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We present a novel, to the best of our knowledge, approach
for scaling the peak power of mid-infrared laser pulses
with few-cycle duration and carrier-to-envelope phase
stabilization. Using frequency domain optical parametric
amplification (FOPA), selective amplification is performed
on two spectral slices of broadband pulses centered at
1.8µm wavelength. In addition to amplification, the Fourier
plane is used for specific pulse shaping to control both
the relative polarization and the phase/delay between the
two spectral slices of the input pulses. At the output of the
FOPA, intrapulse difference frequency generation provides
carrier–envelope phase stabilized two-cycle pulses centered
at 9.5µm wavelength with 25.5µJ pulse energy. The control
of the carrier–envelope phase is demonstrated through the
dependence of high-harmonic generation in solids. This
architecture is perfectly adapted to be scaled in the future
to high average and high peak powers using picosecond
ytterbium laser technologies. © 2020 Optical Society of
America

https://doi.org/10.1364/OL.389804

The attosecond revolution was possible through the develop-
ment of laser technologies capable of generating high-energy
few-cycle pulses at 800 nm (titanium–sapphire, Ti-Sa) with
carrier–envelope phase (CEP) stability [1–3]. By driving high-
harmonic generation (HHG) with these laser fields, isolated
attosecond pulses are generated and used for pump–probe
experiments with the ultimate temporal resolution for real-time
tracking of electronic dynamics in atoms [1,4,5], molecules
[6,7], and solids [8,9]. However, for several applications, high-
field pulses at longer wavelengths are required, thus motivating
the development of sources from the infrared to the THz
spectral range [10–16]. Among the applications, scaling the
ponderomotive energy (Up ∼ Iλ2) allows for the generation of
attosecond pulses up to the soft x-ray spectral range using the

process of HHG in gas [17–19]. Moreover, it enables to per-
form photoelectron streaking with a combined large temporal
window and a high temporal resolution [20], as well as driv-
ing HHG and sub-cycle electronic dynamics in low bandgap
materials [21–24].

Independent of the central wavelength, most sources deliver-
ing long wavelength CEP stabilized pulses involve the process of
difference frequency generation (DFG) between phase-locked
frequencies, similar to passive CEP stabilization of the idler
pulses obtained from white-light seeded optical parametric
amplification (OPA) [25]. Here, we present a novel strategy
to generate high-field CEP stabilized mid-infrared laser pulses
based on frequency domain optical parametric amplification
(FOPA) [26].

The FOPA is based on a 4 f -setup where the input pulse spec-
tra are spatially spread in the Fourier plane where broadband
optical parametric amplification (OPA) is performed using sev-
eral nonlinear crystals to optimize the phase matching and the
gain of each spectral slice. This laser technology was previously
demonstrated to amplify few-cycle IR pulses to a peak power of
2.5 TW [27]. Here, rather than amplifying the full bandwidth
of the IR pulses, selective amplification of two narrower spectral
slices is performed in the Fourier plane. As illustrated in Fig. 1,
this is done by splitting the high-energy pump into two beams,
one for each spectral slice to be amplified. In addition to spec-
trally shaping the amplification, a half-wave plate is placed in
the Fourier plane to rotate the polarization of one spectral slice
to fulfill the phase-matching condition in the subsequent DFG
stage. The optical delay introduced by the wave plate is compen-
sated for by a window installed in the optical path of the second
spectral slice (see Fig. 1). Following the FOPA, both amplified
spectral slices are recombined and mixed in a type-II crystal of
gallium selenide (GaSe), generating high-field idler pulses that
are passively CEP stabilized from the process of intrapulse DFG
[25]. With this approach, 25.5µJ energy, two-cycle pulses (66 fs
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Fig. 1. Manipulation of the laser pulses in the Fourier plane of
the FOPA prior to mid-IR generation by DFG. The schematic of the
amplification of only two spectral slices is illustrated with the input and
output spectra together with their polarizations at the bottom.

pulse duration), centered at a wavelength of 9.5 µm, are gener-
ated. The control of the CEP is demonstrated by measuring the
dependence of the HHG spectra from solids as a function of the
driving mid-IR field waveform.

The experiments were performed at the Advanced Laser Light
Source facility located at INRS-EMT. The optical layout is illus-
trated in Fig. 2(a). The chirped pulse amplification (CPA) Ti-Sa
laser system delivers femtosecond pulses at a repetition rate of
100 Hz with the central wavelength at 800 nm. The output is
divided into two synchronized beamlines with two independent
compressors.

The first beamline delivers pulses with 4.5 mJ energy and
40 fs duration and is used for pumping a commercial OPA
(TOPAS, Light Conversion). At this OPA output, the idler
pulses at the wavelength of 1.8 µm are selected. Their pulse
duration is 52 fs with energy of 900 µJ. Their spectra are pre-
sented in Fig. 2(b). As illustrated in panel (a), the beam is then
coupled into a 2.7 m stretched hollow-core fiber filled with
krypton at 1.7 bar of pressure [28], resulting in spectra broad-
ened from 1.5 to 2.1 µm [see panel (b)]. After the fiber, the
broadband IR pulses then propagate through the FOPA com-
posed of two gratings of 75 grooves/mm and two cylindrical
lenses of+75 cm. In the Fourier plane, the spectra are spatially
spread over∼3.4 cm in the horizontal direction (the dispersive
direction of the gratings), and the beam diameter extends over
∼5.5 mm (1/e2 diameter) in the vertical direction. In this
plane, the IR pulse duration is about 1 ps.

