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ABSTRACT
In quantum cascade laser frequency combs, the intensity distribution of the optical spectrum can be split into two well-separated lobes of
longitudinal modes that, even when far apart, have a common phase relation and preserve equal frequency separation. The temporal dynamics
of two lasers emitting at 4.4 and 8.1 μm operating in this bilobed regime are here investigated. The laser intensity shows a peculiar temporal
behavior associated with the spectral features whereby, every half a round-trip, the total emitted power switches from one lobe to the other,
with a perfect temporal anti-correlation. The anti-correlation between the lobes is also observed in the intensity noise figure of the emission.
This coherent phenomenon arises from gain nonlinearities induced by spatial hole burning and the extremely fast gain dynamics typical of
quantum cascade lasers.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160103

INTRODUCTION

Optical frequency combs1,2 are sets of evenly spaced frequency
modes that obey a well-defined phase relation. In the time domain,
their intensity forms a perfectly periodic pattern, with a period cor-
responding to a photon roundtrip in the cavity. In the literature,
frequency combs are mostly linked to mode-locked lasers that emit
a train of short pulses. However, a comb spectrum can be associ-
ated with any periodic signal, regardless of its shape. A special case
of interest is that of a perfectly constant intensity, where the period-
icity is just given by the modulation of the carrier frequency. This
extreme situation is very similar to that of frequency combs in quan-
tum cascade lasers. Here, the phase relation between the modes is
indeed imposed by a strong frequency modulation that spans, in a
round trip, all the frequencies available in the gain bandwidth.3–5

Recently, interest in the nonlinear dynamics of multi-mode quan-
tum cascade lasers (QCLs) has progressively increased because
their self-starting frequency modulated (FM) comb (QCL-comb)

emission is ideal for exploiting a wide spectral band within a sin-
gle device. This feature within the spectral coverage of these devices
(from mid- to far-infrared) makes QCL-combs a powerful tool
for precise spectroscopic applications as well as for ultra-sensitive
detection in multi-heterodyne configuration.6–8 While some of the
peculiar properties of QCL-combs, such as the frequency chirp
operation and the parabolic distribution of the modal phases, have
already been understood,9,10 the presence of nonlinear interactions
that set new dynamical phenomena, resulting from collective self-
organization of the modes with unexpected temporal correlations,
has recently emerged. For example, both correlation and anti-
correlations in the intensity fluctuations of a harmonic QCL comb
have been reported and have been linked to an effective Four Wave
Mixing (FWM) process between the longitudinal modes.11

In this work, we report on the dynamics of two QCL combs
emitting at 4.4 and 8.1 μm, respectively, and exhibiting a spectrum
made of two lobes of several longitudinal modes, separated by a large
spectral gap (>15 cm−1 or 500 GHz). Such an optical spectrum is

APL Photon. 8, 106106 (2023); doi: 10.1063/5.0160103 8, 106106-1

© Author(s) 2023

 14 N
ovem

ber 2024 10:07:43

https://pubs.aip.org/aip/app
https://doi.org/10.1063/5.0160103
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0160103
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0160103&domain=pdf&date_stamp=2023-October-17
https://doi.org/10.1063/5.0160103
https://orcid.org/0009-0008-7871-7921
https://orcid.org/0000-0001-5767-3036
https://orcid.org/0000-0003-0334-1815
https://orcid.org/0000-0001-7237-1714
https://orcid.org/0000-0003-3771-8924
https://orcid.org/0000-0002-3308-8569
https://orcid.org/0000-0001-5927-0038
https://orcid.org/0000-0003-1945-2261
https://orcid.org/0000-0002-2359-1611
https://orcid.org/0000-0003-4429-7988
https://orcid.org/0000-0003-1817-4554
mailto:carlo.sirtori@ens.fr
https://doi.org/10.1063/5.0160103


APL Photonics ARTICLE pubs.aip.org/aip/app

typical of QCL emission when operated at a high bias current, as
already reported in Refs. 8–13. Despite the spectral intensity gap, we
show that the coherence of the comb is maintained across the entire
gain spectrum. The modes of the two lobes beat and write a popu-
lation density grating oscillating at very high frequencies in the gain
medium with an instantaneous-like response. This grating couples
the lobes and manifests itself in the temporal domain by switching
between the two-lobe intensity and a periodicity at the laser cavity
round trip time. This anti-phase behavior between the intensity of
the two lobes is expected from the maximum emission principle,14

which minimizes the gain fluctuations in order to keep the laser total
output power constant. Moreover, the intensity fluctuations of each
lobe are investigated in the RF frequency band below 100 MHz and
are found to be anti-correlated.

