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The high resolution absorption spectrum of
methane in the 10 800-14 000 cm ! region:
literature review, new results and perspectivesy

A. Campargue, (2 * E. V. Karlovets,” S. S. Vasilchenko 2 € and M. Turbet®

The recent development of high resolution spectrographs for exoplanetary research in the visible range
makes suitable an improvement of our knowledge of the high resolution spectrum of methane. In this
contribution, the weak and highly congested absorption spectrum of methane in the 10 800-14 000 cm™*
region (0.71-0.93 um) is considered on the basis of (i) an exhaustive review of the literature over the lasts
decades, (i) the analysis of a spectrum recorded at Kitt Peak by Fourier transform spectroscopy at room
temperature, (i) a very high sensitivity spectrum recorded by cavity ring down spectroscopy near 760 nm.
The line list retrieved from the Kitt Peak spectrum includes 12 800 lines between 10802 and 13922 cm™™.
Together with the CRDS line list in the 13060-13300 cm™ interval (about 2650 lines), the reported FTS
dataset represents the first high resolution extensive intensity measurements of methane for wavenumbers
above 11502 cm™. A very good agreement between our Kitt Peak line list and HITRAN list is found in the
10800-11502 cm~! interval. The “quasi-continuum’ absorption background underlying the congested
spectrum around 11200 cm ™t is quantitatively evaluated to about 42% of the absorption by CH,4 lines.
Previous laser-based investigations are critically reviewed by comparison to the FTS and CRDS
experimental data retrieved in the present work. The review of the studies of the minor isotopologues
(**CH,, CHsD, CH,D,, and CHDs3) is also presented. Intensity comparison with band models used for
planetary applications is discussed and confirms the importance of the “quasi-continuum” absorption
in the methane spectrum at room temperature. The comparison to the TheoReTs line list obtained by
ab initio calculations gives valuable hints for future assignments but the TheoReTS line positions are
not sufficiently accurate for application to high resolution exoplanetary spectra in the region. From the
various comparisons and results obtained in this work, we conclude that the high frequency
absorption spectrum of methane deserves to be revisited by modern cavity-enhanced absorption
techniques to fulfil needs both for future analysis of high resolution exoplanetary spectra and for
theoretical analysis.

This is particularly critical for observations in reflected light,
which is maximal in the visible where the peak of the stellar

Producing reliable spectroscopic databases of methane and any
other molecule of interest in the visible wavelengths is essential
to search for these molecules in the atmosphere of exoplanets.
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blackbody lies. We have today at our disposal several visible
light high-resolution spectrographs (resolving power R = A/A/ =
6/Ac ~ 100000-200 000) such as VLT@ESPRESSO," in a few
years VLT@RISTRETTO,” and in the longer term E-ELT@ANDES.?
These spectrographs have in principle the capability to detect
molecules absorbing in the visible (e.g. H,O, O,, and also CH,).
While molecular detection attempts have already been made
in the visible with the ESPRESSO spectrograph for hot giant
exoplanets,*” in particular for the H,O molecule, CH, is for the
moment inaccessible at these wavelengths because the techni-
ques used require precise knowledge of the properties of the CH,
lines (in particular, of the line positions) in the visible, which is
not the case yet. The method used indeed consists in cross-
correlating the observed astrophysical signal (obtained by
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transit, emission or reflected light spectroscopy) with a simu-
lated spectrum containing the lines of the molecule which one
seeks to detect.®™® A prerequisite of the method is thus a precise
knowledge of at least the position of the strongest lines (to
generate a binary mask) and optimally of all the other properties
of the lines (to generate more realistic simulated spectra).

Our ability to detect CH, in the visible is particularly inter-
esting in the context of atmospheric characterization of nearby
temperate rocky exoplanets such as Proxima b,® which will soon
be the targets of the RISTRETTO and ANDES spectrographs via
their reflected light. Methane is particularly interesting because
with O, (with strong detectable features in the visible - see e.g.
ref. 10), it is a pair of molecules of astrobiological interest.'"*>

The methane spectrum consists in a series of strong absorp-
tion spectral structures separated by about 1500 cm ™" with
intensity decreasing by about one order of magnitude every
3000 cm ™. This general appearance results from approximate
relations between the vibrational frequencies, v; ~ v; =~ 2v, &
2v, &~ 3000 cm !, which leads to very close energies
for vibrational states having the same polyad number
P = 2(V,+V;)+V,+V,, where V; are the normal mode vibrational
quantum numbers.” (The v, and v; stretching modes corre-
spond to frequencies of 2916 and 3019 cm ™', respectively while
the v, and v, bending modes have a 1533 and 1311 cm™!
frequency, respectively.) Each strong absorbing region is thus
associated to bands reaching vibrational levels belonging to a
same polyad of interacting vibrational states. In spite of its
small number of atoms and high symmetry, at high spectral
resolution, the number and strength of the rovibrational inter-
actions lead to a general disappearance of regular spectral
structures and a considerable spectral congestion increasing,
in the near infrared and visible regions. As a result, rovibrational
assignments and theoretical interpretation of methane spectra are
practically absent above 8000 cm ' and measured transitions
are provided in spectroscopic databases with experimental line
parameters and scarce rovibrational assignments."*

The overview of the HITRAN line list above 9500 cm™ " is
included in Fig. 1. It is limited to two empirical line lists in the
9500-10 500 cm ™" and 11 000-11 500 cm ™' intervals (P = 7 and
8, respectively) obtained by long pathlength Fourier transforms
spectroscopy (FTS)'® and high sensitivity intracavity laser
absorption spectroscopy (ICLAS),'” respectively. As mentioned
above, the development and use of visible light high-resolution
spectrographs for methane detection in exoplanetary atmo-
spheres make it necessary to characterize the high resolution
spectrum of methane towards higher energies, in the visible
range.

The aim of the present work was initially to review the
high resolution laboratory studies of methane available in the
literature above 10 000 cm ™", in support of exoplanetary appli-
cations. In the review process, it appeared that a room tem-
perature methane FTS spectrum available in the Kitt Peak
archives (ref. 930825R0.004) has sufficient sensitivity to exhibit
absorption lines up to 14000 cm™ " and was thus worth to
analyze. This spectrum presented in Fig. 1 was recorded in 1993
with a pathlength of 73 m and a CH, pressure of 99.8 Torr
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Fig. 1 Upper panel: Raw FTS spectrum of the methane room temperature
spectrum recorded at Kitt Peak (ref. 930825R0.004) between 9500 and
14000 cm™ (P =98.8 Torr, [ = 73.0 m, T = 297.7 K). Lower panel: Overview
of the corresponding line list retrieved in this work above 10800 cm™*
(blue circles) and comparison to the HITRAN list of methane®®
(orange circles).

(13200 Pa) allowing for the detection of weak lines with an
intensity down to 5 x 107>’ ¢cm per molecule.

In the following section, we will present the line list retrieval
from this Kitt Peak (KP) spectrum above 10800 cm ' (the
11000-11500 cm ™" interval overlapping with the HITRAN list
will be used for validation tests). In Section 3, we will present a
very high sensitivity spectrum of methane newly recorded in
Tomsk by cavity ring down spectroscopy (CRDS) in the 13 060
13300 cm ™' interval where methane absorption lines are very
weak. Then, in Section 4, the literature about high resolution
laboratory data in the 10800-14000 cm ' interval will be
systematically reviewed. Starting from grating spectrograph
with photographic plate detection,'®'® several high sensitivity
absorption methods were implemented to measure the weak
methane spectrum, sometimes at low temperatures (77 K or in
jet cooled conditions): wavelength modulation diode laser
spectroscopy (WMDLS), photoacoustic spectroscopy (PAS),
ICLAS, laser-induced grating spectroscopy (LIGS). When possi-
ble, we will compare our KP line list in relation with these
previous works. Section 4 will also include a literature review
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for the high resolution studies of the minor isotopologues
(**CH,4, CH;3D, CH,D,, and CHD;). In Section 5, low resolution
simulations will allow for a comparison to absorption
coefficients used in planetology. In the final section, general
conclusions will be drawn and perspectives will be presented
considering the review of the experimental literature, the
results obtained in the present work and the best-to-date
theoretical calculations.

2. Analysis of the Kitt Peak spectrum

The spectrum under analysis (ref. 930825R0.004) was recorded
at the National Solar Observatory at Kitt Peak in 1993. The
methane pressure and absorption path length was 98.8 Torr
and 73 m, respectively. The temperature of the recording was
24.6 °C (297.7 K). The noise level evaluated as the RMS of the
absorbance in a region free of absorption lines is on the order
of 2.5 x 1073, corresponding to a noise equivalent absorption
of Omin & 3.4 x 1077 cm™ ' and minimum line intensities of
5 x 10~%” c¢m per molecule. Fig. 2 shows an overview of the
strongest band system near 11300 cm™ ' corresponding to the
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Fig. 2 FTS spectrum of the methane room temperature spectrum
recorded at Kitt Peak (ref. 930825R0.004) near 11300 cm™~* (P = 98.8 Torr,
[ =730 m, T = 2977 K). The two enlargements illustrate the spectral
congestion. On the lower panel, the simulation (cyan) provided by a multiline
fitting procedure is superimposed to the spectrum and the corresponding
residuals are displayed.
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3v; +v3 manifold (P = 8) with two successive zooms illustrating
the spectral congestion and the achieved signal-to-noise ratio.

