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Abstract. We demonstrate experimentally that mid-infrared quantum cascade lasers (QCLs) operating under
external optical feedback exhibit extreme pulses. These events can be triggered by adding small amplitude
periodic modulation, with the highest success rate for the case of a pulse-up excitation. These findings broaden
the potential applications for QCLs, which have already been proven to be a semiconductor laser of interest for
spectroscopic applications and countermeasure systems. The ability to trigger extreme events paves the way
for optical neuron-like systems where information propagates as a result of high intensity bursts.
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1 Introduction

The concept of extreme pulses is adapted to almost any kind of
population. Those extreme events can be studied in a number of
diversified fields, such as hydrodynamics,' electronic circuits,’
climatology,” and epileptic crises.* More generally, extreme
events, which also include freak waves or rogue waves, describe
random isolated events with amplitudes well above those of
neighboring ones, and which occur more often than expected
from the distribution of lower amplitude events.” Research is
carried out in various fields of science to report on their gener-
ation and to try to find a policy by which extreme events could
possibly abide. In optics, extreme events have been studied from
several viewpoints,’ in varied configurations such as semicon-
ductor lasers,’ fiber lasers,® photonic crystals,” and microwave
antennas.'’ On the other hand, theoretical work followed exper-
imental demonstrations of optical extreme events,'"'? providing
different insights into the formation of these giant pulses. As
opposed to strict rogue waves, extreme events can pop up
through the variation of a controlled parameter, as it will be
shown later on in this article. These extreme events can, for in-
stance, take place in telecommunication data streams, where the

*Address all correspondence to Olivier Spitz, olivier.spitz@telecom-paris.fr
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emergence of high intensity peaks inside an optical fiber sets the
limit of a high-speed optical communication link. Despite a
plethora of studies dealing with extreme events driven by vari-
ous mechanisms, an intensive and comprehensive investigation
of the emergence of such extreme pulses in the mid-infrared
field is still missing. Hence, it remains of prime importance
to study them beforehand and understand their origins, in
order to be able to better control them in future practical
applications.” Experimentally, means of identifying extreme
events vary with the type of dynamics studied. Several criteria
are thus generally applied to the data, and the strictest one, lead-
ing to the identification of the lowest number of extreme events,
should be used. To detect extreme events from experimental
data, the probability density function (PDF) of an appropriate
attribute of the data needs to be analyzed, and crest or wave
heights are commonly used." Once extracted from the data,
heights are compared to a threshold value, above which events
can be considered extreme. This threshold is generally defined
as twice the significant height H, of the dataset, which repre-
sents the average of the higher third of heights.'> Another thresh-
old widely used relies on the standard deviation (¢) and the
mean value (u) of the data, and an event is considered
extreme if it exceeds u + 8 x 6. However, a criterion with a
lower threshold (1 + 6 X ¢ or even y + 4 X o) is also commonly
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used without loss of generality.'”'® This threshold alone is how-
ever not sufficient to identify extreme events, and it is necessary
to verify that the PDFs represent long-tailed distributions. In this
study, we use both thresholds because, on the one hand, the y +
8 x ¢ threshold is more restrictive, so we can ensure that we
observe extreme events. On the other hand, the threshold related
to H, allows us to take into account more events so that we can
display relevant statistics with enough data. The mechanism
leading to the birth of such extreme events can be explained
by an external crisis" triggered by an external parameter, as
we will explain hereafter. The optical source generates a chaotic
output, and the related bifurcation diagram is bounded because
the system is stable. After the crisis, trajectories can explore a
much larger region in the phase space, and the bifurcation dia-
gram expands. This process creates pulses whose maxima are
well above those usually found in the chaotic output. However,
the large pulses must seldom occur, because as long as the ex-
treme events are very rare, the average value of the intensity of
the peaks and its variance remain similar to the values before
the crisis. If the large events become the norm, the threshold
for extreme events will subsequently increase and all the events
will be considered as regular. This means that the bifurcation
diagram becomes stable again, and the output displays chaos
without extreme events. Given the fact that chaos and positive
Lyapunov exponents have already been encountered in quan-
tum cascade lasers (QCLs) under external optical feedback
(OF),” it is not surprising to observe that these lasers can also
be prone to extreme pulses. Despite that, it is clear that the
formation of such events in QCLs can be further explained
through strong numerical modeling, taking into account the
peculiar characteristics of QCLs, in particular, the intersub-
band carriers dynamics and the transport properties.

