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Zusammenfassung

Dioden gepumpte, Ytterbium dotierte Scheibenlaser mit einer Pulsdauer von 1 ps werden den
Stand der Technik für optisch parametrische Verstärkung mit gestreckten Pulsen (OPCPA) rev-
olutionieren. Mit ihrer skalierbaren Energie und Leistung, sowie ihrer Emmisionswellenlänge
von 1µm bieten sie bedeutende Vorteile gegenüber den bisher verwendeten Ti:Sa Lasern. Die
Kombination mehrerer OPCPA-Kanäle mit unterschiedlichen Wellenlängenbereichen wird
die Entwicklung eines E-Feld-Synthesizers ermöglichen, der in der Lage ist, Lichtwellenfor-
men mit unerreichter Energie und Leistung zu erzeugen. Da diese Lichtwellenformen weniger
als eine Schwingungsdauer des elektrischen Feldes umfassen, sind sie im Hinblick auf das
Verschieben der Maximalenergie fÃijr die Generierung von hohen Harmonischen (HHG) in
den Bereich harter RÃűntgenstrahlen vielversprechend.

Eine der Hauptanforderungen für die Entwichlung eines solchen Synthesizers ist die Ver-
fügbarkeit eines ultrabreitbandigen, stabilen Kontinuums mit einer stetigen spektralen Phase,
das als Signal für die verschiedenen OPCPA-Kanäle dient. Im Allgemeinen ist die bevorzugte
Methode um breitbandige Signale für OPCPA zu erzeugen Superkontinuum-Generierung in
optischen Fasern oder in kompakten, nonlinearen Medien. Wenn die Pulsdauer der Ein-
gangssignale im ps-Bereich liegt, weisen die erzeugten Spektren allerdings Energieschwankun-
gen und mangelnde Koheränz auf. Um diese Nachteile zu umgehen sind Methoden zur Pul-
skomprimierung von Pulsen mit Picosekundendauer zu Pulsen mit einer Dauer von wenigen
hundert Femtosekunden erforderlich, die stabile Filamente in optischen Fasern und kompak-
ten, nonlinearen Medien erlauben. Dazu werden in dieser Arbeit zwei verschiedene Ansätze
vorgestellt und mitteinander verglichen.

Der erste Ansatz basiert auf Cross-polarized Wave Generation (XPW), einem nichtlinearen
Effekt dritter Ordnung, und ermöglicht eine Kompressionssrate von mehr als drei in einem
kaskadierten Aufbau. Dabei werden die Eingangspulse mit einer Dauer von 1 ps zu Pulsen
komprimiert, die kürzer als 250 fs sind. Die Konversionseffizienz des vorgeschlagenen Sys-
tems ist niedrig, aber die Ausgangspulse sind intrinsisch komprimiert und haben ein verbes-
sertes Strahlprofil, sowie ein glatteres Spektrum. Der zweite Ansatz basiert auf kaskadierten
Nichlinearitäten zweiter Ordnung und ermöglicht daher höhere Konversionseffizienzen. Bei
der phasenunangepassten Erzeugung der zweiten Harmonischen (SHG) wird die Fundamen-
tale spektral verbreitert und kann anschließend durch dispersive Elemente zeitlich komprim-
iert werden. Der verwendete Aufbau ist in der Lage, die Eingangspulse mit einer Dauer von
1 ps zu Pulsen mit einer Dauer von 150 fs bei einer Konversionseffizienz von 45 % zu verkürzen.
Die Kompressionsrate von mehr als sechs wird durch einen zweistufigen Aufbau erreicht.
Durch eine Optimierung des Systems könnte seine Konversionseffizienz auf 60 % erhöht wer-
den. Die skalierbare Eingangsenergie, der hohe zeitliche Kontrast und die Einfachheit bei-
der Techniken machen sie zu attraktiven Methoden für die Erzeugung von OPCPA-Signal aus
Yb:YAG Scheibenlasern.
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Die erzeugten energetischen 150 fs Pulse wurden verwendet, um ein neuartiges Konzept
zu testen, das die Kontinuums-Generierung mit mehreren dünnen Plättchen ermöglicht.
Dieser kompakte, robuste Aufbau ist einfach zu bedienen und vielversprechend, was die Ein-
gangsenergie und die Konversionseffizienz im Vergleich zu optischen Fasern betrifft. In Vorver-
suchen gelang die Komprimierung von 150 fs Pulsen zu 60 fs Pulsen mit drei dünnen Glas-
plättchen. Diese Ergebnisse können ansatzweise das Potential der Methode demonstrieren
und zu weiterer experimenteller sowie numerischer Analyse anregen.
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Abstract

Diode-pumped Ytterbium-doped thin-disk lasers with 1-ps pulse duration are going to revo-
lutionize the current state of the art of optical parametric chirped pulse amplifiers (OPCPA).
With their scalability in power and energy and their emission wavelength near 1 µm they offer
substantial advantages towards the commonly used Ti:Sa lasers. By combining several OPCPA
channels at different spectral ranges these technological advances will allow us to develop
a field synthesizer capable of generating sub-cycle waveforms at unseen peak and average
power. Such a device holds promise to push the energy cut-off of high harmonic generation
to the hard x-ray regime.

A major requirement for developing such a field synthesizer is an ultra broadband, stable
supercontinuum with a well-behaved spectral phase to seed the different OPCPA channels.
Supercontinuum generation in bulk and fibers driven by hundreds-fs pulses is the current
method of choice for generating the OPCPA seed pulses. However, when the process is trig-
gered by longer pulses in the order of ps, the generated spectrum shows imperfect coher-
ence and energy fluctuations. Avoiding these drawbacks demands for pulse shortening of
1-ps pulses down to several hundreds of fs, where stable filamentation in fiber or bulk can be
achieved.

By presenting and comparing two different methods for the compression of 1 ps pulses,
this thesis shows alternative concepts which prevent the mentioned problems. The first me-
thod is based on the third-order nonlinear process of cross-polarized wave generation (XPW).
In a cascaded XPW setup we realized the compression of 1 ps pulses by more than a factor of
four to below 250 fs. The conversion efficiency of the system is below 1 %, but it offers the
advantages of beam profile enhancement, spectral smoothening, and intrinsic pulse short-
ening.

The second method is based on cascaded second-order nonlinearities and therefore helps
to increase the conversion efficiency. In phase mismatched second harmonic generation
(SHG) the fundamental is spectrally broadened and can then be compressed in time by dis-
persive elements. The employed setup is capable of compressing 1 ps pulses to 150 fs at a
conversion efficiency of 45 %. The compression rate of above six is achieved in a two-stage
approach. Optimizing the system will allow to raise the conversion efficiency up to 60 %. The
energy scalability, the good temporal contrast and the simplicity of both techniques make
them a desirable approach for generating OPCPA seed pulses from Yb:YAG thin-disk lasers.

Having energetic 150 fs pulses in place, we tested a novel continuum generation approach
conducted in multiple thin plates. This approach is compact, robust and simple to operate
and holds promise to outperform spectral broadening in fibers in terms of input energy and
conversion efficiency. In our preliminary experiments we could further compress the 150 fs
pulses to below 60 fs using three thin fused silica plates. These results show the potential of
this method to some extend and motivate further experimental and numerical study.
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Chapter 1

Towards hard x-ray attosecond pulses

Attosecond (10−18 s) science is thought to be one of the most dynamically expanding research
fields of the new millennium. By providing techniques to produce and measure signals with
the duration of quadrillionths of a second, attosecond science gives insight into electron dy-
namics on their real time scale. The understanding of electron processes in atoms, molecules,
and solids is substantial for physics, life science, medicine and technology.

The first step towards attosecond science was made in 1960 with the realization of the
laser (Light Amplification by Stimulated Emission of Radiation) [1]. In comparison to com-
mon light sources, the electric field of the photons in a laser beam oscillates coherently and
provides intensities not achievable before. From the continuous waves emitted by the first
lasers to light pulses on the time scale of electron motion, many technological challenges had
to be overcome.

Gain-switching opened up the possibility to produce laser pulses from continuous waves
[2]. With Kerr lens mode locking the pulse duration could be decreased from a few picosec-
onds to the femtosecond regime [3]. With the availability of femtosecond pulses, the field of
ultrafast science developed. It became possible to follow processes like the formation and
breaking of chemical bonds on their real timescale. Using extracavity pulse compression,
pulses shorter than 5 fs were produced [4].

Pulses of such short duration comprise only a few oscillation cycles of the electromagnetic
field of the light. Their ultimate duration is limited by the laser oscillation period T0 = λL/c,
where c is the speed of light andλL the laser carrier wavelength [5]. To break the femtosecond-
barrier, the carrier wavelength needs to be shifted to the XUV or x-ray regime. Therefore gases
are irradiated with intense, few-cycle femtosecond pulses to produce high harmonics of the
VIS or NIR [6]. Upon the recombination of electrons with their parent gas ions after one half-
cycle of the driving electric field, the emission of 250 as pulse trains was observed [7]. With
the generation and measurement of the first single, isolated soft x-ray attosecond pulse all
requirements for time resolved spectroscopy on the sub-femtosecond scale were met [8].

Signals with the duration of attoseconds allow us to temporally resolve faster and faster
processes. For example, electron dynamics in semiconductor nanostructures, molecular or-
bitals, and inner atomic shells happen on the timescale of attoseconds [9]. With pump-probe
spectroscopy it became possible to follow the motion of individual electrons in inner atomic
shells [10]. By observing the high harmonic generation (HHG) spectrum of molecules, con-
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2 Towards hard x-ray attosecond pulses

clusions on their instantaneous, orbital structures can be drawn [11, 12].

To reach the ultimate frontiers of physics we need to push the energy cut-off of HHG to-
wards the hard x-ray regime. In this way attosecond pulses with Ångström-wavelength can be
generated to allow for spatial resolution on the atomic scale [13]. At the same time, shorter
wavelength translates into higher energy, which enables excitation processes not accessible
with the current attosecond sources.

By mixing few cycle NIR pulses with their second harmonic to produce a 1.5 cycle driver
waveform, Cavalieri et al. [14] were able to increase the flux and photon energy of HHG.
Moulet et al. [15] showed that multi-octave, sub-cycle light transients available from field
synthesizers offer the potential to extend the HHG photon energy to the hard x-ray regime.

Such field synthesizers permit the attosecond precise tailoring of the electric field of wave-
forms confinable to less than a single cycle of its carrier wave [16]. Hereto an ultrabroad-
band continuum is spectrally divided into its constituent wavepackets, the properties of the
wavepackets are modified, and in the last step all components of the continuum are superim-
posed to synthesize a light transient [17].

The multi-terawatt waveform synthesizer currently under development in the Laboratory
of Extreme Photonics (LEX) in Garching combines the capacity of light transient tailoring with
the benefits of Ytterbium-doped thin-disk laser technology. This technology provides robust
performance, scalability in power and energy, and a longer central emission wavelength than
Ti:Sa lasers [18]. Since the energy cut-off of HHG scales with the wavelength of the driving
pulse [19], Yb-doped lasers are preferred to the commonly used Ti:Sa lasers.

At the same time, the 1 ps pulses yielded from Yb-doped thin-disk regenerative ampli-
fiers [20] are optimal to pump optical parametric chirped-pulse amplification (OPCPA). The
pulse duration of 1 ps allows the best trade-off between amplification bandwidth and conver-
sion efficiency [21]. OPCPAs driven by kilowatt scale pulses from Yb-doped lasers at petawatt
scale peak power can combine high average and high peak power in ultrashort pulses for the
first time [22]. Because of its innovativeness, this approach was termed third-generation fem-
tosecond technology. Bringing together third-generation femtosecond technology and wave-
form synthesizing to produce high average and high peak power, sub-cycle driving pulses
for HHG, holds promise to enable attosecond pulses at unseen photon energies and photon
fluxes.

Figure 1.1 shows the schematic architecture of a three-channel OPCPA field synthesizer
driven by a Yb:YAG thin-disk regenerative amplifier. The amplifier is seeded by a Yb:YAG
thin-disk oscillator and works at a repetition rate of 5 kHz. It delivers 1 ps pulses centered
at 1030 nm with a pulse energy of 20 mJ. A fraction of this energy is used to generate the
ultra-broadband OPCPA seed spanning from 450 nm to 2.7 µm. Using suitable optics this
continuum is separated into three channels centered at 550 nm, 1 µm and 2.1 µm. The differ-
ent OPCPA channels are pumped by the fundamental, the second harmonic, and their sum-
frequency. Each of them supports few-cycle pulses. The output of the channels can be super-
imposed to synthesize sub-cycle light transients. By changing the energy ratio and the delay
between the channels, the shape of their composed electric field can be modified.

To avoid an active pump-seed stabilization system, pump and seed are generated from
the output of the regenerative amplifier. An essential criterion to guarantee the controllable
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3

Figure 1.1: Schematic architecture of a three-channel OPCPA field synthesizer: The system is
driven by 20 mJ, 1 ps pulses centered at 1030 nm from a Yb-YAG thin-disk regenerative amplifier
seeded by a Yb-YAG thin-disk oscillator. The ultra broadband seed is separated in three channels
centered at the VIS, the NIR and the MIR. The OPCPAs are pumped by the fundamental, the second
harmonic and their sum-frequency. All three channels provide few-cycle pulses. By synthesizing
them shapeable, sub-cycle light transients can be produced. Adapted from: "Third-generation
femtosecond technology", by H. Fattahi, 2014, Dissertation, Ludwig-Maximilinans-Universität
Munich, p. 137.

manipulation of the waveform is the carrier-envelope-phase (CEP) stability of the seed. This
requirement can be fulfilled by difference frequency generation (DFG). DFG is an intrinsi-
cally CEP-stable process and shifts the spectrum to longer wavelengths [23]. Generating a
broadband DFG signal is only possible in short crystals to avoid temporal separation of the
different frequencies due to dispersion [22]. To reach reasonable conversion efficiency in DFG
with short crystals the input pulses need to be significantly shorter than the 1 ps pulses from
the regenerative amplifier. With a suitable compression stage in hand, the generation of an
ultra broadband, phase-stable seed covering more than two octaves of the spectrum would
become feasible by combining DFG and spectral broadening in a hollow-core fiber.

The contribution of this thesis on the way towards hard x-ray attosecond pulses is to
present a suitable concept for the direct generation of a broadband continuum from 1 ps
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4 Towards hard x-ray attosecond pulses

pulses. In Chapter 2 common spectral broadening techniques and their suitability for 1 ps
pulses are discussed. Because all of these techniques show major drawbacks when operated
with 1 ps input pulses, this thesis offers two alternative approaches.

Chapter 3 addresses the first approach which is based on cross-polarized wave genera-
tion (XPW). In this third-order nonlinear process pulses with orthogonal polarization with
respect to the input pulse are generated. The XPW pulses offer temporal contrast improve-
ment, spectral smoothening, and spatial beam profile enhancement. Besides these positive
effects, pulses are spectrally broadened and temporally shortened by

p
3 during XPW. We take

advantage of the intrinsically shorter XPW pulses in a cascaded setup. By repeating the XPW
process twice and separating the input pulse after each XPW process, we reach pulse short-
ening and spectral broadening by more than a factor of 3. Our numerical results explain the
experimentally observed additional broadening by an interplay of other third-order nonlinear
effects. We could also identify that chirp decreases spectral broadening and pulse shortening
during XPW.

