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Abstract. Frequency comb lasers with fast gain recovery times naturally favor the emission of frequency mod-
ulated periodic signals, which are useful for multiple applications in spectroscopy and communications. Models
and phase measurements predict an ultrashort strong intensity spike at the instantaneous frequency discontinuity
of the cavity cycle. Here we experimentally study the ultrashort spike of fast-gain frequency modulated combs
through direct upconversion sampling, and measure a width below that of a transform-limited pulse. Specifi-
cally, we demonstrate a mid-infrared quantum cascade laser which inherently lases in a frequency modulated
comb and produces a spike with full-width at half-maximum below 600 fs, which is below the Fourier-limit
derived from the corresponding spectrum. We believe these ultrashort spikes can be highly beneficial for sub-
bandwidth time domain measurements. Using mean-field theory based simulations, we confirm the occurrence
of such features as well as further optimize our system for going even further below the Fourier-limit.

1 Introduction

Quantum cascade lasers (QCLs) offer an attractive plat-
form for mid-infrared frequency combs, due to their com-
pact, on chip geometry [1, 2]. Their high output pow-
ers of more than 1 W at room temperature as well as
the possibility to directly probe the comb repetition rate
electronically makes them ideal for sophisticated spectro-
scopic methods such as dual-comb spectroscopy [3]. Due
to their short upper-state lifetime, which is about an or-
der of magnitude lower than the cavity round-trip time [4],
they favor a quasi-continuous intensity state, which is pre-
dominantly frequency modulated, rather than the emission
of optical pulses [5]. To force the QCL into amplitude-
modulated operation, active modelocking has been applied
to achieve pulses on the picosecond-scale [6]. Alterna-
tively, sub-picosecond pulses have been achieved via ex-
ternal compression of the laser output signal [7]. However,
while simulations predict the formation of short features in
the QCL comb time-domain signal [8, 9], thus far intrin-
sic ultrashort sub-picosecond scale features have not been
observed experimentally in mid-infrared QCL frequency
combs.

In this work, we use the direct upconversion sampling
technique asynchronous upconversion sampling (ASUPS)
[10] supported by repetition rate stabilization via RF-
injection to experimentally study short time-domain fea-
tures that appear spontaneously in Fabry-Pérot mid-
infrared QCLs with a width below the bandwidth-limited
pulse retrieved from the corresponding optical spectrum.
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Figure 1. QCL output signal as measured using asynchronous
upconversion sampling (ASUPS) a) as is and b) after subtracting
a sinusoidal fit corresponding to the background modulation in-
duced by the RF-modulation used to stabilize the comb repetition
rate.

2 Results

The time-domain signal for an RF-injected QCL ridge, is
shown in Figure 1 a). There are spikes with a spacing cor-
responding to the cavity round-trip time clearly visible on
top of a sinusoidal background modulation caused by the
RF-modulation of the device bias. Since ASUPS is only
sensitive to periodic components in the signal and aver-
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Figure 2. a) The QCL spectrum measured under the same conditions as the ASUPS trace. b) Zoom around the spike in the ASUPS
trace after subtracting a sinusoidal fit from the original signal superimposed with the Fourier-limited pulse calculated from the spectrum
in a). c) Results from a mean-field based simulation of the time-trace, superimposed with the respective Fourier-limited pulse and the
fastest Fourier-component based on the spectral envelope.

ages out any incoherent parts of the output. This means
that the observed spikes are stable at least on the millisec-
ond scale with respect to the applied RF-modulation. Sub-
tracting a sinusoidal fit from the signal, as shown in Fig-
ure 1 b), further reveals the prominence of the spike as
well as the occurrence of smaller intensity oscillations be-
tween the spikes. The spike itself has a full width at half-
maximum of 549 fs, which is shorter than the 588 fs of the
Fourier-limited pulse calculated based on the optical spec-
trum in Figure 2 a). The two pulses are superimposed in
Figure 2 b), where the experimental trace after subtracting
the sinusoidally modulated background is used. We were
able to predict the occurrence of such sub-bandwidth lim-
ited features in our system, as shown in Figure 2 c), using
simulations based on the mean-field model by D. Burghoff
[9].

3 Discussion

Our results clearly show the spontaneous formation of ul-
trashort features in the time-domain signal of a Fabry-
Pérot mid-infrared QCL frequency comb. Even without
accounting for additional broadening caused by the con-
volution of the signal with the probe pulse, the experimen-
tally observed pulse-width is below the bandwidth-limited
pulse-width. Whereas the spike sits atop a considerable
background intensity, it shows remarkable stability rela-
tive to the RF-modulation, since any contributions which
are not periodic with the modulation are averaged out by
default. In the simulation results, the potential for the for-
mation of sub-bandwidth limited pulses is even more ap-
parent. Tuning of the simulation parameters can allow us
further insight into the factors that contribute to the nar-

rowing of the spike. These results show promise for po-
tential applications of QCLs in ultrafast spectroscopy and
imaging in the mid-IR. Both, optimization of the device
properties to enhance these pulsations and external ampli-
fication of such generated pulses open up new opportuni-
ties for generating QCL-based pulsed laser systems.
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