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Ultralow-noise sub-two-cycle pulses at 1600 nm
from a compact fiber-feedback optical parametric
oscillator system at 76 MHz
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We demonstrate fiber-based self-compression down to sub-
two optical cycles (9.5 fs) at 1600 nm with an average power
of 620 mW (8.2 nJ) and a repetition rate of 76 MHz. We
use an Yb-based pump laser to drive an optical paramet-
ric oscillator, which is subsequently amplified to the watt
scale using an optical parametric amplifier. The grating-free
single stage pulse compression is realized by a 42-mm-long
common single mode fiber. The compact system is further-
more shown to be highly stable, shot-noise-limited, and a
broadband mid-infrared source through intra-pulse differ-
ence frequency generation.
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ative Commons Attribution 4.0 License. Further distribution of this
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The advent of ultrashort lasers [1–3] has opened the road
toward novel spectroscopic capabilities, particularly in few-cycle
pump–probe spectroscopy [4], or electro-optic sampling [5,6]
for measuring the electric field evolution on even the shortest
sub-cycle time scales of THz pulses [7].

Broad spectra of ultrashort pulses are particularly advanta-
geous in ultrafast spectroscopy [8]. Time-resolved investigations
of photochemical processes were enabled by such techniques
[9]. Few-cycle pulses can also be used for the virtually
alignment-free generation of broadband mid-infrared (MIR)
radiation through intra-pulse different frequency generation
(DFG) [10,11]. As most molecules have unique absorption lines
in this spectral region, a broadband MIR source is the core of
many molecular fingerprinting setups [12,13].

Several fiber-based compression setups that are at the heart of
generating few-cycle laser pulses have been reported in the lit-
erature, e.g., fiber laser-based systems with high average power
[14] or pulse durations down to a single cycle [15]. Ampli-
fied spontaneous emission inherently increases the noise level
of such high-gain waveguide lasers, as amplified spontaneous
emission is fed back into the laser mode [16].

A solid-state thin-disk laser in combination with a compres-
sion photonic-crystal fiber has been used in [17], where high
average power at a central wavelength of 2 µm was demonstrated.
As the utilized pump laser is not available commercially, this
setup is hard to reproduce in other labs. Other common sources
for few-cycle pulses are ultrafast noncollinear optical parametric
amplifiers (NOPAs) [18,19]. They are important ultrashort light
sources, but unfortunately have several drawbacks for certain
applications. Their setup is quite complex, and their white light
seed causes high relative intensity noise (RIN). Furthermore,
even high-repetition rate NOPAs [20,21] operate usually at low
single digit MHz repetition rates. Similar reasoning applies to
optical parametric chirped-pulse amplifiers (OPCPAs) [22]. A
fiber laser system based on commercial components is presented
in [23], but the lower pulse duration limit is at about seven opti-
cal cycles. Most fiber laser-based sources are also limited in their
tunability constrained by their gain bandwidth.

Therefore, the available laser sources leave open a need for
a compact tunable few-cycle laser pulse source with excellent
noise properties, which is readily reproducible in any ultrafast
laboratory that requires such a source for the aforementioned
applications. This Letter closes this gap by presenting a laser
capable of generating ultralow-noise sub-two cycle pulses cen-
tered around 1600 nm using a compact fiber-based compression
setup at a 76 MHz repetition rate. This is achieved using only
components easily available commercially and an off-the-shelf
pump laser.