Chapter 4 offers an alternative approach based on cascaded second-order nonlinearities.
Phase-mismatched second harmonic generation causes a back-conversion from the second
harmonic to the fundamental. The phase shift introduced during back-conversion is com-
parable to the Kerr effect. Due to self-focusing followed by self-phase modulation the fun-
damental experiences spectral broadening. We designed a setup consisting of two phase
mismatched SHG crystals followed by grating compressors. It turned out that this setup is
a promising approach to shorten 1 ps input pulses to less than 150 fs. The total conversion
efficiency of the system is 45 % and can easily be optimized to more than 60 %.

In Chapter 5 the 150 fs output pulses of this system are used to test a novel spectral broad-
ening technique in fused silica. Lu et al. [24] proposed to use multiple thin plates instead of
the common spectral broadening in bulk. This approach holds promise to outperform fiber
spectral broadening in terms of input power and conversion efficiency. With three fused silica
plates we managed to generate a spectrum ranging from 990 nm to 1060 nm and compress it
to less than 60 fs. By focusing the compressed pulses to another plate, we achieved a spectrum
which extends from 980 nm to 1065 nm and supports a FT limit pulse duration of 36 fs.

Chapter 6 summarizes the results, compares the different pulse shortening approaches
and gives a proposal for a direct broadband seed generation scheme from 1 ps pulses.

4



Chapter 2

How to shorten 1 ps pulses

This chapter gives an overview of different pulse shortening techniques conducted in optical
fiber or bulk. As the aim of this work is to shorten 1 ps pulses, their suitability for this pulse
duration is discussed.

In general, extracavity pulse shortening consists of two stages. First the narrow-band in-
put pulse is sent to fiber or bulk where it undergoes spectral broadening. In the second stage
the hereby acquired chirp is compensated by dispersive optical elements like chirped mirrors
or gratings to temporally compress the pulse. Because the interest of this thesis focuses on
nonlinear effects, the underlying physical principles of dispersive elements are not discussed
in detail.

2.1 Large mode area fibers

In contrast to conventional optical fibers consisting of two concentric glass cylinders with dif-
ferent refractive indices, photonic crystal fibers (PCF) are made from a single material (usually
silica). The light guidance happens in the either hollow or solid core of the fiber. In the case
of large mode area (LMA) fibers, the cross-section of the fiber shows a hexagonal honeycomb
pattern of air holes running along the length of the crystal as shown in Fig. 2.1. The missing
center hole enables a silica defect which makes up the solid core [25]. More geometrical de-
grees of freedom in comparison to conventional optical fibers enable waveguide engineering
in LMA fibers. By changing the size of the air holes and their periodicity, the zero dispersion
wavelength can be tuned [26] and the region of single-mode guidance can be extended from
the UV to the MIR [27]. The larger effective mode area helps to increase the optical dam-
age threshold and scale the input average power to regimes not reachable with conventional
fibers [28].

The broadening mechanisms occurring during pulse propagation in the fiber differ from
normal to anomalous dispersion. In the regime of normal dispersion, spectral broadening is
caused by Raman scattering, self-phase modulation and, various four wave mixing processes.
For anomalous dispersion soliton-related dynamics dominate [29].

For 100 fs input pulses ultrabroadband continua extending from 390 to 1600 nm could be
generated [30]. Their spectral shape is flat and therefore allows good temporal compression.
Simulations showed that spectral coherence and stability depend on the input pulse duration
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6 How to shorten 1 ps pulses

[31]. Nicholson et al. [32] experimentally compared continua generated by 188 fs and 2 ps
pulses. For input pulses in the picosecond range the spectra showed almost no coherence al-
though the initial pulses were highly coherent. This means that the LMA output spectra show
high shot-to-shot instability when generated from pulses with picosecond duration. Shot-to-
shot instability of the OPA seed causes undesirable energy fluctuations of the amplified pulse.
This quality degradation limits the application of LMA fibers to pulses with femtosecond du-
ration.

a)
b) c)

Figure 2.1: Different types of photonic crystal fiber. a) Scanning electronmicroscope (SEM) image
of a large mode area fiber. Adapted from: "Nonlinear femtosecond pulse compression at high
average power levels by use of a large-mode-area holey fiber", by T.Suedmayer et al., 2003, Opt.
Lett., 28, p. 1952. b) SEM image of a photonic bandgap guiding HCF. c) SEM image of a Kagomé-
type HCF. Adapted from: "Ultrafast nonlinear optics in gas-filled hollow-core phontonic crystal
fibers", by J. C. Travers et al., 2011, J. Opt. Soc. Am. B, 28, p. 12.

2.2 Hollow core fibers

Although solid core PCFs offer the advantage of high nonlinearity at low losses and a pre-
dictable dispersion [33], their limitation in input power led to the development of another
spectral broadening technique based on gas-filled hollow core fibers (HCF). The hollow core
is surrounded by a hexagonal cladding made of fused silica to confine the light by the two-
dimensonal photonic bandgap-effect. A sufficient fiber length guarantees single-mode prop-
agation while suppressing higher order modes. Nobel gas filling ensures both a high threshold
intensity for multiphoton ionization and the tunability of the nonlinearity strength by chang-
ing the gas type and gas pressure [34]. The larger mode diameter can increase the damage
threshold and enable input pulse energies in the sub-mJ range [35]. By using chirped pulses
to lower the optical intensity and avoid gas ionization, Bohman et al. [36] achieved spectral
broadening for 5 m J pulses. Differentially pumped HCFs, where a vacuum is maintained at
the entrance of the fiber, reach higher transmission efficiency and more spectral broadening
than statically filled HCFs because ionization defocusing is reduced [37]. Besides the com-
mon hexagonal structured HCFs, Kagomé-type HCFs with a star-of-David patterned cladding
can be used. Here the light guidance is provided by the inhibited coupling between the core
and the cladding modes [38]. Therefore Kagomé fibers offer a broader transmission range at
lower losses [33].

6



2.3 Spectral broadening in bulk 7

Kagomé HCFs also offer the possibility of self-compression instead of conventional pulse
shortening with spectral broadening followed by dispersion compensation. The group veloc-
ity dispersion becomes anomalous at lower gas pressures because of the smaller core area
[39]. This leads to a soltion-effect pulse compression where the anomalous dispersion bal-
ances the chirp induced by self phase modulation. Mak et al. [40] achieved compression of
1-µJ, 250-fs pulses from a thin-disk oscillator to sub 10-fs pulses with an average power of
14.5 W at 38 M H z repetition rate in a two-stage Kagomé-HCF system. The first stage uti-
lized SPM spectral broadening and chirped mirror compression, whereas the second stage
operated in the anomalous dispersion regime where the pulse undergoes soliton-effect self-
compression.

Voronin et al. [38] simulated the compression of 1-ps pulses in a system of cascaded gas-
filled HCFs with dispersion-control. Their results and the experimental results of Heckl et al.
[41] showed that the compression of pulses with a duration of 1 ps is feasible with hollow
core fiber technology. To quantify the quality of pulse compression both groups calculated
the quality factor Q, which is the ratio of the energy contained in the main peak and the total
pulse energy. The fact that Q achieved a maximum value of 63 % in simulation and 60 %
in experiment demonstrates the limitation of HCF-technology to pulses with femtosecond
duration. For increasing pulse duration higher order dispersion and discontinuities in the
spectral phase lead to imperfect pulse compression. This is expressed in the form of strong
side pulses and long pedestals.

2.3 Spectral broadening in bulk

Spectral broadening in bulk can occur due to two different processes. The less complex pro-
cess of self-phase modulation includes only temporal dynamics. Due to the intensity depen-
dence of the nonlinear refractive index the temporally varying intensity of the pulse causes
a phase shift and modifies the instantaneous frequency of the electric field of the pulse [42].
This leads to the generation of new frequencies and therefor to spectral broadening.

The more complex process of supercontinuum generation involves the coupling of spatial
and temporal effects [29]. This phenomenon is expressed by the generation of an extremly
broadband pedestal on the blue side of the spectrum. It is observed when the input power
exceeds the critical power for self-focusing in matter. The reason for supercontinuum gen-
eration is the formation of an optical shock wave at the back of the pulse due to focusing in
space and time as well as self-steepening [43].

The practical advantages of spectral broadening in bulk torwards spectral broadening in
optical fibers cannot be denied. Setups become more compact and easier to handle without
employing nobel gases and meter-long beam passes. The nonlinear refractive index n2 in
solids is 1000 times larger than in gases [24], allowing the interaction length to be kept short.
Besides the experimental advantage of less alignment-sensitivity broadening in bulk crystals
can reduce intensity fluctuations observed in gas-filled Kagomé-HCFs [44]. At the same time
multiple filamentation and optical damage sets in if the pulse energy exceeds a few µJ [45].
Another issue is the large material dispersion which the pulse experiences while propagating
through the medium [46]. In the 1980s, when spectral broadening in bulk first came up, it
enabled higher input energies than the step-index fibers commonly used at that time [47].
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8 How to shorten 1 ps pulses

But the development of LMA fibers and later HCF fibers led to the domination of spectral
broadening by fiber technology.

Due to the undeniable experimental advantages of bulk crystals towards gas-filled HCFs,
there was always interest in improving the performance of spectral broadening in bulk. The
commonly used material for continuum generation is sapphire [48]. The use of laser host
materials like Yttrium Aluminum Garnet (YAG) and Yttrium Vanadate ((Y V O)4) can extend
the generated continuum to the MIR and decrease the input energy needed to start super-
continuum generation [49]. By focusing 85-fs, 6.9 µJ pulses in YAG crystal, Silva et al.[50]
could generate a carrier-envelope-phase stable spectrum spanning from 450 nm to 4.5 µm.
Their simulations predict a pulse duration reduction by more than a factor of 10 due to self-
compression in filamentation [51].

A setup consisting of multiple thin fused silica plates proposed by Lu et al. [24] allows for
input energies in the same regime as reported for HCFs. Limiting the plate thickness causes
the pulse to exit the medium after spectral extension, but before multiple filamentation and
optical damage sets in. While propagating in air, the pulse can refocus in space and recom-
press in time. Employing four plates, a spectrum spanning from 450 to 980 nm with 54 %
conversion efficiency could be achieved from 25 fs input pulses with 140 µJ pulse energy.

Spectral broadening in bulk for pulse durations in the few hundred fs regime is a well-
established technique. If the input pulse duration is increased to 1 ps the damage threshold of
the bulk material becomes one of the limiting factors. The crystal gets locally damaged by the
increased exposure time and energy content which becomes neccessary to reach sufficient
intensities for 1 ps pulses [52]. Therefore it is hard to find a suitable material for spectral
broadening in bulk with 1 ps input pulses.

2.4 Summary and conclusion

Three different techniques for spectral broadening were introduced: spectral broadening in
LMA, HCF and bulk. In fiber technology, the broadening mechanism can be explained by
purely temporal dynamics namely SPM, Raman scattering and four-wave mixing. In LMA the
nonlinear interaction takes place in a silica core whereas in HCFs gases are employed. A solid
core offers the advantage of high nonlinearity, predictable dispersion, and less fluctuation.
Gases however allow for higher input energies and less losses in connection with enhanced
guidance mechanisms. Although HCFs are widely spread today, their alignment sensitivity,
high susceptibility to damage, and complexity make the use of bulk crystals more attractive
from the experimentalist’s point of view. Supercontinuum generation in bulk is a complex
process involving a coupling between spatial and temporal effects. Easy handling, simplicity,
and cost effectiveness of bulk setups come at the cost of decreased input energies due to mul-
tiple filamentation and material damage. The multiple thin plate approach proposed by Lu
et al. [24] seems to be a promising way to catch up with the performance of HFCs. Since high
input energy is not as critical in seed generation for OPAs as it is in pulse compression for high
power lasers the multiple thin plate approach is an interesting alternative for our applications.

When it comes to the applicability to 1 ps pulses, all three methods show major drawbacks.
To reach a stable, coherent, and well-compressible continuum the demand for a suitable pre-
compression stage appears. To fulfill this demand we conducted experimental as well as nu-
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2.4 Summary and conclusion 9

merical studies on two independent techniques that allow pulse shortening from 1 ps to a few
hundred femtoseconds.
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Chapter 3

Cross Polarized Wave Generation

When the process of cross polarized wave generation (XPW) was first observed experimen-
tally, it was predicted to become an important tool to measure the nonlinear susceptibility
of crystals with high accuracy [53]. Later XPW was used to implement temporal filters to
enhance the contrast ratio of femtosecond pulses by more than four orders of magnitude
[54, 55]. Although this is nowadays the main application, the XPW process has some features
that have been largly neglected. This thesis presents an approach that takes advantage of the
pulse duration reduction and spectral broadening [56] occurring during XPW.

The following chapter explains the theoretical background of the underlying nonlinear
effect and the cascaded setup used to shorten 1-ps pulses down to less than 250 fs. The exper-
imental and numerical results are discussed and the influence of different third-order non-
linearities and the spectral phase is illuminated.

3.1 Basic understanding of the process

While propagating through a nonlinear crystal, intense light pulses experience nonlinear po-
larization rotation and induced ellipticity (XPW). Both are third-order nonlinear processes
whereof nonlinear polarization rotation is proportional to the imaginary part and XPW to the
real part of the χ(3) anisotropy [57]. During the XPW process part of a linearly polarized inci-
dent wave is converted to a wave with orthogonal polarization with respect to the input wave
at the same wavelength[58], as depicted in Fig. 3.1. This process is classified as a degener-
ate four-wave mixing process and is therefore automatically phase matched. During the XPW
process, the carrier envelope phase is preserved [59]. The intensity of the generated wave is
proportional to the cube of the intensity of the incident wave. That leads to temporal contrast
enhancement [60], because the pedestal and side pulses with lower intensity compared to the
main pulse are suppressed. In frequency domain temporal filtering translates into a smoother
spectrum. Besides temporal cleaning, the process also acts as a spatial filter [61].

Starting from Maxwell’s equations, one can derive the nonlinear wave propagation equa-
tion

∆~E − n2

c2

∂2~E

∂t 2
= µ0

∂2~P N L

∂t 2
, (3.1)
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3.1 Basic understanding of the process 11

Figure 3.1: Scheme of the XPW process: An intense, linearly polarized pulse generates a pulse
with orthogonal polarization in a crystal with χ(3) anisotropy. Incident and generated pulse can be
separated with a polarizer.

where ~E is the electric field, n the refractive index, c the speed of light, µ0 the vacuum perme-
ability, and ~P N L the nonlinear dielectric polarization. The latter reduces to ~P N L = ε0χ

(3)~E ~E ~E

if only the third-order susceptibility tensor χ(3) is considered. In general, χ(3) is a fourth-rank
tensor containing 81 elements, but due to crystal symmetry most of them vanish.

