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ABSTRACT: Highly accurate and precise spectroscopy in the
mid-infrared (MIR) spectral region is a versatile tool that ﬁnds
great interest in fundamental scientiﬁc research as well as in
mitigating myriad applications in diverse ﬁelds. A major driving
force for the rapidly increasing interest in MIR spectroscopy is the
emergence of quantum cascade lasers (QCLs). Yet, as of today,
such QCLs are still experiencing signiﬁcant free-running frequency
ﬂuctuations which makes their frequency stabilization challenging.
Here, we propose and experimentally demonstrate a method
enabling development of frequency standards in the MIR, based on
high excited stats of alkali vapors. The technique is based on the
generation of a Doppler-free gain spectrum in the MIR by copropagating two stabilized pump near-infrared (NIR) lasers. Using this
technique, the frequency of a distributed feedback (DFB) QCL at 5.23 μm is stabilized to the corresponding 62P3/2−52D5/2
transition of rubidium (Rb) vapors, showing a substantial stability improvement compared to the free-running operation.
Stabilization to an atomic MIR transition can be implemented in a rather simple scheme, with diverse applications. For example, the
approach may enable the development of highly accurate self-calibrated optical spectrometers and can also be used for direct
stabilization of MIR frequency combs.
KEYWORDS: metrology, mid-infrared spectroscopy, quantum cascade lasers, atoms
pectroscopy in the so-called “molecular ﬁngerprint”
spectral region (3−20 μm) yields critical information on
material structure for physical, chemical, and biological
sciences. High-precision atomic and molecular spectroscopy
is extensively used in fundamental research as well as in
practical applications. These two domains have generally
diﬀerent requirements. Researchwise, ultrahigh precision
frequency standards can reach a fractional stability of
10−18,1−3 and they are generally used to test fundamental
symmetries such as parity and time reversal4−7 or to measure
the absolute values of fundamental constants and their
potential variation in time.8−10 Looking more into applications,
compact atomic frequency standards, aimed at commercial and
industrial market requires a typical fractional frequency
stability in the range of 10−10 to 10−13.11−15 The MIR spectral
range is also of great interest for many applications such as gas
detection,16 cold molecules manipulations,17 and molecular
frequency metrology,18 to name a few. The wide expansion of
this ﬁeld can be attributed to the development of the QCLs,
which cover a wide spectral region in the MIR. However, their
signiﬁcant free-running frequency ﬂuctuations limits their
applications in high-precision spectroscopy. This calls for an
immediate remedy in the form of frequency stabilization.
Frequency stabilization of a QCL to a molecular rovibrational transition in the MIR presents limitations regarding their
frequency reproducibility and accuracy.5,19−27 To circumvent

