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Abstract

Ultrafast lasers have revolutionized research in fundamental physics, chemistry and biology
as well as industrial applications. A great number of experiments benefit from the
development of Yibased highpower femtosecond laser sources. These systems difpic
includealow-power modelocked oscillator followed by amplifier stages relying on fiber, slab
or thin-disk technologies. In many cases, an additiomalinearpulse compression scheme
is necessary to obtaisufficiently shortpulsedurations Howeve, external amplification and
compression of the pulsesld cost and compléty and may degrade the spatial and temporal
pulse quality.Moreover, many amplifier schemes are limited in repetition rate which is a
challenge for numerous scientific and induatrapplicationsin contrast, ultrafast thirdisk
laser (TDL) oscillators are a simple and compaggroachto directly generate powerful
ultrashort pulse trains at megahertz repetition rates. Stafé¢he-art highpower mode
locked TDL oscillators openag around lum central wavelength delivemundredsof-watt
average power in pulsesvith hundreds of femtosecond duration and several tens of
microjoule pulse energy These lasers have already been successfully used to idiia
experiments in highfield science at megahertz repetition rat@ithout any external
amplification Yet external pulse compressido the sub100fs regimewas requiredor these
experiments Generating powerful sul00fs pulses directly from ultrafast TDLs would
strongly improve their suitability for applicatidieldssuch as material processing, biwedical
research or fundamental science. Neverthelesspp to thiswork, the power levelschieved

by TDL oscillatoris the sub100fs regime have been limited to\& and the minimum pulse
durationwas 60% longethan forbulk Ybbased oscillators

This thesis describes the development of novel ultrafasbaded TDL oscillators with
improved performance at sti00fs pulse durationDuring the last 1years, the shortest
pulse durations from ultrafast TDLs were obtained dgyniconductossaturableabsorber
mirror (SESAMNode locking of different Ydoped gain crystals with broad emission £$0
sections. In this thesis, the potential of such broadband gain materials is explored in Kerr lens
mode locking, which technique provides a fsesponse and a high modulation depifhe
influence of key laser parameters is investigated for the gemamadf powerful ultrashort
laser pulses. This research led t&earr lens moddocked KLM TDL based on an Yb:LuO
crystal with a recoréhigh average power from any TDL in betlp>-100-fs and sukb0-fs pulse
duration regime. With more than 10N of averageoutput power in 90fs pulses, the laser
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emits twice more power than previously achieved by -d400-fs-class TDL oscillators. This
proof-of-principle study opens avenues for averagad peakpower scaling towards the
generation of ultrashort pulses froninsple singlestage lasers with hundred watts of average
power and multiten microjoules of pulse energy. These results confirm the potential for
compact ultrafast Yi#based TDL oscillators to replace complex amplifier systems and
Ti:sapphirebased lasers foan extensive range of applications.

Benefiting from the fruitful combination of the Kerr lens mode locking scheme and the
broad emission of the gain materials, TDL oscillators reach new pulse duration limits.
Unprecedentedly, two ultrafast TDLs basedvimLuO and Yb:CALGO crystals generate shorter
pulses than oscillators based on bulk crystals of the same materials. Wigtp8G&e duration,
the first KLM Yb:CALGO TDL delivers pulses 60% shorter than any previously reported TDL.
This pulse duration islgo equally short to the shortest pulses emitted by anyb#bed bulk
oscillator. Compared to the standard epdmping configurations of bulk lasers, it appears
that the TDL pumping scheme is advantageous to produce ultrashort pulses since it
circumvents he need for an intracavity dichroic mirror that could limit theptical spectrum.
While the shortest pulses of 35 from the Yb:LuO TDL feature optical spectra nearly three
times larger than the gain bandwidth, the 8pulses from the Yb:CALGO lasgi@xkonly a
fraction of the full bandwidth of the ultridroadband gain materiallhese results indicat®at
further optimization of the mirror optical coatingsfor a broadband high reflectivity and flat
dispersion is paramount to outperform the current-tQcle pulses delivered by these two
lasers.

These novel sources aim at directly driving exciting new applications in the fields of
spectroscopy and highield physis. An initial experimenihas been realizetb highlightthe
potential and reliability of these laserand demonstrates the first fulgtabilized optical
frequency comb based on a TDL. The two degrees of freedom of the frequency comb are the
carrierenvelqe offset (CEO) and the repetition rate frequencies. Both are detected and
stabilized to a highhgtable radiefrequency external reference. A tight phase lock of the CEO
frequency is achieved with an active feedback to the ptdigale current and the repdéion
rate is stabilized via cavity mirror mounted oto a piezeelectric actuator.This approach of
TDLbased frequency combs will benefit from the powscalability capabilities of TDL
oscillators resulting in simpleigh average power frequency combghout the need for any
external amplification or nonlinear pulssmpression. These sources should open doors to
numerous experiments in the areas of metrology and broadbdmghresolution
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Abstract

spectroscopy, especially for futuextreme ultraviolet (XUV) fipuency combs generated via
intra-cavity highharmonic generation (HHG)

Additionally, this thesis reports on the preof-principle realization of intracavity HHG
inside an ultrafast TDL oscillator as a tatalp pulsed source of XUV laser light. Usirsjete-
of-the-art SESAM modiecked TDL, the HHG is driven in a fpgbssure gas jet and results in
a compact setup operating at megahertz repetition rate. XUV laser light has been detected up
to the 17" harmonic (6Inm, 20eV), whereas no severe disturee of the laser operation
from the gas jet and subsequent HHG process was observed. Replacing the current driving
laser by the abovwenentioned KLM TDLs delivering substantially shorter pulses in combination
with optimized phase matching conditions for thieiG process and improved XUV extraction
will allow for significantly higher photon flux at even higher harmonics. By stabilization of the
repetition rate and CEO frequencies of the KLM driving oscillator, the generation of an XUV
frequency comb from a sipte singlestage source is within the reach of ultrafast TDL
oscillators. Due to the higphhoton flux resulting from the high intreavity average power of
the laser, this class of compact coherent XUV light sources has the potential to become a
versatiletool for areas such as attosecond science, nanomstale imaging and precision
XUV spectroscopy.

Keywords:ultrafast lasers, modéocked lasers, thudlisk laser (TDL) oscillators, higbwer
lasers, ytterbiumdoped (Ykdoped) materials, near infraredyptical frequency combs, carrier
envelope dfset (CEO), higharmonic generation (HHG), extremdraviolet (XUV) laser
sources.
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Résumeé

Les lasers ultreapides ont révolutionné la recherche scientifique en physigue fondamentale,

en chimie, en biologie ainsi que de nombreuses applications industrielles. Un grand nombre
RQSELISNASYyOSa 0SYSTAOASY(d Rdz RS@OSt2LIISYSyid
SYSGGSYd RSa GNIAya RQAYLMzZ aA2ya FSYUu2aSO2yF
généralementun oscillateur a verrouillage de modes de basse puissance, suivi par des étages
RQFYLIX AFAOFGAR2Y o0l asSa &adzaNJ fSa (SioXK pahd &I A Sa
nombreux cas, une étape additionnelle de compressiam-linéaire des impulsions est

nécessae pour obtenir des impulsions suffisammedtNE @S a® / SLISYRFEy Gz f
externe et la compression des impulsioagutent un colt et unecomplexité et peuvent

dégrader la qualitépatiale et temporelle des impulsiors.S LJ dza X 6 S| dzO2 dzLJ R QI
sont limités en termes de taux de répétition, ce qui est un probleme pour de nhombreuses
applications industrielles et scientifiquelSn revanch, les oscillateurs lasers ultrapides a

disques fins (TDL pourtkin-disk lasers> en anglais) représentent une maniere simple et
O2YLI OGS LI2dzNJ 3SYSNBENJ RANBOG S Y Shfdves R Gn tawddzA & & | y
de répétition dans les mégaherttes oscillateurs TDL a verrouillage de modes de haute

LJdzA a & yOS [jdzA 2L NByYy(d t dzySpunid@lyrandetegoésarc® 2 V¥ R S
moyennede plusieurs centaines de watts conteaR | Y& RS& AYLlz aiA2ya R
guelques centaines deetosecondes et une énergae plusieurs dizaines de microjoules.

