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Fourier transform absorption spectra of the 2–0 band of 12C16O mixed with CO2 have been recorded at
total pressures from 156 to 1212 hPa and at 4 different temperatures between 240 K and 283 K. CO2

pressure-induced line broadening and line shift coefficients, and the temperature dependence of the for-
mer have been measured including line mixing using a multi-spectrum non-linear least squares fitting
technique. Different line shape models have been considered to take into account the Dicke narrowing
or speed dependence effects. Measured line-shape parameters were compared with theoretical values,
calculated for individual temperatures using a semi-empirical method and the Exponential Power Gap
(EPG) law.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Carbon monoxide is present in the atmospheres of Venus [1],
which was until recently probed by the Solar Occultation in the
InfraRed (SOIR) instrument on board the ESA Venus Express space-
craft [2], and of Mars [3] to be studied using the NOMAD instru-
ment on board the ExoMars Trace Gas Orbiter [4]. Because the
atmospheres of Venus and Mars are mostly composed of carbon
dioxide [5,6], precise spectroscopic line shape parameters of this
species perturbed by CO2 are required to retrieve CO concentra-
tions from SOIR or NOMAD spectra. Knowledge of the temperature
dependence of these parameters is also needed since the tempera-
ture changes at the altitudes probed by these instruments. For
example, the temperature varies in the Venus mesosphere from
about 170 to 270 K for altitudes in the range 60–160 km probed
by SOIR [7].

Probing carbon monoxide in the atmospheres of Venus and
Mars using SOIR or NOMAD relies on the first overtone (2–0) band
of 12C16O, located near 4260 cm�1 (2.3 lm) [2]. Table 1 summa-
rizes previous measurements of line broadening and shift coeffi-
cients reported for that band, using different line shape models.
This summary shows that only a few studies have been devoted
to the 2–0 band of 12C16O perturbed by CO2.

In the context of the SOIR and NOMAD missions, the present
work aimed to measure shape-specific parameters of absorption
lines of the 2–0 band of 12C16O perturbed by CO2, and their depen-
dence on temperature. These measurements were carried out by
fitting simultaneously 21 spectra of CO/CO2 mixtures recorded
using Fourier transform spectroscopy. Three line shape models
have been used to reproduce the observed spectra: the Voigt pro-
file (VP) [24], the Rautian profile (RP) [25] to account for the Dicke
narrowing effects [26], and the quadratic Speed Dependent Voigt
profile (qSDV) [27,28] to account for the dependence of line shape
parameters on the relative speed of the molecules. CO2 pressure-
induced broadening and shift coefficients of the lines of 12C16O
have been determined, together with the temperature dependence
of the CO2 broadening parameters. In addition, line mixing (LM)
coefficients [29] have been measured using all three line shape
models. The retrieved parameters were then compared with CO2

broadening and shift coefficients calculated using a semi-
empirical method. The method used is based on the impact theory
of broadening and includes correction factors, the parameters of
which being determined by fitting the calculated broadening or
shift coefficients to the experimental data. To allow comparison
of the theoretical and experimental results, the line-shape-
specific parameters had to be measured for each temperature.
Finally, the Exponential Power Gap (EPG) law has been used to
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Table 1
Previous measurements of line broadening and shift coefficients for the 2–0 band of
12C16O since 1970.

Author(s) Perturber(s) T (K) Line shape

Varanasi, 1971 [8] CO, N2, CO2 295 LRCG
Bouanich, 1972 [9] He, Ne, Ar, Kr,

Xe
300 –

Bouanich and Brodbeck, 1973 [10] CO, N2, O2, 299 –
HCl, NO, CO2

Bouanich, 1983 [11] N2, CO 133–298 LP
Bouanich, 1984 [12] CO 85–298 LP
Bouanich et al., 1996 [13] CO 296 LP

He, Kr, O2, N2

Predoi-Cross et al., 2000 [14] CO 296 VP
N2 303 LP, HCvP

Zou and Varanasi, 2002 [15] CO, air 174–296 VP
Devi et al., 2002 [16] CO, H2 297 VP
Brault et al., 2003 [17] CO 297–301 VP, SDVP
Sung and Varanasi, 2004 [18] H2 83–302 –
Devi et al., 2004 [19] CO 297 VP

H2 296
Régalia et al., 2005 [20] CO, H2 296 VP
Sung and Varanasi, 2005 [21] CO2 298 VP
Devi et al., 2012–13 [22,23] CO, air 150–298 SDVP

T is the temperature, and HCvP, LRCG, LP, SDVP and VP represent an empirical Hard
Collision and Speed dependent Lorentz, the Ladenburg Reiche Curve of Growth, the
Lorentz, the Speed Dependent Voigt and the Voigt profiles, respectively.

Table 2
Experimental temperature (T in Kelvin), total pressure (Ptot in hPa), CO mole fraction
(x), maximum optical path difference (dmax in cm) and diameter of the entrance
aperture of the spectrometer (d in mm).

# T Ptot x dmax d

1 283.2 (10) 156.5 (8) 0.092 112.5 1.00
2 283.4 (10) 333 (2) 0.043 112.5 1.00
3 283.4 (10) 660 (3) 0.061 112.5 1.00
4 283.4 (10) 931 (5) 0.043 112.5 1.00
5 283.4 (10) 961 (5) 0.084 112.5 1.00
6 283.4 (10) 1198 (6) 0.067 112.5 1.00
7 270.0 (10) 165.9 (8) 0.081 112.5 1.00
8 270.0 (10) 334 (2) 0.040 112.5 1.00
9 270.0 (10) 331 (2) 0.118 112.5 1.00

10 270.0 (10) 653 (3) 0.060 112.5 1.00
11 270.0 (10) 938 (5) 0.092 112.5 1.00
12 270.0 (10) 1212 (6) 0.071 112.5 1.00
13 255.4 (15) 167.9 (8) 0.219 90.0 1.00
14 255.4 (15) 333 (2) 0.111 36.0 1.00
15 255.4 (15) 601 (3) 0.061 18.0 1.15
16 255.4 (15) 927 (5) 0.100 18.0 1.15
17 255.4 (15) 1199 (6) 0.078 18.0 1.15
18 240.5 (20) 333 (2) 0.106 36.0 1.15
19 240.5 (20) 667 (3) 0.053 18.0 1.15
20 240.5 (20) 665 (3) 0.129 18.0 1.15
21 240.5 (20) 934 (5) 0.092 18.0 1.15

Note. The resolution is equal to 0.9/dmax . The numbers between parentheses rep-
resent the absolute uncertainty in units of the last digit quoted. The uncertainty
given for the sample pressure is conservatively estimated to be 0.5% of reading. The
uncertainties given for the temperature include the temperature difference mea-
sured between the two ends of the cell. The mole fractions x are equal to ratio of the
pressure of carbon monoxide, measured when filling the cell, to the total pressure.

Fig. 1. Transmittance spectrum of the 2–0 band of 12C16O broadened by CO2,
observed [156.5 (8) hPa, No. 1 in Table 2] and best-fit calculated at the same
conditions using the qSDV line shape model. The lower panels present the residuals
for the displayed spectrum of the multi-spectrum analysis of the 21 spectra listed in
Table 2 with the VP, RP and qSDV line shape models.

Fig. 2. Same as Fig. 1 for spectrum No. 8 in Table 2 [334 (2) hPa].
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obtain weak CO2 line mixing coefficients and CO2 broadening
parameters at different temperatures.
2. Experimental details

Unapodized high resolution absorption spectra of the 2–0 band
of carbon monoxide (Matheson, 99.9 % purity) mixed with carbon
dioxide (Sigma Aldrich, 99.8 % purity) at total pressures ranging
from 156 to 1212 hPa and at 4 different temperatures between
about 240 K and 283 K have been recorded using a Bruker IFS
120 to 125 HR upgraded Fourier transform spectrometer. The
instrument was fitted with a Tungsten source, an entrance aper-
ture with diameter set to 1.00 or 1.15 mm, a CaF2 beamsplitter, a
band-pass filter limiting the transmission to the 3980–5100 cm�1

range, and an InSb detector cryogenically cooled to 77 K. The gas
mixtures were directly prepared in the 19.7 (2) cm long double-
jacketed stainless steel cell, closed by CaF2 windows and located
inside the evacuated spectrometer. The temperature of the cell



Fig. 3. Transmittance spectrum of the 2–0 band of 12C16O broadened by CO2,
observed [1199 (6) hPa, No. 17 in Table 2] and best-fit calculated at the same
conditions using the qSDV line shape model with weak line mixing. The lower
panels present the residuals for the displayed spectrum of the multi-spectrum
analysis of the 21 spectra listed in Table 2 with the VP, RP and qSDV line shape
models, and the qSDV line shape model with weak line mixing.
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was stabilized using methanol circulating in the cell double wall
and an external cryostat (NESLAB, model ULT-80). It was measured
using two thermocouples fixed on the outside cell wall, at each end
of the cell. The gas pressures were measured using two absolute
MKS Baratron gauges model 690A, of 10 and 1000 Torr full-scale
ranges. A total of 21 spectra has been recorded. Transmittances
were generated for all the spectra using empty cell spectra
recorded at lower resolution. The temperatures, total pressures,
CO mole fractions (x), maximum optical path differences (dmax),
and diameters of the entrance aperture of the spectrometer used
for each measurement are listed in Table 2.

