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ABSTRACT

We present a novel approach to cavity ringdown spectroscopy utilizing an optical frequency comb as the direct probe of the Fabry-Pérot
cavity, coupled with a time-resolved Fourier transform spectrometer for parallel retrieval of ringdown events. Our method achieves a high
spectral resolution over a broad range, enabling precision measurements of cavity losses and absorption line shapes with enhanced sensitivity.
A critical advancement involves a stabilization technique ensuring complete extinction of comb light without compromising cavity stabiliza-
tion. We demonstrate the capabilities of our system through precision spectroscopy of carbon monoxide rovibrational transitions perturbed

by argon.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0238895

I. INTRODUCTION

Cavity ring-down spectroscopy (CRDS) stands as a corner-
stone in modern spectroscopic techniques, thanks to its unparalleled
sensitivity and unique attributes, such as calibration-free opera-
tion and immunity to light intensity fluctuations. Traditionally
reliant on continuous wave (cw) lasers for operation, CRDS has
seen recent advancements aimed at boosting acquisition rates and
spectral density, achieving scanning speeds up to 1 THz/s through
adaptive spectral sampling based on innovative methodologies, such
as electro-optic modulation,"” Mach-Zehnder modulators,”* and
frequency-swept synthesizers.” However, existing cw-laser methods
entail sequential acquisition of spectral elements, making experi-
mental data more sensitive to the time variation in important ther-
modynamic parameters and generally longer to acquire. Therefore,
there is a demand for broadband instruments capable of providing
multiplexed spectra with similar spectral resolution and absorption
sensitivity.

Historically, efforts to achieve broadband CRDS date back to
pioneering works such as those by Engeln and Meijer” utilizing
pulsed dye lasers and step-scan time-resolved Fourier transform

APL Photon. 10, 026111 (2025); doi: 10.1063/5.0238895
© Author(s) 2025

spectrometers. However, limitations in resolution and acquisition
time persisted, hindering broader applications. Subsequent tech-
niques, including ringdown spectral photography by Scherer” and
time-resolved spectra acquisition by Czyzewski et al.,” demonstrated
various approaches to achieve time-resolved measurements but with
limited performances in terms of resolution and sensitivity. Notably,
Thorpe et al.” proposed for the first time, employing an optical fre-
quency comb as the light source for broadband CRDS, to revisit the
spectral photography approach with enhanced sensitivity.

In 2022, two new developments in the near-infrared laid the
groundwork for enhanced acquisition speeds and resolution by
combining CRDS with dual-comb interferometric detection'’ and
time-resolved Fourier transform spectroscopy.'! Lisak et al.'’ relied
on dual-comb CRDS with electro-optic combs pumped from the
same seed cw laser. The high acquisition speed of a single time-
resolved interferogram (5 us) allowed several interferograms to be
recorded during a single cavity decay to yield the decay time-
dependence. The setup demonstrated a sensitivity of 3 x 10 cm™,
with a spectral point spacing of 1 GHz, a simultaneous spectral
coverage of 22 GHz for an acquisition time of 1 s, and a cav-
ity finesse around 20000. Dubroeucq and Rutkowski'' recently
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demonstrated multiplexed CRDS using an optical frequency comb
as the direct probe and a fast-scanning time-resolved Fourier trans-
form spectrometer, facilitating quantitative measurements of CO,
and H>O concentrations in ambient air. The optical frequency
comb modes were directly locked to the cavity resonances using the
Pound-Drever-Hall (PDH) technique.'” The spectrometer allowed
measuring spectra covering 1.2 THz with a resolution of 600 MHz,
achieving a noise equivalent absorption of 1.5 x 10™® ¢cm™. The
main challenge was to decouple the ringdown signals from the sta-
bilization error signals. Indeed, in this first proof-of-concept, the
comb light reflected from the cavity was retrieved to generate the
PDH error signal. An acousto-optic modulator (AOM) would then
shut off the comb light to trigger decay events, while simultane-
ously shutting off the error signal. The latter meant that a relative
comb-cavity passive stability at the time scale of the shut-off dura-
tion was required to perform the measurement. This limited the
AOM shut-off duration, which, in turn, prevented using high-finesse
cavities characterized by long ringdown times. Very recently, a sim-
ilar approach has been proposed by Liang et al.,'> where no active
synchronization of the FTS movement and ringdown events was
performed. The experiment rather relied on the performance of the
FTS translation stage, whose speed was constant enough to allow
demodulation of the ringdown events during post-processing. The
demonstration was performed directly in the mid-infrared range
and yielded the broadest spectral range measured simultaneously
using cavity-enhanced direct frequency comb spectroscopy.

The present work builds upon the two approaches published
in 2022'""" to achieve high-sensitivity and high-resolution cavity
ringdown spectroscopy utilizing an optical frequency comb and
time-resolved Fourier transform spectrometry. Here, we address
key limitations identified in prior proof-of-concept experiments,
enhancing sensitivity and precision by orders of magnitudes while
facilitating quantitative measurements of gas concentrations. The
sensitivity limitations are exceeded by a fundamental redesign of the
frequency stabilization method enabling the extinction of the comb
light over a long duration without losing the comb-cavity lock. A
cw-laser is introduced to act as an intermediary between the comb
and the cavity, effectively making the comb-cavity stabilization
scheme insensitive to shut-off of the probe beam. We achieve ring-
down spectroscopy using a 20000 finesse cavity and demonstrate
an order of magnitude improvement of the absorption sensitivity
compared to the state-of-the-art systems.'”'' These performances
allowed retrieving high signal-to-noise ratio absorption spectra of
CO mixed with Ar over a broad coverage and confirming the influ-
ence of speed-dependent effects on the absorption line profiles. Our
findings offer promising prospects for applications spanning from
environmental monitoring to fundamental spectroscopic research.

