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S1 Simulated single pass enhancements

We used the SISYFOS package [29] to simulate nonlinear propagation of an intense Gaussian beam

through fused silica and compared the pulse peak irradiance at the beginning and at the end of

propagation. We varied propagation length, i.e. Kerr medium thickness, pulse energy and input

beam size while keeping a fixed spectral broadening factor of about 1.3 (Table S1). Whereas the

irradiance enhancement within the nonlinear medium for 150µJ pulse energy and a 1 mm long plate

was about 2 %, the enhancement was more than three times larger for a 3 mm long Kerr medium

pumped at lower intensity. This is caused by self-focusing which leads to a highly nonlinear increase

of on-axis irradiance in extended Kerr media if the critical power is exceeded [12].

Table S1: Simulation of irradiance enhancement inside a Kerr medium for a fixed broadening factor
of 1.3 and Gaussian input pulses with ∆tp = 750 fs duration.

B-integral l w Ep E
0.28π 1 mm 117µm 100µJ 3.4 %
0.27π 1 mm 147µm 150µJ 2.1 %
0.27π 3 mm 147µm 50µJ 6.5 %

l: Kerr medium length, w: 1/e2 beam radius, Ep: pulse energy, E : irradiance enhancement.
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S2 Nonlinear mode-matching

A Herriott-type cell is usually operated as a q-parameter preserving resonator [9, 33, 51]. It, there-

fore, must satisfy the following ABCD matrix relation for Gaussian beams:

q
!
=
M̃MPC(1, 1)q + M̃MPC(1, 2)

M̃MPC(2, 1)q + M̃MPC(2, 2)
, (1)

where M̃ lin
MPC = L̃(f)P̃ (d). (2)

L̃ denotes the thin lens ABCD matrix, f the MPC mirror focal length, P̃ is the propagation ABCD

matrix and d the cell length which must be long enough to prevent optics damage. The beam radius

of curvature (RoC) must be 2f at both MPC mirror planes for matching the q-parameter to the

eigenmode of the MPC [9, 33, 52]. The beam size for mode-matching is inferred from the cell length.

Eq. (2) holds for an empty MPC or linear propagation, and hence we refer to the approach as linear

mode-matching. Kerr lensing, however, modifies the ABCD matrix to:

M̃nl
MPC = L̃(f)P̃ (dMK)

[
K̃(n, l, γ)P̃ (dK)

]N−1

K̃(n, l, γ)P̃ (dMK), (3)

where dMK is the distance from the MPC mirror to the outer Kerr medium, K̃ is the Kerr lens

ABCD matrix depending on the refractive index n, the plate length l, and the parameter γ, dK the

plate spacing and N the number of Kerr media. Only symmetric cells are considered. Matching

again the RoCs of beam and mirrors at the mirrors leads to smaller spot sizes on the mirrors due to

the additional lenses inside the MPC. We used the Kerr lens ABCD matrix derived in ref. [53] for
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Figure S1: (a) Inverse radius of curvature (1/RoC) and (b) beam radius (w) for a mode-matched
MPC without nonlinear media (black solid lines) and with six Kerr lenses (red solid lines). Only
the radii of curvature at the mirrors are identical. Otherwise, beam sizes and curvatures differ
considerably during a single pass. The red dashed lines show inverse beam curvature and beam
radius for a nonlinear mode-matching setting and a weak beam, i.e. negligible Kerr lensing. This
configuration was used to align the MPC.
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a quadratic duct and added a scaling parameter κ to account for the Gaussian beam shape [54]:

K̃(l, γ) =

(
cos(γl) sin(γl)/(nγ)

nγ sin(γl) cos(γl)

)
, (4)

γ =
κ

w2

(
8n2Pp

πn

)1/2

, (5)

where w is the beam radius, n2 the nonlinear refractive index and Pp the pulse peak power. After

having fixed the nonlinear refractive index nsim2 (see section 2.2), the κ parameter was derived from

a Z-scan-type simulation resembling the setup shown in Fig. S2(a). The Gaussian beam width at

the camera plane was computed for eight Kerr-lens positions and fitted by (4). The comparison

between the best-fit γ from (4) and the analytical γ from (5) yielded κ = 0.43.

