
HAL Id: tel-01398415
https://theses.hal.science/tel-01398415

Submitted on 9 Jan 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Investigation of mid-infrared supercontinuum generation
in soft-glass fibers from a Q-switched mode-locked 2 mm

fiber laser
Christian Kneis

To cite this version:
Christian Kneis. Investigation of mid-infrared supercontinuum generation in soft-glass fibers from a
Q-switched mode-locked 2 mm fiber laser. Other. Université de Bordeaux, 2016. English. �NNT :
2016BORD0135�. �tel-01398415�

https://theses.hal.science/tel-01398415
https://hal.archives-ouvertes.fr


THÈSE PRÉSENTÉE

POUR OBTENIR LE GRADE DE

DOCTEUR DE

L’UNIVERSITÉ DE BORDEAUX

SCIENCES PHYSIQUES ET DE L’INGENIEUR

LASERS, MATIÈRE, NANOSCIENCES

Christian KNEIS

INVESTIGATION OF MID-INFRARED
SUPERCONTINUUM GENERATION IN SOFT-GLASS

FIBERS FROM A Q-SWITCHED MODE-LOCKED 2 µm
FIBER LASER

Sous la direction de: Inka MANEK-HÖNNINGER

Soutenue le 20 septembre 2016

Membres du jury:

M. BALCOU, Philippe Professeur CELIA Président
Mme KIELECK, Christelle Docteur ISL Examinatrice
M. EICHHORN, Marc Docteur, HDR ISL Examinateur
Mme MANEK-HÖNNINGER, Inka Docteur, HDR CELIA Examinatrice
M. FANJOUX, Gil Professeur FEMTO-ST Rapporteur
M. JOLY, Nicolas Professeur MPL Rapporteur
M. VERHAEGHE, Kévin Ingénieur DGA invité



Titre: Etude de génération de supercontinuum dans des verres
spéciaux dans le domaine du moyen infrarouge à la base d’un
laser à fibre à 2 µm en régime simultanément déclenché et à ver-
rouillage de modes (QML)

Résumé: Cette thèse est dédiée à l’étude de la génération de supercontinuum (SCG) de
forte puissance moyenne dans le domaine spectral entre 2 µm et 5,5 µm. Un laser à fibre
dopée thulium (Tm3+) opérant dans un régime simultanément déclenché et à verrouillage de
modes (QML) a été développé. En régime continu ce laser a délivré 70 W et en régime QML,
26 W moyens ont été obtenus pour des taux de répétition en QS de 180 kHz ou plus. L’énergie
la plus élevée contenue dans une enveloppe QS a été évaluée à 166 µJ avec 66 µJ contenue
dans la sous-impulsion à verrouillage de mode la plus énergétique. L’émission du laser à
fibre correspondait toujours à un facteur de qualité M2 excellent, entre 1,1 et 1,2. La SCG
couvrant la plage spectrale de 2 µm à 5,5 µm a été réalisée en implémentant différentes fibres
en cascade. Des supercontinua jusqu’à environ 4 µm ont été générés dans des fibres en fluorure
puis pour la plage spectrale complémentaire entre 4 µm et 5,5 µm, des fibres en chalcogénure
ont été utilisées.
La puissance moyenne maximale de 7,8 W a été démontrée pour un supercontinuum dans une
fibre en ZBLAN. Le spectre s’étend jusqu’à 4,2 µm. Au total, 69%/43%/30%/16,5% de la
puissance totale ont été mesurés au-delà de 2,15 µm/2,65 µm/3,1 µm/3,5 µm respectivement.
La fibre en InF3 a permis d’atteindre une puissance moyenne de 0,8 W et le supercontinuum
s’étend jusqu’à 2,95 µm.
Pour les essais d’élargissement spectral complémentaire, trois fibres en chalcogénure ont été
utilisées. L’élargissement spectral a été démontré pour toutes les fibres en chalcogénure.
Jusqu’à 20 mW de puissance ont été obtenus avec une fibre As2Se3. Le spectre a été étendu
jusqu’à 4,9 µm.

Mots clés: Supercontinuum, fibres non-linéaires, lasers à fibre pulsés dans le moyen in-
frarouge



Title: Investigation of mid-infrared supercontinuum generation
in soft-glass fibers from a Q-switched mode-locked 2 µm fiber
laser

Abstract: This thesis reports about the investigation of high power supercontinuum (SC)
generation between 2 µm and 5.5 µm. A Q-switched mode-locked (QML) thulium (Tm3+)-
doped fiber laser has been developped to pump different nonlinear fibers. The fiber laser
provided in continuous wave regime an output power of 70 W. In QML operation, 26 W have
been obtained with Q-switched repetition rates of 180 kHz or higher. The highest energy of the
QS envelopes has been 166 µJ with 66 µJ contained in the most-energetic ML pulses, which
have been surrounded by Gaussian-like pedestals with temporal widths around 2.5 ns. On top
of these pedestals, very short temporal peaks with pulse durations around 15 ps appeared. The
highest achieved peak power of a pedestal has been 25 kW. The beam parameter product M2

of the fiber laser has been measured in different operational regimes and resulted always in an
excellent value around 1.2.
The highest SC output power level from a ZBLAN fiber has been 7.8 W. In total, 69%/43%/
30%/16.5% of the transmitted SC output radiation could be converted beyond the wavelength
of 2.15 µm/2.65 µm/3.1 µm/3.5 µm, respectively, with the broadest output spectrum from the
ZBLAN fiber exceeding 4.2 µm. The InF3 fiber provided a total output power of 0.8 W with
an output spectrum up to 2.95 µm.
Successful broadening of the wavelength-limited SC output from the ZBLAN fibers has been
achieved with all three investigated chalcogenide fibers with as much as 20 mW of output
power by using an arsenic selenide fiber. The output spectrum exceeded 4.9 µm.
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Introduction en français

Cette thèse est dédiée à l’étude de la génération de supercontinuum (SCG) de forte puissance
moyenne dans le domaine spectral de l’infrarouge moyen (mid-IR) entre 2 µm et 5,5 µm.
Un supercontinuum (SC) résulte de plusieurs effets non linéaires et de la dispersion qui con-
tribuent ensemble à l’élargissement du spectre émis au cours de la propagation dans un milieu
non linéaire. Un laser à fibre dopée thulium (Tm3+) opérant dans un régime simultanément
déclenché et à modes verrouillage de modes (QML) et émettant vers 2 µm a été développé.
Il permet de générer les niveaux de puissance crête nécessaires à une conversion de fréquence
efficace. La conversion non linéaire a été étudiée dans différentes fibres en verre fluoré et en
chalcogénure. Le choix du laser à fibre dopé Tm3+ émettant vers 2 µm pour la source laser de
pompe est cohérent avec l’objectif de couverture spectrale de 2 µm à 5,5 µm. En effet, plus la
longueur d’onde de pompe est proche du spectre visé, meilleure est l’efficacité de conversion
pour générer le supercontinuum. Plusieurs ions dopants permettent de générer une émission
laser vers 2 µm. L’un des intérêts de l’ion thulium est de pouvoir être pompé par des diodes
laser commerciales financièrement abordables. La géométrie d’une fibre optique comme mi-
lieu hôte bénéficie des avantages liés à une excellente gestion de la thermique du milieu actif
et offre la possibilité de générer des faisceaux présentant une excellente qualité de faisceaux à
forte puissance.



Résumé

L’efficacité de la conversion durant le processus de la génération de supercontinuum (SCG)
dépend de la puissance crête de la radiation de pompe ce qui explique l’utilisation majoritaire
de systèmes impulsionnels pour générer des SC. Des lasers travaillant en régime purement
déclenché (QS) ou purement à verrouillage de modes (ML) ne délivrent pas les niveaux de
puissance crête requis. Une solution largement choisie est un laser d’injection associé à une
chaine amplificatrice. À cette fin, des diodes laser à rétroaction répartie délivrant des durées
d’impulsion voisine de la nanoseconde, ou des lasers à fibre à modes bloqués passifs avec des
largeurs d’impulsion dans la gamme des picosecondes ont été rapportées. Pour la première
option, au moins trois amplificateurs sont nécessaires pour générer des SC dans l’infrarouge
moyen à forte puissance et pour la seconde, il s’agit d’un minimum de deux. Le nombre
de modules de diodes de pompe, de fibres actives, d’isolateurs et de composants de mise en
forme de faisceau est par conséquence accru, rendant ces systèmes relativement complexes et
onéreux. Pour générer les fortes puissances crêtes nécessaires, un oscillateur unique opérant
en régime QML a été optimisé. Ce laser à fibre original permet de s’affranchir des multiples
amplificateurs en cascade. Un régime simultanément déclenché et à modes bloqués est établi
par deux modulateurs acousto-optiques massifs implémentés en espace libre dans la cavité
laser. Cette cavité originale permet d’atteindre des niveaux de puissance crête et d’énergie par
impulsion très élevés sans amplification externe.

Nous avons aussi opté pour une fibre optique pour le milieu non linéaire permettant la SCG.
Les propriétés de guidage des fibres donnent accès à de fortes intensités optiques dans le cœur
des fibres. De plus, la longueur d’interaction peut être choisie de manière flexible. La silice
est un matériau hôte mature pour les fibres optiques mais ses fortes pertes intrinsèques dans
le mid-IR la rendent inappropriée pour la SCG dans le mid-IR. Les fibres en fluorure ou en
chalcogénure sont par contre transparentes dans ce domaine spectral et des résultats probants
de mid-IR SCG ont déjà été démontrés avec ces deux types de fibres. Les caractéristiques des
SC générés dans ces deux types de fibres diffèrent en termes de puissance moyenne accessi-
ble et de couverture spectrale atteignable. Les fibres fluorures, en particulier celles basées sur
la composition ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN) permettent la génération de SC de forte
puissance moyenne mais l’absorption intrinsèque du matériau limite le spectre d’émission.
Avec une fibre ZBLAN, une puissance moyenne d’une vingtaine de watts a été démontrée
avec une conversion au-delà des 4 µm. Pour la SCG dans le mid-IR avec des fibres en fluo-
rure, des fibres relativement longues sont généralement nécessaires compte tenu de leur faible
coefficient non-linéaire. Des supercontinuum spectralement très larges peuvent être générés
dans des fibres en chalcogénure car elles présentent une transmission étendue et une très forte
non linéarité. Par contre, les puissances accessibles sont moindres compte tenu de leur faible



seuil d’endommagement.
La génération de supercontinuum couvrant la plage spectrale de 2 µm à 5,5 µm a été réalisée
en implémentant différentes fibres en cascade. Des supercontinuums jusqu’à environ 4 µm
ont été générés dans des fibres en fluorure puis pour la plage spectrale complémentaire entre
4 µm et 5,5 µm, des fibres en chalcogénure ont été utilisées. Pour éviter de les endommager,
les fibres en chalcogénure ont été pompées avec la partie supérieure à 3,5 µm du premier
supercontinuum généré dans les fibres ZBLAN. Pour générer de fortes puissances moyennes
et reculer les limites dues au seuil de dommage des fibres chalcogénure et fluorure, de gros
diamètres de cœurs ont été privilégiés.
Un laser à fibre dopé Tm3+ a été spécifiquement développé pour optimiser la génération de
supercontiunuum. De nombreuses expériences se sont notamment focalisées sur l’étude du
régime QML mais les régimes de fonctionnement continu, purement déclenché et purement à
modes bloqués ont également été étudiés. En régime continu le laser à fibre Tm3+ a délivré
70 W de puissance moyenne avec une fibre de 8,8 m de long et le rendement différentiel a at-
teint 41%. Pour ces expériences les diodes de pompe émettaient une longueur d’onde centrée
vers 800 nm, correspondant à 40% de la valeur maximale de la section efficace d’absorption
vers 790 nm. Avec des diodes de pompe émettant à 790 nm et une fibre plus courte de 2,2 m de
long, une puissance de l’ordre de 30 W a été démontrée correspondant à un rendement différen-
tiel de 38%. Des limitations thermiques ont empêché la montée en puissance. La différence
entre les niveaux de puissance atteints peut s’expliquer par une densité de chaleur moindre dans
la fibre la plus longue présentant un coefficient d’absorption inférieur à la longueur d’onde de
pompe de 800 nm. L’utilisation d’un réseau de diffraction pour fermer la cavité laser a permis
d’accorder les longueurs d’onde générées entre 1,9 µm et 2,1 µm selon les longueurs de fibres.
Une puissance moyenne de 26 W a été atteinte avec la fibre la plus courte de 2,2 m en régime
de fonctionnement déclenché; la durée d’impulsion valait 40 ns, l’énergie par impulsion max-
imale atteinte 750 µJ et la puissance crête 19 kW. L’émission spontanée sans émission (ASE)
est un facteur limitant. En fonctionnement purement à modes bloqués avec la fibre dopée
Tm3+ de 8,8 m de long, une puissance moyenne de 50 W a été démontrée avec des durées
d’impulsion de 200 ps et des énergies par impulsion de 0,8 µJ; la puissance crête atteint 4 kW.
En régime QML, 26 W moyens ont été obtenus avec un rendement différentiel de 37% pour
des taux de répétition en QS de 180 kHz ou plus. L’énergie la plus élevée contenue dans
une enveloppe QS a été évaluée à 166 µJ avec 40% de cette énergie, soit 66 µJ, contenue
dans la sous-impulsion à verrouillage de mode la plus énergétique. Les impulsions correspon-
dant au régime de modes bloquées sous l’enveloppe QS ont un profil temporel correspondant
à un piédestal Gaussien qui contient la plus grande partie de l’énergie. Au sommet de ces
piédestaux, des pics temporels très courts ont été observés.
Les largeurs temporelles des piédestaux varient entre 2 ns et 3 ns suivant l’énergie QS du laser
à fibre. La plus forte puissance crête générée dans un piédestal atteint 25 kW. L’impulsion ML
présente une largeur temporelle entre 10 ps et 20 ps dépendante aussi de l’énergie QS en sortie
du laser à fibre. En régime QML, la largeur spectrale maximale atteignait environ 1,5 nm.
La qualité de faisceau du laser à fibre a été mesurée en régime continu, déclenché, à modes
bloqués et en régime simultanément déclenché et à modes bloqués pour plusieurs puissances
moyennes générées. L’émission du laser à fibre correspondait toujours à un facteur de qualité
M2 excellent, entre 1,1 et 1,2.



Résumé

Pour la SCG dans des fibres en fluorure on dispose des matériaux ZBLAN et InF3. Le ZBLAN
présente une transmission plus limitée dans l’infrarouge comparé à l’InF3 mais il supporte
des niveaux de puissance supérieurs. L’InF3 offre une fenêtre de transmission plus large
mais une absorption plus importante que le ZBLAN. Trois fibres ZBLAN avec des ouvertures
numériques (NA) identiques mais des diamètres de cœur différents ainsi qu’une fibre InF3 ont
été testées. Les performances du SC ont été évaluées en termes d’efficacité de conversion en
longueurs d’onde, de puissance totale générée et de longueur d’onde maximale atteinte pour le
spectre du continuum en fonction des différents paramètres d’opération du laser à fibre. Pour
déterminer l’efficacité de conversion, différents filtres passe-haut avec une longueur d’onde de
coupure à 3 dB à 2,15 µm/2,65 µm/3,1 µm et 3,5 µm ont été utilisés pour mesurer la puissance
moyenne générée au-delà de ces longueurs d’onde.
La puissance moyenne maximale de 7,8 W démontrée pour un supercontinuum dans une fi-
bre en ZBLAN a été limitée par la destruction d’une extrémité de la fibre. La fibre utilisée
dans cette expérience présente un diamètre de cœur de 12 µm et une ouverture numérique de
0,23 et elle avait été spécialement conçue pour générer des fortes puissances et pour optimiser
l’efficacité de conversion. Le spectre s’étend jusqu’à 4,2 µm. Au total, 69%/43%/30%/16,5%
de la puissance totale ont été mesurés au-delà de 2,15 µm/2,65 µm/3,1 µm/3,5 µm respec-
tivement. La qualité de faisceau du supercontinuum infrarouge généré a été évaluée pour deux
longueurs d’onde centrale, 2,45 µm et 3,3 µm. En prenant en compte la longueur d’onde
centrale dans le calcul, le facteur de qualité valait 1,2 dans les deux directions orthogonales.
La fibre en InF3 a permis d’atteindre une puissance moyenne de 0,8 W pour une puissance
injectée de 3 W et le supercontinuum s’étend jusqu’à 2,95 µm. Les performances relative-
ment modestes avec cette fibre sont probablement à imputer à une forte absorption pour les
longueurs d’onde entre 2 µm et 4 µm et à son faible seuil de dommage.
Pour les essais d’élargissement spectral complémentaire au-delà des longueurs d’onde limita-
tives du ZBLAN, trois fibres en chalcogénure ont été utilisées. Il s’agit de fibre en As2Se3,
GeAsSe et As2S3. Les deux premières sont des fibres microstructurées et la troisième est une
fibre à saut d’indice. La pertinence de la fibre InF3 a aussi été évaluée pour l’élargissement
spectral du premier supercontinuum généré dans les fibres en ZBLAN.
L’élargissement spectral a été démontré avec succès pour toutes les fibres en chalcogénure.
Jusqu’à 20 mW de puissance pour une puissance de pompe de 120 mW ont été obtenus avec
la fibre As2Se3. Cette fibre a aussi montré le meilleur potentiel en termes d’élargissement
spectral. Les expériences ont permis de valider le concept de l’élargissement spectral d’un
premier supercontiunuum issu d’une fibre ZBLAN dans une deuxième fibre non linéaire. Les
expériences menées n’ayant pas été limitées par l’endommagement des fibres, des puissances
moyennes supérieures à celles générées devraient être accessibles. Le spectre a été étendu
jusqu’à 4,9 µm (-20 dB). La fibre en InF3 n’a pas permis de démontrer un élargissement
spectral.



