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Abstract
Cavity-enhanced spectroscopic techniques are highly sensitive laser-based methods
for interrogating the atomic and molecular constituents of any gaseous medium that
is confined into an optical resonator. A first advantage over conventional absorption
spectroscopy comes from the extremely long path length of the laser radiation inside
the stable, high-finesse, optical cavity, which allows the sample to be probed over
several tens of kilometers. Aftermore than 30 years of research and development, tech-
niques like cavity ring-down spectroscopy, cavity-enhanced absorption spectroscopy,
and noise-immune cavity-enhanced optical-heterodyne molecular spectroscopy, have
reached extraordinary levels of detection sensitivity, such that it is possible to measure
light absorption from molecules in trace amounts or extremely weak spectral lines of
more abundant species. A second advantage of the use of high-finesse cavities lies in
the power amplification achieved inside the optical resonator, making it possible to
saturate even weak transitions, thus reducing the width of spectral lines by some three
orders ofmagnitude. Combining thesemethods with frequency comb technologies has
further enhanced their capabilities, adding metrology-grade qualities to spectroscopic
determinations such as transition frequencies of molecular resonances, which can be
measured with sub-kHz accuracy. In this review article, we discuss the current sta-
tus of highly precise and highly sensitive laser spectroscopy for fundamental tests and
measurements.We describe state-of-the-art molecular spectroscopymethods and their
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application to a few selected molecules of fundamental importance in understanding
quantum chemistry theories or testing quantum electrodynamics.

Keywords Cavity ring-down spectroscopy · Cavity-enhanced spectroscopy ·
Molecular spectra · Frequency metrology · Fundamental physics · Precision
measurements
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1 Introduction

Absorption spectroscopy has been used for over 100 years to study atomic and molec-
ular structure. The basic principle is very simple: illuminate a sample in the gas phase
with a light beam of known intensity, I , and measure the amount of light, Itr , that is
transmitted through the sample by using a proper detector. Light attenuation at specific
wavelengths follows the Beer–Lambert law, so that the intensity decays exponentially
as a function of the absorption path length through the sample, L , according to the
equation:
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Itr(λ) = I exp[−α(λ)L]. (1)

The absorption coefficient, α(λ), usually expressed in cm−1, is proportional to the
number density of the absorbing atomic or molecular species, nx , the proportionality
factor being the so-called cross section, σx (λ), with x denoting the particular species
in question.

The sensitivity of direct absorption techniques is limited by intensity fluctuations
of the light source, so that the minimum detectable intensity change amounts to about
0.001 of the incident intensity, a circumstance that restricts the usage scope of the
technique.Many schemes have been developed to increase the detection sensitivity and
lower the minimum detectable absorption coefficient as much as possible, especially
after the invention of continuous wave (cw) semiconductor diode lasers [1]. This is
the case of frequency modulation techniques that minimize the effects of noise in the
measurement system [2]. Another strategy is to increase the absorption path-length
usingmulti-pass geometries, to reach a travel distance of up to hundreds ofmeters, thus
lowering the minimum detectable absorption coefficient to ∼ 10−7 cm−1. Commonly
used multi-pass cells are White cells [3], Herriot cells [4], and astigmatic mirror cells
[5]. The main problem of these systems is the attenuation of the power throughput
arising from the reflectivity of the mirrors, the output power being reduced to 1–2%
of the input, in the best cases. In addition, the partial overlapping of the reflected
beams on the mirror surfaces produces spurious interference fringes that modulate the
background signal, thus limiting the achievable signal-to-noise ratio.

Increasing the optical path length can be done more effectively through the use
of a high-finesse resonant optical cavity, in techniques like cavity ring-down spec-
troscopy (CRDS) and cavity-enhanced absorption spectroscopy (CEAS). Compared
to the multi-pass cells, optical cavities offer the advantage of a 100–1000 times greater
absorption path length, typically obtained in a much smaller volume. The first use of
an absorbing medium inside an optical resonator was reported by Jackson [6] as early
as in 1961. He resolved the structure of the barium resonance line with an absorb-
ing atomic beam traversing the interior of the interferometer. Soon after that, Alfred
Kastler studied absorption of atoms inside a Fabry–Perot interferometer and calcu-
lated that this device is equivalent to a long absorption path in an ordinary light beam.
He also demonstrated that “the local light intensity in the stationary waves inside can
be much higher than the intensity of the incident light beam” [7]. In 1974, Kastler
investigated how a pulse of square form is transmitted through a Fabry–Perot interfer-
ometer, thus demonstrating the exponential decay of laser light intensity transmitted
through an optical cavity, namely, the well-known equation reported hereafter [8]:

Itr(t, λ) = I0 exp[−t/τ(λ)], (2)

where the time constant, τ , is known as the ring-down time, which depends on the
cavity optical loss at the wavelength λ, including scattering and mirror losses. In this
equation, I0 represents the intensity of the incident beam.

Since then, there have been many methodological developments mostly motivated
by the need to characterize high reflectivity mirrors [9, 10]. Only in 1988, there was the
transition from cavity ring-down reflectometry to cavity ring-down spectroscopy. The
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first measurement of the rate of loss of light intensity from an optical cavity due to an
intracavity absorbing medium is attributed to O’Keefe and Deacon, who implemented
the pulsed CRDS technique to measure the weak absorption spectrum of molecular
oxygen at 630 and 690 nm, achieving a minimum detectable absorption coefficient
of 10−8 cm−1 [11]. This seminal work was responsible for the explosion in terms
of popularity of the CRDS method. While the pulsed CRDS technique was mainly
used for gas-phase molecular spectroscopy and the detection of gas-phase molecular
species in different environments, also applications outside this domainwere explored.
The CRD-background signals from measurements of pressure ramps were analyzed
and converted into a direct determination of Rayleigh-scattering cross sections [12].
The pressure-ramp method was also employed to probe the structure of collision-
induced absorption resonances where both colliding molecules become electronically
excited [13]. CRDS was extended to the liquid phase in a demonstration experiment
measuring an overtone resonance in liquid benzene [14], where reduction of Fresnel
losses was achieved by placing a Brewster-angled cell inside a cavity. This technique
was developed to detect small liquid samples in liquid chromatography [15]. Further
miniaturization could be achieved by omitting cells inside the cavity and using the
mirror surfaces as cell walls. Combined with the use of picosecond lasers, very small
sample volumes and nanomolar detection limits could be achieved [16], ultimately
leading to highly sensitive detectors for high-performance liquid chromatography [17].

The technique of generic pulsed cavity ring-down was then extended to single-
mode continuous-wave (cw) dye lasers and extended-cavity diode lasers (ECDL),
with the obvious advantage of increasing the spectral resolution and the possibility of
increasing the repetition rate at which ring-down transients can be stored, thus leading
to an improved sensitivity [18–20]. For a complete and useful reconstruction of the
CRDS history, only briefly outlined here, the reader is referred to the review article of
Paldus and Kachanov [21].

Parallel to the development of cw-CRDS, single frequency cw lasers offered other
interesting possibilities. In 1994, Nakagawa et al. proposed tomonitor the cavity trans-
mitted power while the laser was tuned through the cavity modes in the proximity of a
given absorption line by any gas sample inside the cavity [22]. The method was tested
on a C2H2 vibration-rotation transition at 1064 nm to demonstrate the achievement
of an effective absorption length of 5.3 km with a 46-cm-long Fabry–Perot cavity.
This pioneering work triggered the development of CEAS techniques. The limitation
of a few points acquired over a Doppler-broadened profile was overcome in 1999 by
the group of Leo Hollberg at the National Institute of Standards and Technology, in
Boulder, Colorado. Using an ECDL frequency locked to a tunable cavity, the trans-
mitted power could be recorded while scanning continuously the frequency of a given
cavity mode over the absorption line of interest [23]. The fundamental difficulty with
this approach is that the cavity transmission mode is generally much narrower than the
laser linewidth, so that a fast and tight lock between the laser and the cavity is required.
Furthermore, any residual fluctuation of the laser frequency with respect to the cav-
ity resonance is converted into amplitude noise in detection, which makes it difficult
to achieve a good sensitivity. A significant improvement in the detection sensitivity
can be obtained by using a radio-frequency heterodyne technique in the measure-
ment of the transmitted power. Invented in 1996 by John Lewis Hall, noise-immune
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cavity-enhanced optical heterodynemolecular spectroscopy (NICE-OHMS) combines
the advantages of frequency modulation techniques with cavity-enhanced absorption
spectroscopy, with a modulation frequency actively matching the cavity free-spectral-
range [24, 25]. Using thismethod in conjunctionwith awell-stabilized fixed-frequency
laser, Ye et al. demonstrated the detection of a weak sub-Doppler saturated-absorption
signal inside an optical cavity, in coincidence with a C2HD overtone transition, thus
reaching the nearly shot-noise-limited sensitivity of ∼ 10−14 cm−1 (with 1 s averag-
ing time) [25]. The technique was then extended to the Doppler-limited regime with
frequency spans up to 8 GHz to investigate the weak magnetic-dipole transitions of
molecular oxygen at 762 nm [23].

Cavity-enhanced absorption spectroscopy is also feasible without any locking loop
[26, 27]. In fact, laser light can be coupled into an optical cavity through acci-
dental coincidences by rapidly modulating the cavity length, while simultaneously
modulating the input laser frequency. In this case, the time-integrated intensity of
the transmitted light is measured. The method is known as integrated cavity out-
put spectroscopy (ICOS) [27]. Other closely related variants of the CEAS technique
include off-axis integrated cavity output spectroscopy (OA-ICOS) [28] and optical-
feedback cavity-enhanced absorption spectroscopy (OF-CEAS) [29]. Similarly, there
are several variants of the cw-CRDS technique, such as phase-shifted CRDS [30],
polarization-dependent CRDS [31], heterodyne CRDS [32], rapidly-swept CRDS [33,
34], broadband CRDS [35], and saturated-absorption CRDS [36]. In addition, com-
plementary cavity-based techniques have been developed, such as cavity mode-width
spectroscopy [37] and frequency-based dispersion spectroscopy in an optical cav-
ity [38, 39]. The former method involves determining the absorption coefficient from
direct measurements of the spectral width of the cavity modes, once the cavity itself
is filled with a gaseous absorbing medium. The latter method uses only the measured
frequencies of the cavity modes to provide complete information about the dispersive
properties of the intracavity sample near the molecular resonances.

It is not hard to imagine how much these methods have revolutionized the field
of trace gas detection and gas metrology, finding widespread applications in environ-
mental and atmospheric monitoring, biomedical analysis with a strong focus on breath
analysis [40], and reaction chemistry, due to their ultrasensitive nature.Moreover, they
have been widely recognized as a valid alternative to isotope ratio mass spectrome-
try for the accurate analysis of the isotopic composition of gaseous samples, with
a number of relevant applications in hydrology, climatology and paleoclimatology,
geochemical research [41], as well as radio-carbon dating [42].

There are already several reviews of the extensive literature regarding these
techniques and their applications, describing the experimental developments and real-
izations, aswell as the underlying theory [21, 34, 43–46]. Therefore, the present review
is not aimed to provide a complete description of the works published in the field of
cavity-enhanced and cavity ring-down spectroscopies. Instead, this paper focuses on
the recent implementations that combine the extremely high sensitivity in detecting
a weak absorption spectrum with the amazing precision of optical frequency mea-
surements that is achievable by exploiting the technology of optical frequency comb
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synthesizers.We intend to give an overview of the state-of-the-art cavity-based molec-
ular spectroscopy methods that are currently used to provide highly accurate data and,
in some cases, to test quantum electrodynamics (QED) calculations.

The structure of the review is as follows. In Sect. 2 we resume basic concepts and
main features of cw-CRDS, also describing selected implementations. Section3 is
devoted to a review of the recent literature regarding comb-calibrated CRDS, while
Sect. 4 deals with NICE-OHMS and its comb-assisted variant. Section5 concentrates
on recent applications to precision spectroscopy of a few selected molecules, such
as water, acetylene, and carbon dioxide. In Sect. 6 we focus on precision measure-
ments of molecular hydrogen spectra to test the QED theory. Conclusions and future
perspectives are given in the last section.

2 Continuous-wave cavity ring-down spectroscopy

Cavity ring-down spectroscopy consists inmeasuring the rate of decay of light intensity
inside a stable optical resonator, once the incident laser radiation is instantaneously
switched off. The optical cavity is typically formed by a pair of concave spherical
mirrorswith radii of curvature r1 and r2,mounted to share the optical axis and separated
by a distance L . The geometrical features satisfy the stability condition, as reported
here below:

0 < g1g2 < 1, (3)

with g1 and g2 given by 1 − L/r1 and 1 − L/r2, respectively. The Gaussian beam
solution of the paraxial wave equation leads to the well-known mode structure that
includes longitudinal and transverse modes, as defined by a set of three integers: q,
m and n, with q being associated to the longitudinal modes, while m and n identify
the transverse distribution of the wave energy. For an empty cavity, the frequency
difference between two adjacent longitudinal modes, q and q + 1, with the same
values of m and n, is the cavity free spectral range (FSR), given by FSR = c/2L , c
being the vacuum speed of light. A cw single-mode tunable laser is used to excite
a single cavity mode. If I0 is the transmitted light intensity at the time the incident
light beam is switched off, the transmitted intensity decays exponentially according to
Eq. (2), with a decay rate D(λ) given by 1/τ(λ). It is possible to show that the decay
rate of an empty cavity consisting of high reflectivity mirrors (R → 1) is given by:

D(λ) = c
T + S

L
, (4)

where T is the mirror transmittivity and S is the scattering loss, with T + S + R = 1.
If an absorbing medium in the gas phase is placed between the cavity mirrors, thus
filling the entire intracavity volume, Eq. (4) is modified in the following way:

D(λ) = c

[
T + S

L
+ α(λ)

]
. (5)
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Therefore, bymeasuring the change in the cavity decay rate, an absolute determination
of the absorption coefficient of the intracavity sample can be performed, according to
the following equation:

α(λ) = 1

c

[
1

τ(λ)
− 1

τ0

]
, (6)

τ0 being the decay time measured under vacuum conditions, a fundamental character-
istic of any CRDS spectrometer. Note that Eq. (6) shows that CRDSmeasurements are
not dependent on either the incident radiation intensity or the absorption path length,
circumstance that makes the CRDS technique very attractive for fundamental studies
and applications. Resorting to the quantum nature of light, τ0 represents the photon
lifetime inside the cavity in the absence of any intracavity absorption. Today’s mirror
manufacturing technology easily allows one to obtain a pair of mirrors with a reflec-
tivity as high as 0.99995 in the near-infrared spectral region. For L = 0.5 m, assuming
a negligible scattering loss, τ0 amounts to about 33 µs, which translates into an effec-
tive photon path length, Leff = cτ0, of about 10km. The thousands-fold increase in
effective path length ensures the enhanced sensitivity of the CRDS technique over
traditional direct absorption spectroscopy. The most significant advantage of the cw
variant of CRDS, compared to earlier implementations based on pulsed laser sources,
is that the intensity decay from the cavity is a true single exponential process since the
excitation of a single cavitymode at a time takes place.Multiple longitudinal and trans-
verse mode excitation, as observed by using pulsed lasers, results in multi-exponential
decays that compromise the accurate retrieval of the ring-down time, although a con-
dition can be achieved of a white-light cavity for which an exponential decay can be
attained [47].

The highest sensitivity for a CRDS experiment can be reached only using cw lasers
emitting on a relatively narrow single mode. For the visible and near-infrared spectral
regions, convenient laser sources are ECDLs or distributed-feedback (DFB) diode
lasers, with typical emission bandwidths of 100–200 kHz and 1–2 MHz, respectively.
Relatively high powers are strongly desired because of the inefficient coupling between
the laser and the cavity modes, whose width can be of the order of a few kHz. In any
case, strategies are required for a controlled and highly reproducible cavity excitation,
aimed to reduce as much as possible the shot-to-shot variations in repeated ring-down
events.

2.1 Swept-cavity methods

The most practical option, known as swept-cavity method, is described in Fig. 1. The
cavity length is scannedover a distance larger thanλ/2 using a piezoelectric transducer,
to bring a cavity mode into resonance with the laser mode, at any frequency of the
incident radiation.When a sufficient amount of light builds up inside the optical cavity,
a simple electronic circuit based upon a threshold detector produces a TTL pulse that
is used to shut the laser off with an acousto-optic modulator. By properly setting
the threshold signal, it is possible to detect only the occurrence of the fundamental
transverse mode (TEM00) excitation of the cavity.
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Fig. 1 Schematic diagram of a cw-CRDS spectrometer with a swept-cavity approach. ECDL stands for
extended-cavity diode laser; OI for optical isolator; AOMfor acousto-opticmodulator; PZT for piezoelectric
actuator; Ph for photodiode; M for high reflectivity mirror. The 1st-order diffracted beam is injected into a
high finesse optical resonator that is housed inside a vacuum chamber

Over the years, several variants of the swept-cavity method have been developed
[33, 34, 48]. A complete coverage of the field is doomed to fail, considering the large
amount of work that has appeared after the pioneering articles of Romanini and co-
workers [18, 19]. Within the focus of this review article, we merely point out that
the minimum detectable absorption coefficient of swept-cavity methods ranges from
10−8 to 10−10 cm−1, limited by the repeatability in the amount of injected power into
the cavity from shot to shot. Higher sensitivities are achieved by locking together the
laser frequency and a cavity resonance so thatmore reproducible intracavity intensities
and transmitted signals can be obtained. Additionally, a high repetition rate can be
achieved in the detection of repeated exponential decays so that averaging over several
decay events can be performed to obtain a more precise value of the decay time, thus
increasing the sensitivity.