Using the slowly varying amplitude approximation and omitting the terms that belong to
third harmonic generation, Eq. 3.1 yields the following system of differential equations:

dA

dζ
= iγ1 A A A∗+iγ2 A AB∗+2iγ2 AB A∗+2iγ3 ABB∗+ iγ3BB A∗+2iγ4 ABB∗, (3.2)

dB

dζ
= iγ5BBB ∗+iγ4BB A∗+2iγ4 ABB∗+2iγ3 AB A∗+ iγ3 A AB∗+ iγ2 A A A∗.

A is the complex amplitude of the incident wave and B is the complex amplitude of the gen-
erated wave, ζ is the propagation direction and γi are coefficients depending on the crystal
orientation, and the components of χ(3).

All γ-coefficients can be referred to different third-order nonlinear processes [62]. γ1 and
γ5 are responsible for self-phase modulation (SPM), γ3 for cross-phase modulation (XPM)
and γ2, and γ4 for cross-polarized wave generation.

The temporal shape during the process stays unchanged, but the pulse duration is re-
duced by a factor of

p
3 [56]. Also for modulated input spectra the XPW spectrum has a Gaus-

sian shape and is broadened by a factor of
p

3 [63].

Crystal of choice: material and orientation

In principal, all crystals with an anisotropic χ(3) tensor are suitable for XPW. To assure perfect
group-velocity matching between the incident and the generated cross-polarized wave, the
crystal has to be cubic. To avoid two-photon absorption, the band gap has to be larger than 4
eV in the case of 1 µm input pulses. As the conversion efficiency of XPW is proportional to the
anisotropy of the χ(3) tensor, a crystal with high χ(3) anisotropy is preferable. BaF2, CaF2 and
LiF fulfill these requirements but only BaF2 has a broadband transmission range from 0.2 to
11 µm [60, 62].
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12 Cross Polarized Wave Generation

Besides the chemical properties, the crystal orientation is an important parameter to max-
imize the conversion efficiency. At first, crystals with [001]-cut were used and a maximal con-
version efficiency of 11 % was achieved [64]. At high input energies the efficiency saturates
because of the induced phase mismatch due to SPM and XPM. Using [011]-cut (holographic
cut) crystals can avoid this phenomenon and the conversion efficiency can be further in-
creased. Fig. 3.2 compares the calculated conversion efficiency of a [001]-cut (Fig. 3.2 -a)
and a [011]-cut (Fig. 3.2 -b) crystal for different phase matching angles β. Another advantage
of the holographic cut is the decreased sensitivity to the orientation of the incident polariza-
tion [65].

Following these considerations all crystals used in the experiment were holographic cut
BaF2 crystals.

Figure 3.2: Calculated conversion efficiency of the XPW process as a function of the phase match-
ing angle β for different normalized input intensities I0 and S = γ0LI0. a) shows the development
for a [001]-cut crystal and b) for a [011]-cut crystal. The high values for the efficiency are caused
by using plane waves instead of a Gaussian beam. Adapted from: "Efficient generation of corss-
polarized femtosecond pulses in cubic crystals with holographic cut orientation.", by L. Canova et
al., 2008, Appl. Phys. Lett., 92, p. 1.

Maximizing conversion efficiency

The conversion efficiency η of the XPW process is governed by three experimental parameters:
the phase matching angle β, the input intensity I0, and the crystal length L[54]:

η= (γ⊥I0L)2. (3.3)

The coefficient γ⊥ depends on the anisotropy of the χ(3) tensor and on sin(4β). Rotating the
crystal around the optical axis changes β. Fig. 3.2 shows that for [011]-cut crystals the conver-
sion efficiency reaches two maxima at 70 and 110 degrees. The high value of the conversion
efficiency is caused by the fact that the calculations were done for plane waves. For a wave
with Gaussian characteristics in space and time the value reduces by nearly a factor of 6 [54].

12



3.1 Basic understanding of the process 13

Experimentally β is the easiest parameter to optimize by rotating the crystal until the gen-
erated XPW signal reaches its maximum. Readjusting β to compensate for intensity depen-
dent phase mismatch is not required in the case of [011]-cut crystals [65].

In contrast, the input intensity is experimentally restricted by the optical damage thresh-
old of the crystal. In Fig. 3.3 -a the simulated conversion efficiency of the XPW process is
depicted as a function of the input peak intensity for a pulse with Gaussian characteristics in
space and time. For more details on the simulation see Appendix B. In agreement with equa-
tion 3.3 the conversion efficiency grows with the square of the input peak intensity as the
fitted solid line shows. For different crystal thicknesses the conversion efficiency saturates at
certain values and evolves away from the quadratic fit. For a 2 mm thick crystal saturation is
not reached within 1.5 TW/cm2 input peak intensity. In the limit of high intensities equation
3.3 is no longer valid and the conversion efficiency converges to a constant value which only
depends on the anisotropy of the χ(3) tensor [58]. Fig. 3.3 -b shows the measured conversion
efficiency as a function of the input power for a Gaussian pulse focused with a convex lens
with 750 mm focal length. The three crystals of different length were placed 30 mm behind
the focal spot. The input power was increased up to the damage threshold for each crystal.
The quadratic fit (solid line) of the data points proves the agreement with euqation 3.3. Ex-
perimentally the saturation regime cannot be reached because the damage threshold of the
crystals is too low.

We measured the immediate optical damage threshold for a 4 mm and a 6 mm BaF2 crys-
tal. The crystals were placed at the focus of a 750 mm convex lens to reach a beam size of 70
µm (FWHM) on the crystal. The input energy was increased gradually until we saw a bright
spot on the crystal surface and the transmitted energy dropped. For the 6 mm crystal we
calculated a peak intensity of 525±92 GW/cm2 and for the 4 mm crystal a peak intensity of
908± 151GW/cm2. The large measurement error is caused by the high inaccuracy in deter-
mining the exact beam size and the energy at which the damage sets in. The lower damage
threshold for the 6 mm crystal is caused by self-focusing in the crystal, which occurred before
the crystal surface got damaged.

The third experimental parameter to be optimized is the crystal length. Jullien et al. [66]
showed that for 45 fs pulses the conversion efficiency of XPW in a 2 mm and a 6 mm BaF2 crys-
tal saturates at the same value. This saturation limit for long crystals is caused by a decrease
in the spatial overlap between the incident and the generated beam due to SPM and by the
occurring continuum generation after self-focusing. For pulses with a pulse duration below
100 fs also dispersion plays a major role. In long crystals dispersion chirps the input pulse
and causes a reduction of the spectral broadening happening during the XPW process [63].
To avoid these effects Jullien et al. suggested a two crystal arrangement that achieves higher
conversion efficiency than a single crystal of the same length. In the two crystal arrangement
the pulse exits the first crystal before it undergoes SPM and the intensity on the second crystal
is increased due to the Kerr lens effect. In agreement with their findings Fig. 3.3 -a shows that
for 1 ps pulses XPW in a 6 mm and a 4 mm BaF2 crystal reaches saturation at the same value.
However, when considering pulses longer than a few hundred fs dispersion is negligible and
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14 Cross Polarized Wave Generation

Figure 3.3: Simulated (a) and measured (b) conversion efficiency of XPW as a function of the input
peak intensity for different crystals of different length. The solid lines show a quadratic fit of the
data points before saturation sets in.

the damage threshold of the material becomes the main limiting factor because it is inversely
proportional to the square of the pulse duration [67]. As Fig. 3.3 -b shows out of saturation
regime longer crystals reach higher conversion efficiency at lower input power. Therefore in
experiment longer crystals are preferred because operation close to saturation regime is im-
possible due to the reduced damage threshold for 1 ps pulses.

To allow for higher input intensities a two crystal arrangement could still be beneficial.
With tow shorter crystals self-focusing can be avoided, because the pulse exits the crystal be-
fore self-focusing occurs. In this way the damage threshold can be increased. However, to
keep the setup as simple as possible it was never implemented.

Another method to fight self focusing is to change the divergence of the beam by using
lenses with different focal length. Therefore the beam was focused with four convex lenses
with f= 125 mm, f= 200 mm, f= 500 mm, and f= 750mm keeping the distance between the
crystal and the focal spot constant. The results are represented in Fig. 3.4. The weakest lens
achieves the highest conversion efficiency. For the lens with f=750 mm beam divergence bal-
ances self-focusing. Stronger focusing leads to a more divergent beam and therefore to an
intensity reduction on the crystal.

Taking all these considerations into account, the setup of choice consists of a convex lens
with f= 750 mm and a BaF2 crystal with holographic cut and a length of 6 mm. At an input
peak intensity of 400 GW/cm2 the XPW conversion efficiency reaches values higher than 10 %.
However after 5 to 10 minutes operation at this peak intensity a bright spot on the crystal ap-
pears and the XPW signal drops. For long term operation the input peak intensity has to be
reduced to a maximum of 330 GW/cm2. The discrepancy between the measured immediate
optical damage threshold and this value is caused by thermal processes that occur after heat-
ing up the crystal. 330 GW/cm2 peak intensity corresponds to a pulse energy of 210 µJ. With
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3.2 Experimental setup for cascaded XPW 15

Figure 3.4: Dependence of the XPW conversion efficiency on the beam divergence: The distance
between the crystal and the focal spot was kept constant for all lenses.

the generated 18 µJ of XPW energy we end up with a conversion efficiency of 9 %.

3.2 Experimental setup for cascaded XPW

Knowing about the benefits of XPW, we designed a very simple setup that is capable of pulse
shortening and spectral broadening by a factor of 3. The basic idea is to use a cascade of BaF2

crystals and filter out the incident pulse after each crystal.
The experimental setup for cascaded XPW consists of two stages with a similar architec-

ture. The source for the 1-ps Gaussian input pulses centered at 1030 nm is an all Yb:YAG re-
generative thin-disk amplifier seeded by a Kerr-lens mode-locked Yb:YAG thin-disk oscillator.
The system delivers an average power of 130 W at a repetition rate of 5 kHz which corresponds
to a pulse energy of 26 mJ. For more detail see [18].

Fig. 3.5-a shows the first stage of the XPW setup. A fraction of the output of the regenera-
tive amplifier (5 W) is sent to a first thin film polarizer (TFP) with TP > 95%. Only the reflected
s-polarized part of the beam (3 W) is used. An attenuator built from a λ/2-plate and a second
TFP with TP > 98% enables the scalability of the input power. These components allow for
a p-polarized pulse with less than 0.1 % s-polarization tunable from 0-500 µJ. A convex lens
with f= 750 mm focuses the beam to a 6 mm [011]-cut BaF2 crystal. The crystal is placed about
30 mm behind the focus yielding a beam size of 260 µm (DFW H M ) on the crystal surface. An-
other TFP with TP > 98% is employed to separate the s-polarized XPW and the p-polarized
input pulse. A nanoparticle linear film polarizer absorbs the remaining p-polarized compo-
nents in the reflected s-polarized path to increase the total extinction ratio.

Fig. 3.5-b shows a compression stage consisting of a pair of transmission gratings (Light
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Figure 3.5: XPW setup: a) First XPW stage: The linearly polarized input pulse is focused to a 6
mm BaF2 crystal where the XPW signal is generated. To separate pump and XPW pulse a TFP
is employed. b) Compression stage: A grating compressor compensates for the chirp acquired
during the XPW process. c) Second XPW stage: The nearly FT limited pulse is focused to a second
6 mm BaF2 crystal. Another TFP is employed to separate the generated and the incident pulse.
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3.2 Experimental setup for cascaded XPW 17

Figure 3.6: Calculated GDD of a pair of transmission gratings with groove density 1000 mm−1 as a
function of the grating distance at different incident angles θ.

Smith, LSFG-1000) with a groove density of 1000 mm−1 in single-pass configuration. The
single-pass configuration is preferred to keep the setup simple and avoid additional optical
components. Spatial separation of the spectral components can be neglected due to the nar-
row spectral width. The compression stage is optional and operated to compensate the chirp
of the XPW pulse after the first stage. The group delay dispersion (GDD) introduced by the
gratings is calculated according to [68]:

GDD =−d cosθλ

2πc2

(
λN

cosβ

)2

, (3.4)

where d is the grating distance, β the diffraction angle, λ the wavelength, c the speed of light
and N the groove density. Eq. 3.4 is valid if the angle between the propagation of the cen-
ter wavelength and the outer wavelength is small. In the case of a narrow-band input this
assumption holds.

For an incident angle of θ = 30◦ the first diffraction order is maximized. From Fig. 3.6 the
grating distance to achieve the desired value of GDD at this incident angle can be identified.
The measured transmission efficiency of the grating pair is higher than 92 % in single-pass
configuration.

Fig. 3.5-c shows the second XPW stage. The XPW signal generated in the first XPW stage
is focused to another 6 mm BaF2 crystal placed 5 mm behind the focus of a convex lens with
f= 100 mm. Similar to the first stage a TFP with TP > 98% is employed to separate the gen-
erated from the incident pulse. Additional polarization cleaning is not needed because the
XPW signal is now the transmitted p-polarized part. Tighter focusing in comparison to the
first stage is necessary to reach sufficient peak intensities on the second crystal because the
incident pulse energy is limited to 18 µJ. The beam size on the crystal was 140 µm which cor-
responds to a peak intensity of 150 GW/cm2. This value is still more than a factor of 2 smaller
than the peak intensity reached on the first crystal. However further reduction of the beam
size on the crystal by using a lens with shorter focal length does not increase the conversion
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18 Cross Polarized Wave Generation

Figure 3.7: Input pulse and XPW pulse after each stage: a), c) and e) Measured and reconstructed
SHG-FROG trace. Ger r or : 2.8×10−3, Ger r or : 5.9×10−3 and Ger r or : 5.0×10−3, respectively. b), d)
and f) Retrieved temporal profiles (red line), retrieved (solid blue line) and measured (dashed blue
line) spectra.

efficiency of the XPW process. As discussed in the previous section, a more divergent beam
leads to a lower conversion efficiency. In this setup the maximal conversion efficiency of the
second stage is 3.5 %. With a conversion efficiency of 8.5 % in the first stage the total conver-
sion efficiency of the cascaded XPW is 0.3 %.

3.3 Experimental results

To proof the performance of the XPW system measurements without compression between
first and second XPW stage were conducted. Frequency resolved optical gating based on sec-
ond harmonic generation (SHG-FROG) employing a 100 µm thick BBO crystal was used to
characterize the pulses before and after each stage. For more details on the working princi-
ple of this measurement technique see Appendix A. To prove the FROG results the according
spectra were measured using an Ocean Optics HR 4000 spectrometer.

Fig. 3.7 -a, -c and -e, respectively, depict the measured and reconstructed spectrograms
of the input pulse, the XPW pulse after the first stage and the XPW pulse after the second
stage. Without retrieving it can be seen from the spectrograms that the XPW signal is self-
compressed and spectrally broadened after each stage. The retrieved time-envelopes (solid
red line) and spectra (blue area) in Fig. 3.7 -b, -d and -f confirm this assumption. The good
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3.3 Experimental results 19

agreement of the measured spectra (slashed blue line) and the reconstructed spectra as well as
the Ger r or below 6×10−3 are an indicator for the high quality of the measurements. Although
the time-envelope of the input pulse is asymmetric and inhomogenous, the XPW signals are
perfect Gaussian pulses and their spectra have a Gaussian shape. This quality enhancement
is a beneficial side-effect of the XPW process.