S

© 2020 American Chemical Society

this obstacle, eﬀorts have been made to stabilize QCLs to a
stable NIR laser. By doing so, the stability of the NIR source
was transferred all the way to the MIR spectral region via a
stabilized MIR frequency comb.19,21,24,28−31 This approach
allowed to achieve a high relative stability and accuracy of
about 2 × 10−15.
An alternative for achieving high precision molecular
spectroscopy is to use a calibrated MIR Fourier transform
infrared (FTIR) spectrometer, which is generally limited in its
accuracy by the precision of the calibration laser. For example,
in the telecom regime, optical spectrometers can be selfcalibrated by NIR lasers, which are typically stabilized to
acetylene transitions.32
As it turns out, many alkali atoms, which are frequently used
in metrology, atomic clock, and NIR frequency references,33
also present less commonly used, yet accessible, MIR
transitions34−36 that can be utilized as frequency references.
In this work, we propose a method to generate a MIR DopplerReceived: February 26, 2020
Published: May 19, 2020
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cell with sapphire windows. The custom cell consists of a Pyrex
tube with glass-to-metal adaptors at both ends. Two viewports
with sapphire windows were attached and tightened to hold
vacuum. The sapphire windows are as thin as about 1.57 mm
thick to diminish absorption at the wavelength of 5 μm. The
cell was connected to a high vacuum (∼10−9 Torr) system and
ﬁlled with natural Rb by distillation. Finally, the cell was sealed
and disconnected from the distillation system with the end
result of having a standalone and portable cell. The cell was
heated to a temperature of about 60 °C, such that the density
of the Rb was kept relatively low, at about 2 × 1011 cm−3 level,
to minimize the dipole−dipole interactions, that could cause
broadening and shift of the atomic levels.
In the experiment, two external cavity diode lasers (Toptica
and Newfocus) were used for the 780 and 776 nm pumps. The
beam diameter of the pump lasers was approximately 2 mm,
and the optical power incident to custom cell was about 4 mW
at 780 nm and 3.3 mW at 776 nm, corresponding to Rabi
frequencies of about Ω780 ≈ 2π × 65 MHz and Ω776 ≈ 2π × 17
MHz, respectively. The MIR laser is the most sensitive part of
the experiment. It consists of a custom-made room temperature DFB QCL (Thorlabs), designed to lase at a wavenumber
around 1910.9 cm−1, corresponding to the energy diﬀerence
between the 62P3/2 and the 52D5/2 levels of Rb. It was operated
at a temperature of 297 K and at current of 320 mA, delivering
an output power of about 117 mW. However, only a small
portion of about 7 μW were used for the spectroscopy
measurements and the frequency stabilization in order to
minimize power broadening. The beam diameter was also
about 2 mm, and, given the absorption of the Sapphire window
of about 30% and the Fresnel reﬂections, the actual probe
power in the cell is estimated to be about 4.5 μW,
corresponding to a Rabi frequency of Ω5233 ≈ 2π × 8 MHz.
Yet, An MCT detector cooled with 4 thermoelectric coolers
(VIGO System) was used to detect the probe signal at 5.23
μm. As no isolator is available to us at this wavelength region,
the experimental setup was built with extra care, in order to
diminish the back-reﬂection that causing mode-hope and
preventing us to achieve precise spectroscopy. The MIR
wavelength-meter (Bristol Instruments, 671B-IR) is based on a
Michelson interferometer, and it is self-calibrated to a standard,
nonstabilized, He−Ne laser. The QCL is also stabilized to the
MIR Rb transition by wavelength modulation technique.

free gain spectrum in the high excited states of alkali vapors
and use it to experimentally demonstrate the frequency
stabilization of a DFB QCL to the MIR transition of Rb
atoms at 5.23 μm. In this scheme, the MIR transition is
accessed via a two-colored pump beam, in a velocity selective
copropagating conﬁguration, also stabilized to Rb vapors,
showing a signiﬁcant improvement of the long-term stability of
the laser, compared to free running laser operation. It should
be emphasized that the presented technique can be applied to
any similar MIR and even far IR transition of alkali vapors, for
example, the 32D → 42P transitions of Sodium vapors at about
9.09 μm, or the 62D → 72P transitions of cesium vapors at 12.1
and 15.6 μm,37 to name a few. Also, the presented technique
can be used to directly stabilize a MIR frequency comb, for
dual comb spectroscopy.

■

EXPERIMENTAL SETUP
The relevant energy levels of 85Rb and a sketch of our
experiment are presented in Figure 1. The upper 52D5/2 states

Figure 1. Simpliﬁed scheme of the experimental setup. BS: beam
splitter, BPF: band-path ﬁlter, PD: photodetector. The inset presents
the relevant atomic energy levels of 85Rb.

