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Abstract: We demonstrate a mid-infrared optical parametric chirped pulse amplifier (OPCPA),
delivering 2.1 pym center wavelength pulses with 20 fs duration and 4.9 mJ energy at 10 kHz
repetition rate. This self-seeded system is based on a kW-class Yb:YAG thin-disk amplifier
driving a CEP stable short-wavelength-infrared (SWIR) generation and three consecutive OPCPA
stages. Our SWIR source achieves an average power of 49 W, while still maintaining excellent
phase and average power stability with sub-100 mrad carrier-envelope-phase-noise and 0.8%
average power fluctuations. These parameters enable the OPCPA setup to drive attosecond pump
probe spectroscopy experiments with photon energies in the water window.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultrafast spectroscopy with extreme ultraviolet (XUV) and soft X-ray pulses has become an
important tool for studying electron dynamics in atoms [1], solids [2,3], nanostructures [4] and
biomolecules [2,5]. Especially near-edge absorption spectroscopy at the K- and L-edges of
various atoms with photon energies in the so-called water window ranging from the carbon
K-edge at ~280eV to the oxygen K-edge at ~530 eV has drawn a lot of research interest lately
[6-8]. Large synchrotron or X-ray free-electron laser (XFEL) facilities are capable of generating
soft X-ray pulses with high flux but are typically limited to pulse durations in the 10-100 fs range
[9,10], therefore lacking the temporal resolution to resolve the fundamental electron dynamics
happening on below-femtosecond timescales [11]. More recently, several techniques have been
developed for the generation of isolated attosecond pulses from XFEL-sources. However, as these
sources rely on self-amplified spontaneous emission, they suffer from a large timing jitter on the
order of femtoseconds and an unstable temporal pulse shape, making single-shot measurements
necessary [12,13].

The development of broadband sources based on high harmonic generation (HHG) has led to
arevolution in the field of XUV and soft X-ray spectroscopy as it has enabled the generation of
coherent XUV and soft X-ray attosecond pulses [14,15] from a compact tabletop source.

For a long time, titanium doped sapphire (Ti:Sapphire) based laser driven HHG systems have
been the back bone of ultrafast XUV spectroscopy. However, Ti:Sapphire systems suffer from
the limited average power output due to the large quantum defect of the active material [16] and
parasitic amplified spontaneous emission [17]. Additionally, extending the photon energy cutoff
of the generated harmonics into the soft X-ray regime is not easily achievable with Ti:Sapphire
lasers due to its rather short wavelength emission at 800 nm. The HHG photon cutoff energy
scales with the ponderomotive energy U, o I L/li [18-20], where I}, is the intensity and Ay, is the
wavelength of the driving light field. While increasing the HHG cutoff energy by enhancing the
laser intensity is possible, the achievable results are limited by ionization effects in the HHG
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gas target and the associated loss of phase matching [20]. Further increase of the HHG cutoff
energies thus requires driving lasers with longer wavelengths.

Ultrashort pulses in the 2—6 um region can be generated in systems based on II-VI semiconduc-
tors such as chromium doped zinc selenide (Cr:ZnSe) and chromium doped zinc sulfide (Cr:ZnS)
lasers. These systems have proved to be capable of delivering multi-mJ pulses at kHz repetition
rate [21], > 100 W average power in cw operation [22] and pulse duration in the few-cycle regime
[23], making them promising candidates for future HHG driving sources extending the photon
cutoff even beyond the oxygen K-edge. However, combining high average power and pulse
energies with few-cycle durations has not yet been achieved, thus, II-VI semiconductor lasers are
not yet used for driving soft-X-ray beamlines.

