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Kurzfassung

Technisch relevante Femtosekunden-Lasersysteme sind aufgrund einer begrenzten Anzahl
bekannter Lasermedien auf wenige Wellenldngen beschrinkt. Die Abstimmbarkeit dieser
Quellen wird durch den Prozess der optisch parametrischen Verstiarkung (OPA) ermoglicht.
Ein kleiner Teil der Laserleistung wird zur Erzeugung eines Seedpulses verwendet. Um die
Abstimmbarkeit tiber einen groen Spektralbereich zu ermdglichen, wird ein Festkorper-
Kontinuum verwendet. Mit einem starken Pumppuls kann ein ausgewihlter Spektralanteil in
einem geeigneten nichtlinearen Medium verstdrkt werden. Um stabile und ultrakurze Pulse
auf der 10 fs Skala zu erhalten, ist ein tiefes Verstidndnis jedes einzelnen Prozessschrittes
erforderlich. In dieser Arbeit werden Ti:Saphir und Yb-basierte Lasersysteme zum Pumpen
von OPAs eingesetzt. In der verwendeten Anordnung ist es moglich, Wiederholraten von
1 kHz bis 1 MHz und Eingangsenergien von 10 bis 300 pJ ohne groBere Anderungen im
Design zu nutzen. Wir erhalten ultrakurze Pulse vom UV bis zum MIR.

Neue Aspekte der Kontinuumserzeugung werden vorgestellt. Fiir die Erzeugung mit
1030 nm Licht werden verschiedene Kristalle hinsichtlich der sichtbaren und nahinfraroten
Kontinuumsseite verglichen. Der bisher kaum beriicksichtigte GSO erweist sich als
vorteilhaft. Selbstkompression ohne externe Kompression wird gezeigt. Sie basiert auf einer
I mm Saphir- oder YAG-Platte und einem astigmatismusfreien, achromatischen Teleskop -
einem Schiefspiegler.

Das selbstkomprimierte, ungechirpte Kontinuum wird verwendet, um ein ultra-breitbandigen
NOPA (nichtkollinearer OPA) zu seeden. Hier werden Quanteneffizienzen von bis zu 45%
und 18 pJ Ausgangsenergie demonstriert und eine Kompression auf 6.7 fs gezeigt.

Das transmittierte Seedlicht und das verstérkte Signal nach der parametrischen Verstirkung
konnen sich in deutlich unterschiedliche Richtungen ausbreiten. Dies wird als Folge einer
Kerr-Linse bei den verwendeten Intensitdten erklirt. Eine pumpinduzierte Kerr-Linse wirkt
auf den Signal-/Seedpuls. Bei nicht einwandfreier Einkopplung fiihrt dies zu einer
Ablenkung. Steht der Verstérkerkristall hinter der Fokalebene des Pumps, wird der Kerr-
Linsen-Effekt durch Ausgleich der Strahldivergenz verringert. Dies ermoglicht auch, die
Pumpintensitét einfach zu reduzieren, indem man den Kristall weiter aus der Fokusebene
heraus bewegt.

Bei MHz-Wiederholraten treten aufgrund der hohen Leistungen, die flir die nichtlinearen
Prozesse bendtigt werden, thermische Probleme in einem NOPA auf. Fiir die Erzeugung der
dritten Harmonischen (THG) eines Yb-Faserlasers wird die Erzeugung der zweiten
Harmonischen (SHG) mit anschlieBender Summenfrequenz-Mischung verwendet. Die Zwei-
Photonen-Absorption des UV Lichts fiihrt zu messbarer Erwdrmung im THG-Kristall. Daher
dndert sich die Phasenanpassung und die UV-Leistung nimmt mit der Zeit ab. Mit einer
Kompensationsplatte (aBBO) zwischen SHG- und THG-Kristall kann dieser Effekt
minimiert werden. Durch die zeitliche Vorkompensation der Fundamentalen in Bezug auf
die zweite Harmonische wird der Erzeugungsort der UV-Leistung an das Ende des THG
Kristalls verschoben und das Volumen der Absorption minimiert. Dies ermdglicht
langzeitstabilen, UV-gepumpten NOPA Betrieb auch bei 1 MHz Wiederholrate.

Ein OPA zur Erzeugung eines oktavbreiten Mittelinfrarotpulses um 8 pm wird gezeigt.
Dafiir wird ein 515 nm gepumpter NOPA vor einem kollinearen, 1030 nm gepumpten
Verstirker auf LGS-Basis verwendet. Das Chirp-Management erfolgt hierbei ausschlieBlich
durch ausgewihlte Gliser und optische Filter. Das MIR-Feld wird zeitlich durch electro-
optical sampling charakterisiert. Als Gate Puls wird die selbstkomprimierte Fundamentale in
einem extrem einfachen Aufbau verwendet. Eine Kompression auf 1.4 Zyklen des MIR-
Feldes und eine CEP-Stabilitdt kleiner als 94 mrad {iber eine Stunde werden gezeigt.






Short summary

Due to a limited number of known laser media technically relevant femtosecond laser
systems are restricted to a few laser frequencies only. Tunability based on these sources is
enabled by the process of optical parametric amplification (OPA). A small portion of the
laser output is used to generate a seed pulse. To enable tunability over a large spectral range
a bulk continuum is used. With a strong pump pulse a selected spectral part can be amplified
in a suitable nonlinear medium. In order to obtain highly stable and ultrashort pulses on the
10 fs scale a deep understanding of each individual step in the process is necessary. In this
work Ti:sapphire and Yb-based laser systems are used to pump OPAs. In the used topology
it is possible to utilize repetition rates from 1 kHz to 1 MHz and input energies from
10 to 300 nJ without major changes of the design. We obtain ultrashort pulses from the UV
to the MIR.

New aspects on bulk continuum generation are presented. For generation with 1030 nm light
various crystals are compared regarding the visible and near infrared continuum side. The
hitherto unconsidered GSO is found to be superior. Self-compression due to continuum
generation is shown without the need for external compression. It bases on a 1 mm sapphire
or YAG plate and an astigmatism-free, achromatic telescope — a Schiefspiegler.

The self-compressed, unchirped continuum is used to seed a NOPA (noncollinear OPA) for
ultra-broadband pulse generation. With this system quantum efficiencies of up to 45% in the
amplification process and 18 pJ output are demonstrated and compression down to 6.7 fs.

The transmitted seed light after optical parametric amplification and the amplified output can
propagate in significantly different directions. This is explained as a consequence of Kerr
lensing at the needed pump intensities. A pump induced Kerr lens is acting on the
signal/seed pulse. This induces a deflection in the amplifier medium at imperfect input
coupling. Locating the amplifier crystal behind the focal plane of the pump minimizes the
self-lensing effect due to nonlinear balancing of the beam divergence. This also allows
reducing the pump intensity simply by moving the crystal further away from the focal plane.

For MHz repetition rates serious thermal issues in a NOPA arise due to the high average
power that is needed for the nonlinear processes. For third harmonic generation (THG) of an
Yb-fiber laser, second harmonic generation (SHG) with subsequent sum-frequency mixing is
demonstrated. Two-photon absorption of the UV leads to measureable heat in the THG
crystal. The phase-matching conditions change and the UV power decreases over time. With
a time delay compensation plate (aBBO) between the SHG and THG crystal this effect can
be minimized. By temporally pre-compensating the fundamental with respect to the second
harmonic, the generation locus of the main UV power is shifted to the end of the THG
crystal and the volume for absorption is minimized. Stable UV pulses result. This enables a
long term stable UV pumped NOPA output even at | MHz repetition rate.

An OPA for the generation of an octave spanning middle infrared pulse centered around
8 um is presented. A 515 nm pumped NOPA with a subsequent collinear, 1030 nm pumped
amplifier based on LGS is utilized. The chirp management is entirely by bulk material and
selected optical filters. The MIR field is temporally characterized by electro-optical
sampling. As gate pulse the self-compressed fundamental is used in an extremely simple
setup. Electro-optical sampling reveals a compression down to 1.4 cycles of the MIR field
and an intrinsically phase-locked CEP stability of better than 94 mrad over one hour.
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1. Introduction

The first femtosecond (fs) laser pulses have been demonstrated in the 1970s with dye lasers.
However these systems suffered from the cumbersome handling of liquid or vaporous laser
dyes and their limited achievable pulse energy. For the generation of ultrashort pulses mode-
locked solid-state lasers have been developed a few years later. A major breakthrough for the
generation of high output energies was the strategy of chirped pulse amplification (CPA)
[Str85]. The concept was honored in 2018 with the Nobel Prize in physics for Gérard
Mourou and Donna Strickland. CPA enables both, the generation of high peak intensities and
high repetition rates for pulses in the femtosecond to picosecond regime. Temporally
stretching the pulse before amplification reduces the intensity in the laser gain medium to
circumvent crystal damage and ensure a low B-Integral for optimal performance. After
amplification, the pulses are re-compressed to pulse durations between roughly 25 and
1300 fs. In particular Ti:sapphire based lasers or systems with Ytterbium or Erbium-doped
fiber or solid-state gain media are nowadays widely in use. CPA allows a wide range of
applications from laser physics and spectroscopy to medical applications like eye surgery

and precise industrial techniques like metal cutting and welding.

For ultrafast transient spectroscopy shortest pulse durations are required for highest temporal
resolution to unravel fastest chemical processes on the 20 to 50 fs timescale. Additionally the
laser wavelength in the experiment has to match precisely to a certain absorption band for an
excitation of the molecule under investigation. Consequently the need arises to tune the laser
wavelength accordingly. In the past dye lasers were used for this purpose. However these
systems were not precisely tunable to cover all requirements and consequently some trade-
offs in the experiment had to be made. Nowadays optical parametric amplification (OPA)
driven by a femtosecond laser source enables gap free tuning from the ultraviolet (UV) to the
middle infrared (MIR). In OPA a strong pump pulse is used to nonlinearly amplify spectral
components out of a weak chirped seed pulse in a nonlinear medium. Like in the honored
CPA method the resulting amplified pulses can be compressed to shortest pulses after the

amplification.

Because the spectral bandwidth of the tunable output is increased during the process, much
shorter pulse durations, compared to the driving laser pulse, can be achieved - especially in a
noncollinear geometry (NOPA). In most cases a supercontinuum generated in bulk material

is used as a seed pulse [Ree95, Cer00, Rie00, Bra09].



Supercontinua are generated by irradiating optical materials like crystals, gases, glasses,
liquids or fibers with laser pulses on the TW/cm? intensity level. Various cascaded nonlinear
effects inside the medium spectrally broaden the fundamental beam to over an octave. The
resulting spectra from bulk material are smooth and gap free. This makes bulk continua
ideally suited for seeding an OPA. Spatially the resulting continuum pulse appears as a round
and homogenous white spot featuring the polarization of the input beam — see Fig. 1.1. In the

time domain, the continuum pulse is positively chirped, with a smooth phase.

Fig. 1.1:  Supercontinuum beam generated with a Ti:sapphire laser.

The pump pulse for amplification can be either the laser fundamental itself or a harmonic of
it, depending on the phase-matching conditions for the spectral region to be amplified. By
temporally delaying the pump pulse with respect to the chirped seed continuum, spectral
tunability of the amplified signal is achieved in the visible and near-infrared. Subsequent
processes after the amplification like second harmonic generation (SHG), sum frequency
generation (SFG) or difference frequency generation (DFG) extend the tuning range of OPA.
The outstanding flexibility of this concept makes OPA also interesting for research areas
besides ultrafast transient spectroscopy. Especially for near-field imaging [Kral6], time-
resolved photoemission electron microscopy [Aes11], CARS microscopy [Gre05] or optical

electron pulse compression [Keal6].

Particularly for the above-mentioned fields, the demand for high laser repetition rates from
hundreds of kHz to the MHz regime is rising. The measurement time of single experiments
will be reduced where applicable and frequently low pulse energies in the experiments are
desired. However, high repetition rates are accompanied with high average power of the
laser system. Sufficient pulse energies are needed to drive the nonlinear frequency
conversion processes efficiently. Assume for example continuum generation in bulk
material. Here roughly 1 pJ pulse energy is needed: at 1 kHz this energy corresponds to
1 mW of average power, at 1 MHz 1 pJ this amounts to 1 W of power! These high average

powers can result in serious problems for stable OPA operation. For instance, absorption



induced heat in some optical materials cannot dissipate between two laser pulses. The
accumulated temperature can lead to crystal damage or significantly distort performance
relevant physical effects like phase-matching or parametric amplification. The heating of the
crystals due to two-photon absorption of the UV light can even be seen with commercial

heat cameras — see Fig. 1.2.

A thermal beam pointing drift of the pump laser can influence the overall performance
significantly. Additionally high nonlinear phase-shifts can occur. This will drastically limit
the frequency conversion efficiency or lead to a beam break-up and phase distortions. The
acquisition of nonlinear phase and beam distortions will strongly show up in the next
nonlinear interaction after the amplification. All these issues lead to hardly controllable
optical parameters and consequently to hardly interpretable results in experimental

measurements.

Fig. 1.2:  TPA induced heat in a nonlinear crystal seen with a heat camera.

The aim of this thesis is to show that with a sound understanding of nonlinear optics simple
and robust setups for nonlinear frequency conversion can be realized. With wisely chosen
and flexible focusing geometries the intensities on nonlinear crystals are controllable and
parasitic effects due to high average laser powers can be minimized. Based on the axiom
"only no optic is a good optic" the presented setups are also drastically reduced in
complexity compared to preliminary ones and developed for the daily use by

experimentalists.

Optical parametric amplifiers pumped with Ti:sapphire lasers at 1 kHz or pumped by Yb-
based laser sources between 50 kHz and 1 MHz are demonstrated. With input pulse energies
of 10 puJ to 300 pJ long term stable operation is achieved and ultrashort pulses from the UV

to the MIR are demonstrated and characterized.



The thesis is structured as followed. In the initial part, chapter 2, a brief introduction is given
for the most relevant nonlinear optical phenomena. Basics and new insights on
supercontinuum generation, optical parametric amplification and #ype I phase-matching
conditions for SHG in BBO crystals are demonstrated. Parasitic nonlinear effects limiting the
SHG and subsequent THG efficiency are shown. Conversion efficiency limits are given.
Below theses limits undistorted harmonics in space, time and the frequency domain are
obtained. Above these limits parasitic nonlinearities limit and hinder the overall
performance. Additionally the bandwidth and angular acceptance of BBO crystals are
described in detail to demonstrate how nonlinear crystals for frequency conversion should be
chosen correctly. It will also be discussed why a focused beam geometry is excellently
suited for frequency conversion or parametric amplification if the crystal is located behind
the focal plane. In contrast to a collimated beam, a focused beam allows to simply move the
crystal along the beam axis for an adjustment of the position dependent optimal intensity.
Additionally, the divergence of the beam will be balanced by the nonlinear Kerr lens inside
the crystal and perfect phase-matching results. The Kerr lensing and its consequences for

parametric amplification will also be discussed in detail in chapter 5.

In chapter 3 a central issue in ultrafast optics is discussed - the need to collimate and focus
ultrashort pulses with a very wide spectrum without diffractive elements. Diffractive lenses
introduce an unacceptable chirp and also chromatic aberrations. Theoretically parabolic
mirrors would be ideal for imaging. However, their optical quality is far inferior to spherical
mirrors and the off-axis parabolas are only useful in the /R. A combination of a concave and
a convex spherical mirror with suitable ratio of radii of curvature is presented here. It can
focus and collimate beams without any detectable astigmatism. This is found at angles where
a single spherical mirror already introduces a large aberration. It is demonstrated
experimentally as well as theoretically with ray tracing. The presented Schiefspiegler
telescope is used to image a nearly un-chirped white light seed in a noncollinear optical
amplifier. This newly developed concept on ultrashort pulse generation is demonstrated in
chapter 4. Compression down to the Fourier limit of the resulting pulses will be shown in the
sub-10 fs range with output energies up to 18 pJ at 1 kHz repetition rate. It is explained how
intrinsically un-chirped seed pulses will drastically reduce the effort for the generation of

sub-10 fs pulses

Chapter 5 gives new insights on instabilities of parametric amplifiers arising from a thermal

beam pointing drift of the pump laser. It will be shown that the transmitted seed light after



optical parametric amplification and the amplified output can propagate in significantly
different directions. This is explained experimentally and theoretically as a consequence of
Kerr lensing inside the amplifier crystal at the needed pump intensities in combination with
imperfect input coupling due to the beam pointing of the pump laser. It will also be
demonstrated that during continuum generation the beam pointing angle is drastically

increased, roughly by a factor of 10.

An Yb-fiber laser system pumped NOPA system that is optimized for long term stability is
described in full details in chapter 6. The third harmonic wavelength (343 nm) is used as a
pump pulse for amplification. For BBO crystals wavelengths below 360 nm will lead to
two-photon absorption (7PA). At higher repetition rates like 200 kHz or higher this will lead
to a temperature gradient in the crystal — see also Fig. 1.2. Consequently the phase-matching
conditions change and the conversion efficiency decreases with time. This is already
detectable on a few minutes timescale. To minimize the 7PA4 in a third harmonic generation
crystal a new strategy is introduced: A delay pre-compensation plate between the second
harmonic and the fundamental wave is utilized to reduce the actual sum frequency mixing
length to a minimum at the end of the subsequent THG crystal. Hence the two photon
absorption induced heating is minimized and the efficiency of the THG is constant over time.

This solves thermal issues and the NOPA output energy is long-time stable.

In chapter 7 a brief overview of bulk materials for continuum generation at 1030 nm is
given. Various crystals are compared regarding spectral bandwidth on the short and the long
wavelength side of the fundamental. The needed pulse energies for stable operation are
compared. The knowledge is transferred to directly seed a single stage, 515 nm pumped
NOPA system in the NIR region. In chapter 8 this NOPA system is used to seed a subsequent
LGS based, collinear amplifier pumped at 1030 nm. With a seed wavelength of 1180 nm, the
resulting idler pulse is centered around 8 um. A gain factor of 2 is shown in MIR
amplification with an octave spanning spectrum. The pulses are compressed close to single
cycle simply by transmission through selected amounts of Germanium. The MIR pulses are
characterized via electro-optical sampling (EOS) in Gallium Selenide. As ultra-short gate
pulse the self-compressed laser fundamental is used in EOS. Self-compression due to
continuum generation from roughly 300 fs to sub-10 s in a thin crystal plate is shown at
1030 nm in an extremely simple setup. The electro-optical sampling reveals a compression
down to 1.4 cycles of the MIR field and an intrinsically phase-locked CEP stability of better

than 94 mrad over one hour.



For the first time the concept of achromatic second harmonic generation is shown for a
NOPA pumped by an Yb-fiber laser system to obtain ultra-broad UV and deep blue spectra.
This can be found in chapter 9. Spectra with sub-5 fs Fourier limits are demonstrated
centered around 350 nm at a repetition rate of 200 kHz. This is a much broader spectral
width compared to other attempts known from the literature leading to the shortest possible

UV pulse durations in this wavelength region.

For the temporal characterization of ultrashort pulses a new and compact tool based on 7PA4
is presented in chapter 10. Since in the UV region no phase-matching in nonlinear crystals
can be achieved, common simple autocorrelation techniques like SHG intensity
autocorrelation cannot be used. Therefore the newly developed TPA autocorrelator is
presented for this wavelength region. Moreover it is demonstrated that 7PA4 autocorrelation
measurements can not only be performed in the UV but also in the VIS and NIR range with
the identical setup. No optics change is needed over the whole spectral range from 190 to
1100 nm. Additionally, the potential to measure sub-10 fs pulses based on TPA is
highlighted — see Fig. 1.3.
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Fig. 1.3:  TPA based sub-10 fs autocorrelation of a broadband NOPA pulse in a 200 pm

substrate.

This is of major relevance since in 7P4 no phase-matching constraints are limiting the
measurement. Contrary to the situation of a SHG intensity autocorrelation where extremely
thin crystals have to be employed for characterizing sub-10 fs pulses due to the limited
acceptance bandwidth for frequency doubling. These thin crystals are hardly available. Other
methods like SPIDER or FROG are rather complex compared to the presented method. For
temporal pulse characterization based on 7PA a sample thickness of even 200 pm is shown
to support the measurement of sub-10 fs pulses. Furthermore, it is shown that this concept

works also for repetition rates up to (at least) 1 MHz.



2. Basic concepts and theoretical aspects on nonlinear optics

2.1  Supercontinuum generation

Supercontinuum generation (SCG) is a generally applicable method to broaden the spectrum
of femtosecond laser pulses at various input wavelengths. It was first reported in 1970 by
Alfano and Shapiro [Alf70a, Alf70b]. Nowadays, there is a wide field of applications for
continuum pulses: continuum pulses as a seed in OPAs, NOPAs and OPCPAs [Cer03,
Rie00, Stal4], continuum probe pulses in transient spectroscopy [Ern01, Meg09, Riel3],
LIDAR [Megj03], coherence tomography [HarO1] and weather control [Woll8]. In principle
continuum generation is possible in every material transparent to the driving laser frequency.
Usually continua are generated in optical fibers [Ran00, Dud06], liquids [Wit96, Bro99],
crystals [Kan03, Dub17] and gases [Cor86, Ber07]. A quite new and efficient approach for
continuum generation is the use of multiple plates [Lul4]. The generation in optical fibers
allows generating continua spanning over a multi octave range. However, the generation is
quite unhandy and the resulting spectra are most times highly structured. Continua from
liquids suffer from shot to shot instabilities, for rather obvious reasons of the fluid physical
state. Continuum generation in gases requires complex laboratory hardware. An advantage
from this method is however the compressibility of the resulting pulses. Compression down
to one optical cycle has been demonstrated [Cou06].

In this work the main focus is on bulk continuum generation. These continua are smooth,
gap-free, reveal a very high shot-to-shot stability and preserve the polarization of the
fundamental laser [Bra09].
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Fig. 2.1:  Supercontinuum generation in 4 mm Y AG crystal with a Ti:Sapphire laser and

an Yb:fiber laser. The inset photograph shows a typical beam profile.



For seeding parametric amplifiers two crystals are commonly used: Sapphire [Ree94] and
Yttrium Aluminum Granat (YAG) [Bra09]. YAG possesses a higher damage threshold and
roughly a factor of 2 less energy for continuum generation is needed compared to sapphire.
The Fourier limit of, e.g., an 800 nm or 1030 nm pumped continuum from sapphire or YAG
amounts to less than 4 fs — compare Fig. 2.1. In this chapter, some of the theoretical aspects
of continuum generation are described, to allow further understanding of this process.
Continuum generation is a highly nonlinear process; it is an interplay of various cascaded
nonlinear effects. The most important one is the Kerr effect - it triggers all of the other
processes. The refractive index of a medium gets modified when high intensities of radiation
are present. It reads:

n=ng+ny-I(zt), 2.1
where n, is the linear refractive index and #n, is the nonlinear refractive index of the medium.
I(z,1) is the spatial and temporal intensity distribution of the light field. One consequence of
the effect is self-focusing [Kel65]. Self-focusing is necessary to increase the ~1 TW/cm?
intensity level on the front surface of the crystal to a level on the order of 10 TW/cm? for
continuum generation inside the medium. The intensity on the front surface is reached by

focusing the fundamental beam with a lens. Typically a focal length of /= 50 mm is used.

Let /(z,¢) be a Gaussian intensity distribution of a laser pulse in time and in space. According
to Eq. (2.1) this pulse sees a higher refractive index of the medium on the propagation axis,
compared to the edges. This causes the wavefronts R(z) to bend, because the pulse travels a

longer optical path at the position of its intensity maximum (Fig 2.2).

A generalized equation and quantity for the nonlinearity of the interaction of the pulse with

the medium is given by the B-Integral. It measures the nonlinear phase-shift Agy; .

27 d
B:T-(]; ny -1(zt) dz (2.2)

B-Integrals greater than 3 indicate, that self-focusing is likely to occur. For continuum

generation B-Integrals > 20 can be estimated, depending on the used parameters.



R(Z) A(I)NL_’ «

1@)“\;

Fig. 2.2:  Scheme for Kerr effect induced self-focusing of a Gaussian intensity distribution.

Another major effect leading to supercontinuum generation is self-phase modulation
[Sto78, And83]. It describes a positive and negative shift in frequency around the center
frequency due to nonlinear propagation. From Eq. (2.1) it follows that the refractive index of
a medium gets modified in the presence of high intensity radiation. For light pulses this
effect will be dependent on time. An optical laser pulse with a Gaussian intensity
distribution in time 7(t)= I -exp(—4ln(2)-t2/r2), where 7 is the FWHM pulse

duration, is assumed. The phase of the pulse reads:

¢(t)=k-z—®0-t=ij-(n0+n2-I(t))-z—(o()-t. (2.3)

This corresponds to an instantaneous frequency change Aaxt) given by:

Aco(t):—a(l)(t) 2—n-z-n -aI(t). (2.4)

ot A 2 "ot

For the Gaussian intensity distribution the frequency shift is given in Fig. 2.3 as a black line

in the lower panel.

front of pulse back of pulse
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o

Fig. 2.3:  Gaussian intensity distribution of a laser pulse in time (black line, upper panel)
and instantaneous frequency Aax?) (black line, lower panel) due to self-phase
modulation. Colored lines denote self-steepening and the resulting asymmetric

instantaneous frequency. Figure adapted from [Bral4b].



From Eq. (2.4) and Fig. 2.3 it can be seen, that for the lower intensity regime, where no
continuum generation occurs, self-phase modulation broadens the spectrum symmetrically
around its center frequency. This phenomenon is also effectively used to moderately increase
the spectral bandwidth and gain shorter pulse durations in Ref. [Krel3]. For the case of
continuum generation, self-focusing leads to higher and higher intensities inside the medium.
Consequently, the effect of self-steepening [And83, Chi0O5] has to be taken into account.
Due to the Kerr-effect the maximum of the temporal intensity distribution has a longer
optical path, compared to the edges of the distribution, since the nonlinear refractive index
increases with intensity. This leads to a steepening in the temporal structure, as qualitatively
shown in the upper panel of Fig. 2.3. Because the peak propagates slower, the back of the
pulse steeps, while the front is becoming smoother in time. The instantaneous frequency of
the self-steeped pulse — according to Eq. (2.4) — is shown in red and blue in the lower panel
of Fig. 2.3. It demonstrates that self-steepening leads to an asymmetric broadening of the
pulse. The steepened back of the driving pulse generates the higher frequencies with a higher
overall frequency shift to the blue. The smoothed front of the pulse generates the lower
frequencies. The overall frequency shift to the red region is lower compared to the blue, due

to the asymmetric self-steepened intensity distribution.

Fig. 2.4 shows the near infrared part of a continuum generated in 10 mm YAG with
1030 nm' pulses. The blue shift shown in Fig. 2.1 measures roughly 300 THz, whereas the
red shift on the near infrared side amounts to about 130 THz maximally, for the case of
YAG with 10 mm medium length. To explain this discrepancy the laser plasma interaction in

the material has also to be taken into account.

" A detailed description and an analysis of on the generation of the near infrared continua

will be given in chapter 7. There are also various materials presented and compared.
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Fig. 2.4:  Near infrared parts of continua from a YAG crystal generated with 1030 nm.
Because of the high intensities due to self-focusing, bound electrons are excited from the
valence to the conduction band of the medium and form an electron plasma. This plasma

channel is usually called a filament. The presence of free electrons inside the medium

obviously has a contribution to the refractive index.

n=ng+ny-1(zt)+npasma - 1(zt). (2.5)

According to the Drude model [Raz66] 7,4, 18 given by:

47 - e? Ne(zt)

2
2'me'0~)0

Nplasma = (2.6)
N,(z,t) is the number of free electrons created at position z. e and m, correspond to the
charge and the mass of an electron in cgs units, respectively. @, is the central laser
frequency. The additional term in Eq. (2.6) due to interaction with the free electrons has two
consequences. On the one hand, it influences self-focusing. With more electrons excited to
the conduction band, N,(z1) rises, up to a level where the absolute value of 7., 1(z,1)
exceeds n,I(z,t). At this level, self-focusing stops and the beam diverges. This prevents the
beam from collapsing to a singularity [Gae00]. On the other hand, the contribution of the

plasma term in the refractive index will modify the self-phase modulation.

Liu et al. approximated the number of free electrons N,(z,¢), created at the nonlinear focus,
by the relation [Liu02]:

t
Ne(zt)~Ng-K(z)- [ I(zt)"dt, (2.7)

—00

11



where N, is the number of initially present neutral particles in the focal volume, K(z) is a
proportionality constant and m is the minimum number of photons to be absorbed to
overcome the energy gap between the valence and the conduction band of the material.

Inserting Eq. (2.8) into Eq. (2.6) gives for the refractive index:

2 t
2m-e -Noz'K@. [ 1™ (zt)dt. (2.8)

me ° (1)0 —00

n=ng+np-I(zt)-

Considering the effect of self-phase modulation according to Egs. (2.3) and (2.4) the

instantaneous frequency including plasma effects reads:

I el
Ao (t) = _00(1) o _on HZ'M n M~I(z,t)m 2.9)
[N —

SPM:blue and red shift plasma: blueshift only

From Eq. (2.9) it can be seen that plasma generation only leads to a blue shift in continuum
generation [Gae00], since it is dependent on the amplitude of the spatio-temporal intensity
distribution of the laser pulse, only. Combined with the introduced asymmetric broadening

due to self-steepening this explains semi-quantitatively the obtained continua.

The effects described here are only the most relevant for a principle understanding of
continuum generation in bulk material. In fact, there are many others like pulse splitting
[Ran96], intensity clamping [Bec01] avalanche ionization [Yab72] and the effect of group
velocity dispersion [Dhal4] that have to be taken into account for a correct description of the

phenomenon of continuum generation.
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Wavelength dependent propagation and self-compression of bulk continua

The visible part of bulk continua from single filaments show a flat temporal phase. Usually
the generated continua are highly chirped [Cer99, Mac00, Zio04]. A full compression of the
continuum pulse was not shown yet. In precise investigations of the continuum generation
and propagation [Wit13, Bral4b, appendix Al] it is found that the inability to compress bulk
continua stems from the highly wavelength dependent propagation and effective generation
locus. Frequencies close to the fundamental wavelength follow the filament channel longer
than shorter wavelengths due to the group velocity dispersion. Hence bluer frequencies start
to diverge earlier inside the crystal, leading to a wavelength selective propagation. As a
consequence the imaging of a continuum is wavelength dependent. Even with reflective
imaging one can find the blue part of the continuum focuses earlier then the red. This is
shown in Fig. 2.5a). Here the continuum is generated in a 3 mm Sapphire plate. The pump
source is a small fraction of the output of a Ti:Sapphire amplifier (CPA 2001, Clark MXR,
778 nm, 170 fs) focused with a /= 50 mm plano-convex lens. For imaging of the continuum
a Schiefspiegler telescope is utilized (see chapter 3 for detailed description) to prevent
chromatic error and astigmatism. For simplicity the telescope is denoted as black arrow. The
energy for continuum generation is varied from 800 nJ to 2 pJ. This corresponds to the
energy range for single filament continuum generation. The propagation of selected
frequencies is measured with interference filters (A4=10nm) and a commercial beam
profiler (Photon Inc.). The focus position of each selected frequency is shown in dependence
of the pump energy for continuum generation. With increasing pump energy the filament

channel length increases [Bral4b].

The extended filament channel leads to an even greater wavelength dependency of the
propagation, since the described dispersion effects are more relevant for longer propagation
distances. However, even for minimal utilized pump energy, the blue part of the continuum

focuses earlier then the red for the case of a 3 mm Sapphire plate.

The crystal should be terminated at a point where the dispersion effects are not yet relevant.
Ideally, the continuum should be generated at the very end of the crystal. A short crystal on
the order of 1 mm thickness is found to be suitable. A focal length of /=50 mm is used to
focus onto the 1 mm Sapphire plate. Here, more energy is needed for continuum generation,
because stronger self-focusing is needed for the shorter crystal. It can be seen that with the
1 mm sapphire crystal no local separation occurs and all colors diverge simultaneously. This

leads to identical focal positions of each wavelength — see Fig. 2.5b).
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Fig. 2.5:  continuum generation with /=50 mm in a 3 mm Sapphire plate (a) and with
=50 mm in a 1 mm Sapphire plate (b). Corresponding focal planes of selected
wavelengths for different input energies are given. Black arrows denote the

imaging telescope. Adapted from Ref. [Wit13].

By minimizing the pulse energy for continuum generation in the 1 mm Sapphire plate, the
generation locus can be optimized close the output surface of the crystal. This leads to a
chirp free continuum as the newly generated colors pass through nearly no extra material,

and all colors have the same spatial properties.

For insight into the spectro-temporal distribution of the sapphire continuum of the 1 mm
plate, the chirp is determined with our transient spectrometer [Meg09]. With a 200 nJ, 25 fs
pump pulse centered around 470 nm and the sapphire continuum as probe, the cross
correlation via two-photon absorption is measured in a GG400 substrate (130 um,
Schott AG). Two-photon absorption of pump and probe only occurs for temporal overlap
and allows determining the group delay for every wavelength of the continuum probe. Since
there are only reflective metallic optics in the probe beam path, the signal represents the
intrinsic spectral chirp of the continuum after propagation through just a short length of air.
Fig. 2.6 shows that all spectral components from 550 to 700 nm coincide in time. The chirp

for the short wavelength range mainly originates from the propagation in air.
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Fig. 2.6:  Transient absorption measurement in 130 pm GG400 to determine the chirp of

the continuum generated in a 1 mm sapphire plate. Adapted from Refs. [Wit13,
Bral4b, appendix Al].

It was shown that it is possible to obtain intrinsically nearly un-chirped white light pulses
directly from bulk filamentation. In the literature only a few examples for white light
compression can be found. By studying the propagation properties of the continuum a
straightforward way was found for the generation of intrinsically ultra-short continuum
pulses. With the imaging by a Schiefspiegler telescope, also any chromatic aberrations as
well as astigmatism can be avoided. Such pulses are highly interesting for broadband
amplification — see chapter 4, ultrafast 2D spectroscopy [Full5] and for the generation of

ultrashort gate pulses for electro-optical sampling — see chapter 8.

The described wavelength selective propagation of continua makes it necessary to use a
moveable lens for relay imaging in an OPA. Moving the lens along the beam axis allows

optimizing the spot size of the seed spot to the spot size of the pump beam.

In chapter 8 it is shown that this presented concept of self-compression due to continuum
generation in bulk material works also for an Yb-doped laser system with pulses centered
around 1030 nm at 50 kHz. Instead of a 1 mm Sapphire plate, a 1 mm YAG plate is used
because of the higher damage threshold and the lower needed energy for continuum
generation. An autocorrelation trace of the resulting self-compressed pulse as short as 9 fs is

shown.

In the scope of this work continua are mainly used to seed optical parametric amplifiers.
Consequently, the subsequent section will give a brief introduction in the process of optical

parametric amplification.
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2.2 Optical parametric amplification

In the first part of this chapter, details on supercontinuum generation have been described.
With a suitable pump pulse selected portions of a continuum seed can be amplified in a
nonlinear medium. This principle enables both, tunability over a large spectral range and the
generation of ultrashort pulses. The underlying process is called optical parametric
amplification (OPA), which shall be briefly reviewed in this section. For a deeper
understanding the interested reader is referred to the tutorial by Manzoni and Cerullo
[Manl6] or, for the case of noncollinear optical parametric amplifiers, to the review articles
[Rie00, Cer03].

The process of optical parametric amplification describes the effect of amplifying weak seed
photons (frequency @) —e.g. of a continuum — with a strong pump pulse (frequency @,) in a
nonlinear medium. As a consequence of energy conservation, a third pulse is generated —

this pulse is called the idler pulse, its frequency is @; given by

h-op =h-os+h- 0. (2.11)

Since three waves are interacting in the medium, the OPA process is described with three

coupled differential equations [Yar95]:

dA 1 i s LAk
o =505 Ay - %K-Ai-Ap-e j-Ak-z
dA 1

p ] Ak-z
& T 2% A TR AstALe

Ay is a field variable introduced for convenience, according to

A= |2 g, (=s,1i,p, (2.13)
Wy

where s, i, p denotes signal, idler and pump, respectively and E, is the corresponding electric
field strength, n, the refractive index and @, the corresponding frequency. For the complex
number here j is used, to not confuse with the abbreviation i for idler. The wave vector

mismatch is given by

Ak = kpp — (kg +kj). (2.14)

Ref. [Yar95] uses A, instead of the electric field strength E to use a single coupling

parameter K.
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Note: Ref. [Yar95] uses in Eq.(2.15) not the common deﬁr parameter, but a different
nonlinear coefficient (in MKS units). Here dz is used — this corresponds to the value which

is given by [SNLO] — multiplied by the vacuum permittivity &, to get consistent with Yariv.

The first summand from all three differential equations of (2.12) vanishes, since the

parameter « is given by:

a=0c- % ~ 0, (2.16)

where o is the conductivity of the nonlinear medium, which is close to zero for an amplifier

crystal like BBO.

For small scale amplification the pump depletion can be neglected. In this case the coupled
differential equations of Eq. (2.12) can be simplified and a gain factor G can be extracted as

an approximated solution [Yar95, Ree95, Brall]:

2 12
8-me-die - 1
G=L.expl2-L- eff P . (2.17)
4 Ng -Nj Np-Ag-Aj €0 Co

Here, L is the medium length and ¢, the vacuum speed of light. For 0.7 mm effective crystal
length, a seed wavelength of A; = 550 nm, doz= 2.06 pm/V" - for 400 nm pump pulses BBO
as amplifier medium, and a pump intensity of /50 GW/cm2, the value of G relates to

G = 2-10°. For a seed pulse energy of 0.5 nJ this corresponds to /0 uJ after amplification.

For higher pump intensities or longer effective crystal lengths, pump depletion has to be
taken into account to calculate realistic output values of the parametric process. A software
code for integrating the coupled differential equations of Eq. (2.12) in infinitesimal small
steps is given in appendix AS. It will be used to calculate the amplification for a2 mm BBO

crystal in chapter 5.

