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Abstract: Optical frequency combs (OFCs) based on quantum cascade lasers (QCLs) have
transformed mid-infrared spectroscopy. However, QCL-OFCs have not yet been exploited to
provide a broadband absolute frequency reference. We demonstrate this possibility by performing
comb-calibrated spectroscopy at 7.7 um (1305 cm™!) using a QCL-OFC referenced to a molecular
transition. We obtain 1.5-107!0 relative frequency stability (100-s integration time) and 3-10~°
relative frequency accuracy, comparable with state-of-the-art solutions relying on nonlinear
frequency conversion. We show that QCL-OFCs can be locked with sub-Hz-level stability to a
reference for hours, thus promising their use as metrological tools for the mid-infrared.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The enticing prospect of highly sensitive and selective molecular detection has spurred the
development of mid-infrared (MIR) spectrometers [1,2], having strong implications for example
in the fields of security [3], health [4], food production [5], and others [6—8]. While Fourier
transform infrared spectrometers (FTIRs) based on thermal sources have, for several decades,
been the working horse for MIR spectroscopy, optical frequency combs (OFCs) [9] have emerged
in the last two decades as the new tool for spectroscopy [1]. In particular, they have allowed
the measurement of transition frequencies with unprecedented accuracy [10]. Indeed, they can
provide a broadband ruler for measuring optical frequencies through referencing to only two
frequencies. Moreover, they are polyvalent in their application to spectroscopy [11], e.g. in
dual comb arrangements [12—-16], combined with an FTIR [17,18], or in open or closed loop
comb-assisted schemes [19-21].

So far, nonlinear frequency conversion has been the main way to perform MIR spectroscopy
with referenced OFCs generated in the near-infrared (NIR), at the cost of added complexity,
reduced optical output power, and the necessity of sufficient seed power. Integrated photonics
based on lithium niobate or silicon nitride promise small-footprint conversion with low pulse
energy, but only to wavelengths up to 4.5 um [8,14,22-24]. In the long-wave infrared (8 um
to 12 um) and beyond, several experiments successfully determined the absolute frequency of
molecular transitions by performing nonlinear frequency conversion [25-35]. The obtained
accuracies were typically in the 100-kHz range in the Doppler-limited regime and down to 22 Hz
in the Doppler-free regime [10].
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In 2012, quantum cascade lasers (QCL) demonstrated a breakthrough by allowing the direct
generation of OFCs in the MIR [36,37]. Since then, the development of a commercial dual
comb spectrometer based on QCLs has had a disruptive impact in the fields of chemistry and
biology [38,39]. The success of QCLs can be attributed to their small footprint and simple
operation. Furthermore, they can be conveniently controlled with their temperature [40], driving
current [41-43], and through radio-frequency (RF) injection locking, which locks their GHz-level
repetition rate [44—46]. The mode locking of their optical mode is based on four-wave mixing,
and while not leading to pulse formation, results in equidistant teeth which were tested to the
7.5-1071 level [40]. Their phase coherence [42,47], sub-kHz linewidth [41], and sub-Hz locking
stabilities [43] promise that QCL-OFCs can be used for metrological purposes. As a matter
of fact, QCL-OFCs emitting in the THz range have already been fully referenced and used for
spectroscopy [48,49].

However, a fully referenced MIR QCL-OFC has not yet been demonstrated. As has been
done for THz QCLs [48], the repetition rate can be locked by RF injection locking and the offset
frequency can be controlled via the driving current of the QCL [41,43,50]. Self-referencing via
f-to-2f interferometry [51] is not currently achievable for QCLs, although progress in generating
picosecond and femtosecond pulses has recently been demonstrated [52,53]. Instead, the QCL-
OFC can be locked to a high accuracy MIR frequency reference [54]. These can be obtained by
locking MIR lasers to sub-Doppler molecular transitions [55-59] with frequency stabilities and
accuracies as good as 0.1 Hz [56] and 90 Hz [58], respectively. Through this approach, we can
conceive a QCL-OFC with Hz-level stability and accuracy in a fully MIR implementation.

In this work, we demonstrate for the first time to the best of our knowledge a fully referenced
MIR QCL-OFC. We characterize its frequency stability and accuracy and use the broadband
reference to perform comb-calibrated Doppler-limited spectroscopy with accuracies on par with
state-of-the-art solutions relying on nonlinear frequency conversion [29,35].

