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Compiled May 21, 2025

We report on a comb-locked cavity ring-down spectrome-
ter developed for high-precision molecular spectroscopy
at 2 µm. It is based on the use of an external-cavity
diode laser that is offset-frequency locked to the signal
output of a singly-resonant optical parametric oscilla-
tor. This latter acts as reference laser, being locked to a
self-referenced optical frequency comb, which in turn is
stabilized against a GPS-disciplined Rb-clock. The per-
formance of the spectrometer is investigated by probing
a pair of N2O transitions belonging to hot vibrational
bands. One of these, never observed before, is included
in the N2O line list of the ExoMol database. Absolute
center frequencies are retrieved with a 1-σ global uncer-
tainty of 108 kHz.
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Remote sensing of greenhouse-relevant molecules (CO2, CH44

and N2O, to cite a few examples) is based on physical models5

that need spectroscopic parameters (line intensity, collisional6

broadening and shifting parameters), which are usually col-7

lected in databases like HITRAN [1], GEISA [2], and CDSD-2968

[3]. Unfortunately, these data are usually provided with a rel-9

ative accuracy of about 1% at best. In the case of atmospheric10

CO2, current and upcoming missions, including the NASA’s Or-11

biting Carbon Observatory (OCO-2 and OCO-3) [4], the JAXA’s12

Greenhouse gases Observing SATellite (GOSAT-1 and GOSAT-2)13

[5], and the CNES’s MicroCarb [6], use satellite-based spectrom-14

eters that require high-quality parameters at 1.6 and 2.06 µm. In15

the case of N2O, the Infrared Atmospheric Sounding Interfer-16

ometer (IASI) [7], onboard the EUMETSAT Metop satellite, and17

the TROPOspheric Monitoring Instrument (TROPOMI) [8], on18

board the Copernicus Sentinel-5 Precursor satellite, make use19

of a similar approach for the determination of global-scale N2O20

sources. For both molecules, the achievement of the ambitious21

target of a relative uncertainty of 0.25% in the determination22

of their mole fractions requires that line intensities, collisional23

broadening and shifting parameters are known with higher accu-24

racy [4]. The demand of such data has motivated several groups25

in developing experimental setups that could guarantee suitable26

levels of accuracy. In the case of CO2, transition frequencies27

have been determined with a 10−12 uncertainty level in the 1.5728

[9] and 2.06 µm [10] spectral regions. As for line intensities, the29

accuracy has been pushed well below the 1% level at the 2 µm30

wavelength [11, 12], even achieving the sub-promille level at31

1.6 µm [13]. Similar efforts have been performed for N2O line32

intensities [14, 15]. It is important to note that these studies have33

benefited from the superior performance guaranteed by cavity-34

enhanced techniques, such as cavity ring-down spectroscopy35

(CRDS) and optical feedback cavity-enhanced absorption spec-36

troscopy (OFCEAS), often assisted by optical frequency comb37

(OFC) synthesizers [16]. In this regard, comb referencing of the38

probe laser, while preserving the tunability of the laser itself, is39

one of the key ingredients that allows one to achieve high accu-40

racy in conjunction to traceability to the International System (SI)41

of Units. The possibility of satisfying these requirements around42

2 µm would be relevant not only for atmospheric monitoring43

applications but also for testing quantum chemistry calculations44

for linear molecules such as CO2 [17, 18] and N2O [19, 20].45

Here, we report on a comb-assisted CRDS spectrometer, oper-46

ating in the 2 µm wavelength range, based on the use of a widely47

tunable external-cavity diode laser (ECDL) which is frequency-48

locked to the signal output of a singly-resonant optical paramet-49

ric oscillator (OPO). The OPO signal acts as a reference laser,50

being weakly locked to the nearest tooth of a self-referenced51

OFC, which, in turn, is phase-locked to a GPS-disciplined Rb-52

clock. This is a new type of usage for an OPO source. In fact,53

to the best of our knowledge, the idler radiation is typically54

employed for highly precise investigations of molecular spectra55

in the mid-infrared region [21–25]. To investigate the perfor-56

mance of the CRDS spectrometer, we recorded Doppler-limited57

absorption spectra of N2O as a function of the gas pressure,58

thus retrieving the zero-pressure transition frequency and the59

pressure-induced broadening and shifting coefficients for a pair60

of vibro-rotational lines.61

The spectrometer is schematically reported in Figure 1. It62

includes an OFC, a 2-µm ECDL, a singly-resonant continuous-63

wave (cw) OPO source, and a high-finesse optical cavity. The64

OFC is a commercially available self-referenced optical fre-65

quency comb, based on an erbium-doped fiber laser. Its repeti-66

tion rate ( fREP=250 MHz) and carrier-envelope offset frequency67

( fCEO=20 MHz) are stabilized against the frequency of a GPS-68

disciplined Rb-clock. This latter has a relative drift of the time69

signal over 1 week of ∼3×10−14 (Allan deviation when locked70

to the GPS satellites).The OFC provides a supercontinuum in71
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Fig. 1. Schematic of the experimental setup. OFC stands for
optical frequency comb; ECDL, external-cavity diode laser;
OPO, optical parametric oscillator; E, etalon; PD, photodiode;
AOM, acoustic-optic modulator; BD, laser beam dump; DAQ,
acquisition board; PC, personal computer. Black arrows in-
dicate the direction of propagation of the laser beams in the
optical fibers.