2.1. Line list

As illustrated in Fig. 2, isolated lines are mostly absent and the
important spectral congestion resulted in a laborious retrieval
of the line centers and line intensities. An important difficulty
is related to the baseline positioning. As visible on the overview
spectrum presented on Fig. 1, in the region of the strong
absorption near 11300 cm ' and to a lesser extend near
13800 cm™ ', part of the absorption appears as a continuum
and the apparent baseline does not correspond to the zero
absorption. This is probably due to the accumulation of
numerous unresolved weak lines together with a possible
contribution of the wings of stronger lines which are slightly
pressure broadened at P = 98.8 Torr. As the used fitting
program cannot fit as a whole the thousands of lines contribut-
ing to the spectrum, the fit has to be performed sequentially by
considering successive intervals involving a few tens of lines at
maximum, which can be fitted simultaneously. In this process,
the fitted local baseline is assumed to be a straight line, thus
mostly ignores the weak underlying unresolved absorption. In
other words, the resulting line list does not account for the
continuous background which represents a significant part of
the absorption in the two above-mentioned regions. At the end
of the line parameter retrieval, the unresolved background
absorption must be estimated and provided separately to
account for the total absorption. The continuous background
is obtained as illustrated in Fig. 3, by subtracting from the
measured spectrum the absorption of the lines simulated using
the constructed line list.

Let us give more details on the line parameter retrieval.
A homemade three step suite of multiline fitting programs
written in Labview and C++ was used to reproduce the spectrum
(see Fig. 3 of ref. 16). Regarding the line shapes, we adopted a
Voigt profile. Default values of the Gaussian and Lorentzian
widths were determined from a fit of the profile of a small
number of relatively isolated lines. (We obtained a Gaussian
HWHM of 1.7 x 10~> cm™ " corresponding to the Doppler width
and the Lorentzian HWHM of 1.8 x 10> ecm™".) A preliminary
peak list (line centre, peak height) was obtained using a
standard peak finder procedure and a synthetic spectrum was
then simulated by attaching to each peak the default Voigt
profile. Then a multiline fit was performed over the analysed
spectral interval by adjusting only the line centre and inte-
grated line absorbance, the shape of all the lines being fixed to
the default Voigt profile. Finally, a manual adjustment was
performed by further refining the profile parameters and add-
ing/deleting weak lines when needed. In the case of highly
blended features, we tried to limit the number of components
and preferred to relax reasonably the constraints on the profile
parameters than to add lines. The resulting list provided
as ESIf is presented in Fig. 1. It includes a total of about
12800 lines for the three following interval 10802-11988,
12325-12825 and 13502-13922 cm ™' (11541, 455 and 842
lines respectively). The absence of lines due to water vapor

This journal is © the Owner Societies 2023
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Fig. 3 The different steps of the retrieval of the background “continuum”
in the 11300 cm™? region. In (a), the baseline is visually estimated (red line)
and used to obtain the absorption coefficient displayed in (b). The
absorption of the lines is simulated from the fitted values of the line
parameters and subtracted from the experimental absorption coefficient,
leading to the residuals displayed in (c) (blue curve). By smoothing the
residuals, the background “continuum” is obtained (green line in (c) and

(@)).

(which could have been present in the sample as an impurity)
was checked.

2.2. Retrieval of the “continuum” background

Fig. 3 illustrates the different steps of the retrieval of the
“continuum” background in the 11300 cm™* region. First,
based on a large scale view of the spectrum (Fig. 1), the zero-
absorption baseline, I,(v), was visually estimated and approxi-
mated by a straight line (Fig. 3a, red line). On the basis of this
baseline, the absorption coefficient was calculated using the

1. [L

Beer-Lambert law, a(v) = 71n [%] (Fig. 3b). The absorption
coefficient due to the lines, ojines(v), was then simulated using
the line list, leading to the [x(V) — aines(v)] residuals (blue line
on Fig. 3c). These residuals were approximated by a smoothed

curve (light green on Fig. 3c) accounting for the background
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“continuum”, also shown on the recorded spectrum (Fig. 3a).
For each wavenumber value between 11 000 and 11400 cm ™,
we provide as ESI,} the values of the “continuum’ absorption
cross-section (in cm? per molecule), obtained by normalizing
the residuals by the molecular density in the experimental
conditions of the analyzed KP spectrum (P = 98.8 Torr,
T = 297.7 K). This absorption ‘“continuum” which represents
about one third of the total absorption in the region, should be
combined to the line list to account for the experimental
spectrum.

Regarding uncertainties on the line positions, the frequency
calibration of the spectrum was checked by comparison to the
HITRAN database. About 80 positions of strong and well
isolated lines were compared in the 11300-11500 cm™* inter-
val. The average position difference was found smaller than
2 x 10”* em ™! with a standard deviation of 4.42 x 10~* em ™.
Taking into account a possible small contribution of the self
pressure shift, an uncertainty of 5 x 10™° cm ™" is believed to be
a conservative estimate of the error bar for most of our line
positions (excluding highly blended and very weak lines).
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Fig. 4 Different steps of the retrieval of the background “continuum” in
the 13800 cm™? region. In (a), the baseline is visually estimated (red line)
and used to obtain the absorption coefficient displayed in (b). The
absorption of the lines is simulated from the fitted values of the line
parameters (c) and subtracted from the experimental absorption coeffi-
cient, leading to the residuals displayed in (d) (blue curve). By smoothing
the residuals, the background “continuum” is obtained (green line in (c),
also displayed in (a) and (b)).
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Considering the signal-to-noise ratio of the analyzed spectrum,
the simple method used to derive line intensities and the
congestion of the spectrum, we estimate to 10% the error bar
to be attached to the line intensities in the most favorable
cases. We cannot rule out that a small fraction of weak lines is
not real.

The same procedure was applied in the 13 600-13 900 cm ™
weaker absorbing region (Fig. 4). In this region, the “continuum”
represents most of the absorption, the fitted lines representing
no more than 17% of the total absorption. The values of the
“continuum” absorption cross-section (in cm” per molecule) and
the list of the 842 lines fitted in the 13310-14000 cm ' are
included in the ESL

1

3. Analysis of the CRDS spectrum in
the 13063-13298 cm ™' interval

Cavity ring down spectroscopy (CRDS) with single-frequency
CW laser is a highly sensitivity techniques developed in the
90’s.2%?! A noise equivalent absorption as low as tmin & 5 X
10" em™*, corresponding to a 2% decrease of the transmitted
light along an Earth-Moon distance was reported by CRDS in
ref. 22. The CRDS technique has been largely applied in the
1.58 pm and 1.28 pm regions of low opacity of methane
(transparency windows) both at room temperature and at
80 K.>**’ In the present work, we took advantage of the
availability of a light source near 760 nm at the Institute of
Atmospheric Optics in Tomsk to measure methane lines in a
region of very low absorption where previous measurements
were absent.

3.1. Experimental details and line list construction

An external cavity diode laser (ECDL) from Sacher Lasertechnik,
tunable between 13060 and 13300 cm ' was used for the
recordings. It was initially purchased to characterize with an
unprecedented sensitivity the very weak absorption of water
vapor interfering with the A-band of oxygen, of particular
interest for atmospheric applications.”®*® The experimental
arrangement and data acquisition are similar to those imple-
mented in Grenoble.?*° A fiber-optic beam splitter directs 10%
of the radiation to a wavelength meter (HighFinesse WS-U,
5 MHz resolution, measurement frequency up to 250 Hz). The
remaining 90% is directed to a fiber-optic acousto-optical
modulator which interrupts the radiation input into the cavity.
At the cavity output, the radiation is focused onto a silicon
avalanche photodetector (Thorlabs APD410A) which measures
the exponential decay of the intracavity field (ring down time)
providing the absolute value of the absorption coefficient.>®*"
The typical ring down time was 180 ps.

The recordings were performed with a pressure of methane
of 10 Torr (6670 Pa), measured by a capacitance gauge (50 Torr
Inficon CDG020D gauge with 1.0% accuracy of reading). The
whole investigated region was covered during two recording
sessions (13 060-13150 cm™ " and 13146-13300 cm ') with
total duration of about 18 hours. The ring down cell temperature

32782 | Phys. Chem. Chem. Phys., 2023, 25, 32778-32799
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was monitored during the recordings and varied in the 298.1 +
0.5 K range.

Accurate values of the line positions of O, (present as an
impurity in the cell) were used to refine the spectral calibration
provided by the wavemeter. An RMS of a few 10™* cm™" was
achieved for the (meas. — ref.) position differences. We thus
estimate our frequency calibration better than 1 x 10~ % em ™.

An overview of the recorded spectra is included in Fig. 5. The
noise equivalent absorption evaluated as the RMS of the noise
level is around 3 x 10~'' em™, thus about four orders of
magnitude lower than that of the above-analyzed KP spectrum.

In view of the extreme spectral congestion revealed by the
successive zooms of Fig. 5, the line list construction was
performed automatically using the above-described multiline
fitting program, the profile of all lines being fixed to a default
Voigt profile. At the 10 Torr pressure of the recordings, the
pressure broadening is limited to about 8 x 10~* cm™*
(HWHM)" and thus the profile is mostly Doppler limited
e.g. Gaussian with a Doppler HWHM of 2.04 x 10 % cm .
The quality of the spectrum reproduction is illustrated by the
residuals presented on the lower panel of Fig. 5. The RMS of the
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Fig. 5 CRDS spectrum of methane at a pressure of about 10 Torr around
13200 cm™t. The enlargements illustrate the dynamics achieved on the
intensity scale and the noise equivalent absorption (smin ~ 5 X
107" cm™Y). On the two lower panels, the stick spectrum provided by an
automatic multiline fitting procedure is superimposed to the spectrum and
the corresponding residuals are displayed. The weakest lines have an
intensity of a few 10728 cm per molecule.
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Fig. 6 Overview comparison of the different lines lists of methane available in the 10 500-14 000 cm™ region. The FTS and CRDS line lists retrieved in
this work (blue and green circles, respectively) are superimposed to the TheoReTS line list (available up to 13400 cm™?). The HITRAN line list is also
displayed (orange circles). The absorption coefficients at 77 K averaged over 1 cm™ interval are shown in the 10635-13300 cm™* and 13420-
14000 cm™* regions (red and purple curves, respectively). They were measured by ICLAS in ref. 34 and 35, respectively. Note the logarithmic scale used
for the line intensities (left hand) while a linear scale is used for the absorption coefficients (right hand).

residuals for the displayed spectral interval is 2 x 107'° ecm ™,

thus significantly larger than the experimental noise level.

