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The high-detection-sensitivity saturated-absorption cavity ring-down (SCAR) technique is extended to Lamb-
dip spectroscopy of rovibrational molecular transitions in the near-infrared region. Frequency-comb-referenced
sub-Doppler saturation measurements, performed on the acetylene (v, +v;+v4 < v4) R(14)e line at
6562 cm™, are analyzed by a SCAR global line profile fitting routine, based on a specially developed theoretical
model. Compared to a conventional cavity ring-down evaluation, our approach yields dip profiles with a line-
width freed from saturation broadening effects, reduced by 40%, and a signal-to-noise ratio increased by 90%.
Ultimately, an overall (statistical and systematic) fractional uncertainty as low as 7 x 107!2 is achieved for the
absolute line-center frequency. At the same time, our method is also able to accurately infer the linear (non-

saturated) behavior of the gas absorption, providing Lamb-dip-based line strength measurements with a relative

uncertainty of 0.5%. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.456515

1. INTRODUCTION

Since its inception, Lamb-dip spectroscopy has represented an
invaluable tool for precise sub-Doppler investigations of energy
transitions in molecules to determine their fundamental param-
eters and hence gain a deeper understanding of their structure
[1-3]. Particularly, the enhanced resolution achievable in the
line-center frequency measurement of vibrational and rota-
tional spectra plays a central role in various applications, rang-
ing from the definition of metrological standards [4,5] to the
compilation of astronomical databases [6-8]. In more sophis-
ticated experiments, Lamb-dip molecular spectroscopy is used
to perform precise measurements of fundamental constants
[9,10] or tests of quantum electrodynamics (QED) within
and beyond the standard model [11], including the proton-size
puzzle and searches for putative fifth forces [12].

An essential tool to obtain Lamb-dip signals with useful
signal-to-noise ratio (SNR), for aiming at frequency resolutions
at the kilohertz (kHz) level or below, is represented by high-
finesse optical cavities. These provide enhanced effective absorp-
tion path lengths, along with the intracavity laser powers
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necessary to approach the typically large saturation intensities
of rovibrational transitions, also realizing perfect alignment be-
tween pump and probe beams. Undil recently, basically three
types of cavity-enhanced methods were effectively used for sub-
Doppler saturation spectroscopy of infrared molecular transi-
tions, enabling determination of line positions with kHz or even
sub-kHz accuracy [13,14]: cavity enhanced absorption spectros-
copy (CEAS) [15], cavity ring-down spectroscopy (CRDS)
[16,17], and noise-immune cavity enhanced optical heterodyne
molecular spectroscopy (NICE-OHMS) [12,18,19]. Cavity
mode-dispersion spectroscopy (CMDS), originally demon-
strated in the Doppler-limited regime a few years ago, has also
been extended to Lamb-dip measurements [20].

Among these techniques, CRDS owes its ever-increasing
popularity to the greater simplicity of implementation and reli-
ability of operation in the whole infrared spectral region, along
with a very high detection sensitivity. Indeed, such a flexibility
made possible application of CRDS in non-trivial experiments,
allowing Lamb-dip rovibrational spectroscopy of buffer-gas-
cooled molecular samples [21]. With the aim to further increase
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sensitivity of CRDS, Doppler-free two-photon spectroscopy of
N, O rovibrational transitions at 4.53 pm wavelength has also
been demonstrated [22].

Although CRDS is not sensitive to the amplitude noise of the
probe laser source, variations of the empty-cavity decay rate ac-
tually prevent us from achieving the shot noise detection limit
and from averaging measurements over long times. To overcome
this drawback, in 2010 a different approach to CRDS was con-
ceived, named saturated-absorption cavity ring-down (SCAR), to
remark the nonlinear nature of the technique. The essence of the
SCAR approach is recording in each and every cavity ring-down
event the linear molecular absorption as well as the saturated re-
gime, corresponding to the empty-cavity losses: this effectively
eliminates background signals, improving the overall sensitivity.
Although its first use was to resolve a hyperfine multiplet in
C'®O'0 by Lamb-dip spectroscopy [23], subsequent applica-
tions have exploited, instead, the enhanced SCAR sensitivity,
using higher sample pressures, in a mostly Lorentzian or also
inhomogeneous linewidth regime [24,25]. Until now, SCAR has
been used for only two molecules, CO, and CHj [26], and only
on fundamental rovibrational bands in the mid-IR.