Table 3.1: Pulse energy, pulse duration and spectral width of the input pulse and the XPW pulse
after each stage.

pulse energy pulse duration spectral width
input pulse 210 µJ 1 ps 1.6 nm

XPW 1 18 µJ 537 fs 3.0 nm
XPW 2 0.5 µJ 326 fs 4.4 nm

In Tab. 3.1 all parameters retrieved from the FROG measurement and the recorded pulse
energy are listed. The values for pulse duration and spectral width indicate the full width half
maximum (FWHM) of the curves in Fig. 3.7. The pulse is shortened from 1 ps to 537 fs in the
first stage and 326 fs in the second stage. Spectral broadening from 1.6 nm to 3.0 nm and 4.4
nm is observed. To compare the parameters to theory a factor to quantify the pulse shortening
Fτ and spectral broadening F∆λ was calculated:

Fτ = pulse duration before XPW

pulse duration after XPW

F∆λ =
spectral width after XPW

spectral width before XPW

According to theory, Fτ and F∆λ are equal to
p

3 ≈ 1.7. For the first XPW stage Fτ and F∆λ
take the value 1.9 which is higher than the expected theory value. In contrast, for the second
stage Fτ is 1.6 and F∆λ is 1.5 which is smaller than the expected theory value. Why we see this
contrary deviation from theory in both stages will be discussed in the following sections.

3.3.1 Influence of different third-order nonlinearities

Since the second XPW stage operates on the output of the first XPW stage, we first need to un-
derstand why we see an upward deviation from theory in the first stage to analyze the down-
ward deviation in the second stage. To identify if Fτ and F∆λ depend on conversion efficiency,
we ran the first XPW stage for different input energies ranging from 80 to 260 µJ and mea-
sured FROG-traces with and without the compression stage. For all energies the spectra with
and without compression were also recorded with the spectrometer. Besides the experiment,
we simulated the XPW process for different peak intensities to reach comparable conversion
efficiency.

Fig. 3.8 -a shows the evolution of the spectral width ∆λFW H M for increasing conversion
efficiency. The values retrieved from the FROG measurements with (blue dots) and without
compression (red stars) are in agreement as well as the simulated (green triangles) and mea-
sured values (blue diamonds). Between the pairs is a constant discrepancy of 0.5 nm. How-
ever all values show the same behavior. For conversion efficiency smaller than 4 % all values
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20 Cross Polarized Wave Generation

Figure 3.8: Influence of conversion efficiency on spectral width and pulse duration: a) Full width
half maximum of the spectra from different measurements and simulation. The dashed black line
shows the theory value calculated by multiplying the input spectral width by

p
3. b) According

pulse duration and FT limit. The dashed black line shows the theory value for the pulse duration.

are close to the theory value of 2.7 nm (input spectral width ×p3). For higher conversion effi-
ciency they increase almost linearly up to 3.9 nm and 3.6 nm, respectively, which corresponds
to F∆λ = 2.4 and F∆λ = 2.3.

Fig. 3.8 -b shows the evolution of the pulse duration τFW H M and the FT limit. In contrast
to the spectral width the pulse duration retrieved from the uncompressed FROG measure-
ment and from simulation are nearly constant and stay close to the theory value of 565 fs for
all conversion efficiencies. The FT limit of the simulation and the uncompressed measure-
ment decrease. As an indicator for the good performance of the transmission gratings the
compressed pulse duration is in agreement with the FT limit of the uncompressed measure-
ment. The constant discrepancy between the FT limit of simulation and experiment is a con-
sequence of the broader spectrum achieved in simulation. Both values are connected by the
minimum time-bandwith-product which is 0.44 = τFW H M ·∆ωFW H M in the case of a Gaussian
pulse. The discrepancy in the spectral width might be caused by the FROG-retrieval algorithm
because simulation and spectrometer as well as simulation and pulse duration agree.

Fig. 3.8 shows that with increasing conversion efficiency we see an additional spectral
broadening to the spectral broadening caused by XPW. Although the spectrum gets broader
the pulse duration does not reduce which indicates that induced spectral phase causes higher
order dispersion. Since XPW is thought to be a self-compressed process, other nonlinear ef-
fects that are enabled by higher intensities must be responsible for the described phenomenon.

Simulating different third-order nonlinearities

While simulating the XPW process, Eq. 3.2 is solved in a split-step method. As mentioned
above, the different γ-coefficients are responsible for SPM, XPM and XPW. To analyze the in-
fluence of each nonlinearity individually, we simulated the process for four different cases:

- Case A: all effects included,
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Figure 3.9: Influence of different third-order effects: a), b), c) and d) show the simulated evolution
of the XPW spectrum while propagating along the crystal for four different cases mentioned in the
main text.

- Case B: only XPW included,
- Case C: XPW and SPM include, and
- Case D: XPW and XPM included

by setting the according γ-coefficient to zero.

Fig. 3.9 shows the resulting XPW spectra while propagating along a 6 mm BaF2 crystal
for case A to D. Up to a crystal length of 2 mm all four spectra behave similarly. The spectral
width stays constant and agrees with the theory value of 2.7 nm. For longer crystal length the
spectrum in Case A is the first one to start additional broadening. The spectrum broadens
homogeniously and reaches a spectral width (FWHM) of 4.5 nm at the end of the crystal. This
behavior is in good agreement with the experimental observations. In Case C the spectrum
starts broadening after 3 mm but only the wings become broader. At the end of the crystal
the full width half maximum of 2.8 nm is very close to the value at the beginning. By set-
ting γ3 (responsible for XPM) and γ1 (responsible for SPM of the incident pulse) or γ3 and γ5

(responsible for SPM of the XPW pulse), respectively, to zero we could identify that this ef-
fect occurs due to SPM of the XPW pulse. SPM of the incident pulse does not affect the XPW
spectrum. The spectrum in Case D starts broadening after 4 mm. The wings of the spectrum
broaden but the central part even experiences spectral narrowing to end up with a full width
half maximum of 2.4 nm. In Case B the spectrum stays constant all throughout the crystal. We
repeated all simulations without taking dispersion and diffraction into account and achieved
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22 Cross Polarized Wave Generation

Figure 3.10: a) Simulated evolution of the pulse duration and the FT limit for Case A to D while
propagating along the crystal. b) Illustration of the pulse duration and the FT limit at the end of
the crystal for all four cases.

the same results. This confirms our assumption that for pulses longer than 100 fs dispersion
is negligible.

According to Eq. 3.3 a longer crystal length L as well as higher input intensity I increase
conversion efficiency. That means if we only consider XPW, spectral broadening is indepen-
dent of conversion efficiency and can be quantified by multiplying the input spectral width byp

3 in agreement with theory. If we include XPW and SPM or XPW and XPM, we see inhomo-
geneous and less spectral broadening than if we include XPW, SPM and XPM. Therefore we
can conclude that the additional spectral broadening we found in experiment for higher con-
version efficiency is not caused by a single nonlinearity independently from the others but by
an interplay of XPM between the XPW and the incident pulse and SPM of the XPW pulse.

Fig. 3.10 shows the evolution of the pulse duration and the FT limit while propagating
along the crystal. At the beginning the pulse duration agrees with the theory value of 565 fs
and the pulse is FT limited for all cases. Case A, where all effects are included, represents
the experiment. The pulse duration stays close to the theory value all throughout the crystal
and the FT limit decreases to 300 fs. In Case B the pulse duration and the FT limit are almost
constant and the pulse stays FT limited while propagating. The slight increase of the pulse
duration cannot be caused by dispersion because simulating without dispersion results in
the same values.

In Case C and D the pulse duration increases and reaches almost the input pulse duration
in Case D. As can be seen from Fig. 3.10 -b the deviation of the pulse duration from the FT
limit at the end of the crystal is 350 fs in Case C and 500 fs in Case D.

To understand the behavior of the pulse duration and the FT limit we have to look at the
GDD of the XPW pulse. Fig. 3.11 shows the GDD for Case A to D at the end of the crystal and
the according spectra as well as the spectrum of the input pulse. For Case B the GDD is zero
which means that the pulse is unchirped and preserves its FT limited. For Case A the GDD
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3.3 Experimental results 23

Figure 3.11: Simulated Group delay dispersion (GDD) of the XPW pulse after propagating through
a 6 mm (B aF )2 crystal for Case A to D. As a reference the corresponding output XPW spectra are
shown.

has a linear slope resulting in a nearly constant pulse duration and a decreasing FT limit. For
Case C and D the GDD increases steeper than linearly at the edge of the pulse spectrum. This
might cause pulse elongation and the large deviation from the FT limit. The shown spectra
emphasize once more that the spectrum broadens less and inhomogenous if we include XPW
and either SPM or XPM. For XPW and XPM the resulting spectrum is not Gaussian and has a
broad pedestal.

In conclusion our simulation results show that the XPW process itself does not induce any
spectral phase. That means for a FT limited input pulse the XPW pulse is also FT limited but
spectrally broadened and self-compressed by

p
3. At higher conversion efficiency SPM and

XPM start contributing. As a result of the interplay of both effects we see additional spec-
tral broadening that exceeds the theory broadening factor of

p
3. At the same time the pulse

acquires chirp and the pulse duration deviates from the FT limit.

3.3.2 Influence of the spectral phase

As we now know that operating the first XPW stage at a conversion efficiency above 5 % in-
troduces spectral chirp, it is self-evident to assume that the introduced chirp influences the
second XPW stage.

Simulation

To prove this assumption we first simulated the XPW process based on the measurement of
the first XPW stage as input pulse. The retrieved data of the FROG measurement allows us to
simulate two distinct cases. Calculating the input pulse by Fourier transforming the retrieved
spectrum with spectral phase zero results in a FT limited pulse. Calculating the input pulse by
Fourier transforming the retrieved spectrum with the retrieved spectral phase yields a pulse
with the same spectral phase and time envelope than in experiment. The peak intensity was
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24 Cross Polarized Wave Generation

Figure 3.12: Simulated spectra and time envelopes for a FT limited input pulse (blue line) and a
chirped input pulse (green line).

chosen to achieve the same conversion efficiency as in experiment. The input pulse duration
is 537 fs for the chirped pulse and 430 fs for the FT limited pulse. The input spectral width is
3.0 nm.

Fig. 3.12 shows the results of the simulation in time and frequency domain. If the input
pulse is chirped, the XPW pulse has a pulse duration of 369 fs and a spectral width of 4.5 nm.
These values are in good agreement with the measured FROG traces of the second XPW stage
without compression. The calculated broadening and shortening factor is 1.5. If the input
pulse is FT limited, the XPW pulse has a pulse duration of 272 fs and a spectral width of 5.6
nm. In this case F∆λ = 1.8 and F∆λ = 1.6. The simulation shows that the spectral phase has an
influence on the XPW process. For FT limited input pulses we see more spectral broadening
and shorter XPW pulses. F∆λ and F∆λ are closer to the theory value of

p
3.

To analyze the influence of the spectral phase on the pulse shortening and spectral broad-
ening in XPW we did a series of simulations. The basis for the simulation were various FROG
measurements of the first XPW stage. The measurements were conducted at different con-
version efficiency. As discussed in the previous section with increasing conversion efficiency
we see additional spectral broadening that causes the XPW pulse to acquire a higher GDD.
The maximum GDD of each measurement was calculated taking the second derivative of the
retrieved spectral phase with respect to angular frequency. Since the input spectral width for
different measurements changes the spectral width of the output XPW pulse is not directly
comparable. Therefore we compared the spectral broadening factor F∆λ for different GDD
values. Fig. 3.13 shows a comparison between the broadening factors for FT limited pulses
(blue dots) and for chirped pulses (green squares). The linear fit of the blue dots shows that
the broadening factor for the FT limited pulses is nearly constant for all measurements. The
negative slope of the linear fit of the green squares indicates that the broadening factor de-
creases for input pulses based on measurements with increasing GDD. For a GDD higher than
0.08(ps)2 the broadening factor is below the theory value. That means we see less broadening
than predicted by theory. For a GDD between 0.08 (ps)2 and 0.02 (ps)2 the broadening factor
is above the theory value but below the value that can be reached for FT limited input pulses.
For a GDD smaller than 0.02 (ps)2 the broadening factor for chirped input pulses approaches

24
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Figure 3.13: Simulated broadening factor for input pulses with increasing GDD (green squares).
As a comparison the broadening factor for the same pulses with spectral phase zero is shown (blue
dots). The solid lines denote a linear fit of the according data points. The dashed line shows the
theory broadening factor

p
3.

the constant value for FT limited pulses. The deviation from theory can be explained by addi-
tional spectral broadening as discussed previously.

These results show that the spectral broadening occurring during the XPW process is cor-
related to the chirp of the input pulse. For increasing GDD we see a decreasing spectral width
of the XPW pulse.

Pulse compression

The next step is to prove this hypothesis experimentally by operating the compression stage
from Fig. 3.5 -c. To estimate the chirp acquired in the first XPW stage the GDD was calculated
by taking the second derivative of the spectral phase retrieved from the FROG measurement of
XPW 1 with respect to the angular frequency. The GDD reaches values of 0.058 ps2. From Fig.
3.6 the according grating distance to compensate for this amount of GDD can be identified.
At an incident angle of θ = 30◦ the grating distance must be about 25 mm to achieve a GDD
of −0.058 ps2. We placed the gratings according to these considerations and characterized
the compressed pulse with the FROG. The grating distance was further optimized to achieve
the flattest spectral phase and the smallest deviation between pulse duration and FT limit.
Fig. 3.14 shows the results for optimized grating distance in time and frequency domain. The
spectra for the compressed (solid green line) and the uncompressed (solid blue line) pulse
have the same spectral width and the same shape but the spectral phase of the compressed
(dashed green line) pulse is flat whereas the spectral phase (dashed blue line) of the uncom-
pressed pulse is curved. In time domain the flat spectral phase translates to a FT limited pulse
(solid green line). The pulse is compressed from 537 fs to 404 fs. The good agreement of the
FT limit of the uncompressed pulse (red line) with a full width half maximum of 398 fs and the
compressed pulse shows that the compression stage serves its purpose.
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26 Cross Polarized Wave Generation

Figure 3.14: Pulse compression: Retrieved spectrum (a) and retrieved time envelope (b) of the
XPW pulse after the first stage without (solid blue line) and with compression (solid green line).
The dashed lines show the spectral phase and the phase, respectively. The solid red line denotes
the FT limit of the uncompressed pulse.