Characterization, results and discussion

Our investigation focuses on combs originating from two
QCLs with an active region made of strain-compensated dual-

stack heterostructure grown by molecular beam epitaxy emitting at
λ = 4.4 μm and λ = 8.1 μm. The laser at 4.4 μm (8.1 μm) has a
4.5-mm (6-mm) long ridge resulting in a mode spacing of about
10 GHz (7.4 GHz) and corresponding to a photon round trip time
in the cavity of Trep = 100 ps (140 ps). The two lasers are electri-
cally injected with a low noise driver and a bias-T that sends the RF
part of the current to a spectrum analyzer for measuring the inter-
modal beat note. The two devices operate in a continuous wave at a
fixed temperature (close to 265 K), stabilized by a low noise temper-
ature controller (ppqSense, QubeCL). The evolution of the spectrum
of the two devices as a function of the injected current is shown in
Figs. 1(a) and 1(c). Starting from the laser threshold, the spectrum
is almost single-mode; increasing the current results in more modes
oscillating in the cavity with the spectrum eventually switching in
the bilobed comb regime. Figures 1(b) and 1(d) show an example
of the bilobed emission for each laser where the modal intensity is
reduced by 20 dB in the spectral gap.

For comb formation, the dispersion has to exhibit a non-
vanishing second order expansion, i.e., a significant group delay
dispersion (GDD).9,10 Notice that a spectrally flat GDD has been

FIG. 1. (a) Optical spectra of the 4.5-mm QCL comb emitting at λ = 4.4 μm at 268 K. The QCL comb spectrum is centered at 2262 cm−1 and spans over 35 cm−1 in the
bilobed comb regime. (b) Laser spectrum in log scale taken at the driving current I = 750 mA showing a modal intensity reduction of over 20 dB inside the spectral gap. (c)
Top: Measured second-order dispersion through analysis of the sub-threshold interferogram with an FTIR (0.2 cm−1 resolution). Bottom: optical spectra of the 6-mm QCL
comb emitting at λ = 8.1 μm at 263 K. The QCL comb spectrum is centered at 1237 cm−1 and spans over 35 cm−1 in the comb regime. (d) Laser spectrum in log scale taken
at I = 1320 mA showing a modal intensity reduction of over 20 dB inside the spectral gap. (e) Simulated (see Ref. 10) QCL optical spectrum in the case of a continuous gain
spectrum and a spectrally dependent GDD reproduces the bilobed spectrum. (f) Simulation of the laser intensity over three cavity round trips showing the switching behavior
between the intensity of the two lobes. (g) Phase of the field over three cavity round trips.
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theoretically shown to produce an optical spectrum with modes
of constant amplitude and a linear chirp of the optical frequency
that comprises the whole laser spectrum. In a previous report, the
Risken–Nummedal–Graham–Haken instability has been thought to
be the main reason that separates the optical spectra into two groups
of modes with a gap in between, as for the lasers here reported.
However, in this model, the presence of an absorber in the cavity
was required to reach such a regime.15 We believe that the bilobed
regime observed often in QCL combs is rather produced by a non-
constant bell-shaped GDD, as we reported at the top of Fig. 1(c).
This shape has been derived from Hakki-Paoli measurements of the
gain below the threshold and is a consequence of the peak gain
(see supplementary material, Appendix S1). By inserting the GDD
on the top part of Fig. 1(c) into our mean-field simulations10 of the
QCL comb dynamics, we were able to reproduce the bilobed opti-
cal spectrum presented in Fig. 1(e). Following Ref. 10, the shape of
the GDD stabilizes the frequency chirped operation of the laser on
both minima, which leads to a discontinuous spectrum where each
group of modes oscillates in anti-phase. These simulations show that
the spectral dependence of the GDD has a significant impact on the
laser spectrum. In this configuration, the laser enters a stable but
peculiar operation in which the intensity of two lobes alternates in
time: the laser emits, for the first half of a round trip, on the blue
lobe and then switches, for the second half, on the red one. The
mean field simulations are also able to reproduce this behavior, as
illustrated in Fig. 1(f), where we plot each lobe intensity over three
round trips of the corresponding bilobed spectrum. Here, we believe
that the synchronization mechanisms between the two lobes are due