Fig. S1 shows an example of single-pass ABCD matrix calculations for a cold Herriott-cell where

linear mode-matching applies and the MPC with six Kerr media that we experimentally studied.

In both cases, the radii of curvature at the mirrors are −1/5 m after and +1/5 m before reflection.

Otherwise, the q-parameters evolve very differently inside the MPC. The linearly mode-matched

beam is about 50 % larger at the mirrors than the nonlinearly mode-matched beam. This does not

cause damage issues since the damage threshold of the Kerr media is critical. The focus spot size of

the nonlinearly mode-matched MPC is larger than that of the linearly mode-matched cell. This is

different from nonlinear mode-matching in a gas-filled cell where the beam divergence is effectively

reduced by the gas nonlinearity [34]. By contrast, a weak quasi-guiding structure is observable in

Fig. S1. The slope of the radius of curvature changes significantly at every Kerr medium resulting

in much smaller beam size variations near the center of the MPC than in the linearly mode-matched

case that exhibits usual Gaussian beam diffraction.

To align the MPC in our experiments, we calculated the beam parameter qM on the cavity mirror

that fulfilled Eqs. (1) and (3) for the maximal input energy of 112µJ. Subsequently, we computed

the beam path for linear propagation (red dashed lines in Fig. S1) since alignment was done at low

input power. By placing a beam profiler into the predicted focal plane and varying the distance

between the lenses L1 and L2 (see Fig. 2), as well as the position of the translation stage with the

mirrors M2 and M3, the measured beam waist was matched to our calculations. Afterward, the

silica plates were inserted and the energy was ramped up to 112µJ without further modifications of

the mode-matching optics.

S3 Z-scans

Before conducting spectral broadening experiments, we measured an effective nexp2 by a Z-scan

type measurement. This was done because of the beam shape dependence of the γ parameter and

the uncertainty in the determination of the peak power Pp. We moved a set of three Kerr media

along the MPC shown in Fig. 2 and measured the beam size variations at the MPC mirror M6

plane (see Fig. S2(a)). By the ABCD matrix calculus from Eqs. (3)-(5), we determined nexp2 =

2.25 · 10−16cm2/W. The calculated spot sizes reproduced the measured ones well as Fig. S2(b)
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Figure S2: (a) The Z-scan experiments were done in the MPC arrangement shown in Fig. 2 using
all optics up to mirror M5. A beam sampler BS was inserted and the beam was blocked (B) in front
of the curved mirror M6. The beam sizes were measured with the camera (CAM) (b) Measured
beam diameters in x- and y-direction for 90µJ and 100µJ input pulse energies. The spot sizes were
fitted by applying Eqs. (3)-(5) and optimizing nexp2 (solid lines). The observation of varying beam
sizes manifest the impact of Kerr-lensing on the beam inside the MPC.

exhibits. The derived nonlinear refractive index is in good agreement with the used simulation and

the literature values [30].

S4 FROG measurements

To determine the experimental compression factor and to understand the generation of the spectral

side-bands shown in Fig. 4(d), we measured the input pulse shape by FROG. The results are shown

in Fig. S3. We retrieved a nearly transform-limited pulse of 1.24 ps duration which, however, exhibits

a pedestal, i.e., a non-Gaussian shape. For the maximum pulse energy of 112µJ, the pulse peak

power was about 80 MW.

Moreover, we provide additional information about the FROG measurement resulting in the

39 fs pulses displayed in Fig. 5. The measured and retrieved FROG traces as well as a comparison

between measured and retrieved spectra are shown in Fig. S4. Although the FROG error was 0.4 %,

the fundamental spectrum measured with an optical spectrum analyzer (OSA) only reproduced the

wiggles of the FROG spectrum well, whereas the spectral amplitudes differed. We note that there

are additional side lobes around 990 nm and 1070 nm visible in the OSA spectrum which are neither

present in the retrieved FROG spectrum, nor in the one measured with a grating spectrometer.

These might emerge from additional nonlinearity accumulated by steering the beam into the OSA.