Experiment

By employing the compression stage, we gained the possibility to experimentally observe the
influence of the spectral phase on the XPW process. We repeated the FROG measurement of
the XPW pulse after the second stage with FT limited input pulses at a conversion efficiency of
3 %. In Fig. 3.15 a comparison between the results for an uncompressed (solid blue line) and
a compressed input pulse (green line) is shown. The XPW pulse for a compressed input pulse
has a spectral width of 5.2 nm and a pulse duration of 244 fs. In agreement with the simula-
tion we see more spectral broadening and shorter pulses if the input pulse is FT limited. For
chirped input pulses we calculated Fτ is 1.6 and F∆λ is 1.5. For unchirped input pulses Fτ and
F∆λ are both 1.7 which agrees with the theory value of

p
3. Another difference between the

two measurements is that for compressed input pulses the XPW pulse is FT limited. The red
line in Fig. 3.15 denotes the FT limit of the XPW pulse for compressed input pulses with a full
width half maximum of 240 fs. Another indicator is the flat spectral phase (Fig. 3.15-b, dashed
green line) in the case of compressed input pulses. The FT limit of the XPW pulse for chirped
input pulses is not shown graphically for clarity reasons but has a full width half maximum of
280 fs.

These experimental results confirm our hypothesis based on the simulation results. The
spectral phase of the input pulse has an influence on the spectral broadening and pulse short-
ening occurring during the XPW process. The downward deviation from the theory value for
Fτ and F∆λ is caused by the chirp of the input pulse. If the XPW pulse is generated by an
unchirped pulse, Fτ and F∆λ agree with the theory value. In the second XPW stage the con-
version efficiency is in a regime where no other nonlinearities like SPM and XPM contribute.
Therefore we see no upward deviation from theory. This is also the reason why the XPW pulses
for compressed input pulses are FT limited. If only XPW contributes, no spectral phase is in-
duced on the XPW pulse and it preserves its FT limit. If the input pulse is already chirped, the
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3.4 Summary and conclusion 27

Figure 3.15: Influence of the spectral phase: Retrieved spectra (a) and retrieved time envelopes (b)
of the XPW pulse after the second stage for an uncompressed (solid blue line) and a compressed
input pulse (solid green line). The dashed lines show the spectral phase and the phase, respec-
tively. The solid red line denotes the FT limit of the compressed pulse.

XPW pulse is chirped as well.
Removing the chirp of the XPW pulse after the first stage by employing the transmission

gratings allows us to compress the 1-ps input pulses to less than 250 f s. At the same time the
spectrum is broadened from 1.6 nm to 5.2 nm.

3.4 Summary and conclusion

At the beginning of this chapter the principles of cross-polarized wave generation were ex-
plained. It is a degenerate four wave mixing process that occurs in crystals with aχ(3) anisotropy.
An intense, linearly polarized input pulse generates a pulse with orthogonal polarization with
respect to the input pulse. The generated XPW pulse is spectrally broadened and shortened
by

p
3. The crystal of choice is BaF2 with holographic cut because of its high χ(3) anisotropy

and its broad transmission bandwidth ranging from the UV to the NIR. To experimentally op-
timize the conversion efficiency of the XPW process, the crystal length, the beam divergence,
and the peak intensity on the crystal surface have to be chosen carefully to find a trade-off be-
tween damage threshold, self-focusing and spatial walk-off of the incident and the generated
pulse.

We managed to run a cascaded XPW setup which allows spectral broadening and pulse
shortening by more than a factor of 3. With a grating compressor between the first and the
second XPW stage the 1-ps input pulses were shortened down to 244 fs. The conversion effi-
ciency was 9 % in the first stage and 3 % in the second stage which yields a total conversion
efficiency of 0.3 %.

In experiment we observed that for conversion efficiency higher than 5 %, the spectral
width of the XPW pulse exceeds the theory value calculated by multiplying the input spectral
width by

p
3. By simulating the XPW process for different third-order nonlinearities, we found

that this additional spectral broadening is caused by an interplay of SPM and XPM. At lower
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28 Cross Polarized Wave Generation

conversion efficiency only XPW contributes and we do not see additional spectral broadening.
In this case the spectral phase of the generated pulse is not affected.

With our numerical and experimental results we could prove that the spectral phase in-
fluences the XPW process. For chirped input pluses we saw less spectral broadening and less
pulse shortening than predicted by theory. When we compressed the pulses before sending
them to the XPW stage the spectral width and the pulse duration agreed with theory.

Besides these interesting findings, that help to understand the fundamental principles of
the XPW process, the practical application of cascaded XPW is doubtful. The limitation of the
total conversion efficiency to less than 1 % due to the damage threshold of BaF2 raises the
question if pulse shortening by

p
3 in a second stage justifies the decrease of total conversion

efficiency by more than one order of magnitude.
An alternative approach is to employ a single XPW stage and send the shortened output

pulses to a bulk crystal for continuum generation. Such a setup takes advantage of tempo-
ral pulse cleaning, spectral smoothening, and beam profile enhancement happening during
XPW. At the same time the

p
3 pulse shortening helps to avoid the drawbacks of continuum

generation from 1 ps pulses.

28



Chapter 4

Cascaded second-order nonlinearities

Operating second-order nonlinearities out of phase matching results in an effective third-
order nonlinearity. By changing the phase matching angle, one can build a device with a
Kerr-like nonlinearity tunable in magnitude and sign [69]. This all-optical induced nonlinear
refractive index can be utilized for the self-compression of positively chirped pulses [70] as
well as for Kerr lens mode locking [71, 72]. However, the approach presented in this chapter
employs the induced self-focusing for spectral broadening via SPM. The spectrally broadened
pulses are compressed using transmission gratings. In a two-step setup we realized the com-
pression of 1 ps pulses down to less than 150 fs with a conversion efficiency close to 50 %.

The following chapter gives an insight into the processes happening in cascaded second-
order nonlinearities, explains the used setup and discusses the experimental results.

4.1 Phase modulation in second-order nonlinear processes

In third-order nonlinear processes like SPM and XPM the intensity dependence of the refrac-
tive index of a nonlinear medium introduces a phase modulation on a pulse propagating in
this medium. Due to the temporal variation of the intensity, the phase velocity varies and the
pulse acquires a phase modulation. This phase modulation leads to the generation of new
frequencies and the pulse is spectrally broadened.

In comparison to third-order nonlinearities, second-order nonlinearities can only pro-
duce phase modulation if the interaction takes place with a certain amount of phase mis-
match [73]. Phase mismatched second-order processes offer the advantage of efficient phase
modulation at low input intensity and short interaction length because the χ(2) of nonlinear
crystals is in general much higher than the nonlinear refractive index.

In the case of cascaded second harmonic generation (SHG) the fundamental (FW,ω1) and
the generated second harmonic (SH, ω2 = 2ω1) are not phase-matched, i.e. the wave vector
mismatch ∆k = k2ω − 2kω between both beams does not vanish. The SHG process can be
described by the following coupled wave equations derived from Maxwell’s equations using
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the slowly evolving envelope approximation:

dE1

dζ
=−i

ω

4cnω
χ(2)(ω; 2ω, −ω)E∗

2 E1 exp(−i∆kζ), (4.1)

dE2

dζ
=−i

ω

2cn2ω
χ(2)(2ω; ω, ω)E 2

1 exp(i∆kζ).

Here E1 is the complex amplitude of the FW, E2 the complex amplitude of the SH, ζ the prop-
agation direction, c the speed of light, ω the fundamental frequency, nω the refractive index
of the FW, n2ω the refractive index of the SH, and χ(2) the second-order susceptibility tensor.
Equation 4.1 implies that up-conversion to the SH starts decreasing after a coherence length
of π/|∆k| and is followed by the inverse process of back-conversion to the FW after another
coherence length [74]. Upon further propagation both processes cyclically repeat themselves.
Figure 4.1-a shows the depletion of the fundamental (intensity of the fundamental over the in-
put intensity) as a function of the phase mismatch after a certain propagation length L (crys-
tal length). In the case of phase matching, the fundamental sees the largest depletion. Out
of phase matching, the intensity of the fundamental increases upto the minimum of the SH
and starts decreasing. During the process of back-conversion the fundamental experiences a

Figure 4.1: Calculated intensity of the fundamental over the input intensity (a) and calculated
nonlinear phase shift of the fundamental (b) as a function of the phase matching angle and the
crystal length in cascaded SHG. Adapted from: "Self-focusing and self-defocusing by cascaded
second-order effects in KTPR.", by R. De Salvo et al., 1992, Opt. Let., 17, 1, p. 29.

nonlinear phase shift ∆ΦN L which can be calculated from Eq. 4.1 assuming that depletion of
the fundamental can be neglected [69]:

∆ΦN L ≈ ∆kL

2

(
1−

√
1+ (2Γ/∆k)2

)
. (4.2)

Here L is the crystal length and the parameter Γ is defined as

Γ= ωdeff|E0|
c
p

nωn2ω
, (4.3)
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4.1 Phase modulation in second-order nonlinear processes 31

where deff depends on the second-order susceptibility χ(2) of the nonlinear crystal and E0 is
the amplitude of the incident wave. In Fig. 4.1-b the nonlinear phase change∆ΦN L is depicted
as a function of the phase mismatch ∆k and the crystal length L. In the case of large phase
mismatch Eq. 4.2 simplifies to (dashed line in Fig. 4.1-b):

∆ΦN L ≈−Γ
2L2

∆kL
. (4.4)

This implies a linear dependence of the phase shift on the incident intensity which is similar
to the optical Kerr effect where n = n0 +n2I . According to the Kerr effect we can define an
effective nonlinear refractive index neff

2 :

neff
2 = −4π

cε0

L

λ

d 2
eff

n2
ωn2ω

1

∆kL
, (4.5)

whereλ is the incident wavelength and ε0 the electric permittivity. Changing the phase match-
ing angle allows us to tune the effective nonlinear refractive index in magnitude and sign. For
∆k < 0 we end up in the self-focusing regime and for ∆k > 0 in the self-defocusing regime
[74]. However, there is an asymmetry between both regimes, because before self-defocusing
takes place, the positive nonlinear refractive index due to the electronic Kerr effect has to be
compensated. Figure 4.1-b does not show this asymmetry because the electronic Kerr effect
was not taken into account.

To illustrate the induced changes on the fundamental, we recorded the spectra and the
beam profiles of the fundamental for different phase matching angles after SHG in a 3 mm
thick type I BBO crystal. Figure 4.2 shows the results of this study. First the BBO crystal was
rotated until the SH energy reached its maximum at 68µJ. In this position the phase matching
condition is fulfilled. The according spectrum and beam profile are depicted in the center of
Fig. 4.2. The red line shows the spectrum of the incident wave for comparison. If we change
the phase matching angle of the crystal away from ∆k = 0, the energy of the fundamental in-
creases and the energy of the SH decreases in agreement with Fig. 4.1-a. In one direction ∆k
becomes positive and we end up in the defocusing regime (Fig. 4.2, upper row), in the op-
posite direction ∆k becomes negative and we end up in the focusing regime (Fig. 4.2, lower
row). The FW energy is steadily increasing and we cannot enter the second up-conversion
cycle of the SH because the tilting angle of the crystal is limited by the small aperture. Exper-
imentally the focusing regime can be recognized by the decreasing beam diameter and the
broader spectrum in comparison to the incident wave. Self-focusing causes SPM and new
frequencies are generated. The smallest beam diameter and the broadest spectrum does not
coincide with the highest FW energy. This behavior is in agreement with Fig. 4.1, where the
nonlinear phase shift reaches its minimum before the FW energy reaches its first maximum.
In the defocusing regime the situation is different. The spectrum gets narrower and the size
of the center of the beam increases until the FW energy reaches180 µJ. At this point the spec-
trum is equal to the incident spectrum. If we go beyond this point, the beam diameter will
increase and the spectrum will broaden again because the nonlinear phase shift is still in-
creasing. As discussed previously, this asymmetry between the focusing and the defocusing
regime is caused by the electronic Kerr effect.
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32 Cascaded second-order nonlinearities

Figure 4.2: Spectra and beam profiles of the fundamental wave after SHG in a 3 mm thick BBO
crystal for different fundamental energies. By increasing the phase mismatch the fundamental
sees less depletion. The red spectrum shows the spectrum of the incident wave for comparison.
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4.1 Phase modulation in second-order nonlinear processes 33

Maximizing spectral width and conversion efficiency

As we want to operate cascaded SHG for the pulse compression of 1 ps pulses, we need to
maximize the spectral broadening and the transmittance of the fundamental. From Eq. 4.4
it can be seen that the nonlinear phase shift is proportional to d 2

eff, the input intensity |E0|2,
and the crystal length L and inversely proportional to the phase mismatch ∆k. In the exper-
iment the phase matching angle is always adjusted to achieve the broadest spectrum of the
fundamental. Due to the asymmetry between focusing and defocusing the system is always
operated in the self-focusing regime. Since deff depends on the second-order susceptibility of
the crystal we compared two different types of crystals: a BBO, type I crystal with a thickness
of 4 mm and a LBO, type I crystal with the same thickness.

Figure 4.3: Comparison between BBO and LBO: a) Spectra of the incident wave (orange) and the
FW after SHG in BBO (green) and in LBO (purple). b) Energy (squares) and FT limit pulse duration
(dots) of the fundamental after SHG in BBO (green) and in LBO (blue) as a function of the input
energy. The solid lines show a linear fit of the FW energy which corresponds to the conversion
efficiency. The dashed lines are a guideline for the eye.

Figure 4.3-a shows the broadest spectra that could be achieved in BBO and in LBO. The
FT limit pulse duration was calculated to 320 fs in the case of BBO and 368 fs in the case of
LBO. The nonlinear phase shift scales linearly with the input intensity. Therefore we scanned
the input energy for both crystals and recorded the according spectra and FW energy. From
the spectra the FT limit pulse duration can be calculated. The results of the energy scan are
shown in Fig. 4.3-b. A linear fit (solid line) of the FW energy reveals the conversion efficiency.
The conversion efficiency amounts to 81 % for BBO and 61 % for LBO. The FT limit pulse
duration decreases with increasing input energy. The shorter FT limit pulse duration at lower
input energy and the higher conversion efficiency make BBO the more preferable candidate
in comparison to LBO.

By finding a good trade-off between crystal length and phase mismatch, the conversion
efficiency could be further optimized. But due to the lack of suitable crystals and the difficult
realization of scaling the crystal length with less than 0.5 mm difference this parameter was
not further optimized.
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34 Cascaded second-order nonlinearities

4.2 Experimental setup for pulse compression with cascaded
SHG

After these preliminary experiments we designed a setup consisting of two consecutive, phase
mismatched SHG crystals. Each crystal is followed by a transmission grating pair to recom-
press the fundamental in time. Figure 4.4 shows a sketch of the setup.

Figure 4.4: Cascaded SHG setup: The p-polarized, 1 ps pulses are focused to a phase mismatched
LBO crystal. The FW is separated from the SH and temporally compressed with transmission grat-
ings. Consecutively, the process is repeated in a phase mismatched BBO crystal.