These limitations have led to the development of high-power short wavelength infrared (SWIR)
and mid-infrared (MIR) OPCPA setups, driven by ytterbium doped yttrium-aluminum-garnet
(Yb:YAGQG) laser systems, as pump sources for HHG beamlines. Yb:YAG sources can achieve
kW-scale power levels using regenerative thin-disk (TD) amplifier [24], Innoslab [25], or large
mode area fiber [26] approaches. Nevertheless, all of them suffer from the limited gain bandwidth
of the material, preventing direct few-cycle pulse generation and typically limiting the pulse
duration to hundreds of femtoseconds [27], which makes them unsuitable for direct generation of
high harmonics. However, Yb:YAG based sources have proven to be excellent pump sources
for optical parametric chirped pulse amplification setups. The combination of the broadband
amplification achievable at a center wavelength of 2.1 um in degenerate optical parametric
amplification (OPA) and the high pump power attainable from Yb:YAG lasers enables few-cycle
pulse generation with multi-mJ pulse energies [28] or >100W of output power for longer pulses
[29]. Figure 1 shows an overview of state-of-the-art high energy SWIR- and MIR-OPCPA
systems.
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Fig. 1. Overview of high pulse energy SWIR and MIR OPCPA setups. CEP stable systems
are displayed in red [28,37-39]. Sources without CEP stability are shown in blue [29-36,40].
The dashed lines mark lines of constant average power.
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Therefore, these setups are exceptionally well suited to drive attosecond experiments relying
on the generation of XUV and soft-X-ray attosecond pulses with photon energies in the water
window region [41].

In this article, we demonstrate a high pulse energy, 10 kHz repetition rate SWIR-OPCPA-source,
based on a kW-class Yb:YAG pump laser driving a passively CEP stable SWIR seed generation
and the subsequent amplification in three broadband degenerate OPA stages. With an output
power of up to 49 W this laser setup is currently, to the best of our knowledge, the most powerful
few-cycle SWIR OPCPA laser system with stable CEP in terms of average power. The resulting
high energy pulses with a center wavelength of 2.1 ym are compressible to below 20 fs. Due to
the passively CEP-stable seed pulse generation and an active slow-loop CEP control, the CEP of
the pulses can be stabilized with a precision of <100 mrad. Together with the excellent power
stability resulting in only 0.8% rms average power fluctuations, our system constitutes a new
back-bone of ultrafast science.

2. Layout of the high-power SWIR source

The pump light source we use to drive our self-seeded three stage OPCPA system is an in-
house developed Yb:YAG based amplifier chain equivalent to the laser system reported by T.
Nubbemeyer et. al. [24]. It consists of an Yb:YAG fiber oscillator, whose pulses are stretched
to ns pulse duration in a fiber-Bragg-grating and subsequently amplified in an Yb:YAG fiber-
amplifier, a regenerative Yb:YAG thin-disk pre-amplifier and a regenerative Yb:YAG thin-disk
power-amplifier. Currently, the main power-amplifier is capable of delivering more than 530 W of
average power at 10 kHz repetition rate. The 1030 nm wavelength pulses from this pump source
are compressed to 1.2 ps duration in a grating compressor with ~85% throughput efficiency.
While being a high-power laser source, the Yb:YAG thin-disk amplifier still exhibits an excellent
power stability and beam quality with only 0.3% rms average power fluctuations over multiple
hours of operation and an M? of 1.1. These properties make the laser a well-suited pump light
source for our SWIR OPCPA. The remaining 465 W after compression are used to drive the
self-seeded, high pulse energy, high repetition rate SWIR OPCPA setup. To keep pointing and
pulse duration instabilities in the output of the main Yb:YAG thin-disk amplifier to a minimum,
two active beam pointing stabilization systems are used in front of the grating compressor and
the OPA setup, respectively. The actual OPCPA setup can be divided into the seed generation,
dispersion control and power-amplification setups (Fig. 2).

