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The development of mid-infrared, high-energy pulses of extremely short pulse duration is of great importance to the
strong-field physics community, as it enables extension of the high-harmonic cutoff towards the keV range of photon
energies. Here we demonstrate a Cr2+ : ZnSe laser amplifier delivering 7 mJ, 100 fs pulses at 1 kHz repetition rate and
2.4 µm central wavelength with excellent energy stability and beam quality. These pulses are post-compressed to 39 fs,
6.2 mJ, and 115 GW peak power in a novel nonlinear compression scheme. The laser system was used to generate coher-
ent soft x-ray radiation up to 0.6 keV covering the entire water window, which is of high importance for bio-relevant
applications. The obtained results open a wide range of applications in nonlinear optics, attosecond and strong-field
physics, and remote sensing. © 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Powerful femtosecond sources in the 2–10 µm spectral range
are of high demand for multiple applications in strong-field and
attosecond physics [1–4], molecular spectroscopy [5], medicine
[6], free-space communication [7], remote sensing [8], and many
other fields. There are two primary approaches to generate fem-
tosecond optical radiation in this spectral range: 1) nonlinear
frequency down-conversion of visible and near-infrared (NIR)
pulses, and 2) direct lasing and amplification. Thus far, most of
the applications have relied on different nonlinear frequency
conversion techniques such as optical parametric amplification
(OPA)/optical parametric chirped pulse amplification (OPCPA)
[9–13], difference frequency generation (DFG) [14,15], which
is a variation of OPA, and their cascaded variants [16]. The main
drawback of these processes is the low conversion efficiency
of ∼0.01−10% and relatively high complexity and cost of a
system.

Cr- and Fe-doped chalcogenides have been long recognized as
promising materials for the direct lasing and amplification in the
2–3 µm and 3–7 µm spectral ranges, correspondingly; however,
they have been out of practical consideration for a long time due to
the low maturity of the technology. Nonetheless, recent progress
in the growth of Cr2+

: ZnSe and in the development of powerful
nanosecond pump sources in the Cr2+ absorption spectral range
(1.6–2.1 µm) [17,18] enables the implementation of multi-Watt,
multi-mJ laser systems. A detailed review of recent advances in

this field can be found elsewhere [17]. Recent highlights in the
domain of ultrafast high-energy amplifiers include: 1) a Cr:ZnSe
amplifier with 2.3 mJ, 88 fs, and 26 GW pulse duration at 1 kHz
seeded with a DFG source [19], which represents the previous
result with highest energy and peak power; 2) a Cr:ZnSe-only
chirped pulse amplification system delivering 1 mJ, 184 fs, 5 GW
pulses at 1 kHz [20]; and 3) a Fe:ZnSe amplifier with 3.5 mJ, 150 fs
pulses centered at 4.4µm [21], which is an important milestone for
Fe:ZnSe technology. In the present work, we not only demonstrate
the generation of pulses with higher energy (6.2–7 mJ), shorter
pulse duration (39 fs), and significantly higher peak power of
115 GW at the same repetition rate of 1 kHz, but we also present
a simple but powerful and scalable approach for nonlinear com-
pression of amplified pulses to a few-cycle duration. In addition,
the generation of soft x-ray harmonics in the entire water window
is demonstrated, which is the first result of this kind using a direct
output of a laser amplifier.

Here we report on a powerful and efficient alternative to the
down-conversion sources in the mid-IR spectral range. It is a
Cr:ZnSe laser system delivering 7 mJ, 101 fs pulses at 2.4 µm and
1 kHz repetition rate. The generated pulses are post-compressed
to 39 fs, 6.2 mJ in a novel scalable nonlinear compression setup.
In addition, we demonstrate the efficacy of Cr:ZnSe as a future
solid-state, mid-IR laser driver of high-order harmonic sources
operating in the water window soft x-ray range.
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2. EXPERIMENTAL SETUP