The single-stage temporal compression mechanism used in
this work is based on soliton self-compression and can be intu-
itively understood as follows: The uncompressed pulse centered
at 1600 nm enters a short piece of common single-mode fiber.
The fiber has a positive nonlinear refractive index and an anoma-
lous dispersion in the spectral region above 1.3 µm. As soon
as the pulse enters the fiber, self-phase modulation will cause
spectral broadening and chirp the pulse in such a way that
the long-wavelength components are shifted toward its lead-
ing edge, while the short wavelength components are shifted
toward its trailing edge. As the anomalous dispersion slows the
long-wavelength components compared to the short ones, the
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Fig. 1. Schematic setup of the experiment. The optical ele-
ments are QWP, quarter-wave plate; FF, feedback fiber; DM,
dichroic mirror; CF, compression fiber; PPLN/PPLT, periodically
poled lithium niobate/tantalate; OPO/OPA, optical parametric oscil-
lator/amplifier; and DFG, difference frequency generation. The
fiber-based compression can generate an average power of up to
620 mW at 1600 nm with a sub-two optical cycle pulse duration.

leading edge slows down compared to the trailing edge and
the pulse experiences adiabatic nonlinear temporal compres-
sion [24,25]. The full description of this process is given by
the generalized nonlinear Schrödinger equation (GNLSE) [26].
The GNLSE is solved for the experimental parameters using
PyNLO [27] and shown in Fig. 2. One clearly sees in Fig. 2(d)
the temporal evolution to the shortest possible duration as the
pulse travels along the fiber. After this point, soliton dynam-
ics lead to an increasingly complicated temporal pulse shape.
The spectral evolution in Fig. 2(c) depicts the corresponding
increase in spectral width up to the shortest duration after which
the dispersive wave separates. The subsequent spectral evolu-
tion is characterized by the stable propagation of the dispersive
wave, a periodic change in spectral intensity similar to higher-
order soliton propagation and the soliton self-frequency shift of
the spectrum toward higher wavelengths. The latter, in combina-
tion with the anomalous dispersion, leads to the accompanying
temporal shift in Fig. 2(d).

The optical setup is shown schematically in Fig. 1. A com-
mercial shot-noise-limited Yb-based pump laser (FLINT, Light
Conversion Ltd.) serves as an initial pulse source. It provides
sub-145 fs pulses at 1030 nm with a repetition rate of 76 MHz
and up to 8 W of average power. The shot-noise limit is reached
for frequencies higher than 600 kHz at a photo current of 20 mA.
This was measured with the laser running at the maximum output
power and 36 mW split off onto the detector. A fiber-feedback
optical parametric oscillator (FFOPO) and OPA combination
is chosen to implement the frequency conversion to 1600 nm.
The FFOPO [28] is characterized by its broad tuning range and
high stability. To use the FFOPO as a compact seeder, a small
focal spot inside a 2-mm-long periodically poled lithium niobate
(PPLN) crystal is chosen. This allows to generate a sufficiently
high seed power using less than 1 W of the available pump and
ensures a compact FFOPO cavity. The high-gain bandwidth of
the short PPLN crystal results in sub-120 fs pulses from the
FFOPO, which is slightly shorter than the pump pulse duration
[29]. The seed is then amplified to around 900 mW using an OPA
with a 3-mm-long periodically poled lithium tantalate (PPLT)
crystal. This is achieved while preserving the pulse duration

Fig. 2. For the shortest pulse achieved, the simulated [27] and
measured spectral and temporal intensities are shown in (a) and
(b), respectively. The 20 times magnified inset shows the dispersive
wave. The simulated spectral (c) and temporal (d) field evolution of
the pulse traveling along the compression fiber are also illustrated.
The dashed red line marks the shortest temporal duration during the
propagation.

and keeping the beam profile Gaussian for a high fiber coupling
efficiency. The signal is then coupled into a 42-mm-long piece
of common single-mode silica fiber (PM1550-XP, Coherent).
Coupling 620 mW into the fiber leads to a compression of the
pulse duration from 116 fs to 9.5 fs. After the compression
fiber, the ultrashort pulses are characterized using a home-built
second-harmonic generation frequency-resolved optical gating
(SHG-FROG) [30] setup, which was checked against an autocor-
relator (APE Mini TPA) and utilizes only reflective optics except
for the nonlinear β-BaBO4 (BBO) SHG crystal. The ultrashort
pulses can also be used for MIR generation. The MIR generation
is based on intra-pulse DFG, and the simple setup consists of
an off-axis parabolic (OAP) mirror focusing the pulses inside
a gallium selenide (GaSe) crystal. Tuning the phase-matching
angle of the GaSe crystal allows to tune the central wavelength
of the broadband MIR emission spectrum with up to 320 µW of
average power at a central wavelength of around 9 µm and a full
width at half maximum (FWHM) bandwidth of over 2 µm. This
is achieved using easily available GaSe rather than more efficient
but highly specialized orientation-patterned gallium phosphide.