the wavelength range between 1050 and 2100 nm. The absolute72

frequency of each tooth, fN , is given by the well-known equation73

fN = N × fREP + fCEO, N being the mode order.74

The ECDL is mounted in the so-called Litmann-Metcalf con-75

figuration. It emits 20 mW in the 1980-2100 nm range, its full-76

width half-maximum (FWHM) being about 200 kHz at 1 ms77

of integration time. It is offset-frequency locked to the signal78

output of the OPO source following the scheme reported in Ref.79

[26]. Briefly, a phase/frequency detector compares the signal80

of a RF synthesizer ( fRF) with the 80-times scaled frequency of81

the ECDL-OPO beat note, the latter being detected by a fiber-82

coupled 12.5-GHz bandwidth InGaAs photodetector. The error83

signal produced by the phase/frequency detector is properly84

integrated by a PID servo, which provides a correction signal85

to the laser external cavity piezo and to the injection current.86

In this way a constant frequency offset between the ECDL and87

the OPO signal can be maintained. The bandwidth of the entire88

control loop has been determined to be about 10 kHz. Thus, a89

tuning of fRF results in a continuous and highly-accurate scan90

of the ECDL, which can be as wide as 10 GHz. The ECDL fre-91

quency, fECDL, can be easily determined using the equation92

fECDL = fOPO ± fRF, fOPO being the frequency of the OPO sig-93

nal. The ± ambiguity can be solved once it is known whether94

the ECDL frequency is red- or blue-shifted compared to fOPO.95

The singly-resonant OPO is pumped by a distributed-96

feedback diode laser, emitting at 1064 nm and amplified by a97

Yb-doped fiber amplifier up to 10 W. It is based on a bow-tie ring98

cavity configuration, the cavity mirrors being highly reflective99

in the range from 1.4 to 2.07 µm (possible wavelengths of the100

signal) and transparent at the pump and idler wavelengths. A101

temperature-stabilized non-linear MgO:PPLN crystal is placed102

inside the cavity. It can be continuously translated for a coarse103

tuning of the wavelength. An etalon is placed in the secondary104

focus of the cavity so that it is possible to perform a stable single-105

longitudinal-mode selection, while one of the cavity mirrors is106

equipped with a piezo for fine tuning. The crystal temperature107

and position, the etalon angle, and the cavity length directly108

affect the frequency of the signal, while the idler frequency is109

determined by energy conservation. The average output power110

of the signal and idler are about 2 and 1 W, respectively. It is111

worth noting that, for the purposes of the present work, the idler112

beam is not used, while the signal is employed as reference laser113

for the experiment. In fact, once the desired signal frequency is114

reached, its long-term stabilization is accomplished by means115

of the use of the OFC. Thus, the beat note between the signal116

and the nearest tooth of the OFC, fBEAT , is properly processed117

to generate a correction signal that actively controls the length of118

the OPO cavity through the piezo, with a bandwidth of few tens119

of Hz, which enables us to correct for possible frequency drifts120

of the cavity during the spectral acquisitions. This expedient121

also ensures the absolute determination of fOPO, which is equal122

to N × fREP ± fCEO ± fBEAT . The ± signs are easily determined123

by slightly varying fREP and fCEO and observing the variation124

