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Kurzfassung

Technisch relevante Femtosekunden-Lasersysteme sind alifgingr begrenzten Anzahl
bekannter Lasermedien auf wenige Wellenlangen beschramktAbstimmbarkeit dieser
Quellen wird durch den Prozess der optisch parametrisébiestarkung (OPA) ermdglicht.
Ein kleiner Teil der Laserleistung wird zur Erzeugung einesifases verwendet. Um die
Abstimmbarkeit Uber einen grof3en Spektralbereich zu gioh@n, wird ein Festkorper-
Kontinuum verwendet. Mit einem starken Pumppuls kanraesgewahlter Spektralanteil in
einem geeigneten nichtlinearen Medium verstarkt werdem.stabile und ultrakurze Pulse
auf der 10 fs Skala zu erhalten, ist ein tiefes Vedst&njedes einzelnen Prozessschrittes
erforderlich. In dieser Arbeit werden Ti:Saphir und Ydsierte Lasersysteme zum Pumpen
von OPAs eingesetzt. In der verwendeten Anordnungsishéglich, Wiederholraten von
1 kHz bis 1 MHz und Eingangsenergien von 10 bis 300 pJ ohnemgrdderungen im
Design zu nutzen. Wir erhalten ultrakurze Pulse vombisvzum MIR.

Neue Aspekte der Kontinuumserzeugung werden vorgestellt. diirErzeugung mit
1030 nm Licht werden verschiedene Kristalle hinsichtlichgigitbaren und nahinfraroten
Kontinuumsseite verglichen. Der bisher kaum bertckgthtiGSO erweist sich als
vorteilhaft. Selbstkompression ohne externe Komprassiod gezeigt. Sie basiert auf einer
1 mm Saphir- oder YAG-Platte und einem astigmatismwesfreachromatischen Teleskop -
einem Schiefspiegler.

Das selbstkomprimierte, ungechirpte Kontinuum wird vexegnum ein ultra-breitbandigen
NOPA (nichtkollinearer OPA) zu seeden. Hier werden Qumaftizienzen von bis zu 45%
und 18 pJ Ausgangsenergie demonstriert und eine Kompreasi@i/ fs gezeigt.

Das transmittierte Seedlicht und das verstéarkte Sigaeh der parametrischen Verstarkung
kénnen sich in deutlich unterschiedliche Richtungen ausireDies wird als Folge einer
Kerr-Linse bei den verwendeten Intensitaten erklarte pumpinduzierte Kerr-Linse wirkt
auf den Signal-/Seedpuls. Bei nicht einwandfreier k&oplung fuhrt dies zu einer
Ablenkung. Steht der Verstéarkerkristall hinter der Heli@ne des Pumps, wird der Kerr-
Linsen-Effekt durch Ausgleich der Strahldivergenz verringBies ermoglicht auch, die
Pumpintensitat einfach zu reduzieren, indem man deriallriseiter aus der Fokusebene
heraus beweqgt.

Bei MHz-Wiederholraten treten aufgrund der hohen Leigén, die fir die nichtlinearen
Prozesse benttigt werden, thermische Probleme in eN@RA auf. Fur die Erzeugung der
dritten Harmonischen (THG) eines Yb-Faserlasers wird Hrzeugung der zweiten
Harmonischen (SHG) mit anschlieRender Summenfrequenz-iigoherwendet. Die Zwei-
Photonen-Absorption des UV Lichts fuhrt zu messbBrerarmung im THG-Kristall. Daher
andert sich die Phasenanpassung und die UV-Leistung tniminder Zeit ab. Mit einer
Kompensationsplatte BBO) zwischen SHG- und THG-Kristall kann dieser Effekt
minimiert werden. Durch die zeitliche Vorkompensation Bendamentalen in Bezug auf
die zweite Harmonische wird der Erzeugungsort der UV-Lejstam das Ende des THG
Kristalls verschoben und das Volumen der Absorptiomimmert. Dies ermdglicht
langzeitstabilen, UV-gepumpten NOPA Betrieb auchlbgiHz Wiederholrate.

Ein OPA zur Erzeugung eines oktavbreiten Mittelinfrarotgsilsim 8 um wird gezeigt.
Dafur wird ein 515 nm gepumpter NOPA vor einem kollinearsd30 nm gepumpten
Verstarker auf LGS-Basis verwendet. Das Chirp-Managegrdolgt hierbei ausschlie3lich
durch ausgewahlte Glaser und optische Filter. Das MIR-w&d zeitlich durch electro-
optical sampling charakterisiert. Als Gate Puls wirgl sklbstkomprimierte Fundamentale in
einem extrem einfachen Aufbau verwendet. Eine Kongiwasauf 1.4 Zyklen des MIR-
Feldes und eine CEP-Stabilitat kleiner als 94 mrad Uber&imnde werden gezeigt.






Short summary

Due to a limited number of known laser media techhice¢levant femtosecond laser
systems are restricted to a few laser frequencies dalyability based on these sources is
enabled by the process of optical parametric amatiba (OPA). A small portion of the
laser output is used to generate a seed pulse. Ttednahbility over a large spectral range
a bulk continuum is used. With a strong pump pulselected spectral part can be amplified
in a suitable nonlinear medium. In order to obtain higdt@ble and ultrashort pulses on the
10 fs scale a deep understanding of each individualistége process is necessary. In this
work Ti:sapphire and Yb-based laser systems are usatghip PPAs. In the used topology
it is possible to utilize repetition rates from 1Xko 1 MHz and input energies from
10 to 300 pJ without major changes of the design. We mbitiashort pulses from the UV
to the MIR.

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

The self-compressed, unchirped continuum is used toss®EdPA (noncollinear OPA) for
ultra-broadband pulse generation. With this system quoasfticiencies of up to 45% in the
amplification process and 18 pJ output are demonsteatéedtompression down to 6.7 fs.

The transmitted seed light after optical paramemgpléication and the amplified output can
propagate in significantly different directions. Tlssexplained as a consequence of Kerr
lensing at the needed pump intensities. A pump induced k@&s is acting on the
signal/seed pulse. This induces a deflection in the &eplnedium at imperfect input
coupling. Locating the amplifier crystal behind toedl plane of the pump minimizes the
self-lensing effect due to nonlinear balancing of thenbelivergence. This also allows
reducing the pump intensity simply by moving the crysighier away from the focal plane.

For MHz repetition rates serious thermal issues MCGPA arise due to the high average
power that is needed for the nonlinear processeshidritarmonic generation (THG) of an
Yb-fiber laser, second harmonic generation (SHG) wuthsequent sum-frequency mixing is
demonstrated. Two-photon absorption of the UV leadsnéasureable heat in the THG
crystal. The phase-matching conditions change and thpdwér decreases over time. With
a time delay compensation platBBBO) between the SHG and THG crystal this effect can
be minimized. By temporally pre-compensating the fumelatal with respect to the second
harmonic, the generation locus of the main UV poweshidted to the end of the THG
crystal and the volume for absorption is minimizeb& UV pulses result. This enables a
long term stable UV pumped NOPA output even at 1 Mfeetition rate.

An OPA for the generation of an octave spanning middfieaied pulse centered around
8 um is presented. A 515 nm pumped NOPA with a subsequdimeen] 1030 nm pumped

amplifier based on LGS is utilized. The chirp managdn®entirely by bulk material and

selected optical filters. The MIR field is temporalgharacterized by electro-optical
sampling. As gate pulse the self-compressed fundamsnteded in an extremely simple
setup. Electro-optical sampling reveals a compressammn to 1.4 cycles of the MIR field

and an intrinsically phase-locked CEP stability otdxethan 94 mrad over one hour.






Publications
The following publications have been produced in th@sead this thesis:

1. Direct Generation of 7 fs Whitelight Pulses from Bulk Saphire
E. Wittmann, M. Bradler, E. Riedle
Ultrafast Phenomena XIX, Springer Proceedings in ieby62 7258 (2015).
2. Limitation of the SHG and THG Efficiency and Beam Break-up for
Femtosecond Pulses by Kerr Lensing
E. Wittmann, S. Heimann, E. Riedle
Conference on Lasers and Electro-Optics Europe, CLZDD7)).

3. Dramatic Beam Steering by Kerr Lensing in Optical Parametic Amplifiers
E. Wittmann, H. Hecht, E. Riedle
Conference on Lasers and Electro-Optics Europe, CLZDD7)).

4, Phase-locked multi-terahertz electric fields exceedin§3 MV/cm at a 190 kHz
repetition rate
M. Knorr, J. Raab, M. Tauer, P. Merkl, D. Peller, E. Wi#ann, E. Riedle,
C. Lange, R. Huber
Opt. Lett.42, 4367 (2017).

5. Time-Resolved Photoemission Electron Microscopy of a Plagmic Slit
Resonator using 1 MHz, 25 fs, UV-to-NIR-Tunable Pulses
B. Huber, M. Hensen, S. Pres, V. Lisinetskii, J. LugWittmann, E. Krauss,
D. Friedrich, B. Hecht, E. Riedle, T. Brixner
In print for Book of Proceedings for Ultrafast Phenom&iX| (2018).

6. Octave-spanning middle-infrared generation through optical paametric
amplification in LiGaS,
B.-H. Chen, E. Wittmann, Y. Morimoto, E. Riedle, P. Baum
To be submitted.