Il. FOURIER-TRANSFORM CAVITY RINGDOWN
SPECTROSCOPY

A. Multiplexed CRDS

Cavity ringdown spectroscopy operates in the time domain,
requiring a methodical approach to measure light-intensity changes
over time. In its cw-laser implementation, CRDS relies on a fast shut-
off of the laser light when its frequency matches one of the cavity
resonance modes. The ringdown measurement is performed after
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the shut-off of the injected light on the cavity transmitted inten-
sity; the intra-cavity power decreases exponentially with time, with
a characteristic ringdown time 7zp set by the total loss rate of the
cavity, which, in realistic scenarios of absorption measurements, is
frequency-dependent. When the optical cavity is injected with an
optical frequency comb with repetition rate f., and offset frequency
fo matched to the cavity modes, the intra-cavity field contains all the
comb frequency components at once, all subject to different cavity-
loss rates. Untangling the spectral variation in the cavity ringdown
time, therefore, requires a detector capable of sorting the spectrum
while measuring the time-variation of the cavity transmission.

Time-resolved Fourier transform spectrometry (FTS) based on
a Michelson interferometer'“'” is an effective solution,'’ under the
necessary and sufficient condition that the cavity decays are syn-
chronized with the interferometer movement for accurate analysis.'®
A simplified schematic of the experimental approach is given in
Fig. 1(a). The optical frequency comb is frequency matched to
the cavity modes, and an acousto-optic modulator is inserted in
the optical path between the two to act as an instantaneous light
switch. The comb light transmitted through the cavity is directed
to a fast-scanning FTS, which is similar to previous designs.'"'"""
A frequency-stable HeNe laser beam propagates in the interferom-
eter on a path parallel to the comb beam direction. The reference
sinewave interferogram it provides is later used to calibrate the vari-
ation in the optical path difference (OPD) of the interferometer. In
case of a time-resolved measurement, this sinewave is used to trig-
ger the time-dependent event with a constant OPD step and the
interferogram acquisition. Here, the time-dependent event is the
cavity multi-exponential decay, and it is measured at the two opti-
cal outputs of the interferometer [CHI and CH2, in Fig. 1(a)]. As
it is already commonly known in FTS,'” these two signals share
the same intensity noise, but the interferograms are out-of-phase
due to an odd or even number of reflections on the interferom-
eter path, respectively. It is worth mentioning that in the case
of a time-dependent measurement, analog auto-balanced detection
approaches are ineffective: the interferograms contain very low fre-
quencies and the electronic feedback would bring the difference to
zero. Instead, the two signals are measured independently using two
distinct low-noise photodiodes and two channels of the acquisition
card.

B. Acquisition process

The data acquisition process and processing are schematically
depicted in Fig. 1(b). The objective is the acquisition of a three-
dimensional interferogram, where the third dimension accounts for
the cavity decay time. The OPD scan is continuously scanned at
a constant speed, and every occurrence of the reference intensity
(gray dotted line below the 3D interferogram) crossing a predefined
threshold (red circular markers) triggers the AOM shut-off. The first
channel of the data acquisition system (DAQ, CH1) simultaneously
records a cavity decay (white plain curve) with a time only set by
the acquisition card and photodiode bandwidths. After acquiring a
single event, the system waits for the next reference crossing to start
a new decay at a different OPD and repeats the same procedure to
reach the total OPD, which sets the spectral resolution of the final
spectrum. The interferometer never stops scanning; therefore, the
OPD varies along a single cavity decay, but this does not impact the
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FIG. 1. (a) Simplified schematic of the Fourier transform CRDS setup. The light emitted by the comb source propagates through an acousto-optic modulator (AOM) before
reaching the optical cavity, enclosed in a tight cell filled with a gas mixture, and the transmitted cavity light is analyzed using a fast-scanning Fourier transform spectrometer
(FTS). A frequency stabilized cw reference laser propagates in the FTS on a path parallel to the comb beam, yielding a sinewave interferogram that is used to trigger the AOM
shut off, and triggers the data acquisition (DAQ) system via a digital delay generator (DDG). The two optical outputs of the comb beam are recorded simultaneously using
two DC-coupled detectors connected to the two channels of the DAQ system (CH1 and CH2). (b) Principle of the acquisition and data processing. The signal measured at
one of the comb optical outputs contains a series of cavity decays separated by an optical path difference (OPD) by a constant step given by the reference laser wavelength.
The subtraction of the two FTS outputs allows suppressing the intensity noise affecting the decay amplitude. Fourier transformation of the interferogram along the OPD axis

yields frequency-sorted cavity decays.

final analysis as long as the OPD step is constant at any time after the
AOM trigger (i.e., as long as the OPD variation speed is constant).
As in cw laser-based CRDS, single decays are inherently immune to
intensity noise, as the measurement is performed when the laser is
off. However, many decays are necessary to record the full interfero-
gram, and the initial laser intensity varies shot-to-shot. This intensity
noise is generally observable on the baseline of the interferograms
recorded at the FTS output and would be transferred to the spectrum
if not canceled in post-processing. To overcome this limitation, we
make use of the two acquired interferograms and subtract one from
the other after a light correction of the alignment variation and pho-
todiode gain difference, similar to the procedure described in our
previous study.'! The decay spectrum is obtained after calculating
the magnitude of the fast Fourier transformation (FFT) of the decay
interferogram along the OPD axis, yielding the spectral distribution
of the cavity response.