Abstract

This thesis is devoted to the investigation of high average power mid-infrared (mid-IR) super-
continuum generation (SCG) between 2 µm and 5.5 µm. Supercontinuum (SC) is a collection
of different nonlinear effects and dispersion that altogether broaden the spectrum of radia-
tion during its propagation inside a nonlinear medium. A thulium (Tm3+)-doped fiber laser,
emitting around 2 µm, has been developed as pump laser system in Q-switched mode-locked
(QML) operation to reach the necessary peak power levels for efficient wavelength conversion.
For the nonlinear medium, different fluoride and chalcogenide fibers have been investigated.

The choice of the Tm3+-doped fiber laser as pump laser source was based on the vicinity of
the emitting wavelength at 2 µm to the desired output wavelength range. The closer the pump
wavelength to the targeted mid-IR spectral range is, the higher is the SC efficiency. From all
the active laser ions that emit at a wavelength of around 2 µm, thulium offers the advantage
that affordable and commercially available pump diodes can be used. The geometry of an
optical fiber as host medium exhibits the well-known advantages of very efficient heat removal
from the active material and a good beam quality at high output power levels.

The wavelength conversion efficiency during SCG depends on the peak power of the pump
radiation. Therefore, mostly pulsed laser systems are used for SCG. Purely Q-switched or
purely mode-locked systems do not deliver sufficient peak power levels. Seed lasers with
amplifier chains are very often the preferred choice. For this purpose, distributed feedback
laser diodes with pulse durations around 1 ns or passively mode-locked fiber lasers with pulse
widths in the range of picoseconds have been reported. In case of the first alternative, at least
three amplifiers are necessary as pump source for high power mid-IR SCG, and for the latter
one at least two, which has in consequence the need of more pump diode modules, active
fibers, isolators and beam shaping accessories, making such setups relatively expensive and
complex. The pump fiber laser in this research study has been operated in QML regime to
bypass the need of multiple cascaded amplifiers and to realize the high peak power operation
with a single-oscillator design. To induce QML, two free-space acousto-optic modulators have
been implemented in the free-space part of the laser resonator to actively Q-switch and actively
mode-lock the system simultaneously. With this cavity design, very high peak power and pulse
energy levels have been achieved without the need of further external amplification.

For the geometry of the nonlinear medium for SCG, also the form of an optical fiber has
been chosen, which is very popular for this application owing to their guiding properties,
enabling high optical intensities in the fiber core over a flexibly chosen interaction length.
For the selection of the proper material for mid-IR SCG, silica, as the most mature fiber host
material, could not be considered because of its high intrinsic losses in the mid-IR. Fluoride or
chalcogenide fibers exhibit transmission and mid-IR SCG in these fiber materials have already
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been demonstrated. The expected SC performance from both mentioned materials is although
very different in terms of output power and spectrum. Fluoride fibers, in particular based on
the most commonly used material composition ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN), enable
high output power levels, but with limited output spectra owing to its material absorption.
Tens of watts have already been demonstrated with wavelength conversion exceeding 4 µm
in ZBLAN fibers. For mid-IR SC experiments with fluoride materials, usually long fibers are
necessary by reason of their low nonlinear-index coefficient. With chalcogenide fibers, very
broadband SC output radiation is feasible because of their wide transmission bandwidth and
their high nonlinearity. The output power out of these fibers are orders of magnitude lower
compared to fluoride fibers as a result of their low damage threshold.
To cover the wavelength range from 2 µm up to 5.5 µm, different fluoride fibers have been
investigated to generate SC output radiation up to around 4 µm. For the wavelength range
between 4 µm and 5.5 µm, chalcogenide fibers have been tested to further convert the SC
output radiation from the fluoride fibers. The chalcogenide fibers have been pumped with the
SC output radiation beyond 3.5 µm to prevent them from damage. Generally, for high power
operation, the investigated fluoride and chalcogenide fibers had relatively big core diameters
to push their damage threshold in terms of average power operation.
The Tm3+-doped fiber laser has been developed with the goal to enable highly efficient SCG.
Therefore, most experiments have been focused on QML operation. But also the regimes of
continuous wave, pure Q-switching and pure mode-locking have been investigated. The Tm3+-
doped fiber laser provided in continuous wave operation an output power level of 70 W with
an active fiber length of 8.8 m. The slope efficiency during this experiment was approximately
41%. The pump diode modules during this investigation emitted at a wavelength of around
800 nm, which relates to an absorption cross-section of the active fiber of around 40 % com-
pared to its peak value at the pump wavelength of approximately 790 nm. With a shorter fiber
length of 2.2 m and pump diode modules emitting at 790 nm, the maximum obtained output
power level has been around 30 W with a slope efficiency of 38%. The limit in terms of power
scaling has been set by thermal issues. The reason for the different output power performance
might be the lower heat density of the longer fiber owing to the lower absorption coefficient
at the pump wavelength used. Tunability of the lasing wavelength has been realized with a
diffraction grating used as cavity end mirror of the laser resonator. The fiber laser was tunable
between approximately 1.9 µm and 2.1 µm, dependent on the used fiber length. In Q-switched
operation, the shorter fiber (2.2 m) provided an output power of 26 W with pulse energies up to
750 µJ, limited by the onset of amplified spontaneous emission. The pulse width at this output
energy was around 40 ns, which resulted in a peak power level of 19 kW. In purely mode-
locked operation, 50 W have been achieved with a pulse energy of 0.8 µJ and a pulse duration
of 200 ps with the long Tm3+-doped fiber (8.8 m), yielding a peak power level of 4 kW. In
QML, 26 W have been obtained with a slope efficiency of 37% at Q-switch repetition rates of
180 kHz or higher. The highest energy of the QS envelopes has been around 166 µJ, where as
much as 40%, and hence 66 µJ, have been within the most-energetic ML subpulse. The ML
pulses below the QS envelope have been surrounded by a Gaussian-like pedestal that contained
most of the pulse energy. On top of these pedestals, very short temporal peaks appeared.
The temporal widths of the pedestals have been in the range of 2 ns to 3 ns, dependent on the
QS output energy of the fiber laser. The highest achieved peak power level of a pedestal has



been 25 kW. The ML pulses had a width between 10 ps and 20 ps, also dependent on the QS
output energy of the fiber laser. In QML operation, the broadest linewidth was approximately
1.5 nm. The beam quality of the fiber laser has been measured in continuous wave, Q-switched,
mode-locked and QML operation at different output levels of the fiber laser. The fiber laser
provided always an excellent M2 beam parameter product, M2, between 1.1 and 1.2.
For SCG in fluoride fibers, the material ZBLAN and InF3 have been available. ZBLAN ex-
hibits narrower transmission bandwidth but it has proven to support higher output power levels.
InF3 offers a broader transmission window but with overall higher material absorption. In to-
tal, three ZBLAN fiber designs with different core diameters but constant NA, and one InF3

fiber have been tested. The SC output performance has been evaluated in terms of wavelength
conversion efficiency, total output power level and the long-wavelength edge of the SC output
spectra for different operational parameters of the pump fiber laser. For the determination of
the conversion efficiency, different optical long wave pass filters with 3 dB cut-off wavelength
at 2.15 µm/2.65 µm/3.1 µm/3.5 µm have been implemented to measure the average output
power beyond these filters.
The highest achieved SC output power level from a ZBLAN fiber has been 7.8 W in all spectral
bands, limited by the destruction of the fiber end facet. The used ZBLAN fiber in this exper-
iment with a core diameter of 12 µm and a numerical aperture of 0.23 has been especially
designed for high output power and conversion efficiency. In total, 69%/43%/30%/16.5%
of the transmitted SC output radiation in all spectral bands could be converted beyond the
wavelength of 2.15µm/2.65µm/3.1µm/3.5µm, respectively, with the broadest output spectrum
from the ZBLAN fiber exceeding 4.2 µm. The beam quality of the mid-IR SC output radiation
has been measured two times with very broad SC output spectra and central wavelengths of
2.45 µm and 3.3 µm. The beam quality factors have been around 1.2 in both directions consid-
ering the central wavelength of the output spectrum for the calculation of the beam parameter
product. The InF3 fiber provided a total output power of 0.8 W at a launched pump power of
3 W with an output spectrum up to 2.95 µm. The reason for the relatively poor output perfor-
mance with this fluoride material was probably caused by the rather high absorption values in
the wavelength range between 2 µm and 4 µm and its low damage threshold.
For the experiments for further spectral broadening of the wavelength-limited SC output from
the ZBLAN fibers, three chalcogenide fibers of the material arsenic selenide, germanium ar-
senide selenide and arsenic sulfide have been characterized. The first two mentioned chalco-
genide fibers exhibited a photonic-crystal and the other one a step-index fiber design. Also the
suitability of the InF3 fluoride fiber has been investigated for further wavelength conversion of
the ZBLAN SC output radiation.
With all the chalcogenide fibers, successful broadening has been achieved with as much as
20 mW of output power at the highest pump power level of 120 mW with the arsenic selenide
fiber, which has also shown the best potential regarding wavelength broadening. The demon-
strated results have been proof-of-principle studies whether the SC output radiation from the
ZBLAN fiber can be further broadened. There has been no limitation by fiber damage and
therefore higher output power levels are feasible. The output spectrum exceeded a wavelength
of 4.9 µm at the -20 dB intensity level. By using the InF3 fiber, no wavelength broadening has
been achieved.



1 Introduction

Many applications nowadays require radiation in the mid-infrared (mid-IR) wavelength region
with preferably broad optical spectrum and perfectly high spatial brightness. One example
is the telecommunication sector, which is interested in that wavelength range for free-space
communication systems [1], using several transmission windows of the atmosphere (see Fig-
ure 1.1) and slicing up the optical spectrum into different channels [2]. Other applications
for mid-IR sources are directed countermeasures [3], or remote chemical sensing, where spec-
tral fingerprints are recorded based on the numerous absorption lines of different chemicals
in this wavelength range, e.g. explosives [4]. Also for military range finding applications,
mid-IR sources are highly demanded [5]. But not only the atmospheric transmission window
offers plenty of possibilities, also the strong water absorption enables medical applications
like tissue ablation [6] or optical coherence tomography [7], making use of the relatively long
wavelengths for higher penetration depth.
Up to now, there are many laser systems covering mid-IR wavelengths, e.g. direct laser systems
in the form of gas, semiconductor, solid-state, or free-electron lasers (FEL). Many of the named
systems are commercially available, for example carbon monoxide (CO) lasers, delivering tens
of watts at a wavelength around 5 µm [8], or quantum cascade lasers (QCLs) with minimal
footprint and hundreds of milliwatts output power [9]. Chromium (Cr2+) - doped solid-state
lasers offer high tunability and watt-level output power [10] and iron (Fe2+) - doped laser
media emit even further in the IR wavelength range but offer only very low output power
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2 1 Introduction

levels. There are also solid-state upconversion lasers, delivering remarkable output power
levels with high beam quality [12, 13]. Free electron laser setups exhibit very high output
power levels [14], but require enormous dimensions. The possible spectrum, which can be
covered from some of the named technologies, is shown in Figure 1.1. It has to be considered
that the rectangles indicate the realizable output spectrum with the different technologies. It
is in almost all cases, except for the supercontinuum (SC) sources, not possible to have one
source delivering such broad output spectrum at once.
At the moment, for applications demanding very broad optical spectrum, there are only in-
candescent lamps commercially available, which can cover thousands of nanometers in the
mid-IR. But these sources offer spatially very poor brightness levels. All of the named direct
sources suffer either in spectral broadness or spatial brightness and it is therefore a trade-off
between both parameters for the right choice of a light source for some of the applications
named above. For the last decades, there has been an ongoing research effort to bridge this
gap between spectral broadness and spatial brightness where it turned out that wavelength
conversion processes show high potential to solve this challenge.
One popular technology are optical parametric oscillators (OPOs) and amplifiers (OPAs),
where one pump photon is converted into two photons with higher wavelengths via optical
parametric generation (OPG). This technology is well-developed and provides efficient high
average output power levels. The output spectrum of an OPO is tunable and can be much
broader compared to direct laser sources. However, their spectral broadness is limited and
for some of the mentioned applications therefore not suitable. For this reason, many research
groups have focused on so-called supercontinuum generation (SCG), which enables output
spectra covering thousands of nanometers.
Supercontinuum (SC) is a collective term for different effects, which altogether broaden the op-
tical spectrum of radiation during interaction with a nonlinear medium. Dispersion, self- and
cross-phase modulation (SPM/XPM), stimulated Raman scattering (SRS), parametric four-
wave mixing (FWM), or soliton-related dynamics are only some of the effects included in SC
[15]. It is possible to transfer the radiation of a narrow-band pump laser source into a broad-
band SC source with insignificant degradation in beam quality and thus spatial brightness. SC
was first discovered by Alfano et al. in 1970, generating an output spectrum from 400 nm
to 700 nm by using a frequency doubled mode-locked (ML) neodymium (Nd3+)-doped glass
laser to pump a borosilicate glass [16]. Since that time, many research studies have been con-
ducted to develop and investigate this technology with various nonlinear media, pump laser
configurations and wavelength regions of the SC output radiation. SCG has been demon-
strated in solid-state bulk material [16], liquids [17, 18] or gases [19, 20] with very different
pump laser systems. The conversion efficiency hereby is dependent on the intensity of the
pump laser system, therefore, mainly pulsed pump lasers have been used.
With the advent of optical fibers, SCG gained additional attention because of many advantages
offered by this specific solid-state geometry as nonlinear medium, which was first tested by
Stolen et al. in 1976 for that purpose [21]. Before that proof-of-principle experiment, SCG
has been realized by tightly focusing the pump radiation into the nonlinear medium to reach
the necessary intensity, which is self-evidently connected to a strong divergence and hence
a limited interaction length. Owing to the guiding properties in optical fibers, meaning the
spatial confinement of the radiation in the fiber core, high optical intensities are feasible over
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Nonlinear-index coefficient, n2, for different fiber materials.

