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As ultrafast laser technology advances towards ever higher peak and average powers, generating sub-50 fs pulses from laser
architectures that exhibit best power-scaling capabilities remains a major challenge. Here, we present a very compact and
highly robust method to compress 1.24 ps pulses to 39 fs by means of only a single spectral broadening stage which neither
requires vacuum parts nor custom-made optics. Our approach is based on the hybridization of the multiplate continuum and
the multipass cell spectral broadening techniques. Their combination leads to significantly higher spectral broadening factors in
bulk material than what has been reported from either method alone. Moreover, our approach efficiently suppresses adverse
features of single-pass bulk spectral broadening. We use a burst-mode Yb:YAG laser emitting pulses with 80MW peak power
that are enhanced to more than 1GW after postcompression. With only 0.19% rms pulse-to-pulse energy fluctuations, the
technique exhibits excellent stability. Furthermore, we have measured state-of-the-art spectral-spatial homogeneity and good
beam quality of M2 = 1:2 up to a spectral broadening factor of 30. Due to the method’s simplicity, compactness, and
scalability, it is highly attractive for turning a picosecond laser into an ultrafast light source that generates pulses of only a few
tens of femtoseconds duration.

1. Introduction

Femtosecond light pulses are used for a variety of applica-
tions including time-resolved fundamental science, material
processing, and medical applications [1]. The present ultra-
fast laser developments reach for increasing peak and aver-
age powers [2] in order to advance applications in these
fields, for instance by laser-particle acceleration [3], nonlin-
ear attosecond science [4], and raw-event detection utilized
in coincidence spectroscopy [5]. Today’s most common
high-power ultrafast light sources rely on active Yb-ions. A
major downside of these lasers is the inability to directly
deliver sub-100 fs pulses. Therefore, a multitude of applica-
tions requiring shorter pulses cannot readily be addressed.
To overcome this limitation, spectral broadening and subse-
quent pulse compression have become a thriving research
topic [6]. Different spectral broadening methods are com-

monly employed. Due to their excellent power-handling
capabilities, bulk nonlinear media and multipass cells
(MPCs) employing bulk- or gas-based nonlinear spectral
broadening present a vital alternative to fibers or hollow-
core capillaries. This was facilitated by the inventions of
MPC spectral broadening [7–9] and multiplate continuum
generation [10]. In both approaches, the introduced quasi-
waveguide results in much better spatial homogeneities of
the broadband spectra than in bare bulk experiments which
were earlier proposed as a simple method for extending opti-
cal pulse bandwidths [11].

Here, we present the combination of both techniques in
a single, compact spectral broadening stage. We demonstrate
unprecedented high-pulse compression factors of more than
30 (see Figure 1), corresponding to a reduction of the
FWHM pulse duration from 1240 fs to 39 fs. Despite strong
self-phase modulation, we efficiently suppress spatial
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spectrum variations that result from single-pass bulk spec-
tral broadening in the critical self-focusing regime [12]. For
comparison, the highest pulse compression factors reported
from single multiplate continuum stages are 8.3 [13] and
9.6 [14]. Large compression factors have been achieved with
gas-filled MPCs at multi-mJ pulse energy levels [15–17], but
only a few single bulk MPC stages were reported to be able
to achieve more than 10-fold compression. Those methods,
however, either relied on custom-made dispersive mirrors
[18] or multi-ps long input pulses being insensitive to dis-
persion [19, 20]. In contrast, the implementation of our
method requires only off-the-shelf optics and enables strong
spectral broadening by high B-integrals per pass. Therefore,
our compression scheme is a compact alternative to more
complex multistage setups [14, 21–25] and presents a highly
attractive method to generate sub-50 fs pulses from a high-
power picosecond laser.