The seed generation setup requires only a small fraction of the available pump power to
generate the phase-stable 1.7 to 2.5 um pulses. The pump light is frequency doubled to 515 nm
in a second-harmonic-generation (SHG) stage which is divided into two channels. In the first
channel, a supercontinuum (SC) is generated by bulk filamentation (SCG in Fig. 2). This SC was
mixed with the remainder of the SHG to generate the CEP-stable SWIR pulses via a difference
frequency generation (DFG) process as described in sec. 3. This approach for generating a
CEP-stable SWIR seed for the OPA setup allows for a very compact footprint by avoiding the
necessity to amplify the desired part of the supercontinuum prior to the DFG. The sub-mW
SWIR pulses from the DFG are then amplified to measurable power levels in a first noncollinear
OPA stage with a noncollinearity angle of 1.5°. To ensure optimum amplification efficiency and
compressibility, the amplified pulses from OPA stage 1 are sent into a dispersion control setup
consisting of a combination of dispersive material and chirped mirrors. This setup compensates
for the third order dispersion accumulated by the SWIR-pulses throughout the amplification stages
and introduces enough positive dispersion to get high amplification efficiency while allowing
post-amplification compression by dispersion in sapphire or other negative dispersion materials
suitable for transmission of ultrashort multi-mJ pulses. Following the dispersion optimization,
the SWIR pulses are subsequently amplified to multi-mJ energies in two additional noncollinear
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Fig. 2. Schematic drawing of the high power SWIROPCPA setup. CM: chirped mirrors,
DFG: difference frequency generation, DS: delay stage, OPA: optical parametric amplification,
PM: piezo mirror, SCG: supercontinuum generation, SHG: second harmonic generation.

OPA stages using bismuth triborate (OPA stage 2) and MgO:LiNbO3 (OPA stage 3) crystals. The
noncollinearity angles for OPA stage two and three are 2° and 1.9° respectively.

3. CEP-stable SWIR-seed generation

Generating broadband, CEP stable seed pulses is the most crucial part of the OPCPA setup since
the bandwidth and noise properties achieved here will limit the performance of the whole laser
setup. Thus, a robust and compact design is important to reduce pointing and phase instabilities
in the DFG process. We use a thin film polarizer to split off 13 W of average power from the
pump beam for the seed generation setup. This 13 W beam is then divided into two beams with
1 W and 12 W of power respectively. The 1-W beam is frequency doubled in a 4-mm BBO
crystal, generating 550 mW light at a wavelength of 515 nm (SHG). To generate a signal beam
for our DFG process, 15 mW of this SHG are split off by a beam splitter and used to generate
a supercontinuum (SC) by bulk filamentation (SCG in Fig. 2). Both YAG and sapphire are
possible crystal choices for bulk filamentation using 515 nm picosecond pulses. While sapphire
resulted in large spectral bandwidth, the SC generated in YAG had favorable stability regarding
pulse energy and spectral shape. Sapphire crystals also require more pulse energy to generate a
filament and suffered laser induced damage more frequently. Therefore, we use a 6 mm thick
YAG crystal to generate our SC. The spectral components in the range between 650 and 750 nm
(see Fig. 3 a)) are then spatially and temporally overlapped with the remaining 530 mW of the
SHG. Both beams are focused into a 3 mm lithium triborate crystal to generate SWIR idler pulses
covering the spectral range from 1.7 to 2.5 um (See Fig. 3 b)) via a DFG process. While BBO
has a higher nonlinear coefficient [42], it’s narrow acceptance bandwidth for the DFG process
mixing 515 nm with a 650-750 nm SC, limited the crystal thickness to below 1 mm for the SWIR
pulses to cover the full 1700-2500 nm range. Therefore, lithium triborate (LBO), allowing for a
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larger crystal thickness due to its wider phase matching bandwidth, resulted in an overall higher
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Fig. 3. a) Supercontinuum spectrum generated by bulk filamentation from 15 mW of 515 nm
light in a 6 mm YAG crystal. The spectral components below 550 nm have been removed
with a spectral filter. b) SWIR spectrum generated in a collinear DFG process mixing 515 nm
pump with the 600—750 nm part of the supercontinuum in a 3 mm LBO crystal.

