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Abstract: A spectroscopic method free from systematic errors is desired for many challenging
applications of gas detection. Although existing cavity-enhanced techniques exhibit very high
precision, their accuracy strongly depends on propagation of the light amplitude through an
optical system and its detection. Here, we demonstrate that the frequency-based molecular
dispersion spectroscopy, involving sub-Hz-level precision in frequency measurements of optical
cavity resonances, leads to sub-per-mille accuracy and a wide dynamic range, both previously
unattainable by any other spectroscopic technique. The method offers great sensitivity of 5x107!!
cm™!, high speed, limited only by the fundamental response time of the cavity, and traceability of
both axes of the spectrum to the primary frequency standard. All these features are necessary for
convenient realization of comprehensive molecular spectroscopy from Doppler up to collisional
regime without changing the spectroscopic method and modification of the experimental
setup. Moreover, the presented approach does not require linear, high-bandwidth nor phase-
sensitive detectors and can be directly implemented in existing cavity-enhanced spectrometers
utilizing either continuous-wave or coherent broadband radiation. We experimentally prove the
predominance of frequency-based spectroscopy over intensity-based one. Our results motivate
replacement of intensity-based absorption spectroscopy with a pure frequency-based dispersion
one in applications where the highest accuracy is required.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The extremely high precision of ultrasensitive spectroscopic techniques highlights the critical role
played by the accuracy of measurement methods in many important scientific areas. A serious
challenge for remote sensing, important in global warming monitoring and for understanding
climate change, among others, is to measure variations in gas composition with accuracy better
than 0.1% [1,2]. Modelling of exoplanetary atmospheres [3,4] and searching for extraterrestrial
life [5] both need a consistent description of the millions of lines resulting from hot atmospheres
of exoplanets. These scientific tasks require reference data which can only be provided by
calculations supported and verified by critical high-accuracy measurements [4]. High-quality
laboratory spectra are necessary for better theoretical description of molecular structure [6,7],
isotope ratio determination [8,9], fundamental tests of QED in molecular systems [10] and
searching for new physics beyond the Standard Model [11]. Because of its great sensitivity
and precision, cavity ring-down spectroscopy (CRDS) is widely used for all these applications.
However, various effects related to light propagation and detection, e.g., insufficient extinction
ratios of optical switches [12], a multimode [13] or slightly non-resonant [14] excitations of
cavity modes, nonlinear and limited-bandwidth detection system [15] affect the accuracy of
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CRDS and restrict its applicability to weakly absorbing systems. A way to extend the dynamic
range of measurements is to probe cavity mode widths instead of ring-down decays. Although
cavity mode-width spectroscopy (CMWS) [16,17] does not require high-bandwidth detectors as
CRDS, its accuracy can still be diminished by detector nonlinearity, cavity length jitter [16,18]
and finite spectral linewidth of the laser [19].

The recently introduced cavity mode-dispersion spectroscopy (CMDS) [20] has an intrinsic
advantage over other techniques. It relies on pure frequency measurements of cavity mode
positions and thus avoids accuracy limitations typical of most methods with intensity-dependent
detection. An alternative technique, NICE-OHMS [21], provides dispersive spectra of the highest
precision. However, its sensitivity to calibration of the enhancement factor and the need for
careful phase adjustment during demodulation of the resulting signal lead to systematic errors of
line-shape parameters even up to several percent [22]. A different variant of NICE-OHMS, dual-
frequency modulation dispersion spectroscopy [23], enables continuous monitoring of dispersive
changes of the cavity free spectral range (FSR). Although this technique is frequency-based as
CMDS, its accuracy is limited by measurement of the averaged values of the FSR.

