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Zurich, Switzerland
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Abstract: We compare the generation of high-order harmonics in the water window (283-543
eV) with 0.8-µm and 2.2-µm few-cycle lasers at a pulse repetition rate of 100 kHz. Using
conventional phase matching with the 2.2-µm driver and what we attribute to nonadiabatic
self-phase-matching with the 0.8-µm driver, photons up to 0.6 keV (2 nm) are generated in
both cases. Special attention is paid to the understanding of the generation mechanism with the
0.8-µm laser amplifier system. We use the same beamline and pump laser for both drivers, which
allows for a direct flux comparison at the two driving wavelengths. For photon energies around
280 eV, a 10-100 times higher flux is obtained from the 2.2-µm versus the 0.8-µm laser system
in helium and neon. The crossover at which the 2.2-µm yields a higher flux compared to the
0.8-µm driver is found to be as high as 0.2 keV. Our study supports the common approach of
using long-wavelength lasers in a phase-matched regime for efficient generation of water-window
harmonics, but also shows that the more widespread 0.8-µm wavelength can be used to generate
water-window harmonics with an efficiency close to the one of a less common 2.2-µm source.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High harmonic generation (HHG)-based table-top extreme ultraviolet (XUV) and soft-X-ray
(SXR) sources at high pulse repetition rates are becoming more and more widespread thanks to
the rapid technological development of high-power solid-state lasers. Coherent SXR radiation
in the biologically relevant “water window” produced by HHG in gases has received particular
attention in recent years. In this spectral region spanning from 283 to 543 eV (2.3 to 4.4 nm),
water is more transmissive than carbon [1,2]. The cutoff of HHG scales as Ecutoff ≈ Ip+3.17
Up, with Ip the ionization potential of the gas, and Up ∝ Ilaser·λ

2 the ponderomotive energy
[3], where Ilaser is the laser peak intensity and λ the laser wavelength. Thus, there are two
straightforward ways for extending the cutoff energy. The first possibility consists in increasing
the laser intensity for a given wavelength [4–6]. The second approach is to use a long-wavelength
driver, to benefit from the quadratic scaling of the ponderomotive energy. While the microscopic
response decreases with increasing wavelength [7–10], phase matching can partially compensate
for this reduction [11]. Thus, most efforts in the community over the past two decades towards
photon-energy scaling have been devoted to the latter approach [12–14].

Although the “intensity scaling” approach received some attention in the last few years as well
[15,16], it remains less studied than the “wavelength scaling” approach due to conventional phase
matching becoming impossible above ∼200 eV with a 0.8-µm driver [17]. Several researchers
aimed to overcome this phase matching challenge by using techniques such as nonadiabatic self-
phase-matching (NSPM) [18–21], formation of an ion channel through electrical discharges by
means of double pulses [22,23], multiple-ionizations in gases with low ionization potential gases
[24], or quasi-phase-matching waveguides [25]. Several studies compared the HHG-efficiency
at 0.8 µm and at 2 µm in a phase-matched regime at energies below 200 eV [26,27]. To our
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knowledge, however, so far no study has directly compared the efficiency of unconventional
phase-matching techniques with that of a long wavelength driver in a phase-matched regime.

In this paper, we experimentally compare the HHG yield in the water window driven by two
state-of-the-art 100-kHz optical parametric chirped pulse amplifiers (OPCPAs) at 0.8 µm [28]
and 2.2 µm [14]. The experiments are performed on the same beamline and both parametric
sources are derived from the same pump laser to ensure comparable conditions.

2. HHG beyond conventional phase matching

To motivate the comparison of the two HHG approaches discussed in this work, we first examine
the limitations of conventional phase matching. We then show why high intensities are needed
for the 0.8-µm driver, leading to ground-state depletion and HHG from ions. Finally, we discuss
how those high intensities can be used to give rise to an unconventional phase-matching term,
which can explain our HHG results with the 0.8-µm driver.