lll. EXPERIMENTAL IMPLEMENTATION
A. Cavity ringdown spectrometer

The CRDS setup follows the description given in Fig. 1(a). The
optical frequency comb was emitted by an erbium:fiber mode-locked
laser (MenloSystems) covering the 1.5-1.6 ym spectral range with a
250 MHz repetition rate (fp) and an average power of 250 mW.
The laser output was collimated in a fiber to an AOM operating
at faom = 200 MHz, enabling a light shut-off with a response time
faster than 10 ns. The comb light transmitted using the AOM was
collimated into free-space and subsequently matched to inject the
Fabry-Pérot enhancement cavity efficiently. The ringdown cavity
was composed of two high reflectivity mirrors (R > 99.985%) spa-
tially separated by a distance of 60 cm to yield a cavity free spectral
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range (FSR) matching fr,. The empty cavity finesse was 21 400(60)
at 1545 nm, which translates to an empty cavity ringdown time of
12.7 us when considering the cavity length. One of the mirrors was
mounted on a piezo transducer (PZT) to allow active control of the
cavity length. The entire cavity was enclosed in a tight cell, where the
gas mixture and pressure could be controlled. The transmission was
collimated again in fiber to reach the fast-scanning FTS, mounted on
a twice-folded configuration.'® The translation stage was a 120 cm
long Aerotech ACT165DL-1200, which was continuously operated
at a displacement speed of 1 mm/s, traveling over a total distance
of 31.6 cm in 5 min 16 s (yielding a total OPD of 120 cm and a
nominal resolution of 250 MHz). The reference cw laser used to
calibrate the OPD and trigger the acquisition was a frequency sta-
bilized HeNe laser emitting at 633 nm. The two optical outputs of
the comb beam were monitored using two identical Newport pho-
todetectors (2053-FS, set at a 5 MHz bandwidth) and acquired using
a National Instruments PCI5922 acquisition card in multiple-record
acquisition mode (a sampling rate of 5 MS/s, an alias-free bandwidth
of 2 MHz, and a 20 bit resolution). Three hundred and fifty points
were measured for each decay, and the acquisition OPD step was
equal to the HeNe laser wavelength.

B. Stabilization scheme

To accommodate a light shut-off lasting 70 us while actively
maintaining the comb-cavity frequency matching, an intermedi-
ary cw laser was used to stabilize the spectrometer, as depicted
in Fig. 2(a). This intermediary was an external cavity diode laser
(ECDL, RIO) emitting at 1564 nm. A small fraction of its total power
was combined with the infrared comb to propagate to the cavity.
The ECDL frequency was locked to one of the cavity modes using
the Pound-Drever-Hall locking technique.'> As shown in Fig. 2(b),
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FIG. 2. Frequency stabilization of the spectrometer: (a) schematic setup and (b) frequency domain matching. The ECDL is phase modulated at fp in an electro-optic
modulator (EOM) to be locked to the ringdown cavity using the Pound-Drever—Hall (PDH) locking technique. The cavity reflected beam is picked up using a set of wave
plates (1/2, 4) and a polarizing beam splitter (PBS). The optical beatnote f,..; between the ECDL frequency and the closest comb mode is stabilized to a radio frequency
reference so that when summed with fyoy, the frequency shift experienced by the comb in the AOM, it matches the cavity free spectral range FSR and the laser repetition
rate fep. The absolute frequency stability is obtained by locking fep to a tunable radio frequency generated using a direct digital synthesizer (DDS) via a feedback to a piezo
actuator (PZT) controlling the cavity length. Not shown: the comb offset frequency is stabilized to a constant value using commercial electronics.

which depicts the frequency matching, the ECDL mode followed any
frequency fluctuation of the cavity resonant mode. The remaining
power of the ECDL was overlapped with a small part of the ini-
tial comb. The beatnote between the ECDL and the closest comb
mode was stabilized with a high bandwidth at f;,,; = 50 MHz by
acting on the comb intra-cavity actuators (namely, an EOM and a
PZT). The value of fy.,; was chosen so that when added to the fre-
quency shift faom = 200 MHz, induced using the AOM placed on
the comb path, the comb modes would match the resonant modes
of the ringdown cavity. This locking loop allowed the comb power
to be entirely shut off without disrupting the stabilization of the sys-
tem, as the AOM action impacted none of the error signals. It also
enabled the comb modes to match the cavity at all times so that the
comb light was directly resonant in the cavity when it was not shut
off. This enabled the perfect synchronization of the decays with the
FTS movement. In addition, the continuous comb-cavity matching
was important in optimizing the overall measurement duty-cycle:
44% of the measurement time was effectively dedicated to the mea-
surement of the cavity decay, while the remaining 56% were used to
reach a stationary intra-cavity build-up while waiting for the next
reference trigger.

