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Abstract: We present a high-energy laser source consisting of an ultrafast thin-disk amplifier
followed by a nonlinear compression stage. At a repetition rate of 5 kHz, the drive laser provides
a pulse energy of up to 200 mJ with a pulse duration below 500 fs. Nonlinear broadening
is implemented inside a Herriott-type multipass cell purged with noble gas, allowing us to
operate under different seeding conditions. Firstly, the nonlinear broadening of 64 mJ pulses
is demonstrated in an argon-filled cell, showing a compressibility down to 32 fs. Finally, we
employ helium as a nonlinear medium to increase the energy up to 200 mJ while maintaining
compressibility below 50 fs. Such high-energy pulses with sub-50 fs duration hold great promise
as drivers of secondary sources.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Novel applications such as high harmonic [1] and THz generation [2—4], laser plasma X-ray
sources [5], inverse Compton scattering [6] and laser-plasma acceleration of ultra-relativistic
electron beams [7—14] demand for increasingly higher pulse energies at pulse durations below 50
fs. In particular, for laser-driven X-ray generation, an increase of the peak intensity by an order
of magnitude can account for a 5 to 10-fold higher conversion efficiency [15,16]. Laser-plasma
electron acceleration requires a drive laser pulse duration that is resonant to the few-10-fs plasma
wavelength and an intensity on the terawatt scale. These stringent experimental requirements were
so far predominantly obtained from Ti:Sapphire (Ti:Sa) laser sources, owing to their extremely
broad emission bandwidth and thus short pulse durations [11,17,18]. Despite the excellent
thermal conductivity of Ti:Sa, such systems remain however limited to moderate average powers
[19,20], mostly in the range of 10 to 20 W, and low repetition rates. In particular, their demanding
constraints on the pump (high brightness, wavelength in the green) usually impose the use of
bulky frequency-doubled solid-state lasers and sophisticated cooling design of the laser crystal,
adding to the overall complexity and cost of the system. Most applications would undeniably
benefit from higher average power and repetition rates drive laser. Especially, the higher control
bandwidth associated with high repetition rate systems would enable feedback loops and active
stabilization resulting in improved performance of laser-driven applications [21-23]. In light
of this, diode-pumped Yb-doped amplifiers can fulfill these requirements [24,25], albeit with
typically longer pulse durations due to the narrowband emission cross section of their gain
medium.
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Among Yb-based systems, thin-disk amplifiers have proven scalability of both pulse energy to
above 0.5 J [26-28], and average power to more than 2 kW [29,30]. For such high-energy and high-
average-power systems, pulse durations lie between < 500 fs [30] and < 1 ps [26]. Subsequent
spectral broadening is therefore necessary to overcome their gain bandwidth limitations and meet
the sub-50 fs requirements.

Among others, two approaches have been widely used to extend the spectral bandwidth of
high-energy high-average-power Yb-based systems and generate shorter pulse durations: optical
parametric amplification (OPA) [31,32] and nonlinear pulse compression induced by the optical
Kerr effect and subsequent temporal compression [33]. Due to its limited optical efficiency,
the OPA approach is rather unsuitable for achieving high average powers. Commonly used
schemes for nonlinear pulse compression at high average powers, instead, rely on waveguides
or quasi-waveguides such as fibers, capillaries, or multi-plates [34—40]. The scalability of
these waveguides towards high energies and average powers remain a major challenge [41,42].
In recent years, another method for nonlinear pulse compression has become increasingly
popular: the Herriott-type multipass cell (MPC) [43—49]. In contrast to other techniques, the
MPC-based nonlinear pulse compression combines both scalability to high energies and high
optical efficiencies [49—54]. The maximum pulse energy transmitted through a MPC is limited
by the fluence on the mirrors and gas ionization and scales linearly with its length [55]. As a
result, the MPC allows spectral broadening and, ultimately, also pulse compression of Yb-doped
lasers with high average power and high pulse energies at the same time.

Kaumanns er al. [51,54] published the highest energy to date, demonstrating spectral
broadening and subsequent compressibility in a MPC. Operating near fundamental mode at 5
kHz, they partially compressed 18 mJ pulses from 1.3 ps to 41 fs with an optical efficiency of
over 95% [51]. Later, they applied first-order helical Laguerre-Gaussian mode to improve the
energy throughput and broaden beyond 100 mJ. The output pulse were compressible from 1.3 ps
to 37 fs with an optical efficiency of the multipass setup of >95% [54].

