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Abstract

A collision induced absorption (CIA) band has been measured near 6000 cm™ in a spectrum of
humidified CO, recorded by cavity ring down spectroscopy (CRDS) at low pressure (<1 atm). This
absorption adds a contribution to the H,O0+CO, continuum mostly originating from far wings of the CO,
and H;0 resonance lines broadened by collisions with H,O and with CO,, respectively. The observed
CIA corresponds to a simultaneous excitation of 2CO, and H,O colliding molecules in the vs
antisymmetric and v; symmetric stretching mode, respectively. CRDS spectra recorded near 5940 cm”
! with a highly enriched 3*CO, sample provide a confirmation of the assignment since the measured
CIA isotopic spectral shift (of about -68 cm™) coincides with that between the v3 bands of 2CO, and
13CO,. The integrated binary coefficient of the two CIA is evaluated and found to be on the order of
2.3x10% cm2amagat?. Classical molecular dynamics simulations (CMDS) of the considered CIA are also
presented, based on the dominant dipole induction mechanism associated with the vibrational matrix
elements of the dipole of CO; (v3) and isotropic polarizability of H,O (v1). The results of the calculations
are found in good agreement with the observations, thus further validating the attribution of the

observed CIA structure to the above mentioned double transitions.
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I. Introduction

The absorption of light by pure water vapor involves two contributions. The first one is the
monomolecular absorption due to the rovibrational resonance lines which is proportional to the water
vapor pressure. The second one, varying smoothly with the frequency, is the so-called water vapor
self-continuum, which is proportional to the squared molecular density as it is due to interactions
between pairs of water molecules. Various processes may contribute to this continuum, which include
the far wings of the resonance lines, collision-induced absorption (CIA), and dimers. Similarly, the
absorption spectrum of pure carbon dioxide involves resonance lines and a self-continuum
contribution again resulting from the three processes mentioned above generating absorptions
proportional to the squared gas density. Numerous experimental and theoretical studies have been
devoted to the self-continua of both H,0 and CO; (see [1] and chapters V and VI of [2]) due to their
importance for radiative transfer processes in the atmospheres of the Earth and Venus, respectively.

However, the self-continua are not the only continua relevant for planetary applications. Since

Ill

planetary atmospheres are mixtures of various molecular species, there are additional “crossed”
absorption contributions, proportional to the product of the densities of the different colliding
molecules. This is obviously the case for the Earth atmosphere in which the H,0- and CO;-air (or N3)
continua play, together with the H,0 self-continuum, a significant role which has motivated a large
number of studies (see [1] and chapters V and VI of [2]). Note that, until recently, it was generally
considered that the associated atmospheric continua were essentially due to the far wings of the air-
broadened lines of H,0 and CO,. The limits of this assumption were pointed out a few years ago with
the demonstration of the importance of an N; absorption band induced by collisions with H,0 in the
H,0-N; continuum [3,4]. Due to its potential importance for the atmospheres of Early Mars and
exoplanets, the continuum in H,0-CO; mixtures has recently received a renewed attention, nearly 30
years after pioneer studies devoted to the CO,-broadened line wings of H,O for Venusian studies [5,6].
Measurements and calculations have been made in order to characterize the influence of collisions
with H,0 on the wings of CO, lines [7,8,3] as well as that of collisions with CO; on the wings of H,0O
lines [7,9].

Very recently, we have undertaken a series of measurements aiming to characterize the
absorption continuum of H,0-CO; mixtures in the 1.6 um and 2.3 um windows and near 3.5 um,
corresponding to low opacity regions for both CO, and water vapor [10]. The “crossed” absorption
(proportional to the product of the H,0 and CO, densities) was observed to include an unexpected
broad band, centered near 6000 cm?, in addition to the contributions of the far wings of the lines of
the monomers (note that pure CO, spectra do not exhibit any CIA band in this spectral region [11]). On

the basis of the spectral position of its center, this band was tentatively assigned to the simultaneous

collision-induced transitions involving a vi (Raman) excitation of H,O and a vs (dipole absorption)
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excitation of 2CO, [noted v3(CO,)+vi(H,0), hereafter] but no further analysis was made. Note that such
simultaneous transitions (sometimes also denoted as double transitions), resulting from the
polarization of one molecule (e.g. through a vibrational matrix element of the polarizability) by the
vibrating electric field of the collision partner (e.g. through a vibrational matrix element of the electric
dipole or quadrupole) have been observed and analyzed for diverse molecular systems involving H, or
N (e.g. [12,13,14,15]), but also for pure CO; [16] and CO»-N, [17,18,19,20,21].

