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The history of ultrashort lasers is tightly linked with the devel-
opment of mode-locking1, the ability of which to phase-lock 
longitudinal resonator modes using passive or active intracav-

ity elements led to the demonstration of lasers with pulse lengths 
well below 10 fs (refs. 2,3). For the first time, such sources allowed 
time-resolved measurements of ultrafast processes4,5, revolutionized 
frequency metrology6 and also find numerous commercial applica-
tions ranging from material processing to eye surgery.

Although ultrashort lasers have matured in the visible to 
near-infrared, large efforts are currently aimed at shifting ultrafast 
laser technology to longer wavelengths—the so called molecular 
fingerprint region above 2.5 μm (ref. 7). Ultrashort sources in this 
frequency range so far chiefly rely on down-conversion processes of 
shorter wavelength mode-locked lasers in nonlinear materials. Such 
sources suffer from low conversion efficiencies and often reach 
tabletop scale. Moreover, the damage threshold of the involved 
nonlinear crystals has become a limiting factor for generating 
high-repetition-rate, high-power laser pulses, as often desired for 
nonlinear spectroscopy applications8. The availability of compact 
sources that provide direct gain at these wavelengths—while also 
being compatible with mass production techniques—would greatly 
simplify existing laser systems.

Quantum cascade lasers (QCLs)9 constitute ideal candidates for 
directly generating high-energy mid-infrared ultrashort pulses. 
They exhibit a low footprint, up to watt-level average power with 
a broad spectral bandwidth10,11, and the peculiarity that their emis-
sion wavelength can be tailored by adapting the quantum well 
dimensions. Moreover, they proved to be phase stable as a result 
of the strong third-order susceptibility inside of the gain medium, 
which enables the generation of phase-locked frequency combs12. 
By contrast to typical mode-locked combs, QCL modal phases are 
mutually fixed but not constant, leading to a frequency-modulated 
output instead of pulses12,13. This fundamental property of QCL 
combs can be ascribed to the short gain recovery time, which is 
approximately one order of magnitude lower than typical cavity 
round-trip times14.

Generating ultrashort pulses in such structures is an attempt of 
pushing the laser out of this favoured state. In the mid-infrared, 

active mode-locking was accomplished by strongly modulating a 
small section of the laser cavity close to the repetition frequency15–17. 
Although available average powers were limited due to the onset 
of strong gain saturation, pulse durations as short as 3 ps were 
reported. Similar pulse lengths were demonstrated from actively 
mode-locked terahertz QCLs where mode-locking through gain 
modulation generally arises more naturally18–20.

In this paper we follow a different path and take advantage of 
the unique properties of frequency-modulated combs. Recent 
experimental13,21,22 and theoretical23,24 works show that QCL combs 
emit a field of almost quadratic phase alongside a quasi-constant 
intensity. This finding is intriguing as it means well-established 
compression schemes can be applied for external pulse formation. 
Simultaneously, a close to maximally chirped intracavity field effi-
ciently exploits the gain medium in place, allowing up to watt-level 
average powers10,11. Similar techniques are known from shorter 
wavelength semiconductor lasers using fibre dispersion for external 
phase compensation25–27.

Results
Pulse compressor and coherent beat note interferometry. The 
requirement to compensate large amounts of positive group delay 
dispersion (GDD)—of the order of some picoseconds squared13—
suggests the use of a grating compressor28, as previously proposed29. 
The precise configuration utilized in this work is shown in Fig. 1. By 
moving the second grating (G2) and retroreflector (M) with respect 
to the remaining set-up, the GDD can be gradually tuned. Even 
extended mode control is achieved by individually addressing spec-
tral lines in the centre focal plane of the system using amplitude and 
phase masks. Here we restrict ourselves to a simple tunable spatial 
filter acting as a bandpass filter in Fourier space.

In this study we use a 3-mm-long QCL comb lasing around 8 μm, 
featuring a plasmon-enhanced waveguide for dispersion compensa-
tion10. Its repetition frequency is injection locked30 to an external 
stabilized radiofrequency source. To mitigate optical feedback, an 
isolator is placed at the output of the QCL before the beam enters 
the compression unit. A phase-sensitive measurement thereafter 
allows one to monitor the complex QCL field. These measurements  
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are performed using coherent beat note interferometry, often 
referred to as shifted wave interference Fourier-transform spectros-
copy31,32 (SWIFTS).

