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Abstract
We report the generation of coherent water-window soft x-ray harmonics in a neon-filled semi-
infinite gas cell driven by a femtosecond multi-mJ mid-infrared optical parametric chirped-pulse
amplification (OPCPA) system at a 1 kHz repetition rate. The cutoff energy was extended to
∼450 eV with a 2.1 μm driver wavelength and a photon flux of ~ ´1.5 106 photons/s/1%
bandwidth was obtained at 350 eV. A comparable photon flux of ~ ´1.0 106 photons/s/1%
bandwidth was observed at the nitrogen K-edge of 410 eV. This is the first demonstration of
water-window harmonic generation up to the nitrogen K-edge from a kHz OPCPA system.
Finally, this system is suitable for time-resolved soft x-ray near-edge absorption spectroscopy.
Further scaling of the driving pulseʼs energy and repetition rate is feasible due to the availability
of high-power picosecond Yb-doped pump laser technologies, thereby enabling ultrafast,
tabletop water-window x-ray imaging.

Keywords: x-rays, soft x-rays, ultrafast lasers, nitrogen K-edge, high harmonic generation, water
window

(Some figures may appear in colour only in the online journal)

1. Introduction

Recent progress in ultrafast high-peak-power laser systems
has allowed for significant advancements in the field of
nonlinear optics. This is particularly true of the extreme
nonlinear optical phenomenon known as high-harmonic

generation (HHG), in which an atom is tunnel-ionized at high
laser intensities of 1013–1014 W cm−2 and the electron is
accelerated by the rapidly oscillating optical field and even-
tually recombines with its parent ion [1]. This process can be
used to generate coherent photons in energy ranges, extending
into the soft x-ray regime, that are not otherwise achievable
from a tabletop system, resulting in coherent short-wave-
length harmonic emission over multiple half cycles of the
driving laser field. As the emitted photon energy is propor-
tional to the squared drive wavelength, mid-infrared (MIR)
laser pulses have enabled energies in the soft x-ray regime up
to »1.5 keV via HHG [2] from a tabletop system. Synchro-
trons and free electron lasers (FELʼs) are capable of
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producing coherent high-flux photons at high energies up to
soft and hard x-ray regions as well, however such systems
based on an accelerator are extremely large and expensive.
Furthermore, while a FEL can generate few femtosecond
x-ray pulses, they are not easily synchronized with optical
pulses for studying temporal dynamics [3]. Current state-of-
the-art techniques for synchronizing x-ray FEL pulses and
optical pulses can achieve a timing jitter down to a few fs,
however this pales in comparison to HHG based systems
where attosecond studies are routinely performed, and timing
jitter down to 20 as rms is attainable [4]. Though FELs have
the ability to generate enormous photon fluxes, HHG has the
unique capacity to open new frontiers in time-resolved
absorption spectroscopy and attosecond science in the soft
x-ray regime.

The potential applications of this source are many, as
having high energy (and thereby short-wavelength) photons
opens the door to imaging at unprecedented spatial and
temporal resolutions and at interesting energy ranges. In
particular, there is considerable interest in generating photons
within the soft x-ray energy water window, a region above the
284 eV carbon K-edge, within which atoms of carbon become
highly absorptive, and below 543 eV oxygen K-edge, within
which water molecules are still transparent. A high-flux,
coherent source capable of generating energy in the water
window is capable of imaging biological samples (whose
primary components include carbon) [5, 6] or performing
near-edge absorption spectroscopy [7]. A table-top, HHG
based water window source will enable the study of cellular
processes at otherwise unattainable time-scales or to perform
simultaneous imaging and spectroscopy in a conventional
laboratory setting. A similar spectral feature exists at 410 eV
in nitrogen, which is a primary component of DNA, one of
the building blocks of life. This could allow for the selective
imaging or absorption spectroscopy [8] of DNA and RNA
within a cell, further motivating the development of a high-
harmonic source capable of producing photons
above »400 eV.