By utilizing fan-out crystals in the FFOPO and OPA stages,
the setup can be modified to allow for a broadly tunable cen-
tral wavelength. The fiber-based self-compression mechanism
is also insensitive to a change in the central wavelength of the
applied pulse, as long as it is larger than the zero-dispersion
wavelength. Therefore, our architecture allows, in principle, for
an ultrashort pulse with a central wavelength tunable by tens of
nanometers, possibly up to over 100 nm.

The simulated spectral (Fig. 2(c)) and temporal (Fig. 2(d))
evolution of the pulse along the fiber for our experimental param-
eters are displayed in Fig. 2. A red dashed line marks the length of
the compression fiber used in the experiment. After this length,
the pulse duration has reached its minimum, and the simulated
spectrum (Fig. 2(a)) and temporal duration (Fig. 2(b)), as well
as their measured counterparts, are plotted in comparison to
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Fig. 3. Characterization of the pulses after the compression fiber.
(a) Temporal pulse intensity and phase, retrieved using a home-built
SHG-FROG, compared to the simulated [27] pulse duration. (b)
Measured, simulated, and retrieved spectral intensity and phase. (c)
Measured and reconstructed (d) FROG traces. The retrieved pulse
duration of 9.5 fs is close to the Fourier limit of 9.2 fs. Above 60%
of the pulse intensity is contained within the main pulse constrained
by the black fit function.

their initial values. Here one can clearly see the large compres-
sion factor of over 12 from 116 fs to 9.5 fs. Furthermore, the
simulated and measured pulse durations agree well. The sim-
ulated and measured spectra also match closely, in particular
the dispersive wave peaks displayed in the magnified inset to
Fig. 2(a). When building this compressor, it is difficult to cut
the fiber to the exact length required. One remedy for this is
to vary the power coupled into the fiber. Doing so moves the
point of shortest temporal duration along the fiber. Therefore,
the shortest pulse duration for the specific fiber length can be
achieved.

The measured and reconstructed FROG traces [31] used to
determine the pulse duration are illustrated in Figs. 3(c) and
3(d), respectively. Even before retrieval, the FROG trace sug-
gests a pulse with low chirp and most of its energy contained
within a narrow temporal region. The reconstructed trace shares
all important features with the measured trace. In combination
with the FROG G error of 1.2%, this serves to validate the
measurement. Simulated, measured, and retrieved spectra are
depicted in Fig. 3(b). They agree well in shape except for the
narrow central peak predicted by the simulation. Figure 3(a)
proves that the simulated pulse duration, the Fourier-limited
pulse duration of the measured spectrum, and the retrieved
pulse duration from the FROG measurement are all approxi-
mately 10 fs long. A Gaussian fit to the temporal pulse shape
retrieved from the FROG measurement is 9.5 fs long and there-
fore close to the 9.2-fs-long Fourier limit. This small difference
is well within the expected range for FROG measurements of
few-cycle pulses [32]. As such, the pulse duration is Fourier-
limited, which is also indicated by the flat spectral and temporal
phase in Fig. 3. It should be noted that two spectrometers (Yoko-
gawa AQ6375, Ando AQ-6315E) were needed to cover the
spectral range of the pulse. The temporal shape of the pulse
also reveals that it has little secondary features and over 60%
of its intensity is contained within the main peak. The clean
temporal shape is a substantial advantage over systems based

Fig. 4. (a) Measured relative intensity noise (RIN) of the com-
pressed pulse train compared to the shot-noise limit at a photo
current of 0.1 mA. The background demonstrates the noise of the
detector without incident laser radiation. (b) Power stability of the
compressed sub-two-cycle pulse over 1 h with a 5 min inset.

on erbium-doped fiber amplifiers at a similar center wavelength
[12]. They show significant afterpulsing rather than a single main
peak. Moreover, erbium-fiber technology is limited in average
power, while power scaling of the presented approach is straight-
forward by utilizing a higher power pump laser and a shorter
fiber.