In the previous state-of-the-art CMDS experiment [20], a laser beam was polarization-divided
into lock and probe beams. A robust laser-to-cavity lock provided great spectral resolution with
a Hz-level linewidth laser and eliminated the residual frequency noise associated with mutual
vibrations of the laser and cavity. Active stabilization of the cavity length prevented the comb
of cavity modes from thermally drifting. In order to measure the cavity mode shape, the probe
beam was frequency stepped with respect to the locking point by tuning an optical frequency
shifter (i.e. acoustooptic modulator). With this approach a sub-Hz-level precision of both cavity
mode positions and widths [20] was achieved. This gives the CMDS method a high place
among ultrasensitive spectroscopic techniques. Furthermore, the method’s frequency-based
detection could plausibly reach metrological level of accuracy, indicating its strong potential to
be the most robust technique with respect to systematic errors. The technical issues limiting the
accuracy of CMDS and leading to distorted dispersive spectra [24] resulted from the requirement
of efficient spectral separation of locking and probe beams, and a potential contribution from
residual amplitude modulation. The latter typically occurs in the Pound-Drever-Hall locking
scheme during frequency changes of the laser [25] and was responsible for a slow drift of
the laser-to-cavity locking point [26]. We present a CMDS method using a high-bandwidth
electrooptic modulator (EOM) as a fast tunable coherent light source (Fig. 1), which eliminates
these limitations and allows CMDS to approach the level of sub-per-mille accuracy. Our solution
improves the stability of the laser-to-cavity lock by keeping the frequency of the lock beam
constant during the entire spectrum measurement, and provided a convenient relative frequency
axis of the spectrum in the low microwave range, which is easily referenced to a primary frequency
standard. Moreover, setting the locking point far enough from the measured molecular resonance
prevented the laser-to-cavity lock from being affected by absorption [24] and significantly
expanded the dynamic range of measurements. In the presented method each spectrum scan
is a series of cavity pumping processes grouped around consecutive cavity mode centers. The
processes are equidistant in time and the frequencies at which they occur are determined by the
frequency of the lock beam and the offset introduced by the microwave frequency driving the
EOM. Similarly to rapid absorption spectroscopy methods [27,28], fast frequency switching of
the microwave source reduced data acquisition time to the fundamental cavity pumping rate.
However, unlike a frequency-agile, rapid scanning spectroscopy technique [27], our method
provides exact positions of cavity mode centers leading to complete and accurate information on
the molecular spectrum.
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Fig. 1. Diagram of universal experimental setup for implementation of methods:
CRDS, CMWS and CMDS. (a) A beam of laser 1 with frequency vy is divided into three
parts. The first one is sent to the optical frequency comb (OFC) in order to monitor the
frequency stability of the laser and to provide an absolute frequency axis for measurements.
The second one, vertically polarized, is used to tightly phase-lock the laser to the optical cavity
resonance. The third one, horizontally polarized, is first modulated by the high-bandwidth
electrooptical modulator (EOM) with the radiofrequency vrp and next frequency shifted by
the acoustooptic modulator driven by the radiofrequency 8. The single sideband of the EOM
is used as a probe beam for measuring cavity mode shapes in case of CMWS and CMDS
methods. The AOM is used both to prevent pumping the cavity with carrier frequency and
other EOM sidebands, as well as to initiate ring-down decays in the CRDS. The experimental
conditions are chosen so that at any given moment, only one cavity mode was excited. The
OFC, EOM and AOM are frequency referenced to a primary atomic standard. The comb of
cavity modes is actively stabilized to the frequency v¢ of laser 2. (b) Allan deviation of
measured mode positions of empty cavity in frequency and absorption units (n — number
of measurements). Time interval between measurements was 3 ms. The plot minimum
corresponds to detection limit of 510~ ¢cm™!. (c) High-speed measurement procedure of
dispersive spectrum. Each spectrum scan is a series of equidistant in time processes of cavity
pumping corresponding to various EOM radiofrequencies vrg grouped around consecutive
cavity mode centers. A gray decay shows the process of cavity emptying from the light for
previous radiofrequency vrg which starts just after the EOM frequency change.
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2. Experimental details