In this paper, we revisit the v3(COz)+v1(H,0) CIA band both experimentally, by complementing
the natural CO, measurements reported in Ref. [10] by a new investigation using 3CO,, and
theoretically, by using a simple induction model and molecular dynamics simulations. In the next
section, we summarize the conditions of the acquisition of the humidified CO; spectra by cavity ring
down spectroscopy (CRDS). The different steps of the CIA retrieval by successive subtraction of the
different contributions from the measured spectra are also described in this section. In section 3, the
classical molecular dynamics simulations (CMDS) and the input data used for the prediction of the CIA
are described. The measured and calculated results are then presented and discussed in Sec. 4, before

concluding remarks (Sec. 5).

2. CRDS recordings and CIA retrieval

2.1. Data acquisition

The inherent sensitivity and baseline stability of cavity enhanced techniques make them
particularly suitable to measure weak continua [22]. They, in particular, enable to use samples at sub-
atmospheric pressure while traditional methods are generally combined with pressurized cells. This is
crucial in the case of mixtures involving water vapor at room temperature, the limitation by the
saturation pressure making accurate absorption measurements by FTS with long absorption
pathlengths practically impossible in the atmospheric transparency windows. In contrast,
measurements by CRDS and OFCEAS have recently led to accurate determinations of the self- and
foreign (air)-continua of H,O [23,24,25,26,27,28]. Another advantage of recordings at sub-atm
pressures is that the contribution of local absorption transitions is easier to calculate and remove, since
line-mixing effects may be disregarded and isolated line shapes can be used. For instance, CRDS was
recently applied to the characterization of the O, CIA band at 1.27 um both at NIST [29] and in our
laboratory [30,31]. The use of low O; pressures enabled to minimize the impact of line mixing effects
on the CIA determination obtained with an agreement of less than 1% between the two datasets at
room temperature.

The v3(CO,)+v1(H20) CIA band was observed in CRDS spectra of humidified CO; recorded in the
5725-6665 cm™ and 5856-5986 cm intervals, for natural CO, and 3CO, samples, respectively.

Distributed feedback (DFB) laser diodes were used as light sources, each of them covering a spectral
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range 20 to 30 cm™ wide by temperature variation. The cavity-ring down spectrometer used a 142 cm
long high finesse cavity fitted with two highly reflective dielectric mirrors. Ring down (RD) times were
of the order of 120 to 160 us. Typically, ten RD times were averaged at each spectral step separated
by 0.005 cm™. A part of the laser light was sent into a wavelength meter (model 621-A IR from Bristol)
to monitor the laser frequency.

As detailed in Ref. [10], the spectra with natural CO, were recorded in flow regime using
H,0+CO, mixtures with H,O molar fractions between 3000 and 15000 ppmv. The gas flow of the
mixture (typically a few tens sccm inside the CRDS cavity) was produced using a commercial humidity
generator (from Omicron Technologies). The total pressure in the CRDS cavity was monitored by a
sensor from Edwards (1000 mbar full scale, accuracy 0.15 % of reading) and maintained at a fixed value
of 400 or 750 Torr with a solenoid valve and a software-based proportional integral loop acting on the
gas flow. The densities of CO; and H,0 (pco2 and puz0, respectively) were obtained from the partial
pressures and the cell temperature measured with a calibrated Pt100 sensor (2o-uncertainty £0.06°C)
fixed on the external wall of the cavity underneath the enveloping thermal insulation foam.

In the case of the recordings with humidified *CO,, the limitation of the gas consumption
(imposed by the cost of the 3C enriched CO, tank) required to record the spectra in static regime. The
cell was thus first filled with about 6.5 Torr of water vapor and 3CO; (from Aldrich, 99 % 3C
enrichment) was then added up to a total pressure of 400 Torr.