The absolute frequency stabilization was achieved by lock-
ing the offset frequency fy—measured using the built-in f-2f
interferometer—to a constant value of 19.6 MHz and stabilizing the
repetition rate to a tunable radio frequency generated using a direct
digital synthesizer (DDS). The latter stabilization loop was closed by
feeding back the control signal to the cavity PZT to stabilize the cav-
ity FSR and, in turn, frp. The comb parameters frep, fo, and fyeqs
were continuously monitored during the acquisition using a fre-
quency counter with a 1 Hz integration time. The monitored results
yield the following frequencies: fr, = 250,272,859.000(7) Hz,
fo =19,600,000(1.3) Hz, and fyear = 50,366,100(7) Hz. The three
beatnotes remain stable throughout the entire measurement, with
their variations confined within the standard deviations indicated
in parentheses. All radio frequency electronics were referenced to a
hydrogen maser signal available in the laboratory via a fiber link to
the Borowiec Observatory.'””
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C. Ringdown spectrum processing

Figure 3(a) shows a typical interferogram obtained at the first
time-domain point after the reference trigger (i.e., just at the begin-
ning of the intensity decay at the cavity transmission). The subtrac-
tion between the two DAQ channels has been optimized so that
the continuous component of the interferogram is zero. Panel (b)
shows details of the center burst, peak-to-peak of which is equal to
7.4 V. The interferogram standard deviation reduces, as the consid-
ered data points are further away from the center burst, to reach
5 mV at the edges of the interferogram, as shown in panel (c).
This value is consistent with the specified noise performance, gain,
and bandwidth of the two Newport photodiodes used at the FTS
outputs.

The same processing was applied to all interferograms acquired
at different delays after the reference triggers. Following the steps

(a) 4F T T p T T ]
—DAQ1 - balanced DAQ2
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©
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FIG. 3. First interferogram obtained after the trigger signal, where the noise has
been reduced by the balancing procedure: (a) full interferogram, (b) zoom around
the center burst, and (c) zoom at the end of the interferogram, where most of the
signal is noise.
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shown in Fig. 1(b), the cavity exponential decays are sorted in their
respective spectral element. The time-resolved signals are then sin-
gle exponential decays if the spectral resolution is high enough to
assume a constant loss rate over a spectral element and if the acqui-
sition is stopped before the signal reaches the noise level. The former
condition can be fulfilled, as one can tune the spectral resolution
by changing the total OPD measured. The latter, however, is intrin-
sic to FTS measurement: all DC components are canceled when the
balancing procedure is performed, and therefore, taking the mag-
nitude FFT of the interferogram yields a distortion of the decay.
This can be easily overcome by cutting the dataset before the sig-
nal reaches the noise level. One of these decays is shown in Fig. 4,
selected at 1581 nm (6325 cm™'). Panel (a) shows the natural log-
arithm of the signal retrieved at this spectral element, normalized
to 1, together with a linear model with fitted characteristic time.
The residuum of the fit is shown in the lower panel and clearly
shows that the linear model only accounts for the first part of the
data and not the last points when the residuum deviates from 0.
To avoid bias due to this numeric artifact, the data are cropped
so that only the points with a signal higher than the noise value
are kept, and this limit is evaluated for each decay independently,
as it depends on the signal-to-noise-ratio, noise, and character-
istic time of the considered spectral element. In the case of the
decay shown in Fig. 4, only the first 50 us of the signal was kept
for the final ringdown fit. Panel (b) shows the linear data with an
exponential decay fit, where the ringdown time and the amplitude
were adjusted, and the fit residuum is shown below. The residuum
does not exhibit any particular structure and is characterized by
a standard deviation of 1.9 x 107, yielding a signal-to-noise ratio
for this decay of 5278. The ringdown time 7gp of this spectral ele-
ment was 12.0 us, with an error retrieved from the fit equal to
2 ns, which is far below the time uncertainty of the acquisition card
(1/5 MHz = 200 ns).

All spectral elements underwent the same procedure to obtain
the spectral variation in the cavity ringdown time.
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FIG. 4. (a) Logarithm of the ringdown at 1581 nm (black circles) plotted with the
best linear fit (red dashed line) in the upper panel and fit residuum in the lower
panel. The green stars in both panels represent the point where the decay signal
becomes equal to the noise. (b) Linear decay data points cropped from (a) (black
circles) and exponential decay model with fitted ringdown time and amplitude (red
solid line). Lower panel shows the final fit residuum.

APL Photon. 10, 026111 (2025); doi: 10.1063/5.0238895
© Author(s) 2025

IV. HIGH FINESSE CAVITY RINGDOWN
SPECTROSCOPY OF CO IN AR

A. Sample conditions and retrieved spectrum

The spectrometer was used for the retrieval of a high signal-to-
noise ratio of the absorption spectrum of CO diluted in a buffer of
Ar. In addition to being a molecule highly relevant to atmospheric
studies, CO is broadly considered to be a good prototype molecule to
test quantum calculations of molecular line shapes” ** and the test
bed for high order collisional physics.”** Here, 250 ppm of CO was
mixed with argon at a total pressure of 534(2) Torr, measured using
a 1000 Torr MKS Baratron (a resolution of 10 mTorr and 0.25%
uncertainty). The gas cell was tightly closed during the measure-
ment, and no gas flow was used. The gas cell was not controlled in
temperature, which was, therefore, varying a little during the exper-
iment. The gas temperature considered in the analysis was 295(2) K.
The intra-cavity pressure was measured before and after the mea-
surement to ensure its stability. The ringdown acquisition was
performed with a nominal spectral resolution of 250.27 MHz, just
above the comb repetition rate so that the modes were not resolved
using the FTS, and 15 successive datasets were recorded. Averag-
ing of the datasets was performed in the frequency domain (hence
after FFT) but before the ringdown fitting step. The spectrum of the
inverse of the ringdown time multiplied by the speed of light ¢ is
plotted in Fig. 5(a). As in traditional CRDS, this spectrum is the sum
of the intra-cavity absorption—the CO lines are clearly visible—with
a background set by the cavity mirror losses and optical fringes. The