The aim of our work is two-fold: first, push the boundaries of peak power supported by a
Yb-based regenerative amplifier and, second, further reduce the pulse duration externally. In this
article, we describe in detail our kW-class high-energy Yb-doped ultrafast thin-disk amplifier
(Dira 1000-5) and its subsequent nonlinear pulse compression. The Dira 1000-5 laser system
delivers at 5 kHz repetition a pulse energy of 200 mJ with sub-500 fs duration. Pulse energies
of up to 500 mJ can be extracted from the Dira 1000-5 enabling future experiments with even
higher pulse energies.

In this context, we explore the scalability of the nonlinear pulse compression with respect to
the pulse energy and average power. The pulses of the Dira 1000-5 undergo nonlinear spectral
broadening via self-phase modulation (SPM) in a gas-filled Herriott-type multipass cell. We
first experimentally broaden the spectrum of 64 mJ pulses in an argon-filled cell and show
its compressibility to 32 fs while maintaining excellent beam parameters. Using helium, we
can further increase the pulse energy inside the cell up to 156 mJ and 200 mJ and achieve a
corresponding compressibility to 39 fs and 45 fs, respectively. To the best of our knowledge, we
present the first nonlinear broadening beyond 150 mJ pulse energy in a Herriott-type multipass
cell at a kW-level supporting a near fundamental laser mode.

2. Thin-disk amplifier

The laser source used for the nonlinear pulse compression experiments is a commercial Yb-doped
thin-disk regenerative amplifier from TRUMPF Scientific Lasers GmbH & Co. KG [30,56].

A commercial all-fiber-based micro machining laser TruMicro 2000 from TRUMPF Laser
GmbH is used for seeding the regenerative chirped pulse amplifier. The seed laser is modified
with a customized chirped fiber Bragg grating (CFBG) to stretch the pulses to the nanosecond
regime. The subsequent amplifier ring cavity is equipped with two thin-disks continuously
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pumped at 969 nm using low-brilliance industrial diode bars. The switching of the Pockels cell
allows to amplify the pulse at each round-trip accounting for high gain. Unfortunately, this is
achieved at the expense of the temporal contrast on a nanosecond time scale, creating undesirable
satellite pulses. To mitigate this drawback, we implement a pulse picker at the output of the
amplifier. Hereby, we can trim the inherent pre- and post-pulses but also enables single-shot and
pulse-on-demand operation.

The amplified and chirped output pulses are recompressed by a pair of multilayer dielectric
reflection gratings with 1760 lines/mm. The gratings are arranged in a double-pass near
Littrow-configuration. The overall optical efficiency of the grating compressor is >90%.

Figure 1(a) shows the compressed output power as a function of pump power when we single
out the main pulse. After the pulse-picking stage, we measure a drop of the output power by ~7%
which can be attributed to the energy content of the suppressed pre- and post-pulses (Fig. 1(b-c)).
If operated at 5 kHz, the system delivers up to 1 kW of compressed power after pulse picking,
while higher repetition rates lead to nearly 2kW [30]. We characterize the pulse-to-pulse energy
stability by recording over 50,000 consecutive pulses before the compressor at pulse energy level
of 220 mJ. From the collected data, we estimate the fluctuations to be ~0.3% (rms).
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Fig. 1. Characterization of the pre-pulse contrast enhancement. (a) Comparison of power
slopes at 5 kHz repetition rate without pulse picker (red) and with pulse picker (blue). The
output power was measured after the grating compressor. Full scale photodiode signal (red)
and zoomed-in measurement (blue) without pulse picker (b) and with pulse picker (c). The
maximum main and pre-pulse intensities without pulse picker (b) and with pulse picker (c)
are indicated. The main pulse is centered at O ns.

The compressed pulse duration T, is retrieved from the measured autocorrelation trace plotted
in Fig. 2(b) and is as short as 461 fs. Given the spectral width of the amplified pulses, Fig. 2(a),
the pulses are nearly Fourier-transform limited.

We assess the long-term stability of pulse duration by sampling the autocorrelation at 1 Hz,
since no device was available to record the shot-to-shot variations, i.e., at a repetition rate of 5
kHz. Within the uncertainty of the commercial autocorrelator, the pulse length fluctuates merely
within 2 fs (rms) during the 4-hour log confirming the reliability of our laser source.
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Fig. 2. Spectral and temporal characterization of 200 mJ output pulses. (a) Measured
spectrum recorded with a HR4000 spectrometer from Ocean Insight Inc. (b) Autocorrelation
(pulseCheck, APE GmbH) trace (blue dotted) and retrieved Fourier-transform limited pulse
shape (red).