The baseline determination of the spectra relied on measurements performed with argon
before and after the recording with the (H,0+CO;) mixture, with the cavity pumped before each gas
filling (argon or mixture). The two argon spectra ensure that the cavity alignment (and thus the
baseline) is unchanged after pumping/filling cycles. By comparing the two argon spectra, the baseline
stability was found to be of the order of a few 1072° cm™. In order to check the proportionality of the
retrieved “crossed” absorption to the pcozpHz0 densities product, measurements were performed for
several values of the water molar fraction in natural CO,. The study with *CO, being mostly performed
for validation of the assignment of the observed CIA structure, a single set of experimental conditions

(~6.5 Torr of water vapor in *CO, at a total pressure of 400 Torr) was retained.

2.2. ClA retrieval
After baseline correction, the absorption coefficient, a(v), can be expressed as:
a(v) = Mco,pco, + Mu,0Pm,0 *+ Bco,Péo, + Bii,0Pf,0 + BerosseaPco,Pi0 @
where Mo, pco, and My, o pn,o are the contributions due to the monomer local lines of CO; and H,O
(calculated within a £25 cm™ range around the center wavenumber), respectively, and p represents
the density (in amagat™?). The B, and B, coefficients (in cm™amagat?) correspond to the self-

continuum coefficients of water and CO,, respectively. B osseq iS the crossed binary coefficient arising
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from the interaction of water and CO, molecules, thus involving both far line wings (of CO,-broadened
H,0 transitions as well as of H,0-broadened CO, transitions) and CIA bands contributions.

In the case of natural CO,, the HITRAN2016 database [32] was used to simulate the local CO;
and H,0 monomer contributions with Voigt profiles truncated at +25 cm™ excluding the pedestal of
the absorption lines (see details in Ref. [10]). The water self-continuum cross-sections By, 0 were taken
from Ref. [27] while, for CO, the self-continuum cross-sections B, were taken from Ref. [11] or
measured in Ref. [10] below and above 5800 cm™, respectively. The B_,,sseq binary coefficients
measured with the natural CO, sample for various water vapor molar fractions (from 3000 to 15000
ppm) and two total pressures (400 and 750 Torr) are presented in Fig. 1. While over the various
experimental conditions the pco,ppu,o density product varied by a factor of 5, the set of retrieved
Berossea Values are found consistent within about 20 % in the CIA region near 6000 cm™. Fig. 1 also
includes a fit of the observed band, assuming a Lorentzian shape and fixing the far wing continuum
background to its value calculated by the y-factor approach (see [10]). The parameters obtained from

this Lorentzian fit will be discussed in Sec. 4.

400 Torr, 15000 ppm
- 750 Torr, 5000 ppm i,
3 1 750 Torr, 10000 ppm
750 Torr, 15000 ppm
—— Lorentzian fit ,=-
[ CO; far wing continuum
C223 H;O0 far wing continuum ‘

Berossed (1072 cm™! amagat=2)

5700 5800 5900 6000 6100
Wavenumber (cm™1)

Fig.1: Overview of the binary coefficients measured in the 5725-6665 cm™ region including the vs(*>COz)+v1(H20)
CIA band near 6000 cm™, for various total pressures and water vapor molar fractions. The best fit of the CIA using
a Lorentzian function (black solid line) is superimposed to the far wing continuum background which was fixed to
its value calculated by the y-factor approach (see [10]).

In the case of humidified 3CO,, the measurement of the CIA band is made more difficult because
it falls in a region where CO; resonance lines are much stronger than with the natural sample. In order
to subtract the **CO, contribution — (M¢o,pco, + Bcongoz) in Eq. (1) — we did not try to simulate
separate contributions of the resonance lines and of the self-continuum of 3CO, and preferred to