After a manual removal of the O, lines, a total of 1792
methane lines were obtained for the 13 060-13 300 cm ™" entire
spectral range. It corresponds to a line density of about 10 lines
per cm. The weakest lines have an intensity on the order of
5 x 107%® cm per molecule, about two orders of magnitude
lower than the detectivity threshold of the KP spectrum
recorded with a ten times larger pressure. Obviously, due to
the baseline rough estimation, the intensity of weak lines has a
poor accuracy (see residuals in Fig. 5) but for the strongest lines
(intensity larger than 5 x 10>’ cm per molecule), we believe
that a 5% accuracy is a conservative estimate. The obtained line
list is provided as ESIf and included in Fig. 6 where we have
gathered the measurements available in the 10 800-14 000 cm ™
region that we will discuss in the next section.

3.2. Comparison to the TheoReTS calculated list

We have also included in Fig. 6, the TheoReTS calculated line
list>* computed by Rey et al. using variational method using an
ab initio ACV5Z dipole moment surface.>* The TheoReTS line list
is the most advanced and accurate theoretical methane available
to date. This list covers the 0-13 400 cm ™' range and is accessible
via the TheoReTS information system (https://theorets.univ-reims.fr,
https://theorets.tsu.ru). The TheoReTS line list was validated by
comparison to Titan spectra as observed by VIMS and by DISR,
respectively onboard Cassini and Huygens. It was concluded that
TheoReTS is suitable to be used for the modeling of planetary
radiative transfer and photometry, in particular because calculations
allow for accounting for the unresolved myriads of very weak lines
leading to a quasi-continuum.>

It is interesting to compare the TheoReTS integrated
intensity to the total line intensity measured by CRDS in the
13063-13298 cm™ ' interval. The sum of the experimental

This journal is © the Owner Societies 2023

intensities (2.69 x 10~>* cm per molecule) represents less than
half of the total TheoReTS intensities in the region (5.84 x
10~?** cm per molecule). This disagreement might be due to a
quasi-continuum contribution which is not accessible experi-
mentally from the recorded CRDS spectra or to an overestima-
tion of the TheoReTS intensities in the considered region of
weak absorption corresponding to the low energy range of the
transparency window between the P = 8 and P = 9 polyads
(see Fig. 6). Additional insights on the comparison between the
CRDS and TheoReTS intensities in the region are presented
below (Section 5) by considering the low resolution methane
absorption coefficients recommended in the region by
Karkoschka and Tomasko.*?

4. Review of the literature data and
comparison to the KP line list
4.1. Experimental approaches

Our search in the literature indicates that previous laboratory
investigations of the high resolution spectrum of methane
between 10800 and 14000 cm ™' are not numerous. This can
be partly explained by the weakness of the spectrum which
makes necessary to use setups providing sensitivities beyond
traditional techniques. Another factor might be the intractable
rovibrational interpretation of the spectrum in the considered
spectral region. In Table 1, the most relevant previous studies
are listed together with our present FTS and CRDS results. The
table gives for each source the used experimental techniques,
the spectral interval and the temperature conditions. In the
last column of the table, some notes indicate the most relevant
spectroscopic information provided. The pioneer study by
Vedder and Mecke (VM, hereafter) deserves a special
mention.'® In 1933, these authors used photographic plates

Phys. Chem. Chem. Phys., 2023, 25, 32778-32799 | 32783
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Table 1 Review of the most relevant high resolution studies of the ?CH, (and **CH,) absorption spectrum above 10800 cm™. The references are
grouped according to the experimental technique and for a given technique, they are ordered in increasing energy except for the studies involving jet
expansions which are grouped at the end of the table

Spectral range

(em™) Ref. Technique® T (K) Main outputs
9929-13 930 Vedder (1933)" Photographic Room Above 11030 cm ™", 366 lines with five intensity grades
plates
10635-13300  O’Brien (2002)** ICLAS Room, 77 77 K abs. coeff. at 77 K averaged over 1 cm ™ * (or 1 A) in the
10859-11780 cm ™! interval
10923-11502  HITRAN," ICLAS 296 List of 11200 lines at 296 K extrapolated from low temperature
Benner (2013)"7 recordings (see Text). Line intensities >10">" cm per molecule. Partial
rovibrational assignments
13787-13895  Singh (1994)* ICLAS 77, 296 Pressure broadening and shifts by nitrogen, hydrogen, and helium of 4
strong CH, lines
13420-14000  Singh (1995)*® ICLAS 77 13471-14 024 cm™ ': abs. coeff. averaged over 1 cm ™
13569-13915 cm™ ': 316 lines with abs. coeff. at center
13420-14000  Singh (1996)°” ICLAS 77 13471-14 024 cm ™ *: abs. coeff. averaged over 1 A
13777-13782  Campargue (1989)*> ICLAS Room
11170-11980  Kozlov (2008)*° LIGS Room e.g. Fig. 4 11480-11670
11220-11930  Kozlov (2013)*¢ LIGS 124-130, 298 Line positions and LIGS relative intensities of about 70 lines
12720-12 820 Self-broadening and self-shift coefficients for 5 lines
13720-13 800
16100-16 180
13530-13800  Sadovskii (2010)””  LIGS 124 Mostly theoretical interpretation
11200-11330 Tsukamoto (1995)"® TBMS and Stark 77 and 295 269 transitions with relative intensities
modulation 215 empirical lower state levels including 49 tetrahedral components.
11807-11927  Lucchesini (2007)*° WMDLS 294 48 lines with relative peak height
10802-11988  This work FTS 297.7 12 800 lines with intensities >5 x 10>’ cm per molecule
12 325-12 825
13502-13 922
13060-13300  This work CRDS 300 1792 lines with intensities >5 x 10~>® cm per molecule
11170-11319  Boraas (1995)> 3CH, PAS 100, room About 500 pos. with rel. int. at 100 K
~11258 Boraas (1993)*" Bolometer, Jet Vibrationally induced dipole moment from 3 lines assigned as E sym-
~11277 Stark splitting metry P2, Q2 and R2 of 3v; +v;
~11309
11220-11340 Boraas (1994)°> Bolometer, PAS 15 (jet), About 140 pos. with rel. int. in jet, some low J assignments in particular
Stark splitting 100, room E symmetry components of P2, Q2 and R2 transitions
11171-11315  Campargue (1995)** ICLAS Jet, room About 70 positions of low J transitions, 35 rel. int. and a few tentative
assignments
13702-13887 Campargue (1991)>* ICLAS Jet, room About 40 positions of low J transitions with relative intensities and a few

tentative assignments

¢ Experimental technique: ICLAS: intracavity laser absorption spectroscopy, WMDLS: wavelength modulation diode laser spectroscopy,
PAS: photoacoustic spectroscopy, LIGS: laser-induced grating spectroscopy, TBMS: tone-burst modulation spectroscopy.

with exposure times of up to 12 hours, pathlengths of 20 m and
pressures up to 5 atm to record the methane spectrum dis-
persed by a high resolution spectrograph. About 360 line
positions were reported between 11029 and 13930 cm
together with a grade from 0 to 4, increasing with their
estimated relative intensities. In the following we will illustrate
the good quality of this early list below 12 000 cm™". At higher
energy, its quality degrades.

Except VM data and the present KP spectrum recorded by
Fourier transform spectroscopy, all the other experimental
approaches are laser-based: ICLAS, wavelength modulation
diode laser spectroscopy (WMDLS), photoacoustic spectroscopy
(PAS) and laser-induced grating spectroscopy (LIGS).

Most of the previous quantitative measurements were per-
formed in the group of J. O’Brien at the University of Missouri,
St. Louis by ICLAS.**” ICLAS is a quantitative technique based
on the high sensitivity of a broad-band highly multimode laser
to losses induced by a gas absorber placed inside the laser
cavity.>® The broad band laser emission is spectrally dispersed
by a high resolution grating spectrograph and time resolved.

32784 | Phys. Chem. Chem. Phys., 2023, 25, 32778-32799

This technique is quantitative in the sense that it provides
absolute absorption coefficients with no need for calibration.****
Indeed, ICLAS is equivalent to classical absorption with an
equivalent absorption pathlength, l.q, given by the delay between
the beginning of the laser generation and the recording time
(called generation time, t,) multiplied by the light velocity and
pondered by the occupation ratio of the laser cavity by the cell
(typically 50%). Typical values of the generation time are
100 ps, leading to lq = 15 km. A noise equivalent absorption
tmin & 107° cm™" can be achieved allowing for detection of lines
with intensity below 10™>” cm per molecule.*® The multimode
lasers suitable for ICLAS recordings in the considered region are
Ti:sapphire laser** and dye lasers,*>*** usually pumped by an
argon laser. The ICLAS technique has the advantage to allow for
low temperature recordings when combined with a cryogenic
cell,***® or with a slit jet gas expansion.****

The laser-induced grating spectroscopy technique is a highly
sensitive non-linear absorption technique which was applied to
methane over large spectral ranges.*>*” The principles of LIGS
in molecular gases are presented in.*>** Resonant excitation of
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molecules in the interference region of two nanosecond pulsed
laser beams produces a spatially periodic variation of the
population of the energy levels involved. The resulting modula-
tion of the refractive index is detected using a probe beam.
In the LIGS recordings of CH, spectra reported in ref. 45-47,
the pump and probe lasers were dye lasers pumped by a
Nd:YAG laser and an argon laser, respectively.