Despite the promise of this technique, low photon fluxes
from HHG have been the main challenge facing applications
such as microscopy and spectroscopy. Since the single-atom
efficiency of HHG scales unfavorably with the drive wave-
length, scaling of soft x-ray HHG from a MIR driver is
possible only with good phase-matching in high gas pressures
[9]. Phase matching is also difficult to achieve for long
driving wavelengths, like MIR, because of strong plasma
effects which invariably occur during the macroscopic pro-
pagation [10]. There has been a dedicated effort to encourage
phase-matching by modifying the propagation geometry of
the driver pulse, often by confining it to a gas-filled cylind-
rical capillary [11]. However, the existence of strong fila-
mentation at high pressures (typically 1–40 bar) for optimal
HHG conversion introduces complicated phase matching
mechanisms that are not yet clearly understood [2]. Instead,
discussions of the propagation geometry are motivated by gas
pressure handling, which has proven to be of equal or greater
concern.

While increasing the conversion efficiency of HHG for
a fixed laser energy is quite challenging, the onus for
increasing the HHG photon flux is on the laser engineering
community, motivating the development of MIR laser
sources which are of increasingly high repetition rates yet
still maintain the peak intensities necessary for reaching the
photon energies of interest. Our optical parametric chirped-
pulse amplification (OPCPA) system, capable of producing
2.1 μm, 32 fs, multi-mJ pulses at a 1 kHz repetition rate, is at
the forefront of technologies capable of satisfying this
constraint.

In this paper, we report water-window HHG in a neon-
filled, semi-infinite gas cell with a high harmonic cutoff of
nearly 450 eV and a photon flux of »106 photons/s/1%
bandwidth at the nitrogen edge of 410 eV. Furthermore, we
support all of our results with a numerical study, which shows
good agreement with the experimental data. Recent demon-
strations have shown that cryogenic Yb:YAG pump sources
are ideal for generating pulses 1–10 ps (suitable for OPCPA
technology) and can be scaled to average powers of up to 250
W at a repetition rate of 100 kHz [12], and 758 W at 50MHz
[13]. It is feasible that the repetition rate of our present pump
scheme can be scaled to a rate of 10–100 kHz. Making con-
servative estimates of our source spot size and beam diver-
gence, switching to a 100 kHz source would yield a brilliance
between 10 and 108 9 photons/(s × 0.1%BW m´ ´m2 sr) at
the nitrogen k-edge if all other parameters are left fixed.
Utilizing conventional soft x-ray optics, such a peak brilliance
is enough to create a table-top soft x-ray imaging system [14]
with a tunable wavelength range and/or sub-fs timing reso-
lution. Furthermore, utilization of the spatial coherence of
HHG is possible, further decreasing the necessary flux for
imaging [15].

There have been a few recent demonstrations of water-
window soft x-ray HHG using optical parametric amplifiers
(OPAʼs) at kHz repetition rates that are not scalable to much
more than the few-watt level [16], due to the limited average
power available from Ti:Sapphire laser systems. However our
OPCPA-based driving laser source has the potential for fur-
ther energy and average power scaling due to the high aver-
age powers available from picosecond Yb:YAG laser systems
and energy scalability provided by the OPCPA architecture.
Though scaling provides its own challenges (thermal effects
can arise above 100 W and the pulse compression setup may
become more difficult), these are engineering challenges and
do not present any theoretical difficulty. This provides our
OPCPA based soft x-ray source the potential for further
increasing the high harmonic flux to levels which are unac-
hievable using Ti:Sapphire pumped OPAs.