2. Materials and Methods

2.1. Experimental Design. We compressed the output of a
multistage Yb:YAG amplifier operating in 10Hz burst mode
being matched to the pulse trains of the free-electron laser
FLASH at DESY [26, 27]. The system delivered pulses cen-
tered at 1030 nm wavelength with 112μJ energy, near
Fourier-transform limited 1240 fs pulse duration and a peak
power of about 80MW. Frequency resolved optical gating
(FROG) measurements of the pulses are provided in supple-
ment S4. The maximal in-burst average power with mini-
mized pulse-to-pulse energy fluctuations was 112W. The
corresponding 1MHz pulse repetition rate could be main-
tained over the burst duration of 800μs. Typical laser burst
shapes are shown in ref. [27]. To avoid saturation of our
measurement devices, we used an acousto-optic modulator
to adjust the number of pulses in the bursts and their ampli-
tude [27]. Unless stated explicitly, we kept the number of
pulses per burst smaller than 50 to circumvent the influence
of transient thermal lensing in the main amplifier [27] on
our measurement data. The time-dependent thermal effects

result in varying beam sizes and divergences within a laser
burst. This is different from more common continuous
mode lasers which induce constant thermal lenses for the
whole pulse train in steady state.

Whereas a high-pressure gas-filled multipass cell could
have been used at our peak power level [28], we decided
to spectrally broaden the pulses in a bulk-based MPC. This
obviated the need for a complex overpressure system. The
setup is described in the caption of Figure 2. The employed
multilayer MPC mirrors were standard quarter-wave stacks
with 200mm radius of curvature and 50.8mm diameter. All
Kerr media used were stock items. In this way, the setup was
kept as simple as possible. We used two focusing lenses and
a translation stage for adjusting mode-matching while mon-
itoring the beam size in the targeted focal plane inside the
MPC. Herriott-type MPCs exhibit transverse eigenmodes.
The input beam is typically matched to the fundamental
mode of the Herriott-cell [9] to minimize pass-to-pass beam
size oscillations and prevent optical damage.

We measured pulse durations by second-harmonic
FROG with a commercial device (Mesa Photonics). In the
diagnostics section of the setup, we used a compact grating
spectrometer or an optical spectrum analyzer (OSA) for
spectrum measurements and a Spiricon M200 M2-meter
for beam quality evaluation. An ANDOR Kymera 193
Czerny-Turner-type spectrograph with a 10μm horizontal
entrance slit and a grating in the 2f plane with 500 lines/
mm was used for measuring spectral-spatial homogeneity.
We placed a FLIR grasshopper CCD camera in the 4f
-plane that recorded the dispersed spectrum along the hori-
zontal axis and a line-out of the beam along the vertical axis.
The wavelength axis was calibrated by comparison to a spec-
trum recorded with the compact grating spectrometer. The
spectral response of the spectrograph was not determined.
The beam profiles were measured with the same camera,
which had 3:69 μm× 3:69μm pixel size.

2.2. Simulations. We support our experimental data by non-
linear beam propagation simulations. We employed the

101 102 103 1044

4
8

12
16
20
24
28
32

Linear mode-
matching

Critical power silica

Multi-pass
Multi-plate
Hybrid

Si
ng

le
 st

ag
e

co
m

pr
es

sio
n 

fa
ct

or

Peak power (MW)

Nonlinear mode-
matching
(this work)

(18)(19)

(20)

(27)

(13) (14)

Figure 1: Overview of single-stage compression factors achieved by bulk-based MPCs and the multiplate continuum technique. The dark
gray and blue shaded areas enclose the typical operation regimes of the respective compression techniques. References to the experiments
with the highest reported single-stage compression factors are provided.
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SISYFOS code [29] which was previously used for bulk spec-
tral broadening simulations [12]. The Herriott-cell shown in
Figure 2 was modeled under the following approximations:
the beam was always on the optical axis of the system, the
input beam was a fundamental Gaussian (M2 = 1), reflectiv-
ity and dispersion of the MPC mirrors as well as transmis-
sion of the antireflective (AR) coatings were taken from
theoretical data provided by the suppliers. We included the
Kerr nonlinearity of air but we neglected the noninstanta-
neous Raman contributions to the nonlinearities of fused sil-
ica and air. Self-steeping was implicitly considered by
solving the wave equation in the frequency domain.

Test simulations with both transverse dimensions and a
single transverse dimension, exploiting cylindrical symme-
try, led to the same outcome. Therefore, we used the compu-
tationally less expensive reduced spatial dimensionality with
512 radial grid points. The time and frequency grid, respec-
tively, consisted of 2048 points to properly model the narrow
initial and the broad final spectrum.

The Kerr media’s nonlinear refractive index, nsim2 = 2:5 ·
10−16 cm 2/W, used in simulations was deduced from a com-
parison between simulation and an MPC experiment with
factor ten spectral broadening. It is in good agreement with
literature values [30]. We define the spectral broadening fac-

tor as the ratio between initial and broadened spectrum
transform-limited FWHM pulse durations.