The experimental realization of CRDS, CMWS and CMDS methods is provided by the two-beam
configuration system presented in Fig. 1. The gas sample is placed inside the temperature-stabilized
[29] optical cavity with finesse 41000 and free spectral range (FSR) 203 MHz corresponding to
mirror reflectivity 0.999923 and cavity length 74 cm. The sample is illuminated by 1560 nm
light from an external-cavity diode laser (ECDL). Active stabilization of the comb of cavity
modes with respect to the I,-stabilized Nd:YAG laser (Laser 2, Innolight Prometheus) working
at 1.06 um prevents thermal drift of the cavity length. Long term stability of the Nd:YAG laser
measured with respect to the optical frequency comb (OFC, Menlo Systems) is 4 x 10714 at 100 s
[30]. The ECDL (Laser 1, Toptica CTL 1550) is remotely tunable in the range 1.52—1.63 um and
Pound-Drever-Hall locked to one of the cavity modes. Its spectral line width relative to the cavity
mode center is on the order of tens of Hz [30]. A separated beam of the ECDL is phase-modulated
by the electrooptic modulator (EOM, Photline Technologies) in a wide frequency range from
200 MHz to 20 GHz. A selected first-order (+1 or —1) sideband of the EOM serves as a probe
light. The AOM used in the system prevents pumping the cavity with the carrier and other EOM
sidebands. It also initiates ring-down decays in the CRDS. EOM sidebands can be tuned with a
maximal speed of 1.4 kHz corresponding to an RF switching time of 700 us. The high-speed
scan of the EOM is enabled to cover the spectral range up to + 20 GHz. Spectroscopy in a wider
spectral range can be realized by automatic and remotely controlled relocking of the ECDL to
another cavity mode. Cavity mode widths and positions are typically measured with Hz-level
precision, but presence of 1/f noise allows square root data averaging towards sub-Hz-level
precision. Under signal-to-noise ratios as high as 2000, cavity mode shapes are well reproduced
by the Lorentzian function. For every point of CMWS and CMDS spectrum, 5 cavity mode
shapes were measured with a step-size ranging from 375 Hz up to 1.25 kHz depending on the
sample pressure. Alternatively, without signal averaging a fast spectra acquisition can be realized,
as shown in Fig. 1(c). In this case one frequency step of the spectrum takes 3 ms (7 points per
each cavity mode) and is limited only by the cavity response time. Ring-down decays in CRDS
were initiated exactly from the cavity mode centers by quickly (within 50 ns) switching off the
laser beam using an acoustooptic modulator. For every spectral point of CRDS spectrum 3 000
decays were acquired. Controlled tuning of the Nd: YAG laser frequency, to which the cavity
is locked, enables measurement of the absorption and dispersion spectra, also with a step-size
smaller than the cavity FSR, limited by the Nd:YAG laser stability. The total measurement time
during which all three CRDS, CMWS and CMDS spectra were acquired was 16 minutes for
the lowest pressure and 27 minutes for the highest pressure to preserve the spectrum length
proportional to the line width.

The absolute frequency axis in the experiment is calculated by summing the lock beam
frequency vy, offset frequency ¢ of the AOM and offset frequency vgrr of the microwave source
driving the EOM. The frequency v, is continuously measured with respect to the OFC. Its
absolute value is determined on the basis of the carrier envelope offset frequency, comb repetition
rate frequency (frep = 250 MHz) and beatnote frequency with the nearest OFC tooth in a similar
way as in papers [30,31]. Integer number of the comb tooth is determined by measuring the
lock beam frequency v; by a wavelength meter (Bristol) whose accuracy is better than fie, /2.
The UTC (Coordinated Universal Time) reference used to stabilize the OFC, AOM and EOM
is provided by the Astro-Geodynamic Observatory in Borowiec (Poland) and transfered to the
experiment by the OPTIME fiber network [30,32]. Its overall relative stability is 10~!3 after 8 h
[32]. The offset frequency 6 + vrp corresponds to the frequency difference measured between
lock beam and center of the cavity mode shifted by dispersion. The accuracy of this measurement
is affected by the cavity length stability. Based on results from [30] we estimate that maximal
contribution of this effect to the combined uncertainty of ¢ + vgp is 38 mHz in 10 s, which is the
time required for 5 cavity mode measurements per each spectrum point.
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3. Data analysis