directly subtract a spectrum of dry *CO, recorded at the same partial pressure of *CO; as in the
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humidified mixture used for the recordings (395 Torr). This, which disregards the effects of collisions
with H,0 on the central and wing regions of the 3CO; lines, is of likely small consequences considering
the relatively small (1.5 %) amount of water vapor in the humidified sample. Fig. 2 shows the different
contributions to the total absorption coefficient measured for a mixture of about 6 Torr of water in
13C0O, at a total pressure of 400 Torr. As adsorption on the walls of the CRDS affected the amount of
water in the cell, for the spectral interval corresponding to the tuning range of each DFB laser diode,
the water vapor partial pressure, py, o, was determined from the integrated absorption coefficient of
a few observed water lines. The obtained py, values were found to vary from 5.3 to 7.0 Torr for the
six DFB intervals covering the CIA region (5856-5986 cm™). These py, values were used to calculate
and subtract the water self-continuum [27] and the water resonance lines contribution (computed
using the HITRAN2016 line list [32]). As illustrated by Fig. 2, in our experimental conditions, the two
water vapor contributions are much smaller than the 3CO, contribution. After subtraction of the
different contributions, the remaining absorption coefficient - BerosseaPco,Pr,0 - Shows a clear bell
shape centered at about 5940 cm™ corresponding to the vs(*3CO;)+vi(H.0) CIA band. Using the
determined py, o values, the corresponding crossed binary coefficients, Byosseq, displayed in Fig. 3
were derived. The obtained curve shows high frequency “noise” due to the imperfect removal of the
strong 13CO, resonance lines. An improved description of the CIA band shape is obtained from a
Lorentzian fit with a baseline (corresponding to the far wing continuum contribution) assumed to be

constant with frequency. The parameters obtained from this fit will be discussed in Sec. 4.
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3. Classical molecular dynamics simulations (CMDS)

The CIA in the region of the v3(CO;)+vi(H,0) simultaneous transitions was calculated using
classical molecular dynamics simulations (CMDS), exactly as described in Ref. [3], with the only
difference that the H,O static isotropic polarizability matrix element (v = 0|a;5,(H,0)|v = 0) used in
this previous study was here replaced by the vibrational matrix element (v = 0|a;5,(H,0)|v; = 1)
(here, v = 0 and v; = 1 stand for the (000) and (100) vibrational states of H,O, respectively). As in Ref.
[3], only the component of the induced dipole due to the polarization of H,0 (through its isotropic
polarizability (v = 0|a;s,(H,0)|v; = 1)) in the electric field of the CO, dipole (through (v =
0]u(CO,)|vs = 1), wherev = 0 and v3 = 1 stands for the (v;v,'2v3) = (00°0) and (00°1) vibrational
states of CO,, respectively) was thus taken into account. This is convenient since the induced dipole
then does not depend of the orientation of the H,O molecule but it disregards other induction
mechanisms, including the term originating from the anisotropic polarizability of the water molecule
(i,e. (v =0]Aa(H,0)|v; = 1)). However note that, as discussed below, this contribution is likely
relatively small, while many other terms, such as those involving the product of the H,O dipole element
(v = 0|u(H,0)|v; = 1) and of the CO; polarizability (v = 0]Aa(CO,) or a;5,(CO,)|v; = 1), vanish
due to symmetry considerations. As in Ref. [3], we used (v = 0|u(CO,)|v; = 1) = 0.13 a.u. [33, 34].
For H,0, (v = 0|a;5,(H,0)|v; = 1) = 0.73 a. u. was obtained, using the convention of Ref. [35], from
the value of a{ provided in Ref. [36] with a;5, = —a{/+/3. Note that our classical calculations lead to
a CIA structure that is automatically centered at the sum of the origins of the v3(*2C0O,) and vi(H,0)
bands, 2349+3657= 6006 cm™ for '>CO,, because all the Q transitions of the H,0 v1 band, associated
with the isotropic polarizability, then have the same imposed wavenumber of 3657 cm™. This does not
correspond to reality since the (v =0, J,K;, K. ) = (v; = 1, J,K,, K, ) rovibrational transitions are
all shifted to the red with respect to the band origin of 3657 cm™ and spread over typically 10 cm™
[32]. In order to correct for this, the bar spectrum of the true Q lines was convoluted by the raw CMDS-
predicted CIA, which red-shifts the peak wavenumber by about -6 cm™ with respect to 6006 cm™. In
the case of C0O,, CMDS were computed as done for 2CO,, using the same value of

(v = 0|u(CO,)|vs = 1) [37,38], but a change of the v3 band origin from 2349 to 2283 cm™.