This article aims at pushing further the concept of extreme
events in semiconductor QCLs. Such lasers were experimen-
tally demonstrated for the first time in 1994, under cryogenic
temperatures.’' Since then, they have experienced a fast devel-
opment allowing them to be used in several industrial
applications, up to room temperature, due to the large number
of wavelengths QCLs can achieve.” QCLs emitting in the
mid-infrared have been successfully used for countermeasure
systems® and free-space communications,” whereas QCLs
emitting in the THz domain are of prime interest for spectros-
copy of explosives and drugs® and for real-time imaging.*®
The physics involved with mid-infrared QCLs is totally
different than that in diode lasers. For instance, as opposed
to the well-established diode lasers, QCLs are overdamped
oscillators in which polarization and population inversion
adiabatically follow the field, owing to the ultrashort carrier
lifetime in the picosecond range. As the carrier lifetime is
~10 times smaller than the photon lifetime, the relaxation
oscillations are well-suppressed, which is a peculiar feature
of those unipolar lasers as opposed to their bipolar counter-
parts. In addition, the very sharp electronic transitions among
the conduction-band states (subbands) lead to completely dif-
ferent selection rules and behaviors from those observed in
diode lasers with interband transitions. The dipole moments,
which determine the oscillator strengths for the transitions,
are also of a different nature, hence resulting from the orthog-
onality of the envelope functions. Therefore, a wide range of
studies have recently emerged in the literature, aiming at
understanding their dynamical properties with the view to turn
them into practical applications. For instance, controlling the
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QCL dynamics is of prime importance for a broad range
of free-space applications, as the atmosphere is highly trans-
parent between 3 and 5 ym and between 8 and 12 ym. Up to
date, the nonlinear dynamics studies of mid-infrared QCLs
under OF focused on deterministic chaos, both at room
temperature”’ and cryogenic temperature.”” This chaotic pat-
tern is composed of intensity dropouts, called low-frequency
fluctuations (LFFs), and experiments showed that an extensive
control of these spikes was possible under a periodic
excitation.” In this work, we experimentally build up a non-
linear dynamical setup to show the first extreme events emitted
by a mid-infrared QCL operating under external feedback. In
addition to that, we also describe several methods to trigger
those events with a maximum success rate of 47%. We also
show that all of the retrieved extreme events, even those which
are not that tremendous, can be predicted and potentially sup-
pressed before they occur due to a dip pattern in the structure of
the temporal response. This is, to the best of our knowledge,
the very first experimental demonstration of generation and
control on extreme events in the mid-infrared field with semi-
conductor lasers. Although we do not mathematically prove
that such extreme events are rogue, we use the aforementioned
criteria to qualitatively interpret them. Thus, the amplitude of
these extreme events is compared with both the abnormality
A = 2 criterion (called C; in the following) and the most re-
strictive one, that is to say p + 8 X ¢ criterion (called C, in the
following), in order to strengthen our claims.

Overall, this article brings new insights in the physics of
QCLs, hence demonstrating their high potential for nonlinear
science, such as the generation of mid-infrared extreme pulses.
Indeed, quantum cascade emitters exhibit peculiar properties
that can produce rich nonlinear dynamics and phase-coherent
phenomena.”** In QCLs, the nonlinear saturation of the inter-
subband transition plays a significant role in the dynamical
properties related to the coupling of the different electro-
magnetic modes, which is also of first importance for phase
coupling, pulse generation, and mode-locking. The latter can
even be further enhanced when an OF configuration is applied
to the laser. In addition to that, nonlinear saturation is also
known to determine the steady-state output power and the laser
response to fast modulation. Although this effect is naturally
involved in diode lasers, it becomes more peculiar in QCLs
due to the dephasing and gain relaxation times that are much
shorter than the cavity roundtrip time. Therefore, the nonlinear
saturation coefficient associated with intersubband transitions is
expected to not only be ultrafast and broadband but also several
orders of magnitude stronger than the optical nonlinearities in
bulk semiconductors.*'** These extreme events can be triggered
through the addition of a small-amplitude periodic modulation,
with the highest success rate for the case of a pulse-up
excitation, in agreement with simulations with other semi-
conductor lasers. In addition, understanding the origin of such
extreme events and how to control them is of vital importance
for the development of secure transmission lines using mid-
infrared QCLs. Indeed, the atmospheric turbulence on the
propagation path is known to be less significant at higher
wavelengths.*® In the latter case, extreme events can also be
used to disrupt a data transmission link for modern and future
free-space optical transmission lines. Last, but not least, we can
envision applying those results in neuromorphic clusters com-
posed of optical neurons able to communicate due to sudden and
sharp bursts.
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Fig. 1 Experimental setup with an external cavity for the OF via
a mirror. NPBS, nonpolarizing beam splitter; MCT, mercury—
cadmium-telluride detector; OSCI, fast oscilloscope; AWG,
arbitrary waveform generator; LDD, laser diode driver.