To avoid spatial chirp in the resulting idler pulses, the SC and SHG beams are recombined
collinearly using a dichroic mirror in front of the DFG crystal. Following this approach, the
resulting small arm length of the interferometer formed by the SC and SHG pump light beam
paths helps to reduce instabilities of the generated SWIR light in terms of power as well as CEP
caused by pointing fluctuations of the input beam or changes in the optical path lengths for the
involved signal (SC) and pump (SHG) beams. The SWIR pulses centered at 2.1 um wavelength
generated in this DFG process are passively CEP stable due to the fact that the SHG- and
SC-beams have identical phase noise which then cancels out during the DFG process. In contrast
to intrapulse-DFG processes, however, the CEP of the generated pulses is not exactly zero but
has a finite but static phase determined by the path length difference of this interferometer. This
leads to slow CEP drifts due to path length changes caused by pointing or thermal drifts which
are typically occurring on time scales of hours to seconds. These drifts need to be compensated
to achieve long-term CEP stability and also present a simple way for active control of the relative
CEP value (see sec. 6). In total, we generate a broadband SWIR seed beam with up to 3 mW
power from difference frequency mixing in a 3 mm thick LBO crystal, cut in XY-plane for type 1
phase matching with 4 =90°, ¢ = 10.6°. Optimizing the conditions for stability and bandwidth,
however, typically limits the DFG output to just below 1 mW. This power was insufficient for the
characterization and optimization of dispersion, beam profile and output power of the pulses.
Therefore, we amplify the SWIR idler in a first OPA stage pumped by the remaining 12 W of the
1030 nm fundamental beam that was split off for the seed generation setup. Both, SWIR-seed and
fundamental pump beam, are focused into the first OPA crystal to a 1/e*>-beam diameter of 1.5
mm under a noncollinearity angle of 1.5°.

Multiple types of amplification crystals for 1030-nm-driven 2.1 um OPAs can be used such as
beta-barium borate (BBO), bismuth triborate (BiBO), magnesium oxide doped lithium niobate
(LNB), lithium triborate (LBO), potassium titanyle arsenate (KTA) and yttrium calcium oxyborate
(YCOB). They all come with different strengths and limitations. As BBO is less costly than
BiBO, has a much higher damage threshold than LNB and a larger amplification bandwidth than
YCOB or KTA, it is the most suitable crystal for the first OPA stage. With a pump peak intensity
of ~100 GW/cm?, the achievable bandwidth optimized output power from the used 4 mm BBO
crystal with a cutting-angle of ¥ =21.4° amounts to 550 mW. However, after passing through
the dispersion control setup, described in more detail below, only 250 mW are left to seed the
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power-amplification stages. At output powers beyond the few-W regime, OPA stages based on
BBO suffer from the residual absorption of spectral components above 2300 nm, resulting in
drastic temperature increase and eventual thermally induced damage [43]. This effect prevents
the usage of BBO in our power amplification stages.

4. Broadband amplification to multi-mJ energies

As the pulses generated in the seed generation setup do not have sufficient pulse energy for
high-cutoff HHG, broadband amplification of the SWIR pulses is necessary. The amplification
process has to preserve the spectral bandwidth, CEP stability, and pulse energy stability of the
seed pulses and must not introduce distortions in the spatio-temporal profile of the SWIR-beam.
Achieving this requires the right choice of amplification crystals, and a careful management
of thermal loads and beam sizes throughout the setup to avoid thermal and nonlinear lenses.
We observed a nonlinear lens forming in air due to the high peak power of our 1.2 ps 465 W
compressed pump beam which can cause damages to mirrors, crystals or even water-cooled beam
dumps. Fully avoiding this nonlinear lens caused by propagating through several meters of air
would only be possible by operating the laser setup in a vacuum. However, the effect can be
mitigated by increasing the beam diameter of the pump light, effectively shifting the focal spot of
the nonlinear lens far beyond the actual length of our setup. Therefore, we expand our pump
beam from the Yb:YAG TD power-amplifier to a diameter of 15 mm prior to compression in the
grating compressor. After splitting off the portion used for the seed generation, we divide the
remaining ~450 W of pump light into a 60 W channel for OPA stage 2 and a 390 W channel for
OPA stage 3. Only after dividing the power between the channels, the beam diameters are reduced
from 15 mm to 3 mm in OPA 2 and 12 mm in OPA 3, resulting in peak pump intensities of ~125
GW/cm? and ~50 GW/cm? on the respective crystals. Additionally, we operate our OPA stages
in a regime where the output power of the OPA stages still depends linearly on the applied pump
power, avoiding the back-conversion regime and the associated distortions of the spatio-temporal
profile of the SWIR-pulses resulting in significant reduction of HHG efficiency [44,45]. The
linear dependence of output power on the applied pump power in the chosen operating regime is
illustrated in Fig. 4 b) on the example of the third OPA stage.
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Fig. 4. a) Output Spectra of the three consecutive OPA stages. b) Gain curve of the third
OPA stage. The dashed line is a guide to the eye, illustrating the linear relation between
pump power and output power. The error bars displayed here are the rms average power
fluctuations occurring during a 30 s measurement time for each data point.
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In the second OPA stage we use a 2 mm thick BiBO crystal as BiBO has more favorable
absorption properties than BBO and thus suffers less from an increasing temperature due to
absorption above 2300 nm [46,47]. The crystal is cut in the XZ-plane with a cutting-angle of
0 ="7.8°.