4. Results and discussion

As said above, the C0O, and *CO, CIA bands as obtained from experiments were fitted assuming
a Lorentzian band shape (see Figs. 1 and 3). In the case of the main isotopologue, the underlying far
wing continuum was fixed to its value calculated by the y-factor approach (see [10]). In the case of
13C0O,, the baseline was assumed to be constant with frequency and it was adjusted by the fit. The
CMDS-computed spectra for 2CO, and 3CO, were fitted by a Gaussian function to determine the

center position, their integration over wavenumber yielded the intensities, and the widths were
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determined directly from the computed absorptions. The experimental and calculated centers,
integrated areas and half-widths at half-maximum (HWHM) are listed in Table 1, calling for several
remarks. The first is that the peak positions obtained for measured and computed spectra agree very
well. The measured and calculated differences between the **CO, and *3CO, values, of about 68 cm™,
are in close agreement with the isotopic shift of the v; = 1 vibrational levels of the two isotopologues
(66 cm™) [39]. The second is that the measured and computed integrated intensities also coincide, with
differences well smaller than the experimental uncertainty (roughly estimated to 20 % and 30 % for
12C0, and '3C0O,, respectively). The integrated band intensities for the two isotopologues are close, as
could be expected from the fact that the CO; dipole matrix elements are practically identical [37,38].
Finally, the experimental and predicted HWHM are again consistent, both showing a negligible isotope

effect, as could be expected from the strong similarity between 2CO, and *3CO..

v3(12C0O2)+vi(H20) | v3(*3C0O2)+v1(H20)
Exp CMDS Exp CMDS

Center (cm?) 5998.4 | 5999.7 | 5930.2 5932

Integrated binary coefficient

(10 cm2amagat?)

HWHM (cm™) 33.0 31 28.2 31

2.6 2.08 2.1 2.06

Table 1: Band centers, integrated intensities and half widths at half maximum (HWHM) of the v3(CO2)+vi(H20)
CIA bands measured and CMDS-calculated for natural ?COz and in 3CO..

A comparison between the measured and computed H,0-'>CO; density-normalized absorption
coefficients over the spectral range of the 1.6 um window is displayed in Fig. 4. The calculated
spectrum was obtained by adding the CIA predicted in the present study to the contributions of the
far wings of the H,0-broadened transitions of CO, and of the CO,-broadened lines of H,0. The
associated values of the binary coefficients, B¢o,_p,0 and By,o—co,, Were calculated with the x-factor
approaches developed in Refs. [8] and [9] respectively. As can be seen, the agreement is quite
satisfactory which validates the prediction of all three contributions. However there is a noticeable
discrepancy between measured and computed values on the low frequency side of the CIA peak which
may be explained by the neglecting of the contribution of the anisotropic polarizability Aa of H,O in
the CMDS computation of the collision-induced dipole. Indeed, first note that, since (v =
0|Aa(H,0)|v; = 1) = 0.54 a.u. (obtained from the value of a3 provided in Ref. [36] and Aa =
\/3_/2 a?) which is smaller than (v = 0]a;s, (H,0)|v; = 1) = 0.73 a.u. by a factor of about v/2, the
integrated intensity due to this dipole induction mechanism should be about 2 times lower. In addition,
the anisotropic polarizability selection rule allows not only Q but also O and S lines associated with J
- J+2 transitions, the latter being spread over a broad spectral range of several 100 cm™ on both sides

of the central vibrational frequency. In summary, this contribution, which is weaker and spectrally
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much broader than that of the isotropic polarizability, may explain the above mentioned missing

"background".
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Fig 4: Crossed binary coefficients in the region of the vs(*2C0Oz)+vi(Hz0) CIA band. The CIA predicted by CMDS
calculations (blue) is added to the sum of the H20 (light grey) and CO: (grey) far wing continua. Also shown are
the smoothed experimental values from Ref. [10] (red, with a 1c error band).