2.2 Cavity-lockedmethods

Typically, two different approaches are implemented for locking: Active opto-
electronic locking by means of the Pound–Drever–Hall technique [49]; and passive
locking by exploiting optical feedback from the cavity [50].

A cavity-locked cw ring-down schemewas implemented for the first time by Paldus
et al. [20]. This scheme employed the Pound–Drever–Hall (PDH) technique to achieve
a tight frequency lock of the laser to the cavity. The underlying idea is very simple:
Locking the laser frequency to the center of the TEM00 mode of an optical resonator
through a feedback system, laser light is permanently injected into the cavity. Two laser
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polarizations are initially created and separated for different uses. The p-polarization
is used to lock the laser to the cavity, while the s-polarization is sent through an AOM
prior to injection into the cavity. This AOM is then used to generate exponential decay
events by switching off the s-polarized beam. In this way, it is possible to generate and
register repeated decay events at repetition rates of tens of kilohertz, thus detecting only
one polarization while the other is used to keep the laser and cavity tightly locked at
all times. Measuring weak absorption lines of CO2 at 1064 nm, a minimum detectable
absorption coefficient of 8.8×10−12 cm−1 for 1 s averaging time was demonstrated
using the dual-polarization approach [51].

A valid alternative to this dual-polarization method is known as periodically locked
CRDS. An ECDL is tightly locked to a high-finesse cavity and the light entering the
high-finesse cavity is periodically switched off and on by using an AOM. In coinci-
dence with each ring-down event, the PDH lock is interrupted. Once the light to the
cavity is switched on again, the cavity lock is rapidly reacquired [52, 53]. In Ref. [52],
it was shown that as many as 16,000 ring-down events per second could be acquired,
while scanning the cavity mode frequency of about 4 GHz in approximately 20s. The
method was applied to the sensitive detection of very weak overtone transitions of
acetylene at 788 nm. Much broader scans were obtained in the same spectral region
by using a cw, single mode, Ti:sapphire ring laser [53]. In this case, 500 steps were
used to cover a scan range of 1cm−1, accumulating 10,000 exponential decays for
each point. This translated into a total duration of the scan of about 9min. Faster
scanning speeds were tried by keeping constant the number of frequency steps and
accumulating a smaller number of exponential decays at each point. It was found that
the system was perfectly usable and the lock was stable up to speeds of ∼3 GHz/s,
which implied spectral acquisition over 1cm−1 in only ten seconds by accumulating
200 exponential decays per point. The price to pay is, of course, a reduced sensitivity.
In summary, there are important trade-offs to be found in any cavity-locked CRDS
system with regard to optimizing the sensitivity, frequency resolution, scan width, and
duration.

To mitigate this issue, Hodges and co-workers at the National Institute of Standards
and Technology invented a new approach known as frequency-agile rapid scanning
cavity ring-down spectroscopy (FARS-CRDS) [54, 55], in which the laser frequency
is rapidly stepped to successive resonances through the use of high bandwidth electro-
optic modulator in conjunction to a microwave driver. This technique allows for
ultrasensitive measurements with an acquisition rate that is limited only by the cavity
response in ring-down events. In fact FARS-CRDS eliminates any dead time due to
scanning of the cavity mode frequency and the laser frequency. Another important fea-
ture consists in the use of the cavity as a spectral filter such that only a single, selected
sideband is resonant. Ring-down events are then initiated by simply switching off the
microwave frequency, thus removing the need for an acousto-optic modulator.

Early demonstrations of this techniquewere based uponDFBdiode lasers and ultra-
narrow linewidth fiber lasers [54]. Subsequently, FARS-CRDSwas implemented with
a widely tunable external-cavity diode laser, with an emission wavelength between
1570 and 1630 nm [55]. This latter configuration is depicted in Fig. 2. Two orthogo-
nal, linear polarizations of the ECDL are produced, the former providing a continuous
high-bandwidth lock to the ring-down cavity, the latter being stepped mode-by-mode
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Fig. 2 Schematic diagram of a FARS-CRDS spectrometer. ECDL stands for external-cavity diode laser;
EOM for electro-optic modulator; PBS for polarising beam splitter; PD for photodiode; λ/2 for half-wave
plate; FC is a free-space fiber coupler, while C is a circulator

of the cavity. To this purpose, a pair of waveguide electro-optic modulators are used.
In both cases, the carrier frequency is not resonant. In fact, unlike conventional PDH
locking, Long and co-workers locked one of the sidebands to the optical cavity. The
probe beam is phase-modulated at a microwave (MW) frequency such that only a
selected sideband is resonant with the cavity. Its frequency can be rapidly changed
by the MW source in increments of the cavity free-spectral-range, thus covering the
lineshape of a given molecular resonance of interest. This approach ensured spectral
acquisitions with a scan rate as high as 1000 GHz/s, while the minimum detectable
absorption coefficient was measured to be 1.7 × 10−11 cm−1 after only 20 ms of
averaging [55]. It is worth noting that the PDH lock is not interrupted during a ring-
down event. Moreover, the high-bandwidth lock provides common mode rejection of
amplitude noise in the transmitted signal, caused by the frequency jitter between the
probe laser and the selected cavity mode.

The idea of using the sideband of a frequency-stabilized laser as the tunable probe
beam of a cavity ring-down spectrometer was first proposed and implemented by the
Hefei group in 2011 [56]. A schematic diagram of the laser-locked sideband cavity
ring-down spectrometer is shown in Fig. 3.

In this experiment, the cw laser source, a tunable Ti:Sapphire laser pumped by
a 532-nm solid-state laser, is tightly stabilized against a longitudinal mode of an
isothermal ultra-stable optical cavity built with an ultra-low-expansion (ULE) glass.
The selection of the sideband to be injected into the ring-down cavity is accomplished
by means of a second cavity with a low finesse (referred to as etalon in the figure),
whose length is actively controlled so that only one sideband is resonant with the
cavity. As with swept-cavity methods, the length of the ring-down cavity is scanned to
bring a cavity mode into resonance with the sideband, so that a ring-down event can
be triggered [56]. Obviously, the use of an optical cavity for spectral filtering of phase-
modulated radiation adds some complexity to the apparatus. A very elegant alternative,
as proposed in Refs. [57, 58], is based upon an integrated lithium-niobate electro-optic
modulator with a nestedMach–Zehnder interferometer waveguide structure. Applying
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Fig. 3 Schematic diagram of the laser-locked sideband cavity ring-down spectrometer. AOM acousto-optic
modulator, DAQ data acquisition card, EOM electro-optic modulator, PD photodiode, PZT piezoelectric
actuator, ULE-FPI Fabry–Perot interferometer made of ultra-low-expansion glass. Reprinted from [56],
with the permission of AIP Publishing

a pair of orthogonal radio frequency signals in theGHz range to themodulator,multiple
voltage-controlled interferences in the Mach–Zehnder waveguide can be generated,
thus leading to a single-sideband modulation signal with suppressed carrier [57]. The
single sideband is then injected into the ring-down cavity [58].

A further element of novelty of the CRDS implementation reported in [58] is
given by the cw laser source, namely, a distributed feedback diode laser that is locked
to a highly stable V-shaped reference cavity by optical feedback. The stability of
this narrow laser is transferred to the ring-down cavity employing a PDH locking
scheme. A near-shot-noise-limited regime was achieved, with the remarkable result
of an absorption detection sensitivity equal to 5 ×10−13 cm−1 over 1 s [58]. The
latter implementation can be considered an evolution of an earlier apparatus in which
optical feedback was used for passive self-locking of an ECDL to the ring-down
cavity [59]. This approach is knownas optical-feedback cavity ring-down spectroscopy
(OF-CRDS). In this respect, it is relevant to mention that optical feedback produces
a strong effect, which narrows the laser emission spectrum below the cavity-mode
width, provided that the amount and phase of feedback radiation are properly adjusted
[29].
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2.3 Figures of merit

So far in this section, we have repeatedly mentioned the sensitivity in terms of
minimum detectable absorption coefficient, αmin. This is commonly expressed as:

αmin = 1

cτ0

(
�τmin

τ0

)
, (7)

where �τmin is the minimum measurable change of the ring-down time, given by the
standard deviation of repeatedmeasurements of the empty-cavity decay time. Equation
(7) tells us that the higher is the decay time the lower is αmin and, hence, the higher
is the sensitivity. �τmin is influenced by mechanical, thermal, and electronic noises,
which affect the detector signal as a function of time as it follows:

Vtr(t) = V0 exp[−t/τ0] + B + ε(t), (8)

ε(t) being the noise, V0 the ring-down amplitude signal, and B the detector offset or
the possible baseline due to finite light extinction. The two intrinsic electronic noise
sources in CRDS are shot noise and detector noise, the latter being expressed by the
noise equivalent power (NEP), measured in Watt/

√
Hz. For the detector-noise-limited

(DNL) case, �τmin takes the meaning of statistical uncertainty (στ ) on the decay time
that results from the nonlinear least-squares fit of a single exponential decay, given by
[60]:

σ (DNL)
τ = 2 × NEP

P0

√
τ0, (9)

where P0 is the peak power of the ring-down event. Similarly, in the shot-noise-limited
(SNL) case, the following equation holds [60]:

σ (SNL)
τ =

√
eτ0
P0S

, (10)

where S is the photodetector responsivity (in A/W) and e is the electron charge. These
two quantities are relevant to understanding how far a given CRDS apparatus is from
optimal implementation.

Analternative tool to express the detection sensitivity is the noise-equivalent absorp-
tion coefficient (NEA), which takes into account also the ring-down acquisition rate
( frep), according to the following formula:

NEA = αmin

√
2

frep
. (11)

2.4 Frequency-stabilized CRDS

Weconclude this section bydiscussing a refinement of cw-CRDS, knownas frequency-
stabilized cavity ring-down spectroscopy (FS-CRDS), which allows one to combine
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high sensitivity with high resolution, frequency accuracy, stability, and reproducibility
[61, 62]. Here, the influence of residual frequency jitter between the probe laser and a
given cavitymode ismitigated by stabilizing the optical cavity to an absolute frequency
reference. To this purpose, the cavity is built with a pair of dichroic mirrors that are
designed to have relatively high losses and low losses at the respective wavelengths
of the reference and probe lasers. In the first implementation, the reference laser was
a frequency-stabilized He–Ne laser and the cavity length was locked to the reference
laser using a servo scheme that stabilized the transmission of the reference laser light
[61]. Subsequently, the PDH locking technique was effectively employed to further
enhance the achievable signal-to-noise ratio [63, 64]. Therefore, the main feature of
FS-CRDS is the stable, accurate, and linear frequency axis that is produced by the
actively-stabilized comb of cavity resonances. Furthermore, self-calibrated spectra
are obtained, the frequency separation between two adjacent points of each spectrum
being exactly equal to the cavity FSR splitting frequency [65]. If the coarse scanning
is set by the cavity FSR, fine scanning around each cavity mode is possible by shifting
the reference He–Ne laser frequency with a double-passed AOM [66].

FS-CRDS was revealed to be particularly suitable for high-precision studies of line
shapes aimed to test semi-classical theories, as well as measurements of spectroscopic
parameters of molecular near-infrared transitions. In this respect, the past literature is
rich in beautiful examples for O2, CO2, and H2O [64, 67, 68]. A disadvantage of this
method is that customized two-colormirrors are needed. In addition, the stability of the
cavity length, therefore the frequency accuracy of each cavity mode, is limited by the
frequency stability of the He-Ne laser, which is usually at the level of 1MHz. Different
and more powerful FS-CRDS approaches are possible by exploiting the technology of
optical frequency-comb synthesizers (OFCS), as it will be shown in the next section.

3 Comb-assisted cavity ring-down spectroscopy

The advent of optical frequency comb lasers, invented byHänsch [69] and byHall [70],
has given new capabilities to high resolution and high sensitivity molecular spec-
troscopy, providing a very effective tool for absolute frequency calibration in the
optical domain with direct traceability to the primary standard of time and frequency.
The secret of the happy combination of resonant cavities and frequency combs lies in
the regularly spaced, highly stable, comb teeth over an octave-spanning spectrum, each
of them being characterized by an absolute frequency. This feature ensures a highly
accurate and repeatable frequency axis underneath a CRDS spectrum. In the earliest
configurations, the tunable near-IR probe laser of a frequency-stabilized CRDS spec-
trometer is linked to the comb, meaning that the offset frequency between the probe
laser and the nearest tooth of the comb is measured by beat-note detection, each time
the laser is resonant with the cavity [71, 72]. This method is usually referred to as
comb-linked, frequency-stabilized cavity ring-down spectroscopy [72]. If cavity sta-
bilization is waived, a simplification of the optical setup can be achieved, as proposed
byGatti et al. [73]. In this latter scheme, known as comb-locked cavity ring-down spec-
troscopy (CL-CRDS), the probe laser is tightly locked to a frequency comb, while the
CRDS apparatus operates in a cavity-swept mode. Tuning of the comb repetition rate
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Fig. 4 Experimental scheme of a comb-lockedCRDSapparatus.AOFS acousto-optic frequency shifter,PZT
piezoelectric transducer, FC fiber coupler, DSF dispersion-shifted fiber, PD photodetector, G diffraction
grating, PBS polarizing beam splitter, FP in-line fiber polarizer, SM spherical mirror, HVA high-voltage
amplifier, L1 and L2 lenses,AA analog adder,CRIO compact reconfigurable input/output board. The scheme
is inspired from Ref. [73]

results in precisely controlled frequency scans. The cavity is simply made to slowly
follow the comb-referenced scan of the probe laser by using proper tracking electron-
ics. The layout of the CL-CRDS spectrometer, as proposed in Ref. [73], is sketched
in Fig. 4.

The main advantage of this approach is that laser frequency steps can be made
arbitrarily small without the need to match them with the cavity free spectral range.
Therefore, the acquisition of highly dense spectra is possible, suitable for the precise
investigation of line-shape models or the acquisition of ultra-narrow spectral features,
such as those observed in the saturated-absorption regime.

3.1 Comb-locked frequency-stabilized CRDS

The natural evolution of the works discussed above led to the so-called comb-
locked frequency-stabilized cavity ring-down spectroscopy (CL-FS-CRDS), a rather
sophisticated technique that enables Lamb-dip observations in coincidence with weak
molecular transitions. It is useful to remind us that saturated absorption spectroscopy
is a powerful method to overcome the limitations imposed by Doppler broadening. In
fact, saturated transitions exhibit a Lamb dip at their line center whose width is 2–3
orders of magnitude narrower than the Doppler-limited spectrum. A beautiful exam-
ple is reported in Fig. 5, which shows the Lamb dip of an H2

18O rovibrational line
at 1.39 µm as recorded in a low-pressure air sample using a CL-FS-CRDS apparatus
developed in Caserta. The latter will be described later on in this section.
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Fig. 5 Example of a Lamb-dip CRDS spectrum in coincidence with the 21,2→11,1 component of the
H2

18O ν1+ν3 band

Fig. 6 Example of CL-FS-CRDS setup. The reference laser is locked to a self-referenced optical frequency
comb. The probe laser frequency is locked to the ring-down cavity (by using the "locking" beam). Another
beam from the probe laser ("spectral" beam) is frequency-shifted and used for the CRDS measurements.
The ring-down cavity length is stabilized according to the beat signal between the probe and reference
lasers. AOM acousto-optic modulator, APD avalanche photodiode, DAQ data acquisition system, EOM
electro-optic modulator, PD photodiode, PZT piezo actuator. Reprinted from [74], with the permission of
AIP Publishing

In 2017, the Hefei group performed absolute frequency measurements for a pair of
CO lines, belonging to the second overtone vibrational band at the wavelength of 1.54
µm, with a frequency accuracy of 500 Hz (corresponding to a relative uncertainty of
2.6×10−12) [74]. At the same time, the remarkable sensitivity of 3.5×10−12 cm−1

was achieved at an averaging time of about 70 s. The apparatus is depicted in Fig. 6,
while a few examples of cavity ring-down Lamb-dip spectra for the R(10) line, in the
CO pressure range between 0.2 and 1.5 Pa, are shown in Fig. 7. Using a similar setup,
operating at the wavelength of 787 nm, the same Chinese team built a primary gas
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Fig. 7 Lamb dip spectra of the
R(10) component in the 3-0 band
of the CO molecule. Despite the
high saturation power, which is
estimated to be 1500 W/cm2,
nonlinear spectroscopy is
possible since the resonance
effect considerably enhances the
intracavity laser power. Adapted
from [74], with the permission
of AIP Publishing

thermometer based on Doppler-broadened spectrometry in a C2H2 sample [75]. As
it is well known, Doppler-broadening thermometry (DBT) consists in retrieving the
Doppler width (�νD) from the highly accurate observation of the shape of a given
atomic or molecular line, in a gas at thermodynamic equilibrium [76]. Once �νD and
the central frequency, ν0, are measured, if the atomic or molecular mass (M) is known,
the inversion of the well-known equation

�νD = ν0

c

√
8 ln 2

kBT

M
, (12)

allows one to determine the thermal energy and, consequently, either the gas temper-
ature (T ) or the Boltzmann constant (kB). The Hefei group demonstrated a relative
statistical uncertainty of 6 ppm (part per million) in the determined linewidth values
by repeated measurements over several hours, at a sample pressure of only 1.5 Pa
[75]. As for the retrieved temperature, a systematic deviation of about 800 ppm lim-
ited the applicability of the method. Such a shift was attributed to hidden weak lines
overlapped with the selected C2H2 transition that perturbed the observed lineshape.
A better performance in terms of accuracy was demonstrated for DBT by developing
CL-FS-CRDS at 1.578 µm to probe the Pe(12) line of the (30012)← (00001) band of
carbon dioxide [77]. CO2 was revealed to be an excellent choice for the aims of DBT
since it is a centrosymmetric linear molecule with only three fundamental vibrations,
thus showing a simplified infrared spectrum as compared to many other polyatomic
molecules. It is no coincidence that this species was chosen for the spectroscopic deter-
mination of the Boltzmann constant in one of the pioneering DBT experiments [78].
Moreover, CO2 spectral lines do not exhibit hyperfine structure, while the lack of a
permanent dipole moment reduces significantly the interactions with the cell walls.
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Fig. 8 Example of CL-FS-CRDS spectra in coincidence with a weak overtone transition of CO2 at 1.578
µm. As a result of the application of a sophisticated line fitting procedure, the Doppler width and the center
frequency can be simultaneously retrieved, thus leading to an accurate gas temperature determination. The
OFCS is stabilized against a GPS-disciplined Rb clock, circumstance that ensures the traceability to the
SI standard of time and frequency. Reprinted (Fig. 2) with permission from [77], Copyright (2018) by the
American Physical Society

Therefore, exploiting a very favorable combination of high sensitivity, accurate fre-
quency calibration, and dense frequency grid, together with a powerful multispectrum
fitting procedure applied to a large set of spectra at different pressures, it was possible
to measure thermodynamic gas temperatures with statistical and systematic uncer-
tainties of 8 ppm and 11 ppm, respectively. Figure 8 shows a few examples of CO2
spectra, along with the results of nonlinear least-squares fits of the observed profiles.

