Vol. 6, No. 4 / April 2019 / Optica 436

T Research Article

Check for
updates

Lamb-dip spectroscopy of buffer-gas-cooled
molecules

V. Di Sarno,*? R. AieLLo,"” M. De Rosa,"? I. Ricciarpl,'? S. Mosca,' G. NoTARIALE,'
P. De NATALE,>** L. SANTAMARIA,®> AND P. MaDDALONI™?*

"CNR-INO, Istituto Nazionale di Ottica, Via Campi Flegrei 34, 80078 Pozzuoli, Italy

2INFN, Istituto Nazionale di Fisica Nucleare, Sez. di Napoli, Complesso Universitario di M.S. Angelo, Via Cintia, 80126 Napoli, Italy
®CNR-INO, Istituto Nazionale di Ottica, Largo E. Fermi 6, 50125 Firenze, Italy

‘INFN, Istituto Nazionale di Fisica Nucleare, Sez. di Firenze, Via G. Sansone 1, 50019 Sesto Fiorentino, Italy

°ASI, Agenzia Spaziale Italiana, Contrada Terlecchia, 75100 Matera, Italy

*Corresponding author: pasquale.maddaloni@ino.cnr.it

Received 28 November 2018; revised 28 February 2019; accepted 1 March 2019 (Doc. ID 353012); published 4 April 2019

Nowadays, buffer-gas cooling represents an invaluable option to produce cold stable molecules, both in view of sec-
ondary cooling/trapping strategies towards the achievement of quantum degeneracy and for fundamental studies of
complex molecules. From this follows a demand to establish a pool of specialized, increasingly precise spectroscopic
interrogation techniques. Here, we demonstrate a general approach to Lamb-dip ro-vibrational spectroscopy of buffer-
gas-cooled molecules. The saturation intensity of the selected molecular transition is achieved by coupling the probe
laser to a high-finesse optical cavity surrounding the cold sample. A cavity ring-down technique is then implemented
to perform saturation sub-Doppler measurements as the buffer (He) and molecular gas flux are varied. As an example,
the (v; + v3) R(1) ro-vibrational line in a 20 Kelvin acetylene sample is addressed. By referencing the probe laser to a
Rb/GPS clock, the corresponding line-center frequency as well as the self and foreign (i.e., due to the buffer gas)
collisional broadening coefficients are absolutely determined. Our approach represents an important step towards
the development of a novel method to perform ultra-precise ro-vibrational spectroscopy on an extremely wide range
of cold molecules. In this respect, we finally discuss a number of relevant upgrades underway in the experimental setup
to considerably improve the ultimate spectroscopic performance. ~ © 2019 Optical Society of America under the terms of the
OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.6.000436

1. INTRODUCTION

Recent advances in the field of continuous-wave (CW) and fem-
tosecond laser sources have triggered a new series of tabletop-scale
spectroscopic experiments able to investigate fundamental physi-
cal phenomena with unprecedented accuracy [1]. Thanks to the
enhanced interrogation time obtainable with ultracold samples,
spectroscopic frequency measurements on atoms and atomic ions
have already reached fractional accuracies of parts in 10'® and are
at the heart of the very best clocks in the world, magnetometers,

for time-reversal violation (an electron’s electric dipole moment)
[11]. In this framework, worldwide efforts are being made to pro-
duce increasingly colder molecular samples, with some experi-
ments working towards quantum degeneracy [12,13]. Nowadays,
buffer-gas cooling (BGC) [14,15], first demonstrated by the
group of F. C. De Lucia under the name of collisional cooling
[16], represents an essential technology for producing low-tem-
perature stable molecules, both as a starting point for secondary
cooling/trapping strategies and for a spectroscopic interrogation.