Ces lasers ont déja été utilisés avec succes pour réaliser des expésanseamplification

externe dans le domaine de la science desngbgforts a des taux de répétition dans les
mégahertz Cependantune étape de compression externe des impulsiamaoins de 100 fs

était nécessaire pour ces applications génération @inpulsionspuissantesde moins de

100F& RANBOGSYSYyl t fapideyainSioidrad davbléfm@iomypourcdss  dzf G N
R2YlIAySa RQIFLIWLIX AOFGA2ya O02YYS S GNIAGSYSy
recherche fondamentale. Néanmoins, avant ce travail de these, les niveaux de puidsance
oscillateurs TDIpour les impulsions de moins de 1f¥0état limité a 5W et les durées

RQA Y Lilespiua cduftes étaient 60% plus longusque pour les oscillateurs & cristaux épais
R21LJSa t f Qe@iGSNDAdzyo

Cette thése décrit le développement de nouvelles sources TDL-raftides basées sur
f Q2 (G SND A rent de§j peKormergas supérieures pour des i@ R QA Y LJdzf aA 2y
moins de 100s. Durant les 1+ ya LJ aasax fSa& NBO2NRa Sy (SN



Résumé

étaient obtenus grace au verrouillage de modeiisant un miroir & absorbant saturabémn
matériauxsemiconducteus (SESAM pour semiconductor saturablabsorber mirrors en

anglais)f 4SO RATFSNByidia ONRA&GIdzE R2LISa t fQedids
larges spectri@ment. Dans cette these, le potentiel de tels matériaux avec un gairatrgs

est exploré avec leerrouillage de modes par lentille a effet Kerr (KLM polew lens mode

locked» en anglais) qui fournit une réponse plus rapide et urlarge profondeur de
modulationr®d [ QAY Tt dzSYy OS RS& LJ NI Y$§ (i NJ& §énétatiof §8ed R dz f
puissantes impulsions ultdaréves. Cette recherche@nduitat I NB | fuABDL KLM2 Yy RQ
0F &S adzNJ dzy ONARaillf R2LIS t fQelididSNbAdzY |jdzA R
RFya fSa OF(iS3I2NASaE RS aR@ENG 50fs. Rk Yhelgrmissance y & A
moyenne en sortie supérieur@ 10W et des impulsions de 96, le laser délivre plus de deux

fois plus de puissance que les autres oscillateurs TDL dans la catégori€&de duR Q A Y LJdzf & A :
de moins de 10@s. Cette $ Y2y AU NI GA2Y RS LINAYOALIS 2dzONB f ¢
LJdzA a &l yOS ONlGS SiG RS I LldziaalyOS YyewsSyyS S
a partir de lasers simples émettant des centaines de watts de puissance moyenne et des
impulsionsO2 y it Sy yi RSa RATIFIAYySa RS YAONRe22dz Sa R
oscillateurs TDL compacts et uldlr LJA RS & o6 &asSa adzNJ ft Qe ddSNDAd
NEBYLX I OSNJ f Sa aeaisySa O2VYLX S&aphir daRsuhéfdedf A FA O
A YYS RQIFLILI AOFGA2Ya®

Bénéficiant de la combinaison avantageuse du verrouillage de modes par lentille a effet
YSNNJ S RS batds des datékiadiy/de §ain MEES les oscillateurs TDL atteignent
RS y2dz0StfSa f AYAUl PdsiossyPour | prafrtete foRk, SleuRastiEeirs RQA Y
TDLultraNJ LIAARSE ol aS&8 &dzNJ RS&a ONwmadGldzE RQ, 6 Y[ dzh
bréves que les oscillateurs basés sur des cristaux épais de mémes matériaux. Avec des durées
de 30fs, lepremi®&J ¢ 5[ Y[ a ol asS adzNJ dzy ONRaidlf RQ, oY/
60% plus brévegque celles émises par les autres TDL jusiue @ / SG G S RdzZNBS RQJ
aussi égale a la durée des impulsions les plus bréves délivrées par les oscillatetiasia cris
SLI A& ol &asSa &adzNJ ft Qi SNDAdzZYd / 2YLI NB I dzE O2y
épais par la face arriére, il apparait que le schéma de pompage des TDL est avantageux pour
produire des impulsions ultra NB @S a LJdzA & lj dzQA f  sla&ddSpectre deRSa A
FNBIjdzSyO0Sa LJ dza fF NBHS RS NBaz2yySNJ dsiois@®d y i SNA
plus bréves (duréde35F a0 RSt AONBSa LI N dzy ¢5[ ol &as adz
optique presque trois fois plus large que landa passante du gain, les impulsions defs30
3SYSNBSa LI N €S &SN o6l &S &dzNJ £t Q, 6Y/ ! [ Dh St



bande passante du gain du matériau. Ces résultatiquent lj dzQ dapftid®isation plus
pousse descouchesoptiques deamiroirs de la cavité laser pour obtenir simultanément une
haute réflectivitélj daef® dispersion platelans une large bande spectradst capitale pour
surpasser les performansedes impulsions de moins de dycles optiques actuellement
délivrées par ces deux lasers.

Ces nouvelles sources visent a réaliser directement de nouvelles applications attractives
dans les domaines de la spectroscopie et de la physique des champsUioetgpremiere
expérience est rdesée pourmettre en valeurle potentiel et la fiabilité de ces lasers. Elle
démontre le premier peigne de fréquences optiques entierement stabilisé basé sur les TDL.
Les deux degrés de liberté du peigne de fréquences sont la fréquence du décalage de phase
SYGNB I LI2NISdzaS SarrietetvSlop@&ites edlalflais) et@dile dul2 dzNJ
taux de répétition. Chaque fréquence est détectée et stabilisée sur un signal de référence
externeradiofréquence Un verrouillage serré de la phase du batteth€EO est atteint avec
dzy NBUNRO2YUNBES &dz2NJ €S O02dzNI yi RQIfTAYSYGl GA
stabilisé par un miroir de la cavité monté sur un actuateur piézoélectrigatte approche de
peignes de fréquences basés sur les TDISBEA OA SN} RS& L2 adaArAoAfAGSaE
puissance des oscillateurs TDL, réalisant alors des peignes de fréquences de haute puissante
alya tS 0S&a2Ay RQI YLIX A TA Ol -nkate/desSrapiISoNg/ Ses 2 dz R
sources devraient ouvrles portes vers de nombreuses expériendass les domaines de la
métrologie et de la spectroscopie large bande de haute résolution, tout particulierement pour
les futurs peignes de fréquence dan<) dxfiolethektréme(XUV pour @xtreme-ultraviolet»
en anglais) obtenus par génération RiarmoniquesR Q 2 NR NB $HHGS poSrkGoh-
harmonic generatiom en anglais)