(a) L — FT-CRDS data |
- 3.4 Fitted baseline
5
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o
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FIG. 5. Ringdown spectrum retrieved from the multiplexed CRDS measurements,
averaged 15 times for a total acquisition time of 1 h 19 min. (a) Spectrum obtained
after the first data processing (black curve), plotted together with the fitted base-
line, including a low polynomial function and a set of sinewave modeling optical
fringes (green curve). (b) Absorption spectrum retrieved after baseline subtraction
(black curve) compared with a synthetic CO absorption spectrum calculated using
Voigt profiles and spectroscopic parameters from the HITRAN database. The lines
pointed by arrows are the ones selected for further spectroscopic analysis.
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baseline is first fitted independently with a polynomial function and
a set of sinewaves. To remove the effect of the absorption lines, a
simple spectroscopic model relying on Voigt profiles was used; the
spectroscopic parameters are listed in the HITRAN database’” (with
collisional broadening parameters corrected by a constant factor to
account for the Ar buffer instead of N, as listed in HITRAN). The
resulting baseline is subtracted from the data, which are shown in
Fig. 5(b) in black together with the Voigt profile model (red curve,
inverted for clarity). In the center part of the spectrum between 6315
and 6335 cm ™!, the noise equivalent absorption is equal to 1.1 x 107°
cm™!, which yields a figure of merit of 9.6 x 107" cm™ Hz ' per
spectral element when normalized by the total acquisition time.

B. Line shape analysis of the CO-Ar molecular system

To perform the spectroscopic analysis of the spectrum,
we focused on the lines that were already studied in previous
studies:”>”* the P(9), P(6), P(4), and P(2) lines, plotted in black cir-
cular markers in Fig. 6(a). As a first step, to compare the results with
previous studies, these absorption lines were modeled using Voigt
profiles with linestrengths fixed to their HITRAN values, where the
pressure broadening, the temperature, and the CO concentration
were fitted to the experimental data. The retrieved temperature was
295.2(1.5) K, and the CO concentration was found to be 244.6(2.1)
ppm. The retrieved broadening parameters (half width at half max-
imum) for CO in Ar are shown in Fig. 7 (black circular markers).
The error bars of our results were estimated based on the fit uncer-
tainty and error propagation from the experimental parameters. The
value plotted has also been corrected for the broadening contribu-
tions of the CO-CO collisions, for which the parameters listed in
HITRAN were considered. The results of this work are compared
with the parameters retrieved from a previous study*’ (red diamond
markers): both datasets agree within error bars.
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FIG. 6. (a) Measured absorption lines (black circular markers) plotted together with
simulated lines calculated using the Hartmann-Tran profile (HTP, blue curve) with
speed-dependent parameters from Kowzan et al.2! (b) Residua of the data fitted
using Voigt profile models; see text for discussion. (c) Residua of the data fitted
using the reduced HTPs. The quality factors (QFs) indicated in each residuum
panel are calculated as the maximum absorption of the considered line divided by
the root mean square error of the residuum. !
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FIG. 7. Pressure broadening parameters for CO in Ar retrieved from the multi-
plexed CRDS spectrum as a function of the lower quanta of the P transition. The
present work is shown in black circular markers and previously available data are
plotted in red diamond markers.

The residua of the fits are shown in Fig. 6, where a systematic
deviation is visible in the line centers. Investigations showed that
this remaining structure in the residuum could not be explained by
an error in the retrieved temperature and concentration or by an
incorrect baseline estimation.

When considering higher order collisional effects, the model
and fit quality improved significantly. The same lines were again
modeled, this time using a more advanced absorption model
accounting for the speed-dependent pressure broadening effects,
namely a reduction in the Hartmann-Tran profile (HTP).*” The lim-
ited signal-to-noise ratio of the remaining distortion and the lack of
pressure dependence study made fitting the speed-dependent para-
meters directly from the data unreliable due to the correlation of the
parameters. Instead, the HTP was fed with the pressure broadening
coefficients and speed-dependent parameters measured in previ-
ous high-precision studies’"*’ that were kept as fixed parameters.
The fitting parameters were only the gas sample concentration and
temperature, and the results agreed with the parameters retrieved
from the Voigt profile fits within error bars. The decision to fit the
CO concentration rather than the absorption line intensities was
primarily influenced by the larger uncertainty associated with the
CO concentration. While the CO line strengths are provided in
HITRAN with specified relative uncertainties of <2%, the manual
determination of the CO mixing ratio introduced a higher degree
of uncertainty, making it the more variable parameter. However, the
residua of the HTP fits, shown in Fig. 6(c), exhibit higher quality fac-
tors (calculated following the definition proposed by Cygan et al.*!)
and do not show any structure anymore.

C. Performances and limitations

The proposed experimental configuration enables the averag-
ing of successive spectra obtained under steady-state conditions,
which significantly enhances the precision of spectral measure-
ments. The incorporation of a ringdown event trigger, along with
a balancing routine developed for FT-CRDS, mitigates the effects
of power fluctuations in the spectrum. In addition, the locking
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scheme introduced in this work ensures the stability of both the fre-
quency comb and the cavity throughout the measurement process,
effectively preventing drifts that could otherwise compromise the
accuracy of the retrieved spectrum. As a result, the primary limita-
tion on absorption sensitivity is governed by the noise characteristics
of the detectors used to measure the interferograms. The dynamic
range of the absorption coefficient measurements extends from 10~
to 107> ¢cm™', with limitations arising from detector noise affect-
ing the ringdown time retrieval and the bandwidth of the detectors.
These factors constrain the lower and upper limits of the detectable
absorption range, respectively.

