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Abstract 30 

Spectra of CO2+H2 mixtures have been recorded at room temperature by using the cavity ring down 31 

technique, for four spectral intervals in the 2.12‐2.35 µm CO2 spectral window which is within the (1‐32 

0) band of H2. The binary coefficients ������� + �������have been retrieved from the spectra 33 

recorded at different pressures after subtraction of the CO2 monomer contribution and of the H2‐H2 34 

and CO2‐CO2 collision induced absorptions (CIAs). In order to reduce the uncertainties, new 35 

measurement of the pure H2 CIA, the main subtracted contribution, at the percent level are also 36 

reported. The new set of experimental binary coefficients is compared to values provided by semi‐37 

empirical calculations made with the assumption of an isotropic CO2‐H2 interaction potential and 38 

neglecting the short interaction‐range induced electric dipole. This comparison shows the limits of 39 

using such a model, which is the only one available, in that spectral region.   40 

 41 

1. Introduction 42 

Geological elements like valley networks [1,2], high erosion rates [3,4], sediments [5], hydrated 43 

material [6] are strong proofs of the presence of liquid water at the surface of ancient Mars at 44 

multiple epochs and for extended periods of time. Even if the atmosphere of Mars, dominated by 45 

CO2, was much denser than today (typically of a few bars), the greenhouse effect produced by the 46 

CO2 molecule in addition to water is not sufficient to recreate, alone, surface temperatures above the 47 

melting point of water [7,8,9,10]. Several scenarios including the greenhouse effect of clouds 48 

[11,12,13,14], volcanism [15,16] or meteorite impacts [17,18,19,20], have thus been proposed to 49 

solve this enigma but without success so far.  50 

It was recently shown that H2 and CH4 are the only known yet plausible gases that are susceptible 51 

to be at the origin of a sufficiently high surface temperature of the early‐Martian atmosphere, 52 

compatible with liquid water through additional absorption induced by collision (CIA) with CO2 53 

molecules [21,22]. Because of the absence of measurements for H2+CO2 and CH4+CO2 CIAs at that 54 

time, their intensities and shapes were calculated in [22] from a linear combination of the known 55 

H2+H2 and CO2+CO2 CIAs with the spectrally integrated intensities of these new CIAs determined from 56 

ab initio calculations of the 0th order spectral moment. A little later, the first measurements of the 57 

H2+CO2 and CH4+CO2 CIAs have been made at room temperature, in the 50–550 cm‐1 spectral range 58 

by Fourier transform spectroscopy [23] and they were very recently updated with reduced 59 

uncertainties [24]. These experimental results confirm the significantly stronger CIAs of H2+CO2 and 60 

CH4+CO2 when compared to the H2+N2 and CH4+N2 CIAs, as calculated in [22], but the measured 61 

shapes and intensities are found quite different from those predicted in [22].  62 
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In order to provide H2+CO2 and CH4+CO2 CIAs data over a broader spectral range (i.e. 0‐1500 cm‐1) 63 

and at different temperatures (i.e. from 100K to 600K), semi‐empirical calculations were also 64 

performed in [24]. More precisely, these calculations were based on the widely used “isotropic 65 

approximation”. They provided the area‐normalized spectral shape of the CIAs, which were then 66 

multiplied by the “true” integrated intensity calculated using the formalism developed in [25], 67 

allowing to fully account for the influence of the intermolecular potential anisotropy on the 0th order 68 

spectral moment of the band. 69 

The aim of this paper is to provide additional experimental data for H2+CO2 CIA and to further test 70 

and refine this model. For that, a highly sensitive cavity ring down spectrometer (CRDS) is used to 71 

record spectra of H2+CO2 mixtures at room temperature in the 2.12‐2.35 µm spectral region within 72 

the (1‐0) band of H2 as shown on Figure 1. Then, H2‐CO2 binary absorption coefficients are extracted 73 

from these spectra, which requires the accurate knowledge of the subtracted H2‐H2 CIA that we have 74 

also measured here. This experimental work is described in Sec. 2. The modeling of the H2+CO2 CIA is 75 

then described in Sec. 3 and compared to the experimental datasets before discussing perspectives 76 

of that work and concluding in Sec. 4.   77 

 78 

2. Experimental binary coefficients 79 

a. CRDS setup and spectra recordings 80 

The CRDS setup used in this work has already been used for continua measurements of pure H2O 81 

and CO2 and for a mixture of H2O in air [26,27,28,29]. Briefly, the light emitted by a distributed 82 

feedback (DFB) laser diode is sent into a high finesse cavity (finesse between 39 000 and 100 000 83 

depending of the wave number) consisting in two mirrors with highly reflective coatings separated by 84 