7. 343 nm pumped noncollinear parametric amplifier with hgh long term
stability at 1 MHz
E. Wittmann, B. Huber, S. Pres, V. Lisinetskii, T. BrixieRiedle
In preparation

8. Impact of the Kerr Effect on efficient fz) processes in the femtosecond range
E. Wittmann, E.Riedle
In preparation






Table of Contents

R 1 01 0o 18 Tox {0 o I PP UPPPRRPPRN 1
2. Basic concepts and theoretical aspects on NONIOEES ..............coeeviiviiiiiiiieiineen. 7
3. Astigmatism free imaging with a spherical mirrordiedl telescope...........cccooevveeennnn. 31
4. Broadband noncollinear optical parametric amplifarabased on

unchrirped white light SEEd ..........cooiii i 39
5. Dramatic beam steering by Kerr lensing in opticahpaetric amplifiers ................... 49
6. Yb-fiber laser based, two-color noncollinear optgatametric amplifier

optimized for long term stability at 1 MHZ.....cceeeiieiiiiiiice e 69
7. Continuum generation at 1030 nm with various CrystalS...........cc.ooeevvevviiiineeeennns 91
8. Few cycle pulse generation in the middle infrared (MiRsed on

parametric amplification iN LGS ........oooiiiiiiii e 99
9. Achromatic phase-matching based on Yb-fiber laser pulN@#eA system ........... 137
10. Two photon absorption in bulk material: Convenient metttomeasure

temporal pulse widths from the UV to the NIR .....cccoooiiii e 143
11. Summary, conclusion and future PersPeCtiVES .....coceeiiieiiiiiiiieeeeeeii e 159
12, RETEIEICES ...ttt ettt et e et e et e e e et e e eenans 167
Appendix

Direct Generation of 7 fs Whitelight Pulses fromiB8apphire

Phase-locked multi-terahertz electric fields exibeg 13 MV/cm at a 190 kHz

repetition rate

Calculations and estimations
Danksagung

Curriculum vitae






1. Introduction

The first femtosecondsd) laser pulses have been demonstrated in the 1970s yeitlaskers.
However these systems suffered from the cumbers@ndling of liquid or vaporous laser
dyes and their limited achievable pulse energy. Fogémeration of ultrashort pulses mode-
locked solid-state lasers have been developed a few lggarsA major breakthrough for the
generation of high output energies was the strategshimped pulse amplificationCPA)
[Str85]. The concept was honored in 2018 with the Nob&ePin physics for Gérard
Mourou and Donna Stricklan@PA enables both, the generation of high peak intensitiels
high repetition rates for pulses in the femtosecondpibtmsecond regime. Temporally
stretching the pulse before amplification reduces thensity in the laser gain medium to
circumvent crystal damage and ensure a low B-Integralofitimal performance. After
amplification, the pulses are re-compressed to pdisations between roughly 25 and
1300 fs. In particular Ti:sapphire based lasers or systeith Ytterbium or Erbium-doped
fiber or solid-state gain media are nowadays widelysa. GPA allows a wide range of
applications from laser physics and spectroscopy tdicakapplications like eye surgery
and precise industrial techniques like metal cutting and ageldi

For ultrafast transient spectroscopy shortest pulsatidas are required for highest temporal
resolution to unravel fastest chemical processese@@Hho 50 fs timescale. Additionally the
laser wavelength in the experiment has to match glycio a certain absorption band for an
excitation of the molecule under investigation. Consetiyiéime need arises to tune the laser
wavelength accordingly. In the past dye lasers werd taethis purpose. However these

systems were not precisely tunable to cover all requents and consequently some trade
offs in the experiment had to be made. Nowadays apparametric amplification(qPA)
driven by a femtosecond laser source enables gapuinewtirom the ultravioletyV) to the
middle infrared MIR). In OPAa strong pump pulse is used to nonlinearly amplify tspkec
components out of a weak chirped seed pulse in a nonimedium. Like in the honored
CPA method the resulting amplified pulses can be comedess shortest pulses after the

amplification.

Because the spectral bandwidth of the tunable outpuotisased during the process, much
shorter pulse durations, compared to the driving laser,prdsebe achieved - especially in a
noncollinear geometryNOPA). In most cases a supercontinuum generated in bulkkriaiat
is used as a seed pulse [Ree95, Cer00, Rie00, Bra09].



Supercontinua are generated by irradiating opticakenas like crystals, gases, glasses,
liquids or fibers with laser pulses on the TW?cimtensity level. Various cascaded nonlinear
effects inside the medium spectrally broaden the fonashial beam to over an octave. The
resulting spectra from bulk material are smooth and fgeg@. This makes bulk continua
ideally suited for seeding @PA Spatially the resulting continuum pulse appears @sind
and homogenous white spot featuring the polarizatioheofrtput beam — see Fig. 1.1. In the

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

Fig. 1.1:  Supercontinuum beam generated with a Ti:sapjaser.

The pump pulse for amplification can be either tlsedldundamental itself or a harmonic of
it, depending on the phase-matching conditions for thetrgpeegion to be amplified. By
temporally delaying the pump pulse with respect todheped seed continuum, spectral
tunability of the amplified signal is achieved in thisible and near-infrared. Subsequent
processes after the amplification like second harmgeigeration $HG, sum frequency
generation$FQ or difference frequency generatiddHG) extend the tuning range GPA
The outstanding flexibility of this concept mak@®A also interesting for research areas
besides ultrafast transient spectroscopy. Especiaflynear-field imaging [Kral6], time-
resolved photoemission electron microscopy [Aes11]RSAnicroscopy [Gre05] or optical
electron pulse compression [Keal6].

Particularly for the above-mentioned fields, thendad for high laser repetition rates from
hundreds of kHz to the MHz regime is rising. The meanarg time of single experiments
will be reduced where applicable and frequently low pelsergies in the experiments are
desired. However, high repetition rates are accomganith high average power of the
laser system. Sufficient pulse energies are neededrit@ the nonlinear frequency
conversion processes efficiently. Assume for exampbntinuum generation in bulk
material. Here roughly 1 pJ pulse energy is needed: kizlthis energy corresponds to
1 mW of average power, at 1 MHz 1 pJ this amounts to df \Wower! These high average

powers can result in serious problems for st&biA operation. For instance, absorption



induced heat in some optical materials cannot dissipbatereen two laser pulses. The
accumulated temperature can lead to crystal damagegwoifiantly distort performance
relevant physical effects like phase-matching or panacremplification. The heating of the
crystals due to two-photon absorption of the UV ligahh even be seen with commercial

heat cameras — see Fig. 1.2.

A thermal beam pointing drift of the pump laser cafluence the overall performance
significantly. Additionally high nonlinear phase-shiftsiaaccur. This will drastically limit
the frequency conversion efficiency or lead to a beagakbup and phase distortions. The
acquisition of nonlinear phase and beam distortions stiongly show up in the next
nonlinear interaction after the amplification. Allede issues lead to hardly controllable
optical parameters and consequently to hardly intéésple results in experimental

measurements.

Fig. 1.2:  TPAinduced heat in a nonlinear crystal seéim avheat camera.

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

experimentalists.

Optical parametric amplifiers pumped with Ti:sappHasers at 1 kHz or pumped by Yb-
based laser sources between 50 kHz and 1 MHz are deatedsWith input pulse energies
of 10 pJ to 300 uJ long term stable operation is achiewedultrashort pulses from the UV

to the MIR are demonstrated and characterized.



The thesis is structured as followed. In the initiat pehapter 2, a brief introduction is given
for the most relevant nonlinear optical phenomena.icBasnd new insights on
supercontinuum generation, optical parametric anopliibn andtype | phase-matching
conditions forSHGiIn BBO crystals are demonstrated. Parasitic nonlia#acts limiting the
SHG and subsequentHG efficiency are shown. Conversion efficiency limitse agiven.
Below theses limits undistorted harmonics in spacee tand the frequency domain are
obtained. Above these limits parasitic nonlinearitieit and hinder the overall
performance. Additionally the bandwidth and angulareptamce of BBO crystals are
described in detail to demonstrate how nonlinear cry&iafequency conversion should be
chosen correctly. It will also be discussed why au$ed beam geometry is excellently
suited for frequency conversion or parametric amptificaif the crystal is located behind
the focal plane. In contrast to a collimated beafocased beam allows to simply move the
crystal along the beam axis for an adjustment of tisitipn dependent optimal intensity.
Additionally, the divergence of the beam will be bakah by the nonlinear Kerr lens inside
the crystal and perfect phase-matching results. The IKesing and its consequences for
parametric amplification will also be discussed iradeh chapter 5.

In chapter 3 a central issue in ultrafast optics seused - the need to collimate and focus
ultrashort pulses with a very wide spectrum withotfrattive elements. Diffractive lenses
introduce an unacceptable chirp and also chromaticrattmsrs. Theoretically parabolic
mirrors would be ideal for imaging. However, their ogtiquality is far inferior to spherical
mirrors and the off-axis parabolas are only useful @fh A combination of a concave and
a convex spherical mirror with suitable ratio ofliraof curvature is presented here. It can
focus and collimate beams without any detectable astigmaT his is found at angles where
a single spherical mirror already introduces a largerrabion. It is demonstrated
experimentally as well as theoretically with rayading. The presented Schiefspiegler
telescope is used to image a nearly un-chirped whité $iged in a noncollinear optical
amplifier. This newly developed concept on ultrashmutse generation is demonstrated in
chapter 4. Compression down to the Fourier limit efrigsulting pulses will be shown in the
sub-10fs range with output energies up to 18 pJ at 1 kHz iteperate. It is explained how
intrinsically un-chirped seed pulses will drasticallguee the effort for the generation of

sub-10 fs pulses

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

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



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

increased, roughly by a factor of 10.

An Yb-fiber laser system pump@dOPA system that is optimized for long term stability is
described in full details in chapter 6. The third harmavéwelength (343 nm) is used as a
pump pulse for amplification. For BBO crystals wiavgths below 360 nm will lead to
two-photon absorptionTPA). At higher repetition rates like 200 kHz or higher thif \eiad

to a temperature gradient in the crystal — see dtsolR2. Consequently the phase-matching
conditions change and the conversion efficiency deemeawith time. This is already
detectable on a few minutes timescale. To minimizel®&in a third harmonic generation
crystal a new strategy is introduced: A delay pre-congi@nrs plate between the second
harmonic and the fundamental wave is utilized to redueeatiiual sum frequency mixing
length to a minimum at the end of the subsequét® crystal. Hence the two photon
absorption induced heating is minimized and the effigieri¢che THG is constant over time.
This solves thermal issues and N®PAoutput energy is long-time stable.

