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Abstract:  Spectral broadening in bulk material is a simple, robust and
low-cost method to extend the bandwidth of a laser source. Consequently, it
enables ultrashort pulse compression. Experiments with a 38 MHz repetition
rate, S0 W average power Kerr-lens mode-locked thin-disk oscillator were
performed. The initially 1.2 uJ, 250fs pulses are compressed to 43 fs by
means of self-phase modulation in a single 15 mm thick quartz crystal and
subsequent chirped-mirror compression. The losses due to spatial nonlinear
effects are only about 40 %. A second broadening stage reduced the Fourier
transform limit to 15 fs. It is shown that the intensity noise of the oscillator
is preserved independent of the broadening factor. Simulations manifest the
peak power scalability of the concept and show that it is applicable to a
wide range of input pulse durations and energies.
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1. Introduction

Ultrashort pulses have found a great variety of cutting-edge applications in science and technol-
ogy, such as femtochemistry and -biology, laser micromachining, high-speed communication,
metrology, or time-resolved spectroscopy in any type of matter [1-5]. For some applications,
like attosecond metrology, ultrafast current switching in dielectrics or extreme ultraviolet high-
harmonic spectroscopy of solids, pulse durations of only a few optical cycles are required [6-9].
This few-cycle regime can routinely be reached with amplifier systems [10] and could be even
extended to durations on the sub-cycle level [11]. The utilized systems usually operate at high
peak power (GW level) but low average powers (< W) and repetition rates (< 10kHz), resp.
At MHz repetition rates the broad gain bandwidth of Titanium doped sapphire (Ti:Sa) lasers
has been exploited to generate few-cycle pulses [12, 13]. However, Ti:Sa oscillators can only
be operated at several Watts of average power and sub-uJ pulse energies [14, 15]. Therefore,
they are not suited for the next generation of femtosecond technology which targets upscaling
of both average and peak power [16]. This would for instance enable XUV frequency comb
spectroscopy without the need of complex enhancement cavities [17], high photon flux attosec-
ond spectroscopy [18] and reaction microscopy as well as photoelectron emission microscopy
at high data acquisition rates [19, 20].

Currently, three architectures compete for reaching new records in combining peak and aver-
age power. These are fiber [21], innoslab [22] and disk [16,23] technologies. Among them, par-
ticular attention shall be addressed to mode-locked thin-disk (TD) oscillators. They are nowa-
days able to generate pulses with several tens of uJ pulse energy [24, 25], average powers of
more than 250 W [26, 27] and peak powers of more than 60 MW, even up to 145 MW with
post compression [28] - all without any amplification. This has distinct advantages such as low
complexity and thus high reliability of the systems as well as excellent noise performance [29].
Furthermore, the absence of gain narrowing enables the generation of pulses as short as the
9 nm bandwidth of Yb:YAG allows [28] or in extreme cases, even much shorter [30]. Never-
theless, direct few-cycle pulse generation from any power-scalable laser architecture is not in
sight and hence external spectral broadening and pulse compression will be essential to reach
the ultrashort pulse regime.

Historically, the first sub-10 fs pulses have been generated by means of spectral broadening
in solid-core fiber and subsequent compression of the chirped pulses [31,32]. This method was
also successfully transferred to high power architectures, resulting in compression of pulses
from a sub-ps TD oscillator mode-locked with a semiconductor saturable absorber mirror
(SESAM) to about 30fs [33], sub-20fs from a Kerr-lens mode-locked (KLM) TD oscilla-
tor [29] and sub-25 fs pulses at 250 W of average power from a fiber amplifier sy stem [34].
However, despite the average power scalability of the concept, it is hardly peak power scalable
due to the onset of critical self-focusing [35]. With the advent of chirped pulse amplification,
peak power scalable spectral broadening became also a topic of intense research [10]. Rolland
and Corkum proposed perhaps the simplest broadening technique which is focusing intense
light into a bulk plate such that the critical self-focusing length exceeds the physical length
of the nonlinear medium [36]. Although the study accomplished a pulse compression from
92 fs to 19 fs and was followed by several theoretical papers discussing the method [37-39],
the power efficiency of only about 4 % made the method fairly unattractive. In 2000,
Milosevic et al. explicitly evaluated the strengths and weaknesses of pulse compression in
bulk media in comparison to hollow core capillaries which have been applied to compress GW
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peak power pulses for more than 20 years by now [10,40,41]. They employed coupled-mode
theory to analyze the spatial losses in both techniques and found that broadening in solid
material can only be made efficient if the peak power is much lower than the critical power of
the material. This claim, which refers to single-plate broadening, has become questionable
owing to the findings of Lu et al. [42] who efficiently broadened ultrashort pulses with GW
peak power level.