Measured spectral line shapes were analysed at atmospheric conditions where line shape model
requires simultaneous inclusion [33,34] of Dicke narrowing [35] and speed-dependence of
collisional broadening and shifting [36]. The Levenberg-Marquardt algorithm was implemented
for the least squares fitting. Line-shape models were numerically calculated with a relative
accuracy of 107°. When the Voigt profile was employed for spectral analysis, the fitted parameters
were: unperturbed line position, collisional line width, collisional line shift, integrated line
area, and background parameters. In the case of the HTP, four additional parameters were
used: Dicke narrowing, speed dependence of collisional width and shift, and first order line
mixing. For both profiles, Doppler widths were fixed to the values calculated on the basis of
the measured temperature. The spectrum background was modeled by the linear function. At
obtained signal-to-noise ratio we did not observe any systematic distortions of the background
caused by etalon effects. We also estimated potential contribution of the mirror dispersion to the
spectrum background based on the results of broadband comb-based spectroscopy from Refs.
[18] and [37]. Linear contribution is fully fitted in our background model, whereas nonlinear
contribution in case of the longest measured spectrum (16 GHz) should be below 50 mHz and
140 mHz based on data from [37] and [18], respectively. This is below the noise level of our
spectra. Due to longer line wings in the dispersive spectrum compared to absorptive one, analysis
of CMDS spectra required incorporation of 9 neighboring lines up to 200 GHz away from the
investigated one. To quantify an agreement between the fitted line-shape model and experimental
data, we used a quality of the fit factor (QF) defined as a ratio of the peak absorption/dispersion
to the standard deviation of the fit residuals [38].

The wave number and line intensity for the investigated self-perturbed R23 CO transition
provided by the HITRAN database [34] are vy = 6410.87956 cm ! and S = 7.843 x
1072 cm/molec, respectively. The measured CO line was analysed by means of the single and
multi-spectrum fit. In the first approach, the spectra were fitted individually for every pressure and
separate line-shape parameter sets were provided. In the second approach, all pressure-dependent
spectra were fitted together, providing one parameter set including pressure-dependent linear
coefficients of line-shape parameters [40,41]. This approach enables us to solve a common
problem of numerical correlations between parameters that are present when sophisticated
multi-parameter line-shape models such as HTP are used. Due to the precision of spectra
measurements being greater than the accuracy of the pressure gauge employed to make pressure
measurements, in the multi-spectrum fit the collisional widths and line areas were fitted separately
for every pressure. For other parameters such as unperturbed line position, collisional shifting
coefficient, Dicke narrowing coefficient, line-mixing coefficient and speed-dependent parameters
describing collisional width and shift, single values were fitted for all pressures. For the case of
determination of unperturbed line position and collisional shift three methods of data analysis
were used and each method was applied to two sets of data. The first set included only low
pressures, up to 0.5 kPa, and the second one included all investigated pressures, up to 54 kPa.
The first and most straightforward method involved performing single-spectrum fits of all lines
in the set and applying linear regression to line positions determined for each pressure. In this
analysis it was necessary to include the speed-dependent collisional shift. However, a parameter
describing the quadratic speed dependence is strongly correlated with the averaged collisional
shift. Therefore two steps of analysis were done. After first one the collisional shift was obtained
from the linear regression and it was next used as a fixed parameter in final single-spectrum fit
analysis, from which the unperturbed line position was determined. The two remaining methods
incorporated the multi-spectrum fit analysis in which single values of the unperturbed line position
and collisional shift coefficient were fitted simultaneously for all pressures, but they differed
in their approach to the collisional shift coefficient. In the first one of these multi-spectrum fit
methods the collisional shift was fitted, whereas in the second one it was fixed to the best value
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obtained from the multi-spectrum fit analysis of CMDS spectra in the full range of pressures. The
latter method helps to efficiently reduce correlations between line position and collisional shift
which are present at low pressure range even when the multi-spectrum fit procedure is applied
(see Fig. 4). If experimental spectra are free from systematic distortions we should get the same
value of the unperturbed line position and collisional shift from all methods, except for potential
numerical correlations between these parameters at very low pressure range.