142 cm. The output mirror of this cavity is placed on a PZT tube allowing for dithering the cavity 85 

length and thus obtaining resonance between the light (at a fixed frequency) and a longitudinal 86 

mode of the optical cavity. At resonance, the laser light entering the cavity is switched off with an 87 

acousto‐optic modulator. A signal, decreasing exponentially with time and corresponding to the 88 

decay time of photons leaking from the cavity [i.e. the ring down (RD) time, τ], is detected by a 89 

photodiode. The absorption coefficient of the gas sample, α(ν), is then derived from the fitted RD 90 

time, at the laser frequency ν, with the following equation: 91 

�(�) =
�

��(�)

�

���(�)
      (1) 92 

With c the speed of light and �� the ring down time with the optical cavity filled with a non‐absorbing 93 

gas.  94 

The absorption spectra are recorded by a step‐by‐step change of the laser frequency obtained by 95 

changing the laser diode temperature, the injection current being fixed. During the spectra 96 



 

acquisition, the laser frequency is permanently measured with 97 

from Bristol). Four DFB laser diodes (98 

respectively at 4250, 4435, 452299 

successively in the cavity, optimized100 

ranges.  101 

102 

Figure 1. Overview of the H2-H2 CIA and of the CO103 
in the region of the (1-0) band of H104 
are indicated by the vertical red solid lines.105 

 106 

A 1000 mbar pressure gauge (ATM.1ST from STS, accuracy of ±0.1% of the full scale)107 

connected to the cavity. The temperature of the CRDS cell was continuously m108 

(TSic 501 from IST, ±0.1 K accuracy) fixed on the external wall of the ca109 

enveloping thermal insulation foam.110 

varied between 296 K and 298 K.111 

Series of spectra were recorded for two mixtures of H112 

and 29.47%) known with a 2σ‐relative uncertainty of 0.46% and 1.5%, respectively. 113 

diode and mixture, spectra were recorded at 114 

laser frequency is permanently measured with a wavelength mete

Four DFB laser diodes (from Nanoplus GmbH) were used in this work, centred 

4435, 4522 and 4724 cm‐1. Two sets of mirrors from Layertec were installed 

successively in the cavity, optimized respectively for the 1.95‐2.20 µm and the 2

CIA and of the CO2 absorption lines provided by the HITRAN2016 database 
0) band of H2. The central wave numbers of the four DFB laser diodes used in this work 

by the vertical red solid lines. 

1000 mbar pressure gauge (ATM.1ST from STS, accuracy of ±0.1% of the full scale)

. The temperature of the CRDS cell was continuously m

(TSic 501 from IST, ±0.1 K accuracy) fixed on the external wall of the cavity 

thermal insulation foam. During the whole period of measurements the temp

aried between 296 K and 298 K. 

Series of spectra were recorded for two mixtures of H2+CO2 with different fractions 

relative uncertainty of 0.46% and 1.5%, respectively. 

diode and mixture, spectra were recorded at the different pressures summarized in

4 

wavelength meter (model 621‐A IR 

were used in this work, centred 

Two sets of mirrors from Layertec were installed 

the 2.20‐2.50 µm spectral 

 

HITRAN2016 database [30] 
numbers of the four DFB laser diodes used in this work 

1000 mbar pressure gauge (ATM.1ST from STS, accuracy of ±0.1% of the full scale) was 