a flexibly selectable interaction length [2, 26]. Furthermore, SCG in fibers can provide single-
mode propagation determined by the fiber design and alignment-free all-fiberized SC systems
[27]. Nowadays, the majority of SC experiments reported in literature are based on silica fibers,
owing to the well-known parameters of this material, the maturity of the fiber drawing process
and the possibility of high power operation. There are commercial SC systems based on silica
fibers offering watt-level output power with an output spectrum from 400 nm to 2400 nm [28].
Unfortunately, silica fibers cannot be used for mid-IR SCG due to their high multi-phonon
absorption in this wavelength range [23]. Soft-glass fibers are mandatory, in particular chalco-
genide or fluoride materials that offer transmission in the mid-IR. The left side of Figure 1.2
displays the material absorption of silica, the fluoride material ZrF4-BaF2-LaF3-AlF3-NaF
(ZBLAN) and two chalcogenide materials, arsenic sulfide (AsS) and arsenic selenide (AsSe).
The absorption data indicate the applicability of the shown soft-glass materials for mid-IR
SCG, the SC output performance from chalcogenide and fluoride fibers differs significantly.
Figure 1.2, right, presents the nonlinear-index coefficient, n2, of the different fiber materials.
They exhibit a nonlinearity, which can be a factor of around 1000 times higher than the one
for fluoride fibers and thus, very short interaction lengths are sufficient. Chalcogenide fibers
are based on the chalcogen elements sulfur, selenium or tellurium, typically combined with
elements from the 13th, 14th, or 15th group of the periodic table. Their transmission bandwidth
is much broader compared to fluoride fibers and wavelength conversion far into the IR is fea-
sible. However, as a result of the weak covalent bonds of their atoms and the correspondingly
low melting temperatures (600◦C to 900◦C) [29], these fibers are very fragile and exhibit low
optical damage thresholds. Therefore, they are mostly used for low power applications in the
range of tens of milliwatts with broad SC output spectra. For high power operation, fluoride
fibers, in particular ZBLAN fibers, offer great potential due to relatively high maturity of flu-
oride fiber fabrication and mechanical resistivity. Output power levels of tens of watts have
already been achieved with optical output spectra exceeding 4 µm [3, 30, 31]. The typical
emission spectral range from both types of fibers are shown in Figure 1.1.
The wavelength conversion during SCG is much more efficient if the nonlinear material is
pumped in the anomalous dispersion region, meaning when the pump radiation experiences a
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negative group velocity dispersion (GVD), which is reached by pumping the nonlinear medium
with a pump wavelength that is longer than its zero dispersion wavelength (ZDW). The reason
for this are different nonlinear effects responsible for the broadening whose influence will
be discussed in detail in chapter 2. The ZDW of fluoride fibers lies between 1.6 µm and
2 µm, dependent on the fiber design. Therefore, 2 µm laser sources can be directly used
without wavelength shifting elements, necessary for pump laser systems at wavelengths around
1 µm or 1.5 µm. It has been proven that 2 µm pump sources provide the largest spectral
power density in the mid-IR for SCG in fluoride fibers [32]. Furthermore, pumping at longer
wavelength inherently offers higher output power levels thanks to a higher damage threshold
of the material [33].
For 2 µm laser system, the lanthanide elements thulium (Tm3+) and holmium (Ho3+) in their
trivalent form and the transition metal chromium (Cr2+) in its divalent form are the most com-
monly used dopants. The most important requirement for the pump laser system is to enable
efficient high power mid-IR SC with high compactness. Thus, the fiber design is chosen as ge-
ometry for the host material. Furthermore, it offers numerous advantages over the commonly
used bulk geometry, e.g. well-defined spatial mode, high robustness, broader gain bandwidth,
alignment-free laser setups, high single-pass gain, or excellent thermal management [34]. Sil-
ica provides high mechanical strength and stability owing to the strong electronic bond be-
tween the silicon and the oxygen. For the choice of a suitable pump laser system, it has to be
considered that an output pulse width in the range of pico- or nanoseconds are sufficient for
mid-IR SCG.
Tm3+-doped fiber lasers offer a strong absorption band around 790 nm, which can be cov-
ered directly by efficient and affordable, commercially available aluminum gallium arsenide
(AlGaAs) diodes. That pump wavelength furthermore enables a cross-relaxation of adjacent
thulium ions in the host material, allowing a so-called "two-for-one" pumping mechanism in-
creasing the quantum efficiency to theoretically 200%. The broad tunability of Tm3+-doped
fiber lasers, ranging from 1.7 µm to 2.1 µm, allows flexible choice of the pump wavelength for
SCG and the generation of short pulses via ML. Additionally, the relatively long upper state
lifetime provides good energy storage to enable high pulse energy operation with Q-switching
(QS) [35]. In terms of average power in continuous wave (CW) operation, 415 W has been
achieved with a such fiber laser providing good beam quality [36].
Ho3+-doped silica fibers offer a long upper state lifetime, which is multiple times higher com-
pared to Tm3+-doped silica [37, 38], enabling high energy storage capabilities, e.g. in QS
operation. High average output power operation is feasible owing to the small quantum defect,
if the system is pumped in-band. So far, 400 W have been demonstrated with a Ho3+-doped
silica fiber laser pumped by a high power Tm3+-doped fiber laser [39]. Such pump sources
are usually used for that purpose because of the relatively weak and narrow absorption bands
of Ho3+-doped materials at 890 nm and 1.15 µm [40], the absence of a comparable "two-for-
one" process and the non-availability of efficient laser diodes around 2 µm. But Tm3+-doped
fiber lasers as pump source increase the dimensions of the whole laser system.
Cr2+-doped lasers offer high tunability and therefore the possibility for ultra-short pulse gen-
eration via ML [41]. In general for SCG, if the nonlinear material is pumped above its ZDW,
the wavelength broadening occurs mainly towards longer wavelengths as it will be explained
in more detail in a further chapter. Cr2+-doped lasers emit at wavelengths above 2 µm, which
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means that the first part of the atmospheric transmission window cannot be covered, see Fig-
ure 1.1. Another disadvantage of Cr2+-doped lasers for this application is their limited output
power levels, which is partially caused by the very high thermal lensing in its most common
host material zinc selenide (ZnSe). The fiber geometry for the host material cannot be realized
for Cr2+-doped laser systems.
Out of the descriptions above, a Tm3+-doped silica fiber laser has been chosen as a pump
source for mid-IR SCG in fluoride materials. Silica fiber lasers are currently replacing crystal-
based solid-state lasers in many applications, causing the fast increase of the fiber laser market,
also in the wavelength range around 2 µm [42].
Mid-IR SCG in fluoride and chalcogenide fibers has been demonstrated with many different
kinds of pump sources, e.g. OPOs [43], gain-switched lasers [44], short pulse amplification
systems seeded by semiconductor [23], or direct ML [45, 46]. As pulse generating technique
for the pump fiber laser in this thesis, QML is applied. This operational regime is induced
by two actively triggered acousto-optic modulators (AOMs). QML provides sufficient peak
power levels for the realization of a single-oscillator pump source without the need of am-
plifier chains, which is very beneficial regarding the compactness of the system. The active
modulators exhibit very high damage thresholds, indispensable for this application.
The goal of the investigations in this thesis is the design of a QML Tm3+-doped silica fiber
laser to pump appropriate nonlinear fibers to generate high power mid-IR SC radiation. The at-
mospheric transmission windows between 2 µm and 5.5 µm should be covered with the focus
on high average power and compactness. The first task of the thesis concerns the pump laser
system. It has to be designed to deliver output pulses enabling efficient mid-IR SCG with high
average power. Hereby, the cavity design (cavity elements, Tm3+-doped silica fiber, pump
design, ...) has to be chosen and the output performance characterized. The second task com-
prises the layout of an appropriate beam shaping between pump source and nonlinear fibers to
obtain high coupling efficiencies into the nonlinear fiber, including mode field adaption. The
investigation and optimization of SCG represents the third part of the thesis. Different nonlin-
ear fibers have to be tested to evaluate their applicability to fulfill the mentioned requirements.
The focus is put on ZBLAN fluoride fibers, but also other fluoride and chalcogenide fibers have
to be investigated. It has also to be tested, if cascading different nonlinear fibers is reasonable.
This thesis contains six chapters including this introduction. The second chapter treats the
theoretical background to derive the basics of fiber optics, including different fiber geometries
with the related performance parameters. Furthermore, short-pulse propagation in an optical
fiber has to be explained with dispersion, nonlinear effects and losses. These effects play
an important role for ML and also for SCG. Furthermore, the fundamental theory of laser
physics is deduced based on a Tm3+-doped silica fiber as active material. All the necessary
operational regimes of a laser system are derived, CW, QS, ML and QML operation. In the
last part of the theory, a qualitative description, based on the already derived effects for short-
pulse propagation, is given for SCG with a figure of merit (FOM) to describe quantitatively
the suitability of the available fibers for mid-IR SCG.
The third chapter deals with the results obtained from the pump fiber laser. The setup is
described with all the implemented optical elements, the available fibers and characteriza-
tion tools used for the investigations. The results are separated into the different operational
regimes. They are compared with calculations for the expected output performance, based on
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the theory described in chapter 2. Possible reasons for the differences between theory and
experiment are explained and the simulations are adapted. A summary in last part of the chap-
ter gives an overview of the state-of-the-art results of Tm3+-doped silica fiber lasers with a
comparison to the achieved performance.
The fourth chapter handles about the SCG in fluoride fibers, pumped by the Tm3+-doped
fiber laser. The material ZBLAN as nonlinear fiber is hereby investigated mostly. First, an
introduction gives an overview about mid-IR SCG in fluoride fibers. Second, the optical setup
with all available materials and characterization tools is described. As in the previous chapter,
a summary in the end compares the achievements with the state-of-the-art results reported in
literature.
The fifth chapter deals about wavelength broadening effects in second nonlinear fibers, which
are pumped by the SC output radiation from the first SC stage. Mostly chalcogenide fibers have
been implemented as nonlinear material for these experiments. An introductory part gives an
overview of mid-IR SCG in chalcogenide fibers and the second part describes the available
fibers and the measurement equipment. A summary gives an overview of similar results from
the literature and compares them with the results obtained.
By the end of this thesis, the achieved results are summarized in the conclusion and an outlook
presents the possibilities to further enhance the performance of the overall system. Hereby, the
different parts of the setup, including Tm3+-doped fiber laser, SCG in fluoride fibers and the
further wavelength broadening in the chalcogenide fibers, are treated separately.



2 Theory

In this chapter, the necessary theoretical background is derived. It is separated into three parts.
The pulse propagation in optical fibers is the first one, which is essential to describe the pulse
generation via ML and for SCG in optical fibers, where dispersion and different nonlinear
effects are responsible for the wavelength broadening. The second section is devoted to the
theory behind the lasing operation of the Tm3+-doped fiber laser in CW, QS, ML and QML
operation. In the third section, the SCG is explained qualitatively based on the nonlinear effects
explained in the first section of this chapter.

2.1 Pulse propagation in optical fibers

2.1.1 Maxwell equations

For the derivation of pulse generation in optical fibers, the Maxwell equations are introduced,
which form the foundation for the propagation of electro-magnetic waves inside a medium:

~∇ ·D = ρe, (2.1)

~∇ ·B = 0, (2.2)

~∇×E =−∂B
∂ t

, (2.3)

~∇×H = j+
∂D
∂ t

. (2.4)

Hereby, (~∇·) is the divergence and (~∇×) the curl operator. D is the electric displacement and ρe

the electric charge density. B and E are the magnetic induction and electric fields, respectively,
H the magnetic field strength and j the electric current density. Hereby, B depends on H,

B(r, t) = µ0(H(r, t)+M(r, t)), (2.5)

and D on E,

D(r, t) = ε0E(r, t)+P(r, t), (2.6)

where µ0 is the free-space permeability and M the magnetization of the material. ε0 is the
vacuum permittivity and P the material polarization, which consists of a linear part , Pl , and a
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nonlinear part, Pnl ,
P = Pl +Pnl = ε0 ·χ(1)E+ ε0 ∑

j>1
χ
( j)E( j), (2.7)

where χ( j) is the j th order component of the material’s magnetic susceptibility tensor, which is
defined by the composition and molecular structure of the material. Usually, this tensor is time-
dependent, which will be neglected in the further mathematical derivations. If weak electro-
magnetic fields are interacting with the material, Pl can be taken as an accurate approximation,
but if the field is strong, higher-order susceptibilities have to be taken into account, which
cause different nonlinear effects. χ(2) leads to second harmonic generation, sum or difference
frequency generation. χ(3) is related to the Kerr effect, FWM, or different scattering processes.

To calculate the propagation of the electro-magnetic field in the core of an optical fiber, equa-
tion 2.5 will be inserted in the curl of equation 2.3 including the fact that glass is not magneti-
zable and therefore ~M = 0,

~∇×~∇×E =−µ0(~∇×
∂H
∂ t

). (2.8)

By using equation 2.4, equation 2.8, the simplifications

~∇×~∇×E = ~∇ · (~∇ ·E)−~∇2E (2.9)

and
~∇ · (~∇ ·E) = 0, (2.10)

the general wave equation yields a nonlinear differential equation

~∇2E =
1
c2

∂ 2E
∂ t2 +µ0

∂ 2P
∂ t2 , (2.11)

with c as the speed of light in vacuum. For solving this equation, numerical tools are neces-
sary. Therefore, the following assumptions are made to find an analytical solution. First, the
envelope of the pulse is slowly varying in time, and second, there is only a weak coupling of
transverse and longitudinal propagation modes. Taking those assumptions into account, the
general propagation equation in an optical fiber results in

E(x,y,z, t) = E0Ψ(x,y)A(z, t)ei(β z−ωt), (2.12)

with β as the mode-propagation constant, which will be further described in a following sec-
tion. One could also derive these propagation equations with the magnetic field, but in lit-
erature, the electrical field is usually preferred. Ψ(x,y) represents the transverse modal dis-
tribution and A(z, t)ei(β z−ωt) the longitudinal part of the propagating electro-magnetic wave.
The notation x,y,z indicate the position inside the fiber expressed in the Cartesian coordinate
system, t the time and ω the angular frequency of the propagating wave, which is

ω = 2πν , (2.13)

with ν as the frequency of the radiation. In the following sections, different effects will be
described that influence either Ψ(x,y) or A(z, t)ei(β z−ωt).
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2.1.2 Fiber modes

2.1.2.1 Classical fiber geometry

An optical fiber is a special form of a waveguide, where light is guided in a flexible and
transparent fiber. The development of optical fibers has been enormously growing since the
demonstration of low loss propagation in silica fibers, and therefore their possible application
for the telecommunication market. Nowadays, for the transmission of data, optical fibers offer
numerous advantages compared to their wired counterparts, e.g. higher bandwidths and data
rates, low noise and low loss in propagation. Thanks to this market-driven research, silica
fibers are highly developed and fiber processing equipment, like fiber cleavers, splicers, or
recoaters, are commercially available.
An optical fiber consists of a core, an inner and optionally an outer cladding. The guidance of
light occurs in the fiber core and is enabled by the physical effect of total internal reflection
(TIR). The refractive index of the fiber core, ncore, is higher than the one of the surrounding
inner cladding material, niclad . Therefore, these fibers are called step-index fibers. The magni-
tude of this guiding effect is defined by the numerical aperture, NA, which is the Pythagorean
subtraction of both refractive indices:

NA =
√

n2
core−n2

iclad. (2.14)

The NA defines the acceptance angle θ of the fiber core, see Figure 2.1:

θ = arcsin
(

NA
n

)
. (2.15)

Based on the theory of ray optics, θ is the maximum angle at which the light can still be
coupled into the fiber core and will be guided, owing to TIR. The refractive index of the
surrounding material of the fiber, n, is 1 in the case of air. In literature, θ is also used as half-
angle of the divergence of a laser beam. It has to be considered that the maximum entrance
angle for the fiber is defined at the 5% intensity level of the transverse intensity profile [47],
whereas the divergence of a free-space laser beam is determined at 13% of it.
The fiber geometry for use as a laser host material was first described in 1961 by Elias Snitzer
[48]. The fiber laser offers very promising lasing characteristics, as it has been explained in

Core

Inner Cladding

Outer Cladding

Single clad Double clad

θ

n n

Figure 2.1: Structure of an optical fiber with the acceptance angle θ and the refractive index profile of
a single- and double-clad fiber design (not true to scale).
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Figure 2.2: Left: Intensity profiles of different transverse propagation modes in optical fibers (adopted
from [49]); right: Thresholds of the first four modes against the normalized frequency.

the introduction. A main drawback at the beginning of fiber laser research was the challenge
to couple the pump radiation in the fiber core, which was overcome by the invention of the
double-clad fiber design in 1988 [50]. For telecommunication systems, single-clad fibers guide
the light only in the core of the fiber and the light in the inner cladding leaks into the outer
polymer cladding. In double-clad fibers, the light can also propagate in the inner cladding
of the fiber, which is enabled by a higher refractive index of the inner compared to the outer
cladding, noclad , see Figure 2.1. Therefore, high power, low-brightness diode modules could
be used for pumping active fibers, which has been a breakthrough in high power fiber laser
development. The beam propagation inside the inner cladding is highly multi-mode and many
modes do not have any intensity in the center of the inner cladding, where the fiber core is
located. Thus, the geometry of the inner cladding is often non-round to break the symmetry,
which results in a flat-top intensity profile [51], thereby assuring optimum pump absorption
during propagation.
Another important parameter regarding the guidance in optical fibers is the relatively refractive
index difference ∆ of ncore and niclad:

∆ =
ncore−niclad

niclad
. (2.16)

Regarding the general wave equation 2.11, its solutions for Ψ(x,y) are the so-called transverse
propagation modes and can be divided in two classes. If there is a symmetry to the carte-
sian/cylindrical coordinate system, the solutions are called Hermite-Gaussian (HG)/Laguerre-
Gaussian (LG) modes, respectively. The different intensity profiles of these modes are shown
in Figure 2.2, left. To determine, which of these modes can propagate in a fiber core, the
normalized frequency V ,

V =
2πaNA

λ
, (2.17)

is introduced, where a is the core radius of the fiber and λ the wavelength of the propagating
electro-magnetic radiation. If the fiber is highly multi-mode, the total number of modes, M,
can be approximated by

M ≈ 4V 2

π2 +2. (2.18)
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For single-mode operation (HG00/LG00), V has to be below 2.405, see Figure 2.2, right. Its
transverse modal profile is a Bessel function of first kind and 0th order inside the fiber core,
and the modified Bessel function of second kind and 0th order in the inner cladding. This mode
is included in both classes of solutions and is very close to a Gaussian intensity distribution,

IGauss(r) =
2P0

π(MFD
2 )2

e
− 2r2

(MFD
2 )2 , (2.19)

where P0 is the total power of the mode, MFD its mode field diameter and r the radial position
in the cylindrical coordinate system. In telecommunication systems, single-mode fibers are
most commonly required for long distances and high data rates. The MFD of the fundamental
mode has been empirically determined [52]:

MFD = 2a(0.65+1.619V−1.5 +2.879V−6). (2.20)

The MFD is a very important parameter for the pulse propagation in optical fibers, especially
for broadband sources, as it is dependent on the wavelength of the radiation.