The alignment of the interferometer was checked just before
recording the spectra reported in this work. This check was carried
out by recording spectra of N2O near 2201 cm�1 at a resolution of
0.0035 cm�1 (dmax ¼ 257 cm). No distortion of the lines could be
observed. We also checked that the wavenumber scale in all the
spectra were the same, taking into account the changes of the point
spacing resulting from the various maximum optical path differ-
ences used.
3. Analysis of the spectra

All the measurements performed in the present work involved
the analysis of the entire 2–0 band of 12C16O at once, in the range
from 4157 to 4330 cm�1. CO2 broadening and shift coefficients of
the P(22) to R(21) lines, together with the temperature depen-
dence of these parameters and first-order line mixing coefficients
[29], have been measured using a multi-spectrum fitting program
developed in Brussels [30,31]. The software adjusts a synthetic
spectrum to each of any number of observed Fourier transform
spectra, using a Levenberg–Marquardt least-squares fitting proce-
dure. Each synthetic spectrum, interpolated 4 times with respect
to the observed spectrum, is calculated as the convolution of a
monochromatic transmission spectrum with an instrument line
shape function, which includes the effects of the finite maximum
optical path difference and of the finite size of the entrance aper-
ture in the interferometer as fixed contributions [32]. In the pre-
sent work, the Gaussian width of the line shape models used was
always held fixed to the value calculated for the Doppler broaden-
ing. The pressure-induced widths bL and shifts D~m of the CO absorp-
tion lines were modeled using the following expressions:

bL ¼ Ptot b0
L ðCO—CO2Þð1� xÞðT0=TÞn1 þ b0

L ðselfÞ x ðT0=TÞn2
h i

ð1Þ

D~m ¼ Ptot d0ðCO—CO2Þð1� xÞ þ d0ðselfÞ x
h i

ð2Þ
d0ðTÞ ¼ d0ðT0Þ þ d0ðT � T0Þ ð3Þ

where Ptot is the total sample pressure, T0 ¼ 296 K, x is the mole

fraction of CO, and b0
L ðCO—CO2Þ, b0

L ðselfÞ, d0ðCO—CO2Þ and d0ðselfÞ
are the CO2 broadening, self broadening, CO2 shift, and self shift
coefficients of the CO lines, respectively. n1 and n2 are the temper-
ature dependence exponents of the CO2 and self broadening coeffi-
cients of the CO lines, respectively. d0 quantifies the temperature
dependence of the shift coefficients. Although the latter was not
measured in the present work for the CO2 shift coefficients of the
12C16O lines, the temperature dependence of the self shift coeffi-
cients of these lines was set to available literature information
(see below).

The positions and intensities of the 12C16O lines were fixed to
the values available in HITRAN [33] (note that they are actually
from Farrenq et al. [34] and Devi et al. [23], respectively). The self
broadening and self shift coefficients were fixed to the values
reported in Table 7 of the article by Brault et al. [17], while their
temperature dependence exponents (n2) were set to the values of
Devi et al. [23]. Initial values of the CO2 broadening and shift coef-
ficients were taken from Sung and Varanasi [21]. Lines not mea-
sured by these authors were given the approximate initial values
of 0.06 cm�1 atm�1 and �0:005 cm�1 atm�1, respectively, esti-
mated from the results reported by Sung and Varanasi [21]. Mea-
surements with the RP line shape model were carried out
assuming that the narrowing coefficient b0 is independent of
temperature.

To properly model the 2–0 band of 12C16O at higher pressures,
first-order line mixing [29] was included, according to (see for
example [35]):

gLM
k ¼ ReðgkÞ þ Yk ImðgkÞ ð4Þ

where gLM
k represents the profile of line k affected by line mixing,

and ReðgkÞ and ImðgkÞ are the real and imaginary parts of the nor-
malized line shape function, respectively. The quantity Y0

k ¼ Yk=P
is the so-called first-order line mixing coefficient [see Eq. (14) in
Section 5], which was fitted.

Absorption lines of the 2–0 band of 13C16O were also observed
in the spectra. Their parameters were taken from HITRAN [33].
Because of the weakness of the corresponding absorption, the
CO2-related line shape parameters were assumed to be equal to
the corresponding coefficients provided for air as the perturber
gas in HITRAN. To properly model the 13C16O absorption, it was
found necessary to fit the corresponding line intensities. Because
some of the 13C16O lines are overlapped by stronger lines of the
main isotopologue, we used the same strategy as recently done
for weak hot bands of CO2 [31]. It involved adjusting the intensities
of all the lines of the 2–0 band of 13C16O simultaneously through
fitting of the square of the transition dipole moment of that band
(see Eqs. 2 and 3 of [31]). The initial values of the parameters
involved in that latter quantity, i.e. the square of the rotationless
transition dipole moment and Herman–Wallis coefficients, were
determined by fitting the line intensities available in HITRAN [33].



Table 3
CO2 broadening coefficients at 296 K and their temperature dependence measured for the 2–0 band of 12C16O by multi-spectrum fitting 21 FTS spectra using the VP, RP and qSDV
line shape models.

Line b0L (CO–CO2) (cm�1 atm�1) n1

VP (unc) RP (unc) qSDV (unc) VP (unc) RP (unc) qSDV (unc)

P(22) 0.05820 (41) 0.05506 (36) 0.06041 (44) 0.648 (66) 0.711 (63) 0.704 (55)
P(21) 0.05693 (27) 0.05502 (24) 0.05755 (28) 0.753 (43) 0.803 (41) 0.761 (38)
P(20) 0.05845 (19) 0.05747 (17) 0.05979 (21) 0.694 (29) 0.740 (27) 0.712 (25)
P(19) 0.05975 (14) 0.05904 (13) 0.06133 (15) 0.713 (21) 0.764 (19) 0.725 (18)
P(18) 0.06029 (10) 0.05990 (9) 0.06183 (11) 0.710 (15) 0.745 (14) 0.722 (13)
P(17) 0.06154 (8) 0.06137 (7) 0.06296 (9) 0.694 (11) 0.728 (10) 0.704 (10)
P(16) 0.06223 (6) 0.06226 (6) 0.06358 (7) 0.710 (8) 0.739 (8) 0.717 (7)
P(15) 0.06300 (5) 0.06336 (5) 0.06419 (5) 0.729 (7) 0.746 (6) 0.730 (6)
P(14) 0.06452 (4) 0.06487 (4) 0.06587 (5) 0.707 (6) 0.724 (5) 0.706 (5)
P(13) 0.06587 (4) 0.06601 (3) 0.06730 (4) 0.697 (5) 0.714 (4) 0.697 (4)
P(12) 0.06740 (3) 0.06767 (3) 0.06886 (4) 0.684 (4) 0.696 (4) 0.680 (3)
P(11) 0.06910 (3) 0.06941 (3) 0.07007 (3) 0.674 (4) 0.681 (3) 0.667 (3)
P(10) 0.07147 (3) 0.07175 (3) 0.07314 (3) 0.657 (3) 0.664 (3) 0.650 (3)
P(9) 0.07414 (3) 0.07442 (3) 0.07596 (3) 0.644 (3) 0.649 (3) 0.636 (3)
P(8) 0.07705 (3) 0.07731 (3) 0.07901 (3) 0.639 (3) 0.642 (3) 0.628 (3)
P(7) 0.08062 (3) 0.08088 (3) 0.08283 (3) 0.642 (3) 0.647 (3) 0.631 (3)
P(6) 0.08412 (3) 0.08432 (3) 0.08654 (3) 0.649 (3) 0.654 (3) 0.636 (3)
P(5) 0.08796 (3) 0.08812 (3) 0.09059 (4) 0.658 (3) 0.665 (3) 0.646 (3)
P(4) 0.09199 (4) 0.09206 (3) 0.09483 (4) 0.671 (3) 0.681 (3) 0.659 (3)
P(3) 0.09625 (4) 0.09607 (4) 0.09945 (5) 0.682 (4) 0.696 (3) 0.672 (3)
P(2) 0.1009 (6) 0.1006 (6) 0.1046 (7) 0.683 (5) 0.700 (4) 0.676 (4)
P(1) 0.1075 (12) 0.1067 (11) 0.1110 (13) 0.689 (8) 0.710 (8) 0.686 (7)
R(0) 0.1076 (11) 0.1071 (10) 0.1111 (13) 0.699 (8) 0.718 (8) 0.693 (7)
R(1) 0.1009 (6) 0.1008 (5) 0.1042 (7) 0.694 (5) 0.708 (4) 0.685 (4)
R(2) 0.09594 (4) 0.09597 (4) 0.09894 (5) 0.684 (3) 0.694 (3) 0.675 (3)
R(3) 0.09189 (3) 0.09205 (3) 0.09468 (4) 0.680 (3) 0.687 (3) 0.664 (3)
R(4) 0.08792 (3) 0.08815 (3) 0.09047 (3) 0.667 (3) 0.672 (3) 0.653 (2)
R(5) 0.08397 (3) 0.08428 (2) 0.08627 (3) 0.661 (3) 0.661 (2) 0.646 (2)
R(6) 0.08019 (2) 0.08055 (2) 0.08229 (3) 0.655 (3) 0.652 (2) 0.638 (2)
R(7) 0.07676 (2) 0.07715 (2) 0.07869 (3) 0.649 (3) 0.644 (2) 0.633 (2)
R(8) 0.07378 (2) 0.07409 (2) 0.07570 (2) 0.648 (3) 0.647 (2) 0.633 (2)
R(9) 0.07107 (2) 0.07141 (2) 0.07272 (2) 0.662 (3) 0.661 (3) 0.650 (2)
R(10) 0.06883 (2) 0.06906 (2) 0.07052 (3) 0.672 (3) 0.676 (3) 0.661 (3)
R(11) 0.06680 (2) 0.06707 (2) 0.06823 (3) 0.691 (3) 0.695 (3) 0.683 (3)
R(12) 0.06526 (3) 0.06542 (2) 0.06667 (3) 0.698 (3) 0.709 (3) 0.693 (3)
R(13) 0.06413 (3) 0.06423 (3) 0.06559 (3) 0.703 (4) 0.719 (4) 0.702 (3)
R(14) 0.06287 (3) 0.06288 (3) 0.06430 (4) 0.708 (5) 0.728 (4) 0.710 (4)
R(15) 0.06184 (4) 0.06177 (4) 0.06323 (4) 0.712 (5) 0.736 (5) 0.716 (5)
R(16) 0.06069 (5) 0.06053 (4) 0.06194 (5) 0.706 (7) 0.733 (6) 0.712 (6)
R(17) 0.05988 (6) 0.05968 (5) 0.06111 (6) 0.709 (9) 0.742 (8) 0.718 (7)
R(18) 0.05922 (8) 0.05849 (7) 0.06082 (8) 0.694 (11) 0.739 (11) 0.710 (10)
R(19) 0.05796 (10) 0.05728 (9) 0.05902 (11) 0.726 (16) 0.770 (14) 0.737 (14)
R(20) 0.05735 (14) 0.05550 (13) 0.05898 (15) 0.669 (22) 0.728 (21) 0.693 (19)
R(21) 0.05565 (19) 0.05375 (17) 0.05642 (20) 0.665 (32) 0.708 (30) 0.665 (28)

‘unc’ are the statistical uncertainties (1r) estimated by the least squares fitting procedure.