There are two principles for optical parametric amplification: The collinear and the
noncollinear geometry. The term refers to the relative propagation direction of the pump and
the seed beam. The advantage of the noncollinear geometry is the amplification of broad
bandwidths [Gal95, Cer99, Wil97, Rie00, Cer03, HomO0S8, Bral4a]. With a suitable angle
between signal and idler, effective group velocity matching can be reached in the

propagation direction of the signal wave. The noncollinear geometry of pump and seed
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(signal) beam — with angle y between the beams — results in an angle 2 between the signal
and the idler beam, that is approximately given by the relation [Rie00]

sz-[ukidij. (2.18)

signal

The idler group velocity is larger than the group velocity of the signal in the BBO crystal.
Consequently a suitable angle (2 can be found where the projection of the idler group

velocity onto the propagation direction will match the signal group velocity, i.e.
Vgroup,idler - €OS ( Q ) = Vgroup,signal - (2.19)

This concept avoids pulse lengthening and consequently supports the generation of tunable
pulses with sub-10 fs pulse durations [Cer99, Kob00, Bal02a, Bau06]. A software code
provided by Arlee Smith [SNLO] allows calculating the phase-matching conditions easily. A
new concept for the generation of sub-10 fs pulses based on an un-chirped seed continuum is

presented in chapter 4 of this thesis.

In the collinear phase-matched geometry, the three group velocities are not generally
matched over the length of the amplifier crystal. The differing speeds will lead to an
unavoidable pulse lengthening. However, in this configuration, the resulting idler pulse is
not spectrally dispersed, as it is the case for the noncollinear arrangement due to energy
conservation. Therefore, in the collinear geometry the idler pulse is usable for further
experiments and extends the tuning range provided by the seed spectrum. In chapter 8 a
collinear phase-matched configuration is used for generating middle-infrared spectra close to

single cycle duration.
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2.3  Phase-matching properties of type I Second Harmonic Generation in beta

barium borate (BBO)

Visible NOPA pulses can be converted to shortest UV pulses by Second Harmonic
Generation (SHG) in nonlinear crystals. SHG is also important to characterize pulse lengths,
e.g., in a SHG intensity autocorrelator [Koz04]. One crystal that is widespread nowadays for
SHG is beta-barium borate (BBO) [Nik91, Zha00]. In this section a brief introduction to the
most important phase-matching properties for SHG are reviewed. For a deeper
understanding of this phenomenon the reader may refer to the literature [Yar88, Boy03,
Smil5]. The most decisive parameters for any frequency conversion in a single crystal are
the crystal thickness L and the cutting angle 6p;,. The crystal thickness determines the
possible conversion bandwidth but also the conversion efficiency — reasonable tradeoffs
have to be made. For shortest pulse durations very thin crystals on the order of 25 um are
needed. Although, some suppliers can be found offering these thin crystals even without
substrate support, it is important to measure the thickness before use. During the time span

of this work, many crystals were bought as 50 um crystals, but in fact were thicker by
30 - 40%.

With a spectrophotometer the NIR transmission of the crystals can be measured. Etaloning
will lead to equidistant fringes on the measured spectrum in the frequency domain. The
frequency spacing is equal to the free spectral range and hence the thickness of the crystal
can be calculated easily from the measurement. By introducing polarizers into the
unpolarized light source of the spectrophotometer, the contrast of the fringes can be
enhanced. Either the ordinary or the extraordinary light propagation is selected in the crystal
and beating contributions to the measured signal are avoided. The thickness of the crystal

defines both the acceptance angle and the acceptance bandwidth.

Fig. 2.7:  Angle acceptance in second harmonic generation. For details see text.
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Fig. 2.7 illustrates the angular acceptance for second harmonic generation. To enhance the
efficiency of frequency doubling the input pulse usually is focused with a focusing element
with focal length f. Depending on the initial size of the beam on the focusing element and its
focal length, this will lead to a specific propagation angle & of the input beam. The
acceptance angle A0 is defined as the value for which the intensity distribution of the second

harmonic drops to half of its maximum — see Fig. 2.7.
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Fig. 2.8:  a) Normalized spectral efficiency function (Eq. 2.20) for SHG of 550 nm for
various BBO thicknesses, at a fixed angle of 8= 45.5°
b) Normalized angular efficiency function (Eq. 2.20) for SHG of 550 nm for

various BBO thicknesses, at a fixed wavelength of 4 =550 nm.

Fig. 2.8 shows typical phase-matching (normalized efficiency) functions for angle
acceptance and acceptance bandwidth for different crystal thicknesses for the case of second
harmonic generation of 550 nm. It is calculated by solving Eq. (2.20) for varying input

wavelength (a) or input angle (b).
L 2 o)
ISHG (X.0) o« smc(Ak(K,e)-3j “T(M) Findamental (2.20)

where 4k(4,6) is given by

Ak(}\'ae):%(HBBO(%aej_nOBBO(}\')j- (2.21)

Here nppn(A/2, 6) refers to the effective refractive index of the second harmonic:

2 2
N Aol cos(0) sin(0)
BBO( 2 ’ej (noBBO(k) J : [ NeBBO(2.) J ’ 222

where n, denotes the ordinary and n, the extraordinary refractive index of the crystal,

respectively. The dispersion coefficients used for the calculation can be found in [Zha00].
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Fig. 2.9:  FWHM of the acceptance bandwidth (left panel) and possible UV Fourier limit
(right panel) in SHG for different crystal thicknesses and center wavelengths.

Fig. 2.9 shows how the values of the acceptance bandwidth (left panel) and corresponding
UV-Fourier limit (right panel) change with center wavelengths and BBO crystal thickness.
The resulting Fourier limits of the UV pulses amounts to roughly 90% of the pulse duration
that is obtained by assuming a Gaussian distribution in the visible with a spectral width
corresponding to the AAgy,, values of Fig. 2.9. The Fourier limits are calculated as
follows. It is assumed that the pulse is significantly chirped for SHG, so the frequency is just
doubled for all spectral components individaully without cross-term contributions [Bau04b].
For example, a Gaussian pulse, centred at 600 nm is considerd. According to Fig. 2.9 the
possible FWHM of the spectral distribution is 26 nm for a 50 pm BBO crystal thickness. In
Fig. 2.10a) the visible spectrum of the pulse (black line) and the phase-matching function for
the 50 um crystal (orange line) is shown. It can be seen that the sinc® function falls off
steeper at the blue edge of the spectrum. This leads to a slight narrowing of the obtained UV
spectrum (Fig. 2.10b). The UV spectrum is obtained by multiplying the sinc® phase-
matching function with the squared intensity distribution of the visible spectrum and shifting
the wavelength scale accordingly by a factor of 1/2. The correpsonding pulse in the time
domain is obtained by Fourier transformation of the corresponding field (not shown),
assuming a flat phase, Fig. 2.10c). It follows that for using the AAgyy,, values of Fig. 2.9
undistorted pulses in the time domain are obtained. Thinner crystals lead to slightly broader
spectra and hence shorter possible pulse durations. However, for thinner crystals the
conversion efficiency is lower — this will be discussed in the following. But for thicker
crystals, the side-lobes of the sinc’ functions will contribute to the second harmonic

spectrum — see red line for 125 pm BBO thickness.
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Fig. 2.10: a) Spectral distribution of a visible pulse around 600 nm with AAgp;,= 26 nm
(black line). sinc’ phase-matching functions for 25 pm (blue), 50 pm (orange)
and 125 pm (red line) BBO thickness. b) calculated second harmonic spectrum
for the three different crystal thicknesses. c) representation of the three UV

spectra in the time domain.

Even if the contrast of the side lobes to the peak of the second harmonic spectrum is very
high — it might not even be seen with a common spectrometer under real experimental
conditions — they have a huge impact on the pulse structure in the time domain. The
temporal distribution deviates strongly from a Gaussian shape and is more flat-top like, see
red line in Fig. 2.10c). A serious problem with this flat-top like pulse shape is that an
intensity autocorrelation of these pulses will look Gaussian again and consequently a wrong
pulse duration is obtained.

For even thicker crystals, the side lobes of the sinc’-function will be seen more pronounced
in the second harmonic spectrum. Since these parts would be phase shifted by 7z, the

resulting UV pulse will not be compressible anymore.
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Fig. 2.11: Acceptance angle for second harmonic generation for various BBO thicknesses

and fundamental wavelengths.

As mentioned, conversion efficiency of second harmonic generation with thin crystals can be
rather low. Especially for NOPA systems operating at high repetition rates with low pulse
energy this is a serious issue for frequency doubling. To enhance the conversion efficiency
the incoming beam has to be focused towards the doubling crystal. Shorter focal lengths lead
to a sharper focusing and consequently higher intensities. However, care has to be taken that
the acceptance angle of the doubling crystal is not exceeded by the focusing geometry.
Fig. 2.11 gives values for the angular acceptance in dependence of the BBO thickness for

different wavelengths.

A typical FWHM beam spot size of the high repetition rate NOPA system presented in
chapter 6 is 2.2 mm. Focusing the beam with a concave mirror with f'= 200 mm leads to a
divergence angle €=0.6°. For f = 75 mm an angle of #=1.7° is obtained. These focal
lengths set an upper and a lower limit for experimental implementation. Longer focal lengths
than 200 mm seem to be not necessary and shorter than 75 mm will not be easily
implemented due to astigmatism. Even 75 mm might be too short a focal length already and
could require the fundamental beam to propagate through the doubling crystal before
reflecting the focused beam back to the doubling crystal, in order to keep the angle of

incidence as small as possible on the mirror to avoid astigmatism.

In table II.1 the maximum BBO thicknesses regarding angular acceptance are summarized
for the two given focal lengths. A beam spot size of FWHM = 2.2 mm is assumed. The listed

values correspond to the dotted arrows of Fig. 2.11.
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TABLE II.1:  Maximum BBO thickness for different wavelengths regarding the angular
acceptance in second harmonic generation. A spot size of FWHM = 2.2 mm

is considered for a long and short focal length.

N max. BBO thickness max. BBO thickness
for f=75 mm for f=200 mm
500 nm 54 um 150 pm
600 nm 67 um 188 um
700 nm 85 um 240 pm
800 nm 106 pm 305 um

In table I1.2 a few "real existing" crystals of our lab are listed. Their thickness is measured
with a spectrophotometer as described above. Additionally the acceptance angle and the
acceptance bandwidth are calculated for the centre wavelength (defined by the cutting
angle Gp,, ). The calculation is done easiest by plotting the sinc’ phase-matching function

(like in Fig. 2.8) and reading off the FWHM value of the resulting distribution.

For example the crystal of the second row of table 11.2 cut at 35° for frequency doubling
close to 680 nm has a thickness of 50.9 um. This limits the bandwidth of the fundamental
pulse for frequency conversion to 42.1 nm. Assuming a beam spot size of FWHM = 2.2 mm
this leads to minimum possible focal length of /= 2.2 mm / tan (2.5°) = 60 mm with regard
to the acceptance angle 46. Since commonly only discrete focal lengths are available, the
listed values are "rounded" to the next reasonable/available value. In the present case of the

example from 60 mm to f= 75 mm.

TABLE I1.2:  Experimental needed parameters for SHG of some BBO crystals of our lab.

angle Opy, centre measured accept. accept. | min. focal supplier
wavelength thickness | bandwidth | angle A0 length
30° 780 nm 124.3 pm 35.4 nm 1.4° | ~100 mm | BlueBean
35° 680 nm 50.9 pm 42.1 nm 2.1° ~75 mm | Castech
45° 555 nm 44.8 pm 19.8 nm 2.2° ~75 mm | Castech
60° 460 nm 50.6 pm 7.2 nm 1.8° ~75 mm | Castech
62.9° 450 nm 29.5 pm 10.9 nm 3.1° ~50 mm | Castech
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Fig. 2.12: Scheme for frequency doubling of NOPA pulses.

Fig. 2.12 shows the scheme for frequency doubling of NOPA pulses as used in our transient
spectrometer according to Ref. [Meg09] for UV pump pulse generation. The NOPA output
beam is collimated and compressed in the visible with a folded fused silica prism
compressor. At the frequency doubling crystal the visible pulses are overcompensated to
obtain compressed UV pulses without an additional compressor. To not add additional chirp
to the pulses in the visible, the pulses are focused by a concave silver mirror under a small
angle of incidence instead of a lens. After frequency doubling, the beam is collimated by a
concave dielectric mirror. This mirror usually has a focal length of 250 mm and has a

dielectric coating that depends on the used UV wavelength.

With the BBO with 6py, =35°, 50.9 um a NOPA pulse centered around 670 nm with 38 nm
bandwidth and a pulse energy of 2.5 uJ is frequency converted in this scheme. The
bandwidth of the NOPA signal is narrowed close to the acceptance bandwidth of the crystal,
to roughly 38 nm by increasing the white light chirp inside the NOPA. This is done by
placing a 14.5 mm BK?7 glass block in the seed beam path [Ste09].
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Fig. 2.13: Left: NOPA output signal narrowed to the acceptance bandwidth of the SHG

crystal. Right: Second harmonic spectrum obtained with 50.9 um BBO crystal
for f =100 mm (blue) and /" =200 mm (red) focal length.
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By changing the focal length of the mirror, that focuses towards the BBO crystal, from
/=200 mm to =100 mm an increase of a factor 1.6 in obtained UV energy is measured.
The UV energy increases from 258 to 405 nJ while the spectral shape in the UV is almost
identical for both configurations. For the longer focal length this corresponds to a doubling

efficiency of 10%, for the shorter one to an efficiency of 16%.

The precise knowledge of crystal thicknesses and the resultant bandwidth and angular
acceptance is of major importance for frequency conversion, especially for high repetition
rate NOPA systems with low pulse energy on the 200 — 500 nJ level. Thin crystals are
required for the generation of ultra-short pulses. But for thin crystals efficiency is low.
Therefore it is important to be flexible in the experimental setup, to be able to change focal

lengths in order to achieve sufficient efficiency in frequency doubling.

Comment on bandwidths in SNLO: The value "Mix accept bw" (the acceptance bandwidth)
given under "OMIX" in the SNLO code [SNLO], can be either for "OPO" acceptance or
"Mix" acceptance. By choosing "Mix", one of the red waves tunes along with the blue wave.
This means, there are two acceptance bands, one for tuning one red wave along with the blue
wave, the second for tuning the second red wave along with the blue wave. The two
bandwidths are listed separately. If both red waves have the same polarization and tune
together, the acceptance band is half of the two listed equal values [Smil8]. The same
applies to the value "Mix accept ang" (the acceptance angle). Consequently, for type I SHG

the value for the acceptance angle is half of the two listed values in SNLO.

In Fig. 2.12 it can be seen that the frequency doubling crystal is located slightly behind the
focal plane of the fundamental beam. In the next section it is demonstrated how this position
enables perfect phase-matching due to balancing the natural divergence by Kerr-
nonlinearities. It will also be shown that these nonlinearities can lead to distorted pulses

when too high an efficiency is pushed.
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2.4  Limitation of the SHG and THG Efficiency and Beam Break-up for

Femtosecond Pulses by Kerr Lensing

For many applications the second and third harmonic of a laser system is required and quite
often, of course, high pulse energies are desired. Therefore the efficiency of the SHG and
THG processes must be high. In the literature high efficiencies can be found very frequently.
Values up to 60 % and higher for SHG are reported for the femtosecond pulse regime and
BBO as nonlinear medium [Ada08, Rot12a, Pupl5a]. It is demonstrated that pushing to such
high efficiency leads to distorted beam profiles and broadened, structured spectra of the
harmonics due to the Kerr effect in the nonlinear medium. Calculations show that for a
common focusing geometry of SHG, very high nonlinear phase shifts are acquired when the
crystal gets close to the focal plane of the fundamental beam — see Fig. 2.14. It is simulated
that a 100 um BBO crystal is moved through the focal plane of a 30 fs pulse centred around
550 nm with 10 pJ pulse energy. For the beam size FWHM =2 mm is assumed and the
beam is focused with /=200 mm towards the crystal. With the help of a Kerr-lens matrix
[Sie86] the change of the convergence/divergence 46 due to the Kerr effect is estimated
according to the sketch in Fig. 2.14, with the nonlinear refractive index of BBO

ny= 510720 mz/W, taken from Ref. [Bac13].

A0 1s the value how the Kerr-nonlinearity changes the convergence (in front of the focal
plane) or divergence (behind the focal plane) of the beam due to the nonlinear bending of the
wave-front inside the doubling crystal — see sketch in Fig. 2.14. The nonlinear self-lensing

leads also to smaller beam widths inside the crystal and hence higher intensities are present.

The nonlinear phase shift can lead to strong self-focusing even in such extremely thin
crystals. B-Integrals higher than 10 are reached easily. Consequently, the convergence in the
crystal is strongly changed and the phase matching angle in the crystal can readily be lost. In
Fig. 2.14 this is shown as the grey area in the range of £0.7 mm from the focal region. This
is where the self-focusing is so strong that the angle increases to the level where the phase-
matching function Sinc(AkL/2)2 = (. This is at AkL/2 = x. The level is marked with a red,
dashed line. At this point the B-Integral is highly above the critical value of 3. Thus, this
leads to parts of the UV spectrum with a phase shift of +7—compare the angular

dependence of the phase-matching function in Fig. 2.8.
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Fig. 2.14: Top panel: Sketch for the crystal position relative to the focused beam (dashed
line, beam propagates from left to right). Induced self-lensing effects on the
propagation are shown as solid line. Below: Kerr effect induced convergence

change (black line) as a function of a 100 um BBO crystal position relative to

the focus position. Shown is also the position dependent B-Integral (blue line).

This limits the doubling efficiency and leads to strongly distorted beam profiles as well as
spectra and incompressible pulses. Remarkably, at about +15 mm in the situation of
Fig. 2.14 there is a point where the beam divergence is just matched by the Kerr induced
focusing and a perfect phase matching condition for the transformed beam results. It is
denoted as a red star. This is where the doubling crystal should be located optimally, to

obtain the highest efficiency.

The nonlinear distortions show up also in a broadening of the resulting spectra due to self-
phase modulation — see Fig. 2.15. Here a Ti:sapphire laser, centered around 775 nm with a
nominal pulse duration of 150 fs and a pulse energy of 155 pJ, is frequency doubled in a
300 pum BBO. The Fourier limit of the fundamental pulse is about 90 fs. The beam is
focused with an /=250 mm lens towards the SHG crystal, located behind the focal region.
The efficiency of frequency doubling is increased by moving the crystal closer to the focus.

From an efficiency level of 35% on the blue spectrum gets modulated. The Fourier limit of
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31fs at 40% efficiency is almost half the value of 59.7fs at a level of 24.5%.
The experiment is repeated with an Yb:fiber laser system, operating at 1030 nm with roughly
320 fs pulse duration at 200 kHz with 20 uJ pulse energy. The Fourier limit of the
fundamental amounts to 275 fs. The beam is focused with a 250 mm lens towards the BBO
crystal (thickness 0.8 mm). Here an efficiency of 46% can be reached for the second
harmonic, accompanied by a drastic spectral distortion and broadening. The Fourier limit

reaches down to 73 fs for this case.

Once the pulse is distorted due to parasitic nonlinearities, also beam break-up can occur. In
Fig. 2.16 beam profiles of the second and subsequent third harmonic of the Yb:fiber laser are

compared for high and moderate doubling efficiency.

Ti:Sappihre SHG Yb:fiber SHG

no S

460/0, 73 fs
35%, 162 fs
17%, 199 fs

St
40%, 31.0fs
35%, 47.1 fs
24%, 59.7 fs

intensity (a.u.)
intensity (a.u.)

375 380 385 390 395 400 505 510 515 520 525 530
wavelength (nm) wavelength (nm)

Fig. 2.15: Spectral broadening with varying efficiency (7) of frequency doubling by

moving the crystal relative to the focal plane of the fundamental beam. o7z,

corresponds to the Fourier limit of the converted spectrum. For a Ti:Sapphire

laser (left) and an Yb:fiber laser (right).

Fig. 2.16 shows the second and third harmonic beam profiles for high efficiency conversion
of20 uJ, 1030 nm, 320 fs pulses. Clearly there is a beam break-up that is not tolerable. If the
efficiencies are lowered to 31 and 10 %, respectively, the beam profile cleans up very well.
At the same time the distortion of the spectrum is avoided — compare Fig. 2.15. For third
harmonic generation a subsequent BBO crystal (type II, #=40°) is used for sum-frequency

mixing with an intermediate focus. For details on the THG process, compare chapter 6.

The reason for this dramatic beam break up for high efficiency frequency doubling is that —
as it is shown in Fig. 2.14 — the high intensity of the fundamental leads to a Kerr induced
self-focusing. This increases the divergence of the beam inside the crystal to values where

the sinc’ phase-matching function exhibit side lobes. After SHG these spectral side lobes are
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phase-shifted by *z. After sum frequency mixing with the fundamental to the third
harmonic, this will show up as intensity modulation of the resulting beam. This effect can be
seen on the beam profile of the third harmonic for 40% efficiency of the second harmonic in

Fig. 2.16.
40% SHG 13% THG

mm

a 2 W N

01 2 3 4 5 01 2 3 4 5
mm mm

Fig. 2.16: Beam profiles of the second and third harmonic of 1030 nm for high (upper row)
and moderate (lower up) SHG efficiency.

Optical parametric amplification, second harmonic generation and supercontinuum
generation are effects of major relevance for all setups and experiments demonstrated in this
work. Therefore, they have been described briefly in this section. These effects are the basis
for the generation of ultra-short pulses. To prevent ultra-short pulses from temporal
stretching, dispersive material in the beam path has to be avoided. In the next chapter a
simple, folded mirror telescope is presented that allows to collimate or to image in a
reflective way. In this way the use of lenses is avoided and pulses can be prevented from

getting chirped.
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3. Astigmatism free imaging with a spherical mirror folded telescope

A central issue in ultrafast optics is the need to focus and collimate pulses with a very wide
spectrum, like a supercontinuum, without diffractive elements [Dob10, Meg09]. Diffractive
lenses introduce an unacceptable chirp and also chromatic aberrations. Theoretically
parabolic mirrors would be ideal. However, their optical quality is far inferior to spherical
mirrors for short focal lengths and off-axis parabolics are only useful in the IR, because of
their rather poor surface quality [Burl13] which results from the manufacturing process.

In this chapter a combination of a concave and a convex spherical mirror with suitable ratio
of radii of curvature is presented. It is a Schiefspiegler type telescope [Kut53] and allows
focusing and collimating beams without any detectable astigmatism. This is found at angles
where a single spherical mirror already introduces a large aberration. The advantage
compared to other reflective mirror telescopes, like the Cassegrain- or Newton telescope, is
that due to the introduction of a tilt angle between the mirrors there is no obstruction in the
light path due to the secondary mirror. It would be very inelegant in spectroscopy or laser
physics, since parts of the laser mode would be blocked. A different approach is to minimize
the astigmatism by two off-axis spherical mirrors for the sagittal and meridional plane
[Ern0O1]. But this requires reflecting the beam out of the plane, which makes the setup
unhandy. The system presented here, uses two spherical mirrors in plane under selected

angles of incidence. A scheme of the Schiefspiegler telescope is given in Fig. 3.1.

Fig. 3.1:  Schiefspiegler telescope setup with parameters:
e concave spherical mirror M; with radius R); under an angle of incidence 6,
e convex spherical mirror M, with radius Rj;> under an angle of incidence 6>
e distance d;, — distance between mirror M; and M,

distance of the light source to the first mirror d;

propagation distance d, from mirror M.
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The focal lengths of the mirrors can be estimated and chosen according to a linear two lens
based telescope with the overall focal length approximated

1 1 1 dp2
11,1 _do 3.1
P58 T hh G-

with

Rwmi
fi =— L (3.2)

With the ABCD matrix formalism an angle &> can be found numerically, depending on all
parameters of the system, to correct for the astigmatism introduced by the primary mirror.
This is done by calculating the sagittal (s, horizontal) and the meridional (m, vertical) plane
of the in-falling beam separately, and solve for an angle &, for which both focal planes are
localized equally. The matrix systems for both the sagittal and meridional plane after the

secondary mirror are given by formula (3.3).

1 0 1 0
A B 1 dip 1 d
C D) Ry rcos(02) 1 ({0 1 ccos(01) 1 {0 1
I (3.3)
1 0 1 0
A B 1 dip 1 dp
co) |2 —L 1o 1 2 L llo
m Rnzo cos(62) Rmi cos(61)

By calculating the complex beam parameter g for both planes after secondary mirror M, and
solving for the beam width w, a two dimensional ray tracing can be performed to visualize
the beam propagation before, in between and after the telescope.
1 1 i-A , A-q+B
a(z) R(z) =-w(z) )

q'= m (3.4)
Fig. 3.2 shows the calculation for the astigmatism compensation of the primary mirror M;.
The dashed, vertical arrows denote the first (focusing) and the second (defocusing) mirror,
respectively. To represent the propagation more clearly, the calculated propagation is shown
linearized and not tilted as in Fig. 3.1. The red and blue dashed lines show the astigmatic
propagation of the primary mirror as it would propagate without correction by the second
mirror. Despite of a slight ellipticity the corrected beam propagates without astigmatism —
the meridional and sagittal focal planes are located exactly at the same distance, as the

yellow magnification inset shows. The ratio between both planes is shown in the lower panel
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for the situation of a single focusing mirror (grey, dashed line) and the telescope case (black

line), also indicating slight ellipticity but no astigmatism for the case with two mirrors.

Fig. 3.2:

0 200 400 600 800 1000 1200
Z (mm)
Ray tracing through a Schiefspiegler telescope where a single mirror would

already show large astigmatism (blue and red dotted line). Dashed, vertical

arrows denote positions of the primary and secondary mirror.

Keeping the angle ; as small as possible under real experimental conditions improves the

propagation regarding the ellipticity of the beam profile. As Fig. 3.3 shows, both planes

(blue line and red, dashed line) are lying on top of each other. Even in the focus region

(yellow, magnified inset) both planes of the beam are propagating identically. The ratio of

the sagittal and the meridional plane (black line in the lower panel) is on a constant value of

1, corresponding to an astigmatism free, radially symmetric beam profile.
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Fig. 3.3:  Ray tracing through a Schiefspiegler telescope with a small angle of the primary

mirror. Dashed, vertical arrows denote positions of primary and secondary

mirror.

Gomez-Vieyra et al. published a formula for a two mirror astigmatism compensating
telescope [Gom09, Goml1]. However, they proposed an arrangement, similar to that of
Fig. 3.1, to also image out of the horizontal plane after the secondary mirror. By neglecting
some higher order terms in their derivation and keeping a fixed propagation height in the

horizontal plane, the angle &; to correct for the aberration of the primary mirror, amounts to

|Rvi Rz |
(dy+di2)-|Rmi|—2-dy-dip

0> = 01 -dg - (3.5

Focusing collimated beams with the telescope (Fig. 3.4b) is equal to a great distance d; from

the source to the primary mirror M;. In this case, Eq. 3.5 simplifies to

R R
lim 6 ~ 0 - Rt Ry |

pcollimated _ _
2 d]—o0 |[Rm1|—2-dp2

(3.6)

In Fig. 3.4 the approximation with Eq. 3.5 (balls) is compared to the numerical solution
(lines) for the case of relay imaging (a) and focusing of a collimated beam (b). The angle &,
is kept at a constant value of 3.4° for both cases. A MathCad program for calculating all

relevant parameters of the telescope is given in appendix A3.
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Fig. 3.4:

focus position dy (mm)

Comparison of the approximation of the correction angle &, calculated with the

approximation of Eq. 3.5 (balls) and the numerical solution (straight line) for the

relay imaging case (a) and the focusing of a collimated beam (b) depending on

the mirror separation d;,. The focus position for the case of focusing (b) is given

in turquois, dotted line.

For given focal lengths the correction angle of mirror M, increases with the mirror

separation d;; and the distance to the focus decreases. It has to be noticed that the

approximated and the numerical solutions are in very good agreement.

For a white light continuum, generated in a I mm sapphire plate with 778 nm, 1 kHz, a pulse

duration of nominally 150 fs and with a pulse energy of 1.8 pJ the imaging quality of the

telescope is shown in Fig. 3.5.

Fig. 3.5:
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with an interference filter) imaged with the Schiefspiegler telescope at the

beginning of the Rayleigh range (a), at the focus (b) and at the end of the

Rayleigh range (c).
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The profile data from Fig. 3.5 was taken with a commercial beam profiler (PhotonInc.,
USBeamPro). With an interference filter a part of the continuum, centered around 550 nm,
was measured selectively. Fig. 3.5 (b) shows the focal spot, whereas (a) and (c) corresponds
to the positions where the beam waist is bigger by a factor of J2, this corresponds to the
Rayleigh length of the imaged continuum. The internal profile cross sections of the
meridional and sagittal plane show that the beam profile stays radially symmetric within its
Rayleigh range. In Fig. 3.5 (a), in front of the focus, the profile is slightly distorted. This
behavior is attributed to the spherical aberration introduced by the mirrors as reported in

[BowO08a].

In the next chapter, the Schiefspiegler telescope presented here will be used to image an
unchirped continuum to seed an ultra-broadband amplifier. This is done for three different
reasons. Firstly, a lens introduces chirp, whereas the telescope works in a reflective way.
Secondly, the surface quality of spherical mirrors is superior to parabolic mirrors — this
avoids phase distortions. Thirdly, a single spherical mirror introduces astigmatism, while the
Schiefspiegler geometry compensates this. The astigmatism of the seed beam would be
transferred to the NOPA signal. For compression to shortest pulse durations with a prism

compressor this might cause serious problems.

Additionally, in chapter 8 the presented telescope will be used to image an unchirped
continuum which serves as a gate pulse for electro-optical sampling of a middle infrared

pulse for the identical three reasons.
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Comment on the alignment of the telescope: Since the alignment and the focus position
strongly depends on the mirror positions, it is recommended to mount them on precise
mechanical translation stages. As shown, the angle of the first mirror should be kept as small
as possible. Since it reflects back to the source, this angle might be the most erroneous value
(due to the lack of space for adjustment). I always used a business card with a small hole,
carefully punched with the tip of a pen. In a calculated distance from the hole I marked the
position where the beam should hit when the angle is correct. By fixing the business card to
a moveable mount, the card can be moved in a way that the central spot of the light source
propagates through the hole. Then the reflection of M, is easily steered to the mark on the
business card. For the second mirror I used simple trigonometry. It is best to calculate where
the beam should hit, e.g., in 1 m distance. Locate an alignment tool at the calculated position
and steer the beam to it. From there on, move a beam profiler up and down the beam line
while monitoring the horizontal and vertical beam width. By slightly optimizing the
horizontal angle of mirror M, there should be a position where the astigmatism vanishes. In
the vertical direction the astigmatism manifests in a tilted meridional and sagittal focal line.
This can be corrected with the two vertical adjustment screws of M; and M, just like for the

alignment of a beam over tapped holes on the laser table.

37



38



4. Broadband noncollinear optical parametric amplification based on

unchirped white light seed

In this chapter, an un-chirped continuum from a 1 mm sapphire plate (see chapter 2, or
appendix Al for details) will be used to seed an ultra-broadband NOPA, pumped by a
Ti:Sapphire laser. By the use of thicker generation media of the typical thickness of
3 - 5 mm, the resulting continua are highly chirped [Mac00, Zio04, Bral4b]. Nevertheless,
for most spectroscopic applications the resulting bandwidths, after amplification of chirped
continua are sufficient, corresponding to well below 20 fs pulses. For getting pulse durations
below 10 fs, different approaches have to be considered. Basically, there are two things that
can be done. Either stretching the pump pulse to match a large amount of continuum
frequencies during amplification [Bau06] or using less chirped seed light [Kob00, Bal02].
The method with stretched pump pulses was published in 2006 in the group.

In this work, an approach with an intrinsically nearly un-chirped seed continuum light for
amplification is presented. It makes a seed pre-compressor unnecessary and therefore
drastically reduces the complexity of the setup compared to, e.g., Ref. [Kob00]. To avoid
additional chirping of the continuum the light is imaged with the use of a Schiefspiegler
telescope [Kut53], which was presented and calculated in chapter 3. The use of a single
spherical focusing mirror would introduce astigmatism. The spatial aberration would also
show up after amplification and would cause serious problems in the next nonlinear
interaction downstream the beam towards the experiment. Theoretically, parabolic mirrors
would be ideal for the imaging of the continuum, but due to the available optical quality they
are only suitable for infrared sources. The Schiefspiegler telescope ensures to have the

imaging quality of a spherical lens but without dispersion.

778 nm, 180 pJ BS 20

1 kHz, 150 fs
S\\a@“ﬁ A

vat AL w,  —~J B8O

Fig. 4.1:  Setup of a noncollinear optical parametric amplifier with unchirped seed light.

BS: beam splitter (AR on backside), 2a: SHG 700 um BBO, VA: variable neutral

density filter, 4: aperture, L: f= 50 mm lens, M;, M,: Schiefspiegler telescope

with spherical silver mirrors (for details, see text).
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Single stage amplification

A schematic of the setup is shown in Fig. 4.1. A fraction of 180 pJ of a Ti:Sapphire chirped
pulse amplifier (Clark MXR Inc., CPA 2001) is used to pump the system. The repetition rate
of the laser system is at 1 kHz with a nominal pulse duration of 150 fs. The input is linearly

polarized in the horizontal plane.

The incoming beam is split into two arms with a beam splitter comprised of a fused silica
substrate with broadband antireflection coating on its backside and uncoated on the front
surface, to avoid a reflection from this surface. For continuum generation roughly 4% of the
input — corresponding to about 7 pJ — is split off. With a variable neutral density attenuator

(VA) and an aperture (4) the energy is optimized to about 2 puJ for continuum generation in

the 1 mm sapphire plate (Sa). With a combination of a concave, spherical silver mirror M,

(R=-150 mm) and a convex, spherical silver mirror M, (R =200 mm) the continuum is

imaged towards the amplification crystal, a 2 mm BBO cut at 32.5°. For details on the

Schiefspiegler telescope geometry and calculation, see chapter 3. The distance between the

sapphire plate and M; is 127 mm, M; and M, are separated by 103 mm and the angles of

incidence for M; and M, are 3.4° and 8.9°, respectively. The focal plane of the continuum is

roughly 740 mm behind the sapphire plate. The amplifier crystal is located roughly 1 cm
behind the focal region, corresponding to a 1/&° beam width of 200 pum.

The transmitted beam of the initial beam splitter is frequency doubled in a 700 pum BBO, cut
at 30°, with a doubling efficiency of 30%, resulting in 51 pJ energy. Two high
reflective mirrors for 389 nm separate the residual fundamental and the frequency doubled
pump pulses. A concave focusing mirror with /=250 mm is used to focus the pump beam
in front of the amplifier crystal. The focusing mirror is placed under the beam path of the
continuum, to allow for the tuning of the noncollinearity angle in vertical direction. The
focal plane of both, the continuum and the pump beam is located in front of the
amplifier crystal, due to two reasons: First, in front of the focus spherical aberration is
present in the beam [BowO08b]. Secondly, the curvature of the wave-front from a diverging
beam is helping to compensate Kerr lensing in the amplifier crystal — compare chapter 5.
The seed continuum spectrum, including the corresponding RMS stability, is shown in
Fig. 4.2. The RMS fluctuation measurement was done by implementing a 1 mm sapphire
continuum into our transient setup [Meg09] and analyze it with the spectrograph. The
fluctuation 1s on the order of 1% RMS, which is an acceptable value to seed an amplifier.

The Fourier limit of the continuum spectrum amounts to about 3.8 fs.
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Fig. 4.2:  Continuum generated with 778 nm in 1 mm sapphire crystal. RMS stability of

the continuum on the right axis.

In Fig. 4.3 two amplified output spectra of the single stage NOPA are shown. The spectra
were recorded with a fiber coupled spectrometer (Ocean Optics, HR4000) and intensity
calibrated afterwards. The noncollinearity angle is set to 3.7°. The Fourier limit of the
spectrum shown in red corresponds to 5.3 fs. By adjusting the phase-matching angle the
spectral width could be enhanced to 4.5 fs Fourier limit. Since the seed pulse is very short
compared to the pump pulse, the resulting amplified output energy of 3 uJ is relatively low.
This corresponds to 10% quantum efficiency in the parametric process. But nearly the whole

spectral width of the continuum pulse is amplified.
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Fig. 4.3:  Broadband NOPA output for different phase-matching conditions, with a pulse
energy of £ =3 plJ.

The pulse width of the uncompressed NOPA output corresponds to 77.8 fs. This elongation
is caused by the dispersion added in the 2 mm amplifier BBO. The beam after amplification
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is collimated by a spherical silver mirror (R,.. = -1000 mm) under a small angle and reflected
by a metallic beam splitter, to attenuate the pulse to a proper energy without dispersion,
towards the SHG intensity autocorrelator [Koz04]. The autocorrelation measurement (dots)

and the corresponding Gaussian fit (red line) is shown in Fig. 4.4.

7200 100 0 100 200

time dealy (fs)

Fig. 4.4:  Autocorrelation measurement of the uncompressed NOPA output with unchirped

white light seed.

To cover the full spectral width of the pulse in temporal characterization, the thinnest
available BBO crystal with 25 um thickness and a cutting angle of = 40° was used for the
SHG autocorrelation measurement. In Ref. [Koz03] the temporal widths of the
uncompressed NOPA output pulses for chirped seed light was measured for various central
wavelengths. It was demonstrated that independent from additional chirp in the seed light
beam path the temporal width of the output is close to the value of the UV pump beam. As
Fig. 4.4 demonstrates this is not the case for the use of unchirped seed light. In turn, this
allows the use of a second amplification stage without the loss of spectral bandwidth but

enhancing the amplification efficiency.

Operation with pre- and main amplification stage

Fig. 4.5 shows a schematic for a setup similar to Fig. 4.1, with a second UV pumped
amplification stage added. To not introduce astigmatism in the subsequent stage and to avoid
dispersive material, the pre-amplified signal of the first stage is also imaged with the help of
a Schiefspiegler telescope towards the second amplifier crystal. For this purpose a fraction of
250 pJ of the CPA is used. The splitting for continuum generation and all parts of the
generation is identical to the initial single stage setup. Roughly 2 uJ are used for continuum

generation in a 1 mm sapphire plate. The energy is optimized with the help of the variable
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attenuator (V4) and the position of the lens L; (plano-convex, fused silica, f= 50 mm). For
optimizing the stability of the continuum an aperture (4) gently narrows the beam diameter
of the fundamental. Like in the previous single stage setup, the distance between the
sapphire plate and M; is 127 mm, M; and M, are separated by 103 mm and the angles of
incidence for M; and M, are 3.4° and 8.9°, respectively. The focal plane of the continuum is
roughly 740 mm behind the sapphire plate. The amplifier crystal (1 mm BBO, 32.5°, type I)
is located roughly 1 cm behind the focal region, corresponding to a 1/é® beam width of

200 pm.