The photoacoustic and wavelength modulation techniques,
also used for methane spectroscopy (Table 1), are well known
techniques which will not be detailed here. Let us nevertheless
mention the tone-burst modulation spectroscopy (TBMS)
method®® implemented by Tsukamoto and Sasada for high
sensitivity methane spectroscopy with a Ti:sapphire laser.*®"°
This technique is a type of frequency modulation spectroscopy
which relies on the difference between the radiation power
transmitted through the absorption cell with and without
modulation of the laser radiation. This difference which is
phase-sensitively detected provides the methane spectrum.

Regarding the temperature conditions of the recordings,
methane has a relatively high saturation pressure of about
10 Torr at liquid nitrogen temperature (77 K) which allows for
low temperature recordings of particular interest for planetary
applications. The temperature dependence of the methane
spectrum at high resolution is considerable (see e.g. Fig. 2 of
ref. 57 or the movie attached to ref. 58) and a drastic simplifica-
tion of the spectrum can be achieved by rotational cooling in jet
expansions. In our region of interest, this method was applied
to methane in the four last studies of Table 1 which will be
discussed below.

Let us now consider the methane spectra obtained in the
different studies.

4.2. WMDLS between 11807 and 11927 cm ™" (ref. 49)

Lucchesini et al. used wavelength modulation diode laser
spectroscopy combined to a multipass Herriott-type cell
(L = 30 m) to measure 48 methane lines around 11850 cm .
The v; + 3v; band is predicted to be the dominant band of the
region. The line centers were given with a 0.01 cm™" accuracy
together with the cross section values at the line centers.
Collisional broadening and shift coefficients for different per-
turbing gases were reported for seven of the most intense lines.
The superposition of out KP line list with the WMDLS line list
(Fig. 7) indicates that only part of the lines located in the
studied interval was measured. Line positions were found
generally underestimated from our measurements by up to
1 em™'. The comparison to the TheoReTS stick spectrum
displayed on the lower panel of Fig. 7 illustrates the level of
agreement between experiment and theory. A clear correlation
is observed for the general appearance of the spectrum and for
some of the strongest lines. For these last, the TheoReTS

positions deviate by up to 2 em ™.

4.3 LIGS between 11807 and 11927 cm " (ref. 45-47)

In,* the LIGS spectrum of methane was measured between
11170 and 11980 cm ™' using a narrow-band dye laser Raman-
shifted by using a high pressure hydrogen cell. The ambient
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red sticks in the middle panel, respectively) and the TheoReTS line list®
(lower panel).

temperature spectra were recorded at pressures ranging from
0.2 to 4 bar and minimum values of the cross-sections as low as
1072° em® per molecule were reported. The obtained high
resolution spectra were observed to depend strongly on the
pressure. According to Fig. 2, 4 and 6 of ref. 45, at the lowest
pressure values of the recordings (0.3 and 0.6 bar), the reported
LIGS spectra show a similar sensitivity than the above-analyzed
KP spectrum. In their following contribution, Kozlov et al.
extended the LIGS recordings at low temperatures (124-150 K)
and higher energies including the regions around 12700,
13750 and 16150 cm™ " using different dye lasers.*® A visual
comparison of the LIGS spectrum near 13750 cm ™" (Fig. 7 in
ref. 46) to the KP spectrum shows a good agreement and
indicates that the LIGS spectrum has a significantly better
sensitivity (about one order of magnitude). The situation in
the weaker absorbing 12400-12900 cm™ " region is puzzling.
According to Fig. 6 of ref. 46, the LIGS methane spectrum
is considerably weaker below than above 12700 cm™'. This
observation is in contradiction with both the KP and ICLAS
spectra (see Fig. 6 in ref. 34) and the TheoReTS predictions for
which similar absorption extends from 12500 to 12900 cm ™'
(see Fig. 6). We could not find correlation between the KP
spectrum and the LIGS spectrum above 12700 cm™ ' or the
seven lines listed in Table 2 of ref. 46. We thus believe that
there was some experimental issue in the LIGS recordings in
that particular region. Let us mention that theoretical develop-
ments towards the assignment of the high overtone transitions
detected by LIGS near 13 750 and 16 150 cm ™" were presented
in ref. 47. The involved upper vibrational states belong to the
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P =10 and 12 polyads, respectively, for which the traditional
normal mode assignment was found questionable at this high
level of excitation.

4.4. ICLAS from 10600 to 13300 cm ™" (ref. 34-37)

The ICLAS technique is a powerful technique which was at the
state-of-the-art of high sensitivity absorption techniques in the
90’s, before the development of the CRDS technique. The group
of Prof. O’Brien devoted important efforts to ICLAS of methane
in the 10 600-14 000 cm™ " spectral range using Ti:sapphire and
dye lasers.>*” Absorption path lengths equivalent to several
tens km were currently achieved, providing a sensitivity
allowing for recordings at low pressure (1-10 Torr). High
resolution spectra were recorded with the help of a grating
spectrograph dispersing the laser spectrum (resolving power of
~500 000 leading to a width of the apparatus function compar-
able to the width of the Doppler width of the absorption lines).
This spectral resolution allowed for the determination of the
pressure-broadening and line-shift coefficients of some
methane lines near 727 nm.*® In addition, the combination
with a cryogenic cell allowed for ICLAS of methane at liquid
nitrogen temperature (77 K). For all these technical advantages,
the ICLAS measurements of methane performed by O’Brien
et al. remain today at the state-of-the-art in the considered
spectral region.

A general overview of the ICLAS recordings can be found in
ref. 34. In this reference, the absorption coefficients at 77 K
averaged over 1 A and 1 ecm™ intervals are provided for the
10859-11780 cm ™' region. Similar average values are given in
ref. 35 and 37 in the region of the 727 nm band (13476~
14028 cm™'). For comparison to our line lists, the ICLAS
average absorption coefficients are displayed on Fig. 6. To the
best of our knowledge, the only ICLAS line list published by
O’Brien et al. is a peak list at 77 K for the strongest lines
between 13569 and 13915 cm™ " (316 lines in total).*® The
overview comparison of this low temperature list to our KP list
at 297 K is presented in Fig. 8. The position agreement is found
very good, on the order of a few 1072 cm™" for the strongest
lines providing a cross validation of the frequency calibration of
the KP and ICLAS spectra (a conservative value of +0.02 cm™*
was attached to the ICLAS position values®®). As expected, line
intensities differ due to the variation of the Boltzmann factor
which rules the temperature dependence of the intensities. We
tried to combine the ICLAS 77 K peak list and our room
temperature KP line list in order to apply the 2T-method>®
and derive lower state energy levels, Ej,, of the transitions in
common in the two datasets. Unfortunately, we did not obtain
convincing results. The derived E), values did not show a clear
propensity to be close to BJ(J + 1) values with B, ~ 5.24 cm ™.
The lack of accuracy of the measured intensity values and the
too small number of transitions in common (24) are probably
responsible of this failure.

4.5. The region of the 3v; + v; band

The 3v; + v; manifold around 11280 cm ™" corresponding to the
strongest absorption above 10 800 cm ™" has been the subject of
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cm™ and the corresponding KP line list obtained in this work at room
temperature (upper panel, blue) and to the peak list obtained by ICLAS of
methane rotationally cooled in a slit jet expansion®® (lower panel, green).

dedicated studies which are presented in this paragraph and in
the next one (bulk samples and molecular beam studies,
respectively).

4.5(a) ICLAS from 10923 to 11502 cm " included in the
HITRAN database’’. Since its 2012 edition, the HITRAN data-
base provides a line list for methane around 11250 cm *.*®
This list relies on ICLAS measurements from O’Brien group (see
ref. 34) but unfortunately, the paper'’ quoted as HITRAN
source of the HITRAN methane list in the region was not
published. Some details on the experimental conditions of
the recordings can be found in ref. 13: the ICLAS spectra
were recorded at low temperature (99-161 K), low pressure
(0.12-7.13 Torr or 16-950 Pa) with equivalent absorption path-
length between 3.14 and 5.65 km and a high spectral resolution
(0.01 em™"). Over 11200 line positions, intensities and lower
state energies, Ejow, were derived using the multispectrum non-
linear least squares fitting program developed by Benner et al.®>

Let us recall that the resulting HITRAN list (included in
Fig. 1 and 6) is given at the HITRAN reference temperature of
296 K. The intensity values at 296 K thus result from an
extrapolation of the low temperature ICLAS intensities using
the derived empirical Ej,, values. A direct comparison between
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the room temperature KP spectrum and a spectrum simulated
using the HITRAN line list provides an interesting validation
test (Fig. 9). Overall, the agreement is excellent but some
significant residuals are nevertheless observed (middle panel
of Fig. 9). For instance, a strong line at 11312.745 cm '
showing a large intensity deviation is highlighted on the lower
panel of Fig. 9 (HITRAN and KP intensities at 296 K are 4.47 X
107%* and 1.14 x 10~ ** ¢cm per molecule, respectively). The
comparison to the TBMS results at 77 K presented in Section
4.5(b)*® confirms that HITRAN intensity value of this line is
inaccurate. A rough scaling of the relative intensities reported
in ref. 48 (see Fig. 11 below) leads to an HITRAN/TBMS intensity
ratio of about 3.0 to be compared to a factor of 3.9 for the
HITRAN/KP intensity ratio. Note that the HITRAN lower state,
62.87 cm ' corresponding to Ji,, = 3 agrees with the R(3)
assignment reported by Tsukamoto and Sasada, confirming
that the temperature extrapolation at 296 K is not responsible
of the overestimation of HITRAN intensity value.

