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Abstract: We report a semiconductor saturable absorber mirror (SESAM)-modelocked thin-disk
laser oscillator delivering a record 350-W average output power with 940-fs, 39-µJ pulses at
8.88-MHz repetition rate and 37-MW peak power. This oscillator is based on the Yb:YAG
gain material and has a large pump spot on the disk. The cavity design includes an imaging
scheme, which results in multiple reflections on the disk gain medium to enable a larger output
coupling rate compared to those used in thin-disk oscillators with a single reflection on the disk.
This reduces the intracavity power for a given output power, thus decreasing the stress on the
intracavity components. We operate the laser in a low-pressure environment in order to limit the
disk’s thermal lensing and drastically reduce the nonlinearity picked up in the intracavity air
medium. The combination of the imaging scheme and low-pressure operation paves the way to
further power scaling of ultrafast thin-disk oscillators toward the kW milestone.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Many industrial and scientific applications greatly benefit from ultrafast laser sources with
megahertz repetition rate and multi-100-W average output power [1,2]. The current state of the art
in terms of average power is achieved with diode-pumped laser amplifier systems based on fiber
[3], slab [4], and thin-disk [5,6] technologies, each of which leverages a high surface-to-volume
ratio for efficient heat removal. These systems can achieve more than 1 kW of average output
power. By coherently combining multiple fiber amplifiers, up to 3.5 kW of average power have
been demonstrated [3].

In this paper, we focus on the thin-disk laser (TDL) technology [7]. In TDLs, the gain medium
is shaped as a disk, with a typical thickness of around 100 µm and is used in reflection inside the
laser cavity. The pump and laser beams have a diameter of a few millimeters on the disk. The
heat is extracted through the backside of the disk. This results in a quasi-1D heat flow which
ensures optimal heat management and thus enables straightforward power scaling by increasing
simultaneously the pump spot and the laser spot size on the disk. Amplifier systems based on the
TDL technology achieved up to 2-kW average output power with 6.7-mJ pulses in a multi-pass
configuration [5,6] and 1-kW average output power with 200-mJ 1.1-ps pulses in a regenerative
amplifier configuration [8].
The reduced thickness and high-gain per unit length of the thin-disk gain medium make

this technology ideal for the development of high-power ultrafast oscillators. In fact, the short
interaction length between the pulses and the gain medium results in a sufficiently small amount
of nonlinearity that modelocked pulse formation is not hindered. Hence, thin disks allow for
the generation of high-power laser pulses directly from a high-power modelocked oscillator,
bypassing the complexity of multi-stage ultrafast amplifier systems. Additionally, the timing jitter
and limited repetition rate of regenerative amplifiers is avoided, as well as amplified spontaneous
emission added by amplifier chains [9]. Moreover, TDLs offer by far the highest average power
and pulse energy of any ultrafast oscillator technology [10]. They deliver a low-noise output
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[11], megahertz repetition rates, and diffraction-limited beam quality from a single-box, diode-
pumped laser source. These features enabled applications such as high-harmonic generation
to the extreme ultraviolet [11] and optical rectification to the THz [12] directly from a laser
oscillator. Additionally, the high intracavity power in TDL oscillators can be leveraged to drive
intracavity nonlinear-optics experiments [13]. Finally, the recent demonstrations of multi-pass
cell compression at 375-W average output power to 170 fs [14] and at 60 W to 16 fs pulses [15],
show the possibility to compress the high-power output of these oscillators in order to get the
optimal peak power for many nonlinear optics applications.
Over the last twenty years, the performance of modelocked TDLs has been continuously