R. Hashemi et al. / Journal of Molecular Spectroscopy 326 (2016) 60–72 63
The temperature dependence of the line intensities was
accounted for using the lower level energies available in HITRAN
[33], and partition functions calculated using the program TIPS

[36] (June 2011 version) provided with HITRAN. In addition to
the parameters describing the CO2 pressure induced effects on
the shape of 12C16O lines, the measurements performed required
adjusting the following parameters. The baseline in each spectrum
was modeled with a polynomial expansion, involving 1 to 3 fitted
parameters. The mole fraction of carbon monoxide in each spec-
trum was adjusted. Although the line positions were fixed to liter-
ature values (~mlit) [33], they were matched to all the spectra by
application of the expression ~mm ¼ ~mlit ð1þ CÞ, where ~mm are the
line positions matched to all the spectra and the factor Cwas fitted.
This solution was preferred over fitting the individual line posi-
tions because low pressure spectra were not available.

To compare the results of the multi-spectrum analysis of the 21
spectra listed in Table 2 with the VP, RP and qSDV line shape mod-
els without first-order line mixing, Figs. 1–3 present the residuals
obtained for 3 spectra corresponding to the lowest total pressure
achieved in this work, an intermediate and a high total pressure,
respectively. The residuals presented in Fig. 1 show that, at low
pressure, the observed line shapes are narrower than the VP
(although not apparent on the figure, the residuals exhibit the
characteristic ‘w’-shape signature). The residuals obtained for the
RP and qSDV do however not allow discriminating between these
2 line shape models. Fig. 2 shows that similar results are obtained
at intermediate total pressures, even though the signatures in the
residuals are significantly smaller. At high pressure, Fig. 3 shows
that the qSDV line shape model, with or without first-order line
mixing, best reproduces the observed line profiles.

4. Results of the measurements

4.1. CO2 broadening and shift coefficients

The CO2 pressure broadening coefficients measured in the pre-
sent work for 12C16O are gathered in Table 3. They are depicted and
compared with previous studies in Fig. 4. The broadening coeffi-
cients decrease with increasing jmj (throughout the article,
m ¼ �J00 and J00 þ 1 for P- and R-branch lines, respectively) and



Fig. 4. CO2 broadening coefficients for the 2–0 band of 12C16O at 296 K measured in
this work with the VP (1), RP (2) and qSDV (3) line shape models, and in previous
studies (4: at 299 K [10]; 5: at 298 K using a VP [21]). The error bars associated with
the present measurements represent the uncertainty of measurement (1r),
estimated by the least squares fitting algorithm.

Fig. 5. Temperature dependence exponent of the CO2 broadening coefficients for
the 2–0 band of 12C16O measured in this work with the VP (1), RP (2) and qSDV (3)
line shape models. The error bars associated with these measurements represent
the uncertainty of measurement (1r), estimated by the least squares fitting
algorithm. Measurements reported for the fundamental band of 12C16O by
Nakazawa and Tanaka using the Lorentz profile [37] (4) and by Sung and Varanasi
[21] using the VP (5), and values calculated using a semi-classical method (6, see
Section 5.1) are also shown.

Table 4
CO2 line shift coefficients for the 2–0 band of 12C16O measured by multi-spectrum
fitting 21 FTS spectra using the VP, RP and qSDV line shape models.

Line d0 (CO–CO2) (cm�1 atm�1)

~m (cm�1) VP (unc) RP (unc) SDV (unc)

P(22) 4159.5595 �0.00748 (25) �0.00735 (22) �0.00750 (21)
P(21) 4164.8408 �0.00676(16) �0.00659 (15) �0.00673 (14)
P(20) 4170.0551 �0.00637 (11) �0.00628 (10) �0.00627 (10)
P(19) 4175.2024 �0.00685 (8) �0.00675 (8) �0.00673 (7)
P(18) 4180.2825 �0.00701 (6) �0.00694 (6) �0.00687 (5)
P(17) 4185.2952 �0.00698 (5) �0.00692 (4) �0.00688 (4)
P(16) 4190.2404 �0.00669 (4) �0.00663 (3) �0.00657 (3)
P(15) 4195.1180 �0.00633 (3) �0.00630 (3) �0.00624 (3)
P(14) 4199.9277 �0.00525 (2) �0.00623 (2) �0.00617 (2)
P(13) 4204.6695 �0.00581 (2) �0.00579 (2) �0.00571 (2)
P(12) 4209.3432 �0.00563 (2) �0.00560 (2) �0.00553 (2)
P(11) 4213.9486 �0.00525 (2) �0.00523 (2) �0.00515 (2)
P(10) 4218.4857 �0.00527 (2) �0.00525 (1) �0.00517 (1)
P(9) 4222.9542 �0.00494 (2) �0.00492 (1) �0.00483 (1)
P(8) 4227.3540 �0.00469 (2) �0.00467 (1) �0.00458 (1)
P(7) 4231.6850 �0.00426 (2) �0.00424 (1) �0.00414 (1)
P(6) 4235.9470 �0.00381 (2) �0.00380 (2) �0.00370 (1)
P(5) 4240.1399 �0.00347 (2) �0.00346 (2) �0.00337 (2)
P(4) 4244.2635 �0.00342 (2) �0.00342 (2) �0.00333 (2)
P(3) 4248.3176 �0.00287 (3) �0.00286 (2) �0.00279 (2)
P(2) 4252.3022 �0.00272 (4) �0.00269 (3) �0.00268 (3)
P(1) 4256.2171 �0.00238 (7) �0.00225 (6) �0.00238 (6)
R(0) 4263.8372 �0.00319 (7) �0.00308 (6) �0.00281 (6)
R(1) 4267.5421 �0.00278 (3) �0.00270 (3) �0.00251 (3)
R(2) 4271.1766 �0.00293 (2) �0.00286 (2) �0.00272 (2)
R(3) 4274.7407 �0.00333 (2) �0.00326 (2) �0.00315 (2)
R(4) 4278.2343 �0.00376 (2) �0.00370 (1) �0.00361 (1)
R(5) 4281.6570 �0.00397 (1) �0.00392 (1) �0.00384 (1)
R(6) 4285.0089 �0.00405 (1) �0.00401 (1) �0.00394 (1)
R(7) 4288.2898 �0.00451 (1) �0.00449 (1) �0.00441 (1)
R(8) 4291.4994 �0.00462 (1 �0.00460 (1) �0.00453 (1)
R(9) 4294.6378 �0.00486 (1) �0.00485 (1) �0.00478 (1)
R(10) 4297.7046 �0.00498 (1) �0.00496 (1) �0.00490 (1)
R(11) 4300.6999 �0.00526 (1) �0.00525 (1) �0.00519 (1)
R(12) 4303.6233 �0.00510 (2) �0.00509 (1) �0.00503 (1)
R(13) 4306.4749 �0.00540 (2) �0.00539 (2) �0.00534 (2)
R(14) 4309.2544 �0.00538 (2) �0.00537 (2) �0.00532 (2)
R(15) 4311.9617 �0.00556 (2) �0.00555 (2) �0.00551 (2)
R(16) 4314.5966 �0.00595 (3) �0.00592 (3) �0.00589 (3)
R(17) 4317.1590 �0.00558 (4) �0.00558 (3) �0.00554 (3)
R(18) 4319.6488 �0.00575 (5) �0.00571 (4) �0.00568 (4)
R(19) 4322.0658 �0.00640 (6) �0.00637 (6) �0.00637 (5)
R(20) 4324.4098 �0.00569 (8) �0.00555 (8) �0.00562 (7)
R(21) 4326.6808 �0.00671 (12) �0.00648 (11) �0.00666 (10)

‘unc’ are the statistical uncertainties (1r) estimated by the least squares fitting
procedure.
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the values retrieved with the qSDV model are slightly larger than
obtained with the VP line shape model, as expected. A similar dis-
crepancy with the VP would be expected for the broadening coef-
ficients measured using the RP, which is not the case. The reason is
unclear. Our measurements are in excellent agreement with the
CO2 broadening coefficients reported by Sung and Varanasi [21].

The temperature dependence of the CO2 broadening coefficients
measured in this work using the 3 line shape models are presented
in Fig. 5 and listed in Table 3. Interestingly, the present measure-
ments exhibit an intensity dependence, similar for the 3 line shape
models. This dependence may also be seen in the measurements
reported for the fundamental band by Sung and Varanasi [21].
The results reported by Nakazawa and Tanaka [37] for the R branch
of the fundamental band do exhibit a minimum for the same m
value as in the present work, but strongly disagree at higher J.
These comparisons may suggest that the temperature dependence
of the CO2 broadening coefficients are the same for the fundamen-
tal and first overtone bands, as was observed for the temperature
dependence exponents of air and H2 broadening [15,18].