2.1. Limits of conventional phase matching

While the generation of XUV/SXR in HHG happens at a single-atom level, phase matching
in the macroscopic medium is required for an efficient SXR generation. Conventional phase
matching of HHG is achieved through a balance of Gouy phase-shift, intensity-dependent dipole
phase, dispersion from neutral atoms and dispersion from free-electrons [29]. This balance can
be maintained only if the ionization level of the gas stays below the critical ionization level [11]
(0.5% for helium and 1% for neon at 0.8 µm). This limits the intensity at which phase matching
is possible, and thus the attainable cutoff. Reaching the carbon K-edge (283 eV) and oxygen
K-edge (543 eV) with a 0.8-µm driver requires intensities above 1.4×1015 W·cm−2 and 2.7×1015

W·cm−2, respectively, which are 1.7 and 3.4 times the intensity at which the critical ionization is
reached for a 2-cycle pulse in helium. To produce water-window harmonics with a 0.8-µm driver,
it is thus necessary to operate beyond the regime of conventional phase matching as Fig. 1 shows.

Fig. 1. Maximum cutoff energy which can be phase matched with conventional techniques
for different parameters. We assume a carrier envelope phase (CEP) of zero. The ionization
fraction is computed using the Yudin-Ivanov ionization rates [30] with the Coulomb correction
factor from [31]. The yellow area represents the region in which conventional phase matching
is possible. The green areas represent the two regimes we compare experimentally.

2.2. Changes of the atomic population at high intensities

Since conventional phase matching cannot be used to enhance HHG in the water window with
a 0.8-µm driver, it is important to understand which parameters affect the HHG yield at the
microscopic level. To that end, we determine the microscopic response of the medium by
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computing the nonlinear polarization Pnl:

Pnl(t) = Natom

qmax∑︂
q=0
ηq(t) · xq

nl(t) (1)

With Natom the density of neutral atoms in the gas before interaction with the laser pulse, ηq(t)
the proportion of atoms or ions with a charge q, xq

nl(t) the single-atom dipole moment for the
species with a charge q, and qmax the maximum ionic charge considered. Throughout this paper,
we use “single-atom dipole moment” as a short-version term for the single-atom dipole moment
in the single active electron approximation for recombining trajectories only.

For simplicity, we neglect nonsequential ionization and plasma absorption. Ionization rates are
computed with barrier suppression ionization (BSI)-extended ADK rates [32] (hereafter referred
to as ADK-BSIe). We compute the time-dependent single-atom dipole moment acceleration [33]
with a nonadiabatic Lewenstein model [29,34,35].

In Fig. 2(a), the curve showing helium with depletion attest that the generation of high-energy
photons is not possible from neutral He because the ground-state is fully depleted when the field
strength needed to generate such photon energies is reached. However, the depletion of the neutral
helium gas population also implies that HHG from He+ becomes possible. To study at which
intensities this happens, we plot in Fig. 2(b) the scaling of the microscopic spectrum in a fixed
energy window. When depletion is not considered, the microscopic yield scales almost linearly
with increasing intensity. However, when depletion is included, the trend changes completely,
and the yield decreases with increasing intensity, as previously reported [36,37]. Including the
ionization from He+ to He2+, a second peak around 10 PW·cm−2 appears, which corresponds to
HHG from He+.

Fig. 2. (a) Single-atom dipole moment acceleration spectrum |FT[∂2
t Pnl(t)]|2 (FT denoting

the Fourier transform) for a 4-cycle driver at 0.8 µm in He with a peak intensity of 1016

W·cm−2. All curves are smoothed with a 5-eV moving-average window for readability.
(b) Integrated flux in a 20% bandwidth around 280 eV (252-308 eV) for the same pulse
parameters as (a) with different peak intensities. The dashed lines are guides for the eye.

2.3. Nonadiabatic self-phase-matching

In addition to high intensities, our experiment uses few-cycle pulses. The combined presence
of these two elements leads to significant population changes from one cycle to the next, as
Fig. 3 shows. Such fast changes of the free-electron density leads to a strong modification of
the gas refractive index on a sub-optical-cycle scale and, as a result, the laser field experiences
a nonadiabatic blueshift [20,21,38,39]. This effect, named nonadiabatic self-phase-matching
(NSPM), leads to a blue-shifted harmonic generation, which enhances the HHG yield [20,21].
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Since it is present only when the atomic population is changing significantly during a half-cycle,
few-cycle pulses and intensities in the 1016 W·cm−2 range are typically used to obtain a significant
increase of the HHG yield [18,19,40]. In section 4, we show why our experimental HHG results
in the water window with the 0.8-µm driver can be explained by this effect.

