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Zeeman effect in Doppler-limited spectroscopy of the 1.27 µm O2 band  
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leveraged to probe the Earth magnetic field in the optical domain.
experiments where the polarisation is variable. Following the microwave approach, this effect could also be 
near 764 nm [4]. The effect on the spectrum might affect the total O2 column retrieval in remote sensing 
known in microwave spectra of atmospheric O2 [3] and recently observed in a saturated absorption experiment 
limited IR O2 spectra are affected by the Zeeman splitting of the triplet ground state, an effect which is well- 
anomaly depends on both the laser polarisation state and the ambient magnetic field strength. Indeed, Doppler- 
observation of asymetric line profiles, inducing an apparent shift of the line center. We find that this profile 
positions of the 1.27 µm band [1,2]. Probing the cavity with a slightly elliptically polarised laser leads to the 
We recently performed Cavity Ring-Down Spectroscopy (CRDS) measurements of pure O2 to determine line 
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Ground-state energy levels of methane with kHz-level accuracy from comb-
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Methane is an extensively studied spherical top molecule, but its ground-state (GS) 
rovibrational energy levels have not yet been determined with state-of-the-art kHz-level 
precision because restrictive selection rules prevent transitions between states of different 
symmetry and parity [1]. We report the measurement of GS combination differences (CD) with 
kHz-level accuracy using two frequency-comb-referenced sub-Doppler techniques: optical-
optical double-resonance (OODR) spectroscopy in the Λ-type configuration, and Lamb-dip 
spectroscopy (LDS) of allowed and forbidden 3 band transitions [2]. In Λ-type OODR (Figure 
1a), a cavity-enhanced 1.67 µm continuous-wave (CW) laser drives a 23 transition (ad ), and 
a single-pass 3.3 µm CW laser induces a 233 transition (dc). Figure 1b) shows the OODR 
spectrum of the 23 R(0, A1) transition when the 3.3 µm laser is detuned by 4 MHz from the 
P(2, A1) 233 transition. The separation of the two peaks, correspoding to the two laser fields 
co- and counter-propating with respect to each other, allows acurate determination of the 
233 transition frequency. Combined with previously measured 23 [3,4] and 3 (bc) [5,6] 
transition frequencies, the OODR measurements allow determination of CDs between GS levels 
(GS) of opposite parity and rotational quantum numbers J differing by up to 3. Using LDS, 
we measure CDs between levels of the same parity and ΔJ ≤ 2. We fit a Hamiltonian model to 
60 new GS values from LDS, 13 from OODR, and 49 from previous infrared, microwave and 
RF measurements, and obtain GS energies for levels with J ≤ 12 with kHz-level accuracy, which 
is orders of magnitude better than available in HITRAN and ExoMol [1] databases. These GS 
term values set a new benchmark for spectroscopic characterization of methane.   

 
Figure 1: a) Schematics of the rovibrational energy levels addressed by Λ-type OODR. C1,2 indicates the 

symetry, C, and parity, 1,2, of the levels. b) OODR spectrum of the 23 R(0, A1) transition.  
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Methane (CH4) has become an important subject in molecular spectroscopy due to its crucial roles in climate 

science, planetary astronomy, and combustion diagnostics. Accurate spectral modeling of methane relies on 

extensive transition line lists, including numerous hot-band transitions in the P6←P2 polyad range. Previous 

measurements of methane hot-band transitions in this region were limited to final rotational numbers of J ≤ 9 [1-

3], with theoretical predictions at higher J remaining unvalidated. In this work, we use optical-optical double 

resonance spectroscopy (OODR) [3] with a 3.3 µm narrow linewidth pump to excite the ν3 P(12, A1
(2)) transition 

(P2←P0) and a cavity-enhanced frequency comb centered around 1.68 µm to probe the sub-Doppler ladder-type 

(P6←P2) and V-type (P4←P0) transitions, as well as the Doppler-broadened collision-induced four-level 

transitions (P6←P2 region). We detect 49 ladder-type transitions reaching final states with J = 10-12 in the 9510 

to 9810 cm-1 spectral range of the P6 polyad and assign them using ab initio effective Hamiltonian predictions [4] 

and the ExoMol line list [5]. Of these transitions, 6 reach vibrational states that had not been observed before. The 

19 observed sub-Doppler V-type transitions reach P4 states with J = 11-13 in the 6590 to 6900 cm-1 range and are 

assigned using the Hamiltonian [4] and ExoMol [5], whereas only 2 transitions could be assigned using WKLMC 

[6] and HITRAN [7], owing to the restriction of assignments to lines with assigned lower states in these databases. 

For ladder-type transitions, the wavenumber discrepancies between the experiment and predictions from the 

Hamiltonian and ExoMol are comparable to previous results [2], while for the V-type transitions they increase by 

a factor of 4 for the Hamiltonian and 50 for ExoMol. We observe 170 Doppler-broadened four-level double-

resonance (4LDR) transitions, 7 of which are newly observed compared to our previous work [8]. However, we 

cannot assign these lines as they do not form combination differences with other observed 4LDR lines. The term 

values for the upper states observed in this work expand the range of experimentally verified rovibrational levels 

in both the P6 and P4 polyad regions. 