improved. We present in Fig. 1 an overview of how the average power was scaled over time
focusing on Yb:YAG thin disks, which is the current leading gain material for high power.
The first ultrafast TDL oscillator was demonstrated in the year 2000 using an Yb:YAG disk,
and a semiconductor saturable absorber mirror (SESAM) for modelocking. It delivered 16-W
average output power [16]. This result was later scaled to 80-W average output power due to
improvements in the disk’s quality and mitigation of the thermal effects [17]. These first ultrafast
TDL oscillators were operated in air and based on short cavities encompassing a single reflection
on the disk gain medium. Because of the limited gain from the disk, low output coupling rates
of around 10% were used, resulting in very high intracavity average and peak powers. In fact,
once few-µJ pulse energies and sub-ps pulse durations were achieved, the peak power became
sufficient to induce strong self-phase modulation (SPM) from the nonlinear refractive index of
the intracavity air [18]. This SPM (of order 1 rad or more) would need to be balanced with
group delay dispersion (GDD) (of order 104–105 fs2) for soliton pulse formation. The large
negative GDD could be obtained through dispersive mirrors, which however have worse thermal
behavior compared to standard dielectric mirrors and cause thermo-optic distortions at high
intracavity powers [10]. In order to tackle the simultaneous challenges of having enough negative
GDD and limiting the intracavity power, different approaches have been suggested in literature.
One approach consists in designing a cavity encompassing multiple reflections on the disk
gain medium in order to increase the round-trip gain, allowing the laser to be operated with a
large output coupling rate. This approach led to the demonstration of a TDL oscillator with 11
reflections on the disk, delivering 145-W average output power with 41-µJ pulses [19]. Another
approach consists in operating the laser in a low-pressure environment (few mbar of air) or in
a Helium atmosphere in order to decrease the amount of SPM accumulated in the intracavity
atmosphere and thereby reduce the required GDD by an order of magnitude or more [18]. This is
the approach which led to the previous record: a 275-W average power SESAM-modelocked
TDL oscillator with 17-µJ pulses demonstrated in 2012 [20]. Additionally, this approach led to
the demonstration of the thin-disk oscillator delivering the highest pulse energy to date, that is
80 µJ at 242-W average output power [21].

Kerr-lens modelocking (KLM) has also been employed in order to modelock TDL oscillators.
In its first demonstration in 2011, 45-W average output power was achieved [22], and shortly
thereafter, a KLM TDL matched the performance of SESAM-modelocked TDLs with 270-W
average output power at 14-µJ pulse energy [23]. Both results have been achieved in an air
environment and delivered shorter pulses at higher repetition rate compared to the presented
high-power SESAM-modelocked Yb:YAG thin-disk oscillators [19–21]. Recently, a KLM
Yb:YAG thin-disk oscillator designed with an active multi-pass configuration and delivering
140-W average power at 13-µJ pulse energy has been demonstrated [24].

Power scaling of thin-disk lasers requires increasing the spot size on the disk in order to avoid
damaging the gain material. For example, without laser operation we have observed damage
when operating at 5.4-kW/cm2 pump intensity and 8-mm-diameter pump spot on an Yb:YAG
thin disk. In the discussed ultrafast TDL oscillators [16–24], the pump spot was at most 4.7-mm
in diameter, which limits the pump power to ≈1 kW when keeping within a safe intensity regime.
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Fig. 1. Average output power from Yb:YAG SESAM-modelocked and KLM oscillators,
which represented a new record at the time of publication. The labels indicate the output
pulse energy. References are provided in the text. In this result we combine a cavity design
including multiple reflections on the disk gain medium with operation in a low-pressure
environment.

However, scaling the beam size on the disk and on other optical components comes at the cost
of an increased sensitivity to the thermal lensing of those components [25]. This increased
sensitivity renders it hard to operate thin-disk oscillators in fundamental-spatial mode with large
pump spots and, combined with the pre-existing challenges, hindered further power scaling of
these results until now.

Here we present a TDL oscillator (Fig. 2) with a large 6-mm-diameter pump spot on the disk.
In order to overcome the mentioned challenges associated with the large pump spot and keep
the intracavity power low to reduce the stress on the intracavity components, we combined an
imaging scheme for multiple reflections on the disk with low-pressure operation. Additionally,
we carefully arranged the mirrors in the cavity in order to keep the angle of incidence on the
curved mirrors small and hence avoid astigmatism. We obtained 350-W average output power
with 940-fs, 39-µJ pulses at 8.88-MHz repetition rate and 37-MW peak power. To the best of
our knowledge, this is the highest average power obtained at the output of any modelocked laser

Fig. 2. (a) Schematic of the cavity design, including three reflections on the disk gain
medium. TFP: thin-film polarizer; (b) beam profile at 350-W output power in cw operation,
i.e., with the SESAM replaced by a HR mirror; (c) beam profile at 350 W in modelocked
operation. The beam profiles are acquired by imaging the leakage of a mirror in a position
≈ 0.85 m from the SESAM. The horizontal and vertical cuts of the beam through the center
of mass are presented together with gaussian fits (in red).
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oscillator. Additionally, we demonstrate modelocked operation with a pump spot size compatible
with pumping at 1.5 kW and hence more than 500-W average output power.