Fig. 3. Simulation of the evolution of ionization states for a 10-fs gaussian pulse at 0.8 µm
with a peak intensity of 2.6×1016 W·cm−2 with a CEP of 0 rad in (a) helium and (b) neon.
ADK-BSIe ionization rates [32] are used, non-sequential ionization and plasma absorption
are neglected.

3. Experimental setup

3.1. Laser system

Our experiment uses the output of two high-power OPCPAs operating at a 100 kHz repetition rate
and sharing the same pump laser (A400, Amphos GmbH). The 0.8-µm OPCPA produces 11-fs
pulses (4 cycles) with an average power of 24 W after compression [28]. The 2.2-µm OPCPA
produces 16.5-fs pulses (2.2 cycles) with 25 W of average power [14]. In Fig. 4, we present a
scheme of the experiment.

Fig. 4. Experimental setup. The two OPCPAs are operated one at a time.

3.2. Focusing into the gas target

The 2.2-µm beam is focused with a CaF2 lens with a focal length of 75 mm. More details about
our 2.2-µm HHG experiment can be found in [14].

The 0.8-µm beam is focused onto the HHG target at f/5.9 with a silver-coated off-axis parabola
(f=102 mm; MDP249-P01, Thorlabs) in order to minimize optical aberrations and thus reach
intensities above 1016 W·cm−2. Great care is taken to minimize astigmatism when aligning
the off-axis parabola. The off-axis parabola is water-cooled to minimize thermal lensing and
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avoid thermal damage. The HHG chamber is also water-cooled due to the high thermal load.
Likewise, due to the high average powers used here, the pump laser is operated all the time, and
the OPCPAs are turned on 12 hours prior to the experiments for thermalization to ensure stable
laser conditions during the experiments. Once the thermalized state is reached, the systems can
be used for multi-day experimental campaigns without significant changes in performance.

After reflection on the off-axis parabola, the beam enters the beamline through a 5-mm thick
anti-reflection (AR)-coated UV fused silica window. The window is placed as close as possible
to the off-axis parabola to minimize the B-integral. To measure the beam size at the focus, we
place a wedged window in the optical path and characterise the reflection from its front facet.
We also add several neutral density filters for further attenuation. Hence, the beam size can be
measured directly at the focus with a camera (2.2 µm pixel size; puA1920-30um, Basler AG). We
measure a 1/e2-radius beam waist of 6×7 µm at the focus and a Rayleigh length of 106 µm, which
corresponds to an estimated peak intensity of 2.6×1016 W·cm−2. This is in good agreement with
the theoretical values of 3.1×1016 W·cm−2 for the peak intensity and 5.7×5.8 µm focal spot size,
computed from the incident beam profile on the off-axis parabola using Rayleigh-Sommerfeld
diffraction. For the 2.2-µm experiment, the Rayleigh lengths are estimated to be 4 mm for helium
and 6 mm for neon, which are both longer than the 1-mm long gas cell.

3.3. Interaction geometry

After entering the beamline, the beam interacts with the gas target, which is provided either by
a free-expansion nozzle with an inner diameter of 0.2 mm, or by a gas cell with 1.0-mm inner
diameter and wall thickness of 0.1 mm. The gas cell approach offers the benefit of providing
the same pressure in the interaction region as the backing pressure, assuming that the tube
conductivity can be neglected. However, in this target geometry the gas expands into the vacuum
in the beam propagation direction, leading to the accumulation of nonlinear self-effects for the
laser beam before it reaches the high-pressure region. Using a supersonic expansion model
[41], assuming a hole diameter of 100 µm and a backing pressure of 1 bar, we estimate the
B-integral accumulated before the gas cell entrance to be 0.1 mrad and 0.4 mrad in helium
and neon respectively [42] in the generation conditions of Fig. 6. In parallel, due to the high
free-electron density, plasma defocusing is also expected to occur. To estimate to what extent this
may decrease the effective peak intensity, in analogy with the B-integral, we compute Bplasma,
in which the change of refractive index is due to the free electrons. The maximum ionic state
reached at a given z position is known, which allows the computation of the free-electron density.
Using the same parameters as for the B-integral calculation, and assuming a cold collisionless
plasma for the computation of the plasma refractive index, we estimate Bplasma at the gas cell
entrance to be 16 mrad and 148 mrad for helium and neon, respectively. Both integrals are
relatively small, thus the peak intensity in helium and neon is not expected to be greatly affected
by self-effects before reaching the high-pressure zone. Experimentally, using a 1-mm drilled gas
cell or a 0.2-mm open-end nozzle leads to very similar results in helium and neon, providing
further evidence that self-effects before the gas cell entrance are indeed negligible.