of fBEAT , whereas the tooth order is obtained by measuring the125

signal wavelength by means of a wavemeter having a 30-MHz126

accuracy. During the experiment, we lock fBEAT to 20 MHz,127

while N=599353. It is useful to remind that the mode-hop-free128

tuning range of the signal is limited to few tens of MHz.129

The high-finesse cavity consists of two plano-concave high-130

reflectivity mirrors, spaced 43 cm apart by a Zerodur block.131

The mirrors have a radius of curvature of 1 m and a nominal132

reflectivity greater than 99.99%. One of the mirrors is equipped133

with a piezo transducer for a fine tuning of the cavity length. The134

ring-down time under vacuum conditions is about 24 µs. At the135

output of the cavity, a 1 MHz InGaAs detector is used to monitor136

the light emerging from the resonator. A digital acquisition137

board (DAQ) records the ring-down events. The DAQ works at138

a sample rate of 2×106 samples s−1, its vertical resolution being139

16 bit. The ECDL is sent into an optical isolator, followed by a140

AOM, whereas the first-order diffracted beam is coupled to the141

high-finesse cavity by means of a mode-matching telescope. The142

frequency of the laser light emerging from the AOM is up-shifted143

by a constant amount fAOM=80 MHz. The AOM is also used as144

an optical switch to initiate ring-down decays. As reported in145

Refs. [27, 28], a tracking servo loop provides trigger signals and146

allows for fast acquisition of ring-down signals. The cavity is147

equipped with a calibrated pt-100 thermometer and a 100 Torr148

full-scale absolute pressure gauge for temperature and pressure149

readings, respectively. The relative accuracy of gas pressure150

measurements amounts to 0.05%.151

Once a ring-down event is recorded, it is fitted to an expo-152

nential decay curve, yielding the decay time τ. The absorp-153

tion coefficient, α, as a function of the laser frequency ν (in154

cm−1), is determined from the well-known equation α(ν) =155

1
c

(
1

τ(ν)
− 1

τ0

)
, c being the speed of light (in cm/s) and τ0 the156

decay time under vacuum conditions. It is worth noting that157

the probe laser frequency is given by fECDL + fAOM, namely158

N × fREP ± fCEO ± fBEAT ± fRF + fAOM.159

The beat note between the OPO signal and the nearest comb160

tooth is shown in the inset of Figure 2. Its FWHM, as determined161

by fitting to a Gaussian function, is found to be 257 kHz. This162

measurement gives an estimation of the signal linewidth. In fact,163

considering that each comb tooth has a width of ∼110 kHz [29],164

the FWHM of the OPO signal turns out to be about 230 kHz.165

The upper panel of Figure 2 shows the fluctuations of fOPO166

over a period of about 3 hours, demonstrating the absence of any167

drifts. The in-loop relative stability of the signal frequency, as168

determined by the modified Allan analysis reported in the lower169

panel of Figure 2, is 3.8×10−12 for an integration time of 1 s.170

This analysis reveals that a trend that is typical of a white phase-171

noise is observed for integration time between 1 and 70 s. It also172

indicates that from 70 to 500 s a Flicker phase-noise becomes173
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Fig. 2. Upper panel: frequency fluctuations of fOPO. Lower
panel: modified Allan deviation as a function of the integra-
tion time for the time series reported in the upper panel. Inset:
example of a beat-note between the OPO signal and the OFC.