of 85Rb, and correspondingly, the 52D3/2 level of 87Rb (see
Supporting Information) can be easily accessed by a twophoton absorption and as such can be eﬃciently populated
with relatively low power NIR laser diodes, at 780 and 776 nm,
corresponding to the 52S1/2−52P3/2 and the 52P3/2−52D5/2
transitions, respectively. The pump lasers are copropagating
and their frequency are locked to the 52S1/2(F = 3)−52P3/2(F =
4) and 52P3/2(F = 4)−52D5/2(F = 5) hyperﬁne cycling
transitions of 85Rb, using a wavelength modulation scheme.38
Then, a MIR laser probes the 62P3/2−52D5/2 transition.
Before interaction with the MIR laser, about 35% of the
atomic population in the 52D5/2 level decays spontaneously to
the 62P3/2 level,39 and due to the diﬀerence in the radiative
lifetime of these levels, population inversion can be achieved.
Based on this eﬀect, ampliﬁed spontaneous emission (ASE)
and four-wave mixing at 5.23 μm was reported.34−36 In our
experiment, the pump power was kept relatively low in order to
minimize these eﬀects.
Common Rb reference cells, are made of either Pyrex or
quartz and, thus, are not transparent in the MIR, above 3 μm.
To tackle this obstacle, we have used a 10 cm long custom Rb

■

RESULTS AND DISCUSSIONS
A. Generation of a MIR Doppler-Free Gain Spectrum.
Figure 2 presents the normalized spectroscopy measurements
of the 62P3/2−52D5/2 transition of 85Rb. The MIR frequency
was scanned by varying the current of the QCL as a function of
time, while simultaneously, the actual frequency was measured
with a commercially available MIR wavelength meter. When
the MIR laser is on-resonance with one of the hyperﬁne
transitions of Rb, it induces stimulated emission which is
measured as a gain in the transmitted probe MIR signal, and,
simultaneously, as enhanced blue ﬂuorescence. The ﬁgure also
presents ﬁtting to a model. The diﬀerent hyperﬁne transitions
were identiﬁed by comparing the relative frequency separations
between the measured peaks with the corresponding
theoretical values (see Supporting Information) as well as
comparing to the theoretical model.
The model is based on rate equations including 16 hyperﬁne
levels of the 52S1/2, 52P3/2, 62P3/2, and 52D5/2 levels of 85Rb. In
this model the transition strength is calculated from quantum
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is shifted by about 0.64 MHz from its theoretical value (see
Supporting Information). This can be explained by a twophoton absorption to the upper 52D5/2(F = 4) level due to
Doppler shift, which can be populated by a group of atoms
with a velocity component, v of about v = 3.6 m/s in the
propagation direction. The frequency shift, ΔD, measured in
the MIR transition is then ΔD = (ω/c)·v/2π ≈ 0.69 MHz,
where ω is the frequency of the MIR light and c is the speed of
light in Rb.
Following the previous discussion, we have also investigated
the case of counter-propagating pump lasers. In this scheme,
the propagation direction of the 780 nm laser is ﬂipped such