The spectral coverage available for spectroscopic measure-
ments is fundamentally constrained by intra-cavity dispersion. This
dispersion prevents the transmission of the entire frequency comb
through the cavity due to the frequency-dependent variation in the
free spectral range. It is noteworthy that the cavity finesse has a direct
impact on spectral filtering, with higher finesse values leading to
more pronounced filtering effects. To expand the spectral range of
measurements, it would be necessary to either address the disper-
sion introduced by the cavity mirrors or reduce the cavity finesse.
However, such modifications would come at the cost of reduced
absorption sensitivity. Using the current configuration, the spectral
transmission of the comb through the cavity is limited to ~50 cm™.
At the spectral edges, only a small fraction of the laser light is trans-
mitted, leading to a substantial degradation of the signal-to-noise
ratio of the cavity decay. This degradation is particularly evident at
the spectrum’s edges, as shown in Fig. 5(a), where the noise on the
ringdown time retrieval is notably higher.

The total acquisition time in this system is intrinsically linked
to the sensitivity and spectral resolution. The sensitivity is propor-
tional to the empty cavity ringdown time, while the spectral reso-
lution is determined by the length of the interferogram. This direct
relationship between acquisition parameters explains why, despite
achieving an order-of-magnitude improvement in cavity finesse and
an increase in spectral resolution, the figure of merit for absorp-
tion sensitivity remains largely unchanged compared to our previous
study'! (1.7 x 10™° cm™! HZ 1 per spectral element). However,
the ability to average successive measurements results in a substan-
tial improvement in both the absolute sensitivity and accuracy of
the system. Shortening the measurement duration would require
under-sampling of the interferogram (i.e., triggering the decays with
a larger OPD step) but would also impact the final signal-to-noise
ratio by reducing the integrated power of the interferogram.

V. CONCLUSION

In this study, we successfully developed a sensitive and precise
cavity ringdown spectroscopy system capable of parallel acquisi-
tion over broad spectral ranges by coupling an optical frequency
comb with time-resolved Fourier transform spectrometry. A key
aspect of this approach was the decoupling of the frequency comb
light from the Pound-Drever-Hall error signal. This enables us to
stabilize a high-finesse cavity while maintaining the frequency accu-
racy. This approach significantly enhances the achievable sensitivity
of comb-based CRDS, allowing for high-precision gas absorption
measurements. The retrieval of the absorption spectrum of CO
broadened by Ar demonstrated the precision and accuracy of the
technique, validating earlier findings obtained through other optical
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methods. Furthermore, the high quality factors achieved in absorp-
tion line retrieval enable the study of speed-dependent collisional
effects on line profiles, with current limitations stemming from
photodiode noise performance in detecting the interferograms.

In comparison with recent advancements in comb-based
CRDS, as demonstrated by Liang et al,'> our approach uses active
stabilization of the cavity length to continuously match the comb
spectrum. While this adds technical complexity to the experimental
setup, it offers notable advantages, particularly in simplifying post-
processing and achieving high-precision absorption measurements.
In addition, the implementation of the locking loop facilitates syn-
chronization of ringdown events with the optical path difference
scan, which enhances the robustness of the technique and reduces
sensitivity to small variations in the speed of the FTS translation
stage.

Unlike the dual-comb-based CRDS approach,'’ where sev-
eral interferograms were measured during a single cavity decay,
our technique does not allow the absorption spectrum to be cap-
tured within a single cavity ringdown event. Instead, the decays
must be repeated across the entire interferogram. However, this
approach alleviates the requirement for an upper bandwidth limit
high enough to resolve the interferograms, as the upper bandwidth
is now determined solely by the cavity parameters. As a result,
this method yields an improved signal-to-noise ratio in interfero-
gram acquisition, making it particularly advantageous for precision
measurements.

The high sensitivity, broad spectral coverage, and precision
of our setup make it a valuable tool for fundamental studies in
molecular physics, such as collisional effects, as well as for various
applications, from environmental monitoring and remote sens-
ing to industrial process control. The adaptability of comb-based
FT-CRDS to other wavelength ranges, where traditional continuous-
wave CRDS encounters limitations, will further expand its potential
in future for precision spectroscopic applications.

ACKNOWLEDGMENTS

L.R. and R.D. acknowledge support from the Agence Nationale
de la Recherche (Grant No. ANR-19-CE30-0038). P.M. acknowl-
edges the support of the National Science Center, Poland Project No.
2019/35/D/ST2/04114.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

R. Dubroeucq: Conceptualization (equal); Data curation (lead);
Formal analysis (lead); Investigation (equal); Writing — review &
editing (supporting). D. Charczun: Conceptualization (equal); For-
mal analysis (equal); Investigation (equal); Software (equal); Valida-
tion (equal); Writing - review & editing (supporting). P. Mastowski:
Conceptualization (lead); Funding acquisition (equal); Project

10, 026111-7

82:2€:60 G20z Ateniged 5z


https://pubs.aip.org/aip/app

administration (equal); Resources (lead); Supervision (equal); Writ-
ing - review & editing (supporting). L. Rutkowski: Conceptual-
ization (lead); Funding acquisition (equal); Investigation (support-
ing); Project administration (lead); Resources (supporting); Super-
vision (equal); Visualization (equal); Writing - original draft (lead);
Writing - review & editing (lead).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

'D. A. Long, G.-W. Truong, R. D. van Zee, D. F. Plusquellic, and J. T. Hodges,
“Frequency-agile, rapid scanning spectroscopy: Absorption sensitivity of 2
x 1072 em™ Hz " with a tunable diode laser,” Appl. Phys. B 114, 489-495
(2014).