gyroscopes, and gravimeters [2]. Conversely, as a consequence of
their richer internal structure, which makes cooling and detection
more complicated than in atoms, molecules are still lagging be-
hind with regard to precision spectroscopic studies. Yet, these
extra degrees of freedom in molecules, combined with a charge
distribution different than in atomic systems, have the potential
to unveil new physics [3]. Examples include: testing quantum
electrodynamics with higher levels of precision (proton radius
puzzle [4], fifth-force interactions [5], proton mass determination
[6]), detecting axion dark matter [7,8], assessing the space-
time stability of fundamental constants [9,10], and searching

2334-2536/19/040436-06 Journal © 2019 Optical Society of America

Indeed, precision laser spectroscopy has already been applied to
buffer-gas-cooled samples in different configurations, both for
neutral molecules [17-23] and for molecular ions [24,25]. In this
scope, BGC promises to overtake the wealth of high-resolution
spectroscopic results obtained to date by the eatlier technology
of supersonic beams [26-28], provided that dedicated schemes
for saturation sub-Doppler spectroscopy are established.

In this work, based on a saturated-absorption cavity ring-down
(SCAR) technique [29-32], we demonstrate a general approach
to Lamb-dip ro-vibrational spectroscopy of buffer-gas-cooled
molecules. Our scheme offers two main benefits: first, cooling
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internal degrees of freedom provides a high level of state selectiv-
ity, with larger populations in the molecular states of interest;
second, cooling the translational motion allows long interaction
times and hence reduced transit-time broadening effects. As an
example, we use the acetylene molecule (C,H,), the subject of
several high-resolution spectroscopic studies motivated by the de-
mand for improved frequency standards in the telecommunica-
tions range [33-35]. By referencing the probe laser to a Rb/GPS
clock via an optical frequency comb synthesizer (OFCS), the
Lamb-dip signals corresponding to the (v; +wv3;) R(1) ro-
vibrational line are recorded as a function of the flux into the cell
of either the buffer gas or the molecules (Fy. and F ). The
obtained sub-Doppler profiles are then fitted with a Lorentzian
line shape. This enables absolute determination of the line-center
frequency as well as of the self and foreign collisional broadening
coefficients. At best, the statistical uncertainty on the line-center
frequency is as low as 12 kHz (6 - 107!! in fractional terms), while
the full width at half-maximum (FWHM) is about 800 kHz. Our
method opens the low-temperature range to accurate measure-
ments of basic spectroscopic parameters in gas-phase molecular
samples, potentially applicable to a vast range of species.

2. EXPERIMENTAL SETUP

Figure 1 shows the basic components of the combined SCAR
spectrometer and BGC apparatus. Described in detail in a pre-
vious paper [36], the heart of the BGC machine is represented
by a two-stage pulse tube (PT) cryo-cooler (Cryomech, PT415)
housed in a stainless-steel vacuum chamber and fed with liquid
helium by a compressor. The first (second) PT stage yields a tem-
perature of 45 K (4.2 K) provided that its heat load is kept below
40 W (1.5 W); for this purpose, each plate is enclosed in a gold-
plated copper shield (equipped with optical access to allow the
laser beam propagation), in order to block sufficient black-body
radiation. A single stainless-steel pipe, thermally insulated from
both the PT stages, is used to inject both acetylene and
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helium, contained in room-temperature bottles, into a cubic cop-
per cell of side length & = 40 mm (buffer cell), which is in con-
tact with the second PT plate. For each of the two injected gases,
capillary filling is regulated upstream by a flow controller with an
accuracy of 0.05 SCCM (1 SCCM = 4.5 - 10" molec/s). In this
configuration, C,H, molecules are quickly cooled down to 20 K
through multiple collisions with the He buffer gas. It is worth
remarking that, in a previous work [36], we obtained tempera-
tures around 10 K for the molecular species, as we used a different
injection pipeline for the He gas. This comprised, in particular,
two spool-shaped copper tubes secured to the 45 K and the 4.2 K
plate, respectively. In the present experiment, due to cracks in the
weldings of this dedicated buffer-gas pipeline, as already men-
tioned, a single pipe is used to inject both acetylene and helium.
In this way, the buffer gas cools only after entering the cell without
exploiting all the available cooling power. The buffer cell is
equipped with two opposite circular holes (5 mm diameter),
which are aligned along the axis of the spectroscopic enhancement
cavity. The latter consists of two facing high-reflectivity
(99.995%) spherical mirrors (3 m radius of curvature, 1 inch
diameter), at a distance D = 65 cm. To ensure an adequate de-
gree of mechanical stability and reliability, specially developed
mirror mounts are used (see Fig. 2). Each mount consists of
two main parts: (1) a plate against which the mirror and the an-
nular piezoelectric actuator (only for the input mirror) are held
thanks to the compression provided by a ring nut (with an inter-
posed o-ring); (2) a system of three manual magnetically coupled
micro-rotators that, acting on the micrometric screws mounted
on the plate, allow orientation while guaranteeing the vacuum
seal. The probe light source is a CW external-cavity diode laser
(Toptica Photonics, DLC CTL 1520) delivering about 30 mW of
power between 1470 and 1570 nm with a free-running emission
linewidth less than 50 kHz at 5 ms. The laser output beam is split
into two main parts [37]. One portion is beaten against the Nth
tooth of an OFCS (Menlo Systems, FC-1500-250-WG) to pro-
vide a note that is then phase-locked to a given local-oscillator

