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Abstract: We present a near-infrared optical parametric chirped-pulse amplifier (OPCPA) and
soft X-ray (SXR) high-harmonic generation system. The OPCPA produces few-cycle pulses at a
center wavelength of 800 nm and operates at a high repetition rate of 100 kHz. It is seeded by
fully programmable amplitude and phase controlled ultra-broadband pulses from a Ti:sapphire
oscillator. The output from the OPCPA system was compressed to near-transform-limited
9.3-fs pulses. Fully characterized pulse compression was recorded for an average power of
22.5 W, demonstrating pulses with a peak power greater than 21 GW. Without full temporal
characterization, high-power operation was achieved up to 35 W. We demonstrate that at such
high repetition rates, spatiotemporally flattened pump pulses can be achieved through a cascaded
second-harmonic generation approach with an efficiency of more than 70%. This combination
provides a compelling OPCPA architecture for scaling the peak power of high-repetition-rate
ultra-broadband systems in the near-infrared. The output of this 800-nm OPCPA system was used
to generate SXR radiation reaching 190 eV photon energy through high-harmonic generation in
helium.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The recent progress of multi-100-Watt and high-repetition-rate picosecond laser oscillators and
amplifier systems at 1.03 µm [1–4], enabled the development of few-cycle driving sources for
attosecond science at repetition rates ranging from 100 kHz to megahertz [5–8]. This resulted in
the first high-repetition-rate high-harmonic generation (HHG) sources extending into the soft
X-ray (SXR) spectral range (>124 eV) [9,10,11] and the water-window SXR radiation [5,12]. The
higher pulse repetition rate allows for higher photon flux in the HHG output, leading to improved
signal-to-noise ratio (SNR) and reduced acquisition times in attosecond experiments [13,14].
For example, for photoemission, space-charge effects can be reduced [15], and for coincidence
detection, especially, better statistics or shorter acquisition times are essential [16,17].

Optical parametric chirped-pulse amplification (OPCPA) [18,19] currently represents one of
the most compelling approaches for combining the high average powers of the high-repetition-rate
picosecond pump lasers with the ultrabroad bandwidth of Ti:sapphire lasers or supercontinuum-
generated seed pulses. The compressed few-cycle output can yield a high-repetition-rate source
with the necessary peak intensity for HHG and strong-field experiments. Closely tied to the
progress in pump laser technology, power- and repetition-rate-scaling have therefore strongly
driven the development of near-infrared (near-IR) OPCPA systems in recent years [7,8,20,21].

One of the main challenges in the power-scaling of near-IR OPCPA is the efficient generation
of the pump pulses. Since optical parametric amplification (OPA) around 800 nm requires a
pump in the visible spectral range, the ultimate efficiency of a near-IR OPCPA system is heavily
dependent on the efficient second-harmonic generation (SHG) of the 1–µm pump pulses. The
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highest experimentally-observed SHG efficiencies for picosecond high-repetition-rate lasers in
the multi-hundred-Watt average power range are limited to 70% [22,23] and have been achieved
with a single-stage SHG in Lithium Triborate (LBO) or beta-Barium Borate (BBO). A very
promising approach for improving the SHG efficiency is cascaded SHG [24] which has been
demonstrated with efficiencies in the range of 60–70% at 1-kHz repetition rate [20,24], and
very recently with 85% for a 0.1-kHz system [25]. The first stage in cascaded SHG is used to
deplete the most intense parts of the fundamental pulses, resulting in a spatiotemporally flattened
fundamental at the output. These flattened fundamental pulses are then re-used to drive a second
SHG stage. Such a flattened pump pulse profile can increase the efficiency of high-power OPA
stages, as it lifts the saturation limit to higher pulse energies and reduces the detrimental effects of
spectral gain narrowing which is a major concern for efficient few-cycle OPCPA systems [25,26].