With respect to the latest generation of high-power fs sources, the applicability of capillaries
is fairly limited since the transmission losses of waveguides with less than 100 ym core diame-
ter are huge [43]. But fairly small diameters are required to generate sufficient nonlinear effects
for pulses with MW-level peak powers. An alternative approach for spectral broadening in this
range is the use of hollow-core photonic crystal fibers (HC-PCF) with a kagomé-lattice cladding
structure [43,44]. Among other things, this technique has been utilized for pulse compression
with high-power TD oscillators [45—47] and fiber amplifiers [48, 49].

Nevertheless, the studies in our laboratories discouraged us from continuing to use gas-
filled HC-PCFs for pulse compression. Despite reaching the few-cycle regime at 18 W average
power [47], several distinct disadvantages of the technology became apparent. Firstly, plasma
build-up was observed in xenon and krypton gases despite staying clearly below the ionization
threshold of the gases. This forced us to apply a pressure gradient in the fiber. Secondly, even af-
ter avoiding ionization, the intensity noise was significantly raised after the first and the second
stage and appeared to be highly sensitive to the coupling. Thirdly, the fiber coupling was time-
consuming and had to be optimized frequently. Spectral broadening in bulk material, which
has also allowed few-cycle pulse generation from a thin-disk oscillator [29, 50], circumvents
all these issues. It comes with low complexity and costs, is highly robust and exhibits excel-
lent noise properties. In order to realize any of the applications mentioned above, a reliable
and easy-to-handle technology is imperative [51]. This study will show that bulk broadening
fulfills these requirements. Moreover, peak and average power scalability of the method will be
illuminated.

The manuscript is structured as follows: First, the parameters which have impact on the
broadening performance are discussed qualitatively. An experimental study of these parameters
is presented afterwards. Subsequently, the broadened spectra and spectral phases are analyzed.
An example of cascaded bulk broadening with intermediate compression follows. Next, the
losses due to the coupling of spectral and spatial nonlinear effects are investigated. The experi-
mental part is completed by a check of the noise properties of the spectrally broadened pulses.
A simulation section follows which investigates the power scalability of the concept. Finally,
all results are summarized and conclusions on the applicability of bulk broadening are drawn.

2. General aspects of bulk broadening

In the absence of significant dispersion and divergence the critical power () of a nonlinear
medium is approximately [52]:

~ 7(0.61)%A2

cr —

)

8n0n2

where A is the vacuum wavelength, ng the linear and n; the nonlinear refractive index. Spectral
broadening in bulk material is not limited by the critical power. The beam collapse can be
avoided if the length of the medium is smaller than the critical self-focusing length z,r which
is approximately [52,53]:

nd®
Z.S‘f = ) (2)
A (\/Py/Per—1-16)
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where d is the beam diameter at the input facet of the medium, P, the peak power of the laser
pulses and 6 the beam divergence. Assuming a 1 ym wavelength, the maximal critical power
for solid materials is approximately 8 MW (for CaF;) and thus far below the peak powers
of amplifier systems or the latest mode-locked TD oscillators. Therefore, to avoid critical self-
focusing, either the beam diameter has to be expanded or the beam divergence has to be adapted
to counteract the focusing effect.

To visualize these approaches Fig. 1(a) shows how the peak irradiance evolves in three ex-
emplary studies. The green dashed line represents the propagation of a 1.2 uJ, 250fs pulse
through 15 mm of crystalline quartz. All pulse durations and Fourier transform limits (FTLs)
stated in the text refer to the full width at half maximum (FWHM) of a pulse. The peak power
(P, = 4.2MW) is slightly above the critical power of the material (P, ~ 3.6 MW). The diver-
gence is set to zero at the front facet of the nonlinear material. In order to stay below the critical
irradiance (2 TW/cm? assumed) the input peak irradiance must not be larger than 180 GW/cm?.
For a 10 uJ, 250fs pulse (P, = 35.2 MW, red line) the input peak irradiance has to be even
smaller (110 GW/cm?) in order to avoid damage of the nonlinear material. This is due to the
highly nonlinear beam divergence induced by the strong self-focusing inside the material. The
behavior is not covered in the derivation of Eq. (2) in [53]. It expands the beam area in terms of
the peak irradiance and truncates the expansion after the linear term which leads to the wrong
statement that the peak irradiance at the entrance facet of the nonlinear material can be raised
with increasing peak power of the input pulses if plate thickness and beam divergence are fixed.
However, Eq. (2) predicts correctly that the peak irradiance at the entrance facet of a nonlinear
material, and thus self-phase modulation (SPM), can be increased by strongly focusing the laser
beam in order to apply a high (Gaussian) beam divergence. Fig. 1(a) shows that the b-integral
(i.e. the area under a curve) of the initially divergent beam (blue line) is higher than that of a