2.1.2.2 Photonic crystal fibers

In 1970, the flexibility of designing the properties of optical fibers was tremendously increased
by the invention of so-called photonic crystal fibers (PCFs) [53]. Their cross-sections consists
of the fiber material and hollow air channels in longitudinal direction. Nonlinear, dispersive
and modal fiber characteristics could be tailored more flexibly compared to the standard fiber
designs. For example, very small core diameters are feasible for enhancing the efficiency of
nonlinear processes [24]. On the other hand, very large cores for high power pulsed laser or
amplifier systems have been realized to scale the peak power of the output radiation, which
is limited by nonlinearities [54]. It is possible to design very low net dispersion with a flat
contribution for telecommunication systems, but also high values for dispersion compensation
applications. The fiber dispersion can also be tailored to enable phase matching for tunable
fiber sources based on OPG [55].
PCFs can be separated into photonic bandgap fibers (PBFs) and microstructured fibers (MFs).
The basic difference between both is the guidance mechanism. PBFs are hollow-core fibers
with air channels around the core. The effective refractive index of the inner cladding is higher
than the one of the core, therefore, TIR is not possible. A two-dimensional photonic bandgap
effect in the cladding based on interference phenomena enables the guiding. The radiation is
trapped in the hollow core in the radial direction. Only a certain wavelength range fulfills the
guidance condition, which results in rather narrow transmission bandwidths of such fibers. It
can be broadened using a novel PBF design, whose fiber cross-section has a Kagomé lattice
design [56]. In such fibers, the guidance does not rely on the photonic bandgap effect but on a
so-called inhibited-coupling guidance, based on a strong phase mismatch of the cladding and
the core modes, that prevents leakage of the core modes into the inner cladding. PBFs with
gas-filled cores are very attractive for light-gas interaction [57], e.g. with xenon for nonlinear
pulse compression [58], or generally for sensing applications [59].
MFs have a solid-state core with air-filled capillaries around it. The fiber properties are defined
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Figure 2.3: Le f t: Limit between single- and multi-mode propagation of a MF shown as wavelength

λ over Λ versus the filling factor d
Λ

, inset: Typical MF with a hexagonal shape, fiber core
and air channels (adopted from [60]); right: Numerically determined constant C versus the
inverse filling factor λ

d [60, 61].

by the diameter of the air channels, d, and their distance to each other, Λ, whose fraction is
called filling factor, d

Λ
. Usually, there is one "missing" air channel in the cross-section, which

is used as fiber core. The light is guided comparable to step-index fibers through TIR, where
the effective refractive index of the inner cladding depends on the filling factor and λ , offering
the mentioned flexibility in design. The inset of Figure 2.3, left, shows a picture of a very
common MF design with a hexagonal shape.
To derive the modal propagation characteristics of MFs, Mortensen et al. found out that the ef-
fective area of the propagating mode, which is called mode field area (MFA), can be expressed
approximately with the inverse of the filling factor, Λ2 and a constant C [61]:

MFA =C
Λ

d
Λ

2. (2.21)

The MFA can be calculated via:

MFA =

(
∞∫
−∞

∞∫
−∞

|Ψ(x,y)|2dxdy
)2

∞∫
−∞

∞∫
−∞

|Ψ(x,y)|4dxdy
= π ·MFD

4

2
. (2.22)

The constant C has been determined numerically solving the Maxwell equations for different
filling factors and is displayed on the right side of Figure 2.3. The NA of MFs is strongly
wavelength-dependent, therefore, an effective refractive index of the inner cladding, niclad,e f f ,
results. The NA can be approximated by:

NA =
√

n2
core−n2

iclad,e f f ≈
√

1+
πMFA

λ 2 . (2.23)

This feature enables an almost constant normalized frequency V versus wavelength, allowing
single-mode propagation over a broad spectral bandwidth. Such fibers are therefore called
endlessly single-mode (ESM) fibers. Technically speaking, they are not "endlessly" single-
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Figure 2.4: Mode field diameter and numerical aperture versus wavelength for a SMF28 fiber and an
ESM-12B PCF.

mode, because once the propagating wavelength is in the range of the fiber parameters, the
mode leaks into the cladding. The ESM regime is indicated in Figure 2.3, left.
Taking a commercially available "ESM-12B PCF" from Thorlabs [62], it is possible to have
a roughly constant MFD with an increasing NA. This fiber has been developed to be as close
as possible to a standard step-index SMF28 fiber for telecommunication. The ESM-12B has a
pitch of 8 µm with a filling factor of 0.46 [63]. Figure 2.4 shows the comparison of the MFD
and NA versus wavelength for the SMF28 and the ESM-12B fiber. The graph displays a much
more constant MFD for the ESM-12B PCF, which is very beneficial for SCG and the reason
why PCFs have been numerously used for that purpose [64, 65].
PCFs produced in silica are very promising for SCG in the visible wavelength range, because
the ZDW of the fiber can be lowered to enable pumping with commercially available ultra-fast
titanium-doped sapphire (Ti:Sa) lasers in the anomalous dispersion region of silica at 800 nm
[66].

2.1.2.3 Beam quality in optical fibers

The beam quality of a free-space laser beam is defined via the beam propagation factor M2 and
can be formulated as

θ
MFD

2
= M2 λ

π
, (2.24)

where θ is the half-angle of the divergence of the laser beam. The MFD in this equation is
defined by the MFD in the focal plane of the beam caustic. The beam quality of the transverse
modes, which were introduced in subsection 2.1.2, can be very simply calculated dependent
on their order n,m, l and p: [67]:

M2
x = 2n+1, M2

y = 2m+1, (2.25)

M2
x/y = 2p+ l +1. (2.26)

The beam quality of the radiation emitted from an optical fiber can be expressed with the
superposition of the different transverse propagation modes. For active fiber lasers, the design
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of the fiber core and the NA can be tailored to obtain the desired beam quality. But the M2

value of a laser beam generated in an optical fiber is always slightly above 1, because the
intensity profile of the propagating fundamental mode is, as mentioned, a Bessel function and
the definition of the free-space laser beam quality factor is based on a Gaussian profile.

2.1.3 Dispersion

Dispersion refers to a wavelength-dependent phase velocity of propagating electro-magnetic
waves inside a material. In optical fibers, this phenomenon can be separated into waveguide,
chromatic, intermodal and polarization mode dispersion. Waveguide dispersion is in partic-
ular very important for optical fibers and will therefore be derived in detail. Dependent on
the fiber design and wavelength, a non-negligible part of the guided modes propagates in the
inner cladding of the fiber. This evanescent electro-magnetic field experiences a lower refrac-
tive index, which causes a difference in phase velocity compared to the field propagating in
the fiber core. Chromatic dispersion is caused by the wavelength-dependency of the refractive
index, which will also be further described. Intermodal dispersion stands for varying propaga-
tion characteristics for different transverse modal profiles. This type of dispersion will not be
discussed in this thesis due to nearly exclusively used single-mode fibers. Polarization mode
dispersion is based on different polarization states of the propagating modes and will also not
be further derived owing to the investigation on centrosymmetric fibers in this thesis, which
should theoretically not exhibit polarization-dependent propagation behavior.
The waveguide dispersion is deduced for the fundamental transverse mode HG00. The normal-
ized propagation constant b is introduced,

b =
n2

e f f −n2
iclad

n2
core−n2

iclad
≈ 1−

[
1+
√

2

1+(4+V 4)
1
4

]2

, (2.27)

which determines how much of the radiation propagates in the core of the fiber, assuming a
rapid decay of the electro-magnetic field in the cladding with respect to its thickness [68]. It
is plotted in Figure 2.5 versus the normalized frequency V . With this factor, it is possible to
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Figure 2.5: Normalized propagation constant versus normalized frequency.
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define an effective refractive index, ne f f , of the propagating mode:

ne f f (λ ) = niclad +b(ncore−niclad) =
√

n2
core−NA2 +b(ncore−

√
n2

core−NA2). (2.28)

The waveguide dispersion is often quantified via a dispersion parameter Dw, which is the time
delay per nanometer wavelength and kilometer propagation distance inside a medium caused
by this type of dispersion [68]:

Dw ≈−
λ

c
ncore∆

d2b
dλ 2 . (2.29)

The chromatic dispersion, also called material dispersion, can be derived with the wavelength-
dependent refractive index profile of the material, nmat , which is defined by the Sellmeier
coefficients A j and B j:

nmat(λ ) =

√
1+

m

∑
j=1

B j ·λ 2

λ 2−A j
. (2.30)

Dependent on the definition, sometimes in literature the "1" in the square root is replaced by an
A0. Taking nmat and the influence of the waveguide dispersion from equation 2.28, the effective
refractive index of the propagation mode, including material and waveguide dispersion, yields

ne f f (λ ) =

√
n2

mat−NA2 +b(nmat−
√

n2
mat−NA2). (2.31)

For the mathematical description of the dispersion, the mode-propagation constant β is intro-
duced and described by a Taylor series around the angular frequency ω0 [69]:

β (ω) = ne f f (ω)
ω

c
= β0 +β1(ω−ω0)+

1
2

β2(ω−ω0)
2 + ....+

1
m!

βm(ω−ω0)
m. (2.32)

βm is the mth derivative of the mode-propagation constant around the frequency ω0,

βm =

(
dmβ

dωm

)∣∣∣∣
ω=ω0

. (2.33)

The first derivative of β is the reciprocal of the so-called group velocity vg, which is technically
speaking the velocity of the envelope of a propagating pulse inside the fiber:

β1 =
1
vg

=
ng

c
=

1
c

(
ne f f +ω

dne f f

dω

)
. (2.34)

A group refractive index ng is used, which relates to the group velocity with vg= c
ng

. The second
derivative of β , β2, is called the group velocity dispersion (GVD) of the pulse,

β2 =
1
c

(
2

dne f f

dω
+ω

d2ne f f

dω2

)
, (2.35)

and stands for the wavelength-dependent phase velocity within the envelope of the pulse. β2

is a very important parameter, especially in optical fiber communications, because it describes
the chirp of the optical pulse and thus the temporal broadening or shortening during its propa-
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material dispersion

waveguide dispersion

total dispersion

Figure 2.6: Dispersion parameter versus wavelength of a standard SMF fiber including material and
waveguide dispersion.

gation. If the propagating light experiences a positive/negative GVD, it is defined as the nor-
mal/anomalous dispersion region, respectively. As for the waveguide dispersion, a dispersion
parameter Dm can be used to illustrate the influence of the material dispersion:

Dm =
δβ1

δλ
=−2πc

λ 2 β2 ≈
λ

c
δ 2nmat

δλ 2 . (2.36)

The GVD is mostly used in physics and optics, whereas Dm is preferred by the engineering
community [70]. If in later chapters the dispersion D of optical fibers is mentioned, the sum of
the material and waveguide dispersion, D = Dm+Dw, is meant. Dispersion causes a linear fre-
quency chirp, redistributing the frequency components of the signal inside the pulse envelope,
which does not generate new frequency components.
The total dispersion of a SMF28 fiber is shown as an example in Figure 2.6. In this case, the
influence of the waveguide dispersion is negative and decreases the material dispersion, which
also lowers the ZDW. For telecommunication fibers, the ZDW is around 1.5 µm, corresponding
to the standard telecommunication band.

2.1.4 Nonlinear effects

As explained in chapter 2.1.1, for high electro-magnetic fields, the polarization of the material
cannot be assumed as linear anymore and higher-order susceptibilities have to be taken into
account. In this thesis, only amorphous centrosymmetric materials are investigated for non-
linear interactions, therefore, χ(2) is zero [69]. χ(3) is responsible for the occurring nonlinear
effects, which is a 4th-rank wavelength-dependent tensor with 34 elements including the possi-
ble combination of three Cartesian components of the polarization and three different material
orientations. The most influential nonlinear effects contributing to SCG will be derived in the
following.

2.1.4.1 Kerr effect

The Kerr effect describes a change of the refractive index caused by a high optical intensity, I.
The refractive index of an optical material contains generally a wavelength-dependent linear
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part, n(λ ), and a nonlinear one, n2I:

n(λ , I) = n(λ )+n2I. (2.37)

The nonlinear-index coefficient n2 is directly linked to the real part of χ3. Assuming a linearly
polarized optical field and a cubic material, χ3 contains only one component in its tensor,
which can be used for calculating n2:

n2(λ ) =
3

8n(λ )
Re(χ(3)). (2.38)

In literature, a nonlinear coefficient γ is also frequently used for quantifying the nonlinearity
of a material,

γ =
n2ω

cMFA
. (2.39)

If an optical pulse propagates in a fiber, the transverse modal distribution Ψ(x,y,ω) with local
intensity maxima, and its temporal peak causes the Kerr effect. If the fundamental transverse
mode HG00 is propagating, it causes a so-called Kerr lens due to a refractive index profile in
the radial direction comparable to that of a graded-index lens. For high peak power fiber lasers,
Kerr lensing can cause fiber damage owing to the connected self-focusing effect. A Kerr lens
does not generate a significant chirp of the spectral phase and has therefore only a negligible
influence on the spectrum of the pulse.

The Kerr effect, caused by the temporal peak of the pulse envelope, influences the group
velocities within the pulse, which has a broadening effect on its spectrum and is thus often
used for that purpose, e.g. before pulse compression. The connected refractive index change
can be generally caused either by the pulse itself, which is then called self-phase modulation
(SPM), or by another pulse, which has been named cross-phase modulation (XPM).

In SPM, the nonlinear phase shift can be so strong, especially for high peak power fiber laser
systems, that operation under stable conditions is not possible anymore. The phase shift in-
duced by SPM, which occurs if a pulse propagates in a fiber, is wavelength-dependent and can
be expressed via n2:

φSPM =
2πle f f

λ
n2I = γP̂le f f . (2.40)

P̂ is the peak power of the pulse. The effective interaction length, le f f , considers the losses α

and the gain coefficient g of a fiber [71], which will be introduced in subsection 2.2.2:

le f f =
1− e−αl

α
, (2.41)

le f f =
egl−1

g
. (2.42)

The effective fiber length approaches the fiber length l if there are no losses or gain (α=0,
g=0):

lim
α,g→0

le f f = l. (2.43)

The phase of the pulse is impacted by SPM, but not its temporal pulse shape. The chirp of
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SPM is comparable to positive GVD, where shorter wavelength components of the spectrum
are shifted towards the trailing edge of the pulse. SPM causes a nonlinear frequency chirp
producing a symmetric spectral broadening [70].
XPM has a similar effect on the pulse spectrum compared to SPM. There is no energy transfer
between the two electro-magnetic waves during interaction. For calculating the XPM-induced
phase shift, the intensity of the signal, Is, and the one from the co-propagating wave, Ic, have
to be considered:

φXPM =
2πle f f

λ
n2[Is +2Ic]. (2.44)

The phase shift shows that the influence of XPM is about a factor of two higher than that from
SPM owing to the interference effects between the pulses, assuming the same polarization
state. Especially in telecommunication systems, this effect can be very problematic because
independent communication channels can cross-talk and influence each other.

2.1.4.2 Four wave mixing

FWM is a nonlinear parametric effect transforming two pump photons ("1" and "2") into two
photons at different wavelengths ("3" and "4") by their annihilation. The medium has hereby
a passive role, because no energy is transferred to the material. The newly generated photons
are separated into a Stokes and an Anti-Stokes wave. The requirements for the FWM process
are the match of the photon energies, expressed by ω , and their phase momenta, related to β :

ω1 +ω2 = ω3 +ω4, (2.45)

β1 +β2 = β3 +β4. (2.46)

FWM is more efficient if ω1=ω2, meaning an intense pump pulse produces two new photons,
ω3 and ω4, leading to spectrally symmetric sidebands, which plays an important role dur-
ing SCG. This special case is called degenerate FWM and the requirements regarding phase
matching are less critical compared to non-degenerate FWM. It can be pictured as an instabil-
ity of the CW pump radiation caused by background noise. In the time domain, this process
leads to a temporal modulation of the CW radiation resulting in modulation instabilities (MI),
as it will be explained in one of the next subsections. FWM can be used for parametric ampli-
fication systems [69]. Especially since the advent of the PCFs that enable the flexible design
of the fiber dispersion and therefore the phase matching condition for FWM, the development
of fibered OPAs has been boosted.