Two-stage pulse
tube cryocooler

Cavity-ring-down
photodetector

High-reflectivity
mirror

Vacuum

He
Soocoooooo e

inlet

Molecule oy s

inlet \
Flow meter /

Fig. 1. Schematic layout (not to scale) of the experimental apparatus consisting of two main blocks: the BGC source and the OFCS-referenced probe
laser. To keep the pressure inside the radiation shields below 10~ mbar, the internal surface of the inner shield (roughly 1500 cm?) is covered with a layer
of activated charcoal that, at cryogenic temperatures, acts as a pump (with a speed of a few thousands dm? /s [15]) for helium and non-guided molecules.
The gas adsorbed by the charcoal is released during the warm-up of the cryogenic system and then pumped out of the vessel by a turbomolecular pump
(not shown). Relevant dimensions of the enhancement cavity and the buffer cell are given in the inset.
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Fig. 2. Exploded sketch of the specially designed cavity mirror mount.

value (1o =~ 30 MHz) by a dedicated electronic servo (Toptica
Photonics, mFALC 110). The second portion passes through a
fiber acousto-optic modulator (AOM) whose first-diffracted
order is injected into the high-finesse cavity to perform SCAR
spectroscopy. In this configuration, the laser emission frequency
is given by

V= "Vceo +Nyr+yLO+VAOM’ (1)

where vaopm (80 MHz) is the frequency of the signal driving the
AOM, while v, (20 MHz) and v, (250 MHz) denote the comb
carrier-envelope offset and mode spacing, respectively. The link to
the Cs-clock standard is established by stabilizing both v, and v,
against a high-quality quartz oscillator, which is disciplined, in
turn, by a Rb/GPS clock. Such a frequency chain ensures an ac-
curacy of 10713 and a fractional stability (Allan deviation) between
4.1071 and 8- 107! for an integration time between 10 and
1000 s. The same chain is used to lock the time base of the fre-
quency synthesizers generating the signals at 11 and vpop, re-
spectively. After determining the integer N by a 0.2-ppm-
accuracy wavelength meter, the absolute frequency of the probe
laser is monitored by simultaneously counting the frequencies
Veeos Up» and v o. Tuning of v across the Lamb-dip molecular
profile is then accomplished by varying v in discrete steps.
The length of the optical resonator is continuously dithered by
the annular piezoelectric actuator. As a resonance builds up, a
threshold detector triggers an abrupt switch-off of the AOM.
The subsequent ring-down decay is collected by a transimpedance
amplified InGaAs photodetector (5 MHz electrical bandwidth).
The average of 60 acquisitions, recorded by a standard 8-bit
oscilloscope, is then fitted by a simple exponential decay to yield
the corresponding ring-down time 7(v). The absorption coeffi-
cient is eventually recovered through the relation

1|1 11D
©-oal7 ?

where 7y >~ 45 ps is the empty-cavity decay constant and ¢ the
speed of light.