(a) 2100 T T T T T T T (b) 2800 l:lair T T T T T T ]
_ : | I buk

~ w0l ” ~ 1.2, plate.ln focus 1~ 2600 i
e 4 |/ 10 wJ, plate in focus IH e
o . o
= 1 |—— 10 nJ, plate behind focus 1 =
= 1500 B, P ! = 2400 E
. o
© E © )
2 1200 - 2 2200 - g
8 g 8
el el
© i o
= 900 £ 2000
X 4 X
[ © 4
2 0l g

500-_ 1800

300 1600

L L AL B B B |
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16 18
propagation length (mm) propagation length (mm)

Fig. 1. Means of avoiding critical self-focusing within a nonlinear crystal. The plots are taken
from simulations which are explained in more detail in section 4. A peak irradiance of 2 TW/cm?
is considered as critical (solid black line markers). (a) Single plate approach: critical self-
focusing is avoided by choosing a large spot size at the entrance facet (dashed green line: 1.2 uJ,
250 fs input pulses, d = 77 um; red line: 10 pJ, 250 fs input pulses, d = 283 um) or by utilizing
a strong beam divergence to compensate for self-focusing (blue line: 10 pJ, 250 fs input pulses,
d = 67um, 6 = 32 um/mm). (b) Multiple plate approach: The beam irradiance is kept below
the critical value inside the solid medium while the foci lie in the air gaps between the thin bulk
plates (10 uJ, 250 fs input pulses).
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beam where 0 = 0 (red line). Nevertheless, the area under the green dashed line (1.2 uJ, 250 fs
pulses) is the largest and thus the strongest spectral broadening is anticipated in this case.

Ideally, a spectral broadening experiment induces as much SPM as possible while the non-
linear distortions of the beam, caused by self-focusing, are kept as low as possible. However,
without additional beam shaping or guiding, the spatial and temporal nonlinearities cannot be
decoupled [40]. A promising self-guiding mechanism relies on a sequence of thin plates which
are arranged such that the laser beam alternatingly focuses and defocuses [54]. Air has a critical
power of P., =~ 5GW at 1030 nm [57] and thus exhibits negligible self-focusing at the consid-
ered peak power levels. Multi-photon ionization is expected to become relevant at intensities
of about 10'3 W/cm? [57]. The principle of alternating bulk and air sequences was recently ex-
ploited to avoid multiple filaments in white-light continuum (WLC) generation which led to a
strong suppression of spatial losses in the spectral broadening experiment [42]. This multi-plate
approach will be studied numerically in order to evaluate if it can be transferred to longer initial
pulse durations than in the original publication and MW level peak powers which are common
in the latest generation of high power MHz laser systems. The evolution of the peak irradiance
is compared to the single plate approach in Fig. 1(b). The graph shows a sequence of ten 0.5 mm
thick quartz plates. The incident pulse has a duration of 250 fs and 10 uJ energy. The variations
of the peak irradiance is much smaller than in the single plate examples. Moreover, the beam
is always focused in between the bulk plates. The examples of Fig. 1 will be analyzed in detail
in the simulation section of the manuscript and shall give for now only basic insights into the
beam behavior in the nonlinear sample.

3. Experiment

3.1.  Spectral broadening under variation of focal length and material

In the experiments a Kerr-lens mode-locked TD oscillator was utilized which delivered an aver-
age power of 50 W at a repetition rate of 38 MHz. This corresponds to 1.3 uJ pulse energy. The
initial pulse duration is 250 fs and the central wavelength A = 1.03 um. Details of the oscillator
are described in [55]. The experimental setup is shown in Fig. 2.

Several wide band gap materials were tested. Crystalline quartz performed better than fused
silica due to its higher thermal conductivity. Sapphire yielded broadening factors similar to
quartz. A YAG crystal was damaged before significant broadening set in. This could be at-
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Fig. 2. Setup of the bulk broadening experiments. (a) Overview of all performed experiments.
The wedge sketched by a dashed line was inserted for characterization purposes and was not
present during the compression experiments. (b) Detailed sketch of the spectral broadening
stages symbolized by the dotted-dashed lines in (a). The characteristic lengths t, f and z,,;, were
varied for optimization purposes.
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Fig. 3. (a) Spectra measured with an OSA in dependence on z,,;,. The focal length was f = 25
mm. The spectrum was filtered such that only the broadened parts were measured. (b) White-
light continuum generated in a 15 mm quartz crystal. The spike at 515 nm is the second
harmonic generated in the quartz crystal due to its x(z)-nonlinearity.

tributed to impurities in the material which were indicated by a violet glow not observable in
the other materials. Additionally, several crystal lengths were tested. Best spectral broaden-
ing results could be achieved with quartz and sapphire crystals of at least t=6 mm thickness.
Eventually, a 15 mm thick quartz crystal was chosen in the experiments.