Another interesting development was reported in 2018 by Kassi et al., who
implemented the link to a self-referenced optical frequency comb synthesizer for
an optical-feedback frequency-stabilized CRDS apparatus [79]. Three main features
make this setup quite interesting. First, the V-cavity-based optical feedback leads to a
sub-kHz laser emission, thus ensuring a very efficient and stable coupling of the probe
laser into the ring-down cavity. Second, the ring-down cavity is robustly dither-locked
to the stabilized laser rather than being tightly locked by means of the Pound–Drever–
Hall technique, with the advantage of making the system prone to frequent unlocking
and re-locking. Finally, high resolution is combined to high frequency accuracy by
referencing the laser source to the OFCS. Lamb-dip spectrometry was performed for
H2O rovibrational lines near 1.39µm, resolving K -type doublets andmeasuring abso-
lute frequencies at the kHz uncertainty level. The experiment was aimed to perform
an accurate test of quantum chemical calculations [80]. It is worth noting that molec-
ular transition frequencies, when measured at the kHz uncertainty level, can act as
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Fig. 9 Schematic diagram of the CL-FS-CRDS spectrometer developed in Caserta. Operating at the wave-
length of 1.39 µm, the system was used for precise measurements of water densities and mole fractions in
ultra-high purity gases [82, 83]. It was also used for measuring the absolute line center frequency of the
R(1) 2-0 rovibrational transition of the HD molecule [84]

secondary frequency standards useful for length metrology and telecommunications
applications [81].

Almost at the same time, the Caserta groupmanaged to obtain exactly the same fea-
tures by implementing a different strategy, which is schematically shown in Fig. 9 [82].
The apparatus is based on the use of a pair of phase-locked extended cavity diode lasers,
emitting at 1.39 µm, one of them (namely, the reference laser) being tightly locked to
an optical resonator by using the Pound–Drever–Hall method so as to narrow its emis-
sion linewidth down to∼ 7 kHz for an observation time of 1ms. In turn, the resonator is
locked to a self-referenced OFCS in a bandwidth of only few tens of Hz. Therefore, the
OFCS has a twofold task: to provide an absolute calibration for the reference laser; to
compensate for slow drifts of the resonator due to temperature variations or electronic
instabilities. Coherence is effectively transferred from the reference laser to the probe
laser using the optical phase-locking loop that is described in Ref. [85]. An intrinsi-
cally stable high finesse optical cavity, built on a Zerodur spacer with a cylindrical
hole along its axis, was used as ring-down cavity. By scanning the offset frequency
between reference and probe lasers, it was possible to perform highly reproducible and
accurate frequency scans of the probe laser around an arbitrary center frequency [86].
A proper tracking servo-loop electronics was implemented so that the cavity could
follow the probe laser frequency variations. Its operation (as described in Fig. 10)
deserves a brief description, even as an example of a typical tracking circuit [87].

The tracking electronics essentially consists of (i) a ramp generator, (ii) a threshold
detector, and (iii) a microcontroller unit (MCU). The output signal of the photodiode
(PD) is used as input to the threshold detector, tomonitorwhether a resonance condition
takes place. By properly setting the threshold signal, it is possible to detect only the
occurrence of a TEM00 excitation. In this case, a TTL pulse is produced and sent, as a
trigger signal, to the acquisition system, to the MCU, and to the AOM driver to switch
off the laser. The ramp generator gives a voltage ramp to the cavity PZT. The MCU
actively controls the ramp generator while looking for the TTL pulse. For a given
laser frequency, the cavity is scanned until a first resonance is detected. At this point,
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Fig. 10 Operation of the tracking electronics developed in Ref. [82].�Vmax leads to a change of the cavity
mode frequency of about one FSR

the AOM is turned off and the acquisition of the ring-down event starts. Meanwhile,
the PZT is still swept in the same direction for an oversweep delay time, �t. After
this time interval, the slope of the PZT ramp is changed in sign (through the action of
the MCU), thus forcing the cavity to go back towards the resonance. As a result, the
cavity moves back and forth in a narrow frequency range around the resonance. This
is done to enable repeated acquisitions of ring-down events, in coincidence with the
same cavity mode. When the laser frequency is changed, the tracking circuit restarts
this procedure.

3.2 Comb-locked frequency-agile rapid-scanning CRDS

In Sect. 2, the advantages of the FARS-CRDS technique have been discussed, with
special emphasis on the outstanding scan speed, limited only by the cavity response
time in ring-down events. The comb-locked variant of thismethodwas found to be very
powerful for the aims of precision measurements of molecular transition frequencies.
In fact, frequency metrology at the 10−12 relative uncertainty level was demonstrated
for a few CO2 lines at 1.57 µm, without resorting to the saturated absorption regime
[88]. The key attributes of comb-locked FARS-CRDS are the ability to rapidly scan
the probe laser while maintaining the phase lock to the OFCS and the high stability
of the frequency axis. In their experiment, Reed et al. achieved a relative stability for
the frequency axis of 2×10−13 for an observation time of 60s, which corresponded
to the time span of a single spectrum acquisition [88]. The high signal-to-noise ratio
(∼ 30,000) in conjunction with the long-term averaging of the retrieved line center
frequencies led to a statistical uncertainty of the order of 200 Hz, a quite remarkable
result for a Doppler-limited experiment.
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Fig. 11 Simplified scheme of a CL-CRDS spectrometer based upon the CCT technique. Figure adapted
from [90]

3.3 Comb coherence-transfer in CRDS

As the latest example of an advanced comb-locked CRDS spectrometer, we mention
the one based upon the comb coherence-transfer (CCT) technique, introduced for the
first time by Gotti et al. [89]. The CCT approach consists of a direct coherence transfer
from a selected OFCS tooth to an ECDL or a DFB diode laser. The novelty is that CCT
does not use a phase look loop, which is difficult to implement especially when using
lasers with a line emission width larger than 1 MHz. The CCT technique employs a
high-bandwidth feed-forward control acting on an optical single-sideband modulator,
rather than correcting the injection current of the diode laser. The principle of operation
is described in Fig. 11. The beat note signal (provided by the fast photodiode, PD,
of Fig. 11), which carries information on the frequency difference (�ν) between the
diode laser and the nearest OFCS tooth, is injected into an RF single-sideband (SSB)
modulator that adds a tunable RF offset frequency ( fDDS) provided by a direct digital
synthesizer (DDS). This signal drives an optical SSB generator (a telecom Mach–
Zender modulator, MZM). The selected sideband at the MZM optical output is the
one with a subtracted RF-shifted beat note, thus leading to a nearly perfect clone of
the comb mode, shifted by the tunable RF offset. Therefore, regardless of the width of
the laser, it is possible to produce a narrow, SI-traceable, probe laser radiation that can
be effectively injected into a high-finesse ring-down cavity. The performance of the
system can be eventually improved with an additional locking of the comb to an ultra-
stable optical frequency reference, as demonstrated in Ref. [90]. This spectrometer
was employed for extensive Lamb-dip investigations of the 2ν3 band of 12CH4 at 1.65
µm, as well as the 20012-00001 and 20013-00001 combination bands of 12CO2 in the
1.99–2.09 µm region, thus measuring transition frequencies with kHz-accuracy [90,
91].
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Fig. 12 (a) Amolecule interactingwith two counter-propagating lasers. (b) The “	” type double resonance.
(c) The “V” type double resonance. (d) The “
” (ladder) type double resonance

3.4 Cavity-enhanced double-resonance spectroscopy

Atoms interactingwith two lasers have beenwidely studied in experiments of coherent
population trapping (CPT) [92], electromagnetically induced transparency (EIT) [93],
and precision spectroscopy [94]. Molecules have additional internal degrees of free-
dom of rotations and vibrations, differently from atoms, circumstance that adds
complexity, but also allows for more opportunities for interesting investigation.
Double-resonance (DR) spectroscopy of molecules has been applied to label tran-
sitions [95], simplify congested spectra [96], and probe energy levels that are hardly
accessible by single-photon transitions [97].

Usually, a fraction of molecules with a particular velocity can interact simul-
taneously with two lasers. We first consider a molecular transition between two
levels. Taking into account the relativistic energy conservation and the momentum
conservation [98], we have:

ω − ω0 = ±ω
vzi

c
− ω0

v2i

2c2
+ ω0

�ω0

2Mc2
+ · · · (13)

where c is the speed of light, M is the rest mass of the molecule,ω/2π is the frequency
of the laser, and the laser propagates along the z direction. On the right side of the
equation, the first term is the first-order Doppler shift, whose sign indicates the orien-
tation of the molecular speed along the laser propagating direction, the second term
corresponds to the second-order Doppler shift, and the third term is the recoil shift.
Note that the molecule changes its speed from vzi to vz f after absorbing a photon, and
we have vz f = vzi + �ω/Mc.

There are three types of double resonances, each with two lasers either co-
propagating or counter-propagating. Figure 12 shows configurations of the “	”, “V”,
and “
” (ladder) types of double resonances, where the requirements for double res-
onance can be specified [99]. For the “	” type DR, two transitions share the same
upper state, yielding:
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ω10

ω1
− ω20

ω2
− �(ω1 − ω2)

2Mc2
= 0, co-propagating; (14)

(
1 − ω10

ω1

)
+

(
1 − ω20

ω2

)
+ v2i

c2
+ �(ω1 + ω2)

2Mc2
= 0, counter-propagating;

(15)

whereω10/2π andω20/2π are centers of the two transitions, whileω1/2π andω2/2π
are the two laser frequencies.

For the “V” type DR, two transitions share the same lower state, yielding:

ω10

ω1
− ω20

ω2
+ �(ω1 − ω2)

2Mc2
= 0, co-propagating; (16)

(
1 − ω10

ω1

)
+

(
1 − ω20

ω2

)
+ v2i

c2
− �(ω1 + ω2)

2Mc2
= 0, counter-propagating.

(17)

For the “
” (ladder) type DR, the upper state of the first transition is the lower state
of the second transition, yielding:

ω10

ω1
− ω20

ω2
− �(ω1 + ω2)

2Mc2
= 0, co-propagating; (18)

(
1 − ω10

ω1

)
+

(
1 − ω20

ω2

)
+ v2i

c2
+ �(ω1 − ω2)

2Mc2
= 0, counter-propagating.

(19)

Equations (14)–(19) apply for atomic or molecular transitions among three levels,
and they could be further simplified if the second-order Doppler shift and the recoil
shift could be neglected.

Since rovibrational transitions are usually weaker than electronic transitions, it is
more challenging to pump enough molecules to selected vibrationally excited states
and probe themwith sufficient sensitivity.Multi-pass cells and optical resonant cavities
have been used to increase the effective optical path length and improve the sensitivity
to probe weak transitions. Recently, Karhu et al. [100, 101] employed a 3µm cw laser
to pump acetylene molecules and measured symmetric vibrational states with near-
infrared cavity ring-down spectroscopy. Foltynowicz et al. [102] utilized a 3.3 µm cw
pump laser and a 1.67 µm optical frequency comb to detect sub-Doppler transitions
of methane. Tan et al. [103] reported a mid-infrared-near-infrared DR spectroscopy
method with kHz accuracy and demonstrated by pumping 13CO2 molecules with a
4.4 µm laser and probing the CRDS spectrum at 1.5 µm.

Two-photon precision spectroscopy based on narrow-linewidth continuous-wave
lasers has been limited to strong transitions of molecules, mostly fundamental bands
in the mid-infrared region. A resonant cavity can also enhance the laser power inside
the cavity and allow for pumpingmolecules to highly excited states.Hu et al. developed
comb-locked cavity-assisted double-resonance (coca-DR) spectroscopy [99, 104],

123



Advances in cavity-enhanced methods for high...

where both pump and probe lasers are locked to the same high-finesse optical cavity.
When the cavity length is adjusted, both frequencies tightly locked with the cavity will
be tuned simultaneously. Eventually, at a particular cavity length, Eqs. (14)–(19) can
be fulfilled and a DR signal is detected. All three types of DR spectra shown in Fig. 12
were demonstrated by pumping CO molecules to intermediate states in the v = 3
vibrational state [99]. Tens of rotational levels in a very highly vibrational state of
CO2, with 8 quanta in the CO stretching mode, were measured through a “
” type DR
measurement, and the upper-level energies were determined with kHz accuracy [104].

By changing the off-resonance frequency shifts of the pump and probe lasers,
molecules with a specific velocity along the laser beams could be selectively excited,
which could be applied to prepare velocity- and state-selected molecules in studies of
molecular interactions [105].Owing to theDoppler-free nature ofDRspectroscopy, the
narrow linewidth observed in this method allows for high-selectivity detection of weak
transitions or trace molecular samples [106, 107], and could also be applied in testing
fundamental physics/symmetry inmoleculeswith unprecedented precision [108, 109].

This scheme of cavity-enhanced double-resonance spectroscopy, a complex two-
color scheme, is different from a method of direct two-photon spectroscopy. Such a
single-color approach was accomplished in a measurement of a two-photon transition
in N2O at a wavelength of 4.53µm [110]. The sensitivity of this scheme hinges on the
two-photon signal enhancement of an accidental intermediate quantum levelwith small
detuning at the one-photon excitation energy in the molecule. Also this intermediate
level should have the appropriate quantum numbers for providing enhancement. A
major advantage of this approach is that it yields essentially Doppler-free spectrum,
as is usual in two-photon excitation with counterpropagating beams.

4 NICE-OHMS

4.1 Characteristics of signal generation

The sensitive absorption measurement technique commonly referred to as Noise-
Immune Cavity-Enhanced Optical-Heterodyne Molecular Spectroscopy (NICE-
OHMS) is in fact a cavity-enhanced frequency modulation method. This technique,
which reaches the highest sensitivity among the various absorbance measurement
methods, was invented by Hall and coworkers in the late 90s [24, 25]. It is based on
the frequency modulation absorption method, initially applied without a cavity [2],
which allows for rapid comparison of on-resonant and off-resonant absorption effects.
This can be achieved by modulating the laser beam and its carrier frequency to gen-
erate sidebands by an electro-optic modulator (EOM) so that either the carrier or the
sidebands are resonant with the optical cavity. In frequency modulation, the phase of
the laser is modulated at high frequency fm at an amplitude represented by a modu-
lation index β. If the carrier frequency is scanned over an absorption resonance, and
the sidebands remain off-resonance, the differential absorbance (or phase shift) can be
demodulated via lock-in detection. This in itself yields a strong noise-reduction effect,
since the low-frequency contributions to 1/ f white noise are strongly suppressed, and
lifted to the much higher modulation frequency.
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Fig. 13 Illustration of the in-coupling of a laser beam at carrier frequency f0 and sidebands at frequencies
fSB = f0 ± fm into an optical cavity. Here the sidebands generated, represented by the red vertical bars,
match perfectly the FSR of the cavity, while their vertical extension indicates typical intensities, where the
negative sign is indicative of the out-of-phase character of both sidebands

The NICE-OHMS technique is one of steady-state signal acquisition, while fol-
lowing spectral scanning. This is in contrast to CRDS where the signal excitation
beam is switched on and off, and where the intensity during the transients changes. It
also means that for NICE-OHMS signal integration times are fully exploited and that
power-dependent effects, such as AC-Stark effects, are constant during the measure-
ment, which allows for controlled assessment of systematic effects. Detailed analyses
of NICE-OHMS signal generation were presented by the groups of Hall [111] and
by the group at Umea University, which made many decisive contributions to the
field [112–116].

As for equations the complex electric field combining the carrier frequency and the
modulation can be written as:

�EFM ( fc, t) = �E0

2
ei[2π fct+β sin(2π fm t)], (20)

where �E0 represents the vectorial propagation of the electric field and fc the frequency
of the carrier. This field can be expressed in terms of a series of Bessel functions J j (β),
approximated for a low modulation index (i.e. β ≤ 1):

�EFM( fc, t) = �E0

2
ei2π fct [J0(β) + J1(β)ei2π fm t − J−1(β)e−i2π fm t ], (21)

where J−1(β) = −J1(β). The propagating electric field will consist of a carrier
and two sideband frequencies generated at fsb = fc ± fm . All three frequencies
propagate (and counter-propagate) in the cavity matched to longitudinal cavity modes
(see Fig. 13).