2.1.4.3 Scattering Processes

Scattering processes caused by χ(3) are the inelastic effects of Raman- and Brillouin scattering,
where an optical wave interacts with a phonon of the material. Simply stated, the material
absorbs a photon and creates an excitation to a virtual level. During the relaxation, a new
phase matched photon is generated with an energy that is increased or decreased by the energy
of the phonon and whose spectrum is therefore blue- or red-shifted. The probability of the
latter one is much higher owing to more relaxed phase matching requirements between photon
and phonon, which results in an overall asymmetric gain profile. Both processes exhibit a
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threshold-like behavior and can be separated regarding the type of interacting phonon, optical
phonons for Raman and acoustic ones for Brillouin scattering.
Raman scattering (RS) plays an important role for SCG. The spectra of optical phonons are
relatively broad, in the order of 10 THz to 15 THz for silica, enabling a high wavelength shift.
RS can be stimulated and used as parametric amplification, where two co-propagating waves
transfer energy. The gain spectrum of RS is not dependent on the pump wavelength and offers
thus a flexible possibility for power amplification. RS is one of the main limitations in terms
of power scalability for high power fiber lasers, especially for pulsed systems. The threshold
power for RS, PRS,th, is based on the Raman gain coefficient, gRS, of the material:

PRS,th ≈ 16
MFA

gRSle f f
. (2.47)

RS is related to the imaginary part of χ(3). The Raman gain factor is inversely proportional to
the pump wavelength, therefore, high power 2 µm fiber laser sources have inherently a higher
threshold power for RS compared to 1 µm sources.
The Brillouin scattering (BS) is also related to the imaginary part of χ(3) and has usually
a much narrower gain bandwidth compared to RS. The maximum frequency shift for BS in
silica is in the range of GHz. The photons are usually scattered, other than for RS, along the
opposite direction of the propagating signal. The threshold for BS, PBS,th, can be calculated,
similar to RS, via a gain factor, gBS [72]:

PBS,th ≈ 21K
MFA

gBSle f f
(1+

∆νs

∆νBS
). (2.48)

K is a polarization factor and has a value between 1 and 2, dependent if the polarization of the
Stoke’s wave is parallel or perpendicular to the one of the signal, respectively [73]. ∆νBS is the
full-width at half-maximum (FWHM) of the Brillouin gain bandwidth and ∆νs the one of the
signal. If the signal is broadband, which is usually the case for ML fiber lasers, the threshold
for BS is very high. BS has a more important impact in the telecommunication sector, where
narrow band signals with very long interaction lengths are used.

2.1.4.4 Modulation instabilities and solitons

MI describe a process, where a CW or quasi-CW signal is not stable against perturbations of
background noise, which then breaks up into a pulse train of much shorter subpulses. This
phenomenon has first been determined in other physical systems than optics and has often be
named self-pulsing instabilities [69]. In optical fibers, MI was first observed in 1986 by Tai
et al. [74], where it usually occurs in the anomalous dispersion region. In this regime, the
GVD causes a frequency-upshift of the leading and a frequency-downshift of the trailing edge
of the pulse. Exactly the opposite is induced by SPM. Therefore, these two effects can balance
each other for certain pulse energies and temporal pulse shapes of these subpulses, which are
called solitons or solitary waves. They can be separated into fundamental and higher-order
solitons. For fundamental solitons, the temporal and spectral pulse shapes are not affected dur-
ing propagation. The shorter the soliton, the broader its spectrum. For higher-order solitons,
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the SPM and the dispersion do not match perfectly, therefore, these pulses "breath" and change
their spatial and spectral shapes periodically within the so-called soliton period. Solitons play
an enormous role in telecommunication systems owing to the non-disturbed propagation [75].
The envelope of the fundamental soliton has a hyperbolic secant pulse shape [76]:

A(t,z) = A0sech(
t

tp,sol
). (2.49)

A0 is hereby the peak of the electro-magnetic field and tp,sol its pulse duration at the FWHM.
The product of the solitonic pulse energy, Ep,sol , and its pulse width is determined by the
nonlinearity and the dispersion of the fiber [76]:

Ep,soltp,sol ≈ 3.5
|β2|
|γ|

. (2.50)

MI can generally be described as a degenerate FWM process with an induced phase matching
condition via the Kerr nonlinearity, exhibiting two symmetric broad side lobes around the
center frequency of the signal. During MI, the surplus energy of the radiation, which does
not "fit" to the quantized soliton energies is transferred to so-called dispersive waves that can
be pictured as background waves in the normal dispersion region of the nonlinear medium
with low amplitude non-solitonic propagation [77]. The wavelength of the dispersive waves is
hereby defined via phase matching conditions and is therefore intrinsically narrow-band. Each
fundamental soliton generates a dispersive wave. The process of MI destroys any temporal
coherence of the input radiation.
If there are disturbances during propagation, e.g. RS, higher-order dispersion, or two-photon
absorption, the fundamental solitons automatically adjust themselves to a valid form and are
therefore very robust against such perturbations [77]. For very short pulses with broad spectral
bandwidth, these disturbances originate from dispersion and for longer pulses, from Raman
effects. The residual energy during this adaption is transferred to the co-propagating dispersive
wave. Higher-order solitons break up in pulse trains of fundamental solitons during such
perturbations. This process is called soliton fission [78]. Regarding its pulse energy, a higher-
order soliton stands for a certain number of fundamental solitons, Nsol , which is dependent on
the dispersion and the nonlinear properties of the fiber:

Nsol =

√
γP̂t2

p,sol

|β2|
. (2.51)

For SCG, this effect has an enormous influence. First, the dispersive wave contributes to the
wavelength broadening, and second, the solitons resulting from MI have higher peak power
levels than the input signal itself before MI. It is therefore not necessary to use ML lasers
for SCG, nanosecond pulses affected by MI, enabling the propagation of a large number of
ultra-short solitons with high peak power levels, provide efficient SCG [79].
During soliton propagation, RS can occur within one spectrum of a soliton, which is then
continuously red-shifted. This effect is called soliton self-frequency shift (SSFS) and was
discovered in 1986 [80]. The shorter the soliton, the faster and stronger the SSFS. This process
is although relatively slow, usually several meters of nonlinear fiber are required [81].



2.1. Pulse propagation in optical fibers 21

2.1.5 Losses

Losses and gain influence the amplitude of an electrical field, A(z, t)ei(β z−ωt) from the equation
2.12, during the propagation through an optical fiber. Gain can only be apparent if the optical
fiber is doped with laser active ions, which will be introduced in the next section. Losses can
have very different reasons and can be separated into intrinsic and extrinsic losses. Intrinsic
losses are caused by the material itself, meaning the wavelength-dependent absorption of light.
Extrinsic losses are induced by external influences, e.g. material defects during fiber fabrica-
tion or inappropriate usage. During fiber production, microscopic variations of the density or
inhomogeneities of the material cannot be avoided completely and cause scattering. Impuri-
ties, e.g. transition metals or hydrogen monoxide (OH), can cause additional absorption. OH
impurities are especially very detrimental for silica fiber lasers emitting at wavelengths around
2 µm, where their absorption is relatively high. The OH related losses are usually measured
at the preform before fiber drawing. For the calculations in this thesis, the material absorption
from the literature or the manufacturer is used. The data of the other loss factors caused by the
described scattering or inhomogeneities are not available and will therefore not be considered.
Another important extrensic loss factor are bend losses, which can be separated into macro-
and microbending losses. Macrobending occurs if the fiber is bent too tightly and the guided
modes leak into the cladding of the fiber. Microbending is caused by non-perfect fiber pro-
duction, in the means of variations in either core diameter, roundness or other geometrical
parameters. Microbending is very difficult to measure and to quantize, therefore, only mac-
robending is taken into account, which is an influencing parameter for mid-IR SCG because
of its strong wavelength-dependency. But not only SCG, also high power fiber lasers, whose
design is trending towards big MFDs and low NA, are very sensitive to macrobending losses.
This loss factor can be studied analytically based on Maxwell equations [52, 82] and calculated
by including the design parameters of the optical fiber [33]:

2αbend =

√
π

2s

u
V

(a2

2 )Kl−1(w)Kl+1(w)

ae(
−4w3∆

3aV 2 )R

w
√
(wR

a )+( V 2

2w∆
)
. (2.52)

αbend represents the losses caused by macrobending, including a degeneracy factor s, which
can be approximated as 2 for the fundamental mode [33]. R is the bend radius of the fiber,
w and u are parameters related to the waveguide dispersion, which can be calculated with the
mode-propagation constant β :

w = a
√

β 2−n2
icladk2

0, (2.53)

u = a
√

n2
corek2

0−β 2. (2.54)

The wavenumber k0 is defined as

k0 =
2π

λ
, (2.55)

with Kl as the second kind modified Bessel function of lth order:

Kl(x) =
π

2
I−l(x)− Il(x)

sin(απ)
. (2.56)
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Figure 2.7: Le f t: Bend losses for a standard ZBLAN fiber with a core diameter of 9 µm and a NA of 0.2
for different bend radii versus wavelength [83]; right: Multi-phonon material absorption in
the mid-IR wavelength region of silica (adopted from [22]).

Il(x) is the modified Bessel function of first kind. For the fundamental mode, Kl−1 and Kl+1 are
K1. The macrobending losses of a standard ZBLAN fiber with a core diameter of the 9 µm and
a NA of 0.2 from the company "Fiberlabs" [83] are shown in Figure 2.7 for different bending
radii. It indicates the strong wavelength-dependency of the bend losses.
Figure 2.7, right, shows the IR multi-phonon absorption of silica, αIR [22]. For the wavelength
of 2 µm, the losses are around 30 dB

km , which can be neglected in the case of fiber lasers because
of fiber lengths in the range of meters.

2.2 Laser operation

2.2.1 Thulium-doped fiber lasers

After the first reported Tm3+-doped laser with yttrium aluminium garnet (YAG) as host mate-
rial in 1965 [84], laser systems emitting in the near-IR region around 2 µm gained tremendous
attention owing to the growing scientific and industrial market needs. Laser radiation at wave-
lengths longer than 1.4 µm is considered to be eye-safe, because its radiation is absorbed in
the vitreous body of the human eye and can therefore not reach the retina [85]. This character-
istic has been one of the most important key requirements for many applications in free-space
communication [86] or sensing systems [87], for which the atmospheric transmission win-
dow around 2 µm is utilized. Another important feature for radiation at that wavelength is the
strong water absorption combined with weak absorption of human tissue making those sources
ideal for biological and medical applications [88, 89, 90]. Minimal penetration depth into hu-
man tissue by water absorption in the range of sub-microns is possible resulting in less damage
around the exposed area. Furthermore, the deposited heat caused by the absorption of the ra-
diation makes the blood coagulate, which stops bleeding. Material processing is a growing
market for 2 µm lasers, in particular for plastics, which are mostly transparent at wavelengths
in the near IR around 1 µm but opaque in the mid-IR and the UV. There are reports on plas-
tic welding at 1 µm, which requires however certain additives to the plastic, making them
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Figure 2.8: Left: Absorption cross-section of Tm3+-doped silica [91]; right: Energy levels of Tm3+-
doped silica and possible energy transfer processes (not true to scale) [92].

absorbing. This process complicates the manufacturing process and is in certain cases forbid-
den, e.g. for plastics used in medicine [93]. Another considerable field of applications is as
pump sources for wavelength conversion systems towards the mid-IR or the terahertz (THz)
region. The longer pump wavelength, compared to 1 µm or 1.5 µm, increases the conversion
efficiency [3, 94, 95].

As it is the trend at other wavelengths, the commonly used bulk laser systems are being re-
placed by fiber laser systems for many applications. The investigation on Tm3+-doped silica
fiber lasers started around 1988, when Hanna et al. reported the first Tm3+-doped CW silica
fiber laser [96]. Since then, the interest on Tm3+-doped fiber lasers increased rapidly owing to
the advantages of the fiber geometry compared to the bulky counterparts, e.g. high compact-
ness, alignment-free systems, high power operation, high tunability and therefore ultra-short
pulse generation, easy maintenance, etc. The advent of PCF further boosted this fiber laser
research [97].

Figure 2.8, left, shows the absorption cross-section versus wavelength of a Tm3+-doped silica
fiber [91]. These lasers can be either pumped around 0.79 µm, 1.2 µm, or in-band at around
1.65 µm. The absorption bands are very broad, enabling pumping with ytterbium (Yb3+), or
neodymium (Nd3+)-doped laser systems around 1.05 µm and erbium (Er3+)-doped systems
around 1.57 µm [36]. The most common lasing wavelength is around 2 µm, but also upcon-
version lasing in the blue emission range is possible, where fluoride fibers are usually used
owing to their higher fluorescence lifetimes compared to silica hosts [98]. No matter at which
wavelength the fiber is pumped at, the 2 µm laser emission ends in the upper Stark level of
the ground state and has therefore to be considered as quasi-three-level laser system with a
thermally populated ground state [99].

From all the possible pump wavelengths, 792 nm is the most attractive owing to commercially
available and affordable AlGaAs pump diodes. Furthermore, the effect of photodarkening
has not been reported at that pump wavelength, which is apparent at a pump wavelength of
1.06 µm [100]. However, pumping at 792 nm has in consequence a very high quantum de-
fect. But regarding the generalized energy diagram of Tm3+-doped silica on the right side of
Figure 2.8, there are certain cross-relaxation (CR) processes possible, which transfer energy
between two adjacent thulium ions. Especially for Tm3+-doped silica fibers, these processes
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Figure 2.9: Emission and absorption cross-sections of Tm3+-doped silica [91] and their fits, realized
by the superposition of multiple Gaussian functions [101].

can be very efficient owing to the relatively high phonon energy of silica and the strong broad-
ening of the manifolds leading to a spectral overlap of the transfer processes. The energy
transfer CR1, 3H4,3H6→3F4,3F4, is possible without interaction of a phonon, making it highly
probable. With CR1, quantum efficiencies higher than 100% are theoretically possible. In lit-
erature, this CR process is called the "two-for-one" pumping scheme, meaning that one pump
photon transfers two ions in the upper laser level. For the other cross-relaxation process, CR2
and both energy transfer upconversion processes (ETU), the interaction of at least one phonon
is necessary, which decreases their probability. Therefore, they will not be further considered.
Generally, the efficiency of energy transfer processes depend, among others, on the distance
between the ions in the gain material and can therefore be increased by higher doping levels
[102]. Although, if the doping exceeds a certain limit, quenching will occur because of ETU
processes. To bypass that limitation, aluminum (Al3+) can be added into the fiber core com-
position. Experimentally, the ratio of Al3+:Tm3+ has to be higher than 9:1 for efficient lasing
operation [92, 102]. The highest reported slope efficiency of a Tm3+-doped fiber laser system
pumped at 792 nm has been 74%, which yields a quantum efficiency of around 180% [92].
With Tm3+-doped planar waveguides, a slope efficiency of even 80% has been reached [103].
If a Tm3+-doped silica fiber laser is pumped at 792 nm, it can be assumed that every absorbed
photon transfers at least one ion directly in the upper laser level 3F4 owing to the low lifetimes
of the 3H4 and 3H5 levels of around 20 µs [104] and 7 µs [91], respectively. For the lasing
transition 3F4→ 3H6, the radiative and non-radiative rates are in the same order of magnitude,
because of the relatively high phonon energy [105]. The fluorescence lifetime of this manifold
is in the range of 0.34 ms [91], which will be used for all further simulations regarding the
performance of the fiber laser. The lifetime of the upper laser level mainly influences the lasing
threshold, but not significantly the slope efficiency, because stimulated emission will deplete
the conversion once the lasing threshold is reached. Although, in small signal amplifiers, the
lifetime influences their noise level. Figure 2.9 shows the cross-sections of the emission and
absorption at the wavelength around 2 µm, which are fitted by the superposition of multiple
Gaussian functions [101]. These values will be used for further calculations.
The operational regime of a laser can be distinguished dependent on the temporal output of
the laser radiation. The most important regimes are CW, QS, ML and QML [106], whose
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basic laser output parameters are theoretically derived in the further subsections based on a
Tm3+-doped silica fiber laser.