3. RESULTS AND DISCUSSION

To establish optimal working conditions, a Doppler-limited spec-
trum is initially acquired; its width, 6, = (19 /¢)\/8 In2 m™1 k5 T,
extracted by a fit with a Gaussian profile, returns the temperature
T of the molecular sample (here, 7 is the molecular mass, 45 the
Boltzmann constant, and v the line-center frequency of the se-
lected ro-vibrational transition). As an example, Fig. 3 shows the
spectroscopic absorption signal obtained for F | = F. = 6
SCCM, corresponding to 7" = (20 = 3) K. It should be noted
that equal flows of the two gases do not correspond to equal den-
sities in the buffer cell. In fact, many of the acetylene molecules
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Fig. 3. Doppler-limited spectrum of the (v; + v3) R(1) ro-vibrational
transition of acetylene, obtained for F | = Fy. = 6 SCCM. Fitting
with a Gaussian profile yields a temperature of (20 & 3) K for the
C,H, sample. To make the abscissa axis easy to read, rather than v,
the absolute frequency detuning v -1y is reported, where v, is the
center-frequency value previously measured in [38].

freeze upon impact on the walls; this is not the case for the he-
lium. Nonetheless, after a short transient (less than 10 ms in the
worst case), stationary gas densities will be established inside the
buffer cell, leading to steady-state spectroscopic absorption pro-
files. Afterwards, a denser frequency scan is performed around the
center of the absorption profile to record the Lamb-dip spectrum.
The sub-Doppler feature shown in Fig. 4 is the average over
30 single Lamb-dip acquisitions, each lasting about 30 s for a
total measurement time of 900 s (i.e., our maximum allowed in-
tegration time, limited by drifts in the cavity decay time). The
obtained signal-to-noise ratio is SNR = 30, essentially limited by
the residual mechanical noise introduced by the PT cryo-cooler
on the cavity mirrors. Then, fitting the dip profile with a
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Fig. 4. Lamb-dip line shape corresponding to the Doppler-limited
spectrum of Fig. 3 (7"~ 20 K) with a saturation contrast around 8%.
The spectral feature is the average over 30 single Lamb-dip acquisitions.
Then, a Lorentzian fit (continuous line) is carried out to extract the line-
center frequency and the FWHM. In the lower panel, fit residuals are also
shown, from which a SNR = 30 is estimated for the Lamb-dip feature.
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Lorentzian line shape yields a FWHM of I'(F o) = 6, Fye =
6) = (820 £40) kHz and a line center of vy(F o =
6, Fye = 6) = (196696652903 £ 12) kHz. As discussed later,
systematic uncertainties associated with the absolute determina-
tion of the line-center frequency are estimated well below our cur-
rent statistical uncertainty level (6 - 107!"). Our v, measurement
is consistent with the value (196696652918 =+ 2) kHz previ-
ously obtained at room temperature by Madej er al with a
dip-locked spectrometer [38]. Although several other room-
temperature precision measurements have been performed more
recently on C,H, ro-vibrational lines [35,39,40], that work still