Preservation of the beam quality despite kW-level average power is confirmed by the computed
values of the beam propagation factor being M2x,y =1.42 x 1.32 (Fig. 3). Thus, the beam remains
nearly diffraction-limited at the output of the compressor.
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Fig. 3. Measurement of beam propagation factor after the grating compressor at 200 mJ
output energy along transverse x (red) and y (blue) axes.

For laser wakefield acceleration, achieving a high temporal contrast is essential [57]. Therefore,
we improved the performance of the Dira 1000-5 by diminishing the nanosecond-scale pre- and
post-pulses. By adding a pulse picker stage at the output of the regenerative amplifier, we can
indeed significantly improve the pre-pulse contrast from the regenerative amplification by over
two orders of magnitude, from ~2.5x1073 to ~6.2x107° as depicted in Fig. 1(b) — (c). This is
calculated by comparing the measured photodiode signal (PD) of the main peak with that of
the satellite pulses on an oscilloscope. As seen in Fig. 1(c), the fast high voltage switching of
the Pockels cell causes a noise signal starting at ~80 ns before the main pulse. Because of the
insufficient dynamic range of the oscilloscope, the parasitic pulses cannot be distinguished from
the noise floor in Fig. 1(c). We determine the contrast improvement introduced by the pulse
picker by suppressing the main pulse and evaluating the resulting attenuation factor. After careful
optimization of the Pockels cell alignment and the polarizing optics, the main pulse intensity is
lowered by a factor of ~400, which we assume corresponds to the resulting contrast enhancement.

As mentioned in the introduction, we aspire to reach higher pulse intensities and expand the
possibilities of future applications. A forthright approach is to boost the output energy of the
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laser source. In the current design of the Dira 1000-5, the maximum pulse energy is limited by
the energy storage capacity of the disk. On this account, we simply exchange the two standard
disks by thicker ones and apply pulse-pumping at 1 kHz. With these minor modifications, we can
amplify the pulses up to 550 mJ [27]. Despite this substantial increase of the Dira 1000-5 output,
the resonator design did not require any adjustments and allows for near diffraction-limited beam
quality even above 0.5 J. The beam propagation factor remains <1.3 in both axes before entering
the grating compressor. These remarkable results attest the exceptional scaling capabilities of the
thin-disk concept but also the robustness and thoughtfulness of our design. We underline that the
grating compressor in the original product was not meant to support such energies, therefore we
were not able to perform the compression at maximum level. Before entering the compressor, we
attenuate the output of the amplifier to 1% of the total pulse energy. Figure 4 depicts the final
spectrum and the corresponding autocorrelation trace. The output pulse duration is T, = 602 fs
(Fig. 4(b)), which is close to the Fourier-transform limit (FTL). In a future upgrade, with larger
gratings, we expect to provide 600 fs pulses at 0.5 J pulse energy.
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Fig. 4. Spectral and temporal characterization of the pulses amplified to 550 mJ. (a)
Measured spectrum, (b) autocorrelation trace (blue dotted) and calculated Fourier-transform
limited pulse shape (red) of a compressed 1% sample beam.

3. Multipass cell design

Based on these amplifier performances, we explore the nonlinear compression towards 50 fs
at 1 kW average power in a gas-filled Herriott-type multipass cell. Initial spectral broadening
simulations were performed to properly scale the MPC for an input energy of 200 mJ and ~500
fs pulse duration which can be delivered by the Dira 1000-5.

Firstly, the MPC was designed to avoid ionization in the focus and secondly to preserve the
mirror surface from optical damage at 200 mJ operation. To meet both constraints, a mirror
radius of curvature of 5 m and a mirror distance of approximately 10 m were selected. With this
arrangement the pulse peak intensity reaches ~200 TW/cm? at the focal plane, while the peak
fluence approaches 0.5 J/cm? on the mirrors surface. Based on the transverse eigenmode inside
the MPC, we set the helium pressure to 400 mbar to generate sufficient nonlinear phase shift per
pass. Consequently, the on-axis nonlinear phase shift per pass amounts to ~1.8 rad considering a
nonlinear refractive index of helium of n, ~ 3.4 x 1072 m%/W [58].