Figure 4(a) demonstrates the excellent noise properties of
the laser presented in this Letter. The system exhibits shot-
noise-limited performance for frequencies higher than 300 kHz.
A low-noise transimpedance amplifier detector circuit with
an InGaAs photodiode (Hamamatsu G12182-003K) and a
10 MHz high-pass filter in combination with a lock-in amplifier
(Zurich Instruments MFLI) were used to measure the RIN. The
detector’s background noise, acquired with the laser blocked, is
much smaller than the shot-noise for the used photo current of
0.1 mA and frequencies over 10 kHz. The excellent stability is
also reflected by its 0.25% rms power noise measured over 1 h
and shown in Fig. 4(b).

To expand the capabilities of this laser system, a virtually
alignment-free intra-pulse DFG stage using a 1-mm-thick GaSe
crystal was added, producing ultrabroadband MIR radiation.
Figure 5 reveals that the DFG spectra span most of the molecular
fingerprinting region from 4 µm to over 12 µm and there-
fore exceed the measurement range of our spectrometer (FTIR
Rocket, Arcoptix S.A.). The tuning range of the center wave-
length, through variation of the phase-matching angle, also spans
several micrometers in wavelength. Up to 320 µW output power
at a central wavelength of around 9 µm and a FWHM band-
width of over 2 µm are achieved with this system and make it
suitable for many spectroscopic applications. The suitability of
the source for the latter can be seen by the presence of strong
water absorption lines in the 6 µm region. The intra-pulse DFG
could easily be set up inside an enclosure, which can be nitro-
gen flooded or filled with a gas to be sampled. This means that
there is no need to flood the entire setup with nitrogen gas to
prevent unwanted absorption lines in the MIR. The weak sec-
ondary peaks in the intra-pulse DFG spectra are possibly the
first sidelobes of the phase-matching spectrum caused by wave
vector mismatch.

Most commercial broadband MIR sources are based on com-
plex soliton dynamics that are inherently noisy [33,34]. The
noise can be somewhat improved by adding a short piece of a
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Fig. 5. Intra-pulse DFG spectrum spans several micrometers and
is tunable over an even broader range by varying the phase-matching
angle of the GaSe crystal. Each trace shown is the DFG signal for a
different phase-matching angle. This system is capable of producing
up to 320 µW mid-infrared average power. In the spectral range
between 5 µm and 7 µm, water absorption lines are visible.

normal dispersion fiber [33]. We avoid this noise source by cut-
ting the compression fiber shortly before the soliton fission point.
The coverage of the MIR spectral region is then achieved through
intra-pulse DFG. As a phase-sensitive optical parametric pro-
cess, this only adds minor noise to the proven ultralow-noise
properties of the presented few-cycle pulse source [35,36].

In conclusion, we have demonstrated a compact and very sta-
ble laser source of two-cycle pulses centered around 1600nm
with an average power of 620 mW and at a 76 MHz repetition
rate. The combination of ultrashort pulses and a demonstrated
low RIN is a unique feature of this system and makes it attractive
for high-precision time-resolved measurements. Furthermore,
we prove that the system can also serve as a tunable broad-
band mid-infrared source, which may be applied to trace gas
detection [37] and plasma analysis [38] using Fourier transform
spectroscopy. This laser system can be implemented in ultrafast
laboratories from easily available commercial components and
as such can serve as a radiation source for many applications
such as ultrafast spectroscopy [8] and molecular fingerprinting
[12].
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