 

Keywords: Methane; Double resonance spectroscopy; Frequency comb; Hot-band transitions; Rotationally 
excited levels 
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Difference Frequency Spectroscopy of water in the 600-1300 GHz region and 
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resolved in  the measured line profiles [2].  The  results are benchmarked against literature values,  and new line 
and  establishing  a  reliable  data  processing  pipeline,  we  demonstrate  that  beyond-Voigt  signatures  are  clearly 
operating principle and performances of the THz source. After characterizing the instrument's detection linearity 
spectroscopy using a newly designed difference-frequency terahertz (THz) spectrometer [1]. We first describe the 

  We  present  a  coherent  dataset  of  water  vapor  absorption  line  parameters  obtained  by  direct  absorption 
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Aerosols formed by photolysis and radiolysis in planetary atmospheres impact the atmospheric chemistry, the 
formation of clouds, the climate, the surface composition, and affect spectra observed by space telescopes (e.g., 
the James Webb Space Telescope—JWST, and the Hubble Space Telescope—HST) and missions (e.g., Cassini, 
New Horizons, Juno). Physical (e.g., optical constants, absorption spectra, size distribution and shape) and 
chemical (e.g., elemental composition) properties of analogs of planetary and exoplanetary haze particles are 
therefore critical parameters to constrain radiative transfer, photochemical, microphysical, and global circulation 
models used to analyze and interpret observational data returned by past and current missions (e.g., JWST, HST, 
Cassini, New Horizons, Juno), as well as to help with the technological advancement of observational capabilities 
for future missions (e.g., Dragonfly, Habitable Worlds Observatory–HWO). 
 
Using the COsmic SImulation Chamber (COSmIC)[1] at NASA Ames Research Center, we have produced 
laboratory analogs of planetary (e.g., Titan, Pluto, Jupiter) and exoplanetary atmospheric aerosols from various 
gas mixtures. We then characterized their spectral, optical, and morphological properties as well as elemental 
composition using the NASA Ames Optical Constants Facility (OCF, for reflectance and transmission 
spectroscopy)[2,3], the Ames Scanning Electron Microscope (SEM)[4, 5], and the Taiwan National Synchrotron 
Radiation Research Center (NSRRC, TLS20A beamline, for X-ray absorption spectroscopy)[6]. Furthermore, we 
conducted ultraviolet/extreme ultraviolet (UV/EUV) irradiation experiments at the NSRRC TLS03B beamline, to 
investigate the impact of the irradiation on the physical and chemical properties of these tholins. 
 
Here we present the results of these ex-situ analyses, show the impact of the initial gas mixture used to form the 
solid samples and the irradiation dose on their physical and chemical properties, and discuss the importance of 
providing these experimental data via the optical constants database (OCdb, ocdb.smce.nasa.gov) and the 
nanograin database (NGdb, nanograin.odr.io) for the science community to use in the analysis and interpretation 
of observational data. 
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Multi-laboratory measurements of 12CH4 2ν₃-band line parameters: accurate 
determination of line intensities at the permille level 
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We present a coordinated three-laboratory study of the 2ν₃ R-branch of ¹²CH₄ near 1.65 µm, aimed at determining 
physically accurate line intensity and line-shape parameters in a spectrally congested region of the tetradecad polyad.  
In Part I of the study, molecular line intensities are determined in the low-pressure Doppler broadened regime, using 
cavity ring-down spectroscopy (CRDS) at NIST and Fourier Transform Spectroscopy (FTS) at DLR [1].  These 
intensity parameters were subsequently used in Part II to constrain fitting of CRDS spectra obtained at USTC in the 
pressure broadened regime, from which line-shape parameters, including first-order line mixing, are extracted [2].  
The analysis of all measurements employed previously determined highly accurate line positions, obtained from 
CRDS saturation spectroscopy [3].  This provides a common set of constraints across each independent analysis, 
which is critical to mitigate variable correlation and avoid coincidental effective parameter sets.   

Transition intensities are shown to agree at the sub-1 ‰ level for isolated transitions, along with the summed 
intensities of individual multiplets and manifolds, consistent with Monte Carlo simulations.  Individual transitions, 
which are subject to significant blending-induced variable correlation, differ at the sub-percent level.  The accuracy 
limits are evaluated using Monte Carlo modeling to determine accuracy limitations, demonstrating multi-variable 
correlation as the limiting factor in agreement between experiments.  Excellent agreement is also shown between the 
measured values and recent ab initio intensities [4].   

In Part II of the study, spectra were obtained at pressures ranging from 10 to 50 kPa and subsequently modeled 
with the speed-dependent Voigt profile, including first-order line mixing and employing the intensities determined in 
Part I as constraints.  The resulting line-shape parameters have uncertainties of less than 1%, representing a significant 
improvement over HITRAN 2020 [5].  The parameters obtained in Part I and II, along with scaled air-broadened 
parameters, are incorporated into the HITRAN 2024 methane update [6].   
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The second-overtone (3–0) band of carbon monoxide near 6300 cm⁻¹ has been the subject of multiple inter-

laboratory comparisons. While absolute line intensities have reached 0.01% accuracy for low-J transitions, higher 
rotational lines still depend on semi-empirical or extrapolated values, limiting the accuracy of SI-traceable 
metrology for greenhouse gas quantification and of high-temperature radiative-transfer modeling. 

In this work, we report line intensities for high-J transitions (up to J = 40) in the ¹²C¹⁶O (3–0) band using a 
dual-spectroscopy approach that combines cavity ring-down spectroscopy (CRDS) and cavity mode dispersion 
spectroscopy (CMDS) within a shared high-finesse optical cavity. Absorption and dispersion measurements 
performed under identical conditions provide two independent determinations of line areas, agreeing to within 
0.01% for individual transitions, with combined standard uncertainties of 0.07% (CRDS) and 0.08% (CMDS). 
Seven high-J transitions are reported for the first time. In parallel, a dual-wavelength CMDS (DW-CMDS) scheme 
suppresses common-mode systematic errors and delivers transition-strength ratios at the 0.003% (30 ppm) level 
for 24 line pairs. 