2 Methods

Most of the experiments and numerical works studying extreme
events in semiconductor lasers focus on an optical injection
scheme.'®*** VCSELs and laser diodes are the most common
devices in these experiments because they are renowned for
their sensitivity to perturbations leading to nonlinear phenom-
ena. A very limited number of papers deal with the study of ex-
treme events in the case of OF,'****' and, among these papers,
conventional OF is sometimes replaced by phase-conjugate
feedback>* or filtered OF.® So far, none of these studies
focused on mid-infrared semiconductor lasers. In the next
sections, we pay particular attention to conventional OF in
QCLs to retrieve extreme events with, and without, a modula-
tion of the bias current. The distributed feedback QCL under
study was manufactured by mirSense. It emits single mode ra-
diation around 5.6 ym with 30-dB side-mode suppression and
has a wavelength shift of 20 nm-A~'. The laser is tunable
mode-hop free by actuating on the operation temperature and
current, with a maximum output power of 50 mW at a cryogenic
temperature of 77 K. The device under study was grown by
molecular beam epitaxy on an InP cladding and incorporates
30 periods of AllnAs/GalnAs layers.* The upper InP cladding
is n-doped at a value of 10'7 cm™ to get electrical injection but
without introducing any plasmonic effects. The design for the
distributed feedback laser uses an index coupling and metal gra-
ting, as previously reported.**® This enables single-mode emis-
sion using a top metal grating with a coupling efficiency of
k ~ 4 cm™!. For the 2-mm long QCL under study in this article,
the obtained L is thus close to unity. The laser emits a continu-
ous wave due to a standard double trench configuration without
iron-doped indium phosphide regrowth. The combination of the
top metal grating approach and the double trench configuration
ensures a stable and reproducible process. The back-facet of this
QCL has a high-reflectivity coating (>95%), while the front
facet is left as-cleaved. The setup we used in this experimental
work is exactly the same as that widely described in Ref. 28 and
is recalled in Fig. 1. The sine wave modulation is, however, not
always used in this experimental work and may be replaced by
an asymmetric square wave with a duty cycle of 20%, meaning
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that the upper part of the square signal only lasts for one-fifth of
the total period. As explained in the next sections, extreme
events are more likely to appear when the amplitude of the
modulation is weak. Except for the first figure where extreme
events are not displayed, the amplitude of the modulation will be
limited to 5 mA, corresponding to <2% of the threshold current
of the QCL, the latter also being identical to the one used for the
entrainment phenomenon study.

3 Results
3.1 Extreme Events in QCLs

QCLs have been proven to output chaotic patterns when OF is
applied to them.” Further tuning of the spiking dynamics is pos-
sible through a sine wave modulation of the pumping current.
In this case, the chaotic dropouts synchronize with the periodic
modulation, and the number of spikes per periods can vary
through a modification of the amplitude of the modulation or
the frequency of the modulation.® Analyzing the spiking dy-
namics showed that some configurations led to spikes with a
magnified amplitude. The amplitude of these spikes is very sen-
sitive to any change of the parameters, as shown in Fig. 2(b),
where a modulation frequency of 2 MHz leads to spikes with
an amplitude comparable with that of the sine modulation. A
slight change in the frequency of the modulation annihilates
the magnified spikes, as can be seen in Figs. 2(a) and 2(c)
for a modulation frequency of 1.8 and 2.2 MHz, respectively.
In this configuration, the amplitude of the modulation corre-
sponds to 28% of the pumping current. Even in the case of
Fig. 2(b), the spikes with a large amplitude cannot be considered
as extreme because they do not meet the aforementioned re-
quirements, namely criterion C; and criterion C,. As extreme
events are compared with the mean value and the standard
deviation of the signal, decreasing the amplitude of the modu-
lation or even suppressing the external modulation is one of the
key features to trigger events with a large amplitude compared
to the common values of the signal. Figure 3(a) shows a time
trace with extreme events when no external modulation is
applied. This case differs from the usual configuration where
OF gives rise to deterministic chaos because the external cavity
is asymmetric, or, in other words, the feedback mirror is a little
bit tilted. The backreflected light consequently hits the emission
facet of the QCL and, thus, the waveguide imperfectly. It is
relevant to notice that variations of the nonlinear dynamics in
diode lasers due to a mirror tilt were already studied more than
30 years ago.”” The authors had also envisioned new types of
dynamics and potential applications.

