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We report on the linewidth narrowing of a room-temperature mid-infrared quantum cascade laser
by phase-locking to a difference-frequency-generated radiation referenced to an optical frequency
comb synthesizer. A locking bandwidth of 250 kHz, with a residual rms phase-noise of 0.56 rad, has
been achieved. The laser linewidth is narrowed by more than 2 orders of magnitude below 1kHz,
and its frequency is stabilized with an absolute traceability of 2 x 10~'2. This source has allowed
the measurement of the absolute frequency of a CO, molecular transition with an uncertainty
of about 1 kHz. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4799284]

For longer than a decade, spectroscopy and frequency
metrology have been taking advantage of optical frequency
comb synthesizers (OFCSs). These devices are able to pro-
vide a single-step link between optical and radiofrequency
spectral regions.' Their extension to the mid-infrared (IR)
range” has been based on down-conversion of near-IR
OFCSs, achieved either by difference-frequency generation
(DFG)*™® or by synchronously pumped optical parametric
oscillators (OPOs).”® When highly stable continuous-wave
(CW) mid-IR radiation is required, DFG has proven to be a
suitable scheme, obtained by locking visible/near-IR pump
and signal lasers to an OFCS and mixing them in a non-
linear crystal.” By using more sophisticated schemes, such as
intracavity DFG'® or OPOs,"" it is possible to generate mid-
IR radiation with outstanding spectral properties like abso-
lute frequency traceability, becoming suitable for high-sensi-
tivity'? and high-precision'>'* spectroscopy. However, even
intracavity DFG-based sources provide, in the best case, few
tens of mW power and, as well as OPOs, are based on com-
plex, delicate, and expensive setups. A convenient and robust
alternative for power scaling is represented by CW, room-
temperature (RT) mid-IR quantum cascade lasers (QCLS),15
which nowadays provide large tuning capabilities'® and
watt-level powers.'” While these features make them the
ideal sources for a wide range of applications, a crucial step
towards their extensive use also for demanding spectroscopic
and metrological experiments is the development of techni-
ques for narrowing their emission and for referencing them
to a stable frequency standard. Significant advances in the
knowledge of the quantum-limited frequency fluctuations of
QCLs have been recently made.'®! In particular, the high
spectral purity of QCLs has been pointed out, with intrinsic
linewidths as low as hundreds of hertz.*° It can be practically
accessed only by stabilization techniques, since, in free-
running conditions, QCLs show linewidths of the order of
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few MHz. Frequency locking of the QCL radiation to a mo-
lecular transition® and optical injection locking using an
OFCS-referenced DFG source as master radiation® are two
possible solutions for linewidth narrowing and absolute fre-
quency referencing of QCLs.

Direct phase-locking of the QCL to an OFCS is a valid
alternative, allowing to enhance frequency stability while
preserving the full tunability of the laser source.”* Recently,
a mid-IR QCL was phase-locked to a 2 um OFCS by using
an up-conversion non-linear process.” In this case, the final
QCL linewidth is limited by the excess phase-noise of the
OFCS tooth transferred to it by its reference oscillator.
Alternatively, direct phase-locking a QCL to an OFCS-
referenced non-linear CW source provides, simultaneously,
an absolute frequency reference and a residual phase-noise
independent of the OFCS noise. In this paper, we present
such scheme with a final QCL narrowing below the OFCS
tooth linewidth: indeed, a linewidth below 1 kHz in 1 ms was
measured from the analysis of the frequency noise power
spectral density (FNPSD). The QCL frequency stability and
the absolute traceability have been characterized, resulting
both limited by the Rb-GPS (Global Positioning System) dis-
ciplined 10-MHz quartz oscillator reference of the OFCS.
Precision and high resolution spectroscopy performances of
this QCL source are tested by measuring the frequency of
the saturation Lamb dip of a CO, transition with an uncer-
tainty of 2 x 1071,

We used a distributed-feedback QCL emitting at 4.3 um,
provided by Hamamatsu Photonics, from the same process-
ing of the QCL characterized in Ref. 20. It is operated at a
temperature of 283 K and a current of 710 mA, delivering an
output power of about 5 mW. The radiation in which the
QCL has been locked to is produced by non-linear DFG pro-
cess in a periodically-poled LiNbO; crystal by mixing an
Yb-fiber-amplified Nd:YAG laser at 1064nm and an
external-cavity diode laser (ECDL) emitting at 854 nm. The
peculiar locking scheme, employing a direct-digital-synthesis
(DDS) technique,” makes the ECDL to be effectively phase-
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locked to the Nd:YAG laser, while the OFCS just behaves as
a transfer oscillator adding negligible phase-noise to the
DFG radiation. As a consequence, the mid-IR radiation is
referenced to the Cs frequency standard through the OFCS,
but its linewidth is independent from that of the OFCS.