Here, we present a 100-kHz near-IR OPCPA system delivering an average power of 22.5 W
(225 µJ) at a center wavelength of 800 nm with a compressed pulse duration of 9.3 fs (3.5 cycles)
and a peak power of 21 GW. OPCPA operation was also observed at the output power level of
35 W without compression. We extend the cascaded SHG approach previously demonstrated at
1 kHz into the 100-kHz regime, maintaining a high conversion efficiency of more than 70%, to
generate the pump beams that drive the final OPCPA amplification stages. In addition, we employ
a programmable time-gated pulse-shaping scheme with an improved bandwidth compared to our
previous proof-of-principle work [27]. This all allows us to operate our near-IR 100-kHz OPCPA
with high efficiency and clean, high-peak-power pulses. To demonstrate the practical use of this
source, we present first experimental results of HHG in a high-pressure helium target generating
SXR radiation reaching photon energies of 190 eV.

2. Experimental set-up of the OPCPA

The full system is schematically depicted in Fig. 1. The OPCPA chain consists of 4 non-
collinear OPA stages in beta-barium borate (BBO), and can be split in two main sections – a
pre-amplification section, which includes two OPA stages (OPA1 and OPA2) and their respective
pump generation (SHG1), as well as a power-amplification section, with OPA3 and OPA4 and a
high-power cascaded SHG set-up (SHG2 and SHG3).

Fig. 1. The full OPCPA set-up. BBO: beta-barium borate. LBO: Lithium triborate. OPA:
Optical Parametric Amplifier. SHG: Second Harmonic Generation.

We use a Ti:sapphire oscillator (Venteon PulseONE; Laser Quantum GmbH) to seed both
the OPCPA chain as well as the pump laser - an Innoslab-based laser amplifier system (A400;
Amphos GmbH). The seed laser produces close to transform-limited pulses with sub-6-fs
duration at a repetition rate of 82 MHz with an average power of 210 mW. We actively lock
the carrier-envelope offset frequency [28] to a quarter of the repetition rate of the laser. A
selected portion of its spectrum around 1030 nm is used to seed the pump amplifier chain after
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pre-amplification and pulse-picking down to the final 100 kHz repetition rate. The pulse picking
is chosen to be a multiple of 4, such that the OPCPA system will only amplify pulses from the
82 MHz pulse train that have the same carrier-envelope-phase (CEP), analogous to [7]. The
rest of the broadband seed spectrum goes through a 4-f pulse-shaper based on a high-resolution
spatial-light-modulator (SLM). The output from this pulse shaper spans a spectral bandwidth
from 640 nm to 920 nm and is used to seed the OPA1. The 4-f scheme and the SLM, together
with OPA1 are used as a time-gated pulse-shaper, which we have previously reported in [27].
This powerful pulse-shaping scheme allows for both a coarse and fine programmable control
of the spectral phase and amplitude of our seed pulses yielding a flexible OPCPA output for
experiments. Here, we use this pulse shaping scheme for an ultrabroad bandwidth of around
230 nm (compared to ∼80 nm as presented in [27]). The pump laser provides 2-ps-long pulses at
a center wavelength of 1030 nm and an average power of 255 W (corresponding to a pulse energy
of 2.55 mJ). The beam-pointing of both the pump and seed laser outputs is actively stabilized
with commercial stabilization units (TEM Messtechnik GmbH) in order to ensure stable pump
and seed overlap in the OPCPA chain.

3. Pump shaping through cascaded second harmonic generation

For the SHG we use low-absorption LBO crystals (θ=90°, ϕ=12.8°, type I; Cristal-Laser SA) in
temperature-controlled mounts (stabilized at room temperature, i.e. 21°C, in order to avoid any
thermal load in the set-up while still maintaining a stable temperature). A small fraction (10%) of
the available pump light at 1030 nm is used to generate the pump for the OPCPA pre-amplifiers
in the SHG stage labelled SHG1 in Fig. 1. We use a 5-mm-long LBO crystal to generate 17.5 W
of second harmonic light with an efficiency of 69%.

Of the remaining fundamental pump light at 1030 nm, 215 W reach the high-power SHG set-up,
which consists of two consecutive stages with 1-mm and 5-mm-long LBO crystals, respectively
(SHG2 and SHG3 in Fig. 1). We employ a cascaded SHG approach due to its ability to produce
spatiotemporally flattened pump pulses for the last amplification stage. This choice is motivated
with Fig. 2, which shows a simulation of the pulse profiles in each stage of the cascaded SHG,
following the approach for a phase-matched SHG discussed in [29].