The measured CO2 shift coefficients are gathered in Table 4 and
are compared with previous results in Fig. 6. The 3 sets of measure-
ments agree very well, and are in good agreement with the results
reported for the 2–0 band by Sung and Varanasi [21].

To allow comparisons with the theoretical calculations
described in Section 5, the CO2 broadening and shift coefficients
were also measured separately at each of the 4 temperatures, using
the qSDV line shape model including first-order line mixing. The
results of these measurements are reported in Tables 5,6.

4.2. Speed dependence of CO2-broadening coefficients and first-order
line mixing

The speed dependence of the CO2-broadening coefficients and
the first-order line mixing coefficients obtained in this work using



Fig. 6. CO2 shift coefficients for the 2–0 band of 12C16O at 296 K measured in this
work with the VP (1), RP (2) and qSDV (3) line shape models, and reported at 298 K
by Sung and Varanasi [21] (4). The error bars associated with the present
measurements represent the uncertainty of measurement (1r), estimated by the
least squares fitting algorithm.

Table 5
CO2 broadening coefficients measured for the 2–0 band of 12C16O using the qSDV line
shape model by multi-spectrum fitting all the spectra recorded at a given
temperature.

Line b0L (CO–CO2) (cm�1 atm�1)

283.4 270.0 255.4 240.5

P(22) 0.0603 (150) 0.0609 (100) 0.0586 (120) 0.0626 (130)
P(21) 0.0571 (22) 0.0580 (30) 0.0596 (73) 0.0545 (190)
P(20) 0.0604 (20) 0.0589 (22) 0.0596 (49) 0.0618 (160)
P(19) 0.0607 (12) 0.0616 (17) 0.0621 (37) 0.0605 (75)
P(18) 0.0621 (10) 0.0615 (12) 0.0612 (26) 0.0628 (64)
P(17) 0.0629 (6) 0.0626 (9) 0.0631 (20) 0.0630 (42)
P(16) 0.0633 (6) 0.0635 (7) 0.0636 (16) 0.0634 (33)
P(15) 0.0639 (4) 0.0643 (5) 0.0640 (13) 0.0640 (26)
P(14) 0.0656 (4) 0.0656 (4) 0.0650 (11) 0.0655 (22)
P(13) 0.0671 (3) 0.0663 (4) 0.0663 (8) 0.0672 (15)
P(12) 0.0688 (3) 0.0679 (3) 0.0680 (7) 0.0690 (13)
P(11) 0.0708 (2) 0.0701 (3) 0.0696 (7) 0.0707 (10)
P(10) 0.0729 (2) 0.0729 (3) 0.0718 (7) 0.0726 (9)
P(9) 0.0759 (2) 0.0750 (2) 0.0736 (5) 0.0765 (9)
P(8) 0.0787 (2) 0.0788 (2) 0.0778 (5) 0.0791 (9)
P(7) 0.0829 (2) 0.0826 (2) 0.0810 (5) 0.0829 (9)
P(6) 0.0868 (2) 0.0865 (3) 0.0843 (6) 0.0872 (8)
P(5) 0.0908 (2) 0.0901 (3) 0.0886 (6) 0.0908 (9)
P(4) 0.0951 (2) 0.0952 (3) 0.0939 (8) 0.0958 (11)
P(3) 0.0998 (3) 0.0989 (4) 0.0988 (9) 0.1004 (13)
P(2) 0.1047 (5) 0.1043 (6) 0.1033 (12) 0.1053 (19)
P(1) 0.1098 (10) 0.1109 (12) 0.1119 (29) 0.1101 (43)
R(0) 0.1099 (10) 0.1117 (14) 0.1108 (30) 0.1104 (41)
R(1) 0.1043 (5) 0.1033 (6) 0.1032 (13) 0.1050 (20)
R(2) 0.0991 (3) 0.0978 (4) 0.0983 (9) 0.0995 (14)
R(3) 0.0942 (2) 0.0953 (3) 0.0937 (7) 0.0943 (11)
R(4) 0.0904 (2) 0.0900 (2) 0.0890 (5) 0.0905 (8)
R(5) 0.0861 (2) 0.0856 (2) 0.0851 (5) 0.0860 (7)
R(6) 0.0820 (2) 0.0819 (2) 0.0810 (4) 0.0825 (6)
R(7) 0.0786 (2) 0.0781 (2) 0.0775 (4) 0.0780 (7)
R(8) 0.0757 (1) 0.0755 (2) 0.0733 (5) 0.0765 (7)
R(9) 0.0725 (2) 0.0720 (2) 0.0706 (4) 0.0712 (6)
R(10) 0.0706 (2) 0.0701 (2) 0.0683 (4) 0.0709 (7)
R(11) 0.0683 (2) 0.0685 (2) 0.0668 (5) 0.0685 (7)
R(12) 0.0665 (2) 0.0663 (2) 0.0651 (5) 0.0663 (9)
R(13) 0.0653 (2) 0.0657 (2) 0.0636 (6) 0.0658 (12)
R(14) 0.0641 (2) 0.0641 (3) 0.0632 (8) 0.0644 (13)
R(15) 0.0629 (2) 0.0634 (3) 0.0623 (9) 0.0634 (13)
R(16) 0.0616 (3) 0.0620 (4) 0.0620 (12) 0.0614 (22)
R(17) 0.0612 (5) 0.0607 (5) 0.0612 (14) 0.0611 (34)
R(18) 0.0608 (4) 0.0610 (8) 0.0596 (21) 0.0618 (30)
R(19) 0.0587 (9) 0.0587 (8) 0.0601 (25) 0.0582 (71)
R(20) 0.0586 (8) 0.0596 (13) 0.0582 (38) 0.0592 (44)
R(21) 0.0576 (19) 0.05554 (31) 0.0566 (49) 0.0589 (180)

The statistical uncertainties (1r) estimated by the least squares fitting procedure
are given in parentheses, in the units of the last digit quoted.
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the qSDV profile are listed in Table 7. The former parameters,
divided by the corresponding CO2-broadening coefficients, are
compared in Fig. 7 with the speed dependence coefficients
reported by Devi et al. [22] for pure CO and a CO–air mixture
(the speed dependence was assumed to be independent of the per-
turber gas in that work). Although the rotational dependence of
both sets of coefficients agrees very well, our values are about
50 % larger.

The first-order line mixing coefficients determined for the 3 line
shape models are presented and compared with previous studies
[14,17,22] in Fig. 8. Even though the obtained values are small, tak-
ing the line mixing effects into account was important as they
affect the measured CO2 shift coefficients. All the reported Y0

k coef-
ficients follow a similar rotational dependence and agree quite
well. The measurements reported for a CO–air mixture [22] and
pure CO [17,22] agree very well, even though weak line mixing
coefficients for different perturbers are not expected to be the
same. The measurements for CO–N2 by Predoi-Cross et al. [14] tend
to be systematically lower. Our results (for CO–CO2) in the P
branch are in better agreement with Brault et al. [17] and Devi
et al. [22] than with Predoi-Cross et al. [14], while the opposite is
observed for the R branch. These observations may be an indication
of the difficulties to retrieve first-order line mixing coefficients
from measured spectra.

4.3. Narrowing parameters and mass diffusion coefficient

The narrowing coefficients b0 measured using the RP line shape
model are also listed in Table 7 and presented in Fig. 9. Also dis-
played in this figure is the dynamic friction coefficient b0

diff ,
deduced from the relation [38]:

b0
diff ¼

kBT
2pc m1D12

ð5Þ

where kB is the Boltzmann constant, T is the temperature, c is the
velocity of light, m1 is the mass of the active molecule, and D12 is
the mass diffusion coefficient of the CO–CO2 binary system. The lat-
ter was estimated at P ¼ 1 atm using the expression [39,40]:
D12 ¼ eDk
3=2
B

P
ffiffiffiffi
p

p 1

r2
12X

ð1;1Þ�
12 ðT�

12Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T3 m1 þm2

2m1m2

r
ð6Þ

eD ¼ 3=8;m1 and m2 are the molecular weights of CO and CO2 (in

g/mol), Xð1;1Þ
12 ðT�

12Þ is a dimensionless reduced collision integral func-
tion of the reduced temperature T�

12 ¼ kBT=e12, and e12 and r12 are
scaling parameters for the spherical part of the interaction poten-
tial. Using e12=kB ¼ 155:2 K and r12 ¼ 3:711 Å [40], we obtained
D12 ¼ 0:103 and 0.140 cm2 s�1 at the lowest (240.5 K) and highest
(283.4 K) temperatures achieved experimentally, leading to
b0
diff ¼ 0:0368 and 0.0320 cm�1 atm�1, respectively. Note that, as

already indicated, measurements with the RP line shape model
were carried out assuming that the narrowing coefficient b0 was
independent of temperature. As also observed for example for
self-broadened O2 [41], the measured narrowing coefficients pre-
sented in Fig. 9 seem to indicate that the narrowing effect induced
by velocity changing collisions decreases as the molecule rotates
faster. However, except at high J, the measured narrowing



Table 6
CO2 shift coefficients measured for the 2–0 band of 12C16O using the qSDV line shape
model by multi-spectrum fitting all the spectra recorded at a given temperature.