Of importance for the signal analysis is that the sidebands are out of phase. If an
optical beam at the three combined frequencies passes through a gaseous absorbing
medium each component will be affected in a different manner. In particular, each
component experiences a complex transmission function, where amplitude attenuation
and optical phase shift will affect each of the three propagating frequencies [116]. This
will ultimately lead to a complex susceptibility with dispersion and absorption terms.
The absorbance signal can be extracted, via demodulation of the transmitted FM signal
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and detected at the frequency fm . The FM signal when scanned over a frequency range
� f can be expressed:

SFM(� f , θFM) ∝
{[

χdisp(� f − fm) − 2χdisp(� f ) + χdisp(� f + fm)
]
cos θ f m

+χabs(� f − fm) − χabs(� f + fm)] sin θfm

}
, (22)

where θfm is the demodulation phase. These expressions demonstrate that the FM
signal is composed of two distinct signals in quadrature, which implies that the dis-
persion component and absorption component have a phase shift of 90 degrees relative
to each other. The dispersion phase consists of three functional terms,while the absorp-
tion phase consists of two functional terms. By phase demodulation, typically with a
phase-sensitive or lock-in amplifier, either signal phase component can be individually
obtained [116, 117]. High detection sensitivity ismostly due to the noise-immune prin-
ciple: Residual fluctuations of the laser power and frequencywill affect the transmitted
carrier and sidebands exactly in the same way. As a consequence, since the sidebands
are out of phase, the signal derived from the synchronous detection of the transmitted
power at the FSR splitting frequency is relatively immune to these fluctuations.

4.2 Modulation schemes in NICE-OHMS

In NICE-OHMS, FM is combined with cavity enhancement, making use of the sen-
sitivity enhancement of intracavity absorption by the factor π/2F , with F the finesse
of the cavity, connected to the properties of an optical cavity via:

F = FSR

�ν
= c

2L�ν
= π

√
R

1 − R
(23)

where �ν is the width of the cavity mode in frequency space. Here the sensitiv-
ity enhancement derives straightforwardly from the longer absorption path length
inside the cavity. The frequency modulation could in principle be established by a
low-frequency modulation, but in high finesse cavities, the mode bandwidth �ν is
extremely small (kHz range) so that the modulation scheme would not gain substan-
tial signal-to-noise improvement. NICE-OHMS applies the solution of coupling the
modulated sideband frequencies into the adjacent longitudinal modes of the cavity.
Since the FSR typically measures 300–500 MHz, such high modulation frequencies
lead to significant noise reduction. This marks the generic advantage of NICE-OHMS.

The concept of FM spectroscopy is based on rapid comparisons between off-
resonance andon-resonant interactionwith the absorbingmedium, so a straightforward
signal analysis relies on the assumption that the carrier frequency fc interacts with
the medium, while the sidebands at fSB = f0 ± fm do not. So for spectroscopy
examples where the Doppler broadening exceeds the FSR of the cavity this becomes a
limitation, even for measurement of singly isolated lines. In case of congested spectra
with many overlapping lines within a frequency band corresponding to the FSR, the
spectral analysis is hindered. Also, it is assumed that the single pass absorbance is
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Fig. 14 Signals resulting from various demodulation schemes in wavelength-modulated NICE-OHMS.
From left to right are displayed the generic NICE-OHMS signal yielding a dispersive line shape, the 1 f
demodulated signal producing a symmetric line shape, the second order derivative signal, and finally the
third order derivative signal

small and limited by:

αL <<
π

2F
, (24)

otherwise the shift of the cavity mode frequencies due to dispersion cannot be
neglected, leading to the need for advanced analysis methods [116]. These consid-
erations make NICE-OHMS in particular suited for the measurement of very weak
transitions and for measuring narrow Lamb dips. Nevertheless, there are ample exam-
ples where NICE-OHMS has been applied to the recording of Doppler-broadened
spectra.

The technique of wavelength modulation (WM) is typically added to further
enhance the sensitivity of NICE-OHMS and reduce its background noise [118, 119].
By the simultaneous application of FM and WM the main noise-reducing advantages
of FM are exploited in combination with enhanced absorbance over the effective
length inside a cavity. The wavelength modulation, typically applied in the audio
domain (with fWM ≈ 100 Hz) can be implemented by dithering one of the cavity
mirrors via a piezo-electric mount. This causes the capture of the carrier wave on
a longitudinal mode of the cavity to be modulated. The resulting composite signal
is subsequently demodulated at the WM-frequency fWM on a lock-in detector, opti-
mizing a phase. The resulting signal then yields a derivative signal of the typical
NICE-OHMS, or frequency-modulated signal, which takes on a dispersive line shape.
Besides improving signal-to-noise ratio this double WM-FM modulation technique
bears the advantage that the 1 f -demodulated signal takes on a symmetric line shape,
favorable for analyzing molecular absorption spectra. Higher orders of demodulation
can be applied, leading to higher-order derivatives, and corresponding line shapes, as
is shown in Fig. 14.

The function that describes the first order of demodulation of the absorbance signal
will be referred to as f1 f and can be written as:

Fabs
1 f ( f ) = 8 A�2( f − f0)2[

�2 + 4( f − f0)2
]2 , (25)
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Fig. 15 Comparison of recorded
spectra (in saturation) using
three different techniques
discussed in the present review
for the R(4) line in the ν1 + ν3
vibrational band of C2H2
molecule are displayed. The wm
spectra are demodulated at 1 f ,
both for CEAS and
NICE-OHMS. The zero position
along the frequency axis
corresponds to the measured
transition frequency, which is at
217 043 458 MHz. Results
reproduced from Ref. [123]

MHz

CRDS

wm-CEAS

wm-NICE-OHMS

where the adjustable parameters are the line position f0, the line intensity A, and width
�. This is the line shape most often recorded in NICE-OHMS spectroscopy. It is to
be noted that this line shape is not Lorentzian-like but exhibits some overshoot wings
above the background level. Line shapes as recorded with cavity ring-down spec-
troscopy (CRDS), wavelength-modulated cavity-enhanced spectroscopy (wm-CEAS)
and wavelength-modulated NICE-OHMS for a single line are compared in Fig. 15.

The multiple levels of modulation and demodulation, as discussed above, make the
NICE-OHMS technique the most sensitive for measuring direct absorption in the gas
phase. Since the signal recovery depends on the balance between light propagation
of the sidebands through the sample, where both should be off-resonance. Hence the
sensitivity of the technique can be disturbed if by some means the intensity level
of the sidebands is affected in a different way. This is known as residual amplitude
modulation (RAM) and sets a noise floor to the limit of detection. Spurious effects
of temperature and pressure fluctuations, cross-coupling between polarization axes in
fibers [120], or even weak atmospheric absorptions, may cause unbalanced sideband
intensities leading to an elevated noise floor. Similarly, etalon effects in the optics
acting on the laser beams entering the cavity may be similarly harmful [121]. To avoid
RAM effects the entire entry optics setup was mounted in a pressure and temperature-
regulated box (at mK) with steady dry nitrogen flow in a recent extremely sensitive
NICE-OHMS experiment where a Lamb dip of a quadrupole line of H2 at a strength
of 4.4 × 10−28 cm/molecule was detected [122].

In one of the first studies by the inventors of NICE-OHMS detection at 1.5 times
the shot-noise limit was reported for detection of a Lamb dip in C2HD [25]. Later
a similar achievement of near shot-noise limited detection was reported probing a
Doppler-broadened line in C2H2 [124]. Such shot-noise limitation expresses a figure
of merit that is related to the statistics of light measured on a photodetector, where
the Poissonian fluctuations also depend on the finesse of the cavity and the amount of
light coupled into the cavity (the optical impedance). The latter factors also determine
the detection efficiency of a NICE-OHMS setup.
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Fig. 16 Illustration of the five possible occurrences of velocity-selective saturation in a Gaussian velocity
distribution by the three counter-propagating waves present in NICE-OHMS. The five panels correspond
to the five possible detunings of the carrier from the resonance where a saturated Lamb-dip profile can be
recorded. In the top layer, the position of the generated Lamb dips is included on the Doppler-broadened
absorption profile. In the second and third layers the frequency overlaps of carrier and sidebands are
indicated for producing the Lamb dips in the top layer. The second layer represents a triplet of laser beams
traveling toward the right direction, whereas the third layer represents the triplet moving toward the left,
hence counter-propagating. This figure is inspired by a figure in Ref. [125]. For a detailed explanation see
text

4.3 Contributions to the NICE-OHMS signal

Since an optical cavity is employed in NICE-OHMS the intracavity circulating power
may be very high, depending on the finesse F of the cavity. Since highly-reflective
mirrors have become available in a wide wavelength range typical finesses of over
100,000 are well within reach, making intracavity excitationwith kWpowers possible.
Under such conditions, even very weak transitions may be saturated and Lamb-dip
spectroscopy can be operated. The generic form of a Lamb dip can be generated
by the counter-propagating beams at the carrier frequency inside the cavity, probing
molecules with longitudinal velocities of vz = 0. However, in NICE-OHMS three
beams at differing frequencies propagate in the cavity, and all three in both directions.
This opens the possibility that different frequencies mix into a Lamb-dip scheme
connecting different velocity classes of molecules involving sets with vz 
= 0. Such
mechanisms were described by Axner et al. [116] and they are displayed in Fig. 16.
Under the presence of three counter-propagating waves, there are nine occasions at
which two fields can interact with certain velocity classes and fulfill the condition of
saturated resonance.

The configuration in panel (c) of Fig. 16 represents the generic production of a Lamb
dipwith counter-propagating beams at the carrier frequency. Two additional Lambdips
may be generated by a red sideband and a counter-propagating blue sideband from
a saturation process for molecules with an effective Doppler shift of �k · �v = fFSR,
leading to a velocity-selective saturation dip. As follows from the figure these features
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Fig. 17 Line profiles of the various NICE-OHMS signals to be obtained under saturation conditions.
Displayed are the nine possible Lamb-dip features as measured for the water (H2

16O) line with quantum
assignment: (200)624 ← (000)533 at a transition frequency of 218 250 754 918.9 (1.5) kHz. Indeed five
different signals are recorded in the dispersive channel, and four in the absorption channel, as discussed in
the main text. Figure reproduced from Ref. [117]

will only be observed under the condition that the sideband resonances are covered
within the Doppler profile. These sideband-sideband dips of panel (c) are produced
for laser settings where the carrier frequency matches the resonance frequency ( f0),
even though the side dips are produced by molecules at �k · �v = fFSR. In panels (a)
and (e) resonances are shown where blue-blue and red-red sidebands from counter-
propagating beams match to produce a Lamb dip at a frequency shifted by ± fFSR
from the carrier resonance, but the signal is produced from a velocity class for which
�k ·�v = 0. Finally, there are twomore processes, depicted in panels (b) and (d),where the
carrier wave is detuned by± fFSR/2 from the transition center. In this carrier-sideband
scheme molecules are probed that have an effective Doppler shift of �k · �v = fFSR/2.

The different signal schemes to be extracted from NICE-OHMS under saturation
conditions were first uncovered in a measurement of a Pe(11) transition in C2H2 at
a wavelength of 1531.588 nm, superimposed on a Doppler-broadened profile [126].
As discussed by Axner et al. indeed only nine signals are observed in the saturated
scheme, five in the dispersion phase, and four in the absorption phase. In the absorption
phase, one possible signal is missing for reasons that the frequency-modulation signal
is insensitive to the attenuation of the carrier, and the fact that the sidebands exhibit a
phase of opposite sign, thus canceling their contribution on resonance [116].

These features of saturation signals were systematically investigated, both for the
dispersion as for absorption channels on a specific spectral line in water. Results are
displayed in Fig. 17. This shows again that, in the center panel (c), only the dispersion
Lamb dip is detected, while the absorption feature is not present. It is interesting to
note the phase differences between the left, center and right panels.

4.4 Lamb-dip reversals

The signal pertaining to panels (c) in Figs. 16 and 17 exhibit a Lamb dip reversal
explored recently in the spectrum of water lines [127]. There the central Lamb dip,
produced by molecules at �k · �v = 0 derives from two contributions. Firstly, this central
Lambdip at the resonance frequency f0, is produced by the counter-propagating carrier
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Fig. 18 Spectral recordings of NICE-OHMS signals for the (2 0 0)00,0 ← (0 0 0)11,1 line of H2

16O. Panel
(a) shows the spectral profile at various sideband (SB) powers and a fixed carrier power of 15 W. The
dashed marker represents the position of the line center. Panel (b) illustrates the individual components of
the double-dip spectra at a sideband power of 122mW. The orange profile corresponds to the two coincident
Lamb-dips, with a FWHM of 0.5 MHz, induced by the sideband fields. The blue profile of an ordinary sign,
with a FWHM of 2.4 MHz, is generated by the carrier. The combination of the orange and blue profiles
leads to the recorded signal, denoted with a green curve. Figure reproduced from Ref. [127]

waves. Since these have the largest intensity this Lamb dip is the strongest saturation
feature in the spectrum, and for water lines with Einstein-A coefficients > 0.1 s−1

these resonance Lamb dip features exhibit significant power broadening. There is a
second contribution to the signal at f0, produced by the sideband-sideband coupling
at f0. Since both sidebands have opposite phases, the contribution of this phenomenon
to the signal at f0 is reversed. In Fig. 18 an example of such an interference between
a power-broadened Lamb dip and a sideband-sideband generated reversed signal is
illustrated for a water line. Note that the Lamb dip reversal sets in for increasing
power in the sidebands; this was accomplished by increasing the modulation index for
generating the sidebands of the NICE-OHMS triplet, while keeping the power of the
carrier constant.

4.5 Application of 3f demodulation

Typically the 1 f demodulation of the wavelength-modulation approach is adopted
since the overtone demodulations yield lower signal-to-noise ratios. But as demon-
strated in Fig. 14 the linewidths in higher demodulation become narrower, and in
particular the 3 f signal is useful, because it produces symmetric line shapes. Instead
of the functional form for the 1 f signal, as in Eq. (25), an equation form for the 3 f
signal for the NICE-OHMS absorption feature can be derived:

Fabs
3 f ( f ) = 3072 A�2( f − f0)2[

�2 + 4( f − f0)2
]4 − 96 A[

�2 + 4( f − f0)2
]2
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Fig. 19 Lamb-dip Spectra of the 111 ← 000 line in the (2-0) band of H2
17O molecule. Demodulation

schemes for wavelength-modulated NICE-OHMS are compared with 1 f on the left and 3 f on the right.
The tick marks, blue for generic hyperfine components and orange for cross-over resonances, indicate an
expected hyperfine structure of the spectral line. This example clearly demonstrates the better resolving
power of 3 f -demodulation, whereas the signal-to-noise ratio is decreased. Reproduced from Ref. [128]

indeed yielding a narrower and symmetric line profile. In Fig. 19 it is demonstrated
how the improved resolving power of 3 f -demodulation can serve to better resolve the
hyperfine structure in a vibrational transition of H2

17O. Spectra of this kind helped
deduce the hyperfine constants related to the 17O nuclear spin (I = 5/2) and verifying
ab initio computations thereof in the water molecule [128].

4.6 Experimental setup and locking schemes

In Fig. 20 an advanced setup for a NICE-OHMS experiment is displayed. The laser
and calibration part consists of an external cavity diode laser (ECDL) and an optical
frequency comb (OFC) laser which is referenced to an atomic Cs clock. Electronic
schemes are in place to impose the long-term stability of the OFC to the optical
cavity, while that cavity delivers short-term stability to the laser system. Frequency
modulation is accomplished by an electro-optic modulator (EOM) to generate the
sideband frequencies ( fFSR for the NICE-OHMS process, and at a lower frequency
( fPDH ≈ 20 MHz) for Pound–Drever–Hall locking of the laser to the cavity. The
PDH scheme is extended to a DeVoe–Brewer scheme [130] whereby the absolute
frequency of the laser is locked to a cavity mode, and simultaneously locked to the
cavity-mode spacing, equalling FSR = c/2L , with a radio frequency produced in the
EOM. Wavelength modulation (at typically fdith ≈ 400 Hz) is imposed via a piezo-
electric transducer on which one of the mirrors is mounted. Frequencies are calibrated
by measuring beat notes between the ECDL-spectroscopy laser and the modes of the
OFC. A high-fidelity lock-in amplifier (Zurich Instruments) is used for demodulating
the signals and extracting the spectra.

4.7 Examples of NICE-OHMS experiments

A number of experiments dealing with the optical technology of NICE-OHMS and
its application in spectroscopy have been performed, this less widespread application
domain is probably related to the much more complex experimental configuration
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Fig. 20 Configuration of an advanced setup to perform NICE-OHMS experiments. For details see main
text. Reprinted (Fig. 1) with permission from [129], Copyright (2018) by the American Physical Society

required for NICE-OHMS, with triple modulation/demodulation schemes and the
multiple Lamb-dip signals observed.Moreover, NICE-OHMS does not allow for large
tuning ranges covering full molecular absorption bands, due to the fact that the inter-
rogated spectral interval should fall within the capture range of the locking loop that
exactly matches the modulation frequency with the cavity FSR. For light molecules
with rather broad Doppler profiles, and for large molecules with congested rotational
bands this is a bottleneck.

Different laser systems, covering various wavelength ranges, have been com-
bined with the NICE-OHMS technique. Originally, in the first demonstration, the
non-tunable Nd:YAG laser was employed [24, 25], and later Titanium–Sapphire
lasers [111], external-cavity diode lasers [23, 131], DFB diode lasers [132], quantum
cascade lasers [133], fiber lasers [134, 135], difference-frequency [136] and optical
parametric devices [137].

