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Frequency-stabilized mid-infrared lasers are valuable tools
for precision molecular spectroscopy. However, their imple-
mentation remains limited by complicated stabilization
schemes. Here we achieve optical self-locking of a quantum
cascade laser to the resonant leak-out field of a highly mode-
matched two-mirror cavity. The result is a simple approach
to achieving stable frequencies from high-powered mid-
infrared lasers. For short time scales (<0.1 ms), we report
a linewidth reduction factor of 3 × 10−6 to a linewidth of
12 Hz. Furthermore, we demonstrate two-photon cavity-
enhanced absorption spectroscopy of an N2O overtone
transition near a wavelength of 4.53 µm. © 2021 Optical
Society of America

https://doi.org/10.1364/OL.427083

The generation, measurement, and dissemination of pure laser
frequencies are at the forefront of emerging technologies in
atomic, molecular, and optical sciences. While many experi-
ments operate at visible or near-infrared frequencies, emerging
research in areas such as cold chemistry [1] and molecular tests
of the Standard Model [2] have pushed precision spectros-
copy and optical coatings [3] into new frequency regimes. To
probe molecular fingerprints using similarly pure frequencies,
advances in the frequency stabilization of mid-infrared diode
lasers such as the quantum cascade laser (QCL) are required. For
a recent review, see Consolino et al . [4].

Here we demonstrate a simple QCL frequency stabilization
scheme that utilizes weak resonant optical feedback from a
highly mode-matched Fabry–Perot cavity with spherical mir-
rors. In contrast to all-electronic laser-stabilization schemes
such as the Pound–Drever–Hall (PDH) method [5], opti-
cal self-locking to a reference cavity can readily suppress the
high-frequency phase noise common to QCLs. Self-locking by
optical feedback also yields a stronger linewidth reduction factor
and enables cavity-enhanced sensing with high signal-to-noise
ratios by easily locking to successive modes via laser frequency
scanning. For textbook-level details, see Morville et al . [6].

Early demonstrations of diode laser frequency stabilization
by resonant optical feedback used V-shaped or folded resonators
to geometrically eliminate unwanted feedback from the direct
cavity reflection [7–9]. The same general approach was later
applied to the optical self-locking of a distributed feedback
(DFB) single-frequency QCL [10]. Many publications report-
ing QCL locking to V-shaped cavities have followed, including
a report of a QCL operating at a wavelength of 8.6 µm with a
narrow 1 ms linewidth of 4 kHz [11].

Alternatively, two prior works have demonstrated diode laser
self-locking to resonant optical feedback from a birefringent
Fabry–Perot cavity excited on-axis [12,13]. There a quarter-
wave plate and polarizing beam splitter (PBS) were used to
reject the direct cavity reflection, allowing only weak feedback
from the birefringent cavity leak-out field to return to the laser.
Salter et al . used transmission from a Fabry–Perot cavity excited
on-axis to seed diode laser self-locking via injection into the exit
port of a Faraday isolator [14].

Neither birefringent cavities nor transmission feedback
methods have been applied to QCLs. However, two papers
have reported QCL self-locking to the leak-out field of a Fabry–
Perot cavity by mode-mismatching and then spatially filtering
the direct reflection [15–17]. However, intentional mode-
mismatching is wasteful and greatly reduces the achievable
intracavity power available for applications such as optical trap-
ping and nonlinear spectroscopy. Furthermore, when modeling
competition between the spatially overlapped direct reflection
and cavity leak-out fields, the relative phase of the two fields
must be carefully considered. For these reasons, we propose the
optical self-locking of a highly mode-matched DFB QCL.