2. Experimental setup

Our experimental setup consisted of a custom, home-made
multi-mJ 1 kHz 2.1 μm OPCPA system discussed at length in
[17, 18] driving a semi-infinite gas cell as a HHG target,
which is the combination of a gas cell and a hollow capillary,
followed by an x-ray filter assembly, a grazing-incidence
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toroidal mirror and a 1m radius of curvature Rowland circle
spectrometer (McPherson Model 248/310) for measuring the
high-harmonic spectra. A schematic of the experimental
apparatus is shown in figure 1, and each component is dis-
cussed in greater detail in the following paragraphs.

The evolution and performance of our driving laser
source has been demonstrated a number of times [17, 19, 20].
The most recent upgrade includes a picosecond hybrid Yb-
doped amplifier as the pump laser of an OPCPA [18], which
provides highly stable pointing stability over many hours. The
frequency-resolved optical gating (FROG) measurement of
the OPCPA output pumped by this Yb-doped amplifier is

shown in figure 2. We also rely on a Fastlite DAZZLER pulse
shaper to compensate for the differences in dispersion
between the FROG measurement and the detection chamber,
so that detected pulse can most accurately match that which
we use for the experiment.

The figure shows a pulse duration of »26 fs at a central
wavelength of 2.06 μm, corresponding to a roughly »3.8
cycle pulse. However, during the HHG measurements, a
slightly narrower bandwidth was used, corresponding to a
pulse duration of 32 fs, or 4.5 optical cycles. The maximum
energy from the OPCPA system in this configuration is
3.5 mJ before compression, but, as a safety margin, we

Figure 1. Experimental setup of the HHG generation and characterization apparatus.

Figure 2. FROG measurements for the laser source. (a) The measured spectrogram. (b) The retrieved spectrogram. (c) The measured (blue)
and retrieved spectra (red), along with the retrieved phase (dashed gray). (d) The retrieved time-domain pulse envelope (blue) and pulse phase
(dashed gray).
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operate at 2.5 mJ before compression (2.0 mJ available inside
the chamber, after compressor and routing optics).

The 2.1 μm beam was set to a diameter of approximately
»10 mm in 1/e2 at the chamber entrance, and an image of the
beam profile is shown in figure 1. The actual spot size was
slightly decreased for optimal HHG using an adjustable iris.
The chamber beam entrance was formed using a 6 mm thick
calcium fluoride window at Brewsterʼs angle for maximum
transmission. Inside of the vacuum chamber, the beam was
focused using two, stacked, anti-reflection-coated CaF2 len-
ses, each having a focal length of 750 mm, effectively
forming a lens with a 375 mm focal length. This focal length
was found to be optimal for HHG in Ne after we tested with
several focal lengths.

Having known that the phase matching of 2.1 μm driven
HHG in Ne happens at >1 bar [9, 21], we designed a semi-
infinite gas cell containing a hollow capillary that can handle
high pressure with good differential pumping towards the soft
x-ray spectrometer, which was modified from our previous
work [21]. The gas cell/hollow capillary target, shown as the
right insert in figure 1 was constructed with an AR-coated
CaF2 window to contain the gas at the entrance. The interior
of the gas cell was simply a small, hollow chamber at the
center of a tee, with the beam input on one side, the glass
capillary on the other, and the gas supply inlet attached at a
90◦ angle. The propagation length from the inside of the
entrance window of the gas cell unit to the entrance of the
capillary was approximately 10 cm. The pressure of the gas
line was measured just outside of the chamber wall using a
Pirani/piezo pressure gauge (MKS 910, MKS Instruments)
with an upper limit of 2.0 bar. For pressures exceeding this
limit, the regulator gauge was used. It was verified that the
regulator gauge matched that of the MKS 910 gauge to
within 5%.

The 6 mm long glass capillary had an inner diameter of
300 μm, sealed from the surrounding chamber system using a
rubber o-ring. The capillary was followed by a differential
stage connected to a 35 m3/h scroll pump through a 1/2ʺ
pipe. The differential stage was crucial in limiting the gas load
supplied to the surrounding chamber, allowing for up to 3 bar
pressure to be supplied to the gas cell without damaging the
turbomolecular pump. Furthermore, the differential stage
limited reabsorption of the HHG during propagation to the
spectrometer.