The second beamline of the laser system is used to pump the
FOPA. By adjusting the grating distance in the compressor, its

Fig. 2. (a) Schematic of the whole experimental setup. (b) Spectra of
the IR beam at the entrance (dark blue) and output (light blue) of the
stretch hollow-core fiber, and at the output of the FOPA (red). The spa-
tial profiles of the amplified beam measured by two-photon absorption
are shown for the (c) 1.7 and (d) 1.95µm spectral slices.

pulse duration is set to 1.2 ps [measured by second-harmonic
generation frequency resolved optical gating (SHG-FROG
[29])] to match the IR pulse duration in the Fourier plane.
Following the compressor, the pump beam is shaped spatially
in order to fit the spatial dimensions of both spectral slices to
be amplified by using a telescope composed of two confocal
cylindrical lenses (+100 cm and −50 cm). The beam elliptical
profiles obtained are ∼4 mm and 8 mm in the vertical and
horizontal directions, respectively. Then, it is divided by a 50-50
beam splitter into two separate beams for amplification of the
two spectral slices.

As illustrated in Fig. 1, two 5 mm thick type-I beta-barium
borate (BBO) crystals with dimensions of 5× 10× 20 mm3 are
placed in the Fourier plane for parametric amplification. The
polarizations of the pump and the seed are vertical and horizon-
tal, respectively. The phase matching is adjusted by rotating each
crystal around the horizontal axis perpendicular to the direction
of propagation. To bring the pump beams in the amplifier,
they propagate in a slightly non-collinear geometry: the angle
between the IR and the pump beams is 2 deg in the vertical
direction. The relative delay of each pump pulse is controlled
independently by two delay lines, and the orientation of each
BBO crystal is optimized for the amplification of each spectral
slice. Right after the crystals in the Fourier plane, a half-wave
plate is placed in the optical path of the 1.8 to 2.1µm part of the
IR beam spectra to rotate its polarization by 90 deg. To com-
pensate for the delay accumulated by propagation through the
half-wave plate, a 1 mm thick fused silica window is positioned
near the Brewster angle in the optical path of the second slice
(spanning from 1.5 to 1.8 µm). This compensating window is
mounted on a motorized rotation stage for precise control of the
relative delay between both amplified slices.

The spectra of the IR beam at the output of the FOPA are
shown in Fig. 2(b). With pump energies of 9.9 and 9.5 mJ
(±2.1% rms instability) for the amplification of the 1.7 and
1.95 µm slices, energies of 1.21 and 1.27 mJ (±2.25% rms) are
obtained, respectively. The output beam profiles, measured at
the FOPA output (after the second grating) using two-photon
absorption in a silicon-based CCD camera (Flea2, PointGrey),
are shown in panels (c) and (d) of Fig. 2. The pulse durations at
1.7 and 1.95 µm are measured, respectively, to 55 and 100 fs by
SHG-FROG.

Generation of mid-infrared pulses with FOPA. After the
FOPA, intrapulse DFG between the co-propagating spec-
tral slices is performed by nonlinear conversion in a type-II
GaSe crystal of 750 µm thickness. A long-pass filter (LP6715,
Spectrogon) selects only the spectral components above 6.7µm.
Mid-IR pulses of 25.5 µJ energy (±3.5% rms) centered
at 9.5 µm are obtained with spectra spanning from 7.2 to
13.5 µm, as presented in Fig. 3(d). The pulses are temporally
characterized with the frequency resolved optical switching
(FROSt) technique [30]. To perform this measurement, a few
µJ of energy of the mid-IR beam are focused with a 5 mm off-
axis parabola onto a 300 µm thick germanium (Ge) plate. In
parallel, the 1.95µm beam reflected by the long-pass filter (after
the DFG) is frequency doubled to ∼1 µm by a 2 mm thick
type-I BBO crystal. These ∼120 µJ pulses are used to pump
the Ge plate for the FROSt measurement. The transmitted
mid-IR spectra through the Ge plate are measured as a function
of the relative delay with the 1 µm pulses by using a monochro-
mator coupled to the HgCdTe (HCT) bolometric detector from
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Fig. 3. FROSt characterization of the mid-IR pulses. Measured
and reconstructed spectrograms in panels (a) and (b), respectively.
Retrieved (c) temporal and (d) spectral profiles in intensity (solid red
lines) and phase (dash red lines) of the mid-IR pulses. Temporal profile
in intensity (solid blue line) and phase (dash blue line) of the optical
switch are shown in panel (c). Note that both the frequency (bottom)
and wavelength (top) scales are presented in panel (d).