However, part of the generated XUV/SXR will be reabsorbed in the expanding gas after
interaction. Using the same gas expansion model, we find that with a backing pressure of less
than 1 bar, reabsorption above 100 eV is almost negligible for hole diameters below 200 µm:
reabsorption is thus not an issue for the 0.8-µm case where an optimal pressure is found around
380 mbar. Nonetheless, for the 2.2-µm case, the phase-matching pressure is found to be much
higher due to the low gas dispersion, resulting in an increased reabsorption. For a gas cell hole
diameter of 100 µm, we estimate an on-axis reabsorption at 300 eV of 10% at 45 bar in helium,
and 46% at 12 bar in neon. It is thus necessary to stabilize the beam position efficiently once
the hole is drilled to reduce unwanted enlargement of the hole resulting from beam pointing
fluctuations.
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In a free-expansion nozzle design, instead of the laser beam co-propagating with the expanding
gas stream, the laser beam crosses the gas jet perpendicularly. This greatly decreases the effective
interaction length with the target gas and hence reduces reabsorption. However, at a distance of
one nozzle diameter from the tip of the nozzle, the on-axis density is 15% the density inside
the nozzle [41]. Because of this rapid pressure drop as function of distance to the nozzle, this
solution is not suitable for the 2.2-µm-driven case for which pressures higher than 10 bar are
required to achieve phase matching. It can, however, be used for the 0.8-µm-driven case since
optimal pressures are below 1 bar as we will see in section 4. Experimentally, we keep a distance
between the bottom of the nozzle and the focus between 0.01 and 0.07 mm to minimize the
pressure drop.

3.4. SXR filtering and detection

After interaction with the gas, most of the fundamental IR light is reflected on a holey mirror,
while the XUV/SXR passes through the center hole, thanks to the different beam divergences for
both wavelengths. The remaining fundamental is then filtered out by thin-metal films. For the
2.2-µm driver, we use a single 0.1-µm Al filter, since the fundamental light cannot be detected
by the CCD of the XUV spectrometer. Furthermore, most of the generated low-energy XUV
photons are reabsorbed in the supersonic expansion after interaction due to high target pressures.
For the 0.8-µm-driven HHG, we use 2×0.1-µm thick Al filters to discard the fundamental and
one 0.1-µm thick Ag filter to remove XUV light between 10 and 70 eV. One of the Al filters is
placed first after HHG because we find that Al withstands the average power better than all other
materials tested.

Once filtered, the harmonics are detected by an XUV/SXR spectrometer (251MX, McPherson),
whose detector is a 16-bit CCD camera cooled to -90± 5°C (Newton 400, Andor). The
spectrometer is calibrated on the absorption edges of thin films. For the 0.8-µm case, we use the
boron K-edge (188 eV), the carbon K-edge (283 eV), the titanium L3-edge (454 eV), the oxygen
K-edge (543 eV), the xenon M5-edge (676 eV), the iron L3-edge (707 eV) and the zinc L3-edge
(1022 eV) [1]. More details about the calibration and fundamental filtering in the 2.2-µm case can
be found in [14]. The carbon K-edge (283 eV) is visible in all measurements, and is suspected to
come from organic residues in the setup. Except Fig. 6(c), all presented spectra are recorded for