De plus, cette thése expose une démonstration de principe de la réalisation de HHG a
f QAYVGOISNASdzNI RS I Ol-rigpidél @mnieQalmée cprapaciefdd limieSdzNI ¢ -
laser pulsée danks Q -. Enztilisant un TDL a verrouillage de modes par SESAM a la pointe de
fl GSOKy2f23ASsY I 3ISYSNIGA2Y RQKIFNX2YAIl dzSa
et donne lieu a un montage compgagui opéere a un taux de répétition dans les mégahertz. La
f dZYASNBE - !+ Sail °FRan®ique(@nne20& 4 @X L ff 2 Nshverg dzQ | dzO
LISNIdzZNB F GA2Y yQSadGd 20aSNIBSS RlIya S F2yO0iAzy
processusdé | D ljdzA aQSyadzaAid / 2Y0AYS QIHISAPpMNERR 2R A Y/
pour le processus HHG et une extraction améliorée de la lumiere XUV, le remplacement du
fFASNI I OGdzSt LI NJ £ Qdzy RS& ¢5[ Y[a YSyildAiazyy
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Résumé

considérablement plus bréves, permettra une augmentation significative du flux de photons,
YsYS t RSa KI N¥@Eug Bl4vézER staBilRahiN@s NiBquences du taux de
NEBLISGAGAZ2Y SiG Rdz /9h RS fQ2a0AfftDO68dRI Yhat Qf
LI NI A NJ RQdzy & seabétmpetsSa partéeYtelhath dés osdijated®L ultra

rapides. Etant donnéQ A y (if@x/ de Photons résultant de la haute puissance moyenne
LINBASYidS t f QAYy G SNRSIzZNI R Sourded contphc@d deSumiere & S NE
O2KSNByYyidS RlIya tQ-!'+ | §S LRGSYGASt L}Rdz2NJ RS@
O02YYS t+ aOASyO RS4 LIKSYy2Y8ySa |Gi2aS02yRS:
AaLISOGNRAO2LIAS RS LINBOA&AAZ2Y RlEya Q- 0o

w»

Mots clefs :lasers ultrarapides, lasers a verrouillage de modes, oscillateurs lasers a disques

FAyas f1aSNBE RS KIdzi$§ Lidzzaaal yOSz YIFGSNRI dzE R
fréquences optiques, fréquence de décalage de phase entre la portSuse f QSy @St 2 L
ASYSNIGA2Y RS KIFdzii Sa KI N)Y 2viblatlpxtdne.> &2 dzZNOSa € |
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Chapter1 High-power femtosecond laser
oscillators: achievements and challenges

These doctoral studies focuson the development ohovel ultrafast high-power thin-disk
laser(TDL) oscillat@rand their applicationghisfirst chapteraims at giving the readerlaief
introduction to highaveragepower lases with a strongemphasison the TDL technology
Section 1.1 briefly describes theconventional high-power laser technologies.Section1.2
concentrateson the specific properties of th@DLgeometry for laserlight amplification
Section 1.3 reportson the evolution of the performancachievedfrom soliton mode-locked
TDLoscillators The key factorsfor these improvements and the current limitatiorege
presented Sction 1.4 spotlightsthe two most promisinggain materialdor the generation of
powerfulultrashort pulses fronTDL oscillators heircharacteristicare compared to the ones
of Yb:YAGhe standard gin mediumfor ultrafast DLs.

1.1 Technologiedor ultrafast high-power laser sources

Ultrafast high-power lasers are highly attractivigght sourceswhichfind applicationsboth in
industryand fundamentatesearch1]. For a given pulse energy, increasing the averagepo
correspondgo increasing the repetition rate, i.ethe number of pulses per secondaser
systemddelivering highaveragepower in ultrashortlight pulses areébeneficialin many ways
They increase theprocessingquality, speedand precisionin industrial applications such as
cutting and weldingAdditionally, hey decreaséhe acquisition time and enhancéhe signat
to-noise ratio formeasuremens in fundamental science experimenttinfortunately, the
generationof high opticalpower induces asignificantheat load in the gain medium, which
mainly originates from the quantum defect and nomadiative decays The temperature
increase of thecomponentand the subsequent temperature gradient are converted into
deformation, stress and change of tbptical propertiesof the materia) which arequantified
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by its thermo-mechanical and thermoptical coefficients.This affects the lasebeam
propagation ancdeam quality, e.gby creatinga thermal lens inside the resonat@nd may
even lead to damageConsequently efficient heat removal from the gain elemens
paramount for highpower operation

To minimize the amount of generated he&sermaterials are selectetb feature alow
quantum defectand good structural qualityYb-doped materials holdeveral advantages as
gain meda for highpower femtosecond lasef2]. In most cases, they operate in a quasi
three-level systemwith a quantum defect smaller than 10%they usually exhibit aelatively
largeabsorption band typicallybroader than3-nm full-width at half maximumgWHM) in the
spectral region 91®50nm and a zero-phono line usually narrower thar3-nm located
around 960-980 nm which brings the advantage of smaller quantum defect These
wavelength range are directly accesble by InGaAshased &ser diodesystemswhich are
commercially available witkilowatts powerlevelscoupled into a multimode fibeMoreover,
volume-Bragggrating (VBGyvavelengthstabilization has proven to ba successfulvay to
reduce the diodespectral banavidth to less than iInm FWHMand match thezerophonon
line absorption peak3].

Eficient heat removalsa crucial factoto operate the laser aa highaveragepower. The
thermal conductivity of thdasergainelementcontrolsthe cooling efficiencyith which the
heat can be evacuated fromwithin the volume of thegain element Gain materials are
generally chosen according to distinct laser properties for a given application such as the gain
bandwdth or the thermal conductivity Whereas most physical properties are set by the
choice of thelaser material, the component geometry can be adjusted for optimal heat
management.Excellentheat extractionis achieved in configurations which feature ighn
surfaceto-volume ratio(seeFigurel) [5]. In the slab geometrythe gaincomponentis shaped
like a largethick slice The beam propagates alotige longtudinal direction and the heat is
removedin the perpendicular directiothrough the large surfacef the gain element The
fiber geometry increasemore dramaticallythe surfaceto-volume ratioof the gain medium.
The laser beanpropagates in the waveguidingiructure and the thermal load igfficiently
dissipded in theradialdirection.Nonlinear effects resulting from the long interaction length
of the ultrashort pulses in the gain medium nevertheless compromise thedngflification
capabilities of these two conceptBue to the difficulies togeometrically relaxhe laser peak
intensity, temporal stretching of the pulses is often required. Therefahese technologies
are mostly usedn amplifier architecturesor high.power operation In contrast,TDLs rely on
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a) b) c)
Figurel. a) Slab, b) fiber and c) thiisk geometries enable highveragepower operation due to

their good heat management resulting from a high surfem&olume ratio. Figure courtesy of
Martin Saracend4].

a small interaction lengtlbetween the gairmediumandthe laser light at the expense of a
small gain per pas§he beam propagates along the thimectionand the heat is extracted
throughthe largesurfaceof the gain elenent. Thisoffersthe possibility to decrease the laser
peak intensity bysimply increasing thelaser mode size, allowing foreduced nonlinear
propagation issuesThis technology is therefore compatible with both amplifier and oscillator
schemes for the generation of powerful ultrashort pulses.

