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Abstract

He-collision-induced line-shape parameters of CO> lines were measured in the v3 band using
Fourier transform spectra recorded at room temperature and with pressures ranging from 263
mbar to 1106 mbar. The measured transmission spectra were analyzed with the Voigt profile
combined with the first-order line-mixing approximation, accounting for the instrument line-
shape function. The He-broadening coefficients, pressure shifts, and first-order line-mixing
parameters were determined for 51 lines, from the P(50) to the R(51). The obtained He-
broadening coefficients are in excellent agreement with various literature values. These
broadening coefficients, together with data for higher J lines, extrapolated from available high-
temperature measurements, allowed us to propose an improved dataset for He-broadening
coefficients of CO; lines. We demonstrated that accounting for line-mixing effects is essential
to accurately determine the pressure shifts. The latter, measured for the first time for the 14
band, exhibited a weak rotational dependence, in contrast to the strong dependence observed
for air- and self-pressure shifts for CO2. The obtained line-mixing coefficients agree well with
those calculated using the Energy Corrected Sudden model. The results of this study
significantly enhance the line-shape parameters dataset for CO; perturbed by He, providing
improved data for spectroscopic databases and for studies of planetary and exoplanetary
atmospheres.

1. Introduction

Knowledge of He-collision-induced line-shape parameters for CO> lines is essential for
atmospheric opacity calculations for some gas giants as Jupiter, Saturn and Uranus [1,2].
Accurate and comprehensive line-shape parameters of CO; in He, across wide temperature and
pressure ranges, are also critical for radiative modeling and characterization of exoplanet
atmospheres [3,4]. He-broadening coefficients for CO; lines were included in the HITRAN
database for the first time in its 2020 edition [5,6], based on values measured at room
temperature of Ref. [7]. The temperature dependence of line broadening in HITRAN comes
from measurements reported in Refs. [8,9] for lines with rotational quantum number J up to 20,
while a constant value of 0.58 is applied for J larger than 20 [5]. Although this update covers a
limited dataset, it represents a significant advance for spectroscopic databases, so far mainly

" Corresponding author: ha.tran@lmd.jussieu.fr



devoted to earth atmospheric conditions. It highlights the need for precise experimental and
theoretical determinations of broadener-specific line-shape parameters.

Several published papers are focused on the calculation and measurement of He-broadened CO»
line-shape parameters (e.g. [7,9-14]). In Ref. [10], He-broadening and shifting coefficients were
measured at room temperature for 24 lines in the 3 v5 band of CO., from the P(36) to the R(13)
lines, using a Fourier transform spectrometer. In 2000, the same group measured He-broadening
coefficients for several CO; lines in the w3 band [12], for temperatures ranging from 123 K to
760 K. Close-coupling calculations were also performed, initially reported in Ref. [12] and then
improved in Ref. [13], demonstrating good agreement with measured values. More recently,
Ref. [7] utilized a continuous-wave cavity ring-down spectrometer to measure He-broadening
coefficients for five CO> lines in the 3vi+v3; band in the 263 - 326 K temperature range. They
were able to determine the temperature exponent for only one CO; line, obtaining a value of
0.3. Note that the measured line broadening coefficients reported by Ref. [7] are significantly
smaller than those obtained by Ref. [10]. He-broadening coefficients for the R(11) and P(2)
lines in the 15 band of '*CO, were measured in Ref. [9] for various temperatures, from 70 K to
300 K. The measured data [9] were found to agree well with values computed using quantum
scattering calculations together with the potential energy surface developed in Ref. [13]. In Ref.
[14], He-broadening coefficients for four 15 CO; lines, from R(63) to R(69), were measured at
room temperature using the speed-dependent Voigt profile. Figure 1 illustrates the He-
broadening coefficients measured at room temperature in these various studies, as well as the
data adopted in HITRAN 2020.
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Figure 1: Measured and calculated He-broadening coefficients of CO; lines at room temperature
from literature, and comparison to values adopted in the HITRAN database [6]. These values
are plotted versus m, with m = -Jand m =J + [ in the P and R branches, respectively.
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As shown in Fig. 1, significant differences, up to 5%, are observed between various data
sources. Extrapolating these data to high J lines and/or for other temperatures may result in
even larger discrepancies. In the present work, the He-collision line-shape parameters of CO2
lines are revisited using high-resolution laboratory measurements. To this end, a high-resolution
Fourier transform spectrometer is used to record spectra of CO» highly diluted in He in the 4.3
pum spectral range, at room temperature and pressures ranging from 263 to 1106 mbar. The
recorded spectra were then analyzed using the Voigt profile, with the first-order line-mixing
accounted for, to retrieve the corresponding line-shape parameters, i.e. the line broadening
coefficients, the pressure shifts and the first-order line-mixing coefficients. A detailed
uncertainty analysis of the obtained parameters is carried out, considering uncertainties from
various sources. Comparisons of the obtained line-shape parameters with data available in
literature are conducted from which recommended line-shape parameters for CO; lines
broadened by He are proposed for database and applications.