Events surging above the red dashed line and the green
dashed line in Fig. 3(a) correspond to extreme events according
to criterion C; and criterion C,, respectively. In the following,
we focus on the C; criterion because its lower threshold allows
us to take more extreme events into account. This helps us in
providing relevant statistics for the analysis of the retrieved ex-
treme events. Figure 3(b) shows that the time interval between
the extreme events is not easily foreseen, and this characteristic
is also found in various schemes with extreme pulses. This con-
figuration without modulation of the pump current is thus not
optimized for the triggering of extreme events. Indeed, it is not
possible to predict when they will pop up, and this prevents any
possible utilization of these sudden bursts. Figure 4 gathers the
statistics of the intensity of the spikes found in the waveform.
The observation time was chosen as a compromise between the
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Fig. 2 Experimental time traces of the QCL output when external OF is applied to the QCL and
with a sine modulation of the continuous bias of: (a) 1.8 MHz, (b) 2 MHz, and (c) 2.2 MHz; all of the
traces were retrieved for a continuous bias of 430 mA and a modulation amplitude of 120 mA, but
only the one in the middle exhibits dropouts with a magnified amplitude, which is, however, not

enough to categorize them as extreme events.
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Fig. 3 (a) Experimental time trace with extreme events and associated thresholds for the two
criteria. The dashed red line represents the threshold corresponding to criterion C; (H = 0.665)
and the dashed green line represents the threshold corresponding to criterion C, (H = 0.749).

Events with their maximum above these dashed

lines are considered as extreme.

(b) Histogram of the time intervals between extreme events in the case where the C; criterion

is applied to the time trace.

number of displayed extreme events and a sufficient resolution
to ensure that the retrieved events were not artifacts. There is a
clear long-tail distribution in the statistics, which is incompat-
ible with a regular distribution of maxima, and this means that
events with a large amplitude appear more frequently than ex-
pected. This configuration is very similar to that when studying
deterministic chaos in QCLs. Indeed, OF can lead to LFFs” but
they are mostly unpredictable, which is not the case when a peri-
odic external modulation allows synchronizing the spiking
dynamics.” Consequently, applying a periodic modulation with
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alow amplitude is one of the levers to display large events while
maintaining the entrainment phenomenon.

3.2 Prediction of Extreme Events in QCLs

Some applications, such as optical neuron-like systems, require
optical bursts to be triggered in response to a perturbation.
Within other scientific areas, many efforts have also tried to
forecast abnormal and striking events, for instance, in medi-
cine,® finance,” road traffic,”® or climate science.”® Extreme
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Fig. 4 Histogram of the retrieved maximal intensity and the re-
lated threshold for the C; criterion. Red bars display the extreme
events of the time trace displayed in Fig. 3.

events may also be suppressed in cases where the sudden surge
can lead to the destruction of a component, or when it can dis-
rupt the transmission of a private message. This inhibition pro-
cess is also of prime interest for neuromorphic schemes to
interrupt regular trains of bursts.”>** Methods to prevent extreme
events from occurring have been numerically tested for both the
configuration with optical injection® and the configuration with
OF.* For instance, extreme events can be anticipated by study-
ing precursors in the time traces. In the case of a laser diode
subject to injection, oscillations emerge during a few nanosec-
onds before the burst of the spike, which itself lasts <1 ns.
In the case of feedback, another pattern is very likely to occur
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before an extreme event, and the electrical signal can thus be
antisynchronized in advance,” even if the timescales of the or-
der of nanoseconds are quite challenging in the case of laser
diodes. Similarly, an external modulation with an adequate
range of frequency and amplitude parameters,'® or a high level
of noise,” can suppress extreme events in configurations that
were supposed to be prone to such events. The last two men-
tioned methods were not implemented in our experiments,
but the extreme events displayed in QCLs seem to have a char-
acteristic signature, which can be easily forecast because of its
large timescale. Figure 5(a) shows the temporal superposition
for the 37 extreme events retrieved in the previous section when
C, criterion is applied. Two main indications can be seen in this
figure when focusing on the average of the time traces: a trough
occurs ~300 ns before the extreme event happens, and this
event is followed by an oscillation lasting a few microseconds
with a decreasing amplitude. To draw a comprehensive compari-
son with the numerical studies,”* we also display the same
superposition diagram but for a higher C; threshold (abnormal-
ity A = 2.4) in Fig. 5(b), taking into account 13 extreme events
instead of 37. Contrary to the aforementioned simulations, in-
creasing the threshold for giant pulses does not allow us to more
clearly predict extreme events, even if the dip following the
events is more clearly depicted in the second case. Globally,
the oscillation pattern following the spike is more visible in
the case where the threshold was lower. Therefore, all of the
extreme events, even those that are not that tremendous, can
be predicted and potentially suppressed before they occur.
We did not try to implement the latter method, but the large
elapsed time between the precursor and the spike (a few hundred
times larger than that observed with VCSELSs or laser diodes)
would ease such suppression in the case of unwanted extreme
events, as already envisioned in the case of a solid-state laser
with an electro-optical modulator.”® We have to keep in mind
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Fig. 5 (a) Time series centered on the maximum of local bursts and superposition of 37 extreme
events. The corresponding averaged output power is displayed with a purple solid line and the
threshold corresponding to an abnormality of 2 is displayed with a dash-dot line. (b) Same data plot
but for 13 extreme events surging above an abnormality index of 2.4. In the left panel, the trough
preceding the optical burst, as well as the oscillations following the extreme event, is underlined.
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that extreme events can affect the performances of QCLs, and
that methods have successfully been tested in other semiconduc-
tor lasers to get rid of them. An accurate cartography of the
extreme event phenomenon in QCLs would also be useful to
determine the impact of several parameters such as the modu-
lation frequency or the value of the spontaneous emission factor.