Combining the new data with literature values, a global analysis based on a third-order Herman–Wallis 
formalism yields a rotation-independent vibrational transition dipole moment of |M₃₀|² = 1.75152(14) × 10⁻⁷ 
Debye² and a refined Herman–Wallis factor describing the high-J behavior. The resulting self-consistent line list 
covers P(1)–P(46) and R(0)–R(46) and reproduces all available experimental data within 0.1%. Comparison with 
recent UCL (2022) ab initio calculations reveals systematic deviations of about 0.2% at low and intermediate J 
that grow to over 1% for the highest-J P-branch lines. The revised Herman–Wallis model eliminates this J-
dependence, indicating that the discrepancies arise from the extrapolation of the rotational correction rather than 
from the vibrational dipole moment. The line list provides experimentally validated intensities across the full 
rotational manifold of the CO (3–0) band, supporting opacity calculations in the 1.6 µm atmospheric window up 
to several thousand Kelvin and offering benchmark data for SI-traceable greenhouse-gas metrology and for the 
refinement of quantum-chemical calculations. 
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New measurements of the very weak water vapor self- and foreign-continua are reported by cavity ring 
down spectroscopy (CRDS) in the 1.6 μm window [1].  

The temperature dependence of the self-continuum cross section is obtained for 30 selected spectral points 
ranging between 5702 and 6855 cm−1 by monitoring the absorption during pressure ramps of pure water vapor at 
285, 296, 308, 317 and 332 K. This study was conducted with a highly stable temperature regulated CRDS cell, 
allowing for a significant gain compared to our first study [2]. Although some significant deviations are evidenced, 
an overall good agreement with the MT_CKD model [3,4] of the self-continuum is noted. In the low energy range 
of the window, the predictions based on the far-wing line function obtained by Ma et al. [5] show an excellent 
agreement with the measurements. This is not the case in the high-energy range of the window where far-wing 
predictions underestimate both the cross sections and the temperature dependence. Semi-empirical simulations 
indicate that the missing absorption in that interval is due to the contribution of the quasi-bound water dimers. The 
comparison of the simulations with the MT_CKD model in the 0–10000 cm−1 range indicates that the hybrid 
interpretation of the origin of the continuum proposed in the 1.6 μm window applies to other transparency 
windows.  

For their part, the foreign-continuum cross sections (in cm2molecule-1atm-1), obtained with a mixture of 
H2O in air around 5752 and 5816 cm-1, show a moderate increase with the temperature while the cross sections 
provided by the MT_CKD and the far wing [6] models decrease with the temperature. 
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High-resolution molecular spectroscopy in the mid-infrared (MIR) region is a cornerstone for the remote sensing 

and radiative transfer modelling of terrestrial and planetary atmospheres. Populating and updating spectroscopic 

databases requires not only vast spectral coverage but also highly accurate determinations of spectroscopic 

parameters. Dual-comb spectroscopy (DCS) has emerged as a powerful technology capable of meeting these 

demanding requirements simultaneously. 

 

In this presentation, we demonstrate the capabilities of the IRis-F1, our state-of-the-art MIR DCS [1,2] platform 

for the precise global retrieval of spectroscopic parameters. By coupling the spectrometer with custom-developed 

absorption cells [3,4], we achieve excellent temperature stability and gradient-free environments across wide 

temperature and pressure ranges. We report high-resolution, high-signal-to-noise ratio (SNR) measurements of 

various key atmospheric and planetary molecules, such as small hydrocarbons and water vapor. 

 

Benefiting from the high SNR and broad multi-line acquisition of DCS, we implement multi-fitting procedures to 

extract comprehensive sets of parameters, in particular advanced line-shape parameters. To model subtle 

collisional effects—such as speed-dependent broadening and velocity-changing collisions—experimental data are 

analysed using sophisticated beyond-Voigt profiles.  

 

In addition, we demonstrate how these highly accurate DCS measurements, spanning a sufficiently large number 

of transitions within the considered spectral range, can validate the intermolecular interaction potentials used in 

line-shape models, such as the complex Robert-Bonamy-Ma (CRBM) formalism. Coupling this accurate 

spectroscopy with a state-of-the-art theoretical approach provides valuable inputs for spectroscopic databases, 

enabling the production of a vast amount of relevant data for terrestrial and planetary atmospheric studies [5]. 
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Accurate experimental and theoretical studies of collision-induced line-shape 
effects in simple molecules 
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In this talk, I will present our research program aimed at ab initio fully quantum calculations of the collisional line-

shape parameters [1] and their accurate experimental validation [2] with the long-term goal of populating the 

spectroscopic databases [3]. I will also present the modified Hartmann-Tran profile, which recently was recommended 

for the HITRAN database to handle the beyond-Voigt line-shape effects [4]. Finally, I will present our recent line-

shape results for exotic systems [5] and recent line-shape studies performed in the deep cryogenic regime [6].    
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In 2016, HITRAN began incorporating carbon dioxide (CO2), hydrogen (H2), and helium (He) 

broadening parameters to expand its utility beyond terrestrial atmospheres to other planets within our 

solar system and exoplanets [1].  Although the HITRAN2024 update includes CO2-broadening 

parameters for molecular oxygen (O2) [2], available literature for H2- and He-broadening is sparse.  