In chapter 7 a brief overview of bulk materials fomtouum generation at 1030 nm is
given. Various crystals are compared regarding sgdsralwidth on the short and the long
wavelength side of the fundamental. The needed pulsgieseior stable operation are
compared. The knowledge is transferred to directly sesthgle stage, 515 nm pumped
NOPAsystem in the NIR region. In chapter 8 tR®PAsystem is used to seed a subsequent
LGSbased, collinear amplifier pumped at 1030 nm. With a seeelength of 1180 nm, the
resulting idler pulse is centered around 8 um. A gaictofa of 2 is shown in MIR
amplification with an octave spanning spectrum. Thegsudge compressed close to single
cycle simply by transmission through selected amoun@Geomanium. The MIR pulses are
characterized via electro-optical sampliO§ in Gallium Selenide. As ultra-short gate
pulse the self-compressed laser fundamental is usdd€Oif Self-compression due to
continuum generation from roughly 300 fs to sub-10 fs in a thistak plate is shown at
1030 nm in an extremely simple setup. The electro-opsmalpling reveals a compression
down to 1.4 cycles of the MIR field and an intrinsicallyape-lockedCEP stability of better

than 94 mrad over one hour.



For the first time the concept of achromatic sechadmnonic generation is shown for a
NOPApumped by an Yb-fiber laser system to obtain Wh@adUV and deep blue spectra.
This can be found in chapter 9. Spectra with sub-5 fsi€olimits are demonstrated

centered around 350 nm at a repetition rate of 200 kHz. $has much broader spectral
width compared to other attempts known from the liteeteading to the shortest possible

UV pulse durations in this wavelength region.

For the temporal characterization of ultrashort ggila new and compact tool basedl&i

is presented in chapter 10. Since in thé region no phase-matching in nonlinear crystals
can be achieved, common simple autocorrelation technigues SHG intensity
autocorrelation cannot be used. Therefore the newly cdleeelTPA autocorrelator is
presented for this wavelength region. Moreover it iaestrated thal PA autocorrelation
measurements can not only be performed inUWebut also in the/IS andNIR range with
the identical setup. No optics change is needed tinewhole spectral range from 190 to
1100 nm. Additionally, the potential to measure sub-10 ftsegu based onrPA is
highlighted — see Fig. 1.3.
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Fig. 1.3: TPA based sub-10 fs autocorrelation of a broadd@%A pulse in a 200 pm
substrate.

This is of major relevance since TPA no phase-matching constraints are limiting the
measurement. Contrary to the situation &HG intensity autocorrelation where extremely
thin crystals have to be employed for characterizn@-10 fs pulses due to the limited
acceptance bandwidth for frequency doubling. These thgtalsyare hardly available. Other
methods likeSPIDERor FROG are rather complex compared to the presented mefowd.
temporal pulse characterization basedT®® a sample thickness of even 200 pum is shown
to support the measurement of sub-10 fs pulses. Fombiner it is shown that this concept

works also for repetition rates up to (at least) Az



2. Basic concepts and theoretical aspects on nonlinear ogtic

2.1  Supercontinuum generation

Supercontinuum generation (SCG) is a generally appdicabthod to broaden the spectrum
of femtosecond laser pulses at various input wavelengthgas first reported in 1970 by
Alfano and Shapiro [Alf70a, Alf70b]. Nowadays, thereaiside field of applications for
continuum pulses: continuum pulses as a seed in ORAHAs and OPCPAs [Cer03,
Rie00, Stal4], continuum probe pulses in transient sgecpy [Ern01, Meg09, Riel3],
LIDAR [Mej03], coherence tomography [Har01] and weatherticd [Wol18]. In principle
continuum generation is possible in every materiaisparent to the driving laser frequency.
Usually continua are generated in optical fibers [RanQ@j0B], liquids [Wit96, Bro99],
crystals [Kan03, Dub17] and gases [Cor86, Ber07]. A quite axadvefficient approach for
continuum generation is the use of multiple plates [LuT#g generation in optical fibers
allows generating continua spanning over a multi octangeraHowever, the generation is
quite unhandy and the resulting spectra are most timéddyhstyuctured. Continua from
liquids suffer from shot to shot instabilities, foth@r obvious reasons of the fluid physical
state. Continuum generation in gases requires conigi®xatory hardware. An advantage
from this method is however the compressibility of teésulting pulses. Compression down
to one optical cycle has been demonstrated [Cou06].

In this work the main focus is on bulk continuum genematThese continua are smooth,
gap-free, reveal a very high shot-to-shot stability g@neserve the polarization of the

fundamental laser [Bra09].
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Fig. 2.1:  Supercontinuum generation in 4 mm YAG crysiti a Ti:Sapphire laser and
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an Yb:fiber laser. The inset photograph shows a &fneam profile.



For seeding parametric amplifiers two crystals ammonly used: Sapphire [Ree94] and
Yttrium Aluminum Granat (YAG) [Bra09]. YAG possessesigher damage threshold and
roughly a factor of 2 less energy for continuum generasiareeded compared to sapphire.
The Fourier limit of, e.g., an 800 nm or 1030 nm pumped continiuom sapphire or YAG
amounts to less than 4 fs — compare Fig. 2.1. Inctlapter, some of the theoretical aspects
of continuum generation are described, to allow furtimeterstanding of this process.
Continuum generation is a highly nonlinear process; @&nignterplay of various cascaded
nonlinear effects. The most important one is iKear effect - it triggers all of the other
processes. The refractive index of a medium getsfraddvhen high intensities of radiation
are present. It reads:

n ngp n27l zt, (2.1)
whereng is the linear refractive index amg is the nonlinear refractive index of the medium.
I(z,t) is the spatial and temporal intensity distributafrthe light field. One consequence of
the effect isself-focusing [Kel65]. Self-focusing is necessary to increase thd Wicn?
intensity level on the front surface of the crygtala level on the order of 10 TW/érfor
continuum generation inside the medium. The intengityhe front surface is reached by
focusing the fundamental beam with a lens. Typicallycalflength of = 50 mm is used.

Let I(z,t) be a Gaussian intensity distribution of a laserguigime and in space. According
to Eg. (2.1) this pulse sees a higher refractive iredfeke medium on the propagation axis,
compared to the edges. This causes the wavefR{@)so bend, because the pulse travels a
longer optical path at the position of its intensitgximum (Fig 2.2).

A generalized equation and quantity for the nonlinearfitthe interaction of the pulse with
the medium is given by tHg-Integral. It measures the nonlinear phase-shif, .

d
B 2—5”3n2 T z,t dz (2.2)

0
B-Integrals greater than 3 indicate, that self-focusmdikely to occur. For continuum

generation B-Integrals > 20 can be estimated, dependitigearsed parameters.



Fig. 2.2:  Scheme for Kerr effect induced self-focusing Gaaissian intensity distribution.

Another major effect leading to supercontinuum genmmais self-phase modulation
[Sto78, And83]. It describes a positive and negative @hifrequency around the center
frequency due to nonlinear propagation. From Eq. (2.1)livis that the refractive index of
a medium gets modified in the presence of high intgnsitliation. For light pulses this
effect will be dependent on time. An optical lasersp with a Gaussian intensity
distribution in time | t lo exp( 4In(2) TZ/ W), where Wfs the FWHM pulse
duration, is assumed. The phase of the pulse reads:

It k2 @fz—g’ﬁo n, 1t z~ o Z (2.3)

This corresponds to an instantaneous frequency chagggegiven by:

w It 2S._ . .t
—_.Z N2

'Z t )
W O tw

(2.4)

For the Gaussian intensity distribution the frequency ghigiven in Fig. 2.3 as a black line

in the lower panel.

front of pulse back of pulse

oS
o

Fig. 2.3:  Gaussian intensity distribution of a laseseuh time (black line, upper panel)
and instantaneous frequencyA(t) (black line, lower panel) due to self-phase
modulation. Colored lines denote self-steepening and sudtirg) asymmetric

instantaneous frequency. Figure adapted from [Bral4b].



From Eq. (2.4) and Fig. 2.3 it can be seen, that for dierl intensity regime, where no

continuum generation occurs, self-phase modulatioad®as the spectrum symmetrically
around its center frequency. This phenomenon is alsatefély used to moderately increase
the spectral bandwidth and gain shorter pulse duratioriRef. [Krel3]. For the case of

continuum generation, self-focusing leads to highdrlagher intensities inside the medium.
Consequently, the effect cklf-steepening/And83, Chi05] has to be taken into account.
Due to the Kerr-effect the maximum of the temporaénsity distribution has a longer

optical path, compared to the edges of the distribugorce the nonlinear refractive index
increases with intensity. This leads to a steepenitigeinemporal structure, as qualitatively
shown in the upper panel of Fig. 2.3. Because the pealagaitgs slower, the back of the
pulse steeps, while the front is becoming smoothé&ma. The instantaneous frequency of
the self-steeped pulse — according to Eq. (2.4) —awshn red and blue in the lower panel
of Fig. 2.3. It demonstrates that self-steepening leads tasymmetric broadening of the
pulse. The steepened back of the driving pulse generatégtirer frequencies with a higher
overall frequency shift to the blue. The smoothed franthe pulse generates the lower
frequencies. The overall frequency shift to the red regidower compared to the blue, due
to the asymmetric self-steepened intensity distribution

Fig. 2.4 shows the near infrared part of a continuum geterem 10 mm YAG with
1030 nnt pulses. The blue shift shown in Fig. 2.1 measures roughlyT B@0 whereas the
red shift on the near infrared side amounts to about 130 rmgkimally, for the case of
YAG with 10 mm medium length. To explain this discrepathe laser plasma interaction in

the material has also to be taken into account.

1 A detailed description and an analysis of on the géneraf the near infrared continua

will be given in chapter 7. There are also variousenals presented and compared.
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Fig. 2.4: Near infrared parts of continua from a YAG talygenerated with 1030 nm.

Because of the high intensities due to self-focusing, dalactrons are excited from the
valence to the conduction band of the medium and formlectron plasma This plasma
channel is usually called a filament. The presencered tlectrons inside the medium

obviously has a contribution to the refractive index.

n nop n271 zt nNpasma’l z,t. (2.5)

According to the Drude model [Raz6]j;smais given by:

4S & Ne z,t
Nplasma - - .
2 "me ?