. The temperature of the CRDS cell was continuously monitored by a sensor 

vity underneath the 

During the whole period of measurements the temperature 

fractions of H2 (70.31% 

relative uncertainty of 0.46% and 1.5%, respectively. For each laser 

summarized in Table 1. 
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 115 

a 
The presence of an unknown species in the H2(30%)-CO2(70%) mixture with numerous strong absorption lines 116 

prevents to accurately retrieve the binary coefficients for these diodes. 117 

Table 1. Pressure conditions used to record the CRDS spectra with the different laser diodes and gas mixtures. 118 

For each total pressure, four spectra were recorded successively: one with the cell filled with 119 

argon, two with the targeted mixture and a last one with argon. The two argon spectra are used here 120 

to accurately determine the baseline (i.e. the ring down time τ0), as this atom does not absorb, and 121 

to check its stability after pumping and filling cycles. An example illustrating this procedure is given in 122 

Figure 2. A baseline stability of the order of 10‐10 cm‐1 was achieved with the set of mirrors optimized 123 

between 1.95‐2.20 µm (and used with the 4720 cm‐1 and 4525 cm‐1 laser diodes) while a stability of a 124 

few 10‐9 cm‐1 was observed with the other set of mirrors (used with the 4250 cm‐1 and 4430 cm‐1 125 

laser diodes). The deterioration results from the fact that the coating of one of the mirrors was 126 

damaged, making the baseline more sensitive to changes of the mirrors alignment. Note that the 127 

minimal detectable absorption coefficient of our spectra, αmin, with the cell filled with argon, was 128 

around 2×10‐10 cm‐1 to 3×10‐10 cm‐1. 129 

 130 

Central wavenumber in cm
-1

H2(30%)-CO2(70%) in Torr

4250 280 280 280
a
 

200 200 200
a
 

 4430 400 340 400
a
 

280 280 280
a
 

200 

 4525 400 700 600 

280 500 400 

300 

4720 300 150  

150 75 

75 

H2(70%)-CO2(30%) in TorrPure H2 in Torr
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Figure 2. Ar and H2+CO2 spectra recorded at 700 Torr with the laser diode emitting around 4525 cm
-1

. The Ar 131 
spectra (lower ones) correspond to the baseline which is subtracted to the H2+CO2 spectra (upper ones).  132 

b. Extraction of the binary coefficients 133 

The frequency axis of all the spectra was first refined using the positions of some absorption lines 134 

of water vapour, deduced from HITRAN2016 database [30], which is present in traces in the argon 135 

gas used (see Figure 2). The argon spectra are then fitted with a second order polynomial, after 136 

removing the water lines. This fitted baseline is then subtracted to the H2+CO2 spectra, leading to the 137 

determination of the absorption coefficient, α (ν), which is then the sum of several terms: 138 

�(�,�) = � ������� + � ����� + ������������
� + ���������

� + (�������+�������)�������139 

 (Eq. 1) 140 

Where � ��2
���2 and � �2

��2 are the contributions due to the “monomer local lines” of CO2 and H2, 141 

respectively and �  represents the density. ����  corresponds to the binary coefficient where i 142 

denotes the absorbing gas and j the perturber. These coefficients are generally given in cm‐1 amagat‐2 143 

units. Note that Rayleigh scattering does not appear in Eq. (1) since it is negligible under our 144 

experimental conditions for the spectral range studied here with a contribution of typically a few 145 

10‐10 cm‐1 calculated from [31].  146 

To retrieve the binary coefficients ������� + ������� (indistinguishable experimentally) from 147 

α(ν), it is necessary to subtract the other terms appearing in Eq. (1). For this, the local CO2 monomer 148 

contribution was calculated from the HITRAN2016 database [30] using Voigt profiles truncated at ±25 149 

cm‐1 without including the pedestal for the absorption lines [32]. To better reproduce the CO2 150 

absorption lines it was necessary to multiply the air‐broadening coefficients provided by the 151 

HITRAN2016 database by a factor 1.55 to take into account the fact that the collision partner is H2 152 

and not air.  153 

According to HITRAN2016, only two H2 lines are strong enough in our spectral range to make a 154 

detectable contribution in our spectra. These quadrupole electric transitions, belonging to the (1‐0) 155 

vibrational band are the S(0) (ν0=4497.8385 cm‐1; S(296K)=1.79×10‐26 cm/molecule) and S(1) 156 