holds the record of uncertainty on the line-center frequency,
representing the top of a long course of spectroscopic research
on acetylene as a secondary frequency standard. For this reason,
the C,H, molecule is an outstanding benchmark to assess the
validity of our scheme at its early development stage. In this re-
spect, our SCAR-BGC apparatus, susceptible to many improve-
ments (see discussion at the end of this section), marks the
beginning of a new, low-temperature generation of highly accu-
rate spectroscopic frequency measurements on simple molecules.
Additionally, our cryogenic experiment can be used to perform
Lamb-dip spectroscopy of many complex molecules that are
not good candidates for a room-temperature measurement.
Subsequently, for the same ro-vibrational line, Lamb-dip sig-
nals are recorded for different pairs (F o), F ) of gaseous fluxes.
For each sub-Doppler feature, a Lorentzian fit returns the line-
center frequency and the FWHM along with their associated
errors. Then, as shown in Fig. 5, the self-collisional broadening
coefficient y.¢ is determined by the slope of a linear fit to the
FWHM values measured as a function of F (for a given
Fhe): Vel = (60 £ 20) kHz/SCCM. Likewise, as displayed
in Fig. 6, the foreign collisional broadening coefficient yfycig, is
determined by the slope of a linear fit to the FWHM values mea-
sured as a function of Fy. (for a given Fio): Veorcign =
(66 £9) kHz/SCCM. For F o = Fy. = 6 SCCM, the over-
all collisional broadening contribution is Ty = YearF mol +
Yforeigns He = (760 & 170) kHz. The value found for y., even
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Fig. 5. FWHM of the observed Lamb-dip spectra as a function of
the C,H, flux injected into the BGC cell (for a given He flux,
Fre = 8 SCCM). A linear fit to the data points extracts the self-
collisional broadening coefficient: y.q¢ = (60 & 20) kHz/SCCM. As
mentioned in the text, the corresponding self-collisional shift coefficient
O,¢ could not be significantly estimated (by the slope of a linear fit to the
vy values against F)): O.qr = (-4 £ 5) kHz/SCCM.
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Fig. 6. FWHM of the observed Lamb-dip spectra versus the He flux
injected into the BGC cell (for a given C,H, flux, F,;; = 6 SCCM). A
linear fit to the data points yields the foreign collisional broadening co-
efficient: ¥gyreign = (66 £ 9) kHz/SCCM. Also, in this case, the corre-
sponding foreign collisional shift coefficient Ogyeign could not be
estimated with sufficient accuracy: Sforeign = (1 £ 3) kHz/SCCM.
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compatible with zero, is consistent with the fact that, since the
helium density in the buffer cell is much larger than that of acety-
lene, the rate of C,H, - C,H, collisions is expected to be far
lower than that of C,H, - He collisions. Concerning the absolute
determination of the line-center frequency, limited by our statis-
tical uncertainty level, the corresponding self and foreign colli-
sional shift coefficients Oyr and g could not be retrieved
with sufficient accuracy (see discussion below and the captions
of Figs. 5 and 6).