3.3 Excitability of Extreme Pulses in QCLs

In this section, we focus on excitability in QCLs and on levers to
trigger this phenomenon. Extreme events are not easy to predict
<1 us in advance, as we saw in the previous section, and are
consequently difficult to monitor. In this section, we show
how to experimentally trigger extreme pulses with a probability
higher than 40%. Following the conclusions in the first subsec-
tion, applying a modulation with a low amplitude will decrease
the main value and standard deviation of the laser’s output and
may be prone to extreme events. Figure 6 shows extreme events
appearing when a sine modulation of 0.1 MHz at a low ampli-
tude of 4 mA is applied to the QCL. Criteria C| and C, are still
drawn with red and green dashed lines, respectively. The wave-
form looks very similar to the one in Fig. 3(a), with extreme
events seemingly distributed in a random manner. However,
a more accurate analysis of the distribution shows that extreme
events can only occur when the external sine modulation
reaches a maximum. This is shown in Fig. 6(b) for two extreme
events, and this configuration shares similarities with the en-
trainment phenomenon case at 2 MHz [Fig. 2(b)], where the
magnified events were only popping up for a specific phase shift
of the modulation signal. This result echoes the microsecond
excitability process described in Ref. 56 for a laser diode with
stochastic resonance, except that in our case the amplitude of the
extreme events is not consistent throughout the time trace. Even
if applying a sine modulation allows us to forecast the extreme
events in a narrow time interval around the extrema, the maxi-
mum success rate is very low (around 10%), and the global

picture is that the triggering of these events is almost random.
Furthermore, the amplitude of the extreme spikes is not constant
throughout the time trace, and this may not be suitable for ap-
plications such as neuromorphic photonics.

Sine modulation is, however, not the only lever to trigger ex-
treme events in semiconductor lasers. A recent numerical study
showed that the best success rate for triggering such events was
obtained when the excitation was a pulse-up signal® in the case
of an optically injected laser diode. In this configuration, the
authors achieved a success rate of 50%. We thus decided to im-
plement a similar pulse-up configuration in the case of OF by
means of an asymmetric square wave modulation. This square
signal has a duty cycle of 20% and a low amplitude of 4 mA.
The period of the pattern is 10 us. Figure 7(a) shows a time trace
of the QCL operated under the aforementioned conditions.
Extreme events can only appear simultaneously with the
pulse up, corresponding to the upper part of the square wave.
Figure 7(b) shows the synchronization of the extreme events
with the periodic modulation signal and also depicts the differ-
ence in amplitude between the extreme spikes and one of the
pulse up, which did not give birth to a magnified event. The
latter case is, however, less frequent than in the configuration
with a low-amplitude sine forcing, since the success rate for ex-
treme events is now more than 40%. It is relevant to notice that
this success rate is very close to that predicted in the simulations
for laser diodes.” Further comparisons could be drawn with the
laser diode case because QCLs have not been found to exhibit
relaxation frequency, and this might favor extreme events oper-
ation. Indeed, modulating the laser at a frequency below the
relaxation frequency leads to a configuration where extreme
events are likely to occur. Conversely, modulating above the
relaxation frequency does not ensure a high success rate for
extreme events. It is even possible to totally avoid extreme
events by modulating at a frequency close to the relaxation fre-
quency,” when the semiconductor laser under study exhibits
such frequency.
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Fig. 6 (a) Experimental time traces of the QCL when OF and a sine wave modulation with a period
of 10 us and an amplitude of 4 mA are applied. The dashed red line represents the C; criterion and
the dashed green line represents the C, criterion. (b) Close-up on extreme events and the low-
amplitude sine modulation, revealing that extreme events can only occur on top of the periodic