The optical detection technique of NICE-OHMS was further developed in several
directions, in optimizing the modulation index [138], focusing on saturation effects
on the line shapes in the application of Doppler-broadened NICE-OHMS [139], and
investigating the effects of the cavity finesse onNICE-OHMS signals [140]. The devel-
opment of NICE-OHMS in combination with optical frequency comb spectroscopy,
leading to a sensitive technique for high-resolution broadband molecular detection is
a highlight to be mentioned [141].

123



Advances in cavity-enhanced methods for high...

Fig. 21 Plot of measured the residual frequency fluctuations (top) and Allan deviation (bottom) of the
external cavity diode laser at 1.39 µm for a locking scheme via a NICE-OHMS signal to a Lamb dip in
H18
2 O. The in-loop relative stability (σy ) is ∼ 5 × 10−13 for an integration time of 1 s. Reprinted with

permission from [149], Copyright (2014) Optical Society of America

The NICE-OHMS technique was applied in general spectroscopic studies focus-
ing on breath analysis [142] and on quantitative trace gas detection [126]. Specific
spectroscopic studies were carried out on a number of molecules, such as methane
(CH4) in the infrared at 3.4 µm [143], ammonia (NH3) in the telecom range [144], the
hydroperoxyl radical (HO2) at 1.2µm [145], nitrous oxide (N2O) at 1.2µm [146], and
high-precision (sub-kHz) spectroscopy of N+

2 ions [147]. In Sect. 5 the spectroscopic
applications of various cavity-enhanced techniques on the benchmarkmolecules water
(H2O), acetylene (C2H2) and carbon dioxide (CO2) will be highlighted.

4.8 NICE-OHMS operated as an optical clock

The sensitivity of the NICE-OHMS detection technique could be converted into a
molecular clockon anR(14) transition in the 3ν vibrational bandof 12C16Oat 1563.618
nm. Stabilization of the cavity resonance could be achieved with an Allan deviation of
1.8×10−12 at 1 s, which was demonstrated to improve to 3.5×10−14 at 1000s [148].
This transition in carbon monoxide, conveniently in the telecom wavelength range,
and rather insensitive tomagnetic fields, undergoes a pressure shift of only 1.6 kHz/Pa.

An approach, locking via a NICE-OHMS scheme to a Lamb-dip resonance at 1.39
µm to a line of H18

2 O, avoiding interference by atmospheric water signals outside the
cavity [149], resulted in an absolute frequency stabilization with an Allan deviation
of 5 × 10−13 at 1 s. For a graphical display see Fig. 21. At longer integration times a
noise floor of 4×10−14 was reached after a minute. An advantage of the NICE-OHMS
scheme for absolute frequency stabilization is that it is not sensitive to the exact setting
of the phase in the demodulation process [149]. In other words, an incorrect setting
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of the phase would affect only the size of the signal without perturbing the symmetry
of the dispersion-like profile. This important characteristic, which is maintained as
long as the degree of saturation induced by the two sidebands is much smaller than
the one induced by the carrier, reduces the risk of locking out of the line center. In
addition, frequency fluctuations of the optical frequency standard at 1.39 µm could
be measured by using the fringe-side transmission of a high finesse optical resonator.
A careful analysis of the frequency-noise power spectral density yielded a linewidth
(FWHM) of the optical frequency standard of about 7 kHz for an observation time of
1 ms, as shown in Ref. [150].

Improvement of operating conditions, such as lowering the temperature and enlarg-
ing beam diameters for reducing transit-time broadening effects, and exploring
different molecular species should well lead to even higher stabilities. Even though
stabilities currently reached by advanced Al+ andYb+ ion clocks and Sr-lattice clocks
lie outside the possible perspectives, the small and elegant technology of near-infrared
molecular clocks reaching 10−16 stabilities would find widespread application in
industry and society. An atmospheric lidar system with laser frequency stabiliza-
tion based on a sub-Doppler NICE-OHMS signal has been discussed as a potential
application [151].

5 Examples of cavity enhanced spectroscopic studies of molecules

5.1 Water

The water molecule qualifies as one of the most investigated gas phase species in
spectroscopy. This is likely due to its major importance in atmospheric physics, astro-
physics, chemistry, and combustion physics, while it is also regarded as the template
for an asymmetric quantum mechanical rotor system. Hundreds of papers have been
published on the line spectrum of rovibrational transitions in the electronic ground
state of water, the resulting level structure, and the fitting of effective Hamiltonians
describing its quantized motions.

Some of the information is condensed in the HITRAN database where it is consid-
ered as the number one molecule, and over 300,000 water lines are documented [153].
Over a time span of the past century 200,000 rovibrational lines of the main H16

2 O
isotopologue have been measured, connecting some 20,000 quantum levels. Most of
the work has focused on measuring Doppler-broadened lines, where the technique
of Fourier-transform spectroscopy is featured as the main tool (see e.g. Ref. [154]).
Cavity-enhanced measurements performed under Doppler-broadened conditions also
contributed to the large databases for water (see e.g. Ref. [155]). Very weak transitions
in water, at line strengths of 10−29 cm/molecule, could be detected [156]. Beyond
the wealth of data acquired through measurement of dipole transitions recently the
detection sensitivity of CRDS was favorably applied to detect quadrupole lines in
water [157].

The advances of the cavity-enhanced techniques opened the possibilities of measur-
ing Doppler-free spectra of rovibrational transitions, pursued by several groups [79,
158, 159]. NICE-OHMS experiments were performed on water in combination with
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Fig. 22 NICE-OHMS spectrum of the (040)88,1/0 ← (000)77,0/1 doublet. The scanning frequency, f ,
is shifted with the line position of the ortho transition, fortho = 218 444 703.636 MHz (separated by 1.5
MHz from the para line). Figure reproduced from Ref. [152]

a spectroscopic network approach. These studies resulted in the measurement of sets
of Lamb dips for H2

16O [127, 152] and H18
2 O [160] at an accuracy well below 10

kHz. An example of an experimental result is shown in Fig. 22, where two close-lying
lines ((040)88,0/1 and (040)77,0/1 pertaining to an ortho-para doublet are resolved as
separate Lamb dips. The network approach, to be considered as a generalized Ritz
principle, allows for verifying the internal consistency of the precision measurements
by constructing cycles of multiple rovibrational transitions at a level that would not
be possible by comparing to effective Hamiltonians. All quantum levels, for which
the level energy has been verified and secured, can then be included in a network
path even leading to high rotational quantum numbers. In Fig. 23 two of such paths
are built, one for the para-species and one for the ortho-species of H2

16O, ultimately
leading to quantum levels JKa ,Kc = 77,1 and 88,0 on the para-side and 77,0 and 88,1 on
the ortho-side. These measured paths involve rovibrational transitions, all originating
in the (v1v2v3)=(000) ground state and exciting various vibrational levels in the P4-
polyad in water with levels: (040), (021), (200), (101) and (002) indicated with color
code in Fig. 23. In the separate paths for the para and ortho species, that cannot be
interconnected since no para-ortho transitions have been detected [161], some purely
rotational transitions are included. These transitions, measured to high accuracy via
microwave spectroscopy [162, 163] connect quantum states of positive and negative
parity, that cannot be connected via rovibrational transitions.

The high-accuracy measurements on water lines, obtained with a comb-locked
NICE-OHMS scheme and guided by the network approach, resulted in an accurate
list of level energies. For the (000) vibrational ground state these levels can be fitted to
an effectiveHamiltonian, forwhich a 14-th orderWatson-typeHamiltonian description
is required to match the experimental accuracy. This treatment yields a value for the
splitting of the energy between the lowest ortho and para levels. The same ortho-
para splitting can also be determined form a calculation of the tiny splittings at the
end of the paths indicated in Fig. 23. Splittings for (040)88,0/1 and (040)77,0/1 levels
can be derived from nuclear-motion (GENIUSH) computations [164, 165], where
the absolute uncertainties for the splittings are minute at the high J levels reached.
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Fig. 23 The spectroscopic networkwas employed to determine an accurate value for the para-ortho-splitting
in H2

16O. The JKa ,Kc rotational labels are indicated individually for each rovibrational state, while the
(v1v2v3) vibrational assignments are marked in the left-side color legend. Squares refer to para energy
levels, and circles to ortho levels. The paths in the para and ortho subsections end at high J levels (orange),
where level separations between para and ortho become very small and can be accessed to kHz accuracy
from ab initio calculations

The methods of an effective Hamiltonian for the (000) levels and the direct network
approach yield a similar accuracy for the ortho-para splitting in the ground state at
23.794 361 22 (25) cm−1. The latter result forms a great improvement with respect to
previous determinations.

By adding two sets of accurately measured Lamb-dip lines in H2
16O, all recorded

in the wavenumber range 7000–7350 cm−1 (156 lines [152] plus 56 lines [127]),
the complete JKa ,Kc rotational manifold of the (200) vibrational level up to J = 6,
could be determined to few-kHz accuracy. An advantage of the spectroscopic network
approach is that based on a limited set ofmeasurements, the high absolute accuracy can
be extrapolated to other wavenumber ranges. In the case of H2

16O the measurements
in the range 7000–7350 cm−1, augmented with some rotational lines in the range 0–
20 cm−1, allow for predictions of large numbers of transitions for the ranges 0–1000
cm−1 and 6200–8100 cm−1, as was demonstrated [127].

A similar study was performed for the H18
2 O isotopologue [160]. An amount of

196 Lamb dips were measured with NICE-OHMS in the range 7000–7350 cm−1,
carefully selected for a spectroscopic network and verified for their accuracy and
assignment through cycles in the network. This allowed for a determination of all
JKa ,Kc rotational levels up to J = 8, a determination of the ortho-para splitting at
23.754 904 61 (19) cm−1, and the predictive computation of a high-accuracy linelist
of over 1500 transitions in the ranges 0–1250 cm−1 and 5900-8380 cm−1.
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Fig. 24 Lamb-dip spectrum involving transitions between (0 0 2)65,2/1 and (0 0 0)65,1/2 levels in HDO.
Panel (a) displays a recording of ±60 MHz with two strong dipole-allowed transitions, denoted with a,
and several extra lines induced by parity-mixing, denoted with f , and lines due to crossover resonances,
denoted with c. Panel (b) was measured at higher intracavity power. In panel (c) the origin of the extra lines
in HDO is shown, based on cross-over resonances and parity-mixing. For further information, see the text.
Reprinted with permission from [166], Copyright (2022) Optica Publishing Group

Similar highly accurateNICE-OHMSexperimentswere pursued for theHD16O iso-
topologue of water [166]. It was found that for quantum numbers Ka > 3 asymmetric
line profiles were observed, and for even larger Ka values multiple spectroscopic com-
ponents occurred. These effects were ascribed to the fact that for higher Ka-values the
splittings between correspondingquantum levelswith Kc-values differingby1become
small. The latter is true for all water isotopologues, but the difference between HDO
and the previously investigated H16

2 O and H18
2 O is that in the symmetric isotopologues

levels with�Kc = 1 exhibit opposing parity but fall in distinct para-ortho categories.
In HDO however, no para-ortho distinction exists, and the levels with �Kc = 1

only have opposite parity. The intense intracavity light field couples such levels of
opposite parity via an (AC)-Stark effect in particular when the level splitting between
adjacent Kc levels is small. That paritymixing is at the origin of the observed perturbed
structures and the occurrence of multiple lines. In addition to an allowed doublet of
lines between (±) in the ground state and (∓) in the excited state, the laser-power
induced parity-mixing effect then induces extra lines between (+) and (-) components.
Such lines remain fully forbidden in H16

2 O and H18
2 O because the levels of opposite

parity are also part of different para-ortho categories.
There is a second mechanism playing a role in producing extra resonances in the

non-linear spectroscopy of HDO. If two nearby levels are optically connected to an
excited level then cross-over resonances may occur, whereby the energy splitting is
bridged by probing different velocity classes within the Doppler profile. In Fig. 24 an
example of a complexmultiline spectrum is displayed showing two allowed transitions
between (0 0 2)65,2/1 and (0 0 0)65,1/2 levels in HDO. The location of all resonances,
induced by parity-mixing and by crossovers can be quantitatively explained.
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5.2 Acetylene

Acetylene (C2H2), a benchmark molecule for precision molecular studies, was
investigated throughout the years with cavity ring-down spectroscopy [167], NICE-
OHMS [111], interrogated by cavity-enhanced spectroscopy [168, 169], and again
via frequency metrology NICE-OHMS and CRDS studies at 789 nm [170] and at
1.4 µm [171, 172]. C2H2 is a linear, centrosymmetric, nonpolar molecule whose
infrared spectrum is of special interest in many research fields, including fundamental
metrology [173, 174], combustion science [175], biomedicine [176], astrophysics and
planetary science [177, 178]. It is useful to remind that, like for the water molecule,
since the hydrogen nucleus is a fermion with a nuclear spin of 1/2, C2H2 has two
nuclear-spin isomers, traditionally called para and ortho.

In 2018, Chubb et al. published a MARVEL (Measured Active Rotational-
Vibrational Energy Levels) analysis of the experimentally measured and assigned
rovibrational transitions of 12C2H2 available at that time [179]. MARVEL is an algo-
rithm that inverts the information contained in a large number of transition frequencies,
after a critical evaluation of their uncertainties [180].Data inversion through aweighted
least-squares-type procedure results in MARVEL energy levels and associated uncer-
tainties. The MARVEL analysis of Ref. [179] produced 5200 para and 6013 ortho
empirical rovibrational energy levels for 12C2H2, with associated uncertainties. This
study has been recently enriched with new metrology-grade data resulting from CL-
FS-CRDS and CL-CEAS experiments under the saturated absorption regime [169,
171, 172, 181, 182]. More specifically, twenty lines in the P, Q, and R branches of the
weak ν1 + ν3 + ν14 combination band, in the spectral window around 1.4µm,were care-
fully selected using the theory of spectroscopic networks, ensuring that a large number
of transitions, measured previously by precision-spectroscopy investigations, could be
connected to the para and ortho energy levels of the twenty 12C2H2 lines [172]. The
absolute center frequencies of these lines were measured using an upgraded version
of the CL-FS-CRDS apparatus of Fig. 9, expressly designed for extensive Lamb-dip
investigations. The main elements of novelty with respect to the spectrometer of Ref.
[82] were: (i) the operation of just one ECDL locked to a self-referenced OFCS; (ii)
the extensive use of fiber optic components and devices to make the spectrometer
more compact; (iii) the use of a fiber-coupled booster optical amplifier to increase the
incident power and, consequently, the achievable signal-to-noise ratio. An example
Lamb-dip spectrum is shown in Fig. 25, as recorded in the weak saturation regime, the
saturation intensity being ∼ 108 W/m2. The experimental strategy involved a large
number of spectral acquisitions as a function of the gas pressure, in the range of 0.5–3
Pa, followed by a linear extrapolation of the zero-pressure center frequency. The com-
bined uncertainty of the measured line positions resulted to be ∼15 kHz with a 2-σ
confidence level.

After the application of the MARVEL procedure, 82 and 80 ultraprecise empirical
rovibrational energy levels were determined in the para and ortho principal compo-
nents of the spectroscopic network. Based on these energies, a rovibrational line list
for 12C2H2 was generated. Called TenkHz, the line list contains 282 entries in the
spectral range from 5898.97 to 7258.87 cm−1, with a frequency accuracy better than
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Fig. 25 Example of Lamb-dip
12C2H2 spectrum as recorded in
Caserta using a comb-locked
cavity ring-down spectrometer.
The ring-down cavity is filled
with a pure C2H2 sample at a
pressure of 0.3 Pa. The line
profile is well reproduced by a
Lorentzian function

10 kHz [172]. A remarkable result of this study is that the new line list contains 35
lines that are missing from the HITRAN2020 database [153].

5.3 Carbon dioxide

The application of cavity-enhanced spectroscopy to carbon dioxide has yielded inter-
esting results for both fundamental and applied physics. The experiments carried out
in the last decade can be classified into five main categories: (i) line position studies
and frequency metrology; (ii) temperature metrology; (iii) high-quality line inten-
sity determinations; (iv) radiocarbon dating; (v) test of the symmetrization postulate
of quantum mechanics. As for the first two points, we have already provided a few
examples in Sect. 3 [77, 88, 91]. Here we focus on the latter ones.