3. Results

3.1. Hybrid Multipass Multiplate Approach. We conducted
initial experiments with single silica plates of 3mm to
10mm thickness inside an approximately 350mm long
MPC. The thick Kerr media exhibited two drawbacks: First,
in addition to spectral broadening, we observed an accumu-
lation of spectral power near the fundamental wavelength of
1030 nm with increasing input pulse energy, indicating a
power-dependent mode-mismatch. We even damaged the
Kerr medium after extending the MPC to 380mm length.
Second, we measured the spectral phase of pulses com-
pressed by approximately a factor of ten and retrieved a
characteristic phase kink near the fundamental wavelength
which is known from bulk spectral broadening [12]. We
attribute these observations to nonlinear beam reshaping
inside the Kerr medium. This is supported by a set of free
beam nonlinear propagation simulations that yield a spectral
broadening factor of 1.3. The simulations are described in
supplement S1. We found that an intense beam propagating
through a short medium undergoes significantly less defor-
mation compared to a less intense beam propagating
through a longer medium. This indicates that limiting the
B-integral per pass, as proposed in the original MPC spectral
broadening patent [31], may not be necessary to suppress
nonlinear space-time coupling. The B-integral per Kerr
medium in multiplate continuum generation was clearly
higher than in bulk MPC experiments. Nonetheless, good
spatial-spectral homogeneity was reported [14, 32]. Conse-
quently, we used this approach and distributed the nonlinear
phase accumulation among a sequence of multiple thin
plates inside the Herriott-cell.

Furthermore, Kerr lensing plays a crucial role in multi-
plate continuum generation because it establishes a quasi-
waveguide [12, 32]. We also included the self-focusing
effect in the mode-matching calculations (see supplement
S2) of our hybrid multipass multiplate scheme. We refer
to this as nonlinear mode-matching in bulk MPCs in con-
trast to linear mode-matching which only considers diffrac-
tion. The Herriott cell length is in both cases determined
by the mirrors’ radii of curvature, the re-entrant condition
and the number of passes through the cell [9, 33] but
including the Kerr effect yields smaller spot sizes at the
mirrors and larger ones in the cell center (see Figure S1).
Most importantly, it significantly reduces the pass-to-pass
intensity variations in the Kerr media.

Figure 3(a) shows the simulated peak irradiances inside
the MPC described in section 2.1. The difference between
setting the input beam parameters by linear and nonlinear
mode-matching is striking. Whereas for linear mode-
matching the peak irradiance in the Kerr media reaches up
to 2TW/cm 2, which would cause coating damage in an
experiment, the peak irradiance stays below 500GW/cm 2

for nonlinear mode-matching, preventing self-focusing
induced damage. Consequently, high peak intensities in
the nonlinear media can be obtained over all passes by
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Figure 2: Spectral broadening setup. Waveplate WP1 and thin-film
polarizers TFP1 and TFP2 are used for polarization cleaning of the
Yb:YAG amplifier output. Mode-matching is adjusted with the
lenses L1 and L2 as well as the translation stage with mirrors M2
and M3 on it. The mirror M4 is lower than the other mirrors,
such that the ingoing beam hits M4 on the top and the outgoing
beam is passing it. The focal length of both MPC mirrors M6 and
M7 is 100mm. Pick-off mirror M5 has only a 4mm vertical
aperture to not clip the beam despite of the 32 roundtrips. The
six 1mm thin Kerr media are centered in the about 385mm long
MPC, mounted in lens tubes and spaced by 16mm. The lens L3
is used for collimation, the waveplate WP2 for readjusting p-
polarization to match the specification of the chirped mirrors
CM1 and CM2. A wedge is used for sending the beam to all
diagnostics except from a FROG-device which is behind the
compressor.
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accounting for Kerr lensing. This, in turn, enables higher
spectral broadening factors from a single stage. A recent
theory paper has also pointed out the importance of non-
linear mode-matching in gas-filled MPCs that operate in
the subcritical self-focusing regime [34]. The irradiance
enhancement predicted for the bulk MPC studied here is,
however, more than 10 times higher than in the numerical
example of ref. [34].