In this work, a state-of-the-art optical-frequency-comb-
referenced spectrometer is used to observe sub-Doppler,
near-IR rovibrational molecular transitions by a SCAR tech-
nique. As a proof of principle, the C;H, (1) + v3 + 14 < vy)
R(14)e line at 1523.92 nm wavelength is addressed, dealing
with sub-Pa-pressure gas samples. Moreover, extending the pri-
mal treatment developed in broad terms for inhomogeneous
linewidth profiles [27], we conceive a specific SCAR fitting
model for Lamb-dip profiles. As a result, sub-Doppler satura-
tion spectra are retrieved with improved accuracy (compared to
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the standard cavity-ring-down assessment) and used to inves-
tigate line center shifts and broadening effects in a pressure
range hardly covered by the existing literature. Prominently,
our model is also able to infer the linear (non-saturated) behav-
ior of the gas absorption, hence providing accurate Lamb-dip-
based line strength measurements.

2. EXPERIMENTAL SETUP

The experimental setup is schematized in Fig. 1. The main
beam of an extended-cavity-diode-laser, hereafter referred to
as the probe laser (PL), passes through an acousto-optic modu-
lator (AOM) whose first-diffracted order is injected into the
spectroscopic enhancement cavity. This consists of a stain-
less-steel spacer equipped with two facing 3-m-curvature mir-
rors, at a distance 4 = 42 cm from each other. The first mirror
(M1) has a 0.6-cm diameter (with a thickness of 4 mm)
and reflectivity >99.97%, while the second mirror (M2) has
a 2.5-cm diameter and reflectivity >99.995%. The measured
empty-cavity decay time is 7, = 25.4 s, corresponding to a
finesse F = (mety)/d =~ 57,000. For a power P, ~ 30 p\W
incident on the cavity and a coupling factor C,, ~ 0.3, an in-
tracavity radiation intensity as high as 7,0 = Co, Py (F/7)/
(mwd) =~ 14 W /cm? is achieved, with w, ~ 600 pm being the
beam waist radius. The fraction of power reflected by M1 is
used to implement the Pound-Drever—Hall (PDH) fre-
quency-lock technique. To this aim, the PL is frequency modu-
lated by an electro-optic phase modulator (EOM), forming
sidebands at 7 MHz relative to the carrier, while a phase
detector yields the error signal by means of the radiation re-
flected back from the cavity. This signal is then processed
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by a proportional-integral-derivative (PID) servo (Toptica
Photonics, FALC 110), which provides external correction
to the PL frequency both through a slow feedback line, acting
on the piezoelectric transducer (PZT) of the extended cavity,
and a fast one, acting on the current driver (1 MHz overall
locking bandwidth). After that, we control the cavity length
by locking it to an NIR OFCS (Menlo Systems, FC-1500-
250-WG). For this purpose, the beat-note signal between the
PL and the Nth comb tooth (determined by a 0.2-ppm-
accuracy wavelength meter) is phase-locked to a local oscillator
(110 = 30 MHz) by an electronic servo (Toptica Photonics,
mFALC 110) whose correction is accomplished by a slow feed-
back (20 Hz bandwidth) on the PZT mounted on M1, and a
fast one (10 kHz bandwidth) acting on the PZT of M2. Due to
the above frequency-locking sequence, the residual laser line-
width actually entering the final spectroscopic measurement
is essentially set by the width of the comb tooth (less than
100 kHz). Finally, to preserve the effectiveness of the overall
frequency locking chain, two identical switches (ADG 1219,
Analog Device) are used to interrupt the action of the corre-
sponding control loops during the shutdown time required to
acquire the cavity ring-down event and restore it for the next
cavity build-up. Transmission from M2, detected by an InGaAs
photodetector, is digitized by an 18-bit, 10-MSample/s analog-
to-digital converter (NI, PXI-5922), which eventually triggers
the switching off of the laser light by the AOM (at a given
cavity-filling threshold), thus starting the ring-down events. A
LabVIEW program governs all the experimental parameters
as well as the acquisition routine.