The complex comb spectrum before compression is reported in 
Fig. 2a–c and shows a double-peaked amplitude spectrum. In accor-
dance with previous experimental21,29 and theoretical24 findings, 
these spectral lobes individually exhibit quadratic spectral phases 
with different GDD. The high degree of mutual coherence among 
comb modes, is, up to a constant prefactor, shown in Fig. 2c by over-
laying the SWIFTS spectrum with the spectrum product (see the 
Methods for details).

A 100 mW compressed comb state is achieved from the emit-
ted 580 mW of average power at the given operation point (see 
Methods for details). The compressor efficiency is evaluated to be 
~50% and mainly limited by diffraction losses. Further losses are 
introduced by the Faraday isolator (~40%) before the pulse com-
pressor. Contrary to previous work29, phase compensation was only 

performed over the shorter wavelength spectral lobe, to maximally 
compress the given field. The tunable spatial filter was used for that 
purpose, introducing spectral losses of ~40%.

Figure 2d–f shows the complex comb spectrum and coherence of 
the shorter wavelength spectral lobe after compression, as measured 
by SWIFTS. Within a spectral bandwidth of 25 cm−1, we observe a 
close to flat phase profile. Residual phase aberrations are limited to 
≲π/4 and can no longer be accounted for by second-order phase 
correction using the grating compressor. Considerable deviations in 
group delay are only observed at the edges of the intensity spectrum, 
where mode amplitudes are weak.

In the following, we propose and experimentally demonstrate 
a novel cross-referencing method for characterizing these com-
pressed comb states. The nonlinear time-domain technique allows 
for a full intensity reconstruction while setting stringent conditions 
on the phase coherence of the underlying waveform. We call this 
method asynchronous upconversion sampling (ASUPS).
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Fig. 1 | Diffraction grating compressor. The collimated QCL beam is guided through a Faraday isolator before entering the compression step, which is arranged 
in a reflective geometry. The pulse compressor is composed of two identical blazed gratings (G1, G2), with a 2f imaging system placed asymmetrically in 
between. The positions of G2 and the retroreflector (M) are adjustable, allowing for precise GDD control. The optical spectrum can be spatially filtered in the 
central focal plane of the compressor employing two knife edges (K). After compression, the pulses are characterized using ASUPS, IAC and SWIFTS.
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Fig. 2 | Complex comb spectrum and coherence before and after pulse compression as measured by SWIFTS. a, The comb spectrum emanating from 
the QCL consists of two distinct spectral lobes. b, Within each lobe, spectral phases, as denoted by black dots, assume close to quadratic profiles that are 
well described by constant values of GDD. c, The coherence of the frequency comb is exemplified by overlaying the SWIFTS spectrum with the spectrum 
product. d, Using the tunable spatial filter incorporated in the pulse compressor, the lower wavelength spectral lobe can be isolated. The remaining 
amplitude spectrum covers a bandwidth of ~25 cm−1. e, The modal phases, represented by black dots, remain close to constant after pulse compression, 
exhibiting a GDD of –0.01 ps2 and a third-order dispersion (TOD) of –0.76 ps3. Considerable deviations from the flat phase profile are observed only at the 
edges of the intensity spectrum. f, The intermodal coherence of the comb is maintained after pulse compression.
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ASUPS. The compressed intensity profile of the QCL is measured 
in an optical sampling experiment33 (see Fig. 3a). The QCL wave-
form—repeating at a round-trip frequency fQCLrep —is asynchronously 
probed by 100 fs pulses from a mode-locked laser, whose repetition 
frequency ( ffsrep) is approximately two orders of magnitude lower 
than fQCLrep . A slow detection system can thus be used to measure 
each of these samples and reconstruct the original QCL waveform 
once the fQCLrep / ffsrep ratio is precisely known.