to the instantaneous-like response of the gain. As we have previously
mentioned, the beating of different laser modes leads to oscillations
of the carrier density in the gain medium, which, in turn, couples
with the laser modes.16,17 In QCLs, due to the inherent ultra-short
relaxation time of the gain, this FWM process allows the locking
of comb teeth even with spacing comparable to the gain recovery
frequency.18 The gain relaxation rate is still fast enough for the car-
riers to respond at the frequency difference between the two lobes,
hence coupling them together. We have checked the validity of this
ultrafast phenomenon through numerical simulations by forcing the
intensity of oscillating modes to zero in the spectral gap of Fig. 1(f).
Even in this extreme condition, the total intensity [Fig. 1(f)] and the
phase [Fig. 1(g)] of the field are continuous despite the spectral gap,
confirming that the coherence is transferred from one lobe to the
other.

In the following, we measure the lasers’ emission using two dif-
ferent techniques, the shifted-wave interference Fourier-transform
spectroscopy (SWIFTS)5 and Fourier analysis of comb emission
(FACE).19 We aim to prove that, despite the spectral gap, the
separated spectral lobes belong to the same frequency comb.

Figure 2(a) shows the experimental setup of the SWIFTS.
This technique allows us to retrieve the phase difference between
adjacent modes, thus enabling the reconstruction of the tempo-
ral dependence of the intensity during one period of the comb.
The characterization of the laser at λ = 4.4 μm is performed
with a homemade interferometer equipped with a fast and sensi-
tive Mercury–Cadium–Telluride (MCT) detector (VIGO Photonics)
to observe the laser beat-note at 10 GHz. For characterization at

FIG. 2. (a) Experimental setup for the QCL time domain profile characterization using SWIFTS. (b) Experimental setup for the QCL time domain profile characterization using
FACE. (c) SWIFTS reconstructed the intensity and intermodal phase difference of the laser emitting at λ = 4.4 μm for I = 765 mA and (d) for the laser emitting at λ = 8.1 μm
at I = 1280 mA. (e) Reconstructed intensity and phase difference of the laser emitting at λ = 8.1 μm at I = 1280 mA using FACE. (f)–(h) Reconstructed time evolution over
three round trips of the intensity of each spectral lobe corresponding to the above spectrum. The time is normalized to the cavity round-trip time, Trep. Pulse-like switching
behavior is observed between the two spectral regions of the laser. (i)–(k) Instantaneous frequency of the laser emission over three round trips.
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λ = 8.1 μm, the laser light is sent through a Fourier transform
infrared spectrometer (FTIR, resolution of 0.2 cm−1) onto a liq-
uid nitrogen cooled quantum well infrared photodetector (QWIP).
Figures 2(c) and 2(d) show the mode amplitude and intermodal
phase retrieved with the SWIFTS. The latter is not constant over
the spectrum but linear and spans over 2π, which is characteris-
tic of the linear frequency chirp behavior of the instantaneous laser
frequency. In order to retrieve the laser emission profile, the phase
relation of the spectrum is usually retrieved through a cumulative
sum of the intermodal phase differences. Due to our finite signal-
to-noise ratio, information about the latter is lost in the spectral
gap, which obliges us to speculate on the phase difference between
the two lobes (see supplementary material, Appendix S2). In order
to confirm the swinging spectral dynamics, the temporal profile
of the laser emitting at λ = 8.1 μm is directly measured using
multi-heterodyne dual comb detection by beating on a high-speed
detector the QCL-comb with a reference optical frequency comb
as the Local Oscillator (LO-FC). The latter is a conventional mode
locked laser that directly emits in the mid-infrared region span-
ning the 7.4 to 9.4 μm spectral window (full-width-half-maximum
FWHM ∼4.29 THz), whose modes have all a constant phase