The schematic layout of the experimental setup is shown in Fig. 1.
The seed for the Cr:ZnSe chirped pulse amplifier (CPA) is gen-
erated in a homebuilt OPA based on the standard design with
collinear amplification in beta barium borate (BBO) nonlinear
crystals [22] and pumped with a homebuilt Ti:sapphire CPA
system providing 80 fs, 4 mJ pulses at 1 kHz repetition rate. The
signal for the first OPA stage is generated via white light continuum
generation by focusing a small portion (∼0.2%) of the OPA
pump in a sapphire (Al2O3) window. The “idler” OPA output
with spectrum centered at∼2.4 µm and pulse duration of 80 fs is
stretched with a Martínez type stretcher [23] (600 lines/mm, 57◦

angle of incidence, −30 cm effective grating separation) to about
300 ps duration. The stretched pulses are amplified in a three-pass
Cr:ZnSe amplifier. The amplified pulses are compressed in a Treacy
type compressor [24] and sent to a nonlinear post-compression
setup for further broadening and shortening.

The amplifier employs a Cr:ZnSe polycrystalline rectan-
gular gain element (PGE-Cr-ZnSe, IPG Photonics Inc) with
48× 12× 5.9 mm dimensions (length×width× height), which
is anti-reflection (AR) coated for 1.9–3 µm and has 95% single
pass pump absorption at full pump power. A polycrystalline gain
element is used because it is available in larger sizes and with higher
and more uniform dopant concentrations than single crystals,
while physical, spectroscopic, and laser characteristics of poly- and
single crystals are almost identical [17]. Cr:ZnSe has a relatively
large thermo-optic coefficient and corresponding thermal lensing
effect [17]; therefore, a gain element with normal cut surfaces and
an AR coating is used, since unlike a Brewster cut gain element, it is
free of thermal induced astigmatism [25]. Moreover the AR coat-
ing of Cr:ZnSe has a damage threshold of about 1 J/cm2, which
is more than double the maximum fluence in the implemented
setup. The properties of Cr:ZnSe have many similarities to the
properties of Ti3+ : sapphire such as four-level energy structure,
the spectral gain bandwidth supporting few-cycle pulses, about
5 µs radiative lifetime, and high quantum efficiency at room tem-
perature [17,26], which enables efficient operation of a Cr:ZnSe
laser with a standard water cooled heatsink. Therefore, the crystal is
water-cooled at 18◦C.

The gain element is double-side-pumped with two Ho:YAG
(Ho-doped yttrium aluminum garnet) Q-switched lasers (HLPN-
2090-25-20-25, IPG Photonics Inc). Each pump delivers up to
17 mJ pulse energy at 2.09 µm wavelength and 1 kHz repetition
rate with about 30 ns pulse duration. Both pump beams have
Gaussian profiles with 3.5 mm diameter on the e−2 intensity level
in front of the Cr:ZnSe crystal. The corresponding peak fluence
at maximum pump energy (17 mJ) is about 350 mJ/cm2. The
seed beam has a slightly larger diameter of about 3.8 mm in order
to ensure good energy extraction efficiency. The angle between
the two pump beams is set to about 0.6◦ (±0.3◦ to the normal
to the crystal surface), which is just enougth for their reliable
spatial separation on the 0.6 m distance between the crystal and
the pump-in-coupling mirror (which corresponds to the 1.2 m
overall size of the bow-tie setup). The angles between seed and
pump beams were designed as small as possible in order to keep
good overlap between them in a relatively long gain medium and to
minimize spatial inhomogeneities caused by the spatial walk-off.
The angle to the normal to the crystal surface is about 0.9◦ on the
first and second passes and about 0.6◦ on the last pass. The smaller
angle is chosen for the last pass in order to facilitate better energy
extraction efficiency and higher beam quality. Between the passes,
the beam is directed with flat multilayer dielectric mirrors (BBHR-
5009CI-2.2-2.6) from Lambda Research Optics Inc. Note that
the free-space propagation between passes in the implemented
nonimaging setup acts as a low-pass spatial filter [27] removing
potential small-scale inhomogeneities in the gain element trans-
mission and/or doping concentration and improving the output
beam quality. The diameter of the amplified beam on second and
third passes stays close to the pump beam diameter, which indi-
cates that the focal length of the thermal lens in the gain element
is larger than ∼3−5 m according to the analysis based on the ray
transfer matrices formalism for Gaussian beams (see Supplement
1 for details). Note also that the Rayleigh length of the seed beam
of about 4 m is larger than the entire beam path in the amplifier,
which is 2 m from the first to the last crystal pass. Thus, at lower
pump power and correspondingly smaller thermal lens, amplified
beam size is also almost the same as the pump beam size through
the entire propagation in the amplifier (see Supplement 1 for
detailed analysis). Therefore, the implemented nonimaging setup