(ν0=4712.9046 cm‐1; S(296 K)=3.19×10‐26 cm/molecule) transitions (Figure 5). The first one is clearly 157 

too far from the spectral ranges covered by our laser diodes but the second one, situated at ~0.2 cm‐1 158 

from the lowest wavenumber of the spectral range covered by the 4720 cm‐1 laser diode, is 159 

susceptible to contribute to the total absorption. Nevertheless, no such effect has been observed in 160 

the residual when not accounting for the H2 monomer contribution as it will be discussed later. The 161 

� �����contribution is thus disregarded in our data analysis. 162 
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Here it must be noticed that, for the spectra recorded around 4250 cm‐1, the contribution of a few 163 

strong water vapor lines has to be subtracted as well as a very small contribution of N2O for the 164 

spectra at 4430 cm‐1 for the mixture with 70% of H2. H2O and N2O were present at the 20 ppmv and 165 

30 ppbv levels in the gas samples, respectively. More problematic is the presence of at least one 166 

unknown species, in the tank containing 30% of H2 in CO2, that absorbs in the spectral regions near 167 

4250 cm‐1 and 4430 cm‐1. As this species presents a relatively strong absorption with numerous 168 

absorption lines it was not possible to accurately retrieved the binary coefficients for these diodes 169 

using this gas mixture.   170 

The CO2 continuum contribution is evaluated using the absorption coefficient reported in Figure 3 171 

of Ref. [33] for 20 amagat of CO2 at room temperature. In order to use the measurements of [33], we 172 

have digitalized the spectrum displayed in Fig. 3 of [33] and subtracted the calculated contribution of 173 

the monomer for a density of 20 amagat at 296K. This “corrected” absorption coefficient, varying as 174 

the squared density, was divided by 400 amagat2 and multiplied by our experimental CO2 squared 175 

densities. The absorption contribution obtained in such a way was then subtracted to our spectra. 176 

Note that the binary CO2 absorption coefficients ��������derived from [33] are in good agreement 177 

(within few percents) with the ones obtained from previous CRDS measurements in the 4320‐4380 178 

cm‐1 spectral range [28].  179 

Finally the contribution of the H2‐H2 CIA was calculated using, in a first step , the binary 180 

coefficients provided at 300 K in HITRAN2016 [34], which are those calculated in Ref. [35]. These 181 

different removed contributions are shown in Figure 3 for the absorption coefficient measured 182 

around 4525 cm‐1 with a mixture of 70% of H2 in CO2 at a total pressure of 700 Torr. The main 183 

contribution among the subtracted ones is by far due to the H2‐H2 CIA which has to be accurately 184 

determined. No error bars are provided neither in HITRAN nor in Ref. [35] for these binary 185 

coefficients. For this reason, we decided to measure the  ������  binary coefficients following the 186 

same procedure described above with argon. The pressure conditions of the recordings using pure H2 187 

(purity>99.9999% from Air Liquide) are given in Table 1. 188 
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 189 

Figure 3. Presentation of the different contributions to the total absorption coefficient measured around 4525 190 
cm

-1
 for a mixture of 70% of H2 in CO2 at a total pressure of 700 Torr. Refer to the text for the different 191 

notations. Note that the CO2 continuum absorption, of the order of 6×10
-10

 cm
-1

, is not shown.  192 

The binary coefficients derived from the different pure H2 spectra are plotted in Figure 4 together 193 

with those given in HITRAN2016 database. For each diode, a very good agreement is observed 194 

between the binary coefficients retrieved from spectra recorded at different pressures, showing the 195 

reliability of our measurements. Our results, reported in the Supplementary Material, obtained with 196 

an uncertainty at the percent level or better, are systematically lower than the data in [35] by 3.6%, 197 