Behind the pre-amplifier crystal the first convex spherical silver mirror (Mj3;) of
Schiefspiegler #2 (R;;3 = +1000 mm) is located in 355 mm distance, with an angle of
incidence of 6°. The second mirror of the telescope (M), a concave spherical silver mirror,
with R, = -500 mm, is in 295 mm distance of the mirror M;. The angle of incidence on this
mirror amounts to 2°. This geometry enables anastigmatic imaging of the pre-amplified
signal towards the second amplifier crystal, which is located 560 mm downstream from
mirror M,. The focal plane of the pre-amplified signal is roughly 4 cm in front of the

amplifier crystal.

The overall efficiency of second harmonic generation for the pump pulse is 30%,
corresponding to 71 pJ in total. With the help of a beam splitter 16 pJ are used to pump the
pre-amplifier stage. The remaining 55 pJ are used to pump the second amplification stage
(2 mm BBO, 32.5°, type I). The beam splitter for the separation of the pump branch is fixed
on a mechanical translation stage for adjusting and optimizing the temporal overlap of the
pre-amplifier stage. In the first stage the pump is focused with the help of a concave HR

mirror (R,..=-300 mm) in a distance of roughly 17 cm in front of the pre-amplifier crystal.

For the second stage the pump beam is focused with a plano-convex, fused silica lens
with /= 750 mm (L,). By moving the lens along the z-axis, the pump beam waist on the
amplifier crystal can be optimized to the amplification and beam profile. This is
advantageous, since the spot-size of the white light at the crystal cannot be adjusted easily
without losing the proper alignment of the Schiefspiegler telescope. The focal plane of
the pump beam is located roughly 15 cm in front of the amplifier crystal. This
corresponds to a 1/¢° beam width of roughly 250 um and a pump intensity of about
260 GW/em®. In other setups designed in the group the use of lenses in the UV pump
beam is avoided. In the present case it allows more flexibility in the focusing geometry without
losing the temporal overlap. At the same time it adds some additional chirp for improved

temporal overlap with the seed.
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778 nm, 250 pJ — BS {20 S

1 kHz, 150 fs u

Schiefspiegler #1

delay #2 4=

L2

Scheme for a two stage ultra-broadband noncollinear parametric amplifier.

BS: beam splitter (AR on backside)

2®: 700 um BBO, type I, 8= 30° for second harmonic generation

VA: variable neutral density filter for optimizing SCG energy

A: aperture, to slightly crop the fundamental beam before SCG

Ly: /=50 mm lens, AR coated for 800 nm

M, M,: Schiefspiegler telescope #1 with spherical silver mirrors

(Ryy; = -150 mm, Ry, =+200 mm)

M,,: spherical focusing mirror for pump beam (R,.. = -150 mm)
delay#1: beam splitter (R = 15% in s-polarization) on a mechanical
translation stage, for splitting pump branches and optimization of temporal
overlap in the pre-amplifier stage

1* amp: pre-amplifier, 1 mm BBO, type I, § = 32.5°

M3, My: Schiefspiegler telescope #2 with spherical silver mirrors
(Ry3=+1000 mm, R, = -500 mm)

delay #2: HR mirror for pump beam on mechanical translation stage for
optimization of temporal overlap in the main-amplifier stage

L,: plano-convex , fused silica lens, /=750 mm lens

2" amp: main amplifier, 2 mm BBO, type I, § = 32.5°.
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Fig. 4.6:  Left: spectra of a two stage noncollinear optical parametric amplifier with un-
chirped seed light with corresponding measured pulse energy and the calculated
Fourier limit. Right: Typical beam profile of the two stage NOPA output. Cross

sections are shown in white, the corresponding Gaussian fit in red, dotted lines.

Resulting spectra of the amplification for the given geometry with corresponding pulse
energies and calculated Fourier limits are given in Fig. 4.6. It is shown that the spectral
width of the single stage amplifier is maintained for the arrangement with pre-amplifier and
main amplifier stage. Quantum efficiencies up to 45% are demonstrated with Fourier
limits well below 10 fs. The slight chirp of the seed allows tunability of the system. So it is
possible to amplify 480 nm pulses with a full width at half maximum of 20 nm,
corresponding to 15 fs Fourier limit, quite easily. A beam profile of the output after the
second amplifier stage is shown in the right panel of Fig. 4.6. The profile was measured
with a commercial beam profiler (Photon Inc., USBeamPro). It is seen, that a
proper alignment of the two Schiefspiegler telescopes renders a smooth and
symmetric Gaussian beam profile after amplification. For comparison, a Gaussian fit is
shown to the cross sections of the horizontal and vertical plane of the beam. After the
second amplifier crystal, the amplified signal is collimated with a spherical silver mirror
with radius of curvature of R.. = -1000 mm under a small angle to avoid astigmatism — see
Fig. 4.7. With a D-shaped mirror, the light is coupled into a Brewster-angled chirped
mirror [Bau06] arrangement, to pre-compensate for third order dispersion. The number
of reflections — and therefore the amount of third order dispersion compensation — is
adjustable via the distance of the two mirrors. The quantity of mirror bounces is doubled by
reflecting the light back into itself with an end mirror. After passing the chirped mirrors, the
light is compressed with a fused silica prism compressor. The apex angle of the prisms is

cut for Brewster angle transmission — 68.9°.
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Fig. 4.7:  Setup for compression of the broadband NOPA output with the combination of
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Brewster angled chirped mirrors (BCMs) and a fused silica prism compressor
(PC), D: D-shaped mirror; M, spherical silver mirror, R.. = -1000 mm;

BS: beam splitter for attenuating the pulse energy without dispersion.

The pulse duration is characterized with the help of a second harmonic intensity
autocorrelator [Koz04]. For a proper attenuation of the pulse energy a reflective beam
splitter is used in front of the autocorrelator. The pulse energy used for autocorrelation is
between 100 — 200 nJ. To offer sufficient phase-matching bandwidth, a 25 um BBO, type I
is used for second harmonic generation in the autocorrelator. The autocorrelation and the
calculated Fourier limit of the pulse — shown in blue in Fig. 4.6 — is displayed in Fig. 4.8.
The pulse duration is 6.7 fs with a Fourier limit of 6.1 fs. This corresponds to a time-
bandwidth product of 0.46, assuming a Gaussian distribution. Here, 24 reflections on the
chirped mirrors are used. The prism apex separation is 33 cm. The wings in the
autocorrelation show up due to the spectral shape of the pulse and are also seen in the

calculated curve. The amplitude of the wings is below 10% of the main peak.
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—~ | gaussian fit
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Fig. 4.8:  SHG autocorrelation trace of a 6.7 fs pulse. The Gaussian fit is shown in red.

The calculated Fourier limit is shown in blue.
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In this chapter, a new method for amplification of sub-10 fs pulses was demonstrated. A
nearly chirp free continuum is amplified with the second harmonic of a Ti:Sapphire laser at
1 kHz. In order to avoid additional chirp in the continuum, a Schiefspiegler telescope of two
spherical mirrors is used for imaging.

Even with a second amplification stage the spectral width of the amplification is maintained.
It is shown, that excellent beam profiles result after amplification due to the high imaging
quality of the telescope. The compression of the pulses to below 10 fs, with the combination
of Brewster angled chirped mirrors and a prism compressor, is demonstrated. The presented
light source would be an interesting candidate for further experiments, like ultra-broadband
sum-frequency mixing with NIR pulses to the range around 400 nm or achromatic phase-
matching to the UV range.

Contrary to previous reports the presented setup provides higher pulse energies for pulses
well below 10 fs. Unhandy pre-compensation of the seed pulse [Kob00, Bal02] is avoided.
Stretching the pump pulse for broadband amplification [Bal02, Bau06] leads to elongated
output pulses and significantly increased higher order chirp in the prism compressor. With

the presented method this behavior is avoided easily.

The subsequent chapter depicts how a thermal beam pointing of the pump laser system
translates to a white light seeded noncollinear optical parametric amplifier. It is found that
the Kerr lens inside the white light medium (also sapphire in this case) increases the input

pointing by a factor of 10.
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3. Dramatic Beam Steering by Kerr Lensing in Optical Parametric

Amplifiers

Ti:sapphire or Ytterbium based femtosecond laser systems primarily generate pulses at 800
or 1030 nm. To generate fully tunable pulses over the full visible and NIR range, optical
parametric amplifiers and in particular white light seeded noncollinear optical parametric
amplifiers (NOPAs) are now widely used [Cer00, Rie00, Cer03, Kob0O, HomOS8, Liel4,
Bral4]. For highest energy pulses this scheme is expanded to OPCPAs [Stal4]. Energy and
beam pointing stability of parametric sources are very crucial regarding potential
applications. Surprisingly, only few examples regarding pointing stability can be found in
the literature [Kuml5]. In this chapter it is investigated — to the best of my knowledge for the
first time — how the beam pointing instability of a pump laser source translates to the output
signal of a parametric amplifier. Since nowadays laser-companies specify the values for the
beam pointing stability of state of the art laser systems only very loosely — values of just
< 200 prad are commonly given — the following experiment suggested itself.

A thermal beam pointing instability of a Ti:Sapphire amplifier (Clark MXR Inc., CPA2001)
is simulated with a piezo driven mirror mount — PZM in Fig. 5.1 (Newport Corporation, AG-
MI100N). The steered beam is used to pump a noncollinear optical parametric amplifier. In
this way it is possible to correlate the changes in the input angle 460; and the resulting NOPA
output signal angle 46,.

The angle change 460; was monitored by introducing a plane parallel 160 pm FS window
(BS 1) into the input beam and measuring the drift of the reflection on a commercial beam
profiler (CCD) in a known distance. The transmitted beam with a pulse energy of roughly
200 pJ is used to pump the NOPA.

— CPA 2001
800 nm, 1 kHz
BS4 BS2 1 20
| i
PZM 401 amp CCD
D e
A VA AB
ccD L1 Sa Lo 2

Fig. 5.1:  Setup for measuring the correlation between deviations of the beam’s input angle
460; into a NOPA system and the resulting change of the amplified output signal

A40,. For details, see text.
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Initially the influence of the Kerr effect driven self-focusing and filamentation process inside
the 3 mm sapphire plate (Sa) for seed pulse generation is determined. The angle change in
the seed beam path is measured for the case of continuum generation in sapphire and
referenced to the situation without the sapphire plate — Fig. 5.2. This is done by placing a
beam profiler in two precisely determined distances after the re-focusing lens L, and reading
off the relative drift on the camera array by software. To enlarge accuracy a bandpass filter
with a FWHM of about 10 nm around 550 nm was placed in the white light beam path. For
the measurement of the fundamental beam (without SCG) the energy was attenuated with a
variable attenuator, which is usually used to optimize continuum generation, to not saturate

the camera.

Fig. 5.2:  Input beam angle variation 46; with continuum generation (grey) and without
sapphire plate (Sa) inserted (w/o Sa) and resulting angle A6, in the seed beam
path.

It can be seen from Fig. 5.3 that the filamentation process inside the sapphire plate boosts the
angle change by a factor on the order of 10.
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Fig. 5.3:  Increase in output angle variation 46, in seed beam path due to the influence of

continuum generation.
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Without sapphire plate the angle change is reduced by transmission through the telescope of
L; and L,. That means the angle after the telescope A6, is smaller compared to the input
angle A6,. Both cases will be verified with the help of ABCD matrix formalism. All used

matrices follow the nomenclature of Ref. [Sie86].

For the case without sapphire plate the propagation through the telescope can be described
with the well-known ABCD matrix M for a thin lens with focal length /'and the propagation

matrix M for a beam propagation of distance z.
1 z
Ma(z)=|, Me(f)=] 1
f . (5.1)

The total matrix M for the lens system is obtained by sequential multiplication of the

matrices
M=M_(f2)-Mg(z) M (f), (5.2)

where the focal lengths of the two lenses are f;=80 mm and f,=30 mm. The distance z

between the two lenses is roughly 113 mm. For the calculation of the resulting angle change

o s (53
r‘[Aej’ )

where Ax is the spatial offset from the center on first the lens and 46 is the angle of the

a vector 7 is needed, it is given by

incoming beam — see Fig. 5.2. By multiplying the vector with the initial values in front of the
telescope to the total matrix given in Eq. (5.2), the resulting values of angle and offset for

propagation after the telescope are obtained.
A A
“2om. T (5.4)
AB~» AB1

The result of the input angle dependent calculation is shown in Fig. 5.5. It is compared to the
situation with inserted sapphire plate. Therefore in the next section it is briefly described

how this situation will be calculated including nonlinear effects in the white light crystal.
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5.1 Simulation of the Kerr lens in the white light crystal

In order to simulate the effect of the Kerr-lens inside the SCG crystal on the beam
propagation, only self-focusing inside the sapphire plate is taken into account. For simplicity
other filamentation processes are neglected at this point. This allows the use of an ABCD
matrix describing a Kerr lens. This matrix is called "duct" matrix and is suitable for materials
with radially varying index of refraction — e.g. introduced by a Kerr lens [Sie86]. In the
literature the matrix is quite common for resonator analysis and ray tracing including Kerr
lensing [Pen96, Gra00, Ras13]. In this work the concept is applied to continuum generation

and optical parametric amplifiers. The matrix reads:

1
cos(vy-d — -sin(y-d
Mduct = ( ) n'y ( ), (5.5)
—n'-y-sin(y-d) cos(y-d)

with the refractive index

n'=ng+nyp- 5
W (5.6)

The factor y is introduced for convenience and is given by the relation
1 [8-np-P
Y= : —, (5.7
w2 T-n

where P is the radiation power, d the length of the nonlinear medium, w corresponds to the

1/& radius of the spatial beam profile; n, and n, are the linear and nonlinear refractive
indices of the medium.

For a 3 mm sapphire crystal a self-focusing distance can be found numerically to be 0.7 mm,
with a refractive index of n = 1.76 at 778 nm, a nonlinear refractive index of 2.8:107"0 m¥/w
and an intensity of about 1000 GW/cmz, assuming a temporal pulse width of 150 fs, pulse

energy of £ =1 pJ and a width of w =20 um on the entrance surface.

With the matrices M, for propagation and M for a thin lens, a total matrix of the system

Mg can be formulated.
MscG =M (f2) - Md(2z2) Mduet (d.P,w ) -Mq(z1) M, (f1), (5.8)

where z; (=780 mm) and z, (=31 mm) are the distances of lens 1 and 2 to the sapphire
plate. The comparison between the measurement and the matrix simulations on the angle

deviation is given in Fig. 5.5. The angle change is calculated according to Eq. (5.4).
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Fig. 5.5: Measurement of the beam deviation for the case of continuum generation (green)
and without sapphire plate (red) and theoretical calculations for both cases (blue,

dashed lines).

For the case without sapphire plate in the beam path, the calculation and the measurement
match well over the entire range of input angle change 46; up to 1.4 mrad — this is the value
before continuum generation breaks down. The calculation for the case of continuum
generation reproduces the measurements well up to a value of approximately
460;=0.7 mrad. It is assumed, that above this value the — highly sensitive — generation
process of continuum generation is distorted too much for this simplified model.
Nevertheless, the trend and the magnitude of the effect is clearly reproduced by applying the

"duct" matrix to the system.

The matrix of Eq. (5.5) is highly dependent on the pulse energy. The dependence of the
continuum generation energy on the simulation is shown in Fig. 5.6 compared to the

measurement.
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Fig. 5.6:  Energy dependence in the simulation of the driving pulses for continuum

generation.

An energy variation of £ 5% of the driving pulses is used for calculation. With decreasing
energy £ the magnitude of the resulting angle 46, is reduced — see Fig. 5.6. This could be
explained by the increasing filament length with higher energy of the driving pulses
[Bral4b].

It has to be noted that the modeling is only of semi-quantitative nature, even if it describes
the measurements very accurately. Here the filamentation process is neglected where high
nonlinearities enter in combination to spectrally broaden the Ti:Sapphire pulse to a

continuum.
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5.2  Influence of pump laser beam pointing on the NOPA output energy

In the next part is discussed how the input angle change and the resulting Kerr lens driven
boost of this angle in the seed beam will translate to the amplified NOPA signal. For
observing the effect of input angle deviation on amplified NOPA output pulses, a single
NOPA stage is used — see Fig. 5.1. The incoming light is frequency doubled in a 700 um
BBO to 389 nm with an efficiency of 30% to amplify the seed light in a I mm BBO crystal
cut at 32.5°. The blue pump beam energy is roughly 20 uJ and is focused with a spherical
concave mirror (R = -300 mm) in front of the amplifier crystal. The beam waist on the
crystal is approximately 200 um corresponding to a peak intensity of 200 GW/cm?. The
imaging of the continuum is optimized by moving the re-focusing lens L, in beam direction
and monitoring the amplified output energy and the shape of the resulting beam profile. The
focal plane of the continuum is also located in front of the amplifier crystal. Working with
the focal planes of pump and seed in front of the amplifier crystal was empirically found to
work best since the early years of NOPA development. In this chapter the physical reason
for the empirical approach is described and is found to be reasonable for compensating the

nonlinear bending of wave fronts due to Kerr lensing.

Initially, it is monitored how the output signal energy of the NOPA pulses decreases with an

input angle change of the fundamental beam — see Fig. 5.7.
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Fig. 5.7:  NOPA input angle variation and resulting decrease in output energy of the

amplified pulses. Values see text.
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The NOPA signal was tuned to a center wavelength of 590 nm, with an initial energy of
450 nJ. The spectral width of the output corresponds to a Fourier limit of 11 fs. The
fundamental input beam was steered by the piezo controlled mirror mount and the beam
deviation was referenced by a beam profiler. The resulting output energy was monitored by a
sensitive thermal power meter head (Coherent Inc., PS10Q) and averaged over
approximately 5000 laser shots for each piezo step. The amplification of the NOPA breaks
down for angle changes greater than 200 prad, for smaller changes there is a linear decrease
with

dE nJ
0 -1270 ad”

(5.9)

This value allows estimating a pointing induced noise of an amplifier output. Assuming a
quite realistic beam pointing stability of a laser system with 46 = £ 20 prad this can be
directly translated into a noise level.

dE nJ
AE = — - A0 =1270
do mrad

-20urad = 25.4nJ. (5.10)

For the single NOPA stage centered at 590 nm with an energy of E =450 nJ this corresponds
to a noise level of 5%.

AE

With a beam pointing stability of 46 = +£200 purad or even greater, the output of the

amplification would fluctuate catastrophically between "on" and "off".

5.3  Kerr lensing in the amplifier crystal — change of the pointing direction

Subsequently, the effect of the introduced beam pointing of the output signal is
demonstrated. At first glance, the spatial beam pointing conversion between input and output
angle change might look quite surprising. The pointing direction of the seed beam changes
after amplification — see Fig. 5.8. It is recommended to the reader to watch a short video clip

of this phenomenon, by following this link: http://www.nopa-agriedle.info/KLD.html
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Fig. 5.8:  Pump and Signal going to the same direction with input beam angle change,

while amplified signal goes to the opposite direction.

As the input angle changes by A46,, the change of the pump beam at the locus of
amplification at the amplifier crystal is changed also by A6,. But, as mentioned previously,
the angle change for the seed beam is magnified, due to the Kerr effect inside the Sapphire

plate, by roughly 10-46;.

The amplified NOPA output changes direction and the magnitude of the angle increases by a
factor of 3. This is shown in Fig. 5.9. It shows a quantitative measurement of the involved
angle changes as well as the change of sign of the direction for the seed beam (black) and the

amplified NOPA signal (orange).

The observed effect is understandable by considering the Kerr effect inside the amplifier
crystal. In this case a "cross Kerr effect" must be responsible for the angle deviation of the
amplified signal. In the well-known process of cross-phase modulation a strong pump beam
modifies a weaker signal at temporal and spatial overlap. Less known is that the Kerr effect
can also lead to a cross-lensing effect for a beam introduced by a second beam. The
refractive index of the medium gets modified on the pump axis due to the Kerr effect. Thus
the weak seed beam inside the NOPA can get influenced by the Kerr lens introduced by the
pump. Generally all phase distortions of the pump beam are transferred to the signal and the
idler [Wei08]. An easy experiment to prove this is to spatially narrow the pump beam with
an aperture in a way that interference fringes are observable in the beam profile. After

amplification these fringes will also be visible in the NOPA output signal.
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Fig. 5.9:  Input beam angle change A6, as well as angle change A6, of the seed beam
(black) and the amplified NOPA signal (orange) with different sign and

magnitude. The blue dotted line is calculated via the "duct" matrix method.

The effect of cross Kerr lensing in the parametric amplifier is readily understood in a
simplified picture by a mixture of nonlinear and geometric optics — see Fig. 5.10. As shown
previously, the angle of the seed beam path drastically increases due to the Kerr lensing
effect inside the sapphire plate. For the sake of convenience it is assumed for the moment
that only the seed beam path angle is changed while the pump beam direction stays constant.
If now the pump beam with a Gaussian intensity profile enters the amplifier medium it will
experience a self-focusing effect due to Kerr lensing. In Fig. 5.10 a) the nonlinear effect is —
very simplified — denoted as a focusing lens inside the medium. If the seed beam hits this
"lens" centrally at temporal and spatial overlap, the signal gets amplified and its direction is
not influenced by the refractive index change introduced by the pump. Signal and residual
seed are propagating on top of each other. An angle change of the seed beam path with a
constant position of the Kerr lens leads to the case that the "lens" will be hit off axis by the
seed beam — see Fig. 5.10 b). Consequently the amplified signal gets redirected to the other
side of the pump axis. It gets deflected to the opposite direction of the induced angle change
A0;.
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Fig. 5.10: Scheme to explain cross Kerr lens driven signal angle deviation. (a) Seed hits a
pump induced Kerr lens centrally. (b) Seed hits pump induced Kerr lens off-axis
and frequencies with temporal overlap get deflected (signal) while residual seed

without temporal overlap propagates unaltered.

A second "duct" matrix is added to Eq. (5.8) to simulate a second Kerr lens in the amplifier.

The matrix for the whole seed beam path inside the NOPA reads:

Mgeed = Mduct BBO ( d, P,w) - Mg ( z3 ) :

5.12
"M (f2) Mg (22) MduetscG (d,P,w)-Mq(z1) M, (f]) G2

For the calculation of the Kerr lens matrix M., pgo it has to be noted that the parameters of
the pump are chosen because the effect is generated by the pump beam. A pump beam width
w= 157 um, an energy £ = 15 uJ and a pulse duration of A¢ = 130 fs is used for calculation.
The distance from lens L, to the crystal is roughly z; = 270 mm. The resulting calculated
angle deviation for the NOPA signal after a second Kerr lens inside the amplifier BBO is
given for the matrix system of Eq. (5.12) in Fig. 5.9. It exactly reproduces the observed
behavior.

According to the scheme of Fig. 5.10, only the wavelengths of the chirped white light that
overlap temporal with the pump pulse are amplified and deflected. The residual,
unamplified, white light is propagating disjunct from the amplified signal since there is no
cross lensing effect without temporal overlap. Hence, for the disjunct case, the residual white
light seed should not contain the amplified signal wavelengths after the amplifier BBO. This
is proven for a 515 nm pumped NOPA system, where the disjunct propagation was adjusted
consciously to observe the spectral distribution of the residual seed with a fiber-coupled
spectrometer. In Fig. 5.11 it can be seen that the amplified wavelengths (red peak) are

missing in the residual seed (black line) compared to the seed without the pump (grey line).
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Fig. 5.11: Uncalibrated spectral distributions for the white light seed without the pump

pulse (grey line), the residual white light seed (black line, right spot in inset

picture) and the amplified signal (red line, left spot in inset picture)'.

The resulting beam direction after tilting a steering mirror is always a combination of a
parallel offset and an angle change, because mostly the mirror is not tilted around its center.
Consequently, the influence of a parallel offset of the beam steered to the NOPA system was
also measured. It was simulated by placing a plane parallel, 8 mm thick, fused silica plate
perpendicular to the fundamental beam in front of the NOPA setup. By tilting the window
along the horizontal axis, a parallel offset could be introduced. Like in the case of an angle
deviation of the incoming light — Fig. 5.1 — the offset was monitored by a CCD in front of
the setup. Interestingly, it turns out, that compared to the angle change, the parallel offset has
nearly no impact on the performance. Below a value of 1.3 mm offset nothing drastic could
be measured in the performance of the system. For higher offset levels continuum generation
gets modified. At a level of 1.9 mm the white light becomes instable and ceases at a level of
2.3 mm. Since there is no angle change in the beam path, also the change in direction of seed
and signal is not observable. Remarkably, the NOPA output energy also is quite stable up to
the level of 1.9 mm parallel offset.

! Spectra measured by Dr. Victor Lisinetskii at the University of Wiirzburg with the setup presented in the
subsequent chapter 6.
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The effect of amplified signal and seed that are not propagating collinearly after
amplification has been observed many times before in the group and even was found to be
beneficial for background suppression in detection when seeding a NOPA with continuous
laser light sources [Hom13]. In this thesis this phenomenon is now evaluated experimentally
and is explained theoretically with the effect of cross Kerr lensing between pump and seed in
the amplification process. Few examples can be found in the literature where this effect is
also described. It is, however, used in a transient spectrometer for temporal characterization
of broadband pulses or the measurement of time resolved third order nonlinear responses of

molecular samples [Fer13, Lil4, Reil4].
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5.4  Direct visualization and quantification of the pump induced Kerr lens

The Kerr lens of the pump acting on the signal in the NOPA crystal can be directly
visualized with the divergence of the amplified signal. Lower intensity leads to weaker self-
lensing. Hence, a change in signal divergence is expected with respect to the pump energy.
Therefore a A/2 plate is placed in front of the second harmonic generation crystal in order to
attenuate the second harmonic pump beam. At two different positions behind the amplifier
crystal the beam profile width of the amplified signal is detected with a beam profiler, while
the pump energy is monitored with a thermal power meter. The divergence of the signal
results from the ratio of beam widths and the distances to the beam profiler. Fig. 5.12 shows
how the signal divergence drops with increasing pump energy. This effect of changing signal
divergence is also observable by bare eye — a change of the spot size of the signal can be
seen on a white business card right after the amplifier crystal by simultaneously varying the

pump energy.

a4l
o
o
ESf
()]
&)
c
Sl .
§ pump, seed, signal
2
®
S1r
w
BBO BBO
0
100 125 150 175 200 225 250
Loump (GW/em?)

Fig. 5.12: Pump energy dependence on the measured divergence of the amplified signal

after a 2 mm BBO amplifier crystal.
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To quantify nonlinearities in transparent media, the B-Integral is frequently used.
2
B=Tn-jn2-l(t,z) dz . (5.13)

The B-Integral gives a value for the accumulated nonlinear phase shift of a beam on the
optical axis due to the Kerr effect (compare chapter 2.1). Therefore, a high value for B
corresponds to strong self-focusing. A value larger than 3 is attributed to the case where self-
focusing is likely to occur [Wei09].

In the design of chirped-pulse amplifiers even a relatively low value of 1 or 2 is known to
distort the performance and compressibility of the system [Chu93, Per94]. Here B-Integral
values for a NOPA of our own design are estimated.

Intensities between 150 and 200 GW/cm? are common to pump a NOPA crystal [Cer03].
The intensity is needed to amplify the nJ level seed light to about 10 pJ output energy. The
seed light energy level is estimated according to Ref. [Bra09] for a 4 mm YAG crystal by
roughly 10 pJ/nm. Assuming, for simplicity, a spectral window of 50 nm of the chirped seed
continuum overlapping in time with the pump pulse this gives 0.5 nJ seed pulse energy,
approximately. To obtain the output energy after amplification the coupled differential
equations (see chapter 2.2) are solved by summing over small slices over the crystal. The

used calculation can be found in appendix AS.
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Fig. 5.13: B-Integral for a 2 mm amplifier BBO crystal pumped with 400 nm (blue line)
versus pump intensity. Corresponding theoretical NOPA output energy

calculated with the G-factor (green line).

63



From Fig. 5.13 it can be seen that in the pump intensity range of 150 — 200 GW/cm?
(marked area) NOPA output energies of 4 — 20 uJ result theoretically. The calculation is
done for a pump wavelength of 400 nm, a 2 mm amplifier BBO cut at 32.5° and a central
wavelength of 550 nm. The corresponding B-Integral after the NOPA crystal in that range of

pump intensities is intrinsically larger than 3.

Other crystals have very similar conditions. Basically, it would be ideal to use a crystal with
a very large nonlinearity doy - less intensity would be needed for the same gain. Thus, it
would be possible to amplify to the same output energy level with lower B-Integral, leading
to smaller undesired nonlinearities like self-focusing. Unfortunately, such a crystal does not
exist. TABLE V lists a few common crystals which fulfill the phase matching condition for
the amplification of 550 nm light with a 400 nm pump pulse. These crystals are shown for
comparison to BBO. They do not solve the problem, since either their nonlinearity dz is
lower or the acceptance bandwidth is to narrow. The lower dsleads to higher needed pump
intensities and therefore worsens the situation of self-focusing. A lower acceptance

bandwidth leads to narrow output spectra - no ultrashort pulses can be obtained.

Bismuth triborate (BiBO) has a higher coefficient d,; than BBO, but the acceptance
bandwidth is much narrower compared to BBO. Potassium dihydrogen phosphate (KDP) has
a much broader acceptance bandwidth compared to BBO, but its nonlinear coefficient is
smaller by a factor of 7. Since the exponent of the gain G increases squared with dofy In
Eq. (2.17) of chapter 2.2, the intensity has to be increased roughly by a factor of 50 to get to
the same value of G as for BBO. This will also lead to a factor of 50 higher B-Integral for

amplification in KDP since the values for the nonlinear refractive index 7, are quite similar.
Consequently, for amplifying in the visible range, with UV pump pulses, BBO is still the

material of choice.

TABLE V: d,;and acceptance bandwidth for various crystals for amplifying a 550 nm

signal with 400 nm pump pulses.

doy (pm/V) OPO acceptance bandwidth ny

[SNLO] (em™'- cm) [SNLO] (10 7' cm?/w)
BBO 2.06 21.26 6.5 [Bacl3]
BiBO 2.6 9.19 7.4 [Mil08]
KDP 0.292 141.55 5.9 [Kur96]
LBO 0.805 38.34 2.6  [Li0I]
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5.5 Ray tracing of the amplified signal with pump induced Kerr lensing

Since the Kerr lens is introduced by the pump pulse, the full crystal length contributes to the
B-Integral and the self-focusing effect of the pump. For a fixed crystal length of 2 mm and a
signal wavelength around 700 nm, the signal will experience a much weaker self-focusing
because the effective length of the pump induced Kerr lens is limited by the finite temporal
overlap between pump and signal inside the crystal. The group velocity mismatch of the
signal and the pump wavelength decreases the effective crystal length because the
parametric interaction stops once the pulses are temporally separated. For 400 nm pump
pulses the group velocity mismatch (GVM) is zero for pulses near 490 nm and increases to

150 fs/mm for 700 nm for a noncollinearity angle of 3.7° [Pie06].

In Fig. 5.14 this situation is demonstrated qualitatively for a 700 nm seed wavelength out of
the continuum. The continuum is generated at position 0 mm and is relay imaged with a
/=30 mm lens towards the BBO crystal. The 400 nm pump is focused with /=250 mm at a
positon of 930 mm. In the upper panel the situation for a pump intensity of 250 GW/em? is
illustrated. It results in a sharp focus of the pump beam right behind the BBO crystal. The
lower effective crystal length due to the GVM of pump and seed, 1 mm approximately, leads

to a smooth and weaker self-focusing of the seed beam after amplification.
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Fig. 5.14: Simulation of 400 nm pump and 700 nm seed propagation, for high (upper

panel) and low (lower panel) pump intensity.
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The pump intensity can be reduced by shifting the BBO further away from the focal plane of
the beam. For the case of lower intensity (lower panel in Fig. 5.14) with 50 GW/em® the
effect of self-lensing ceases. Of course this drop in pump intensity will drastically reduce the
gain. For the given intensities this relates to a diminution of the gain from roughly 1-10° to
150. In other words, the optimum lies in-between. This should motivate to not pump the
amplifier too hard. If for an experiment low energy is needed only — let's assume 100 nJ at
1 kHz — it makes no sense to go for 15 pJ energy of the NOPA output. The nonlinearity
inside the amplifier crystal strongly modulates the wave-front of the pump beam acting on
the signal. This space time coupling will strongly show up as parasitic effect in the next non-
linear interaction downstream in the experiment, like second harmonic generation. With
lower intensities the undesired nonlinearities can be reduced - an improved spatial beam

quality results.

This simulation also illustrates why it is reasonable to work behind the focal planes of both,
the pump and the seed beam. Not only because in front of the focus spherical aberration is
present [Bow08b], but also the orientation of curvature of the wave-front would reinforce the
Kerr lensing. Behind the focal plane the curvature of the wave fronts helps to keep self-

lensing effects smaller.

These new aspects regarding the Kerr-lens induced distortions are also a new motivation for
the already well-established concept of Ref. [Rie00] for the use of a pre-amplifier, especially
for 1 kHz, high energy NOPAs. The pre-amplifier should be operated such that only 1 — 5%
of the desired final output energy is amplified. In the second amplification stage this pre-
amplified signal can then be amplified to the final output energy with a lower intensity and
hence a lower B-Integral compared to directly amplify the lower nJ level seed photons. A
high amplification in both (or even more) stages will lead to different curvatures of the wave

fronts, making the resulting pulses hard to compress.
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In this chapter it was shown how beam pointing instabilities of a pump laser system
translates to the output of a parametric amplifier. A thermal beam pointing drift was
simulated with a piezo driven mirror mount on the order of 100 prad. It was shown
experimentally that the pointing of the pump laser is increased in the amplifier. The behavior
is attributed to Kerr lensing inside the system. In the white light crystal the needed high
intensity for filamentation is mainly achieved by self-focusing. Here, the Kerr lens inside the
continuum generation crystal increases the pointing of the seed beam path dramatically.
Afterwards, there is a subsequent Kerr-lens in the amplification medium introduced by the
pump pulse. By comparing the Gain factor and the B-Integral at needed pump intensities for
output energies on the order of 10 pJ, it was demonstrated that Kerr-lensing is intrinsic in the
amplification process of the given parameters. Since the Kerr lens inside the continuum
generation crystal increases the magnitude of the pointing instability drastically — roughly by
a factor of 10, the angle changes differently for pump and seed beam path. Both beam paths
have the same number of reflections on mirrors (compare Fig. 5.1), so the pointing at the
amplifier crystal is symmetric — pump and seed deviate in the same direction but with
different magnitudes of angle deviation. Consequently, the part of the seed beam, temporally
overlapping with the pump pulse, hits the Kerr lens — introduced by the pump inside the
amplifier crystal — off center. Hence this part gets amplified and deflected to the opposite
direction, while the parts without temporal overlap do not interact with the pump Kerr lens
and propagate unaffectedly (see Fig. 5.10). This explains the well-known observation of

noncollinearly propagating seed and signal beams.

The Kerr lens — introduced by the pump, acting on the seed - inside the amplifier medium is
also directly visualized by varying the pump intensity and measuring the change in signal

divergence after amplification (Fig. 5.12).

By introducing the "duct" matrix (Eq. 5.5) a Kerr lens can be simulated and the above

described observations are explained by ABCD matrix ray tracing with very high accuracy.

The Kerr focusing of both the pump and the signal may lead to strongly different radii of
their wave fronts that will eventually lead to a beam breakup of the amplified signal for
experimentally used beams. The acquisition of nonlinear phase and beam distortion will
strongly show up in the next nonlinear interaction downstream, particularly in multi-stage

OPCPA designs [Skr12].
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Even though very moderate pulse energies are needed for many experiments (on the order of
100 nJ or even less for excitation pulses in spectroscopic experiments), users are frequently
tending towards a NOPA alignment for high energy output pulses above 10 pJ. No doubt it
might often be needed, but if not, intensities on the amplifier crystals should be reduced by
just moving them further away from the pump focus. Accumulating less nonlinear phase
shift during amplification will help for a better beam profile and compressibility of the

pulses — two major parameters for any kind of experiment.

In addition, the experiments shown in this chapter demonstrate that for the operation of an
optical parametric amplifier the pointing stability of the pump laser system is of major
importance. It has been analyzed that an angle variation of the laser source is magnified by
propagating through a Kerr lens. As mentioned previously, the seed and the pump beam path
experience different magnitudes of angle variation, due to the Kerr lensing effect in
continuum generation. It is obvious, that this also affects the spatial overlap in the
amplification crystal and the output energy after amplification ceases. In Fig. 5.7 the angle
variation of the pump laser is related to the decrease of signal energy. This gives an
estimation value for the noise of the amplifier due to beam pointing. Which, in the case for
the given geometry, is £5% for an angle variation of & 20 prad. So a laser source with high
pointing stability should be chosen for the best performance or a stabilization system could

be implemented.
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6. Yb-fiber laser based, two-color noncollinear optical parametric

amplifier optimized for long term stability at 1 MHz

Spectroscopic pump probe experiments of ultrafast processes require shortest tunable laser
pulses. The pump pulse is conveniently generated with a parametric amplifier to enable a
large tunable frequency range. The probe pulse can be a supercontinuum [Meg09] or a
second pulse of a tunable source [Sch08a]. In this chapter a NOPA source is presented that
uses the second and the third harmonic of an Yb-fiber laser source to amplify a portion out
of two continua generated by the fundamental and the second harmonic (see schematic in
Fig. 6.1), respectively.

The arrangement gives two independently tunable output pulses. The UV pumped branch is
tunable from 400 to 900 nm. The green pumped branch is tunable from 630 to 950 nm. A
sub-10 fs pulse is demonstrated. Similar setups have already been shown [Sch08b, HomOS,
Bral4, Liel4, Nill4]. Here, the main focus is on the issues that come along with high
repetition rates, like two-photon induced heating of the BBO crystals by the third harmonic
around 343 nm.