4. Results

In order to demonstrate the extraordinary accuracy and extremely wide dynamic range of the
CMDS method, we compared it with two absorptive methods: CRDS, which is well established
in ultra-sensitive measurements, and CMWS, its equivalent in the frequency domain. The
dispersive and absorptive spectra corresponding to these techniques, shown in Fig. 2, were
obtained simultaneously by the use of the experimental setup from Fig. 1. The chosen R23 CO
transition is strong enough to test the accuracy of experimental methods at pressures ranging
from Doppler up to collisional regime, corresponding to conditions from low to high optical
density. The measurement conditions were chosen to be far from light power saturation. The
data fitting was performed with the Hartmann-Tran profile (HTP), a new recommended standard
for interpretation of Earth’s atmosphere retrievals [42], which is capable of reproducing spectra
with accuracy better than 0.1% in a wide pressure range up to atmospheric conditions [43].

The accuracy of the CRDS method noticeably decreases for high absorptions, where ring-
down decays become non-exponential [12] and too short for their proper measurement. In our
experimental conditions this situation already occurs for CO pressure of 2 kPa, corresponding to
ring-down time constant of 1.5 ps, and is revealed as a large (~1.6% peak to peak) structure on the
residuals from the HTP fit (Fig. 2). This precludes the use of CRDS for accurate wide dynamic
range line shape study, which is crucial for, e.g. atmospheric applications. In case of CMWS
increase of absorption causes decrease of the signal amplitude, similar as in CRDS, but contrary
to it, broadened cavity modes in CMWS can still be measured with satisfactory accuracy. Indeed,
a single-spectrum fit analysis applied to the CMWS spectra resulted in structureless (<0.2% peak
to peak) residuals in the whole investigated range of pressures (Fig. 2). It is worth noting that even
at high optical density conditions, at pressures of 13 kPa and 54 kPa, corresponding to reduction
of the cavity transmission by more than 10*, CMWS spectra have very high signal-to-noise
ratio of around 6 000. Comparison of the results for CRDS and CMWS methods at pressure 2
kPa reveals that CRDS underestimates the line intensity by more than 3%. On the other hand,
for pressures above 2 kPa the line intensities obtained in CMWS systematically deviate from
the constant value by between 0.2% and 0.8% (Fig. 3) and the results for line positions are
scattered within +130 kHz dependent on the kind of data analysis and chosen pressure range
(Fig. 4). These observations indicate a possible systematic error of the CMWS method even if
the residuals from the fit appear to be randomly distributed. In case of the single-spectrum fit
analysis with a flexible multi-parameter line-shape model such as the HTP, any distortions of the
spectrum can be misinterpreted as a physically justified collisional effect. The multi-spectrum fit
analysis forces a linear dependence of parameters on pressure and helps to solve this problem. Its
application to the CMWS spectra indeed showed a presence of a small asymmetric structure on
residuals for the lowest pressures. We ascribe this asymmetry to a variable frequency noise in the
locking of the laser to the cavity, which influences the measured mode widths but not the mode
centers.