that it is now counterpropagating with respect to a 776 nm
pump laser, and copropagating with the MIR laser (see
Supporting Information for experimental setup). Figure 2c
presents the simulations and measurement of the MIR gain
spectrum in the case of counterpropagating pumps. The
simulation shows the relevant hyperﬁne transitions that
construct the spectrum, also considering power broadening
eﬀect. The ﬁtting parameters are similar to the case of
copropagation pumps. In the counter-propagating conﬁguration, the spectroscopy of Rb in the MIR shows wider
resonances, with an eﬀective line width of about 70 MHz,
consisting of a main resonance having a line width of about 32
MHz and additional lines that are partially overlapping with it.
This can be explained by the fact that since the wavelengths of
the two pump lasers are close to each other, the Doppler shift
experienced by atoms with a nonzero velocity component in
the propagation direction cancels out, (k780 − k776)·v ≈ 0, such
that their 52D5/2(F = 5) level is eﬃciently populated. Thus, the
MIR resonances are Doppler broadened, and the spectrum can
be ﬁtted with Voigt proﬁles. In this conﬁguration, the 62P3/2(F
= 4)−52D5/2(F = 5) hyperﬁne transition is eﬃciently excited,
as well as other hyperﬁne transitions, due to power broadening
(see Supporting Information). We have found that, because of
this eﬀect, the main resonance peak was shifted by about 3.85
MHz from its theoretical value (inset in Figure 2c). Thus,
diﬀerent groups of atoms, presenting a signiﬁcant Doppler
shift, can be eﬃciently populated in this scheme. This is in
contrast to the copropagating velocity selective conﬁguration,
where a Doppler-free gain spectrum can be generated and no
power-dependent shift was observed. Therefore, we conclude
that the copropagating scheme is favorable over the counter
propagating one for frequency referencing purposes.
B. Frequency Stabilization. We now describe the
application of frequency stabilization based on the demonstrated Doppler-free MIR gain spectrum. Figure 3 summarizes
the performance of the frequency stabilization scheme
presented here. Figure 3a shows the overlapping Allan
deviation, measured against our wavelength meter for the
case of free-running laser operation and when the QCL is
stabilized to the 62P3/2(F = 4)−52D5/2(F = 5) cycling transition
of 85Rb. The results show 30-fold improvement in the
fractional frequency stability after about 2 min of integration
time. The QCL frequency was stabilized to an accuracy of
about 415 kHz, corresponding to a relative frequency of 7.3 ×
10−9. The measured fractional frequency instability of the MIR
reference is 8.2 × 10−8/τ1/2, presenting a typical behavior
limited by white frequency noise,40 which is attributed to our
measuring tool.
The major noise sources are shown in the graph presenting
the relative frequency measured by the closed-loop servoelectronic recorded in parallel to the reading of the wavelength