Ti:Sa
Frontend

OPA

Ti:Sa
front-end

800 nm1.2 mµ

2.4 m,1 kHzµ

stretcher
(Martínez type)

Ho:YAG
pump

Ho:YAG
pump

Cr:ZnSe

2.09 m, 30 nsµ
17 mJ

2.09 m, 30 nsµ
17 mJ

50 J, ~300 psµ

compressor
(Treacy type)

2.4 mµ
101 fs
7 mJ
1 kHz

nonlinear
compression

HHG

2.4 m, 39 fsµ
6.2 mJ, 1 kHz800 nm,1 kHz

WLG

DMBBOBBOBBO

Fig. 1. Schematic layout of the experimental setup. Ti:Sa, titanium sapphire; OPA, optical parametric amplifier; BBO, beta barium borate; WLG, white-
light generation; DM, dichroic mirror; HHG, high-harmonic generation.
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is absolutely stable and safe to operate at any pump power available
in the performed experiments. However, imaging between passes
might be necessary at higher pump power or fluence when the
thermal lens is stronger.

3. EXPERIMENTAL RESULTS

A. Amplification and Compression

The amplifier boosts the seed (stretched OPA output) energy
from 60 µJ to 8.2 mJ (8.2 W), as measured with a water-cooled
thermal power detector UP50N-50 H-W9 from GENTEC-
EO. The power after first and second passes is 0.5 W and 3 W,
respectively, so the small signal gain per pass calculated from the
gain on the first pass is 10. The amplified spontaneous emission
(ASE) has a negligible contribution to the output signal, as the
detected power does not exceed the power meter detection limit
of about 1 mW (here a more sensitive power meter UP19K was
used) when the seed is blocked. Note that the estimated nonlin-
ear phase (B-integral) accumulated in the amplifier is 0.7 (see
Supplement 1 for evaluation details), which is low enough to pre-
vent nonlinear distortions of amplified pulses. The dependence
of the amplified pulse energy on the pump energy is shown in
Fig. 2(a). In saturation, the amplifier has 34% slope efficiency and
25% optical-to-optical efficiency. Adding an extra (fourth) pass
increases output energy and the conversion efficiency by a factor
of 1.2 to 30% optical-to-optical efficiency; however, the beam
quality degradation introduced due to thermal distortions in the
gain element significantly affects the beam quality (M2 degrades
from ∼1.2 to ∼1.6), which causes problems with the following
beam delivery and focusing. Therefore, the three-pass configu-
ration is chosen as an optimum for the focused on-target pulse
intensity. The achieved ∼10 W output power is the maximum
output power with practically acceptable beam quality that can be
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Fig. 2. Output power. (a) Dependence of the energy of amplified
pulses (before the compressor) on the pump energy. The black dashed
line corresponds to the linear fit in the region above the threshold and
corresponds to the 34% slope efficiency. (b) Stability measurement
of the output power after the compressor. (c) Histogram of the power
measurement shown in (b).

obtained in a standard Cr:ZnSe gain element [28]. It is limited by
thermo-optical properties (such as thermal conductivity, thermal
expansion, and thermal lensing parameter) of Cr:ZnSe, which are
worse compared to Ti3+ : sapphire [17,26], for example. Thermal
distortions can be significantly reduced by scanning beams across
a gain element, which can be realized with a spinning ring gain
element [28] that enables >100 W output power. However, this
approach is beyond the scope of this paper.