This paper is organized as follows: in Sec. 2, we present the experimental setup, measurement
procedure and conditions, as well as the determination of the instrument line-shape function.
The line-shape model and fitting procedure are detailed in Sec. 3, along with an explanation of
the uncertainty budget determination. The obtained line-shape parameters are presented and
discussed in Sec. 4, while conclusions and perspectives of this work are provided in Sec.5.

2. Experimental setup and procedure

Fourier transform spectra were recorded at the MONARIS laboratory using a Bruker IFS-120
HR spectrometer connected to a White-type cell with base length of 1 m. The total absorption
path length was 415 c¢m, and the Bruker spectral resolution was 0.01 cm™!, corresponding to a
maximum optical path difference of 90 cm. The instrument was equipped with a tungsten
source, a 2.0 mm diameter entrance aperture, a collimator with a focal length of 418 mm, a KBr
beamsplitter and an InSb detector. No artificial optical weighting was performed (a boxcar
function was selected). A Mertz procedure [15] was used to correct the phase of the average
interferogram. The measurements were performed as follows: the cell was first filled with a
very small quantity of CO> (0.0028 mbar, measured with a 1-mbar full-scale Baratron gauge),
and then completed with He to reach a total pressure of 263 mbar, followed by 491 mbar, 696
mbar, and 1106 mbar. The carbon dioxide and helium commercial samples from Air Liquide
were used without purification (99.9% natural CO2; 99.995% He). The total pressures were
measured with a 1000-mbar full-scale Baratron gauge, of stated uncertainty of 0.5%. At each
desired total pressure, once the sample was well mixed, a spectrum was recorded by adding
over 1800 scans during 18 hours. An empty cell spectrum was also recorded under the same
optical conditions (after pumping down to a pressure < 10 mbar), providing the 100%
transmission level and allowing to remove partially the multiplicative channel due to
interferences on parallel faces from the windows of the cell and the optical filter. The amplitude
(peak-to-peak) of the remaining channel is around 0.3%. For each pressure, the corresponding
transmission spectrum was obtained by dividing the signal with gas by the empty cell spectrum.
A signal-to-noise ratio of about 700 was obtained for the transmission spectra. The variation of
the total pressure during 18 hours is around 2.10* mbar. The average temperature during
recordings is about 294 K, with an accuracy of +0.1 K. The experimental pressures and
temperatures of the recorded spectra are summarized in Table 1. Note that, due to the very weak
quantity of CO2 gas (a few 10~ mbar), to possible partial gas adsorption by the cell wall and
small leaks during gas filling, the partial pressure of CO2 in the mixture is not known with high
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precision. However, since the absolute line intensity is not of interest in this work, and because
this quantity is very small, the uncertainty of the CO: pressure does not affect the measured He-
collision-induced line shape of the considered CO; transitions. Also, since the line positions at
zero pressure are not of interest in this work, no wavenumber calibration was performed. The
four experimental spectra being recorded using identical optical settings, the relative calibration
between spectra can be assumed, allowing the retrieval of pressure-shift coefficients.

Two pure CO> spectra were also recorded, one with a pressure of 0.0087 mbar (denoted
spectrum 0 in Table 1) in order to derive the instrument line shape (ILS) using the LINEFIT14.8
software [16,17] and the other with a pressure of 30 mbar in order to check through saturated
CO2 transitions that the zero of the signals is satisfactory (saturation of I/l observed around 1.5
10#). Tests were conducted to ensure that the spectral range considered for the obtained ILS
was large enough by fitting several pure and He-broadened CO: lines and varying the ILS
spectral range width. The results showed that a spectral range of 1.1 cm™! is sufficient.