The simulation assumes a Gaussian spatial profile for the fundamental input that was matched
to the experimentally measured beam size. The temporal profile used in the simulation
was experimentally measured with an SHG-FROG in a 0.3-mm-long BBO-crystal. For a
visual understanding of the process, Fig. 2 depicts the resulting on-axis temporal profiles of the
fundamental and the second harmonic throughout both high-power SHG stages. For completeness,
Fig. 2 also shows the corresponding time-integrated spatial profiles. However, it is important to
stress that the time-integration can mask the extent of the flattening. Therefore, to best judge
the depletion, we use the quantity EFWHM which represents the fraction of the energy contained
within the full-width-at-half-maximum (FWHM) of the 3D spatiotemporal pulse profile. This
represents a good metric for judging the quality of the pump pulse because the small-signal gain
of the OPA process scales nonlinearly with the pump peak intensity. Therefore, the design of the
cascaded SHG was optimized to increase this fraction in the pump pulses for the last OPA stage,
through spatiotemporal flattening of the fundamental pulses in SHG2 while at the same time
maintaining sufficient pulse energy in the second harmonic output from SHG3. As such, the
chosen design allows for a favorable pump energy ratio between the two final OPA stages, while
also providing sufficient spatiotemporal flattening in the cascaded SHG.

The fundamental input pulses have a pulse duration of 2 ps, with 27% of the pulse energy
contained within the FWHM (assuming a Gaussian beam profile). The first stage of the cascaded
SHG, i.e. SHG2, is designed for an efficiency of 23%, which should result in a depleted
fundamental with an on-axis pulse duration of 2.8 ps. The spatiotemporal flattening is almost
fully transferred to the second harmonic in SHG3, with the same estimated pulse duration
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Fig. 2. Simulated on-axis temporal and time-averaged spatial profiles (assuming perfect
phase-matching) of the fundamental wave (FW) in the high-power cascaded 2-stage SHG
(labelled as SHG2 and SHG3), and the subsequent pulse profiles of the second harmonic
from both stages. The designed SHG2 efficiency is 23%. The pulse profile of the SHG3
output after 1.5 m was calculated according to Rayleigh-Sommerfeld diffraction. EFWHM
represents the energy fraction contained within the full-width-at-half-maximum of the 3D
spatiotemporal pulse profile.

of 2.8 ps, resulting in 46% of the pulse energy within the FWHM. The total designed SHG
efficiency (both stages together) is 87%. Finally, in Fig. 2, we also present the pulse profile
of the second harmonic output from SHG3 propagated after 1.5 m (simulated according to
Rayleigh-Sommerfeld diffraction), which corresponds to the position of the final OPA stage,
OPA4. Due to this propagation, the spatial profile slowly reverts towards a Gaussian profile,
resulting in an expected 42% energy within the FWHM available to pump OPA4. This translates
to an effective increase in the energy within the FWHM by 56%, demonstrating the utility of this
flattening scheme.

In practice, the output power from SHG2 was 41 W at 515 nm, while the output power
from SHG3 was 110 W, resulting in a total efficiency of the high-power SHG of 70%. When
calculating the efficiency, the losses from various optics between both stages (∼3%) have not
been compensated for; correcting for these, we estimate a conversion efficiency of 73%. The
discrepancy with respect to the simulated efficiency is not yet understood. It is possible that
unwanted additional phase shifts due to third-order nonlinear effects or thermal lensing effects
could cause a partial dephasing of the SHG process.

A summary of the experimental parameters of all SHG stages is shown in Table 1. The peak
intensities presented for SHG1 and SHG2 use the experimentally characterized pulse duration of
the laser output, while the intensity for SHG3 uses the estimated pulse duration of the depleted
fundamental as shown in Fig. 2 with a measured depleted beam shape.
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Table 1. Summary of the performance of all second harmonic stages in the system.