After amplification the beam is magnified with a reflective
telescope (not shown in Fig. 1) to 18 mm in order to prevent
damage of the gratings and nonlinear effects after the com-
pressor. The amplified pulses are compressed in a Treacy type
compressor with gold coated holographic diffraction gratings
(Spectrogon, 600 lines/mm, 57◦ angle of incidence, 30 cm grat-
ing separation) to 101 fs as measured using a second-harmonic
generation frequency-resolved optical gating (SHG-FROG)
setup. It was noticed during FROG alignment that the instabil-
ity of the SHG spectra integrated over 3 ms did not exceed 1%,
which is a clear indication of better than 1% shot-to-shot energy
instability at the fundamental wavelength. The measured and
reconstructed FROG traces are presented in Fig. 3. The measured
full width at half maximum (FWHM) pulse duration of 101 fs
(12.6 optical cycles) is near the transform limited (TL) value of
86 fs (10.8 optical cycles). The residual spectral phase is caused
mostly by the uncompensated fourth- and higher-order disper-
sion of the gain material, which cannot be compensated for in
the present dispersion control scheme because the optimization
of the angle of incidence and the gratings separation in the com-
pressor allow only compensation of second and third dispersion
orders. This conclusion is based on simulations of the dispersion
in the stretcher–amplifier–compressor setup. Using the stretcher
and compressor parameters specified above and the dispersion of
ZnSe [29] with 48× 3= 144 mm of material length, the residual
uncompensated fourth-order dispersion after the compressor is
5.8× 106 fs4 when the compressor is perfectly compensating for
the combined second- and third-order dispersion of the stretcher
and ZnSe. It results in stretching a 86 fs pulse to 95 fs. Thus, the
uncompensated part of the fourth-order dispersion of the gain
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Fig. 3. Compression results. (a) Measured FROG trace.
(b) Reconstructed FROG trace. The reconstruction error is 0.003.
(c) Measured and reconstructed spectra and spectral phase. “ Int.” in the
legend stands for intensity. (d) Temporal intensity profile of the pulse.
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Fig. 4. Beam profile and M2 measurement results with M2
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y = 1.19 at the compressor output.

material is the major contribution to the difference between com-
pressed and TL pulse durations. Note that the seed pulse before
the stretcher is well compressed and has about 20 times smaller
amplitude of higher than third-order components in the spectral
phase (see temporal characterization in Supplement 1); thus, its
contribution to the uncompensated phase is negligible. In the
future, the residual phase can be compensated for by adding a pair
of chirped mirrors or a programmable spectral phase shaper. The
energy of the compressed pulses is 7 mJ (the average power is 7 W),
which corresponds to 85% compressor transmission. The system
demonstrates an excellent power stability of 0.3% [Fig. 2(b)]. The
measured energy and the temporal profile imply 62 GW peak
power. The system delivers a high-quality beam of nearly Gaussian
mode with an M-squared parameter of about 1.2 (Fig. 4) on the
compressor output.

B. Nonlinear Post-Compression

Since a large number of strong-field and attosecond applica-
tions benefit from few-cycle mid-IR pulse duration and isolated
attosecond pulses, the ability to generate pulses shorter than 100 fs
is important. Although the gain material supports few times
broader spectral bandwidth [17], a significant part of it (namely,
>2500 nm) is within the air (mostly water and CO2) absorption
range [19], which requires the entire system to be in vacuum or
purged with nitrogen, for example. A more practical and elegant
way to achieve few-cycle operation is to limit the amplifier spec-
trum to the water transmission window (<2500 nm) and perform
a nonlinear post-compression of the amplified pulses right in front
of an experiment, which limits the air path of the broadband pulse
to a minimum and excludes any significant absorption.