The simulated shapes of the nonlinearly broadened spec-
tra indicate the quality of mode-matching (see Figure 3(b)).
With nonlinear mode-matching, the outermost spectral
lobes exhibit the highest spectral power. This qualitatively
corresponds to textbook examples of self-phase modulated
spectra in fiber schemes [35]. By contrast, excessive spectral
power is concentrated near the fundamental wavelength if
the input beam is matched to the Kerr-lensing free
Herriott-cell mode (blue solid line). This is in agreement
with our experimental observations. For a large mode-mis-
match, the Kerr-effect induces the excitation of higher-
order modes. These overlap only partially with the intense
main beam in the Kerr media [12] and lead to the emergence
of the unbroadened feature in the spectrum. We note that a
distinct peak around 1030nm is also caused by input pulse
pedestals or pre/post pulses which are not intense enough
for significant self-phase modulation. This peak is, however,
independent of power launched into the MPC.

3.2. Spectral Broadening and Pulse Compression Experiments.
In order to verify the occurrence of self-focusing and to
determine an experimental nonlinear refractive index, we
conducted Z-scan-type measurements inside the MPC (see
supplement S3). We used the result to calculate the beam

parameters for nonlinear mode-matching and aligned the
MPC correspondingly (see supplement S2 for details). We
did not adjust any optics while increasing the input power
but expected the laser beam to be matched to the Herriott-
cell at full input energy. This is possible because the maximal
peak irradiances in the Kerr media monotonically increase
with input pulse energy according to our simulations shown
in Figure 3(c).

Figure 4(a) shows a set of measured broadened spectra
that were recorded behind the MPC while the laser pulse
energy was increased. The derived dependence of the spec-
tral broadening factor on the measured output pulse energy
is plotted in Figure 4(b). The dispersion of the six Kerr plates
yielded saturation of self-phase modulation at high input
powers. The broadened spectra supported sub-40 fs pulses
for output energies of at least 75μJ. The highest achieved
spectral broadening factor was 33, corresponding to a reduc-
tion of bandwidth-limited pulse duration from 1.2 ps to
36 fs. The measured spectra in Figure 4(a) exhibit a central
spectral peak which can be clearly distinguished from the
self-phase modulated parts of the spectra at 16μJ or higher
output energies. Its independence of output power implies
that it was caused by the pedestal of the input pulses, which
we measured by FROG (see supplement S4), and not by a
strong mode-mismatch. Aside from that, the spectral shape
agrees well with the simulated one in Figure 3(b) up to
approximately 50μJ output energy. For higher energies, the
spectral modulations flatten out at parts of the spectrum
and the symmetry with respect to the fundamental wave-
length decreases. We attribute this to the spurious four-
wave mixing which was qualitatively predicted in simula-
tions (see supplement S5) and was experimentally confirmed
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Figure 3: (a) Comparison of simulated peak irradiances inside the MPC shown in Figure 2(a) for 100 μJ, 1250 fs Gaussian input pulses in
case of linear (blue line) and nonlinear (red line) mode-matching. The crosses indicate the locations of the silica plates. Nonlinear mode-
matching significantly reduces the maximal peak irradiance. Residual peak irradiance oscillations are caused by the approximations of
our analytical model presented in supplement S2. Best mode-matching, i.e., smallest pass-to-pass beam area variation, is accomplished
for 75μJ input pulses according to (c). (b) Output spectra after 32 roundtrips corresponding to irradiance evolution from (a) and
comparison to the input spectrum. (c) Simulated dependence of maximal peak irradiance in the Kerr media (Imax) on input pulse energy
(E p) for a nonlinear mode-matching point of about 75μJ where I max/E p reaches its minimum. The monotonic increase of Imax obviates
the need for modifying the input beam during energy ramp-up in a nonlinear mode-matching setting.
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as shown in Figure 4(c). The generation of spectral side-
bands was previously observed in gas-filled MPC experi-
ments [15, 36] and was studied explicitly in a simulation
paper [37]. First signatures could be detected approximately
50 dB below the maximal power spectral density for 30μJ
output pulse energy. At maximum power, the amplitude of

this short wavelength feature becomes one order of magni-
tude stronger. We note that the mixed frequencies lie outside
of the reflection band of our dielectric optics, and thus the
measured spectrum does not represent the magnitude and
central frequency of the side-bands generated inside the
MPC. Our simulation also predicts spectral components
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around 1125nm (see Figure S5(b)) which are outside of our
detection range and could not be observed.