The spectral broadening was simulated by solving the extended nonlinear Schrédinger equation
with a split-step approach as described by Couairon et al. [59] including dispersion and Kerr
effect. The evolution of the Fourier-transform limited pulse duration of the simulated spectrum
over 24 focus passes is shown in Fig. 5. Starting with a FTL of approximately 500 fs, the final
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spectrum supports a pulse duration of ~30 fs after 24 passes. Figure 6(a) shows the initial
spectrum and the broadened spectrum after 24 passes. At the MPC output, we estimate an
increase of the spectral bandwidth from 8 nm to 106 nm at -20 dB level. Figure 6(b) displays the
Fourier-transform limited pulse shapes before and after the MPC. In the simulations performed,
the input beam quality was preserved.
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Fig. 5. Evolution of the Fourier-transform limit over the number of focus passes.
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Fig. 6. Simulation results for 200 mJ pulse energy and ~500 fs pulse duration after
24 focus passes. (a) Input (red) and spectrally broadened output (blue) spectrum. (b)
Fourier-transform limited pulse shapes of input (red) and output (blue) pulse.

4. Argon-based nonlinear compression

Preliminary spectral broadening experiments in argon allow us to become gradually familiar with
the handling and explore the functionality of this MPC aimed originally at 200 mJ operation
in helium atmosphere. From our simulations and pre-studies, we expect ionization and optical
damage of the mirrors at a lower energy level, at >70 mJ, due to the reduced mode size and optical
properties of argon compared to the helium-based arrangement. Hence, the energy coupled into
the Herriott-type multipass cell is scaled down to 64 mJ at a repetition rate of 5 kHz, where
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slight ionization occurs. The schematic of the experimental setup is sketched in Fig. 7 for the

argon-based nonlinear pulse compression experiments.
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Fig. 7. Schematic layout of the argon-based nonlinear pulse compression setup. The pulses
generated by a Yb-doped thin-disk chirped-pulse amplifier are coupled into an argon-filled
chamber (dashed line) containing mode matching and recollimation optics and a Herriott-type
multipass cell for spectral broadening. Chirped mirrors are used for subsequent temporal
recompression at low pulse energy. T1: telescope with 1/3-fold magnification, T2: telescope
with 3-fold magnification, T3: telescope with 1/6-fold magnification, M1: in- and outcouple
mirrors, PM: power meter, CMs: chirped mirrors.

The mode matching, focusing and recollimation mirrors as well as the multipass cell mirrors
are placed in a 12 m long and 0.7 m wide low-pressure chamber. After entering the chamber,
a reflective telescope (T1), reduces the beam size by a factor of 3, which is followed by a 10
m ROC concave mirror (M1) to ensure mode-matching with the MPC eigenmode. The MPC
consists of 23 identical mirrors with a diameter of 1.5” and a ROC of 5 m, arranged in a circular
Herriott-type configuration. The cell features two circular mirror arrangements composed of
12 and 11 mirrors separated by ~9.9 m. In this configuration, the beam diameter (1/e?) is 7.5
mm on the mirror surface and 1.3 mm at the focus position. These mirrors have a reflectivity of
>99.99% and a group delay dispersion (GDD) of |GDD|< 50 fs? between 960 nm and 1100 nm.
The chamber was filled with argon at a pressure of 90 mbar. In this work, we assume a nonlinear
refractive index for argon of ny ~ 1 X 1072> m?/W at atmospheric pressure [60] contributing to
an on-axis nonlinear phase shift of ~2.6rad in a single pass and a total B-integral of ~62.4 rad
after 24 passes. The beam is guided out of the chamber after recollimation by a second concave
mirror and a 3°to°1 magnifying telescope (T2).

The overall outcoupled energy is as high as 63.3 mJ, highlighting the outstanding transmission
efficiency property of MPC. Full-energy compression would require a vacuum chamber for the
chirped mirror (CM) compressor which was not available at the time of the experiments. To avoid
both nonlinear interactions with air and damage on the following chirped mirrors, we perform
the pulse compression at ~1.5 mJ after attenuating the beam by an uncoated wedge.

The positive group delay dispersion accumulated through propagation inside the gas-filled
MPC and the resulting SPM are compensated by 13 reflections over chirped mirrors introducing
a negative GDD of —250 fs? per bounce. The low energy compressor accounts for only 1.1% of
losses in power. Assuming dispersive mirrors with the same optical specifications were used, we
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can expect an overall optical efficiency of 97.9% for a full-energy compression, including MPC
losses.