1.2 Thindiskgeometry. a versatileconceptfor laserlight amplification

The TDL geometry is a scalable concept for dmtmped solidstate laserswhich enables

light amgification to high power levelgs,7]. The disk element is generally used in reflection
andoftenreferredtoasand OG0 A @S YA NNEB NE @ ¢skf$he diskBrg/adated Yy R 0 |
to act as an antieflective (AR) surface and a highreflective (HR) mirror, respectiveligr

both pump and laser wavelengthBhe disk is mounted onto a heat sjmkich is cooled from

the back sidéseeFigure2). The thermal effects are greatly reduced compared to bulk media
owing to the thin gainmedium geometry (typically 10800> Y (i K A,Qubed Sviha 0
millimeter- to centimetersize beam diametersn combination with a nearly flabp pump
beam, the heat flows homogenously in the direction perpendicular to the disk surface, along
the laser axisThe outstanding heat removal capability comldneith efficient laser operation
from Ybdoped gain crystals allofer laser operatiorat kilowatt pump power leveland pump
densities exceeding IW/cn?. Geometricalaveragepower scaling issimply achievedby
increasingooth pump and lasemode areas on the disk,maintaining a constanintensity on

the gain element

However, the reduced thickness of the gain element provides only a small pump absorption
and low gain per single pasA.geometrcal configurationwith 24-44 passes of the pump
through the disk crystas appliedto recyclethe pump photonsas illustrated irFigure3. This
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b) ) 1D
heat flow

X
heat sink \ . thin disk laser beam
solder

Figure2. a) Pictureof a thindisk laser crystal contacted onto a diamond heat sink gladedonto
a watercooled mount (Trumpf GmbH). bJhe heat generatedn the gain crystals efficiently
transferred to the sinlowingto the small disk thickness, typically 2800 um. The thermal load is
then dissipated by water cooling the baslde of the heat sink. ¢) The mssale beam diameter
on the thin disk favors a quashe-dimensional heat flow which limithe detrimentalthermally-
induced changes of the optical propertiestbé crystal.

enablesfficientpump absorptiorgenerallyreaching moreéhan 90% The low singlgpass gain
of typically 1615% limitsthe tolerable total cavity losses. Thssueis often mitigated by
implementing several bounce of the laser beam on theigk[8] or using setups with a
combination of multiple diskf®,10]. Interestingly, the relatively low output coupling degree
imposed by the gain can be benefi@ald enablsintra-cavity experimenbenefiting fromthe
high average and peak powpgresent inside the resonatoFor examplemolecular alignment
experimentshave beenrealized using dighfinesse TDL resonatdhat reachedan intra-
cavityaveragepower higher than 10kW from 50W of pump power[11].

Besides advantageous thermal properties, the TDL technology stands out for ultrafast
operation. Ultrashort laser pulses experience only a limited nonlinear phase shift inside the
gain medium owing to the small interactidength and the reduced peak intensity exhibited

Figure3. Illustration of the multpass pump geometry used to compensate the low absorption per
singlepass of the thin gain medium. The pump photons are recycled, allowimgglo@absorption.
24 pump passes through the disk are shown here. Figure courtesy of Martin Safdteno
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by the largediameterlaser beam In the case ofTDLoscillators,the gain isusualy not the
main contributor tothe nonlinear phase shift of the pulsén contras to standard laser
oscillatorsbased on bulk crystalghe total intracavity nonlinearities can thus be adjusted
independently from the gairelement Thisfacilitatesthe laser design power scalingand
optimization of the ultrafast laser performance. In the case of amplifier systemsetheed
interactionlength greatly suppresses nonlinganopagation effectand allows, for example,
chirp pulse amplificatiogCPAwith a low stretching factor.

Due to theirremarkableproperties, TDLs have been developeténsivelyand used in a
large variety of applicationdn multrmode continuouswave (cw) operation, up to 6 kW of
average power haveeen achieved from a single disk withigh opticalto-optical efficiency
of 70%10]. Additionally,an output power highethan 4 kWhasbeen reported with a high
beam quality (M <1.4)[12]. Multi-pass and regenerative TDL amplifiers demonstratettim
ten GW of peak power, kWof average power and mJ of pulse energy withppsses. The
interested reademayrefer to[5,9,13,14]for more detailed resultfrom TDL amplifiers.

1.3 Soliton mode locking of thirdisk laser oscillatos

Following the demonstration of the first modecked TDLoscilldor more than fifteen years
ago[15], tremendous progress in the area of power scaling has been achigggdn this
period, the field of moddocked TDLs has evolved into bethg leading technology for high
power and higkpulseenergy ultrafast laser oscillator#An ultrafast TDLoscillator and
conventionalmode-lockingtechniquesare illustratedin Figure4.

Stateof-the-art ultrafast TDLs emit nearly 30% of output power{18,19]and multitens
2T >W 27F [2Z0zfwihSsev&ayl Smle@ femtoseconds pulse duration. Such
performance has enabled TDLs to directly drive applications which previously required the use
of complex amplifier systeni21¢23]. However, reducing the pulse duration of higbwer
oscillators is a major challenge. The first TDL emitting-19ifs pulses has been
demonstiated only in 201224] and even today, the power levels in this regime are limited to
5W [24,25] (seeFigure 5). Therefore, many applications in areas such as-figth physics,
frequency conversion and frequencpmb generation rely on external nonlinear pulse
compression. This introduces an additional stage of complexity toyster® and may reduce
the beam quality, power level and degrade the temporal pulse profile. Overcoming the trade
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a) Thin-disk
laser head

SESAM

heat sink

Figured. a) Schematic of an ultrafast thiisk laser oscillator. The thafisk laser crystal is mounted
in the thin-disk laser head which providesa multi-pass pumparrangement(figure courtesy of
Martin Saracend4]). Passive soliton modecking igypicallyachievedby usingeither b) a SESAM
(picture taken from{17]) or c) via the Kellensingeffect, represented here by a hard aperture
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Figure 5. Overview of sub-200fs thin-disk laser oscillatos based on YHdoped gain
materials[24¢34]. Thecolored area spotlights theéargetedperformances of ultrafast oscillators to
directly drive applications such as hidileld physics, frequency conversi@and frequencycomb
generation.The results presented in this thesis are highlighted with star symbols.

off between output power and pulse duration by providing a compact and simple laser
oscillator delivering hundred watts and tens of migoniles in sublOOfs pulses will simplify
many existing experiments and open new application areas.

Initially, all ultafast TDLs were passively meldeked using a semiconductor saturable
absorber mirror (SESANB5]) [36,37] Besides sefftarting pulsed operation and simplicity of
the cavitydesign, the combination of TDLs and SESAMs enables power scalability of the
ultrafastlaser performancgl6]. At constant pump intensity and repetition ratthe average
power scales with the laser mode areastba disk and SESAM, if the dispersion is adapted to
the increasing selbhase modulation (SPMBEESAM modkcked TDLs usually operate at
moderate levels of modulation depth (typically in the rangedd#% to 26)with a limited
spectral bandwidthoriginating from the spectrallgeperdent saturable absorber element,
e.g, a quantum well. SESAMs with higher modulation depthsually exhibit higher non
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saturable losses and a higher coe#nt of two photon absorptian [38,39] It can cause
thermal issues or even damage at typik#-average powers and peak powepproaching
the GWIlevelinside the cavityThese challenges have so far hindered the generation of sub
500fs pulses from SBBM modelocked TDLs based on the wedtablished Yb:YAG gain
crystals.One promising direction to overcome th&sueis the useof multiple quantum well
absorbers and dielectric topoatingg40] in combination with a semiconductor substrate
removal method for improved flatness/er a large areand better heat extractiofl7].