The 2.1 μm beam was focused just inside the entrance of
the hollow capillary for optimal generation of high-harmo-
nics. From here, the high-harmonic beam was sent through
the differential stage of the gas cell, and a 2.5 mm diameter
hole serving as a second differential between the main gen-
eration chamber and the toroidal mirror/filter chamber.

Near the entrance of the toroidal mirror/filter chamber,
filters and metallic-coated x-ray photodiodes were used for
optimizing the HHG signal and calibrating the HHG energy
spectrum and flux. The photodiodes provided a much faster
feedback mechanism for monitoring HHG flux than the soft
x-ray spectrometer, and did not have the added complication
of spatial alignment to the narrow entrance slit of the
spectrometer. Due to leakage of parasitic generation (likely of

UV and deep UV light), it was necessary to ensure that only
the proper HHG signal was optimized during beam alignment
to the target. This was achieved by using a wave plate capable
of adding a slight ellipticity to the drive beam. At each step of
the optimization process, it was verified with the waveplate
that the signal was maximized with linear polarization and
rapidly diminished with even a slight ellipticity, a well-known
property of HHG.

Just after the filter assembly a gold coated toroidal mirror
at approximately 86◦ grazing incidence was used to focus the
HHG near the spectrometer slit. The exact angle was tuned
for minimum astigmatism at focus, and it was confirmed
during measurement that the HHG was focused to a spot
smaller than the slit opening, which was set to m»500 m, the
maximum width. For the spectral measurements in the water-
window region, a gold-coated cylindrical grating with 2400
grooves/mm was used to image the spectrum onto the
Rowland circle, and it was detected with a microchannel
plate/ phosphor screen/ CCD stack. To improve the signal to
noise ratio of the detector, the CCD was cooled to −40 °C,
and binning was used to integrate over only x-ray-exposed
rows of the CCD array. This ensured an adequately low noise
floor in the measurements.

3. Experimental results

We performed soft x-ray HHG experiments in Ar and Ne
gases using the 2.1 μm driver. First, measurements on HHG
in Ar were conducted to show that our system was func-
tioning correctly, since we have previously demonstrated
high-flux, soft x-ray HHG in Ar at 60–200 eV [17] using a
similar experimental setup. Consistent with this previous
work, the maximum flux occurs for roughly 200 mbar of Ar
and required limiting our pulse energy to roughly 1 mJ and
tuning the pressure to avoid detrimental plasma effects. This
corresponds to a beam waist of »55 μm and a peak intensity
of » ´6 1014 Wcm−2. Furthermore, we observed that the
location of the focus was deep into the capillary, so that the
maximum intensity of the beam occurred within 1–2 mm of
the vacuum region at the output. Physically, it seems this
condition helps to minimize the reabsorption of soft x-ray
harmonics and the the plasma defocusing of the pulses as they
propagate through the gas. The HHG measurements for Ar
can be found in the leftmost plot in figure 3. In order to
confirm that our spectrometer was properly calibrated, two
different sets of filters were used: (1) a 1 μm thick carbon
filter and (2) a 1 μm thick carbon filter with an additional
500 nm thick boron filter. The transmission curves for these
filter sets can be found in the bottom left plot of figure 3. We
observed the boron K-edge at 188 eV. The slope of the edge
is not steep due to a low resolution of the soft x-ray
spectrometer with the maximum opening of the slit. In
addition, the cutoff energy is observed to be around 200 eV
with only the carbon filter, consistent with previous stu-
dies [17, 21].