As shown in Fig. 2, the multi-spectrum analysis applied to the CMDS spectra provides the
highest quality residuals from the HTP fit. The achieved quality of the fit factor QF = 17 000 is
more than double that of CMWS. The ultra-high accuracy of the CMDS method is proven by
(i) randomly distributed, non-asymmetric residuals in the whole investigated range of pressures
(Fig. 2), (ii) pressure independence of the line intensity within the desired accuracy range
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Fig. 2. Absorption and dispersion cavity-enhanced spectroscopy. The shown R23
transition in the second overtone of CO was measured at the room temperature and indicated
pressures by three cavity-enhanced spectroscopy methods: CRDS, CMWS and CMDS. (a)
Top: simulation of cavity transmission in direct cavity-enhanced absorption spectroscopy
(CEAS). Middle: absorption spectra measured by CRDS and CMWS. For clarity, the
CRDS data were moved up slightly. Bottom: dispersion spectra measured by CMDS. Every
spectrum in the pressure range 0.1-2 kPa is the average of 10 scans. Spectra for pressures 13
kPa and 54 kPa are the average of 20 scans. (b) Upper: comparison of CRDS and CMWS
residuals obtained from the single-spectrum fit analysis. Lower: comparison of CMDS and
CMWS residuals obtained from the multi-spectrum fit analysis. Standard deviation of CMDS
low-pressure residuals corresponds to absorption of 5x10~ 10 ¢m~1. The Hartmann-Tran
profile with collisional line mixing was used to model spectra for all investigated methods.
In the single-spectrum analysis, spectra were fitted individually for every pressure, whereas
in the multi-spectrum analysis all spectra were fitted together with forced linear pressure
dependence of chosen line-shape parameters. CRDS results are limited to low pressures.
Above the pressure of 2 kPa, ring-downs are too short for accurate measurement, which
leads to the large structure in residuals from the fit. CMWS and CMDS spectra expose
the wide dynamic range of absorption and dispersion measurements, respectively. The
small instrumental asymmetry affecting CMWS spectra, well masked in the case of the
single-spectrum analysis, can be detected by the multi-spectrum fit technique. Among the
three studied methods, CMDS represents the highest standard in providing ultra-accurate
laboratory spectra. For quantitative comparison of CMWS and CMDS results, the quality
of the fit factors (QF) from the multi-spectrum fit analysis are given. Horizontal axes and
pressures are common for each column of plots (a) and (b).
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Fig. 3. Line intensity of R23 CO transition. Line intensities obtained from CMWS
and CMDS spectra are shown. Full circles and diamonds: Intensities provided by the
multi-spectrum analysis with use of the recommended Hartmann-Tran profile with collisional
line mixing. The results for CMWS and CMDS agree up to 0.04% for low pressures and
systematically disagree by 0.2% to 0.8% above pressures of 2 kPa, due to instrumental errors
affecting the CMWS method. CMDS shows an excellent constancy of the line intensity with
pressure. Open circles and diamonds: Intensities provided by the single spectrum analysis
with the use of the ordinary Voigt profile. The results present strong nonphysical dependence
on pressure and inaccuracies of up to 3% caused by use of a too-simplified line-shape model.
Plotted intensities are normalized to the mean value with the lowest uncertainty obtained in
CMDS. Error bars on graph correspond to combined standard uncertainties. The uncertainty
budget of the line intensity, including type A (statistical) and type B (other) components,
achieved from the multi-spectrum analysis of CMDS spectra is shown.