Spectrum Pco Piot T
number (10atm) (atm) (K)
0 ~0.0086 ~0.0086 293.9
1 ~0.0027 0.2600 294.1
2 ~0.0027 0.4846 294.7
3 ~0.0027 0.6864 294.6
4 ~0.0027 1.0911 293.6

Table 1: Experimental pressure and temperature conditions of recorded spectra.
3. Spectra analysis

The measured transmission spectra were analyzed using a multi-fitting procedure with our own
fitting code. This code can use different line-shape models, from the simple Voigt profile to the
Hartmann-Tran profile [18,19]. In the present study, due to the limited signal-to-noise ratio of
the measurements, only two profiles could be used in the analysis: the simple Voigt profile (VP)
and the Voigt profile with first-order line-mixing (LM). The instrument line-shape function,
determined from the pure CO spectrum measured at low pressure as explained in Sec. 2, was
then fixed and accounted for in the fits of the He-broadened spectra. For each line, a spectral
range of about 2 cm™! around the line was considered in the fits. All lines with integrated line
intensity greater than 1.3 10" cm™'/(molec.cm™) were fitted. The contribution of weaker lines
was calculated based on the measured experimental conditions and using spectroscopic data
from the HITRAN database [6]. For this calculation, the partial pressure of CO> for each
spectrum was redetermined using the fitted areas and integrated intensities in HITRAN for
several vs lines of 2CO.. For each considered spectral range and for each pressure, a linear base
line for the 100% transmission was fitted. The line area and maximum absorption position (thus
including the zero-pressure line position and the collision-induced pressure shift) were also
fitted for each spectrum. The other line-shape parameters, i.e., the broadening coefficient and
the first-order line-mixing parameter, were constrained to be the same for the four measured
spectra. Figure 2 displays some examples of the measured transmissions and the corresponding
fit residuals obtained for different lines. The remaining residuals are mainly due to the
multiplicative channels on the measured spectra. Note that considering line-mixing effects in
the spectra analysis led to only slightly better residuals compared to the use of a simple Voigt



profile, but to large differences in the retrieved pressure-shift coefficients, as demonstrated in
the next section.
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Figure 2: Examples of measured transmissions along with their fit residuals obtained by fitting
the measured spectra with the Voigt profile together with the first-order line-mixing
approximation.

The uncertainty of the fitted parameters comes from different sources. The first one is the
statistical uncertainty (type B), corresponding to the standard deviation obtained from the fits.
This quantity is negligibly small compared to the systematic uncertainties. The latter arise from
uncertainty in the measured pressure, temperature, and the apparatus function. In our analysis,
we assumed that the total pressure, Py, is directly equal to the partial pressure of He. This
assumption has a largely negligible effect on the determined He collision-induced line-shape
parameters since the concentration of CO; in the mixtures should be smaller than 0.00106%
(Pco, 1s about 0.0028 mbar while Py, is at least 263 mbar). To determine the uncertainty due

to errors in the measured P;,;, we reanalyzed the four measured spectra, but with the total
pressure Py, = PR + AP, where AP is the error in the measured total pressure. The
corresponding uncertainty of the line-shape parameters was then determined as the difference
between the parameters obtained using (P{Hf*® + AP) and those obtained using P, A
similar procedure was performed to determine the uncertainty due to the uncertainty of the
measured temperature. To account for errors due to the instrumental line-shape function, we
performed our fits with two instrument line-shape functions, both determined using LINEFIT,
but by applying LINEFIT to some chosen microwindows which contain intense and isolated
lines, as well as to the entire R branch in the pure CO> spectrum. In addition, the obtained line-



shape parameters were considered as obtained at the average temperature. The uncertainty due
to the difference between the average temperature and the temperature measured for each
spectrum was also considered, using the temperature dependence exponent of He-broadening
coefficients provided in the HITRAN database [6]. The total uncertainty for each retrieved
parameter was then computed as the sum of each individual uncertainty and reported in Table
2 of this paper, together with the parameter values.