(2.6)

Ne(z,t) is the number of free electrons created at positiom and m, correspond to the
charge and the mass of an electroncgs units, respectively. 4 is the central laser
frequency. The additional term in Eqg. (2.6) due to intevaciiith the free electrons has two
consequences. On the one hand, it influences self-focuifidh more electrons excited to
the conduction band\g(z,t) rises, up to a level where the absolute valu@ppfmsl(z,t)
exceeds,-l(z,t). At this level, self-focusing stops and the beam divergdéis prevents the
beam from collapsing to a singularity [Gae00]. On thesiotiand, the contribution of the

plasma term in the refractive index will modify thedfgophase modulation.

Liu et al. approximated the number of free electig@,t), created at the nonlinear focus,

by the relation [Liu02]:

t
Ne z,t | Ng “K(z) “31 zt Mdt, (2.7)
f
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where Ny is the number of initially present neutral particieshe focal volumeK(z) is a
proportionality constant andh is the minimum number of photons to be absorbed to
overcome the energy gap between the valence andotiduction band of the material.

Inserting EqQ. (2.8) into EQ. (2.6) gives for the refraztivdex:

~ t
2S & Ny K2 e m

meN% f

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

n ngp n2°l zt z,t dt (2.8)

instantaneous frequency including plasma effects reads:

w lt

" N
! Wzt 2 Se? NG 4, m

W Mg N(%Z

SPM:blue and red shift plasma: blue shifto

'Z t

wn
— 2.9
v w no (2.9)

From Eq. (2.9) it can be seen that plasma generationleady to a blue shift in continuum
generation [GaeO00], since it is dependent on the amplatidee spatio-temporal intensity
distribution of the laser pulse, only. Combined witk thtroduced asymmetric broadening
due to self-steepening this explains semi-quantitativelpbi@ned continua.

The effects described here are only the most relevan fprinciple understanding of
continuum generation in bulk material. In fact, thare many others like pulse splitting
[Ran96], intensity clamping [Bec01] avalanche ionizati¥ali72] and the effect of group
velocity dispersion [Dhal4] that have to be takea sxtcount for a correct description of the

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

The visible part of bulk continua from single filamgshow a flat temporal phase. Usually
the generated continua are highly chirped [Cer99, Mac00, Zi@Ofjll compression of the
continuum pulse was not shown yet. In precise ingastins of the continuum generation
and propagation [Wit13, Bral4b, appendix Al] it is fourat the inability to compress bulk
continua stems from the highly wavelength dependent prapagand effective generation
locus. Frequencies close to the fundamental waveleongtwfthe filament channel longer
than shorter wavelengths due to the group velocityedé$pn. Hence bluer frequencies start
to diverge earlier inside the crystal, leading to a wagtleselective propagation. As a
consequence the imaging of a continuum is wavelengthndepe Even with reflective
imaging one can find the blue part of the continuum foceseker then the red. This is
shown in Fig. 2.5a). Here the continuum is generated3iman Sapphire plate. The pump
source is a small fraction of the output of a Ti:Samgphmplifier (CPA 2001, Clark MXR,
778 nm, 170 fs) focused withfa= 50 mm plano-convex lens. For imaging of the continuum
a Schiefspiegler telescope is utilized (see chaptéor Jetailed description) to prevent
chromatic error and astigmatism. For simplicity telescope is denoted as black arrow. The
energy for continuum generation is varied from 80Qm2 pJ. This corresponds to the
energy range for single filament continuum generatidbhe propagation of selected
frequencies is measured with interference filters<O€ 10 nm) and a commercial beam
profiler (Photon Inc.). The focus position of eaelested frequency is shown in dependence
of the pump energy for continuum generation. With iasiey pump energy the filament
channel length increases [Bral4b].

The extended filament channel leads to an even greateelength dependency of the
propagation, since the described dispersion effectsare relevant for longer propagation
distances. However, even for minimal utilized pumprgyethe blue part of the continuum

focuses earlier then the red for the case of a 33apphire plate.

The crystal should be terminated at a point wheraliggersion effects are not yet relevant.
Ideally, the continuum should be generated at the vauyoé the crystal. A short crystal on
the order of 1 mm thickness is found to be suitabléodal length off = 50 mm is used to

focus onto the 1 mm Sapphire plate. Here, more enemgeded for continuum generation,
because stronger self-focusing is needed for the shoytsial. It can be seen that with the
1 mm sapphire crystal no local separation occurs drmblakrs diverge simultaneously. This

leads to identical focal positions of each wavelergsiee Fig. 2.5b).
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Fig. 2.5:  continuum generation witl= 50 mm in a 3 mm Sapphire plate (a) and with
f =50 mm in a 1 mm Sapphire plate (b). Corresponding fdaaes of selected
wavelengths for different input energies are givencBErrows denote the

imaging telescope. Adapted from Ref. [Wit13].

By minimizing the pulse energy for continuum generaiio the 1 mm Sapphire plate, the
generation locus can be optimized close the outpuasurdf the crystal. This leads to a
chirp free continuum as the newly generated colors faesigh nearly no extra material,
and all colors have the same spatial properties.

For insight into the spectro-temporal distributiontieé sapphire continuum of the 1 mm
plate, the chirp is determined with our transient speweter [Meg09]. With a 200 nJ, 25 fs
pump pulse centered around 470 nm and the sapphire contiaguprobe, the cross
correlation via two-photon absorption is measured in @4@ substrate (130 pm,
Schott AG). Two-photon absorption of pump and probly oocurs for temporal overlap
and allows determining the group delay for every waveleofjthe continuum probe. Since
there are only reflective metallic optics in the mrdileam path, the signal represents the
intrinsic spectral chirp of the continuum after progegathrough just a short length of air.
Fig. 2.6 shows that all spectral components from 550 nm coincide in time. The chirp

for the short wavelength range mainly originates ftbenpropagation in air.
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the continuum generated in a 1 mm sapphire plate. Adidmtm Refs. [Witl13,
Bral4b, appendix Al].

It was shown that it is possible to obtain intragadly nearly un-chirped white light pulses
directly from bulk filamentation. In the literaturenly 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 generationimfinsically ultra-short continuum
pulses. With the imaging by a Schiefspiegler telps¢ also any chromatic aberrations as
well as astigmatism can be avoided. Such pulsesh@yely interesting for broadband
amplification — see chapter 4, ultrafast 2D spectpsg [Full5] and for the generation of

ultrashort gate pulses for electro-optical samplrgee chapter 8.

The described wavelength selective propagation ofiraoetmakes it necessary to use a
moveable lens for relay imaging in an OPA. Moving the lalosig the beam axis allows
optimizing the spot size of the seed spot to the spetodithe pump beam.

In chapter 8 it is shown that this presented conoépelf-compression due to continuum
generation in bulk material works also for an Yb-dopesklt system with pulses centered
around 1030 nm at 50 kHz. Instead of a 1 mm Sapphire platena YAG plate is used
because of the higher damage threshold and the lower neeeéegly €or continuum
generation. An autocorrelation trace of the resultglfmpressed pulse as short as 9 fs is

shown.

In the scope of this work continua are mainly usedded optical parametric amplifiers.
Consequently, the subsequent section will give a briedduction 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 supatomum generation have been described.
With a suitable pump pulse selected portions of @ticoum seed can be amplified in a
nonlinear medium. This principle enables both, tuitglolver a large spectral range and the
generation of ultrashort pulses. The underlying pmcis called optical parametric
amplification (OPA), which shall be briefly reviewed ithis section. For a deeper
understanding the interested reader is referred to tieeialuby Manzoni and Cerullo
[Man16] or, for the case of noncollinear optical pagtnm amplifiers, to the review articles
[Rie00, Cer03].

The process of optical parametric amplification diéss the effect of amplifying weak seed
photons (frequencys) — e.g. of a continuum — with a strong pump pulseqgffency £) in a
nonlinear medium. As a consequence of energy consaryatithird pulse is generated —

this pulse is called the idler pulse, its frequencyigiven by
=" % ="Z =7. (2.11)

Since three waves are interacting in the mediumQR& process is described with three
coupled differential equations [Yar95]:

dA 1 - - K5
= 5D As —JZI\A|ApeJkZ
dA; 1 ' - . ik S
dA 1 ; . . A
& 2% Pe 3 WsAfel™?

A.is a field variable introduced for convenience, accgytin

A /”7215 A Asiop, (2.13)

wheres, i, pdenotes signal, idler and pump, respectively&nid the corresponding electric
field strengthn, the refractive index andz, the corresponding frequency. For the complex
number herg is used, to not confuse with the abbreviatiofor idler. The wave vector

mismatch is given by

'k kp ks ki . (2.14)

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

parameterN
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Note Ref. [Yar95] uses in Eq. (2.15) not the commdyy parameter, but a different
nonlinear coefficient (in MKS units). Hedg is used — this corresponds to the value which

is given by [SNLO] — multiplied by the vacuum permvitty f/to get consistent with Yariv.

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

D vﬁ Q, (2.16)

where Vis the conductivity of the nonlinear medium, whiclelsse to zero for an amplifier
crystal like BBO.

parameterZs given by:

For small scale amplification the pump depletion bameglected. In this case the coupled
differential equations of Eq. (2.12) can be simplified argain factofs can be extracted as
an approximated solution [Yar95, Ree95, Brall]:

8§ ~3 g2, ~
G —"exp.2 1 S| S (2.17)
4 \%ns nji hp sO " @ CoH

Here,L is the medium length ang) the vacuum speeaf light. For0.7 mmeffective crystal
length, a seed wavelength @= 550 nm d.= 2.06 pm/V - for 400 nm pumulses BBO
as amplifier medium, and a pump intensity X850 GW/crﬁ, the value ofG relates to
G §2.1d". For a seed pulse energy®5% nJthis corresponds th0 pJafter amplification.

For higher pump intensities or longer effective cry&tagths, pump depletion has to be
taken into account to calculate realistic output \@lokthe parametric process. A software
code for integrating the coupled differential equatiohd€q. (2.12) in infinitesimal small
steps is given in appendix A5. It will be used to cakeuthe amplification for a 2 mm BBO

crystal in chapter 5.