A comparison of the input seed spectrum (OPA1) and the output spectrum (OPA2) in Fig. 4 a)
shows that the second OPA stage is slightly less broadband and the wavelengths above 2450 nm
are not amplified efficiently. We believe this reduction in bandwidth is mainly caused by the
rather big noncollinearity angle >2° between the seed and the pump beam, which is necessary
to safely split the SWIR from the pump after amplification. The output spectra of the first and
second OPA stage both exhibit a distinct spectral shape with peaks in the spectral intensity to
both sides of the spectrum and less spectral intensity in the center. This shape is a characteristic
feature of the phase matching behavior in degenerate OPA stages when the phase matching angle
is slightly detuned from phase matching at the degeneracy frequency. This detuning is introduced
to increase the amplification bandwidth of the first two OPA stages at the cost of a slightly reduced
amplification gain. Higher amplification bandwidth could be achieved by further detuning the
phase matching angle of the crystal, but at a cost of a significant reduction in amplification gain.

In the final OPA stage (OPA 3) the ~390 W of pump power used for amplification impose even
more challenging requirements to the nonlinear crystal. The high energy of the pump pulses
makes it necessary to significantly increase the beam size in order to avoid peak intensities above
the damage threshold of the crystal. Therefore, BiBO can no longer be used at such high powers
as BiBO crystals with clear apertures >15 mm are not readily available. KTA and YCOB crystals
are available in large sizes and have damage thresholds superior to BBO or BiBO but result in
a limited bandwidth of the SWIR output pulses since KTA does not support broadband phase
matching in this spectral region and the low nonlinear coefficient of YCOB demands for thicker
crystals. LNB has a low damage threshold compared to BBO and BiBO and photorefractive
effects can lead to a catastrophic runaway focus process resulting in crystal damage at peak
intensities exceeding 50 GW/cm? of the pump light [43,48]. Even at a pump power of 390 W,
however, large aperture diameter LNB crystals easily allow the beam sizes necessary to keep
the peak intensity below the damage threshold. The broadband phase matching conditions
and a strong nonlinearity with a nonlinear coefficient of d.y>4 pV/m [42] enable broadband
and efficient amplification even at lower pump peak intensities. Additionally, LNB has a low
absorption coefficient over the full spectral range of our SWIR pulses [49], resulting in a reduced
thermal load as compared to BBO or BiBO crystals. Despite the low absorption coefficient, the
crystal temperature rises under full power operation reaching a steady equilibrium temperature of
40°C. The LNB crystals used here are cut at a phase matching angle of O =42.9° and are mounted
into motorized mirror mounts providing an easy way to compensate the temperature induced shift
in optimum phase matching angle by tilting the crystal. Comparing the spectrum of the SWIR
pulses after amplification in a 2.2 mm LNB to 49 W of average power in Fig. 4 a) with the spectra
recorded for the previous amplification stages shows no further decrease in spectral bandwidth.
In contrast to the first and second OPA stage, the output spectrum of OPA stage three shows a
higher spectral intensity in the center of the spectrum reflecting the more Gaussian gain profile as
detuning the phase matching angle was not necessary due to the large acceptance bandwidth of
the LNB crystal. The spectrum of the amplified pulses supports a Fourier-transform-limit (FTL)
of 17 fs. Benefiting from the compact setup, excellent stability with below 0.8% rms average
power fluctuations for approximately one hour of operation can be achieved (Fig. 5).