To adjust the broadening factor, i.e. the FTL ratio between incoming and outgoing pulses,
the sample was slowly moved towards the focus position of lens 1 while the spectrum was
monitored after lens 2 with an optical spectrum analyzer (OSA). The obtained spectra are shown
in Fig. 3(a). The focal lengths f were varied from 18 mm to 100 mm. The maximal achievable
broadening was not very sensitive to the variation. The location of damage inside the crystal
shifted however if z,,;, was set too small. This is explained by the critical irradiance where
ionization sets in. It is reached at the entrance facet if the beam is focused strongly while it is
observed inside the crystal if focusing is loose and the self-focusing leads to a beam collapse.

Longer focal lengths also allowed white-light continuum generation [56,57]. The continuum
is shown in Fig. 3(b). However, ionization, which is essential for WLC generation, was avoided
in all other presented experiments. This was because firstly, the WLC was rather unstable and a
noticeable heating of the crystal occurred. Therefore, average power scalability of the approach
requires strong technical efforts. Secondly, the prominent blue shoulder is 25 dB below the
fundamental and thus the conversion into the continuum is fairly weak (< 20 %). Thirdly, WLC
generation depends on the input pulse duration and gets rather difficult for longer pulses [58].
No ionization losses were detected by means of power measurements for the spectra displayed
in Fig. 3(a). The spectral broadening is caused solely by SPM.

In this case, the Fourier transform limit of the pulses could be reduced from 250fs to 38 fs
(black solid line Fig. 3(a)). This corresponds to a broadening factor of about 6 which is the
largest in a single-stage bulk broadening experiment to the best of the authors’ knowledge.

3.2.  Temporal phase behavior under variation of broadening strength

In order to compress the spectrally broadened pulses, the evolution of the spectral phase under
variation of the distance from the focus to the crystal facet (z,;,) was measured by means
of second harmonic frequency resolved optical gating (SH-FROG). The SH-FROG did not
contain any dispersive elements apart from the SH crystal. The beam splitting was done through
wavefront division by means of a D-shaped silver mirror. A 5 um BBO was used as a nonlinear
crystal. Fig. 4(a) shows the calculated FTL as well as the peak power ratio between pulses with
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Fig. 4. (a) Expected pulse durations in dependence on the broadening factor for compensation
of first order chirp only (red squares). T he c ompression quality (blue circles) is the ratio be-

tween the peak power of the compressed and the Fourier limited pulse. (b) Retrieved pulse after
compressor. The compression quality is 64 % (c) retrieved spectrum and spectral phase. The

spectrum is in good agreement with the black line in Fig. 3(a).

first order chirp compensation only and transform limited pulses. The quantity is denoted by
compression quality. Compensating higher order phase terms, for instance by a tailored chirped
mirror design, would lead to shorter pulses and less power in the pedestals [29].

The chirped mirror compressor was set up such that shortest pulses could be achieved. A
GDD of -1700 fs?> was predicted and realized by 4 bounces off mirrors with -400 fs> GDD and
no higher order terms. A pulse duration of 43 fs was measured. It is in good agreement with
the predicted pulse duration of 46 fs for a slightly more negative GDD. The pulse in Fig. 4(b)
shows a significant pedestal structure carrying about 35 % total energy which agrees with the
prediction in Fig. 4(a). Larger broadening factors come also with an increase of spatial losses
due to the coupling of self-focusing and SPM. This has not been considered in this section but
will be addressed in detail in the simulation part of this work.

3.3.  Cascading bulk broadening with intermediate compression

In our previous experiments on high-power bulk broadening, 17 fs input pulses were broad-
ened and compressed down to 7.7 fs [29]. To bridge the gap from the experiments reported here
to [29], a second bulk broadening stage was set up. After a first bulk stage, the pulses were
compressed to 53 fs duration with a total GDD of -2400 fs> and afterwards focused with an
anti-reflection coated lens (f = 35 mm) into another 15 mm quartz crystal (Fig. 2(a)). After opti-
mizing z,in, the FTL could be reduced to 15 fs (Fig. 5). The modulations of the spectral power
arise from the pedestal structure of the pulse after the first compression stage. The increase in
bandwidth of the second stage is clearly larger than in the first stage. This is due to the steeper
temporal gradient of the pulse. The broadening factor is about 3.5. The decrease in comparison
to the first stage can be attributed to the increasing impact of dispersion. It should be pointed
out that the achieved Fourier transform limit is comparable to the one which was obtained by
fiber compression in [29] and hence there is strong evidence that all-bulk broadening enables
few-cycle pulse generation at peak power levels way beyond the material’s critical power.

3.4.  Spatial characterization

Owing to the free beam propagation within the bulk material, temporal and spatial nonlinear ef-
fects are coupled and have to be taken into account when the efficiency of the compression stage
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is calculated. While strong SPM will lead to broad spectra in the beam center, i.e. in the region
of high irradiance, the FTL of the beam wings will hardly be changed since the irradiance is
too low. The spectrally filtered beam profiles shown in Fig. 6(a) have clearly different shapes.
The broadened spectral parts (around 1010 nm and 1050 nm) exhibit more desirable Gaussian
shapes in contrast to the unbroadened spectral part around 1030 nm where a ring structure is vis-
ible. Therefore, measuring the spectrum emerging from the nonlinear crystal became position
sensitive.