Fig. 5. (a) Absorption measurements of thin films using the HHG beam generated in Ne.
The curves are offset by 1 with respect to each other for visibility. For the yellow curve, the
measurements with and without Ti are done after Al and Ag filters. The Al and Ag filters
are different (and thus have different thicknesses) in the measurement with and without Ti,
explaining the “dip” around 320 eV. (b) Theoretical transmission of the filters used for all
0.8-µm measurements (blue curve) [1], and amplitude correction curve accounting for the
transmission of the same filters as the blue curve, the grating’s reflectivity, the quantum
efficiency of the CCD, and the number of photons required to create one electron-hole pair.
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a 1-mm wide spectrometer entrance slit and are corrected for the grating efficiency, the CCD
quantum efficiency, the number of photons required to generate one electron-hole pair, the filters
transmission [1] and the second diffraction order. The number of counts per photon increases
with higher photon energies for all those parameters, as shown in Fig. 5(b), explaining the high
dynamic range of the measurements presented below.

All spectra for the 0.8-µm case have been recorded at least twice, to compare them and remove
noise originating from cosmic rays. Stray light coming from the zero order is not expected to
contribute significantly to the light detected at high photon energies, since absorption edges at
high-photon energies are clearly visible as shown in Fig. 5(a). Furthermore, we find that when
the Ag filter is removed, the stray light is stronger at higher photon energies (closer to grazing
incidence). Therefore, if stray light was dominating the detected signal, we would detect more
signal at higher photon energies compared to lower photon energies, which is not the case for any
of the measurements. A 5-eV moving-average filter is applied for smoothing all spectra.

4. HHG results

In this section, we focus on HHG at 0.8 µm, since it has been less studied than phase-matched
HHG at long wavelengths in the context of the generation of high-energy photons.

In Fig. 6(a) and Fig. 6(b), we present the spectra of the generated SXR as a function of
the backing pressure in helium and neon, respectively. The raw spectrum without amplitude
correction for HHG in helium at 380 mbar backing pressure is shown in Fig. 6(c). Harmonics
are clearly visible up to 280 eV with a mean harmonic spacing of 3.42 eV, which corresponds
to a fundamental wavelength blue-shifted to 725 nm (∆ω/ω0 = 9%). In Fig. 6(d), we show the
harmonic spacing as a function of the harmonic order, which has been computed using the
position of the harmonics from Fig. 6(c).

Fig. 6. (a-b) Pressure scans in helium and neon for HHG with the 0.8-µm driver in a
1-mm long drilled gas cell at a peak intensity estimated to 2.6×1016 W·cm−2. (c) Raw
spectrum without amplitude correction for HHG in helium at 380 mbar backing pressure.
The spectrometer slit is closed to 0.1 mm and the red dots indicate the local maxima. (d)
Harmonic spacing as a function of harmonic order as marked by the red dots in (c). See
Data File 1 for underlying values.

https://doi.org/10.6084/m9.figshare.16608220
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The harmonic spacing is almost constant as a function of the harmonic order, the blueshift
is therefore dominated by self-phase-modulation from 130 to 280 eV [39]. Above 280 eV, no
individual harmonics are resolved, owing either to the resolution of the spectrometer at those
energies (estimated to be 2-3 eV around 280 eV for a spectrometer slit aperture of 100 µm), or to
the spectrum becoming continuous. We verify the coherence of the radiation by looking at the
zero-order of the spectrometer and checking that the SXR beam is spatially confined. Uniform
illumination by undirected radiation would be an indication of incoherent plasma radiation, which
we do not observe.

4.1. Interpretation of the 0.8-µm-driven HHG experiment

The experimental results presented in Fig. 6 show clear optimal pressures around 300-350 mbar
both in helium and in neon. One possible explanation for these optimal pressures is the presence
of phase matching. A similar observation under comparable illumination conditions has already
been reported in [19] and was attributed to NSPM. Indeed, our experiment reasonably fulfills
both the high-intensity (1015-1016 W·cm−2) and the few-cycle pulse (4 cycles) requirement for
NSPM, as explained in Section 2. Although shorter pulse durations are beneficial for NSPM, this
effect has already been observed with similar pulse durations (12 fs at 0.8 µm [40]).