The beam quality parameter was investigated at various pump powers for the third OPA stage
in the double LNB crystal configuration. The 4-0 beam diameter was determined from images
taken with a 17 um pixel pitch microbolometer camera. At pump powers < 280 W the M? value
was measured to be ~1.5 in X- and 1.6 in Y-direction. When the pump power was increased
beyond this threshold, the beam quality gradually decreased resulting in an M? value of ~1.6 in
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Fig. 5. Output power of the high-power SWIR OPCPA setup measured over 60 min with an
average power of 47.6 W and 0.8% rms power fluctuations. The maximum average power
achieved was 49 W. The insets show the beam profile of the multi-mJ output pulses with a
1/e% diameter of 14 mm measured with an 80 um pixel pitch pyroelectric camera (left) and
the beam profile in the focus of a 500 mm CaF; lens with a 1/e2-diameter of 130 um in X and
190 um in Y-direction, measured with a 17 um pixel pitch microbolometer camera (right).

X- and 1.8 in Y-direction at a pump power of 390 W. This decrease in beam quality is likely to be
caused by a thermal lensing effect in the two LiNbO3 crystals of the third OPA stage and leads
to the development of a non-Gaussian beam profile after the focus. Despite this distortion, the
SWIR beam is still focusable with a nearly Gaussian shape in the focus as can be seen in Fig. 5
(inset on the right).

5. Pulse compression and temporal characterization

Since this laser system is meant to drive HHG with cutoff energies well into the water window, it
is essential to generate few-cycle pulses, as it increases the available peak intensities and enables
the utilization of amplitude gating for isolated attosecond pulse generation. The generated SWIR
spectrum after amplification in the three OPA stages shown in Fig. 4(a)) supports a Fourier-limited
pulse duration as short as 17 fs, corresponding to 2.4 optical cycles at 2.1 pum center wavelength.
We use a combination of Sapphire, ZnSe and custom chirped mirrors to control the dispersion of
the SWIR pulses to maximize the amplification efficiency as well as to compress the output pulses
of the third OPA stage. The supercontinuum used as a signal during the DFG process generating
the CEP-stable seed pulses is chirped due to positive dispersion in the YAG crystal used to
generate the SC light. Due to the mixing process in the LBO crystal generating the difference
frequency of the overlapping SHG and SC fields, the chirp is reversed for the generated idler.
Hence, the resulting SWIR-seed-pulses have negative chirp. Most transparent materials, however,
including the amplification crystals used in OPA stage 2 and 3 and the sapphire material meant
to compress the pulses later on, introduce negative group-velocity-dispersion (GVD). While
materials like ZnSe or multilayer chirped mirrors can be used to induce positive second order
dispersion, both of these options are not suitable for compressing high energy, few-cycle pulses
due to damage thresholds, thermally induced dispersion shifts and random quasi phase matching
[50-52]. Therefore, to ensure good temporal profile matching between the SWIR signal and
1030 nm pump pulses, we implemented a dispersion control setup in between the first and second
OPA stage consisting of 10 mm ZnSe and two types of custom chirped mirrors with eight and
two bounces, respectively. Due to the large amount of dispersive material in our setup, the third
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order dispersion (TOD) cannot be neglected when trying to compress the pulses close to their
FTL. This issue, however, is addressed by the chirped mirrors in the dispersion control setup.