Although limited, the deviations between the KP spectrum
and the HITRAN simulation motivated us to retrieve the room

11000 11200 11400

Exp. - Sim. (10“ cm™)  Absorption coefficient (10 cm™)

L Experiment /

This work /
— HITRAN2020

Abs. coeff. (104 cm™)

11312.0

11312.5 11313.0
Wavenumber (cm™)

11313.5

Fig. 9 Upper panel: FTS Kitt Peak spectrum between 10 900 and 11500 cm™.
Middle panel: Differences between the FTS spectrum and simulations based on
the KP line list obtained in this work and the HITRAN line list (red and blue,
respectively). Lower panel: Enlargement near 11313 cm™* showing a line with
overestimated HITRAN intensity.®
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temperature line parameters from the KP spectrum (see above
Section 2). The KP and HITRAN lists are superimposed in Fig. 6.
In the 10923-11502 cm™* region of the HITRAN list,"” our list
includes 7850 lines while HITRAN list have 11242 entries.
Nevertheless, the sums of the KP and HITRAN line intensities
in the region differ by no more than 5% (1.527 x 10~ >! and
1.448 x 10~>' cm per molecule, respectively). Compared to the
KP spectrum, the lower pressure of the ICLAS recordings (a few
Torr compared to 99.8 Torr) and the lowest temperatures have
made possible to resolve a number of blended features which
were fitted as single lines in the KP spectrum analysis.
In addition, on the edges of the considered region, many weak
lines below the detectivity threshold of the KP spectrum were
detected by ICLAS. The detection of these weak lines in spectra
recorded at much lower pressure illustrates the sensitivity of
the ICLAS technique. Note that at low temperature, the line
intensity of transitions from low J states is increased by no
more than a factor 7 (for / = 0 and a temperature decrease from
296 to 80 K) while for transitions from J > 10 states, the line
intensities are decreased by more than two order of magnitude
(see Fig. 8 in ref. 63). This could lead to some high J lines
missing in the HITRAN list elaborated from low temperature
recordings (obviously, hot band transitions are absent). Never-
theless, as recommended line list in the region, we would
suggest to correct the HITRAN intensity values of the small
number of problematic transitions better than adopting our KP
list. Indeed, the higher sensitivity of the ICLAS method and
lower pressure of the ICLAS recordings combined with a robust
multispectrum treatment of the spectra are supposed to pro-
vide better experimental results than the analyzed KP spectrum
at about 100 Torr.

In tribute to the pioneer methane recordings by Vedder and
Mecke in the region,'® we present in Fig. 10, a comparison of their
peak list to our KP list and to HITRAN list in the 11 220-11320 cm ™"
interval. An obvious coincidence is observed for the strongest lines
with position differences limited to a few tenths cm ™. Similar level
of agreement is noted for the strongest lines up to 12000 cm™* but
the situation degrades for the ten of lines and the about 70 lines
reported near 12 800 and 13 800 cm™ ', respectively.

4.5(b) Tone-burst modulation spectroscopy from 11200 to
11330 cm " (ref. 48). In 1995, Tsukamoto and Sasada used a
Ti:sapphire laser to perform tone-burst modulation spectro-
scopy (TBMS) of methane at 77 K and 295 K in the region of the
3v, + v; band. These authors measured 269 transitions at 77 K
and 295 K. By applying the 2T-method, they derived empirical
lower state energy value and corresponding rotational quantum
number, J”. This information combined with Stark modulation
spectra at room temperature allowed them to assign 215 of the
269 measured transitions, with respect to J”, of which 49 were
identified up to their tetrahedral components. Tsukamoto and
Sasada provided relative intensities of the CH, lines measured
at 77 K. The comparison to the HITRAN line list extrapolated
at the same temperature (Fig. 11) shows a very good agreement
for line positions (differences of a few 107> cm™" at most).
On Fig. 11, the TBMS relative line intensities were roughly
scaled by comparison to HITRAN values. An overall good intensity

Phys. Chem. Chem. Phys., 2023, 25, 32778-32799 | 32787


https://doi.org/10.1039/d3cp02385k

Published on 14 November 2023. Downloaded by University of Athens on 12/15/2023 4:08:27 PM.

PCCP

Vedder&Mecke1933

Intensity grade
d

O‘IHHIT il n‘m,mrmn hm.m‘ Jﬁmﬂﬁm HHv

—~ 10
>3 HITRAN2020 296 K
3 O
S o
Eé 05
2.0
-
o
< 116
0.0
@ 1.0
2 3 This work 297.7 K
o @
s g
£ & 054
o §
Lo
=)
~ 0.0
300
- Boraas et al.
S 200 jet conditions T _= 15K
©
>
@ 100
=
: b Ll |
£ Ll ‘ iode | osedbdl Lo llld. Lal
T 10 ' ' ' ‘
=3 TheoReTS 296 K
= 0O
o Q@
c
8 g os
c =
o §
€ o
o
o o0
= 11220 11240 11260 11280 11300 11320

Wavenumber (cm™)

Fig. 10 Comparison of different stick spectra of methane in the region of
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Vedder and Mecke,'® HITRAN list at 296 K,'® FTS line list at 297.7 K derived
in this work from the KP spectrum, jet spectrum at a rotational tempera-
ture of 15 K reported in ref. 50, TheoReTS line list at 296 K.

agreement is achieved. The TBMS intensities show nevertheless a
number of deviations by up to 50%. We estimate the detectivity
threshold of the TBMS spectrum to be around 2 x 10> cm per
molecule at 77 K ie. between one and two orders of magnitude
above that of the HITRAN and KP lists. We have included the
TheoReTS line list at 77 K on the lower panel of Fig. 11. Due to the
simplification of the spectrum by rotational cooling, the corre-
spondence between the experimental and TheoReTS transitions is
obvious for a few strong lines, significantly easier than at room
temperature (Fig. 10). As an example, the strongest line at
11284.6114 cm™ ' (2.78 x 10>* cm per molecule at 77 K) which
is assigned as R(0) Al corresponds to the TheoReTS line at
11286.572 cm™ ' (3.74 x 10 >* cm per molecule at 77 K).

1

4.6. Jet cooled spectroscopy in the 11170-11340 cm™ ~ and

13702-13 887 cm ' regions**°17>3

As shown above, rotational cooling is an efficient way to reduce
the spectral congestion in order to identify the transitions from
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Fig. 11 Comparison of the methane spectrum at 77 K obtained by tone-
burst modulation spectroscopy (cyan dots)*® to the corresponding
HITRAN list at 77 K (orange circles)®® in the region of the 3v; + vz band,
between 11240 and 11320 cm™. The corresponding TheoReTS line list at
77 K is displayed on the lower panel.

the lowest rotational levels. Due to a high saturation pressure at
low temperature (a few Torr around 80 K), direct absorption
spectroscopy of methane cooled in cryogenic cells has been
widely used in the infrared and in the near infrared.>*>7->8:6463
Above 10000 cm ™, bulk gas cooling was combined with the
above described high sensitivity methods (LIGS, ICLAS, TBMS)
but, as a result of the increased spectral congestion, an even
more drastic simplification is suitable to help for an interpreta-
tion of the spectrum. Rotational temperatures below 20 K can
be achieved by using jet expansions. The short pathlength
allowed by the jet expansions is a strong limitation for direct
absorption, even when slit jets are used. FTS spectroscopy of jet
cooled methane is thus mostly limited to the infrared or near
infrared.®®"®® Above 10 000 cm™*, to the best of our knowledge,
jet-cooled spectroscopy of methane was performed only in the
region of the 3v; + v; band around 11280 cm™'***"3? and in
the region of the 4v; + v; band around 13 800 cm
et al. used a bolometer to measure the internal energy of jet
cooled CH, molecules excited by a Ti:sapphire laser down-
stream a 200 pm diameter nozzle. Campargue et al. inserted a
slit jet expansion in a dye laser®® or a Ti:sapphire laser*® for
ICLAS. In order to increase the occupation ratio of the laser
cavity by the slit jet expansion, a 24 cm long slit jet was used
providing equivalent absorption pathlength of 8 km through
the rotationally cooled molecules.”® The different studies used
the temperature dependence of the line intensity to assign the low
rotational levels. The level of methane dilution, the nature of the
career gas and the stagnation pressure were used to vary the

~1.33 Boraas

rotational temperature in the gas expansion. In addition, molecular
beam Stark spectroscopy was used by Boraas et al. to assign the
E-symmetry components of the R(2), P(2), and Q(2) transitions.> It
is worth recalling that, due to the conservation of the nuclear spin
symmetry in a jet expansion of methane, the relative population
corresponding to the (4,E,F) spin symmetry is maintained at very
low temperature.®” As a result, at the low rotational temperature
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limit (about 15 K in ref. 52), the population is not concentrated in
the J = 0 rotational level but distributed to the lowest rotational
levels associated with each spin symmetry ie. on the (J = 0, A1),
(J =1, F1), and (J = 2, E) rotational levels, with relative weights
corresponding to the room temperature values.®**

Boraas et al. measured about 140 line positions between
11220 and 11340 cm ™' with corresponding relative intensities
and provided J < 2 rotational assignments for about 30 of them
on the basis of the temperature dependence and Stark
information.>” The comparison of the line positions to HITRAN
values shows an agreement within 0.01 cm ™" (see Fig. 10). The
rotational assignments were found mostly identical except for a
few transitions. For instance, the transition at 11 290.715 cm ™"
is assigned to R(0) by Boraas et al. while HITRAN lower state
J value is 2. The R(0) assignment is also that given by Tsuka-
moto and Sasada by TBMS.*®

Although only the 3v; + v; band is supposed to bring the
intensity in the region, rovibrational coupling to a number of
nearby dark states makes the interpretation of the spectrum
complicated, even at low temperature.*® Speculations on the
different vibrational bands contributing to the spectrum in the
region were presented in.***> Such discussion could now be
reconsidered on the basis of the TheoReTS line list in the
region (see Fig. 10 and 11).