We begin with a model for laser frequency stabilization by
weak optical feedback from a two-mirror Fabry–Perot cavity
that is excited on-axis by the laser as illustrated in Fig. 1(a). We
follow the general procedure [6,18–20] of replacing the laser exit
facet power reflection coefficient with an effective coefficient
accounting for all optical feedback fields. Then, in the limit of
weak feedback power, we calculate the coupled-laser frequency
and gain at steady-state lasing conditions and compare to those
of the free-running laser.
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Fig. 1. (a) Conceptualization and (b)–(e) models for a QCL
coupled to a Fabry–Perot cavity by weak optical feedback. Coupled-
laser frequency detuning (νL − νres) relative to the reference cavity
linewidth (1νres) is plotted versus (b) the free-running laser frequency
detuning (νfree − νres) relative to the reference cavity free spectral
range (νfsr = τ

−1
rt ) and (d) the normalized change in gain at threshold

[(g L − g free) LLD]. Panels (c) and (e) zoom in near resonance.

The reference cavity reflection function (h̃OF) [6,19] can
be written as the sum of a complex-valued leak-out term and a
real-valued direct reflection component [21]:

h̃OF(ω)=
t2

r
r 2 exp{−iωτrt}

1− r 2 exp{−iωτrt}
− r , (1)

where ω= 2πν is the laser angular frequency, t and r are the
reference cavity mirror electric-field transmission and reflection
coefficients, respectively, τrt = 2L/c is the cavity round trip
time, L is the single-pass cavity length, and c is the speed of light.

Figures 1(b)–1(e) illustrate QCL behavior near resonance
as dictated by the reflection function in Eq. (1). In the weak
feedback limit, the coupled-laser angular frequency (ωL) and
gain at threshold (g L) as derived by Morville et al . [6,19] are

ωfree −ωL =

c
√
β(1+ α2

H)

2nLDLLD

1− r 2
LD

rLD
[Re{h̃OF(ωL)} sin(ωLτa + θ)− Im{h̃OF(ωL)} cos(ωLτa + θ)], (2)

g L − g free =
−
√
β

LLD

1− r 2
LD

rLD
[Re{h̃OF(ωL)} cos(ωLτa)+ Im{h̃OF(ωL)} sin(ωLτa)], (3)

whereωfree and g free are the free-running laser angular frequency
and gain at threshold, respectively. In Fig. 1, we assume the
special case where the power mode-matching factor is ε= 1,
the reference cavity mirrors are lossless (i.e., r 2

+ t2
= 1), and

the QCL-to-reference-cavity length (L a) satisfies the general
coupling condition ωresτa + θ = 2πm, where m is an integer,
τa = 2L a/c , θ = tan−1(αH), and αH is the Henry factor [20].
The remaining model input parameters are reference-cavity
power reflection coefficient R = r 2

= 0.99987, cavity res-
onance wavelength λres = 4.53 µm, QCL exit facet power
reflection coefficient RLD = r 2

LD = 0.3, laser gain–medium

refractive index nLD = 3.3 and length LLD = 3 mm, αH = 0.5,
and feedback power attenuation factorβ = 10−5.

The steady-state model suggests that frequency stabilization
by resonant optical feedback from a Fabry–Perot cavity is pos-
sible for a highly mode-matched QCL. Figure 1 shows that the
coupled-laser frequency is stabilized, and the gain at threshold
is reduced when the QCL is seeded by the leak-out field, even
in the presence of direct reflection. The proper out-of-phase
treatment of the feedback fields in Eq. (1) distinguishes the
present model from that of a prior work in which the two fields
were treated as in-phase [16]. To control the process from that
point of view, Manfred et al . [16] relied upon coefficients to
scale the relative amplitudes of the competing fields which were
experimentally adjusted by mode-mismatching.

A dynamic treatment of the QCL self-locking process using
laser rate equations is beyond the scope of the work in this
Letter. However, we note that the reference cavity leak-out field
will compose both pumping and resonant frequencies during
transient buildup [22]; therefore, the reference cavity dynamics
should also be considered.