The compressed pulses are characterized by second-harmonic frequency resolved optical
gating (SH-FROG). Figure 8 shows the temporal and spectral characterization of the compressed
pulse from the measured spectrograms acquired from a commercial SH-FROG. The retrieval is
performed on a 512 X 512 grid and is associated with an estimated error of 0.47%. The origin of
the distinctive peak in the recorded spectrum around the central wavelength at 1030 nm is related
to low intensity components in the pulse. Since the contribution of the pre- and post-pulses in
this work was reduced by more than two orders of magnitude using a pulse picker, the remaining
energy content of the central peak can be attributed to amplified spontaneous emission (ASE)
originating from the fiber-based seed source and its subsequent amplification in the regenerative
amplifier. A more detailed discussion on the central peak is described in Pfaff et al. [53]. The
calculated spectral bandwidth at -20 dB stretches over 101 nm. The main pulse contributes to
>85% of the energy content based on the retrieved temporal profile, similarly to that of the
calculated Fourier-transform limited pulse. The compressed pulse duration is determined to
be 31.6 fs, strikingly close its Fourier-transform limit of 30.1 fs. In summary, we are able to
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Fig. 8. Temporal characterization of the output pulse from the 64 mJ nonlinear pulse
compression setup after the temporal recompression. (a) Measured and (b) retrieved
SH-FROG (Mesa Photonics Inc.) spectrogram after the chirped mirror compressor (G-
error =0.47%). (c) Retrieved temporal profile of the compressed pulse. (d) Measured,
retrieved, and simulated spectra of the compressed pulses. The green dotted line shows the
spectral phase.
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Fig. 9. Measurement of beam propagation factor along transverse x (red) and y (blue) axes
after pulse compression of 64 mJ broadened pulses.

B
(b) — x-axis
— y-axis
@34
g
}_
b 32
30
2 1 0 1 2
X,Y (mm)

1.2 ~——1100 1.2 p 100
;\? A10V’ ;\?
> =os8 >
\ o [0}
' § =06 9% @

o 2 (o)

S 304 g

6 £ o

T 0.2 T
0 90

2 1 0 1 2
Y (mm)

Fig. 10. Spatio-spectral characterization after temporal re-compression of 64 mJ broadened
pulses. (a) Transverse beam profile of the collimated and compressed beam. (b) Calculated
Fourier-transform limits across two orthogonal axes. The normalized intensity for the x-axis
(c) and the y-axis (d) of (a)are represented by the light filled curve. The grey areas mark
the positions outside the 1/? diameter. The dark blue (c) and red (d) curves show the
corresponding spatio-spectral homogeneity values.

shorten the pulse length from 461 fs to 31.6 fs, leading to a compression factor of ~15. In case
of full-energy compression, the pulse peak power would be increased to 1.6 TW from the 0.11
TW originally provided by 64 mJ input pulses.

The spatial output beam quality is well preserved as proven by the measured M? values of the
compressed beam, sz,y =1.40 x 1.47 (Fig. 9).

For characterizing the spatio-spectral homogeneity required for a preserving M? (Fig. 9),
we follow the figure of merit approach described by Weitenberg et al. [50], which defines the
spectral homogeneity as Homogeneity = [/ 1;(1) - Lip(A)dA]* / [ SL(W)2dA- I,lo(}\)zd/l] %100,
where each spectrum I (A) overlaps with the spectrum on the beam axis I;o(A). To analyze this
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Fig. 11. Characterization of the spectral stability at 50 mJ pulse energy. (a) Spectral

performance over 60 min of operation. (b) Fourier-transform limited pulse durations

calculated from the spectral data with a mean value of 37.6 fs, a stability of 0.5% (rms) and
a peak-to-valley deviation of 7.7%.

spatio-spectral homogeneity, we examined the spectrum in discrete steps across two orthogonal
axes of the transverse beam profile. The collimated beam diameters are identical for both axes and
equals 2.9 mm (Fig. 10). The spectra are collected, in steps of 0.2 mm, by moving a multimode
fiber (200 um core diameter) mounted behind a 100 um diameter precision pinhole through the
collimated beam. As depicted in Fig. 10(c) — (d), the spatio-spectral homogeneity exceeds 97%
in both orthogonal axes within the 1/e? beam diameter, demonstrating the MPC does not alter the
input beam quality. The calculated Fourier-transform limits across the two characterized axes of
the transverse beam profile are plotted in Fig. 10(b).