The saturation intensity /g, of the investigated ro-vibrational
transition is calculated according to 7, = (3ceoh?T%,)/(2pu*) ~
8.9 W /cm? [41] using the transition dipole moment y ~ 0.67 -
1072 D provided by the HITRAN database [42] and taking the
observed FWHM as ', &~ 1 MHz (here, €, denotes the vacuum
permittivity and 7 the reduced Planck constant). Then, denoting
with P ~ 80 mW the intracavity laser power, calculated dividing
the power transmitted from the cavity by the experimental mirror
transmission (1.3 - 107°), the power broadening effect (of multi-
plicative type) is quantified as /1 + (P/zw})l;} ~ 1.3, with
wy = 700 pm being the cavity mode waist. Finally, it may be
useful to estimate, in our experimental conditions, also the
transit-time broadening contribution (due to the finite interaction
time of the molecules through the cross-sectional area of the probe
laser beam): T',, = \/16 In2/7°\/kpT [m w;' = (68 £5) kHz
for 7= (20 £ 3) K [43]. It should be noted that the above for-
mula for the transit-time broadening refers to a single atom (or
molecule) traveling with the mean thermal speed of the ensemble.

Table 1 quantifies the major sources of systematic uncertainty
in the absolute measurement of the center frequency of the in-
vestigated (v; + v3) R(1) ro-vibrational line. Conservatively,
the accuracy of the gas flow controllers (0.05 SCCM) used in
the experiment translates into a contribution of 0.05 - Adyr =
0.25 kHz and 0.05 - A&y, = 0.15 kHz, respectively. The sta-
bility of the GPS-based frequency reference chain affects the line
position over 900 s by about 0.2 kHz (calculated from the actual
measured value of the Allan deviation). A 20% uncertainty on the
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Table 1. Summary of Estimated Systematic Uncertainties
Associated with the Absolute Determination of the Center
Frequency of the (v4 + v3) R(1) Ro-vibrational Line

Source of Systematic Shift Estimated Uncertainty (kHz)

He flux measurement 0.15
GPS-based reference chain 0.2
Intracavity power <0.2
Lamb-dip fit 0.3
Total shift 0.5

intracavity power, as weighted with a power shift coefficient of
-12 Hz/mW [38,44], gives a contribution below 0.2 kHz.
Finally, by allowing the static width of the Lorentzian line shape
to vary sigmoidally, an uncertainty contribution around 0.3 kHz
is ascribed to asymmetries in the Lamb-dip fit [45].

In order to suppress collisional broadening effects and hence
approach the transit-time-limited regime, the next step is to con-
siderably reduce the gas flows entering the buffer cell. This im-
plies, however, a further improvement in the detection sensitivity
of the spectrometer. For this purpose, a new mechanical design for
the enhancement cavity, where the mirror mounts are not con-
nected directly to the vacuum vessel, is under construction in or-
der to much more effectively break off vibrations from the PT
cryo-cooler. In turn, this more stable optical resonator will enable
the implementation of a high-bandwidth Pound—Drever—Hall
scheme to lock the probe laser to the high-finesse cavity, leading
to substantially increased ring-down event acquisition rates [46].
After that, acquiring the SCAR signal with a 24-bit (vertical
resolution) digitizer will allow us, through the use of a more com-
prehensive fitting function [47], to better describe the time-
dependent gas saturation level of the absorbing gas. This will
make it possible to get rid of most fluctuations in the empty-cavity
decay rate, also allowing much longer measurement times [48].
Enhancing the SNR of the Lamb-dip signals will also allow us to
test fitting line-shape functions different from a Lorentzian in or-
der to investigate low-temperature physical effects. Ultimately,
this upgrade process in the experimental apparatus will result
in the application of the SCAR technique shown here to the (col-
lision-free) molecular beam emerging from the BGC cell.

4. CONCLUSION

In conclusion, we have established a new scheme for saturation
sub-Doppler ro-vibrational spectroscopy of cold stable molecules.
Thanks to the great versatility of both the BGC and the SCAR
technique, the spectroscopic study reported here may be readily
extended to plenty of molecular species, particularly of atmos-
pheric [49] or astrophysical interest [50,51], in different spectral
regions. This opens the door to extensive, accurate measurements
of basic spectroscopic parameters in the range of a few Kelvin,
and thus produces new sets of ultra-precise frequency measure-
ments and provides an effective tool to probe fundamental
low-temperature interaction processes [52]. Further developments
can come from the implementation of other advanced interrogation
schemes, like cavity-enhanced dual-comb spectroscopy [53]. Its
combination with the present BGC setup could pave the way
to sub-Doppler broadband multi-heterodyne spectroscopy of cold
molecules, following the first demonstration of Doppler-free

Fourier transform spectroscopy on an atomic system [54].
Cavity-enhanced two-photon excitation in the optical domain is
another valuable option, having the additional advantage (com-
pared to saturation sub-Doppler spectroscopy) that all the mole-
cules contribute to the absorption, irrespective of their velocity,
which results in a higher SNR [55]. Finally, given the enormous
room for improvement, our system can be seen as the launchpad to
high-accuracy molecular tests of fundamental physics at the elec-
tron volt energy scale. As an example, application of Lamb-dip
spectroscopy to calculable molecules (H, and its isotopomers
He; and metastable He,) in the low-temperature regime could
significantly improve the present accuracy in quantum electrody-
namics (QED) tests [56,57]. Also, experiments probing parity vio-
lation in chiral molecules [58] or testing the time stability of the
proton-to-electron mass ratio [9,10] would benefit enormously
from the application of saturated-absorption laser spectroscopy
to cold molecular samples.
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