We note that the Fourier transform-limit was indepen-
dent of the number of pulses per laser burst, i.e. the same
spectral broadening characteristics were also obtained with
112W average power over the maximal 800μs burst dura-
tion (see Figure 4(d)). This demonstrates the robustness of
the MPC approach. Owing to strong nonstationary thermal
lenses in the Yb:YAG amplifier, beam divergence and size
change significantly over the 800μs burst duration [27]. This
would cause severe output power modulations in fiber spec-
tral broadening schemes that only transmit modes matched
to the waveguide. Despite the large spectral broadening fac-
tor, the measured spectrum was highly stable as Figure 4(e)
demonstrates. From one recording per second in an over-
night measurement (≈17 hours measurement time), we
computed a standard deviation of the Fourier-transform
limited pulse duration of only 0.1 fs at 35.7 fs mean value.
The pulse-to-pulse energy fluctuations after the MPC exhib-
ited only a 0.19% standard deviation relative to the mean
output energy. The measurements were performed with a
single pulse per burst. Spectrum and pulse energy were
logged in parallel.

To shorten the spectrally broadened pulses, we set-up a
chirped-mirror compressor inducing a group delay disper-
sion (GDD) of -200 fs2 per reflection. For best compression,
we changed the number of bounces in steps of four and
slightly varied the input pulse energy to the MPC. By means
of second harmonic FROG, we could at best retrieve a
FWHM duration of 39 fs (Figure 5), corresponding to a fac-
tor 32 pulse duration shortening in comparison to the
1.24 ps input shown in supplement S4. Considering the ped-
estals of the input pulses, the deduced 70% energy content in
the main peak is close to the theoretical limit of compressing
a self-phase modulated Gaussian by compensating linear
chirp [38]. The required 72 bounces off the chirped mirrors
applied a total GDD of -14,400 fs2 to the pulses and resulted
in only 78% transmission of the compressor. Moreover, we
measured 5% depolarization after waveplate WP2 by insert-
ing a polarizing beamsplitting cube into the uncompressed
beam. As the losses are small, we did not try to reduce them
further by a quarter-wave plate. The depolarization is caused
by the large nonlinear phase shift in the MPC which effec-
tively amplifies residual cross-polarized light. Intrapulse
depolarization is also known from fiber spectral broadening
[39]. The usable pulse energy after compression accumu-
lated to 65μJ which yielded a peak power of 1.1GW. By con-
trast to other bulk-MPC or multiplate experiments [21, 22,
40], we did not observe a phase kink near the fundamental
wavelength (Figure 5(a)).

3.3. Beam Characterization. Figure 6(a) shows a camera
image after the 4f spectrograph at full spectral broadening.
The frequency content is nearly uniformly distributed across
the beam axis. We calculated a mean spectral homogeneity
along the vertical beam axis of �Vy = 97:3%, following the fig-
ure of merit proposed by Weitenberg et al. [41] (see supple-
ment S6). A homogeneity of �Vy = 97:3% was also measured

for a gas-filled MPC with comparable spectral broadening
from 1.3 ps to 39 fs bandwidth limit [15]. This underscores
that the detrimental spatial effects, which are typical for
single-pass spectral broadening in the critical self-focusing
regime, have been largely suppressed by the multipass multi-
plate approach.

Although the near- and far-field beam profiles for the
highest spectral broadening factor displayed in Figure 6(b)
look close to Gaussian, we determined a distinct increase
of the M2 parameters to 1:6 × 1:5 at full input power.
Figure 6(c) shows that we measured M2 values of about 1.2
for all input energies up to 90μJ, corresponding to a spectral
broadening factor of about 30. However, for higher input
energies, a gradual decrease of beam quality was recorded.
A similar observation was reported in the first MPC paper
by Schulte et al. [7] and attributed to thermal effects. In
our work, we could run experiments at only 10Hz pulse rep-
etition rate and can thus exclude thermal effects. In ref. [42],
the degradation was interpreted as an onset of bulk-like
broadening. This is, however, in contradiction to our com-
pression and spectral homogeneity measurements. An
experiment with the same input energy but considerably less
roundtrips (blue markers Figure 6(c)) suggests that the
higher M2 values are caused by parasitic nonlinear effects
in the MPC. We suspect that the four-wave mixing process
(see S4, Figure 4(c)) between broadened spectrum and
unbroadened mode-mismatched pulse pedestal introduced
nonperiodic losses in the MPC which led to reshaping of
the beam. Therefore, input pulse shaping could further
improve the output beam quality.