In contrast Kerr lens mode locking is based on a peaktensity-dependent
.®-nonlinearity, and isusually triggered in a bulk crys{dl1¢43]. The additional lens created
by the nonlinear Kerr effect changes the beam propagation inside the cavity. The resonator is
designed such that theound-trip losses are reduced for the pulsed operation compared to
the cw operationThe scheme isreferredtod  GIKULINIRL dzNBE Y acaS ad i@ | A y 3 €
cavityslit or pinhole is usedo blocka part of the cwlaserbeam This term is opposed to the
G a2 LIS NI dzZNB  YedRiiqud irdvBighthe/palse experiencea better overlap with
the pump beam inthe active materialcompared to the cwlaser light The absence of
spectrallydependentiossescombinedwith ahighmodulation depth and a fast response time
of the selfamplitude modulationare beneficialfor ultrashort pulse generation. lallows
mode-locked operationwith very broadpulse bandwidths[33] and operates atdifferent
wavelength rangese.g, as recently demonstratedround 2> Yfrom an Ho:YAG las@44].
The major drawback oKerr lens moddocked (KLM lasers lies in the resonator desigmat
usuallyrequires operation close to a stability edgkb] and couples the spatial and temporal
soliton dynamic$46]. Following the demonstration of the first KLM TR8&], similar scaling
lawsas for SESAM modecked TDLbBave beerdemonstated. It resultedin average output
powers up to 270V in 330fs pulsedfrom Yb:YA@ain materia[19]. Recently, 148s pulses
have beergenerated directly from a KLM Yb:YADBLoscillator at an average output power
of 155W and an opticagfficiencyof 29%34]. Theseexperiments clearly indicatat KLM is
a promising approach fahe generation opowerful ultrashortpulses from TDLs based dm+Y
dopedgain materials.

1.4 Gain materials forpowerful ultrashort-pulsethin-disk lasers

The requirements on the crystal propertidsr high-power ultrashort TDLshave been
thoroughly discussed ii#7]. Amongt all, decisivecharacteristics are laroad gain bandwidth,
high thermal conductivity, andeliable manufacturing possibilitiegrantingaccess to large
diameter highquality thin-disk crystals Broad gain materials are typically achieved by
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disordered host materials, which however feature a lower thermal conductiVitgrefore,
different materialshave beerinvestigatedto find the best host for YAons.lIt is important to
highlight that itisusually not sufficient to consider only the emission bandwidth wfaterial
to estimate the minimum achievable pulse duratiomt instead theinversiordependent gain
cross sectionBesidesfor any given material, theombination ofdoping concentration and
crystal thicknessnust be carefully selectedVhile a higher dopingenabks a higher pump
absorptionand higher gain, it typically reducesthe thermal conductivity Similarly, hinner
crystals offelalower thermal resistance and reduced therroptical effects whichallows for
higher pumping densitiesowever,it then exhibitsa lower gain andhigher number of pump
passes is nexssary for high pump absorption.

While Yb:YAG may be the best choice for high average power, its gain bandwsdimof
(FWHM)does not directly support pulses shorter thdr20fs (see Table 1). In order to
generate sukHLOOfs pulses from TDL oscillators, numerousdgped laser materials with
broader gain bandwidths have been develojéd]. Figure6 presents the timeline of the
evolution of the minimum pulse duration achieved by bulk and TDL oscillators based on Yb
doped gain materials. Benefiting from optimized SESAMs and broad gain bandwldths,
minimum pulse duratiorfrom TDL oscillators hdmeendecreasedrom initially 680fs [15] to
49fs, which was delivered by SESAM modecked Yb:CALGO TRL 2-W average
power[32]. However, the multivatt power level is comparable to statd-the-art bulk
oscillators performanc@8] and Ykbased bulk oscillators already demonstrated 40% shorter
pulseg49]. Most of the recently demonstrated Miased broadband gain materials are still in
an early phase of thidisk development, suffering from growth defects and raptimized
disk processing technales. Many of the gain media exhibit a comparably low thermal
conductivity due to their disordered nature. These factors prevent further power scaling at
the moment.

On the other handKLM TDL oscillators weesclusivel\basedon the widelyusedYb:YAG
gan mediumuntil recently. This material is extremely attractivier ultrafast high-average
power laser applications owingo its excellent thermemechanical and spectroscopic
properties Thehigh structural quality, thermal conductivity and gain allowtfte generation
of subps pulses in more than hundred watts of average powdr.YAG crystals are easily
produced via the Czochralski growth meth6@,61] Consequently, higlopticaltquality
crystalsare commercially availablavith large disk diameterswhichhas been a key element
for the rapid progressof the laser performanceFigure 7 reviews the evolution of the
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maximum averageutput power and shortest pulses obtained from Yb:YAG TDL oscillators.
Even thoughlSESAMnode-locked and KLM TBlreachsimilar output power levels, turns

out that KLMYb:YAQ@DLs enabléhe generation of much shorter pulses than SESAM mode
locked Yb:YAGI DLs AlthoughYb:YAG features a narrow gain bandwidth, KLM Yb:YAG TDL
oscillatorsgenerated 49s pulses at 38V average powej33]. Even shorter pulses of 3§

have beenachieved in bulk oscillators based on this gain matés@ll The large optical
bandwidth in excess of 3@m resulted on intra-cavity pulse spectral broadening, where
additional spectral components well beyond the gain spectral limitato®generatedvia
SPM63].

An extremely promising approach to generate powerful ultrashort laser puies in the
combination of KLM TDL oscillators and broadband gain materials. Amongstiajp&thgain

T T
1000 £ ¢ TDL,KLM @ TDL, SESAM J

This work @ Bulk

100

Pulse duration (fs)

10 1 ] 1
2000 2005 2010 2015
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Figure6. Evolution of the minimum pulse duration generated by ultrafast oscillators based on
Ybdoped laser crystals in tHaulk and TDL geometri¢$4,22;25,30,31,4&51]. The gain materials
used in the TDL results are showm boxes for information. Bulk:[49¢57]; TDL,
SESAM15,24,25,27,32,58,59] TDL, KLM26,33} the results presented in this thesis are
highlighted with star symbols.
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Figure7. Evolution of the amaximum average output power and b)inimum pulse duration
achieved from ultrafast Yb:YAG TDL oscillators TDL, SESAI8,15,18,64,65]
TDL, KLM18, 25,32,66]
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Figure8. Spectroscopic properties of highly promisingddped gain materials for the generation
of powerful ultrashort pulses from TDL oscillators Aasorption, b) emission and c) gain cross
sections of the different material®roperties of Yb:CALGO crystale shown for both, - and* -
polarization.The gain cross sections are calculated for an inversion®levef 0.3 according to

T Q p 1T Q . Data taken fronj2,67].

materials, Yb:LlaDz (Yb:LuO) and YBaGdAI® (Yb:CALGOstand out for their specific
properties and advantages over Yb:YAG crysfaigure 8 shows a comparison of the
spectroscopic properties of these gain materials diathlel summarizes theimain thermo
mechanical and optical characteristics

TheYbdopedsesquioxyde Yb:LuOas excellentandidateto outperformYb:YAG again
material for the delively of sub-100fs pulses athundredwatt average power levsl It
features a high thermal coductivity andits gainbandwidthdirectly supportghe sulb-100fs
pulse duration. Moreover, average power higher than 1¥0 has been achieved in mode
locked operatioi68] and Kerr lens moddocking in the TDL configuratiohas been
demonstrated recently69]. In this proofof-principle demonstration, the laser delivered sub
200fs pulses at muktwatt power level Chapter detailssuacessivanvestigationon KLM TDL
oscillators based on Yb:LuO crystalschled to recordhigh average poweagenerated by TDL
oscillators in pulses withub-100-fs and sukbO-fs duration. This laser enabled the realization
of the first fullystabilized opticatfrequency comb based on a TDL oscillator, which is
presented inChapter 4