In the above configuration, the PL frequency is given by
vpL = Vaom + Vceo + NVirr + Vos where VAOM
(110 MHz) is the frequency of the signal driving the AOM,
while vcpo (20 MHz) and vgg (250 MHz) denote the comb
carrier-envelope offset and mode spacing, respectively. Then,
vpp, is absolutely determined by stabilizing both vcpo and
vpr against a Rb/GPS clock, providing an accuracy of 10712
and a fractional stability (Allan deviation) between 4 x 1071
and 8x 10713 for an integration time between 10 and
1000 s. Then, tuning of vpy across the target transition is ac-
complished by varying vpy in discrete steps. For each step, the
average of 20 acquisitions by the 18-bit oscilloscope (each last-
ing 100 s, i.e., about 4 times the empty-cavity decay time 7))
is fitted both online by a simple exponential to give the stan-
dard cavity-ring-down (CRD) absorption coefficient

acrp(vpr) = ¢ r(vp) ™" - 75'], (1)
and offline by the SCAR model described in the next section. A
typical sweep across the Lamb-dip profile consists of 67 points
spaced on average 140 kHz apart, and it takes approximately
1 min. The final spectral feature is the average over 10 single
Lamb-dip profiles. For the selected rovibrational transition, this
procedure is repeated by varying the gas pressure p from 0.43 to
0.72 Pa as measured by a 1% accuracy absolute capacitive pres-
sure gauge.

3. SCAR GLP FITTING MODEL
To specialize the SCAR fitting model to the Lamb-dip case,

we start from the theoretical expression for the absorption
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coefficient of a molecular transition in the inhomogeneous
broadened regime [27]

a(v) = ay 7\/@ / L
20PW, Wi ) 1+ 8- L(6v,vp)
x expl-(In 2)u,/ Whldup, ()
with
L) =— P @
1+ (5;—LD)2 1+ (%,—j)z

In the above equations, W; and W respectively denote the
Lorentzian and Gaussian widths of the absorption profile
where the dip is dug; év = v -1y is the frequency detuning
from resonance; vp = v,/A is the Doppler shift (with
A = ¢/v being the probe laser wavelength and v, the compo-
nent of the molecular velocity parallel to the cavity optical
a-XiS); and § = [cav,O/Isa( = PcaV,O/Psat (PcaV,O = ﬂw(z)[cav,o
and Py, = nwjl,) is the saturation parameter. In turn, the
saturation intensity of the transition can be expressed as

47[/11/3
]sat:ﬁ}/ﬂyl’ (4)

where 7 and y, are the molecular population decay rate and
coherence relaxation rate, respectively, and A is the Einstein
coefficient.

It is worth mentioning that, in deriving Eq. (2), the standing
wave inside the cavity is considered as the superposition of two
counterpropagating waves of equal intensity, whose frequencies
are Doppler-shifted for the molecules according to their longi-
tudinal velocity. Focusing on Lamb-dip recordings, where
ov < W, Eq. (2) simplifies to

+/In2 /+°° L(6v,vp)
2PPW, We ) 1+S8-LGvvp) 2

(5)

a(lv) = o
Next, in order to circumvent numerical integration of
Eq. (5), we consider two opposite cases:

* v =0 (dip center). Here, by inserting £(0,vp) into
Eq. (5), we get

v —a In2 /+°° 2 1 "
1 23PW W ) 1+(€V_,)L)21+Sl (2D &
VIn2 1
(6)