modulation.
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Fig. 7 (a) Experimental time traces of the QCL when OF and an asymmetric square wave modu-
lation with a period of 10 us, an amplitude of 4 mA, and a duty cycle of 20% are applied. The
dashed red line represents the threshold corresponding to criterion Cy, and the dashed green
line represents the threshold corresponding to criterion Cs. (b) Close-up on four extreme events
and the low-amplitude square modulation, the golden arrow represents the amplitude discrepancy
between the extreme pulses and the square wave modulation. Extreme events are synchronized

with the pulse up of the perturbation.

The comparison can be extended to the case of VCSELSs. For
instance, the maximum success rate of 47% that we were able to
reach is in good agreement with experiments using pulse-up
configurations, since results showed a maximum value of
60%.*® Similarly to the latter case with VCSELSs, the extreme
events we were able to produce with a high success rate have
an almost constant amplitude, which is consistent with a neuro-
morphic model. Figure 8 underlines that the time interval

N
T

Number of peaks
(98]

(S
T

i
\
‘
\
‘
\
\
‘
\
‘
\
\
‘
‘
\
\
‘
\
‘
\

| H

0 s

10 20 30 40 50 60 70 80 90
Peak to peak time difference [us]

(@)

between the extreme spikes in the case of Figs. 6 and 7 is given
by an integer multiple of the period of the external modulation,
which is 10 us in both configurations. In the case of Fig. 8(a),
some integer multiples are more likely to be selected (especially
40, 50, and 90 pus), whereas some others never occur. The ex-
treme events phenomenon seems to be dependent on a param-
eter of the system, but the long time scale (a few dozens of us)
does not correspond to the external cavity period (which is only

30— T T r

25+

L0t

]

9]

o}

5

oI5k | 1

3

g

=

Z 10F _
5t 1
IR
10 20 30 40 50 60 70

Peak to peak time difference [us]

(b)

Fig. 8 (a) Histogram of the time intervals between extreme events in the case where C; criterion is
applied to the time trace of Fig. 6; (b) histogram of the time intervals between extreme events in
the case where C; criterion is applied to the time trace of Fig. 7.
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Fig. 9 (a) Time series centered on the maximum of local bursts and superposition of 17 extreme
events in the case of the sine perturbation. The corresponding averaged output power is displayed
with a purple solid line, and the threshold corresponding to an abnormality index of 2 is displayed
with a dash-dot line. (b) Same data plot but for 48 extreme events in the case of the pulse-up
perturbation. In the first case, the amplitude of the spikes is not constant, and they are all within
a time window of 0.02 us. In the second case, the spikes have a consistent amplitude but a strong
jitter occurs, with a burst width between 0.3 and 1 us.

a few ns) that is usually responsible for a repetition pattern in
the case of phase-conjugate feedback." In the case of Fig. 8(b),
most of the extreme events are triggered every 10 us, corre-
sponding to the period of the external modulation. This eases
the potential use of such on-demand bursts for neuron-like
systems.

To further analyze the extreme events we triggered, we de-
cided to superimpose the time traces at the peak of the extreme
pulse, like we already did in the section dealing with prediction
of extreme events. The results show that there is a huge differ-
ence between the sine perturbation and the pulse-up perturba-
tion, as can be visualized in Fig. 9. In the case of the pulse-
up perturbation, no oscillations can be spotted after the extreme
events. Another difference between the several configurations
studied is the width and shape of the extreme pulse. A closer
look at the pattern obtained in the case of a sine perturbation
[Fig. 9(a)] shows that the burst lasts on average 20 ns. In the
case of the pulse-up perturbation, Fig. 9(b) shows that the ex-
treme pulse lasts an average of 500 ns and is composed of a large
incline followed by a very steep dropoff, simultaneously with
the end of the 2-us square-pattern modulation. It is relevant
to notice that, in the context of VCSELs, various patterns of
extreme pulses have already been observed while varying the
conditions of operation.*® Indeed, in the case where the injection
phase-jump is replaced by a pulse-up similar to the one we
applied to the QCL, the VCSEL can generate extreme events
lasting ~1 ns, which is almost 10 times longer than those trig-
gered with the phase-jump configuration. Furthermore, the
pulse-up also seems to suppress the dip that usually follows ex-
treme events because of the strong linear response the pulse-up
produces.” Another conclusion of this experimental effort is
that the injection configuration allows the authors to reach a
maximum success rate (nearly 100%) higher than the pulse-
up configuration (roughly 60%). The latter being compatible
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with the success rate (47%), we were able to achieve in the case
of QCLs. Further investigation is required to fully understand
how the shape of the extreme events varies with all the param-
eters we studied in the case of QCLs under OF.