On the other handYb:CALG@aturesby far the broadesspectralgainbandwidth of the
Ybdoped materialsthat have been previouslydeveloped for TDL application$his gain
material directly supportssub-50-fs pulsegenerationand currently holds the record for the
shortest pulses emitted from TDL oscillatosslditionally, multi-ten-watt average power has

2Reasonable inversion level for TDL oscillators used as a reference value in the manuscript.
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been reported from SESAM motteckedYb:CALGDDLsOwing totheir remarkablepotential
to generateeven shorterpulses KLM TDloscillatorsbased onYb:CALGO laser crystare
investigated A proof-of-concept realizations presented inChapter 3and demonstrates
record-short pulses of 3@ from Ybkdoped bulk and TDL oscillators

Tablel. Physical properties at 30R offew promising Ykdoped gain materials for the generation
of powerful short pulsefrom TDLoscillators Data taken fron{67,70;72].

YbYAG YbLuO Ybh:CALGO

/™ pol.

Chemical formula Yb:¥AEO12  YbLwOs Yt()CagdA)IQD
Melting point(undoped)(°C) 1930 2500 <1700
Thermal conductivity (undoped) (W/m-K) 9.8 12.2 ~10
Thermal conductivity (3 at.% Moped) (W/m-K) 7.1 10.8 6.6
Ct dz2NBaOSyO0S tAFSGAYS 1040 820 445
Zera-phonon line(ZPL)

Central wavelength (nm) 969 976 979

Absorption bandwidttFWHM (nm) 2.5 2.9 >5

" aps(10?%°cn) 0.83 31 1.4/3.8
Absorption band:

central wavelength (nm) 940 950 -

Absorption bandwidth FWHM (nm) >10 8 -

" aps (102t cn) 0.82 0.96 -
Gain at inversion levehi = 0.3:

Central wavelength (nm) 1030 1033 1042/1010

Bandwidth FWHM (nm) 8 13 > 60

Fourier transform limigd pulse duratior(fs) 120 90 <20

* gain (102 cn) 0.55 0.33 0.15/0.15

ZPL quantum efficiency (%) 94 94 94/97

Absorptionband quantum efficiency (%) 91 92 -
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Chapter2 Cuttingedge subl00fs Kerr
lens modelockedthin-disk laseroscillators

Given the limited performance or the high complexity of the current laser systems, novel
simple laser sources delivering powerful ultrashpttises are highly attractive to drive a
plethora of experiment$73]. As highlighted i€hapter 1 ultrafast TDL oscillators are an ideal
technological choice to perform intrand extracavity experiments using a sieggtage laser
source with an excellent spatiemporal pulse quality. To extend the performance of these
lasers to suHLOOs pulse durations, numerous Moped broadband gain materials have been
investigated in SESAM mottecked TDLs. On the contrarytlétwork has been reported on
KLM TDLs based on-dtped broadband laser crystalalthoughthe narrow gain spectral
bandwidth of standard Yb:YAG crystals may be detrimental for operation at®Wfs pulse
duration. In particular, the average power oflsliO0Ofs TDL oscillators has been limited to
5W prior to this work.

This chapter presents statef-the-art sub100fs TDL oscillators which combine the
benefits of the broadband Yb:LuO gain material and Kerr lens dom#léng scheme.
Section2.1 discusses the thermmechanical characteristics and spectroscopic properties of
Yb:LuO crystals. Additionally, previous laser results are reviewed and confirm the paiéntial
this gain medium for the generation of powerful ultrashort laser pulsesti® 2.2 describes
cw experiments conducted to evaluate tleapabilitiesof the specific thindisk crystal later
used for moddocking experiments.e&gtion 2.3 details an investigation into the influence of
several laser parameters on the lasgehavior. More than 300 laser configurations have been
tested to determine the maximum output power achievable at-4@i®-fs pulse duration as
well as the minimum pulse duration for a given laser mode size on the Kerr medium.
Sction2.4 presents the laser performance scaling by enlarging the laser mode size on the
Kerr medium. Both higher average output power and shorter pulses are obtsheetion2.5
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Chapter 2

concludes and gives an outlook towards further increase of the average and peak power from
Ybbased subl00fs TDL oscillators.

2.1 Yb:LuO: a gain material wedluited for the generation of powerful
sub-100Hs pulses

The Ybdoped sesquioxyde Yb:LuO is among the most promising candidates to outperform
Yb:YAG in pushing the performance of Raglwer ultrashort TDL oscillatof,47]. Yb:LuO
exhibits a 60% broader gain bandwidth than Yb:YAG, amountingnmi8WHM &t 1@®),

and drectly supports suld00fs pulse formationFigure8 in Chapter 1showsits absorption,
emission and gain cross sections diadblel in Chapter Isummarizests main properties. The
zerophonon line of Yb:LuO around 9if offers 4times larger absorption cross sections
than in the absorption band around 9%50n. It also represersta threefold increase compared

to the cross sections of Yb:YAG. Additionally, pumping at theptewoon line brings the
advantage of an increased Stokes efficiency and thus a lower amount of generated heat due
to the quantum defecf74]. The cubic host lutetia (kQs) crystal features a high thermal
conductivity of 12 1 ¥K?!. Because of the small atomic mass differenetveen YB*-ions

and Ld*ions, doping of lutetia leads to only a small distortion of the phonon propagation
responsible for heat transport in the crystal. Consequently, the thermal conductivity is nearly
independent of the doping concentratidi5], in contrast to Yb:YAG in which the thermal
conductivity drops by nearly a factor of two down t8 7 ¥K? at Ybdoping concentrations
required in the TDL configuration. Hence, highidfbconcentrations up to nearly &.% are
achievable in LuO, and result in a high gain without impacting on the heat handling capabilities
of the laser crystal. Together with largesorption cross sections, this allows using thinner
crystals for an improved heat management and reduced thermal effects.

The larger gain bandwidth and superior thermal behavior favor Yb:LuO over Yb:YAG as ideal
gain material for highpower ultrashort pute generation. However, the high melting point
exceeding 2400°C makes the fabrication of lutetia very challenghmy.heat exchanger
method (HEM) has proven to be a viable technique for growing dsimehighquality single
crystalline sesquioxyde cryssd76]. A picture of a such a crystal produced at the Institut flr
LaserPhysik (ILP) of the University of Hamburg (Germany) is showigume9. During the
growth process, the crucible is kept at a fixed position and crystallization is performed by a
controlled flow of cooling gas blown against the bottom of the crucible. The produofion
high-quality crystals via HEM requires the use of costly-pigitity rhenium crucibles (melting

14



Cuttingedge subl00fs Kerr lens moddockedthin-disk laseoscillators

Figure9. Largesize highguality Yb:LuO crystal grown by the heat exchanger method (lower scale
in mm). Picture taken frorf2].

point around 3180°C), higburity raw material and optimized atmosphere. Due to the
technical difficulties and costs, Yb:LuO laser crystalswarently difficult to obtain. However,
the improved growth of ceramics might chanpe situation[77].

