Direct phase-locking of a 8.6-pm quantum cascade laser
to a mid-IR optical frequency comb:
application to precision spectroscopy of N.O
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We developed a high-precision spectroscopic system at 8.6 pm based on direct heterodyne detection and phase-
locking of a room-temperature quantum-cascade-laser against an harmonic, 250-MHz mid-IR frequency comb
obtained by difference-frequency generation. The ~30 dB signal-to-noise ratio of the detected beat-note together
with the achieved closed-loop locking bandwidth of ~500 kHz allows for a residual integrated phase noise of
0.78 rad (1 Hz-5 MHz), for an ultimate resolution of ~21 kHz, limited by the measured linewidth of the mid-IR
comb. The system was used to perform absolute measurement of line-center frequencies for the rotational compo-
nents of the v, vibrational band of N;O, with a relative precision of 3 x 1019,
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Quantum cascade lasers (QCLs) are proving flexible and
robust mid- and far-infrared light sources with CW output
powers up to several watts, narrow emission linewidth,
and wide tuning range [1,2]. These unique characteristics
allow the use of QCLs in a wide variety of applications
such as astrophysics and space-science, high-resolution
spectroscopy, medical diagnostics, environmental scien-
ces, industry, and homeland security. In particular, in
precision spectroscopy a great effort is aimed at further
improving the spectral purity while keeping their wide
tunability. Among the different stabilization techniques
so far demonstrated to control the emission frequency
of QCLs [3-6], coherent phase lock to an optical fre-
quency comb is a very simple and effective solution that
allows for tuning the optical frequency with absolute
precision, as well as narrowing the emission linewidth
[7-13]. In the past decade, the advent of optical frequency
combs [14] has given a tremendous impact on high-
precision spectroscopy due to their capability of down-
linking the domain of optical frequencies to that of
radiofrequency (RF) standards, paving the way for
absolute optical-frequency measurements with unprec-
edented accuracy and reproducibility [15]. In particular,
the synthesis of mid-infrared (mid-IR) optical frequency
combs [16] is of primary importance in molecular spec-
troscopy due to the strong absorption provided by the
fundamental roto-vibrational bands and first overtones
of many molecules. Among the different approaches pur-
sued so far to generate optical frequency combs in the
mid-IR spectral region, the DFG process is very appealing
because it provides intrinsic stabilization of the comb,
due to the passive cancellation of the offset frequency
(fo) as well as the suppression of common mode noises
of pump and signal arms. The result is a narrow-linewidth
harmonic comb, with the pulse repetition frequency
(f rep) as the only free parameter. This removes the need
of further stages in order to detect and lock f.
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In this Letter, we report on metrological-grade mid-IR
spectroscopy based on frequency-comb-assisted distrib-
uted-feedback (DFB) QCL, tunable in the wavelength
range from 8.56 to 8.63 um. The QCL laser is phase-
locked to a tooth of a DFG mid-IR comb using a beat note
generated directly in the mid-IR region without any con-
version scheme: the result is a compact spectroscopy
system combining the broadband parallel-detection
capabilities of a mW-level mid-IR comb to the high-pre-
cision performances of a mid-IR narrow-linewidth
source. To the best of the authors knowledge, this is the
first time that a heterodyne signal between a mid-IR
frequency comb and a QCL is detected directly in
the 8.6-pm spectral region. This achievement was pos-
sible thanks to the hundreds nanowatts comb-mode
power level, in the spectral range from 7.8 to 10 pm, of
our mid-IR comb [17]. By tuning f ,,,, the QCL fre-quency
is scanned across nitrous oxide (N,O) transition lines
with an ultimate accuracy of a GPS-disciplined Rb
frequency standard. Nitrous oxide was selected in this
spectroscopic demonstration because this molecule is an
important greenhouse gas that plays a fundamental role
in the atmospheric radiation balance and to the
ozone layer depletion [18]. In addition, N5O is one of
the burning products of the organic fuels in the air. As
a consequence, high-resolution spectra of this molecule
are of fundamental interest in various applications, like
monitoring its concentration in the atmosphere and in
the combustion exhaust.

The experimental setup for the high-precision spec-
troscopy system is shown in Fig. 1. The mid-IR comb syn-
thesis, spanning the 8-14 pm, is based on DFG in a GaSe
nonlinear crystal pumped by a dual-branch 250-MHz Er:
fiber laser oscillator following the scheme reported in
[17]. The main output of the Er:fiber laser provides
1.55-pm 50-fs-long pulses with an average output power
of 550 mW, which are used as a pump for the DFG
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Fig. 1. Experimental setup for absolute N,O spectroscopy at
8.6 pm. BS, beam splitter; DM, dichroic mirror; ISO, optical iso-
lator; MCT, mercury-cadmium-tellurate detector; OF, optical
filter.