The results on HHG in Ne were collected with 1.35 mJ
pulses, corresponding to a peak focal intensity of
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» ´1.2 1015 Wcm−2, and at a gas pressure of 1.5 bar, which
was experimentally observed to maximize the signal on our
calibrated, titanium/carbon (Ti/C) coated photodiode
(AXUV100Ti-C2 from IRD Inc.). The pulse energy used is
less than the peak energy available as it was necessary to
adjust the entrance iris when optimizing for HHG conversion
efficiency. As with the Ar results, the spectra for Ne were
collected in the presence of two different filters: one com-
prised of 1 μm of carbon (black) and one of 500 nm of tita-
nium (red). In addition to obstructing the driver pulse, the
spectral responses of the filters also have a rather profound
effect on the spectra. The corresponding response curves are
shown in the bottom left plot of figure 4. Each spectrum was
accumulated over a 100 s integration time.

With the carbon filter, we clearly observed the carbon
K-edge at 284 eV, demonstrating that the HHG in Ne reached
the water-window soft x-ray region. One might notice that the
Carbon K-edge is expected to be extremely sharp, though the
measured profile is relatively smooth. While this is in part due
to the spectrometer resolution, it is an interesting result that is
consistent with what others have observed [22].

The full spectrum can be observed as the red curve in the
left plot in figure 4, in which the beam is filtered by a 500 nm
titanium filter. The spectrum shows a high harmonic cutoff of
roughly 450 eV, which is not only well within the water
window but also above the nitrogen K-edge at 410 eV.
However, the spectral dip which occurs surrounding 284 eV
is indicative of a small amount of carbon contamination in the
system. The appearance of carbon is common, if not una-
voidable, and roughly totals to only about a 50 nm thick film

over the course of the soft x-ray beamʼs propagation. Such
contamination features can be observed in other high energy
HHG results, where the effects are even more severe [9].

Even in the presence of carbon, it is clear that the peak of
the spectrum occurs at around 350 eV. An average current of
»18 pA was measured on the Ti/C photodiode, corresponding
to a photon flux of » ´1.5 106 photons/s/1% bandwidth at
the peak energy of 350 eV and » ´1.0 106 photons/s/1%
bandwidth at the nitrogen edge at 410 eV. Since our beam has
to pass through a 2.5 mm diameter aperture between the gas
cell and the photodiode, we can determine that our beam
divergence is < ´ -6.25 10 3 sr, and that the generated beam
has a brilliance between 10 and 106 7 photons/(s × 0.1%
BW × μm2 × sr). The measured flux is comparable or slightly
lower than previous reports in the water window range [9, 16]
while the calibration methods are all different. The corresp-
onding HHG conversion efficiency into 1% bandwidth is as
low as -10 12– -10 11. We believe this can be further increased by
optimizing the gas cell geometry considering higher conversion
efficiencies reported by other groups. Nevertheless, our mea-
surements demonstrate the water-window HHG up to the
nitrogen edge driven by an energy and power scalable kHz
MIR OPCPA system, for the first time.

4. Modeling high harmonic generation

4.1. Theory for simulations

In addition to the experimental results, we use a simulation
code, written in MATLAB, to further study the generation

Figure 3. Experimental (left) and simulated (right) spectra for high harmonic generation in 0.2 bar of Ar for laser parameters given in the text.
The lower photon energy is bounded by 170 eV because of the configuration of the spectrometer. The experimental spectra are taken using
filters of boron and carbon, whose response curves are shown on the bottom left, so that we may visualize the boron K-edge at 188 eV. Notice
the similarity, particularly in cutoff energy, between the experimental and simulated spectra. The sharper appearance of the simulated
spectrum with respect to its experimental counterpart is a result of averaging; each experimental result includes thousands of shots. The inset
in the simulated plot (right) shows the temporal profile of the simulated HHG pulses (black curve) along with the electric field of the 2 μm
pulse (red curve).
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process based on the three-step model [1] and 3D nonlinear
pulse propagation [10]. The simulation code relies on the
popular split-step Fourier technique [23], in which the linear
and nonlinear contributions to the propagation equation are
calculated and applied separately. In addition, the evolution of
the macroscopic pulse is calculated independently from the
HHG. For propagation of the driver pulse we follow the
model employed in [10, 24, 25]:
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The first term on the right side of the equation describes the
linear dispersion of the pulse. Since the pulses are restricted to
a radially symmetric domain, and are therefore parameterized
in terms of r, the Laplacian is solved in the spectral domain by
way of a Hankel transform [26]. The second term, given in
terms of the Kerr coefficient n2, is the self-focusing and self-
phase modulation term, solved using the well-known Runge–
Kutta method [27]. The remaining two terms are the
contributions which come about in the presence of plasma,
represented by the plasma density ρ; the first term is a
function of the squared plasma frequency wp