There are two principles for optical parametric &hgation: The collinear and the
noncollinear geometry. The term refers to the relginapagation direction of the pump and
the seed beam. The advantage of the noncollinear geomsetmg amplification of broad
bandwidths [Gal95, Cer99, Wil97, Rie00, Cer03, Hom08, Bralda]h Wisuitable angle
between signal and idler, effective group velocitytahang can be reached in the

propagation direction of the signal wave. The noreedlr geometry of pump and seed
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(signal) beam — with anglé between the beams — results in an angleetween the signal
and the idler beam, that is approximately given byrétegion [Rie00]
vy Qe (2.18)
© Qignal -
The idler group velocity is larger than the group ealoof the signal in the BBO crystal.

Consequently a suitable angle can be found where the projection of the idler group

velocity onto the propagation direction will matdte tsignal group velocity, i.e.
Vgroup,idler €OS ! V group,signé (2.19)

This concept avoids pulse lengthening and consequently $aghergeneration of tunable
pulses with sub-10 fs pulse durations [Cer99, Kob00, BalB2a06]. A software code

provided by Arlee Smith [SNLO] allows calculating theage-matching conditions easily. A
new concept for the generation of sub-10 fs pulsesdb@s@n un-chirped seed continuum is

presented in chapter 4 of this thesis.

In the collinear phase-matched geometry, the thremipgrvelocities are not generally
matched over the length of the amplifier crystal.eTdhffering speeds will lead to an
unavoidable pulse lengthening. However, in this configomatine resulting idler pulse is
not spectrally dispersed, as it is the case forniacollinear arrangement due to energy
conservation. Therefore, in the collinear geometry ither pulse is usable for further
experiments and extends the tuning range provided bgdbd spectrum. In chapter 8 a
collinear phase-matched configuration is used for gengratiddle-infrared spectra close to

single cycle duration.
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2.3  Phase-matching properties of type | Second Harmonic Generation beta
barium borate(BBO)

Visible NOPA pulses can be converted to shortest UNsgs by Second Harmonic
Generation (SHG) in nonlinear crystals. SHG is aigoortant to characterize pulse lengths,
e.g., in a SHG intensity autocorrelator [Koz04]. One tedythat is widespread nowadays for
SHG is beta-barium borate (BBO) [Nik91, Zha0O0]. In thitis@ a brief introduction to the
most important phase-matching properties for SHG aseiewed. For a deeper
understanding of this phenomenon the reader may reftretditerature [Yar88, Boy03,
Smil5]. The most decisive parameters for any frequency csiomein a single crystal are
the crystal thicknest and the cutting anglefy,. The crystal thickness determines the
possible conversion bandwidth but also the conversificiency — reasonable tradeoffs
have to be made. For shortest pulse durations veryctigtals on the order of 25 um are
needed. Although, some suppliers can be found offeringetki@n crystals even without
substrate support, it is important to measure thekmieiss before use. During the time span
of this work, many crystals were bought as 50 um crystals,in fact were thicker by
30 - 40%.

With a spectrophotometer the NIR transmission ofdtystals can be measured. Etaloning
will lead to equidistant fringes on the measured specirutie frequency domain. The
frequency spacing is equal to the free spectral rangdamck the thickness of the crystal
can be calculated easily from the measurement. Bsoduating polarizers into the
unpolarized light source of the spectrophotometer, dbetrast of the fringes can be
enhanced. Either the ordinary or the extraordinary ligbpagation is selected in the crystal
and beating contributions to the measured sighal aveled. The thickness of the crystal
defines both the acceptance angle and the acceptamb&idth.

Fig. 2.7:  Angle acceptance in second harmonic gener&iordetails see text.
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Fig. 2.7 illustrates the angular acceptance for seconddmac generation. To enhance the
efficiency of frequency doubling the input pulse usuallyosused with a focusing element
with focal lengthf. Depending on the initial size of the beam on twi$ing element and its
focal length, this will lead to a specific propagatiangle 7of the input beam. The
acceptance angle7 is defined as the value for which the intensity disttion 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 (Eq0) for SHG of 550 nm for
various BBO thicknesses, at a fixed angle7af45.5°
b) Normalized angular efficiency function (Eq. 2.20) 4G of 550 nm for
various BBO thicknesses, at a fixed wavelengtiGsf550 nm.

Fig. 2.8 shows typical phase-matching (normalized effigientunctions for angle
acceptance and acceptance bandwidth for differestadrghicknesses for the case of second
harmonic generation of 550 nm. It is calculated by solving(E80) for varying input

wavelength (a) or input angle (b).

g _|£2.
IsHg @ T mnc-@k ,O > I fun(aamenta’ (2.20)
where 'k( O) & given by
: 4S § §0 .
k QT -5 @;\sso@z, 1 noBBO € (2.21)
Herengg( @2, T refers to the effective refractive index of thea®t harmonic:
) § cos T ° s sin T
: : |
neRo Po T s T 2sn (2.22)
€ 1\ oBBO O 1 RgBBO O

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

respectively. The dispersion coefficients used forctleulation can be found in [ZhaQ0].
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Fig. 2.9: FWHM of the acceptance bandwidth (left paart) possible UV Fourier limit

(right panel) in SHG for different crystal thicknessand center wavelengths.

Fig. 2.9 shows how the values of the acceptance band@eédtipanel) and corresponding
UV-Fourier limit (right panel) change with center whkarggths and BBO crystal thickness.
The resulting Fourier limits of the UV pulses amountsoughly 90% of the pulse duration
that is obtained by assuming a Gaussian distributiomenvisible with a spectral width
corresponding to the’ Gy Vvalues of Fig. 2.9. The Fourier limits are calculated as
follows. It is assumed that the pulse is significactiirped for SHG, so the frequency is just
doubled for all spectral components individaully withordss-term contributions [Bau04b].
For example, a Gaussian pulse, centred at 600 nmn&dewd. According to Fig. 2.9 the
possible FWHM of the spectral distribution is 26 nmd50 um BBO crystal thickness. In
Fig. 2.10a) the visible spectrum of the pulse (black lave) the phase-matching function for
the 50 um crystal (orange line) is shown. It can be ghan thesiné function falls off
steeper at the blue edge of the spectrum. This leaalslight narrowing of the obtained UV
spectrum (Fig. 2.10b). The UV spectrum is obtained bytipiyihg the siné phase-
matching function with the squared intensity distributdthe visible spectrum and shifting
the wavelength scale accordingly by a factor of 1/2. Gweepsonding pulse in the time
domain is obtained by Fourier transformation of the exponding field (not shown),
assuming a flat phase, Fig. 2.10c). It follows thatusing the ' @yyp values of Fig. 2.9
undistorted pulses in the time domain are obtained. Themstals lead to slightly broader
spectra and hence shorter possible pulse durationgievéo, for thinner crystals the
conversion efficiency is lower — this will be discedsin the following. But for thicker
crystals, the side-lobes of thend functions will contribute to the second harmonic

spectrum — see red line for 125 um BBO thickness.
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Fig. 2.10: a) Spectral distribution of a visible pulseuamd 600 nm with’ G = 26 nm
(black Iine).s,inc2 phase-matching functions for 25 pum (blue), 50 um (orange)
and 125 pum (red line) BBO thickness. b) calculated secomddrac spectrum
for the three different crystal thicknesses. c) espntation of the three UV

spectra in the time domain.

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

For even thicker crystals, the side lobes ofgine®~function will be seen more pronounced
in the second harmonic spectrum. Since these parts vibeulghase shifted by & the

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

and fundamental wavelengths.

As mentioned, conversion efficiency of second harmgeneration with thin crystals can be
rather low. Especially for NOPA systems operatindnigh repetition rates with low pulse
energy this is a serious issue for frequency doublingefif@nce the conversion efficiency
the incoming beam has to be focused towards the doubistat Shorter focal lengths lead
to a sharper focusing and consequently higher intessilowever, care has to be taken that
the acceptance angle of the doubling crystal is noeeded by the focusing geometry.
Fig. 2.11 gives values for the angular acceptance in depemdd the BBO thickness for
different wavelengths.

A typical FWHM beam spot size of the high repetitimie NOPA system presented in
chapter 6 is 2.2 mm. Focusing the beam with a concavermith f = 200 mm leads to a
divergence angle7 0.6°. Forf = 75 mm an angle of7 1.7° is obtained. These focal
lengths set an upper and a lower limit for experimkeinplementation. Longer focal lengths
than 200 mm seem to be not necessary and shorter thenm7@ill not be easily

implemented due to astigmatism. Even 75 mm might be tao alfocal length already and
could require the fundamental beam to propagate throbghdoubling crystal before
reflecting the focused beam back to the doubling crystagrder to keep the angle of

incidence as small as possible on the mirror to aw&igraatism.

In table 1.1 the maximum BBO thicknesses regarding amgatceptance are summarized
for the two given focal lengths. A beam spot size ofHW\= 2.2 mm is assumed. The listed

values correspond to the dotted arrows of Fig. 2.11.
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TABLE I.1:  Maximum BBO thickness for different wavelengtkgarding the angular
acceptance in second harmonic generation. A spot SE&/EHM = 2.2 mm

is considered for a long and short focal length.

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

In table 11.2 a few "real existing" crystals of oablare listed. Their thickness is measured
with a spectrophotometer as described above. Additjotia¢ acceptance angle and the
acceptance bandwidth are calculated for the centreeleragth (defined by the cutting
angle Fy ). The calculation is done easiest by plotting e phase-matching function
(like in Fig. 2.8) and reading off the FWHM value of tlesulting distribution.

For example the crystal of the second row of tab dut at 35° for frequency doubling
close to 680 nm has a thickness of 50.9 um. This limi&sbdndwidth of the fundamental
pulse for frequency conversion to 42.1 nm. Assuming a bpatrsgze of FWHM = 2.2 mm
this leads to minimum possible focal lengthfef2.2 mm / tan (2.5°8 0 mm with regard

to the acceptance angleZ. Since commonly only discrete focal lengths are abislathe
listed values are "rounded" to the next reasonable&blailvalue. In the present case of the

example from 60 mm tb= 75 mm.