The used Yb-fiber laser system for optical parametric amplification is a 35 W Tangerine by
Amplitude Systems. The central wavelength is roughly 1030 nm, with a spectral width of
6.7 nm, corresponding to 233 fs Fourier limit. The beam size is 1.7 mm (FWHM). The
repetition rate of the system can be chosen via a PC program from single shot to 2 MHz. For
most experiments in this chapter 200 kHz or 1 MHz are used. Independent of the repetition
rate, 20 uJ pulse energy is used to pump the system. In principle, the PC interface allows
modifying the output power, but it was found that by using the function called "efficiency"
the fundamental spot size changes. Hence an external combination of a half-wave plate and

a polarizer is used for adjustment of the pulse energy in front of the NOPA.
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Fig. 6.1:  Schematic view of the two color NOPA setup. For details see text.
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6.1 Laser warm up pointing

Yb-fiber lasers are known to operate stable over long time periods. However, if the system
was shut down, it will take as much as an hour until stable operation is obtained after start up
— see Fig. 6.2. The main issue is not the output power that is typically monitored, but the

beam pointing.
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Fig. 6.2:  Pointing of Tangerine during warm up phase. CCD 1 and 2 are located 29 and

211 cm after the laser head, respectively.

The beam pointing during the warm up phase has been monitored with two CCD cameras at
29 and 211 cm after the laser head. The laser was operating in full power at a repetition rate
0of200 kHz. The beam was attenuated by multiple reflections on glass wedges in order to not
saturate the cameras. The maximum drift is about 160 um in 211 cm distance. This
corresponds to a pointing of 76 prad. For comparison: in the previous chapter it has been
demonstrated, that for angle variations of 180 prad the NOPA amplification breaks down.
After roughly 50 minutes the beam position stabilizes. Also the pronounced spikes vanish.
To conclude: it is highly recommended not to start aligning of the experiment after switching
on the laser system. The warm up procedure takes roughly one hour. Before that time no
alignment makes sense, since the beam is not yet stable regarding its position. This warm up
behavior will repeat after closing and opening the internal laser shutter. Instead of using the

shutter, it is recommended to block the beam externally, with a sandblasted beam dump.

70



6.2  Seed generation with 1o and 20 in 4 mm YAG

In this part a detailed look on the generation of the two independent seed pulses and the used
optics is given. The incoming light is split into two arms with the help of an initial half wave
plate and a Brewster angled thin film polarizer (TFP 1) — see Fig. 6.3. The vertically
polarized reflection of 7FP I is used for pump pulse generation — see chapter 6.3. The
horizontally polarized transmission is used to generate the seed pulses. From previous
experiments it is known that the transmission of a thin film polarizer exhibits a much
cleaner polarization. Therefore, this arm is better suited for continuum generation. A
depolarization of the driving pulse would also show up in the continuum and hinder
the subsequent amplification process from optimal performance. Especially with
regard to the long term stability for high repetition rate systems, this configuration has
proven beneficial. The polarization of the reflected arm, used for pump pulse generation
cleans up anyhow after frequency conversion. Additionally, in this geometry the major
part of the incoming laser power is reflected for pump pulse generation. This avoids
the transmittance of the high power part through the 7FP (3 mm thickness) to ensure a low
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Fig. 6.3: Concept for decoupled generation of two continua seed pulses.

o A/2: zero order half-wave plate for 1030 nm

. TFP 1 & 2: Brewster angled thin film polarizer

. L: /=250 mm lens for SHG (AR 1030 nm)

° 2m: SHG in 0.8 mm, type I, 23.5° BBO

o Calflex X: dichroic shortpass filter to suppress 1030 nm and transmit 515 nm
(Optics Balzers)

o 1o SCG: =50 mm (AR 1030 nm), 4 mm YAG and /= 30 mm for relay imaging

o 20 SCG: f=50 mm (AR 515 nm), 4 mm YAG and /= 30 mm for relay imaging

. EO SP1000 OD4: Edmund Optics shortpass filter to suppress 1030 nm

. B-51/ O-56: Optics Balzers dichroic filter for the short and long wavelength side
of the continuum, respectively.
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A second combination of a half-wave plate and a Brewster angled thin film polarizer
(TFP 2) is used to split the white light generation beam in two branches. The vertically
polarized reflection is frequency doubled in 0.8 mm BBO. To enhance efficiency, the beam
is focused down towards the crystal with an AR coated lens L (f'= 250 mm). After frequency
doubling the reflection of TFP 2, two dielectric mirrors transmit the residual 1030 nm and
steer the horizontally polarized 515 nm beam to the 4 mm YAG (2w SCG). To fully suppress
the 1030 nm after frequency doubling a Calflex X (Balzers) filter is used additionally. It
reflects 1030 nm and transmits 515 nm. A collimation lens is avoided, to not add chirp on
the 515 nm pulses. This would lead to a higher energy needed for continuum generation.
Instead, the beam is directly focused with an AR coated /= 50 mm lens (fused silica) onto
the entrance surface of the YAG crystal. The lens is just set back by a few millimeters to
compensate for the divergence of the 515 nm beam. The resulting supercontinuum is relay
imaged towards the amplifier crystal with an uncoated, plano-convex fused silica lens
(f=30 mm). To suppress the 515 nm after continuum generation two different filters can be
used. B-51 (Optics Balzers) for transmitted wavelengths shorter than 515 nm. O-56 (Optics
Balzers) for transmitted wavelengths greater than 515 nm — see Fig. 6.4a). This prevents the
residual fundamental to introduce distortions in the subsequent amplification process.

The horizontally polarized transmission of 7FP 2 is used to generate a supercontinuum in
4 mm YAG with 1030 nm. The beam is focused with an = 50 mm plano-convex lens (BK7)
onto the entrance surface. The continuum is relay imaged with an uncoated, plano-convex
fused silica lens (=30 mm). After l® continuum generation a short pass filter (Edmund
Optics, SP1000, OD4) is used to suppress the fundamental — see Fig. 6.4b). This prevents the

residual fundamental to introduce distortions in the subsequent amplification process.
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Fig. 6.4:  Transmission curves of filters to block the driving pulses for continuum
generation. (a) B-51 and O-56 filter (AOI = 0°, 10° respectively) to block
515 nm pulses (black); (b) Edmund Optics short pass 1000 nm (OD 4.0) to block
1030 nm pulses (black), AOI = 10°.
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Fig. 6.5: Continua generated in 4 mm Y AG plates. (a) blue and red wavelength side of the

515 nm pumped continuum (b) continuum pumped by 1030 nm.

In this geometry both continua are horizontally polarized. After amplification the horizontal
seed polarization is maintained on the amplified output signal. For compression with a prism
compressor the horizontal polarization is beneficial. It enables a Brewster angle
configuration of the prisms to ensure highest throughput — for fused silica prisms a typical

throughput is 85%.

To demonstrate the stability of the 1030 nm continuum, a long term measurement of optical
power of selected, newly generated frequencies is shown — see Fig. 6.6. For the stability
measurement a bandpass filter (44 =10 nm at 550 nm, Thorlabs, FB550-10) was placed
behind the short pass filter to monitor selected frequencies close to the cut-off wavelength.
Here continua are known to be most instable. Consequently, this region is the best indicator
for potential distortions. The transmission is monitored with an acquisition rate of 1 Hz by a
sensitive photodiode based power meter sensor (Thorlabs, S120VC) over 2 hours at a

repetition rate of 1 MHz.
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Fig. 6.6:  Long term stability of selected continuum wavelengths centered around 550 nm,

generated with 1.3 pJ of 1030 nm in a 4 mm Y AG plate at | MHz.
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6.3  Second and third harmonic generation with static delay compensation

plate to reduce two-photon absorption induced phase-matching loss

For amplification of selected spectral portions out of the seed pulses, the second and the
third harmonic of the fundamental is used. Therefore, the vertically polarized reflection of
TFP 1 is frequency doubled and subsequently sum-frequency mixed with the fundamental.
Up to now a type III configuration for third harmonic generation (THG) was frequently used
for pump pulse generation in a NOPA [HomO08, Bral4]. After frequency doubling in a
0.8 mm type I BBO crystal cut at 23.5° the subsequent sum-frequency mixing for THG
(1030 nm (o) + 515 nm (e) --> 343 nm (e)) takes place in a type III BBO crystal cut at 62.9°.
The advantage of this setup is that both generated pump wavelengths (515 and 343 nm) have
extraordinary polarization after mixing. Therefore, no additional half-wave plate is needed
after frequency conversion for subsequent type I amplification. The type Il THG
configuration seems to work fine for the use of an IMPULSE (CLARK-MXR, Inc.) pump
laser at the University of Halle-Wittenberg in the group of Wolf Widdra [Hom08, Hoel1].
However, by the use of the Tangerine (Amplitude Systems) as a pump laser for a NOPA
according to Ref. [Bral4] the type III configuration seems to fail. Especially for 1 MHz
repetition rates the THG and the NOPA crystals are found to degrade rapidly in the
laboratories of Isabelle Thomann at the Rice University. This issue is attributed to the two-
photon absorption (TPA) induced heating of the BBO crystals under UV radiation.

A new concept in type II configuration for third harmonic generation with a delay
compensation plate between the SHG and the THG crystal is described in this chapter. In
this way the generated heat in the THG crystal can be reduced to a minimum. A heat camera
photography (FLIRone, FLIR Systems, Inc.) of the THG crystal compares both

configurations impressively — Fig. 6.7.

Fig. 6.7:  Heat camera photography of the THG crystals. a) Type III phase-matching:
clearly visible heat in the crystal due to TPA. b) New type II concept including a
delay compensation plate: no "heat spot" is detected in the THG crystal.
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In the type III configuration the heating of the crystal due to two-photon absorption of the
third harmonic is clearly visible with the heat camera (Fig. 6.7a).

The two-photon absorption (TPA) coefficient of BBO varies in the range of 320 and 360 nm
between 0.29 and 0.08 c/GW [Homl1]. The third harmonic of 1030 nm corresponds to
343 nm and hence is in this range — here two-photon absorption is likely to happen, since the
used pulses for THG have intensities up to 100 GW/cm?. For 343 nm pulses this amounts to
a transmission of 85% inside a 3 mm BBO [Bral4]. Two-photon induced absorption of the
newly generated frequencies in the UV leads to a high thermal load inside the BBO crystal
and will change the phase-matching conditions of the mixing process and leads to
degradation of the UV power over time [Kum15]. According to [Rot14] the thermal change
is on the order 50°C for a I mm BBO and the used parameters. A temperature change of
50°C changes the needed phase-matching angle by 0.2° [SNLO] — this is equal to nearly a
full revolution (~310°) of an adjustment screw from a typical 1" mirror mount with 170
turns-per-inch precision thread. Obviously, this will heavily alter the optimum THG
efficiency.

The THG efficiency for both configurations, shown in Fig. 6.7, was set to be roughly 15% or
2.55 uJ at 200 kHz. Both pictures were recorded roughly 5 minutes after opening the
impinging laser light. The nonlinearity coefficient d 4 for THG is 0.41 pm/V for type III and
1.24 pm/V for type II. The third harmonic generation efficiency scales with d,z ye [Boy03],
where / is the intensity. This leads to a 9 times lower intensity needed for the type II
configuration compared to type III. Obviously, a higher intensity leads to higher TPA.
Concerning this, the type II configuration is intrinsically advantageous. Additionally, a
aBBO plate (8= 70.0°, d = 1.1 mm) for delay compensation is introduced between the SHG
and THG crystal in the presented configuration — see Fig. 6.8. This compensation plate does
not only compensate for the group velocity mismatch (between fundamental and SHG)

introduced by the second harmonic crystal, but also overcompensates the relative pulse

N

Fig. 6.8:  THG scheme with delay compensation: SHG: in a 0.8 mm, type [ BBO cut at
23.5°%; aBBO: delay compensator, 1.1 mm thick aBBO cut at 70.0°, THG: in a
1.0 mm, type II BBO cut at 40.0°.

delays for the thickness of the third harmonic generation crystal.

1 to o1

2
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The second harmonic is generated in a 0.8 mm, type I BBO crystal cut at 23.5°. The
generated second harmonic falls behind the fundamental by 45 fs due to group velocity
mismatch in the SHG crystal (left panel, Fig. 6.8). With 515 nm polarized extraordinary and
1030 nm polarized ordinary a time delay of —267 fs can be introduced by the aBBO plate
(center panel of Fig. 6.9). This overcompensation shifts the temporal overlap of the pulses to
the end of the THG crystal (right panel).

For sum frequency mixing to the third harmonic a 1.0 mm, type II BBO cut at 40.0° is
employed. The group velocity mismatch inside the THG crystal is 345 fs/mm between the
fundamental and the second harmonic, 470 fs/mm for the fundamental and the third
harmonic and 125 fs/mm for the second and third harmonic. Consequently, the pulses fully
overlap at the end of the THG crystal. This reduces the two-photon absorption volume for
343 nm light in the BBO. Due to the centrosymmetric crystal structure of the aBBO, no
undesired second order processes take place inside this medium. It has a large birefringence
and a ten times higher damage threshold than calcite. The use of a calcite plate for similar
purposes has been shown in Ref. [Nill4], but in the publication no over-compensation was
taken into account. Additionally, the high UV transparency of aBBO reduces the possibility
of two or three photon absorption. The parameters of the aBBO plate were exclusively

calculated and designed for this setup and manufactured by Newlight Photonics, Inc.

The propagation of the pulses during third harmonic generation with the aBBO delay
compensator plate can be simulated with the "2-dimensional short-pulse mixing" package of
SNLO [SNLO]. Fig. 6.9 shows the results of the simulation. All relevant parameters for the
described THG generation are summarized in TABLE VI.

; 1.0 ' after after after

< FISHG g aBBO [ \, THG g

205F 0 3 2

ZJ : ‘;\‘ 2(00 ; A 20)0 0)0 - ~ 0)0

200} ARER <X N

- P PR S U N S U N TR | T B MR | R BT TR B
0 500 1000 1500 O 500 1000 1500 O 500 1000 1500

Fig. 6.9:

Simulation of temporal propagation of the pulses for third harmonic generation
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TABLE VI: Summarized parameters for the used third harmonic generation scheme.

d desr P O-o20 030 20«30
interaction 0 (mm) (pm/V) (um) (fs/mm) (fs/mm) (fs/ mm)
SHG  typel (0o -¢) 23.5° 0.8 2.01 455 45
oBBO  no nonlinearity 70.0° 1.1 - 513 -267
THG  typell (eo —+0) 40.0° 1.0 1.24 551 345 470 125

Although the second harmonic and fundamental fields start slowly building up the UV field
in the first "slices" of the crystal, the maximal UV intensity is generated at the end of the
crystal, where the maxima of the fundamental and second harmonic field overlap.
In Fig. 6.9 this evolution of the UV pulse is shown for three "slices" inside the THG crystal,
after entering the crystal with the temporal pre-delay between fundamental and second
harmonic introduced by the aBBO plate. By shifting the generation locus of the main UV
power to the end of the crystal, two-photon absorption inside the THG crystal is reduced to a
minimum, since the optical path for the maximal evolved UV field is minimized. Moreover,
the aBBO compensation plate corrects for the walk-off p introduced by second harmonic
generation (TABLE VI) — this is also advantageous for the efficiency of third harmonic

generation and allows to move the crystal further from the focal plane.
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Fig. 6.10: Evolution of the third harmonic inside the mixing crystal after propagating

through 1/3 (left panel), 2/3 (panel in the middle) and of the full thickness (right
panel) of the THG crystal. Pulses are propagating from left to right.
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Due to the concept of delay pre-compensation with an aBBO plate, the thermal load is

drastically reduced and no significant "heat spot" is detected inside or on the THG crystal.

For the presented type II configuration including the delay compensation plate a long term
power monitoring measurement is shown in Fig. 6.11. As a consequence of generating the
main UV power close to the exit surface of the THG crystal, no two-photon absorption
induced change of phase matching conditions takes place inside the crystal and long term

stable UV pulse generation is maintained.

4

343 nm pump, 200 kHz

Energy (uJ)
N

time (min)

Fig. 6.11: Long term monitoring of the third harmonic generation (343 nm) in type 11

configuration with delay compensation plate. £ =2.55 pJ at 200 kHz.
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6.4 Detailed NOPA setup at a glance

In this section the whole two-color pumped / two-color seeded NOPA setup is described.

The description for each numbered optical element is found on the next page.
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Fig. 6.12: Setup of the NOPA system. For descriptions to each element, see next page.
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21
22,23,24,25
26
27
28
29

31
32
33
34
35
36
37
38
39
40
41

61
62,64
63
65
66
67

91
92
93
94
95

dielectric beam steering mirrors from Tangerine to NOPA
zero order A/2-plate for 1030 nm

Brewster angle thin film polarizer

collimation mirrors (Ag, R =-1000 mm)

flat Ag beam steering mirrors for NOPA output beams

zero order A/2-plate for 1030 nm

thin film polarizer to split off light for continuum generation
dielectric beam steering mirrors for fundamental light
plano-convex, focusing lens for pump SHG and THG (f'= 250 mm)
pump SHG BBO crystal (type [, d = 0.8 mm, &= 23.5°)

aBBO time delay compensator (d = 1.1 mm, &= 70.0°)

pump THG BBO crystal (type II, d = 1.0 mm, 8= 40.0°)

dichroic mirror to separate UV and green pump light

zero order A/2-plate for 1030 nm

dielectric beam steering mirrors for fundamental light

plano-convex BK7 lens for 1® continuum generation (= 50 mm, AR1030)
l® continuum generation crystal, 4 mm YAG

relay imaging lens, FS (= 30 mm, uncoated)

Edmund Optics short pass filter to block 1030 nm after continuum generation

thin film polarizer to split off light for green pumped continuum generation
dielectric beam steering mirror for fundamental light

plano-convex focusing lens for SHG (f'= 250 mm, AR1030)

BBO crystal (type I, d = 0.8 mm, 8= 23.5°)

dielectric beam steering mirror for 515 nm

Calflex X filter to block light residual 1030 nm light after SHG
dielectric beam steering mirror for green light

plano-convex FS lens for 2o continuum generation (f'= 50 mm, AR515)
2o continuum generation crystal, 4 mm YAG

relay imaging lens, FS (= 30 mm, uncoated)

filter to block 515 nm after continuum generation (O-56 or B-51)

plano-convex collimating lens for green pump light (=250 mm, AR515)
dielectric beam steering mirrors for green pump light

zero order A/2-plate for 515 nm

flat dielectric mirror, delay for green pumped stage

dielectric focusing mirror for green pumped stage (f'= 250 mm)

NOPA BBO crystal for green pumped stage (type I, d = 3 mm, 8= 24°)

collimating lens for UV pump light (=250 mm, AR343)

dielectric beam steering mirror for UV pump light

flat dielectric mirror, delay for UV pumped stage

dielectric focusing mirror for UV pumped stage (= 250 mm)

NOPA BBO crystal for UV pumped stage (type I, d =5 mm, €= 37°)
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6.5 Performance of the UV pumped NOPA stage and balancing TPA in the
amplifier BBO

Section 6.3 of this chapter demonstrated and described the problem of two-photon
absorption induced heating of a BBO crystal used for third harmonic generation. The
temperature gradient alters the phase-matching. Obviously, this is also an issue inside the
amplifier BBO for a UV pump beam. At least this effect also occurs for high repetition rates
when there is no time for thermal cooling of the crystal between the impinging pulses. For a
Ti:sapphire second harmonic (~400 nm) pumped NOPA system with 1 kHz repetition rate
this is not an issue - no heating can be seen in the amplifier BBO with the FLIR camera. For
higher repetition rates this problem can be handled by reducing the UV pump intensity on

the amplifier crystal. With the use of a thicker crystal the output energy can be maintained.

Fig. 6.13 quantifies the problem of too high an UV pump intensity on the amplification
crystal. In the left panel the energy of the UV pump pulse is shown in front (black) and
behind the 2 mm BBO amplification crystal (type I, cut at 37.0°). In front of the BBO the
energy of the pump pulse is E =2.65 nuJ at 200 kHz. With a distance of 28 cm from the
focusing mirror (#94 in Fig. 6.12) to the BBO, the UV intensity is roughly 50 GW/cm?,
yielding a transmission of approximately 75%. Over 90 minutes this decreases further to
68% transmission. Carefully steering the UV pump to a "new" spot on the crystal surface
immediately resets the transmission to the initial value of 75%. Monitoring the amplified
output of the NOPA at 460 nm at 200 kHz, an initial output energy of 320 nJ is measured —
see the right panel in Fig. 6.13. After 13 minutes the energy decreased to 254 nJ. This equals

a loss 0f 20% in output energy on a 10 minute timescale.

3.0 C

25 34 pump in front of BBO 300 s \"‘M
= 20f semme ey S 500k 1
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= 15p L behindBBO Lot [ST 460 nm, 200 kHz

10 _~ on BBO ™\ 100 5 3o NOPA output

0.0..1...I...I...I...I...I 0',._,,....._|....|.

0 20 40 60 80 100 0 5 10 15
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Fig. 6.13: Left panel: measurement of 3 pump energy in front (black line) and behind
(red) of 2 mm amplifier BBO. Right panel: corresponding NOPA output energy
at 460 nm.
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To minimize this two-photon induced effect, the UV pump intensity has to be reduced. To

maintain the output energy, a thicker amplifier crystal can be implemented.

The gain factor for amplification in the BBO reads:

2 12
§n” digr Ipump
Np-Ng-Nj-Aj-Ag-€0-C

G=%exp 2'dBBO‘\/ , (6.1)

where Ny, Ng,N; Are the refractive indices for pump, signal and idler, respectively. A, 4; are the
signal and idler wavelengths. d, is the nonlinear coefficient, & is the vacuum permittivity
and ¢ the speed of light. Changing the crystal thickness from 2 mm to 5 mm will lead to a
constant gain by reducing the intensity roughly by a factor of 5. Since only the crystal
thickness and the intensity changes in Eq. (6.1) while all other parameters stay constant, the

condition for constant G reads:

dBBO - Tpump = 2mm - /50 GW /em? ~ Smm - /10 GW /em2 . (62)

Reducing the intensity is done by setting the thicker crystal further away from the beam

waist of the UV pump beam. From initially 28 cm distance to the focusing mirror (#94) for

the 2 mm BBO, to 32 c¢m distance for the 5 mm BBO.

Not only the integral effect of two photon absorption is reduced by a factor of 2.5 [Bral4]
with the combination of lower intensity with a longer interaction volume, but also the
B-Integral drops from the approximate value of 2 to 0.6. If there is no need for "high" output
pulse energies in the experiment, it is therefore reasonable to keep the intensity on the
crystals low - especially for the case of pump wavelengths in a range where two-photon
absorption is likely to happen. In return, undistorted pulses with long term stability are
obtained. Fig. 14 shows the stability for the 3® pumped NOPA at a center wavelength of
460 nm. For 200 kHz there is a constant output energy of 270 nJ over the measurement time
of 1 hour. To preserve the amplifier BBO, the pump intensity was reduced by slightly
moving the crystal further out of the focus before switching the pump laser to a repetition
rate of 1| MHz. But even with the 5 times higher average power, at | MHz repetition rate, the
thermalization can be equilibrated for low pump intensity. No deterioration was measured —
with 190 nJ the pulses centered around 460 nm are long term stable over the whole duration
of the measurement of nearly two hours. The RMS value is about 1.3 % for a repetition rate

0f200 kHz and 2.2 % for a repetition rate of 1 MHz for the UV pumped branch.
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Fig. 6.14: Long term stability of the UV pumped NOPA output with 200 kHz and 1 MHz

repetition rate at 460 nm for a 5 mm amplification BBO.

For future stability improvements, the power instabilities of the outputs seen in Fig. 6.14 are
highlighted in Fig. 6.15. By averaging the data to one effective measurement per minute, it
can be seen that the system is long term stable on a "slow" time scale. Without averaging,

there are dips in the output energy on the order of 5% in amplitude on a 1 s timescale.

These instabilities are attributed to the beam pointing of the pump laser source. In the UV
pumped branch there are numerous frequency conversions: second harmonic generation and
subsequent sum-frequency mixing for the pump beam and second harmonic generation with
subsequent continuum generation for the seed beam path. How nonlinearities can magnify
the beam pointing due to a Kerr lens and hence increase instabilities in the performance can
be found in chapter 5 of this thesis. To improve signal stability, a pump laser with very high
pointing stability should be chosen. If this is not possible, a beam stabilization system should

be implemented.
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Fig. 6.15: Stability measurement of UV pumped NOPA stage at a repetition rate of

200 kHz. RMS value is 1.3%. Averaged data for long term stability measurement
(upper panel) and visualization of fast drops in output energy (lower panel)

corresponds to the timescale of the grey area in panel above.
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Fig. 6.16: Energy levels of third harmonic pumped NOPA output (black), Fourier limits

Fig. 6.16 and Fig. 6.17 demonstrate the tuning range of the system for the 343 nm pumped
branch, seeded with the 2 white light. To show the compressibility of the system, the
NOPA output was compressed with a sequence of two Brewster angle fused silica prisms

[Wil97, Rie00]. The pulse duration was measured with a second harmonic intensity

(green) and deconvoluted autocorrelation widths (red stars).

autocorrelator [Koz04].

The measured pulse durations are close to the Fourier limit and time-bandwidth products of
0.5 are achieved routinely. If shorter pulses are needed, Brewster-angled chirped mirrors

[Bau06] can be applied in combination with a prism compressor to minimize third and

higher order dispersion.

intensity (a.u.)

AC (a.u.)
o o
o o

Fig. 6.17: Spectra of third harmonic pumped NOPA seeded with 2® white light upper

panel, and autocorrelation traces for 470 nm and 600 nm pulses (dotted lines

show calculated Fourier limits).
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6.6 Performance of the second harmonic pumped NOPA branch

For the generation of pulses from the red to the NIR, the second harmonic pump beam is
used together with the seed continuum generated by 1030 nm pulses. The reuse of the
second harmonic after third harmonic generation leads to slightly temporal stretched second
harmonic pulses. Since the initial temporal pulse duration of the fundamental pulse is rather
long already (~300 fs) and dispersion is small in this (red to NIR) wavelength region, the
resulting NOPA pulses are spectrally very broad and flat-top like. If short pulses in the red or
the NIR are needed, this is a straightforward method to generate them. Care has to be taken,
that the efficiency of SHG and THG stays at moderate values. Otherwise, strong spatio-
temporal distortions of the pump pulses are obtained — compare chapter 2. Here the
efficiency for SHG is kept at a level of 35% and for THG at 13%. The available green pump
pulse energy corresponds to 5 uJ for amplification in a type I, 3 mm, €= 24° BBO crystal.
The advantage of using the residual second harmonic in one single setup in combination
with the third harmonic is the resulting flexibility. For example, wavelengths below 630 nm
cannot be amplified with the 515 nm pump due to idler absorption in the BBO crystal. For
even shorter wavelengths phase-matching cannot be achieved anymore. However, in this
setup only minor modifications in the beam path have to be made to use the 1® continuum
as a seed for the third harmonic pumped amplifier. This enables the amplification of
wavelengths close to the second harmonic. With a proper dichroic it is also possible to seed
both amplifiers with the same seed light generator.

Relevant output spectra and pulse energies for the second harmonic pumped branch are
shown in Fig. 6.18. Fourier limits below 10 fs can be achieved quite easily. The pulses can
also be compressed intriguingly close to the Fourier limit with a standalone fused silica
prism compressor, since higher order dispersion effects of the prism material is negligibly

small in this wavelength region.

1.0F

intensity (a.u.)
o
o

600 700 80 900 1000
wavelength (nm)

Fig. 6.18: Spectra of the 515 nm pumped NOPA, seeded with 1w white light at 200 kHz.

Corresponding pulse energies and Fourier limits are given.
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An 8.1 fs pulse is measured with a Fourier limit of 7.6 fs. Assuming a sech’ pulse shape, this
corresponds to a time bandwidth product of 0.36! The pulse is measured with a second
harmonic intensity autocorrelator. Care was taken that the BBO thickness for autocorrelation
supports the full bandwidth of the incident pulse. A thickness of 35 pm was employed. The
spectrum is demonstrated in Fig. 6.19a), the autocorrelation data (grey dots), the sech’ fit

and the calculated Fourier limit (blue) is shown in Fig. 6.19b).
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Fig. 6.19: Demonstration of a sub-10 fs pulse with the 2« pumped NOPA branch at
750 nm with 400 nJ at a repetition rate of 200 kHz.

The long-term stability of the green pumped NOPA branch is illustrated in Fig. 6.20. The
NOPA was centered around 750 nm, at a repetition rate of 1 MHz, with a pulse energy of
roughly 410 nJ. On the time scale of 60 min the output pulse energy shows no significant
drop. Also there are no measurable oscillations present, as it is seen in the UV pumped
branch. This might be due to less nonlinear interactions (compared to the UV pumped

branch) before the amplification.
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Fig. 6.20: Long term stability of second harmonic pumped NOPA. Pulses centered around
750 nm at 1 MHz repetition rate.
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In chapter 10 output pulses of this NOPA source will be frequency doubled to the blue / UV
region. With the prism compressor located in the visible the resulting UV pulses are
compressed to pulse durations as short as 13 fs. The proof will be made that a compact UV
autocorrelator of our own design [Hom11] can measure these pulses up to 1 MHz repetition

rate.

In this chapter it was shown, how to correctly generate and use UV pulses at high repetition
rates regarding long term stability of NOPA pulses. Two-photon absorption can lead to
temperature gradients in BBO crystals. Consequently, this leads to a change of the phase-
matching condition. As a result, the pulse energy decreases with time. With a aBBO plate
between the SHG and subsequent THG crystal, the effective generation locus of the third
harmonic can be shifted to the very end of the THG crystal. This drastically decreases the
volume of two-photon absorption inside the medium. No significant heat is dissipated in the
THG crystal and stable UV pump pulses result. On the amplifier crystal this issue was
solved by reducing the pump intensity in combination with a larger amplifier crystal

thickness.

In contrast to Ref. [Lie14], the setup presented here shows better over-all efficiency, even at
higher repetition rates. Additionally, our concept to enhance the tuning range with two pump
pulses and seed continua seems to be superior to the concept of enhancing the tuning range
via optical parametric amplification with subsequent continuum generation. In this work
with the presented setup smoother spectra and pulses with better peak/satellite contrast in the

time domain are obtained.

The setup of Ref. [Nill14] also uses the concept of a time-delay compensation plate between
SHG and THG. Contrary to our concept the used plate only compensates for the GVM
introduced by the SHG crystal. This surely enhances the efficiency of THG. However, in
terms of long-time stability the strategy to temporally overcompensate the pulses for the
thickness of the THG crystal is more reasonable, because the temperature gradient inside the
THG crystal is reduced as shown. Additionally, aBBO has of higher damage threshold than
the calcite used in ref. [Nill14]. Especially for the MHz regime with high average powers this

seems to be relevant.
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The presented setup is used at the University of Wiirzburg in the laboratories of
Tobias Brixner for time-resolved photoemission electron microscopy. For details on the
experimental application see our forthcoming publication: B. Huber et al. "Time-resolved
photoemission electron microscopy of a plasmonic slit resonator using 1 MHz, 25 fs, UV-to-

NIR-tunable pulses," Ultrafast Phenomena 2018 Proceedings.

During the experimental development of the light source presented in this chapter, it was
also shown that the system works with lower repetition rate and high input energy (180 pJ at
22 kHz). The resulting output energy is on the order of 5 pJ energy per pulse. This has paved
the way for the experiment of chapter 5. Here a 50 kHz, 515 nm pumped NOPA with 150 pJ

input energy is used to generate a NIR seed for MIR amplification.

In the subsequent chapter also an Yb-based laser source will be used to compare various
crystals for supercontinuum generation with 1030 nm light regarding the needed energy, the

bandwidth and especially the broadening to the near infrared side of the fundamental.
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7. Continuum generation at 1030 nm with various crystals

It has been demonstrated that the concept of bulk continuum seeded optical parametric
amplification is applicable from the lower repetition rate regimes, e.g., 1 kHz [Wil97, Rie00,
Cer03], to higher repetition rates like 1 MHz [Ste06, Emo10, Bral4] or even 2 MHz
[Sch08b, Nill4]. Generally, a higher repetition rate implies lower output energy of a system.
At the same time, the energy needed for continuum generation stays fairly constant
independent from the laser repetition rate. This is due to the fact that the process of
continuum generation exhibits a lower bound of necessary power - the critical power P,.,.;.:
3.77 08

_— (7.1)
8m-ngp-ny

Perit =

where A, represents the laser fundamental. n, and n, are the linear and nonlinear refractive
index, respectively. Taking YAG continuum generation as a numerical example, with
A9 =1030 nm, 7, = 6.9-10"°cm®/W [Koe06], and n,=1.82 gives P,,;, = 1.3 MW. For laser
pulses with a pulse duration of Ar =300 fs, this corresponds to a theoretical pulse energy
higher than £ = 0.4 pJ, estimated by

E = Peit - At = 1L.3MW - 300fs ~ 0.4 pJ. (7.2)

Yb-based laser sources are nowadays widely in use. These sources have a center wavelength
around 1030 nm and are in most cases able to operate with a selectable repetition rate. Single
stage, 515 nm pumped, noncollinear optical parametric amplifiers (NOPAs) are working
very well for these systems [SchO8b, Liel4]. Typically for frequency doubling and
amplification in these systems BBO crystals are in use. Since they are transparent down to
190 nm, two-photon absorption will not lead to thermal distortions for higher repetition rates
— like in the case for third harmonic pumping where changing the input to high repetition

rate is doable, but has to be done with great care — compare chapter 6.

For the MHz regime the output energy of the green pumped NOPAs are on the order of
400 nJ for 20 uJ input energy. The needed energy for continuum generation with 1030 nm in
a4 mm YAG crystal is experimentally found to be about 1.3 uJ for pulses around 200 fs and
around 2 pJ for 300 fs pulses. So the needed energy for seed generation is roughly 3 — 7
times larger compared to the output energy. In this chapter crystals with lower critical power
for 1030 nm pulses are presented. This might enhance the overall efficiency in terms of

energy needed for seed generation compared to the NOPA output energy. Additionally, the
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near infrared side, the wavelength regime longer than 1030 nm, is investigated for these
crystals. Namely, Scandium Aluminium Oxide (Sc,05), Gadolinium Orthosilicate (GSO),
Yttrium Orthovanadate (YVO,) and Gadolinium Vanadate (GdVO,) are investigated and
compared to YAG. A detailed description of these crystals (except for GSO) is found in
[Bra09, Bral4b] for continuum generation with Ti:Sapphire pulses. GSO is a scintillator
material. It is yet quite unknown for supercontinuum generation. Only Ref. [Rybl4]
investigated GSO for continuum generation for excitation wavelengths between
800 - 1600 nm. However, they did not observe the near infrared wavelength side of the

continuum for this crystal — this is done in this chapter.

Fig. 7.1 shows the visible wavelength range of continua generated in various crystals with
1030 nm, 300 fs at 50 kHz. The spectra are recorded with a fiber-coupled spectrometer
(Ocean Optics, HR4000) and the intensity is calibrated for the detector sensitivity afterwards
with a black body radiation lamp (Ocean Optics, HL-3-plus-cal-ext). The residual
fundamental after continuum generation is blocked with a shortpass filter (Edmund Optics,
high precision shortpass 1000 nm). All spectra are recorded with identical integration time of
the spectrometer and the identical fiber. To determine the spectral energy distributions of the
continua an interference filter around 800 nm with a full width at half maximum of 10 nm
(Thorlabs, FB800-10) is placed in the continuum beam path and its transmission is measured

with a sensitive photodiode power sensor (Thorlabs, S120VC).
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Fig. 7.1:  Comparison of spectral energy densities and bandwidths of continua generated

with 1030 nm for different crystals.
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Close to the fundamental, above 800 nm, the 10 mm YAG crystal generates more photons
compared to the other crystals in use. Remarkably, below 800 nm, the 6 mm YAG crystal
has a higher spectral energy density, but its spectral width is slightly narrower compared to
the 10 mm YAG. The broadest spectrum is generated in GSO, but on the visible side the

spectral energy distribution is smaller by one order of magnitude compared to YAG.

Scandium Aluminum Oxide has a similar spectral energy distribution as GSO, but the
spectral width is narrower. The cut-off wavelength is at 530 nm, whereas the GSO
continuum spreads to 480 nm. The spectral energy distributions of YVO, and GdVO, are
smaller by a factor of roughly 1.5 compared to YAG. At the same time, the needed energy
for continuum generation is remarkably smaller for these crystals, compared to YAG. The
needed minimum energy for continuum generation and for stable operation as well as the
refractive indices, band gap, thickness of the used crystals and cut-off wavelengths are

summarized in TABLE VII. In appendix A6 a formula for estimation of n, is given.

TABLE VII: minimum energy for continuum generation in various crystals E, ;. Energy
E;.p1e Tor stable continuum operation. Energies refer to 1030 nm, 260 fs, 50 kHz

pulses. Also shown are the refractive index 7, the nonlinear refractive index 7,

and the medium band gap £,

thickmess 5 B () n 2 E, (eV) CB:?:ff

(mm) min stable 0 (107 emZw) e ool

YAG ¢ L8 210 1.82 6.9 6.5 90
10 1.5 1.90 490

ScAl;,0p9 4 0.8 158 1.83 35 60 560
GSO 5 0.6 166 1.87 9.1 53 480
Vo, 4 0.4 0.63  1.96 15 3.6 600
Gdvo, 4 0.5 0.60 201 15 36 650

For 515 nm pumped NOPA systems, the spectral width of the continua from Fig. 7.1 is not
that limiting at all. By comparing the GdVO, and YVO, spectra with the optimum internal
noncollinearity angle for broadband phase matching in a BBO crystal (see Fig. 7.2) it is clear
that the spectral width is sufficient for the possible tuning range. Moreover, signal
wavelengths lower than 660 nm (corresponding to an idler of 2340 nm) will lead to

absorption of the idler in the BBO crystal.
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Fig. 7.2:  optimum internal noncollinearity angle for a type I BBO crystal (cut at 24.5°) for
515 nm pump (green line), GAVOy4, YVO4 and 6 mm YAG continua for

comparison

Especially for 1030 nm laser systems with low output power (or if only a small fraction of
the laser power is available to pump a NOPA system), these findings on continuum
generation will improve the overall efficiency of future systems. Before saturation effects
occur the output energy of the amplifier scales linearly with the seed pulse energy. However,

the gain G of the amplification is proportional to the pump intensity:
G oc exp(y/Ipump ) (7.3)

Here is a numerical example. Assume a 1 MHz, 10 W laser system with 1030 nm and 300 fs
pulse duration. This corresponds to 10 pJ pulse energy. Commonly a 6 mm YAG crystal is
used for seed pulse generation. According to TABLE VII, 1.8 uJ are split off for continuum
generation. The remaining pulse energy is 8.2 pJ. With 30% efficiency for second harmonic
generation this gives roughly 2.5 pJ energy for 515 nm pump pulses. According to the
Manley-Rowe equation, this gives, with an efficiency of the OPA process of 7=25%

A pumy
signal
where a signal wavelength of 4., = 800 nm is assumed. Assume now that the 6 mm YAG

is replaced with a 4 mm of YVO,. Hence, the needed energy for continuum generation is
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reduced to 0.5 pJ per pulse. The remaining pulse energy is 9.5 pJ. With 30 % for second
harmonic generation, this refers to a pump pulse energy of 2.8 uJ for 515 nm. Applying
equation (7.3) for these values, this gives a signal energy of 450 nJ, corresponding to 12%

more output energy.