In order to spectrally homogenize the beam and to estimate the losses due to spatial nonlin-
earities, a spatial filtering experiment was set up. It was performed with about 100 mW average
power, reflected from two wedges (Fig. 2(a)). A 10 um pinhole was used and the best focal
lengths of the lenses in front of the pinhole (f,) were calculated by [59]:

Wodp

fr= T 3)

where wy is the waist of the collimated beam and d,, is the pinhole diameter.

First, the unbroadened, collimated oscillator output (M 2 =1.05) was sent through the pinhole
to verify the spatial filter performance, yielding 87 % transmission of the incident power. After-
wards, the 1010 nm bandpass was inserted into the broadened beam and the lens 2 was adjusted
to collimate the wings of the spectrum. After removing the bandpass, the spatial filtering exper-
iment was repeated. A 53 % transmission of the total power was measured which is 40 % less
than in the unbroadened case. This is considered as the power loss due to the spatial nonlinear
effects. The spectrum behind the pinhole had a FTL of 40 fs. The homogeneity was proven by
scanning the expanding beam after the pinhole with a multimode fiber coupled to the OSA.
Moreover, an M? measurement of the spectrally broadened beam was performed according to
ISO Standard 11146. It yielded M? < 1.1 along both space axes.

The spectrum after the pinhole is similar to the FROG spectrum. Due to the chromatic lon-
gitudinal shift of the focus position, the FROG acts like a spatial filter as well. Within the 5 um
thin BBO crystal only the spectrally broadened beam is in focus and thus generates a second
harmonic signal. The retrieved FROG spectrum (Fig. 4(d)) shows a strong suppression of the
1030 nm component. The scattering light spectrum (Fig. 6(b)) can be decomposed into the part
retrieved from the FROG measurement and the initial oscillator output, i.e. the spectral content
of the rings at 1030 nm.
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3.5. Noise properties

Despite the fact that utilizing kagomé-type HC-PCFs for the compression of the oscillator
pulses yielded sub-10fs pulses in a double-stage setup [47], the applicability of the technique
appeared to be restricted owing to the intensity noise accumulation in the broadening stages.
Similar power fluctuation measurements were performed after the first bulk broadening stage,
i.e. a small fraction of the laser beam was sent onto a fast photo diode to measure the power
fluctuations of the pulse train. Fig. 7 shows that the accumulated intensity noise is independent
of the position z,,;, and thus also independent of the broadening factor.

-60 T
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Fig. 7. Intensity noise measurements after the first bulk broadening stage for different broadening
factors. The 55 nm spectral full width at -10dB of the maximum corresponds to the black line
in Fig. 3(a). The excellent noise properties of the oscillator (0.1 % rms relative intensity noise in
the bandwidth from 10 Hz to 500 kHz) are maintained independent of the broadening factor.
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4. Simulations

Full three-dimensional simulations of nonlinear pulse propagation [60,61] have been performed
to address the question of power-scalability of the bulk broadening approach. The spatial grid
is set to 513 x 513 points in a quarter of the x-y-plane which is justified by the fairly weak
birefringence of quartz and the circular symmetry of the beams. The spacing is set to 10 points
within the minimal 1/e2-radius. The temporal grid consists of 256 points with a 10 fs spacing.
Simulations were done with the material dispersion derived from the crystalline quartz Sell-
meier equation [62] and a nonlinear refractive index of 2.8 x 10~%cm? /W, taken from fused
quartz [63]. The beam was treated as collapsed when a critical value of 2 TW/cm? was reached
inside the nonlinear crystal. In this case, the simulation was stopped and rerun with a larger
input beam diameter or divergence. A first routine (i) set the front facet of the crystal into the
focus and increased the spot size until no collapse occurred (solid red and dashed dark green
lines Fig. 1(a)). A second routine (ii) set the peak irradiance on the front facet slightly below
the damage threshold and increased divergence until the beam collapse was avoided (blue line
Fig. 1(a)). The waist size, which was the optimization parameter in both routines, was varied in
steps of 0.1 um.

To benchmark the utilized code, the experimental parameters were used as the simulation
input, i.e. a 250fs, 1.2 uJ pulse was focused into a 15 mm sample. Fig. 8 shows simulated
spectra and profiles. Near-field profiles were extracted from the simulations while the experi-
mental profiles (Fig. 6) were taken after tens of cm propagation. Qualitatively, the agreement
of experiment and simulation is very good. The spectra show the asymmetry with a broader but
less powerful blue shoulder. The spectra can be also decomposed into an unbroadened and a
broadened part. The 1030 nm profile shows the ring structure while the 1040 nm profile looks
Gaussian. The lowest achievable FTL is 31 fs. The broadening hardly depends on the focus spot
size (i.e. focal length in the experiment) because the pulse peak power is close to the critical
power of the material and thus the nonlinear lens is relatively weak. This is also in good agree-
ment with the experimental observations. Therefore, it is inferred that the utilized code is suited
to investigate the power-scalability of the bulk broadening approach.