Figure 2. Spectroscopy of the 62P3/2−52D5/2 transition of 85Rb, for
the case of copropagating pumps (a, b) and counter-propagating
pumps (c). The graphs show the measured (dashed line) and
simulated (solid lines) normalized MIR gain spectrum (a, c) and the
normalized ﬂuorescence enhancement in the blue at 420 nm (b).
Each of the solid lines represents a speciﬁc hyperﬁne transition, as
indicated in the legend of (c). The shaded area represents the
superposition of all the solid lines. The inset in (a) shows a zoom on
the contribution of the 62P3/2(F = 4)−52D5/2(F = 4) and 62P3/2(F =
4)−52D5/2(F = 3) hyperﬁne transitions. The inset in (c) shows a
zoom of the main transition presenting a shift of about 3.85 MHz due
to the overlapping of the broadened lines. These results were obtained
using lock-in ampliﬁer (Stanford RS830), while the intensity of the
780 nm laser was modulated with a chopper, for an increased signalto-noise ratio.

mechanics model, and these transitions are allowed according
to the selection rules. The eﬀect of power broadening was
added phenomenologically by substituting the natural line
width of the transition, γ0, by Γ = γ0* 1 + I /Isat , where I is
the intensity of the light and Isat is the saturation intensity (see
Supporting Information). The only free parameters of this
model are the density of Rb, the intensity of the diﬀerent lasers
and their relative detuning form any transition. In Figure 2, the
ﬁtting to the experiment is obtained by assuming a pump
power of 4 and 3 mW at 780 and 776 nm, respectively, and a
probe power in the MIR of about 4 μW. Using these
parameters, a relatively good agreement between the experiment and the theory was obtained.
In a velocity selective copropagating pumps conﬁguration
(Figure 2a,b), since the pump NIR lasers are locked to the
52S1/2(F = 3)−52P3/2(F = 4) and 52P3/2(F = 4)−52D5/2(F = 5)
cycling transitions, only atoms with zero-velocity component in
the propagation direction are on-resonance and can be
pumped eﬃciently to the hyperﬁne 52D5/2(F = 5) level.
Thus, the main resonance at zero-detuning corresponds to the
cycling transition 62P3/2(F = 4)−52D5/2(F = 5). This was
conﬁrmed by a simulation, which shows that the contribution
of the other hyperﬁne transitions to this peak is negligible
(inset in Figure 2a). The main resonance can be ﬁtted to a
Lorentzian with a line width of about 15.6 MHz, which is
mainly due to power broadening, as compared with the 0.677
MHz natural lifetime of the 52D5/2 level.39 Another resonance,
with a smaller extinction and at a detuning of about 49.3 MHz,
corresponds to the 62P3/2(F = 3)−52D5/2(F = 4) transition. It
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Figure 3. MIR frequency reference precision. (a) The overlapping Allan deviation of the free-running operation (purple circles), and the QCL
stabilized to the hyperﬁne cycling transition of 85Rb (red squares). Error bars represent a 68% conﬁdence interval. Also shown are the major noise
sources, including electronic noises and precision of the wavelength meter used in the measurement. The electronic noises are presented as the
fractional frequency stability retrieved from the closed-loop servo-electronic signal of the QCL (red open squares) limited by white phase noise,
showing a typical of 8 × 10−8/τ. The limit of the wavelength meter is presented by the yellow shaded zone, where the light shaded area represents
the estimated limit, according to the manufacturer speciﬁcation, and the darker one represents its actual limit, based on our measurements. The
measured fractional stability of the 780 nm pump, measured by beating it to another 780 nm locked laser (red triangles), and the electronic noise of
the 776 nm pump laser (orange open triangles) are also presented for comparison. (b) Measured FNPSD for the free-running regime (purple) and
the locked regime (red). We also show the noise of the electronics, which is presented as the FNPSD retrieved from the in-loop error signal. (c)
Day to day optical frequency traces obtained by reinitiating the frequency locking to the MIR 85Rb transition. (d) Absolute measurement of the
62P3/2(F = 4)−52D5/2(F = 5) hyperﬁne transition, extracted from about 25 diﬀerent measurements. The broken lines highlight the standard
deviation from the mean value of ±7 MHz. The error bars of the measurements are smaller than the presented markers.

meter (Figure 3a). The Allan variances, based on this
measurement, show a typical white phase noise limited
behavior of 8 × 10−8/τ.40 It should be emphasized that the
Allan variance derived from the error signal is relatively
insensitive to frequency variations introduced by the
discriminator and therefore represents a lower limit of the
frequency stability. However, this measurement considers the
overall contribution of the shot noise, the electronic noise in
the feedback loop, the residual amplitude modulation (RAM)
noise that comes from the frequency modulation, and the
relative intensity noise (RIN) ﬂuctuations of the lasers at
frequencies that produce ﬁctitious error signals after
demodulation.
The wavelength-meter adds two types of noises: a white
frequency noise and a long-term drift. The white frequency
noise is related to its internal electronic noise and from the
ﬂuctuations of the position of the laser incident to it. The longterm drift is believed to be associated with its internal
frequency reference to which it is calibrated. It has an internal
drift related to its locking scheme, and it is sensitive to
temperature ﬂuctuations. Our wavelength meter (671B-IR by
Bristol Instruments) is calibrated to a standard, nonstabilized,
He−Ne laser, presenting a longitudinal mode drift of 0.1 pm,
typical of the long-term drift of ±1 MHz in He−Ne lasers.41