Line d0 (CO–CO2) (cm�1 atm�1)

283.4 270.0 255.4 240.5

P(22) �0.00749 (28) �0.00716 (34) �0.00881 (64) �0.00721 (130)
P(21) �0.00635 (19) �0.00686 (23) �0.00758 (43) �0.00751 (74)
P(20) �0.00605 (14) �0.00622 (16) �0.00708 (29) �0.00661 (52)
P(19) �0.00644 (10) �0.00675 (11) �0.00745 (21) �0.00725 (36)
P(18) �0.00662 (8) �0.00667 (8) �0.00769 (15) �0.00795 (25)
P(17) �0.00668 (6) �0.00686 (6) �0.00722 (11) �0.00770 (18)
P(16) �0.00640 (5) �0.00650 (5) �0.00696 (9) �0.00721 (14)
P(15) �0.00598 (4) �0.00616 (4) �0.00688 (7) �0.00671 (11)
P(14) �0.00593 (3) �0.00614 (3) �0.00653 (6) �0.00676 (9)
P(13) �0.00544 (3) �0.00571 (3) �0.00612 (5) �0.00616 (7)
P(12) �0.00529 (2) �0.00546 (3) �0.00605 (4) �0.00590 (6)
P(11) �0.00494 (2) �0.00504 (2) �0.00563 (4) �0.00557 (6)
P(10) �0.00496 (2) �0.00508 (2) �0.00560 (4) �0.00551 (5)
P(9) �0.00463 (2) �0.00473 (2) �0.00534 (4) �0.00510 (5)
P(8) �0.00437 (2) �0.00449 (2) �0.00497 (4) �0.00489 (5)
P(7) �0.00396 (2) �0.00398 (2) �0.00462 (4) �0.00450 (5)
P(6) �0.00346 (2) �0.00355 (2) �0.00427 (4) �0.00406 (5)
P(5) �0.00310 (2) �0.00326 (2) �0.00397 (4) �0.00353 (5)
P(4) �0.00312 (3) �0.00321 (3) �0.00383 (5) �0.00352 (6)
P(3) �0.00258 (4) �0.00266 (3) �0.00328 (5) �0.00297 (7)
P(2) �0.00257 (5) �0.00241 (5) �0.00299 (7) �0.00319 (10)
P(1) �0.00222 (10) �0.00239 (10) �0.00245 (14) �0.00273 (19)
R(0) �0.00283 (10) �0.00286 (9) �0.00261 (13) �0.00316 (19)
R(1) �0.00248 (5) �0.00229 (5) �0.00297 (7) �0.00254 (10)
R(2) �0.00250 (3) �0.00269 (3) �0.00312 (5) �0.00273 (7)
R(3) �0.00300 (3) �0.00311 (3) �0.00338 (4) �0.00330 (6)
R(4) �0.00342 (2) �0.00353 (2) �0.00399 (4) �0.00378 (5)
R(5) �0.00367 (2) �0.00378 (2) �0.00409 (3) �0.00417 (5)
R(6) �0.00370 (2) �0.00388 (2) �0.00434 (3) �0.00432 (4)
R(7) �0.00414 (2) �0.00429 (2) �0.00498 (3) �0.00488 (4)
R(8) �0.00430 (2) �0.00439 (2) �0.00498 (3) �0.00512 (4)
R(9) �0.00451 (2) �0.00471 (2) �0.00528 (3) �0.00521 (4)
R(10) �0.00468 (2) �0.00478 (2) �0.00534 (3) �0.00539 (4)
R(11) �0.00493 (2) �0.00509 (2) �0.00574 (3) �0.00568 (5)
R(12) �0.00480 (2) �0.00497 (2) �0.00545 (4) �0.00552 (5)
R(13) �0.00518 (2) �0.00521 (2) �0.00579 (4) �0.00576 (6)
R(14) �0.00507 (2) �0.00521 (3) �0.00590 (5) �0.00579 (7)
R(15) �0.00530 (3) �0.00543 (3) �0.00604 (6) �0.00587 (8)
R(16) �0.00568 (4) �0.00586 (4) �0.00635 (7) �0.00639 (11)
R(17) �0.00531 (4) �0.00544 (5) �0.00620 (9) �0.00620 (14)
R(18) �0.00539 (6) �0.00558 (6) �0.00655 (11) �0.00622 (19)
R(19) �0.00619 (8) �0.00630 (8) �0.00694 (15) �0.00732 (26)
R(20) �0.00535 (10) �0.00560 (11) �0.00647 (21) �0.00600 (38)
R(21) �0.00626 (14) �0.00672 (16) �0.00775 (30) �0.00734 (56)

The statistical uncertainties (1r) estimated by the least squares fitting procedure
are given in parentheses, in the units of the last digit quoted.

Table 7
Speed dependence of the broadening coefficients c2 (in cm�1 atm�1) and weak line
mixing parameters Y0

k (in atm�1), and narrowing parameters b0 (in cm�1 atm�1)
measured for the 2–0 band of 12C16O by multi-spectrum fitting 21 FTS spectra with
the qSDV and RP line shape models, respectively.

Line qSDV RP

c2 Y0
k b0

P(22) 0.0112 (56) �0.0086 (26) 0.028 (11)
P(21) 0.00351 (58) 0.0009 (17) 0.007 (5)
P(20) 0.00751 (32) �0.0002 (12) 0.027 (5)
P(19) 0.00849 (23) �0.0010 (8) 0.046 (5)
P(18) 0.00843 (17) 0.0013 (6) 0.034 (3)
P(17) 0.00800 (13) 0.0047 (4) 0.043 (3)
P(16) 0.00776 (11) 0.0018 (3) 0.043 (2)
P(15) 0.00696 (9) �0.0030 (3) 0.043 (2)
P(14) 0.00770 (8) 0.0010 (2) 0.054 (2)
P(13) 0.00822 (6) 0.0000 (2) 0.052 (2)
P(12) 0.00838 (6) �0.0001 (1) 0.058 (2)
P(11) 0.00907 (5) 0.0003 (1) 0.055 (2)
P(10) 0.00955 (5) 0.0004 (1) 0.069 (2)
P(9) 0.01032 (5) 0.0006 (1) 0.078 (2)
P(8) 0.01097 (5) 0.0000 (1) 0.080 (2)
P(7) 0.01209 (5) �0.0012 (1) 0.107 (3)
P(6) 0.01300 (5) �0.0018 (1) 0.104 (3)
P(5) 0.01391 (6) �0.0024 (1) 0.123 (4)
P(4) 0.01481 (6) �0.0027 (1) 0.145 (5)
P(3) 0.01626 (8) �0.0039 (2) 0.133 (6)
P(2) 0.01812 (11) �0.0054 (2) 0.158 (10)
P(1) 0.01811 (22) �0.0050 (4) 0.178 (21)
R(0) 0.01769 (22) 0.0043 (4) 0.181 (21)
R(1) 0.01678 (11) 0.0045 (2) 0.176 (10)
R(2) 0.01567 (7) 0.0021 (1) 0.121 (5)
R(3) 0.01463 (6) 0.0008 (1) 0.149 (5)
R(4) 0.01373 (5) 0.0003 (1) 0.143 (4)
R(5) 0.01266 (5) �0.0004 (1) 0.114 (3)
R(6) 0.01176 (4) �0.0019 (1) 0.102 (2)
R(7) 0.01090 (4) �0.0021 (1) 0.086 (2)
R(8) 0.01081 (4) �0.0031 (1) 0.081 (2)
R(9) 0.00956 (4) �0.0042 (1) 0.074 (2)
R(10) 0.00959 (4) �0.0043 (1) 0.060 (1)
R(11) 0.00834 (4) �0.0045 (1) 0.053 (1)
R(12) 0.00821 (5) �0.0064 (1) 0.048 (1)
R(13) 0.00831 (5) �0.0061 (1) 0.049 (1)
R(14) 0.00810 (6) �0.0071 (2) 0.044 (1)
R(15) 0.00786 (7) �0.0083 (2) 0.043 (2)
R(16) 0.00718 (8) �0.0084 (3) 0.036 (2)
R(17) 0.00715 (10) �0.0078 (3) 0.040 (2)
R(18) 0.00863 (12) �0.0092 (5) 0.038 (2)
R(19) 0.00606 (19) �0.0088 (6) 0.031 (3)
R(20) 0.00863 (22) �0.0135 (9) 0.024 (3)
R(21) 0.00389 (39) 0.0007 (12) 0.005 (3)

The statistical uncertainties (1r) estimated by the least squares fitting procedure
are given in parentheses, in the units of the last digit quoted.
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coefficients are larger than b0
diff , which indicates that the broadening

coefficients may be affected by speed dependence [41] and that the
RP line shape model is probably not appropriate.
5. Theoretical calculations of CO2 broadening and CO2 shift
coefficients

To calculate the CO2 broadening and shift coefficients of rovi-
brational lines of carbon monoxide, we used two approaches: a
technique [42] that incorporates correction factors the parameters
of which being determined by fitting calculated broadening or shift
coefficients to experimental data, and the Exponential Power Gap
(EPG) law.

5.1. Calculations of CO2 broadening and CO2 shift coefficients with the
straight-line trajectory approximation

To calculate the CO2 broadening and shift coefficients of rovi-
brational lines of carbon monoxide, we use a method presented
in [42] and performed in the framework of the binary impact
approximation. The well-known general assumptions of the theory
are the following: the collisions are considered to be binary, the
duration of a collision is smaller than the time between collisions
of molecules, colliding particles are assumed to follow classical,
prescribed paths, and no line mixing effects occur. In this case,
the general equations for the CO2-broadened halfwidth cif and
CO2-broadened shift dif of the transition i ! f can be written as:

cif ¼ Aði; f Þ þ
X
i0
D2ðii0jlÞPlðxii0 Þ þ

X
f 0
D2ðff 0jlÞPlðxff 0 Þ ð7Þ

dif ¼ Bði; f Þ þ
X
i0
D2ðii0jlÞPlðxii0 Þ þ

X
f 0
D2ðff 0jlÞPlðxff 0 Þ ð8Þ

Here

Aði; f Þ ¼ n=c
X
2

qð2Þ
Z 1

0
vdvb2

0ðv ;2; i; f Þ ð9Þ



Fig. 7. Relative quadratic speed dependence of the CO2 broadening coefficients
measured in this work for the 2–0 band of 12C16O with the qSDV line shape model,
and measurements reported by Devi et al. [22] for pure CO and a CO–air mixture
(the speed dependence was assumed to be independent of the perturber gas in that
work). The present measurements divided by 1.5 are also shown. The error bars
associated with the present measurements represent the uncertainty of measure-
ment (1r), estimated by the least squares fitting algorithm.