Up to the first lens the setup is identical to the setup used for cascaded XPW. The attenua-
tor consisting of a TFP and a λ/2-plate is retained to be able to scale the input energy. Hence,
the input pulses are p-polarized. A convex lens with f=500 mm is used to focus the beam to
the first SHG crystal. The 4 mm thick, type I LBO crystal with θ = 24◦ is placed approximately
30 mm behind the focus of the lens. Although we found that the spectral broadening and the
conversion efficiency in BBO crystals is higher we had to use a LBO crystal due to the lack of
suitable BBO crystals. Rotation angle and horizontal tilting angle of the crystal are adjusted
to maximize the SH signal. The vertical crystal angle is tilted away from the phase matching
angle and fixed at the position of the broadest fundamental spectrum. After the crystal the
SH and the FW are separated with a harmonic separator that reflects at 515 nm. The spec-
trally broadened fundamental is temporally compressed using a pair of transmission gratings
(Light Smith, LSFG-1000) with a groove density of 1000 mm−1 in single-pass configuration. At
an incident angle of 30◦ and a grating distance of 35 mm the introduced GDD is −0.082 ps2

(see Fig. 3.6).
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4.2 Experimental setup for pulse compression with cascaded SHG 35

Using a convex lens with f=175 mm, the compressed pulses are focused to a second SHG
crystal. The 4 mm thick, type I BBO crystal with θ = 24◦ is placed about 20 mm behind the
focus of the lens. The alignment procedure for the crystal is identical to first SHG crystal.
Another harmonic separator is employed to reflect the SH and transmit the FW. The FW is
sent to a second transmission grating pair of the same type. At an incident angle of 30◦ and
a grating distance of 5 mm the second grating pair introduces a GDD of −0.011 ps2. Both the
compressed pulses after the first grating and after the second grating can be sent to a SHG-
FROG (same characteristics as for cascaded XPW) for characterization.

Conversion efficiency of the system

To characterize the setup the transmission of each element was measured for varying input
energy. The results are shown in Fig. 4.5.

Figure 4.5: Transmission of the different optical components as a function of the input energy.
The dashed lines show the average values. The total transmission was measured at the output and
agrees with the product of the single transmission values.

In agreement with Fig. 4.3-b, the conversion efficiency of the spectrally broadened funda-
mental in BBO is 82 %. The conversion efficiency of the fundamental in LBO is 73 %, which is
higher than the 61 % from Fig. 4.3-b. The difference is caused by a change in the phase match-
ing angle to optimize the conversion efficiency at the cost of a narrower spectrum. However,
the change in spectral width is negligible in comparison to the gain in fundamental energy.
The transmittance of 83 % of the first grating is too low for single pass configuration. The low
value is caused by scratches and damaged spots on the gratings. The transmittance of 92 %
of the second grating is more appropriate for single pass configuration. The total conversion
efficiency of 45 % was measured at the output of the second grating and agrees with the prod-
uct of the transmittance of the single elements. This corresponds to an output energy of 92 µJ
for an input energy of 205 µJ.
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The total conversion efficiency of 45 % is a promising value and can be further increased in
a final setup by using two BBO crystals instead of one LBO and one BBO crystal, by replacing
the damaged grating and by optimizing the crystal thickness. Assuming that the conversion
efficiency of the fundamental in BBO can be optimized to 85 % by changing the crystal length,
an exchange of the LBO crystal and the damaged grating could increase the total conversion
efficiency to 60 %.

The generated second harmonic achieves a maximal energy of 31 µJ in the case of LBO
and 15 µJ in the case of BBO, which corresponds to a conversion efficiency of 15 % and 12
%, respectively. Looking at the transmission of the fundamental, this means that the losses
are 12 % in the case of LBO and 6 % in the case of BBO. Sources for losses are reflection and
absorption in the crystals as well as transmission of the second harmonic in the harmonic
separator. Reasons for the difference in losses can be different anti-reflection coatings, the
crystal type, and the different harmonic separators used.

As phase mismatched SHG is an unsaturated process, the generated SH pulse is intrinsi-
cally shorter than the input pulse by a factor of

p
2. This implies the reuse of the shortened 30

µJ pulses from LBO for filamentation in bulk or fiber.

4.3 Experimental results

Besides the promising conversion efficiency, the described setup is capable of pulse compres-
sion by more than a factor of 6.

The input pulse as well as the output pulses after each grating compressor were charac-
terized using SHG-FROG as described in the previous chapter. The according spectra were
recorded with an Ocean Optics HR 4000 spectrometer. Figure 4.6-a,-c, and -e shows the mea-
sured and reconstructed FROG spectrograms for the input pulse and the pulses after each
grating compressor, respectively. Figure 4.6-b, -d, and -f show the retrieved time envelope
and the measured spectra of the input pulses and the pulse after each grating compressor,
respectively.

From the spectrograms it can be seen that the pulse gets spectrally broadened after each
crystal and temporally compressed after each grating pair. The Ger r or lies below 7×10−3 for all
measurements. The input spectrum with a FWHM of 1.6 nm broadens to 4.5 nm after SPM in
the phase mismatched LBO crystal. After compression the pulse has a FWHM pulse duration
of 397 fs. These values correspond to a broadening factor of 2.8 and a shortening factor of 2.5.

The spectrum after the phase mismatched BBO crystal shows a peak at 1030 nm and its
wings range from 1005 nm to 1050 nm. Therefore it is hard to compare the spectra in terms of
FWHM. Although the spectrum is not homogeneous, pulse compression works well without
any filtering. The compressed pulse has a Gaussian shape and a FWHM pulse duration of 153
fs. This corresponds to pulse shortening by a factor of 2.6 in the second SHG crystal and is
comparable to the first SHG crystal. In total the 1 ps input pulses are shortened by a factor of
6.5 in two steps. The measurements were conducted at an input energy of 180 µJ and yielded
150 fs output pulses with 80 µJ of energy.
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Figure 4.6: Characterization of the input pulse and the compressed pulses after each phase mis-
matched SHG crystal: a), c),and e) show the measured and reconstructed FROG spectrograms of
the input pulse and the pulses after each grating. Ger r or : 2.8×10−3, Ger r or : 4.5×10−3 and Ger r or :
6.4×10−3, respectively. b), d), and f) show the retrieved time envelopes (red) and the measured
spectra (blue), respectively.
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4.3.1 Influence of the input intensity

As discussed previously, the induced nonlinear phase shift in cascaded second-order nonlin-
earities depends linearly on the input intensity. To analyze the influence of changes in the
nonlinear phase shift on the spectral width and the pulse duration in our system, we grad-
ually scaled the input intensity by increasing the input energy. For each input intensity, we
recorded the spectrum and the FROG trace of the pulse after the first and the second grating
compressor. Figure 4.7 shows the recorded spectra for the LBO crystal (a) and for the BBO
crystal (b). The term input energy in both diagrams refers to the input energy on the first SHG
crystal. The immediate input energy on the BBO crystal corresponds to 73 % of this input
energy.

Figure 4.7: Spectra after SHG in LBO (a) and in BBO (b) consecutively for different input energies.
The plaid parts show the input spectrum, respectively.

For LBO the spectrum broadens almost homogeneously with a small peak at 1030 nm. The
FWHM increases from 2.7 nm to 4.5 nm. In the case of BBO, the shown input spectrum (plaid)
corresponds to the LBO spectrum at 204 µJ. For 117 µJ input energy, which corresponds to 89
µJ on the BBO crystal, the input spectrum is almost identical to the spectrum after the BBO
crystal. At 164 µJ input energy the wings of the spectrum extend from 1015 nm to 1045 nm. At
204µJ the wings reach 1005 nm and 1050 nm. For all input energies the center of the spectrum
is almost unchanged in comparison to the input spectrum.

To see if the spectral width influences the compression, we analyzed the measured FROG
traces. Figure 4.8 shows the retrieved spectral width, pulse duration and FT limit for LBO (a)
and BBO (c) for the corresponding input energies. As mentioned before, in the case of LBO
the spectral width increases from 2.7 nm to 4.5 nm. The value at 180 µJ is higher than the
trend. The pulse duration decreases from 465 fs to 390 fs at 180 µJ. The smallest value does
not coincide with the highest energy but as the other values show a steadily decreasing trend
the deviation must be a measurement artifact. The FT limit follows the evolution of the pulse
duration with a constant difference of 25 fs. This indicates an imperfect compression and
might be caused by higher order dispersion, which cannot be compensated by gratings.
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Figure 4.8: Spectral width, pulse duration and FT limit retrieved from FROG measurements of the
pulse after the first (a) and the second compressor (c) for different input energy. The dashed lines
are a guideline for the eye. Beam profile of the fundamental at high energy after LBO (b) and after
BBO (d).
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40 Cascaded second-order nonlinearities

In the case of BBO, the spectral width increases from 7 nm to 14 nm and the pulse duration
decreases from 250 fs to 125 fs. The difference between the pulse duration and its FT limit is
smaller than 5 fs for all energies, which points out the quality of the compression in the second
stage.

As the relative change in immediate input energy on the BBO crystal is bigger than the rel-
ative change in input energy on the LBO crystal, the relative decrease in pulse duration is 16
% after the first compressor and 50 % after the second compressor for an absolute energy dif-
ference of 87 µJ. Assuming a linear proportionality between pulse duration and input energy,
which is reasonable for the discussed energy range (see Fig.4.8-c, the output pulse duration
decreases by 6 % every 10 µJ of input energy.

As the induced nonlinear phase shift does not depend on input energy, but on input in-
tensity, this does not limit the energy scalability of the system. However, to keep the output
pulse duration constant with varying input energy, the beam diameter has to be rescaled to
readjust the input intensity. For high input energies this can require large crystal apertures.

Besides the intensity dependence of the spectral width and the pulse duration, Fig. 4.8-
b and -d shows the beam profile of the fundamental after LBO (b) and after BBO (d) for the
highest input energy. The beam profile for LBO is almost perfectly round and shows a homo-
geneous energy distribution along the radial coordinate. The beam profile for BBO is slightly
elliptic. The consequences of this degradation in beam quality are discussed in the following
subsection.

4.3.2 Spatial characterization of the spectrum

To find out how the newly generated frequencies are distributed along the spatial profile of
the beam, we recorded spectra of the fundamental after LBO and after BBO for different cen-
trosymmetric fractions of the beam. Therefor we placed a pinhole 80 cm behind the crystals
and measured for the fully opened position, the fully closed position and an intermediate
position. Figure 4.9 shows the recorded spectra.

Figure 4.9: Spectra of the fundamental after LBO (a) and after BBO (b) for different centrosym-
metric fractions of the beam. The fractions were selected using a pinhole.
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The beam was not collimated after the crystal and is therefore divergent. For the LBO
crystal the change in the spectrum upon closing the pinhole is less pronounced. In the closed
position the spectrum is broader and more homogeneous than in the opened position. For
BBO the change in the spectral shape is clearly noticeable. When the pinhole is fully opened,
the spectrum has a pronounced peak at 1030 nm and broad wings. Upon closing the pinhole,
more and more energy is coupled to the wings and the peak gets suppressed. In the fully
closed position 67 % of the power is transmitted for LBO and 48 % for BBO. These values are
not directly comparable, because the beam divergence in both cases is different. The fact that
the spectrum gets broader and the peak at 1030 nm is suppressed if the outer part of the beam
is filtered indicates that the new generated frequencies are located in the center of the beam.
The outer part contains mainly the original frequencies of the input pulse.

To further use the output pulses of the system, spatial filtering to flatten the spectrum
might be considered. In our case it was not necessary, because compression worked well with
the unfiltered beam.

4.4 Summary and conclusion

At the beginning of this chapter we have seen that phase mismatched second-order nonlin-
earities effectively act like third-order nonlinearities. In SHG the phase mismatch between
the SH and the FW causes back-conversion from the SH to the FW after one coherence length.
Upon this back-conversion, the FW experiences a nonlinear phase shift similar to the Kerr ef-
fect and gets spectrally broadened. By changing the phase mismatch, the nonlinear phase
shift can be tuned in magnitude and sign. This leads to self-focusing and self-defocusing, re-
spectively. Because the second-order susceptibility χ(2) of material is in general much larger
than its nonlinear refractive index, this approach is particularly suitable for long input pulses,
i.e. low intensity.

In the described setup, the SPM on the fundamental after SHG in phase mismatched BBO
and LBO crystals is utilized for pulse compression of 1 ps pulses. With two consecutive crys-
tals followed by transmission gratings the pulses could be compressed to less than 150 fs. The
proof-of-principle setup used in this thesis already has a conversion efficiency of 45 % and
delivers output pulses with upto 92 µJ.

As a preliminary study to optimize the performance of the setup, we tested different types
of crystals. With the use of the right crystal and crystal length, the conversion efficiency can
be increased above 60 %.

We also analyzed the influence of the input intensity on the pulse duration as well as the
spatial homogeneity of the spectrum. We found that output pulse duration decreases with
increasing input intensity and the newly generated frequencies are located in the center of the
beam. The outer part of the beam contains mainly frequencies close to the input frequency
at 1030 nm.

The approach based on cascaded second-order nonlinearities offers an effective tool for
pulse compression of 1 ps pulses. The SH generated as a by-product might also be reused.
The energetic 150 fs output pulses are a good starting point for any of the conventional pulse
shortening techniques described in Chapter 2.
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Chapter 5

Spectral broadening using multiple thin
plates

Having in place 150 fs energetic pulses, the question for the next step towards an ultra broad-
band continuum arises. In Chapter 2 three common spectral broadening techniques were dis-
cussed: LMA, HCF, and bulk media. All of these techniques were successfully applied to pulses
with few hundred femtoseconds duration [75, 40, 49]. Because of its novelty and simplicity we
tested a method based on SPM in multiple thin fused silica plates. It offers the advantage of
high input energies and high conversion efficiency because it prevents self-focusing.

The following chapter explains the differences between the used method and common
spectral broadening in bulk and presents preliminary experimental results.

5.1 Self-phase modulation and self-focusing in thin plates

If the power, a nonlinear medium is exposed to, exceeds a critical value Pc the beam under-
goes self-focusing and collapses [76]. The critical power Pc is defined by the center wave-
length of the beam λ, the linear refractive index n0, and the nonlinear refractive index n2:

Pc = π(0.61)2λ2

8n0n2
. (5.1)

Beam collapse leads to beam profile distortion and causes spatial losses [42]. Spatial losses
are the main limiting factor for the efficiency of spectral broadening in bulk [77]. The easiest
way around this limitation is to keep the length of the bulk medium shorter than the critical
self-focusing length zsf and avoid beam collapse [76]. The critical self-focusing length zsf is
defined as:

zsf =
πd 2

λ(
√

Pp /Pc −1−θ)
, (5.2)

where d is the beam diameter at the input surface of the medium, Pp the peak power of the
laser pulse, and θ the beam divergence [78]. In this way the input power can exceed the critical
power Pc by many multiples without causing material damage and beam profile distortion.
To increase the critical self-focusing length one can increase the beam divergence θ and the
beam diameter d . But increasing the beam diameter d decreases the peak power Pp and
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therefore reduces spectral broadening [42]. This contrary evolution shows that self-focusing
and SPM cannot be decoupled [77]. To minimize self-focusing and maximize SPM, Centurion
et al. [76] proposed a layered medium consisting of an alternating sequence of glass plates
and air gaps. The variation in the nonlinear refractive index from layer to layer leads to an
oscillation of the beam width which prevents beam collapse.