4. Results and discussions
4.1 Broadening coefficient

Figure 3 displays the obtained He-broadening coefficients, s, in the v band of '2CO..
Literature data (see Fig. 1) are also plotted for comparison. As can be observed in the figure,
our results are in very good agreement with the values obtained by Ref. [12] for R-branch lines
of the same band. The average difference is 0.9 (£1.3) % (where the number in parentheses
corresponds to the standard deviation of the average). In the P branch, our values are in
excellent agreement with those measured by Ref. [10] for the 3v3 band with an average
difference of 1.3 (x1.4) %. However, in the R branch, the values from Ref. [10] are significantly
larger than our results, as well as data from Ref. [12]. Our results show that the values in the P
and R branches are nearly symmetric in m, as generally observed for parallel bands of CO> (see
Ref. [20] and references therein). We therefore cannot explain the discrepancy in the P and R
branches values reported by Ref. [10]. Additionally, good agreement is found between our data
and the theoretically calculated values of Ref. [13], as well as the experimentally determined
values of Ref. [9]. The latter were obtained by fitting the measured spectra with a convolution
of a Galatry function and a sum of Lorentzians [9], which explains why these values are larger
than the others, obtained using the Voigt profile. Finally, we observe a substantial difference
between these data (including our results) and the measurements of Ref. [7]. This difference
increases with the rotational quantum number: for |m| = 8, and |m| = 38, the difference
between data from Ref. [7] and our results are about 1% and 5%, respectively. Since the data
in HITRAN were fitted to the measured values of Ref. [7], they also differ significantly
(smaller) from our values.
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Figure 3: He-broadening coefficients for '?CO- vs lines obtained in this work at 294 K and comparison
with measured data from Ref. [10] for the 3v; band, Ref. [12] for the v; band, Ref. [7] for the 3vi+vs
band, and from Ref. [9] for the v3 band but of *CO,. Experimental results from Ref. [14] for some high
J lines in the v; band and theoretical results from Ref. [13] for the same band are also reported, along
with data provided in the 2020 edition of the HITRAN database [6].

We therefore recommend to update the He-broadening coefficients for CO: lines for use in
spectroscopic databases and applications. Since there is a very good agreement between our
values and those of Ref. [12] (see Fig. 3) in which . was measured for temperatures up to 750
K, we used the high-temperature data from [12] to extrapolate room temperature values of .
for high J lines, from /] = 50 to /] = 86. A temperature dependence exponent of 0.5 was adopted
for these high J lines. As explained in Ref. [12], at high J, collisions are most sensitive to the
repulsive part of the intermolecular potential, so the variation of yz. with temperature should
approach the gas kinetic theory limit behavior (i.e. a temperature exponent of 0.5). The obtained
results are displayed in Fig. 4. We can observe that for lines with 40 < J < 50, a very good
agreement is observed between the values of yz. measured in this work and those measured at
room temperature in Ref. [12], and the extrapolated values from high-temperature
measurements of Ref. [12]. The extrapolated values of yx. for high J lines can thus be used

together with our data, to build a comprehensive database for the He-broadening coefficient of
CO; lines.

Similar to the approach used in Ref. [5], we applied a Padé approximant to fit to these values,
iLe.

ao + ailm| + axlm|? + ag|m/?
1+ by|m| + by|m|? + b3|m|3 + by|m|*

Yue(Iml|) =

7



The results of the fit are shown in Fig. 4, together with the current values of HITRAN, while
the values of the coefficients a,, a4, a,, a3 and by, b,, b; and b, are given in Table 3.
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Figure 4: Room temperature He-broadening coefficients as function of [m|. The Padé approximant was
fitted to values obtained in this work for |m| up to 51 and to values extrapolated from high-temperature
data measured by Ref. [12] for higher |m|. The error bar for the latter corresponds to an uncertainty of
2%. Values from Ref. [12] for [m| < 51 and those of Refs. [9,13,14] were not used in the fit but are
plotted for comparison.