LBO length [mm] P1030 [W] Peak intensity [GW/cm2] P515 [W] Efficiency [%]

SHG1 5 25.5 24 17.5 69

SHG2 1 215 19 41 19

SHG3 5 174 10 110 63

Total SHG2+ 3 (1 and 5) 215 - 151 70

4. Pre-amplifiers and power-amplifiers – experimental details

The pre-amplifiers OPA1 and OPA2 are pumped with the 17.5 W of second harmonic generated
in SHG1. Both are in the non-collinear type-I interaction geometry, with an internal non-collinear
angle of ∼2.45°. This angle minimizes the group velocity mismatch between the signal and the
idler and thus provides the broadest amplification bandwidth. Additionally, because the walk-off
compensating configuration leads to phase-matched SHG of the signal around 870 nm, we use
the alternative non-walk-off compensating configuration [30] in all of the OPA stages. The
first OPA stage uses a 1.5-mm-long BBO crystal (θ=23°, ϕ=90°; EKSMA Optics) pumped at a
peak intensity of 130 GW/cm2 (i.e., 1/e2 beam radius of ∼0.2 mm), resulting in a gain of 46 dB
(Table 2). In the calculation of the gain and efficiency in Table 2, the reflection losses from the
crystal facets, which are coated only with a protective coating, were not compensated for.

Table 2. Summary of the performance of the four OPA stages in the OPCPA chain.

BBO length [mm] Pump peak intensity [GW/cm2] Signal output energy [µJ] Gain [dB] Efficiency [%]

OPA1 1.5 130 4.4 46 2.5

OPA2 0.7 120 24 6.5 11.2

OPA3 0.8 60 123 6.2 24.2

OPA4 0.8 30 350 2.7 20.6

The seed and the amplified spectra from each OPA stage are shown in Fig. 3(a). The
output spectrum of OPA1 spans the bandwidth from 690 nm to 920 nm and is maintained
throughout the amplification chain. Based on the phase-matching properties of the BBO crystals
there is a trade-off between phase-matching of the shorter wavelength components transmitted
through the pulse shaper (640 nm to 690 nm) and sacrificing a much larger bandwidth on the
long wavelength side. Hence, to maximize the output bandwidth, we phase-match the longer
wavelength components (690 nm – 920 nm). The leftover pump from OPA1 is re-used for OPA2,
which uses a 0.7-mm-long BBO crystal (θ=24°, ϕ=90°; EKSMA Optics), producing 2.4 W of
average power in the signal. Both the pump and signal are imaged from OPA1 to OPA2 to ensure
reliable and stable operation of the pre-amplifiers.

To account for long-term temporal drifts between the pump and seed, time-delay stabilization
has been implemented within OPA1, using the center wavelength of the signal spectrum from
OPA1 as the reference for maintaining the temporal overlap. This is achieved with a feedback
loop that acts on a motorized stage placed in the seed beam path.

The power-amplifiers, OPA3 and OPA4, are both based on 0.8-mm-long BBO crystals (θ=23°,
ϕ=90°; EKSMA Optics) operated in the same non-walk-off-compensating non-collinear geometry
for type-I nonlinear interaction. The pump peak intensities in OPA3 and OPA4 are 60 GW/cm2

and 30 GW/cm2, respectively, estimated from the temporal profiles in Fig. 2 and using an
experimentally measured beam shape. The output spectrum of OPA3, shown in Fig. 3(a),
suggests a slight gain narrowing, due to the shorter pump pulse duration from the non-saturated
SHG2. This has been pre-compensated in the preamplifiers such that the final spectrum more
closely resembles a flat-top spectrum (ensuring a short Fourier-transform limit). OPA4 then
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Fig. 3. (a) Normalized optical spectrum of each OPA stage output. TL: transform-limited
pulse duration calculated from the output spectrum. Power slope measurements of the power
amplifiers (b) OPA4 and (c) OPA3.

maintains the same spectrum, owing to its significantly flatter pump profile compared to OPA3.
Additionally, both power-amplifiers are operated within the saturation regime, but not yet at the
limit of back-conversion as is demonstrated in the measured power slopes in Figs. 3(b)–3(c), for
a final average power of 35 W. Finally, no detectable parametric fluorescence was observed at the
output of the OPCPA chain. This was confirmed by blocking the input seed at which point the
output signal was below the detector noise floor.