TABLE 11.2:  Experimental needed parameters for SHG of sSBB®@ crystals of our lab.

angle b centre measured accept. accept. | min. focal suoplier
9 M| wavelength | thickness |bandwidth angle'T length PP
30° 780 nm | 1243 pum | 35.4 nm 1.4° | ~100 mm | BlueBean
35° 680 nm 50.9 pm 42.1 nm 2.1°| ~75mm | Castech
45° 555 nm 44.8 pm 19.8 nm 2.2°| ~75mm | Castech
60° 460 nm 50.6 ym 7.2 nm 1.8°| ~75mm | Castech
62.9° 450 nm 29.5 pm 10.9 nm 3.1°| ~50mm | 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 NOl#ep as used in our transient
spectrometer according to Ref. [Meg09] for UV pump pgleeeration. The NOPA output
beam is collimated and compressed in the visible with ldedo fused silica prism
compressor. At the frequency doubling crystal the visphléses are overcompensated to
obtain compressed UV pulses without an additional cesgar. To not add additional chirp
to the pulses in the visible, the pulses are fociiged concave silver mirror under a small
angle of incidence instead of a lens. After frequency hbilogibthe beam is collimated by a
concave dielectric mirror. This mirror usually hasozdl length of 250 mm and has a
dielectric coating that depends on the used UV wavdiengt

With the BBO with Fy, = 35°, 50.9 pm a NOPA pulse centered around 670 nm with 38 nm
bandwidth and a pulse energy of 2.5 puJ is frequency combverntethis scheme. The
bandwidth of the NOPA signal is narrowed close toateeptance bandwidth of the crystal,
to roughly 38 nm by increasing the white light chirp inside ti@PK. This is done by
placing a 14.5 mm BK7 glass block in the seed beam pa#Q95t

— Al = nm . = mm
§ " FL=21.3fs S [ FL=176fs
(1]
Z05} 205} E =258 nJ
% % =200 mm
= = FL=16.5fs
0.0 0.0

600 625 650 675 700 725 320 330 340 350
wavelength (nm) wavelength (nm)
Fig. 2.13: Left: NOPA output signal narrowed to the acae bandwidth of the SHG

crystal. Right: Second harmonic spectrum obtained with fth 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 focusewards the BBO crystal, from
f =200 mm tof =100 mm an increase of a factor 1.6 in obtained UV gnisrgneasured.

The UV energy increases from 258 to 405 nJ while the splesttape in the UV is almost
identical for both configurations. For the longer foleaigth this corresponds to a doubling

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

The precise knowledge of crystal thicknesses andrékaltant bandwidth and angular
acceptance is of major importance for frequency omive, especially for high repetition
rate NOPA systems with low pulse energy on the 200 —n30vel. Thin crystals are
required for the generation of ultra-short pulses. Butthin crystals efficiency is low.
Therefore it is important to be flexible in the expental setup, to be able to change focal

lengths in order to achieve sufficient efficiency iaquency doubling.

Comment on bandwidths in SNLOFhe value Mix accept bw (the acceptance bandwidth)
given under QMIX" in the SNLO code [SNLO], can be either fddPQO" acceptance or
"Mix" acceptance. By choosinilix", one of the red waves tunes along with the blue wave.
This means, there are two acceptance bands, ohenfog one red wave along with the blue
wave, the second for tuning the second red wave alory thé& blue wave. The two
bandwidths are listed separately. If both red waves la@esame polarization and tune
together, the acceptance band is half of the twedigtqual values [Smil8]. The same
applies to the valueMlix accept ang (the acceptance angle). Consequently, for type & SH
the value for the acceptance angle is half of tlelisted values in SNLO.

In Fig. 2.12 it can be seen that the frequency doublingairigsstocated slightly behind the
focal plane of the fundamental beam. In the nexieedtis demonstrated how this position
enables perfect phase-matching due to balancing the nadlivefgence by Kerr-
nonlinearities. It will also be shown that these nomlimiees 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 harmoniclasexr system is required and quite
often, of course, high pulse energies are desiredieldre the efficiency of the SHG and
THG processes must be high. In the literature highkieffcies can be found very frequently.
Values up to 60 % and higher for SHG are reported ®rféeintosecond pulse regime and
BBO as nonlinear medium [Ada08, Rot12a, Pup15a]. It is detnated that pushing to such
high efficiency leads to distorted beam profiles andademed, structured spectra of the
harmonics due to the Kerr effect in the nonlinear mediGailculations show that for a
common focusing geometry of SHG, very high nonlinear @lsagts are acquired when the
crystal gets close to the focal plane of the funddaaidoieam — see Fig. 2.14. It is simulated
that a 100 um BBO crystal is moved through the focalelafa 30 fs pulse centred around
550 nm with 10 pJ pulse energy. For the beam size FWHMrmm is assumed and the
beam is focused with= 200 mm towards the crystal. With the help of a Kens matrix
[Sie86] the change of the convergence/divergenZedue to the Kerr effect is estimated
according to the sketch in Fig. 2.14, with the nonlinear cgfrm index of BBO
n,= A 2°m/w, taken from Ref. [Bac13].

'Tis the value how the Kerr-nonlinearity changes tbevergence (in front of the focal
plane) or divergence (behind the focal plane) of the lsh#arto the nonlinear bending of the
wave-front inside the doubling crystal — see sketch gn Eil4. The nonlinear self-lensing
leads also to smaller beam widths inside the crysthh&nce higher intensities are present.

The nonlinear phase shift can lead to strong self-fogusiven in such extremely thin
crystals. B-Integrals higher than 10 are reached e&lgsequently, the convergence in the
crystal is strongly changed and the phase matching antite crystal can readily be lost. In
Fig. 2.14 this is shown as the grey area in the range @frth from the focal region. This
is where the self-focusing is so strong that the aingleases to the level where the phase-
matching functiorsinc( 'kL/2)2 =0. This is at 'kL/2 = SThe level is marked with a red,
dashed line. At this point the B-Integral is highly abdive critical value of 3. Thus, this
leads to parts of the UV spectrum with a phase ghiftt S compare the angular

dependence of the phase-matching function in Fig. 2.8.
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B-Integral

4 3 2 1 0 1 2 3 4

crystal position relative to focus (cm)

Fig. 2.14: Top panel: Sketch for the crystal positelative to the focused beam (dashed
line, beam propagates from left to right). Induced seiking effects on the
propagation are shown as solid line. Below: Kerr ¢fieduced convergence
change (black line) as a function of a 100 pm BBO alysbsition relative to
the focus position. Shown is also the position depetnBdntegral (blue line).

This limits the doubling efficiency and leads to strondistorted beam profiles as well as
spectra and incompressible pulses. Remarkably, attabbhl mm in the situation of

Fig. 2.14 there is a point where the beam divergenggsismatched by the Kerr induced
focusing and a perfect phase matching condition for thestormed beam results. It is
denoted as a red stdrhis is where the doubling crystal should be lo¢ad optimally, to

obtain the highest efficiency.

The nonlinear distortions show up also in a broadenfn@eoresulting spectra due to self-
phase modulation — see Fig. 2.15. Here a Ti:sapphieg, lasntered around 775 nm with a
nominal pulse duration of 150 fs and a pulse energy of 155 fdequency doubled in a
300 um BBO. The Fourier limit of the fundamental pulseabout 90 fs. The beam is
focused with arf = 250 mm lens towards the SHG crystal, located behindoite fegion.

The efficiency of frequency doubling is increased by moviegcrystal closer to the focus.

From an efficiency level of 35% on the blue spectrum geidulated. The Fourier limit of
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31fs at 40% efficiency is almost half the value of 39.7at a level of 24.5%.
The experiment is repeated with an Yb:fiber lassteay, operating at 1030 nm with roughly
320 fs pulse duration at 200 kHz with 20 uJ pulse energy. Htwerier limit of the
fundamental amounts to 275 fs. The beam is focusedan2b0 mm lens towards the BBO
crystal (thickness 0.8 mm). Here an efficiency of 46% &e reached for the second
harmonic, accompanied by a drastic spectral distoiiod broadening. The Fourier limit

reaches down to 73 fs for this case.

Once the pulse is distorted due to parasitic nonliesralso beam break-up can occur. In
Fig. 2.16 beam profiles of the second and subsequent #ringbinic 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 efficiendy ¢f frequency doubling by

moving the crystal relative to the focal plane of thedlmental beamG-)/

corresponds to the Fourier limit of the converted spectFor a Ti:Sapphire

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

Fig. 2.16 shows the second and third harmonic beam prédildggh efficiency conversion

of 20 pJ, 1030 nm, 320 fs pulses. Clearly there is a beaakiup that is not tolerable. If the
efficiencies are lowered to 31 and 10 %, respectivelyb#aam profile cleans up very well.
At the same time the distortion of the spectrumvsided — compare Fig. 2.15. For third
harmonic generation a subsequent BBO crystal (typg=140°) is used for sum-frequency

mixing with an intermediate focus. For details on tlkGTprocess, compare chapter 6.

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

thesiné phase-matching function exhibit side lobes. After SH&¢hspectral side lobes are
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phase-shifted byr SAfter sum frequency mixing with the fundamental to ttrerd
harmonic, this will show up as intensity modulatiortted resulting beam. This effect can be
seen on the beam profile of the third harmonic for 4tRé¢iency of the second harmonic in
Fig. 2.16.

40% SHG 13% THG

31% SHG 10% THG

0 1 2 3 45 01 2 3 4 5
mm mm

Fig. 2.16: Beam profiles of the second and third harmoni®80 nm for high (upper row)
and moderate (lower up) SHG efficiency.