difference and are spaced by frep, LO = 100 MHz. The FACE exper-
imental setup is shown in Fig. 2(b). To ensure the optical field in the
THz domain to be down-converted in the MHz range, the Peltier
temperature and the current of the QC laser are set such that the
intermodal frequency spacing of the QC comb, frep, QCL = 7.39 GHz,
satisfying the condition frep, QCL = nf rep, LO + δf , with n being an inte-
ger and δf in the order of 100 kHz. The latter sets the mode spacing
of the multi-heterodyne spectrum. The beating between the two
combs on a high-speed detector (VIGO Photonics, PV-4TE-10.6,
800 MHz bandwidth) gives an interference pattern that can be used
to retrieve the phase difference, through the entire spectrum, of the
QCL under test.19 To that end, the temporal signal at the output of
the detector is acquired in the time domain on an oscilloscope with
a sample rate of 250 MS/s over 1 ms. Fourier analysis of the tem-
poral trace reveals the complex multi-heterodyne spectrum shown
in Fig. 2(h) with a spectral resolution of 10 kHz (see supplementary
material, Appendix S3).

The instantaneous laser intensity within three cavity round
trips using SWIFTS and FACE is shown in Figs. 2(f)–2(h) and illus-
trates that the laser intensity is into the red lobe only when the blue
lobe is off and vice versa. Yet, a small temporal overlap between the

FIG. 3. (a) An example of the bilobed emission by the QCL-comb emitting at 4.4 μm recorded at I = 765 mA and a sketch of the experimental setup for beat-note
measurements. The bilobed emission from the QCL comb is split by a grating resulting in two spatially separated beams. Each beam is sent one by one to a high speed
detector (VIGO Photonics for the setup at 4.4 μm and QWIP for the setup at 8.1 μm). (b) Optical beat notes for each spectral lobe and the overall spectrum for the laser
at 4.4 μm (200 Hz resolution bandwidth) and (c) for the laser at 8.1 μm (3 kHz resolution bandwidth). The beat notes are frequency shifted to 70 kHz for the sake of
clarity. (d) To acquire the optical beat notes in the time domain, the latter are down converted at the RF frequency 137 MHz with a local oscillator whose frequency is set at
frep, QCL − 137 MHz. The electrical beat note is down converted with the same local oscillator and used as a phase reference.
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FIG. 4. (a) Experimental setup for correlation measurements. The bilobed emission from the QCL comb is split by a grating resulting in two spatially separated beams. Both
beams are sent simultaneously to two similar high-speed detectors. Data analysis is performed digitally in post-production. (b) INPSD measurements of the two spectral lobes
of the laser at 4.4 μm for I = 765 mA, T = 264 K, and (c) for the laser at 8.1 μm for I = 1300 mA, T = 263 K. (d) and (e) Real part of the correlation coefficient CLobe1,Lobe2.

two lobe intensities is apparent, which implies continuity of the total
laser intensity. The instantaneous frequency of each lobe as well as
the total field are shown in Figs. 2(i)–2(k). One can recognize a dis-
continuity in the instantaneous laser frequency, which confirms that
no emission occurs in the spectral gap region.

A further proof of the dynamical behavior of the two spectral
lobes of the QCL comb has been obtained with the setup depicted
in Fig. 3(a), which provides direct information on their phase
relation.

In this experiment, the two spectral lobes are spatially separated
by means of a diffraction grating with a groove density of 150–300
grooves/mm, allowing the detection of each lobe individually on a
fast detector. The intermodal beat note of each beam is shown in
Figs. 3(b) and 3(c) for both lasers. Note that the peak frequency of the
beat notes has been shifted by +/− 70 kHz with respect to their cen-
tral frequency for the sake of readability. Moreover, with this setup,
it is also possible to record the overall laser intensity by rotating the
grating and measuring the zero-order diffracted beam. We notice an

attenuation of −18 dB of the overall modes beating compared to that
in each lobe, in good agreement with the switching behavior of the
laser and with the intensity of the overall spectrum, which is almost
constant. Moreover, as the intermodal beat note is the first harmonic
of the time-dependent intensity shown in Figs. 2(f)–2(h), we expect
anti-phase behavior between the beat notes of each lobe. The electri-
cal and optical beat notes, after amplification, are down-converted
to 137 MHz using the same RF local oscillator operating at the fre-
quency fLO = frep, QCL − 137 MHz. In order to set a phase reference,
the detector signal from one diffracted beam is recorded simultane-
ously with the electrical beat note on two different channels of an
oscilloscope. The time oscillations of the recorded beat notes (blue
lobe and red lobe) are shown in Fig. 3(d), where the electrical beat
note is used as a phase reference. As expected, the two beat notes
coming from each lobe show close to perfect anti-phase behavior.