Table 3: The Padé approximant coefficients for He-broadening of CO; lines

Parameter Value Parameter Value

ao -0.91390 b1 -12.45413
ai 1.18311 b 87.44142
a 491602 b3 3.23526
as 0.20165 bs 0.00518

4.2 Pressure-shift coefficient

The measured pressure-shift coefficients, &y, are plotted in Fig. 5a and compared with the
measured value of Ref. [9] for the R(11) line of the '3*CO2 v3 band and with those from Ref.
[10] for the 3v3 band. An excellent agreement is observed between the present study and the
result of Ref. [9], while the absolute magnitude of our pressure shifts is well smaller than those
reported in Ref. [10]. This discrepancy can be attributed to the well-known strong vibrational
dependence of the pressure shift. Additionally, we can observe that the rotational dependence
of 8y, is relatively weak, in contrast to the cases of air- and self-pressure shifts [21]. This



behavior can be explained by the small well depth of the intermolecular potential for CO>-He
interactions. An average value of -0.52x107* cm™/atm can be used for all lines in the v3 band.
Following Ref. [21], we can assume that the rotational contribution to the He-pressure shift is
negligible, and this value arises from the vibrational contribution only. Therefore, the He-
pressure shift in the 3v3 band should be three times stronger than that in the v3 band, leading to
a value of about -1.5x107} cm!/atm, which is in rather good agreement with the values measured
by Ref. [10] (see Fig. 5a). It should be noted that our pressure-shift coefficients were obtained
by fitting the measured spectra accounting for line-mixing effects using the first-order
approximation [22]. When a simple Voigt profile is used (neglecting line-mixing effects), a
much larger and unphysical rotational dependence of the retrieved pressure shift coefficients is
observed, as demonstrated in Fig. 5b. This behavior is due to the influence of line-mixing
effects, which can shift the peak absorption. This is illustrated in the example shown in Fig. 6,
which compares the fit residuals obtained with line mixing accounted for and without line
mixing. As can be observed, while accounting for line mixing leads to only a slight overall
improvement in the fit residuals, it provides a better model of the measured line shape,
particularly its asymmetry. As the considered He-pressure shifts are very small, inaccurate
modeling of this asymmetry can lead to erroneous retrieved pressure-shift coefficients.
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Figure 5: (a) The He-pressure-shift coefficients measured in this work by fitting the experimental spectra
using the Voigt profile combined with the first-order line-mixing approximation. These values are
compared with the one from Ref. [9] for the R(11) line of the '*CO, v; band and with those from Ref.



[10] for the 3v; band. In panel (b) is the comparison between the pressure shift coefficients obtained
from fits that include line-mixing effect and those obtained without accounting for line-mixing.
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Figure 6: Measured and fitted transmissions (top panel) of the R(33) line, along with the corresponding
fit residuals (bottom panel), obtained with line mixing accounted for (blue) and without line mixing
(red).

4.3 First-order line-mixing coefficient

Line-mixing effects in the infrared spectrum of CO; broadened by He have been investigated
in various studies (e.g. [23,24] and references therein), all focused on high-pressure conditions,
up to 1000 bar. The observed line-mixing effects were modeled with the Energy Corrected
Sudden (ECS) approximation (see Ref. [25] and references therein), which successfully
represented the measured spectral shapes for different bands across wide pressure ranges
[23,24]. In this study, we used this ECS model with parameters provided in Ref. [24] to compute
the relaxation matrix elements for CO»-He, following a methodology similar to the one for air-
and self-broadened CO; matrices in Refs. [26,28]. From this relaxation matrix, we derived the
corresponding first-order line-mixing coefficients, &y, for He-broadened CO». The obtained
results are used to compare with the coefficients retrieved from our measured spectra, as shown
in Fig. 7. As it can be observed, despite being determined from spectra measured at relatively
low pressures where line-mixing effects are weak, the values of ¢y, obtained from spectra fits
are in rather good agreement with those deduced from the ECS model. This confirms the
presence of line-mixing effect for CO2-He under the considered pressures and temperature. The
measured values of &, along with their uncertainties, are reported in Table 3, together with
the other line-shape parameters.
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Figure 7: The measured first-order line-mixing coefficients and comparison with those deduced from
the ECS model (see text).