While Ar parameters are not currently included in HITRAN, because Ar constitutes 1% of Earth’s 

atmosphere, providing Ar broadening parameters would enable database users to convert between 

synthetic– and whole–air as necessary for both measurements and applications.  To address these needs, 

this work reports modified Hartmann-Tran and Voigt line shape parameters for O2 broadened by Ar, 

He, and H2 in the O2 0.76 μm band, determined by frequency-stabilized cavity ring-down spectroscopy.  

We compare these results to Ar- and He-broadening parameters determined from isolated transitions in 

recently published O2 1.27 μm band spectra [3].  We note good band-to-band agreement between the 

He- and Ar-broadening parameters.  Leveraging this consistency, we propose a Padé approximant model 

to populate line-by-line databases for spectral regions where high-resolution measurements of O2 with 

specific broadeners are unavailable.  These high-fidelity measurements offer benchmarks for theoretical 

line shape calculations and provide training sets for machine learning models, ultimately enabling more 

complete and accurate O2 line lists for databases like HITRAN [2] and ExoMol[4]. 
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The 2ν3 band of methane around 1.65 μm is used for monitoring the methane concentrations by past, current, 

and future satellite remote sensing missions that include SCHIAMACHY, GOSAT, GOSAT-2, GOSAT-GW, 
Sentinel-5, Merlin, CO2M, and MethaneSat. These missions place unprecedented accuracy requirements on the 
reference spectroscopic parameters and their temperature dependences. CRDS spectra of CH4 from Hefei and 
Grenoble in the 2ν3 band were recorded between 0.1–1 atm and 240–310 K. In these conditions, speed-dependent 
and line-mixing effects can be seen together. Modeling the full line-mixing on a speed-dependent profile requires 
slow integrations of inverted matrices. For this reason, a first-order approximation is generally used instead, as 
was done previously with these spectra. Using our open-source software specifically optimized for this task, we 
are able to fit the spectral manifolds of the R branch with full line-mixing and speed-dependence in a short time. 
This code was used to model the experimental spectra of methane with the goal of enhancing the parameters 
available in HITRAN, with cross-section tables (ABSCO) that have already been sent to MethaneSAT and GOSAT 
teams. We compare the residuals obtained without and with first order and full line-mixing. The computational 
challenges and optimizations of the technique are presented and discussed. 
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Ethylene C2H4 is a key intermediate species in hydrocarbon combustion. Owing to its high chemical reactivity, 
it plays a major role in the formation of polycyclic aromatic hydrocarbons (PAHs), which are recognized as 
harmful pollutants and precursors of soot particles. Reliable diagnostics of ethylene concentrations and 
temperatures is therefore essential for combustion monitoring and optimization. Rotational Coherent Anti-Stokes 
Raman Spectroscopy (CARS) constitutes a powerful tool for such measurements, provided that reliable spectral 
models are available. 

A previous study [1] successfully reproduced experimental rotational CARS spectra of pure C2H4 between 293 
and 804 K using an empirical linewidth model combining a constant isolated-line contribution with an additional 
term accounting for collisional interferences. While effective for thermometry, this approach does not fully reflect 
the physical behaviour of collisional broadening.  

In the present work, we improve this model by introducing transition-dependent collisional linewidths and 
associated temperature exponents obtained from recent semi-empirical calculations [2] validated against infrared 
spectroscopic data [3]. The empirical line-mixing contribution is then re-evaluated by fitting calculated spectra to 
available experimental measurements over the entire temperature range.  

The new model reproduces the experimental spectra with improved accuracy and reduced residuals while 
preserving physically consistent trends of linewidths with rotational quantum number and temperature. These 
results provide a more realistic description of collisional effects in rotational CARS spectra of ethylene and 
constitute a first step towards future relaxation-matrix-based modelling of line mixing for high-temperature 
combustion diagnostics. 
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Figure 1: Comparison of theoretical and experimental [1] rotational CARS spectra of ethylene at room temperature 
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Over the past decade, advances in remote-sensing instrumentation have increased the demand for high-accuracy 

spectroscopic parameters. For molecules relevant to Earth’s atmosphere, such as methane, the line-shape 

parameters are often the least well-known. Moreover, experimental observations cannot suffice on their own 

because of the large number of transitions involved. Theoretical models are therefore developed and employed to 

predict line-shape parameters for unmeasured vibrational bands and perturbers. The phenomenon of vibrational 

dependence of broadening coefficients has been previously observed by intercomparison of experimental results 

obtained with different instruments for water vapour [1] and theoretical models were developed [2] for more 

accurate predictions. Nonetheless, very few works were carried out to find out whether such effects could exist for 

other molecular systems, except recently for CO2 [3], due to the associated experimental challenges. As a result, 

databases often use empirical methods to extrapolate results from one vibrational band to others when no 

experimental data and no theoretical model exist to reliably predict a possible vibrational dependence. 

 
For this reason, we investigate in this work the vibrational dependence of the broadening coefficients of methane 

diluted in air. The measurements in the 𝜈4 band (~1300 cm-1) were performed by a high-resolution dual-comb 

spectrometer, whereas the R-branch of the 2𝜈3 band (~6000 cm-1) was studied by cavity ring-down spectroscopy. 