Lu et al. [24] realized this idea experimentally for supercontinuum generation in a setup
consisting of four 0.1 mm thick fused silica plates. With 25 fs pulses centered at 800 nm they
could generate a continuum ranging from 450 nm to 980 nm with 76 µJ energy per pulse. This
corresponds to a conversion efficiency of 54 % and exceeds all values reported for supercon-
tinuum generation in bulk so far. The reason for this increase in conversion efficiency is the
homogenizing effect of the air gaps between the thin plates. Whereas in a single thick plate
only the intense center part of the beam is spectrally broadened, in a multiple thin plates
setup also the outer parts of the beam become affected. The broadened center diverges faster
than the unbroadened outer parts. For the subsequent plates this means that the unbroad-
ened parts move to the most intense region of the beam and also experience spectral broad-
ening [78].

Since supercontinuum generation depends on pulse duration and becomes less efficient
and unstable for increased pulse duration [79], the spectral broadening mechanism in our
setup is pure SPM. As discussed previously, SPM is a purely temporal nonlinearity and de-
pends on the third-order susceptibility χ(3). Due to the intensity dependence of the refractive
index in nonlinear media, the varying intensity along the time-envelope of a pulse introduces
a nonlinear phaseΦN L [80]:

ΦN L(t ) =ω0
ζ

c
n2I (t ). (5.3)

Hereω0 is the center frequency, ζ the propagation direction, n2 the nonlinear refractive index,
and I the intensity. The nonlinear phase shift modifies the instantaneous frequency of the
electric field of the pulse and causes spectral broadening. As can be seen from Eq. 5.3, the
nonlinear phase ΦN L increases with increasing propagation length ζ, but at the same time
the interaction length between the pulse and the nonlinear medium must be kept short to
avoid self-focusing inside the medium.

These considerations affect the search for the optimum plate thickness. Of course also the
beam divergence, the pulse duration, the length of the air gap, and the pulse energy influence
the performance of the multiple thin plate setup. Although the principle is rather simple, the
variety of tunable parameters makes the experimental realization and optimization challeng-
ing.

5.2 Experimental setup

A set of different plate thicknesses and materials was used. We could choose from quartz
plates with anti-reflection coating and a thickness of 0.2 mm and 0.5 mm, uncoated micro-
scope cover plates made of fused silica with a thickness of 0.1 mm and 0.3 mm, and fused
silica plates with anti-reflection coating with a thickness of 1 mm, 2mm, and 3 mm. Starting
from the 150 fs, 80 µJ output pulses after the cascaded second-order nonlinearity broadening
and compression, we employed a convex lens with f=75 mm to focus the beam. The plates
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44 Spectral broadening using multiple thin plates

were placed at Brewster angle to minimize reflection losses. The distance between the fo-
cal point of the beam and the entrance surface of the plate was different for different plate
thicknesses. To adjust the distance, the plate was placed behind the focus and moved towards
the focus until spectral broadening was maximized, but before self-focusing happened inside
the plate. In this way we could prevent beam collapse and material damage. Another critical
point is supercontinuum generation, which starts close to self-focusing. When it sets in, the
spectrum becomes unstable because the process of supercontinuum generation and the pro-
cess of SPM compete. In some cases we combined two plates to achieve intermediate plate
thicknesses. After adding a few plates the pulse energy reduced due to reflection losses and
made refocusing necessary. Therefore we employed another convex lens with f=40 mm.

After three broadening steps a FROG measurement revealed that the pulse acquires a con-
siderable amount of chirp, which reduces spectral broadening. To compensate the chirp
we employed a transmission grating pair (Thorlabs, GTI 25-03) with a groove density of 300
mm−1. At the blaze angle of 24.8◦ and a grating distance of 10 mm the gratings introduce a
GDD of -1700 fs2 according to Eq. 3.4. The gratings transmit only 30 % of the energy and
therefore complicate further spectral broadening in thin plates. With another convex lens
with f=30 mm we refocused the beam to see if further spectral broadening with an unchriped
pulse is possible.

Figure 5.1: Sketch of the multiple thin plates broadening approach: The 150 fs input pulses are
focused to a first set of 0.3 mm thick fused silica plates. After refocusing the pulses are sent to
another combination of 0.3 mm thick plates. A grating compress compensates for the acquired
chirp before the pulses are focused to a 0.5 mm thick plate.

Figure 5.1 shows a sketch of the setup for the broadest recorded spectrum. All spectra
where recorded with an Ocean Optics HR 4000 spectrometer. The shape of the spectrum is
very sensitive to the coupling of the beam into the spectrometer. Focusing the beam into the
spectrometer decreased the sensitivity, but spectra recorded at different positions in the setup
and on consecutive days are still difficult to compare.
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5.3 Experimental results

To get an impression of the influence of the plate thickness on spectral broadening, we tested
different combinations of plates. Starting from the thinnest available plate with a thickness of
0.1 mm we did not see any change in the spectrum. To increase the thickness, we combined
first two and then three of the uncoated fused silica plates yielding a thickness of 0.2 mm and
0.3 mm, respectively. Only for the combination of three plates we noticed a change in the
spectrum. By adding a fourth plate the spectrum broadened slightly more.

By focusing to the next thicker 0.2 mm quartz plate no apparent change in the spectrum
occurred. Because of the quadratic shape of the quartz plates instead of the round shape of
the fused silica plates we found no suitable mount to combine several plates. Therefore we
used the next thicker quartz plate with a thickness of 0.5 mm. In this way we could achieve
spectral broadening.

These results indicate that noticeable spectral broadening in our configuration starts from
a plate thickness of about 0.3 mm. Lu et al. [24] in comparison achieved the best results with
0.1 mm thick fused silica plates, but used 6 times shorter pulses and a higher pulse energy.

5.3.1 Spectral broadening with 0.3 mm fused silica plates

Having 0.3 mm thick fused silica plates in place, we continued our studies with these plates.
Figure 5.2-a shows the normalized spectra for different combinations of plates. For one plate
we noticed spectral broadening (Fig. 5.2 -a, left, blue line), which could be increased by
adding a second plate (green line). Adding a third plate revealed less change than adding
the second plate. Because of their similarity the spectra are hard to analyze, so we integrated
them. Figure 5.2-b shows the area under the normalized spectra for different plate thicknesses
as well as the transmission. The area under the spectrum changes from 6.41 in a single plate
to 6.70 in two plates and 6.75 in three plates. The transmission reduces from
93 % to 90 % and 84 %, respectively. Because the gain in spectral broadening for a third plate
is negligible in comparison to the losses we decided to continue with the spectrum achieved
in 0.6 mm fused silica.

Then we introduced a second combination of two 0.3 mm thick fused silica plates and
moved it towards the first combination of plates. We could not reduce the distance between
the plate combinations below 5 mm due to geometrical limitations. Figure 5.2-a shows the
recorded spectrum (center, yellow line). The green line depicts the spectrum achieved with
0.6 mm thick plates as a comparison. The green spectrum is noticeably broader and more
energy is coupled to the wings, which agrees with the theory of homogenization after refocus-
ing. The area under the spectrum increases from 6.75 to 7.10. If the second plate combination
consists of three instead of two plates the red spectrum was achieved. It is similar to the yel-
low spectrum but contains more energy in the center and less energy in the wings. The area
under the red spectrum is 7.91. This number is misleading and can be explained by the raised
center parts in comparison to the yellow spectrum. To keep the introduced material thickness
small and to maximize the energy in the wings of the spectrum, we decided to continue with
the combination of two 0.6 mm thick plates.
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46 Spectral broadening using multiple thin plates

Figure 5.2: a) Normalized spectra recorded for different combinations of 0.3 mm thick fused sil-
ica plates. The combinations are explained in the main text. The mentioned thickness refers to
the total thickness of material introduced. b) Calculated area under the measured spectra and
according transmission. The blue line shows a linear fit of the transmission (blue squares). The
slope indicates the averaged losses per plate.

46



5.3 Experimental results 47

In this configuration adding another combination of two plates could not increase the
spectral width further. The reason is the reduced intensity due to reflection losses and beam
divergence. Ideally a multiple thin plates setup should guide the beam and limit its beam
width within the amplitude of small oscillations. In our case we could not optimize the plate
distance due to geometrical limitations. Therefore we had to employ another lens to refocus.
We placed a combination of two 0.3 mm thick plates after the focus of the lens and moved it
towards the focus. Figure 5.2-a shows the broadest recorded spectrum (right, blue line). We
could increase the area under the spectrum from 7.10 to 8.40. By using three instead of two
0.3 mm plates the area under the spectrum ran up to 11.61. The according brown spectrum
contains much more energy in the wings of the spectrum.

In this configuration the transmission after the last plate is 63 %, which corresponds to a
pulse energy of 50 µJ. The slope of the linear fit of the transmission (Fig. 5.2-b, blue line) is a
measure for the average loss per plate. Every 0.3 mm of introduced fused silica the transmis-
sion drops by 5.14±0.15%.

5.3.2 Pulse compression

Neither increasing the thickness by adding another plate nor placing another plate combina-
tion behind the first one could increase the spectral width noticeably. Therefore we measured
a FROG spectrogram of the pulse after the plates to analyze its spectral phase. Retrieving the
spectrogram revealed that the pulse duration is still close to the input pulse duration of 150
fs. Due to the small amount of material introduced the pulse experiences almost no tempo-
ral broadening due to dispersion. From the spectral phase we could estimate a GDD of 2000
fs2. To compensate the chirp, we compressed the pulse using transmission gratings. With
an introduced GDD of -1700 fs2 we achieved the best results. Figure 5.3 shows the measured
(a) and reconstructed (c) spectrogram of the pulse after compression and its retrieved time
envelope (b) and spectrum (d) as well as the temporal and spectral phase, respectively.

The compressed FWHM pulse duration is 58 fs which is only 4 fs longer than the FT limit
pulse duration of 54 fs. The time envelope shows a weakly pronounced pedestal, but the main
pulse contains 91 % of the total energy. This implies that the spectrum is well compressible
and spatial filtering is not necessary.

5.3.3 Spatial characterization of the spectrum

Comparing the measured spectra depicted in Fig. 5.2-a and the retrieved spectrum depicted
in Fig.5.3-d, we notice a difference in the spectral shape. The measured spectra show a pro-
nounced peak around 1030 nm, whereas the retrieved spectrum shows two shoulders and a
dip around 1030 nm.

To characterize the measured spectrum spatially we placed a closed pinhole in the center
of the beam. The transmission dropped to 54 % and the peak in the spectrum disappeared.
Figure 5.4-a shows the measured spectrum before the pinhole was introduced and afterwards.
Both spectra were normalized. The spatially filtered spectrum is more homogeneous, has a
broader FWHM and contains more energy in the wings. In Fig. 5.4-b the spatially filtered
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Figure 5.3: Pulse compression: Measured (a) and reconstructed spectrogram (c) of the pulse after
compression. Ger r or = 1.0× 10−2. b) Retrieved time envelope(solid red line) and phase (dashed
red line). d) Retrieved spectrum (solid blue line) and spectral phase (dashed blue line).
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spectrum was rescaled to match the shoulders of the unfiltered spectrum. The turquoise line
shows the spectrum after the LBO crystal, which can be considered as the input spectrum. It
is evident that the unfiltered spectrum can be decomposed into a part containing the peak at
1030 nm, which is represented by the input spectrum, and a part containing the shoulders,
which is represented by the filtered spectrum. The decomposition shows that the outer part
of the beam does not change while propagating through the thin plates, because its spectrum
is similar to the input spectrum. The newly generated frequencies are contained in the center
of the beam.

The pink line in Fig. 5.4-b shows the spectrum retrieved from the FROG measurement. It
shows good agreement with the unfiltered spectrum when rescaling it to the same leverl. The
agreement suggests that the FROG also acts as a spatial filter. Although the spectrogram was
recorded without spatial filtering, only the intense center part of the beam generates a second
harmonic, which is recorded as FROG signal.

Figure 5.4: Spatial characterization of the broadened spectrum: a) Normalized spectra before a
closed pinhole was placed in the center of the beam (purple) and afterwards (green). b) The spa-
tially filtered spectrum (green) was rescaled to match the shoulders of the unfiltered spectrum
(purple). The pink line shows the spectrum retrieved from the FROG measurement, which was
also rescaled to the same level. The turquoise line shows the spectrum measured after the LBO
crystal.

5.3.4 Further broadening after compression

To show that further spectral broadening is possible with the FT limited 58 fs pulses, we fo-
cused the beam to a 0.5 mm thick quartz plate. Figure 5.5 shows a comparison between the
spectrum before the grating compressor and the spectrum after the added 0.5 mm plate.

Both spectra have the same shape: a strong peak around 1030 nm surrounded by two
shoulders, whereof the red shoulder is higher than the blue shoulder. The shoulders are more
weakly pronounced in the purple spectrum, which could also be an artifact of slightly differ-
ent coupling into the spectrometer. The green spectrum extends from 980 nm to 1065 nm and
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50 Spectral broadening using multiple thin plates

Figure 5.5: Comparison between the spectra before (purple) and after compression (green). The
green spectrum was achieved by adding another 0.5 mm thick quartz plate. The calculated FT
limit of this spectrum is 36 fs.

supports a FT limit pulse duration of 36 fs. The transmission of the 0.5 mm thick quartz plate
was 80 %. Due to the high losses in the transmission gratings the pulse energy after the plate
reduced to 11 µJ. Although with tight refocusing it was not possible to achieve further spectral
broadening by placing additional plates behind the 0.5 mm plate. Due to the lack of more ap-
propriate compression tools like chirped mirrors or high performance transmission gratings
with suitable GDD, we could not increase the pulse energy. Therefore the green spectrum in
Fig. 5.5 is up to now the broadest achieved spectrum.

5.4 Summary and conclusion

Spectral broadening in bulk is generally limited by the critical power for self-focusing. If self-
focusing occurs, the beam collapses and conversion efficiency drops due to spatial losses.
This can be circumvented by choosing the material length shorter than the critical self-focusing
length. A setup consisting of an alternating sequence of thin glass plates and air gaps can
provide beam guiding and holds promise to outperform fibers in terms of input energy and
conversion efficiency. This is highly desirable because an all-solid state spectral broaden-
ing approach is more compact, more robust, and more cost-effective than any other spectral
broadening technique.

Our first preliminary experiments conducted with 150 fs pulses suggest that the optimum
plate thickness for a multiple plates approach for this pulse duration lies between 0.5 mm and
0.6 mm. To assure this number, more experimental as well as numerical studies have to be
done. By employing three fused silica plates with a thickness of 0.6 mm, 0.6 mm, and
0.9 mm thickness we could broaden the spectrum to extend from 990 nm to 1060 nm. The
spectrum is well compressible to 58 fs, which corresponds to a compression factor of nearly
three. The transmission of the plate combination is 63 %. Although the spectrum is not spa-
tially homogeneous, compression without filtering leads to a pulse with only 9 % of the total
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energy contained in the pedestal.
After compression we could further broaden the spectrum by focusing the beam to a 0.5

mm thick quartz plate. The measured spectrum ranges from 980 nm to 1065 nm and supports
a FT limit pulse duration of 36 fs. Due to the low transmission of the grating compressor the
pulse energy is limited to 11 µJ which prevents further spectral broadening in thin plates.