6.9% and 3.4% near 4250 cm‐1, 4430 cm‐1 and 4525 cm‐1, respectively (see Table 2). These differences 198 

seem compatible with uncertainties on the calculations due to numerical uncertainties of a few 199 

percent and the assumption of an isotropic H2‐H2 interaction potential1.  200 

 201 

�� ��� �  

10‐6 cm‐1 amagat‐2 

4250 cm-1 4430 cm-1 4525 cm-1 

HITRAN2016 3.478 2.320 2.146 

This work 3.353(29) 2.160(15) 2.072(30) 

Table 2. Binary coefficients of pure H2-H2 CIA provided by HITRAN2016 and obtained in this work. The numbers 202 
in parenthesis represent the 1σ uncertainty in units of the last digit. 203 

                                                           
1
 These elements come from a discussion with the corresponding author of Ref. [35].  



 

204 

Figure 4. Binary coefficient of the H2205 
(upper panel), 4425 cm

-1
 (middle panel) and 4525 cm206 

database are plotted with blue solid lines.  207 

The final binary coefficients 208 

experimental values for the CIA of H209 

 

2-H2 CIA derived from spectra recorded at different pressures near 4250 cm
(middle panel) and 4525 cm

-1
 (lower panel). The binary coefficients from HITRAN2016 

database are plotted with blue solid lines.    

The final binary coefficients ������� + ������� (Figure 5) are thus derived using our 

experimental values for the CIA of H2 and are reported in the Supplementary Material

9 

CIA derived from spectra recorded at different pressures near 4250 cm
-1

 
The binary coefficients from HITRAN2016 

are thus derived using our 

Supplementary Material.  



 

210 

Figure 5. Overview of the experimental211 
recorded at different total pressures (corresponding to different colors) and the coefficients calculated using the 212 
semi-empirical model described in 213 
deviation observed for the binary coefficients retrieved from the two 214 
monomer given by HITRAN2016 is also shown together with the assignment of the different transitions.215 

c. Estimated uncertainties on the experimental binary coefficients216 

The uncertainties on the derived 217 

with the error propagation approach using218 

Rayleigh absorption and the H2 monomer absorption, 219 

The baseline stability was evaluated to be better than 1×10220 

cm‐1 and 4525 cm‐1. For the laser diode221 

2×10 9 cm 1 due to a damaged mirror (the mirrors were changed for th222 

and total pressures are measured with accuracies of 223 

δPmax/Pmax=0.1%), respectively. The 224 

and 0.46%, respectively for the mixture 225 

mixture with 30% of H2.  226 

The monomer contribution uncertainties, 227 

error bars on the line intensities, 228 

broadening is deduced (see above)229 

were performed, each of them with either, the intensities, 230 

error bar. The uncertainty on δM231 

232 

A conservative uncertainty of 2% was adopted on our 233 

Overview of the experimental ��� ��� � + � � ���� �  binary coefficients retrieved from 

recorded at different total pressures (corresponding to different colors) and the coefficients calculated using the 
empirical model described in Sec. 3 (black solid line). The insert near 4525 cm

-1

deviation observed for the binary coefficients retrieved from the two H2+CO2 mixtures. 
is also shown together with the assignment of the different transitions.

uncertainties on the experimental binary coefficients 

on the derived ������� + ������� binary coefficients have been calculated 

with the error propagation approach using Eq. (1), assuming uncorrelated variables and neglecting 

monomer absorption, � �����. 

The baseline stability was evaluated to be better than 1×10 10 cm 1 for the laser diodes at 4720 

. For the laser diodes at 4430 cm‐1 and 4250 cm‐1, the stability is degraded to 

due to a damaged mirror (the mirrors were changed for these diode

are measured with accuracies of δT=0.1K and δP=0.75 Torr

, respectively. The claimed uncertainties on the CO2 and H2 molar fractions are 1% 

and 0.46%, respectively for the mixture with 70% of H2 and 0.65% and 1.5%, respectively for the 

The monomer contribution uncertainties, δMCO2, were determined by taking into account the 

the line intensities, self‐broadening γself, air‐broadening γair (

broadening is deduced (see above)) coefficients and CO2 partial pressure. Four simulations, 

were performed, each of them with either, the intensities, γself , γair or PCO2 values increased by their 