4 Extreme Events for Neuron-Like Systems

Many trials have been carried out in several fields to reproduce
the behavior of neurons. Some of the first attempts were per-
formed with chemical oscillators,’” but the typical characteristic
time of nonlinear chemical dynamics is, at least, in the order of
seconds™ and is thus slower than a biological neuron cluster.
The electrical domain then drove attention,” with complex grids
and operation speeds below 1 ms, which is up to 100 times faster
than conventional neurons. In order to obtain a faster process,
optical neurons have also been considered® with many configu-
rations based on VCSEL as the core component®' and for several
experimental activation schemes such as polarization switch-
ing,” electrical bias stimulation,” or via saturable absorber.*
With VCSELs, the maximum processing rate is close to the
GHz and is thus several orders of magnitude faster than the best
performances with electrical circuits.”® The purpose of neuro-
morphic computing systems is to process information tasks in-
spired by the brain’s powerful computational abilities with
ultrafast lasers. One of the key requirements to replicate biologi-
cal neurons’ response is to perform controllable inhibition and
excitation (or activation).”® The latter is fragmented in several
subcategories called tonic spiking, phasic spiking, tonic burst-
ing, phasic bursting, excitability, spike thresholding, and spike
latency, among others.®® While most of these subcategories have
already been successfully assessed in the case of VCSELs,” we
demonstrate that tonic spiking, phasic spiking, and spike thresh-
olding can be achieved in a QCL under OF, as illustrated in the
following.
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In the case of QCLs, we were able to trigger spikes in two
different configurations. The one with the sine forcing allowed
us to display spikes with a low success rate and with uneven
amplitude. Consequently, it would be difficult to take advantage
of this process to create an optical neuron, since the two key
parameters for such a configuration are high reproducibility
and a constant amplitude that does not depend on the excitation
strength, provided that this excitation reaches a threshold. The
second configuration we tested, with the pulse-up excitation,
showed an improved success rate and a consistent amplitude
when extreme events are triggered. The conclusion is that the
latter configuration is more appropriate for neuromorphic pho-
tonics. In order to go a step beyond in the analysis of our two
configurations leading to controllable extreme events, we draw
a comparison with existing analyses in other semiconductor
lasers. The long-tail PDF that we are able to retrieve in the
sine modulation case is an indicator that the pulse amplitude
displays non-Gaussian features, although a thorough math-
ematical analysis would be required to claim that the extreme
events we observe are rogue waves. This conclusion is also true
for the extreme events we were able to display without periodic
modulation. The case where all of the extreme events have the
same amplitude is a bit different; some experimental results in
domains as varied as coupled chaotic oscillators® or rainfall
statistics”” have been referred to as dragon-king events. These
events do not have the same formation mechanism because they
are not scale-free, meaning that giant events are not caused by
the same dynamical mechanisms governing the occurrence of
small and intermediate events, and this is the reason why giant
pulses are favored in comparison with intermediate pulses.
However, dragon-king events have been described for configu-
rations without excitation, and we thus do not consider that this
terminology can be applied to what we observe with the pulse-
up operation. A closer look at the extreme spikes we triggered
[Fig. 9(b)] shows that these bursts start with a very steep edge,
then are followed by a large incline up to the maximum ampli-
tude, which is itself followed by an abrupt edge down to the
free-running value. For all of the extreme bursts, the width of
the described process can range from 0.3 to 1 us, but it is
not identical for all the spikes. These three steps are very similar
to what has been observed in the case of optical systems under
either injection or OF when applying the van der Pol-Fitzhugh—
Nagumo (VdPFN) model,*®® consisting in a general scenario of
relaxation oscillations that are characterized by the competition
of two timescales: the timescale of carriers in the nanosecond
range and a thermal timescale in the microsecond range, for
a configuration with quantum dot lasers, which are highly
damped semiconductor lasers.*™ In particular, Ref. 69 also
showed spikes with regular amplitude and similar sharp edges.
Furthermore, a jitter is also present in the superposition diagram,
even though, in the case of quantum dots, the maximum of the
burst occurs at the beginning of the pattern, while it occurs at
the end of the pattern in our case. In addition, the characteristic
time of the pattern observed with quantum dots is very similar to
the one we observed with the QCL under OF. The VAPFN
model could thus explain why the typical time-delay dynamics,
in the range of nanoseconds, observed in other semiconductor
laser configurations is not reproduced in our case. Last but not
least, the VAPFN model has been recently studied to draw a
qualitative comparison between semiconductor lasers with ex-
ternal OF and biological neurons simulated with a stochastic
model.”
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If we have a closer look at our configuration with QCLs, for
each occurrence, the spike has a characteristic time in the order
of microseconds, and that is of paramount importance in neuro-
morphic photonics. This indeed means that our basic optical
neuron system operates 10,000-times faster than biological
neurons and 100-times faster than electronic artificial neurons.
Compared with existing optical neuromorphic systems that use
semiconductor lasers under the optical injection of a remote
laser, our configuration takes advantage of external OF, and,
consequently, only one laser component is required to build
one basic spiking neuron. This means that excitable QCLs under
OF have a response time that bridges the ultrafast neuromorphic
optics obtained with VCSELS (characteristic time in the order of
nanoseconds) and the electrical neural grids with a characteristic
time around the millisecond. Up to date, electrical networks are
more complex with configurations made of thousands of neu-
rons, and further inquiries in the case of QCLs and photonics
will be dedicated to the combination of several optical neurons
to build clusters.” The advantage of our OF configuration is that
only one laser is required to process a neuron, whereas the op-
tical injection configuration, widely used in VCSELSs, requires
two lasers. Another drawback of the injection operation is that
during the perturbation process, the wavelength of the remote
laser is modified, and, consequently, the injection locking is
momentarily lost.”* This means that the wavelength detuning be-
tween the master VCSEL and the slave VCSEL must be tuned
adequately to have proper operation, and this adds constraints to
the conditions of operation. Finally, mid-infrared wavelengths
around 6 ym are in the amide-I band and the amide-II band
of proteins,” which means that these wavelengths are strongly
absorbed by biological tissues and are adequate for precise tar-
geting with low collateral damage, especially in neural tissues.
Consequently, surgery applications such as coagulation and
ablation have already been demonstrated with QCLs emitting
at such wavelengths.” This paves the way for direct interactions
between biological matter and optical neurons based on mid-
infrared QCLs within the amide-I and amide-II bands.