The first set of chirped mirrors was reported in [43] and accumulates negative TOD and positive
GDD compensating 40 mm of sapphire during the eight bounces on the mirrors. Together with
the positive dispersion of the 10 mm ZnSe we introduce enough GDD to first compensate for
the native negative second order dispersion of the SWIR pulses and then stretch the pulses to
a duration allowing for high efficiency in the subsequent OPA stages. The remaining TOD of
the output pulses is (pre-) compensated by two passes on the second type of chirped mirrors,
which introduce negative TOD while having little effect on the second order dispersion of the
pulses. Pre-compensating the TOD allows us to compress the pulses after the power amplification
to the multi-mJ range, solely by introducing 18 mm sapphire, including entrance windows to
our vacuum beamline and pick-off-windows for diagnostics later on. The fine tuning of the
pulse duration is done using a pair of fused silica wedges. At a 1/e> beam diameter of 14
mm the estimated B-integral in the compression material amounts to 0.37 rad, which is small
enough to not expect a degradation of the beam quality due to nonlinear effects in the solid-state
compression unit. We also do not observe a change in spectrum or beam profile of the output
pulses when the compression material is inserted, even at a reduced beam diameter of 10 mm.

At OPA 3 an output power of up to 49 W was achieved from a single 2.2 mm thick LNB crystal.
The generated SWIR pulses were characterized using a SHG-FROG measurement, yielding a
20.4 fs pulse with 89% of the intensity confined in the main pulse (Fig. 6 b)).
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Fig. 6. a) Spectrum of the 49 W SWIR output pulses of the high power OPCPA setup using
a singular 2.2 mm LNB crystal (black) as well as the reconstructed spectrum (blue) and
spectral phase (red) from a SHG-FROG measurement. b) Reconstructed temporal pulse
profiles of the SWIR pulses after amplification in the third OPA stage showing a 20.4 fs pulse
duration using a single 2.2 mm LNB (blue) and an 18.5 fs pulse duration using the double
crystal approach with two 1.2 mm LNB crystals (red). The double crystal approach results
in an increased energy transfer from the main pulse into a pedestal, post- and pre-pulses.

Shorter pulses with 18.5 fs duration were achievable with a double crystal approach using
two 1.2 mm LNB crystals phase matching different parts of the input spectrum. This technique
is widely used to achieve a higher amplification bandwidth while still having the benefits of
a thick crystal [53]. However, the shorter pulse duration was achieved at cost of an average
output power reduction to 40 W and the use of two crystals in a noncollinear geometry, led
to the development of modulations in the output spectrum which result in either formation of
multiple pulses or an energy transfer from the main pulse to a pedestal with a duration of several
hundred of fs. To counter this effect, we mounted the two 1.2 mm thick LNB crystals into the
same mount to keep the distance between the crystals with ~1 mm as small as possible. This
approach achieved the best results despite the fact that the phase matching angle of the two
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crystals cannot be adjusted independently. Additionally, careful alignment of the input beams,
a small noncollinearity angle and operating the crystals in a walk-off-compensating scheme
[54,55], helped to mitigate those effects, resulting in a decently compressible pulse. The temporal
reconstruction of an SHG-FROG measurement is displayed in Fig. 6 b). A compressed pulse
duration down to 18.5 fs could be achieved with ~50% of the total pulse energy contained in the
main pulse. This suggests, that using a single crystal is preferable when aiming for the highest
peak powers, whereas experiments relying on the shortest possible pulses for nonlinear processes
such as amplitude gating in HHG could benefit from the double crystal approach. We note here
that the 2.6-2.8-cycle duration achieved directly from the OPA output using the double and single
crystal approach, respectively, is not short enough to allow for amplitude gating. This can be
achieved by an additional nonlinear compression stage based on a hollow-core fiber in the future
enabling generation of sub-1.5 cycle pulses.