Fig. 8. Weak line mixing coefficients for the 2–0 band of 12C16O measured in the
present work with the VP (1), RP (2) and qSDV (3) line shape models. The error bars
associated with these measurements represent the uncertainty of measurement
(1r), estimated by the least squares fitting algorithm. Measurements reported in
the literature for CO–N2 [14] (4) and CO–air [22] (5) mixtures, and pure CO (6: [14],
7: [22], 8: [17]) are also presented.

Fig. 9. CO2 narrowing coefficients for the 2–0 band of 12C16O measured using the
Rautian and Sobel’man (RP) line shape model. The error bars represent the
uncertainty of measurement (1r), estimated by the least squares fitting algorithm.
The dynamic friction coefficient b0

diff estimated at the lowest (240.5 K) and highest
(283.4 K) experimental temperatures are also shown as black and red dashed lines,
respectively.
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is a term derived from the Anderson theory [43,44] due to integral
cut-off, where n and qðpÞ are the density and p-level rotational pop-
ulations of the perturbing molecules, v is the relative molecular
velocity, and b0ðv; pÞ is the cut-off parameter. In Eq. (8), the first
term

Bði; f Þ ¼ n=cðaf � aiÞ
X
2

qð2Þ
Z 1

0
vdvb�3

0 ðv ;2Þ ð10Þ

is the contribution of the isotropic part of the potential. Here, af and
ai are the polarizabilities of molecules in the upper and lower vibra-
tional states, respectively. The sums in Eqs. (7) and (8) include the
transitions of different tensor rank ‘ (for dipole ‘ ¼ 1, quadrupole
‘ ¼ 2 and other ‘ ¼ . . .) and can be represented as products of two
different factors D2ðii0jlÞ and PlðxÞ, where
PlðxÞ ¼ n=c
X
p

qðpÞ
X
l0p0

All0D
2ðpp0jl0ÞFll0

2pcb0ðp; i; f Þ
v ðxþxpp0 Þ

� �

ð11Þ

is the efficiency function for the scattering channel i ! i0; f ! f 0. The
efficiency function can be represented in the form of

PlðxÞ ¼ PA
l ðxÞClðxÞ ð12Þ

where PA
l ðxÞ is the efficiency function calculated in the Anderson

approximation [43,44]. The factor ClðxÞ represents the corrections
for different factors ignored in the Anderson theory, and can be
determined by fitting to experimental data. It was found that the
correction factor in the case of CO–CO2 calculations is sufficient as
a J-dependent function:

Clðxii0 Þ ¼
c1

c2
ffiffiffi
Ji

p þ 1
1þ c3

1þ c4ðJi � c5Þ2
 !

ð13Þ

where c1 � c5 are the fitting parameters. The calculations were per-
formed with c1 ¼1:9;c2 ¼0:25;c3 ¼�2:7�10�4 Tþ0:165;c4 ¼0:05
and c5 ¼10 for CO2 broadening coefficients, and c1 ¼2:5;
c2 ¼1:0;c3 ¼ c4 ¼ c5 ¼0 for CO2 shift coefficients. It was found that
such a modification of the impact theory allowed us to reproduce
correctly the measured CO2 broadening and CO2 shift coefficients.

The calculated values take into account the contributions due to
dipole–quadrupole and quadrupole–quadrupole interactions, as
well as the induction and dispersion terms in the expansion of
intermolecular potential. The CO molecular constants, i.e. the
dipole moment, the components of quadrupole moment and the
dipole polarizability, were taken from [45]. The rotational
constants of the ground and excited vibrational levels were taken
from [46], and the spectroscopic parameters for the carbon dioxide
molecule were taken from [47]. For the line shift calculation, we
used one more adjusted parameter in the upper vibrational level,
i.e. the effective dipole polarizability af ¼ a0

f ½1þ ca
ffiffi
J

p � where the

required values a0
f ¼ �2:5� 10�4T þ 2:039 and ca ¼ 5:4� 10�6T

þ0:0002 were obtained from the fit to the experimental data.



Table 8
Theoretical CO2 broadening coefficients for the 2–0 band of 12C16O at different
temperatures and resulting temperature dependence exponent n1.

Line b0L (CO–CO2) (cm�1 atm�1) n1

296 283.4 270.0 255.4 240.5

P(22) 0.05740 0.05924 0.06137 0.06391 0.06677 0.727
P(21) 0.05774 0.05960 0.06173 0.06428 0.06716 0.728
P(20) 0.05814 0.06000 0.06215 0.06471 0.06761 0.725
P(19) 0.05860 0.06047 0.06263 0.06521 0.06812 0.724
P(18) 0.05915 0.06103 0.06320 0.06579 0.06872 0.721
P(17) 0.05983 0.06171 0.06389 0.06649 0.06944 0.715
P(16) 0.06066 0.06255 0.06474 0.06736 0.07033 0.709
P(15) 0.06172 0.06363 0.06582 0.06846 0.07145 0.702
P(14) 0.06308 0.06499 0.06720 0.06986 0.07287 0.690
P(13) 0.06480 0.06672 0.06895 0.07162 0.07465 0.677
P(12) 0.06689 0.06883 0.07108 0.07377 0.07682 0.662
P(11) 0.06932 0.07129 0.07356 0.07627 0.07934 0.647
P(10) 0.07202 0.07402 0.07632 0.07906 0.08215 0.632
P(9) 0.07496 0.07701 0.07937 0.08216 0.08529 0.621
P(8) 0.07817 0.08032 0.08278 0.08568 0.08892 0.622
P(7) 0.08167 0.08397 0.08658 0.08966 0.09309 0.634
P(6) 0.08541 0.08789 0.09071 0.09404 0.09774 0.654
P(5) 0.08936 0.09204 0.09510 0.09871 0.10274 0.676
P(4) 0.09371 0.09659 0.09989 0.10380 0.10817 0.694
P(3) 0.09893 0.10204 0.10560 0.10983 0.11458 0.709
P(2) 0.10627 0.10965 0.11352 0.11813 0.12333 0.718
P(1) 0.12215 0.12598 0.13039 0.13562 0.14149 0.709
R(0) 0.10939 0.11283 0.11677 0.12146 0.12672 0.710
R(1) 0.10214 0.10538 0.10909 0.11351 0.11849 0.716
R(2) 0.09652 0.09954 0.10301 0.10712 0.11174 0.707
R(3) 0.09201 0.09484 0.09807 0.10189 0.10618 0.693
R(4) 0.08807 0.09070 0.09371 0.09726 0.10122 0.674
R(5) 0.08437 0.08681 0.08959 0.09287 0.09652 0.652
R(6) 0.08081 0.08308 0.08566 0.08870 0.09209 0.633
R(7) 0.07745 0.07957 0.08200 0.08487 0.08807 0.620
R(8) 0.07434 0.07637 0.07870 0.08147 0.08457 0.620
R(9) 0.07148 0.07346 0.07574 0.07845 0.08152 0.630
R(10) 0.06885 0.07080 0.07305 0.07573 0.07878 0.645
R(11) 0.06647 0.06840 0.07063 0.07330 0.07633 0.662
R(12) 0.06442 0.06634 0.06855 0.07120 0.07421 0.678
R(13) 0.06275 0.06465 0.06685 0.06949 0.07248 0.690
R(14) 0.06143 0.06332 0.06551 0.06813 0.07110 0.700
R(15) 0.06040 0.06229 0.06446 0.06707 0.07002 0.709
R(16) 0.05959 0.06147 0.06364 0.06623 0.06917 0.716
R(17) 0.05894 0.06081 0.06297 0.06555 0.06847 0.720
R(18) 0.05841 0.06027 0.06242 0.06499 0.06789 0.723
R(19) 0.05796 0.05982 0.06196 0.06451 0.06740 0.726
R(20) 0.05758 0.05942 0.06155 0.06410 0.06697 0.726
R(21) 0.05724 0.05908 0.06120 0.06373 0.06659 0.728

Table 9
Theoretical CO2 shift parameters for the 2–0 band of 12C16O at different temperatures.