For various applications it is advantageous to directly seed the amplifier at wavelengths
longer than the seed generating fundamental, in the NIR (see following chapter 8 on MIR
generation). In general this is done in collinear amplifier geometry for this wavelength
region. Experimentally it is often advantageous to introduce a slight noncollinearity between
pump and seed — this avoids dichroic optics to separate pump, signal and idler after
amplification [Pie00]. Besides from seeding optical parametric amplifiers, the results on
continuum generation with 1030 nm are relevant for spectroscopy. In a potential transient
spectrometer based on a 1030 nm pump laser system, these pulses can be used as broadband

probe light in the near infrared region.

Fig. 7.3 shows the near infrared parts of the continua generated with the crystals of

TABLE VIL

6 mm YAG

o
Y
T
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Fig. 7.3:  Near infrared side of continua generated with 1030 nm, 300 fs, 50 kHz for

various crystals.
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The residual fundamental pulses after continuum generation are blocked with a longpass
filter (Edmund Optics, high precision longpass 1100 nm). The filter is designed for an angle
of incidence of 0° and was tilted to optimize the contrast of the continua. The spectra are
measured with a fiber coupled near infrared spectrometer (Ibsen Photonics, ROCK NIR 900-
1700 nm) with a low OH-content fiber. The spectra are intensity calibrated to the detector

sensitivity afterwards to a black body radiation lamp (Ocean Optics, HL-3-plus-cal-ext).

The very first fact to be mentioned is that, compared to 800 nm excitation, a 6 mm YAG
crystal does not offer a strong, plateau-like NIR shift, as reported in Ref. [Bra09]. For a
10 mm YAG plate the cut-off wavelength shifts from 1300 nm to 1600 nm — this is
comparable to the case for Ti:Sapphire excitation. These findings are in good agreement
with a theoretical and experimental study for continuum generation in YAG crystals by

Dubietis and co-workers [Gall5].

The long wavelength cut-off for YVOy,, Sc,05 and GdVO, is 1468 nm, 1522 nm and
1550 nm, respectively. Nevertheless it has to be mentioned that it is possible to optimize the
continua for these crystals on the NIR side, but the spatial mode gets somewhat distorted. If
enough energy is available, a 10 mm YAG plate or a GSO crystal is preferable, at least for
the use of the NIR side. The measurable width of the continuum generated in GSO is only

limited by the detection range of the used spectrometer.

With a bandpass filter for 1300 nm with a FWHM of 48 nm (Edmund Optics, 1300 nm hard
coated broadband bandpass, OD > 4.0), the continua of the 10 mm Y AG plate and the 5 mm
GSO are compared regarding their spectral energy density. Since there was no sensitive
power meter available for this wavelength, a NIR photodiode (EOT Inc., ET-3000) is used
instead in combination with an oscilloscope. The newly generated frequencies are focused to
the active area of the diode with an /=30 mm lens and optimized to the highest signal. The
measured amplitude for 10 mm YAG is 240 mV and for GSO 570 mV. Corresponding to a
2.4 times higher spectral energy density for GSO compared to YAG.

These two crystals enable us to directly seed a 515 nm pumped NOPA in the range of
1200 nm — 1600 nm. Fig. 7.4 demonstrates the tuning range for both crystals. The overall
slightly higher amplification for GSO seeding is also an indication for the higher energy

density of the continuum compared to the YAG continuum.
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Fig. 7.4: NIR seeded tuning range of a 515 nm pumped NOPA for seed generation in a

10 mm Y AG crystal (upper level) and a 5 mm GSO crystal (lower level) at
50 kHz with roughly 50 uJ for the 515 nm pump pulse.

The repetition rate of the laser system is 50 kHz. The pump energy of the 515 nm pulses are
roughly 50 uJ. A 5 pJ output pulse at 1300 nm therefore corresponds to a quantum
efficiency of 27%.

In this chapter new aspects for bulk continuum generation with 1030 nm pulses were
reviewed. In terms of overall efficiency for an optical parametric amplifier, it might be
reasonable to use "non-standard" crystals aside from the well-established ones, like YAG
and sapphire. For seed pulse generation in the visible region, especially at high repetition

rates for Yb-based sources GdVO4 or YVO4 seem to be a good choice.

Furthermore, it was shown that in contrast to continuum generation with Ti:Sapphire
systems, a 4 or 6 mm YAG plate is not suitable for broad NIR continuum generation.
Thicker plates have be implemented for Yb-based laser systems (here 10 mm YAG are
used). A NIR continuum generated with 1030 nm based on a GSO crystal is demonstrated
for the first time. Its spectral width on both, the visible and the NIR side is even superior to

that of YAG and it has a 2.4 times higher spectral energy density on the NIR side.

Finally, directly NIR seeded NOPA output spectra are demonstrated for 515 nm pump
pulses. It is the first time that directly generated 1600 nm pulses pumped with 515 nm are

shown with YAG and GSO as continuum generation media.

In the following chapter these findings on continuum generation will be used for seeding a

515 nm pumped NOPA at 1180 nm.
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8. Few cycle pulse generation in the middle infrared (MIR) based on

parametric amplification

The period of a light field centered around 8 pm corresponds to 27 fs.

A=8um v=%=37.5THz , T:%:27fs (8.1)

For a single cycle pulse at this wavelength, this period has to be equal to its pulse duration,

leading to a spectral width of 16.5 THz (assuming a Gaussian pulse shape):

0.441  0.441

Aveep = —tn =
SCP = 1 T 97k

=16.5 THz. (8.2)

The frequently used definition for single cycle pulse tells that the period 7" corresponds to the
FWHM of the intensity distribution At in the time domain. To demonstrate how a single
cycle, a half cycle and a two cycle pulse at this center frequency v looks like in the time
domain, sine and cosine electrical fields for pulses of these parameters are given in Fig. 8.0
(upper panel). As a consequence of the used definition, the field representation is broader by
a factor ~/2 . For the instantaneous intensity, the square of the cosine fields are shown in the

lower panel to illustrate the ratio of the main peak to the side peaks of the field.
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Fig. 8.0:  Definition of a half cycle, single cycle and two cycle temporal field at
v=37.5 THz (upper row). Squared cosine field for instantaneous intensity

(lower row).
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Since a Gaussian pulse shape is hardly achieved in this spectral region with the needed
spectral width, this width is compared to a more flat-top pulse, e.g. a Super-Gaussian
(order 4). Assuming this pulse shape, the needed bandwidth Avgep is 25 THz instead of
16.5 THz to achieve a single cycle pulse at 8 pum. This illustrates the need for precise
bandwidth control. Various attempts have been realized to generate MIR pulses with these
parameters, but no group was yet able to demonstrate this. A known technique for the
attempt is optical-rectification or intra-pulse difference frequency mixing [Kai00, Rei03,
Pup15b, Zhal8]. However, the overall-efficiency is rather low here and bandwidth control is
hardly feasible. Furthermore, intra-pulse frequency mixing leads to a hardly controllable
phase in the MIR. With pulse synthesis, based on OPCPA chains, promising results are
published [Lial7] but it comes along with high complexity of the setup. In this work the

process of optical parametric amplification is used.

8.0 A (Um) 1.18 1.03
1.0'_ VMIR VNIR  Ypump
E B DFG
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S o5} YMIR = Vpump ~ VNIR
i L
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© L
0.0f l

0 50 100 150 200 250 300
v (THz)

Fig. 8.1: Difference frequency mixing (DFG) scheme to generate a single cycle MIR pulse.

The concept involves an easy to use setup with great flexibility concerning the chirp
management. The required spectral widths can be adjusted precisely with optical filters and
selected amounts of dispersive material in the seed beam path. The pump laser offers a pulse
close to 1030 nm. The major fraction of the total energy of the laser system is used to pump
a second harmonic pumped, parametric amplifier [SchO8b] to generate a seed pulse at
1180 nm. With the remaining pulse energy at 1030 nm, the MIR pulses are generated as the
idler of a subsequent collinear amplifier [Brall] based on LGS [Pet15, Kno17] — see spectral
schematic in Fig. 8.1. The precisely tailored NIR spectrum is transferred in a controlled

fashion to the MIR.
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Preliminary results

In our paper [Knol17, appendix A2] we already published preliminary results of the concept
of optical parametric amplification for MIR generation. The setup is pumped by a Yb:KGW
laser source (Pharos 10, LightConversion). It provides pulses centered around 1026 nm with
190 fs pulse duration at a repetition rate of 190 kHz. The total pulse energy amounts to

53 ul.

Yb:KGW, 53 pJ, 190 fs, 190 kHz

Y
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Fig. 8.2:  Generation and electro-optic detection of energetic, CEP-stable multi-terahertz

pulses at 190 kHz repetition rate. The pulse energies and the CEP fluctuations
are given for each branch, starting with the fluctuation 4¢ of the amplifier
system. YAG: YAG crystal, BBO: 2 mm BBO crystal, WLC: white-light
continuum, OPA 1,2: stage 1 and 2 of the SHG pumped OPA, NLC: nonlinear
crystal for DFG, Ge: 500 pm Germanium, ZnTe: 6.5 pm ZnTe crystal,

A4 quarter-wave plate, WP: Wollaston prism, BPD: balanced pair of
photodiodes. Reprinted with permission from Ref. [Kno17].

A modified, commercial two stage OPA is used to generate a signal/idler pair at
900 and 1200 nm. The used OPA is white light seeded (5 mm YAG) and second harmonic
pumped collinearly in two subsequent amplifier stages (OPA 1 and OPA 2) based on BBO
crystals. The setup is shown in Fig. 8.2, the results are summarized in Fig. 8.3. For a more
detailed explanation of the setup and CEP-stability measurements the reader is referred to

the original publication [Kno17].
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Fig. 8.3:  Phase-locked multi-terahertz waveforms. (a)—(d) Waveforms generated in (a),
(b) a 1 mm LGS crystal and (c), (d) a 200 um GaSe crystal, retrieved by electro-
optic detection. All field transients have been corrected for the electro-optic
response function. The pulse duration #, (intensity FWHM) is denoted next to
each transient. (¢) Corresponding normalized amplitude spectra obtained by
Fourier transforming the corresponding waveforms in (a)—(d). (The filling colors
correspond to the respective waveforms.) Dashed lines: amplitude spectra
calculated by convolving the two NIR pulses and accounting for PM. Reprinted
with permission from Ref. [Kno17].

The concept provides pulses with tunability from 12 to 43 THz (7 to 25 um) using two
different MIR mixing crystals — GaSe and LGS. Pulse energies of up to 0.16 pnJ and peak
electric fields of 13 MV/cm in the MIR are achieved. Electro-optic sampling proves the
shortest pulse to be 1.8 cycles within the intensity FWHM. To obtain even shorter pulses
more seed bandwidth is required. On account of this a new approach is demonstrated in the
next section. An amplifier of our own design facilitates more flexibility and consequently
gives the possibility for optimal chirp management and provides broader seed spectra for

MIR generation.
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New approach with noncollinear amplification and chirp management

This new approach was implemented in three labs during the time span of this thesis through
cooperation with other institutions. At the moment the presented system is working at the
group of Markus Raschke (University of Boulder, Colorado), Rupert Huber (University of
Regensbug) and Peter Baum (Ludwig-Maximilians-Universitdit Miinchen). Due to

geographic proximity all relevant results of this chapter have been taken in Peter Baum's lab.
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Fig. 8.4:  Scheme for the noncollinear optical parametric amplifier.
e A/2: zero order half wave plate for 1030 nm
e TFP: 1030 nm thin film polarizer for AOI = 45°
e L, and L,: Fused Silica, plano-convex lens with =250 mm, AR coated for 1030
and 515 nm, respectively
e 2®: second harmonic crystal 800 um BBO, 6= 23.5°, type |
e Lj: Fused Silica, plano-convex lens with /= 50 mm, AR coated for 1030 nm
e L, Fused Silica, plano-convex lens with f= 30 mm, uncoated
e SCG: supercontinuum generation crystal:10 mm YAG
e LP: High Precision Longpass Filter (Edmund Optics, 1100 nm, tilted by ~20 deg)
e chirper: 13.9 mm LF7 glass-block
e At+focus: spherical concave mirror HR515, /=250 mm
e BBO: amplifier crystal, 3 mm BBO, type I, = 24.5°

The pump laser (Pharos 20, LightConversion) offers a pulse close to 1030 nm with 260 fs
pulse duration, a spectral width of approximately 6 nm (FWHM) and an available power of
10 W at a repetition rate of 50 kHz, corresponding to a pulse energy of 200 puJ. A fraction of
150 nJ is used to pump a second harmonic pumped, noncollinear parametric amplifier
(NOPA) [Sch0O8b] to generate a seed pulse at 1180 nm. The scheme of the first noncollinear
amplifier stage is shown in Fig. 8.4. The whole setup is installed on a small footprint
breadboard (822 x 341 mmz) with a housing against air turbulences. The input polarization

is horizontal. Initially the pulse is split into two arms with the combination of a half wave
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plate and a thin film polarizer (7FP) under an angle of incidence of 45°. The transmission of
the 7FP (horizontal polarization), roughly 1.8 uJ, is used for continuum generation. From
previous experiments it is known that the transmission of a thin film polarizer exhibits a
much cleaner polarization. Therefore this arm is better suited for continuum generation.
Especially with regard to long term stability for high repetition rate systems, this
configuration has been proven beneficial. The vertical polarization of the reflected arm, used
for pump pulse generation, cleans up anyhow after frequency conversion. With a half wave
plate the polarization of the reflection is rotated back to horizontal. An anti-reflection coated,
plano-convex, fused silica lens (L;) with /=250 mm is used to focus the beam towards the
frequency doubling crystal (800 um BBO, €= 23.5° type I). The crystal is located behind
the focal plane for balancing self-focusing effects. Additionally, this position allows fine-
tuning the intensity on the crystal, by moving it closer or further away from the focal region,
and hence allows optimizing the doubling efficiency. For the following experiments the
distance from L; to the crystal is roughly 29 cm, corresponding to a doubling efficiency of
30 % or a pulse energy of 44.1 puJ for the second harmonic at 515 nm. After frequency
doubling the light is collimated with lens L, (f=250 mm, AR coated for 515 nm) and
reflected on two high reflection mirrors with high transmission for the remaining 1030 nm
light. A spherical, concave mirror (HR515, 0°) with /=250 mm is fixed to a linear
translation stage slightly below the beam height of incidence. This enables a small
noncollinearity angle of approximately 1.5° between pump and seed, a time delay for tuning
the center wavelength and focusing of the pump towards the amplifier BBO (3 mm BBO,
60=32.5° type I). The small noncollinearity angle allows separating pump, signal and idler
simply by geometry. For this reason, the NOPA is directly seeded at 1180 nm based on the
findings on continuum generation of chapter 7. This is found to be the better approach than
to seed the NOPA at 910 nm with use of the idler at 1180 nm for the subsequent experiment.
If the idler is used, collinearity of pump and seed is essential; otherwise the resulting idler
pulse gets spectrally spread. The collinear geometry requires dichroic mirrors or filters for
separation of pump, signal and idler after amplification. This can potentially lead to temporal
phase-distortions of the used pulse. In the used directly seeded, noncollinear arrangement the
transmitted pump and idler are simply blocked with a beam dump behind the amplifier
crystal. No additional optics are needed. The introduction of a small noncollinearity angle in
this wavelength regime only slightly reduces the amplified bandwidth. This is an acceptable
trade-off, since the bandwidth is anyway narrowed to our needs by introducing selected

amounts of glass in the seed beam path. The continuum seed photons are generated by
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focusing the fundamental wavelength with a fused silica, plano-convex lens with /= 50 mm,
AR coated for 1030 nm (L3) to the front surface of a 10 mm YAG plate [Call5, Bra09] (see
also chapter 7). The generated continuum is relay-imaged towards the amplifier crystal with
an uncoated fused silica, plano-convex lens with f=30mm. A longpass filter (High
Precision longpass 1100 nm, Edmund Optics) is used to block the residual fundamental after
continuum generation and to cut the amplified spectrum from the short wavelength side, by
rotating the filter. On the one hand side, this prevents the residual fundamental to introduce
distortions in the amplification process. On the other hand the limitation of the short
wavelength will prevent the generation of too long MIR wavelengths in the subsequent DFG
in LGS. Above 11 um LGS starts to absorb [Chel8]. Consequently, NOPA wavelengths
shorter 1130 nm are cut off to prevent crystal damage. A glass block of 13.9 mm LF7
introduces a chirp of 554.6 fs® (for 1180 nm). As the chirp of the white light increases, the
spectro-temporal overlap with the pump pulse decreases in the amplifier crystal and limits
the amplified spectrum on the long wavelength side. This is advantageous because generated
frequencies that do not fulfill the phase-matching conditions for the LGS of the subsequent
stage, will only decrease the efficiency in MIR generation. The described chirp management
inside the seed beam path allows tailoring the NOPA spectrum exactly to the required
parameters of Fig. 8.1. The measured NOPA spectrum is shown in Fig. 8.5. It is measured
with a fiber coupled spectrometer (Ibsen Photonics, ROCK NIR 900 — 1700) and intensity
calibrated against the detector sensitivity afterwards. The center frequency corresponds to
254 THz (1180 nm) with a spectral width of 18 THz, corresponding to a Fourier limit of
24.51fs. The output energy of 4.1 uJ equals a quantum efficiency of 21.5% of the
amplification process with respect to the 515 nm pump wavelength.
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Fig. 8.5:  NOPA spectrum at 254 THz with £ = 4.1 pJ and a spectral width Av= 18 THz.

105



€ 200 pd 150 pJ

= —t e

S| w2 |TFP 20 | \

= NOPA FTIR

2T L

So 50 pd ® B —

>-Lo /“ \IIIIIIIIIII P
v \ H 1

Fig. 8.6:  Setup scheme for MIR generation in LGS.

e A/2: zero order half-wave plate for 1030 nm

e TFP: thin film polarizer (AOI = 45°, for 1030 nm)

e NOPA: 515 nm pumped noncollinear optical parametric amplifier
(for details on that part, see text and Fig. 8.4)

e L;, L,: f=250 mm, plano-convex lens AR coated

e C: combiner mirror (Laser Components, HR1150/45°) reflection of the seed,
transmission of pump

e At: flat mirror on mechanical translation stage for optimization of temporal overlap

e F: Filter to suppress DFG input pulses and transmit MIR (Edmund Optics,
Germanium long pass filter, 4.5 pm)

e P;: parabolic gold mirror, f= 150 mm

e LGS: second, collinear amplification stage for MIR generation

e FTIR: LASNIX, L-FTS spectrometer

To generate the broad MIR spectrum — according to Fig. 8.1 — the NOPA pulses are
amplified in a subsequent collinear amplification stage based on LGS. The resulting idler
pulse corresponds to the MIR field at the difference frequency of the NOPA (1180 nm) and
the pump laser at 1030 nm. The collinear geometry in the LGS stage allows the use of the

MIR idler without spectrally dispersing the pulse.

With a spherical silver mirror (r..=-1000 mm, LAYERTEC) the NOPA output is
collimated. Afterwards, the lens L; (f= 250 mm, plano-convex, fused silica, AR coated) is
used to image the collimated beam towards the amplifier crystal. Care is taken, that the focal
plane of the beam is located in front of the crystal (roughly 1 cm). A mirror reflecting the
pump beam under a small angle of incidence on a mechanical translation stage is used to
adjust and optimize the temporal overlap of the two optical paths. The pump is focused with
the lens L, (=250 mm, plano-convex, fused silica, AR coated) towards the amplifier
crystal. The 1/¢° diameter of the pump on the amplifier crystal corresponds to roughly

700 um, the focal plane is also located in front of the crystal. The peak intensity of the pump
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is 71 GW/cm® at the LGS. The spot size at the LGS of the 1180 nm beam is initially matched
to the pump spot size with the help of a beam cam. Afterwards, the beam sizes of the pump
and the 1180 nm beam can be optimized on the overall performance by moving the lens L,
and the LGS crystal position along the beam path. Both arms are overlapped on the
combiner mirror (C, in Fig. 8.6). This is a HR1150/45° mirror manufactured by
LaserComponents. It has transmission of roughly 85% for 1030 nm in vertical polarization
and high reflection for 1100 - 1300 nm in horizontal polarization under an angle of incidence

of 30°. It is on a fused silica substrate with 1 mm thickness.

The filter ' is an Edmund Optics long pass filter at 4.5 um. It is a coated, 1 mm thick

Germanium plate. It is used to block the two input beams. The generated MIR is transmitted.
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Fig. 8.7:  Transmission data for AOI = 45° of the long pass filter 4.5 pm on 1 mm
Germanium substrate (data supplied by Edmund Optics). Right panel: relevant

range for the experiment.

The transmission curve of the filter /" is shown in Fig. 8.7. In the experiment no transmission
of the seed and the pump through the filter can be detected with a power meter and a

spectrometer.

After the filter F the MIR gets collimated by a parabolic gold mirror (Thorlabs,
f=-103.2 mm) and analyzed by a FTIR spectrometer. The spectrometer is a lamellar FTIR
spectrometer (LASNIX, L-FTS) with ultra-wide coverage from 0.4 — 300 um and a spectral
resolution of 6.3 cm™. An update rate of the Fourier transformation of 2 spectra/sec allows
online tweaking of the MIR field. This is really beneficial regarding the alignment of the
MIR compared to a monochromator, where the spectrum update range is on the order of a

few 10 sec.
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The choice of the mixing crystal for MIR generation

The used LGS crystal is xz-cut with a thickness of 0.5 mm, 6=48.3° and ¢=0°. The
nonlinearity of this configuration is d,z=4.59 pm/V. It offers large phase-matching
bandwidth around 8 pm. The full width at half maximum of the acceptance bandwidth
corresponds to 55cm 'em [SNLO]. For this wavelength region — compare Fig. 8.8a) — this is
superior to all other known crystals and makes it possible to compensate for the

comparatively lower nonlinearity with crystal thickness.

In Fig. 8.8b) the intensities and the nonlinear coefficients of the crystals are shown. The
pump intensity 7, for 1030 nm correlates to the value where G = 5. G is the gain factor given

by [Ree95]:

2 12
8- m“ - die - 1
G=Ltexp|2-L. eff P , (8.3)
4 Np Mg -Nj-Ag-Aj-€p-C

n, ng n; are the refractive indices for pump, signal and idler. L is the crystal thickness,

which is set to
_ acceptb.w.(FWHM)

L
Avscp

(8.4)

Here Avgep= 551 cm'l, corresponding to the spectral width for a single cycle pulse at 8§ um.

The FWHM of the acceptance bandwidths are given in Fig. 8.8a).

Using e.g. GaSe as an amplifier medium, the needed intensity increases at least by a factor
of 5 compared to the intensity for LGS in xz-cut. This is of central importance to consider,
because of two-photon absorption. LGS is transparent down to 320 nm, this ensures that two
photon absorption of the pump pulse (1030 nm) is not an issue, regarding damage or a
change of the phase-matching condition due to a thermal gradient [Kuml15]. For comparison
GaSe is only transparent down to 650 nm — making it a critical choice for 1030 nm pumping.
Additionally, the needed pump intensity for GaSe is close to, or almost its damage threshold
[Guol5]. Moreover, in terms of surface quality LGS is superior to GaSe [Pet15], which is
an important fact when working with rather large spot sizes, because surface distortions on
the crystal area seen by the spots of pump and seed will directly couple to phase distortions

of the resulting MIR.
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Fig. 8.8:  (a) Overview of crystals offering DFG to 8 pm (with 1030 nm and 1180 nm as
input wavelengths). The effective nonlinearity d,is shown reciprocal against
the FWHM acceptance bandwidth of each crystal — each data point equals a
certain phase matching configuration. On the right axis (in red) the maximum
crystal thickness to obtain the width for a single cycle pulse (SCP) is shown.
Data is taken from [SNLO].
(b) Pump intensity needed for a gain of G = 5 — compare Eq. (8.3) for each
crystal, where the crystal thickness L is adapted to support single cycle pulses
with 551 cm™ bandwidth at 8 pm.
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Phase-matching in xz-cut LGS

Fig. 8.9 shows the phase-matching for the xz-cut LGS crystal, which is basically obtained
by, solving the equation for biaxial birefringence [Yao91, Smil8b]. For a detailed

calculation see appendix A7:

sin(9)2-005(¢)2 sin(@)z-sin((l))2 cos(@)2
N + ~0. 8.5)

LN I B

n?  nyl n2 ny2 n? n,2

Fig. 8.9 also compares two crystal thicknesses — 0.5 and 1.0 mm — and shows that slightly

tilting the crystal from the optimum can lead to even broader phase-matching bandwidth.
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Fig. 8.9:  Phase-matching of a 0.5 mm (left column) and a 1 mm xz-cut LGS (right
column) as a function of the PM angle for difference frequency mixing with the
pump wavelength of 1030 nm. The row above shows the sinc” function

according to the position of the color coded slices for different tilt angles.

The possible MIR Fourier limits, obtained by Fourier transformation of the sinc’ phase-
matching functions, given in Fig. 8.9, are 29.5 fs (1.1 cycles), and 25.4 fs (0.95 cycles) for
the 0.5 mm LGS at 6=48.3° and 47.8°, respectively. For 1 mm LGS they correspond to
40.8 fs (1.5 cycles) and 35.8 fs (1.3 cycles) for #=48.3° and 47.9°, respectively.
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The resulting, experimental amplified MIR spectrum is shown in Fig. 8.10a). It corresponds
to the MIR idler of the LGS amplification of the 4.1 uJ NOPA pulses centered around
1180 nm with the 1030 nm pump pulses in 0.5 mm LGS. The obtained MIR energy
corresponds to 340 nJ for maximum amplification. In order to avoid crystal damage and
ensure long term stability of the MIR, the LGS was moved further away from the focal plane
of the pump beam. This gives a lower but long term stable MIR energy of 200 nJ.

To prove that the MIR generation is in the parametric amplification region, two
subsequent HR1030/0° HT1200 nm mirrors are placed behind the amplifier crystal, in a way
that all pump power is reflected and all MIR power is absorbed in the mirror substrate. With
a power meter the amplification of the 1180 nm pulse can be measured. With opening the
pump pulse the power goes up by a factor of 1.6 — corresponding to a rise from 3.1 to 5 uJ at
1180 nm or a quantum efficiency of 8% (for 42.5 pJ pump pulse energy). This takes into
account the Fresnel losses of the LGS crystal. The LGS transmission of 1180 nm is about

77%. The power in the experiment is measured with a Coherent PS19 power meter.

Scaling the gain to the MIR wavelength according to the Manley-Rowe equation this gives
250 nJ theoretically — close to the experimental value. In Fig. 8.10b) the resulting measured
MIR spectrum (red) is compared to the calculated MIR spectrum (black, dotted line), where
the NOPA spectrum (black) is shifted by the pump (blue). At the low frequency side of the
MIR pulse the starting absorption of LGS narrows the bandwidth slightly. Reducing the
chirp in the seed of the NOPA, longer NIR wavelengths will be generated. Compared to the
phase-matching function for 0.5 mm LGS in Fig. 8.9, more high MIR frequencies are

expected after mixing.
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Fig. 8.10: a) MIR spectrum for 0.5 mm LGS. b) NOPA spectrum (black) and pump pulse
spectrum (blue) and the calculated (shifted) DFG spectrum (black dashed line).
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Chirp estimation and considerations on MIR compression

The Fourier limit of the measured spectrum corresponds to 35.5 fs — equal to 1.3 cycles.
Since the NOPA output possesses an up-chirp (reddish frequencies travel faster than blueish)
the difference frequency mixing inevitably leads to a down-chirp in the MIR. Hence, the
MIR pulse can be compressed by transmission through proper material. In the following, an
estimation for the compression by transmission through a Germanium window will be
demonstrated. Therefore, the total group delay from the seed beam generated in the YAG
plate to the amplified NOPA signal is calculated with respect to every dispersive material in

the beam path — see Fig. 8.11 and TABLE VIII.
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Fig. 8.11: Estimated NOPA output spectrum (orange) and group delay (blue, right axis) by
adding successively all dispersion of the different materials in the beam path to
the seed beam. For comparison the measured NOPA spectrum (black) is shown.

For details to the materials see TABLE VIIL.

With a simulated, co-propagating 515 nm pump pulse through the amplifier crystal of the
NOPA, also the NOPA spectrum can be simulated, by summing up the projections of the
pump intensity on the seed group delay for different, relative delays. For details to this
simulation for the output spectrum and the corresponding group delay, see appendix A4. The

group delay of the NOPA output is shown in blue in Fig. 8.11.
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TABLE VIII:

Characteristics of dispersive material in the beam path for MIR generation.

abbreviation function material thickness re fl(:?glce

YAG continuum generation YAG 10 mm [Zel98]

L, relay imaging of continuum fused silica 3.7 mm [Mal65]

LP long pass filter — to block 1030 nm fused silica 3.0 mm [Mal65]
chirper spectral narrowing LF7 13.9 mm [Pol18]
amp 1 amplification of seed BBO 3.0 mm [Zha00]
L, imaging of NOPA to LGS fused silica 3.0 mm [Mal65]
LGS amplification of MIR LGS 0.5 mm [Kat17]

Ge compression of MIR Germanium 1.0 mm [Ice76]

In Fig. 8.12 it is demonstrated how the NOPA group delay (a) is transferred to the group

delay of the MIR shown as red curve in (b). Here also the group delay introduced by a

2.5 mm Germanium window is shown as grey, dashed line. The flattened group delay of the

MIR pulse after transmitting through the Germanium window is shown in (c). Accordingly,

the simulation shows, that it is possible to compress the MIR pulse by transmission through

Germanium. The actually needed thickness of Germanium in the beam path to get close to a

single cycle pulse will be shown experimentally by electro-optical sampling with an

ultrashort gate pulse. The description of the used EOS setup, a simple way for generating an

ultrashort pulse and the results will be discussed in the following part.
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Fig. 8.12: Calculated group delay for a) the NOPA pulse, b) the resulting MIR pulse (red)

and the group delay introduced by 2.5 mm Germanium (grey, dashed), c) the

MIR group delay after transmission of 2.5 mm Germanium.
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Sub-10 fs gate pulse generation by self-compression in 1 mm YAG

For the measurement of the electric field of a MIR pulse with electro optic sampling [Wu97,
Hub00, Liu04, Kue04, Gro08, Porl4, Keil6, Kno17] an ultrashort gate pulse is required. For
this purpose, a very simple method to shorten a pulse is presented. Self-compression due to
continuum generation of the Pharos laser in a I mm YAG plate is shown. The continuum is
generated with an f'= 50 mm lens. The numerical aperture corresponds to N4 = (.04, with a
1/ beam waist of 2 mm. A pulse energy of roughly 3 pJ at a repetition rate of 50 kHz with
1030 nm and 260 fs pulse duration in the YAG plate is needed. The resulting ultrashort pulse
has a width of 9 fs only, without the need for an additional compression scheme. The effect
was already demonstrated with a 1 kHz Ti:Sapphire laser with a 1 mm sapphire plate
[appendix Al] during the time of this work. For higher average power at higher repetition
rates, YAG is superior to sapphire as generation medium, due to its higher damage threshold
and lower threshold for continuum generation [Bra09]. There are some attempts for self-
compression based on filamentation in the literature [Cou05, Cou06, Sti06], but most of
them require complex setups for filamentation in gaseous media. In contrast, the presented
setup is extremely simple and relies only on a few off the shelf optics and bulk continuum
generation. The arrangement for the temporal characterization of the self-compressed pulse
is shown in Fig. 8.13. The energy for continuum generation is optimized with a combination
of a A/2 plate and a thin film polarizer (7FP) for an angle of incidence of 45°. The focal
plane of the fundamental beam is placed on the front surface of the YAG plate [Bra09]. At
this position the energy for continuum generation is minimized and a single filament is
generated at the very end of the crystal. The newly generated frequencies close to the driving
frequency remain nearly unchirped after the abrupt generation process. For the high
frequency components of the continuum, the generation process stops earlier because of
group velocity mismatch with the driving frequency. For these frequencies the resulting
chirp increases, since they diverge out of the filament channel and hence propagate through
the medium and acquire chirp. For more details on this process the reader is referred to

[Bral4b] and appendix Al.

TFP  YAG
Yb:KGW, 1030 nm S —p
50 kHz, 10W, [2/2 Ll
260 fs sp.... M2

Fig. 8.13: Schematic view for measurement of self-compression in I mm YAG.
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Downstream from the continuum generation in the 1 mm YAG plate, the fundamental is
filtered by an Edmund Optics High Precision Shortpass Filter 975 nm (SP in Fig. 8.13).
Without the short pass filter mainly the fundamental pulse is measured. This pulse is long
and distorted due to highly nonlinear processes during continuum generation. The
transmitted continuum is imaged with a Schiefspiegler telescope (M; and M, in Fig. 8.13) to
avoid astigmatism and reflected on an Asahi XIS0780 short pass filter (M in Fig. 8.13). For
details concerning the Schiefspiegler telescope see chapter 3. Fig. 8.14 shows the reflection
curve of the ASAHI filter under 45° for p-polarized, as well as the transmission for the used

Edmund Optics High Precision Short pass filter at 975 nm.
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Fig. 8.14: Reflection of Asahi XIS0780 for 45° angle of incidence (p-polarization).

Transmission for Edmund Optics Short Pass 975 nm.

The filter transmits the short wavelength parts of the continuum in which the temporal chirp
increases as described above, while "unchirped" frequencies close to the driving fundamental
are reflected towards the experiment. The experimental angle of incidence on the filter is
optimized with a fiber coupled spectrometer for least spectral modulations — an angle of

incidence of roughly 30° is found to give the best result.

The spectrum of the continuum is shown in Fig. 8.15 for the case of a single reflection on the
ASAHI filter (red) and for comparison directly after generation (grey curve). The spectra
were taken with a fiber coupled spectrometer (OceanOptics, HR4000) and intensity

calibrated against the detector sensitivity afterwards.
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Fig. 8.15:

For temporal characterization a SHG intensity autocorrelator [Koz04] is used with a 25 pm

BBO crystal, which supports frequency doubling of the full spectral width of the pulse.

Fig. 8.16:

The calculated pulse in the time domain (black, dotted line in Fig. 8.16) supports a Fourier
limit of 7.8 fs. This pulse shows some wings which cannot be resolved in our measurement

(grey dots). The deconvoluted pulse duration corresponds to 9.4 fs, assuming a sech’

spectral intensity (a.u.)

white light spectrum generated in 1 mm YAG with an Edmund Optics High
Precision Shortpass 975 nm in transmission and with ASAHI XIS0780 filter in

reflection (red). For comparison the full spectrum without reflection on the
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function. This short pulse duration is required for a reliable temporal resolution in the EOS
trace. For reasonable gating of the MIR field, the gate pulse should be shorter than half a
period 7'=27fs. With the presented strategy for gate pulse generation, this is easily

achieved.

Stability of the white light generation for EOS gating

For high repetition rate laser systems the possible damage of the nonlinear crystals due to
heat overload is a crucial topic. This is of particular importance for the relatively long pulse
durations of 1030 nm laser systems. The stability and the "lifetime" of the 1 mm YAG
continuum were monitored overnight. A power meter (Coherent, FieldMax + PS19) was
used to monitor the stability, after blocking the fundamental with the short pass filter.
Roughly every 5 seconds a measurement was taken. Simultaneously, the laser stability was
monitored. Fig. 8.17 shows that the continuum pulse is stable for hours. After 6.5 hours the
generation stopped. In the next morning a slight shift of the crystal perpendicular to the
beam direction was enough to get back to stable continuum generation with the 1 mm YAG.
But continuum generation was not reproducible at the same spot — a hole was burned on the
YAG surface. With a photodiode the RMS of the white light pulse was measured to be 0.3%

for single shot detection at 50 kHz, which is comparable to the noise of the pump laser.
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Fig. 8.17: Stability of I mm YAG continuum (upper panel) and of the pump laser (lower

panel) both traces are measured simultaneously at a repetition rate of 50 kHz.
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Pre-consideration on the phase-matching conditions in GaSe for EOS

The ultrashort gate pulse in EOS fulfills two purposes: It serves as local oscillator for
detection and it is used for sum-(or differency-) frequency generation with the MIR pulse in
GaSe. In the following sum-frequency generation in GaSe in a type II configuration is
chosen:

7500nm (e) + 950nm (o) — 840 nm (o). (8.6)

Sum-frequency generation is advantageous in the present case, because it offers a slightly
broader phase-matching bandwidth compared to difference frequency generation.
Additionally, the sum-frequency can be detected with a silicon detector whereas for
difference frequency generation InGaAs detectors are needed. The phase-matching condition

for sum-frequency generation reads:
Ak:k(@MIR)"‘k(@ga‘[e)_k((DMIR+°3gate):0- (8.7)

The numerical solution for this condition is found at a GaSe angle of 8= 19.6°. For optimal
gating the group velocity of the gate pulse vy, .., and the phase velocity of the MIR
Vpn,mir Should be matched [Nah96, Ste05]. By rearranging Eq. (8.7) to

k( Ogate + OMIR ) - k(@gate ) = k(OMIR ), (8.8)
and dividing by @,z the following relation is obtained:

k(ogate + OMIR ) ~k(©gate ) k(oM )

WOMIR OMIR

(8.9)

For @yp << @y, this condition, from Ref. [Nah96], can be fulfilled and Eq. (8.9) can be

rewritten as

[%) ] (8.10)
0w gate OMIR ’

since the left side of Eq. (8.9) is nothing but the derivative of k(@) for small @y;p . This

can also be expressed as the ratio:

\%
_eneate (8.11)
Vph,MIR
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However, in the present case for phase-matching in GaSe this equals only

Vgr,gate (A=950nm)
Vph,MIR(A=7.5um)

=0.89. (8.12)

Comparing this to values used in the original publication [Nah96], for phase-matching a far-
infrared frequency of 3 THz with a gate pulse of 800 nm (375 THz) in ZnTe, gives a ratio of
1.05. So it seems an acceptable value in the present configuration, but there is still room for
improvement. The two different propagation times of the MIR — phase and group velocity —
were initially considered to be critical, since this could be an issue in the measurement. But
the envelope and the phase of the MIR propagate nearly at the same speed. Even for a 20 um
GaSe thickness this difference is 2.3 fs, only. The group velocity mismatch (GVM) between
the MIR and the gate pulse is quite large in GaSe. Taking only half the crystal thickness into
account (this assumes, that in the middle of the crystal the pulses overlap in time), an
acceptable GVM of 10 fs results for a 20 um GaSe crystal. Even more decisive regarding the
crystal thickness is the phase-matching bandwidth. In Fig. 8.18 the phase-matching function
for sum-frequency generation of the ultrashort gate pulse and the MIR pulse is shown for
various GaSe crystal thicknesses. For the calculations 20, 200 and 500 pm thickness for a

GaSe crystal is used for sum-frequency generation at an angle of 20°.
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Fig. 8.18: Phase-matching function sinc(AkL/2)2 for 8= 20° and L = 20, 200 and 500 pm
for phase-matching the MIR and the gate pulse in GaSe.