4. Discussion

We have presented a hybrid bulk multipass multiplate
method for spectral broadening of ultrashort laser pulses.
This novel approach yielded significantly higher single-
stage compression factors than previously reported from
the individual techniques. In total, the laser beam passed
384 Kerr media in our setup. On the one hand, this is prac-
tically impossible to implement in a pure multiplate scheme
where less than ten passes are typical. On the other hand, to
our knowledge all bulk-MPC papers roughly followed the
initial proposal that the B-integral per pass through the
Herriott-cell should not exceed π/5 [31]. The simulations
shown in Figure 3 predict B-integrals per pass of up to B ≈
4π/5 resulting from an average peak irradiance <Ip > = 285
GW/cm 2 inside the six Kerr media. This was achieved
through the introduction of multiple thin plates and explains
why the presented 32-fold pulse duration reduction has not
been accomplished with the bulk-MPC technique alone. It is
only comparable to the best results demonstrated with gas-
filled MPCs which operate in the subcritical self-focusing
regime [15–17]. By contrast to merely increasing the num-
ber of roundtrips in the MPC to attain large nonlinear phase
shifts, the nonlinear mode-matching technique minimizes
peak intensity variations in the Kerr media, and thus enables
large spectral broadening factors by high intensities and not
primarily by long propagation lengths in the nonlinear
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material. This is essential if dispersion induces pulse stretch-
ing, i.e. for generating ultrashort pulses. Despite the large
single-pass B-integrals and operating approximately 20
times above the critical power of the nonlinear material,
we could vastly suppress undesired features of bulk spectral
broadening, such as spectral inhomogeneity across the beam
profile and the typical phase kink near the input wavelength.
This was enabled by distributing the Kerr nonlinearity along
the MPC instead of using one thick fused silica window. The
demonstrated approach was implemented with standard
quarter-wave stack mirrors and off-the-shelf Kerr media.
Neither a vacuum or high-pressure compatible enclosure,
nor dispersive MPC mirrors were needed. Moreover, the
setup was very compact and excellent stability was demon-
strated. This makes the method highly attractive for turning
a picosecond laser into an ultrafast light source generating

sub-50 fs pulses. Whereas we measured constantly good
beam quality up to a spectral broadening factor of 30, the
M2 value increased from 1.2 to 1.6 upon reducing the
Fourier-transform limit further from 40 fs to 36 fs. We attri-
bute this to parasitic four-wave mixing in the MPC which,
according to our simulations, could be circumvented by
pedestal-free input pulses.

The main obstacle for generating even shorter pulses
with our approach is the bandwidth of the used optics. The
MPC mirrors support durations of about 30 fs. Replacing
tantalum pentoxide by titania as high index material of the
quarter-wave stack mirrors would enable the generation of
about 20 fs pulses. By using enhanced metallic mirrors, even
few-cycle pulses were demonstrated [16, 43]. Conventional
antireflection coatings would lead to clearly lower MPC
transmissions if larger bandwidths with the same number
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of roundtrips are targeted. If the typically circular Herriott-
pattern is rendered strongly elliptical, such that polarization
rotation is negligible, the Kerr-media could be placed at
Brewster’s angle into the MPC [44]. However, this would
cause a higher spot density and enforce less roundtrips than
for a circular pattern or larger mirrors. Furthermore, the
impact of different lensing in sagittal and tangential planes
would have to be investigated. Alternatively, nanotextured
surfaces exhibit very low Fresnel reflections over a large
spectral range [45]. This opens the perspective of few-cycle
pulse generation by the hybrid multipass multiplate
approach. Moreover, the Kerr media can be moved closer
to the MPC mirrors if laser peak power increases [7], and
thus the proposed scheme can be employed in the 5MW
to 5GW range without the need for Herriott-cells exceeding
usual optical table lengths. For certain high peak power
applications, bulk-MPCs may present interesting alterna-
tives to gas-filled MPCs. Gas ionization and mirror damage
thresholds differ by orders of magnitudes. Therefore, gas-
filled MPCs are usually operated near the stability edge. In
contrast, bulk Kerr media and dielectric mirrors exhibit
comparable damage thresholds. Consequently, very compact
Herriott-cells that do not compromise spectral broadening
are possible. Bulk spectral broadening is also envisioned
for PW class lasers [46]. Similar to high-power multipass
amplifier research, where thermal lenses need to be consid-
ered, peak power-scaling of the bulk-MPC approach would
require to find a compact resonator design that can handle
Kerr lensing. A possible solution is the use of folded bow-
tie cavities [44].