Regarding the 13 800 cm ™" region, a drastic reduction of the
spectral congestion was achieved by ICLAS using a 3 cm long
slit jet expansion of pure methane with a stagnation pressure of
4 bars and an equivalent absorption path length of 800 m.>?
About 40 positions of low J transitions were reported with
relative intensities and ten J < 2 tentative assignments of three
bands were suggested. The ICLAS-jet list is presented in the
lower panel of Fig. 8 for comparison to the ICLAS-77K list
(middle panel)** and KP-296 K list obtained in this work (upper
panel). No TheoReTS line list is available in this range and the
interpretation of the experimental data available in this region
appears to be particularly challenging.

4.7. Minor isotopologues

BCH,. The T4 symmetry being preserved and isotopic shift
of the normal mode frequencies being limited to a few wave-
numbers, overall, the *C — 'C isotopic substitution of the
central carbon atom induces minor changes in the vibrational
pattern.”””" The *CH, and "CH, strong absorption regions
thus mostly coincide but, in natural methane, **CH, bands are
typically 100 times weaker as their intensities scale according to
the isotopic abundance factor (1.1%). In absence of recordings
performed with "*CH, enriched sample, *CH, lines are included
in the retrieved empirical line lists but remain unidentified.

In the 10800-14000 cm ' region under consideration,
experimental data relative to "*CH, are limited to two studies:
(i) about 300 *CH, lines identified in the HITRAN list between
11170 and 11320 cm "7 As mentioned above, the paper
describing the origin of the HITRAN list in this region remains
unpublished and we do not know how the "*CHj, lines were
identified in the ICLAS spectra of natural methane, (ii) Boraas
et al. dedicated a specific study to the ">*CH, isotopologue in the
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region of the 3v; + v; band around 11280 cm™'.>° Photoacous-
tic spectra of "*CH, were recorded at 100 K and 293 K and a
peak list of 561 lines was constructed from the 100 K spectrum.
This list might have been used to identify "*CH, transitions in
the ICLAS line list of natural methane provided in the HITRAN
database. The 3v; + v; band of **CH, was observed shifted with
respect to that of the ?CH, isotopologue by 30.55 cm ™" but the
rotational structure is completely different.>

We have examined the Kitt Peak archives and did not find
FTS spectra of the ">CH, isotopologue in our region of interest.
The TheoReTS line list of "*CH, has been calculated in a similar way
as for the main isotopologue and is available up to 13400 cm™ "

Deuterated methane. The substitution of one or several
hydrogen atoms by deuterium leads to drastic changes in some
vibrational frequencies and a change of the symmetry group
(Csy for CH3D and CHD3, C,, for CH,D,). As a result, although
the strongest bands remain those involving the CH stretching
mode, the absorption spectrum of deuterated methane shows
important differences compared to those of the CH, species.

CH;D. In spite of a relative abundance limited to 5 x 10~
the knowledge of the methyl deuteride spectrum is relevant
for planetary applications as the CH;D detection may give
access to the D/H abundance ratio. Due to important isotopic
shifts, strong CH;D bands may be located in CH, transparency
windows. In the region of these CH;D bands, the CH;D relative
contribution to the methane absorption is much higher than
the CH;D isotopic abundance and may even dominate in some
specific spectral intervals (see for instance®*®>7* for a discus-
sion of the importance of the CH;D absorption in the 1.58 pm
methane transparency window). This planetary interest has
motivated pioneer works in our region starting with the record-
ings using photographic plates obtained by Bardwell and
Herzberg.”? Using a 1 atm pressure of CH;D and an 88 m
absorption pathlength, these authors estimated eight band
centers in our region dominated by the AV = 4 and AVey =
5 bands near 11280 and 13 753 cm™ *. In 1977, using the same
method but with a higher resolution spectrograph, Danehy
et al. resolved the J rotational structure of the band centered
at 11931.13 cm™ ' (and of two other bands below our region, at
9389.9 and 10405 cm™').”* Later, intracavity photoacoustic
spectroscopy at 100 K allowed to resolve and partly assign the
K-subband structure of this band which shows a mostly regular
appearance.”” In their work, Lin et al. reported measured line
positions for the band centered at 11931.13 cm ™" and men-
tioned three other bands at 11 019, 11 181 and 11 288 cm ™ with
highly congested rotational structure. We note some similarity
in the general appearance of the AVqy = 4 bands in CH3;D and
CH,: the most excited AVqy = 4 band, namely v, + 3v; near
11880 cm ™' for CH, (Fig. 7), appears to be the most isolated
(i.e. the least perturbed).

A general overview of the medium resolution absorption
spectrum of CHZD in the 11000-11500 cm ' and 13 500-
14000 cm ™ intervals can be found in.”® The spectrum in the
former interval was recorded by FTS with a pressure of 298 Torr
and a path length of 7 m. The spectra in the latter interval
corresponding to AVey = 5 bands were recorded by phase shift
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cavity ring down at 297 and 125 K. Although the spectral
resolution was insufficient to extract line list, integrated
cross-sections were determined in the two regions.”®

In summary, high resolution data of CH;D in our region
are mostly limited to the 11931 cm™" band analyzed in.”
As it mostly coincides with the v; + 3v; band of CH, near
11880 cm ™', this band is not particularly favorable to be used
for CH;D detection in planetary spectra.

CH,D,. To the best of our knowledge, no high resolution
experimental data are available for the CH,D, isotopologue in
our region of interest. The most relevant data are low resolution
spectra in the region of the AVgy = 5 manifold (13 300-14 300 cm ™)
recorded by photoacoustic spectroscopy at room temperature’” and
phase shift cavity ring down at 297 and 125 K.”® The strongest peak
near 13784 cm ' is accompanied by a few combination bands
which were tentatively assigned.

CHD;. In spite of its limited interest for atmospheric appli-
cations, the visible spectrum of the CHD; isotopologue has been
extensively studied up to 18500 cm ', in particular in our
laboratory.”®®® The main reason of these extended investigations
is related to the fact that the dominant bands of this Cj,
symmetric top isotopologue are regular up to a high energy and
show a well resolved rotational structure which can be easily
assigned. This matter of fact is related to the single CH bond
which makes the CH stretching mode isolated from the other
vibrational modes except for a strong coupling with the v, CHD
bending mode.®" The latter having a frequency of about half that
of the CH stretching frequency, the coupling between vibrational
states with the same N = v, + v,/2 polyad number is very efficient
and the oscillator strength brought by the CH stretching mode is
redistributed over the vibrational states with the same N value. As
a result of this anharmonic interaction, a series of 2N + 1 bands is
observed for each N value. Vibrational bands with upper states in
the N = 3.5, 4 and 4.5 polyads fall in the 10800-14000 cm "
region. They have been extensively studied by FTS®! and by
ICLAS,**®" leading to interesting studies of the dynamics and
intramolecular vibrational relaxation processes.®%¢~8%

5. Low resolution simulations,
comparison to band models

As mentioned in the introduction, the knowledge of methane
absorption spectrum is necessary to analyse planetary data in
particular to evaluate the heat balance in the atmospheres of
the outer planets and Titan. At high energies, in absence of line
lists of methane transitions with known temperature depen-
dence of their intensities, astronomers have adopted a prag-
matic approach and use an empirical modelling of low
resolution methane spectra.’**>°° Karkoschka and Tomasko
(KT hereafter) have combined datasets from eight laboratory
measurements recorded in a large variety of temperature con-
ditions and measurements from space (Titan’s atmosphere
spectrum by the Huygens probe, Jupiter spectrum by the
Hubble Space Telescope) to provide reliable methane absorp-
tion coefficients in the wide 1800-25 000 cm ™' range at three
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temperatures (100, 198 and 296 K).** Bowles et al. derived
methane absorption coefficients and the modelling of their T
dependence in the 9000-14 000 cm " range on the basis of a
series of FTS spectra measured at the Rutherford Appleton
Laboratory (UK) over a wide range of pressures (38 mbar to
5 bar), temperatures (100-298 K) and path lengths (14.4-19.3 m).*
The spectra were recorded at a medium resolution of 0.12 cm™*
and then averaged to 10 cm ™.