There are several well-developed techniques for the nonlinear
broadening and post-compression of high-energy pulses of dura-
tion from tens of femtoseconds to a few picoseconds; among them,
hollow-core fibers (HCFs) [30–32], multi-pass cells [33–35],
and a thin plate or multiple thin plates [10,36–40] are the most
common approaches. The majority of the nonlinear broadening
and compression experiments have been done with Ti:sapphire,
Yb:YAG, or Yb:fiber systems with wavelengths in the normal
dispersion spectral range, and there are just a few realizations in the
mid-IR spectral range [10,39,40]. The advantage of the∼2.4 µm
wavelength is the anomalous dispersion regime for a broad range
of transparent materials (i.e, CaF2, YAG, sapphire), which enables

soliton-like pulse compression with no additional dispersion man-
agement [10,39] such as chirped mirrors. Due to this attractive
feature as well as the compactness and simplicity, the approach
similar to the multiple thin plates compression scheme, which
is typically called multiple-plate supercontinuum generation
(MPSC) [36,37], was chosen for the present work. Despite some
similarities to MPSC, our approach is easily scalable to multi-mJ
energy, as experimentally demonstrated in the following, while
MPSC has been limited to a few 100’s µJ thus far [36,37]. In
addition, compared to a single-substrate nonlinear compression
demonstrated in the mid-IR spectral range at a multi-mJ energy
level [39], our approach offers much better spatial homogeneity
and beam quality while preserving simplicity and compactness.

The implemented scheme for nonlinear compression is shown
in Fig. 5(a). In a standard MPSC realization [36,37], a set of thin
plates is arranged around the focus of the beam; however, since a
focused pulse with multi-mJ energy would ionize air and create
a filament, the direct implementation of this approach can be
done only in vacuum. Therefore, we have developed an alternative
scheme based on a set of AR-coated CaF2 lenses, which has a few
key features. First, the suggested waveguide-like periodic sequence
of negative and positive lenses can mimic the HCF behavior
[41] and spatially homogenize the output beam, as was demon-
strated in bulk-media-based multi-pass cells [42,43], whereas a
single-substrate compression inherently results in spatially inho-
mogeneous output (see, e.g., Fig. 5 in the supplement of [39]) that
is caused by different amounts of the nonlinear phase accumulated
in different parts of the beam due to the Gaussian intensity profile,
which is a fairly nonuniform intensity distribution as opposed to a
top-hat one. Note that the pulse intensity and the corresponding

(e)(d)

(c)(b) Intensity

Measured Reconstructed

(a)

-150 -100 -50 0 50 100 150
0.0

0.2

0.4

0.6

0.8

1.0

1.2
Measured (39 fs)
Transform limited (32 fs)

).u.a(
yt isnetn I

Time (fs)
2000 2200 2400 2600 2800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

).u.a(
ytisnetnI

Wavelength (nm)

Int. measured
Int. reconstructed
Int. simulated

-4

-3

-2

-1

0

1

2

3
Phase

)dar(
esah

P

SM
f1500

YAG
2mm

L2
f=200

L1
f=-200

L3
f=-100

L4
f=500

diagnostics

11901145 1455 1540 18600
mm
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nonlinear phase shift in the plano-concave lenses L1 and L3 is 25–
64 times larger than in the plano-convex lenses L2 and L4, since the
beam size is five to eight times smaller on the defocusing lenses (L1
and L3). Thus, plano-convex lenses are responsible for refocusing,
but they do not make a significant contribution to broadening,
and therefore can be replaced with focusing mirrors if necessary.
Second, broadening in plano-concave lenses also slightly improves
spatial homogeneity, since substrates are thinner in the middle of
the beam with the highest intensity and thicker to the edges of the
beam. However, for this effect to play a significant role, the focal
lengths of a lens would have to be much shorter [38], which would
result in strong chromatic aberrations. Third, CaF2 has about a
three times smaller nonlinear refractive index as well as group delay
dispersion (GDD) than YAG [44], so the about 3 mm thick lenses
used are equivalent to about 1 mm thick YAG substrates. Thus, the
scheme can be effectively considered as a set of multiple thin plates.