We detail the cavity design in Section 2 and analyze the performance of the laser in continuous-
wave (cw) and modelocked operation in Section 3. We conclude in Section 4 by presenting an
outlook on the scaling prospects of ultrafast thin-disk oscillators.

2. Cavity design

Power scaling thin-disk oscillators involves simultaneously increasing the pump and laser spot
size on the disk. This approach has been extremely successful, in fact cw thin-disk oscillators
delivering up to 10 kW in multi-mode operation have been demonstrated [26].
Modelocked operation imposes additional requirements: the cavity needs to be operated in

fundamental transverse mode, must incorporate a saturable-loss device, and nonlinearity needs
to be managed [10,27]. The larger laser spot on the disk leads, to a larger spot throughout the
cavity and hence on the intracavity components. This makes the cavity more susceptible to static
and thermo-optical wavefront distortions on many intracavity components such as the disk, the
dispersive mirrors, and the SESAM, especially for cavities including multiple reflections on the
disk. The width of the stability zone [Fig. 3(b)] with respect to disk’s thermal lensing scales
inversely with the square of the laser-spot size on the disk, for a fixed number of intracavity
passes over the gain medium [25]. Thus, achieving fundamental mode operation over an extended
power range becomes more challenging for increased laser-spot sizes.

Fig. 3. (a) Evolution of the 1/e2 mode radius as a function of the position inside the laser
cavity. ∆Fdisk = 0 corresponds to the cold disk. The green line assumes the disk’s focusing
power at lasing threshold and the orange line at the middle of the stability zone; (b) stability
zone: calculated beam radius at the position of the disk (black line) and the SESAM (light
blue line) as a function of the disk’s focusing power change ∆Fdisk. The vertical green and
orange dashed lines represent the disk’s focusing power values used for Fig. 3(a); the red
dashed line the focusing power at the maximum output power. We optimized the cavity such
that going from low to high power, we move around the center of the stability zone.

To modelock high-power oscillators, the SESAM is particularly well suited since pulse
formation is decoupled from cavity stability, hence disentangling fundamental spatial-mode
operation and modelocking. Additionally, the thin structure of the SESAM compared to the
beam size ensures an efficient heat extraction analogous to the gain disk and its parameters can
be adjusted via semiconductor engineering. To obtain sub-ps pulses in SESAM-modelocked
lasers despite the presence of a slow saturable loss, we rely on soliton pulse shaping effects
[28]. This process is based on a balance between intracavity GDD typically obtained through
Gires-Tournois interferometer (GTI)-type dispersive mirrors, and SPM. The dispersive mirrors,
because of their resonant structure, have worse thermal behavior compared to high-reflective
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dielectric mirrors based on distributed Bragg reflection (DBR) structures [10]. The SESAM also
has some thermal lensing determined by its small non-saturable losses, which are typically of
order 0.1% in state-of-the-art SESAMs [29]. Operating these components at kW-level intracavity
average power results in thermo-optic distortions, which ultimately hinder pulse formation,
limiting the achievable output power.
In order to mitigate these thermal effects, a compelling approach is to reduce the intracavity

power by designing an imaging scheme in the laser cavity encompassing multiple reflections on
the disk gain medium and, hence, allowing a larger output coupling rate [19,24,27]. However,
such an imaging scheme further increases the sensitivity to the disk’s thermal lensing. In fact,
the width of the stability zone scales as the reciprocal of the number of passes on the disk. Hence
this approach was avoided for the previous power-scaling result [20]. We recently developed
a better understanding of the sources of thermal lensing in thin-disk lasers, and, particularly,
discovered that a substantial contribution to the disk’s thermal lensing originates in the heated air
in front of the disk [30]. We removed this contribution by operating the laser in a low-pressure
environment and optimized the laser cavity accounting for the change in thermal lens between air
operation (during alignment) and low-pressure operation (during modelocking). In this way, we
also drastically reduced the amount of SPM picked up in the intracavity air, hence reducing the
amount of GDD needed for soliton pulse formation by an order of magnitude.
In our oscillator, we employed a 100-µm thick, 10-at.% doped Yb:YAG disk, contacted