2.2.2 Continuous wave operation

According to the energy levels shown in Figure 2.8, the manifold 3H4 has the population
density N4, 3H5 the population density N3, and 3F4/3H6 are defined as the upper/lower laser
level with the population densities N2/N1, respectively. All population densities N are average
densities over the fiber length:

N =
1
l

l∫
0

N(z)dz. (2.57)

Owing to the small lifetimes of 3H4 and 3H5, it is assumed that the total number of active ions
is Ntot≈N1+N2. The feedback condition of an optical resonator is taken as starting point to
derive lasing in CW operation, see Figure 2.10. If one round-trip of one photon is observed,
the condition

GRHR(1−L)GROC = G2RHR(1−L)ROC
!
= 1 (2.58)

must be valid at the lasing threshold and above. G is the gain factor of one pass though the
laser material, RHR is the reflectivity of the cavity end mirror and ROC the one from the output
coupler. The loss factor L includes diffraction of the fiber material or coupling losses of the
intracavity radiation back into the fiber core and is defined as losses per round-trip in the laser
resonator. The gain factor G of an active material based on a quasi-three-level laser system can
be calculated with

G = eΓ(N2σe(λs)−N1σa(λs))l = eΓ(N2σe(λs)−(Ntot−N2)σa(λs)l) !
=

1√
RHR(1−L)ROC

, (2.59)

where N2σe(λs)l and N1σa(λs)l are the signal gain and absorption at the signal wavelength
λs under lasing conditions. σe(λs) is the emission and σa(λs) the absorption cross-section at
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Figure 2.10: Basic scheme of a round-trip in an optical resonator with gain material and the relating
intracavity intensity dependent on the position (adopted from [67]).
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the signal wavelength. In solid-state lasers, the energy manifolds are split by the Stark effect,
which is the result of the crystal field acting onto the active laser ions. σe and σa represent
therefore the cross-sections of an inter manifold transition. The factor Γ from equation 2.59
represents the ratio of the power propagating in the fiber core to the total power included in
the propagating mode. This factor has to be considered, since a part of the field of the modes
propagates in the non-doped inner cladding of the fiber and does not experience any gain or
absorption. It is defined via

Γ =

2π∫
0

a∫
0

Ψ(r)r dr dφ

2π∫
0

∞∫
0

Ψ(r)r dr dφ

≈ 1− e
−2a2

(MFD
2 )2 . (2.60)

This relation is valid for the fundamental mode, whose Bessel function is here approximated
by a Gaussian intensity profile.
For further calculations, the rate equations of the population densities of the upper and lower
laser levels are derived. It is assumed, that all absorbed pump photons produce excited ions in
N2, so there is no excited state absorption (ESA) and all ions are distributed homogeneously
over the volume of the active medium. Only CR1 from subsection 2.2.1 is considered as
energy transfer process. N2 in a quasi-three-level laser system can be calculated considering the
absorption of the pump radiation and the signal, and the stimulated and spontaneous emission
from the upper laser level N2 [67]:

N2

dt
=−N1

dt
=WpN1 +W12N1−W21N2−A21N2. (2.61)

Generally, the index ”12” indicates the transfer rates from N1 to N2 and ”21” for the reverse
rate. Wp is the pump rate, W12 and W21 are the rates for the absorption of the signal and
stimulated emission, respectively, and A21 is the rate corresponding to spontaneous emission.
A factor D is introduced, which expresses the ratio of the core area to that of the inner cladding
assuming a flat-top pump profile:

D =

2π∫
0

a∫
0

Ψpump(r)r dr dφ

2π∫
0

∞∫
0

Ψpump(r)r dr dφ

=
Acore

Aiclad
. (2.62)

It takes into account the effective overlap of the doped core with the the pump radiation. With
this factor, the different rates can be formulated as:

WpN1 = D
Ip

hνpl
ηabsηCR, (2.63)

W12 = Γ
Ii

hνs
σa(λs), (2.64)

W21 = Γ
Ii

hνs
σe(λs), (2.65)
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A21 =
1
τ
. (2.66)

hνp and hνs are the energies of a pump and lasing photon, respectively, h is the Planck’s
constant, νp and νs are the frequencies of the pump and the lasing photons, respectively. ηabs

and ηCR are the absorption and CR efficiencies. Ii is the intensity of the electro-magnetic field
inside the cavity and τ the fluorescence lifetime of the energy level N2, meaning the average
of the lifetimes from all the Stark levels in this manifold. In equation 2.63, the pump radiation
is assumed to be flat-top across the fiber. Ip is the pump intensity,

Ip =
Pp

Aiclad
, (2.67)

with Pp as the pump power. Also the rate equation of the intracavity photon flux,

Φi =
Ii

hνsc
, (2.68)

has to be introduced:

dΦi

dt
=W21N2−W12N1−

Φi

τc
= ΓΦicσe(λs)N2−ΓΦicσa(λs)N1−

Φi

τc
. (2.69)

The cavity lifetime, τc, states how long one photon stays in average inside the laser resonator
before it is lost or coupled out:

τc =−
τRT

ln
[
RHR(1−L)ROC

] =−2lcav

c
1

ln
[
RHR(1−L)ROC

] . (2.70)

lcav is hereby the optical length of the laser resonator and τRT the corresponding cavity round-
trip time. For the calculation of the threshold pump intensity, ηabs has to be defined:

ηabs = 1− eD(−N1σa(λp)+N4σe(λp))l ≈ 1− e−DNtotσa(λp)l. (2.71)

It has been assumed that there is no stimulated emission from the manifold 3H4 at the pump
wavelength because of the very short lifetime of this manifold. Furthermore, there are no
bleaching effects of the lower laser level, which results in a constant N1, which is approxi-
mately Ntot , N1 ≈ Ntot . This assumption is valid because in laser operation of a fiber laser, in
most cases only a few percent of the total number of ions are in the upper laser level. D has
to be considered owing to the non-absorbed guided pump light in the inner cladding. If the
laser is operated below threshold, there is no photon flux in the cavity, Φi = 0, and therefore
no reabsorption and stimulated emission, which results in

N2

dt
=WpN1−A21N2 (2.72)

for the rate equation of the upper laser level. By using equations 2.66, the solution of this
differential equation describes the trend of N2 before reaching the lasing threshold:

N2(t) =WpN1τ(1− e−
t
τ ). (2.73)
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For a very long pumping time t, N2 can be expressed as

lim
t→∞

N2 =WpN1τ. (2.74)

Using this relation for N2 together with equation 2.63 and equation 2.59, the threshold pump
intensity Ip,th can be defined as

Ip,th =
Ip,sat

ηabs

(
σa(λs)Ntot l−

1
2Γ

ln
[
RHR(1−L)ROC

])
. (2.75)

Ip,sat is introduced as the pump intensity causing saturation at the lasing wavelength λs, which
is connected to the saturation intensity of the lasing material, Is,sat , with [67]:

Ip,sat =
hνp

ηCRτσe(λs)+σa(λs)
=

νp

νsηCR
Is,sat . (2.76)

After reaching the threshold, N2 is clamped at the population density of the lasing threshold,
N2,th:

N2,th =
σa(λs)Ntot l− 1

2Γ
ln
[
RHR(1−L)ROC

]
l(σe(λs)+σa(λs))

. (2.77)

The output photon flux of the laser system, Φout , can be specified with the derived Ip,th, yield-
ing

Φout =
1

hνpc
lnROC

ln
[
RHR(1−L)ROC

]ηabsηCR(Ip− Ip,th) = ηs
Ip− Ip,th

hνpc
. (2.78)

The slope efficiency of the fiber laser, ηs, can also defined via the different lifetimes, wave-
lengths and efficiencies introduced before:

ηs =
λp

λs

τc

τout
ηabsηCR. (2.79)

τout is the photon out-coupling lifetime, defined as:

τout =−
τRT

lnROC
. (2.80)

The CW performance of a Tm3+-doped fiber laser is simulated and the results for some of
the output parameters are shown in Figure 2.11. The left side shows the pump power at the
threshold, Pp,th, and the slope efficiency ηs versus wavelength for a Tm3+-doped fiber using
the absorption and emission cross-sections shown in Figure 2.9 and an estimated CR efficiency
of 1.5. The right side of the figure also displays Pp,th and ηs versus the loss factor L of the res-
onator. Furthermore, the following data has been used for the simulation: l = 3 m, τ = 0.34 ms,
RHR = 1, ROC = 0.04, ηCR = 1.5, ηabs = 0.9, L = 0.2 (left figure), λs = 2 µm (right figure)
and a doping level of 2.8%wt.. The horizontal line indicates the limit in terms of tunability. It
is restricted by amplified spontaneous emission (ASE), which generally starts at a gain factor
G, equation 2.59, of around 20 dB [67]. For the used parameters of the simulation, this gain
factor corresponds to a pump power level of 7.5 W, introduced as the ASE threshold power
PASE . According to the result of the simulation, the fiber laser can be tuned from 1.93 µm up
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Figure 2.11: Simulation of the pump power at the lasing threshold and the slope efficiency versus
wavelength (le f t) and cavity loss factor (right).

to 2.08 µm. The slope efficiency ηs decreases in the simulated wavelength range from 57% to
approximately 48%, partly caused by the higher quantum defect for longer lasing wavelengths.
The right side of the figure displays the threshold power and the slope efficiency versus the cav-
ity losses L, which highlights the insensitive nature of fiber lasers against cavity losses. Pp,th

increases only slightly whereas ηs decreases from 50% to 30% at a loss factor of 90%.

2.2.3 Q-switching

QS is one of the most common methods to generate short laser pulses. The name originates
from the Q-factor of an optical resonator, which depends on the cavity losses and is changed
during this process. Figure 2.12 shows on the left side a basic block diagram of a laser cavity
with an active QS modulator in both switching statuses. The right part of the figure displays
important resonator parameters during QS operation. In the blue phase, the resonator loss fac-

Gain Material

(on) Modulator      (off)

Output Coupler

Cavity end mirror

ɸi

N2

t
ɸcw

Tp Tb

tp,QS

N2,i

N2,th

N2,f

L

t

t

Figure 2.12: Left: Laser resonator with an active modulator in both swithcing statuses (on and off );
right: Evolution of the loss factor L, the population density of the upper laser level N2 and
the intracavity photon flux Φi versus time (not true to scale).
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tor L (top diagram in Figure 2.12, right), and therefore Pp,th, is very high for a certain pumping
period Tp, because the active modulator partly couples out the intracavity beam and produces
therefore losses. During this pumping period, N2 is not depleted by stimulated emission, which
results in a very high initial inversion, N2,i, and therefore a high initial gain factor, Gi. The in-
tracavity photon flux contains only the spontaneously emitted photons and is negligible during
this phase. At a certain point, the cavity losses are decreased and the energy stored in the active
material is extracted within a short period of time, which lowers N2 and allows the QS pulse to
grow (Figure 2.12, green background). The initiation of this process are vacuum fluctuations.
On the right side of Figure 2.12, there are two vertical dashed lines indicating two different
thresholds. The first one illustrates the situation, when the intracavity photon flux reaches the
level for CW lasing, if the cavity would not be in QS operation, and N2 reaches its peak N2,i.
The related time constant is called build-up time of the pulse, Tb. The second vertical line
displays the situation when N2 crosses the level at the lasing threshold, N2,th. From that mo-
ment, Φi is decreasing. After the build-up of the pulse, there is a certain residual non-depleted
population density, N2, f , when the new pumping period starts again.

For the calculation of the most important QS parameters, N2,i has to be calculated including
N2, f and the pumping rate from equation 2.73 yielding

N2,i(Tp) = N2, f e−
Tp
τ +(WpN1, f τ)(1− e−

Tp
τ )ηCR (2.81)

with N1, f =Ntot–N2, f . The first term includes the spontaneous decay from N2, f during the pump
phase and the second term is the pump rate. Owing to the losses due to spontaneous emission,
Tp should not exceed half of the upper state lifetime τ to reach 80% efficiency [67]. With N2,i,
the QS parameter r can be calculated with the logarithmic ratio of the gain factors Gi and Gth:

r =
lnGi

lnGth
=

N2,iσe(λs)−N1,iσa(λs)

N2,thσe(λs)−N1,thσa(λs)
. (2.82)

Also here, the population densities in the lower lasing levels in both cases can be expressed
as N1,i=Ntot–N2,i and N1,th=Ntot–N2,th. According to equation 2.73, for high repetition rate
systems, where TP�τ , r is dependent on the pump power Pp and the QS repetition rate ∆νQS:

r ∝ WpN1τ(1− e(
−Tp

τ
))≈ WpN1Tp ≈WpN1

1
∆νQS

. (2.83)

However, for low repetition rate systems, where TP is in the range of τ , r is only dependent on
the pump power Pp:

r ∝ WpN1τ(1− e(
−Tp

τ
))≈ WpN1τ. (2.84)

With the definition of r, the most important QS output parameters can be calculated [67]:

P̂ =
hνsAcorel

τc
(r−1− lnr)

[
N2,thσe(λs)−N1,thσa(λs)

σe(λs)+σa(λs)

]
, (2.85)

EQS = hνsAcorel(N2,i−N2, f ), (2.86)

tp,QS =
r

r−1− lnr
ηeτc, (2.87)
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Figure 2.13: Le f t: Extraction efficiency versus the QS parameter [67]; right: QS parameter dependent
on the QS repetition rate and the ratio of pump power to the pump power at the lasing
threshold.

Tb =
τc

r−1
ln

ΦCW

Φ0
≈ (22.5±5)

τc

r−1
. (2.88)

P̂ is the peak power of the QS output pulse, EQS its pulse energy, tp,QS its pulse width at the
FWHM, Tb the build-up time, Φ0 the vacuum fluctuation photon density and ΦCW the one if
the laser would be operated in CW operation. Usually, the ratio of the two mentioned photon
fluxes in equation 2.88 is in the order of 108 to 1012 [67]. The extraction efficiency, ηe, can be
expressed with

ηe = 1−
N2, f σe(λs)−N1, f σa(λs)

N2,iσe(λs)−N1,iσa(λs)
, (2.89)

which is the basis for another definition of r:

r =−
ln
[
1−ηe(r)

]
ηe(r)

. (2.90)

To simulate the QS output performance, equation 2.81, equation 2.82, equation 2.89 and equa-
tion 2.90 are solved numerically using the Newton’s method. Figure 2.13, left, shows the
extraction efficiency ηe versus the QS parameter r. For r = 2, ηe is around 80%. The right
side displays r as a function of the QS repetition rate ∆νQS and the ratio of Pp

Pp,th
for the cavity

parameters used for the simulation of the CW lasing operation at a wavelength of 2 µm, see
Figure 2.11, left. The limitation of r is hereby around 3, which corresponds to the mentioned
ASE-related threshold leading to G = 20 dB.

The techniques to implement QS can be divided regarding the mechanism how the resonator
losses are induced. There are passive and active devices. With passive modulators, realized
by saturable absorber materials, the QS repetition rate is adjusted by the cavity parameters and
not stable with pump power. Once a certain intracavity photon flux is built up, the absorber
gets transmissive and the gain will be depleted. A benefit of such passive techniques is their
compactness, e.g. in monolithic systems. Because of disadvantages as low damage thresholds
and flexibility restrictions regarding the mentioned QS repetition rate, such modulators are not
investigated in this thesis.
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Figure 2.14: Structure of a switched-on AOM for QS operation including sound wave and incident
laser beam.

Active devices are either AOMs, electro-optic modulators (EOMs), or mechanical shutters,
which all modulate the intracavity intensity. An AOM is based on the acousto-optic effect
caused by a sound wave interacting with the modulator material to diffract the intracavity
photon flux partially out of the cavity. AOMs are robust against damages but have relatively
long build-up times owing to the low propagation speed of the sound wave inside the crys-
tal. EOMs change the polarization state of the intracavity beam by the electro-optic effect,
that provides out-coupling of the radiation via polarization-selective elements, e.g. thin-film
polarizers (TFPs). EOMs offer very fast circuit times and the possibility to realize very high
repetition rates. The most out-dated QS technique are mechanical shutters, where the light
path towards the cavity end mirror is completely blocked. Owing to the very low achievable
repetition rates and switching times, they are only used rarely nowadays. In this thesis, only
AOMs are investigated.
Figure 2.14 shows the setup of a typical AOM used in this thesis. It includes a piezoelectric
transducer, which transforms an electrical signal into a sound wave. At the end of the acousto-
optic material, a sound wave absorber is implemented. The material of such an AOM can be
e.g. SiO2 or tellerium dioxide (TeO2). An orientation of the transmitted radiation under the
Bragg angle θB is required for reaching highest diffraction efficiencies, which can be in the
order of 90%. There is also another type of AOM based on the Raman-Nath configuration,
which will not be further described here as it is not used within this thesis.

2.2.4 Mode-locking

The pulse generating technique of ML enables the shortest achievable pulse durations from
laser systems. In an optical resonator with gain material, there are only a certain number of
longitudinal modes that can oscillate, defined by the free spectral range of the resonator,

∆νFSR =
c

2lcav
=

1
τRT

, (2.91)

and the gain bandwidth ∆ν of the laser material. The left side of Figure 2.15 displays a
typical laser gain bandwidth with the possible longitudinal modes below it, which are above
the gain threshold, Gth. The total number of oscillating modes can vary from just a few in a
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Figure 2.15: Left: Gain profile of a laser resonator with the longitudinal modes; right: Temporal output
of a ML laser with eight oscillating modes with random (a) and fixed (b) phase relation
(adopted from [107]).

gas laser, e.g. a helium-neon laser, up to thousands in a transition metal doped laser material,
e.g. a Ti:Sa laser [107]. If these modes oscillate in an optical resonator with two partially or
highly reflective mirrors, each mode builds up a standing wave inside the cavity with a certain
phase. During ML, the phases of these longitudinal modes are forced to be coherent, which
results in a circulating pulse inside the cavity with the group velocity of the center frequency
of its spectral bandwidth ∆ν . The right side of Figure 2.15 shows the output intensity of a laser
based on eight longitudinal modes with random (a) and fixed (b) phase relation to each other.
Hereby, the more modes that are phase-locked, the shorter the output pulses get. If the modes
have exactly the same phase, an unchirped pulse results. If they have different but fixed phase
relations, the output pulses are chirped and therefore temporarily broader. The reason of such
a chirp can be nonlinear effects or dispersion. The electrical field strength, E, inside an optical
resonator can be expressed as the superposition of all oscillating longitudinal modes [108]:

E(t) =
N−1

∑
n=0

Enei(ωnt+φn). (2.92)

N is the total number of modes, each with an amplitude of En, an angular frequency ωn and an
individual phase φn. If it is assumed that every mode has the same amplitude E0 and there is a
large number of modes with a non-related phase to each other, the intracavity intensity obtains
as:

I(t) ∝ |E(t)|2 = E2
0

[
N−1

∑
n=0

ei(ωnt+φn)e−i(ωnt+φn)+
N−1

∑
n=0

N−1

∑
m 6=n

ei(ωnt+φn)ei(ωmt+φm)

]

≈ E2
0

[
N−1

∑
n=0

ei(ωnt+φn)e−i(ωnt+φn)

]
= NE2

0 . (2.93)

The last summand in the first line of the equation displays the oscillations on top of the constant
value NE2

0 , which are balanced out for a high number of modes. If the phases are locked, the
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intracavity electrical field can be expressed as [108]:

E(t) = E0

N−1

∑
n=0

ei(ωnt+φ0) = E0eiφ0
N−1

∑
n=0

eiωnt = E0eiφ0
N−1

∑
n=0

ei(ωN−1−n2π∆νFSR)t

= E0ei(φ0+ωN−1t)
N−1

∑
n=0

e−in2π∆νFSRt = E0ei(φ0+ωN−1t)
[

1− eiN∆ωt

ei∆ωt

]
. (2.94)

The ML modes are spectrally separated by the angular free spectral range of 2π∆νFSR. The
dependency of the intracavity intensity can then be defined as:

I(t) ∝ E2
0

[
1− eiN∆ωt

ei∆ωt

]2

= E2
0

sin2(N∆ωt
2 )

sin2(∆ωt
2 )

, (2.95)

whose trend is shown in Figure 2.15, bottem right. The peak intensity, Î, inside the cavity is
related to the electrical field via:

Î ∝ N2E2
0 . (2.96)

The peak intensity is thus N times higher compared to the operation with random phase rela-
tions between the modes.