We note that, in addition to the optimal pressure around 300 mbar, a secondary SXR flux
maximum around 750 mbar is observed in neon. This “double-peak” structure has been observed
on two different days (thus with slightly different laser parameters), showing that it is not an
artefact from the measurement. The second peak may originate from NSPM happening at an
earlier half-cycle compared to the main optimum.

To investigate whether NSPM can indeed be at the origin of our observations, we measure
how the SXR spectrum evolves with increasing intensity. Tuning of the peak intensity without
modifying the pulse duration and without reducing the pulse energy (e.g. by clipping the beam)
is achieved by introducing astigmatism through misalignment of the off-axis parabola. In Fig. 7,
our experimental results show that, at 2×1015 W·cm−2 (purple curves), as expected, the spectrum
decreases exponentially with increasing photon energies both in helium and in neon. Surprisingly,
when the peak intensity is increased by an additional order of magnitude (yellow and orange
curves in Fig. 7), the flux in the 300-600 eV region dramatically increases and a plateau emerges.

Table 1. Summary of the parameters in the measurements shown in Fig. 7

This plateau, previously reported in [18], was also attributed to NSPM [20,21]. If NSPM is
truly at the origin of this “plateau”, it is expected to be generated during only a few half-cycles,
thus effectively producing an ionization gate [37]. This effect could therefore favour the generation
of isolated attosecond pulses.
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Fig. 7. Experimental HHG spectra with a 0.8 µm and a 2.2 µm driver in helium and neon.
The different generation parameters are summarized in Table 1. All spectra are recorded
with the same grating (2400 g·mm−1), except the 2×1015 W·cm−2 case, recorded with a
1200 g·mm−1 grating. For the latter, the diffraction efficiency above 260 eV was determined
experimentally by recording the same spectrum with both gratings and using the 2400
g·mm−1 diffraction efficiency as a reference. See Data File 2 for underlying values.

4.2. Comparison between 0.8 µm and 2.2 µm driven HHG

We now compare the 0.8-µm and 2.2-µm driven HHG results in Fig. 7, for which experimental
parameters are summarised in Table 1 [43]. The 2.2-µm-driven case exhibits clear cutoffs at 420
eV and 620 eV in neon and helium, respectively. Furthermore, the plateau before the observed
cutoffs is an indication of phase matching in both cases.

While the absorption-limited HHG conditions are not met in the 2.2-µm HHG experiment
[14,44], the coherence length is estimated to be approximately the same or higher than the
absorption length both in helium and in neon, making a direct flux comparison with the 0.8-µm
experiment meaningful both in helium and in neon. With the 0.8-µm driver, the theoretical
cutoff at 2.6×1016 W·cm−2 is 4.9 keV, which explains why no clear cutoff can be identified in the
respective spectra. The flux around the carbon K-edge (283 eV) is one to two orders of magnitude
higher for the 2.2-µm driver than for the 0.8-µm-driven case. Around 200 eV, a crossover happens,
below which the 0.8 µm yields a higher flux than the 2.2-µm driven source. The higher flux
below 200 eV may be due to phase matching happening in the rising edge of the pulse, before the
critical ionization is reached, as well as due to the stronger single-atom dipole moment at 0.8 µm
compared to 2.2 µm. For the 0.8-µm experiments, the decrease of the SXR flux with increasing
intensity for photon energies below 300 eV may be due to a decrease of the time window during
which conventional phase-matching on the rising edge of the pulse can happen.

In a 10% bandwidth around 280 eV, the IR to SXR conversion efficiency is 3×10−13 and
2×10−12 with the 2.2-µm driver in helium and neon respectively, while it amounts to 4×10−14

both in helium and neon with the 0.8-µm driver.

https://doi.org/10.6084/m9.figshare.16608226
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4.3. Optimization of the intensity

Although few-cycle pulses and very high intensities are the prerequisite a for rapid change of the
free-electron density within a half-cycle that is required by NSPM, using too high intensities
results in a decrease of the nonlinear polarization because of the early ground-state depletion,
as we saw in Fig. 2(a). Therefore, it is interesting to know what peak intensity optimizes this
trade-off. To determine the optimum, we control the intensity with an iris placed before the
off-axis parabola. The peak intensity for different iris openings is determined from a focal spot
size measurement using the method described in section 3. In Fig. 8(a), we show the experimental
results, in which we find two optimum intensities.