The applicability of the demonstrated hybrid multipass
multiplate scheme to state-of-the-art ultrafast lasers
demands its average power scalability. We conducted the
spectral broadening experiments with a burst-mode laser
delivering average powers of up to 112W within the 800μs
duty cycle and about 0.9W over the 100ms burst period.
Thermal effects evolve on the ns to ms time scale depending
on thermal material properties and beam sizes [47]. In the
used Yb:YAG amplifier, thermal equilibrium is reached after
2 to 3ms of pumping, that is on the order of the burst dura-
tion. The transient thermal lenses in the amplifier lead to
strongly changing beam parameters over the burst. Their
impact on spectral broadening in an MPC was investigated
in more detail in ref. [27]. Although we conducted most of
the experiments with a small number of pulses which simpli-
fied data analysis, we have demonstrated that the hybrid
spectral broadening approach is resistant against these detri-
mental nonstationary thermal effects, which cannot be
accounted for in the mode-matching procedure (see
Figure 4(d)). This shows that our approach exhibits a rela-
tively large beam parameter acceptance range, and thus will
also tolerate thermal effects inside the MPC depending on
the intensities used in the Herriott-cell. In our experiments,
we estimated the maximal peak irradiance in the Kerr plates
to be only about 25% of the damage threshold we measured.
Therefore, small thermal lenses in the MPC will not cause
damage to the used optics. We have estimated the thermal
nonlinearities in the Kerr media following ref. [47] in sup-
plement S7 and predict that they only become relevant at

the 10 kW average power level. This is in good agreement
with multiple bulk MPCs which were demonstrated with
several hundreds of watts of average power [7, 41] and did
not report decisive issues caused by thermal load. We note
that in Kerr lens mode-locked thin-disk oscillators kW-
level average powers are focused into thin Kerr-media [48,
49]. In an enhancement cavity with up to 160 kW average
power, it was shown that the thermal lenses of a thin silica
plate and the cavity mirrors can be balanced [50]. These lit-
erature examples provide further evidence that the proposed
spectral broadening scheme is average power scalable.

In conclusion, the hybrid multipass multiplate approach
has enabled record-high single-stage pulse compression
factors for these bulk spectral broadening methods. The
demonstrated efficiency, beam, and pulse quality are compa-
rable to less compact and more complex multistage setups.
In contrast to gas-filled MPCs, no sealed enclosure of the
setup is required and our approach can be applied to a large
peak power range. Therefore, it is a very attractive method
for pulse-compression of state-of-the-art laser systems and
opens perspectives for novel high-repetition rate extreme
light sources operating in the few-cycle or TW to PW peak
power regime.
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Supplementary 1. Supplemented sections: Supplement S1
describes the simulations of single-pass irradiance enhance-
ment inside Kerr media of different lengths. The results are
shown in Table S1. Supplement S2 describes the ABCD
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matrix calculus for nonlinear mode-matching. Fig. S1 visual-
izes the calculation results. Supplement S3 describes the per-
formed Z-scan measurements. Fig. S2 shows the Z-scan
setup and the measurement results. Supplement S4 describes
FROG measurements of the input pulses and provides sup-
plementary information to the FROG measurements of the
postcompressed pulses. Fig. S3 shows the input pulse FROG
measurement results and Fig. S4 the FROG traces of the
postcompressed pulses as well as the corresponding spectra.
Supplement S5 discusses the parasitic four-wave mixing
effect which is observed in the experimental data. Corre-
sponding simulation results are provided in Fig. S5. Supple-
ment S6 provides the equations used for homogeneity
calculations. Supplement S7 estimates the thermal lenses in
the Kerr media. The supplementary materials contain the
additional references [51–55].

Supplementary 2. Supplemented animation: the supple-
mented gif-file shows a sequence of line-outs of Fig. S5c–d.
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