Since ionization is already visible at a pulse energy of 64 mJ, we inject only 50 mJ into the
MPC to assess the spectral stability. For this measurement, the broadened spectra are logged
over 60 min and acquired at a sample rate of 1 Hz with a minimum integration time of 3.8 ms
limited by the spectrometer. The system exhibits compelling performance in term of stability
as illustrated in Fig. 11. The FTL over one hour of operation is 37.6 fs +/-0.5 fs (rms) and a
peak-to-valley deviation of 2.9 fs.

5. Helium-based nonlinear compression

After successfully demonstrating the pulse compressibility up to an input energy of 64 mJ inside
an argon-filled MPC, we reconfigure our setup to exploit the full capacities of the Dira 1000-5.
Hence, the setup (Fig. 12) was modified in terms of MPC mode size and nonlinear medium
compared to the argon-based experiments to avoid optical damage and gas ionization at the
maximal pulse energy of 200 mJ at 5 kHz repetition rate.

Similarly, we used two telescopes T1* and T2* with a magnification factor of 1/2.2 and
2.2, respectively. The concave mirrors M1 used to match the eigenmode of the MPC remain
unchanged. Finally, the separation between the two circular mirror arrangements is increased
to ~9.95 m, leading to a beam diameter of 10 mm at the mirror surface and 1.0 mm at the
focus position. At 156 mJ, the chamber is filled with 800 mbar of helium to prevent ionization.
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Fig. 12. Schematic layout of the helium-based nonlinear pulse compression setup. The
pulses generated by a Yb-doped thin-disk chirped-pulse amplifier are coupled into a helium-
filled chamber (dashed line) containing mode matching and recollimation optics and a
Herriott-type multipass cell for spectral broadening. Chirped mirrors are used, after the
energy attenuation, for subsequent temporal recompression at low pulse energy. T1%*:
telescope with 1/2.2-fold magnification, T2*: telescope with 2.2-fold magnification, T3:
telescope with 1/6-fold magnification, M1: in- and outcouple mirrors, PM: power meter,
CMs: chirped mirrors.

With these settings, the on-axis nonlinear phase shift is ~2.1 rad accumulated over a single pass,
resulting in a total B-integral of ~50.4 rad after 24 passes. The chamber only introduces minimal
losses, so that the transmission still exceeds 96% and the outcoupled pulse energy reaches 150
m].

Compression is performed after attenuating the pulses to ~2 mJ and scaling down the beam size
by a factor of 6 with a final telescope T3. The compressor consists of the same chirped mirrors as
used previously with the argon-filled cell. The total negative GDD is —4000 fs> corresponding to
16 reflections. We measured an optical efficiency for the chirped mirror compressor of 98.5%. In
combination with the losses of the MPC, an overall optical efficiency of 94.6% could be obtained
in case of full-energy compression.

The temporal and spectral characterization of the compressed pulses is shown in Fig. 13. We
characterize the pulses using the same 512 x 512 grid. The retrieval error for this measurement
is 0.57%. Seeding with 156 mJ pulses, we demonstrate a compressibility down to 38.8 fs with
>85% of the energy included in the main pulse as displayed in Fig. 13. Supposing full-energy
compression, the pulse peak power would be increased by a factor of ~12 to 3.3 TW.

We further examine the spatial properties of the compressed beam. The beam quality is well
preserved with M? values of 1.46 and 1.37 for the x and y-axis, respectively (Fig. 14) indicating
a reasonable spatio-spectral homogeneity.

The homogeneity is evaluated according to the same setup described above and is depicted in
Fig. 15. Within the 1/e* beam diameter, the homogeneity in both orthogonal axes is determined
to be >92%. The Fourier-transform limited pulse duration varies only moderately across the
beam.