6. CEP stability

The concept to achieve a highly stable CEP of our output pulses relies on the passively CEP
stable seed generation, a CEP preserving amplification and a slow-loop CEP control consisting
of a spectral 3f-4f-interferometer to measure the relative CEP and to generate a feedback signal
for the piezo mirror (PM in Fig. 2) in the seed generation setup. Typically, f-2f-Interferometers
are used to measure the relative CEP fluctuations by recording the spectral interference fringes
that form when a pulse is spatio-temporally overlapped with its second harmonic. However,
since the bandwidth of our SWIR pulses is not octave spanning such a device would require
additional spectral broadening. Thus, we use a 3f-4f-interferometer, observing the spectral
fringes of a surface third harmonic (THG) and a 4™ harmonic generated by frequency doubling
the SWIR-pulses in two subsequent BBO crystals. This approach avoids the additional phase
noise introduced by a bulk filamentation nonlinear broadening stage, which is known for strong
phase-to-intensity- and phase-to-pointing-noise coupling [56,57]. The relative CEP of our pulses
measured by this in-loop 3f-4f-interferometer is used to generate an error signal for the active
piezo mirror in the seed generation setup as a phase shift of the pump light relative to the signal
directly translates into a shift in the CEP of the SWIR pulses generated in the DFG process [43].
For the characterization of the CEP stability achievable with our laser system, we used a second
collinear 3f-4f-interferometer for out-of-loop measurements. Figure 7 shows the relative CEP
of the SWIR output measured by the out-of-loop 3f-4f-interferometer. The measurement was
taken while driving OPA stage 3 with the full 390 W of pump power in a double LNB crystal
configuration. The total rms CEP fluctuations during the ~75 min recording time amount to
92 mrad.

Figure 7 clearly shows that the slow loop CEP control is capable to efficiently suppress slow
CEP changes due to interferometric path length changes in the seed generation setup. We note
here that we can’t achieve single shot detection of the relative CEP due to the limited data
acquisition rate of spectrometers used to record the spectral interference fringes encoding the
relative CEP. For the data shown in Fig. 7 we were integrating for 20 ms per sample, corresponding
to 200 laser shots of our 10 kHz laser, thus limiting us to the detection of fluctuations below
25 Hz. Faster fluctuations however, should not be present due to the passively CEP stable nature
of the seed generation. A remaining noise source, causing the rare phase jumps that can be seen
in Fig. 7, was identified to be the laser beam pointing stabilization after the compressor for the
1030 nm pump light which was occasionally over compensating and causing a phase shift too fast
for our slow-loop-CEP stabilization to follow.
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Fig. 7. Relative CEP of the SWIR output at full power after OPA stage 3 measured
out-of-loop (left). A histogram of the measured relative CEP values (right).

7. Conclusions

The demonstrated laser system achieves, to the best of our knowledge, the highest average power
among few-cycle CEP-stable SWIR-OPA light sources. Its unique combination of 4.9 mJ pulse
energy, few-cycle pulse duration and excellent stability with 0.8% average power fluctuations
and sub-100 mrad carrier-envelope-phase noise make this setup an ideal choice for advanced
attosecond spectroscopy experiments with photon energies well into the soft-X-ray regime.

Further spectral broadening by self-phase modulation in multi-pass cells [58], arrays of thin
plates [59] or hollow core fibers [60] and compression close to single-cycle duration has proven
to be possible for similar pulses [S8—63] and may be implemented for this setup in the future.
Scaling the pulse energy beyond the 4.9 mJ of OPA stage 3 is possible, making use of the full
1 kW potential output power of the Yb:YAG pump laser. However, this requires substantial parts
of the OPCPA setup to be operated under vacuum conditions to avoid nonlinear lensing in air.
Alternatively, the repetition rate of our OPCPA can be increased to achieve higher output power
while keeping the pulse energies stable. Operating our OPCPA at up to 20 kHz has already
been tested for the seed generation setup. Extending this repetition rate increase to the power
amplification stages, however, remains challenging due to the significant increase of thermal load
in the setup. The high repetition rate of our multi-mJ OPCPA allows for short measurement times
and observation of rare events which would otherwise be hidden by noise.

This OPCPA setup will be used as a frontend for an attosecond beamline combining the
attosecond time resolution achievable with HHG sources with photon cutoff energies in the water
window thus allowing for experiments and applications in wide range of fields ranging from
AMO physics, over chemical and material sciences, to biological applications.
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