The high signal-to-noise ratios, accurate frequency axes and precise monitoring of pressure and temperature 

allowed to study the line-shape parameters of air-perturbed methane with the Hartmann-Tran profile to reach a 

combined accuracy better than 1 % on the broadening parameters. To our knowledge, we report for the first time 

a significant and systematic difference of the broadening coefficients between the 𝜈4 and 2𝜈3 bands. These results 

highlight the limitations of current extrapolation practices and call for the development of improved models and 

database strategies. 
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Accurate and comprehensive H2 pressure-induced broadening data for CO2 infrared lines over a wide temperature 
range are essential for modeling atmospheric opacity of exoplanets. However, available data are currently limited, 
some of which are affected by large uncertainties. In this work, H2 induced pressure-broadening and pressure-shift 
coefficients were determined at room temperature for the entire 3 band of CO2 in the 4.3 m spectral region using 
the high-resolution Fourier transform infrared spectrometer from the LISA spectroscopy facility. In addition, 
requantized molecular dynamics simulations of the CO2-H2 system were performed using an accurate 
intermolecular potential. These simulations provide theoretical predictions of H2-broadening coefficients for CO2 
lines over a temperature range of 200–1000 K and for rotational 
quantum number up to J=120. The predicted results show very good agreement with the experimental data, with 
difference of less than 3%, well below the precision required for exoplanet atmosphere studies. This work provides 
the first accurate and comprehensive dataset of H2 broadening coefficients for CO2 lines, suitable for modeling of 
H2-rich exoplanetary atmospheres [1].   
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In 2021, we reported 14N2
16O line intensities and air-broadened line shape parameters for the 

(4200)(0000) and (5000)(0000) bands, determined from frequency-agile cavity ring-down 

spectroscopy measurements [1].  These values were subsequently included in HITRAN2020 [2,3]. The 

original spectroscopic fitting used an empirical line list based on HITRAN2016 [4], supplemented with 

experimentally observed transitions not included in HITRAN2016.  We fit the line intensities using a 

phenomenological band intensity model, in part to account for the systematic biases on individual 

transitions that occur when an empirical line list fails to properly constrain or account for interfering 

lines [1].  Since that work, a more comprehensive AMES line list has been released [5], providing an 

opportunity to reanalyze our original experimental spectra without the empirical line list limitations.  In 

this work, we present the updated line intensities, compare them to ab initio calculations [5, 6], and 

discuss remaining limitations in the measurements.  Additionally, because both the original and updated 

fits use the Multispectrum Analysis Tool for Spectroscopy (MATS) [7], we highlight recent advances 

in the MATS software package motivated by this reanalysis and recent HITRAN updates.  
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Tetrahedral molecules are of major interest in atmospheric and planetary sciences and remain challenging 

targets for high-resolution spectroscopy because of their rich rovibrational structures and strong vibrational 

interactions. In this contribution, we present recent advances in the spectroscopic characterization of three 

tetrahedral species of particular interest: germane (GeH₄), silane (SiH₄), and tetrafluoromethane (¹³CF₄). 

For ⁷⁴GeH₄, pure rotational transitions were investigated in the terahertz region using a cavity-based 

spectrometer operating in both CEAS and CRDS modes. A set of thirteen pure rotational transitions associated 

with the ground state and the first excited polyad P₁ (ν₂, ν₄) was analyzed using a tensorial effective Hamiltonian 

approach. This analysis provided refined rotational and centrifugal distortion parameters for both vibrational states. 

Complementary ab initio calculations were also performed to derive equilibrium and vibrationally corrected 

spectroscopic constants and to support the interpretation of the experimental results. 

A global analysis of four infrared bands of ¹³CF₄, namely ν₁, ν₄, ν₁ + ν₄, and ν₁ − ν₄, was carried out using 

a tensorial formalism adapted to Td symmetry. A total of 8992 transitions were assigned and simultaneously fitted, 

leading to accurate spectroscopic parameters and an overall root-mean-square deviation of 0.0022 cm⁻¹. 

For ²⁸SiH₄, high-resolution Fourier-transform infrared spectra recorded at the SOLEIL synchrotron 

facility (AILES beamline) were combined with pure rotational measurements to investigate the ground state and 

the first excited polyad P₁ (ν₂, ν₄). Nearly 700 transitions were assigned and fitted using the XTDS packages based 

on the tensorial formalism, providing a consistent description of both line positions and intensities. 

Taken together, these studies demonstrate the robustness and versatility of tensorial effective Hamiltonian 

models for the analysis of tetrahedral molecules. The refined spectroscopic parameters obtained for GeH₄, SiH₄, 

and ¹³CF₄ will contribute to future updates of spectroscopic databases such as HITRAN and TFMeCaSDa, thereby 

supporting atmospheric and planetary remote-sensing applications. 
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XTDS and its associated software packages have been widely used for the simulation and analysis of high-
resolution molecular spectra since their introduction by Wenger et al. in 2008 [1]. Although the software has 
remained scientifically relevant and extensively used over the years, much of its architecture and code base had 
evolved only marginally since its original development. In this work, we present a major modernization and 
refactoring effort of the XTDS spectroscopy software suite aimed at improving maintainability, performance, 
usability, portability, and long-term sustainability. 
 
A major part of this work concerns the redesign of the graphical user interface and the progressive restructuring 
of the legacy code base. Several computational packages have been optimized to reduce execution times and 
improve numerical efficiency for large spectroscopic calculations. In addition, new physical capabilities are being 
introduced, notably the implementation of molecular polarizability operators in the C3vTDS package, allowing the 
simulation and analysis of Raman spectra in addition to infrared spectroscopy. 