Correspondingly, experimental results confirmed the abmentioned advantaged-igure
10 presents a timeline of ultrafast Yb:LuO laser performance in bulk and TDL configurations.
Laser oscillators based on bulk Yb:LuO crystgapated high optical efficiency close to 70%
in modelocked operatior[78]. CeramieYb:LuO bulk oscillators delivered pulses as short as
65fs at 0.3W output average powel79] and similar results (7fs pulses at 1-WV average
power) have been obtained from singbeystalline material]80]. The power scalability of
Yb:LuO lasers has been demonstrated in the TDL configuration, reachikg &06w output
power in multi-mode operationwith recordhigh optical efficiency of nearly 80% and slope
efficiency of 90%, approaching the theoretical lif@it Even higher average powers have been
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Figure10. Evolution of the a) minimum pulse duration and b) maximum average output power
from ultrafast laser oscillators based on Yb:LuO gain materials in bulk andiskilaser geometry.
TDL, KLM69]; TDL, SESAN82,83,68,30] Bulk:[78¢80,84} the results presented in this chapter
are highlighted with star symbols.
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Chapter 2

achieved with up to 670V of laser light converted from more tharkW of pump powef81].
Pump intensities above kW/cn? could be reached without crystal damage, although the
crystal was mounted with a sutptimal indiumtin solder onto a cooper heat sifik5].
Diamond heat spreaders offer a higher thermal conductivity and allow for more efficient heat
removal from the laser crystal. Consequently, higlality crystds mounted omo diamond

heat sinks with statef-the-art contacting technologies are expected to withstand even
higher pump densities without damage.

SESAM modicked Yb:LuO TDL oscillators generated an average power higher than
140W with subps pulsesand an optical efficiency exceeding 4{(88], which has held the
record for the highest average power from any ultrafast oscillator for many years. [Hsess
supported the generation of pulses as short as s1at #W average powej30], while
improved SESAMs enabled power scaling up te\2&verage power in 18t pulseq85]. It is
worth noting that Yb:LuO and Yb:ScO crystals have been used together ingattuSESAM
mode-locked TDL. In this way, tkembination of the two separated emission spectra enabled
the generation of 103s pulses at watt power level and higher power close t&\lfBas been
reached at sub150fs pulse duratiorf31]. Recently, the first KLM Yb:LuO TDL achieveéd 6
average power in 16% pluseg469], making Yb:LuO the second gain material to be Kerr lens
mode-locked in the TDL configuration. It is interesting to highlight the promising alternative
to singlecrystalline Yb:LuO offered by cermmYb:LuO. This gain medium can be easily
manufactured at low temperature in large size and at relatively low cost, though it has not
been widely studied yet. Very recent work demonstrated cw operation at more than hundred
watt power level, and preliminanpode-locking results have been showneatonferenceg77].
Altogether, owing to it®utstanding laser properties and given the previously reported results
demonstrating higkaverage power levels and sheptilse generation, Yb:LuO is very well
suited as TDL gain material for the generation of powerfulB0Bfs pulses.

2.2 Evaluation of the apabilities of the TDL crystal in continuouswvave
operation

The laser experiments have been performed with ani2-diameter Yb(3 at.%):LuO TDL
crystal. It has been cut from a crystal boule grown at the ILP Hamburg and polished>oY160
thickness with a @.° wedge, which avoids interaction between residual reflections and the
main beam. The front surface is ABated while the back surface is coated to bedtRser

and pump wavelengths. The laser crystal is contacted onto a diamond heat sink and exhibits
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Figurell Pictures of the l2nm-diameter 160> Ythick Yb:LuO laser crystal mounted onto a
diamond heat sink. The combination of the thdisk geometry and diamond heat sink enables
efficient heat removal from the gain mediunvhich is paramount for higpower laser operation.

a concave radius of curvatu(RoC) of 2.in. Figurell shows pictures of the disk mounted
onto its cooling finger by Trumpf GmbH. Water cooling of the diamond backside allows for
efficient dissipation of the heat generated in the active material. AWOfiber-coupled VB&
wavelengthstabilized diode laser system pumps the laser crystal at the@ieonon line at a
wavelength of 97&m with a spectral width below 05m FWHM. The disk is placed in a TDL
head designed for 3passes of the pump through the gain medium to achieve high pump
absorption. The pump spot is set to a diameter of i218.

The dsk was initially tested in cw operation in a linear cavity as showngarel2. The
resonator comprises the concave {d&ated backside of the thidisk crystal anda flat

a) Pump c) T T T T
Thin disk oc 140 o MM, Toe = 1.8% =470~
M 120 Lo FM, To. = 3.6% P el e
z © FM, T =5.7% £ 3
=100 o FM, Toc=76% .-~ .- & o 50 5
] — fit 20 3
R Z 80 ' R ol dag
oc 2 et et A o w
b) n 3 60 PR/ 4 30 5
o U  Swof ke 122
:k A R o {108
:—i] 0 L ol 0
% n—' 0 50 100 150 200

CM, RoC =3 m Pump power (W)

Figure 12. Layouts of a) the muhkinode (MM) and b) fundamentdtansversemode (FM)
resonator cavities. OC, output coupler; CM, curved mirror; RoC, radius of curvature. ¢) Output
power (solid lines) and opticéb-optical efficiency (dashed lines) as a functionhef pump power

for MM cavity (output coupler transmissiofoc= 1.8%) and the FM cavity folded over the disk
(Toc=3.6-7.6%), thus experiencing twice higher gper cavity round trip The black solid lines
show the linear fits used for the calculatiofi the slope efficiencies. Inseiode profile of the
output laser beam at 122V average powerTpcof 3.6%).
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partially-transmissive mirror used as an output coupl®C) with a transmissiofocof 1.8%.
Given the cavity length 6f7 cm, the beam radius dhe transverse fundamental mode on the
gain crystal was estimated to be 360y ¥ NRrahsfé&dmatrix calculations. Consequently,
the laser operation was highly mutiode, owing to the 4imes larger pump radius. In such

a configuration, highest optica&ifficiencies can be expected due to the improved overlap of
the top-head pump profile and the multmode laser beam compared to a diffraction limited
Gaussian beam. An output power of 187has been obtained from 20& of incident pump
power. The opticagfficiency amounted to 66% and the slope efficiency was 81%. These values
are close to the best reported results with this gain material in the TDL configufatiofio
avoid damage, the pump intensity on the disk has been kefiw 3.5kW/cm?, even though

no hints for the degradation of the laser efficiency were observed even at the highest pump
powers.

In the next step, a -Bn-long linear cavitysupporting transverse fundamental mode
operation was built, as depicted iRigure 12b). The disk and a concave curved mirror
(RoC=3m) are placed between two flat end mirrors, of which one is an OC. The ratio between
fundamental mode and pump spetas estimated to-80%. The beam quality factor has
been measured to be below 1.2 in all experiments, confirming eoskffraction-limited
laser behavior. In this configuration where the disk is used as a folding mirror, the laser beam
passes four thes per round trip through the gain mediufaccounting 2 passes per bounce)
which leads to a twice higher gain and consequently a twice larger optimal output coupling
rate compared to the abovenentioned multimode resonator. The lasing performance in cw
regime has been evaluated for different output coupling rates (Sgarel2c). AtToc=3.6%,
the laser emits 123V average poweiln fundamental transverse modwith an optical
efficiency approaching 60% and a high slope efficiency of 70%. These results reveal that this
particular disk features a high optical quality and is therefore very suitable for #ioo#teng
experiments.