5 Conclusion and Perspectives

We experimentally reported on the first observation of extreme
pulses in a mid-infrared emitting QCL, and we described a
method to trigger them on-demand with a high success rate.
Even though it is possible to exhibit extreme events in the case
of a free-running QCL with external OF, these events are more
likely to happen in a configuration with a periodic modulation of
the pumping current and a small amplitude. A fine tuning of the
modulation pattern and frequency allows us to control the time
interval between the spikes. Although QCLs are not as prone to
all-optical pulses and patterns generation, a challenge that was
addressed recently in a low-speed configuration,” we propose a
method to display microsecond pulses with consistent ampli-
tude. These triggered pulses are of paramount importance for
neuromorphic systems. With our configuration, we were able
to build a basic neuron, and its behavior was in accordance with
features found in biological neurons, such as thresholding, pha-
sic spiking, and tonic spiking. Having a global picture about the
triggering of extreme events and about the entrainment phe-
nomenon is also essential when it comes to realizing a private
transmission using two QCLs. The transmission is actually se-
cure because the message to be transmitted is hidden within the
chaotic pattern, and this message is to be recovered due to a
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chaos synchronization. However, if the chaotic pattern is dis- 13.
turbed by, for instance, extreme events, the synchronization
can be jammed or, even worse, the message can become obvious
among the chaotic carrier. The privacy of the message would 14.
consequently be broken. This can be considered a serious threat 15
because encoding a message introduces specific frequencies in '
the electrical signal driving the QCL and may lead to extreme
events synchronized with the pulse-up. A thorough analysis of 16.
the amplitude and frequency of the message is necessary to min-
imize such drawbacks. Further analysis will also consider devel- 17
opment of strong numerical modeling incorporating the QCL
features to better understand the mechanisms driving the forma- 18
tion of extreme events in such gain media. It could also be of
prime interest to trigger the spiking neurons not with a purely 19.
electrical excitation, but with a square pattern produced by an-
other QCL under OF to build an all-optical neuromorphic sys- 20.
tem. This is the subject of ongoing work and will be reported in
due course.
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