We used the experimental apparatus illustrated in Fig. 2
to test our arguments. A commercial current driver operated
the QCL at 294 mA, above the free-running laser threshold
current of 220 mA at a temperature of 25 ◦C. The result was
50 mW of single-frequency QCL output power. The reference
cavity (L = 0.75 m) was formed by two high-reflectivity spheri-
cal mirrors with a radius of curvature of 1 m inside a vacuum
enclosure composing flexure mounts, vacuum viewports, and a
stainless-steel tube. We measured a cavity decay time constant of
τ = 18.9 µs, and therefore report the finesse, free spectral range,
and cavity linewidth to be F = 23700, νFSR = 200 MHz, and
1νres = 8.44 kHz (full-width at half-maximum).

The distance between the QCL exit facet and the refer-
ence cavity was either L a ≈ 2L or L a ≈ L . Active electronic
stabilization of L a was achieved using a piezo-mounted mir-
ror (PZT1). An error signal was generated by modulating
the QCL current driver at a frequency of 1.8 MHz and then
demodulating the reference cavity reflection signal at photo-
detector PD2. The resulting error signal was filtered, amplified,
and sent to a servo controller with a 1 kHz bandwidth.

Our setup, without any tight aperture, allows for continu-
ous tuning of the external optical feedback power attenuation
factor βext without reducing the optical power at the reference
cavity. By adjusting a quarter-wave (λ/4) plate, we controlled
the power returning to the QCL exit facet after passing through
the PBS as depicted in Fig. 2. At its minimum value, from a
combination of the PBS extinction ratio (βPBS < 2× 10−4)
and the power mode-matching factor ε≈ 0.5, we estimate
βext < 1× 10−4.
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Fig. 2. Experimental block diagram for DFB QCL frequency sta-
bilization. The orange dashed outline captures the optical (red arrows)
self-locking system, and the gray dashed outline captures the electronic
(black arrows) pathlength stabilization system. Abbreviations: λ/2,
half-wave plate; PBS, polarizing beam splitter; PZT, piezo-electric
transducer; λ/4, quarter-wave plate; NDF, neutral density filter; PD,
photodetector; BS, beam splitter; DBM, double-balanced mixer; LPF,
loop filter; PID, proportional-integral-derivative servo.

To estimate the free-running QCL linewidth, we used
a single-pass N2O sample cell and a Doppler-broadened
molecular absorption feature with full-width at half-maximum
of 123 MHz as a frequency discriminator. To evaluate the
frequency-stabilized QCL, we used the measurement scheme
shown in Fig. 3. The locked laser linewidth was estimated from
the sum of the electronic error signal and correction signal sent
to an acoustic-optic modulator (AOM) used to close a PDH
locking loop, thus locking the frequency-stabilized QCL to a
second high-finesse cavity of length L2 = 1.5 m.

A frequency noise analysis is plotted in Fig. 4. For the
free-running QCL (black trace), we estimate from the β-
separation line [23] a linewidth of 4 MHz. For the stabilized
QCL (red trace), the flat portion of the power spectral density
of the PDH locking signals yields a fast 0.1 ms linewidth of
π S f (φ)= 12 Hz. At Fourier frequencies less than 10 kHz, the
locked laser linewidth is briefly subjected to 1/ f 2 noise and
then presumably dominated by acoustic noises and vibrations of
both external cavities as evidenced by the random walk behavior
(1/ f 4) [24]. For comparison, the in-loop noise from the optical
feedback pathlength error signal (gray trace) yields a very low
and flat S f (φ)≈ 10−4 Hz2/Hz.

Theoretically, the coupled-laser linewidth is equal to the
free-running linewidth scaled by the square of the reduced
slope factor p = dωL/dωfree, i.e.,1νlocked = p21νfree [6,8,20].
We evaluated p2 using Eqs. (1)–(3) and a refined value for
the optical feedback power attenuation factor, including
the optical power overlap with the QCL facet, ηLD. Here
β = ηLDβext, where prior ray-tracing models suggest that
ηLD� 1 for QCLs [16,25]. We also introduce mirror power
losses, L= `2, which naturally adjusts the relative amplitudes
of the two feedback fields in Eq. (1): r 2