on a concave diamond with a cold radius of curvature Rcold = 3.80 m (TRUMPF GmbH). We
pumped the disk with a 6.0-mm-diameter pump spot through a 44-pass thin-disk head using
free-space-coupled diodes able to deliver up to 3 kW at 938 nm. We limited the pump power to
1.4 kW corresponding to 5.0 kW/cm2 of pump intensity in order to avoid damaging the disk. At
this power the diodes emit at 930 nm. We designed an imaging scheme with two 2-m concave
dispersive mirrors encompassing three reflections on the disk to support a comparatively large
TOC = 25% transmission output coupler [Figs. 2(a) and 3(a)]. A larger output coupling rate
(for example of 40% as in [27]) would have been possible, however we found that larger output
coupling rates resulted in a reduced optical-to-optical efficiency and hence additional thermal
load on the disk. Each bounce on the 2-m dispersive mirrors inside the active multi-pass cell
results in -550 fs2 of GDD. Hence, we obtain -6’600 fs2 of round-trip GDD directly from the
active multi-pass cell, i.e., 2-m concave mirrors, disk, and 45° high-reflective flat mirrors. On the
SESAM arm of the cavity we implemented a telescope using a 300-mm concave mirror and a 3-m
concave mirror in order to have the optimal spot size with respect to the saturation property of
our SESAM. This results in a designed 1/e2 laser spot radius on the SESAM wSESAM ≈ 1.35 mm.
Fundamental spatial-mode operation in thin-disk oscillators is achieved by optimizing the

laser spot to pump spot ratio. Empirically, the optimal ratio is known to be ≈ 75%. This ensures
that higher order modes, due to their larger transverse size, are disfavored and thus fundamental
spatial mode operation is achieved. Thermal lensing on the disk results in a change of the disk’s
radius of curvature R, quantified by the change in focusing power: ∆Fdisk = 2/Rcold – 2/R(T),
where T is the temperature of the disk. We measured the ∆Fdisk with an interferometer and
the disk’s temperature T with a thermal camera (FLIR) without laser operation. Hence, by
measuring T during laser operation and taking into account the difference in focusing power
between air and low-pressure operation, we can infer ∆Fdisk, as described in [30]. We have
∆Fdisk ≈ -0.007 m−1 for laser operation just above threshold and ∆Fdisk ≈ -0.020 m−1 at 350-W
output power in modelocked operation. We thus optimized the cavity design in order to have the
center of the stability zone at -0.014 m−1, in order to minimize the change in laser beam radius
on the disk over an extended power range (Fig. 3).
In addition to the challenges due to thermal lensing, the finite angle of incidence on the

curved mirrors leads to a difference in the effective curvature of these mirrors in the vertical and
horizontal direction. This results in cavity astigmatism and a shift in the stability zone. This
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effect is particularly relevant on the 2-m concave mirrors employed in the active multi-pass cell
because of the large spot size on these mirrors [they are located before and after the disk, see
Fig. 3(a)]. In order to avoid any significant astigmatism problems we employed two Newport
Suprema Clear Edge 2” mirror mounts to place the 2-m concave mirrors almost in touch with
each other and hence limit the angle of incidence on the disk to < 2.5° and on these mirrors to
< 1.5°. The angles of incidence on the other curved mirrors in the cavity was < 2° by folding
the cavity. By following these measures of precaution, the astigmatic effects are negligible and
proper operation of the laser over the full range of output powers has become possible.

3. Laser performance in continuous wave and modelocked operation

For stable SESAM modelocking the cavity should operate in fundamental spatial mode. Hence,
we first characterized the oscillator without the SESAM and with only the –6’600 fs2 of round-trip
GDD coming from the dispersive mirrors in the active multi-pass cell. In this configuration
we obtained up to 570 W output power at 1.4 kW of pump power, corresponding to 41%
optical-to-optical efficiency [red squares in Fig. 4(a)]. The beam quality stays diffraction limited
over the whole range of power with an M 2 < 1.05.

Fig. 4. Power slopes: (a) average output power and pulse duration versus pump power.
Red squares refer to cw laser operation with -6’600 fs2 of round-trip GDD. Blue and green
squares refer to a laser configuration with -16’600 fs2 of GDD and including a TFP, in cw
and modelocked operation, respectively; (c) saturation properties of the SESAM: reflectivity
for a Gaussian beam versus spatially-averaged fluence on the SESAM (black line). For this
calculation we assume that the pulse duration scales inversely to the pulse energy (orange
line), as in soliton pulse shaping. The operating point at 350-W average output power, 940-fs
pulse duration is marked with a vertical dashed line.