2. QCL-OFC referenced to a molecular transition

We have implemented the frequency-referenced QCL-OFC according to the setup detailed in
Fig. 1(a). We have locked a distributed-feedback (DFB) QCL (Alpes Lasers) labelled DFB-QCL1
to the R(8) molecular transition in the v; fundamental band of N,O at about 1292.3 cm™!
using wavelength modulation spectroscopy (WMS). A laser driver and temperature controller
developed at the University of Neuchéatel was used to drive the QCL at an average current of
436 mA and to stabilize it at a temperature of 23°C. A fast modulation at a frequency fwms of
about 50 MHz was applied to the laser current via a dedicated bias-tee, which was custom made
as most commercially-available bias-tees have a low-frequency cut-off of around 100 kHz that
slightly limits the actuation bandwidth of the QCL. The RF power at the bias-tee input was
around —10 dBm. The modulation index is roughly estimated to be between 0.25 and 0.5 from
Fig. 1(e). After passing through a gas cell (Wavelength Reference, as all gas cells mentioned in
this paper) with a length of 1 cm filled with 10% N,O at 5 mbar pressure, the beam was detected
using a photodetector (PVMI-4TE-8/MIPDCv2-F-250, Vigo System). The low concentration of
N,O was due to contamination by water vapor (see Section 4). The DC and AC components
of the detector output signal were split using another bias-tee. All RF components used in this
work, unless specified, are off-the-shelf commercial devices from Mini-Circuits. All electronic
oscillators used were referenced to a GPS-disciplined hydrogen maser to ensure their long-term
stability and accuracy.

The detector DC signal provided the optical transmission through the gas cell [see Fig. 1(b)].
The AC signal was filtered, amplified, and demodulated using an analog mixer at the modulation
frequency fwms, providing a WMS derivative signal featuring a slope of about 25 mV/MHz
and a zero-crossing point near the center of the transition [see Fig. 1(c)]. The linear range is
about 16 MHz. We note that residual amplitude modulation generated a voltage offset, breaking
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Fig. 1. QCL-OFC stabilization to a molecular reference. (a) Schematized experimental
setup. One comb line of the QCL comb is locked to a molecular transition using a DFB-QCL.
The intermode beat frequency is locked by RF injection locking. DPD: digital phase detector,
PD: photodetector, BS: beam splitter, DBM: double balanced mixer, BT: bias-tee. (b) DC
transmission of PD2 when the frequency of DFB-QCLI1 is scanned across the N,O R(8)
molecular transition (~38.742 THz) and fit with a Voigt profile. The residuals are shown
in the lower panel. (c) Error signal obtained by demodulating the high-pass filtered signal
of PD2, giving a zero-crossing point with a slope of 25 mV/MHz near the center of the
transition. (d) Schematized equidistant spectrum of the QCL comb (blue) and DFB-QCL1
(brown), illustrating the transfer of the frequency reference given by the latter. (e) Spectrum
of the signal from PD1 (20 kHz resolution bandwidth), showing fwms, the beat between
DFB-QCL1 and the QCL comb, and its sidebands. (f) Hz-level frequency fluctuations of
flock during a measurement of 6 hours. (g) Corresponding Allan deviation (ADEV) of fiock
showing sub-Hz stability beyond integration times (t) of a few seconds.

the symmetry of the error signal. The error signal was fed to a proportional-integrator (PI)
servo-controller (model LB1005-S, New Focus) to generate a feedback signal, which acted on the
QCL driving current via the laser driver to stabilize the emission frequency to the zero-crossing
point of the error signal. We recorded the error signal from the error monitor channel of the
servo controller, which induced saturation to the signal at £330 mV [see Fig. 1(c)]. This did not
affect the locking-point around zero voltage.