Infrared Associates Inc. cooled down with liquid nitrogen. The
measured and reconstructed FROSt spectrograms are presented
in Figs. 3(a) and 3(b), respectively. In panel (c), the retrieved
temporal intensity and phase profiles of the mid-IR pulses
and the optical switch are shown. The spectral profiles of the
mid-IR pulses are presented in panel (d) both in intensity and
phase. The pulse duration is 66 fs full width at half maximum
(FWHM), as highlighted in Fig. 3(c), corresponding to nearly
two optical cycles at 9.5µm.

Note that from a simple calculation using the central wave-
length of our two spectral slices, the generated mid-IR pulses
should be at 13 µm rather than 9.5 µm. While this is still under
investigation, we refer to [15] where with a different laser sys-
tem and DFG nonlinear crystal, they have observed 8.5 µm
rather than 10 µm. They explained their results by nonlinear
propagation effects within the DFG crystal that translate into
spectral reshaping of the incoming pulses. This will be further
investigated for our approach as we are studying its spectral
tunability.

CEP control using the FOPA. The approach presented here
to generate mid-IR pulses is based on intrapulse DFG providing
passive CEP stabilization [25]. With this setup, a slight rotation
of the compensating window placed in the optical path of the
1.7µm slice induces a subtle change in its relative delay with the
one at 1.95µm at the FOPA output. Thus, an accurate variation
of this relative phase enables us to scan the CEP of the generated
mid-IR pulses [31].

As previously shown [32–34], HHG in solids is highly sen-
sitive to the CEP of the driving few-cycle pulses. This unique
feature of HHG from solids allows us to confirm that the FOPA
architecture enables not only the amplification of the two
spectral slices, but also the control of their relative phases in
order to tailor the CEP of the generated mid-IR pulses. For this,
the 25.5 µJ mid-IR pulses are focused by the 50 mm off-axis
parabola into a 1 mm thick window of zinc selenide (ZnSe) for
HHG. At focus, the field strength is estimated to∼45 MV/cm.
With two off-axis parabolic mirrors, the generated harmonics
are collimated (confocal configuration) and re-focused into an
IR spectrometer (NIR256-2.5, Ocean Optics) to measure the
harmonic spectra from 0.8 to 2.5 µm. Figure 4(a) shows the
HHG spectra measured as a function of the CEP, controlled by
rotating the compensating window. Each spectrum is obtained
from the averaging of 200 shots (2 s at 100 Hz). The harmonic
spectra exhibit a strong sensitivity to the CEP of the driving
pulses with a shift of the harmonic peaks, as observed and
explained previously [32,33]. In addition, panel (c) presents the

Fig. 4. (a) Harmonic spectra in intensity as a function of the relative
CEP of the driving mid-IR pulse. (b) Four harmonic profiles for a rela-
tive CEP of zero (dark blue), π/4 (light blue), π/2 (green), and 3π/4
(orange) are plotted. (c) Single-shot measurement of the harmonic
spectrum for a fixed CEP of∼π/10 over more than 8000 shots. Note
that both frequency (left) and wavelength (right) scales are presented.

harmonic spectrum measured in single-shot for a fixed relative
CEP of ∼π/10 over more than 8000 shots (80 s at 100 Hz).
As can be observed, the spectrum remains very similar over
time. These results make a clear demonstration that the CEP of
the mid-IR pulses is passively stabilized and that the resulting
waveforms can be tailored with our system.

In the mid-IR spectral range, it remains difficult and chal-
lenging to demonstrate the CEP control of ultrashort pulses, as
the methods available in the near IR are not easily transferrable
to long wavelengths. Therefore, when developing novel strat-
egies for generating and amplifying CEP stabilized mid-IR
pulses, many previously published studies are assuming that
their source is CEP stabilized from the intrapulse DFG process
without any experimental proof, and refer to the pioneering
work of Baltuska and co-workers [25]. Here, we have used a
simple and original method to demonstrate the CEP control by
generating high harmonics in solids.

In conclusion, a novel strategy to generate high-field mid-IR
CEP stabilized few-cycle pulses is introduced. Using a FOPA,
the parametric amplification is shaped over two narrow spectral
slices of IR broadband pulses, and the Fourier plane is used like a
pulse shaper to manipulate the polarization and the phase of the
amplified frequencies. Subsequently, the phase-locked ampli-
fied spectral slices are mixed in a nonlinear crystal for intrapulse
DFG resulting in a passive stabilization of the CEP. Specifically,
CEP stabilized two-cycle pulses centered at 9.5 µm wavelength
with 25.5µJ energy are obtained.

Beyond the proof of concept presented in this Letter, this
scheme is particularly promising to reach in the future high-
intensity mid-IR pulses. The input femtosecond IR pulses are
temporally stretched in the Fourier plane of the 4f-setup up to
picosecond duration; therefore, pulses with very high energy
but low peak power compared to the femtosecond regime can
be used to pump the OPA process. For instance, at 1.8 µm,
this amplifier has enabled to reach 2.5 TW of peak power using
a pump of 200 mJ [27], promising to upscale our approach
(currently 20 mJ of pump) by one order of magnitude in mid-IR
pulse energy. On top of the high peak power, considering the use
of a picosecond pump laser, the strategy presented in this Letter
is perfectly adapted to ytterbium laser systems to obtain high
average power [35–38].
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