The phase-matching of'a 20 um GaSe crystal should support the used bandwidths for proper
sum-frequency generation. However a thinner crystal would be beneficial. The used crystal
with 22.5 pm thickness was bought as a 10 um GaSe crystal. Even thicker GaSe crystals will

only mix isolated parts of the pulses — as it is shown in Fig. 8.18 — and hence lead to hardly
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interpretable results for the reconstructed waveform of the MIR field.

In the experiment the resulting sum-frequency pulse can be detected with a fiber coupled
spectrometer (OceanOptics, HR4000) — the spectrum is shown in Fig. 8.19. The SFG is
polarized perpendicular to the gate pulse. A polarizer was used to suppress the gate pulse on
the spectrometer. The possibility to monitor the SFG spectrum allows optimizing for the
temporal and spatial overlap (by optimizing for highest signal) as well as for the optimal
phase-matching (by optimizing for broadest spectral bandwidth). The SFG spectrum also
shows some pronounced, equally spaced interference fringes. This is an interference of the
main pulse with its back reflection on the detector of the spectrometer. It makes it feasible to
evaluate the correct thickness of the crystal with the help of the formula for the free spectral
range. With the known refractive index [Kat13] the thickness was determined to be 22.5 pm.
This value deviates strongly from the given value of the supplier (10 um). However it seems

to be acceptable for the measurements.

For clarity the gate spectrum is also shown after FFT filtering out the interference fringes
(red line in Fig. 8.19). It is compared with the theoretical SFG of the gate pulse (red line
from Fig. 8.15) and the MIR pulse (Fig. 8.10). The theoretical curve is shown in blue. It is
demonstrated that the SFG signal is clearly visible on the spectrometer and can be used for

optimizing the crystal angle, focus position and temporal overlap.
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Fig. 8.19: Sum-frequency spectrum of the MIR and the gate pulse in 22.5 um GaSe. The
modulation of the gate spectrum (raw) is due to interference with its back

reflection on the detector of the spectrometer (grey). Filtered gate spectrum (red)

and theoretical SFG spectrum (blue).
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Electro-optical sampling

The generated sum-frequency between the MIR and the gate pulse are partially overlapping
in their spectrum. Depending on the instantaneous phase position of the MIR field, the
generated sum frequency is shifted accordingly. In the used type II configuration, the gate
and the sum frequency are cross polarized — Eq. (8.6). This leads to a detectable interference
of the gate and the sum-frequency after a proper projection of the polarizations. This
projection on an identical plane is introduced by a polarizer under 45° with respect to the
gate pulse polarization. With the combination of a quarter-wave plate and the polarizer (here
a Rochon prism is used) the overlapping region of the gate and the sum-frequency pulse are
split equally between two photo detectors. The detectors integrate over the pulse duration
and the spectral components of the local oscillator. The phase-difference (interference)
between the gate pulse and the sum-frequency scales linearly and sign sensitively with the
MIR field [Por14]. The time resolution is introduced by temporally delaying the gate pulse
with respect to the MIR pulse. The resulting EOS trace corresponds to the difference of the
signals of the photo detectors and is proportional to the MIR field [Gal99, Pla01].

Porer et al. showed that the signal to noise ratio of the measurement can be enhanced by
selecting the spectral overlapping frequencies between sum-frequency and gate by optical
filters [Porl4]. In the present case, the spectral shape of the gate pulse is more or less
optimal. The resulting sum-frequency spectrum falls off to the short wavelength side in the
same fashion as the gate pulse — see Fig. 8.19. Consequently, on the short wavelength side

no unconverted spectral parts are left. This would only increase noise on the detector.
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Experimental implementation of EOS

The setup for EOS of the MIR pulses is shown in Fig. 8.20. The MIR generation setup is
identical to the previously presented one shown in Fig. 8.6. Additionally, the self-
compressed pulse is implemented for electro optical sampling in a 22.5 um GaSe crystal.
Therefore 3 uJ of the pump branch is split off for self-compression due to continuum
generation in a 1 mm YAG plate. In order not to increase the chirp of the gate pulse, the
MIR pulse is combined with the gate pulse collinearly on a gold coated off-axis parabola
with a 3 mm hole inside and a focal length of f=152.4 mm (P, in Fig. 8.20). It focuses the
MIR beam and the gate pulse is imaged through the hole by the Schiefspiegler telescope.
Before the gate pulse generation the fundamental beam is reflected by a mirror fixed on a
piezo table (Piezosystem Jena, PX400) to introduce a relative time delay for EOS. The travel
range of the piezo amounts to about 380 um in closed loop configuration. This corresponds
to a time delay of roughly 2500 fs. The angle of incidence on the mirror fixed to the piezo
table is kept as small as possible, together with its small travel range the continuum
generation process in the | mm YAG plate downstream almost free of perturbation due to

the piezo movement.

The gate pulse and the MIR are overlapped in time and in space in the 22.5 pm GaSe crystal
(EKSMA optics), oriented for sum-frequency generation — as described above. The quarter-
wave plate (achromatic 700 — 2500 nm, B. Halle Nachfl.) and the Rochon prism split the
balanced signal on two identical photo detectors of our own design [adapted from Sch08a],
see. Fig.8.21 for a circuit diagram. A USB Oscilloscope (PicoScope 5444A, pico
Technology) is used to digitize the data of the photo detectors and to read in the voltage
ramp applied to the piezo. For time-resolution, the piezo movement was calibrated

interferometrically with a HeNe laser [Koz04] against the applied voltage.
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Fig. 8.20: Setup for MIR generation and electro optical sampling.

e A/2: half-wave plate, zero order for 1030 nm

e TFP: thin film polarizer (AOI = 45°, for 1030 nm)

e NOPA: 515 nm pumped noncollinear optical parametric amplifier — for details see
text and Fig. 8.4

e L, L,: /=250 mm, plano-convex lens AR coated

e C: combiner mirror (Laser Components, HR1150/45°)

e F: Filter to suppress DFG input pulses and transmit MIR (Edmund Optics,
Germanium long pass filter, 4.5 pm)

e P;: parabolic gold mirror, /=150 mm

e LGS: DFG mixing crystal

e PZT: piezo table for scanning the EOS time delay

e Lj: /=50 mm lens for SCG

e YAG: I mmYAG

e SP: Edmund Optics short pass filter, 950 nm, d = 1 mm

e M,, M,: Schiefspiegler telescope

e Mj: Asahi short pass 780 nm used in reflection

e P, off axis gold parabola with 3 mm horizontal hole, /= 152.4 mm

e GaSe: 22.5 um GaSe mixing crystal oriented for SFG

e A/4: achromatic quater-wave plate, 700 - 2500 nm (B. Halle Nachfl.)

e RP: Rochon prism

e PD: photo diodes — see subsequent circuit diagram for used parameters (Fig. 8.21)

e Oszi: USB-oscilloscope, PicoScope 5444 A for reading in the data of the photo
diodes and the piezo voltage with a PC.
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The circuit diagram for the used photo detectors is in Fig. 8.21. To optimize the data
evaluation the original version for 1 kHz from [Sch08a] is slightly modified to account for
the higher repetition rate of 50 kHz, but the principle is identical. The shot-noise limit for
detection is 2.6:107 for a quantum efficiency of 80% of the detector, assuming 0.5 nJ gate

pule energy.

In principle the short gate pulse could easily get amplified with the second harmonic of the
pump laser source — a very similar setup is demonstrated in chapter 4 of this thesis. This
would lead to higher gate pulse energies and consequently improve the signal to noise ratio
to enable higher sensitivity in the measurement. In principle saturations occurs only when

the gate pulse energy approaches roughly 8 times the MIR pulse energy.

The data evaluation will be described in the following section.
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Fig. 8.21: Circuit diagram for the two detectors used in EOS. For documentation purposes
of the single electronic components, only. For detailed explanation to the circuit,

see Ref. [Sch08a].
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Data evaluation

The data of the electro optic sampling signal is recorded with two identical photo diode
detectors of our own design. The signals of the detectors are digitized continuously with a
PicoScope 5000 Series oscilloscope (model 5444A, Pico Technology Ltd.) at 14 bit
resolution. A sampling interval of 100 ns is chosen with full range and sample depth
adjustments. Typically scan durations of 1 s are chosen. This amounts to 1-107 samples per
trace. To be as fast as possible, the data is stored in Matlab 4 format and has to be read into

MathCad as binary/hex code.

For each pulse a stretched signal is produced in each detector — see blue curve in Fig. 8.22.
The positive going part of the signal is about one third of the full period of 20 ps and
amounts to about 50 — 60 data points. An asymmetric double sigmoidal function, Eq.

(8.13), s fitted to this part — red line in Fig. 8.22.

1 1
y=yo+A-: 1= (8.13)

1+exp(_x—xc+wl/2j 1+exp(_x—xc—w1/2j
W) w3

Here, y is the offset, x,. the center, 4 the amplitude, w; the full width at half maximum and
w, and wj are variances. The shape of the detector signal allows setting w; to wy, in order to
eliminate one parameter.

The negative going part has a significant minimum to allow a measure of a "base line". This
is evaluated by fitting a cubic polynomial to the proper part — orange in Fig. 8.22. The values
of the electronic components (Fig. 8.21) differ from [Sch08a] to receive this clear minimum

to optimize the evaluation by our fitting algorithm.

The full amplitude of the signal — corresponding to the pulse strength — is determined from
the difference of the peak maximum of Eq. (8.8) and the extrapolated point of intersection of

the rising edge and the "base line" polynomial.

The evaluation via the fitting algorithm, for both recorded channels, is done in parallel with
two simultaneously running MathCad programs. For a one second scan with 50.000 peaks
the evaluation is done in less than 2 mins on a PC with an Intel i7 CPU with 2.8 GHz and

8 GB RAM.
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Fig. 8.22: Measured diode signal (blue), peak fit according to Eq. 8.8 (red) and residual
(green dots), polynomial fit (orange line) for "base line" and residual (orange

dots).

The resulting data of the fitting procedure are values, corresponding to the amplitude, for
each peak of both channels. For proper smoothing of both channels a polynomial filter is
used as proposed by Willson and Polo [Wil81]. With polynomial degree of K=35, §=38
number of smooths and 7'= 217 as range of filtering. The ratio of both processed channels

corresponds to the electro optic sampling signal.
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EOS Results

An EOS trace measured with the previously described setup and evaluation algorithm is
shown in Fig. 8.23. The corresponding MIR spectrum, measured with the LASNIX L-FTS
spectrometer, is shown above. The MIR pulse was compressed with transmission of 4 mm
Germanium. 1 mm Germanium is due to the long pass filter which blocks the input
wavelengths. Experimentally, additional 3 mm of AR coated Germanium is found to
compress the pulse best possible. The MIR spectrum was tuned to the broadest possible
bandwidth, resulting in a spectrum centered around 45 THz with a Fourier limit of 39 fs,
corresponding to a 1.4 cycle pulse (red curve in Fig. 8.23, assuming a flat spectral phase)

with a pulse energy of 200 nJ. The measured EOS trace (blue curve in Fig. 8.23) is close to

the calculated Fourier limit.

spectral intensity (a.u.)

amplitude (a.u.)

Fig. 8.23: Upper panel: MIR spectrum generated in 0.5 mm LGS with E =200 nJ. Lower
panel: calculated Fourier limit (red curve) and intensity (black line) of the

measured spectrum. Measured EOS trace in 22.5 um GaSe (blue curve).
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Since the seed pulses experience the identical phase fluctuations A¢ as the laser fundamental
in both amplification stages, the signal and the idler of both stages possess the CEP of the
pump laser. Consequently, inherently phase-locked middle infrared pulses result [Knol7,
Bal02b]. To verify this, the piezo (PZT) is fixed at a time delay 7; of a zero crossing of the
EOS trace. The change in the polarization ratio of the gate is measured with the two
photodiodes, as it is done for EOS, but here with a fixed gate delay. A change in the CEP
would then be directly measured as a positive or negative shift of the balanced signal of the
two detectors. The results for a 1 second and a 4 second single-shot measurement are shown

in Fig. 8.24 b) and c). In Fig. 8.24 a) the fixed time delay 7; for the measurement is shown.
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Fig. 8.24: CEP stability of the MIR field. a) EOS trace of the MIR field and position 7 for
fixed time delay. b) CEP stability over 1 sec (50.000 pulses); ¢) CEP stability
over 4 seconds (200.000 pulses). The standard deviation of ¢) corresponds to

85 mrad.
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It has been demonstrated, that on the time scale of a few seconds the resulting pulses are

CEP stable with a standard deviation of 85 mrad. However, on longer time scales some

larger phase shifts are found. This is believed to be related to some mechanical instability of

the laser table due to vacuum pumps, air condition and cooling systems of the laboratory.

After re-positioning of the whole setup on the optical table and removing the aluminum

breadboard of the NOPA much higher CEP stability is obtained. Also the generated MIR

pulses show excellent long-term stability — see Fig. 8.25. The CEP drift is now at 94 mrad

over one hour. For roughly 10 mW average MIR power at 50 kHz the deviation is only

48 uW over 13 hours.

—
[
-

Delay time (fs)

—
(=)
-

CEP (rad)

—
(3]
-~

CEP (rad)

-m/2

/2

-n/2

1 1 ' 1 ' 1 ' 1 '
10 20 30 40 50 60
Time (min)
¢ =165 mrad
® () e ®
0 Joeee o® ©%°% 0 .’..o. %4
L4 °
~—T T T T T T T 1"
0 20 40 60 80 100 120 140 160 180

Time (sec)

—
o
-

MIR average power (mW)

—
L

MIR average power (mW)

10.20
10.15
10.10
10.05
10.00 = T T
0 8 12
Time (hour)
—_—
c =39 uW
10.2 ° g
° ;o ]
9P 0 o 33 °p |
&o o '00.-
101 SedEraity U
L] . ® I , [ 1]
e
[ ]
10.0 T T 1 T

Time (minute)
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(b), (c) Evaluated CEP values. (d) MIR Long-term power stability. (¢) Raw
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In the following part signal distortions due to atmospheric absorption are discussed. They

can be seen on longer time scales with oscillatory behavior — see Fig. 8.26b).

Sometimes also a contribution of the back reflection can be seen in the retrieved EOS
waveform. This could be avoided with nonlinear crystals as proposed by the Huber group

[Knol8].
In the present case, shown in Fig. 8.26b), the side lobe of the waveform is attributed to the

third order dispersion of the pulse.
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Fig. 8.26: a) Measured EOS trace up to 1000 fs delay time compared with calculated pulse
for 1.5 m path way in atmosphere (b).
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Influence of atmospheric absorption

Initially, the contribution of the laboratory atmosphere was expected to induce significant
distortions, since atmospheric air has a number of absorption bands in the range of the MIR
pulses. Interestingly, this is not a highly relevant issue in the present situation. It will be
shown theoretically that the absorption bands of the atmosphere do not drastically alter the
retrieved mid IR field. For slightly shorter central wavelengths, it seems relevant to remove

CO, and in particular H,O in the setup [Kai00].

Fig. 8.27 shows the transmission of 1.5 m atmosphere (a) and 15 m atmosphere (b). The
transmission was calculated' using the line-by-line model ARTS [Eril0] based on molecular
absorption parameters provided by the HIRTAN database [Rot08, Rot12b]. The line-by-line
calculations include the water vapor continuum model MT CKD [Clo05]. Data shown in
Fig. 8.27 is for "midlatitude-summer" atmosphere [And86]. This is an average of the
calculated absorption coefficients for normal atmospheric pressure of 1013 hPa, 294 K
temperature and a water vapor concentration of 4.6810" cm™ (about 50% relative
humidity) in 0 km height, and 902 hPa, 299 K and a water vapor concentration of

3.11-10" em™ in 1.0 km height.

The red and blue lines are the spectra as given by the pressure broadening and Doppler
broadening at the stated conditions. It can be seen that there are extremely finely spaced
lines that frequently lead to full absorption even for 1.5 m path length (see inset in
Fig. 8.27a). The necessary spectral resolution to resolve these features is not given by the
MIR spectrometer used in this work or most other work on MIR pulse generation. Rather
one averages over a range of 6.3 em™ in our case, corresponding to 0.189 THz or about
25 nm. If this resolution is used for a Gaussian convolution, the spectra shown in black are

obtained. It is this effective absorption spectrum that will be seen in our measurements.

! Calculated by Dr. Claudia Emde and Prof. Dr. Bernhard Mayer of the Meteorological Institute Munich, LMU.
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Fig. 8.27: Transmission spectrum of standard atmosphere for 1.5 m (a) and 15 m (b) path

length. For 6.3 em’! optical resolution the spectra are shown in black.

The multitude of lines results from the rotational fine structure of the vibronic bands. From
the formulas for the rotational energy of symmetric top molecules or only slightly
asymmetric ones — as water — a series of nearly equidistant transitions (absorption lines)
results. Taking out these lines from the spectrum does not significantly alter the overall
shape of the electric field gradient. However, due to the regular spacing, partial rephasing

will result in oscillatory signals at well-defined delay times.

An alternative way of considering the influence of the absorption is the viewpoint of
absorption and later reemission of radiation. As the whole absorption process is spatially
coherent over the illuminated volume, the reemission will also be coherent. As a
consequence it is reemitted in the same direction and divergence as the incoming pulse. It is,

however, delayed and gives rise to the later contributions to the electric field gradient, the
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free induction decay (FID). As the dephasing of the FID is different for different molecules,
a slightly differing field gradient will result from the two viewpoints. In particular the
dephasing of water is very rapid and the corresponding coherent signals will decay on the

sub-ps time scale.

In Fig. 8.28 (a) and (b) a simulated pulse centered around 40 THz (1 = 7.5 um) with a
bandwidth of 16 THz is shown. This corresponds to a Fourier limit of 27.5 fs, nearly single
cycle. Additionally, the pulse is shown for propagating through 1.5 (a) and 15 m atmosphere
(b), by multiplying with the transmission data, shown in Fig. 8.27 (a) and (b), respectively.
Although, the pulse looks heavily distorted for the cases of propagating through atmosphere,
the fields in the time domain after Fourier transformation look quite similar (c). The spectral
modulation shows only in some slight oscillations around the base line in the time domain.
For 15 m optical pathway the pulse duration gets also slightly longer. On a longer temporal
axis, there are some additional modulations, corresponding to certain absorption bands in the

spectrum.
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The optical path length of 1.5 m is roughly the length the MIR passes through air in the
present experimental setup, shown in Fig. 8.16. In the simulation the modulation is below

2% of the maximum peak. In the experiment, this will only slightly decrease the contrast.

In this chapter a new concept for field resolved optical spectroscopy in the MIR region was
demonstrated. The spectral bandwidth covers more than an octave and fast EOS
measurements on the 1 sec time-scale have been demonstrated. Parametric amplification of
MIR pulses in LGS was shown with a quantum efficiency of 8%, resulting in 200 nJ pulses
for spectra spanning from 5 — 11 um. The over-all efficiency is at 0.1% from the 10 W
average power available from the pump laser to 10 mW in the MIR region. The
demonstrated pulse energies are routinely available in the lab on a day-to-day basis. Pulse
energies of up to 340 nJ have been demonstrated. However, at this point the aim was to
generate the shortest possible pulse and to optimize the CEP stability therefore the pump
intensity was reduced. A high long-term stability over 13 hours is demonstrated. Further

scaling of the amplification efficiency seems possible by scaling up the pump power.

A 1.4 cycle pulse was shown and a CEP stability of 94 mrad over one hour has been
demonstrated. Even shorter pulses can be obtained by reducing the chirp in the NOPA seed
beam. Still a critical part of the setup is the used filter to separate residual seed, the strong
pump and the resulting MIR beam after the collinear MIR amplification in the LGS. With
the use of a customized coating on a ZnSe substrate (by V. Pervak and co-workers of the
MAP cluster) MIR pulse energies of up to 1 pJ in the MIR have been measured. This might
have been due to a leakage of the pump. With the used Germanium filter (Fig. 8.7)
definitely no pump transmission is possible. However, it might be possible that due to
absorption of the 1030 nm pulse, parasitic nonlinearities are driven that might hinder optimal
transmission of MIR. Therefore, it would be beneficial to use a high reflective mirror for

1030 and 1180 nm with high transmission in the MIR - but, this is still an open task.

With the compact NOPA and the compact gate pulse generation the whole setup - including
the commercial pump laser system - can be implemented on an area of lmz, only.
Consequently, if needed the whole setup can be covered easily to remove water vapor or
CO,. This might pave the way for new, time resolved spectroscopic experiments in the

fingerprint region.

In the next chapter an outlook will be given on achromatic frequency doubling of NOPA
output pulses. The used NOPA is an identical setup as the one used in this chapter, pumped

with an Yb-fiber pump source. Resulting spectra of these systems offer large spectral
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bandwidth, when they are seeded in the reddish wavelength region. Full achromatic
frequency conversion of these broadband spectra to the blue or UV range is presented with
resulting Fourier limits of less than 5 fs. Like the spectrally broad MIR spectra generated in
this chapter, these broadband UV pulses are highly interesting for future spectroscopic

experiments.
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9. Achromatic second harmonic generation with a Yb:fiber laser

pumped NOPA system at 200 kHz

In this section a proof of principle on the concept of achromatic second harmonic generation
[Bau04] is demonstrated for a NOPA pumped by a high repetition rate Yb:fiber laser system
(Coherent Monaco, 60 W output). The used laser system was a loan of Coherent and only
available for a few days, so only few results are demonstrated. Since Yb-based laser systems
provide rather long pulse durations, second harmonic pumped NOPA spectra show rather
large bandwidths. Especially in the reddish region, the amplified signals provide bandwidths
for sub-10 fs Fourier limits intrinsically — compare chapter 6. To frequency double these
broad bandwidth pulses, extremely thin crystals, roughly 20 um thickness, would have to be
employed. Such thin crystals are hardly to get on the market and the doubling efficiency is

low. An approach to overcome this dilemma is achromatic phase-matching [Bau04].

N

>
NRI W
VIS A2

Fig. 9.1:  Scheme for achromatic second harmonic generation. A/2: half-wave plate, P;,
P,: Fused Silica prisms (apex angle 68.7°), OAP: off-axis parabolic mirrors
(f=35 mm), P3 P,: CaF, prisms.

Here the pulse is transversally dispersed with a fused silica prism pair (; and P,) and
focused with an off-axis parabolic mirror (OA4P) towards the doubling crystal — see Fig. 9.1.
Due to the resulting angular dispersion, a condition can be found where the doubling crystal
offers optimal phase-matching to each of the dispersed frequencies. Therefore, a "thick"
crystal can be used for frequency doubling which would offer a much too small acceptance
bandwidth without introducing angular dispersion. This is only possible, because the
effective angular dispersion of a fused silica prism and the internal phase matching angle of
BBO have a nearly identical gradient — see Fig. 9.2. With the separation of the prisms P; and
P, and the focal length of the OA4P the phase-matching can be optimized. Here a focal length
of /=35 mm is used for both parabolic mirrors. A half-wave plate rotates the polarization of

the incoming signal to vertical, in order to be perpendicularly polarized to the plane of the
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prisms angular dispersion for type I phase-matching. The losses on the fused silica prisms P,
and P, are reduced by an AR coating. The second harmonic exhibits a horizontal
polarization. This enables to use the prisms P; and P, in a Brewster configuration to
minimize reflection losses on the prism surfaces in the UV. A full description of the concept
of achromatic frequency doubling and impressive results for Ti:Sapphire pumped NOPA
pulses can be found in Ref. [Bau04].
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Fig. 9.2:  Internal phase matching angle of BBO and effective angular dispersion of a

fused silica prism with apex angle 68.7°. Figure adapted from [Bau04].

In this work a proof of principle on the concept is demonstrated briefly for NOPA pulses
pumped by a Yb:fiber source. The central wavelength of the laser system is around 1035 nm
with an average power of 60 W, nominally. The pulse duration is specified with 350 fs. The
repetition rate is selectable by software — single shot to 1 MHz. The polarization of the laser
output is vertical. For the experiment of achromatic phase matching a repetition rate of
200 kHz is chosen, corresponding to a pulse energy of 300 puJ per pulse. The beam is
attenuated with the combination of a half wave plate and a thin film polarizer (7FP). The
horizontally polarized transmission of the polarizer, roughly 20 pJ, is used to pump the

NOPA system.
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Fig. 9.3:  Schematic setup for achromatic second harmonic generation.

The used NOPA setup is identical to the one described in the previous chapter 8 on MIR
generation. There the system was used at 50 kHz repetition rate with 150 pJ input energy.
The flexibility of the setup allows the operation with lower pulse energies at higher
repetition rate. Only minor modifications are necessary. The second harmonic generation
crystal is shifted slightly closer to the focal plane of the fundamental to maintain a frequency
doubling efficiency of 30%. The amplifier BBO crystal is located behind the focal plane of
the pump beam. Consequently a repositioning of the BBO closer to the focal plane, to

increase the pump intensity, is sufficient for amplification with the lowered pulse energy.

In the previous chapter the bandwidth of the amplified output signal was spectrally narrowed
to the needs of the experiment with selected amounts of dispersive material in the seed beam
path. Contrary for the concept of achromatic phase-matching the broadest possible spectra
are desired. Therefore no dispersive material is located in the seed beam path. The
bandwidth of the NOPA output corresponds to a Fourier limit of 8 fs at 700 nm. The
resulting pulse energy is 350 nJ at 200 kHz.

The spectra of both, the NOPA output and the achromatic frequency doubled second
harmonic are measured with a fiber coupled Ocean Optics HR4000 spectrometer and are
intensity calibrated afterwards. The achromatic frequency doubling of the NOPA signal is
carried out with various thicknesses of BBO crystals. All crystals are in type I configuration
and have a cutting angle close to 30°. Fig. 9.4 shows the NOPA output at 700 nm in the
upper panel and the second harmonic for given crystal thicknesses in the lower panel. Also
shown here is the calculated second harmonic spectrum (grey shadow). It indicates that the
measured second harmonic bandwidth is almost at the theoretical limit. The measured UV

spectra at 350 nm show a Fourier limit down to 4.8 fs.
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Fig. 9.4:  NOPA output spectrum, centered around 700 nm (upper level), corresponding
achromatic frequency doubled spectra for various BBO thicknesses (lower

level)'.

In a second experiment the central NOPA wavelength is tuned to 900 nm. The output energy
is about 300 nJ per pulse, its spectral bandwidth corresponds to 7 fs. After achromatic phase-
matching, spectral bandwidths corresponding to Fourier limits down to 5.8 fs are measured —

see Fig. 9.5.

For comparison a non-achromatic second harmonic generated spectrum is shown (grey
shadow in Fig. 9.5) for the case of frequency doubling with a 250 pm BBO. This is done by
simply removing prisms P; and P,. The Fourier limit here amounts to about 25 fs — a factor
of 4 longer in pulse duration compared to the achromatic phase matching geometry for

identical crystal thickness.

' The second harmonic spectra were measured in collaboration with Dr. Pavel Malevich (group of
Prof. Dr. Jirgen Hauer, TUM). He is interested in broadband UV generation for 2D-UV spectroscopy.
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Fig. 9.5:  NOPA pulses around 900 nm achromatic frequency doubled in BBO crystals of

given thicknesses. For comparison the grey shaded spectrum shows the non-

achromatic generation for a 250 um crystal.

In this chapter achromatic frequency doubling for the generation of sub-10 fs UV pulses has
been demonstrated. To the best of my knowledge this was done the first time starting with an
Yb-based laser source at the repetition rate of 200 kHz. Nowadays Yb-based laser systems
are state of the art technology. Therefore this proof of principle paves the way for future
experiments with ultrashort UV pulses at high repetition rates. The shown pulses are
possibly the broadest known near-UV/blue pulses leading to the potential shortest pulse
duration. The spectral range that is demonstrated here is hard to obtain starting with a
Ti:Sapphire pump laser system — compare Ref. [Varl4]. Additionally the demonstrated pulse
durations of this reference are longer compared to the Fourier limits shown here. This makes
the concept of achromatic phase-matching of NOPA pulses generated with Yb-based pump
laser systems highly interesting for future applications like ultrafast 2D-UV spectroscopy.

In the next chapter a compact and easy-to-use tool to measure the pulse duration of ultrashort
UV pulses will be demonstrated. The autocorrelator is based on the process of two-photon

absorption. Sub-10 fs pulse durations and laser repetition rates of up to 1 MHz are shown.
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10. Two-photon absorption in bulk material: Convenient method to

measure temporal pulse widths from the UV to the NIR

For cutting-edge spectroscopic experiments with highest temporal resolution for processes
on the time scale below 50 fs the temporal characterization of the pump and the probe pulse
is of major importance. For visible pulses, different approaches are available [Kan93, Iac99,
Koz04, Bau0O4a]. For the experimentalist, the easiest tool to compress visible pulses is a
second harmonic intensity autocorrelation [Koz04]. This method enables online pulse
duration screening during the optimization of a prism compressor. However, many
molecular systems exhibit absorption bands in the UV, requiring UV excitation and probe
pulses. Therefore temporal characterization tools for pulses of this wavelength range are
required. No available nonlinear crystal does support phase-matching for second harmonic
generation below 400 nm. Consequently different approaches for UV characterization have
to be realized, without losing the simplicity of the concept of second harmonic intensity

autocorrelation.

Fig. 10.1: Newly developed, compact autocorrelator based on two-photon absorption.

In Ref. [Homl11] a method for pulse characterization for UV pulses based on two-photon
absorption (TPA) is demonstrated. The benefit of this method is the absence of any phase-
matching constraints — making it an ideal concept for the measurement of ultrashort UV
pulses. Although it has already been demonstrated that the concept works well, the initial
mobile setup was quite large, making it hard to place it in existing experimental setups. A

prior integrated version inside the transient setup [Meg09] suffered from too long path
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lengths, making the online pulse compression more difficult due to the loss of spatio-
temporal overlap while optimizing the prism compressor. In this chapter a compact version
of the setup is presented. With a foot-print of only 350x200%90 mm’ it is easy to place

somewhere on the laser table.

In addition it is shown, that this concept works not only for the UV range, but also in the
visible and near infrared, simply by choosing a proper two-photon absorption medium. Also

a measurement of visible sub-10 fs pulses is highlighted.
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Fig. 10.2: Schematic of the beam path of the TPA based UV autocorrelator setup.

e BS: beam splitter, fused silica d =200 pm, wedged (5 arc min) by LaserComponents

e A: aperture

e TPA: two-photon absorption medium at the focal planes of pump and signal (see
Fig. 10.5)

e FM: spherical, focusing enhanced aluminum mirror (=200 mm) by Layertec

e R,S: reference and signal diode (digital integrating photodiodes with USB interface)
WL-IPD4A by WieserLabs, used diodes: Hamamatsu S1336-8BQ

e PZT: piezo table (PZ100, Piezosystem Jena) operated at 2 Hz

e Unmarked mirrors are plane aluminum steering mirrors (enhanced aluminum by
Layertec).

Using half inch sized mirrors and holders — where it is possible — as well as using a
compact detector box where both a signal and a reference diode is located, made it possible
to get the setup in compact shape. The setup is shown in Figs. 10.1 and 10.2. The incoming

UV beam is split in two arms with a 200 pm thin beam splitter made of fused silica with a
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wedge angle of 5 arc minutes, to separate the reflection from the front and the back side. For
vertical polarized light around 300 nm the Fresnel equations gives roughly a ratio of 10:90
for reflection to transmission for the fused silica beam splitter. With an identical second
beam splitter a portion of the reflected part ("signal") of the incoming light is steered to a
reference diode (R). The beam splitters are used in transmission in both the signal and the
pump beam path. Hence, the setup is dispersion balanced for the dispersion of the substrates.
The thickness of 200 um of the beam splitter is chosen because the flow cell windows in the
transient setup are of the same thickness. Consequently, the pulses are pre-compressed for

them.

The signal is periodically shifted by a mirror mounted on a piezo table (PZT) with a
frequency of 2 Hz in an open loop configuration. The piezo table is a PZ100 by Piezosystem
Jena GmbH. An electronics board of our own design generates a ramp voltage signal which
is amplified in a voltage amplifier ("5V10" or nanoUSB) by Piezosystem Jena GmbH before
going into the piezo table. A travel range of roughly 80 um of the piezo corresponds to a
time delay of approximately 500 fs. For shorter pulses the voltage ramp can be switched to a
lower amplitude, resulting in a piezo travel range of roughly 22 um corresponding to a time
delay of approximately 150 fs. With two steering mirrors the signal is sent to a spherical,

concave 1" focusing mirror (FM, in Fig. 10.2) with a focal length /=200 mm.

The strong pump beam is steered to the identical focusing mirror by a steering mirror on a
mechanical micrometer delay stage. The stage enables the adjustment of the temporal
overlap between signal and pump. Both beams are focused under a small angle towards the
two-photon absorption medium which is placed in the focal plane of both beams roughly
200 mm behind the focusing mirror. The exact position of the medium is optimized by a
z-scan [Bah90] measurement. By moving the medium through the focal plane while
monitoring the transmission with the signal diode, the focal plane is found at the minimum
transmission where the intensity is highest. At this point the effect of two-photon absorption

1S maximized.

Behind the two-photon absorption medium the stronger pump beam is blocked, while the

signal beam is steered to the signal diode.

There is a small angle between pump and signal. Nevertheless, geometrical smearing effects
can be neglected for this geometry. The spatial separation A of pump and signal on the

focusing mirror is not greater than 4= 10 mm. With a focal length of /=200 mm, this
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results in an external angle @ = arctan( A/f )~ 2.8°. Assuming a pulse duration of
At =25 s and a beam waist of w, =20 um at the focal plane for estimating the geometrical
smearing effect according to Ref. [Taf96]:

_2-wo

9
c 2

St =47 fs. (10.1)

The measured pulse duration then amounts to
At' =V At? +6t2 =254 fs, (10.2)

corresponding to an increase of only 1.5%. This value is an acceptable compromise
regarding the complexity to build a similar setup in collinear geometry.
The used aluminum mirrors are designed by Layertech GmbH and have an enhanced
reflectivity in the range of 220 — 400 nm. The data of the reflectivity provided by the
company as well as test measurements at two different wavelengths with our ns OPO
(EKSPLA, NT-242) are shown in Fig. 10.3. The test measurement was carried out by using
two mirrors under an angle of incidence of 45° with 8§ reflections. By comparing the power
before and after the two mirror setup, the reflectivity can be evaluated by

R = Pout . (10.3)

Pin

By engaging a half wave plate in front of the two mirrors the reflectivity could be measured
for both horizontal and vertical polarized light. Since the reflectivity is >90% from 210 nm
to 425 nm, these mirrors are well suited for the application in the autocorrelator setup, since

it should be implemented to measure pulse durations in a broad wavelength range.
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Fig. 10.3: Reflectivity of Layertech enhanced aluminum mirrors, provided by the company

(lines) and test measurements with a ns OPO for 300 and 500 nm (dots).

As mentioned previously, the used beam splitters are made of UV grade fused silica, have a
center thickness of 200 um and a wedge angle of 5 arcmin. The wedge is introduced to
suppress the reflection of the backside and therefore prevent it to go to the signal diode. For
a plane parallel window this backside reflection would simply decrease the signal to noise
ratio in the measurement. The design criteria for the wedged window is that the back and
front side reflection are spatially separated by 2 mm after a distance of 40 cm from the beam
splitter. The estimation can be done by applying Snell's law. Assuming a FWHM of about
1 mm of the input beam, the back reflection can then be suppressed by an aperture (A in Fig.
10.2). The angular dispersion of the fused silica wedge with =5 arcmin apex angle is
negligible, also for deep UV pulses. Assuming a center wavelength of 4 =270 nm and a
pulse duration of A¢ = 20 fs the angular dispersion after propagating through the wedge reads
[Dem06]

2sin(0/2
o _ sin(0/2)  dn g prad. (10.4)

The pulse duration of 20 fs relates to a spectral band width of A4 = 5.4 nm FWHM, resulting

in a net angular dispersion of

ds
J-Ak = 3.2urad, (10.5)
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which is smaller by an order of magnitude than the natural divergence of the collimated UV
beam with a FWHM spot size of roughly 1 mm. Consequently, the pulse duration
measurement will not be falsified by angular dispersion introduced by transmission through
the wedge.