The shortest achievable ML pulse duration depends on a factor K and inversely on the product
of the total number of modes, N, and ∆νFSR, which is the gain bandwidth ∆ν :

tp,ML,min =
K

∆νFSRN
=

K
∆ν

. (2.97)

The factor K corresponds to the temporal shape of the ML pulses. For a Gaussian shape, K is
around 0.44 [109]. The lowest K value of 0.31 is enabled by a squared hyperbolic secant pulse
form [109].

This derivation for the calculation of the ML output performance is simplified, because of un-
considered effects like dispersion, nonlinearities or modulation characteristics. A more accu-
rate description will be given later in this subsection in the explanatory part of the specifically
used ML modulation technique implemented in this thesis.

If the modulator is operated at ∆νFSR, there is one pulse oscillating inside the laser cavity,
which is called fundamental ML. It is also possible to operate the laser system at a multiple of
its fundamental repetition rate, M×∆νFSR, which is called harmonic ML and can be pictured
as multiple circulating pulses inside the cavity. Hereby, only every Mth longitudinal mode is
phase-coupled. The pulse duration in this regime can be calculated as in fundamental ML.

There are several ways to generate the required phase-locking. The basic idea is to force the
laser system to operate "automatically" in ML operation by inducing cavity losses for other
lasing regimes. This process can be imagined as a shutter inside the laser cavity, which opens
only for a certain time to let the intracavity ML pulse through. The possible modulation tech-
niques can be, as it is in QS, distinguished between passive and active methods. Figure 2.16
displays a laser cavity with the circulating pulse and the basic modulation schemes of both
techniques. Active ML has a sinusoidal modulation of the cavity losses, whereas for passive
ML, the losses are triggered by the intracavity intensity and the duration of the opening gate
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Figure 2.16: Typical laser resonator for ML and comparison of the loss modulation for active and
passive techniques (adopted from [76]).

depends on the parameters of the modulator.
Passive ML provides generally the shortest achievable laser pulses [110], therefore, most of the
research activities on ML laser systems have been focused on such methods. Passive modula-
tors are based on nonlinear effects, which cause intensity-dependent losses of the cavity. One
approach are saturable absorbers (SAs). If the laser is run in CW operation, there are arbitrary
peaks in the temporal intensity profile of the laser, which become more amplified, compared to
the CW background owing to the saturability of the modulator. Once the saturation intensity
of the absorber is reached by the highest intracavity peak, it gets further amplified and passes
the modulator each round-trip. ML regime is then initiated [106]. Semiconductor saturable
absorber mirrors (SESAMs) are very attractive for this kind of application, because they are
very compact and commercially available [111]. Such SESAMs consist of a Bragg mirror
and a semiconductor material on top of it and are used as cavity end mirrors [112]. Since
their advent, much progress has been done, in particular regarding compact fiber laser sys-
tems providing ultra-short pulse durations. The ML initialization process for SESAMs takes,
dependent on the SESAM design, usually thousands of round-trips until the first ML pulse
is built-up from CW-noise [113]. Also other materials have been successfully implemented
as saturable absorbers, e.g. topological insulators [114], carbon nanotubes [115] or graphene
[116].
Not only saturable absorption can be used for passive ML, also the Kerr effect. If a laser
resonator is built outside of its stability region and it is necessary to have a Kerr lens for stabil-
ity, the laser starts automatically in ML operation. This specific method using the transverse
Kerr effect is called soft aperture Kerr lens ML (KLM). It can also be realized by inserting a
hard aperture in the free-space part of the cavity. KLM enables the generation of the shortest
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achievable pulses among all ML techniques and was therefore a breakthrough after its first
demonstration in 1991 [117]. Commercially available laser systems providing the shortest
laser pulses are based on KLM. It has become a state-of-the-art as ML mechanism, but only
for bulk laser systems. This technique cannot be applied in fiber laser systems as a result of
their weak Kerr lensing.
The Kerr effect can also be applied in the longitudinal direction of the gain material. If the
laser material is birefringent, the Kerr effect causes an intensity-dependent rotation of the
polarization. Combined with a polarization-selective element, intensity-dependent losses can
be induced. This nonlinear polarization rotation (NPR) can be implemented in silica fibers
owing to their inherent birefringence from manufacturing failures.
Very important parameters of passive modulation techniques are the recovery time of the mod-
ulator, which describes how "fast" the shutter can switch, the saturation intensity, which trig-
gers the initiation of the ML, the damage threshold and the insertion losses, which include
unsaturable losses in the case of saturable absorbers. Regarding pulse width, the recovery
time has the highest influence. KLM and NPR have hereby the advantage of an almost in-
stant recovery time. There is an ongoing research in terms of saturable absorber materials,
e.g. single-wall carbon nanotubes (SWCNTs) or graphene [118], for further decreasing the
recovery time, saturation intensity, cost and complexity during the fabrication [119].
The modulators for active ML are triggered by an external signal. EOMs and AOMs are the
most commonly used modulators for that purpose. Different to the working principle for QS,
ML operation with an EOM is not based on intensity modulation but on phase modulation of
the passing intracavity radiation. The electric field in this case is directed in the longitudinal
direction of the electro-optic material inducing a phase shift. If the phase varies with ∆νFSR, the
intracavity radiation is frequency-shifted by this value creating two sidebands located around
the center frequency which are automatically phase-coherent. After a certain number of round-
trips, all longitudinal modes are excited and ML regime is initiated.
AOMs with a sound wave absorber behind the acousto-optic material, as shown in Figure 2.13,
have rather slow switching times because of the inertance of the propagating sound wave. For
their usage in ML laser systems with fast repetition rates in the range of MHz, the sound
wave absorber is replaced by a reflective element, which induces a standing wave pattern
of the acoustic wave inside the acousto-optic material. The AOM has therefore an acoustic
free spectral range, ∆νFSR,AOM. At every zero-crossing of the acoustic field amplitude, the
intracavity pulse can pass the modulator with lower diffraction losses.
Therefore, during active ML, the external radio frequency (RF) drive signal for the AOM has
to coincide simultaneously with the resonance described by ∆νFSR,AOM and the free spectral
range of the laser, ∆νFSR, which can be enabled by changing either the cooling temperature
of the AOM, and therefore the length of the acousto-optic material, or the optical length of
the cavity. The propagation mode gets thus frequency-shifted sidebands, which are exactly
spaced by ∆νFSR from its wavelength. After certain round-trips, more and more phase-locked
longitudinal modes build-up [67]. This procedure is shown in the gain profile of a laser in
Figure 2.17 for the first four round-trips.
To compare active and passive modulation techniques, it can be generally claimed that pas-
sively ML systems offer shorter pulses and higher compactness. However, the output power
and pulse energy are limited up to a certain level in terms of stability or by the damage thresh-
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Figure 2.17: The evolution of the oscillation build-up of several longitudinal modes after a certain
number of round-trips in active ML.

old of the available passive modulators [120]. Especially SESAMs for ML fiber lasers require
a high modulation depth, which increases their thickness of saturable absorbers and decreases
their thermal damage threshold. It is often necessary to further amplify the ML output pulses.
Furthermore, passive ML is more sensitive to instabilities, e.g. fluctuations in pulse amplitude
or timing jitter. In contrary, active modulation techniques provide high optical damage thresh-
olds, enabling the realization of more compact systems without amplifier chains. Therefore,
active modulation has been selected for the pump source.

There are certain differences comparing the modulation techniques of AOMs and EOMs as
active devices. EOMs offer higher modulation depth, but require a high voltage to be operated
with and polarized radiation. Owing to the available non-polarization maintaining active fiber
laser in this thesis, only AOMs have been used.

For the calculation of the pulse duration from an actively ML laser systems, the gain dispersion
Dg,

Dg =
2gl

(π∆ν)2 , (2.98)

and the modulation strength Ms,

Ms =
M(2π∆νML)

2

2
, (2.99)

are introduced [121]. ∆νML is the ML repetition rate and M the modulation depth of the active
modulator. For a fiber laser, the gain is usually saturated during ML, hence, the gain factor
G within one round-trip must be 25 owing to the 4% Fresnel reflections at the output coupler.
Thus, it is valid to define the saturated round-trip gain as 2gl=ln(25) for fiber lasers. The
duration of a Gaussian pulse generated by active ML can be calculated with

tp,ML = 1.66 4

√
Dg

Ms
. (2.100)
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Figure 2.18: ML pulse duration versus output power as example for an actively ML fiber laser system
with different fiber lengths.

This equation neglects the influence of SPM, which has to be considered for high peak power
pulses [76]:

tp,ML = 1.66 4

√√√√ Dg

Ms +
φ 2

SPM
4Dg

. (2.101)

φSPM can be calculated using equation 2.40. Figure 2.18 shows a general evolution of the ML
pulse width, tp,ML, versus the output power of an actively ML fiber laser at 2 µm with a spectral
bandwidth of 1 nm, a core diameter of 25 µm and a modulation depth of 10% for different fiber
lengths. The nonlinear-index coefficient of 2.7×10−20 W

m2 has been used for silica [122]. The
trends of the curves show clearly that the higher the nonlinear phase shift, which is dependent
on the length and the output power of the fiber laser, the shorter the output pulses get.
For fiber lasers emitting in the anomalous dispersion region of the host material, there is also
the so-called soliton ML possible, where the output pulses are optical solitons. This regime
can be induced independent of the modulation type. In soliton ML, the recovery time of
the modulator can be a factor of ten longer than the ML pulse width, which makes this ML
technique very attractive for ultra-short pulse generation [76]. The ZDW of silica is around
1.3 µm, therefore, Tm3+-doped silica fiber lasers can be operated in soliton ML.

2.2.5 Q-switched mode-locking

A non-amplified ML fiber laser system generally suffers in terms of pulse energy owing to the
high repetition rate. For enhancing the output energy, there are reports about the prolongation
of the laser cavity to lower the fundamental repetition rate of the laser and thus to increase the
pulse energy to some extend. But if very high peak power and energy levels are needed, the
only options are further power amplification of the output pulses in fibers or bulk amplifiers,
or the simultaneous induction of ML and QS. QML is a special kind of ML, where the tem-
poral ML output pulse train is additionally modulated by a QS repetition rate in the range of
kHz. A typical QML output pulse is shown in Figure 2.19. The presented pulse train indicates
a modulation depth of the ML subpulses of around 100%. The peak power and pulse energy
levels of the ML subpulses below the QS envelope are orders of magnitude higher compared to
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Figure 2.19: Example of a QML pulse train, measured with a photodiode and an oscilloscope.

purely ML systems, but have all different pulse energies and durations. There are several tech-
niques to generate QML. Table 2.1 summarizes the most common approaches from literature
and an evaluation for their use in fiber laser systems. The characteristics for this assessment
are flexible selectable QS repetition rate, modulation depth of the ML pulses, output stability,
high output power operation, compactness of the system and the simplicity of use.
If a laser system is purely ML by one SA as the passive modulator, so-called QS instabilities
can occur for certain cavity and modulator parameters. The laser system is then automatically
QML with a QS repetition rate that is approximately the same as the relaxation oscillation of
the laser system [123]. Usually, these instabilities are rather undesired and there are many in-
vestigations for their suppression [124]. But if the laser is operated within certain conditions,
QML can be achieved with only one modulator inside the cavity, which offers high compact-
ness. The disadvantages of this technology are instabilities in terms of timing and pulse en-
ergy jitter [125, 126], fluctuation in the non-flexibly selectable QS repetition rate [126] and not
completely modulated ML subpulses below the QS envelope. Another drawback, especially
for fiber lasers, is the high frequency of the relaxation oscillations in the range of multiple

Flexible QS repetition rate ML modulation Stability
Pas. ML - - -
Pas. ML/Act. QS + - 0

Act. QS + 0 0
Act. ML/Pas. QS - + -
Act. ML/Act. QS + + +

High output power Compactness Simplicity
Pas. ML - + +
Pas. ML/Act. QS - 0 0

Act. QS + + -
Act. ML/Pas. QS - 0 0
Act. ML/Act. QS + - -

Table 2.1: Different techniques to generate QML regime and their output properties in the case of fiber
laser systems.
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hundreds of kHz, which leads to relatively low peak power levels of the QML pulse train. The
inherent low damage threshold of passive modulators limits the power scalability.
Some of the mentioned disadvantages of a single SA can be circumvented by the additional
implementation of an active device for QS [126]. The QS repetition rate can be flexibly cho-
sen and the active modulator does not limit the output power performance owing to its high
damage threshold. The output stability is increased by the external trigger of the modulator,
which results in reduced jitter. But passive ML needs, as already mentioned, a certain build-
up time from noise, therefore, the QS repetition rate is limited dependent on the used passive
modulator. Furthermore the complexity of the system is increased.
A simple and compact possibility for QML is the use of a single AOM for QS that is also ML
the laser. The necessary ML modulation is induced by operating the AOM with a RF that is
exactly the free spectral range of the laser, ∆νFSR, which generates a slight frequency shift
of the intracavity radiation [127]. This option is not practically convenient for fiber lasers,
because the cavity length has always to be adapted and continuously optimized. Additionally,
AOMs for QS have usually a fixed RF to be operated with and are thus not tunable.
There are also reports about passive QS and active ML laser systems. This very rarely used
technology provides high modulation of the ML pulses owing to the active ML [128, 129].
The QS repetition rate can although not be adjusted and the setup suffers from the low damage
threshold and instabilities connected with passive modulators.
For the QML generation with the Tm3+-doped fiber laser in this thesis, two AOMs are chosen,
one for each pulse generation technique. High average power and high energy output pulses
are feasible owing to the high damage thresholds of the modulators. With this technology,
the pulse duration of the QML subpulses might be longer than with passive technologies, but
as explained in the preceding subsection, temporarily longer pulses are sufficient for SCG. In
actively QS and actively ML systems, the build-up time of the QS envelope is not significantly
different compared to purely QS lasers. Stable QML is achieved, if the initial inversion N2i is
not much higher than the population density at the threshold N2th, which is the case for high-
repetitive QS lasers [130]. In that case, the pulse width for ML and QML operation should
be roughly the same [126]. Compared to systems with amplification chains and purely ML
systems, this QML laser is more compact because of its realization as single-oscillator and
therefore the less need of optical elements or pump diode modules, for example.

2.3 Supercontinuum

2.3.1 Introduction

The generation of new wavelength components as a result of nonlinear effects is investigated
since the 1960’s. The specific term SC stands, as already mentioned, for the interplay of
dispersion and nonlinear effects, which broadens the spectrum of an input radiation during the
interaction with an optical material. Alfano et al. reported the first time of SCG in 1970, when
they observed white light generation in a silica bulk [131]. The broadband SC radiation can
be used for many applications, e.g. in metrology systems [132] or in microscopes, where the
broad spectrum enables enhanced measurement resolution compared to formerly used lamps.



2.3. Supercontinuum 41

Nonlinear effects output spectra temp. coh./stab.
norm. disp. / short pulse SPM, XPM, RS – / symm. ++
norm. disp. / long pulse SPM, XPM, RS – – / symm. +
anom. disp. / short pulse SSFS, FWM, XPM , RS + / asymm. 0
anom. disp. / long pulse MI, SSFS, FWM, XPM, RS ++ / asymm. -

Table 2.2: Evaluation of SCG with the different possible pumping regimes regarding the responsible
nonlinear effects for the wavelength conversion, the broadness, temporal coherence and sta-
bility of the SC output radiation.