=)y

O VAW /T 28

* |6v| > W (dip wings). In this case, according to the sign

of vp, the dominant contribution to the integral in Eq. (5)
comes from only one of the two L(év,vp) terms at a time.
By symmetry, the two contributions are identical, whereupon
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After that, to proceed continuously from the wings to the
center of the dip as a function of 6v, we introduce on purpose a
line shape function describing the saturation-parameter profile,
D(dv), that is equal to 1 in the center and then decreases to 0 as
the detuning increases in either direction, which we will call the
dip constraint. Finally, we can write the Lamb-dip absorption
coefficient in the form

VIn2 1 Ye 1

VAW T+ S+ Dw-vp)] ¢ T+ U0’
@)

where y, = (\/lo—gicao) /(J/mW ) is the decay rate due to

the linear gas absorption, and

U,) = S[1 + D(v - vy)] ©)

adip =y

represents the dip saturation profile. At this point, the discus-
sion continues along the lines of the SCAR theory [27]. First,
we write the rate equation for the intracavity laser power as

P
_ d cav __ chav (1 0)

P = =y P - ,
cav dt y[ cav c dZ

where y, is the empty-cavity decay rate, and the second term
corresponds to the gas absorption. The latter can be calculated
by expressing the spatial distribution of the intracavity laser in-
tensity as /., = Iy exp[-(x* + y*)/w}] (an average inten-
sity is supposed in the longitudinal direction), and assuming
a fixed radial position of the molecules (indeed, despite the very
low gas pressures used in this experiment, the molecular mean
free path is still smaller than the laser beam diameter). Then,
Eq. (10) becomes

. +o0 +oo
Pcav = _}/[Pcav - C/ / adip([cav) ' ]cav(x’}/)dXdy’
(11)

which, after integration, leads to the following differential
equation:

P (12)

2
cav yCPCaV }/g 1 + \/i—__i—__‘U_;(l_/jpcaV'
Then we factorize the intracavity power as P, (r) =
P07 f(2), where the function f(z), with f(0) = 1, de-
scribes the deviation from a purely exponential decay, due to
the saturated gas absorption. Thus, Eq. (12) translates into a
differential equation for f:

f:— 2

" Tt e f 00,0

Also, interference effects originating from residual nonli-
nearities of the detection system are empirically taken into ac-
count by an additional term of the same form. Thus, Eq. (13)
becomes

f@.  (13)

- 2
T (OLAD)

@, (14)

f@

T+ ()0,

where y; and U; are assumed to be frequency independent
because of the very small PL frequency scan. Eventually, the

ficting function of the single cavity-decay events takes the
form

S@) =B+ A f(£:707p Upra U, (15)

where A and B are the signal amplitude and background, re-
spectively. Ultimately, in principle, for each vpy value, the cor-
responding ring-down signal is fitted by Eq. (15), with Eq. (14)
being numerically integrated in the fitting routine, in order
to extract the various parameters: A, B, v, 7, ¥i» U, U,
Denoting with U, and U,, the peak and offset value of
U,(vpL), respectively, the d1p constraint here translates into
the condition U, = 2U,,. In practice, Eq. (15) is used
in a global fit procedure [Where Eq. (14) is numerically inte-
grated], which can be divided into two steps.

1. We set a common initial threshold for all the cavity-
decay signals, chosen in such a way that the part of the decay
that deviates strongly from the simple exponential has the same
duration as the subsequent one. After that, we simultaneously
fit all the decay events corresponding to the different vpy values
and across the various gas pressures. This is done by assuming a
Lorentzian shape for D(v-v,), with the constraint
Uepe(p) = 2U,,(p), while imposing that the mean value of
7¢(p) over the PL frequency scan interval is proportional to
2 and that the line-center frequency and width of the dip profile
are linear with p.

2. After this global initialization, for each pressure p,
U, (vpr, p), Avpr, p), and B(vpy, p) are extracted afresh by fit-
ting the cavity decay signals of the corresponding dip, while
keeping 7,(p), v, U;, and y; fixed at the values estimated
in the previous step.