2 and the second,
the loss of energy from the ionization process, is given in
terms of the ionization potential Ip. The generated plasma is
calculated using the Ammosov–Delone–Krainov ionization
rate [28]. Finally, though the effect of the capillary boundary

has been included in the simulation, it is presence only
nominally effects the propagation, reinforcing the idea that
the hollow glass core serves mostly to support the differential
gas pressure.

Once the macroscopic pulse propagation is complete (for
a particular time-step), the high harmonic response can be
calculated using the well-known three-step-model [1]. The
calculation is also augmented by quantitative rescattering
theory [29], which allows us to include atomic spectral
response curves (via the recombination amplitude [30]) that
can be determined from experimental data. Combined with
the equation above, this simulation model is sufficient for
accurate simulations of HHG in a host of confining geome-
tries, including free-space, cylindrical hollow capillaries, and
high-pressure gas cells, the latter being used in this
experiment.

Our simulation code, which has already been success-
fully employed to simulate the generation of high harmonics
in Ar gas [17], has been modified to match the current
experimental setup, using the parameters descried in the
previous sections. The results, reproduced in the right plot of
figure 3, show the effectiveness of the code in reproducing
experimental results. In particular, notice that this the high-
harmonic cutoff energies are in very good agreement,
hovering just above 200 eV, and both spectra have roughly
similar profiles in the region just beneath the cutoff. The
temporal profile of the high harmonic pulse, calculated from
the simulations, is also included. Otherwise extremely

Figure 4. Experimental (left) and simulated (right) spectra for high harmonic generation in 1.3 bar of Ne gas for laser parameters given in the
text. The carbon K-edge at 284 eV is clearly visible and the spectrum collected with the titanium filter shows that we have significant flux
within the high harmonic ‘water-window’ with a cutoff of roughly 450 eV. The filter transmission curves of both the titanium and carbon
filters are shown in the panel beneath the experimental data (left). These results are supported by our simulations. In particular, we include
three different simulations, at pressures of 1.0, 1.3 and 1.6 bar, showing the effect of changing the gas pressure inside the capillary. Notice
that increasing gas pressure results in a lower high harmonic cutoff as stronger plasma defocusing limits the maximum intensity of the beam.
The result for =P 1.3 bar most closely matches the experiment. In addition, no metallic filters have been added to the simulation results to
emphasize how near to the titanium edge the spectral cutoff occurs. The inset (right) shows the temporal profile of the resultant HHG pulses
(black curve) along with the electric field of the 2 μm driving pulse (red curve) for a pressure of 1.3 bar.
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difficult to obtain, this profile shows that the generation
process expectedly results in a train of attosecond pulses.

4.2. Simulated HHG spectra from neon

In an effort to understand our results from the previous
section, this model was modified to support generation in Ne
gas. In close agreement with the experimental parameters, the
simulated laser pulses have t = 32 fs, a focused beam waist
of 45 μm and an energy of 1.35 mJ, thereby matching the
peak intensity of roughly ´1.2 1015 Wcm−2. In addition, the
gas pressure inside the semi-infinite cell, of length 5 mm, is
set to =P 1.3 bar and is given a smooth Lorentzian tail at the
output (where the beam is focused) to avoid sharp dis-
continuities. Due to physical constraints, it was not possible to
measure the gas pressure inside of the gas cell housing, but,
rather, at a location outside of the vacuum chamber. Thus, the
pressure inside of the gas cell is slightly less than the mea-
sured value. Our simulations indicate that a pressure of
1.3 bar yields the best match to the measured spectra given
the laser parameters cited. This result can be compared to
spectra for 1.0 and 1.6 bar of Ne, which are also shown in
figure 4(b).