A schematic of the experimental setup is shown in
Fig. 1. A small portion of the QCL beam, extracted by a
beam-splitter, is used for the phase-lock: It is overlapped to
the DFG source through a second beam splitter and sent to a
200-MHz-bandwidth HgCdTe detector. A 100-MHz beat-
note is detected by using few uW of both QCL and DFG
sources. The beat-note is processed by a home-made phase-
detection electronics, which compares it with a 100-MHz
local oscillator and provides the error signal for closing the
phase-locked loop. A home-made proportional-integral-de-
rivative (PID) electronics process the error signal and send it
to the gate of a field effect transistor (FET) to fast control the
QCL driving current. In Fig. 2, the beat-note acquired by
FFT spectrum analyzer is shown: the width of the carrier fre-
quency is limited by the instrumental resolution bandwidth
(RBW), as expected from a beat-note between two phase-
locked sources. According to what already reported
elsewhere,'®** the locking bandwidth is limited by the de-
pendence of the QCL tuning rate on the modulation fre-
quency. In fact, despite the completely different detector and
electronics used, which are both much faster than those used
in our previous work,”> we got the same 250-kHz locking
bandwidth, as confirmed by the servo bumps in the beat-
note. The phase-lock performance in terms of residual rms
phase error is measured by using the fractional power # con-
tained in the coherent part of the beat-note signal, i.e., in the
carrier. By evaluating the ratio between the area under the
central peak of the beat-note and the area under the whole
beat-note spectrum (1.5 MHz wide), we obtain a phase-lock
efficiency of n = 73%. From n = ¢~ %m 2% we measured a re-
sidual rms phase-noise of 0.56 rad.

The main portion of the QCL radiation is used for
frequency-noise characterization and for spectroscopy. To
the first purpose, the QCL beam is coupled to a high-finesse
cavity, which works as frequency-to-amplitude converter,
when its length is tuned in order to have a transmission cor-
responding to half the peak value. The cavity free spectral
range is 150MHz, and its finesse is about 9000 at
A =4.3 um, as measured with cavity-ring-down technique,
leading to a mode FWHM of 18.8kHz. The cavity output
beam is detected by a second HgCdTe detector, and the
resulting signal is processed by a FFT spectrum analyzer. In
Fig. 3, the FNPSD of the phase-locked QCL, acquired by
using the high-finesse cavity, is shown (trace b). The same
cavity has been also used to measure the DFG FNPSD (trace
¢) and the QCL FNPSD when frequency-locked to a molecu-
lar line as in our previous work*? (trace d). Such an
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FIG. 2. Beat-note signal between the DFG radiation and the phase-locked

QCL. The inset shows the same beat-note with a narrower span and resolu-

tion bandwidth. In both cases, the width of the peak (FWHM) is limited by
the RBW of the spectrum analyzer.
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FIG. 3. QCL FNPSDs in free-running (trace a) and phase-locked (trace b)
conditions, acquired by using a CO, line and the high-finesse cavity as
frequency-to-amplitude converters, respectively. The cavity has been used
also to measure the FNPSD of the DFG radiation (trace c) and that of the
QCL, when it is frequency-locked to a molecular line as in our previous
work?? (trace d).

independent converter allows for a fair comparison between
the two basically different locking techniques. The plotted
FNPSDs are compensated by the high-frequency cavity cut-
off, due to the cavity ring-down rate (f > 9.4 kHz). The free-
running QCL FNPSD (trace a), recorded by using the slope
of the Doppler broadened CO, absorption line as converter,
is shown. The comparison between free-running and phase-
locked conditions confirms a locking bandwidth of 250 kHz,
with a frequency noise reduction of about four orders of
magnitude for frequencies up to 10 kHz. Moreover, the
phase-locked-QCL FNPSD perfectly overlaps the DFG one,
with only an excess noise above 200 kHz. If we compare the
QCL FNPSD when phase/frequency locked to the DFG/mo-
lecular transition—traces b and d, respectively—they are
almost coincident for Fourier frequencies above 1 kHz up to
450kHz where a self-oscillation of both control loops is
observed. This confirms that the locking bandwidth is limited
by the laser modulation bandwidth. Nevertheless, a QCL
linewidth narrower than 1kHz (FWHM) on a time scale of
1 ms is retrieved in both cases by integrating the FNPSDs for
frequencies above 1 kHz. As a consequence, we note that
phase-locking the QCL does not improve laser narrowing
with respect to frequency-locking. On the other hand,
between 30Hz and 1kHz, the two curves show different
trends: in this range, the phase-locked QCL FNPSD lies
below that of the frequency-locked one, except for an evi-
dent noise peak centered at 400 Hz, which is also present in
the DFG source (trace c). Apart from this peak, the compari-
son in this frequency range confirms a better control of the
frequency jitter for the phase-locked QCL, overcoming the
limits of the frequency-locked QCL set by the presence of a
residual amplitude noise.”? For Fourier frequencies below
30 Hz, the high-finesse cavity is no more a good frequency-
to-amplitude converter.