of £0.1% (Fig. 3), and (iii) independence of the line position determination of the method
of data analysis and the choice of pressure range (Fig. 4). Although the reported here line
intensity was determined with a very low combined standard uncertainty of 0.07%, its value
8.056 x 10~ cm/molec differs by as much as +2.6% from the line intensity provided with
uncertainty <2% by the HITRAN database [39] and by + 1.9% from the line intensity measured
with uncertainty 1.6% by Sung and Varanasi [44]. These examples demonstrate a problem of
inaccuracies of spectroscopic databases as well as indicate an urgent need for development of
high-accuracy spectroscopic methods and proper analysis of laboratory spectra.
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Fig. 4. Line position and collisional shift of R23 CO transition. Unperturbed line
positions and shifts obtained from CMDS, CMWS and CRDS spectra are shown for various
methods of data analysis employed to two ranges of pressures. In the case of the single
spectrum analysis (triangles), the results were determined from the linear regression. In
the first multi-spectrum analysis (squares), one value of the line position and pressure shift
coefficient was fitted for all pressures. In the second multi-spectrum analysis (diamonds),
the pressure shift coefficient was constrained to the best value determined from the first
high-pressure range multi-spectrum analysis of CMDS spectra. Experimental spectra were
fitted by the Hartman-Tran profile. The results for CMDS agree within their standard fit
uncertainties with each other for all pressures. The results for CMWS are scattered due to
the systematic errors of this method. CRDS results are limited to low pressures and agree
with CMWS low-pressure results. Correlations between line positions and line shifts occur
at low pressures for all investigated methods, but CMDS shows the greatest resistance to it.
Error bars on graph correspond to combined standard uncertainties. The uncertainty budget
of the line position and collisional shift, including type A (statistical) and type B (other)
components, achieved from the multi-spectrum analysis of CMDS spectra is shown.

5. Conclusions

We have shown that a unique feature of CMDS is its accuracy - the parameter of the highest priority
in modern laboratory modelling of Doppler-limited molecular spectra affected by collisions.
Detection of the dispersive signal in terms of microwave frequencies also meets the highest
metrology standards. The demonstrated wide dynamic range of CMDS, unattainable by any
other ultra-sensitive spectroscopy technique, spans from 5x10~'% cm™" up to 10~* cm™"! (Fig. 2).
It enables the most stringent tests of the molecular collision theory. Using the example of a
self-broadened CO line, we have shown that CMDS can provide line intensities with relative
uncertainties well below 0.1% in the wide range of absorptions, up to atmospheric pressures.
On the other hand, the high sensitivity of CMDS enables detection of absorption as low as
5%10~ " ¢m™! (Fig. 1(b)). Obtained precision of 6x1073 of the line intensity, which is an order
of magnitude better than dominant systematic contribution to combined uncertainty coming from
a pressure gauge, opens a way for high-precision spectroscopic measurements of pressure. We
also proved that it is possible to obtain unperturbed line positions with the relative uncertainty of
1010 from Doppler-broadened spectra in conditions where molecular collisions are far from
negligible. The R23 CO line position determined here (v = 192 193 333 554(20) kHz) agrees
very well with and is 15 times more accurate than the results published elsewhere [45]. Moreover,
the line position uncertainty of our CO transition is comparable with the most precise sub-Doppler
measurements of HD transitions of similar line strength [46,47]. It would be very interesting to use
CMDS to explain large systematic differences between the results for HD line positions obtained



Research Article Vol. 27, No. 15/22 July 2019/ Optics Express 21819

Optics EXPRESS

in various laboratories using cavity-enhanced absorption techniques [46,47]. Additionally this is
to our knowledge the first time when the self-induced collisional shift (§ = —2.468(2) kHz/Pa)
of investigated line was determined with sub-per mille accuracy. The CMDS method does not
require linear, high-bandwidth nor phase-sensitive detectors, provides both axes of the spectrum
referenced to the primary frequency standard and can be directly implemented in existing
cavity-enhanced spectrometers utilizing either continuous-wave or coherent broadband radiation
[18,48,49]. We see clear applications of CMDS in atmospheric and astrophysics research as a
reference method for a new generation of spectroscopic databases, in molecular chemistry as well
as in accurate metrology of molecular hydrogen and fundamental studies. The presented results
can be in general approach a part of a paradigm shift to frequency-based dispersion spectroscopy
from intensity-based absorption one thanks to its immunity to systematic errors.

Note added before publication: Recently we were informed that the similar relative accuracy
of the line intensity has been reached using CRDS with properly calibrated detection system [50].
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