Due to the burst-mode operation of our laser, relatively high pulse energies are needed to measure a

spectrum with an OSA. On the other hand, our silicon-based compact grating spectrometer cannot

resolve the fast oscillations near the fundamental wavelength. We note that the combination of the

spectra shown in Fig. S4(c) with the retrieved phase from Fig. 5(a) results only in a pulse duration

variation from 36 fs to 39 fs.
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Figure S3: (a) Measured and (b) retrieved FROG traces of the input pulses in logarithmic scale.
The grid size was 256 x 256 points and the FROG error 0.2 %. (c) Left axis: Retrieved spectrum
(solid blue line) and spectrum recorded with an optical spectrum analyzer (dashed light blue line,
OSA). Right axis: Retrieved spectral phase (red line). (d) Retrieved pulse (red line, 93.8 % of energy
within 2∆tp width) and Fourier transform-limited pulse (black line, ∆tp = 1.19 ps, 98.0 % of energy
within 2∆tp width) assuming 112µJ pulse energy.

S5 Parasitic four-wave mixing

We simulated the spectrum evolution inside the MPC for Gaussian pulses and the retrieved pulses

shown in Fig. S3(d). Whereas the spectral broadening of Gaussian pulses, visualized in Fig. S5(a),

resembles one-dimensional textbook examples for self-phase-modulation [35], simulations with the

experimentally measured input pulses result in more power near the fundamental wavelength, a

pronounced peak at the long-wave edge of the self-phase modulated spectrum and, most striking,

the generation spectral side-bands. These resemble the experimental observation shown in Fig. 4(d).

To analyze the origin of the parasitic frequency conversion, we extracted the on-axis instantaneous

frequencies of the pulses within the Kerr media. We only look at the beam center because it is difficult

to extract a beam averaged temporal phase. However, from our experience, the on-axis phase leads

to pulse shapes which are similar to the beam averaged ones. We calculated the instantaneous

frequencies (νinst) by:

2πνinst(t) = =
{
dE(t)/dt

E(t)

}
, (6)

dE(t)/dt = FT −1 {iωFT {E(t)}} , (7)

where t is time, ω the angular frequency, = denotes the imaginary part, E is the complex electric field
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Figure S4: (a) Measured and (b) retrieved FROG traces in logarithmic scale. The grid size was
1024 x 1024 points and the FROG error 0.4 %. (c) Comparison of spectra corresponding to the
compressed pulse retrieval. We measured with a compact grating spectrometer (red dashed line) as
well as with an optical spectrum analyzer (gray solid line, OSA). As in Fig. 5, the blue solid line
shows the spectrum derived from the FROG trace.

and dE(t)/dt its time derivative, FT and FT −1 denote the Fourier and the inverse Fourier transform,

resp. By using integrals to express the time derivative of the temporal phase, we partially suppressed

numerical noise. We also restricted the computation of νinst to 30 dB dynamic range of the pulse

intensity. Points with lower intensity are left blank in the false color plots of Figs. S5(c) and (d).

For the Gaussian input beam (Fig. S5(c)), a red-shifted leading and blue-shifted trailing edge

develops over the propagation length, as expected. Contrary to one-dimensional propagation, there

are periodic modulations of the spectrum along the propagation axis. These oscillations are caused

by the spatial-spectral homogenization effect in MPCs. On-axis, the spectral broadening reaches the

maximum per pass at the exit plane of the last Kerr medium. The bandwidth is reduced afterward by

the propagation outside the nonlinear media as the spectral content is distributed across the whole

beam. The oscillations become clearer in the supplemented animated gif-file showing line-outs of

Figs. S5(c) and (d). The simulated instantaneous frequencies for the input pulses characterized in

Fig. S3(d) behave similar in the first roundtrips. But after roundtrip 9, the generation of higher

(violet color for νinst > 303 THz) and lower frequencies (yellow color for νinst < 279 THz) sets in. The

new spectral components emerge from the intense center of the pulse with 291 THz instantaneous

frequency, corresponding to 1030 nm. We interpret this as the 2νp = νs+νi four-wave mixing process

which has been described by Hanna et al. in ref. [37]. The pump frequency νp corresponds to the
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Figure S5: (a) Simulated Evolution of spectral broadening for Gaussian input pulses (see Fig. 3) in
comparison to (b) input pulses with the shape of Fig. 2(b) and the same peak power. The latter
case shows clear signatures of parasitic four-wave mixing. The spectra were normalized at each
propagation length. (c) and (d) show the corresponding on-axis instantaneous frequencies within
30 dB dynamic range. The frequencies emerging from self-phase modulation are shown in red and
blue colors, the ones emerging from parasitic four-wave mixing in yellow and violet.