Carbon dioxide is the most important anthropogenic greenhouse gas, whose grow-
ing concentration in the atmosphere is affecting the Earth’s climate. Several satellite
missions, such as the NASAOCO-2 and OCO-3 missions (OCO standing for Orbiting
Carbon Observatory), as well as ground-based networks, like TCCON (Total Carbon
Column Observing Network), are dedicated to measurements of the column-averaged
CO2 densities and mole fractions in the Earth’s atmosphere, with a target precision in
the range 0.3–0.5%. These sensing activities probe CO2 vibration-rotation spectra in
the near-infrared region. The accuracy of the retrieved data depends on the quality of
spectroscopic parameters that are available, with special regard to line intensities, for
a large number of components of the CO2 vibrational bands near 1.6 and 2.0 µm. The
data available until a few years ago did not meet the need for accuracy. A solution to
the problem of CO2 line intensities was found only recently by using ab initio quantum
mechanical calculations tested against laboratory measurements at unprecedentedly
high accuracy. Experimental values, as obtained by means of the FS-CRDS technique
for 27 rovibrational transitions in the wavenumber region 6200–6258cm−1 (near 1.6
µm), demonstrated that the theoretical model is capable of reproducing line intensi-
ties of 12CO2 with a combined uncertainty of about 0.3% [183]. Similar results were
obtained for a few CO2 lines near 2µm [184]. More recently, extensive data have been
produced for a series of CO2 bands at ∼1.6 µm using FS-CRDS and FARS-CRDS,
achieving relative combined uncertainties less than 0.1% [185].
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A striking example of high sensitivity achievable with CRDS techniques comes
from the application to the measurement of radiocarbon abundance. Radioactive car-
bon (14C or radiocarbon), with a half-life of 5700 years, represents an ideal natural
tracer enabling to distinguish “old” fossil carbon from “young” carbon. It is well
known that anthropogenic-related emissions alter the concentration of atmospheric
greenhouse gases mostly through the combustion of fossil fuels. Since CO2 derived
from fossil sources is depleted of 14C, the measurement of the atmospheric abun-
dance of 14CO2 represents a powerful tool to quantify fossil-fuel CO2 emissions and
separate them from the total biogenic and anthropogenic CO2. Accelerator mass spec-
trometry is the technique of choice for high-precision measurements of radiocarbon,
being characterized by a detection sensitivity at the level of parts-per-quadrillion (ppq,
parts in 10−15). Thanks to the impressive developments in CRDS techniques, laser
spectroscopy has recently emerged as a relatively simple, robust, and cost-effective
bench-top alternative. In 2011, saturated-absorption cavity ring-down (SCAR) spec-
troscopy enabled for optical detection of 14CO2 in natural abundance gaseous samples,
for the first time [186]. The spectrometer employed a comb-referenced high-power
mid-infrared coherent radiation at 4.5 µm, as delivered by a difference-frequency-
generation process inside a Ti:Sapphire laser cavity [187]. A few years later, the
SCAR spectrometer was upgraded and greatly simplified by replacing the bulky laser
source with a pair of quantum cascade lasers (QCLs), one of which being frequency
stabilized against a sub-Doppler molecular line. As a result, the limit of detection
was pushed to extreme levels, down to a few ppq, which corresponds to a minimum
absorption coefficient of∼10−11 cm−1 [42]. Such a value for αmin is far from those of
the best CRDS implementations in the near-infrared, due to the worse noise features
of the detectors in the mid-infrared. This does not prevent the achievement of ultra-
low limits of detection because of the much larger line intensities characterizing the
CO2 spectrum in themid-infrared region. The difference between SCAR spectroscopy
from conventional CRDS is that ring-down events are observed in the regime of sat-
urated absorption. More specifically, the saturation effect for the molecular transition
of interest induces a deviation of the ring-down signal from the perfectly exponential
behavior, which is normally observed in the linear intracavity absorption regime. This
is due to a time-dependent absorption coefficient given by [186]:

α(t, ν − ν0) = α0g(ν − ν0)

1 + Ic(t)
Is

g(ν − ν0)
, (26)

where α0 is the nonsaturated absorption coefficient at the resonance frequency, ν0,
g(ν − ν0) is the lineshape function normalized to 1 on the peak, Ic(t) and Is are the
intracavity and saturation intensities, respectively. Taking into account the transient
effects due to a decreasing saturation degree through the use of a proper theoretical
model, it is possible to retrieve from a single decay event both the empty-cavity and the
gas-induced losses [188]. After the pioneering work of 2011, many other experiments
of optical detection of 14CO2 have been performed using mid-infrared cavity ring-
down spectroscopy in the linear absorption regime [189–191] and also by two-photon
absorption spectroscopy [106, 107]. Currently, radiocarbon optical spectrometers are
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Fig. 26 Recording of the frequency interval, where a forbidden R(25) line is predicted next to the allowed
R(80) transition. In the inset, the noise floor of the R(25) location is expanded, from which a constraint
on the symmetrization principle is derived. Note that the two lines pertain to different vibrational bends
exhibiting different strengths. Reprinted (Fig. 1) with permission from [193], Copyright (2015) by the
American Physical Society

leaving the research laboratory stage and are being used for the first applications, such
as the precise determination of 14C in radioactive nuclear decommissioning wastes
[192].

Finally, sensitive measurements employing cavity-enhanced spectroscopic tech-
niques to the carbon dioxide molecule, have opened a testground for fundamental
physics. The symmetrization postulate of quantum mechanics rules that a molecular
wave function under permutation of twonuclei obeyingBose–Einstein statistics should
be symmetric. As a consequence, quantum states with odd rotational angular momen-
tum in the ground vibrational and electronic states of CO2 cannot exist. Population in
such forbidden quantum states can in principle be probed, as transitions originating in
these states are not forbidden by selection rules. Moreover, the frequencies of those
lines forwhich ground state population is forbidden are known at extreme accuracy, via
the frequencies of the allowed lines. Tests of the symmetrization postulate and of the
spin-statistics connection were carried out by measuring the noise floor of the R(25)
line in the (0001)–(0000) vibrational band at 4.25 μm in comparison to a strong(er)
absorption line (see Fig. 26). Via the technique of saturated absorption cavity ring-
down spectroscopy an upper limit to a possible symmetry violation of 3.8×10−12 was
established [193], which is currently the tightest constraint, superseding a previous
measurement of absorption in a White cell configuration [194]. Less accurate studies
were performed on tests of the symmetrization principle targeting the O2 molecule,
where quantum states of even rotational quantum numbers in the electronic ground
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state cannot be populated. Constraints were obtained via pulsed-CRDS [195] and via
NICE-OHMS [23], in the near-infrared.

6 Testing QEDwith CEAS of molecular hydrogen

6.1 Rovibrational spectroscopy

Thehydrogenmolecule is the simplest neutralmolecule consisting of two electrons and
twonuclei. Since thework ofHeitler andLondon a century ago [196], the calculation of
the energy levels of the hydrogen molecule has been continuously improved. Pachucki
and his colleagues used the nonadiabatic perturbation theory (NAPT) to calculate
the rovibrational state energies of H2 in the electronic ground state [197–202]. The
energies were expanded in powers of the fine structure constant α [203],

E(α) = α2E (2) + α4E (4) + α5E (5) + α6E (6) + α7E (7) + · · · (27)

where the non-relativistic energy E (2) has been calculated very accurately
(10−8 cm−1) [204]. The leading relativistic correction term E (4) has also been cal-
culated to a precision below 10−6 cm−1 [201]. For higher order terms starting from
E (5), known as the quantum electrodynamics corrections, currently uncertainties in
the theoretical values are at the 10−4 cm−1 level [205, 206], but accuracy at the
10−6 cm−1 level is considered [207, 208] to be feasible in the near future. Therefore,
precision spectroscopy of the hydrogen molecular isotopologues has become one of
the ideal testing grounds of the QED theory of molecules, where the dissociation
energy acts as a benchmark. Recent measurements of D0 values are in agreement with
theory at the accuracy level of 1 MHz for H2 [209], D2 [210] and HD [211]. The
results of the advanced ab initio calculations of level energies and transition frequen-
cies for the hydrogen molecular isotopologues have been made available through a
program suite [212], where it should be realized that various levels and transitions
are computed at differing levels of sophistication, and therewith accuracy. There is a
perspective for determining values of fundamental physical constants from hydrogen
spectroscopy [181, 208, 213] and for probing physics beyond the StandardModel [214,
215]. This forms a motivation for the continued efforts to improve accuracy.

The rovibrational manifolds in the electronic ground state of the hydrogen
molecules form, in principle, a better target for testing theory, since those states are
long-lived and transitions allow for extreme precision, in contrast to approaches where
electronic transitions are probed.However, it is very challenging to detect rovibrational
spectra of H2 since in the homonuclear species no electric dipole transitions (E1) in
the electronic ground state are allowed, but only extremely weak electric quadrupole
moment transitions (E2). The strongest E2 transition of H2 in the infrared region
has an intensity below 1 × 10−26 cm/molecule, which is weaker than a strong water
line in the fundamental band by almost eight orders of magnitude. Figure 27 shows
the vibrational transitions of H2, D2, and HD below their dissociation limit as cal-
culated from available spectroscopic information. Herzberg was the first to measure
quadrupole transitions of H2 near 0.8 µm in the laboratory [216] using a 22-m-long
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Fig. 27 Calculated rovibrational transitions of H2, D2 and HD below the dissociation limit. Reproduced
from Refs. [220–222]

sample cell containing hydrogen gas with pressures as high as 10 atm. Extended exper-
imental data of the infrared bands of the hydrogen molecule were obtained based on
multi-pass cells [217–219]. Due to the weakness of the transitions, the accuracy of
experimental data was worse than the theoretical results. This situation continued until
the advent of cavity-based absorption spectroscopic techniques.

CRDS measurements of overtone quadrupole bands of H2 were carried out by the
Grenoble group [220], the NIST-Gaithersburg group [223], and the Hefei group [224,
225]. The S(3) (v = 3 ← 0) line position was determined [224] with an accuracy
of 1.6 MHz, corresponding to a fractional uncertainty of 4 × 10−9. Rovibrational
transitions of the symmetric isotopologue, D2, were also measured, including the
fundamental (v = 1 ← 0) band [226, 227], and the first overtone v = 2 ← 0
band [221, 228, 229]. Frequencies of several D2 lines were recently determined at sub-
MHz accuracy [230]. Some very weak transitions of the hydrogen molecule have been
measured by CRDS. The Hefei group measured the S3(5) (v = 3 ← 0, J = 7 ← 5)
transitionwith a strength of 9.2×10−31 cm/molecule, and theGrenoble group reported
the S(8) line in the v = 2 ← 0 band of D2 with a strength of 1.9×10−31 cm/molecule.
These are among the weakest transitions observed so far by absorption spectroscopy,
where the implementation of cavity enhancement has been decisive.

The heteronuclear isotopologue of the hydrogen molecule, HD, has a small electric
dipole moment due to the mass difference between the proton and the deuteron that
causes inversion symmetry breaking in conjunction with the breakdown of the Born–
Oppenheimer approximation [231].As a result, theHDmolecule exhibitsweak electric
dipole transitions among its vibration-rotation energy levels, with the selection rule
of �J = ±1, in addition to the electric quadrupole transitions of �J = 0,±2. The
intensity of the strongest electric dipole line of HD in the fundamental band is about
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100 times that of the quadrupole lines in the fundamental band of H2. Herzberg and
colleaguesmeasured tens of dipole transitions ofHD from the fundamental to overtone
bands up to v = 4 since the 1950s using grating spectroscopy [232, 233]. McKellar
and colleagues [234, 235] extended the measurements with Fourier-transform spec-
troscopy and reached the highest overtone of v = 6. A pure rotational transition of
R(0) was also measured by Drouin et al. [236]. In the past decade, Doppler-broadened
infrared HD lines have been extensively studied using CRDS techniques for the fun-
damental band [222] near 2.3 µm and the first overtone band [84, 237–239] near
1.4 µm.

Tritium-bearing isotopologues are of particular interest to test the calculation of
molecular hydrogen for the largemass difference between tritium and hydrogen. How-
ever, the radioactivity of tritium (t1/2 � 12 year) imposes considerable difficulties on
the instrumentation and spectroscopic measurements. Coherent anti-Stokes Raman
spectroscopy (CARS) of T2, HT, and DT could be performed with sealed sample
cells in a collaborative effort between the Tritium Laboratory Karlsruhe and the Ams-
terdam group [240–242]. These studies were limited by Doppler effects related to
the difference frequencies of the laser beams used for CARS, yielding experimental
uncertainties for the obtained transition frequencies of about 15 MHz.

Although the absorption spectra of molecular hydrogen can be measured by CRDS
with very high sensitivity, the Doppler width at the 1 GHz level remains an obstacle to
the determination of the line positions at a sub-MHz uncertainty. Figure 28(a) shows
an example of the R(1) (2-0) line of HD near 1380 nm recorded by the Hefei group.
The signal-to-noise ratio is several thousand, but the fitting residuals show obvious
interference due to nearby water absorption lines. Another more serious problem
originates from the line profile model. The hydrogen molecule has a relatively strong
speed dependence on collisional shifting that results in a line asymmetry of Doppler-
limited spectra recorded under finite pressures. Velocity-changing collisions (namely,
Dicke narrowing effects) and speed dependence of collisional broadening and shifting
must therefore be carefully considered in the line profile model [244], but still it is
very challenging to fit the experimental spectrum correctly to an accuracy better than
1/10,000 of the linewidth.

The Caserta group proposed a solution adopting the so-called β-corrected
Hartmann–Tran (βHT) profile [245]. This model, which represents an evolution of
the well-known Hartmann–Tran (HT) profile [246], describes the various collisional
perturbations to the lineshape, while being also capable of a more reliable represen-
tation of the Dicke narrowing effect in the case of light molecules like molecular
hydrogen. In the refined spectral analysis of Ref. [238], line asymmetry due to the
speed dependence of collisional shifting and to the unresolved hyperfine structure was
carefully investigated, thus providing an improved determination of the absolute line
center frequency for the weak R(1) (2-0) line of HD. In fact, for any HD rovibrational
line, the absorption coefficient is due to a manifold of closely spaced hyperfine com-
ponents, whose overlapping βHT profiles yield to absorption spectra similar to those
reported in Fig. 29. In the fitting procedure, a global approach was implemented, while
setting the hyperfine separations at the theoretical values of Ref. [247] and treating the
centroid as a variable quantity. As a result, an updated determination of the R(1) fre-
quency was provided, the combined uncertainty being reduced from 109 kHz of Ref.
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Fig. 28 (a) Doppler-broadened R(1) (2-0) line of HD recorded by CRDS with sample pressures of 244 Pa
and 125 Pa. The dashed line indicates the center of the HD line. (b) Residuals of fitting the spectrum
of 244 Pa with a Gaussian function. Green lines show the positions of water lines with intensity over
2 × 10−26 cm molecule−1 in this region given by the HITRAN database [153]. (c) Lamb-dip spectra of
the R(1) (2-0) line recorded by CRDS at 76.4 K (gray circles) and 296 K (black circles). Solid lines are
the simulated spectra using a Fano profile. The stick spectrum shows the calculated hyperfine components.
The dashed line shows the gravity center of the transition. (d) Fitting residuals between the simulated and
experimental spectra at 76.4 K. The HD molecular density was estimated to be 7 × 1014 molecules/cm3.
Panels (c) and (d) reprinted (Fig. 3) with permission from [243], Copyright (2022) by the American Physical
Society

[84] to 76 kHz [238]. Obtained from collision-perturbed spectra at room temperature,
this measurement is in perfect agreement with the one performed by the Grenoble
group at the liquid nitrogen temperature and at HD pressures of 2 Pa [239].

Meanwhile, the relative simplicity of the hydrogenmolecule allows for investigating
collisional effects through ab initio quantum chemistry calculations. In this respect,
Doppler-limited absorption spectroscopy of the hydrogen molecule is a perfect testing
ground for collision-induced line-shape effects. The Torun group has undertaken a
series of studies of the CRDS spectral profiles of H2 in pure gas [244, 248], in mixtures
with He [249–251], and with Ar [252, 253]. Agreement between experimental and
theoretical line profiles has been achieved with fractional deviations at the level of
10−4–10−3.
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Fig. 29 Example spectra for the R(1) line as a function of the HD pressure (varying from ∼200 to ∼1200
Pa), as recorded by the Caserta group using CL-FS-CRDS at 1.38µm. Bottom: Theoretical prediction of the
underlying hyperfine structure. The experimental line shape is due to the sum of 21 non-Voigt profiles. Each
of them is far from being a Gaussian function. Reprinted (Fig. 1) with permission from [238], Copyright
(2021) by the American Physical Society

Table 1 Saturation intensity (Is ) of the transition, assuming that the transition width is 1 MHz

ν, cm−1 k, cm/molecule A, s−1 Is , W/cm2

H2, Q(1) (1-0) 4155.254 2.174 × 10−26 4.287 × 10−7 2.8 × 108

H2, Q(1) (2-0) 8075.307 2.602 × 10−27 1.938 × 10−7 4.5 × 109

HD, R(1) (1-0) 3798.452 1.469 × 10−24 2.462 × 10−5 3.7 × 106

HD, R(1) (2-0) 7241.849 3.526 × 10−25 2.148 × 10−5 2.9 × 107

Line positions (ν), strengths k, and the Einstein A-coefficients are given by Pachucki et al. [254], now also
available in the HITRAN database [153]

6.2 Doppler-free spectroscopy

Doppler-free saturation spectroscopy is a favored approach to reduce the spectral
linewidth and therewith determine accurate transition frequencies of molecular reso-
nances. However, high laser powers are required to saturate vibrational transitions, in
particular the weak resonances in HD and H2. The saturation intensity of an infrared
transition is related to its transition rate and linewidth through the Eq. [36]:

Is = 8π3hc

3A

�2

λ3
, (28)

where A is the Einstein A-coefficient, � is the linewidth (FWHM), h is the Planck
constant, c is the speed of light, and λ is the wavelength. In Table 1 the saturation laser
powers for several transitions of H2 and HD are presented. For simplicity, we take
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the width of the transition (full width at half maximum) at 1 MHz, which is usually
dominated by transit-time broadening or collision broadening. With commercially
available continuous-wave lasers these transitions can hardly be saturated, in single-
path configurations. Here the power enhancement capability of intracavity absorption
methods comes to a rescue: with currently available highly reflective mirrors (at R =
99.999%) intracavity powers can be boosted by a factor of 105.

Besides the requirement of sufficient laser power for saturating a transition, also a
good detection sensitivity is needed for probing a Lamb-dip signal. Note that a Lamb
dip is located on top of a Doppler-broadened absorption profile, where the depth of
the Lamb dip is proportional to the product of the line strength and the molecular
number density. Therefore, it is much easier to detect a Lamb-dip signal for a strong
line if the laser power is limited. Meanwhile, it is not very helpful to measure at a
high sample pressure, since the pressure-induced broadening also increases with the
pressure and the saturation power given in Eq. (28) is proportional to the square of
the linewidth. Therefore, comparing the transition strengths and saturation powers of
H2 and HD, as shown in Table 1, E1 transitions of HD are preferable for Lamb-dip
measurements. Since the first overtone of HD is located in the near-infrared region and
mature narrow-linewidth diode lasers are available, it is natural that the first choice
would be the R(1) line in the (2-0) band of HD as the target. Note that the R(0) line is
close to strong water lines, prohibiting its study at room temperature.