δMCO2 was obtained from: 

�� ���(�) = �∑ ��(�)
��

��� �
�/�

   

conservative uncertainty of 2% was adopted on our measured CIA values from pure H

10 

 

binary coefficients retrieved from the CRDS spectra 

recorded at different total pressures (corresponding to different colors) and the coefficients calculated using the 
1
 shows the systematic 

mixtures. The intensities of the 
is also shown together with the assignment of the different transitions.  

binary coefficients have been calculated 

assuming uncorrelated variables and neglecting 

for the laser diodes at 4720 

the stability is degraded to 

diodes). Temperatures 

P=0.75 Torr (corresponding to 

molar fractions are 1% 

0.65% and 1.5%, respectively for the 

, were determined by taking into account the 

(from which the H2 

partial pressure. Four simulations, δi(ν), 

values increased by their 

  (Eq. 2) 

from pure H2 gas.  
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For the binary coefficient ��������	taken from [33], where no error bars is given, we estimated 234 

the uncertainty to 5% from comparison with binary coefficients determined from CRDS spectra in 235 

[28]. Nevertheless, it has to be underlined that the contribution of the CO2 continuum is weak for all 236 

the studied spectral ranges so that a larger uncertainty would have a very limited impact on the final 237 

calculated uncertainties.   238 

Once the final uncertainties were calculated for all the data points, we chose to remove the 239 

results with uncertainties larger than 5% which correspond to regions of strong absorption lines 240 

where the derivation of the binary coefficients is more difficult.  241 

The uncertainty on the ������ coefficients was determined in the same way from the simplified 242 

equation: 243 

�(�,�) = � ����� + ���������
�     (Eq. 3) 244 

As discussed above, the monomer contribution of H2 is negligible in the spectral ranges studied 245 

here and the main contribution to the uncertainty comes from the base line stability. 246 

Note that in our calculations of the local monomer absorption, a cutoff value of ±25 cm‐1 was 247 

used. In order to test the sensitivity of the results to the choice of the cut‐off distance, the value of 5 248 

cm‐1 was also used, leading to a marginal (per mil or lower) change on the binary coefficients 249 

retrieved from the spectra recorded with the diodes at 4250 cm‐1, 4430 cm‐1 and 4525 cm‐1. In the 250 

case of the spectra obtained with the 4720 cm‐1 laser diode, the largest change is 1.7%. The impact of 251 

including or not the plinth in the local monomer absorption is even lower. In any case this effect is 252 

not considered as a source of uncertainty and does not enter in the final estimated uncertainties 253 

calculated just above. 254 

The final uncertainties adopted for the ������� + ������� coefficients have nevertheless to be 255 

increased compared to the calculated ones as a systematic shift of 6.5% is observed near 4525 cm‐1 256 

between the binary coefficients retrieved from the two H2+CO2 mixtures (Figure 5) while, for a given 257 

mixture, the data points derived from spectra at different pressures are almost superimposed. This 258 

observation could not be confirmed for the other spectral intervals due to the presence of a non‐259 

identified interfering species for the H2(30%)‐CO2(70%) mixture (at 4250 cm‐1, 4430 cm‐1) and a too 260 

strong CO2 absorption (at 4720 cm‐1). This systematic shift probably comes from the fact that the CO2 261 

and H2 abundances are not known with the accuracy claimed by the manufacturer. To be 262 

conservative, a final (1σ) uncertainty of 6.5% is adopted for all the ������� + ������� coefficients. 263 

These coefficients, plotted on Figure 5, constitute a set of data points useful to test the semi‐264 

empirical model developed in [24] and described below. 265 

 266 

 267 
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3. Semi-empirical calculations and comparison with experimental data 268 