2D. A. Long, S. Wojtewicz, C. E. Miller, and J. T. Hodges, “Frequency-agile,
rapid scanning cavity ring-down spectroscopy (FARS-CRDS) measurements of
the (30012)<«-(00001) near-infrared carbon dioxide band,” J. Quant. Spectrosc.
Radiat. Transfer 161, 35-40 (2015).

5]. Burkart, T. Sala, D. Romanini, M. Marangoni, A. Campargue, and S. Kassi,
“Communication: Saturated CO, absorption near 1.6 ym for kilohertz-accuracy
transition frequencies,” ]. Chem. Phys. 142, 191103 (2015).

#0. Votava, S. Kassi, A. Campargue, and D. Romanini, “Comb coherence-transfer
and cavity ring-down saturation spectroscopy around 1.65 ym: kHz-accurate fre-
quencies of transitions in the 2v; band of "?CHy,” Phys. Chem. Chem. Phys. 24,
4157-4173 (2022).

SR. Gotti, T. Puppe, Y. Mayzlin, J. Robinson-Tait, S. Wéjtewicz, D. Gatti, B.
Alsaif, M. Lamperti, P. Laporta, F. Rohde et al., “Comb-locked frequency-swept
synthesizer for high precision broadband spectroscopy,” Sci. Rep. 10, 2523 (2020).
6R. Engeln and G. Meijer, “A Fourier transform cavity ring down spectrometer,”
Rev. Sci. Instrum. 67, 2708-2713 (1996).

7].J. Scherer, “Ringdown spectral photography,” Chem. Phys. Lett. 292, 143-153
(1998).

8A. Czyzewski, S. Chudzynski, K. Ernst, G. Karasinski, L. Kilianek, A. Pietruczuk,
W. Skubiszak, T. Stacewicz, K. Stelmaszczyk, B. Koch, and P. Rairoux, “Cavity
ring-down spectrography,” Opt. Commun. 191, 271-275 (2001).

M. J. Thorpe, K. D. Moll, R. J. Jones, B. Safdi, and J. Ye, “Broadband cavity
ringdown spectroscopy for sensitive and rapid molecular detection,” Science 311,
1595-1599 (2006).

°D. Lisak, D. Charczun, A. Nishiyama, T. Voumard, T. Wildi, G. Kowzan, V.
Brasch, T. Herr, A. J. Fleisher, J. T. Hodges et al., “Dual-comb cavity ring-down
spectroscopy,” Sci. Rep. 12, 2377 (2022).

"R, Dubroeucq and L. Rutkowski, “Optical frequency comb Fourier transform
cavity ring-down spectroscopy,” Opt. Express 30, 13594-13602 (2022).

"2E. D. Black, “An introduction to Pound-Drever-Hall laser frequency
stabilization,” Am. J. Phys. 69, 79-87 (2001).

13Q. Liang, A. Bisht, A. Scheck, P. G. Schunemann, and J. Ye, “Modulated
Ringdown Comb Interferometry for next-generation high complexity trace gas
sensing,” arXiv:2406.03609 (2024).

“K. Gerwert, “Molecular reaction mechanisms of proteins monitored by time-
resolved FTIR-spectroscopy,” Biol. Chem. 380, 931-935 (1999).

"5N. Picqué and G. Guelachvili, “High-information time-resolved Fourier
transform spectroscopy at work,” Appl. Opt. 39, 3984-3990 (2000).

'8p. R. Griffiths and J. A. de Haseth, Fourier Transform Infrared Spectrometry
(John Wiley & Sons; World Academy of Science, 2007), Vol. 5, pp. 1473-1478.

APL Photon. 10, 026111 (2025); doi: 10.1063/5.0238895
© Author(s) 2025

7A. Foltynowicz, T. Ban, P. Mastowski, F. Adler, and J. Ye, “Quantum-noise-
limited optical frequency comb spectroscopy,” Phys. Rev. Lett. 107, 233002 (2011).
184, Nishiyama, G. Kowzan, D. Charczun, R. S. Trawinski, and P. Mastowski,
“Optical frequency comb-based cavity-enhanced Fourier-transform spectroscopy:
Application to collisional line-shape study,” Chin. J. Chem. Phys. 33, 23-30
(2020).

9%, Sliwczynski, P. Krehlik, A. Czubla, . Buczek, and M. Lipinski,
“Dissemination of time and RF frequency via a stabilized fibre optic link over a
distance of 420 km,” Metrologia 50, 133 (2013).

20p. Morzynski, M. Bober, D. Bartoszek-Bober, J. Nawrocki, P. Krehlik, L.
Sliwczyniski, M. Lipinski, P. Mastowski, A. Cygan, P. Dunst ef al., “Absolute mea-
surement of the 'Sy — Py clock transition in neutral *Sr over the 330 km-long
stabilized fibre optic link,” Sci. Rep. 5, 17495 (2015).

2'G. Kowzan, K. Stec, M. Zaborowski, S. Wéjtewicz, A. Cygan, D. Lisak, P.
Mastowski, and R. Trawinski, “Line positions, pressure broadening and shift
coefficients for the second overtone transitions of carbon monoxide in argon,”
J. Quant. Spectrosc. Radiat. Transfer 191, 46-54 (2017).

22N. Ngo, H. Lin, J. Hodges, and H. Tran, “Spectral shapes of rovibrational lines of
CO broadened by He, Ar, Kr and SFq: A test case of the Hartmann-Tran profile,”
J. Quant. Spectrosc. Radiat. Transfer 203, 325-333 (2017).