The next step was to introduce the dispersion required for soliton pulse formation, we replaced
four flat DBR mirrors with GTI-type dispersive mirrors, two of them introducing -500 fs2

of GDD per bounce (Layertec GmbH) and two of them introducing -2’000 fs2 of GDD per
bounce (University of Neuchatel). In this way we have a total of -16’600 fs2 of round-trip GDD
from the mirrors. Additionally, we introduced a thin-film polarizer (TFP) in the laser cavity in
order to fix the polarization of the laser. We again tested this cavity in cw operation obtaining
fundamental mode operation (M 2 < 1.10) at up to 350 W output power with 1.1 kW of pump
power, corresponding to 31% optical-to-optical efficiency [blue squares in Fig. 4(a) and beam
profile in Fig. 2(b)]. There is a ≈ 10% loss in optical-to-optical efficiency compared to the same
laser cavity without the additional dispersive mirrors and the TFP. This is most likely due to
the additional losses introduced by the TFP and the thermal effects in the dispersive mirrors
which alter the cavity mode and introduce non-spherical aberrations. Additionally, the lower
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optical-to-optical efficiency translates into a larger thermal load on the disk due to the reduced
heat extraction through lasing and hence additional thermal lensing.

Lastly, we replaced the end mirror with a SESAM designed for high-power operation [31]. The
SESAMwas grown and contacted to a copper mount in the ETH Zurich FIRST cleanroom facility.
It consists of a DBR and three InGaAs quantumwells as absorber in an anti-resonant configuration.
It has a saturation fluence of 120 µJ/cm2, a modulation depth of 1.1%, non-saturable losses of
≈ 0.1%, and a two-photon absorption (TPA) coefficient F2 = 650 mJ/cm2 for 130-fs pulses [32].
We operated the laser in a 30-mbar N2 atmosphere resulting in a SPM coefficient of
≈ 0.3 mrad/MW per cavity roundtrip, defined as the ratio between the B-integral and the
intracavity peak power. Additionally, we estimate a contribution of ≈ 0.3 mrad/MW of SPM
from the coatings of the dispersive mirrors based on the measured pulse duration and assuming
soliton pulse formation [27,33]. The SPM accumulated in the thin-disk and in the SESAM is
negligible. The laser shows stable modelocking from 220-W output power with 1.14-ps pulses
up to 350-W output power with 940-fs pulses at 1.2 kW of pump power [green symbols in Fig.
4(a) and beam profile in Fig. 2(c)] (power meter: Coherent PM LM-5000). This corresponds
to an optical-to-optical efficiency of 29%. We note that this is only 2% lower compared to the
efficiency in cw operation in the same laser configuration, confirming the very low non-saturable
losses of the employed SESAM.
We monitored the beam profile of the laser imaging the leakage of a mirror in a position
≈ 0.85 m from the SESAM. The expected 1/e2 beam radius from ABCD matrix calculation, at
that position in the cavity, is ≈ 1.4 mm [Fig. 3(a)]. For comparison, we took cuts along the
horizontal and vertical axes of the measured beam profiles in cw and modelocked operation.
The cuts are shown in Figs. 2(b) and 2(c) together with Gaussian fits, showing close agreement.
Regarding the 1/e2 mode radius, we find in cw a slightly astigmatic beam with an average beam
radius of 1.35 mm and in modelocked operation a symmetric beam with an average mode radius
of 1.6 mm. These values are within 15% of the expected beam size. The slightly larger beam
radius in modelocked operation may be due to the different thermal load on the disk because
of the slightly lower optical-to-optical efficiency and the thermal lensing of the SESAM. The
modelocking dynamics of femtosecond solid-state lasers with a slow saturable absorber is often
approximated by soliton pulse shaping [28]. A signature of this modelocking regime is that
the pulse duration decreases with increasing pulse energy, which we also find in our oscillator
[Fig. 4(a)]. In the soliton-modelocking regime the saturable absorber starts and stabilizes
the modelocking process while the pulses are shaped by the balance between GDD and SPM.
This results in sech2-shaped pulses. Hence, we fitted the laser diagnostics assuming this pulse
shape and extracted the spectrum full-width-half-maximum (FWHM) and the pulse duration
from the fits. At 220-W average output power, we have 1.14-ps pulses and a spectrum FWHM
of 1.27 nm (time-bandwidth product, TBP= 1.30× 0.315), at the maximum output power of
350 W (Fig. 5) we have 940-fs pulses and a spectrum FWHM of 1.63 nm (TBP= 1.36× 0.315).
We notice that the pulses are longer than the transform-limited duration, suggesting that they
could be chirped. Further investigation will be necessary in order to understand the causes.
The diagnostics in Fig. 5 at the maximum output power (350 W) shows stable modelocking.
We acquired large span microwave spectrum analyzer (Hewlett Packard 8562E) traces and,
additionally, scanned a long-range (200 ps) autocorrelator (Femtochrome FR-103XL) to confirm
single-pulse operation. In this experiment, we decided to not increase the power further to prevent
the disk from overheating in case laser operation was interrupted due to misalignment or SESAM
damage. A planned safety interlock to switch off the pump in case of non-lasing conditions will
allow safe operation at even higher powers in the future.
Furthermore, we calculated the nonlinear reflectivity curve of the employed SESAM, taking