The QCL-comb chip was designed and fabricated at ETH Zurich. A wire bond connects the
laser active area to a dedicated (RF) port on a printed-circuit board (PCB) designed by IRsweep
AG, which allows for efficient RF injection and extraction of the intermode beat signal. The
comb was operated at an average current of 1150 mA and a temperature of 16°C using a current
and temperature controller developed and fabricated at University of Neuchatel. The intermode
beat frequency at 9.75 GHz was stabilized by RF injection-locking [46] using 20 dBm of RF
power injected in the laser chip. A circulator (SFC0712, Fairview Microwave) was used to
simultaneously inject the master signal and extract the second harmonic of the intermode beat,
which allows monitoring the successful injection locking (monitoring at the intermode beat
frequency was not possible due to the weakness of the extracted signal with respect to the strong
injected RF signal and the limited isolation of the circulator).

Part of the DFB-QCL1 beam was split by a beam-splitter (BSW510, Thorlabs) before the
gas cell to be heterodyned with the QCL-OFC on a fast photodetector (UHSM-10.6 PV-4TE-
10.6-0.05-butt, Vigo System). The beams were focused on the photodetector with a lens (2-inch
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focal length). The heterodyne beat between the comb and DFB-QCL1 was detected beyond
the 1.2-GHz bandwidth (specified by the manufacturer) of the photodetector. The heterodyne
beat [see Fig. 1(e)] was amplified and compared in phase with a reference signal in a 200-MHz
bandwidth digital phase detector (DXD200, MenloSystems) to generate a phase error signal.
After amplification in a P-I2-D servo-controller (D2-125, Vescent Photonics), the resulting
correction signal was applied to a modulation port of the laser driver to correct the QCL-OFC
current. When necessary, the heterodyne beat was frequency-down-mixed with an RF signal
fdown to fit the 200-MHz bandwidth of the phase detector. The signal-to-noise ratio (SNR) of the
frequency-shifted signal was sufficient to obtain phase locks with beat notes of up to 1.5-GHz
offset frequency.

Closing the loop, the heterodyne beat is locked at frequency fiock and features Hz-level
fluctuations [Fig. 1(f)], with a stability of 2 Hz and ~10 mHz at 1-s and 10*-s integration times,
respectively [Fig. 1(g)]. We note moreover that both the phase lock and the RF injection locking
can be maintained during more than 6 hours. Minimization of back-reflections to the QCL-OFC
was key to achieve a stable phase-lock. This was realized by attenuating the beam by 95% right
after its collimation [60].

In this way, one comb line of the QCL-OFC is referenced to a molecular transition while
the lock of the mode spacing allows determining the optical frequency of each comb line with
the accuracy of the molecular reference. Thus, the comb acts as an optical frequency reference
over its entire emission bandwidth [15-dB bandwidth of 40 cm™!, see Fig. 2(e)] with comb lines
spaced by frep =9.75 GHz as schematized in Fig. 1(d). The center frequency of the NoO R(8)
transition is known within 72 kHz [29], however, the offset Ay between the locking point of
DFB-QCLI and the transition center (including the pressure shift) needs to be determined. To
this end, DFB-QCL1 was scanned across the transition while recording the error signal and the
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Fig. 2. Assessment of the frequency stability of the stabilized QCL-OFC. (a) Setup
comprising the stabilized comb that is controlled by the two frequencies fiock and frep. flock
determines the offset between the stabilized DFB-QCL1 and one comb line. DFB-QCL2
is locked to a molecular transition in the same way as DFB-QCLI1. (b) Schematized
spectrum representing the QCL-OFC, DFB-QCL1, and DFB-QCL2 in blue, brown, and
green, respectively. The beat note between the comb and DFB-QCL?2 is denoted fpey. ()
Frequency fluctuations of fyear When fock and frep are stabilized according to section 2.
The inset shows a measurement in the absence of fiy stabilization. (d) Corresponding
Allan deviation (ADEV) of fpear With open and closed loop of fock. (€) QCL comb power
spectral density (PSD) measured with an FTIR. The emission frequencies of the DFB-QCLs
are indicated with vertical lines according to colors from (b).
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DC transmission with an oscilloscope (PicoScope 5444D, Pico Technology) prior to locking. A
relative frequency scale was obtained from the beat note with one comb line in an open loop
[19]. We retrieved 4; from the offset between the zero-crossing point of the error signal and the
line center, obtained through fitting of the DC transmission with a Voigt profile [see Fig. 1(b,c)].
The absolute frequency of the locking point was then computed from the center frequency of the
transition [29], the offset 4y, and the pressure shift. The frequency stability and accuracy of the
referenced QCL-OFC are assessed in sections 3 and 4, respectively.