4. SPECTROSCOPIC ANALYSIS

Then, as shown in Fig. 2, the SCAR Lamb-dip saturation pro-
files U, (vpy, p) are compared with those obtained via the usual
CRD analysis [based on Eq. (1)] using a Lorentzian line shape
fit function for both cases. It is worth noting that, even within
the standard CRD analysis, the saturation contrast, defined as
the ratio between the depth of the dip and that of the under-
lying Doppler-limited profile, reaches much higher values than
usual, up to 20%. Indeed, due to the relatively high value of the
Einstein coefficient for our target transition (A = 4.4 Hz, from
the HITRAN database [28]), in conjunction with the large in-
tracavity radiation intensity, a strong saturation regime (S > 1)
is achieved, contrary to what happens in the vast majority of
Lamb-dip spectroscopy experiments. This circumstance rein-
forces the need for a SCAR-type analysis of the cavity decay
events, which considerably deviate from a simple exponential.

The first outcome of the comparison is that, while in the
CRD case the SNR (i.e., the dip height over the RMS of
the fit residuals) ranges from 45 to 58, in the SCAR case it
increases to the range from 70 to 110, corresponding to a maxi-
mum enhancement of 90%.

Second, we test the ability of the two analysis methods to
retrieve the linear behavior of the gas absorption, in addition to
the (nonlinear) saturation profiles. To this aim, in the CRD
case, we use the dip offset y,(p), which in fact coincides with
the peak of the underlying Doppler-limited absorption profile.
In the SCAR case, y,(p), as obtained in the first step of the
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Fig. 2. Comparison between Lamb-dip profiles of the
C,H, (vy + v3 4+ v4 < v4) R(14)e rovibrational transition, obtained
by the CRD (upper frame) and SCAR (lower frame) fit of the cavity
decay events, respectively, as a function of the gas pressure. In the

SCAR case, an SNR as high as 110 is reached (for p = 0.59 Pa).

global fit procedure, is instead used. The comparison is shown
in Fig. 3, where both y,(p) and v, (p) are fitted by a straight with
the intercept set to zero, from which it is immediately apparent
thatno reliable information can be obtained from the CRD slope,
scrp = (4.7 £0.5) x 107 cm™' /Pa. By contrast, the SCAR
slope, sscar = 1.284 x 107° cm™! /Pa, returns a line strength
value Soscar(T') = sscar (ks T ) *\/ 21/ M (vy/c) =
(9.01 £ 0.05) x 102* cm/molec, with 7',, = 298(1) K being
the measured temperature and A the molecular mass.
Interestingly, the Sy scar value is in very good agreement with
that measured in the linear (non-saturated) regime with a
separate laser absorption spectrometer (between 1500 and
5000 Pa): Sojin = (9.6 £ 0.3) x 10722, close to the HITRAN
value (1.53 x 10722 cm/molec).

After that, we analyze the behavior of the key spectral line
parameters of the dip, namely, the Lorentzian width (FWHM)
I'; and the line-center frequency v,

Figure 4 shows the respective I';(p) trends. The SCAR
FWHMs are reduced on average by 36%, compared to the
CRD ones. This happens because, as can be clearly seen
from Eq. (9), saturation broadening effects are left out of
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Fig. 3. Linear fit (with intercept set to zero) to the y,(p) and ,(p)
trends. While the CRD measurements obviously cannot give mean-
ingful information on the linear absorption regime, the SCAR slope,
although extracted in the sub-Pa range (even in the strong saturation
regime), aligns with that determined at much higher pressures (be-
tween 1500 and 5000 Pa) by a simple (not cavity-enhanced) laser ab-
sorption spectrometer.

the widths in the U, profiles. The slope of a linear fit to
the SCAR data points provides the self-pressure-broadening
coefficient 7, = (450 £ 60) kHz/Pa, whereas the intercept
7o = (270 £ 40) kHz is consistent with the sum of the
expected  transit-time  broadening  contribution y, =
wy'\/(kgT,,)/8M) ~ 180 kHz, and the residual laser emis-
sion linewidth.

