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infrared source for attosecond soft x-ray physics.” In this supplement, we present technical
details on the performed simulations and additional experimental results supporting the paper.

1. AMPLIFIER

A. Estimation of the nonlinear phase in the amplifier

ZnSe has a relatively high nonlinear refractive index of about
104 ecm?2 /W at 2400 nm [1, 2], which is almost two orders of
magnitude higher compared to sapphire for example. Therefore,
a careful amplifier design requires an estimation of potentially
detrimental nonlinear effects, which can be reduced by choosing
an appropriate pulse stretching factor. The standard parameter,
which is used to evaluate the influence of nonlinear effects, is
the B-integral (total accumulated on-axis nonlinear phase shift),
which is determined by the equation

B=k /OL npl(z)dz (S1)

where k is the wavenumber, 1, is the nonlinear refractive index,
I is the peak intensity, and L is the material length. The condition
of B > 1 typically determines the threshold for nonlinear effects,
hence B < 1 should be satisfied in an amplifier.

In the evaluation we assume the stretched pulse duration
of 300 ps, which is calculated based on the stretcher geometry
(600 lines/mm, 57° angle of incidence, -30 cm effective grating
separation) and the seed spectrum. The beam diameter (on the
e intensity level) is 3.5 mm and the pulse energy is 0.05, 0.5, 3
and 8.2 mJ in the seed and after the first, second and third passes
respectively. To simplify the estimation, the mean value between
the input and the output energies is used on each pass which
should result is a slight overestimation since most of the energy

is accumulated at the end of the crystal. The estimated B-integral
is 0.7, which is low enough to prevent nonlinear distortions of
amplified pulses

B. Stability of the nonimaging amplifier setup (beam size de-
pendence on the thermal lens)

In the implemented (and presented in the paper) nonimaging
amplifier geometry, if the thermal lens in the gain element is
too strong, the beam can be demagnified to a size resulting in
damaging of optics. Therefore, we have performed an estimation
of safe limits for the thermal lens in the gain element (though
there is no problems with the beam quality and optics damaging
in the amplifier presented in the paper).

The telescope in the seed beam before the amplifier was ad-
justed for the beam to have a waist on the entrance of the crystal.
The beam waist diameter after the first pass is determined by the
pump beam size of 3.5 mm as written in the main text. Therefore,
the simulations are starting from a Gaussian beam with diam-
eter (on e intensity level) of 3.5mm and an infinite radius of
phase curvature. The propagation is modeled using the "ABCD
law" and the "complex beam parameter” formalism [3]. The gain
element is modeled as a thick lens with the thickness of 48 mm
and with the radius of curvature of both sides of

R=2(n—1)F (S2)

with the refractive index (n) of 2.44, which corresponds to the
ZnSe refractive index at 2400 nm. F is the nominal focal length
used in the following. The ABCD matrix for a thick lens of
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the paper (Fig. 1), and the beam is directed back to the same
crystal with a pair of flat mirrors labeled as RM (roof mirror);
each roof mirror is positioned half way between the passes.
Each crystal is modeled as a thick lens (see text for details);
between the crystal passes the beam is traced using a free-
space propagation matrix. b. Beam sizes on optical elements
(see labels in (a)) for different focal lengths of the thermal lens
in the gain element. c. Beam size at different positions in the
amplifier for a set of focal lengths of the gain element. Note
that for any focal length of > 1m the fluence on all optical
elements is below the damage threshold.

thickness d is

1 o |11 4 1 0
M= (S3)
_ 711;1 n 0 1 _ nnjgl %

The complete set of simulated optical elements is shown in
Fig. S1(a). The simulation results (Fig. S1(b-c)) indicate that the
beam never "collapses" (focuses to a very small diameter) for
any focal length of the thermal lens of larger than 1 m, when the
fluence on all elements is above the damage threshold (which is

atleast 1]/cm? for the Cr:ZnSe crystal and >2]/ cm? for mirrors).