Optical parametric amplification, second harmonic gatien and supercontinuum
generation are effects of major relevance for dlige and experiments demonstrated in this
work. Therefore, they have been described brieflhis section. These effects are the basis
for the generation of ultra-short pulses. To prevaltta-short pulses from temporal
stretching, dispersive material in the beam path hasetavoided. In the next chapter a
simple, folded mirror telescope is presented thatwallao collimate or to image in a
reflective way. In this way the use of lenses is d®diand pulses can be prevented from

getting chirped.
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3. Astigmatism free imaging with a spherical mirror foldedtelescope

A central issue in ultrafast optics is the need to f@nd collimate pulses with a very wide
spectrum, like a supercontinuum, without diffractiveneénts [Dob10, Meg09]. Diffractive
lenses introduce an unacceptable chirp and also chmbgrrations. Theoretically
parabolic mirrors would be ideal. However, their ogitiquality is far inferior to spherical
mirrors for short focal lengths and off-axis paralobce only useful in the IR, because of
their rather poor surface quality [Burl3] which resultsrfrihe manufacturing process.

In this chapter a combination of a concave and a cospherical mirror with suitable ratio
of radii of curvature is presented. It isSghiefspiegletype telescope [Kut53] and allows
focusing and collimating beams without any detectabigrastism. This is found at angles
where a single spherical mirror already introducesarge aberration. The advantage
compared to other reflective mirror telescopes, lii@Cassegrain or Newtontelescope, is
that due to the introduction of a tilt angle betweenrttigors there is no obstruction in the
light path due to the secondary mirror. It would be Jieelegant in spectroscopy or laser
physics, since parts of the laser mode would be blockelifféxent approach is to minimize
the astigmatism by two off-axis spherical mirrors tbe sagittal and meridional plane
[Ern01]. But this requires reflecting the beam out of pt@ne, which makes the setup
unhandy. The system presented here, uses two spheiicatsmn plane under selected

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

Fig. 3.1:  Schiefspiegler telescope setup with paramsieter

concave spherical mirrdl; with radiusRy; under an angle of incidencg
convex spherical mirrav, with radiusRy, under an angle of incidencé
distanced;, — distance between mirrtét; andM,

distance of the light source to the first mirdar

propagation distanad from mirror M.

X X X X X
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The focal lengths of the mirrors can be estimatedduagen according to a linear two lens
based telescope with the overall focal length approxdat

1.1 1 dp 3.1)

flfy fo fig
with

R .
fi % (3.2)

With the ABCD matrix formalism an angl€ can be found numerically, depending on all
parameters of the system, to correct for the astigm introduced by the primary mirror.
This is done by calculating the sagittal lforizontal) and the meridionah( vertical) plane
of the in-falling beam separately, and solve for agle % for which both focal planes are
localized equally. The matrix systems for both theitsgand meridional plane after the

secondary mirror are given by formula (3.3).

e 0, - Pt o Ty
& Dy @?MZ cos 7 1:1(@ 1 1:(:@R|v|1 cos T 1:1@ 1
(3.3)
$S B - _ §2 11 O;gdlz':éz 11 O’§-ld1
&« D m @QMZ ~(;os 12 1 21(@ 1 Rm1 ~(DS 1 1 :@1 1

By calculating the complex beam paramejéor both planes after secondary mirhs and
solving for the beam widthy, a two dimensional ray tracing can be performed toalize
the beam propagation before, in between and afteéelbscope.
1 1 i~ 0 A q B
. A4
q z Rz SWwz ’ 9 T g D (3.4)

Fig. 3.2 shows the calculation for the astigmatism mamsation of the primary mirror M
The dashed, vertical arrows denote the first (focusingd)the second (defocusing) mirror,
respectively. To represent the propagation more lgledie calculated propagation is shown
linearized and not tilted as in Fig. 3.1. The red and bhshed lines show the astigmatic
propagation of the primary mirror as it would propagatiout correction by the second
mirror. Despite of a slight ellipticity the correct beam propagates without astigmatism —
the meridional and sagittal focal planes are lataractly at the same distance, as the

yellow magnification inset shows. The ratio betweethiplanes is shown in the lower panel
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for the situation of a single focusing mirror (grey, dakhne) and the telescope case (black
line), also indicating slight ellipticity but no astigitism for the case with two mirrors.

0 200 400 600 800 1000 1200
Z (mm)
Fig. 3.2:  Ray tracing through a Schiefspiegler telesedpee a single mirror would

already show large astigmatism (blue and red dotted eshed, vertical

arrows denote positions of the primary and seconahamnpr.

Keeping the anglef as small as possible under real experimental dondiimproves the
propagation regarding the ellipticity of the beam peofAs Fig. 3.3 shows, both planes
(blue line and red, dashed line) are lying on top of eactrotfven in the focus region
(yellow, magnified inset) both planes of the beampgpagating identically. The ratio of
the sagittal and the meridional plane (black linehm fower panel) is on a constant value of
1, corresponding to an astigmatism free, radially sgmimbeam profile.
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0 200 400 600 800 1000 1200
z (mm)
Fig. 3.3:  Ray tracing through a Schiefspiegler teleseatiea small angle of the primary

mirror. Dashed, vertical arrows denote positions ohary and secondary

mirror.

Gomez-Vieyra et al. published a formula for a two rarirastigmatism compensating
telescope [Gom09, Goml1l]. However, they proposed amgenaent, similar to that of
Fig. 3.1, to also image out of the horizontal planeratie secondary mirror. By neglecting
some higher order terms in their derivation and keepingeal foropagation height in the
horizontal plane, the angl€ to correct for the aberration of the primary mir@mounts to

. Rm1 Rm2
L | Td1 | |

_ . (3.5)
di dip TRwmi| 27 o

Focusing collimated beams with the telescope (Fidy)3sdequal to a great distandefrom
the source to the primary mirrbfi. In this case, Eq. 3.5 simplifies to

: Rm1 R
-lezzolllmated im 3 [T | M1 |\£|2| _ (3.6)
dyof |[Rm1| 2 7o
In Fig. 3.4 the approximation with Eq. 3.5 (balls) is cangal to the numerical solution
(lines) for the case of relay imaging (a) and focusihg collimated beam (b). The anglg
is kept at a constant value of 3.4° for both cageMathCad program for calculating all

relevant parameters of the telescope is given preagix A3.
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Fig. 3.4: Comparison of the approximation of the cdmacangle Z calculated with the
approximation of Eq. 3.5 (balls) and the numerical sarugstraight line) for the
relay imaging case (a) and the focusing of a collimatairb(b) depending on
the mirror separatiod;,. The focus position for the case of focusing (b) v&gi

in turquois, dotted line.

For given focal lengths the correction angle of nmirid, increases with the mirror
separationd;> and the distance to the focus decreases. It hasetmobiced that the

approximated and the numerical solutions are in very ggozkaent.

For a white light continuum, generated in a 1 mpp$ée plate with 778 nm, 1 kHz, a pulse
duration of nominally 150 fs and with a pulse energy of 1.8 uJ the imaging quality of the

telescope is shown in Fig. 3.

Fig. 3.5: Beam profiles of a white light continuum pul$@ nm around 550 nm selected
with an interference filter) imaged with the Schieégpér telescope at the
beginning of the Rayleigh range (a), at the focus (b)aatide end of the
Rayleigh range (c).
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The measured pulse durations are close to the Foumitralnd time-bandwidth products of
0.5 are achieved routinely. If shorter pulses are nedglienyster-angled chirped mirrors
[Bau06] can be applied in combination with a prism cosgoe to minimize third and
higher order dispersion.

Fig. 6.17: Spectra of third harmonic pumped NOPA seeded 2#white light upper
panel, and autocorrelation traces for 470 nm and 600 nmsp(dsdted lines

show calculated Fourier limits).
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Phase-locked multi-terahertz electric fields
exceeding 13 MV/cm at a 190 kHz repetition rate
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We demonstrate a compact source of energetic andtips [L8] or through the tunneling junction of a scanning tun-
phase-locked multi-terahertz pulses at a repetition rate of neling microscope (STM)J,20]. In the multi-terahertz range,

190 kHz. Difference frequency mixing of the fundamental non-perturbative dynamics of this nature, often déhbkt

output of an Yb:KGW amplifier with the idler of an optical =~ wave electronieiave occurred for field amplitudes typically
parametric amplifier in GaSe andiGa$S crystals yields a  above 10 MV/cm.

passively phase-locked train of waveforms tunable between Optical rectification, i.e., difference frequency generation
12 and 42 THz. The shortest multi-terahertz pulses contain (DFG) within the broad spectrum of a single femtosecond
1.8 oscillation cycles within the intensity full width at half-  near-infrared (NIR) pulse, gives rise to passively phase-locked
maximum. Pulse energies of up to 0.18 and peak electric  terahertz pulse&,21]. While this concept warrants a particu-
fields of 13 MV/cm are achieved. Electro-optic sampling re- |arly stable CEP, its observed low quantum efficiency has made it
veals a phase stability better than 0.bver multiple hours, a popular choice for the generation of probe pdlgks [
combined with free carrier-envelope phase tunability. The Difference frequency mixing between the signal waves of two
scalable scheme opens the door to strong-field terahertz gptical parametric amplifiers (OPAs) driven by the same pump
optics at unprecedented repetition rates! 2017 Optical laser, in contrast, has generated CEP-stable few- and single-cycle
Society of America multi-terahertz pulses with field amplitudes in excess of 10 MV/
cm or even above 100 MV/c&t]1,22]. 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-
https://doi.org/10.1364/0L.42.004367 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
Ultrashort pulses in the terahertz and mid-infrared region of tieégnal-to-noise ratios, call for substantially increased repetition
electromagnetic spectrum have attracted tremendous intereg@ites while keeping the field amplitudes above 10 MV/cm.
the past few years as resonant probes of low-energy elemerfiaigh sources have been limited to wavelengths shorter than
excitations in condensed matie][ The combination of car- 5! m [23].

rier-envelope phase (CEP)-stable pulses with ultrabroadbandHere, we introduce a table-top light source generating
electro-optic sampling48] has allowed for studies of elec- multi-terahertz few-cycle transients with field strengths exceed-
tronic and structural dynamics of molecules and solids, dng 13 MV/cm at a repetition rate as high as 190 kHz. Our
timescales faster than a single cycle of the carriet,@Jlave [ approach exploits DFG of femtosecond NIR pulses from a laser
The recent advent of high-power sougtds[has prompted  amplifier and the idler output of an OPA pumped by the sec-
an ongoing revolution of ultrabroadband terahertz nonlineand harmonic of the laser. The source is tunable between 12
optics and resonant terahertz quantum control of condensedd 42 THz. Its design ensures inherent phase locking, while
matter L4+20]. In particular, when the ponderomotive energyits compact layout using only one OPA provides excellent phase
exceeds the fundamental bandgap of semiconductors or diesability.