It is worth mentioning that the v3(CO3)+v1(H,0) CIA band presently measured in the gas phase
at sub-atmospheric pressure was pointed out nearly three decades ago in liquid CO,+H,0 mixtures,
thus at considerably higher molecular densities [40]. Low resolution spectra were recorded with
grating spectrographs allowing for an estimation of the integrated absorption cross-section. A value of
8x10™ cm2amagat? was estimated in the liquid phase, about three times smaller than our gas phase
value (2.6x10° cm™amagat?). Note that a similar tendency between liquid and gas phase CIA
intensities (normalized to squared density) was reported for the far-infrared CIA of pure CO; [41].

In general, free collisions are believed to bring most of the contribution to CIA bands and H,0-
CO; bound complexes, which are disregarded in the CMDS, are not expected to contribute significantly
to the observed absorption feature. The agreement between the measured and CMDS integrated band
intensities seems to confirm this expectation. The H,0-CO; bound complex which has been observed
in matrices (e.g. [42]) and in expansion jets (e.g. [43,44]) has a planar T-shaped structure with
hydrogens pointing away from CO,. The dissociation energy Dy was estimated to be about 730 cm™*
[45,46]. It is worth mentioning the results of anharmonic vibrational calculations of the spectrum of
this Van der Waals complex [47], based on ab inijtio force field and electro-optical parameters. As
expected, most of the predicted vibrational bands of the H,0-CO, complex fall in coincidence with

those of pure H,O or CO; but, interestingly, Pavlyuchko et al. concluded their article by noting that
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“..the combination transition vjy + v&; [e.g. v3(COz)+vi(H20)] in the vicinity of ~ 6000 cm™, falls
occasionally in the regions of relative transparency of both isolated monomers and can therefore be
discriminated from the monomer absorption” [47]. Although our observation cannot be interpreted
as an absorption band of the H,0-CO; bound complex, the above statement about the detection of
simultaneous transitions applies to the CIA in (H,0+CO;) gas mixtures.

5. Conclusion

The present study, thanks to measurements and classical molecular dynamics calculations made
for both *2C0,-H,0 and *3C0,-H,0 mixtures, has confirmed that the band observed around 6000 cm™
in Ref. [10] is indeed due to the dipole induced in interacting (CO,, H,0) pairs through the
v3(CO3)+v1(H20) simultaneous transitions, involving an absorption (CO;) and a Raman (H,0) process. It
is worth emphasizing that this is the first demonstration of a purely collision-induced absorption
contribution to the binary continuum in CO; + H,0 gas mixtures, which was so far entirely attributed
to the far line wings of the dipole transitions of CO; broadened by H,0 and of H,O broadened by CO..

Note that other simultaneous transitions in H,O+CO, gas mixtures exist which may be
detectable, since centered in some relatively transparent regions of the H,0+CO, spectrum, and thus
deserve investigation. The first [v3(CO3)+v3(H20)] is similar to the one studied in this paper, but in which
a H,0 v3 Raman vibrational change is involved, which would lead to a CIA centered around 6105 cm™.
This CIA is expected to be small and broad, since (v = 0|a;s,(H,0)|v3 = 1) = 0 [36] and thus only
the (v = 0|Aa(H,0)|v; = 1) matrix element contributes. Another contribution comes from the
v2(CO,)+v1(H20) transition, involving, among others, the contributions of the products (v =
0]Aa(H,0) and a;5,(H,0)|v; = 1){v = 0|u(CO,)|v, = 1), which for 2CO, should peak near 4334
cm™. The associated CIA band is expected to be less intense than the one investigated in this study due
to the smaller central wavenumber and weaker CO, dipole matrix element ((v = 0|u(CO,)|v, = 1) =
0.071 a.u. [33,34]). For completeness, note that two other simultaneous transitions should appear
around 2900 cm™, v1(CO,)+v2(H20) and 2v,(C0O,)+v,(H,0), associated with the polarization of CO, by
the dipole of H,0O, through the product (v = 0|Aa(CO,) and a;5,(CO,)|v; =1lorv, =2 v =
0|u(H,0)|v, = 1).
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