The proposed post-compression setup demonstrates repro-
ducible and stable performance. It enables significant broadening
of the amplified pulses, increasing the spectrum width by a fac-
tor of about 2.5 [Fig. 5(d)]. Accordingly, the broadened pulses
have 2.5 times shorter duration of 39 fs (4.8 optical cycles), as
measured with the SHG-FROG diagnostics setup without any
additional dispersion management such as chirped mirrors.
Experimental results are in a good agreement with numerical
simulations [Fig. 5(d) (black curve)], which were performed using
a 1D+ time split-step code following an approach similar to
[45] (see Supplement 1 for more details) with the experimentally
measured temporal profile (Fig. 3) used as the input pulse. M2 of
the compressed pulse slightly degrades to about 1.5 (see details in
Supplement 1), which still corresponds to a very good beam qual-
ity. The average power measured after the post-compression setup
is 6.2 W (89% transmission) with the same 0.3% power stability
as the input pulses. Note that the broadening is very tolerable to
small power changes as shown in Fig. 6. 10% input pulse energy
variation (namely, reducing from 7 mJ to 6.2 mJ) barely changes
the output pulse duration, which results in a very reproducible and
reliable day-to-day operation.

Figure 7 demonstrates a significant improvement in spa-
tial homogeneity compared to previous compression results of
multi-mJ mid-IR pulses [39], which was one of the goals of the
implemented setup. The obtained results show a tolerable increase
in the pulse duration by a factor of 1.5 (from 39 fs to 60 fs) between
the center and the edge of the beam. Whereas in [39], the increase
in pulse duration was more than a factor of two, which is also con-
sistent with our experimental results in a similar setup based on
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Fig. 7. Homogeneity of the nonlinear compression. The measured
dependence of the spectrum and pulse duration across the beam profile
by selecting a small part of the beam with an aperture indicated as a black
circle in the middle row. Frel is the fluence in the aperture relative to the
peak fluence. Left row: temporal pulse profile retrieved from the measured
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the broadening in a couple of YAG plates (see Supplement 1 for
more details). Note that the YAG substrate in the implemented
setup [Fig. 5(a)] was experimentally found to improve pulse com-
pression from 50 fs without it to 39 fs with it and not to affect the
spatial homogeneity, unlike the case without lenses presented in
Supplement 1. There are no significant drawbacks of adding a
substrate before the setup because the waveguide-like set of lenses
homogenizes the beam, as discussed above. Despite the discussed
inhomogeneity, the pulse duration measured at each point is
smaller than the pulse duration before the nonlinear compression,
which results in the increase in peak power to about 115 GW, with
the spatial inhomogeneity being taken into account.

C. Soft X-Ray High-Harmonic Generation

For high-harmonic generation (HHG) experiments, the output of
the grating compressor with 101 fs pulse duration is sent to a HHG
vacuum chamber located about 10 m away from the system output.
The beam with 18 mm diameter is focused with a plano-convex
CaF2 lens with a 400 mm focal length on a gas jet created by a
pulsed piezo-valve (ACPV3 from AmsterdamPiezoValve) with a
0.5 mm inner diameter. The position of the gas jet relative to the
beam focus and the backing pressure of the valve are optimized for
the highest total flux. The HHG chamber is connected to a spec-
trometer chamber with a residual gas pressure below 10−7 mbar,
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Fig. 8. HHG results. (a) Schematic layout of the HHG experimental
setup. (b) Spectra generated in Ar and measured with Zr (green solid
curve) and Sn (blue solid curve) filters. The corresponding filter trans-
mission is shown with dashed lines. (c) Combined results from (b) after
correction for the filter transmission. (d) Spectra generated in Ne and
measured with Sn (blue solid curve) and Al (orange solid curve) fil-
ters. The corresponding filter transmission is shown with dashed lines.
(e) Combined results from (d) after correction for the filter transmission.

which is maintained using a differential pumping scheme. The
residual infrared radiation is blocked with a 200 nm thick metal
foil filter (Al, Zr, or Sn). The HHG spectra are measured with a
home-built flat-field spectrometer based on a variable line spacing
concave grating (2400 l/mm, part #001-0450 from Hitachi). The
generated harmonics are detected with a set of a microchannel
plates (MCPs) and a phosphor plate, which is imaged on a comple-
mentary metal oxide semiconductor camera. The spectrometer is
calibrated on the absorption edges of Al, Si, Zr, and Sn and by the
position of harmonics where they are resolved.