prevalent, while after 500 s the contribution to the noise takes the174

behavior of a Flicker frequency-noise, the corresponding level175

being 0.15 Hz. We can conclude that the long-term stability of176

fOPO is limited by the stability of the Rb-clock.177

Fig. 3. Panel a): example of CRDS N2O spectrum at a temper-
ature of 296.4 K. Panel b): example of residuals, as obtained
from the application of the fitting procedure. Panel c): as panel
b) without the inclusion of the unknown transition. The in-
crease of the residuals, in coincidence with the peak of the
P(14) transition, may be ascribed to a significant decrease of
the ring-down time.

To test the performance of the CRDS setup, we recorded ab-178

sorption spectra of N2O at ∼5000 cm−1. The upper panel of179

Figure 3 shows a 3.6-GHz wide nitrous oxide spectrum, aver-180

aged over 10 consecutive scans, at a pressure of 720 Pa (of a 99.0%181

pure N2O gas sample), obtained in about 5 minutes. This spec-182

trum consists of 181 spectral points, equally spaced of 20 MHz.183

According to the HITRAN database [1], the main absorption line184

is associated to the P(14) transition of the 4ν1 − ν1 + 2ν0
2 hot band185

at 4997.979680 cm−1, while the smaller line on its right wing can186

be ascribed to the N2
18O R(22) line (of the 3ν1 + 2ν0

2 band) at187

4997.980988 cm−1 [1]. The absorption peak at a lower frequency188

cannot be found in HITRAN, whereas it is included in ExoMol, a189

useful database that contains theoretical line lists for a wide vari-190

ety of molecules of interest for astrophysical environments such191

as exoplanets, brown dwarfs, and cool stars [30]. This database192

has recently been updated with a new N2O line list [20]. Here, a193

transition at 4997.932385 cm−1 has been reported and assigned194

to the P(27) component of the ν1 + 8ν0
2 − 2ν0

2 hot band. Accord-195

ing to ExoMol, its intensity should be 3.3 lower compared to196

the P(14) line. For the latter, a frequency of 4997.980516 cm−1
197

is reported [20], thus showing a positive shift of about 25 MHz198

compared to HITRAN. Information has not been found for the199

transition specified as unknown in Figure 3. Its presence is clear200

if line fitting is repeated without considering it (see the residuals201

in the panel c) of Figure 3). This is probably due to another202

molecule among the residual impurities of the gaseous sample.203

The spectrum of the upper panel of Figure 3 is fitted by means204

of the sum of a pair of symmetric speed-dependent Voigt profiles,205

as derived from the Hartmann-Tran profile (HTP) [31] setting206

to zero the velocity-dependent shifting-coefficient, the effective207

frequency of the velocity-changing collisions, and the partial cor-208

relation parameter. It must be noted that the two low-intensity209

interfering lines, namely, the R(22) and the unknown compo-210

nent, are both included in the spectra analysis, being modeled211

with a pair of Voigt convolutions. In the fitting procedure, the212

Doppler widths were constrained to be the same for all N2O213

profiles. Panel b) of Figure 3 shows the residuals of the fit, whose214

root-mean-square (rms) value results to be 6×10−9 cm−1, lim-215

ited only by the experimental noise. CRDS spectra have been216

acquired at seven different gas pressures, in the range 250-1000217

Pa, and analyzed according to the procedure described above.218

Similar results have been found across the different pressures.219

Fig. 4. Center frequencies retrieved as a function of the N2O
pressure. The weighted best-fit line allows one to determine
the zero-pressure center frequency. Upper panel refers to the
P(14) transition, while the lower one concerns the P(27) line.