3. Frequency stability of the stabilized QCL-OFC

We assessed the frequency stability of the stabilized QCL-OFC by locking a second DFB-QCL,
named DFB-QCL2, in the same manner as DFB-QCLI, using WMS [see Fig. 2(a)]. DFB-QCL2
was operated at a current of 199 mA and at a temperature of 7°C, so as to probe the R(30)
transition of the v; fundamental band of N,O in a second gas cell of 1-cm length filled with
50% N,O at a pressure of 1.5 mbar. The beam transmitted through the cell was detected on
a photodetector (LabM-I-10.6, Vigo System), labeled PD3. Part of the beam was combined
with the comb and focused on a fast photodiode (UHSM-10.6 PV-4TE-10.6-0.05-butt, Vigo
System), labeled PD4, using a lens (1-inch focal length). This beat signal provides an out-of-loop
measurement to assess an upper bound of the comb frequency stability.

Indeed, while similar components were used, both DFB-QCLs were locked to different gas cells
and at different wavelengths [Fig. 2(b)], such that their frequency fluctuations can be considered
as fully uncorrelated. Hence, an upper limit to the frequency instability of the QCL-OFC can
be assessed from the beat signal fpe, between DFB-QCL2 and one of the comb lines. This
measurement is shown in Fig. 2(c,d), where the frequency fluctuations and the Allan deviation of
the beat frequency fpear are shown.

The peak-to-peak frequency fluctuations are on the order of 300 kHz over a period of 6 hours.
A 3-kHz frequency instability is obtained at 1-s integration time while it increases to 6 kHz at
100 s and 57 kHz at an hour. As expected, fluctuations of fy., increased significantly when fiocx
was open. The frequency instability at 1-s integration time for the comb with only RF injection
locking is 74 kHz and it increases to 570 kHz at 100-s integration time [Fig. 2(c,d)].

Back-reflections to the DFB-QCLs were found to distort the error signal (etalon fringes).
Therefore, these were minimized, e.g., the active regions of the fast photodiodes were moved
outside of the focal points of the beams. Nevertheless, these are still believed to be the main
source of drift of the laser frequencies.

4. Absolute frequency accuracy and spectroscopic measurement

In section 3, we assessed the frequency stability of the stabilized comb. In this section, we
assess the absolute frequency accuracy by referencing DFB-QCL2 to the comb, scanning it over
different molecular transitions, and comparing the obtained frequencies with experimental values
reported in literature with 100 kHz-level accuracies. Then, we also used our setup to measure a
less accurately-known transition.

The setup is shown in Fig. 3(a). The frequency comb was stabilized as in Fig. 1(a). DFB-QCL2
(in this section, fyms 2 Was turned off) was heterodyned with the stabilized comb on PD4. Their
beat signal at frequency fpeo Was mixed with a frequency fweep, and the mixing product was
compared in phase with a reference frequency fiock 2 in a digital phase detector (DXD200, Menlo
Systems). The resulting phase error signal was used to phase-lock the DFB to the comb, with a
tunable frequency offset by sweeping fsweep, Which is generated by a digital lock-in amplifier
(UHFLI, Zurich Instruments), between 50 MHz and 600 MHz. The error signal was fed to a
PI servo controller (LB1005-S, New Focus) which acts on the driving current of DFB-QCL2.
Optionally, fpear Wwas down-mixed with a frequency fgown prior to being mixed with fweep.
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Synchronously with the sweep, the beam of the DFB is detected using PD3 after passing through
a gas cell and the DC transmission is recorded.
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Fig. 3. Assessment of the absolute frequency accuracy and comb-calibrated spectroscopy.
(a) Setup. DAQ: data acquisition unit. (b) Comparison of 10 measurements of the frequency
of transition R(30) against literature references with 1 ¢ error bars. The uncertainty of
the literature data is represented with the background color. (c-e) Transmittance, fit and
residuals of 3 selected transitions. (f) Comparison of the obtained transition frequencies
with literature values. The color code follows from (b).