Subsequently, the simulation was repeated with a 10 uJ pulse, leaving all other input parame-
ters unchanged. Hence, the critical power is exceeded by about an order of magnitude. Fig. 1(a)
shows the evolution of the peak irradiance over the propagation distance derived from the rou-
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Fig. 8. Simulation of the spectral broadening in a 15 mm crystalline quartz crystal. (a) Near-field
pattern of the 1030 nm filtered beam profile. (b) Near-field pattern of the 1040 nm filtered beam
profile. (c) Radially dependent spectra, the black line shows the spectrum of the unbroadened
part located in the wing of the near field-profile, th e red line shows the broadened spectrum
located in the center of the near-field profile.
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Fig. 9. Spatially integrated and radially resolved spectra after propagation through a 15 mm
quartz plate. (a) Normalized spectra for (b) - (d) and the oscillator spectrum. The spectral power
is integrated over the whole beam area. (b) 1.2 uJ, 250 fs input pulses. A significant part of the
input beam is broadened like it was observed in the experiment. (c) 10 uJ, 250 fs input pulses
with balanced divergence and self-focusing. The broadening in the beam center is comparable
to (b) but only a small fraction (=4 %) of the input power is broadened. (d) 10 uJ, 250 fs input
pulses without divergence. The spectral broadening is weaker than in (b) and (c). About 16 %
of the total power are contained in the broadened part. All color plots are scaled linearly and
normalized. The units of the radially resolved spectra are J/Hz/um?, i.e. the pulse energies E
are predicted by E = 2wAVArY,; ;riu(r;,v;), where Av and Ar are the simulation grid spacing
in frequency and space, r is the radius and u is the plotted energy density. Is is summed over all
spatial grid points r; along one axis and all spectral grid points v;.

tines (i) and (ii). Moreover, the output spectra have been depicted in Fig. 9(a). The broadening
seems much weaker than in the case of the 1.2 uJ input. This agrees well with experimental ob-
servations [28]. Nevertheless, the computed FTLs are 73 fs for routine (i) and 51 fs for routine
(ii). The spatially resolved spectra (Fig. 9(b)-(d)) reveal that the central parts of the beam are
still significantly broadened but they only contain a small amount of the pulse energy in com-
parison to the 1.2 uJ case. This shows that balancing divergence and self-focusing increases the
broadening factor but also leads to a strong spectral inhomogeneity of the beam. Routine (ii)
with 10 uJ pulses was repeated for 10 mm, 5 mm as well as 3 mm plates. The FTLs are 62 fs,
77 fs and 87 fs, resp. while the spectrally broadened parts amount 8 %, 15 % and 18 % of the
total input power.

These observations suggest to apply the multiple-plate method which was demonstrated in
[42] for spectral broadening of 25 fs pulses with hundreds of MW peak power. It is suspected
that a similar method is mentioned in [22] for several hundred Watts of average power. Instead
of using multiple plates, the focus behind a single plate (cf. Fig. 1(b)) can be self-imaged
such that a virtual multiple-plate pattern is created. The experiment is however only scarcely
described which makes its evaluation difficult. It is in any case remarkable that [22,42] report
fairly small spatial losses although the peak powers lie well above the critical powers of fused
silica.

Therefore, another simulation algorithm was written. The simulation of the first plate is done
with optimization routine (ii). The simulation of propagation through an air gap follows. The
next plate is then set behind the focus in the air gap where the peak irradiance is below the
critical value. If the beam collapses in the plate, the length of the air gap is extended. A sequence
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Fig. 10. Simulation of propagation of a 10 uJ pulse through ten 0.5 mm plates. No Fresnel losses
are considered. (a) The FTL is inversely proportional to the plate number. The FTL after 10
plates is 31 fs. (b) The spatially integrated output spectrum after ten plates (red solid line). For
comparison, the output spectrum of propagating a 100 uJ, 250 fs pulse through ten plates (solid
blue line) (c) The spatially resolved output spectrum after 10 plates. (d) Spectrally resolved
beam profiles for 1030 nm and 1040 nm during propagation in the first air gap (FTL = 165 fs).
The broadened part emerging from the beam center (bluish lines) diverges quickly while the
unbroadened part (reddish lines) is focused first and diverges slowly afterwards. The propagation
length inside the gap is stated in the plot legend.

of ten 0.5 mm thick plates was simulated for a 10 uJ, 250 fs input pulse. The evolution of the
peak irradiance along the plate assembly is shown in Fig. 1(b).