+ t2
+ `2
= 1. At

Fig. 3. Scheme for estimating the frequency-stabilized QCL
linewidth. Error and correction signals used to PDH lock the fre-
quency stabilized QCL to a second high-finesse cavity are identified by
bold text and thick black arrows. Their sum provides a measure of the
noise in the frequency-stabilized QCL and second cavity system. New
abbreviations: ISO, optical isolator; AOM, acousto-optic modulator;
VCO, voltage-controlled oscillator.
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Fig. 4. Frequency noise analyses of the free-running and frequency-
stabilized QCL. The power noise spectral density for the free-running
QCL (black), frequency-stabilized QCL (red), and in-loop signal rel-
ative to the reference cavity (dark gray) are plotted. Also shown are the
β-separation line to estimate the free-running QCL linewidth (blue
dashed-dotted line) and frequency noise models for the free-running
QCL (light gray dashed line) and the frequency-stabilized QCL (black
dashed line).

ηLD = 0.03 (β ≈ 3× 10−6) and t2
= `2, the reduced slope

factor is p2
= 2.1× 10−6. This estimate is in good agreement

with our experimental result of p2
exp = 3× 10−6 at short time

scales.
Accessing the purity of the polarization state of the QCL

and leak-out fields with high precision is a non-trivial task in
the mid-infrared—and we acknowledge that we have not char-
acterized the birefringence properties of our reference cavity
(although it is likely similar to the birefringence measured by
Fleisher et al . [26]). Regardless, we believe that the basic model
(and experimental results) introduced here suggest that optical
self-locking to the leak-out field of a linear two-mirror cavity
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Fig. 5. TP-CEAS of 20.4 µmol/mol N2O in air [27] recorded
at pressures (P ): 0.133 kPa (blue), 0.667 kPa (red), and 1.213 kPa
(orange). The resonant frequency of the N2O Q(18) ν3 overtone
transition is ν0 = 66179400.8 MHz [29].

is possible without needing to invoke mode-mismatching or
birefringence.

Finally, we performed nonlinear molecular spectroscopy
with the frequency-stabilized QCL. As noted earlier, our
scheme enables high intracavity powers (≥10 W) while main-
taining a low feedback power attenuation ratio using the
quarter-wave plate and PBS cube. We introduced a gas sample
of 20.4 µmol/mol N2O in air [27] into our reference cavity
and tuned the locked laser frequency using PZT2 across the
Q(18) ν3 overtone two-photon absorption feature. In con-
trast to the two-photon cavity ring-down spectroscopy of this
transition that was previously reported [28], here we used the
coupled-cavity laser transmission to perform two-photon
cavity-enhanced absorption spectroscopy (TP-CEAS) [29].

The TP-CEAS of N2O recorded at three pressures (P )
are plotted in Fig. 5. The observed Lorentzian two-photon
half-widths at half-maximum are 9.0 MHz at P = 0.133 kPa,
29 MHz at P = 0.667 Pa, and 46 MHz at P = 1.213 kPa.
Preliminary measurements at the lowest pressure suggest that,
in addition to pressure broadening [28], power broadening
is present. The relative frequency axis was approximated by
prior calibration of the PZT2 tuning against a commercial
mid-infrared frequency comb system. In summary, our method
of QCL self-locking to a high-finesse Fabry–Perot cavity using
concepts of polarization isolation [12] and high-bandwidth
modulation [9] enables high intracavity powers and continuous
tunability for sub-Doppler molecular spectroscopy.

Our self-locking scheme would be improved by the inclusion
of a low thermal expansion cavity spacer and isolation chamber
to reduce vibrational/acoustic noises and enable long-term
stability (≥1 s). Alternatively, our length-tunable reference
cavity could be further stabilized to a sub-Doppler molecular
transition using slow electronic feedback to the piezo-electric
transducer (PZT2 in Fig. 2). With long-term stability achieved,
we envision the direct stabilization of mid-infrared combs
to reference QCL packages, forming robust mid-infrared
metrology systems. Also, with high throughput from the locked
QCL, ultra-sensitive cavity ring-down spectroscopy becomes
intriguing.
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