In order to confirm that the long-term frequency stability
of the phase-locked QCL is limited by the OFCS stability
(6 x 1073 in 1 s), we have measured the Allan deviation of
the DFG-QCL beat-note frequency. The result is 2.3 Hz at

Appl. Phys. Lett. 102, 121117 (2013)

1s with a 7 1/2 trend up to 128 s, which is the last point used
to compute the Allan deviation. Considering that the stability
of this system is limited by the OFCS one, we can state that
we have gained a factor of about 70 in terms of stability with
respect to the frequency-locked QCL. Moreover, the accu-
racy of the phase-locked QCL is traceable to the primary fre-
quency standard at the 2 x 107'% level (140 Hz at 4.3 um).
Therefore, we can conclude that the OFCS-DFG phase-
locked QCL is a very suitable laser source for precision spec-
troscopy and metrological applications.

In order to test the spectral performances of the phase-
locked QCL in terms of resolution, we performed saturated-
absorption (SA) sub-Doppler spectroscopy of the CO, mole-
cule around 4.3 um in a single-pass cell. The SA setup,
depicted schematically in Fig. 1, uses about 5 mW of power
of the QCL in a standard pump-probe configuration. Thanks
to the absolute reference, it is possible to measure the abso-
lute center frequency of the P(29) molecular transition of the
(01'1 — 01'0) ro-vibrational band of CO,, the same that was
investigated by polarization-spectroscopy technique in our
previous work.”> In the SA scheme, the Lamb dip at the
center of the Doppler-broadened molecular line is detected
(Fig. 1). An optical chopper on the pump beam, combined
with lock-in detection, allows to automatically cancel out the
Doppler background and to retrieve the Lorentzian Lamb-
dip profile with an increased signal-to-noise ratio. The fre-
quency of the phase-locked QCL is scanned across the Lamb
dip by tuning the frequency of the DFG source. The link to
the OFCS automatically provides each scan with the absolute
frequency scale. A typical acquisition is shown in Fig. 4
(inset), together with the Lorentzian fit and the correspond-
ing residuals.

Thanks to the high precision achieved by our setup, we
can perform a series of acquisitions by varying the pressure
of the CO, gas in a very small range (from 2 to 27 Pa,
Fig. 4). A linear dependence of the line center on pressure

0.83 - :
= Center frequency % 2 :"F?tmbd'p
0.82 Linear fit 3
] % 1
= 0817 g,
< o] ) " S—
S 0s0] & ! £.58
2 1 30-20-10 0 10 20 30
% 0.79 Frequency (MHz)
o ]
g i
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g ]
c 0.77 4
8 ] Value St Err.
0.76 Intercept (MHz) 0.7978 0.0014
1 |Slope (kHz/Pa) -0.96 0.13
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FIG. 4. Dependence of the center of the Lamb dip of the CO, (01'1 — 01'0)
P(29) transition on pressure, with the corresponding linear fit. For clarity,
the constant value of 69 297 478 MHz has been subtracted from the absolute
frequency values. Inset: example of a single Lamb-dip acquisition (black
squares). Experimental conditions: lock-in amplifier time constant 10ms,
chopper frequency 616 Hz, frequency scan with 60-MHz span, and 50 kHz
steps. The fit with a Voigt function (green line) and the residuals are also
plotted.
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(pressure shift) of (—0.96+0.13) kHz/Pa has been meas-
ured from this slope. The extrapolated value at P = 0,y
= (69297478.7978+0.0014) MHz is the absolute frequency
of the CO, transition corrected by systematic pressure shift.
This value is in agreement with that measured for the QCL
frequency-locked to this CO, transition®” with an uncertainty
improved by almost a factor of 20.

In conclusion, we have demonstrated the phase-locking
of a mid-IR QCL to an OFCS-referenced DFG source.
The 250-kHz bandwidth with a residual rms phase-noise of
0.56 rad leads to a subkilohertz-linewidth QCL radiation.
The QCL frequency stability is 6 x 107" in 1 s with an
absolute traceability accurate in 2 x 10~'2, both limited by
the Rb-GPS-disciplined 10-MHz quartz oscillator reference
of the OFCS. Spectroscopic application is demonstrated by
absolute frequency measurements of a CO, transition, with a
2 x 107! precision.
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