Finally, the SCAR vy(p) behavior is illustrated in Fig. 5.
Since no clear trend is recognized, the weighted average of
the determinations at the five different pressures provides
our best estimate for the line-center frequency: v, =
(196,724,103,036.9 &+ 1.2) kHz, about 4 MHz away from
the HITRAN value (6562.0096 cm™', 30 MHz accuracy).
The achieved uncertainty is about one-third of what is obtained
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Fig. 4. Lamb-dip FWHMs provided by the SCAR and CRD
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Fig. 5. SCAR line-center frequency determinations as a function of

- As mentioned in the text, the self-collisional shift coefficient could

not be significantly estimated (by the slope of a linear fit):
Ogf = (-3 £ 6) kHz/Pa.

by the CRD analysis, mainly as a consequence of the combined
higher SNR and narrower FWHM of the dip profiles. Our
result is in line with recent extensive Lamb-dip investiga-
tions indicating little or nonexisting pressure-induced shift
[7,16,29].

Concerning systematic uncertainty, the relevant sources are
listed in Table 1. The stability of the GPS-based reference chain
contributes with an uncertainty of 0.5 kHz (from the measured
Allan deviation at 60 s), while the uncertainty in the AOM
driving frequency is only at the Hertz (Hz) level. The accuracy
of the pressure gauge (1%) translates into a contribution
of 8y -0.006 Pa~40 Hz. Moreover, the second-order
Doppler shift is estimated as vokgT,,/(Mc*) = 0.3 kHz,
the recoil shift being canceled out in Lamb-dip spectroscopy
[30]. Also, a 15% uncertainty on the intracavity power, as
weighted with a shift coefficient of ~10 Hz/mW [21], gives
a contribution below 0.2 kHz. Finally, by allowing the static
width of the Lorentzian line shape to vary sigmoidally, an un-
certainty around 60 Hz is assigned to asymmetries in the Lamb-
dip fit. By adding in quadrature all the terms, the overall (type
A + type B) 16 uncertainty amounts to 1.4 kHz (7 x 107!2 in
fractional terms).

Table 1. Summary of Major Uncertainties Associated
with the Absolute Determination of the Center Frequency
of the C,H; (v1 +v3 +v4 < v4) R(14)e Rovibrational
Transition for p = 0.59 Pa

Contribution Uncertainty (kHz)
Statistical 1.2

Pressure shift 0.04
GPS-based reference chain 0.5

Power shift 0.2
Second-order Doppler shift 0.3
Lamb-dip profile fit 0.06

Total 1.4

5. CONCLUSION

In conclusion, we have extended the high-detection-sensitivity
SCAR technique to sub-Doppler saturation spectroscopy of
molecular transitions in the telecom wavelength range by de-
veloping an original theoretical model for the Lamb-dip regime.
This allowed us to achieve sub-Doppler absorption profiles im-
mune to saturation broadening effects and with SNRs in excess
of 100, leading to absolute line-center frequency determina-
tions approaching the sub-kHz range. This may pave the
way to future investigations of elusive effects, such as speed-
dependent collisional broadening and frequency shifts in
Lamb-dip spectra [31]. Importantly, our approach has proven
capable of accurately retrieving, even in the strong saturation
regime, the linear behavior of the gas absorption, too. This
indeed enabled precise line strength measurements from Lamb-
dip recordings. Our versatile scheme, here addressed to the
C,H; molecule in the near-IR range, may be straightforwardly
applied to many other species in different spectral regions, thus
contributing to the improvement of databases of atmospheric
or astrophysical interest. Furthermore, we plan to apply the
present spectroscopic method to molecular samples at a tem-
perature of a few kelvins, as produced by our buffer-gas-cooling
source, particularly to calculable systems (H, and its isotopom-
ers), in order to significantly improve the current accuracy of

QED tests [32,33].
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