process. The second output, coupled to a nonlinear
Raman fiber, produces 100-fs-long tunable self-frequency
shifted (SFS) solitons in the 1.76-1.93-ym range with an
optical power varying from 100 to 250 mW depending on
the wavelength, which are used as a signal for DFG.
Pump and signal pulses are overlapped in time by means
of a delay-stage, combined on a dichroic beam splitter
and tightly focused onto a 1-mm-thick GaSe crystal. The
mid-IR DFG beam is long-pass filtered and collimated
with a plano-convex CaF, lens. By changing the
Raman soliton wavelength and phase-matching angle, the
mid-IR radiation is tuned to a central wavelength of
8.6 pm, with an average output power of 4 mW in an op-
tical bandwidth of 0.8 pm, corresponding to 0.22 pW per
comb tooth. The DFB-QCL operates at 20°C (few mK
of thermal stability) with a maximum output power of
~10 mW at 8.6 pm and slightly astigmatic beam with
M? ~ 1.1. A low-noise commercial current driver (Wave-
length Electronics QCL1500), with a nominal current
noise spectral-density of 3 nA/ /Hz and a ~2 MHz modu-
lation bandwidth, has been employed. The QCL and the
mid-IR comb beams are superimposed by means of a
50/50 ZnSe beam splitter, filtered by a 0.01-um-resolution
monochromator, and focused onto a 200-MHz bandwidth
mercury-cadium-tellurite (MCT) detector with a respon-
sivity of 5.7 x 10* V/W, 50 nV/+/Hz noise floor at a tem-
perature of 77 K and 60-pW saturation power-level.
Figure 2 shows the heterodyne beat notes recorded by
an electrical spectrum analyzer, for a 60-uW optical
power incident on the detector, which leads to a shot
noise level of 46 nV/+/Hz. When the QCL operates in
free-running, a beat note signal with a SNR ratio as high
as 30 dB and a FWHM linewidth of ~1 MHz is observed in
a resolution bandwidth of 1 kHz [see Fig. 2(a)]. In order
to phase-lock the QCL to the closest mid-IR comb tooth,
the beat signal was up-mixed to 336 MHz, frequency
divided by a 32 prescaler, and finally compared with a
low-noise synthesizer in a fast digital phase-detector.
By means of a 1-MHz-bandwidth analog proportional-
derivative-integrative (PID) servo, the correction signal
is fed back to the QCL driver. In closed-loop operation,
a significant narrowing of the beat note linewidth is ob-
served, with a corresponding increase of the SNR larger
than 25 dB (1-kHz resolution bandwidth). A maximum
SNR of about 60 dB at 1-Hz resolution-bandwidth was
obtained, as shown in Fig. 2(b). A ~500 kHz phase-lock
control-bandwidth can be inferred from the spectral-
shape of the closed-loop beat note signal [Fig. 2(a)].
The phase-lock performance was characterized, in terms
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Fig. 2. (a) Beat note signal between the mid-IR comb and the
free-running (green curve) and the phase-locked (blue curve)
QCL. (b) Phase-locked beat note with higher resolution.
(c) Phase noise PSD and integrated phase noise versus integra-
tion bandwidth.

of residual phase noise, by measuring the power spectral
density (PSD) of the error signal at the output of the
phase detector. Figure 2(c) shows the measured phase-
noise PSD (right axis) together with the integrated
residual phase noise (left axis). A 0.78-rad rms residual
phase noise is obtained in the integration bandwidth
from 1 Hz to 5 MHz, indicating that more than 54% of
the RF power is concentrated in the coherence peak
of the beat note [19].

We characterized the frequency-noise properties of the
QCL by using the side of a Doppler broadened N5O line as
an optical frequency discriminator and by measuring the
frequency-to-intensity converted noise-PSD. The mea-
surement was performed both in slow- and in tight-lock
conditions. In order to keep the QCL optical frequency
centered on the line-shoulder, the comb f,., was locked
to an RF synthesizer referenced to a GPS-disciplined Rb
frequency standard. The measured PSDs are shown in
Fig. 3 (right axis) together with the RIN contribution
and the detector noise floor. In slow-lock conditions
the QCL frequency noise is characterized by a flicker,
1/f, contribution for Fourier frequencies between 2
and 100 kHz, whereas for larger frequencies, it decreases
with a 1/f? trend, a result in good agreement with those
previously published [6,7,11,20]. Frequencies lower than
2 kHz are within the slow-loop bandwidth, and the noise
PSD is suppressed accordingly. In tight-locking condition
the frequency noise PSD is efficiently reduced up to a
Fourier frequency of ~500 kHz corresponding to the
servo-loop control bandwidth. For frequencies lower
than 100 kHz, due to the mild slope of the gas discrimi-
nator, the frequency-noise PSD is buried beneath the RIN
level. Figure 3 (left axis) also reports the linewidth cal-
culated from the measured PSD by means of the f-line
method [21], for different values of the integration band-
width (different observation times). At 1-ms observation
time, the slow-lock calculated linewidth is ~1 MHz (gray
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Fig. 3. Right axis: frequency noise PSD of the QCL laser in
slow-lock (dark-gray line) and in phase-locked (red line) con-
ditions together with the RIN contribution (blue), the noise
floor (gray), and the g-line, 8 In2/7%f (black). Left axis: calcu-
lated emission linewidth versus integration bandwidth. Inset:
beat signal (green line) between the DFG-comb and a nar-
row-linewidth laser at 8.6 pm, together with its Gaussian fit
(black line).