The detector box accommodates the signal and the reference diode. It is a semi-commercial
unit, WL-IPD4A by WieserLabs UG. After a trigger pulse the two photodiodes are
integrated for a software-adjustable amount of time. Its small form factor of
60 x 83 x 21 mm’ enables the compact size of the autocorrelator unit. An external trigger
pulse can be applied directly. The supply voltage is provided via USB. Also the data can be
read out directly via the same USB port — no external power supplies or data acquisition
cards or boxes are required. The resolution of the analog to digital conversion is 20 bit,
providing sufficient resolution for autocorrelation measurements. The photodiodes in use are
a Hamamatsu S1336-BQ for both, the signal and the reference channel. The detection range

of the diode is from 190 — 1100 nm.

The detector features a software selectable tunable full scale range between 50 pC and

350 pC, this offers a range of sensitivity depending on the incoming pulse energy.

To attribute this sensitivity range to experimental values, a numerical example is given. For
a center wavelength of 4 =300 nm and a pulse energy £ = 100 nJ, the loss by six reflections

on mirrors, beam splitters and absorption renders an energy at the detector

Eget = E-0.08-0.8-0.85% = 2.4nJ. (10.6)

For 300 nm this energy corresponds to 3.65-10° photons. With an average quantum

efficiency of 0.5, this gives a charge value of 292 pC.

The size of the photosensitive area of the diodes is 5.8 x 5.8 mmz, so no additional imaging
of the beam onto the detectors is needed. The large detector area makes the measurement
sensitive to ambient stray light. Therefore the whole unit is encased. With the micrometer
screw for the temporal overlap and two knobs for horizontal and vertical steering of the
pump beam sticking out of the casing (see Fig. 10.1) it is possible to optimize the

autocorrelation signal in an illuminated lab while the box is closed.
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The two-photon absorption induced autocorrelation signal

The process of two-photon absorption (TPA) describes the phenomenon where two photons
of certain energies £; and E, are absorbed simultaneously by a medium with a band gap of
E, <E; + E,. Analog to linear absorption, two-photon absorption is a material property. It is
proportional to the wavelength dependent TPA coefficient . The material coefficient £ can
be determined with a z-scan [Bah90, Dra02, Ajal8] similar to the nonlinear refractive index
ny. The decrease of a laser pulse intensity after propagating a certain distance in z-direction
of'a medium with the TPA coefficient freads

dr B-12. (10.7)
dz
In the autocorrelation measurement two replica of the input beam are spatially and
temporally overlapped at the two-photon absorbing medium. Eq. (10.7) then turns into

dI 2
Fr —B- (Ipump + Lsignal ) =-B- ( I]%ump + Igignal + 2 Ipump - Isignal ) (10.8)
This term can be understood in the following way: both beams, the pump and the signal,
experience two-photon absorption in the medium, independently. At the time zero a mixed
contribution of both intensities is present — corresponding to the term 1,,,,,/,.ope In
Eq. (10.8). Hence, the variation of the relative time delay 7 between pump and signal renders
the autocorrelation function S (7).

o0

Sac(t) B+ [ Ipump (t)- Isignal (t—7)dt. (10.9)

—00
For small transmission changes < 15% [Homl1] this can be treated like a second order

intensity autocorrelation.

Under the assumption of a Gaussian pulse shape /(?), S(7) will be Gaussian, too and the

FWHM pulse duration reads:

TS, FWHM
At} FWHM = — 75 (10.10)

where zg rpy is the FWHM of the autocorrelation signal S4(7).

Fig. 10.4 shows a typical UV TPA autocorrelation measurement in a 100 um aBBO crystal,
for frequency doubled NOPA pules around 330 nm with a deconvoluted pulse duration of
17.2 fs.
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Fig. 10.4: TPA autocorrelation trace of 330 nm pulses in a 100 um aBBO. Deconvoluted
pulse duration renders 17.2 fs. Dots denote measured data points and the red line

is a Gaussian fit.

The depth of the dip of the two-photon absorption autocorrelation signal is about 7% at a
pulse energy from the 330 nm pulses of roughly 100 nJ.

The choice of the two-photon absorption medium for autocorrelation

In Ref. [Homl11] various materials for the UV range to be measured were characterized. In
the following section this range will be extended from the UV to the visible and near
infrared range. For this purpose various colored glasses are used as two-photon absorption

medium.

Fig. 5 is adapted from Ref. [Hom11] and extended to the wavelength region for visible and
near infrared with Schott or HOYA colored glasses. It shows the normalized two-photon

absorption strength of various materials in dependence on the pulse wavelength.
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Fig. 10.5: Normalized two-photon absorption strength of various materials in dependence
on the pulse wavelength. Sa: sapphire, BBO: barium borate, YAG: yttrium
aluminum garnet, FS: UV grade fused silica, KGW: potassium gadolinium
tungstate, GGG: gadolinium gallium garnet, SLAQO: strontium lanthanum
aluminate. GG400, GG420, OG530, RG715: Schott color glass. Adapted and
updated from [Homl1].

The limits for each material are set on the one hand side by the condition that the wavelength
of the pulse under test A, should be larger than the one-photon absorption edge of the
1 (1)
material A
edge
aac > ) (10.11)
AC edge - ’
On the other hand A 4 should be short enough to still allow two-photon absorption

I-KAC <7\,( ) . (10.12)

As shown in Ref. [Hom11] the two-photon absorption edge can be different in energy from
the one-photon absorption edge. Little is known about this for the crystals or glasses under
discussion, but it is observed that the differences are not too large in most cases. As a rule of

thumb relation (10.13) should be followed:

1 2
5 hAC < 0.8-X£dg)e . (10.13)
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Colored glasses are semiconductor-doped silica glasses. Crystalline CdS,Se;_, nanoparticles
are embedded in the silica glass [Gap03, Oak93]. The variation of the absorption edge can be
achieved by stoichiometric differences in the crystalline structure, given by the parameter x

in the molecular formula.

The transmission curves of the materials shown in the lower panel of Fig. 10.5 are shown in
Fig. 10.6. The one photon absorption edge is chosen as the wavelength where the
transmission drops to a level of 50%. The data was measured with a commercial photo
spectrometer (Perkin Elmer, Lambda750). The substrate thicknesses of all colored glasses
are on the order of 200 um, the thickness for the GGG crystal is 100 um. It can be noticed
that the cut-off for the very thin plates is somewhat lower than the nominal cut-off (e.g.,

400 vs. 420 nm).

-
o
o

transmission (%)
n
o

Fig. 10.6: Transmission of the colored glasses of Fig. 10.5, as well as transmission for the

GGG crystal. Absorption edges are marked at 50% transmission level.

Pulse length measurement in the visible and NIR region based on TPA

The capability of measuring a two-photon absorption autocorrelation in the visible
wavelength range allows a direct comparison between this method and a second-harmonic
intensity autocorrelation. Up to now the validation of the pulse duration for this

autocorrelation method was done indirectly via a cross correlation measurement [Hom11].
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Fig. 10.7: a) comparison between SHG intensity autocorrelation (black) and TPA

autocorrelation (red) of the identical pulse shown in b).

In Fig. 10.7a) a comparison of a SHG intensity autocorrelation [Koz04] is shown as a black
trace. The NOPA pulse under investigation is shown in Fig. 10.7b). The pulse was
compressed with a fused silica prism compressor (prisms cut for Brewster angle). For the
case of SHG autocorrelation a 57 pum BBO was used for frequency doubling. For two-
photon absorption autocorrelation a 160 um GG420 was utilized. The pulse energy used for
the two-photon absorption autocorrelation measurement was £ = 150 nJ. Care was taken,
that the distance of the NOPA output to each autocorrelation medium is identical. In front of
the SHG autocorrelator additionally a 200 pm thick, fused silica beam splitter (as used in the
TPA autocorrelator) was placed in the beam path and used in transmission, to enable
identical dispersion conditions. Without readjusting of the prism compressor exactly the
same pulse duration was measured by the two different approaches. For a demonstrative
illustration both signals are normalized from 0 to 1 (or vice versa for the case of TPA
autocorrelation) in Fig. 10.7a). The actual depth of the transmission dip in the TPA
measurement was kept below 15%, to not falsify the measurement. With both methods a
deconvoluted pulse duration of 27 fs was measured. This gives a direct evidence for the

reliability of the pulse duration measurement via two-photon absorption.

Figures 10.8 and 10.9 show TPA pulse duration measurements with OG530 and RG715
glasses for NOPA output wavelengths of 660 nm and 975 nm, respectively. The
measurement of the reddish to near infrared wavelengths requires slightly higher energy
since the reflectivity of the used aluminum mirrors in the autocorrelator decreases. Metallic
mirrors do not introduce phase distortions to the input pulse and since NOPA pulse energy in

these wavelength regions is no problem at all, no exchange to silver mirrors was needed.
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Fig. 10.8: Two-photon absorption autocorrelation (left) of 660 nm NOPA pulses (right)

close to the Fourier limit in OG530 colored glass.

The 660 nm pulse with a Fourier limit of 19 fs could be compressed down to 20 fs, in an
OG530 glass, as seen in Fig. 10.8. The input pulse energy was 200 nJ. For an input pulse
centered around 975 nm with a Fourier limit of 27 fs, a pulse energy of 600 nJ was used. A

pulse duration of 35 fs was measured in a RG715 glass — see Fig. 10.9.
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Fig. 10.9: Two-photon absorption autocorrelation (left) of 975 nm NOPA pulses (right), in
RG715 colored glass.
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Demonstration of a sub-10 fs pulse autocorrelation based on two-photon

absorption

For ultra-broad bandwidth pulses with Fourier limits below 10 fs phase-matching in the case
of second harmonic autocorrelation is a crucial topic. Very thin nonlinear crystals are
needed, especially in the short wavelength region of the visible spectrum. These crystals are
hardly available on the market. Most companies specify only down to 25 um thickness with
a tolerance of = 10 um. In most of the cases the delivered crystals have a thickness of 35 pm.
For a correct SHG autocorrelation measurement of spectral bandwidths as shown in
Fig. 10.10 a crystal thickness of 10 um would have to be employed. In this section, an
alternative idea for future investigation is demonstrated. Based on the fact that for two-
photon absorption no phase-matching condition is required, a TPA autocorrelation
measurement for an ultra-broadband NOPA source (see chapter 4) is carried out. The
broadband NOPA is compressed with a combination of a fused silica prism compressor and

24 reflections on Brewster-angled chirped mirrors [Bau06].
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Fig. 10.10: Two-photon absorption based autocorrelation of an 8.5 fs pulse (left) of a
broadband NOPA source (right). Measured in a 200 um GG400 substrate.

Fig. 10.10 shows the autocorrelation of the broadband NOPA as short as 8.5 fs at a Fourier
limit of 5.6 fs. The energy used for autocorrelation was roughly 300 nJ in a 200 pum GG400
sample. This measurement demonstrates the high potential of a two-photon absorption based
measurement technique, since no limits due to phase-matching constraints are given. The
nature of two-photon absorption basically only limits the spectral bandwidths of the pulses to
be measured to below one octave. Thin and freestanding semiconductor films like GaN have
a high two-photon absorption coefficient and should be investigated in the future for TPA

autocorrelation measurements.
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Using the TPA autocorrelator with repetition rates up to 1 MHz

In this section the possibility to use the presented TPA autocorrelator setup for various
repetition rates is presented. Since the signal strength is dependent on intensity — compare
equations (10.7) to (10.9) — the pulse energy of the input pulse has to be on the same level
independent of the repetition rate. The only necessary modification to the system is to divide
the laser "trigger" down to 1 kHz for the detector. For best performance a "phase locked"

trigger should be chosen to ensure that the same number of shots is averaged on each scan.

An Yb:fiber laser system (Amplitude Systems, Tangerine) is used for the generation of
tunable pulses with variable repetition rate. For frequency conversion a single stage,
continuum seeded NOPA is used. The system is described in full detail in chapter 6 of this
thesis. The NOPA output is compressed in the visible and frequency doubled to the UV. A
single compressor in the visible is sufficient for compression of the UV pulses [Bau04b,

Meg09].

In Fig. 10.11a) the NOPA output at 750 nm is shown. The pulse energy corresponds to
1.3 uJ at 200 kHz. With a 50 pum BBO the spectrum can be frequency doubled to 375 nm.
The resulting UV pulse offers a Fourier limit of 9 fs — see Fig. 10.11b). The compressor used
in the visible consists of two fused silica prisms cut for Brewster's angle. As TPA medium a
100 um GGG crystal is chosen. A pulse duration of 15.9 fs is demonstrated for 200 kHz,
375 nm pulses in Fig. 10.11¢).
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Fig. 10.11: (a) NOPA output spectrum at 750 nm with 200 kHz; (b) SHG of NOPA output at
375 nm, frequency doubled in a 50 um BBO, E =40 nJ; (c¢) two-photon

absorption autocorrelation measured in 100 um GGG crystal.
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Fig. 10.12: (a) NOPA output at 820 nm, 600 nJ; (b) SHG of NOPA in 50pum BBO.
E =35 nJ for 200 kHz; (c) TPA autocorrelation with 13 fs pulse duration for
200 kHz measured in 100 pm GGG; (d) SHG of NOPA for 1 MHz;
(e) TPA autocorrelation with 19 fs pulse duration for 1 MHz.

In Fig. 10.12, a 820 nm pulse is frequency doubled to 410 nm in a 50 pm BBO. At 200 kHz
the Fourier limit of the blue pulse amounts to 10 fs (Fig. 10.12b). Via TPA autocorrelation a
pulse duration as short as 13 fs is measured in a 100 um GGG crystal (Fig. 10.12¢). For
operating the NOPA system at a repetition rate of 1 MHz slight modifications inside the
NOPA are necessary. This is why the frequency doubled spectrum at a repetition rate of
1 MHz (Fig. 10.12d) is slightly narrower. The Fourier limit here amounts to 14 fs. At the
repetition rate of 1 MHz a pulse duration of 19 fs can be measured by two-photon absorption

in a 100 um GGG crystal.

In this chapter a compact device with a foot-print of 360x200 mm?” was demonstrated for
characterizing pulse lengths of femtosecond pulses via the process of two-photon absorption.
The possible wavelength range for the input signal is from 190 — 1100 nm without the need
for changing any internal optic. Only a proper TPA medium has to be chosen according to
the input wavelength. In Fig. 10.5 an overview for the TPA media is given. It has also been
demonstrated that repetition rates up to 1 MHz can be used for the autocorrelation without
any modifications. The setup is very robust and even bachelor students that are new to the
field of laser physics find the autocorrelation signal within a few minutes. This TPA
autocorrelator is a straightforward, quick and easy-to-use tool to measure pulses from sub-
10 fs to a few 100 fs from the UV to the NIR range up to 1 MHz repetition rate. Additionally
the absence of a phase-matching condition in TPA autocorrelation simplifies the search for
proper crystal thicknesses. As demonstrated a sub-10 fs pulse can be measured with a

200 pm medium where a 10 um crystal would be needed for a SHG autocorrelation.
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11. Summary and conclusions

In this work new insights and perspectives for optical parametric amplifiers pumped by
Ti:Sapphire and Yb-based laser systems have been demonstrated. In the used OPA topology
it is possible to utilize repetition rates from 1 kHz to 1 MHz and input energies from

10 to 300 nJ without major changes of the design.

A new and simple method for ultra-broadband pulse generation was shown. By seeding a
UV pumped NOPA with nearly un-chirped light broadband pulses with Fourier limits as low
as 5 fs can be generated with severely reduced complexity from previous attempts. For
single stage amplification the efficiency is low due to limited temporal overlap of pump and
seed inside the gain medium. But since the seed pulses are nearly un-chirped the resulting
pulses of the single amplification stage show only half of the initial laser pulse duration. This
allows the implementation of a subsequent second amplification stage without losing
spectral components of the pre-amplifier. Output spectra with 5 fs Fourier limits were shown

with energies as high as 18 pJ.

The demonstrated setup for ultra-broadband amplification requires no pre-compression of
the seed pulse. This method is known to be accompanied with huge complexity in the setup
[Kob00]. Also it is not necessary anymore to temporally stretch the pump pulse to enhance
the temporal overlap with a chirped seed pulse [Bau06]. The latter strategy leads to large
third order chirp and therefore increases the complexity regarding pulse compression. With a
combination of Brewster-angled chirped mirrors and a prism compressor the pulses were
compressed easily to 6.7 fs with high satellite peak contrast. A time-bandwidth product of

0.46 was demonstrated.

For 2D-UV spectroscopy shortest UV and blue pulses are required. Such pulses are obtained
by achromatic frequency doubling. Since high energy pulses are obtained with the presented
method it is also expected to obtain high efficiency for frequency doubling to the UV range.

Achromatic frequency doubling of NOPA pulses pumped by Ti:sapphire lasers has already
been demonstrated in 2004. This method enables the conversion of broadband visible pulses
to the UV region. Consequently, shortest UV pulses can be generated with this method.
During this work a proof of principle experiment was performed that this concept also works
for NOPAs pumped by Yb-based laser sources at higher repetition rates, e.g., 200 kHz.

Spectra at 350 nm and 450 nm have been demonstrated with Fourier limits with 4.8 fs and
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5.8 fs, respectively. The shown pulses are possibly the broadest known near-UV/blue pulses
leading to the potentially shortest pulse durations. The spectral range that is demonstrated
here is hard to obtain starting with a Ti:Sapphire pump laser system — compare Ref. [Var14].
Additionally the demonstrated pulse durations of this reference are longer compared to the
Fourier limits shown here. This makes the concept of achromatic phase-matching of NOPA
pulses generated with Yb-based pump laser systems highly interesting for future applications
like ultrafast 2D-UV spectroscopy. In future approaches these pulses should be optimized on

efficiency and compressibility.

A compact, dispersion balanced autocorrelator for temporal pulse characterization via two-
photon absorption from UV to the NIR was developed and presented in this work. It was
demonstrated that the setup can be utilized for repetition rates from 1 kHz to 1 MHz. For
characterization of pulses in the range from 190 — 1100 nm no optics change is needed. The
capability for measuring sub-10 fs pulse durations was shown. The absence of a phase-
matching condition in TPA autocorrelation simplifies the search for proper crystal
thicknesses for pulse characterization. The autocorrelator has a small footprint to enable
temporal pulse characterization and optimization where it is needed — for example at the
sample position in transient spectroscopy setups where the pump pulse needs to be shortest.
On the fly pulse characterization is possible without the need for readjusting a temporal

overlap or a second pulse.

The phenomenon that after optical parametric amplification the transmitted seed light and
the amplified output can propagate in significantly different directions was finally explained
in detail in this work. It is explained as a consequence of Kerr lensing at the needed pump

intensities in the amplifier crystal and imperfect input coupling due to a beam pointing drift.

Intensities between 150 and 200 GW/em? are common to pump a NOPA crystal. For the
2 mm BBO amplifier crystal this corresponds intrinsically to a B-Integral greater than 3 for
the pump wavelength of 400 nm. The intensity is needed to amplify the nJ seed light to
10 pJ. The large value of the B-Integral is fixed to the necessary pump intensity by the

properties of the BBO crystal. Other crystals have very similar conditions.

In the white light crystal the needed high intensity for filamentation is mainly achieved by
self-focusing. As a consequence the seed light emerges with a larger angle variation
compared to the pump beam. In the amplifier crystal the pump pulse generates a Kerr lens.

The pump is only displaced according to the input beam angular change. In combination, the
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seed light does not propagate through the middle of the Kerr lens. Therefore the amplified

spectral and temporal part of the seed is refracted off the pump induced Kerr lens.

For the first time a value for the correlation of the noise of a parametric amplifier with the
beam pointing stability of the pump laser was stated. For the used NOPA geometry this
corresponds to dE/d®=-1270 nJ/mrad at 450 nJ pulse energy. A pointing stability of
+ 20 prad will translate to 5% energy fluctuations of the amplified NOPA signal.

This illustrates the importance regarding the beam pointing stability of the used laser source.
The power stability of modern laser sources seems not to be a critical issue for OPA. Most
tested systems showed the expected average power within a few minutes after starting the
laser. More critical is the beam pointing drift during the warm up-phase of the system.
Therefore it is recommended to monitor the beam pointing of the pump laser. If it not
stabilizes after a reasonable time after starting the system, an active beam-stabilization

system is necessary for stable OPA operation.

For future OPAs these findings should be considered. The Kerr lensing effect justifies that is
important to place the amplifier crystal behind the focal plane of the pump beam. In this
geometry it is possible to reduce the self-focusing effect by the divergence of the beam. If
the needed intensity is achieved by a narrowed collimation of the pump beam, plane
wavefronts are present on the front crystal surface leading to even stronger self-focusing of
the beam. This will lead to higher distortions in the amplified signal and loss of phase-

matching.

These new aspects regarding the Kerr-lens induced distortions are also a new motivation for
the already well-established concept of Ref. [Rie00] for the use of a pre-amplifier, especially
for 1 kHz, high energy NOPAs. The pre-amplifier should be operated such that only 1 — 5%
of the desired final output energy is reached. In the second amplification stage this pre-
amplified signal can then be amplified to the final output energy with a lower intensity and
hence a lower B-Integral compared to directly amplify the lower nJ level seed photons in a
single stage. A high amplification in both (or even more) stages will lead to different
curvatures of the wavefronts, making the resulting pulses hard to compress. Additionally,
these results should be a warning to not pump an amplifier with too high an intensity. If in an
experiment for example only 100 nJ pulse energy is needed, the pump intensity can be
reduced. In the used geometries this can be achieved simply by moving the crystal further

away from the focal plane. It would be counterproductive to go for 10 uJ output energy or
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even higher and attenuate the pulses after amplification. The reduced intensity in the
amplifier crystal will reduce the B-Integral and hence will lead to weaker parasitic

nonlinearities and clean pulses in time, frequency and space will result.

Various crystals have been compared for supercontinuum generation with an Yb-based laser
system at 1030 nm. In terms of over-all efficiency of parametric amplifiers at 1030 nm, it
might be reasonable to switch from well-established YAG to YVO, or GdVO, for
continuum generation. Roughly a factor of 3 to 4 less energy for stable continuum generation
is needed, leading to higher pump energies for the amplification. The blue shift during
continuum generation for to YVO, or GdVOy is not as pronounced as for YAG. Here the
cut-off wavelength is around 600 nm, instead of 490 nm. However wavelengths below
600 nm are not fulfilling the phase-matching conditions in BBO for a pump wavelength of
515 nm, anyway. For continuum generation on the long wavelength side (> 1030 nm) of the
fundamental from various crystals GSO performs best. The near infrared cut-off is above
1700 nm and it offers the largest spectral energy density of all compared crystals. It is a
scintillator material, birefringent and not straightforward to purchase. However, GSO
continua should be part of future investigations and characterizations. It seems to be a very
promising material for seeding NIR OPAs and moreover for the use as probe pulse in
transient spectroscopy in the NIR region. For generation of a near infrared plateau up to
1600 nm in YAG, a 10 mm thick plate has to be used for a fundamental wavelength of
1030 nm.

A new, simple and compact concept for few cycle, CEP-stable MIR pulse generation and
detection was demonstrated. An octave spanning MIR pulse centered around 8 um is
generated starting from an Yb-based laser source. A pulse around 1180 nm is directly
generated in a single stage amplification pumped by 515 nm in BBO. In a subsequent
amplifier, based on 0.5 mm LGS in xz-cut, these pulses are collinearly amplified by the
remaining 1030 nm pulses. The generated idler pulse results due the amplification process
and corresponds to the MIR field. The resulting MIR pulses are down chirped. It was shown
experimentally and theoretically that the MIR pulses can be compressed close to the Fourier
limit simply by transmission through Germanium windows. The generated spectra are wider
than an octave — spanning from 5 — 11 pm. A gain factor of 2 in the parametric amplification
process was demonstrated, this corresponds to 600 nJ pulse energy at 50 kHz in the MIR.
This equals a quantum efficiency of 10% with respect to 50 pwJ pump pulses.
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The MIR pulses are temporally characterized by electro-optical sampling in a 12 pum GaSe
crystal oriented for sum-frequency mixing. This crystal thickness is needed to phase-match
the full spectral width of the broadband MIR pulse with the ultrashort gate pulse needed for
EOS. The gate pulse is directly generated in a 1 mm YAG plate by self-compression due to
continuum generation of the fundamental pulse. A 9 fs pulse has been demonstrated without
the need for a compression scheme. A compression down to 1.4 cycles of the MIR field is
demonstrated. The used concept with a second harmonic pumped pre-amplifier and a
subsequent fundamental pumped stage for MIR generation generates intrinsically phase-
locked MIR pulses. A CEP measurement reveals a phase stability of better than 94 mrad
over one hour. The data for the electro optic sampling signal is recorded with two identical,
photo diode detectors of our own design. The signals of the detectors are digitized
continuously by an USB oscilloscope at 15 bit resolution. Typically scan durations of 1 s are
chosen. For each laser pulse a stretched signal is produced in each detector, which are
evaluated separately by a fitting algorithm. The presented setup offers the capability for
octave spanning field resolved spectroscopy in the fingerprint region with a total footprint of

less than 1 mz.

High average pump powers at high laser repetition rates lead to a number of serious issues
especially with regard to the long term stability of a parametric amplifier. For UV pumped
NOPAs at repetition rates between 200 kHz and 1 MHz thermal gradients in BBO crystals
arise. This is introduced by two-photon absorption that occurs for wavelengths smaller than
360 nm. The thermal load cannot dissipate in the time window between two laser pulses,
anymore. Consequently, the crystal heats up. It was shown that this can even be seen with a
thermal camera. Temperature changes on the order of 50 °C lead to a change of the phase-
matching angle by 0.2°. As a result the UV power decreases over time. For too high UV
power also crystal damage might result. For third harmonic generation of an Yb-fiber laser,
second harmonic generation with subsequent sum-frequency mixing to the third harmonic
was demonstrated. This generates measureable heat in the THG crystal. It was demonstrated
that with a time delay compensation plate (aBBO) between the SHG and THG crystal, this
effect can be minimized. By temporally pre-compensation the fundamental with respect to
the second harmonic, the generation locus of the main UV power is shifted to the end of the
crystal. The setup of Ref. [Nill4] also uses the concept of a time-delay compensation plate
between SHG and THG. Contrary to the presented concept the used plate only compensates
for the GVM introduced by the SHG crystal. This surely enhances the efficiency of THG.
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However, in terms of long-time stability the strategy to temporally overcompensate the
pulses for the thickness of the THG crystal is more reasonable, because the temperature
gradient inside the THG crystal is reduced as it has been shown. Moreover the properly
oriented aBBO compensation plate corrects for the walk-off introduced by second harmonic
generation. This is also beneficial for the efficiency of third harmonic generation. With this
presented setup long term stable UV pulses have been presented even at repetition rates as

high as 1 MHz.

For high repetition rates, the issue of non-dissipating heat due to two-photon absorption of
UV pulses is also a crucial topic for the amplifier BBO of a NOPA system. Using too high
pump intensity also leads to a thermal gradient inside the crystal and the amplified pulse
energy decreases over time due to a change of phase-matching conditions. It was
demonstrated that using a 5 mm BBO amplifier crystal with 10 GW/cm? pump intensity
instead of 2 mm crystal thickness with 50 GW/cm? leads to identical output energies in

combination with long term stability.

In contrast to Ref. [Lie14], the setup presented here shows better over-all efficiency, even at
higher repetition rates. Additionally, the used concept to enhance the tuning range with two
different pump pulses and seed continua seems to be superior to the concept of enhancing
the tuning range via optical parametric amplification with subsequent continuum generation.
With the presented setup smoother spectra and pulses with better peak/satellite contrast in

the time domain have been obtained.

To summarize the acquired knowledge and expertise on the alignment of an OPA a guideline
is given as an outlook, on how to obtain long-term stable UV pulses with 1 MHz repetition
rate. In the example sub-30 fs pulses at 230 nm should be obtained starting from a 1030 nm
laser system with 300 fs pulse duration and 20 W of output power

This requires a NOPA pulse centered around 460 nm with subsequent second harmonic
generation. For second harmonic generation a BBO crystal with 35 um thickness is
available. At 460 nm the acceptance bandwidth for frequency doubling of the 35 pm BBO

amounts to 10 nm.

The guideline is based on the NOPA topology of chapter 6. For the generation of NOPA
pulses at 460 nm, the 2® white light with the 3 pump pulse has to be used.
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Pump laser and laboratory requirements:

e Check the stability of the used laser table, no vibrations should be present. As
mentioned, the beam pointing stability is crucial since angle variations of the

fundamental beam will be increased in the nonlinear processes!
e  Ensure a high beam pointing stability of the pump laser with < + 20 prad.
e Ensure constant laboratory temperature with £1°C.

e Initially the laser should be operated at 200 kHz with 4 W of power going into the
NOPA. This corresponds to 20 uJ pulse energy. All alignment steps inside the NOPA
are recommended to be done at the lowered repetition rate before increasing it to

1 MHz.

NOPA alignment and fine-tuning of the bandwidth for SHG:

e Optimize the 3® pump efficiency to roughly 15%. Too high an efficiency will lead to
spatio-temporal distortions in the pump beam. The NOPA pulses are hardly to compress

if the pump beam is distorted. The pump energy at 343 nm should correspond to 3 pJ.

e Be sure that the amplifier crystal is located far enough behind the pump beam waist. A
position of roughly 32 cm from the focusing mirror corresponds to an intensity of

10 GW/em?. This value should be used initially.

e Optimize the amplification at 460 nm. For optimal output energy move also the relay
imaging lens of the seed beam. This is necessary due to the wavelength selective
propagation of the white light — compare chapter 2. At 200 kHz the maximum output
energy should be kept below 200 nJ in order to switch to 1 MHz later.

e Initially the spectral bandwidth of the NOPA output might correspond to a value of
20 nm or higher. It needs to be narrowed to the acceptance bandwidth of the BBO.

e To obtain sub-30 fs pulses at 230 nm, a spectral bandwidth of 10 nm at 460 nm has to be
used for frequency doubling in the available 35 pum BBO. Larger bandwidths will only
lead to elongated or distorted UV pulses and lowered doubling efficiency.

e Selected amounts of dispersive material should be introduced in the seed beam path.

This leads to a narrowed output spectrum of the NOPA.

e Once a spectral bandwidth of 10 nm is obtained the repetition rate of the laser can be
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increased to 1 MHz while keeping the NOPA input pulse energy constant at 20 pJ.

Do not align the beams inside the NOPA at 1 MHz repetition rate. Only change the relay

imaging of the seed and the phase-matching angle if necessary.

Second Harmonic Generation and UV autocorrelation:

At 460 nm the acceptance angle of the 35 pm BBO amounts to 2.6° FWHM.

Check the beam size of the NOPA output with a beam profiler. For the moment a beam

size of the collimated beam of FWHM = 2.2 mm is assumed.

To enhance the doubling efficiency, the 460 nm beam needs to be focused towards the
BBO with a concave mirror. The acceptance angle of the crystal limits the focal length
of the mirror to f=2.2 mm / tan(2.6°) = 50 mm. In the experiment a slightly longer
focal length of 75 mm should be chosen to avoid too strong astigmatism. Alternatively,

a Schiefspiegler — see chapter 3 — should be used.

The 35 um BBO should be located behind the focal plane at the position where the
efficiency is highest. Behind the focus the Kerr-nonlinearity will balance the divergence

of the beam and perfect phase-matching results.

The phase-matching angle of the BBO should be optimized on the UV spectrum with a
spectrometer. The broadest UV spectrum is not necessarily obtained where the doubling

efficiency is highest.

A concave mirror has to be used for collimation after SHG. For separating the
wavelengths a HR mirror is beneficial. To ensure a suitable spot size of the UV beam, a
focal length of =250 mm is needed. Roughly FWHM = 2 mm for the UV beam
should be obtained after collimation in order to get a sharp focus inside the UV

autocorrelator (chapter 10).
A 200 pm aBBO should be used for UV autocorrelation of the 230 nm pulses.

With the prism compressor located in the visible the resulting UV pulses can be

optimized online to sub-30 fs with the presented UV autocorrelator.

This guideline summarized important details of chapters 2, 3, 4, 5, 6 and 10 of this thesis and

should assist for future approaches on short UV pulse generation and characterization at

1 MHz repetition rate.
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Abstract: Generation of sub-10 fs continuum pulses without external compression is
demonstrated. We investigate the propagation of the newly generated wavelengths
and find that a short crystal in combination with an achromatic telescope leads to
nearly chirp free continua

New insights into bulk Filamentation

Supercontinuum generation (SCG) in bulk material is a generally applicable method
to broaden the spectrum of femtosecond laser pulses at various wavelengths. The Fou-
rier limit for a possible compression of, e.g., an 800 nm pumped continuum from sap-
phire, amounts to about 4 fs. Yet, no results have been published which show that
bulk continua have intrinsically such short pulse durations. This is in striking contrast
to the situation in continua generated in gas-filled hollow core fibers or in gas fila-
mentation. There compression to below 4 fs has been shown. In precise investigations
of the continuum generation and propagation we now find that the inability to com-
press the continuum stems from the highly wavelength dependent effective generation
locus and propagation. This knowledge gives us the chance for ideal control of the
process and therefore the ability to generate sub 10 fs pulses without the use of any
external compression scheme. This validates that the new frequencies generated dur-
ing filamentation develop highly coherently.

Propagation properties of new frequencies and generation of sub-
10-fs pulses during SCG

Two processes should be differentiated when the over-all appearance of continuum
generation in a bulk material is considered. First, the spatial area or depth into the ma-
terial where the new colors are developing has to be considered. Second, the propaga-
tion in the remaining material before exiting into free space has to be understood.
That these issues are far from trivial is proven by the fact that a full collimation of a
bulk continuum has not been reported and consequently the full temporal compression
has not yet been achieved. In preliminary experiments we imaged the continuum from
a 3 mm sapphire with a singlet lens and found that the blue part of the spectrum fo-
cuses earlier than the red part. In a semi-quantitative interpretation this could be at-
tributed to the chromatic error. To circumvent this issue, we used a Schiefspiegler [1]
that images all spectral components without chromatic error. We still found the blue



spectral components focused earlier. An explanation would be that during filamenta-
tion all colors are generated at once, but short wavelengths fall behind the filament
channel because of their lower group velocity. Without guiding by the filament, they
start to diverge. The wavelengths close to the pump follow the channel longer and di-
verge later, leading to the observed color dependent propagation.
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Fig 1 a) Scheme of bulk continuum generation and wavelength dependent beam propagation. b)
Fluorescence of Rhodamine 6G (green) and Oxazine 1 (orange) to monitor the beam propagation
during filamentation in ethanol. ¢) All colors diverge equally in a short crystal.

To verify this concept, a continuum is generated in ethanol and monitored from the
side with a high resolution camera. To visualize the propagation of selected wave-
length ranges we use a solvent (instead of sapphire) and Rhodamine 6G (absorbing
around 530 nm) or Oxazine 1 (627 nm) were added separately. These laser dyes partly
absorb the newly generated light and fluoresce so that the beam propagation can be
monitored from the side. Fig 1 (b) shows the corresponding fluorescence signal and
the side view from filamentation in ethanol with Rhodamine 6G (top). A strong signal
is only found when the light has already broadened from the 8 um filament and the
dye absorption is not saturated as inside the channel. We find that different colors
start to diverge at different positions in the solvent. Our proposed model is confirmed
and we can explain the difficulty of properly imaging a continuum. To avoid the
wavelength selective propagation, the continuum has to be generated at the very end
of the crystal. The crystal should be terminated at the dashed line in Fig 1 (a) so that
no spectral and local separation occurs and all colors start to diverge simultaneously
as shown in Fig 1 (c). We find a short crystal length on the order of 1 mm suitable.
This should lead to a chirp free continuum as the newly generated colors pass through
no extra material, and all colors having the same spatial properties. With a 1 mm sap-
phire plate, we optimize the continuum generation onto the output face. A careful
alignment still renders a continuum with little fluctuations. The pump source is a
small fraction of the output of a Ti:sapphire amplifier (CPA 2001; Clark MXR) with a
pulse duration of 170 fs and a central wavelength of 778 nm, focused with a
f=50 mm plano-convex lens. We obtain a continuum spanning down to 430 nm. For
an anastigmatic and achromatic collimation or imaging of the generated continuum
we use a reflective Schiefspiegler telescope [1], consisting of a suitable combination
of a convex and a concave mirror. This allows us to measure the pulse duration of the
newly generated frequencies with a SHG intensity autocorrelator without the loss of
any frequencies due to aberrations. The main peak of the autocorrelation signal corre-
sponds to a 7 fs continuum pulse.
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Fig 2 a) Schiefspiegler geometry for imaging the newly generated colors of a I mm sapphire contin-
uum and autocorrelation trace demonstrating a 7 fs pulse. b) Transient absorption measurement in
200 pm GG400 to determine the chirp of the continuum generated in a 1 mm sapphire plate.

For a better insight into the spectrotemporal distribution of the continuum and to
show that the autocorrelation signal does not correspond to a coherence spike [2] due
to the complexity of the continuum pulse, the chirp of the sapphire continuum is de-
termined with our transient spectrometer [3]. Fig 2 (b) shows the transient signal of
the continuum generated in the 1 mm sapphire plate. With a 200 nJ, 25 fs pump pulse
at 470 nm and the sapphire continuum as probe we measured the cross correlation via
two-photon absorption in a 200 pum GG400 (Schott AG) substrate. Two-photon ab-
sorption of pump and probe only occurs for temporal overlap and allows determining
the group delay for every wavelength. Since only reflective optics are used in the
probe beam path, the signal represents the intrinsic spectral chirp of the continuum af-
ter propagation through just a short length of air. Fig2 (b) shows that all spectral
components from 500 to 700 nm coincide in time. The chirp for the short wavelength
range mainly originates from the propagation in air. These chirped components of the
pulse appear as broad and structured wings in the autocorrelation trace.