The simulation reveals a linear increase of bandwidth per plate. The FTL is inversely pro-
portional to it which is shown in Fig. 10(a). Intermediate compression after a few plates would
increase the slope dI(t)/dt and would thus lead to a stronger increase in bandwidth per plate.
Experimentally, this behavior is indicated in Fig. 5. The most remarkable effect of the multiple-
plate propagation is that the integrated spectrum resembles the one which was achieved with
the 1.2 uJ pulses. Hence, a significant reduction of the spatial losses in comparison to the single
plate approach could be achieved. This is demonstrated in Fig. 10(b) and (c). While the broad-
ened parts of the single plate example (Fig. 9(c)) amount only 4 % of the total power, about
40 % are broadened in the multi-plate example. This can be attributed to the homogenizing ef-
fect of the air gaps which is visible in Fig. 10(d). The central, broadened parts diverge faster
than the unbroadened parts in the wings of the beam. Hence, the unbroadened parts move to
the most intense region of the beam and get broadened as well. The multi-plate routine was
also executed with 100 uJ pulses (no other input parameters were changed). Fig. 10(b) shows
an integrated spectrum similar to one with 10 uJ input pulses, i.e. the losses do not signifi-
cantly differ. Furthermore, the 10 uJ pulse energy simulations were repeated with 0.2 mm thick
plates. After ten plates, the FTL was 68 fs, the efficiency about 51 %. After 20 plates, the FTL
was 35 fs and the efficiency about 44 %. Consequently, thinner plates do not necessarily yield
better broadening performance. Determining the ideal plate thicknesses is subject of ongoing
research. This work mainly points out the power scalability of the bulk broadening concept to
peak power levels far beyond the critical power. The results for 1.2 uJ and 10 uJ pulses are
summarized again in Table 1.

Eventually, the broadening in a single 0.5 mm plate was investigated. Routine (ii) was re-
peated with a constant peak power of 40 MW and with input pulse durations of 1 ps, 500 fs,
250 fs, 125 fs, 68 fs, 34 fs, 19 fs, and 9 fs. The temporal grid spacing was adapted corre-
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Table 1: Summary of FTLs and Spatial Losses®

pulse energy (uJ) 1.2 1.2 10 10 10
routine experiment (1) (i) (i) (iii)
number of plates 1 1 1 1 10
plate thickness (mm) 15 15 15 15 05
FTL (fs) 38 31 73 51 31

estimated spatial losses (%) 40 60 84 96 60

“The input pulse duration is 250 fs and the nonlinear material is quartz. The routines are explained in the main text.

spondingly. All simulations yielded a broadening factor of about 1.5. Next, simulations with
250 fs input pulse duration and pulse energies of 1 uJ, 3 uJ, 5 uJ, 10 uJ, 30 uJ, 50 uJ, 100 ul,
300 uJ, 500 uJ and 1 mJ were executed. Also in this study a broadening factor of about 1.5
was always found. It is inferred that purely SPM based bulk broadening is applicable to a wide
range of input pulse durations and energies if the focus sizes and the plate positions are chosen
appropriately.

5. Discussion

The single stage broadening led to an unprecedented high broadening and compression factor
(about 6) and exhibited a much higher efficiency (about 60 %) than the initial experiments of
Rolland and Corkum (compression factor about 5, efficiency about 4 %) [36]. It was shown that
a single plate experiment, where the peak power exceeds the critical power, presents a trade-
off between efficiency and broadening factor. This agrees with the results of the coupled-mode
theory [10,40]. Additionally, it was found that higher broadening factors come at the expense of
compression quality if no tailored chirped mirrors are available. In the presented experiments,
the peak power of the pulses was increased from 4.2 MW to 9.5 MW. With tailored mirrors a
peak power of 15 MW would be possible. Similar peak power enhancements of about a factor
three could be reached with the simulated multi-plate compression scheme for 10 uJ pulses.

The single plate experiment is particularly attractive if only a small broadening factor (= 2) is
targeted, for instance to reach the few-cycle regime [29]. Moreover, transferring the approach to
other wavelengths is highly interesting. Krebs et al. performed for example experiments in the
UV at kHz repetition rates [64]. Transferring the experiment to MHz rates would require peak
irradiances lower than 2 TW/cm? to avoid ionization but is expected to be also possible due to
the increased ny at shorter wavelengths. The bandgap of CaF; is about 12 eV, corresponding to
a two-photon absorption edge of about 200 nm. This is expected to be the shortest wavelength
where bulk broadening is possible. Similarly, the technique can be employed in the mid-IR
range where silica fibers are not applicable at all due to the limited transparency range of quartz
and soft glass fibers are limited to mW-level average power handling [65]. Huge broadening
factors have been already achieved by means of filamentation in a YAG crystal at about 1 W
average power [60].