For example, on the output mirror, where the energy is the
highest, the minimum beam size (for f=3.35m) is 1.54 mm, which
corresponds to the peak fluence of 0.88]/cm? at the highest
obtained power of 8.2 W (peak fluence is the fluence at the center

2300 2400 2500
Wavelength (nm)

Fig. S3. Residual seed phase (green) after subtracting second
and third order dispersion. Seed spectrum is shown in blue
dashed line for reference.

of the beam), which is adequately below the damage threshold.
As the beam size in the experimentally realized setup was above
2mm, we conclude that the thermal lens in the amplifier crystal
was larger than ~5m. At lower pump power and larger focal
length of the corresponding thermal lens, the operation of the
amplifier is completely robust, since the beam sizes on the optics
in the amplifier are converging to the input beam size of 3.5 mm,
as clearly seen in Fig. S1(b). It is the consequence of the fact
that the Rayleigh length of the seed pulse of 4 m is larger than
the entire path in the amplifier. Presented analysis supports the
statement in the main text that the amplifier is absolutely stable
and safe to operate at any available pump power.

C. Temporal characterization of seed pulses before the
stretcher

In order to exclude the influence of the seed spectral phase
inherited from the OPA setup on the compression of amplified
pulses, the pulses before the stretcher were characterized using
the SHG-FROG diagnostics. The measured FROG trace of seed
pulses and the reconstruction results are presented in Fig. S2.
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The seed pulse is slightly chirped from 71 fs (transform limit) to
82 fs, but the spectral phase is mostly defined by the second order
dispersion (which is also clear from the FROG trace that has no
sign of any significant high order dispersion). Since the second
and third order chirp in the entire stretcher-amplifier-compressor
setup can be eliminated by optimizing the angle of incidence
and gratings separation in the compressor, the contribution of
the seed phase to the residual phase of the amplified pulses
(Fig. 3(c) in the main text) can be calculated by subtracting the
second and third order components from the measured seed
spectral phase (Fig. S2(c)). To do so, the detected phase was
interpolated with a third order polynomial within the spectral
interval where the normalized intensity is higher than e2. The
result after subtracting the polynomial fit from the measured
spectral phase is shown in Fig. S3. The amplitude of phase
deviations is about 0.05rad which is 20 times smaller than in
the measured spectral phase of the amplified pulses (where it
is about 1rad). Thus, the contribution of the seed phase to the
uncompensated phase of the amplified pulses is negligible.

2. NONLINEAR COMPRESSION

A. Details on the simulation of the nonlinear compression

The simulation result presented in Fig. 5(d) (black curve) in the
main text was obtained with a one-dimensional (1D)+time split-
step method, which follows an approach similar to [4]. In the
simulation, the beam propagates through a sequence of the
materials in accordance with the experimental scheme shown
in Fig. 5(a) in the main text, including an additional 2m of air
propagation to the FROG setup. All lenses were simulated as
CaF, substrates with 3 mm thickness, which corresponds (with
minor variations) to the central thickness of all the installed
lenses. The temporal and spectral characteristics of the input
pulse were taken from the reconstruction results of the measured
FROG trace (Fig. 3 in the main text). The fluence on each optical
element was estimated by measuring the corresponding beam
profiles. Because of the small thickness of the substrates and the
long Rayleigh-length of the beam, the fixed fluence was assumed
on each step; for the same reason effects like walk-off, diffraction
and self-focusing can be neglected, and 1D simulation should
give a meaningful result. Since air has much lower nonlinearity
compared to CaF; substrates and the beam size was large in
air propagation parts, air nonlinearity was neglected. However,
air dispersion and absorption were taken into account. The
obtained simulation result is shown in Fig. 5(d) (black curve) and
demonstrates a reasonably good agreement with experimental
data.

In addition, a better optimization of the pulse compression
before the nonlinear post-compression stage should result in
shortening of the output pulse to about 20 fs in the same exper-
imental setup, according to performed simulations with a flat
spectral phase of the input pulse. 20 fs pulse duration at 2.4 pm
wavelength corresponds to 2.5 optical cycles, which should en-
able phase dependent strong field studies and generation of
isolated attosecond pulses. The optimization of the compression
of the CPA system output can be achieved by implementing, for
example, chirped mirrors compensating the dispersion of the
gain medium which is the main limiting factor in the present
setup.