2.3 Experimental study of the perfonance of Kerr lens moddocked
thin-disk lasers

The performance of KLM TDLs depends on several parameters forming altogether-a multi
dimensional space. The aim of this section is to explore this parameter space to get insight
into the coupling and influence of thdifferent factors. This empirical study focusses on
optimizing the laser for maximum output power at siBOfs pulse duration or minimum
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pulse duration for a given laser mode size on the Kerr medium. In consequence, no attempt
has been made to increashd output power level at longer pulse durations.

In order to favor pulsed operation over the cw regime, a laser cavity similar to the first KLM
TDLoscillator[26] is used and depicted iRigurel3a). An undoped YAG plate is placed under
Brewster angle in the focal region between two HR concave mirrors (CM2 and CM3), which
have both a 306nm RoC. The plate ensures a linear polarization of the laser and serves as
Kerr medium for he modelocking mechanism. The setup for haaperture Kerr lens mode
locking is completed by a watepoled pinhole placed in front of an end mirror. The second
end mirror is used as an OC. The laser mode radius inside the Kerr medium is estimated to be
70 umand125um inthe sagittal and tangential planes in cw operation. The huaaity group
delay dispersion (GDD) is adjusted by several dispemsiivers. Pulsed operation is initiated
by a gentle knock on the laser table and a change of the laseers is observed as
illustrated inFigurel3b). The resonator is operated in ambient air and has a compact footprint
of 70cmx40cm.

In this study, the general iy design is not changed such that the laser mode size on the
Kerr medium is the same in all laser configurations. The parameters under test are the output
coupling rate, the intrecavity dispersion, the hard aperture size, the Kerr medium thickness
andthe repetition rate of the laser. The associated studied ranges are summariZethle?.
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Figurel3a) Schematic of the laser cavity used for the investigation into the performance of Kerr
lens modelocked lasers. OC, output coupler; CM1, higlkfjective (HR) curved mirror with ar#
convex radius of curvature (RoC); GMRI3, HR 308hm-RoC concave curved mirror; KM, Kerr
medium; HA, hard aperture. All other mirrors are HR or dispersive mirrors depending on the
configuration. The dashed line shows theéended resonator cavity used to evaluate the influence

of the repetition rate on the modéocking behavior. b) A difference in the size of tuput beam
profile wasobserved between cw and modecked operation. cJypical beam quality factob ( )
measurement of the output beam of the modecked laser.
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For each configuration, the pump power was adapted to produce the shortest pulses in clean
singlepulse operation. Increasing the pump power further introduces mimading
instabilities, and typically ew breakthrough is observed in the optical specttum

For a given resonator design, the Kerr medium determines the strength of the Kerr lensing
effect for a given laser peak power. Undoped YAG has been selected as Kerr medium material
because of its highnonlinear refractive index¢ (p® p m & Fwat 1030nm [86],
compared too p m & Fw for the ambient aif87]) and largethermal conductivity.
However, other materials such as fused silica{)S3@d sapphire (ADs) have also been used
in KLM TDLUR6,34] Besides affecting the Kerr lens focal length, changing the Kerr medium
thickness contributes via to a variation othe effective nonlinear coefficierit of the laser
resonatoraccording to
¢ &«
_0 «

196

where 0 denotes the resonator length, the laser wavelengtht, & the nonlinear refractive
index of the materiaht the positiond, ando & the laser mode areat the positiond. In

this resonator, a change of thickness of the Kerr medium from Inion2ncreaseg by ~40%

while it provides more than 85% of the total nonlinear phase shift. Moreover, an increase of
the repetition rate was evaluated by changing the distance betwherdisk and OC as shown

by the dashed line in the cavity sketch Figure 13a). According to rayransfermatrix
calculations, this length shift does not impactthe laser mode size on the disk or inside the
Kerr medium for the studied range. As a result of the large beam diameter in this part of the
cavity,[ is nearly independent of this length and varies by less than 10% when changing the
diskOC distance by 3fm. Consequently, the change of repetition rate influences mainly the
pulse energy for a given average power.

The systematic study has been limited to the aforementioned parameters which have been
found to be the mossignificant As expected from the 1&,m Rayleigh length of thé0um
beam radiusat the intracavity focus, no significant changes in thedelocked laser
performancewere observed when shifting the Kerr medium by a few mm. In contrast, the
distance between CM2 and CM3 affected the mdoeking conditions (modéocking
threshold power, tolerable aperture sigdowever, a thorough investigatiomf its influence
was beyond the scope of this work.
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Table2. Studied parameteranges for the investigation into the performance of Kerr lens mode
locked thindisk laser oscillators.

Min value Max value

Output coupling rate (%) 0.33 6.5
GDD per round trip (f -1650 -6700
Hard-aperture diameter (mm) 15 2.7
Kerrmediumthickness (mm) 1 2
Repetition rate (MHz) 50 66
Pump power (W) 30 160

Stable mode locking was achieved for more than 300 laser configurations and a clear trade
off between the pulse duration, output power and laser efficiency was obselvigdrel4
shows the laser output power and optical efficiency as a function of the achieved pulse
duration for the full data set. The graphs highlight the influencéhefoutput coupling rate,
the inserted GDD per round trip and the haagerture diameter, respectively. For smaller
hard-aperture diameters and lower amounts of inserted GDD per round trip, no stable mode
locking has been obtained, while for higher valuttge pulse duration increased. Besides,
increasing bothhe Brewster phte thickness from Inm to 2 mm and the repetition rate from
50 to 66MHz, which corresponds to a decrease of 20% of the pulse energy at a given average
power, did not introduce sigridant changes in the laser behavidihe beam quality has been
measured for numerous configurations and resulted in avalue smaller than 1.05. A typical
measurement is shown iRigurel3c).

Several general trends for the optimization of the laser parameters can be extrapolated
from this work. For generating the shortest pulses, the output coupling rate, GDD and hard
aperture diameter must be reduced to the smalleatue which still allows the laser to operate
in stablefundamental cw moddockingregime. Simultaneously, this leads to a decrease of
the optical efficiency and to lower output power levels. To reach higher output powers, a
compromise between these pamgeters should be made. Although the frontiers of the range
for stable clean mode locking are clear, any given combination of output power and pulse
duration within this region could be obtained by several distinct set of laser parameters. It is
also interesting to note that even though a smaller aperture increases the resonator losses
and decreases the laser efficiency, it simultaneously enables the generation of both shorter
and more powerful pulses. These observation are in good agreement with previpusee
studies on mode locking with fast saturable absorlj8rs88;90].
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Figurel4: Influence of the laser parameters on the (a, c, ) output power and (b, d, f) efaical
optical efficiency plotted as function of pulse duration. The individual influence of each specific
parameter ishighlighted with diamond symbols. In this case, only the parameter under test is
varied, and all others are kept constant. Otherwise, (circle symbols) all parameters are varied freely
and the value of the parameter undertest is given by the color codelaRee parameters shown

are (a, b) the output coupling degree, (c, d) the inserted negative group delay dispersion (GDD) per
round trip and (e, f) the hard aperture diameter.

Optimization to the shortest pulses led to a duration off§4at 0.7W averageoutput
power. The highest power at stl)0-fs pulse durations hdseen achieved with 7.9V in 94fs
pulses, while more than 1%/ has been obtained in 132 pulsesTable3 shows the detailed
laser parameters andrigure 15 presents the pulse characterization of the three selected
configurations. The noise charadttion depicted irFigurel5c-d) has been performed with
an intermediate cavity configuration which deliveredNbaverage power in 9 pulses. The
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