The CIA due to collisions between H2 and CO2 molecules retrieved from the experimental spectra 269 

can result from different contributions (or have different origins). 270 

A contribution could come from the CO2 molecule which has a vibrational transition within the 271 

spectral region investigated, while the H2 molecule makes a pure rotational transition with 272 

the	 � = 0 selection rule due to the isotropic polarizability. However, from the integrated intensities 273 

given in Table 3 of [33] for the CO2‐CO2 pair, ��������,  it is possible to estimate the integrated 274 

intensities for the CIA bands of the CO2‐H2 pair, �������, from the ratio of the polarizability matrix 275 

elements (i.e. 
��� �� � �

��� ���� �
= �

�|�� �|�

����|��� �|��
��
�
�
= �

�.�

��.�
�
�
= 6	10��) or from the ratio of the quadrupole 276 

matrix element (i.e. 
��� ��� �

��� �� �� �
= �

�|�� �|�

����|��� �|��
��
�
�
= �

�.��

�.��
�
�
= 1.5	10��). For the strongest collision 277 

induced band, centered near 4390 cm‐1, the maximum value corresponds to 278 

6.0	10���	cm��	amagat�� which is negligible when compared to the observed binary coefficients in 279 

Figure 5. 280 

The second contribution is the rotovibrational spectrum in which ro‐vibrational transitions 281 

belonging to the 0‐1 band of the H2 molecule occur while the CO2 molecule undergoes pure 282 

rotational transitions. This contribution is calculated using the model described below, and 283 

corresponds to the black solid line in Figure 5. In that case, the integrated intensity is estimated to 284 

about 3.7×10‐2 cm‐2 amagat‐2 which is 8 orders of magnitude larger than the previous contribution. 285 

 286 

a. Calculation of the CO2-H2 (0-1) CIA band 287 

The most rigorous approach for the calculation of the CIA spectrum of CO2‐H2 pairs, in the region 288 

of the fundamental of H2, should use a fully quantum theory taking into account both the anisotropy 289 

of the intermolecular potential and the short range components of the induced dipole (ID) (see for 290 

instance [36]). However, the large number of collisional channels which should be taken into account 291 

with CO2 as a collisional partner prevents the use of that method. Moreover, nothing is known about 292 

the vibrational dependence of the short range components of the ID (remind that H2 makes a 0‐1 293 

vibrational transition). 294 

We have therefore adapted the semi‐empirical model previously built for predicting the roto‐295 

translational CIA spectra for the CO2‐H2 pair [24] to that new situation. Since details can be found in 296 

the appendix of [24], we give here only a brief summary of its mains assumptions. 297 

The intermolecular potential: Among the reliable anisotropic potentials available for the CO2‐H2 298 

pair we have used that of Li et al. [37] that we previously used for the calculation [24] of the roto‐299 

translational spectra. 300 
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The induced dipole: As mentioned above, with no information available on its short range 301 

behavior, the ID has to be limited to its long range components. In the present work we have only 302 

considered the most significant ones, i.e. the quadrupolar (in R‐4) and hexadecapolar (in R‐6) induced 303 

components. They are specified by a set of four indices ��,��,� ∧ � satisfying some general 304 

constraints (see [38]) and determined by the transition matrix elements of the isotropic and 305 

anisotropic polarizability and the multipole moments of H2 ( 0|�|1 ,…) and the corresponding 306 

permanent polarizabilities and multipoles of CO2 ( 00�0|�|00�0 ,…). All these parameters are 307 

known and can be found in the literature (see [39] for H2 and [40] for CO2). 308 

The isotropic approximation (IA): In that limit, one assumes that the potential can be limited to its 309 

isotropic component in the calculation of the pair distribution function. As a consequence the 310 

absorption coefficient can be written as a sum of rotational components, each having a purely 311 

translational profile: 312 

                            ����(�) =
���

� �
��
���1 �� � ��⁄ �� ∑ ��(�)��(� ��,�)�                Eq. (4) 313 

�� is the number density at standard temperature and pressure (which corresponds to 1 amagat). 314 

Each component n is specified by a set of quantum numbers, � = ���,��,�
�
�,�

�
�,��,��,� ∧ ��. In this 315 

expression, �� designates the rotational quantum number of CO2 (i=1) or H2 (i=2); a prime indicates 316 

final states. ��(�) represents the strength of the rotational component while  �� = ���→��� +317 

�������,�������  is its central frequency. More details may be found in [41].     318 