The inset of figure 4(b) shows the simulated high har-
monic spectrum and the corresponding temporal response. As
expected from the experimental results, the high-harmonic
spectrum is effectively bounded below by 250 eV and above
by about 440 eV, which is the high harmonic cutoff energy. At
first glance, the agreement between the simulated and exper-
imental spectral shape is potentially difficult to see, since the
filters are not included in the simulation and their spectral
features, particularly that of the carbon edge at 284 eV, are
missing. In addition, the experimental spectrum appears to
peak near its center around 350 eV whereas the simulated
spectrum continues to rise. However, small fluctuations in the
laser energy, which is typical of systems like ours, results in a
shift of the peak energy of the pulse. As such, the aggregate
spectrum, which is integrated over many thousands of shots of
different energies, cannot be directly matched to any one-shot
spectrum, which is produced by the simulations. Attempting to
reproduce the full spectrum with the simulations is computa-
tionally infeasible. Fortunately, the most significant features of
the simulation results match those of the experiments, further
supporting the efficacy of the model.

Consistent with the experimental observations, the
simulated peak driver intensity occurs very near to the output
of the gas cell. Since the high harmonic photons are generated
within a very narrow region surrounding this peak intensity,
phase matching of the conversion process does not play a
significant role in determining the output flux. Enhancement
of the flux through phase matching, which would require fine-
tuning of a host of parameters over an extended distance,
remains an elusive goal for the parameter regime of interest
here. However, for our current approach, the key limitation to
getting higher photon flux is gas handling. After the genera-
tion region, any gas causes attenuation of the flux through
reabsorption of the high harmonic photons. As such, the
creation of a more compact gas cell and better differential

pumping mechanisms is a clear path forward to increasing the
output flux.

5. Conclusion

We have generated and characterized HHG in the water
window region using a 2.1 μm OPCPA system and a neon-
filled, semi-infinite gas cell. Spectral characterization clearly
demonstrates photons generated between the carbon K-edge
at 284 eV and the cutoff energy of around 450 eV. By using a
calibrated Ti/C photodiode, it was possible to determine that
a flux of »106 photons/s/1% bandwidth was generated
around 410 eV, the nitrogen K-edge. To supplement these
measurements, simulated spectra were generated using a
range of parameters consistent with our experimental condi-
tions. These simulations show quantitatively good agreement
with the measurement experimental cutoff energies and
overall spectral ranges.

Given that such OPCPA technology is scalable in terms
of both energy and average power, and has many advantages
when engineering synthesized pulse waveforms [31] for
potentially boosting HHG efficiency [32], we feel it will
prove to be useful for extending the limits of HHG based
sources. In fact, by increasing the system repetition rate to
100 kHz, which is within engineering limitations for the
cryogenic Yb:YAG pump technology used, one could scale
the HHG brilliance to between 10 and 108 9 photons/
(s × 0.1%BW × μm2 × sr) at the nitrogen k-edge keeping all
else unchanged, making the systemʼs flux comparable to laser
plasma sources for water window imaging [14]. As opposed
to plasma sources which generate flux only on fixed atomic
lines, an HHG source has the added advantages of wavelength
tunability and/or sub-fs time resolution. In general, the design
of high-pressure gas cells and the laser performance are keys
to further scaling of soft x-ray HHG flux as well as improving
the stability and reliability of table-top soft x-ray HHG
sources for applications to time-resolved imaging and
spectroscopy in the full water-window region.
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