B. Nonlinear compression limit

In the scheme shown in the paper (Fig. 5(a)) the compression
is mostly limited by two parameters: uncompensated spectral
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Fig. S4. Beam profile after the nonlinear compression (see
the experimental setup in Fig. 5(a) in the main text) and M?
measurement results with M2 = 1.7 and M§ = 1.46.

phase of the input pulse (as already discussed in the previous
section) and the damage threshold of the lenses (Thorlabs lenses
were used: E-coated CaF, plano-concave and D-coated CaF,
plano-convex). The damage threshold limits the maximum in-
tensity and correspondingly maximum B-integral per lens, since
the thickness of the used Thorlabs lenses is also fixed at about
3mm. As written in the previous section, better compensation
of the spectral phase of the amplified pulses will potentially en-
able the reduction of the duration of the nonlinear compressed
pulses to about 20 fs. In addition, an extra compression stage (a
pair of defocussing and focusing lenses) can be introduced to
further compress pulses to about 12-15fs. In this case, the main
limiting factor will be temporal pulse front distortions in the
focusing lenses [5]. Note that only focusing lenses introduce an
appreciable amount of distortion due to the significantly larger
beam sizes on them. In particular, the L2 lens (as labeled in
Fig.5(a) in the main text) introduces the pulse front curvature
corresponding to the delay of 4 fs [5] between the center of the
beam and the e radius of 4 mm; for L4 this distortion is 8 fs
(beam radius is 8.5 mm). Therefore, extra compression stages
(pairs of defocussing and focusing lenses) will not improve com-
pression significantly, though they can be advantages for further
improvement of spatial homogeneity.

Further significant improvements in pulse shortening are
possible by replacing focusing lenses with focusing mirrors. It
should enable compression down to ultimately single cycle pulse
duration, but a detailed discussion of this scheme is outside of
the scope of this paper.

C. Beam quality after nonlinear post-compression

Fig. 54 demonstrates the beam quality (M?2) measurement on the
output of the nonlinear post-compression setup presented in the
main text. The quality of the post-compressed beam slightly de-
grades compared to the input beam, namely M? increases from
about 1.2 to about 1.5. For most of the potential applications, the
corresponding slight increase of the focal beam size can be easily
compensated by implementing a tighter focusing geometry. The
slightly stronger degradation of the beam quality in x-direction
is caused mostly by the first YAG plate at the Brewster angle
(see experimental setup in Fig. 5(a) of the main text). However,
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Fig. S5. a. Nonlinear compression setup. SM: spherical mirror.
b. 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. F, is
the fluence in the aperture relative to the peak fluence. Left
row: temporal pulse profile retrieved from the measured SHG-
FROG; blue: measured pulse, black dashed line: transform
limited pulse. Right row: measured spectrum.

replacing it with an anti-reflection coated substrate near normal
incidence will solve the problem.

D. Nonlinear compression in substrates

As mentioned in the main text of the paper, compared to a single-
substrate nonlinear compression demonstrated in the mid-IR
spectral range at a multi-m] energy level [6], our approach of-
fers much better spatial homogeneity and beam quality while
preserving simplicity and compactness. Here we present an ex-
perimental proof of the superiority of the approach presented in
the paper. Fig. S5 demonstrates results of the nonlinear compres-
sion in a couple of plane-parallel YAG substrates (same material
and similar thickness as in [6]) under otherwise similar to the
main paper conditions, which enables direct comparison of the
techniques. As expected, Fig. S5 clearly demonstrates more pro-

nounced spatio-spectral /temporal inhomogeneity. In particular,
the pulse duration increases from 44 fs to sub-80 fs from the cen-
ter to the edge of the beam, while in a more advanced scheme
presented in the paper the inhomogeneity is twice lower: from
40 fs to 60 fs from the center to the edge of the beam. Thus, the
nonlinear compression approach introduced in the paper en-
ables significantly better spatial homogeneity and beam quality
of multi-mJ mid-IR pulses compared to the previously published
results.
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