As a consequence of the fitting procedure, the line center fre-220

quency as a function of the pressure could be determined for the221

two transitions. The results of this analysis are summarized in222

the upper and lower panels of Figure 4 for the P(14) and the P(27)223

transition, respectively. From a weighted linear fit of these data,224

it is possible to extract the zero-pressure frequencies. In partic-225

ular, for the P(14) line, a line center frequency of 4997.979472226

cm−1 is determined, the statistical uncertainty being 2×10−6
227
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cm−1. This value is only 6.2 MHz lower than the one reported228

in Ref. [1], thus demonstrating a relatively good agreement, if229

compared with the 3-MHz quoted uncertainty of HITRAN. The230

linear fit also provides an estimation of the pressure-induced231

self-shifting coefficients that is -3.7(8)×10−7 cm−1/Pa. As for232

the P(27) line, a shifting coefficient of -9(7)×10−8 cm−1/Pa and233

a line center frequency of 4997.932334(2) cm−1 are determined.234

The latter is 1.5 MHz lower with respect to the ExoMol value,235

while a blue-shift of about 31 MHz is found for the P(14) line [20].236

The same analysis allowed us to retrieve the self-broadening co-237

efficient, equal to 0.122(3) and 0.073(5) cm−1/atm for the P(14)238

and P(27) transition, respectively.239

As for the uncertainty budget of the absolute frequency mea-240

surements, useful details are given below. The statistical con-241

tribution comes from the weighted linear fit of Figure 4. The242

OFC contributes with an uncertainty of 1.7×10−8 cm−1, which243

is due to the stability of the GPS-disciplined Rb clock. The uncer-244

tainty in the driving frequency of the AOM and the contributions245

originating from the wave front curvature can be neglected. Sim-246

ilarly, the second-order Doppler shift can be neglected, while247

the recoil shift is estimated to be 3.3×10−8 cm−1. Applying the248

procedure described in Ref. [32], we estimate that the gas pres-249

sure contributes with a systematic uncertainty of about 3×10−6
250

cm−1. Varying the intra-cavity power, we did not observe any251

measurable influence in the line center frequencies within the252

experimental noise. Therefore, we can conclude that the global253

uncertainty of our frequency determinations is mostly due to the254

statistical contribution and to the pressure reading, the global255

uncertainty being comparable (or even better, in some cases) to256

similar Doppler-limited CRDS experiments [33].257

In conclusion, we developed a 2-µm wavelength CRDS spec-258

trometer assisted by a comb-locked cw singly-resonant OPO.259

This latter acts as reference laser for the spectrometer, being sta-260

bilized against the nearest tooth of an optical frequency comb.261

As demonstration of the successful operation of the spectrometer,262

we recorded Doppler-limited N2O spectra, as a function of the263

gas pressure, for a pair of spectral components of vibrational hot264

bands around 5000 cm−1. Absolute center frequencies have been265

determined with an overall uncertainty of 108 kHz. Pressure-266

broadening and shifting coefficients have been also provided. In267

reason of the large tunability range of both the ECDL and the268

OPO signal (up to 90 nm), the spectrometer is well suited for269

precision measurements of spectroscopic parameters for a vari-270

ety of atmospheric-relevant molecules, such as CO2, in different271

wavelength windows in the near-infrared. More particularly, we272

plan to perform new stringent tests of ab-initio quantum chem-273

istry calculations of the line intensities for the CO2 absorption274

bands in the 2-µm region, thus improving the results obtained in275

[12]. Finally, a robust, widely tunable, comb-locked laser source276

at 2-µm wavelength might be of interest for a new generation of277

gravitational waves interferometers that are likely to shift their278

operation wavelength from the 1 to the 2 µm region [34].279

Funding. This work was supported by the EURAMET Metrology Part-280

nership project “PriSpecTemp” [grant number 22IEM03]. This project281

has received funding from Metrology Partnership program co-financed282

by the Participating States and the European Union’s Horizon 2020283

research and motivation program.284

Acknowledgment. SG is grateful to the Italian Ministry for Univer-285

sity and Research for providing a Research Fellowship through the ETIC286

Project within the PNRR program.287

Disclosures. The authors declare no conflicts of interest.288

Data availability. Data underlying the results presented in this289

paper are not publicly available at this time but may be obtained from290

the authors upon reasonable request.291

REFERENCES292

1. I. Gordon, L. Rothman, R. Hargreaves, et al., J. Quant. Spectrosc.293

Radiat. Transf. 277, 107949 (2022).294

2. T. Delahaye, R. Armante, N. Scott, et al., J. Mol. Spectrosc. 380,295

111510 (2021).296

3. S. Tashkun, V. Perevalov, R. Gamache, and J. Lamouroux, J. Quant.297

Spectrosc. Radiat. Transf. 228, 124 (2019).298

4. D. R. Thompson, D. Chris Benner, L. R. Brown, et al., J. Quant. Spec-299

trosc. Radiat. Transf. 113, 2265 (2012).300

5. R. Imasu, T. Matsunaga, M. Nakajima, et al., Prog. Earth Planet. Sci.301

10, 33 (2023).302

6. J.-L. Bertaux, A. Hauchecorne, F. Lefèvre, et al., Atmospheric Meas.303

Tech. 13, 3329 (2020).304

7. F. Hilton, R. Armante, T. August, et al., Bull. Am. Meteorol. Soc. 93,305

347 (2012).306

8. J. Veefkind, I. Aben, K. McMullan, et al., Remote. Sens. Environ. 120,307

70 (2012).308

9. Z. D. Reed, D. A. Long, H. Fleurbaey, and J. T. Hodges, Optica 7, 1209309

(2020).310
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10. H. Fleurbaey, P. Čermák, A. Campargue, et al., “12CO2 transition386