Due to its inverse proportionality to wavelength, the contributions to the accumulated B-integral
from any transmissive material, including air, are much stronger at 515 nm compared to 1030 nm.
Therefore, to maintain a stable and clean spatiotemporal pump profile for both power amplifiers,
we perform pump shaping with curved dielectric mirrors only. Additionally, the pump light
is not imaged from the high-power cascaded SHG stages to the OPA crystals. This is because
such imaging would require a tight focus within the beam path, leading to excessive self-phase
modulation from the nonlinear refractive index of air. Due to the large beam sizes in the
cascaded SHG, the effect of propagation to the spatiotemporal profile is weak enough to allow
for sufficiently flat pump pulses in OPA4, as shown with the calculated pulse profiles in Fig. 2.
Contrary to the pump, the signal is shaped in the power amplifiers with UV-grade fused silica
(UVFS) lenses, thanks to its lower power as well as the lower B-integral at that wavelength.
Additionally, the transmissive shaping optics contribute to the stretching of the signal pulses
between the OPA stages.

5. Dispersion management and compression

Most of the stretching of the near-IR pulses comes from the positive group-delay dispersion
(GDD) accumulated from the shaping optics, which include N-BK7 lenses in the preamplifiers,
and UVFS lenses in the power amplifiers. As shown in Fig. 3, the signal spectrum is maintained
throughout the full OPCPA chain, which indicates that any chromatic aberrations that could
originate from the shaping optics do not significantly affect the amplification. Additional
stretching comes from flat N-BK7 and SF11 windows.

The relatively large positive third-order dispersion (TOD) that is accumulated throughout
the amplification chain is pre-compensated at the beginning of the system using our time-gated
pulse-shaping scheme [27] with minimal spectral aberrations. The pulse shaper is additionally
used for fine dispersion compensation during compression. As can be seen in Fig. 4(a), where we
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show the accumulated group delay for each stage in the OPCPA chain, we apply a large negative
TOD (∼ −5000 fs3) on the seed pulses, which results in an almost fully GDD-dominated phase
in OPA4 that allows for easy compression and clean pulses.

Fig. 4. (a) Group delay accumulated for each stage in the OPCPA chain. (b) Measured
and (c) reconstructed FROG trace of the compressed output pulse, with a reconstruction
error of 0.5% using a grid of 256 (in time) x 416 (frequency) points. (d) Reconstructed
temporal profile. (e) The reconstructed spectrum (blue full line) and spectral phase (yellow
full line), overlaid with the measured spectrum (purple dashed line). Before reconstruction,
the FROG trace was corrected for the phase-matching in the SHG and the non-collinear
geometry according to [31].

We first performed a full characterization of the OPCPA output at an intermediate average
power of 22.5 W. The compression of the OPCPA output is done with 32 reflections on chirped
mirror pairs (Layertec GmbH), resulting in a total GDD of −3800 fs2 and a TOD of 2600 fs3

at 800 nm. The compressor throughput is around 90%, yielding the reported 22.5 W after
compression. The compressed pulses have been characterized with SHG-FROG in a 20-µm-long
BBO crystal. The corresponding FROG trace, reconstructed pulse shape, as well as the final
output spectrum are shown in Figs. 4(b)–4(e). The compressed FWHM pulse duration of 9.3 fs
corresponds to 3.5 cycles at the center wavelength of 800 nm [estimated from the center of gravity
of the experimentally measured spectrum from Fig. 4(e)]. From the pulse shape and energy, we
determine a peak power of 21 GW. The remaining ripples in the spectral phase originate from
residual dispersion oscillations of the chirped-mirrors in the compressor and can be removed with
an optimized feedback to the programmable pulse shaper. However, we have found that these
ripples have no significant impact on the pulse duration or peak power. This is also confirmed by
the negligibly small side pulses shown in Fig. 4(d).