From an experimental viewpoint, optical sampling is achieved by 
frequency upconverting femtosecond pulses of around 1.55 μm via 
sum-frequency generation in a nonlinear crystal34,35 (Fig. 3b). The 
resulting cross-correlation signal of around 1.3 μm is proportional 
to the product of the intensities of the two incoming fields and can 
directly be measured on an avalanche photodiode (APD). The fun-
damental fields are spatially overlapped using a beam combiner and 
are collinearly focused on a 0.4 mm silver thiogallate (AgGaS2) crys-
tal that meets type-I phase-matching conditions. The crystal length 
is a compromise between achieving phase-matching over the full 
bandwidths of the involved fields while maximizing the generated 
sum-frequency signal. Figure 3c shows the normalized conversion 
efficiency of the given crystal in dependence of the wavelengths of 
the fundamental fields, as calculated from its Sellmeier equations 
(see Supplementary Section 1 for details). The displayed QCL spec-
trum corresponds to its maximum spectral coverage attained close 
to current rollover.

The sum-frequency signal can be separated from the pump 
beams using a polarizing beam splitter as it is perpendicularly polar-
ized. The remainder of the pumps and parasitic second harmonic 
generation in the crystal are further attenuated using a set of band-
pass filters placed in front of the APD. The peak APD signal is then 
periodically sampled at the repetition rate of the femtosecond laser, 
which is optically measured on a photodiode. To assign each sam-
pling point to its QCL waveform position, the frequency difference 
Δf = |fQCLrep − N× ffsrep| (where N represents the index of the femto-
second laser beat note closest to fQCLrep ) is simultaneously acquired by 
electrically mixing the high beat tone N× ffsrep (measured on a fast 
photodiode) with the repetition frequency of the QCL.

The measured temporal intensity profiles for the states displayed 
in Fig. 2 are shown in Fig. 4a. Within one repetition period of 67 ps, 
the uncompressed QCL waveform remains quasi-constant, while a 
train of isolated pulses emerges after compression. When assuming 
the ASUPS pulse shape, the measured average power of 100 mW 
translates into a pulse peak power of ~4 W. Further measurement  

data are enclosed in Supplementary Section 2. In Fig. 4b, the 
measured ultrashort pulses are compared with the SWIFTS 
time-domain reconstruction, normalized to the SWIFTS absolute 
power. From SWIFTS, we obtain a full-width at half-maximum 
pulse duration of 1.07 ps, which is close to the Fourier limit for 
the given spectrum at 0.98 ps. A slightly increased pulse length of 
1.20 ps is observed with ASUPS.

Fully exploiting the high peak power and ultrashort pulse length 
of the femtosecond laser, ASUPS allows one to reconstruct arbi-
trary periodic QCL waveforms and, in particular, the important 
frequency-modulated comb state too12. It is, however, ultimately 
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limited in resolution by residual timing jitter between signal and 
sampling pulses36. Autocorrelation measurements, on the other 
hand, are by definition phase coherent and are well suited for the 
characterization of pulses; however, they only provide limited phase 
information and require considerable effort to be applied to strongly 
chirped fields37.

Interferometric autocorrelation. As an additional means to con-
firm ultrashort pulse generation, we performed interferometric 
autocorrelation (IAC) using two-photon absorption in an indium 
antimonide (InSb) photodetector38 (see Fig. 5a for the results). The 
IAC trace displays a sharp peak at the zero path difference, which 
is approximately eight-times higher than the background level. The 
wings of the IAC function feature small satellites and we observe 
interference patterns over the full length of the interferogram.

The underlying pulse shape cannot be unambiguously extracted 
from the measured autocorrelation trace; however, we can explicitly 
calculate its corresponding IAC function from the SWIFTS electric 
field and compare it with the measurement. The calculated IAC 
trace is shown in Fig. 5b and is compared with the direct measure-
ment in Fig. 5c where, for a more comprehensive view, we plot only 
the envelope of the SWIFTS IAC function. While observing small 
deviations at the interferogram’s tails, excellent agreement of the two 
curves is observed at the central lobe around the zero time delay.

Femtosecond QCL pulses. As indicated in Fig. 4b, the ultrashort 
pulses reported so far are close to transform limited. Consequently, 
to further decrease the pulse duration, the QCL optical bandwidth 
needs to be increased while maintaining the quadratic phase profile.

In this work we employ strong gain modulation in specially 
designed radiofrequency QCLs39 for spectral broadening. A 
4-mm-long QCL with a microstrip-like line waveguide geometry 
is modulated at a power of 35 dBm close to its repetition frequency. 
Figure 6a shows the optical spectrum as obtained in free-running 
and radiofrequency-modulated operation. In the latter case, we 
observe a considerable increase in spectral bandwidth by approxi-
mately a factor of two. In the time domain, such a radiofrequency 
injection induces a strong overall amplitude modulation, as 
shown in Fig. 6b. Due to increased gain saturation compared to 
free-running operation, the emitted average power is decreased in 
that case (details in Supplementary Section 3).