The translational profile	��(� ��,�) is exactly similar to that previously computed [24] for the 319 

roto‐translational spectrum (since we neglect the vibrational dependence of the potential). Once the 320 

rotational strengths and the translational profile are available, the CIA spectrum, in the isotropic 321 

approximation, can be calculated and compared with the experimental data. 322 

In the case of the roto‐translational spectrum, the inadequacy of the isotropic approximation was 323 

clearly established [24] from the analysis of the spectral moments. Indeed, a formalism had been 324 

developed by Gruszka and Borysow [25] for the calculation of the 0th order spectral moments which 325 

fully accounts for the anisotropy of the potential. At 300 K, and for the roto‐translational spectrum,  326 

the ratio of the “exact” 0th moment to that obtained within the isotropic approximation was 1.84 327 

[24], demonstrating the failure of the latter. It was therefore of primary interest to make a similar 328 

comparison for the present case of the CO2‐H2 (0‐1) spectrum. Since we obtain, in this case, a ratio of 329 

1.87 at 300K, it appears that the IA is also inadequate in this spectral region. 330 

Therefore we have followed the same procedure used previously for the roto‐translational 331 

spectrum [24]: 332 

i) We assume that the area‐normalized absorption profile, αiso/Siso, can be reasonably 333 

calculated within the IA. 334 
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ii) We multiply this normalized profile by the “true” anisotropic integrated intensity, Saniso 335 

(remind that in this spectral region, the integrated intensity is proportional to the 0th order spectral 336 

moment), i.e.: 337 

������(�,�) =
������(�)

����(�)
		����(�,�) 

With  
������(����)

����(����)
= 1.87 338 

While this procedure led to a reasonable agreement with the experimental data for the roto‐339 

translational band [24], Figure 5 here shows that it does not accurately describe the present 340 

experimental results. The theoretical absorption is larger than the experimental data points for some 341 

spectral ranges and smaller for some others. 342 

Among the numerous and more or less justified assumptions made in the model, two deserve 343 

some comments and are susceptible to explain the observed differences: 344 

‐ The neglect of the short range components of the ID. Indeed, their influence may be very 345 

different from that in the case of the roto‐translational spectra, since now the H2 partner makes a 346 

vibrational transition. 347 

‐ The existence of mixed contributions in the spectral density which exist for anisotropic 348 

intermolecular interactions but disappear when the IA is used. With an anisotropic potential, the 349 

spectral density is a sum of terms arising from the autocorrelation of the spherical components of 350 

the ID (pure terms) plus terms arising from the correlation of different components (mixed terms) 351 

which do not exist within the IA.  As demonstrated in [42], in the case of the roto‐translational 352 

spectra of CO2‐Ar pairs, quadrupolar and hexadecapolar components do not mix within the IA while it 353 

is no more the case when the anisotropy of the potential is accounted for, invalidating the IA which 354 

underlies the present model. In other words, modeling the spectral line shape as an incoherent sum 355 

of contributions from pure spherical components may give a wrong estimate of the CIA. 356 

 357 

4. Conclusion 358 

In this work, the CRDS technique is used to record spectra of H2+CO2 mixtures around 4250 cm‐1, 359 

4430 cm‐1, 4525 cm‐1 and 4720 cm‐1. Thanks to its high base line stability, this technique is well 360 

adapted to measure continua absorption with reduced uncertainties as previously demonstrated 361 

[26,27,28,29]. The binary coefficients  ������� + ������� retrieved from spectra recorded at 362 

different pressures show a very good agreement for each spectral region. To reduce the 363 

uncertainties on these retrieved values, the CIA of H2‐H2, which is the dominating subtracted 364 

contribution, is also accurately measured. The comparison of the experimental binary coefficients 365 

with the semi‐empirical calculations (already used for the roto‐translational spectrum) show that the 366 
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later, which is the only model available so far, are not able to accurately reproduce the experimental 367 

data. This is likely due to the (unavoidable) use of the isotropic approximation of the interaction 368 

potential and to the fact that short range components of the ID are not considered since unknown.  369 
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