The output of the wavelength meter was also used for
frequency-noise characterization of the QCL. Figure 3b
presents the measured frequency-noise power spectral density
(FNPSD) in the free-running regime and when the QCL is
locked. By closing the frequency-locking loop, the FNPSD is
signiﬁcantly reduced in the low spectral range. A nearly ﬂat
FNPSD was measured for the locked case, which is the
characteristic of a white frequency noise, attributed to the
wavelength meter. The FNPSD obtained from the in-loop
error signal shows a typical f 2 behavior in the low frequency
range, conﬁrming the hypothesis that the electronic is limited
by white phase noise.40
Besides the limitations due to our measuring tool, further
improvements of the fractional stability of the MIR reference
can be obtained by choosing a more advanced locking scheme
such as the Pound−Drever−Hall technique, rather than the
simple but limited wavelength modulation, at the expense of a
substantial increase in complexity and in availability of
additional equipment.
In this experiment, the estimated long-term relative stability
of the pump lasers was found to be about 1.43 × 10−10 and up
to 7.3 × 10−10 for the 780 and 776 nm lasers, respectively. It is
interesting to note that, assuming a best-case scenario where
the fractional frequency stability of the 776 nm pump laser is
1511
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equal to the one measured by in-loop Allan deviation, the 776
nm pump laser frequency stabilization up to 282 kHz is
comparable to the 415 kHz of the QCL accuracy. Although
there is no clear assessment on the relation between the
stability of lasers locked to the same atomic species in a
cascaded scheme, a similar correlation was recently reported in
experiments involving lasers locked to Rb transitions in a
ladder conﬁguration.42,43
One of the most important beneﬁts of atomic-Rb
stabilization is the long-term repeatability of the frequency
stabilization. To assess day-to-day repeatability, we operate the
system over a span of about a month. Typical results are
presented in Figure 3c, where each of the optical frequency
traces (indicated by diﬀerent colors) represents a frequency
measurement performed on a diﬀerent day. The measured
deviation is limited by the repeatability of our wavelength
meter. Considering that the system is subjected to environmental perturbations, is unshielded from magnetic ﬁelds, and is
not packaged, it is very likely that such stability and accuracy
can be further improved.
It should be noted that the QCL can be locked to the MIR
transition of the Rb not only through the transmission gain
spectrum (Figure 2a), but also by using the blue ﬂuorescence
enhancement (Figure 2b). In both cases, similar results were
obtained. The advantage of using the latter approach is that a
conventional silicon photodetector operating in the visible
spectral region can be used, rather than using a more advanced
MIR photodetector, such as cooled mercury−cadmium−
telluride (MCT).
C. Measurement of the 62P3/2−52D5/2 Transition of
85
Rb. Based on the Allan deviation measurement and taking
into account the precision and accuracy of our wavelength
meter, we have also measured the absolute value of the
62P3/2(F = 4)−52D5/2(F = 5) hyperﬁne transition in 85Rb.
Figure 3d shows the data extracted from a large number (ca.
25) of measurements taken over a duration of about a month.
The graph also shows the standard deviation limits obtained by
ﬁtting the data to a normal distribution. The absolute
frequency of the 85Rb transition was found to be 57287162
MHz, with an uncertainty of 7 MHz, limited by our measuring
tool. To the best of our knowledge, this is the ﬁrst time that the
absolute frequency of this 85Rb transition in the mid-IR has
been measured directly. This transition was measured to be
about 27886 MHz, apart from the 1909.9638597 cm−1
rovibrational transition of vapor water present in the
atmosphere; namely, the (v1, v2, v3, J, Ka, Kc):(0 0 0 6 2
5) → (0 1 0 7 3 4) transition.44 A wide frequency scan of the
MIR QCL presenting these two transitions is presented in
Figure 4. The result was obtained by locking the 780 nm and
the 776 nm lasers in a counterpropagating mode while
scanning the QCL and measuring its transmission through the
custom vapor cell.

Article

Figure 4. Wide frequency scan around the 62P3/2−52D5/2 transition of
85
Rb, including the (0 0 0 6 2 5) → (0 1 0 7 3 4) transition of water
vapor present in the atmosphere. The graph presents the MIR
spectroscopy (red) as well as the blue ﬂuorescence of Rb (blue). The
inset shows a zoom of the 85Rb MIR transition.