After the above-mentioned characterization, we further optimized the efficiency of the OPCPA,
through improved stretching and spatial shaping in the power amplifiers, resulting in a higher
output power of 35 W directly after OPA4, with the same ultra-broadband output. This 35 W
configuration is the one described in section 4, and based on the compressor throughput we would
expect >30 W after compression. However, the performance of the pump laser degraded during
the course of this optimization, preventing complete temporal characterization. Hence, we have
demonstrated compressed OPCPA output at 22.5 W and a power-optimized but uncompressed
OPCPA at 35 W.
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6. High-harmonic generation in helium

We use 18 W (180 µJ) of the near-IR OPCPA output for HHG in helium using the same HHG
module as for our recently reported demonstration of water-window HHG from a mid-IR OPCPA
[5]. The generated high harmonics are characterized with a CCD-based (Newton 400; Andor)
flat-field grating-spectrometer (251MX; McPherson). At the entrance of the HHG chamber, we
use an anti-reflection (AR) coated UVFS window and a plano-convex AR-coated UVFS lens with
a focal length of 75 mm. This led to an experimentally measured 1/e2 beam diameter of 33 µm
at the focus. The dispersion from the focusing lens and the entrance window was taken into
account during compression. The helium gas was supplied from a needle with an inner diameter
of 0.4 mm and 0.1-mm-thick walls. The stainless-steel needle was drilled by the near-IR beam,
ensuring a relatively constant interaction length at stable pressure.

In Fig. 5(a), we present the spectrum of the generated XUV/SXR radiation as a function of
helium backing pressure, measured for a pressure range between 0.5 bar and 10 bar in steps of
0.5 bar. All presented spectra were recorded for a spectrometer entrance slit width of 1 mm
and with a 100-nm-thick aluminium (Al) filter for blocking any leftover near-IR light. The
spectrometer exposure time was 1 s. The amplitude of each displayed spectrum is corrected
for the CCD response, the grating reflectivity, as well as the filter transmission. The generated
radiation was optimized for flux at the highest cut-off for the pressure of 2.5 bar, by translating
the position of the beam focus along the propagation direction. This resulted in the spectrum
shown in Fig. 5(b), with a cut-off at 190 eV. From this cut-off we can estimate an achieved peak
intensity of 870 TW/cm2. We expect a plasma defocusing effect to be the limiting factor in the
obtainable photon energies in the current geometry. Due to lack of a calibrated measurement
device, the absolute flux was not measured. For comparison, Fig. 5(c) shows the uncorrected
measured spectrum that corresponds to Fig. 5(b), in addition to the correction curve plotted on
the right-hand y-axis.

Fig. 5. (a) Pressure dependence of the spectrum from HHG in helium. (b) Selected
spectrum at a pressure of 2.5 bar. (c) purple: The raw, measured data corresponding to
(b) before spectral sensitivity correction; yellow: the correction curve which includes the
grating efficiency, detector sensitivity, and transmission of the Al filter.

7. Conclusion

We presented an OPCPA architecture optimized for high-power and high-repetition-rate few-cycle
operation while providing sufficiently high peak power for application in high-field and attosecond
science. This near-IR OPCPA provides near-transform-limited pulses with a few-cycle pulse
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duration of 9.3 fs (3.5 cycles), centered at a wavelength of 800 nm. The pulse energy is 225 µJ at
an average power of 22.5 W, which corresponds to a peak power of more than 21 GW at a 100-kHz
pulse repetition rate. Furthermore, we report operation of the system at energies up to 350 µJ
(35 W) without compression. We demonstrate the effectiveness of the cascaded SHG process for
the generation of high-power and high-repetition-rate second harmonic from the 1030-nm pump
laser, with more than 70% of efficiency, as a compelling approach for power-scaling near-IR
OPCPA systems. Further development of the system will include characterizing the compression
when operating at 35 W of average power.

The few-cycle near-IR OPCPA was used for driving HHG in helium, generating XUV and
SXR radiation at photon energies up to 190 eV. This result represents one of the first steps in
the scaling of the obtainable photon energies from a high-repetition-rate 800-nm-based HHG
source. Future work will include optimizing the driving peak intensity by improving the focusing
and interaction geometry, with the potential goal to provide a source of high-flux SXR radiation
at 100 kHz and thus an alternative to the mid-infrared OPCPA systems currently used for the
generation of high-photon-energy harmonics.
Funding. Schweizerischer Nationalfonds zur Förderung der Wissenschaftlichen Forschung (200020_172644,
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