In the same subfigure, we report the temporal intensity as mea-
sured after pulse compression without filtering the QCL spectrum. 

We observe a train of ultrashort pulses with a repetition time of 
90 ps. As can be seen in Fig. 6c, these pulses are close to Fourier 
limited, exhibit a pulse length of 630 fs and a peak power of 4.5 W. 
The aforementioned measurements were carried out using ASUPS.

Discussion
The measurements performed within the scope of this work unam-
biguously show that careful dispersion compensation of chirped 
QCL comb states allows the generation of ultrashort pulses. We 
proposed and experimentally demonstrated that further pulse 
shortening can be achieved via gain modulation-induced spectral 
broadening.

Three mutually independent measurements (ASUPS, SWIFTS 
and IAC) reveal that these ultrashort pulses are temporally iso-
lated. This finding follows directly from the reconstructed intensity 
profiles and the 8:1 peak-to-background ratio observed in the IAC 
trace. Moreover, the pulses are found to be near transform limited, 
as indicated by the pulse shape when compared with a pulse with 
constant phase profile and an otherwise identical intensity spec-
trum. Further qualitative evidence comes from the observation of 
interferometric fringes over the full IAC interferogram, indicating 
only weakly chirped pulses.

While exhibiting a similar pulse shape, ASUPS reveals a slightly 
increased pulse duration compared with SWIFTS. We attribute this 
discrepancy to the combined effects of the finite femtosecond pulse 
length, dispersive walk-off inside the nonlinear crystal and uncom-
pensated timing jitter among the fundamental laser fields, effectively 
limiting the method’s time resolution to ~100 fs. This is consistent 
with the IAC measurements, which do not exhibit these limitations 
and are in accordance with the SWIFTS characterization.

The absence of a constant intensity background in the ASUPS 
measurements is an experimental proof of the full coherence of 
the emitted waveform. This observation is underlined by SWIFTS, 
where the spectrum product and SWIFTS spectrum are commen-
surate over the full spectral bandwidth. It is to be noted that the 
proportionality constant relating the two quantities is not easily 
obtainable by experiment. In IAC, the high degree of coherence 
manifests itself in the peak-to-background ratio, which does not 
decrease even when looking at interference patterns of far away 
pulses (see Supplementary Section 4).

Our work can be seen as a special case of chirped pulse amplifi-
cation40, where it is the QCL itself that generates, naturally, a maxi-
mally chirped output with almost constant intensity. The emitted 
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spectrum consists of segments of constant GDD, which can be iso-
lated and externally compressed to form ultrashort pulses. From 
theoretical models21,24, a close to constant GDD over the full laser 
bandwidth is expected for a more uniform gain spectrum. Such 
sources—in combination with recently demonstrated ~100 cm−1 
spectral bandwidths10,11—could enable QCL pulses as short as 300 fs. 
Dispersion compensation could be achieved on-chip using low-loss 
integrated optics41. Moreover, strong gain modulation could serve 
as another means to further increase spectral bandwidths and cor-
respondingly decrease pulse durations.

Similarly, with these spectral bandwidths and the reported ~1 W 
average powers10,11, QCL sources with peak powers exceeding 100 W 
seem in reach. Improvements to reach these power levels may 
include using longer devices, with correspondingly lower repetition 
rates. Moreover, better feedback suppression could obviate the use 
of an optical isolator. These peak powers compare well with inten-
sities needed to perform supercontinuum generation42, emphasiz-
ing the potential of such sources also for broadband mid-infrared  
comb generation.
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Methods
Grating compressor. The pulse compressor used in this study consists of two 
mirror-symmetrically placed Echelette gratings with a blaze angle of 35°, and 150 
grooves per millimetre at an angle of incidence of 55°. Two identical achromatic 
doublet lenses with focal lengths of F = 10 cm are arranged into a 2f configuration 
and placed asymmetrically between the two gratings, a distance 0.3F away from 
G1. The compressor is undispersive when the two gratings are separated by 4F. 
On synchronously moving G2 and M away from that position towards G1, the 
introduced GDD linearly increases at a rate of ~0.5 ps2 cm–1. Two knife edges—
mounted on translation stages in the centre focal plane—enable spectral filtering. 
The incoming and outgoing beams are slightly detuned in propagation angle to 
spatially separate them with a pick-off mirror. For aligning the compressor, we used 
a beamprofiler at its output.