to free-running operation. In our experiment, the relative
frequency stability and the accuracy of the MIR laser was
limited by the accuracy of our measuring tool, presenting an
upper limit to the actual frequency stability of the MIR laser.
Moreover, the frequency noise characterization indicates that
the actual stability of the MIR QCL is limited only by the
accuracy of the pump lasers. The frequency stability will be
further improved in future experiments. For example, using
more advanced locking schemes, a relative stability in the order
of 10−14 can be achieved for the two pump lasers,45
simultaneously, and thus, a similar lower limit can be expected
in the MIR if one chooses to use a similar scheme.
Stabilization of a laser directly to an atomic mid-infrared
transition enables highly accurate molecular spectroscopy in
the mid-infrared; either by using a MIR frequency comb
stabilized to the presented transition (where one teeth of the
frequency comb can be viewed as a CW mid-IR laser) or,
alternatively, by using a MIR QCL stabilized to Rb vapors as a
highly accurate calibration laser, as part of a self-calibrated
highly accurate optical spectrometer.
Furthermore, when the 52D5/2 level of Rb is eﬃciently
populated, simultaneously, population inversion also occurs
between the 62S1/2 and 62P3/2 levels of Rb, at a transition
wavelength of about 2.73 μm,46 such that our approach has the
potential for stabilizing a MIR frequency comb through nearly
an octave, using simultaneously the 62S1/2−62P3/2 and the
52S1/2−52D5/2 transitions of Rb, using the same vapor cell.
Other wavelengths in the MIR can also be accessed using the
presented technique with other alkali atoms.
Finally, the demonstration of frequency stabilization using
an atomic MIR transition bares golden opportunities in diverse
ﬁelds that rely on high precision measurements, including for
example sensing, metrology, and free-space communications,
to name a few. The establishment of a MIR frequency
reference based on alkali vapors and the mature technology
gravitating around them could enable applications that require
the use of a portable, relatively compact, and highly accurate
measuring tools.

■

CONCLUSION
In this paper we experimentally demonstrate a method
enabling development of frequency standards in the MIR,
based on high excited stats of alkali vapors. The technique is
based on the generation of a Doppler-free gain spectrum in the
MIR, by copropagating two stabilized pump near-infrared
(NIR) lasers. Using this technique, we have stabilized the
frequency of a distributed feedback (DFB) QCL at 5.23 μm to
the corresponding 62P3/2−52D5/2 transition of Rubidium (Rb)
vapors, showing a substantial stability improvement compared
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(27) Amy-Klein, A.; Vigué, H.; Chardonnet, C. Absolute Frequency
Measurement of 12C16O2 Laser Lines with a Femtosecond Laser
Comb and New Determination of the 12C16O2Molecular Constants
and Frequency Grid. J. Mol. Spectrosc. 2004, 228 (1), 206−212.
(28) Bartalini, S.; Cancio, P.; Giusfredi, G.; Mazzotti, D.; De Natale,
P.; Borri, S.; Galli, I.; Leveque, T.; Gianfrani, L. Frequency-CombReferenced Quantum-Cascade Laser at 4.4 Mm. Opt. Lett. 2007, 32
(8), 988.
(29) Gatti, D.; Gambetta, A.; Castrillo, A.; Galzerano, G.; Laporta,
P.; Gianfrani, L.; Marangoni, M. High-Precision Molecular Interrogation by Direct Referencing of a Quantum-Cascade-Laser to a
near-Infrared Frequency Comb. Opt. Express 2011, 19 (18), 17520.
(30) Mills, A. A.; Gatti, D.; Jiang, J.; Mohr, C.; Mefford, W.;
Gianfrani, L.; Fermann, M.; Hartl, I.; Marangoni, M. Coherent Phase
Lock of a 9 Mm Quantum Cascade Laser to a 2 Mm Thulium Optical
Frequency Comb. Opt. Lett. 2012, 37 (19), 4083.
(31) Chanteau, B.; Lopez, O.; Zhang, W.; Nicolodi, D.; Argence, B.;
Auguste, F.; Abgrall, M.; Chardonnet, C.; Santarelli, G.; Darquié, B.;
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