Conclusion & Outlook

It is possible to obtain sub-10 fs white light pulses directly from bulk filamentation. In
the literature only a few examples for white light compression can be found, but until
now the appropriate setup always is accompanied by huge complexity. By studying
the propagation properties of the continuum we found a straightforward way to sim-
plify the effort for generation of short continuum pulses. An elaborate apparatus can
be replaced by a lens, a 1 mm sapphire plate and the adequate adjustment for the inci-
dent pulse energy. With the imaging by a Schiefspiegler also any chromatic aberra-
tions as well as astigmatism can be avoided. Such pulses are highly interesting for
broadband amplification, ultrafast 2D spectroscopy, or spectroscopic experiments.
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We demonstrate a compact source of energetic and
phase-locked multi-terahertz pulses at a repetition rate of
190 kHz. Difference frequency mixing of the fundamental
output of an Yb:KGW amplifier with the idler of an optical
parametric amplifier in GaSe and LiGa$, crystals yields a
passively phase-locked train of waveforms tunable between
12 and 42 THz. The shortest multi-terahertz pulses contain
1.8 oscillation cycles within the intensity full width at half-
maximum. Pulse energies of up to 0.16 pJ and peak electric
fields of 13 MV/cm are achieved. Electro-optic sampling re-
veals a phase stability better than 0.1 7t over multiple hours,
combined with free carrier-envelope phase tunability. The
scalable scheme opens the door to strong-field terahertz
optics at unprecedented repetition rates. © 2017 Optical
Society of America

OCIS codes: (140.3070) Infrared and far-infrared lasers; (190.4970)
Parametric oscillators and amplifiers; (320.7100) Ultrafast measure-
ments; (320.7110) Ultrafast nonlinear optics; (120.5050) Phase
measurement.
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Ultrashort pulses in the terahertz and mid-infrared region of the
electromagnetic spectrum have attracted tremendous interest in
the past few years as resonant probes of low-energy elementary
excitations in condensed matter [1,2]. The combination of car-
rier-envelope phase (CEP)-stable pulses with ultrabroadband
electro-optic sampling [3—8] has allowed for studies of elec-
tronic and structural dynamics of molecules and solids, on
timescales faster than a single cycle of the carrier wave [1,2].
The recent advent of high-power sources [9—13] has prompted
an ongoing revolution of ultrabroadband terahertz nonlinear
optics and resonant terahertz quantum control of condensed
matter [14-20]. In particular, when the ponderomotive energy
exceeds the fundamental bandgap of semiconductors or dielec-
trics, the carrier wave acts like an alternating bias field that can
accelerate and recollide quasiparticles [15,16]. It can drive
dynamical Bloch oscillations and high-harmonic generation
[17], or induce the tunneling of electrons out of sharp metal

0146-9592/17/214367-04 Journal © 2017 Optical Society of America

tips [18] or through the tunneling junction of a scanning tun-
neling microscope (STM) [19,20]. In the multi-terahertz range,
non-perturbative dynamics of this nature, often dubbed “light-
wave electronics,” have occurred for field amplitudes typically
above 10 MV/cm.

Optical rectification, i.e., difference frequency generation
(DFG) within the broad spectrum of a single femtosecond
near-infrared (NIR) pulse, gives rise to passively phase-locked
terahertz pulses [3—8,21]. While this concept warrants a particu-
larly stable CEP, its observed low quantum efficiency has made it
a popular choice for the generation of probe pulses [1,2].
Difference frequency mixing between the signal waves of two
optical parametric amplifiers (OPAs) driven by the same pump
laser, in contrast, has generated CEP-stable few- and single-cycle
multi-terahertz pulses with field amplitudes in excess of 10 MV/
cm or even above 100 MV/cm [9-11,22]. An innovative in-line
scheme of two-color parametric amplification in a single OPA
has further improved long-term CEP stability of the transients
[13]. Owing to the large required pulse energies, amplifier-based
terahertz sources have been limited to repetition rates in the few-
kilohertz regime. Yet, a broad variety of future applications, such
as frequency comb metrology and molecular fingerprinting
with solid-based high-harmonic sources, lightwave-STM, and
strong-field light-matter interaction with massively improved
signal-to-noise ratios, call for substantially increased repetition
rates while keeping the field amplitudes above 10 MV/cm.
Such sources have been limited to wavelengths shorter than
5 pm [23].

Here, we introduce a table-top light source generating
multi-terahertz few-cycle transients with field strengths exceed-
ing 13 MV/cm at a repetition rate as high as 190 kHz. Our
approach exploits DFG of femtosecond NIR pulses from a laser
amplifier and the idler output of an OPA pumped by the sec-
ond harmonic of the laser. The source is tunable between 12
and 42 THz. Its design ensures inherent phase locking, while
its compact layout using only one OPA provides excellent phase
stability.

The schematic of the source is sketched in Fig. 1. We start
with 190 fs pulses centered at a wavelength of 1026 nm from
a commercial regenerative Yb:KGW laser amplifier system
(PHAROS 10; Light Conversion) with a repetition rate set
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Fig. 1. Generation and electro-optic detection of energetic, CEP-
stable multi-terahertz pulses at a 190 kHz repetition rate. The pulse
energies and the CEP fluctuations are given for each branch, starting
with the fluctuation Ag of the amplifier system. YAG, YAG crystal;
BBO, 2 mm BBO crystal; WLC, white-light continuum; OPA 1/2,
stages 1 and 2 of the SHG pumped OPA; NLC, nonlinear crystal for
DFG; Ge, 500 pm germanium; ZnTe, 6.5 pm ZnTe crystal; 1/4,
quarter-wave plate; WP, Wollaston prism; BPD, balanced pair of
photodiodes.

to 190 kHz. The pulse energy of 53 pJ is split into three
branches serving as (i) the pump of a NIR OPA, (ii) the pump
of a multi-terahertz DFG stage, and (iii) the generation pulse of
a gate for electro-optic detection. The compact OPA encom-
passes two amplification stages, both of which are driven by the
second harmonic of the laser. A white-light continuum from a
5 mm YAG crystal [24] seeds the first OPA process in a 1 mm
thick type-II beta barium borate (BBO) crystal. Subsequently,
the idler wave of the first OPA stage is seeded into a second
identical BBO crystal to boost the energy of the signal and idler
pulses. Typical energies of 4.2 and 3.2 pJ are reached for a
signal/idler pair at 900 and 1200 nm.

Since the seed pulses are subject to the same phase fluc-
tuation A as the laser fundamental, and the frequency-
doubled pulses feature a CEP fluctuation of 2A¢, the signal
and idler waves in both OPA stages share the CEP of the pump
laser [22]. Thus, difference frequency mixing of any pair of
waves including the signal, idler, and laser fundamental, is ex-
pected to give rise to inherently phase-locked multi-terahertz
pulses. We mix the laser fundamental with the idler output
of the OPA because this process only depletes the more scalable
laser fundamental, whereas the OPA output is amplified. We
branch off pulses with an energy of 4.7 pJ from the laser output
[branch (ii)]. Since the laser frequency is centered at 292 THz,
while the OPA idler frequency (wavelength) is tunable between
280 (1070 nm) and 250 THz (1200 nm), the difference
frequency can be set between 12 and 42 THz. Phase-matched
DEFG is possible throughout this spectral range using GaSe
[3-7,9-11,21] or LiGaS, (LGS) [12,13,25] as a nonlinear
medium. Both crystals are excellent materials for broadband
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terahertz generation due to their large nonlinear coefficients,
broadband infrared transparency, and strong birefringence that
allows for widely tunable phase matching (PM). We choose a
1 mm thick LGS crystal (cut for DFG with type-II PM in the
XY -plane) for the generation of pulses centered above 28 THz,
while a 200 pm thick GaSe crystal allows for DFG at lower
frequencies, due to its relatively low phonon frequencies.

Figures 2(a) and 2(b) depict the phase-matching function
|sinc(AkL/2)| as a function of the phase-matching angle
and the difference frequency for the two crystals. Here, the
phase-matching angle corresponds to the internal propagation
angle relative to the Z-axis in GaSe, and relative to the X-axis in
LGS. The stationary points located at a frequency of 15 THz in
GaSe and 31 THz in LGS represent perfect group-velocity
matching between the seed and terahertz pulses. Under the
respective angles [Figs. 2(c) and 2(d)], the phase-matching
bandwidth is determined by the group velocity dispersion
[11]. For the relatively low NIR driving frequencies used here,
the group velocity dispersion is low, and the maximal phase-
matching bandwidth [Figs. 2(c) and 2(d), blue curves] of
our mixing crystals substantially exceeds the maximal multi-
terahertz bandwidth set by the present NIR spectra [Figs. 2(c)
and 2(d), red curves].

The two generating NIR pulses (beam diameter: 2.5 mm) are
focused into the mixing crystal with a focal diameter of 130 pm
[intensity full width at half-maximum (FWHM)] to reach an
estimated combined peak intensity of 200 GW /cm?. The emit-
ted terahertz radiation is isolated from the NIR pulses by trans-
mission through a germanium filter placed under the Brewster
angle. We trace the electric field of these pulses directly by
electro-optic sampling with a few-femtosecond gate pulse.
For this purpose, part of the laser fundamental [branch (iii),
0.5 pJ] generates a white-light continuum ina 2 mm YAG crystal
[24]. A smooth spectrum ranging from 770 to 890 nm is selected
from the supercontinuum and compressed by a double pass
through a pair of fused silica prisms separated by 52 cm.

|sinc(AKL/2)|

[sinc(AKL/2)|

PM angle (°)

10 L : e 40

|sinc(AkL/2)|
o
(&)

0 0

10 20 30 20 30 40 50
Mixing frequency (THz) Mixing frequency (THz)

Fig. 2. PM in GaSe and LGS. (a), (b) PM function |sinc(AkL/2)|
(color coded) as a function of the PM angle and the mixing frequency
for type-II DFG in (a) a 200 pm thick GaSe crystal and (b) a 1 mm
thick LGS crystal for a pump wavelength of 1026 nm. The black
dashed lines indicate the cross sections shown in (c) and (d). (c),
(d) PM curves for perfect group velocity matching (blue curves)
and the cross-correlation between the driving NIR pulses (red curves).

Cross-correlation
of NIR fields (norm.)
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The resulting 9.3 fs pulse (intensity FWHM retrieved by
frequency-resolved optical gating) is used as the electro-optic
gating pulse. It is focused collinearly with the multi-terahertz
radiation into a (110)-cut ZnTe sensor of a thickness of 6.5 pm
contacted to a 300 pm thick (100)-cut ZnTe substrate to
sample the waveforms of the multi-terahertz pulses.

Figure 3 depicts typical field transients generated in various
mixing crystals under different phase-matching angles, as de-
tected by ultrabroadband electro-optic sampling. In all cases,
the existence of well-defined waveforms clearly proves CEP sta-
bility of the terahertz pulse trains emerging from the LGS
[Figs. 3(a) and 3(b)] and GaSe [Figs. 3(c) and 3(d)] crystals.
The corresponding Fourier spectra [Fig. 3(e)] cover the fre-
quency range from 10 to 46 THz, corresponding to a wave-
length range between 30 and 6.5 pm. A numerical simulation
[Fig. 3(e), broken curves] faithfully reproducing the experimen-
tal spectra [Fig. 3(e), solid curves] confirms that the bandwidths
are mainly set by the spectra of the NIR driving pulses. The
terahertz pulse duration (intensity FWHM) assumes values
between 102 [Fig. 3(c)] and 143 fs [Fig. 3(d)]. While the pulse
width is typically close to the Fourier transform limit (factor
1.2-1.3), the phonon absorption edge of GaSe leads to a slight
dispersion of the lowest frequency components in the transient

1 (a) t=126fs| | t=1141s|°
€ 0 0
L
S
= LGS
S 14t 1-8
[0} T T T T T
2 1F 1F 0.2
© () t,=102fs| | (d) t,= 143 fs
©
(0]
wm O 0

GaSe GaSe
10 N . . 1-0.2
-300 0 300 -300 0 300
Delay time (fs) Delay time (fs)
Wavelength (pm)
. 60 30 15 10 8 6
S 1 (e) /i 1
£
3 05} 0.5
2
S
g o 0
10 20 30 40 50

Frequency (THz)

Fig. 3. Phase-locked multi-terahertz waveforms. (a)—(d) Waveforms
generated in (a), (b) a 1 mm LGS crystal and (c), (d) a 200 pm GaSe
crystal, retrieved by electro-optic detection. All field transients have
been corrected for the electro-optic response function. The pulse
duration 7, (intensity FWHM) is denoted next to each transient.
(e) Corresponding normalized amplitude spectra obtained by
Fourier transforming the corresponding waveforms in (a)—(d). (The
filling colors correspond to the respective waveforms.) Dashed lines:
amplitude spectra calculated by convolving the two NIR pulses and
accounting for PM.
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depicted in Fig. 3(d). Nonetheless, this waveform contains only
1.8 optical cycles within its intensity FWHM.

The average power of the terahertz pulse train of Fig. 3(a) is
measured with a power meter to be as high as 31 mW, corre-
sponding to a pulse energy of 0.16 pJ at 42 THz. Here, an
excellent quantum efficiency of 24% with respect to the
DFG pump pulses is found. The efficiency with respect to
the 1200 nm seed pulses is even 30%. By measuring both the
absolute form of the electromagnetic carrier wave and the
Gaussian focal diameter of the terahertz intensity of 21 pm
(FWHM determined with the help of a knife edge and pin-
holes), we determine a peak electric field of 13 MV/cm—a
value comparable to benchmarks that were so far reserved to
high-field sources operating at kilohertz rates.

By carefully adjusting the time delay between the two NIR
pulses that drive the DFG process, we can readily control the
absolute CEP ¢y, of the field transients. Figure 4 shows a
measured waveform with a frequency centered at 12 THz for
three representative values of ¢hryy,. Such precise CEP control is
important for non-perturbative nonlinearities, such as high-
harmonic generation, occurring on sub-cycle timescales [17].

In order to utilize the possibility of CEP control in practical
experiments, however, the pulse train needs to keep a constant
phase over multiple hours. The extremely compact one-box
architecture of the new source—the two-stage OPA and the
MIR generation are hosted in a single box with a footprint
of 35 cm x 70 cm—promises excellent long-term  stability.
A corresponding test is presented in Fig. 5, where the same
terahertz waveform is repeatedly measured over the course of
6 h. In total, 60 traces are taken. We extract ¢hryy, of each tran-
sient by subtracting the delay times of the zero-crossings of the
carrier wave from the temporal position of the maximum of the
envelope function, calculated via a Hilbert transformation.
The resulting evolution of ¢y, is plotted in Fig. 5(b). From
these data, we derive a standard deviation of ¢y, of less than
0.1 & from its mean value. To the best of our knowledge, this
result sets a new record in the class of passively CEP-stable
OPA-based terahertz sources [13].

Our system opens exciting new possibilities for lightwave
electronics at high repetition rates. High-harmonic [17] and
high-order sideband generation [15,16] driven at repetition
rates of 190 kHz and beyond should facilitate multi-octave
spanning terahertz-to-ultraviolet frequency combs with average
powers exceeding the currently achievable level by orders of
magnitude. Intense few-cycle pulses centered at several tens
of terahertz may also extend lightwave-STM [19,20] to

_(é) bri= 0-1'77_ _(B) bri= 0.5'7r_ _('c) = o.gér_

EOS (norm.)

-03 0 03 -03 0 03 -03 0 03
Delay time (ps) Delay time (ps) Delay time (ps)
Fig. 4. Carrier envelope tunability. Electro-optic trace of multi-
terahertz field transients centered at a frequency of 12 THz for three

different values of the CEP ¢y, set via the femtosecond delay
between the generating NIR pulses.
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Fig. 5. Long-term CEP stability of the multi-terahertz transients.
(a) Electro-optic traces of 60 consecutive measurements of the same
field transient generated in a 500 pm thick GaSe emitter over the
course of 6 h. (b) CEP shift of the transients with respect to their
common mean. The black dashed lines indicate the standard deviation
of less than 0.1 7.

attosecond timescales. Furthermore, the identical CEP of all
NIR pulses provides additional flexibility for frequency mixing:
for instance, DFG between the signal and idler waves should
enable mid-infrared center frequencies of up to 84 THz,
whereas multiple DFG branches obtained by separately mixing
signal and idler pulses with the laser fundamental may be ex-
ploited for two-dimensional multi-terahertz spectroscopy [26].
By shifting the power splitting of the pump laser in favor of the
DFG pump in the present setup, we should also be able to go
from the DFG regime into the OPA regime [22,27,28]. This
may lead to a further increase of the terahertz output, while
staying safely below the damage threshold of the crystals.
Finally, our parametric approach should lend itself naturally
to the latest power-scaled pump sources. Using a high-power
Yb:YAG femtosecond amplifier [29] with a comparable pulse
energy of 55 pJ, multi-terahertz radiation with peak electric
fields in excess of 10 MV/cm may be expected at the full rep-
etition rate of up to 20 MHz.

In conclusion, we employed a second-harmonic pumped
OPA concept for the generation of multi-terahertz pulses tun-
able from 12 to 42 THz. We reach a very competitive average
power with peak fields exceeding 13 MV/cm and pulse dura-
tions down to 1.8 cycles at a repetition rate of 190 kHz.
Electro-optic sampling with sub-10 fs gate pulses was used
for the characterization of the waveforms. Excellent long-term
stability was shown, resulting from the compact architecture.
The high field amplitudes, combined with the free tunability
and excellent long-term stability of the CEP, open the door to
the observation of non-perturbative terahertz nonlinearities at
vastly increased repetition rates.
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Appendix A3

MathCad program for Schiefspiegler geometry

For calculating the focus distance from the telescope and the angles for astig-

matism compensation
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Appendix A4

MathCad program for the chirp estimation and compensation for MIR

generation in DFG

For calculating the resulting chirp of a 515 nm pumped NOPA signal, the sig-
nal for DFG with 1030 nm. The resulting chirp for MIR is also estimated and a
chirped mirror design is calculated to get a flat MIR GD.
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At — At +— * | "BBO <>‘NOPA> — Anopa * 1,BBO <)‘NOPA>
6c ANoPA
At — At +—2. N (ANoPA) — ANoPA * —— T (ANoPa)
c ANOPA
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—6
Mg =5 um,5.1 ym..12 ym = [‘?’10 ]m

nm

ANOPA = =

1 B 1.291-10°
1 1 :

Apump >‘MIR

stepigge:=|{for i € 1,2..6

matriz') — Atyopa (Avopa » ) — shift

I matrix

Pump pulse "settings":

[0.5 ]
1
. 1.5
Abbo:=|for i€ 1,2..6 =4 mm
ied
Abbo «— — P59 2.5
i 3
Abbo
duration: Aty :=200 fs
(t=t)
t—t,
I515 <t,t0> = eXp —4*111 (2) . 2—
At515
delay: shifts,s:=—290 fs
[ 2550.298 ]
5390.597
Abbo . 8230.895
t = 4 shiftes= s
Steps 5 v, 515 shifts,s 11071.193 f
- 13911.491
| 16751.79 |

-A4-
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Group delays of seed in steps through the crystal:

y

1300+

1275+

12254

1200

A

1200

1175+

1150+

1125+

1100+

1075+

1050

»
»

2000 4000 6000 8000 10000 12000 14000 16000 18000

Stepuoo(1> (fs)

step1200<2) (fs)

3t6p1200(3) (f 3)

step1200<5> (fs)

3t€P1200<4) (f S )

Stepuoo(6> (fs)

Group delay steps of pump pulse through the crystal:

0.9+
0.8
0.7+
0.6
0.5
0.4+
0.3
0.2t
0.1

2000

4000 6000 8000

10000

(£5)

12000
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14000 16000

18000

»
»

ANoOPA (nm)




projection on wavelength axis:

1.01+

0.914 I5:5 (Stepmoo ) step5151)
0.81
0.71+ I5:5 (Stepmoo ) Stepsis )
0.614
0.51 I5:5 (Stepuoo ) 5t€P5153)
0.41+
0.314 I5:5 (Stepnoo ) StepPs1s 4)
0.214
0.117 I515 (Stepnoo 3t€p5155)
0.01

( )

> Iy 3t€p1200 a8t€P5156

1120 1150 1180 121 1240 1270 1300
nm

'NOPA

sum of projections:

NOPA :=1I5,; (Steplzoo(l) ) Step5l51) + I5:5 (3756171200(2> ) 3t6p5152) + I5:5 (3156171200(3> ) step5153) d

+ 1515 (step1200<4> , Stepss 4) + 1515 (3t6P1200<5) , 3756175155) + 1515 (3t6P1200<6) ; step5156)

NOPA :=NOPA"

Il
oo

power for gain-narrowing: n:

>

5.10%

4.5.10*
4.10*
3.5-10*
3.10*
2.5.10*
2.10* NOPA
1.5.10*
1-10*
5.10°

»
»

0 } } } }
I 1050 1075 1100 1]20 1]5() ]175 12()() 1220 5() 127o 1300

ANOPA (nm)
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Phase due to material in beam path:

¢ (Avora) = || ¢ — dyac * vac (Mvora)

¢ — ¢ +dpgy * ps (Avora)

¢ — ¢+ dpgy * ps (Avora)

¢ & +dppr ey (Avopa)

¢ — & +dppo - Noppo (Avora)
¢ — ¢ +dyip* Ngir (Avora)

_—_

27 .

¢ —
o

ADH)PA

A 1185.5
1.8-107+
1.65-107 ¢
1.5:107 ¢
1.35-107+
1.2.107 ¢
1.05-107 ¢

9.10+ 350 - NOPA

7.5.105+
2-10“ + ¢ ()\NOPA>

4.5.105+
3.10%+
1.5.10%+
0

»
»

1120 1150 118 1210 1240 1270 1300

Avopa (mm)

c [232.237

3
]THZ W= ey [%.459.10

] THz
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Spectrum in frequency domain:

5.104E
4.5.104: --------------------------------------------------------
4.10%+
3.5.10%+
3101, 384.10°
2.5.10%%

2.10%+

NOPA

1.5.10%+
1.10%+

=
v

230 235 240 245 250 255 26 265 270

Group Delay (D1) and Group Delay-Dispersion (D2):

Dl:=|¢+—¢ <>‘NOPA> =
end < rows (w)
fort e 1,2..end—1

¢i+1_¢i

[5'.182-106 ] fs

D1

D2:=|fori € 1,2..rows (Dl)—l = [81‘%'306] f82
D1 —D1
141 7
D2 «—
1 w _w
1+ 1 7
D2

-AS8-



Determination of spectral width:

max (NOPA max (NOPA
left:=|la« X( ) right := || a «— X( )
2 2
for i € 1,2..rows (NOPA) for i € left,left+ 1..rows (NOPA)
if NOPA >a if NOPA <a
H return ¢ H return ¢
Av:i=v —v
right left
A 252.7

1.36-10%+
1.305-10%+
1.25.10%+
11951075 147.10°
1.14.10°
1.085-103+ )

975+ GDD

920+

865

810+

2:;0 2;;5 2210 245 zgo 2;)5 2250 2255 2;() :
v (THz)
width: Av:=18.6 THz
GDD @ central v D2,:=1.141-10° fs*
. .. 0.441
Fourier limit: ATy = =23.7 fs
4.1 ’
. «In (2
Pulse duration: Ar:= At \[1+ —(2)-D20) =135.5 fs
AT,
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Calculation for the GD of a chirped mirror to get a flat phase in the

MIR after transmission of a Germanium plate:

GDCM()\,CO,cl,02,63,04)::cO+cl-)\+02-A2 +¢c3.A* +cd. 0\

dge =4 mm dyir prr=1 M

dFS3 =4 mm

dLGS :=0.5 mm

C

1
Atyr <)‘MIR ,¢0,cl,c2,c3, C4> = Il ANopa < 1 1
)‘pump >‘MIR
dyac d
At — * ["vac <>‘NOPA> — ANopa * Nyac <)‘NOPA>
ANoPA
drs1
At — At + s | Npg <)\NOPA> —ANopa * — Npg <)‘NOPA>
c ANOPA
dpso
At — At + * |ps (Avora) = Awopa * —nps (Awora)
c ANoPA
drpr
At — At + * | nrer (ANopa) — Avopa * —nrer (Avora)
c ANoPA
dppo
At — At + o550 (ANoPA) — ANOPA * —Noppo (Anopa)

-A10-

dAnopa

At «— At + GDgy, <)\NOPA ,c0,cl,c2,c3, c4>

dpss
At — At + s | Npg <>\N0PA> —ANopa * — Npg <)‘NOPA>
ANopra
drcs
At — At + Y 165 (Avopa) — Avopa * — 165 (Avopa)
+C Anopra
air d
At — At + * | ir <>\N0PA> — ANopa * ——— Nyir <)‘NOPA>
c dAnopa
dGe
At — At + *[Mge <>\MIR> —A\vIR® NGe </\MIR>
c AMIR
daz'r_MIR
At — At +————+ | Ny, <)‘MIR> — AR~ Ngir <)‘MIR>
C d)\MIR



I S S
c0:=0 fs 12100 25 22100 L
um um?
c3:=10 fs c4:=-10 fs
um um*

sets the Group Delay of the

[ 0=AtMIR <>\MIR’CO7C]‘ ,02 763 ,C4>

MIR after a Germanium
plate to 0

with the help of a chirped
mirror in the NIR

I o (non-collinear, directly
c0 seeded)
cl
2 |:=minerr (c0,cl,c2,c3,c4)
c3
L C4 -
len
len :=length (A\yp) =71 len2 := trunc -~

Off = AtMIR (AMIRlen2 5 CO B C]_ 9 02 5 CS ) 04)

GDMIR = AtMIR <>\MIR 9 c0 9 cl 9 c2 5 c3 ) C4> — Off

-All-




GDyr (fs)

e (pm)
(kaehmw::(?lhmw(AAmE%l 2,cO,cl,cZ,c3,c4)
€en,
zlnﬂw::(?I%ﬂM<ANOPA,cO,cl,02,c3,c4>——offéehﬂw
Aty (fs)
A
25%

0 , , , ! , , > A m
o 1.1 112 114 116 1. 2 : 26 128 1.3 wora (um)
—50
-75
-100
-125 . .

_150 Group Delay of chirped mirror
-175
-200
-225
-250

-Al2-



of fsetyopa=1.66+10" fs Atnopa = stepis,” — of fsetyopa

Atnopa oni= Atnopa + Aty

Atyopa (fs)

A

—
[\
(@
L
t

Group Delay NOPA

25 t t t t t t t t t t t LD\ m
124 1.26 1. vora (pm)

Atnopa onr (f8)
A

0 ¢ ¢ ¢ ¢ ¢ * * * * : : > A (um)
1.1 1.12 1.14 1.16 1.18 \ : ) . Nopa

-200 Group Delay NOPA
-250 + Chirped mirror
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GDD NOPA with Chirped mirror

3
D2NOPA_CM = fOI‘ 'I: € 1,2 ..TOWS <AtNOPA_CM> - ]. = [?.237 : 10 ] f32

AtNOPA_CMi o AtNOPA_CMi

D2NOPA_CM. —
! w - w.
| 1+ 1 [

D 2N OPA_CM

A 252.7
3.4-10%+
3.2.10%+
3.103+
2.8.10%+
2.6:10%1
2.4.10%+
2.2.1031973.103 D2 (fSQ)
2.10%% NOPA_CM
1.8-103+
1.6-103+

1.4.10%+
1.2.10%+
1.10%+

1 1 1 1 1 1 1 1 1 1 1 1 .
232 235.5 239 242.5 246 249.5 253 256.5 260 263.5 267 270.5
v (THz)

GDD @ central v D2,:=1973 fs®

0.441

v

Fourier limit: ATyi= =23.7 fs

Pulse duration 2

i i i : 4.In(2
with Chirped mirror: Ari= Aty 1+(L(2)-D20] —231.9 fs
AT,
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Appendix A5

MathCad program for OPA amplification with depleted pump and
signal bandwidth

For calculating the NOPA output energy in dependence of pump depletion and
signal bandwith by summing over the three coupled differential equations in in-

finitesimal small steps.






OPA Amplification with depleted pump and signal bandwidth

EinschlieBen << .F:\Berechnungen\SeIImeier\SeIImeier.mcdx

E.Wittmann, 16.4.18

crystal parameters d:=2mm doppi=2.05 %
n,(X,0):=nppo(A,0) ny (A) :=n,pp0 (A) n; (A) =n,pp0 (A)
pump signal idler
-p -S -/
-1
1 1
Ap =387 nm A, =550 nm A= ’(— - —)
A As)
AN =40 nm
0.441
Avi=—_. A\,=39.6 THz oy = —11.1 fs
A
I,:=180 I1,:=0.03 —— I,:=0 starting values
cm C’I’I’I;2 cm
2mece 2me 2me
W, = W, = W; =
PN DY YN
Wy, N A, 0 wgen, A w;* M, A
Ak’ (0/) — p BBO < p > _ BBO < > _ BBO < >

solver blockphase matching angle:

O':=27 deg

Ak’ (@/) =0—
m

6 :=find (©’)

phase matching angle: 60 =27.826 deg

-Al5-



crystal "slices” / steps d=2mm Ad:=5pum 1= v 400

=y (3y:) =, (1) =)

building the spectral banawidth for signal and idler + phase-mismatch:

-1

AN, 11
A pi=for e e 1,2.. = [53%]nm A= |——
- nm : - Ap A bw
AN,
)‘short — >‘s - 9
Abw‘ — )‘short +i.mm

>‘bw

Wy *MBBO <)‘p ’ 0,> _ Ws* NoBBO <>‘,s> Wi * MoBBO <)‘/z>

Akbw <9, ’ )‘/s ’ >‘/2> = c c c

i1 := length (Aky,)

A

100

80

60

40

20

0 > 1
—20 Ak, (—)
cm

—40
—60
—80

—100

X b (NM)
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Formulas from Yariv, Optical Electr

onics 4th edition pp.290

new field variable "A" (for convinience...) field E
1
- Vv w %
A= =16.693 5 ° - — E,={—%-A,=(9.023-10°) —
m np m
1
2.1 -V w |4
A= S =0.0085" - — E,={|— +A,=(3.676.10°) —
£o m T, m
R wS
Ho
2.1 -
A= =08 — E,:={— +A;=0 —
60 m n; m
—_— e wS
Ho
here the "d" in
= Ho Wy wsew; ) Yariv referrs to
Ki=deppe € \/6—0 n,en,n, (8.6-19) the deff SNLO

loop:=for j € 2..12

value times 0

coupled differential equations (8.6-18)

for m € 1,2..44 a®ox0
Ad; A Yariv indices: 1 signal; 2 idler; 3 pump
AA A . .
om0 line above parameter means complex conjugated
AAPLm(_Ap
for m e 1,2..11
1;
AA; — AA; +—1f<;-AAp, < AA, -Ad-exp(li-Akbw -d)
7, m 7—1,m 2 j—1,m J—1,m m
1
AA, — AA, +—1f<a-AAp, < AA; -Ad-exp(—li-Akbw -d)
j,m j—1 2 j—1,m j—1,m m
1;
AA, — AA +—1n-AA3, AA;  +Ad-exp(li- Ak, -d
p],m p]—l,m 2 J,m J,m m
AA,
AA,
AA

-Al7-



1 wp EO
pump :=—e+——+{[— - |loop -loop |-n,
2 np “0 1 1

pump = |jout <0

for m e 1,2..11
I
|

out pump(m> + out

out
Out<—T—
10
out
. 1 ws €o
signal :=— - . «[loop «loop |+n,
g Ko 2 2

stgnal := || out — 0
for m € 1,2..21

out signal(m> + out

out
Out At -

211
out

. 1w €o
idler :==—- *A[— «|loop +loop |-n;
2 Ho ’ s

1dler == || out — 0

for m € 1,2..111
|
|

out «— idler™ + out

out
Out<—T—
22
out
.. 1
d:=1..11= [] d:=d-Ad=

-Al18-

(8.6-16)

(8.6-16)

(8.6-16)

[0.005]
. mm



A
180
160+
1401
120+
100+
| pump GW
601 2
40+ cm
201
o - - - - - - - - - - >
® 02 04 06 08 1 12 14 16 18 2
d (mm)
A
401 P
1 ]
] ]
36+ P
. ) GW
391 o stgnal
] ]
o cm
281 i
] ]
] 1
24+ P GW
] .
P 1000 - signal
20+ [ 2
[ cm
16+ Y ettt ittt
II ’l
] 1
124 b . GW
!l idler
8T lll ,,’ sz
I’ /l
4+ /' /’
N __—:’_:—" . GW
: 02 04 06 08 1 12z 14 16 1s 5 1000 - idler 2
: . : . : . : . cm
d (mm)
. GW GW
Inopa = signal =36 I,=180 ——
cm cm
At:=130 fs w:=280 um
— 2_
Epump =1, At e ew® =57.6 pJ

Enopa=Inopa* At+m-w® =11.5 uJ

Enopa
E

Tlopa ==

A5

=0.28

pump  \p

-A19-






Appendix A6

MathCad program for estimation of the nonlinear refractive index n,

For estimating the nonlinear refractive index by the Abbé number and the d-

line refractive index of a material






n2 Abschatzung / Berechnung
nach JEEE J. Quant. Elec. 14, 601 (1978)

E. Wittmann, 11.01.17

n, Brechungsindex der Fraunhofer d-Linie (587 nm) und v, ist die Abbé Zahl von
refractiveindex.info

68 - (ng —1)-(n§1+2)2

15 (10‘13ESU) -

1
(n(21+2)-(nd+1) /2
vq | 1.517 + “Vg
6-ng
ESU ESU
ny(m? /W)= 42“ : nz(n ) < 410,107 22(ESU)
BK7: nd :=1.5168 Vd = 64.17
) 2
68 -1 +2
n, = (ra=1) (na” +2) =1.148
ng’ +2 +1
Vg |1.517+ ( a )(nd ) Y,
6nd
-107% 2
n2i=—2  449.107
g

2
n2=(3.172.10""0) <%

-A20-






Appendix A7

MathCad program to estimate needed parameters to generate a single

cycle pulse in the MIR

For calculating the needed phase-matching properties of biaxial crystals (LGS)

and needed beam parameters for optical parametric amplification






Calculation Phase-matching for single-cycle-puls (SCP) in MIR

EinschlieBen << ‘ R:\Berechnungen\Sellmeier\Sellmeier.mcdx

)\MIRO = 8 I.Lm VMIRO = = 37.5 THZ TMIR = = 26.7 fs
MIRO VniIRro
0.441
AVMIR i=———=16.5 THz AVMIR:551.25 cm_].
MIR
2
vV — VU,
—4-In(2)- ( 0
A 2
Gauj3 <1/ V0 s AI/> =e v
10 c 30
v:=10 THz,10.1 THz..60 THz = | THz Ai=—= Ll um
: v :
Gaupyp = Gauj <V » VMIRO > AVMIR>
A 29.4 45.8
0.9+
0.8+
0.7
0.02-3
0.5
8? Gaufyr
0.21
0.1+
0 " t t } } } } t + p— »
L 10 15 20 25 0 35 40 49 50 55 60
v (THz)
A 6.6 10.2
0.9+
0.8+
0.7F
0.5
0.5
0.4+ Gaufyr
0.3+
0.2+
0.1+
0 s t »
L 3 4 5 6 7 8 9 10 11 12 13 14 15
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Abschatzung spektrale Breiten aller Pulse:

A

pump *

:=1030 nm

‘pump_low = pump

UNIR0 = Vpump —VpnrtRo = 253.6 THz

Viedo *= 2. Vpump

v1:=220 THz,220.5 THz..400 THz =

Gaufng = Gauj <V L, VUNiRo, 1.5 AVMIR>

AN = PP =5.2 nm
pump c 300 fs
AA
pump
)‘pumpfhigh = Apump + —
)\NIRO = = 1182.2 nm
VNIRo
ANIR02
A)\NIR = T . AVMIR = 77 nm
Aredo ©= =912.5 nm
Viedo
)\ 2
A)\,,,ed = TEZO . AVMIR = 45.9 nm
C
[229] Tz M=t [1..363]
: 14 .

Ga/uﬁred = Ga’uﬂ <V]- y» Vredo s 1.5 AVMIR>

A 911.6 1030 1180.9

11
0.9+
0.81
0.7+
0.49.
0.5 P GaufSnir
0.4+
0.3t Ga’uﬂ red
0.2+
0.1+

0 ‘ - + + + + 7 + + + + + 1 »

50 800 850 904 950 1000 [1050 1100 1150 [1200 1250 1300 1350
Al (nm)
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Abschitzung Energie bei 8 pm:

f=50 kHz
EWL = 1.3 /""‘I
Nsuc = 30%
Nopa = 25%
Npra = 20%

P
P = 10 W Etoth == 200 IJ'.I
f
Epumpan = 80 pJ E,est = Eiotn — By, — Epypon = 118.7 pJ

Epumpl = Erest *Nsug = 35.61 ‘u,J

Epumpr *f=1.781 W

A
pump
E'red = Epumpl *Nopa*———=29 ,u-]
2. AredO

>‘pump
ENIR::Epumpl’nOPA° —=3.9 ll.]
2« Antro

A

pump

Entr2 = Epumpan * More * +ENjp=17.8 pJ

‘NIRO

A
Eniir = Epumpon * More * PP — 2060 nJg
MIRO

FE
Verh := NIT2 —4.59

ENIR
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LGS xz o,0-e:

d
d;gs=0.5 mm 0:=47.7° ¢:=0.0° i o= LzGS :
2 2 2 2 2
sin(0) cos(o) N sin(0) sin(¢) N cos (6) _o
| 1 1 1 1 1 1 -
2 2 2 2 2 2
" NyrGs (A) " Nyras (/\) n.rGs (A)

Nefy (A, n) := minerr (n)

N pump = Teff <>‘pump ,0.5 (nacLGS <>‘pump) + N6 (Apump>>> =2.126

AkL2 =1+ 1
for Ay;p € 1103 nm,1104 nm..1370 nm
A 1
H
MIR, 1 1
Apump )‘NIR
NyrGs (AMIR,
Ak «— Dpump _ TyLGS <)\NIR> - ' ( l) ~drgs 2
‘ pump ANIR )‘MIRz. -
1—1+1
[Muar Ak ]
AViIR = AI<:L21 = [ 10.5 | um Ak = AI<:L21 ,= [ —0.289 }
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FWHM :=0.800 mm

Epump?h 8-In (2) GW
Ipump = rul =125.2 .
TFWHM’_Z [’[HM Q[T‘- cm
8% edyp” Iy
gain:=—-exp |2-d;qg* 17 “pump =4.9
Npump * UNIR * 'WIIR * ANIR0 * AMIR0 * €0 * C
A 5.33 13.13
3.5+
31
2.5
Tism
1.5 Ak
10
. 2
0.5+ 3« sinc (Ak)
0 t t t aa e »
51 6 12 14 15 16
—-0.5
710

AMIR (,u,m)
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