For comparison purpose to the KT and Bowles absorption
coefficients, low resolution spectra were simulated using the
FTS and CRDS line lists obtained in this work and using the
TheoReTS calculated line list. Absorption coefficients at 296 K
(in km™" amagat™' = 3.25 x 107> cm per molecule) were
obtained by convolution of the line lists by a Gaussian “appa-
ratus function” with full-width at half medium of 5 cm™". The
overview of the comparison is presented in Fig. 12. For
the present experimental data, we have displayed both the
simulations limited to the lines and the sum of the line and
“continuum” absorption. At the logarithmic scale of the plot,
the overall agreement appears to be satisfactory but several
observations deserve to be mentioned: (i) in the high energy
region, above 12000 cm ™", our FTS line list represents only a
small fraction of the methane absorption, probably due to both
the insufficient sensitivity of the analysed KP spectrum and the
importance of the unresolved background continuum (ii) in the
region around 13 800 cm !, by adding the (dominant) contri-
bution of the experimentally determined “continuum” to the
line absorption, the total absorption is found in very good
agreement with both KT and TheoReTs absorption coefficients,
(iii) the absorption coefficients reported by Bowles et al. appear
to be significantly overestimated over the whole spectral range.
The overestimation is on the order of 50% near 11200 cm ™" but
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U] = TheoReTS
. Kitt Peak (lines)
. — Kitt Peak (lines+"continuum")
= — CRDS
»° ¢ Bowles etal. 2012
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o
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Fig. 12 Comparison of the methane absorption coefficients obtained by
Karkoschka and Tomasko™® (red line) and Bowles et al.°° (grey dots) to low
resolution simulations obtained from the >CH, TheoReTS line list (black),
from the line list retrieved from the present analysis of the Kitt Peak FTS
spectrum of natural methane (dashed cyan) and from the present CRDS list
of natural methane near 13200 cm~. Around 11200 and 13800 cm™? an
absorption “continuum” was retrieved from the Kitt Peak spectrum and
added to the absorption of the lines leading to the total absorption
(solid blue).
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increases up to 100% near 11600 cm™'. A similar observation
was noted in the 9028-10435 cm ™' range.'®

In Fig. 13, we compare in more details low resolution
simulations in the absorption region of the 3v; + v; band
around 11220 cm™'. In this region, the “continuum’ absorp-
tion retrieved from the KP spectrum represents about half of
the lines absorption (lower panel of Fig. 13). The obtained total
KP absorption nicely agrees with KT absorption coefficients.
It seems that TheoReTS absorption is overestimated in the low
and high energy edges of the displayed absorption region
(where KT and KP absorptions coincide). On the lower panel
of Fig. 13, a low resolution simulation based on the HITRAN list
is superimposed and found in good agreement with the KP
absorption limited to the lines. Thus the HITRAN list does not
account for the “continuum” part of the absorption in this
region. This is understandable because, as explained above,

=i arkoschka&Tomasko2010
———TheoReTS

-This work (lines+"contiuum")
Bowles et al. 2012

N
o

20

\

Absorption coefficient (km'1amagat'1)

11200
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-HITRAN2020
This work:
= lines
= |ines+"contiuum"
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Absorption coefficient (km'amagat™)

0 =
1

11200

Wavenumber (cm™)

Fig. 13 Comparison of low resolution methane absorption coefficients
near 11220 cm™ corresponding to the region of the 3v; + vs band. On the
upper panel, absorption coefficients by Karkoschka and Tomasko®® (red
line) and Bowles et al°® (grey dots) are compared to low resolution
simulations obtained from the 2CH,4 TheoReTS line list>* (black) and from
the analysis of the Kitt Peak FTS spectrum of natural methane (blue). The
latter includes both the absorption of the lines and the absorption “con-
tinuum” which are separated on the lower panel (dashed pattern and cyan
background, respectively). The low resolution simulation obtained using
the HITRAN2020 list of methane is also included on the lower panel (solid
orange line).
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Fig. 14 Comparison of low resolution methane absorption coefficients
near 13200 cm™: absorption coefficients by Karkoschka and Tomasko®®
(red line) are compared to low resolution simulations obtained from the
12CH,4 TheoReTS line list®* (black) and from the line list retrieved in this
work from CRDS spectra between 13063 and 13298 cm™1.

the HITRAN line list is the result of an extrapolation at 296 K of
line lists retrieved from low temperature ICLAS spectra.'®'”
At least, part of the “continuum” is due to the superposition of
weak lines from high J levels or hot bands which are not
observed at low temperature but show up at 296 K. Another
possible reason is that the derivation of continua from ICLAS
spectra is challenging as the baseline of the ICLAS spectra
is usually only a few tens cm ™" wide with a shape fixed by the
broad band multimode laser emission (a Ti:sapphire in the
present case).*®

The TheoReTS absorption seems to be also overestimated in
the region of very low absorption measured by CRDS around
13250 cm ' (Fig. 14). A possible impact of the “continuum”
has to be ruled out as in principle, the “continuum” is included
in the KT absorption coefficients. On the contrary, around
13100 cm™ ", the CRDS absorption is about half the KT and
TheoReTS absorptions. The “continuum” which could not be
evaluated from our CRDS measurements might be responsible
of this missing absorption. Let us recall that the CRDS and
KT methane absorptions include the contribution of all the
isotopologues while the considered TheoReTS list is limited
to >CH,.

6. Conclusion and perspectives

As mentioned in the introduction, the complexity of the methane
spectrum in the visible range results from strong rovibrational
interactions within vibrational polyads whose size dramatically
increases with energy. The overview presented in Fig. 15 indicates
that the presently considered 10800-14000 cm ' region corre-
sponds to the P = 8-10 polyads (namely pentacontakaipentad,
heptacontad and enneacontakaihenad, involving 996, 1746 and
2954 sublevels, respectively'®). The vibrational mixing at this high
energy is such that the normal mode labeling of the vibrational
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Fig. 15 The methane absorption in the 5000-16 000 cm ™ region. Overview comparison of the absorption coefficients by Karkoschka and Tomasko®*
(red line) to the HITRAN line list (orange circles) and the line lists obtained in this work: Kitt Peak FTS data and CRDS data (blue and green dots,
respectively). The polyad number P = 2(V; + V) + V5 + V4 is indicated together with the most probable assignment of the dominant band (v, stands for

both bending modes, 1, and vy).

bands should be used with much caution.”” Nevertheless, as a
rule, in each polyad, the dominant bands are expected to corre-
spond to upper vibrational states involving the maximum stretch-
ing excitation (bright states). Due to a difference of about 100 cm ™"
of the v; and v; stretching frequencies (2916 and 3019 cm ™,
respectively), at high energy, the energy separation between the
different stretching bands of a given polyad increases, reducing
the overlapping of their rotational structure. Consequently, their
unperturbed rotational structure may be partly preserved. For
instance, the 3v; band at the high energy range of the P = 6 polyad
near 9046 cm ™', shows a PQR rotational structure very similar to
that of the v; fundamental band.'®*" In our spectral region, the
absorption associated to the three purely stretching bands of the
P =8 polyad - 3v; +v3, 2v; + 2v; and v; + 3v; - can be easily located
near 11280, 11550 and 11880 cm ™' (Fig. 15). As reviewed above,
the region of the 3v; +v; band corresponding to the strongest band
system region has been studied using different experimental
approaches (see Table 1): ICLAS, TBMS, PAS at room and
low temperature, Stark spectroscopy, rotational cooling in
molecular beam. As a result, this band system is the only one
for which a significant number of transitions has been rota-
tionally assigned'”*®>* but the identification of the different
vibrational bands contributing to the spectrum remains an
open issue.

In the case of the v; + 3v; band presented in Fig. 7, the
general appearance of the TheoReTS predictions seems in
better agreement with the observations than in the region of
the 3v; + v; band (Fig. 10 and 11). In particular, the positions
and intensities of the strongest lines at 11915.2909 and
1197.906 cm ' are in relatively good coincidence with
TheoReTS counterparts at 11916.7887 and 11928.7212 cm™ ",
respectively, (position differences on the order of 1.4 cm™').
The lower state energy value provided in the TheoReTS line list

32792 | Phys. Chem. Chem. Phys., 2023, 25, 32778-32799

allows us to propose a R(2) and R(3) assignment for these two
transitions, respectively. Such examples of rovibrational assign-
ments by direct comparison to the TheoReTS list are extremely
scarce. The systematic rovibrational assignment of the experi-
mental lists based on TheoReTS predictions supplemented by
effective Hamiltonian modeling was performed up to the icosad
(P = 5)" but seems presently out of reach in our region.
An additional difficulty in the case of the CH, molecule is the
limited possibility to use lower state combination difference
relations to validate and propagate rovibrational assignments.

The completeness of the theoretical line lists which inher-
ently include the temperature dependence of the calculated
intensity is a unique advantage for application to low resolution
spectra or radiative transfer calculations but, the present accu-
racy of state-of-the-art theoretical calculations is not sufficient
for applications to the analysis of spectra of exoplanetary
atmospheres at high spectral resolution. In terms of transition
frequencies, theoretical methods do not reach experimental
accuracy. In our region, the TheoReTS list transition frequen-
cies can deviate from observations by up to a few cm™'. Below
8000 cm ', the deviations were found to be mostly dependent
on the vibrational bands with limited rotational dependence
(see e.g. ref. 14). In the TheoReTS ">CH, list (available at https://
theorets.univ-reims.fr or https://theorets.tsu.ru), part of the
line positions (up to the icosad region near 7800 cm™ ') have
experimental accuracies as, when possible, TheoReTS varia-
tional transition frequencies were empirically corrected accord-
ing to available experimental data.