 
To improve portability and accessibility, the software suite is also being adapted to operate in a fully cross-platform 
environment, including renewed support for Microsoft Windows systems through the development of a Python-
based job runner. Finally, the spectroscopic parameter sets of the different XTDS packages are being updated using 
results obtained from latest experimental and theoretical studies, ensuring improved accuracy and consistency 
across applications.  
 
These developments aim to provide the molecular spectroscopy community with a modern, efficient, and 
sustainable computational framework for high-resolution spectroscopic analyses. 
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Theoretical collisional parameters of rovibronic transitions in the CO molecule 
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quantum-mechanical calculations are outlined.
addressed.  All  theoretical  results  are  compared  to  the  available  measurements,  and  perspectives  of  refined 
Boltzmann averaging over velocities are discussed, and the temperature dependence of linewidths and shifts is 
and  LJ isotropic-potential representations.  The  use  of  the  mean-thermal-velocity  approximation  and Maxwell- 
form and Lennard-Jones (LJ) 12-6 models. Various trajectory models are considered, combined with the numerical 
interaction potential is deduced from several leading configurations [5] and exploited further under its numerical 
states) perturbed by another CO molecule (in its ground state). The  isotropic component of  the intermolecular 
initio potential-energy-surface  computations  for  the  active  CO  molecule  (in  the  ground  and  excited  electronic 
rovibronic transitions a3Π← X1 Σ+(1,0) measured in [4] at room temperature. These calculations are based on ab 

  We present phase-shift-theory estimates of  pressure-broadened linewidths  and pressure-induced lineshifts for 
excited states connected by the electronic transition under consideration.
molecule, and the application of phase-shift theory requires knowledge of the potential curves in the ground and 
in  the  literature  [3,4].  Its  system  of  excited  electronic  levels  is,  however,  relatively  complex  for  a  diatomic 
reference system for the study of rovibronic transitions, as a few measurements of these transitions are available 
molecules,  such  as  hydrogen,  which  are  essential  for  star  formation.  CO  also  plays  the  very  special  role  of  a 
measurements  of  the density and  motion of  interstellar  clouds.  It  is  also  an  indicator  of  the  existence of  other 

  In  astrophysics,  the  CO  molecule  is  known  to  emit  a  clear  and  distinct  radio  signal  that  allows  for  good 
estimates of widths and shifts of these molecular lines are based on the "phase-shift theory" developed for atoms.
molecular rovibronic transitions closely resemble the electronic transitions of atoms, and attempts of theoretical 
experimental studies available (for summary,  see [2])  show no dependence on the rotational quantum number, 
located at ultraviolet or visible wavelengths, and their theoretical description is very approximate. Since the few 
different  for  transitions  between  two electronic  states.  These  transitions  form  rovibronic  line  bands,  generally 
temperature  dependencies)  have  been  developed  (see [1] for  a  review).  However,  the  situation  is  completely 
theoretical  approaches  to  calculating  spectral  line  shapes  (positions,  intensities,  widths,  shifts,  and  their 
infrared frequency regions (pure rotational transitions and vibration-rotation transitions, respectively). Numerous 
modeling  radiative  transfer  in  Earth's  atmosphere  and  planetary  atmospheres  has  focused  on  microwave  and 
is  essential  to  examine  closely  the  broadening  effects  of  molecular  lines  at  these  wavelengths.  Historically, 

  The transport of visible and ultraviolet radiation in exoplanetary atmospheres is a growing area of study, and it 
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Revisited collisional linewidths of CH3C14N-O2 in the 180–1400 GHz range  
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theoretical intensities. The new results have more solid physical foundations and are expected to ensure realistic 
(negative) values of q have been discovered, so we have refitted all recorded CH3CN-O2 lines with more realistic 
intensity measurements) and the power q of the leading interaction-potential term. In some cases, non-physical 
the  consistency of  theoretical-intensity  reducing  (frequency-modulation  experiments  not  allowing  absolute 
for extended ranges of quantum numbers and larger temperature intervals, we have checked, for some transitions, 

  However, before going to fits of semi-empirical theoretical parameters enabling further large-scale calculations 

because of its continuing use in atmospheric applications.
profile and were analysed using the more realistic Speed-Dependent Voigt profile. The Voigt profile was also tried 
the region 184–1390 GHz, were examined. All recorded lines demonstrated clear departures from the usual Voigt 
mTorr. Rotational lines with the initial values J = 9, 12, 15, 21, 27, 33, 42, 48, 63, 69, 75 and K  15, located in 
done at room temperature, with the active-gas pressure equal to 2–5 mTorr and the buffer-gas pressure 50–600 
based on solid-state devices, a 1.- meter long absorption inox cell and a bolometric detection. Measurements were 
GHz range [5] and consisting of a 10–20 GHz frequency synthesizer followed by a frequency multiplier chain 

  Our previous experiments were performed with a frequency-modulated spectrometer operating in the 50–1500 

wide range of rotational quantum numbers J and K.
revisit our preliminary experimental results [4] for the CH3C14N-O2 system concerning rotational transitions for a 
perturbation by molecular oxygen is one of important cases for the terrestrial atmosphere. In the present work, we 
parameters [2,3],  its  line  broadening  by  many  atmospheric  gases  remains incomplete.  Besides  N2-broadening, 
database [1]. However, except for some experimental studies of line intensities, positions, broadening and shifting 