Saturation spectroscopic measurements of the HD R(1) (2-0) line at 1380 nm were
reported by the Hefei group [181] and the Amsterdam group [129] with different
experimental methods. The Hefei group used the CRDS method based on a 1-m-long
cavity with a finesse of about 1.2×105. The Amsterdam group used the NICE-OHMS
method based on a half-meter-long cavity with a finesse of 1.5× 105. The circulating
laser power was about 100 W in both measurements. Both groups observed narrow
spectral features and used optical combs to determine the frequencies of the line “cen-
ters”. However, the two frequencies have an astonishing difference of 0.9 MHz, which
is almost 10 times the combined uncertainty of both measurements. Later, both the
Hefei and Amsterdam groups re-measured the spectra with improved sensitivity and
revealed that the saturation spectrum of the HD line has an unexpected asymmetric
line profile [123, 255]. Instead of the conventional Lamb dip in the saturation absorp-
tion spectrum, a composite profile including both “peak” and “dip” was found for
the R(1) line of HD. The Hefei group measured the spectrum with three different
methods, CRDS, CEAS, and NICE-OHMS, on one instrument, and confirmed that all
experimental results from different methods were in agreement with each other [123,
256]. Figure 28 shows the saturatedCRDS spectrum, alongside theDoppler-broadened
spectrum, recorded by the Hefei group. Since no frequency modulation was applied
in the CRDS measurement, the experimental spectrum shows the original line profile
of the saturated absorption sub-Doppler curve. We can see that the asymmetric line
shape is more pronounced at the low temperature of 76 K.

Different mechanisms have been proposed to explain the very unusual asymmetry
in the profile. One focus is the hyperfine structures due to the nuclear spin 1/2 for the
proton and spin 1 for the deuteron. Coupling between the nuclear spin and rotational
angular momentum splits the lower energy state of the R(1) (2-0) transition to 5 levels
with total angular momentum quantum number F of 1

2 ,
3
2 , and

5
2 , and the upper state
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Fig. 30 Principle of the nonlinear Fano resonance in low-lying states of molecules. (a) The experimental
arrangement for the absorption spectrum measurement of moving molecules, probed by a standing wave
field with wavelength λ. (b) Energy level diagram. Simplified energy level diagram for a molecule with
speed V in the laboratory frame (c) and in the molecular frame (d). Reprinted (Fig. 1) with permission
from [257], Copyright (2022) by the American Physical Society

was split to 6 levels with F in the range of 1
2 − 7

2 . In total, 21 hyperfine components of
the transition spread within a range of 0.6 MHz (see Fig. 29), and the separations were
calculated with kHz precision by several groups [258–260]. The crossover between
each pair of sub-transitions sharing the same upper or lower energy level can further
complicate the spectrum. Diouf et al. considered different types of crossovers and pro-
posed a model taking into account a hypothesis of population transferring among the
sublevels due to collisions. In this way, their numerical calculations show a composite
line shape that can explain the experimental spectrum, and the center frequency of the
R(1) (2-0) line was determined to be 217 105 181 901(50) kHz [255].

The same model was also applied to model the spectrum of the P(1) line in the (2-
0) of HD measured under saturation conditions. Surprisingly, the hyperfine-crossover
model, which accounted for a dispersive profile in the case of R(1), predicted a Lamb
peak structure for the P(1) line, as was experimentally observed [125]. All lines in the
same vibrational band, other than P(1), were observed as a dispersive line shape, and
the similarity of line profiles allowed for a determination of combination differences,
and therewith rotational splittings in the HD molecule [261, 262].

The Hefei group investigated the interference between a near-resonant weak tran-
sition and distant strong transitions and found that the saturated absorption spectrum
of the weak transition in a standing-wave field exhibits a Fano-like asymmetric line
shape [257]. Figure 30 shows the diagram of the mechanism. A three-level system
was considered for a molecule in a standing-wave field. The laser frequency is near-
resonant with the weak transition between states |1〉 and |2〉 but very far detuned from
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the strong transition between |2〉 and |3〉. For such a model, the strong electronic tran-
sition in a molecule should be stronger than a weak rovibrational transition by over
ten orders of magnitude, as is indeed the case when comparing the (2-0) vibrational
band to the electronic Lyman and Werner bands in HD. Therefore, the AC Stark shift
due to the presence of state |3〉 induces a considerable shift to the weak transition,
and the shift is spatially modulated by the standing wave. As a result, in the molecular
frame, the molecule will experience a laser field with sidebands. Interactions between
the molecule and the laser field, including the carrier and the sidebands, will induce
a composite line profile which is effectively reproduced by a Fano function [263].
Numerical calculations based on this model were carried out, agreeing well with the
experimental results observed for the Lamb-dips of a few very weak transitions of
CO2 near 1.6 µm. Fano-like profiles, similar to that observed in the HD lines, were
observed for these CO2 lines with Einstein-A coefficients at the level of 10−5 s−1,
close to that of the R(1) line of HD. Note that this mechanism is effective for a single
line without hyperfine structures, and hyperfine structures are absent or negligible for
these CO2 lines. Themodel was applied to fit the R(1) (2-0) Lamb-dip spectrum of HD
measured at 76 K, which yields a line center of 217 105 182 284(11)stat(27)sys kHz
after taking into account the systematic correction [243]. Note that there is a deviation
of 383(58) kHz from that given by Diouf et al. [255], indicating the requirement for
further investigations.

The Amsterdam group, in collaboration with the Tritium Laboratory Karlsruhe,
extended the NICE-OHMS studies to HT for which a dedicated setup with a getter
was built. Specific SAES-St171 getters were used for evacuating the cell to low base
pressure in between measurements, while heating up the getter materials provided
a controlled method for releasing tritiated hydrogen molecules into the cell. This
made it possible to carry out saturated absorption measurements on HT gas, similarly
to HD [265]. The advantage of using HT is that its hyperfine structure in several
transitions in the (2-0) band exhibits a single isolated hyperfine component. In the
experiment, that component was observed as a single Lamb dip for the R(0) and
R(1) lines, while the majority of hyperfine components produced a strong feature
resembling the dispersive line profile as observed in HD. Frequency metrology on that
single component, and a computed shift from the rovibrational center-of-gravity [266],
yielded rather accurate values for the rovibrational transition frequencies. This allowed
for deriving accurate transition frequencies for the R(0) and R(1) lines in HT. The P(1)
line was also observed for HT, giving rise to a spectrum represented by Lamb peaks,
similar as observed for HD [125]. The single isolated component in P(1) was also
observed as a Lamb peak instead of a dip, while the strong feature composed of many
other hyperfine components of P(1) remains unexplained.

The Amsterdam team further built a vibration-isolated cryo-cooled setup for per-
forming NICE-OHMS studies. In this setup a measurement of the S(0) quadrupole
line in the (2-0) overtone band in H2 could be measured in saturation [264]. A spectral
recording of the Lamb dip, measured at rather low circulating intracavity powers of
200 Watt, a wavelength of 1280 nm, and a pressure of 0.1 Pa is shown in Fig. 31. A
remarkable feature of the spectrum, now observed as a single narrow Lamb dip, is that
the line shape can by no means account for a recoil doublet with 140 kHz splitting
(see illustration in the top panel of Fig. 31), as is expected for this transition [267]. It
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Fig. 31 Spectral recording and analysis of the H2 S(0) (2-0) line measured via NICE-OHMS. In the top
panel possible line shapes are computed based on a recoil splitting of 140 kHz. The lower panel shows that
none of the suggested models can explain a recoil doublet. Reprinted (Fig. 4b) with permission from [264],
Copyright (2023) by the American Physical Society

was concluded that under the measurement conditions, the red recoil component was
suppressed. This is however an open issue for which further proof is required.

The studies on the quadrupole overtone transition in H2 was extended with a mea-
surement of the Q(1) line [122]. In this study, the hyperfine components were resolved
for the first time in a rovibrational transition in the H2 homonuclear molecule. Another
achievement of that study was that a single absorption component at a line strength of
4.4 × 10−28 could be detected in saturation.

6.3 Comparing theoretical and experimental results

Table 2 lists all the line positions of molecular hydrogen with sub-MHz accuracy
reported in the literature so far. Most of them are obtained from cavity-enhanced
absorption spectroscopy and cavity ring-down spectroscopy in low-pressure gas cells,
via either Doppler-broadened or saturation techniques. Splittings between rotational
levels in the v = 0 ground state of HD were determined via measured combination
differences, notwithstanding the dispersive line shapes [261, 262]. A single result was
obtained via stimulated Raman spectroscopy [268]. In addition, laser spectroscopy of
molecular hydrogen in molecular beams was carried out by Fast and Meek [269, 270]
in Göttingen, who determined frequencies of the R(0) (1-0) line of HD and the S(1)
(1-0) line of D2 with a fractional uncertainty at the 10−10 level.

The calculated line positions, derived via the H2SPECTRE program [212], are also
included in the table. The quantum electrodynamics correction to the rovibrational
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energies of molecular hydrogen has been calculated with an estimated uncertainty of
1 MHz, which is currently lagging behind experimental progress. The major cause of
uncertainty is in the E (5) energy term [273], while further investigation of the high-
order nonadiabatic E (7), E (8) energy terms in Eq. (27) is yet to be calculated. A striking
observation is that the calculated frequencies are all lower than the experimental ones
by 1–2 MHz, about twice the calculation uncertainties. The deviation remains almost
the same for different rotational lines in one vibrational band but increases with the
vibrational quanta, implying a systematic vibrational shift in the calculation. Here it
may be noted that the calculations of the dissociation energy D0 are more accurate
than those of the vibrational transitions, as a result of themost advanced computational
framework used, beyond NAPT [199, 202].

Doppler-limited laser absorption spectroscopy of molecular hydrogen has the
advantage of simplicity and the high signal-to-noise ratio allows for accuracies even
below the 100 kHz level [238, 239, 271], but further improvement is limited by the
broad linewidth and the collision-induced mixing and shifting yet to be investigated.
Doppler-free saturated absorption spectroscopy requires state-of-the-art instruments
to detect the very tiny saturation signal. Lamb “dips” of a few relatively strong dipole
transitions of heteronuclear HD and HT molecules have been explored in the last
few years, and the precision has reached a few tens of kilohertz. However, the unex-
pected asymmetric line profile prevents further improvement in the determination of
the line centers. Further studies toward better accuracy require investigations into the
hyperfine structures and complicated crossovers among these hyperfine components.
The Doppler-free NICE-OHMS spectroscopy of overtone quadrupole transitions of
H2 places an obvious outlier of the conventional understanding of cavity-enhanced
saturated absorption spectroscopy [122, 264]. Although in the case of H2 a novel
problem has arisen in interpreting signals, related to the non-observation of expected
recoil doublets. Various effects in the spectroscopy of the simplest molecule, such as
the collision effects and the interaction between a very narrow transition and the laser
field, could be benchmarks for further investigations.

7 Conclusion and perspectives

This review shows that the field of cavity-based techniques have expanded tremen-
dously over the past three decades. Numerous experiments are being performed,
targeting fundamental spectroscopy of molecules to provide information on their
quantum-level structure, pursuing applications of spectroscopy aimed at sensitive
detection in a variety of environments, and testing fundamental physics in the realm
of molecules. TheWeb of Science database provides information on the literature pro-
duced on the subject in this era. Figure32 displays the numbers of publications as well
as citations, the entries being cavity ring-down spectroscopy and cavity-enhanced
spectroscopy (CES). This amounted to over 3500 papers for CRDS and over 4500
items for CES, respectively, for the years after 1989, assumed as the year after the
CRDS invention [11]. The total number of citations to these papers is over 200,000.
NICE-OHMS experiments contribute with about 80 entries in Web of Science, not a
large number considering the fact that the invention is about 25 years old [24, 25].
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Fig. 32 Evolution of number of papers (> 7600) and number of citations (> 200,000) as documented in
the Web of Science over the years 1989–2023 for a combined entry of “cavity ring-down spectroscopy”
and “cavity-enhanced spectroscopy”. Numbers downloaded on February 2024

The fact that this number is much lower than that for CRDS and CES techniques may
be attributed to its more complex opto-electronic configurations. Also, as discussed,
the NICE-OHMS technique does not lend itself to recording congested spectra and,
in some cases of light molecules, not even Doppler-broadened spectra.

Cavity-enhanced optical techniques have revolutionized the field of laser spec-
troscopy in two-fold directions. The sensitivity for the detection of molecules has
increased mainly by the extended absorption path lengths that can be attained inside
high-finesse optical resonators. For Doppler-broadened transitions, the sensitivity can
be pushed down to an αmin of 5× 10−13 cm−1, which translates into a limit of detec-
tion (in terms of minimum detectable line intensity factor) of 10−31 cm/molecule.
Also, the detection of very weak quadrupole transitions in the rovibrational mani-
fold of water has been accomplished. Two-photon transitions could also be detected,
although limited to excitations exhibiting a near-resonance at the one-photon level.
The introduction of high-finesse cavities also gave a boost to power levels at which
resonances can be probed, opening up wide opportunities to perform Lamb-dip spec-
troscopy on weak molecular vibrations. Combined with the use of frequency-comb
lasers, another revolution in spectroscopy, this has pushed the accuracy of frequency
measurements some three orders of magnitude (from the MHz to sub-kHz level of
accuracy), compared to conventional Doppler-broadened spectroscopy. In this regard,
a limiting factor is given by transit times of molecules passing through the intracav-
ity laser beams, therewith leading to Heisenberg broadening of the sub-Doppler line.
Further improvements in spectral resolution into the sub-kHz domain can be obtained
using cryogenic conditions to lower the molecular velocities, thus increasing tran-
sit times [243, 264]. Another powerful approach combines the CRDS technique with
buffer-gas cooling so that both the internal and translational temperatures of the probed
molecular species are reduced down to a few Kelvin [274]. Ultimately, trapping of
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cold samples of molecules in the standing wave pattern in an optical cavity could help
improve the resolution and accuracy of spectroscopic experiments as was recently
suggested for the specific case of H2 [275].

Cavity-enhanced and cavity ring-down saturated spectroscopic techniques have
spurred the development of spectroscopic networks, as highlighted in this review for
water (in Sect. 5.1) and for acetylene (in Sect. 5.2). These approaches supersede the
description of the molecular structure in terms of effective Hamiltonians, in partic-
ular for molecules exhibiting a dense and multi-level quantum structure which is
assessed at kHz precision. In such cases, effective Hamiltonians require many lev-
els of centrifugal distortion parameters in cases where light hydrogen atoms are part
of the molecular structure. Then the network approaches such as the Spectroscopic
Network-Assisted Precision Spectroscopy (SNAPS) as applied for water [152, 160]
and the Measured Active Rotational-Vibrational Energy Levels (MARVEL) approach
as applied for acetylene [171, 172, 179] become viable alternatives. The information
of networks can be condensed in deriving extremely accurate energies for quantum
levels that connect large numbers of other levels in the molecules. The derivation and
description of such HUBs, connecting many paths in the language of network theory,
was recently demonstrated for water [276].

As discussed in the previous section, the hydrogen molecule and its isotopologues
have become a benchmark for testing molecular quantum electrodynamics, and even
probing physics beyond the Standard Model. The focus of measurement of the dis-
sociation energies, based on electronic transitions, is now gradually shifting toward
precision measurement of vibrational transitions. It should be realized that all molec-
ular hydrogen isotopologues, of which there are 6 when tritium is included, have over
300 bound rovibrational levels with lifetimes of minutes to weeks, making the hydro-
gen molecule a well-suited test bench for testing QED. This may be compared to the
hydrogen atom, which has only one reasonably long-lived excited state, the 2S level,
with a lifetime of 1 s.

Lamb-dip features could be probed in the HD and HT heteronuclear species, but
there the analysis and frequency accuracy turned out to be limited by the observation
of dispersive line shapes. Various models have been proposed to explain those lines
shapes, but a full quantitative analysis is still lacking. If that task can be accomplished
the absolute accuracy for rovibrational transitionsmay be improved to the kHz level. A
subsequent breakthrough was accomplished in the measurement of a vibrational tran-
sition in the homonuclear H2 species, where a single Lamb dip was indeed observed.
A bottleneck in these studies is the observation of a single recoil component, which
is contrary to prediction. Again, if these problems of interpretation can be resolved, a
highly accurate value for the vibrational quantum energies in H2 can be determined,
allowing for a more stringent test of fundamental physics.

Acknowledgements We are grateful to the students, post-doctoral fellows and colleagues who worked
in our respective laboratories, including Antonio Castrillo and Eugenio Fasci at University of Campania,
Frank Cozijn, Meissa Diouf and Edcel Salumbides at VU Amsterdam, and Cun-Feng Cheng at University
of Science and Technology of China (Hefei).

Author Contributions The authors contributed to the manuscript equally.

123



L. Gianfrani et al.

Funding Open access funding provided byUniversità degli Studi della Campania LuigiVanvitelli within the
CRUI-CAREAgreement. WU acknowledges financial support from the European Research Council (Grant
Agreement No. 670168) and the Netherlands Organisation for Scientific Research (NWO) for the program
“The mysterious size of the proton”. SMH acknowledges the support from the National Natural Science
Foundation of China (Grant No. 12393825). LG is grateful to EURAMET, the European Association of
National Metrology Institutes, for supporting the CRDS activities within the EMPIR program.