Device. The first QCL investigated in this paper is mounted epitaxial-side-down 
on an aluminium nitride submount, which is kept at a constant temperature 
of –20 °C using a Peltier element and a temperature controller. The device is 
high-reflection coated at the back facet and operated at a constant current of 0.60 A 
using a low-noise current driver. The light–current–voltage (LIV) characteristic 
of the device and its optical spectrum as a function of bias current are shown 
in Supplementary Section 3. An external radiofrequency synthesizer emitting a 
power of 18 dBm is used to injection lock the repetition frequency of the QCL via 
its bias line. These microwave powers do not induce a considerable change in the 
emitted waveform from the QCL as compared with the free-running case (details 
in Supplementary Section 5). A schematic of the injection circuit is shown in 
Supplementary Section 3.

For the given device, pulse compression was additionally performed at a slightly 
higher bias current of 670 mA, where a spectral bandwidth of ~30 cm−1 is observed. 
In the time domain, 850 fs pulses with a peak power of 7.4 W were measured using 
SWIFTS. Corresponding data are found in Supplementary Section 3.

The second radiofrequency-optimized device is mounted epitaxial-side-up 
and operated at a current of 0.95 A at a temperature of –25 °C. Its bias current is 
microwave modulated at 35 dBm via a coplanar probe placed at one end of the laser 
ridge. Further details are enclosed in Supplementary Section 3.

Asynchronous upconversion sampling. For the optical sampling experiment, we 
utilize a commercial erbium-doped mode-locked laser emitting ~100 fs pulses at a 
repetition rate of 90 MHz and an average power of 240 mW. It is overlapped with 
the QCL beam using a longpass filter featuring a cut-off wavelength of 6.75 μm. 
The two beams are then collinearly focused on the AgGaS2 crystal employing 
a parabolic mirror. After recollimation, the generated sum-frequency signal is 
separated from the pump beams with a polarizing beam splitter and a spectral 
bandpass filter with a transmission window from 1.1 to 1.42 μm.

SWIFTS and IAC. The SWIFTS and IAC set-up is shown in Supplementary 
Section 3; it consists of a folded Mach–Zehnder interferometer with a quantum 
well infrared photodetector (QWIP), a mercury cadmium telluride (MCT) detector 
and an InSb detector at its output.

For SWIFTS, the signal from the QWIP is quadrature-demodulated in a 
lock-in amplifier using the electrically measured QCL repetition rate as a reference. 
The analytic signal Z(τ) = X(τ) − iY(τ) can be computed from the in-phase and 
quadrature signals X(τ) and Y(τ), where τ is the time delay introduced by the 
interferometer. The phase differences of neighbouring comb lines n and n − 1 are 
then directly obtained from the argument of the Fourier-transformed analytic 
signal ϕn − ϕn−1 = arg Z(ωn). Cumulative summing allows to reconstruct the 
full modal phase profile ϕn =

∑n
m=1(ϕm − ϕm−1), starting from a randomly 

chosen phase ϕ0, which is of subordinate relevance as it only introduces a constant 
phase shift to the reconstructed electric field. Together with the spectral amplitudes 
acquired by conventional Fourier-transform spectroscopy, the time domain field 
can be recovered.

This reconstruction scheme can only be applied for fully coherent 
frequency combs. In the context of SWIFTS, the coherence is typically 

assessed by comparing the SWIFTS spectrum, which can formally be 
written as |Z(ω)| = | < E∗(ω)E(ω + Δω) > | to the spectrum product 
√

< |E(ω)|2 >< |E(ω + Δω)|2 > computed from Fourier-transform 
spectroscopy31,32. Here, E denotes the electric field, Δω corresponds to the 
injection-locked repetition frequency of the QCL and angle brackets represent 
averages over laboratory timescales.

For the IAC measurements, a photoconductive InSb detector is used instead, 
which is operated as a two-photon detector. By recording its photocurrent as a 
function of the interferometer path delay, the IAC trace is obtained.
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