central frequency of 291 THz. Signal (νs) and idler (νi) are shifted by about 30 THz to the blue

and red, resp. However, the quasi-phase-matching mechanism, which was suggested in ref. [37], is

absent in this study. We have proven this by simulating spectral broadening in the MPC with plane

waves instead of Gaussian beams. If we remove the radial dimension, the four-wave mixing process

vanishes. Moreover, we calculated a phase-mismatch of about 4 rad accumulated in the six Kerr
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media for a 60 THz difference between signal and idler. The phase-mismatch accumulated in air

is less than 0.2 rad, and thus hardly affects the generation of the spectral side-bands. Please note

that we also do not observe a coherent build-up of signal and idler wavelengths in our simulations.

Therefore, we interpret the parasitic process as an interaction between the nonlinearly mode-matched

main pulse and its pedestal which is not mode-matched. Due to the oscillating beam size of the

low-energy, unbroadened part of the pulse, the nonlinear interaction path with the main intense

pulse is short. This may suppress dephasing in contrast to the plane wave simulation where the

pulse intensity varies only due to dispersion. A quantitative analysis of the phenomenon is out of

scope of this paper in which the four-wave mixing process is only an auxiliary observation.

S6 Homogeneity calculation

We calculated the figure of merit proposed by Weitenberg et al. [41] in the following way:

Vy(yi) =

∑
j

{I(λj , yi)I0(λj)}1/2
2 ∑

j

I(λj , yi)
∑
k

I0(λk)

−1

, (8)

V̄y =
∑
i

Vy(yi)P (yi)

∑
j

P (yj)

−1

, (9)

where λj are the camera pixels in x-direction representing wavelength, yi are the camera pixels in

y-direction representing the vertical beam axis, I(λj , yi) are the camera counts, I0(λj) the on-axis

counts and P (yi) =
∑

j I(λj , yi) is the vertical beam profile. We summed over the 6σ width of P (yi)

and over the full width at 0.2 % of the maximum of the average spectrum. The level corresponded

to our signal to noise ratio. Due to the isotropy of all optics, we did not explicitly measure the

homogeneity in x-direction.

S7 Thermal lensing in the Kerr media

Our calculations follow ref. [47] using the tabulated heat capacity per unit volume of ρC = 1.67 J cm−3,

the thermal conductivity κ = 1.4 W m−1K−1 and the temperature coefficient dn/dT = 1.2×10−5 K−1

of fused silica for our calculations. The linear absorption coefficient of high-quality suprasil quartz

glass is roughly about 10−5cm−1 at 1030 nm [55].

First, we estimate the time τ till thermal equilibrium is reached [47]:

τ = ρC · w2
K/κ ≈ 27 ms, (10)

where wK = 150µm is approximately the beam size in the Kerr plates according to the ABCD

matrix calculations in supplement S2. We note that reaching the thermal equilibrium in the silica

plates takes about ten times longer than in the Yb:YAG amplifier crystals whose thermal lenses

were studied experimentally [27].
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We estimate the average power of a high repetition rate continuous pulse train that is needed to

induce the refractive index change ∆n of the Kerr nonlinearity which is about

∆nKerr = nsim2 < Ip >= 7.1× 10−5. (11)

The thermally induced refractive index change of a quasi-continuous source is [47]:

∆nth = (dn/dT )
2αPavg

πκ
≈ 5.5× 10−9 · Pavg, (12)

where we assumed a Gaussian beam. The refractive index changes ∆nth and ∆nKerr become equal

for an average power of Pavg ≈ 13 kW.

We conclude that the 800µs burst duration prevents thermal lenses in the silica plates to largely

evolve. However, even from the highest average power ultrafast continuous mode lasers available

today, we only expect minor thermal lensing in the silica plates. In addition, we note that c-cut

sapphire windows are the preferred Kerr media in thin-disk oscillators [48, 49] because of their better

thermal conductivity. Those could be also used in bulk MPCs to further suppress thermal lensing.
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