Our experiments showed that the multiple thin plates method is applicable to 150 fs pulses.
The results are promising but to asses the possible optimum performance of the approach
more detailed measurements need to be conducted. Especially when it comes to the spatial
homogeneity of the spectrum and in this context the spatial losses, measurements have to
be redone considering that the input pulse is also not spatially homogeneous (see Chapter
4). To continue the research, one should first think of a more flexible way to mount plates of
different shape and thickness, which allows the limitless adjustability of the plate distance.
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Chapter 6

Conclusion and outlook

With the advent of third-generation femtosecond technology the demand for suitable com-
pression techniques for 1ps pulses grew. Since common methods like spectral broadening
in fibers or bulk show major drawbacks when operated with 1 ps pulses, this thesis presents
two alternative approaches based on cross-polarized wave generation and cascaded second-
order nonlinearities.

The first approach employs a cascaded setup consisting of two XPW stages which enables
pulse shortening by a factor of 3. The output pulses are shorter than 250 fs and comprise
pulse compression, temporal contrast enhancement, spectral smoothening and spatial beam
profile cleaning. Although the pulses generated in XPW are intrinsically shortened by

p
3, we

found that at high input intensities other nonlinear third-order processes like SPM and XPM
are enabled. An interplay of both processes leads to additional spectral broadening and intro-
duces a nonlinear spectral phase. The XPW process itself does not affect the spectral phase.
In experiment as well as in simulation we showed that the introduced chirp reduces spectral
broadening and pulse shortening in the second XPW stage. To compensate the chirp we op-
erated a grating compressor between both XPW stages. In this configuration we achieved a
compression rate of 4.

The main drawback of cascaded XPW is the low total conversion efficiency. As it is a third-
order process, the conversion efficiency in XPW depends on the third-order susceptibility,
which is in general many orders of magnitudes smaller than the second-order susceptibil-
ity. Therefore the reported conversion efficiency in a single crystal for Gaussian input pulses
never exceeded 15 % [81]. For a cascaded setup this means a conversion efficiency of 2 %.
The conversion efficiency also scales with the square of the input intensity and the square of
the crystal length. Since the damage threshold of material depends inversely on the square
of the pulse duration, the input intensity for 1 ps pulses is rather limited. Furthermore the
crystal length cannot be extended limitless, because when it exceeds the critical self-focusing
length material damage happens via self-focusing. One way out could be a two-crystal ar-
rangement which avoids self-focusing. For this approach a maximum conversion efficiency
of 20 % was reported [66], which could lead to doubling of the total conversion efficiency of
cascaded XPW.
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The second approach is based on cascaded second-order nonlinearities. In phase mis-
matched SHG the fundamental experiences a phase shift followed by self-focusing and spec-
tral broadening. Temporal recompression requires dispersive elements. In the used setup
spectral broadening of the fundamental in a phase mismatched SHG crystal is followed by a
transmission grating compressor. Both steps are repeated to generate 150 fs output pulses,
which correspond to a compression rate of above 6. As we observed that the output pulse du-
ration decreases with increasing input intensity, even higher compression rates are possible.
The total transmission of the setup is 45 % and can be improved up to 60 % by optimizing the
crystal type, the crystal length and the dispersive elements.

Because phase mismatched SHG is an unsaturated process the generated second har-
monic is temporally shortened by

p
2. This makes the reuse of the frequency doubled by-

product attractive for filamentation in bulk or fiber.
Besides these promising results it must be mentioned that the spectrum of the broadened

fundamental is not spatially homogeneous. The newly generated frequencies are contained
in the center of the beam profile. The less intense outer part of the beam is not affected by
spectral broadening. Thus the spectral shape is inhomogeneous and shows a pronounced
peak centered at the input frequency. Nevertheless temporal compression worked well with-
out spatial filtering in our case.

Comparing both methods at first sight cascaded second-order nonlinearities are more at-
tractive, because of the impressive conversion efficiency and the higher compression rate. An-
other advantage is the possibility of reusing the frequency doubled by-product. Both methods
are scalable in energy, but pulse shortening in cascaded XPW is in principal independent of
the input intensity. In cascaded second-order nonlinearities the compression rate increases
with increasing input intensity. Therefore varying the input energy requires readjustment of
the beam size on the crystal. Another advantage of cascaded XPW is the spatial beam pro-
file enhancement and spectral smoothening. Cascaded second order nonlinearities instead,
deteriorate the spatial beam quality and the spectral shape. After all the XPW signal is in-
trinsically shorter whereas the spectrally broadened fundamental in cascaded second-order
nonlinearities requires dispersive elements to be recompressed in time. This leads to a more
complex setup and losses are increased.

This comparison revealed that the XPW process has very desirable properties, but the low
conversion efficiency in a cascaded setup restricts its applicability. The presented setup for
cascaded second-order nonlinearities generates energetic 150 fs pulses. These pulses are a
good starting point for continuum generation.

To optimize the pulse compression technique for 1 ps pulses one could think of a com-
bination of both methods. Starting from spectral broadening in phase mismatched SHG fol-
lowed by a compression stage the shortened pulses will be sent to a XPW stage. A repetition
of phase mismatched SHG and compression before XPW is also possible. The shorter input
pulses for XPW will help to increase the conversion efficiency of the process. After the XPW
process the output pulses will be spatially filtered, spectrally smoothened and additionally
shortened by

p
3.
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54 Conclusion and outlook

To further broaden the 150 fs pulses we tested a novel method for continuum generation
based on a multiple thin plates setup. By limiting the plate thickness the input power can
exceed the critical power for self-focusing by many multiples because beam collapse due to
self-focusing inside the material is avoided. If the plate thickness and plate distance is cho-
sen carefully this approach can provide beam guiding and holds promise to outperform fiber
technology in terms of input power and conversion efficiency. Furthermore it is more com-
pact, less alignment-sensitive, and more cost-effective.

In our experiment we could generate a spectrum ranging from 980 nm to 1065 nm by em-
ploying four thin plates. The spectrum supports a FT limit pulse duration of 36 fs but shows
spatial inhomogeneity. It needs to be analyzed if the spatial inhomogenety can be reduced if
the input spectrum is more homogeneous. Of course more experimental as well as numeri-
cal studies have to be done to optimize the plate thickness, the plate distance and the beam
divergence.

For further experimental optimization an appropriate mount for plates of different shape
and thickness must be designed. The most important requirement for the design is the con-
tinuous adjustability of all plate distances without geometrical limitations. Therefore a ray
with thin sliding mounts could be one possibility.

Multiple thin plates spectral broadening is a very promising method and its frontiers can-
not be estimated yet. Lu et al. [82] managed to compress 25 fs input pulses to 2.8 fs in a setup
consisting of four thin plates. Taking their results and our preliminary experiments into ac-
count the compression of 150 fs to 10 fs or less is feasible with multiple thin plates. Due to
the acquired chirp temporal recompression might become necessary after four or five plates.
With chirped mirrors the compression is possible at high conversion efficiency.

The output pulses of the proposed setup will be short enough to allow efficient broad-
band difference-frequency generation in short crystals. The DFG process guarantees the CEP-
stability of the broadband spectrum and shifts it to the IR to range from 1500 nm to 2500 nm.
After recompression the pulse is sent to a HCF to extend the spectrum to the visible. In this
way we generate a multioctave, CEP-stable supercontinuum spanning from 400 nm to 2.5 µm
and meet all requirements for the seed generation of the proposed multi-terawatt waveform
synthesizer. This device will enable us to generate high harmonics at unseen energies and
pave the way towards hard x-ray attosecond pulses.
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Appendix A

Frequency-resolved optical gating:
Measuring ultrashort pulses

The most important tool to experimentally investigate nonlinear processes and the influence
of different quantities like the spectral phase is a technique to fully characterize ultrashort
pulses. Frequency-resolved optical gating (FROG) was the first technique to provide access
to all information contained in the electric field of the laser pulse [83]. In the frame of this
work a second-harmonic-generation (SHG) FROG was implemented in the lab. The following
chapter explains the working principles of this method.

A.1 The phase-dilemma

Until 1992 there was no technique available to determine the time-dependent intensity I (t )
and the phaseφ(t ) of the complex electric field of an ultrashort laser pulse. Either the spectral
intensity of the pulse S(ω) was measured in the frequency domain, leading to an unsolvable
one-dimensional phase-retrieval problem, or the intensity autocorrelation was measured in
the time domain as an attempt to reconstruct the time-dependent intensity I (t ) [84]. Since
there are no shorter signals available than the pulses themselves, the only way out is to split
the pulse and sample it with a delayed copy of itself. Spatially overlapping of both pulses in
a nonlinear crystal reveals the intensity autocorrelation. However this measurement cannot
give full information about the pulse shape since it is always symmetric. To retrieve the pulse
duration, an initial guess of the pulse shape has to be made [85]. The FROG method com-
bines both time and frequency domain to the so-called "time-frequency domain" and records
the signal of the intensity autocorrelation with a spectrometer, yielding a spectrogram of the
pulse. This leads to a two-dimensional phase-retrieval problem, which can be solved using
iterative algorithms.

A.2 Beam geometry of a second-harmonic-generation FROG

The beam geometry of a SHG-FROG is basically the same as for second order autocorrela-
tion except that the signal is recorded by a spectrometer instead of a detector. A scheme of
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56 Frequency-resolved optical gating: Measuring ultrashort pulses

Figure A.1: Schematic beam geometry for a SHG-FROG: The incoming beam hits a beam split-
ter. One arm is delayed using a controllable delay stage. Both arms are spatially overlapped in
a χ(2) crystal. The fundamental is filtered with a slid. The second harmonic is recorded with a
spectrometer as a function of the delay.

a SHG-FROG is shown in Fig. A.1. The incoming beam hits a beam splitter. One path is de-
layed by a controllable delay stage. Both paths are focused into a SHG crystal (100 µm thick
BBO) and spatially overlapped in the focus to produce an instantaneous response at twice
the frequency of the input beam. The signal is filtered by a slit and sent to the spectrometer
(Avantes AvaSpec 3648). In order to scan the delay stage, a Zaber T-Series motor is connected
to a Labview-Program which reads out the spectrometer and generates the FROG trace. The
latter shows the spectrogram of the pulse, i.e. the spectral intensity S(ω) at each position of
the delay stage according to a time-delay τ. Since SHG is a second-order nonlinear process,
the FROG traces are symmetric and therefore unintuitive to read. Consequentially there is an
ambiguity in the direction of time. The way out is to use FROG geometries that rely on third-
order nonlinear processes like polarization gating or transient gating. These geometries do
not show any ambiguities and generate intuitive FROG traces, but have other drawbacks like
being less sensitive and experimentally more complex [86].

A.3 Retrieving the electric field from the spectrogramm

As mentioned before, the FROG trace I SHG
F ROG (ω,τ) is the spectrally resolved signal of the sec-

ond order intensity autocorrelation. That means it is the squared magnitude of the Fourier
Transform of the intensity autocorrelation field E AC (t ,τ) with respect to time.

I SHG
F ROG (ω,τ) =

∣∣∣∫ ∞

−∞
E AC (t ,τ)exp(−iωt )dt

∣∣∣2
(A.1)

The intensity autocorrelation field E AC (t ,τ) in the case of a second-order nonlinear process
is simply

E AC (t ,τ) ∝ E(t )E(t −τ). (A.2)
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Therefore the spectrogram reads

I SHG
F ROG (ω,τ) =

∣∣∣∫ ∞

−∞
E(t )E(t −τ)exp(−iωt )dt

∣∣∣2
. (A.3)

Because in the case of SHG-FROG the pulse is gated with a delayed version of itself, the elec-
tric field E(t ) cannot be retrieved using a spectrogram inversion algorithm. Rewriting expres-
sion A.3 however transforms the problem into a two-dimensional phase-retrieval problem.
Instead of writing the intensity autocorrelation field E AC (t ,τ) as the Fourier Transform of the
new quantity Ê AC (t ,Ω) with respect to t we write it as the Fourier transform with respect to τ.

E AC (t ,τ) =
∫ ∞

−∞
Ê AC (t ,Ω)exp(−iΩτ)dΩ (A.4)

To retrieve E(t ), it is sufficient to find Ê AC (t ,Ω) because E AC (t ,τ) is the inverse Fourier Trans-
form of Ê AC (t ,Ω). The substitution t = τ yields

E AC (t , t ) = E(t )E(0), (A.5)

where E(0) is a negligible constant. Inserting equation A.4 into A.1 leads to

I SHG
F ROG (ω,τ) =

∣∣∣∫ ∞

−∞

∫ ∞

−∞
Ê AC (t ,Ω)exp(−iωt )exp(−iΩτ)dtdΩ

∣∣∣2
. (A.6)

Expression A.6 can be treated as a two-dimensional phase-retrieval problem which can be
solved by iterative algorithms. The algorithm of generalized projections has proven to be the
most reliable one [87]. Equation A.3 and equation A.2 are the two constraints that have to
be fulfilled. The algorithm starts from an arbitrary signal field E(t )i ni t that most likely does
not fulfill any of both constraints and projects it to the first constraint set. From this point
it is projected to the second constraint set and back to the first set etc. Iterative projections
between the two sets lead to the cross section of both sets which is the correct E(t ).
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Appendix B

Simulation of the XPW process

The simulation of the XPW process is based on a Matlab-code from Hannieh Fattahi and Nick
Karpowicz which solves the coupled wave equation 3.2 in a split-step method [88]. The code
accounts for dispersion, diffraction and the third-order nonlinearity. It applies slowly evolving
envelope approximation to propagate the input pulse along the crystal in cylindrical coordi-
nates. The default input pulse is a Gaussian pulse in space and time with a pulse duration of 1
ps centered at 1030 nm. The center waist of the Gaussian beam w0 is 150 µm (DFW H M ). The
simulation starts 100 mm after the focal point immediately in the crystal. The peak intensity at
the starting point of the simulation ranges from 180 GW/cm2 to 450 GW/cm2 and reaches sim-
ilar output conversion efficiency than in experiment. It is assumed that χ(3) = 1.59·1022m2/V2

for BaF2 [66]. Unless specified otherwise the crystal length is 6 mm.
The code was modified to calculate an input pulse based on the retrieved spectrum from

FROG measurements. This opens the possibility to run the program in two different modes. In
the first mode the the time-envelope of the input pulse is calculated by Fourier transforming
the measured spectrum with spectral phase zero. In this case the input pulse is FT limited. In
the second mode the time-envelope is calculated by Fourier transforming the spectrum with
the spectral phase retrieved from the FROG measurement to end up with a chirped input
pulse. The accuracy of this feature was proven by comparing the simulation results for the
first mode and a Gaussian input pulse with the same pulse duration.

Besides this modification the possibility to simulate the cascaded XPW process was imple-
mented. In this case the generated output XPW pulse after the first crystal is taken as the input
pulse for the second crystal. The beam waist on the second crystal is calculated to achieve the
same peak intensity on both crystals.
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