Fig. 8. (a) Measurement of the SXR spectrum as a function of the peak intensity in 390
mbar of helium in a 1-mm long drilled gas cell. The power is adjusted from 4 to 20 W
by steps of 1 W with an iris placed before the off-axis parabola. (b) Measurement of the
SXR spectrum in helium as a function of TOD with a peak intensity of 2×1015 W·cm−2

with a 0.03-mm wide open-end nozzle. The 3 inserts show the driving laser temporal shape
measured with frequency-resolved optical gating for three different values of TOD (-4000
fs3, 0 fs3 and 4000 fs3). See Data File 3 for underlying values.

The first one around 0.8×1016 W·cm−2 may be due to HHG emission from He+, since emission
from this ion is expected to happen around 1016 W·cm−2, as shown in Fig. 2(a). The observation
of a second “optimum” intensity around 2.3×1016 W·cm−2 (maximum peak intensity achievable
within our experimental conditions) cannot be expected from the nonlinear simulation shown in
Fig. 2(b): in fact, the nonlinear polarization is expected to keep decreasing above 1-1.5×1016

W·cm−2 because of the depletion of He+. This can, however, be explained when taking the effect
of NSPM into account: higher peak intensities lead to larger transient changes of the He and He+
population within a half-cycle, leading to more effective NSPM, and thus higher flux. The flux
generated is then not expected to originate from the most intense parts of the pulse, but rather
from its rising edge, between 5 to 10 fs before the peak of the pulse.

4.4. Optimization of the pulse shape

Since generating HHG at such high photon energies requires to maintain as much of the population
in the ground-state before the peak of the pulse as possible, pre-pulses have to be avoided as they
deplete part of the ground-state without contributing to the HHG at high photon energies.

However, one of the most common ways to obtain few-cycle pulses is to post-compress long
pulses in rare gases, which generally creates a large temporal pedestal and pre-pulses. To study
the suitability of such sources as HHG drivers in this high-intensity regime, we start from close
to Fourier-limited pulses, and add third-order dispersion (TOD) with our time-gated pulse shaper
[45] to control the appearance and strength of pre-pulses. Such a scan is shown in Fig. 8(b).
Within the range of applied TOD, the impact of the pulse shaping on the OPCPA power and
spectrum is negligible.

https://doi.org/10.6084/m9.figshare.16608223
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As can be seen in Fig. 8(b), the yield is strongly asymmetric with respect to TOD: a negative
TOD (pre-pulse) yields a much lower flux than the same amount of positive TOD (post-pulse).
This shows that driving high-photon energy HHG at high intensities is much more efficient
when the rising edge of the pulse is very “clean”, which is more challenging to attain with post-
compressed sources. We note, however, that most of the previous demonstrations of NSPM used
such post-compressed sources to benefit from the shorter pulse durations. Further investigation
is required to determine the optimum in this trade-off between shorter post-compressed pulses
and longer, but cleaner pulses with little or no post-compression.

5. Conclusion

We explored the generation of high-order harmonics in the water window with two few-cycle
sources at 0.8 µm and 2.2 µm center wavelength and 100 kHz repetition rate. With both sources,
we obtain HHG spanning the full water window up to 0.6 keV. The HHG at 0.8 µm in helium and
neon represents what is, to our knowledge, the first demonstration of water-window harmonics at
100 kHz repetition rate for this driving wavelength. The generation of photons in the 300-600
eV range is attributed to NSPM. We show that a clean temporal trace is necessary to efficiently
generate harmonics in this unconventional phase-matching regime, to reduce early depletion of
the ground-state. When comparing the flux of the 0.8-µm driven source in helium and neon
with the 2.2-µm driven one, we find that 200 eV represents a crossover point above which the
2.2-µm source yields a higher flux compared to 0.8 µm. Around the carbon K-edge (283 eV), the
2.2-µm-driven source produces a flux between 10 and 100 times higher than the 0.8-µm-driven
one. Our experiments confirm the current approach in the attosecond community of using
long-wavelength lasers in a phase-matched regime rather than short-wavelength lasers in a
transiently phase-matched regime for efficient generation of harmonics in the water window.
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