Figure 8 shows HHG spectra measured in argon and neon
with 60 s integration time. The on-target mid-IR energy is 2 mJ
and 3.2 mJ for Ar and Ne, respectively, which is controlled with
an iris before the lens and optimized to maximize the soft x-ray
flux. At a higher pulse energy, phase matching of the HHG process
is affected by the excessive ionization fraction of atoms and cor-
responding free-electron plasma dispersion contribution [46].
Therefore, increasing the focal length will enable utilizing the
full available energy in future experiments. With argon at 2.5 bar
valve backing pressure, the generated HHG spectrum extends
in the soft x-ray region up to about 280 eV. The peak intensity
estimated from the cutoff is 160 TW/cm2, which is in a good
agreement with 190 TW/cm2 estimated in the beam waist using
the Fraunhofer diffraction theory and the experimental focusing
geometry. Neon enables significantly higher HHG cutoff due to
higher ionization saturation intensity related to higher ionization
potential compared to argon. In neon, the HHG spectrum spans

the entire water window spectral region and extends up to 600 eV.
This cutoff implies 350 TW/cm2 on-target pulse peak intensity
using the “3.17Up + Ip” law [47,48], which is in a good agreement
with 450 TW/cm2 as estimated in the beam waist from the focus-
ing geometry. The optimum gas jet position is slightly behind the
beam waist, so the on-target intensity should be slightly lower than
the maximum in-waist value. The spectral dip in the measured
spectrum [Fig. 8(e)] around the carbon K-edge at ca. 280 eV might
originate from the beamline contamination. The absolute HHG
flux was not measured due to the lack of a calibrated measurement
device in the present realization of the experimental setup, but a
lower bound of the HHG flux at the spectrometer entrance esti-
mated from the registered counts is 5 pW in the presented spectral
range. The estimate does not include beam clipping on the spec-
trometer entrance slit nor some possible losses on the differential
pumping irises; thus, the HHG flux available for experiments
should be higher.

Further extension of the HHG cutoff is feasible using helium
with even higher ionization potential and by increasing the focused
intensity, which can be easily done using full pulse energy and a
shorter focal length and/or expending the beam size. However, it is
not feasible in the present setup because the valve does not allow the
creation of pressure high enough to phase match HHG in helium
[12,46]. To do so, a high pressure cell is required, which will be
implemented in future studies.

4. CONCLUSION

We have demonstrated a Cr2+
: ZnSe laser amplifier delivering

7 mJ, 100 fs pulses at 1 kHz repetition rate and 2.4 µm central
wavelength with excellent energy stability and beam quality. These
pulses were post-compressed to 39 fs, 6.2 mJ, and 115 GW peak
power in a novel nonlinear compression scheme introduced here.
It enables reliable post-compression in a compact and simple
setup even at the multi-mJ pulse energy level without any addi-
tional dispersion management due to soliton-like regime in the
anomalous dispersion range. The system was successfully applied
to soft x-ray generation in the water window up to 0.6 keV. In
addition to HHG applications, due to the very good pulse quality
and mid-IR wavelength, the demonstrated system will enable
efficient (significantly more efficient compared to ∼1 µm [49])
pumping of a sub-mJ-level∼6−12 µm OPA, which will advance
strong-field physics into the IR regime. An architecture similar
to the one presented here can be used to generate pulses in the
3–4 µm spectral range using Fe2+-doped chalcogenides [17]
and KTiOAsO4 (KTA)-based OPA for seed generation [9,10].
Moreover, the demonstrated architectures of both the amplifier
and the post-compression scheme are scalable to higher repetition
rates under the same average power and, providing the availability
of larger crystals and more energetic pump sources, to higher pulse
energies and peak powers, which will open a wide range of applica-
tions in nonlinear optics, attosecond and strong-field physics, and
remote sensing.
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