frequencies with khz-accuracy by saturation spectroscopy in the 1.99-387

2.09 µm region,” Phys. Chem. Chem. Phys. 25, 16319–16330 (2023).388

11. H. Fleurbaey, H. Yi, E. M. Adkins, et al., “Cavity ring-down spectroscopy389

of CO2 near λ = 2.06 µm: Accurate transition intensities for the Orbiting390

Carbon Observatory-2 (OCO-2) strong band,” J. Quant. Spectrosc.391

Radiat. Transf. 252, 107104 (2020).392

12. T. A. Odintsova, E. Fasci, L. Moretti, et al., “Highly accurate intensity393

factors of pure CO2 lines near 2 µm,” The J. Chem. Phys. 146, 244309394

(2017).395

13. A. J. Fleisher, E. M. Adkins, Z. D. Reed, et al., “Twenty-five-fold reduc-396

tion in measurement uncertainty for a molecular line intensity,” Phys.397

Rev. Lett. 123, 043001 (2019).398

14. T. Odintsova, E. Fasci, S. Gravina, et al., “Optical feedback laser399

absorption spectroscopy of N2O at 2 µm,” J. Quant. Spectrosc. Radiat.400

Transf. 254, 107190 (2020).401

15. E. M. Adkins, D. A. Long, A. J. Fleisher, and J. T. Hodges, “Near-402

infrared cavity ring-down spectroscopy measurements of nitrous oxide403

in the (4200)←(0000) and (5000)←(0000) bands,” J. Quant. Spectrosc.404

Radiat. Transf. 262, 107527 (2021).405

16. L. Gianfrani, S. M. Hu, and W. Ubachs, “Advances in cavity-enhanced406

methods for high precision molecular spectroscopy and test of funda-407

mental physics,” La Rivista del Nuovo Cimento 47, 229–298 (2024).408

17. O. L. Polyansky, K. Bielska, M. Ghysels, et al., “High-accuracy CO2 line409

intensities determined from theory and experiment,” Phys. Rev. Lett.410

114, 243001 (2015).411

18. E. J. Zak, J. Tennyson, O. L. Polyansky, et al., “Room temperature412

line lists for CO2 symmetric isotopologues with ab initio computed413

intensities,” J. Quant. Spectrosc. Radiat. Transf. 189, 267–280 (2017).414

19. J. Tennyson, T. Furtenbacher, S. N. Yurchenko, and A. G. Császár, “Em-415

pirical rovibrational energy levels for nitrous oxide,” J. Quant. Spectrosc.416

Radiat. Transf. 316, 108902 (2024).417

20. S. N. Yurchenko, T. M. Mellor, and J. Tennyson, “Exomol line lists-LIX.418

high-temperature line list for N2O,” Mon. Notices Royal Astron. Soc.419

534, 1364–1375 (2024).420

21. Z.-T. Zhang, Y. Tan, J. Wang, et al., “Seeded optical parametric oscilla-421

tor light source for precision spectroscopy,” Opt. Lett. 45, 1013–1016422

(2020).423

22. Z.-T. Zhang, C.-F. Cheng, Y. R. Sun, et al., “Cavity ring-down spec-424