This setup allowed us to perform frequency-calibrated spectroscopic measurements of molecular
transitions by sweeping the offset between the stabilized QCL-OFC and DFB-QCL2 in any 550
MHz range between 100 MHz and 1.5 GHz while maintaining their phase lock. The 1.5-GHz
bandwidth for the offsets between the DFBs and the comb gives, assuming a fixed transition
frequency for DFB-QCL1, a 6-GHz coverage for DFB-QCL2, which represents two thirds of
the free spectral range of the comb used in this experiment. Full access could be obtained by
changing the locking transition of DFB-QCLI.

Assessment of the frequency accuracy

As a first step, we measured the transition R(30) of N,O at 1.5 mbar through a 1-cm length gas
cell [Fig. 3(c)]. The referencing of the comb to a known transition and the knowledge of all the
RF frequencies determines the absolute frequency of DFB-QCL?2 within the ambiguity given
by the repetition rate of the comb. This ambiguity is lifted by the approximate knowledge of
the transition of interest. The sweep over 550 MHz takes 20 s. We fit the frequency-calibrated
transmission using a Voigt profile which gives us the center frequency of the transition.

To assess the accuracy of our setup, we performed 10 sets of measurement of the transition
R(30). Each set of measurement involved the following steps: (i) scanning DFB-QCL1 10 times
over transition R(8) in an open loop to determine 4y, as described in section 2, (ii) locking of
DFB-QCLI1 to transition R(8), (iii) locking of the comb to DFB-QCLI, (iv) sweeping DFB-QCL2
over the resonance 10 times in each direction (20 sweeps in total). Each set of measurement took
about 12 minutes (6.6 minutes of actual measurement), and resulted in an absolute frequency
value for the transition R(30), which is shown and compared with the measurements of AlSaif et
al. [29] and Hjélten ef al. [35] in Fig. 3(b). The 10 sets were performed in the span of a week.
Most data points agree with the references and to each other within 1 o uncertainty, showing that
the estimated uncertainties are coherent and unaccounted-for biases are within the uncertainties.



Research Article Vol. 30, No. 8/11 Apr 2022/ Optics Express 12897 |

Optics EXPRESS i NS

The uncertainty budget for one measurement set is given in Table 1. Through the 10 scans
over transition R(8), we obtain 10 measurements of 4y with a standard deviation ranging between
236 kHz and 392 kHz, such that the type A uncertainty of the mean is between 78 kHz and 131
kHz (average 103 kHz). We considered a systematic bias of 4y of (—83 +22) kHz due to the
finite scanning speed, measured by scanning in the opposite direction.

Table 1. Uncertainty Budget For 1 Measurement Set

Type A Uncertainty (kHz) | Type B Uncertainty (kHz)
Offset 4y of the locking point from 78-131
the transition center (10 scans)
Ay bias uncertainty 22
Fit uncertainty (20 sweeps) 6-10
Stability of the comb 20
Pressure shift 60
RS transition frequency [29] 72
Total uncertainty (1 o) 128-165

The 20 sweeps of DFB-QCL2 and their fits show a standard deviation of the center frequency
of the R(30) transition between 28 kHz and 44 kHz, such that the standard deviation of the mean
is between 6 kHz and 10 kHz (average 8 kHz). The frequency stability of DFB-QCL1 over the
measurement time of 15 minutes is 20 kHz.

We also estimated a 60-kHz uncertainty due to pressure shift, corresponding to 2 mbar pressure
uncertainty on the gas cells. Indeed, the sealed commercial gas cells contained an undesired
high ratio of water vapor, which complicated the task of determining the exact pressure and
concentrations of the cells. The R(8) transition is known within 72 kHz [29]. We obtain an
uncertainty ranging from 128 kHz to 165 kHz (average 145 kHz) for each set of measurement of
the R(30) transition. The uncertainty is reduced to 102 kHz (fractional accuracy of 3-10~) on the
mean of the 10 measurements (using inverse variance weighting). This cannot be significantly
improved by repeated measurements since the overall uncertainty is rapidly dominated by the
type B uncertainties.