We now focus on the intensity fluctuations of each lobe and
their correlations, detected here in a 100 MHz bandwidth. As
demonstrated before, the two lobes are part of the same comb, and
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correlations between their noise signatures can then be expected as
in any mode locked laser. As described earlier, gain fluctuations will
be reduced following the maximum emission principle. Since both
spectral lobes share the same gain medium, the intensity fluctuations
of one lobe will be counter balanced by the other. To show this, both
beams are now sent simultaneously to two similar high-speed detec-
tors, as shown in Fig. 4(a), each of which collects the optical power
from a single lobe. The electrical signal at the output of each detector
is acquired simultaneously in the time domain on a fast oscilloscope
following Ref. 20.

Figures 4(b) and 4(c) show the intensity noise spectral density
(INPSD) of the two spectral lobes of the laser emitting at 4.4 μm
(I = 765 mA, T = 264 K) and 8.1 μm (I = 1300 mA, T = 263 K). The
two spectral lobes display similar intensity fluctuations in a 100 MHz
bandwidth, which is much smaller than the frequency difference
between two consecutive modes. The shot noise level as well as the
detector background noise are also indicated. Figure 4(b) reveals
that the measurement is shot noise limited, but the large intensity
fluctuations and the 120 MHz cutoff of the detector do not allow
us to investigate the noise properties for higher frequencies. The
10-MHz cutoff in the spectra is due to internal dynamics inherent to
frequency-comb generation in QCLs.11 On the other hand, for detec-
tion at 8.1 μm [Fig. 4(c)], the intensity noise of the laser is lower, but
the setup is not shot noise limited. Yet, simultaneous measurements
of the time traces allow us to investigate the correlation properties
between the fluctuations of the two lobes. One can define a complex
correlation coefficient

CLobe1,Lobe2 = INPSDLobe1,Lobe2√
INPSDLobe1INPSDLobe2

,

where INPSDLobe1, (INPSDLobe2 ) represents the intensity noise
power spectral density of the low (high) spectral components of
the comb and INPSDLobe1, Lobe2 the cross spectrum of the high and
low components of the comb, which is the frequency analysis of
the cross-correlation between the two time traces.21 The absolute
value of this quantity is equal to 1 when the two signals are iden-
tical apart from a time shift. When the two lobes are independent,
the normalized correlation coefficient falls to zero. The normalized
correlation coefficient extracted from our measurements at 4.4 and
8.1 μm is presented in Figs. 4(d) and 4(e). The real part of the cor-
relation coefficient is very close to −1 and suggests an almost perfect
anti-correlation behavior between the fluctuations of the two lobes
up to ∼100 MHz. This is the result of both lobes sharing the same
gain medium while being coupled with each other’s through non-
linear mixing. Above this frequency, CLobe1, Lobe2 quickly goes to zero
since the level of noise decreases to the detector background noise
level. Regarding the lack of anti-correlation between ∼6 and 60 MHz
in the λ = 4.4 μm QCL emission, we believe it is due to an excess
of noise present in one of the two lobes arising from an internal
dynamics.

CONCLUSION

We have studied the emission properties of two QCL frequency
combs whose optical spectrum is composed of two sets of longi-
tudinal modes (lobes). Analysis of the intermodal phases reveals a
switching behavior between the intensity of the two spectral lobes
within a round-trip. Such dynamics is triggered by an efficient

FWM process and spatial hole burning that strongly couple the
modes to minimize the laser’s overall intensity fluctuations. We
have shown that this phenomenon is apparent within one round
trip of the cavity together with an anti-correlation in the intensity
noise of each lobe. Interestingly, FWM is also able to induce non-
classical intensity correlations among the different modes, which
have already been observed in other photonic devices such as optical
fibers and microresonators.22–25 Even if entanglement and quantum
correlations have not yet been verified, we did demonstrate the exis-
tence of strong classical correlations in the intensity noise of QCLs.
While the noise reported here is well above the shot noise level, the
dynamical behavior concerning QCL comb intensity correlations
described in this work can pave the way for a deeper understanding
of the key parameters connected to the laser dynamics and frequency
comb formation (e.g., the gain nonlinearities) to be optimized in
view of promoting the fabrication of a new generation of QCLs
optimized for a possible MIR direct non-classical light generation
(e.g., squeezed light).

SUPPLEMENTARY MATERIAL

See supplementary material for supporting content.
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