  Acetonitrile (or methyl cyanide) CH3CN is a molecule of atmospheric interest, now included in the HITRAN 
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As the simplest alkene, ethylene (C2H4) features a planar geometry with a characteristic carbon-carbon double 
bond. The molecule possesses 12 normal modes of vibration, which are divided into five stretching and seven 
bending modes [1]. Of these, the 12 band arises from a bending vibration and spans the 1400–1500 cm-1 region. 
This spectral window directly overlaps with the region around 6.7887 m, where the ground-state hyperfine 
transition of muonic hydrogen is predicted to occur [2]. The latter is currently being investigated by the FAMU 
(Fisica degli Atomi Muonici) collaboration, which aims to measure the ground-state hyperfine splitting in muonic 
hydrogen to determine the proton Zemach radius and probe the proton structure [3]. 
Unlike the visible and near-infrared domains, the mid-infrared (MIR) spectral region traditionally suffers from a 
lack of readily available, highly accurate optical frequency references. As a consequence, the 12 band provides 
the ideal platform for the absolute frequency calibration of the laser system employed in FAMU, provided that the 
line center frequencies of properly selected C2H4 transitions are accurately determined. Currently, the line center 
frequency of the 12 components are listed in the HITRAN database [4] with an uncertainty in the range 3-30 MHz. 
These frequencies have been determined by means of a Fourier Transform Infrared Spectroscopy (FTIR) 
experiment performed in 2008 [1]. To ensure the traceability to the SI units of the FAMU experiment and meet 
the accuracy requirements, it is highly desirable to provide absolute frequency measurements for selected C2H4 
ro-vibrational lines with an  uncertainty well below 1 MHz. To address this need, we developed a comb-referenced 
mid-infrared spectrometer tailored for precision frequency measurements of ethylene resonances around 6.79 m. 
The experimental set-up is based on a continuous-wave, single-mode, distributed-feedback quantum cascade laser 
(QCL) delivering a maximum output power of approximately 40 mW. Comb-referencing to a near-infrared optical 
frequency comb synthesizer (OFCS) is achieved by using the nonlinear process of sum-frequency generation 
(SFG). In particular, coherent SFG radiation at 1.27 m is produced by mixing the QCL beam with the 1.5-m 
signal beam provided by a singly-resonant optical parametric oscillator (OPO), within a AgGaS2 crystal. 
Here, we report on the first absolute frequency measurement of the 141,13→151,14 component of the 12 band. 
Through a linear fit of the experimental data that were recorded as a function of ethylene gas pressure, we extracted 
both the zero-pressure center frequency and the pressure-shifting coefficient with unprecedented accuracy.  
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Highly-accurate temperature-stabilized cavity ring-down spectroscopy of CO2 
at 2 m assisted by an optical frequency comb 
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for Gases (PriSpecTemp) [9].
This research was conducted within the framework of the European project Primary Spectrometric Thermometry 
well-known Doppler Broadening Thermometry (DBT) technique [8].
our group in 2017 [7]. Finally, we briefly discuss absolute temperature determinations obtained by means of the 
of ab-initio line intensity quantum chemistry calculations, aiming to advance the findings previously published by 
dioxide transitions within the 1980–2070 nm range. Furthermore, we report preliminary results from rigorous tests 
Using this setup, we demonstrate our capability to retrieve highly accurate spectroscopic parameters for carbon 
mixtures, within a temperature-stabilized high-finesse optical cavity.
signal,  we  record  high-fidelity  carbon  dioxide  spectra, in  gaseous  samples extracted  from certified  CO2-N2 

locked to a GPS-disciplined rubidium clock. By precisely tuning the ECDL offset frequency relative to the OPO 
as an intermediate optical link, being locked to the nearest tooth of a self-referenced OFCS, which is in turn phase- 
locked to the signal output of a singly-resonant optical parametric oscillator (OPO) [5,6]. This OPO signal serves 
CO2 transitions in the 2-m spectral region. The system employs an external-cavity diode laser (ECDL) frequency- 
In this work, we report on a comb-assisted, temperature-stabilized CRDS spectrometer designed to target selected 
absolute measurements of gas absorption coefficients.
fundamental  studies  [2,3]  and  applied  research  [4],  enabling for highly  sensitive,  accurate,  and  intrinsically 
this context, comb-assisted Cavity Ring-Down Spectroscopy (CRDS) has emerged as an unavoidable tool for both 
with metrological-grade accuracy is indeed essential for the accurate determination of molecular parameters. In 
enhanced spectroscopic methods has significantly advanced this research field [1]. Recording molecular spectra 
Recently,  the fruitful combination  of the optical  frequency  comb synthesizer (OFCS)  technology  and  cavity- 
sensing missions aimed at monitoring atmospheric greenhouse gas concentrations.
limited to 1% at best. This uncertainty is not sufficient respect to the stringent requirements of modern remote 
databases like HITRAN,  GEISA,  and CDSD-296 provide these parameters, their  relative accuracy is typically 
molecular parameters, such as line intensities, pressure broadening, and shifting coefficients. While consolidated 
Remote sensing of greenhouse gases relies on physical models that require highly accurate, temperature-dependent 
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C2H4 in combustion: accounting for line mixing effect in CARS thermometry  

 
 

   
  

Rotational Coherent Anti-Stokes Raman Spectroscopy (CARS) spectra 
of ethylene are particularly challenging to interpret due to their strong 
spectral congestion and pronounced collisional coupling of closely spaced 
rotational levels. These interference effects significantly complicate the 
accurate modelling of pure C₂H₄ rotational spectra, which is essential for 
reliable thermometric applications in combustion environments, where 
ethylene is an important intermediate species (namely, in hydrocarbon 
combustion — see Figure) and a precursor of soot and polycyclic aromatic 
hydrocarbons. 

