quality among the data. In

ractice, this allows for us to utilize measurements from both the

eated static optical cell and the shock tube in the same regres-

ion, despite that each of these devices has different measurement

ncertainties in thermodynamic state variables. 

3. MEG Law line mixing coefficients 

The MEG coefficients a 1 ( T ), a 2 , and a 3 for each experiment are

lso empirically determined by a nonlinear least-squares fit and

he uncertainties of these coefficients were estimated by compar-

ng the parameters retrieved with and without accounting for the

ine mixing of the weak transitions in the fitting procedure. The

ifferences between the values of a i determined when the weak

ransitions were calculated using Lorenzian profile and the values

f a i determined when these were included in the MEG law in

ach manifold were taken to conservatively estimate �a i . This rep-

esents the uncertainties associated with the contribution of the

eak lines on the line mixing behaviour of the entire manifold.

he uncertainties for a 1 ( T ), �a 1 ( T ), together with �T are used in

he linear regression determination of a 1 ( T 0 ) and m to obtain their

espective uncertainties �a 1 ( T 0 ) and �m using the same approach

f York et al. [58] . 
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