If high-power pulse compression by means of kagomé-type lattice HC-PCFs and the bulk
technique are compared, both methods show distinct advantages. The experimentally achieved
transmission efficiencies in fiber (88% in [46]) are higher than the presented one in bulk (60%).
HC-PCFs enable soliton self-compression in the anomalous dispersion regime [47] and higher
compression factors in a single stage (11 in [47]). On the other hand, the relative intensity noise
is increased by a factor of 1.6 (100 Hz - 100 kHz) in [67] after one stage with a compression
factor of 8, by 1.4 (1 Hz - 10kHz) after one stage with a compression factor of 11 in [47] and
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by 2.2 (1 Hz - 10kHz) after a double-stage compression with an overall compression factor
of 27 in [47]. On contrary, the intensity noise in the presented bulk broadening experiments
is independent of the broadening factor. This is especially advantageous with respect to ap-
plications in nonlinear optics where CEP stabilization is required. Judging from the authors’
experience, high-power SPM based bulk broadening is superior over any fiber technique in
terms of applicability and reliability, in particular over kagomé-type lattice HC-PCFs. More-
over, bulk broadening is attractive for industrial applications where cost factor and robustness
play decisive roles, too.

The possibility of WLC generation was shown. However, several drawbacks like the depen-
dence on the input pulse duration, the observed instabilities and the need for cooling, resp.
limit the applicability of filamentation for high power sources. Simulations with a 0.5 mm plate
show that purely SPM based broadening is applicable to any MW peak power level and any
pulse duration up to the ps order. Moreover, crystals that serve as Kerr media in TD oscillators
withstand average powers of more than 1 kW [27,28] and hence the approach is also average
power scalable. Since multiple stage broadening allows to access the few-cycle pulse regime,
the method is expected to be employed in seed generation of the third generation of femtosec-
ond technology [16].

The decoupling of spatial and temporal nonlinear effects by means of introducing a guid-
ing structure was revealed to be essential for peak power scaling of the approach. While first
ideas of realizing this were rather complex [68], the method proposed in [54] is simple and
was already successfully applied for GW level pulses [42]. The simulations show that it can
be transferred to SPM based spectral broadening and lower peak power levels which match
the current generation of fiber and innoslab amplifiers as well as TD oscillators [21-28]. The
efficiency in the case of 10 uJ, 250 fs pulses was increased from 4 % in the single plate ge-
ometry to 40 % in an assembly of ten 0.5 mm thick plates. Further improvements are expected
by optimizing plate thicknesses and distances to maximize the homogenization effect in the
gaps. The 40 % efficiency is about a factor of two below the efficiencies of fiber technologies.
In the light of the rapidly increasing peak powers of disk, fiber and slab sources, this factor
appears compensable. The FTL is inversely proportional to the number of plates if dispersion
is negligible. Simulations show that the broadening factor in a single thin plate is constant for
a fixed peak power, crystal length and damage threshold, i.e. independent of the input pulse
duration. This makes intermediate compression after a few plates attractive for achieving very
high compression factors.

6. Conclusion

In conclusion, spectral broadening in bulk material with average powers of 50 W was demon-
strated. Broadening and compression factors of about 6 with a single plate were reached with
a 60 % efficiency. To the best of the authors’ knowledge, this marks a unique combination of
unprecedented high compression factors and efficiencies together with an average power which
is way beyond those of previously described bulk broadening experiments [36, 64, 68].

Furthermore, the evolution of temporal phase with respect to the broadening factor was ana-
lyzed by means of FROG measurements and the coupling between spatial losses and broaden-
ing was investigated with respect to peak power by means of full 3D simulations which repro-
duce the experimental results well. The trade-off between broadening factor and efficiency was
pointed out as well as the limited peak power scalability of the single plate approach. The pre-
sented experiments show that multiple bulk broadening stages with intermediate compression
allow to go from pulse durations of about 250 fs to the few-cycle regime. Simulations predict
that the SPM based approach is also applicable for longer pulse durations which is important
for Yb:YAG based amplifiers and SESAM mode-locked TD oscillators.
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The multiple thin plate approach is also applicable to pure SPM based broadening of pulses
with peak power levels beyond the power for critical self-focusing. It has been demonstrated
that the quasi guiding structure, introduced by air gaps between the plates, leads to homoge-
nizing of the spectrum over the beam area and thus to significantly reduced losses. Moreover,
contrary to the single plate approach, simulations with the multiple plate geometry show that
the losses do not scale with peak power anymore. Consequently, ionization-free bulk broaden-
ing has proved to be scalable not only in average power but also in peak power. Eventually, the
noise properties of the approach have been investigated. The intensity noise remained on the
low level of the TD oscillator and was independent of the broadening factor. This is in partic-
ular highly favorable in comparison to measurements performed after spectral broadening in
kagomé-type HC-PCFs [47].

These findings combined with low costs, high robustness and alignment insensitivity, make
the approach extremely attractive for pulse compression of high peak and average power light
sources.
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