troscopy based on a comb-locked optical parametric oscillator source,”425

Opt. Express 28, 27600–27607 (2020).426

23. Y.-Z. Liu, M.-Y. Yu, Y.-D. Tan, et al., “Midinfrared cavity-enhanced two-427

photon absorption spectroscopy for selective detection of trace gases,”428

Anal. Chem. 97, 848–853 (2025).429

24. M. Vainio and L. Halonen, “Mid-infrared optical parametric oscillators430

and frequency combs for molecular spectroscopy,” Phys. Chem. Chem.431

Phys. 18, 4266–4294 (2016).432

25. I. Ricciardi, E. D. Tommasi, P. Maddaloni, et al., “Frequency-comb-433

referenced singly-resonant opo for sub-doppler spectroscopy,” Opt.434

Express 20, 9178–9186 (2012).435

26. A. Castrillo, E. Fasci, G. Galzerano, et al., “Offset-frequency locking436

of extended-cavity diode lasers for precision spectroscopy of water at437

1.38 µm,” Opt. Express 18, 21851–21860 (2010).438

27. E. Fasci, H. Dinesan, L. Moretti, et al., “Dual-laser frequency-stabilized439

cavity ring-down spectroscopy for water vapor density measurements,”440

Metrologia 55, 662 (2018).441

28. A. Castrillo, M. A. Khan, E. Fasci, et al., “Demonstration of record442

sensitivity for water vapor detection by means of comb-locked cavity443

ring-down spectroscopy,” Optica 11, 1277–1284 (2024).444

29. S. Gravina, N. A. Chishti, A. Castrillo, et al., “Comb-locked deep-445

ultraviolet laser system for precision mercury spectroscopy,” Phys. Rev.446

A 109, 022816 (2024).447

30. J. Tennyson, S. N. Yurchenko, A. F. Al-Refaie, et al., “The exomol448

database: Molecular line lists for exoplanet and other hot atmospheres,”449

J. Mol. Spectrosc. 327, 73–94 (2016). New Visions of Spectroscopic450

Databases, Volume II.451

31. N. Ngo, D. Lisak, H. Tran, and J.-M. Hartmann, “An isolated line-shape452

model to go beyond the voigt profile in spectroscopic databases and453

radiative transfer codes,” J. Quant. Spectrosc. Radiat. Transf. 129,454

89–100 (2013).455

32. A. Castrillo, E. Fasci, T. Furtenbacher, et al., “On the 12C2H2 near-456

infrared spectrum: absolute transition frequencies and an improved457

spectroscopic network at the khz accuracy level,” Phys. Chem. Chem.458

Phys. 25, 23614–23625 (2023).459

33. D. Gatti, T. Sala, R. Gotti, et al., “Comb-locked cavity ring-down spec-460

trometer,” The J. Chem. Phys. 142, 074201 (2015).461

34. D. P. Kapasi, J. Eichholz, T. McRae, et al., “Tunable narrow-linewidth462

laser at 2 µm wavelength for gravitational wave detector research,” Opt.463

Express 28, 3280–3288 (2020).464