trics, the carrier wave acts like an alternating bias field that canThe schematic of the source is sketched ifi. FAée start
accelerate and recollide quasipartitteBo][ It can drive with 190 fs pulses centered at a wavelength of 1026 nm from
dynamical Bloch oscillations and high-harmonic generaticm commercial regenerative Yb:KGW laser amplifier system
[17], or induce the tunneling of electrons out of sharp metalPHAROS 10; Light Conversion) with a repetition rate set

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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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-1l PM in the
X Y-plane) for the generation of pulses centered above 28 THz,
while a 200 m thick GaSe crystal allows for DFG at lower
frequencies, due to its relatively low phonon frequencies.
Figure2(a) and 2(b) depict the phase-matching function
Isin¢” kL! 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 teaxis in GaSe, and relative toXhaxis 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 [Figé&) 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 [Fig&(c) and 2(d), blue curves] of
Fig. 1. Generation and electro-optic detection of energetic, CEPoUr mixing crystals substantially exceeds the maximal multi-
stable multi-terahertz pulses at a 190 kHz repetition rate. The pulterahertz bandwidth set by the present NIR spectra2Eigs.
energies and the CEP fluctuations are given for each branch, startémd 2(d), red curves].
with the fluctuatiorf ! of the amplifier system. YAG, YAG crystal;  The two generating NIR pulses (beam diameter: 2.5 mm) are
BBO, 2 mm BBO crystal; WLC, white-light continuum; OPA 1/2, focused into the mixing crystal with a focal diameter bf130
stages 1 and 2 of the SHG pumped OPA; NLC, nonlinear crystal fqintensity full width at half-maximum (FWHM)] to reach an
DFG; Ge, 5000 m germanium; ZnTe, 6.6m ZnTe crystali!4,  estimated combined peak intensidp6f GW cn?. The emit-
quarter-wave plate; WP, Wollaston prism; BPD, balanced pair @ terahertz radiation is isolated from the NIR pulses by trans-
photodiodes. 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.
to 190 kHz. The pulse energy of B3 is split into three  For this purpose, part of the laser fundamental [branch (iii),
branches Serving as (|) the pump Of a NIR OPA, (“) the pum85| J] generates aWh|te'||ght-Cont|nuum ina2mm YAG CI‘yStal
of a multi-terahertz DFG stage, and (iii) the generation pulse 5#4]- A smooth spectrum ranging from 770to 890 nmis selected
a gate for electro-optic detection. The compact OPA encorffom the supercontinuum and compressed by a double pass
passes two amplification stages, both of which are driven by tREUgh & pair of fused silica prisms separated by 52 cm.
second harmonic of the laser. A white-light continuum from a
5 mm YAG crystaPlP] seeds the first OPA process ina 1 mm
thick type-Il beta barium borate (BBO) crystal. Subsequently,
the idler wave of the first OPA stage is seeded into a second

0 1 0 1
—
identical BBO crystal to boost the energy of the signal and idler 20
pulses. Typical energies of 4.2 and 3.24re reached for a o
signal/idler pair at 900 and 1200 nm. o
Since the seed pulses are subject to the same phase fI@:—lS
tuation " ! as the laser fundamental, and the frequency—=
doubled pulses feature a CEP fluctuatidi bf the signal o
40

and idler waves in both OPA stages share the CEP of the pump 10

|sinc(AKL/2)| [sinc(AKL/2)|

laser 22]. Thus, difference frequency mixing of any pair of 1
waves including the signal, idler, and laser fundamental, is e¥-
pected to give rise to inherently phase-locked multi-terahertz 0.5
pulses. We mix the laser fundamental with the idler outputs

of the OPA because this process only depletes the more scalable o 0
laser fundamental, whereas the OPA output is amplified. We 10 20 30 20 30 40 50
branch off pulses with an energy of 4 ffom the laser output Mixing frequency (THz) Mixing frequency (THz)

[branch (ii)]. Since the laser frequency is centered at 292 THZiy. 2. PMin GaSe and LGS. (a), (b) PM functisin¢” kL! 2#!

while the OPA idler frequency (wavelength) is tunable betwegpor coded) as a function of the PM angle and the mixing frequency
280 (1070 nm) and 250 THz (1200 nm), the difference or type-il DFG in (a) a 200m thick GaSe crystal and (b) a 1 mm
frequency can be set between 12 and 42 THz. Phase-matchggk LGS crystal for a pump wavelength of 1026 nm. The black
DFG is possible throughout this spectral range using Ga@gshed lines indicate the cross sections shown in (c) and (d). (c),
[3£7,9£11,21] or LiGaS (LGS) [12,1325] as a nonlinear (d) PM curves for perfect group velocity matching (blue curves)
medium. Both crystals are excellent materials for broadbaaed the cross-correlation between the driving NIR pulses (red curves).

0.5

Cross-correlation
of NIR fields (norm.)
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The resulting 9.3 fs pulse (intensity FWHM retrieved bydepicted in Fig3(d). Nonetheless, this waveform contains only
frequency-resolved optical gating) is used as the electro-ofti® optical cycles within its intensity FWHM.
gating pulse. It is focused collinearly with the multi-terahertz The average power of the terahertz pulse train 8fdjig.
radiation into &L10%4cut ZnTe sensor of a thickness of &5 measured with a power meter to be as high as 31 mW, corre-
contacted to a 300m thick $L0Q%cut ZnTe substrate to  sponding to a pulse energy of (.16t 42 THz. Here, an
sample the waveforms of the multi-terahertz pulses. excellent quantum efficiency of 24% with respect to the
Figure3 depicts typical field transients generated in variouBFG pump pulses is found. The efficiency with respect to
mixing crystals under different phase-matching angles, as the 1200 nm seed pulses is even 30%. By measuring both the
tected by ultrabroadband electro-optic sampling. In all casedfysolute form of the electromagnetic carrier wave and the
the existence of well-defined waveforms clearly proves CEP &aussian focal diameter of the terahertz intensity!ah 21
bility of the terahertz pulse trains emerging from the LGSFWHM determined with the help of a knife edge and pin-
[Figs.3(a)and3(b)] and GaSe [Fig8(c)and3(d) crystals.  holes), we determine a peak electric field of 13 NDV&m
The corresponding Fourier spectra [Kig] cover the fre-  value comparable to benchmarks that were so far reserved to
quency range from 10 to 46 THz, corresponding to a waveiigh-field sources operating at kilohertz rates.
length range between 30 and!615 A numerical simulation By carefully adjusting the time delay between the two NIR
[Fig.3(e) broken curves] faithfully reproducing the experimenpulses that drive the DFG process, we can readily control the
tal spectra [Fi@(e) solid curves] confirms that the bandwidths absolute CER+,, of the field transients. Figuteshows a
are mainly set by the spectra of the NIR driving pulses. Thmeasured waveform with a frequency centered at 12 THz for
terahertz pulse duration (intensity FWHM) assumes valuglree representative valugs;pf. Such precise CEP control is
between 102 [Fig(c) and 143 fs [Fig3(d)]. While the pulse  important for non-perturbative nonlinearities, such as high-
width is typically close to the Fourier transform limit (factotharmonic generation, occurring on sub-cycle timeddales [
1.2+1.3), the phonon absorption edge of GaSe leads to a slight In order to utilize the possibility of CEP control in practical
dispersion of the lowest frequency components in the transiggkperiments, however, the pulse train needs to keep a constant
phase over multiple hours. The extremely compact one-box
architecture of the new sofiydbe two-stage OPA and the
MIR generation are hosted in a single box with a footprint
of 35 cm! 70 cnD promises excellent long-term stability.
A corresponding test is presented inSrigthere the same
terahertz waveform is repeatedly measured over the course of
6 h. In total, 60 traces are taken. We extragtof 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 &f, is plotted in Fig5(b). From
these data, we derive a standard deviatigp,06f 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 sour&k |
-300 0 300 -300 0 300 Our system opens exciting new possibilities for lightwave
electronics at high repetition rates. High-harmaijcahd
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Fig. 3. Phase-locked multi-terahertz waveform&)&yaveforms 0
generated in (a), (b) a 1 mm LGS crystal and (c), (d)!ar2G&aSe 8 05
crystal, retrieved by electro-optic detection. All field transients have 4
been corrected for the electro-optic response function. The pulse
durationt, (intensity FWHM) is denoted next to each transient.

(e) Corresponding normalized amplitude spectra obtained by
Fourier transforming the corresponding waveformst(d) (€Y he Fig. 4. Carrier envelope tunability. Electro-optic trace of multi-
filling colors correspond to the respective waveforms.) Dashed linesahertz field transients centered at a frequency of 12 THz for three
amplitude spectra calculated by convolving the two NIR pulses awifferent values of the CERy, set via the femtosecond delay
accounting for PM. between the generating NIR pulses.
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"Schiefspiegler" - Calculator

data beam: data Schiefspiegler:
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Chirp Estimation and compensation for MIR Generation in DFG
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projection on wavelength axis:
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Phase due to material in beam path:
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Spectrum in frequency domain:
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Determination of spectral width:
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Calculation for the GD of a chirped mirror to get a
MIR after transmission of a Germanium plate:
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GDD NOPA with Chirped mirror
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OPA Amplification with depleted pump and signal ban dwidth
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Formulas from Yariv, Optical Electronics4th edition pp.290
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n2 Abschatzung / Berechnung
nach JEEE J. Quant. Elec. 14, 601 (1978)

E. Wittmann, 11.01.17

ng Brechungsindex der Fraunhofer d-Linie (587 nm) und  ist die Abbé Zahl von
refractiveindex.info
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Calculation Phase-matchin g for sin gle-cycle-puls (SCP) in MIR
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Abschatzung spektrale Breiten aller Pulse:
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Abschatzung Energie bei 8 pm:
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