Previous simulations of pure C2H4 rotational CARS spectra [1,2] 
accounted for line mixing through an empirical correction added to the 
isolated-line width, providing satisfactory agreement with experimental 
observations. However, the dense rotational structure of ethylene spectra 
suggests that a physically consistent description should rely on the full 
relaxation matrix governing collisional transfer between rotational states. 

In the present work, the diagonal elements of the matrix are taken as 
transition-dependent collisional Raman linewidths calculated by a semi-
empirical method [2,3]. The off-diagonal elements, responsible for line-mixing effects, are generated through the 
non-Markovian Energy Corrected Sudden (ECS) approach [4]. In this framework, ethylene is approximated as a 
nearly prolate symmetric top, an approximation shown to have only a minor impact on isolated linewidth 
calculations for C2H4/N2 [5]. Moreover, the ECS model ensures consistency with the diagonal relaxation rates via 
the double-sided sum rules. Particular attention is paid to the determination of the ECS parameters and their impact 
on the restored theoretical linewidths as functions of the rotational quantum numbers J and Ka.  

The next step will consist in generating theoretical spectra over a wide temperature range and comparing them 
with the experimental measurements reported by Hosseinnia et al. [1], with the ultimate goal of improving the 
physical description of line-mixing effects in CARS thermometry of ethylene. 
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Figure: Geometry of C2H4 (a) and 
ethylene flame (b). 
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Line -shape parameter measurements of N2-broadened methane transitions in 
the �Q4 band at high temperatures using mid -infrared dual -comb spectroscopy  
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Accurate determination of line-shape parameters is essential for understanding intermolecular interaction 
mechanisms and implementing radiative transfer models used in atmospheric remote sensing. To retrieve precise 
greenhouse gas concentrations, these models rely on spectroscopic parameters that account for advanced 
collisional effects, such as Dicke narrowing and speed dependence. Furthermore, quantifying the temperature 
dependence of these parameters is critical for accurately modelling planetary atmospheres characterized by strong 
vertical thermal gradients. Despite their importance, spectroscopic databases often lack experimental temperature-
dependence exponents for line-shape parameters; instead, empirical values or simplified scaling laws are 
frequently adopted, introducing a potential source of systematic error. 
 
In this study, high-resolution spectra of N2-broadened methane (CH4) were recorded using the IRis-F1 mid-infrared 
dual-comb spectrometer based on quantum cascade laser frequency combs [1,2]. By coupling this instrument with 
a custom-designed absorption cell [3], we achieved excellent thermal stability and gradient-free conditions across 
a wide range of experimental settings. Measurements were conducted from room temperature up to 275°C, with 
total pressures spanning 25 to 750 mbar. A multi-spectrum fitting procedure was applied to the band transitions 
between 1285 and 1334 cm-1 for each temperature point. This comprehensive dataset enables the precise 
quantification of beyond-Voigt profiles and their associated temperature-dependence exponents, providing critical 
spectroscopic data for high-temperature and planetary atmospheric applications. 
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Measurements of H2-perturbed monodeuterated methane (CH3D) lines in the  �Q3 
band by mid -infrared dual -comb spectroscopy  work in progress 
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This work is devoted to the precise study of line-shape parameters of monodeuterated methane (CH3D), a key 
species in various planetary atmospheres. Along with methane (CH4), CH3D is used to study atmospheric evolution 
through the D/H ratio - a widely used tracer in planetology to determine the origin of the elements that formed the 
Solar System. While substantial efforts have been made for the determination of CH3D line-shape parameters in 
�(�D�U�W�K�¶�V���D�W�P�R�V�S�K�H�U�L�F���F�R�Q�G�L�W�L�R�Q�V�����P�X�F�K���Z�R�U�N���L�V���V�W�L�O�O���Q�H�H�G�H�G���I�R�U���S�O�D�Q�H�W�D�U�\���D�S�S�O�L�F�D�W�L�R�Q�V [1]. Addressing this gap is 
crucial for both current (e.g. James Webb Space Telescope) and future (e.g. Jupiter Ice Moons Explorer - Juice, 
Atmospheric Remote-sensing Infrared Exoplanet Large-survey - ARIEL) space missions. 
 
In this context, we determined the line-shape parameters of CH3D lines broadened by H2 �L�Q���W�K�H����3 parallel band 
centred near 1300 cm-1. Absorption spectra were recorded by a high-resolution dual-comb spectrometer [2,3] 
operating in the 1280-1340 cm�í�� spectral region. Recently, the hardware of the spectrometer was significantly 
�L�P�S�U�R�Y�H�G�����O�H�D�G�L�Q�J���W�R���D���I�X�Q�G�D�P�H�Q�W�D�O���H�Q�K�D�Q�F�H�P�H�Q�W���R�I���W�K�H���L�Q�V�W�U�X�P�H�Q�W�¶�V���S�H�U�I�R�U�P�D�Q�F�H���D�Q�G���U�H�D�I�I�L�U�P�L�Q�J���W�K�H���D�F�F�H�V�V�L�E�L�O�L�W�\��
of beyond Voigt parameters measurement [3]. The spectra were recorded at room temperature and pressure range 
extending from a few mbar to several hundred mbar. The spectra were analysed using a multi-spectrum fitting 
procedure based on the Voigt, Galatry, Rautian, and speed dependent Voigt line-shape models, enabling accurate 
retrieval of key spectroscopic parameters including broadening coefficients, speed dependence effects, and 
collisional narrowing coefficients.  
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