Finally, we directed the entire output of the Dira 1000-5 into the MPC to test the performance
of the cell under such extreme conditions. At 200 mJ, we distinctly witness the onset of
ionization via two features. First, we directly observe light scattering in the visible wavelength
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Fig. 13. Temporal characterization of the output pulse from the 156 mJ nonlinear pulse
compression setup after the temporal recompression. (a) Measured and (b) retrieved
SH-FROG (Mesa Photonics Inc.) spectrogram after the chirped mirror compressor (G-
error =0.57%). (c) Retrieved temporal profile of the compressed pulse. (d) Measured,
retrieved, and simulated spectra of the compressed pulses. The green dotted line shows the
spectral phase.
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Fig. 14. Measurement of beam propagation factor along transverse x (red) and y (blue)
axes after pulse compression of 156 mJ broadened pulses.
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Fig. 15. Spatio-spectral characterization after temporal re-compression of 156 mJ broadened
pulses. (a) Transverse beam profile of the collimated and compressed beam. (b) Calculated
Fourier-transform limits across two orthogonal axes. The normalized intensity for the x-axis
(c) and the y-axis (d) of (a) are represented by the light filled curve. The grey areas mark
the positions outside the 1/e? diameter. The dark blue (c) and red (d) curves show the
corresponding spatio-spectral homogeneity values.

range within the Rayleigh length along with a slight M? degradation (Fig. 16). Second, the
temporal characterization (Fig. 17) reveals uncompensated third order dispersion, impeding a
clean compression of the spectrally broadened pulse. This behavior is in good agreement with
the simulation results of Tavella and Mecseki [61]. Since ionization becomes more intense
with time, the onset of ionization can be attributed to leakages, causing ambient air to filter
into the chamber. These leakages can originate from multiple sources. Vacuum chambers
designed for a pressure of 800 mbar do not seal as tight as those intended for ultra-high vacuum
range. Due to the transportation and installation requirements, the chamber consists of several
individual segments. These segments were assembled on an uneven laboratory floor, making
optimal alignment difficult. And lastly, to ensure high flexibility with respect to adjustment and
operability, many flanges were installed. These initial technical limitations will be improved in
the future.

Despite the onset of ionization, we were able to recompress the pulses below 45 fs using 14
reflections over the chirped mirrors. The beam propagation factor of the compressed output is
slightly degraded to a value of ~1.5 (Fig. 16), which is nevertheless remarkable considering the
pulse energy coupled in the MPC.
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Fig. 17. Temporal characterization of the output pulse from the 200 mJ nonlinear pulse
compression setup after the temporal recompression. (a) Measured and (b) retrieved
SH-FROG (Mesa Photonics Inc.) spectrogram after the chirped mirror compressor (G-
error =0.93%). (c) Retrieved temporal profile of the compressed pulse. (d) Measured,
retrieved, and simulated spectra of the compressed pulses. The green dotted line shows the
spectral phase.
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6. Conclusions and outlook

In conclusion, we demonstrate pulse energy scaling and pulse shortening of a commercial
Yb-doped thin-disk amplifier. At 5kHz, the original system delivers. a pulse energy of 200
mJ with a pulse duration below 500 fs and a beam quality of M? ~1.4. By using an additional
pulse picker stage, the pre- and post-pulse contrast on the nanosecond time scale is improved to
~6.2x107°. Straightforward energy scaling is achieved by simply equipping the amplifier cavity
with thicker disks, increasing the pulse energy to 550 mJ. Compression to 602 fs is demonstrated
at low energy.

Pulse shortening relies on self-phase modulation in a Herriott-type multipass cell based on
nonlinear compression. Using argon, we spectrally broaden the pulses with pulse energies
of up to 64 mJ at 5 kHz. The optical efficiency of the MPC is >99%, solely limited by the
reflectivity of the mirrors. The initial pulse duration of 461 fs was compressed to 32 fs with
an excellent spatio-spectral homogeneity of >97% within the 1/e* diameter. Broadening at
higher energy is realized in helium up to 200 mJ and 1 kW of average power. The cell allows a
transmission of ~96% of the pulse energy limited by the mirror apertures. Compressibility of the
broadened pulses to <45 fs is shown with a preserved beam propagation factor of M? < 1.5 and a
spatio-spectral homogeneity of >90%.

To the best of our knowledge, this is the first experimental demonstration of nonlinear
broadening above 150 mJ pulse energy in a Herriott-type multipass cell with nearly diffraction-
limited beam quality including a successfully demonstrated compressibility of the pulses to below
39 fs.

In the future, we will review and improve the vacuum chamber design to support nonlinear
broadening for even higher energies. In addition, we will build an in-vacuum chirped mirror
compressor to perform full-energy compression and implement a high contrast front end to
enhance the pulse contrast.

Finally, we aim at reducing the footprint required for the broadening of our joule-class systems
[26,28] by investigating novel approaches.

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.
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