The ExoMol line list of methane® was not considered for the
above comparisons because its quality is significantly lower
than the TheoReTS list. The ExoMol and TheoReTS lists rely
on different potential energy surfaces and dipole moment
surfaces obtained from advanced ab initio electronic structure
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calculations. The ExoMol list is provided up to 12 000 cm ™" but
its quality degrades sharply in this region. As illustrated in
Fig. 16, the absorption corresponding to the 3v; + v; manifold
near 11280 cm ! has its ExoMol maximum shifted to lower
energy by about 120 cm ™" and the strongest ExoMol lines have
an intensity about four times larger than the measured and
TheoReTS values.

Thus, the experimental approach appears to be the only way
to obtain line lists with sufficient line position accuracy to fulfil
future needs for the detection of methane from high resolution
exoplanetary atmospheres spectra in the visible range. The above
review of the experimental works in the 10800-14000 cm ™"
region has pointed some deficiencies of our present knowledge.
Above 11500 cm ™', no extensive line lists were systematically
retrieved from the high resolution spectra obtained by ICLAS and
LIGS. Only absorption coefficients at 77 K averaged over 1 cm™ ' in
the 10859-11780 cm™ ' and 13471-14024 cm™ ' intervals and a
peak list of 316 lines at 77 K between 13 569 and 13915 cm™ " were
obtained from ICLAS spectra®**® - see Table 1 and Fig. 6. In this
context, our room temperature KP line list above 11500 cm ™"
constitutes a first step towards the construction of a high resolu-
tion line list of methane in the visible range.
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Fig. 16 Comparison of the ExoMol®? and TheoReTS*! calculated line lists

to the KP experimental line list obtained in this work between 10 800 and
11750 cm™.
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The high sensitivity LIGS recordings at 130 K and 300 K were
not exploited to construct line lists. Only line positions of 71
prominent features measured between 11230 and 16170 cm ™ *
were reported with relative intensities and a 0.01 cm ™" position
accuracy.’® Being a non-linear technique, the LIGS method
is not optimum for quantitative intensity measurements as
illustrated by the unexpected variation of the LIGS line inten-
sities in the 12 400-12 800 cm ™" region (see Section 4.3). Let us
nevertheless mention that the LIGS spectrum at 124 K dis-
played in Fig. 7 of ref. 46 for the 13 730-13 800 cm™ " region and
the ICLAS peak list at 77 K of ref. 35 show a good agreement
both for line positions and relative line intensities and seem
to have comparable sensitivity (better than that of the KP
spectrum analyzed in this work - see Fig. 8)

In this work, the analysis of FTS and CRDS spectra have
provided new data above 11500 cm ™" where extensive line lists
were missing but further improvements are both suitable and
achievable. The present CRDS study at room temperature in the
13063-13298 cm ™! interval shows that the routine sensitivity
of modern CRDS setups allow for measurements with a detec-
tivity threshold below 10~>” ¢cm per molecule, the main limita-
tion in the data treatment being the spectral congestion and
not the signal-to-noise of the spectra (see Fig. 5). All the lines
presently measured by CRDS are below the sensitivity of the
presently analyzed KP spectrum recorded by FTS. In principle,
the spectral coverage of the Ti:sapphire laser allows for CRDS
recordings over the entire 10 800-14 000 cm ™~ ' spectral region
but tuning such a laser over a more than 3000 cm ' wide
spectral region is extremely laborious. Alternatively, a series of
diode lasers (in particular external cavity diode lasers as used in
the present CRDS recordings) could be used in some more
limited spectral intervals. An alternative would be the mode-
lock cavity enhanced technique which is another cavity-
enhanced method providing quantitative measurements at
high sensitivity.”*** As for ICLAS, the dispersion of the spec-
trum can be performed using a high resolution spectrograph
and spectra are acquired using a ccd array which provides the
multiplex advantage and reduces the acquisition time. The
recent development of dual comb spectroscopy and Vernier
spectroscopy has opened new possibilities for rapid acquisition
of high resolution spectra in the near infrared. Broadband high-
resolution molecular spectra undistorted by the instrumental line
shape can be recorded with a highly precise frequency scale
provided by the frequency comb.”® Optical frequency comb
Fourier transform spectroscopy has been applied to the high
accuracy absorption measurements of CH, transitions in the
1250-1380 cm ! interval®” while dual-comb spectroscopy was
used in the region of the v; band near 3.4 um,’® of the 2v; band
near 1.6 um®’ and in the icosad region (6770-7570 ¢cm )
at high temperature.’® In our region of interest where the
methane absorption is weak, cavity-enhanced absorption is
suitable to achieve a sufficient sensitivity. Several high sensi-
tivity cavity-enhanced measurements have been reported by
dual-comb spectroscopy mostly in the telecom region (e.g. ref.
95 and 101). A mode-locked Ti:sapphire laser has been used for
cavity-enhanced frequency comb vernier spectroscopy in our
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region.'” The Vernier continuous filtering technique combin-
ing an optical frequency comb with a high finesse cavity allows
for measurement of the full optical frequency comb spectrum
with high sensitivity, GHz resolution and sub-second acquisi-
tion time'® (see ref. 104 for a recent review of this method).
This technique seems particularly suitable for methane spectro-
scopy in the region as illustrated by the quality of the broad-
band high resolution spectrum of the A band of oxygen
reported over the large 12200-13 200 cm ™" region."'*®

In addition to accurate line positions and intensities, a
requirement for high resolution exoplanetary applications is
the knowledge of the temperature dependence of the line
intensities. This requirement is highly demanding for experi-
ment. Indeed, in absence of rovibrational assignments, the
temperature dependence of the line intensities can be deter-
mined using the 2T-method which supposes the availability of
spectra at two temperatures (or more) in order to empirically
determine the lower state energy of the transitions from the
temperature variation of their line intensities. Recordings at
low temperature providing a large temperature gap are possible
in the case of methane (see for instance the ICLAS recordings at
77 K in ref. 35 and 36, PAS at 100 K in ref. 50 and 52, LIGS at
130 K in ref. 46 - see Table 1) but the combination of a
cryogenic cells for high resolution cavity-enhanced spectro-
scopy is very demanding.>*

Although of limited impact for high resolution applications,
an interesting result obtained from the analysis of the KP
spectrum is the quantitative evaluation of an underlying quasi
continuum at room temperature in the regions near 11 200 and
13800 cm™ ' (Fig. 3 and 4, respectively). In the 11200 cm ™'
region, on the basis of spectra simulations at pressure of the KP
spectrum (99.8 Torr) using the HITRAN list and default pres-
sure broadening coefficient of 0.0750 cm™ ' atm™", we checked
that the evidenced continuum is not due to a cumulative effect
of intermediate or far wings of the pressure broadened lines.
[Note that in the visible range, methane line profiles are not
affected by intramolecular vibrational energy relaxation (IVR)'%.]
This is confirmed both by (i) the close agreement between
the sum of the KP and HITRAN line intensities and (ii) the
close agreement between the “lines + continuum” absorption
and the low resolution absorption coefficients proposed by
Karkoschka and Tomasko.*® In the 10772-11 457 cm ™ region,
the “continuum” representing about 30% of the total absorp-
tion must thus be added to the (HITRAN or KP) absorption of
the lines to account for the methane absorption at room
temperature. The relative importance of the ‘“continuum” is
larger in the 13800 cm ™' region and is expected to increase
with the energy.

These “continua” are believed to be the result of the
cumulative effect of numerous weak lines which are too dense
to be resolved and measured. Photoacoustic spectra of methane
with Doppler limited resolution were recorded at 77 K, 195 K
and room temperature near 16115 cm ' in.'® While at room
temperature, the spectrum appears as mostly unresolved and
structureless, clear absorption lines show up at low tempera-
ture. The partitioning of the methane absorption in a
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contribution corresponding to lines with intermediate or large
intensities and a quasi-continuum formed by the weak lines
was proposed in.**”'%8 For an efficient simulation of billions of
calculated weak lines which are necessary for the modeling of
the methane absorption at high temperature, the concept of
“super-lines” was introduced.'® Experimentally, this approach
was applied to FTS hot methane absorption spectra at 1200 K
in the infrared region'’® and empirical line list and quasi-
continuum cross sections were provided in a similar way as
adopted in the present work in the 11200 and 13800 cm™*
regions.

The search of methane in exoplanetary atmospheres using
new methods such as spectral correlation has renewed the
interest of high resolution spectroscopic data of methane
above 10000 cm ', In the present work, we have provided
a detailed line list at room temperature of CH, covering
the 10800-14 000 cm™" (0.71-0.93 um) region, with a typical
line position uncertainty of 5 x 107> ecm ' and a line
intensity threshold of 5 x 10~>” cm per molecule. The KP line
list provided as a ESIf includes the first extensive list of methane
transitions above 11500 cm™'. It will be used to interpret
reflected light observations of Titan already obtained with
VLT@ESPRESSO in ultra-high spectral resolution mode, with
R = M/AL = /Ao = 180000 (run 106.218L.001, PI: M. Turbet).
The line list can now be used to build empirical masks to search
for methane in the atmosphere of exoplanets, using visible light
high-resolution ground-based spectrographs.

However, the quality of the reported KP line list is limited by
the sensitivity of the FTS technique. The above review of the
literature has indicated that most of the previous studies are
several decades old and do not provide quantitative intensity
information at high spectral resolution. We thus suggest to
revisit the methane spectrum above 11500 cm ™' by applying
modern cavity-enhanced techniques as was done in the present
work by CRDS over the 13060-13 300 cm ™' small interval. The
obtained data will not only fulfil needs for planetary applica-
tions but also provide robust dataset for future theoretical
analysis of the spectrum of this important molecule.
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