5. Conclusion

Spectral line-shape parameters were measured for 51 lines of '>?CO; broadened by He in the v3
band, ranging from the P(50) to the R(51) lines at room temperature from transmission spectra
recorded with a Fourier transform spectrometer. The measured He-broadening coefficients
show excellent agreement with various literature values. Using these broadening coefficients
and data for higher J lines, extrapolated from available high-temperature measurements, we
proposed an improved dataset for He-broadening coefficients of CO, lines, suitable for
spectroscopic databases and applications. For the first time, He-pressure shift coefficients for
were measured the vi3 band. The results revealed a very weak rotational dependence of the
pressure shift, in contrast to the pronounced dependence observed for self- and air-pressure
shifts. Furthermore, we demonstrated that line-mixing effects in the spectra of CO2-He must be
considered, even at relatively low pressure, to accurately determine the pressure shifts. The
collision-induced line-mixing effect was modeled using the first-order line-mixing
approximation. The derived line-mixing coefficients were found to agree well with those
calculated using the well-known Energy Corrected Sudden approximation. While this work
represents an extensive experimental study of line-shape parameters for CO; in He at room
temperature, further experimental and theoretical investigations over a broader range of
pressures and temperatures are necessary to support studies of exoplanet atmospheres.
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Table 2: The measured room temperature He-broadening coefficient (cm™ atm™), pressure shifts (1073
cm! atm™), and first-order line-mixing parameter (atm') for CO, lines in the v; band. Unc is the
corresponding total uncertainty, in units of the last quoted digit.

Line Vite unc Otte unc Che Unc
P(50) 0.05737 42

P(48) 0.05674 73

P(46) 0.05654 71 -0.425 407 0.0065 78
P(44) 0.05847 63 -0.419 809 0.0046 34
P(42) 0.05838 65 0.049 1120 -0.0056 26
P(40) 0.05771 64 -0.326 593 -0.0112 25
P(38) 0.05782 64 -0.757 289 0.0110 36
P(36) 0.05826 69 -0.869 359 0.0019 33
P(34) 0.05821 77 -0.524 72 0.0074 49
P(32) 0.05835 69 -0.859 667 0.0077 12
P(30) 0.05825 70 -0.153 596 -0.0046 16
P(28) 0.05844 65 -0.638 341 0.0048 15
P(26) 0.05848 79 -0.514 298 0.0014 11
P(24) 0.05846 79 -0.483 334 -0.0009 8
P(22) 0.05844 79 -0.718 285 0.0033 6
P(20) 0.05851 78 -0.514 125 -0.0017 7
P(18) 0.05862 76 -0.573 181 0.0007 5
P(16) 0.05879 78 -0.570 220 -0.0013 4
P(14) 0.05876 77 -0.739 118 -0.0004 5
P(12) 0.05891 79 -0.629 174 -0.0031 6
P(10) 0.05903 72 -0.739 384 -0.0024 11
P(8) 0.05954 74 -0.673 398 -0.0093 9
P(6) 0.06018 79 -0.726 156 -0.0092 12
P4) 0.06115 74 -0.763 156 -0.0118 15
P(2) 0.06467 119 -1.670 336 -0.0030 20
R(1) 0.06799 83 -0.092 385 -0.0054 61
R(3) 0.06224 68 -1.060 1010 0.0286 16
R(5) 0.0605 82 -0.092 405 0.0110 12
R(7) 0.05971 77 -0.417 464 0.0106 9
R(9) 0.05934 76 -0.564 206 0.0102 77
R(11) 0.05912 80 -0.302 188 0.0056 9
R(13) 0.05873 81 -0.281 141 0.0049 4
R(15) 0.0588 78 -0.319 753 0.0043 5
R(17) 0.05862 82 -0.330 123 0.0021 6
R(19) 0.05871 77 -0.553 382 0.0043 4
R(21) 0.05841 80 -0.514 182 0.0018 6
R(23) 0.05849 75 -0.394 396 -0.0003 5
R(25) 0.05842 73 -0.497 774 -0.0009 5
R(27) 0.0585 72 -0.429 366 -0.0029 6
R(29) 0.05844 69 -0.351 699 -0.0034 6
R(31) 0.05832 67 -0.411 306 -0.0057 7
R(33) 0.05835 65 -0.415 502 -0.0067 9
R(35) 0.05831 63 -0.414 397 -0.0067 10
R(37) 0.05812 62 -0.256 170 -0.0077 12
R(39) 0.05849 61 -0.654 710 -0.0065 14
R(41) 0.05782 62 -0.691 437 -0.0090 18
R(43) 0.05827 64 -0.679 695 -0.0091 22
R(45) 0.05736 60 -0.062 766 -0.0140 33
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R(47) 0.05744 61 -0.986 1150 -0.0122 41

R(49) 0.05749 60 -1.180 1460 -0.0254 56
R(51) 0.05721 61
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