2G. Kowzan, P. Wcisto, M. Stowinski, P. Mastowski, A. Viel, and F. Thibault,
“Fully quantum calculations of the line-shape parameters for the Hartmann-Tran
profile: A CO-Ar case study,” ]. Quant. Spectrosc. Radiat. Transfer 243, 106803
(2020).

24G. Kowzan, H. Cybulski, P. Wcisto, M. Stowirski, A. Viel, P. Mastowski, and
F. Thibault, “Subpercent agreement between ab initio and experimental collision-
induced line shapes of carbon monoxide perturbed by argon,” Phys. Rev. A 102,
012821 (2020).

257 D. Reed, H. Tran, H. N. Ngo, J.-M. Hartmann, and J. T. Hodges, “Effect of
non-Markovian collisions on measured integrated line shapes of CO,” Phys. Rev.
Lett. 130, 143001 (2023).

28M. Y. Tretyakov, E. Serov, D. Makarov, I. Vilkov, G. Y. Golubiatnikov, T. Galan-
ina, M. Koshelev, A. Balashov, A. Simonova, and F. Thibault, “Pure rotational R(0)
and R(1) lines of CO in Ar baths: Experimental broadening, shifting and mixing
parameters in a wide pressure range versus ab initio calculations,” Phys. Chem.
Chem. Phys. 25, 1310-1330 (2023).

27§, Serov, N. Stolarczyk, D. Makarov, I. Vilkov, G. Y. Golubiatnikov, A. Balashov,
M. Koshelev, P. Wcisto, F. Thibault, and M. Y. Tretyakov, “CO-Ar collisions:
Ab initio model matches experimental spectra at a sub percent level over a wide
pressure range,” |. Quant. Spectrosc. Radiat. Transfer 272, 107807 (2021).

28y _M. Hartmann, H. Tran, R. Armante, C. Boulet, A. Campargue, F. Forget, L.
Gianfrani, I. Gordon, S. Guerlet, M. Gustafsson, J. T. Hodges, S. Kassi, D. Lisak,
F. Thibault, and G. C. Toon, “Recent advances in collisional effects on spectra
of molecular gases and their practical consequences,” J. Quant. Spectrosc. Radiat.
Transfer 213, 178-227 (2018).

%1, E. Gordon, L. S. Rothman, R. Hargreaves, R. Hashemi, E. V. Karlovets, F.
Skinner, E. K. Conway, C. Hill, R. V. Kochanov, Y. Tan et al., “The HITRAN2020
molecular spectroscopic database,” J. Quant. Spectrosc. Radiat. Transfer 277,
107949 (2022).

30].-P. Bouanich and C. Haeusler, “Linewidths of carbon monoxide self-
broadening and broadened by argon and nitrogen,” J. Quant. Spectrosc. Radiat.
Transfer 12, 695-702 (1972).

31A. Cygan, D. Lisak, S. Wéjtewicz, J. Domystawska, J. T. Hodges, R. Traw-
inski, and R. Ciurylo, “High-signal-to-noise-ratio laser technique for accurate
measurements of spectral line parameters,” Phys. Rev. A 85, 022508 (2012).

52, Tennyson, P. F. Bernath, A. Campargue, A. G. Csaszar, L. Daumont, R.
R. Gamache, J. T. Hodges, D. Lisak, O. V. Naumenko, L. S. Rothman et al.,
“Recommended isolated-line profile for representing high-resolution spectro-
scopic transitions (IUPAC technical report),” Pure Appl. Chem. 86, 1931-1943
(2014).

10, 026111-8

82:2€:60 G20z Ateniged 5z


https://pubs.aip.org/aip/app
https://doi.org/10.1007/s00340-013-5548-5
https://doi.org/10.1016/j.jqsrt.2015.03.031
https://doi.org/10.1016/j.jqsrt.2015.03.031
https://doi.org/10.1063/1.4921557
https://doi.org/10.1039/d1cp04989e
https://doi.org/10.1038/s41598-020-59398-1
https://doi.org/10.1063/1.1147092
https://doi.org/10.1016/s0009-2614(98)00653-8
https://doi.org/10.1016/s0030-4018(01)01134-8
https://doi.org/10.1126/science.1123921
https://doi.org/10.1038/s41598-022-05926-0
https://doi.org/10.1364/oe.454775
https://doi.org/10.1119/1.1286663
https://arxiv.org/abs/2406.03609
https://doi.org/10.1515/bc.1999.115
https://doi.org/10.1364/ao.39.003984
https://doi.org/10.1103/physrevlett.107.233002
https://doi.org/10.1063/1674-0068/cjcp1911192
https://doi.org/10.1088/0026-1394/50/2/133
https://doi.org/10.1038/srep17495
https://doi.org/10.1016/j.jqsrt.2016.12.035
https://doi.org/10.1016/j.jqsrt.2017.03.001
https://doi.org/10.1016/j.jqsrt.2019.106803
https://doi.org/10.1103/physreva.102.012821
https://doi.org/10.1103/physrevlett.130.143001
https://doi.org/10.1103/physrevlett.130.143001
https://doi.org/10.1039/d2cp04917a
https://doi.org/10.1039/d2cp04917a
https://doi.org/10.1016/j.jqsrt.2021.107807
https://doi.org/10.1016/j.jqsrt.2018.03.016
https://doi.org/10.1016/j.jqsrt.2018.03.016
https://doi.org/10.1016/j.jqsrt.2021.107949
https://doi.org/10.1016/0022-4073(72)90177-x
https://doi.org/10.1016/0022-4073(72)90177-x
https://doi.org/10.1103/physreva.85.022508
https://doi.org/10.1515/pac-2014-0208