Line d0 (CO–CO2) (cm�1 atm�1)

296 283.4 270.0 255.4 240.5

P(22) �0.00697 �0.00719 �0.00744 �0.00771 �0.00798
P(21) �0.00683 �0.00707 �0.00732 �0.00760 �0.00789
P(20) �0.00670 �0.00694 �0.00720 �0.00749 �0.00780
P(19) �0.00655 �0.00680 �0.00708 �0.00738 �0.00770
P(18) �0.00640 �0.00666 �0.00694 �0.00726 �0.00759
P(17) �0.00625 �0.00651 �0.00680 �0.00713 �0.00746
P(16) �0.00608 �0.00635 �0.00665 �0.00698 �0.00732
P(15) �0.00589 �0.00617 �0.00646 �0.00679 �0.00716
P(14) �0.00567 �0.00593 �0.00623 �0.00658 �0.00696
P(13) �0.00539 �0.00566 �0.00597 �0.00633 �0.00674
P(12) �0.00508 �0.00536 �0.00568 �0.00606 �0.00648
P(11) �0.00477 �0.00505 �0.00538 �0.00576 �0.00620
P(10) �0.00445 �0.00474 �0.00507 �0.00546 �0.00590
P(9) �0.00415 �0.00443 �0.00477 �0.00516 �0.00561
P(8) �0.00385 �0.00414 �0.00448 �0.00488 �0.00533
P(7) �0.00355 �0.00385 �0.00419 �0.00460 �0.00506
P(6) �0.00324 �0.00354 �0.00389 �0.00431 �0.00478
P(5) �0.00290 �0.00321 �0.00356 �0.00398 �0.00446
P(4) �0.00261 �0.00291 �0.00326 �0.00367 �0.00415
P(3) �0.00253 �0.00284 �0.00320 �0.00363 �0.00411
P(2) �0.00265 �0.00306 �0.00353 �0.00410 �0.00473
P(1) �0.00202 �0.00263 �0.00335 �0.00422 �0.00523
R(0) �0.00140 �0.00172 �0.00206 �0.00246 �0.00289
R(1) �0.00161 �0.00199 �0.00241 �0.00291 �0.00345
R(2) �0.00188 �0.00228 �0.00274 �0.00328 �0.00388
R(3) �0.00222 �0.00263 �0.00311 �0.00367 �0.00429
R(4) �0.00241 �0.00284 �0.00333 �0.00391 �0.00455
R(5) �0.00260 �0.00306 �0.00358 �0.00420 �0.00490
R(6) �0.00285 �0.00334 �0.00391 �0.00460 �0.00537
R(7) �0.00316 �0.00369 �0.00431 �0.00505 �0.00589
R(8) �0.00348 �0.00405 �0.00472 �0.00551 �0.00641
R(9) �0.00380 �0.00440 �0.00510 �0.00593 �0.00687
R(10) �0.00410 �0.00472 �0.00544 �0.00629 �0.00725
R(11) �0.00435 �0.00499 �0.00572 �0.00659 �0.00756
R(12) �0.00457 �0.00521 �0.00595 �0.00682 �0.00780
R(13) �0.00475 �0.00540 �0.00614 �0.00701 �0.00798
R(14) �0.00487 �0.00554 �0.00629 �0.00716 �0.00813
R(15) �0.00495 �0.00563 �0.00640 �0.00728 �0.00824
R(16) �0.00503 �0.00571 �0.00648 �0.00737 �0.00834
R(17) �0.00509 �0.00577 �0.00654 �0.00744 �0.00841
R(18) �0.00516 �0.00583 �0.00660 �0.00750 �0.00847
R(19) �0.00522 �0.00589 �0.00666 �0.00756 �0.00853
R(20) �0.00528 �0.00595 �0.00672 �0.00761 �0.00859
R(21) �0.00533 �0.00601 �0.00677 �0.00767 �0.00864

Fig. 10. Comparison of CO2 broadening coefficients measured at 2 temperatures in
the 2–0 band of 12C16O with semi-classical calculations.
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The results for CO2 broadening and CO2 shift coefficients can
be found in Tables 8,9, respectively. Comparison of the theoret-
ical CO2 broadening coefficients with the parameters measured
at different temperatures (listed in Table 5) shows that, for
the lower temperatures, the differences between the calculated
and experimental values are considerable. The best agreement
is obtained for 296 and 283.4 K, as Fig. 10 shows. Similarly, the-
oretical CO2 shift coefficients have been compared to the
parameters measured at each temperatures (listed in Table 6).
Fig. 11 compares coefficients measured at 2 temperatures and
calculated at the same temperatures and 296 K. The rotational
dependence of the CO2 shift coefficients observed in the P
branch is rather well reproduced by the calculations, while
the agreement is worse for the R branch. We also determined
the temperature dependence of the CO2 broadening coefficients.
The calculated temperature dependence exponents n1 are com-
pared with the experimental values in Fig. 5. Note that we
could not obtain a reliable temperature dependence of the
CO2 shift coefficients, because the temperature span is too
small.



Fig. 11. Same as Fig. 10 for the CO2 shift coefficients.

Fig. 12. Weak line mixing coefficients for the 2–0 band of 12C16O at 296 K,
extrapolated from measured values and calculated using the EPG law with different
values of b.

Fig. 13. Weak line mixing coefficients in the 2–0 band of 12C16O, measured and
calculated using the EPG law with b ¼ 0:55 at the same temperatures.
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5.2. Semi-empirical calculations of CO2 broadening and CO2 line
mixing coefficients

The CO2 broadening coefficients and weak CO2 line mixing coef-
ficients of the 12C16O lines have been calculated using a semi-
empirical method known as the Exponential Power Gap (EPG)
law. Both the CO2 broadening coefficients and associated CO2 line
mixing coefficients can be approximated using elements of the
relaxation matrix that provide information on the physical state
and collisional transfer between pairs of energy levels of the CO
molecules perturbed by carbon dioxide molecules. The amplitude
of the line mixing component is directly proportional to the
pressure.

The weak line mixing effects are quantified as an asymmetry
added to the qSDV line shape used to retrieve the experimental
CO2-broadened coefficients. If we take into account the collisional
energy transfer between two energy levels labelled j and k, we can
write:

Y0
kðTÞ ¼ 2

X
j–k

dj

dk

Wjk

~mk � ~mj
ð14Þ

Y0
kðTÞ is the weak CO2 line mixing coefficient of the transition of

interest, dk and dj are components of the dipole moment, Wjk are
off-diagonal elements of the relaxation matrix, and ~mj and ~mk are
the line positions. In the relaxation matrix formalism, the CO2

broadening coefficients are the real parts of the diagonal elements
of the relaxation matrix. The off-diagonal elements are directly
related to the collisional transfer rates jjk, as Wjk ¼ �bjjk where
b ¼ 0:55. The value of b ¼ 0:55 has been determined as the value
that offers the lowest standard deviation between calculated and
experimentally retrieved line mixing coefficients. In Fig. 12, we pre-
sent the experimental line mixing coefficients extrapolated to 296 K
along with the calculated line mixing coefficients for a few b values.
The detailed balanced relation connects the rate of transfer from
rotational level k to rotational level j to the rate of transfer from j
to k:

qkjjk ¼ qjjkj ð15Þ

where qk is the population of the rotational level k. The EPG law
provides an expression for the collisional transfer rates from the
lower rotational level k to a higher rotational level j as

jjk ¼ aðTÞ jDEjkj
B0

� ��b

exp
�cjDEjkj

kBT

� �
: ð16Þ

DEjk is the energy gap between the two rotational levels in cm�1, B0

is the rotational constant in the lower energy level, and a, b and c
are the parameters to be optimized using nonlinear least squares.
Assuming that the collisional rates are the same in the upper and
lower vibrational levels, we can write the diagonal elements of
the relaxation matrix as

Wkk ¼ 1=2
X
j

jjk

" #
upper

þ 1=2
X
j

jjk

" #
lower

ð17Þ

The CO2 line mixing coefficients retrieved using the qSDV pro-
file from spectra recorded at each of the 4 temperatures of the pre-
sent work are presented in Fig. 13 and Table 11. The temperature
dependence of the line mixing coefficients is very small, if any.
Nevertheless, the empirical fit parameters a, b and c (Eq. (16)) were
determined from analysis of the collisional rates inferred from
these measured line mixing coefficients. The values obtained are
listed in Table 10. The parameter a changes with temperature,
and we quantify this temperature dependence as
aðTÞ ¼ a0ðT0=TÞn3 for each of the R- and P-branches. Both the a0



Table 10
Adjustable EPG parameters for 12C16O at different temperatures.

T (K) a Error b Error c Error ao n3

240.5 P 0.05812 3:78� 10�8 0.44096 1:54� 10�7 1.06991 2:54� 10�7 0.04707 1.0067

255.4 P 0.05471 3:71� 10�9 0.43934 1:60� 10�8 1.07336 2:81� 10�8 0.04707 1.0067

270.0 P 0.05164 3:64� 10�9 0.43795 1:67� 10�8 1.07669 3:09� 10�8 0.04707 1.0067

283.4 P 0.04923 1:13� 10�9 0.43686 5:43� 10�9 1.07963 1:06� 10�8 0.04707 1.0067

296.0 P 0.04708 6:30� 10�6 0.43596 4:21� 10�5 1.08235 3:30� 10�5 0.04707 1.0067

240.5 R 0.06259 3:86� 10�9 0.45623 1:43� 10�8 1.05517 2:04� 10�8 0.05064 1.0095

255.4 R 0.05890 3:63� 10�7 0.45457 1:43� 10�6 1.05844 2:17� 10�6 0.05064 1.0095

270.0 R 0.05560 1:18� 10�9 0.45315 4:90� 10�9 1.06164 7:93� 10�9 0.05064 1.0095

283.4 R 0.05276 6:39� 10�6 0.45037 3:80� 10�5 1.06617 2:77� 10�5 0.05064 1.0095

296.0 R 0.05078 1:14� 10�7 0.45188 5:19� 10�7 1.06629 9:25� 10�7 0.05064 1.0095

Table 11
CO2 weak line mixing coefficients Y0

k (atm�1) for the 2–0 band of 12C16O measured using the qSDV line shape model by multi-spectrum fitting all the spectra recorded at a given
temperature, and corresponding values calculated using the EPG law.