dashed line of Fig. 3), in good agreement with the mea-
sured width of the QCL-comb beating signal at 1 kHz
RBW. In tight-locking conditions, the integrated value
of ~130 kHz (red dashed line of Fig. 3), entirely due to
the RIN contribution, fixes an upper limit for the QCL
linewidth. The ultimate value for the tight-locked QCL
linewidth is set by the comb jitter. Exploiting the same
QCL, narrowed to a 4-kHz linewidth by optical feed-
back-locking to an high-finesse V-shaped cavity [20],
we measured for the RF-locked DFG-comb tooth a line-
width of ~21 kHz (inset of Fig. 3). Relying on the good
phase-noise performances of the system, a final value
very close to this limit can be foreseen for the QCL in
tight-locking conditions [11].

In order to test the system in terms of resolution and
sensitivity, we performed Doppler broadened spectros-
copy of N,O at 8.6 pm in a 10-cm-long gas cell (see Fig. 1).
Figure 4 shows the transmission spectrum of the N,O at a
pressure of 8 mbar (800 Pa), resulting from a 180-kHz-
wide Rb-referenced scan of f.,, corresponding to an
optical frequency tuning of 0.9 cm™! (0.05 cm™!/min
frequency scan speed), sufficiently wide to precisely
identify different rovibrational lines. HITRAN-based pre-
diction of the transmission peaks for the observed lines
are also shown in Fig. 4 (red dots) together with their
rotational assignment. The correct integer value linking
Jrep and the optical frequency was unambiguously
assessed by taking advantage of the zero value of f,
the considerable spectral coverage of the scan and the
30-MHz accuracy given by HITRAN for most of the inves-
tigated absorption lines [22]. Without any control of the
QCL power, an absorption sensitivity of the order of
104 em™!, mainly limited by unwanted etalon effects,
is achieved, as demonstrated by the inset of Fig. 4 show-
ing a well resolved doublet with a fractional absorption
of 2%.

Figure 5(a) shows the transmission profile, averaged
over five consecutive scans, of the N;O P(8)-e rovibra-
tional line at a pressure of 1000 Pa resulting from a
1.38-GHz laser scan, together with its least squares fitting
to a Voigt (b) and Galatry (c) profiles. As evidenced by
the clear “w” structure in the residuals of Fig. 5(b), the
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Fig. 4. N,O transmission spectrum at 8 mbar (800 Pa) pres-
sure, resulting from a wide scan of the comb rep-rate (bottom
scale) and corresponding QCL absolute frequency (top scale).
Red dots: HITRAN calculated absorption-peaks fin correspon-
dence of our experimental conditions. Inset: detail of the
R(1)-e-R(1)-f doublet with a 2% peak fractional absorption.

Voigt profile fails to reproduce the measured spectrum,
owing to the occurrence of line-narrowing mechanisms.
Indeed, taking into account the Dicke-narrowing effect,
namely by using the Galatry profile, better results are ob-
tained. In this case, the analysis of residuals, see Fig. 5(c),
shows the absence of any systematic error apart from the
unwanted etalon effects. The small absorption signature
of the N,O R(19)-¢ line is also revealed thanks to a signal-
to-noise ratio (SNR) as high as 1400. We also performed
several acquisitions of the same transition at different
N,O pressure. Figure 5(d) shows an example of the
transmission profiles varying the pressure in the range
from 55 to 1000 Pa (at a temperature of 296 K). A linear
fit of the retrieved line-center frequencies as a function of
the gas pressure allowed us to determine a pressure shift-
ing parameter of —99(14)Hz/Pa(-3.3(5)x 104 cm™! /atm,
as well as to extrapolate the zero-pressure value
of the center frequency, which resulted to be
1161.4792366(3) cm™! (corresponding to a relative preci-
sion of 3 x 1071). This value deviates from the one of the
HITRAN database by 2.6 x 10 cm™!, well within the
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Fig. 5. (a) Averaged transmission profile (five scans) of the
P(8)-e rotovibrational line of N;O. Residuals of the (b) Voigt
and (c) Galatry fits. (d) Transmission profile at different N,O
pressures.



HITRAN accuracy, and results to be 2 orders of magni-
tude more precise. The statistical uncertainty on the
extrapolated zero-pressure value of the line-center fre-
quency is mostly limited by the SNR of the recorded spec-
tra and by the pressure-dependent repeatability of the
line-center frequency retrievals. On the other hand, the
main source of systematical deviation is the pressure
reading (whose contribute amounts to 6 x 1071%); other
sources, including the electronic detection chain band-
width [23] and the RF-standard accuracy are negligible,
being at the 2 x 10712 level.

In conclusion, we demonstrated effective phase-
locking of a 8.6-pym QCL to a mid-IR optical frequency
comb. Frequency- and phase-noise measurements attest
a shrinking of the QCL emission linewidth from ~1 MHz
to the measured ~21 kHz DFG-comb line width. High-
resolution spectroscopy of NoO molecule have also been
performed demonstrating a very wide tunability
(~1.4 GHz), a SNR of 1400 and a relative frequency pre-
cision of 3 x 10719,
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