Spectroscopic measurements

As the performance of the frequency-calibrated spectrometer has been assessed, we used it to
determine the absolute frequency of other transitions. We studied the additional transitions R(31)
and R(32) of the v; fundamental band of N,O using the same gas cell. Moreover, we studied
transitions Re(19), Rf(19), Re(22), and Rf(22) of the (11'0)«(01'0) hot band of N,O using a
10-cm gas cell filled with 15% N,O at 9 mbar. Unfortunately, the presence of a strong transition
near Re(22) did not allow us to make a correct fit of the latter. Finally, we also measured transition
P(8) of C,H, through a 8-cm gas cell filled with 12% C,H; at 8 mbar, for which the best available
uncertainty is between 3 MHz and 30 MHz [61]. For each transition, we acquired 3 sets of
measurements [2 for transition Rf(22)]. For each set, between 10 and 32 scans of DFB-QCL1
and between 10 and 20 sweeps of DFB-QCL2 were acquired. The total uncertainty remains in
the same order of magnitude. The final transition frequency and its uncertainty is determined
using inverse variance weighting.

We show typical transmission spectra (acquired in one 20-s sweep) and their fit in Fig. 3(c-e)
for the transitions R(30) and Rf(19) of N,O and P(8) of C,H,. The obtained transition frequencies
are given in Table 2. Moreover, Fig. 3(f) shows the comparison of the obtained N, O transition
frequencies against the available references. All results agree with the literature within the
specified uncertainties.
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Table 2. Spectroscopic Data

Transition Measured Line Center (cm™!) Literature (cm™!)

N,0 R(30) 1309.122743(3) 1309.1227432(27) [29], 1309.122738(5) [35]
N,O R(31) 1309.846770(4) 1309.8467707(29) [29], 1309.846776(6) [35]
N,OR(32) 1310.567203(4) 1310.567207(7) [35]

N,O Re(19) 1307.540325(4) 1307.540328(5) [35]

N,O Rf(19) 1307.621542(4) 1307.621540(5) [35]

N,O Rf(22) 1309.928550(4) 1309.928554(6) [35]

CyH; P(8) 1309.459305(4) 1309.4592(10) [61]

5. Discussion and conclusion

For the first time, to the best of our knowledge, we have fully stabilized a MIR QCL-OFC to a
molecular transition and characterized it. All comb lines are known with 3-10~ relative frequency
accuracy, and their relative stability is 1.5-107!0 at 100-s integration time and 5-10~'% at 1000-s
integration time. Moreover, we performed comb-referenced laser absorption spectroscopy. This
work thus demonstrates the suitability of MIR QCL-OFCs to be used as frequency references.

The limits in frequency stability and accuracy do not originate from the comb itself, but from
the laser locked to the molecular transition and from the pressure shift. The actual limit of the
QCL-OFC remains to be assessed, but stabilities as good as 1 Hz at 1-s integration time can
be expected from the in-loop stability of the locked beat signals. Locking of the QCL-OFC to
state-of-the-art MIR sub-Doppler references [55-59] with stabilities down to the sub-Hz level
could open paths for MIR metrological studies. However, the accuracies demonstrated in this
work are already comparable to other works requiring nonlinear frequency conversion [29,35]
and are largely sufficient for room-temperature Doppler-limited spectroscopy.

The large free spectral range of 10 GHz of the QCL-OFC is practical for closed-loop comb-
assisted spectroscopy over hundreds of MHz, as the problem of the heterodyne beat reaching
near zero frequency and folding is avoided [21,34]. However, the available detectors can provide
sufficient SNR for phase-locking only up to 1.5-GHz offsets, such that accessing the full optical
spectrum requires changing the transition frequency of the locked laser. A smaller free spectral
range on the order of 2-5 GHz is preferred in this regard. This issue also needs to be solved
for referencing a swept dual comb spectrometer [62], where the beat between the comb and the
locked laser will span half of the free spectral range.

Lastly, the bandwidth of the spectroscopy was limited by DFB-QCL2 to a few wavenumbers.
The use of an external cavity QCL and state-of-the-art QCL-OFCs [60] would allow to reach
bandwidths of 70 cm™!, competing with the existing techniques based on nonlinear frequency
conversion [29,35]. In the near-future, broadening of the comb bandwidth, frequency referencing
in a swept dual comb spectrometer, and self-referencing are three advances that will make
QCL-OFCs more performant and attractive for MIR spectroscopy.
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