into account soliton pulse shaping [34] [Fig. 4(b)]. The TPA coefficient F2, characterizing
the strength of the inverse saturable absorption, scales linearly with the pulse duration. We
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Fig. 5. Laser diagnostics at 350-W output power. (a) Optical spectrum; (b) intensity
autocorrelator; microwave spectrum (c) centered on the peak at the repetition rate with
300Hz resolution bandwidth and noise floor around −42 dBc and (d) showing the harmonics
with 10 kHz resolution bandwidth and noise floor around −50 dBc. Red dashed lines in (a)
and (b) are fits assuming sech2-shaped pulses, the resulting FWHM of the optical spectrum
and the pulse duration from the fits are reported in the corresponding figures.

therefore take our experimental modelocking point at 39 µJ, 940 fs as a reference and calculate
the expected pulse duration τp at any given pulse energy Ep according to soliton pulse shaping
τp ∼ 1/Ep. The spatially-averaged incident fluence on the SESAM is calculated according to
FSESAM = Ep/(π TOC w2

SESAM) [32]. At the maximum output power in modelocked operation we
have FSESAM = 2.7 mJ/cm2 [Fig. 4(b), vertical dashed line]. This lies close to the maximum of
the SESAM reflectivity curve. Operation slightly further into the rollover is possible but at the
expenses of additional losses and hence thermal load on the SESAM [34].

4. Conclusion and outlook

In conclusion, we demonstrated an ultrafast laser oscillator based on the thin-disk technology
delivering 350-W average output power with 940-fs pulses at 8.88-MHz repetition rate. This
represents, to the best of our knowledge, the highest average power achieved from any modelocked
ultrafast oscillator. We obtained this record result by using a thin-disk head with a large pump
spot on the disk and tackling the resulting cavity stability challenges through an imaging scheme
encompassing multiple reflections on the disk gain medium and low-pressure operation.
A roadmap for further power scaling of this laser architecture beyond 500-W output power

consists in designing an active multi-pass cell encompassing five rather than three reflections on
the disk and hence increasing the output coupling rate to 40% from the current 25%. Thin-disk
oscillators based on the Yb:YAG gain material and operating with even larger output-coupling
rates have already been demonstrated [19,24,27]. For this purpose, 2”-diameter mirrors inside the
multi-pass cell can be used to accommodate the multiple reflections. The same intracavity power
we use here would then yield 550 W output power, while keeping the spot size on the SESAM
similar to the current configuration and thus avoiding additional thermal effects or aberrations
from this component. A further step in power scaling toward the kW level could be done by
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actively compensating the thermal lensing of the intracavity components via a deformable mirror,
which has already been demonstrated in cw at kW-level output power [35] and the development
of large-area SESAMs with improved thermal characteristics [29].
This result shows the possibility to develop sources combining multi-100-W average output

power with the simplicity and high repetition rates of oscillators. Additionally, its output
pulse energy of 39 µJ makes it a compelling source for high-field physics experiments such
as high-repetition-rate high-harmonic generation and for industrial applications such as laser
micromachining.
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