Line 240.5 K 255.4 K 270.0 K 283.4 K

qSDV EPG qSDV EPG qSDV EPG qSDV EPG

P(22) �0.0673 0.0040 0.0066 0.0040 �0.0055 0.0039 �0.0105 0.0039
P(21) �0.0005 0.0040 0.0153 0.0040 �0.0053 0.0039 0.0030 0.0039
P(20) 0.0053 0.0041 �0.0094 0.0040 0.0008 0.0040 0.0000 0.0039
P(19) �0.0110 0.0041 0.0054 0.0040 �0.0016 0.0040 �0.0014 0.0039
P(18) 0.0014 0.0041 �0.0015 0.0041 0.0017 0.0040 0.0010 0.0039
P(17) 0.0125 0.0041 0.0006 0.0041 0.0037 0.0040 0.0057 0.0039
P(16) 0.0022 0.0041 0.0007 0.0040 0.0010 0.0039 0.0028 0.0038
P(15) �0.0072 0.0041 �0.0014 0.0040 �0.0038 0.0039 �0.0024 0.0038
P(14) �0.0004 0.0040 0.0009 0.0039 0.0009 0.0038 0.0010 0.0037
P(13) �0.0007 0.0039 �0.0003 0.0038 0.0000 0.0037 0.0002 0.0036
P(12) 0.0009 0.0038 �0.0008 0.0037 �0.0007 0.0035 0.0003 0.0035
P(11) 0.0002 0.0037 �0.0004 0.0035 0.0005 0.0034 0.0003 0.0033
P(10) �0.0003 0.0034 0.0011 0.0032 0.0001 0.0031 0.0005 0.0030
P(9) 0.0008 0.0030 0.0003 0.0029 0.0006 0.0028 0.0006 0.0026
P(8) �0.0001 0.0026 0.0001 0.0025 �0.0003 0.0023 0.0000 0.0022
P(7) �0.0018 0.0020 �0.0008 0.0019 �0.0010 0.0017 �0.0015 0.0017
P(6) �0.0018 0.0011 �0.0018 0.0010 �0.0017 0.0010 �0.0021 0.0009
P(5) �0.0020 0.0000 �0.0025 �0.0001 �0.0024 �0.0001 �0.0027 �0.0002
P(4) �0.0022 �0.0017 �0.0032 �0.0017 �0.0026 �0.0017 �0.0028 �0.0017
P(3) �0.0038 �0.0043 �0.0044 �0.0041 �0.0037 �0.0040 �0.0041 �0.0039
P(2) �0.0062 �0.0086 �0.0055 �0.0083 �0.0053 �0.0080 �0.0053 �0.0077
P(1) �0.0046 �0.0184 �0.0039 �0.0176 �0.0053 �0.0168 �0.0049 �0.0161
R(0) 0.0038 0.0344 0.0070 0.0326 0.0039 0.0309 0.0044 0.0295
R(1) 0.0044 0.0105 0.0042 0.0101 0.0049 0.0097 0.0041 0.0094
R(2) 0.0024 0.0065 0.0019 0.0063 0.0019 0.0061 0.0022 0.0059
R(3) 0.0002 0.0038 0.0005 0.0037 0.0008 0.0036 0.0012 0.0036
R(4) �0.0010 0.0018 0.0006 0.0018 0.0005 0.0018 0.0003 0.0018
R(5) �0.0007 0.0003 �0.0008 0.0003 �0.0003 0.0004 �0.0001 0.0004
R(6) �0.0023 �0.0010 �0.0025 �0.0008 �0.0019 �0.0008 �0.0017 �0.0007
R(7) �0.0016 �0.0020 �0.0029 �0.0018 �0.0022 �0.0017 �0.0018 �0.0016
R(8) �0.0034 �0.0028 �0.0040 �0.0026 �0.0030 �0.0025 �0.0030 �0.0024
R(9) �0.0048 �0.0035 �0.0050 �0.0033 �0.0045 �0.0031 �0.0036 �0.0031
R(10) �0.0049 �0.0041 �0.0055 �0.0039 �0.0041 �0.0037 �0.0041 �0.0036
R(11) �0.0041 �0.0047 �0.0059 �0.0045 �0.0049 �0.0043 �0.0038 �0.0041
R(12) �0.0072 �0.0052 �0.0068 �0.0050 �0.0068 �0.0048 �0.0058 �0.0046
R(13) �0.0082 �0.0056 �0.0063 �0.0054 �0.0064 �0.0052 �0.0056 �0.0051
R(14) �0.0108 �0.0060 �0.0065 �0.0058 �0.0069 �0.0056 �0.0072 �0.0055
R(15) �0.0146 �0.0064 �0.0080 �0.0062 �0.0082 �0.0060 �0.0079 �0.0059
R(16) �0.0127 �0.0067 �0.0099 �0.0066 �0.0092 �0.0064 �0.0068 �0.0062
R(17) �0.0013 �0.0070 �0.0118 �0.0069 �0.0097 �0.0067 �0.0061 �0.0066
R(18) �0.0151 �0.0074 �0.0068 �0.0072 �0.0076 �0.0070 �0.0112 �0.0069
R(19) �0.0017 �0.0077 �0.0110 �0.0075 �0.0137 �0.0074 �0.0048 �0.0073
R(20) �0.0347 �0.0080 �0.0076 �0.0078 �0.0103 �0.0077 �0.0162 �0.0076
R(21) 0.0198 �0.0083 �0.0098 �0.0082 0.0044 �0.0080 �0.0023 �0.0080
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and n3 values are presented in the last two columns of our Table 10.
It can be observed that b is nearly constant and c is slowly increas-
ing with temperature.

Similarly, we calculated the CO2 broadening coefficients using
the EPG method. These calculated values are listed in Table 12,
and overlaid with the theoretical and experimental coefficients in
Fig. 10. As can be seen, there is a good agreement between the
semi-empirical calculation and observed broadening coefficients
for the stronger lines.
6. Conclusion

We carried out a detailed analysis of high-resolution Fourier
transform spectra of CO mixed with CO2 at total pressures up to



Table 12
CO2 broadening coefficients for the 2–0 band of 12C16O calculated using the EPG law.

Line 240 K 255 K 270 K 285 K 296 K

P(22) 0.06515 0.06254 0.06009 0.05815 0.05636
P(21) 0.06608 0.06343 0.06096 0.05899 0.05717
P(20) 0.06702 0.06435 0.06184 0.05984 0.05801
P(19) 0.06800 0.06529 0.06275 0.06073 0.05887
P(18) 0.06900 0.06626 0.06369 0.06165 0.05976
P(17) 0.07005 0.06727 0.06467 0.06260 0.06069
P(16) 0.07115 0.06834 0.06570 0.06361 0.06168
P(15) 0.07232 0.06947 0.06681 0.06469 0.06273
P(14) 0.07357 0.07069 0.06799 0.06585 0.06386
P(13) 0.07494 0.07202 0.06929 0.06711 0.06510
P(12) 0.07645 0.07349 0.07071 0.06851 0.06646
P(11) 0.07815 0.07514 0.07231 0.07007 0.06799
P(10) 0.08008 0.07701 0.07413 0.07184 0.06972
P(9) 0.08231 0.07918 0.07623 0.07389 0.07172
P(8) 0.08495 0.08173 0.07870 0.07630 0.07406
P(7) 0.08811 0.08478 0.08165 0.07916 0.07685
P(6) 0.09197 0.08850 0.08524 0.08264 0.08023
P(5) 0.09681 0.09315 0.08970 0.08696 0.08441
P(4) 0.10300 0.09907 0.09537 0.09243 0.08971
P(3) 0.11112 0.10681 0.10276 0.09954 0.09656
P(2) 0.12176 0.11691 0.11237 0.10877 0.10544
P(1) 0.12819 0.12305 0.11823 0.11441 0.11088
R(0) 0.13399 0.12855 0.12347 0.11932 0.11575
R(1) 0.12716 0.12204 0.11725 0.11335 0.10997
R(2) 0.11562 0.11109 0.10684 0.10341 0.10034
R(3) 0.10685 0.10273 0.09886 0.09577 0.09293
R(4) 0.10017 0.09635 0.09275 0.08990 0.08722
R(5) 0.09496 0.09135 0.08794 0.08527 0.08271
R(6) 0.09080 0.08734 0.08408 0.08155 0.07908
R(7) 0.08740 0.08406 0.08092 0.07848 0.07608
R(8) 0.08458 0.08133 0.07828 0.07592 0.07357
R(9) 0.08220 0.07902 0.07604 0.07374 0.07143
R(10) 0.08015 0.07703 0.07410 0.07186 0.06959
R(11) 0.07836 0.07529 0.07241 0.07021 0.06797
R(12) 0.07678 0.07376 0.07092 0.06875 0.06654
R(13) 0.07537 0.07238 0.06958 0.06744 0.06525
R(14) 0.07409 0.07113 0.06835 0.06624 0.06408
R(15) 0.07290 0.06998 0.06723 0.06514 0.06300
R(16) 0.07181 0.06891 0.06619 0.06412 0.06201
R(17) 0.07078 0.06790 0.06521 0.06316 0.06107
R(18) 0.06980 0.06695 0.06429 0.06224 0.06019
R(19) 0.06887 0.06604 0.06340 0.06137 0.05934
R(20) 0.06796 0.06517 0.06255 0.06054 0.05853
R(21) 0.06709 0.06432 0.06173 0.05973 0.05775
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1212 hPa using a multispectrum least squares fitting technique.
The quadratic Speed-Dependent Voigt profile with weak line mix-
ing properly modeled the observed molecular line shapes, to
within the noise level. We measured the CO2 broadening and shift
coefficients for transitions in the 2–0 band of 12C16O, up to J00 ¼ 22.
The temperature dependence of the broadening parameters, as
well as the weak line mixing coefficients were also obtained. The
parameters measured in this work are in good agreement with pre-
vious measurements.

Theoretical semi-empirical calculations were carried out to
obtain CO2 broadening and CO2 shift parameters. Comparison with
the corresponding observed coefficients showed that the calcu-
lated values are comparable at 296 K. Also, the weak CO2 line mix-
ing coefficients were obtained using the EPG method. We found
that the temperature dependence is small for line mixing and
CO2 shift coefficients. However, these observations may result from
the limited temperature range covered by the present
measurements.
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