Data availability This is a review article. However, data are available from the authors, if needed.

Declarations

Conflict of interest The authors have no relevant financial or non-financial interests to disclose.

OpenAccess This article is licensedunder aCreativeCommonsAttribution 4.0 InternationalLicense,which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. R.N. Hall, G.E. Fenner, J.D. Kingsley, T.J. Soltys, R.O. Carlson, Coherent light emission from GaAs
junctions. Phys. Rev. Lett. 9, 366 (1962). https://doi.org/10.1103/PhysRevLett.9.366

2. G.C. Bjorklund, Frequency-modulation spectroscopy: a newmethod for measuring weak absorptions
and dispersions. Opt. Lett. 5, 15 (1980). https://doi.org/10.1364/OL.5.000015

3. J.U. White, Very long optical paths in air. J. Opt. Soc. Am. 66, 411 (1976). https://doi.org/10.1364/
JOSA.66.000411

4. D. Herriott, H. Kogelnik, R. Kompfner, Off-axis paths in spherical mirror interferometers. Appl. Opt.
3, 523 (1964). https://doi.org/10.1364/AO.3.000523

5. J.B. McManus, P.L. Kebabian, M.S. Zahniser, Astigmatic mirror multipass absorption cells for long-
path-length spectroscopy. Appl. Opt. 34, 3336 (1995). https://doi.org/10.1364/AO.34.003336

6. D.A. Jackson, The spherical Fabry–Perot interferometer as an instrument of high resolving power for
use with external or with internal atomic beams. Proc. R. Soc. Lond. Ser. A. Math. Phys. Sci. 263,
289 (1961). https://doi.org/10.1098/rspa.1961.0161

7. A. Kastler, Atomes à l’intérieur d’un interféromètre Perot–Fabry. Appl. Opt. 1, 17 (1962). https://
doi.org/10.1364/AO.1.000017

8. A. Kastler, Transmission of light pulse through a Fabry–Perot interferometer. Nouv. Rev. Opt. 5, 133
(1974). https://doi.org/10.1088/0335-7368/5/3/301

9. J.M. Herbelin, J.A. McKay, M.A. Kwok, R.H. Ueunten, D.S. Urevig, D.J. Spencer, D.J. Benard,
Sensitive measurement of photon lifetime and true reflectances in an optical cavity by a phase-shift
method. Appl. Opt. 19, 144 (1980). https://doi.org/10.1364/AO.19.000144

10. D.Z. Anderson, J.C. Frisch, C.S. Masser, Mirror reflectometer based on optical cavity decay time.
Appl. Opt. 23, 1238 (1984). https://doi.org/10.1364/AO.23.001238

11. A. O’Keefe, D.A.G. Deacon, Cavity ring-down optical spectrometer for absorption measurements
using pulsed laser sources. Rev. Sci. Instrum. 59, 2544 (1988). https://doi.org/10.1063/1.1139895

12. H. Naus, W. Ubachs, Experimental verification of Rayleigh scattering cross sections. Opt. Lett. 25,
347 (2000). https://doi.org/10.1364/OL.25.000347

13. M. Sneep, W. Ubachs, Cavity ring-down measurement of the O2-O2 collision-induced absorption
resonance at 477 nm at sub-atmospheric pressures. J. Quant. Spectrosc. Radiat. Transf. 78, 171 (2003).
https://doi.org/10.1016/S0022-4073(02)00190-5

14. S. Xu, G. Sha, J. Xie, Cavity ring-down spectroscopy in the liquid phase. Rev. Sci. Instrum. 73, 255
(2002). https://doi.org/10.1063/1.1430729

123

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.9.366
https://doi.org/10.1364/OL.5.000015
https://doi.org/10.1364/JOSA.66.000411
https://doi.org/10.1364/JOSA.66.000411
https://doi.org/10.1364/AO.3.000523
https://doi.org/10.1364/AO.34.003336
https://doi.org/10.1098/rspa.1961.0161
https://doi.org/10.1364/AO.1.000017
https://doi.org/10.1364/AO.1.000017
https://doi.org/10.1088/0335-7368/5/3/301
https://doi.org/10.1364/AO.19.000144
https://doi.org/10.1364/AO.23.001238
https://doi.org/10.1063/1.1139895
https://doi.org/10.1364/OL.25.000347
https://doi.org/10.1016/S0022-4073(02)00190-5
https://doi.org/10.1063/1.1430729


Advances in cavity-enhanced methods for high...

15. K.L. Snyder, R.N. Zare, Cavity ring-down spectroscopy as a detector for liquid chromatography.
Anal. Chem. 75, 3086 (2003). https://doi.org/10.1021/ac0340152

16. B. Bahnev, L. van der Sneppen, A.E. Wiskerke, F. Ariese, C. Gooijer, W. Ubachs, Miniaturized cavity
ring-down detection in a liquid flow cell. Anal. Chem. 77, 1188 (2005). https://doi.org/10.1021/
ac048428u

17. L. van der Sneppen, A. Wiskerke, F. Ariese, C. Gooijer, W. Ubachs, Improving the sensitivity of
HPLC absorption detection by cavity ring-down spectroscopy in a liquid-only cavity. Anal. Chim.
Acta 558, 2 (2006). https://doi.org/10.1016/j.aca.2005.11.022

18. D. Romanini, A. Kachanov, N. Sadeghi, F. Stoeckel, CW cavity ring down spectroscopy. Chem. Phys.
Lett. 264, 316 (1997). https://doi.org/10.1016/S0009-2614(96)01351-6

19. D. Romanini, A. Kachanov, F. Stoeckel, Diode laser cavity ring down spectroscopy. Chem. Phys.
Lett. 270, 538 (1997). https://doi.org/10.1016/S0009-2614(97)00406-5

20. B.A. Paldus, C.C.Harb, T.G. Spence, B.Wilke, J.Xie, J.S.Harris, R.N. Zare, Cavity-locked ring-down
spectroscopy. J. Appl. Phys. 83, 3991 (1998). https://doi.org/10.1063/1.367155

21. B.A. Paldus, A.A. Kachanov, An historical overview of cavity-enhanced methods. Can. J. Phys. 83,
975 (2005). https://doi.org/10.1139/p05-054

22. K. Nakagawa, T. Katsuda, A. Shelkovnikov,M. de Labachelerie, M. Ohtsu, Highly sensitive detection
of molecular absorption using a high finesse optical cavity. Opt. Commun. 107, 369 (1994). https://
doi.org/10.1016/0030-4018(94)90349-2

23. L. Gianfrani, R. Fox, L. Hollberg, Cavity-enhanced absorption spectroscopy of molecular oxygen. J.
Opt. Soc. Am. B 16, 2247 (1999). https://doi.org/10.1364/JOSAB.16.002247

24. J. Ye, L.-S. Ma, J. Hall, Sub-Doppler optical frequency reference at 1.064μm by means of ultrasen-
sitive cavity-enhanced frequency modulation spectroscopy of a C2HD overtone transition,. Opt. Lett.
21, 1000 (1996). https://doi.org/10.1364/OL.21.001000

25. J. Ye, L.-S. Ma, J. Hall, Ultrasensitive detections in atomic and molecular physics: demonstration in
molecular-overtone spectroscopy. J. Opt. Soc. Am. B 15, 6 (1998). https://doi.org/10.1364/JOSAB.
15.000006

26. R. Engeln, G. Berden, R. Peeters, G. Meijer, Cavity enhanced absorption and cavity enhanced
magnetic rotation spectroscopy. Rev. Sci. Instrum. 69, 3763 (1998). https://doi.org/10.1063/1.
1149176

27. A. O’Keefe, J.J. Scherer, J.B. Paul, CW integrated cavity output spectroscopy. Chem. Phys. Lett. 307,
343 (1999). https://doi.org/10.1016/S0009-2614(99)00547-3

28. J.B. Paul, L. Lapson, J.G.Anderson,Ultrasensitive absorption spectroscopywith a high-finesse optical
cavity and off-axis alignment. Appl. Opt. 40, 4904 (2001). https://doi.org/10.1364/AO.40.004904

29. M.C.J. Morville, S. Kassi, D. Romanini, Fast, low-noise, mode-by-mode, cavity-enhanced absorption
spectroscopy by diode-laser self-locking. Appl. Phys. B 80, 1027 (2005). https://doi.org/10.1007/
s00340-005-1828-z

30. R. Engeln,G. vonHelden,G.Berden,G.Meijer, Phase shift cavity ring down absorption spectroscopy.
Chem. Phys. Lett. 262, 105 (1996). https://doi.org/10.1016/0009-2614(96)01048-2

31. R. Engeln, G. Berden, E. van den Berg, G. Meijer, Polarization dependent cavity ring down
spectroscopy. J. Chem. Phys. 107, 4458 (1997). https://doi.org/10.1063/1.474808

32. M.D. Levenson, B.A. Paldus, T.G. Spence, C.C. Harb, J.S. Harris Jr., R.N. Zare, Optical heterodyne
detection in cavity ring-down spectroscopy. Chem. Phys. Lett. 290, 335 (1998). https://doi.org/10.
1016/S0009-2614(98)00500-4

33. Y. He, B.J. Orr, Ringdown and cavity-enhanced absorption spectroscopy using a continuous-wave
tunable diode laser and a rapidly swept optical cavity. Chem. Phys. Lett. 319, 131 (2000). https://doi.
org/10.1016/S0009-2614(00)00107-X

34. B.J. Orr, Y. He, Rapidly swept continuous-wave cavity-ringdown spectroscopy. Chem. Phys. Lett.
512, 1 (2011). https://doi.org/10.1016/j.cplett.2011.05.052

35. S.M. Ball, I.M. Povey, E.G. Norton, R.L. Jones, Broadband cavity ringdown spectroscopy of the NO3
radical. Chem. Phys. Lett. 342, 113 (2001). https://doi.org/10.1016/S0009-2614(01)00573-5

36. G. Giusfredi, S. Bartalini, S. Borri, P. Cancio, I. Galli, D. Mazzotti, P. De Natale, Saturated-
absorption cavity ring-down spectroscopy. Phys. Rev. Lett. 104, 110801 (2010). https://doi.org/10.
1103/PhysRevLett.104.110801
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R. Ciuryło, Cavity ring-down spectroscopy of the oxygen B-band with absolute frequency reference
to the optical frequency comb. J. Chem. Phys. 136, 024201 (2012). https://doi.org/10.1063/1.3675903

72. G.-W. Truong, D.A. Long, A. Cygan, D. Lisak, R.D. van Zee, J.T. Hodges, Comb-linked, cavity
ring-down spectroscopy for measurements of molecular transition frequencies at the kHz-level. J.
Chem. Phys. 138, 094201 (2013). https://doi.org/10.1063/1.4792372

73. D. Gatti, T. Sala, R. Gotti, L. Cocola, L. Poletto, M. Prevedelli, P. Laporta, M. Marangoni, Comb-
locked cavity ring-down spectrometer. J. Chem. Phys. 142, 074201 (2015). https://doi.org/10.1063/
1.4907939

74. J. Wang, Y.R. Sun, L.-G. Tao, A.-W. Liu, S.-M. Hu, Communication: molecular near-infrared tran-
sitions determined with sub-kHz accuracy. J. Chem. Phys. 147, 091103 (2017). https://doi.org/10.
1063/1.4998763

75. C.-F. Cheng, J. Wang, Y.R. Sun, Y. Tan, P. Kang, S.-M. Hu, Doppler broadening thermometry based
on cavity ring-down spectroscopy. Metrologia 52, S385 (2015). https://doi.org/10.1088/0026-1394/
52/5/S385

76. L. Gianfrani, Linking the thermodynamic temperature to an optical frequency: recent advances in
Doppler broadening thermometry. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 374, 20150047
(2016). https://doi.org/10.1098/rsta.2015.0047

77. R. Gotti, L. Moretti, D. Gatti, A. Castrillo, G. Galzerano, P. Laporta, L. Gianfrani, M. Marangoni,
Cavity-ring-down doppler-broadening primary thermometry. Phys. Rev. A 97, 012512 (2018). https://
doi.org/10.1103/PhysRevA.97.012512

123

https://doi.org/10.1364/OL.39.004695
https://doi.org/10.1007/s00340-007-2618-6
https://doi.org/10.1021/jp406691e
https://doi.org/10.1063/1.1666984
https://doi.org/10.1063/1.1666984
https://doi.org/10.1016/j.cplett.2012.03.035
https://doi.org/10.1016/j.cplett.2012.03.035
https://doi.org/10.1063/1.3595680
https://doi.org/10.1103/PhysRevA.85.022508
https://doi.org/10.1007/s00340-006-2411-y
https://doi.org/10.1007/s00340-006-2411-y
https://doi.org/10.1103/PhysRevA.73.012507
https://doi.org/10.1063/1.3624527
https://doi.org/10.1063/1.3624527
https://doi.org/10.1103/PhysRevA.79.052507
https://doi.org/10.1103/PhysRevA.79.052507
https://doi.org/10.1103/RevModPhys.78.1297
https://doi.org/10.1103/RevModPhys.78.1297
https://doi.org/10.1103/RevModPhys.78.1279
https://doi.org/10.1063/1.3675903
https://doi.org/10.1063/1.4792372
https://doi.org/10.1063/1.4907939
https://doi.org/10.1063/1.4907939
https://doi.org/10.1063/1.4998763
https://doi.org/10.1063/1.4998763
https://doi.org/10.1088/0026-1394/52/5/S385
https://doi.org/10.1088/0026-1394/52/5/S385
https://doi.org/10.1098/rsta.2015.0047
https://doi.org/10.1103/PhysRevA.97.012512
https://doi.org/10.1103/PhysRevA.97.012512


L. Gianfrani et al.

78. G. Casa, A. Castrillo, G. Galzerano, R. Wehr, A. Merlone, D. Di Serafino, P. Laporta, L. Gianfrani,
Primary gas thermometry bymeans of laser-absorption spectroscopy: determination of the Boltzmann
constant. Phys. Rev. Lett. 100, 200801 (2008). https://doi.org/10.1103/PhysRevLett.100.200801

79. S. Kassi, T. Stoltmann, M. Casado, M. Daëron, A. Campargue, Lamb dip CRDS of highly saturated
transitions of water near 1.4 μm. J. Chem. Phys. 148, 054201 (2018). https://doi.org/10.1063/1.
5010957

80. O.L. Polyansky,A.A.Kyuberis, N.F. Zobov, J. Tennyson, S.N.Yurchenko, L. Lodi, ExoMolmolecular
line lists XXX: a complete high-accuracy line list for water. Mon. Not. R. Astron. Soc. 480, 2597
(2018). https://doi.org/10.1093/mnras/sty1877

81. F. Riehle, P. Gill, F. Arias, L. Robertsson, The CIPM list of recommended frequency standard values:
guidelines and procedures. Metrologia 55, 188 (2018). https://doi.org/10.1088/1681-7575/aaa302

82. E. Fasci, H. Dinesan, L. Moretti, A. Merlone, A. Castrillo, L. Gianfrani, Dual-laser frequency-
stabilized cavity ring-down spectroscopy for water vapor density measurements. Metrologia 55, 662
(2018). https://doi.org/10.1088/1681-7575/aad15e

83. E. Fasci, M.A. Khan, V. D’Agostino, S. Gravina, V. Fernicola, L. Gianfrani, A. Castrillo, Water
vapor concentration measurements in high purity gases by means of comb assisted cavity ring down
spectroscopy. Sens. Actuators A 362, 114632 (2023). https://doi.org/10.1016/j.sna.2023.114632

84. E. Fasci, A. Castrillo, H. Dinesan, S. Gravina, L. Moretti, L. Gianfrani, Precision spectroscopy of
HD at 1.38 μm. Phys. Rev. A 98, 22516 (2018). https://doi.org/10.1103/PhysRevA.98.022516

85. E. Fasci, T.A. Odintsova, A. Castrillo, M.D. De Vizia, A. Merlone, F. Bertiglia, L. Moretti, L. Gian-
frani, Dual-laser absorption spectroscopy of C2H2 at 1.4μm. Phys. Rev. A 93, 042513 (2016). https://
doi.org/10.1103/PhysRevA.93.042513

86. A. Castrillo, E. Fasci, G. Galzerano, G. Casa, P. Laporta, L. Gianfrani, Offset-frequency locking of
extended-cavity diode lasers for precision spectroscopy of water at 1.38 μm. Opt. Express 18, 21851
(2010). https://doi.org/10.1364/OE.18.021851

87. O. Votava,M.Mašát, A.E. Parker, C. Jain, C. Fittschen,Microcontroller based resonance tracking unit
for time resolved continuous wave cavity-ringdown spectroscopy measurements. Rev. Sci. Instrum.
83, 043110 (2012). https://doi.org/10.1063/1.3698061

88. Z.D. Reed, D.A. Long, H. Fleurbaey, J.T. Hodges, SI-traceable molecular transition frequency mea-
surements at the 10−12 relative uncertainty level. Optica 7, 1209 (2020). https://doi.org/10.1364/
OPTICA.395943

89. R. Gotti, M. Prevedelli, S. Kassi, M. Marangoni, D. Romanini, Feed-forward coherent link from a
comb to a diode laser: application to widely tunable cavity ring-down spectroscopy. J. Chem. Phys.
148, 054202 (2018). https://doi.org/10.1063/1.5018611

90. O. Votava, S. Kassi, A. Campargue, D. Romanini, Comb coherence-transfer and cavity ring-down
saturation spectroscopy around 1.65 μm: kHz-accurate frequencies of transitions in the 2ν3 band of
12CH4. Phys. Chem. Chem. Phys. 24, 4157 (2022). https://doi.org/10.1039/D1CP04989E
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