For military systems, it can be used for directed countermeasures, spectroscopy or remote
detection of explosives and chemicals.
As nonlinear medium, liquids, dyes, gases or solids can be used for SCG, which can be pumped
by numerous types of pump laser systems. In this thesis, only optical fibers are used as non-
linear medium. Therefore, the description in this section is only accounted for this specific
geometric form of the nonlinear solid-state medium. The advent of optical fibers has boosted
the SCG research activities owing to flexible interaction length and the tight confinement of
the radiation inside the fiber core, which enabled superior SC output performance. The inven-
tion of the PCF in the 1990’s further revolutionized the possibilities thanks to the flexibility in
fiber design, which allowed fundamental research for the basic understanding behind certain
nonlinearities [66].
In this thesis, it is not foreseen to simulate SCG. Therefore, a qualitative overview is given
for the different physical effects behind SCG, which depend sensitively on the fiber and pump
source parameters. For the fiber, nonlinearity and dispersion are of primary interest and for
the pump source, its wavelength and the output pulse parameters. In general, it is difficult to
isolate the influence of the different nonlinear effects during SCG.
For deriving the effects behind SCG, it must be considered if the nonlinear material is pumped
in its normal or anomalous dispersion region. Furthermore it has to be distinguished if short
pump pulses in the range of femtoseconds, or long pulses in the range of pico- and nanosec-
onds are used for pumping. Table 2.2 summarizes those cases and lists the nonlinear effects
responsible for the wavelength broadening. Additionally, the SC output spectrum is assessed
in terms of its broadness, temporal coherence and stability, which refers to low shot to shot
fluctuations of the SC output radiation.
In the normal dispersion region, the frequency broadening is mainly caused by SPM, XPM
and RS, independent of the input pulse duration. The efficiency of the SCG scales with the peak
intensity of the pump radiation. The pump pulse duration in this dispersion regime increases
during propagation, which lowers the intensity and therefore the conversion efficiency. The
output spectrum is typically to some extent symmetric and its broadness is about a magnitude
lower compared to SCG in the anomalous pumping region. Pumping with short pulses in the
normal dispersion region results in spatially and temporarily high coherence and shot to shot
stability, which is necessary for applications like frequency metrology [77].
If the nonlinear material is pumped close to its ZDW but still in the normal dispersion region,
the spectral content shifting into the anomalous dispersion regime experiences different non-
linear effects, as it will be explained later in this subsection. Therefore, there is a wavelength-
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dependence of the SC conversion efficiency within the normal dispersion region. Owing to the
mentioned relatively narrow SC output spectrum, it is in most cases tried to pump the nonlinear
medium in its anomalous dispersion region to achieve a broader output spectrum.
In the anomalous dispersion region, many different nonlinear effects influence the spectral
evolution, where soliton-related dynamics, already explained in subsection 2.1.4.4, have the
most important influence. The output spectrum in this dispersion regime is usually asym-
metric towards longer wavelengths. The SC output performance depends on the pump pulse
duration. For short pulses, SCG can be divided into three phases. In the first one, the short
input pulse is transformed into a higher-order soliton and experiences the first broadening and
temporal change of its shape in the first few centimeters of the fiber. In the second phase, the
soliton fission breaks up the higher-order soliton into fundamental solitons. At this point, the
bandwidth of the higher-order soliton has reached its peak value. The reason for the fission
depends on the pulse width. For relatively long pulses in the range of hundreds of femtosec-
onds, it is RS, whereas for ultra-short pulse durations in the range of tens of femtoseconds,
it is caused by higher-order dispersion. The propagation of the fundamental solitons and the
occurring wavelength broadening is the third phase [77]. The responsible broadening effects
are mainly SSFS, FWM, XPM, and RS. The FWM gain is usually bigger than the Raman gain,
which blurs the discrete Raman steps in the spectrum. If the material is pumped in the normal
dispersion region, these steps can be observed.
As explained in subsection 2.1.4.4, the solitons generate dispersive waves in the normal dis-
persion region during their adaption against distortions. These waves interact with solitons
via FWM [77]. But also solitons interact via FWM and XPM with each other. The soliton
fission process is hereby not noise-driven which results in a deterministically same output
spectrum and therefore a high shot to shot stability [32]. If short nonlinear fibers are cho-
sen with ultra-short pulses, the temporal coherence of the output radiation is relatively high
[16]. The shorter the pulse in the femtosecond regime, the higher the temporal coherence of
the SC output. Different to SCG in the normal dispersion, an increase of the pump energy in
the anomalous dispersion regime does not automatically increase the wavelength broadening,
because it saturates at a certain input pulse energy level [70].
If the nonlinear material in this dispersion region is pumped with long pulses, an additional
step has to be added to the three steps described in the segment before, which occurs at the
beginning of the process. MI breaks up the long pump pulse into higher-order and fundamental
solitons, which then are further influenced by soliton fission and soliton-induced broadening
effects. MI degrades the temporal coherence and is seeded by noise, which results in low
shot to shot stability. But the output spectrum is the broadest compared to the other pumping
regimes. The possibility of pumping the nonlinear medium with long pulses revolutionized
the SC research activities, because expensive ML laser systems are not necessary anymore
for reaching the required peak power levels. Such SC sources can be used for fluctuation-
insensitive applications like in imaging or spectroscopy.
The pump wavelength within the anomalous dispersion regime also affects the SC output per-
formance. If the material is pumped far from the ZDW, the output spectrum is the broadest
[77]. Hereby, the long-wavelength edge (LWE) of the output spectrum increases and the short-
wavelength edge (SWE) stays nearly constant.
Also the pulse energy and its duration have an influence on the SC output performance in the
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anomalous dispersion regime. Assuming a constant peak power level, the higher the pulse
energy and thus the duration of the pulse is, the broader and less coherent is the SC output
radiation [70].

2.3.2 Figure of Merit

A figure of merit (FOM) is introduced to evaluate the available nonlinear fibers regarding their
suitability for mid-IR SCG. The FOM allows to estimate the LWE of the SC output spec-
trum and the threshold behavior for SCG. Regarding the theoretical derivation of the nonlinear
effects described in section 2.1, the FOM must be dependent on the effective length of the
fiber, le f f , which includes fiber absorption and bend losses, and on the mode field area, MFA,
because all nonlinear effects depend on the peak intensity of the radiation and on the inter-
action length with the nonlinear material. The last considered parameter for the FOM is the
nonlinearity of the material, expressed by the nonlinear-index coefficient n2:

FOM(λ ) =
le f f

MFA
n2. (2.102)

The FOM is an approach to estimate the SC output performance and has been introduced
similarly in [33]. As an example for the assessment of a nonlinear fiber for mid-IR SCG, the
FOM has been calculated for a standard SMF28 silica fiber with different fiber lengths and is
shown in Figure 2.20. The nonlinear-index coefficient, n2, for silica glass of 2.7×10−20 m2

W has
been chosen for this calculation [122]. Owing to the fact that the pump pulse parameters are
not considered for the definition of the FOM, the LWE of the SC output radiation cannot be
directly observed from the FOM. The achievable LWE for certain pump pulse parameters can
be pictured by a horizontal line, crossing the curve of the FOM, as indicated in the graph. The
point of the intersection is approximately at the LWE of the SC output radiation. The more
suitable the pump pulses for SCG are, the lower is this horizontal line and the longer the LWE.
The intersection of the FOM with the y-axis indicates the SC threshold. If it has a high value,
the SC threshold is relatively low.
In the case of the SMF28 fiber, the results indicate that at a certain point, a further increase of
the fiber length does not affect the LWE anymore and only decreases the SC threshold. It has
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Figure 2.20: FOM of a standard silica fiber SMF28 for telecommunication applications.
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been already proven that the wavelength conversion has somewhat of saturation behavior after
a certain interaction length, and that a further increase of the fiber length is disadvantageous
because of increasing material absorption [77]. SCG in SMF28 fibers, almost independently
of the pump pulse characteristics, is limited up to around 2.7 µm, which has been verified by
numerous experiments [27, 133, 134].
There are some influences that have been neglected during the definition of the FOM, one of
which is the dispersion of the fiber, which has also an effect on SCG. First, during the soliton
fission process, where it defines among the nonlinearity the pulse shape of the solitons, and
second for the wavelength conversion efficiency, because a low GVD increases the interaction
length for two co-propagating waves, which is important for FWM, for example. Another ne-
glected impact is the first derivative of the mode field area versus wavelength, which influences
the overlap of co-propagating waves at different wavelengths and therefore the efficiency of
the broadening processes based on two waves, e.g. during XPM. The effective length is cal-
culated based on the fiber length, which disregards the fact that many wavelength components
of the SC output radiation are generated after some propagation distance.
However, the FOM can be used as a relative fiber evaluation tool with respect to a given pump
source. Once the intersection of the horizontal line with the y-axis is found for this specific
pump source, the SC performance can be predicted for other fibers. Especially if the same
fiber material is used, the FOM can deliver additional information for the design of a new fiber
with different NA, core diameter or fiber length.



3 Thulium-doped silica fiber laser

3.1 Introduction

This chapter is dedicated to the characterization of the Tm3+-doped pump fiber laser for mid-
IR SCG. For the last decades, Yb3+-doped fiber lasers have been the workhorse for high aver-
age power, peak power and pulse energy operation among fiber lasers. The increasing attrac-
tion nowadays towards Tm3+-doped fiber laser systems emitting at around 2 µm is caused to
some extent by the larger modal areas. The thresholds for nonlinearities are therefore inher-
ently larger, e.g. for RS and BS, which are two of the most common limiting factors for high
peak power operation [135]. Many challenges regarding the handling and the engineering for
high power fiber lasers have already been studied during the power scaling of the Yb3+-doped
fibers and the path is therefore paved for high power Tm3+-doped fiber lasers.
This chapter is separated into the description of the experimental setup with the characteri-
zation tools, the description of the available Tm3+-doped fibers for lasing experiments, the
achieved results and a summary at the end of the chapter, which compares the output perfor-
mance with similar experiments reported in literature.
The results are distinguished between the different operational regimes of the laser, meaning
CW, QS, ML and QML operation. The investigations on the fiber laser have been focused
on QML, because this is the only operational regime enabling efficient, high power mid-IR
SCG in nonlinear fibers. The other regimes of the fiber laser have been characterized to obtain
important material parameters of the Tm3+-doped fibers.

3.2 Experimental setup

A schematic drawing of the fiber laser setup, including pump diode modules, Tm3+-doped
fiber, pump beam shaping lenses and cavity elements, is shown in Figure 3.1. All the available
diode modules are pigtailed with delivery fibers, whose radiation is collimated by AR-coated
achromatic lenses with a focal length (FL) of 25 mm. For the combination of the pump radi-
ation with the laser signal, dichroic mirrors are used, which are transparent for the laser and
reflective for the pump wavelength under an incident angle of 45◦. Pump injection and laser
beam collimation is provided by aspheric coupling lenses, AR-coated for the pump and lasing
wavelength, with a FL of 15 mm. The aspect ratio of the collimation and coupling lenses is
hence 1.6 for the image of the end facet of the delivery fiber onto the end facet of the silica
fiber. The Tm3+-doped fiber is sealed in a steel box, which is floated with water at a tempera-
ture of 19◦C. The bend radius of the fiber inside that box is around 10 cm, which yields bend
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Figure 3.1: Setup of the Tm3+-doped pump fiber laser system; inset: Example of a fiber cross-section
used for the experiments, recorded with camera system of the fiber splicer.

losses of around 0.006 dB
m at the wavelength of 2 µm (equation 2.52) and will be neglected

in further calculations. The fiber is cleaved at one side under an angle of 0◦, which is used
as output coupler of the laser resonator and provides a feedback of 4% owing to the Fresnel
reflections of silica. The fiber end, facing the free-space part of the cavity, is cleaved under
an angle of around 8◦ to protect the active fiber from back-reflections and thus from parasitic
lasing. Commercially available cleaving and splicing systems allow the analysis of the cleave
angles and fiber end surfaces. An example of a 0◦ cleave is shown in the inset of Figure 3.1,
presenting the octagonal shape of the inner cladding. An intracavity lens with a FL of 500 mm
collimates the intracavity laser beam. For active ML and active QS, two AR-coated free-space
AOMs are deployed inside the cavity. The data sheet from the manufacturer states a diffrac-
tion efficiency of the AOM for QS of more than 90%, operated at a fixed RF of 40 MHz with
a build-up time of 500 ns. The AOM for ML provides a diffraction efficiency of at least 10%,
dependent on the power of the RF. The frequency generator for ML has a working range from
20-200 MHz. The ML modulator was placed directly in front of the cavity end mirror to let
the intracavity pulse pass towards the mirror and back to the fiber, which is a common method
for actively ML lasers [108]. At every zero-crossing of the acoustic standing wave inside the
acousto-optic material, the cavity loss factor is reduced, which occurs at exactly twice the RF.
The ML modulator has to be actively temperature controlled, as it shows a weak but not negli-
gible material absorption at 2 µm, which otherwise would cause an uncontrolled temperature
drift. If the temperature of the modulator increases, the acousto-optic crystal will thermally
expand, which would drive the acoustic mode out of the resonance with the RF excitation.
There are two cavity end mirrors available, a reflective diffraction grating with 300 groves
per millimeter, offering around 70% reflectivity at 2 µm. This cavity end mirror can be im-
plemented for wavelength-tuning, which is enabled by changing its orientation around the
vertical axis. Furthermore, a highly reflective (HR) dielectric mirror with a reflectivity of ap-
proximately 100% over a broad wavelength range can be used. Both stated reflectivity values
of the mirrors will be used for further calculations.
For the characterization of the fiber laser output radiation, a water-cooled power meter is avail-
able for measuring its output power. The pulse width is detected, depending on the pulse
duration, by either two different photodiodes (PDs) or by an intensity autocorrelator system.
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PD#1 is a photo electro-magnetic detector with an electrical bandwidth of 1 GHz. PD#2
is an extended, biased indium gallium arsenide (InGaAs) detector with an electrical band-
width of 12.5 GHz. For processing the measured signals from the detectors, an oscilloscope
with an electrical bandwidth of 3 GHz is available. The transverse intensity beam profile is
recorded with a thermographic camera. For measuring the output spectrum, a monochromator
with a PD at the output slit is on hand (spectro#1). It is equipped with three diffraction grat-
ings having 300/300/150 grooves per millimeter that are blazed at 1 µm/2 µm/4 µm with a
stated dispersion of 9.4 nm

mm /9.4 nm
mm /18.8 nm

mm , respectively. A theoretical resolution of around
0.2 nm/0.2 nm/0.4 nm results with an entrance and exit slit size of 20 µm. These values have
been verified by the measurement of the spectrum of a narrowband Nd:YAG laser at different
diffraction orders of the gratings. The measured resolution has been 0.5 nm/0.5 nm/1 nm, re-
spectively, which is therefore a factor of 2.5 lower than the stated one. A possible reason for
the lower resolution can be a non-optimized collimation of the beam inside the monochroma-
tor, resulting from a too low NA of the incoupled radiation from the delivery fiber. If the spot
size on the grating is decreased, the resulting dispersion value gets higher.
There is also a second spectrometer on hand (spectro#2) with a stated dispersion of 1.3 nm

mm , if
higher resolution is necessary. With the smallest adjustable slit size, a measured resolution of
around 0.15 nm resulted. The detectable wavelength range with this spectrometer is although
limited by the sensitivity of the camera at the output of the system. This spectrometer can only
be used for the characterization of the pump fiber laser and not for the mid-IR radiation.
There are two different sets of AlGaAs pump diode modules available. Set#1 has a measured
wavelength of 804 nm at a cooling temperature of 25◦C with a total output power of 300 W
per module. Their pump radiation is delivered via cladding-mode-free multi-mode fibers with
a core diameter of 400 µm and a NA of 0.22, which results in a beam quality factor M2 of the
pump radiation of around 140. For the use of these modules, the cooling water temperature has
been chosen to be around 11◦C to shift the wavelength towards the absorption peak of Tm3+-
doped silica at 790 nm (see Figure 2.8, left). The temperature-induced wavelength change of
such diodes is usually around 0.3 nm

K [136], which yielded a measured wavelength of approxi-
mately 800 nm at this cooling temperature. The diodes were not cooled to lower temperatures
to avoid water condensation. Diode set#2 emits at a wavelength of 792 nm with an average
output power of 50 W per module and is cooled by Peltier elements. Their delivery fibers have
a diameter of 200 µm with a NA of 0.22, which relates to a M2 value of approximately 70 for
the pump radiation out of this delivery fiber. The collimation and coupling lenses, shown in
Figure 3.1, have been chosen that the two diode sets can be flexibly changed without modify-
ing the beam shaping for maximum coupling efficiency into the Tm3+-doped fibers. Because
of the utilized collimation and coupling lenses, the pump radiation between both lenses is not
perfectly collimated, therefore, it was necessary to deploy the additional lens inside the cavity
to collimate the intracavity laser beam.

3.3 Materials

The parameters of the available Tm3+-doped fiber, given by its manufacturer, are summarized
in Table 3.1. The doping level of the fiber is around 2.8%wt., which should enable a high CR
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Parameters Value
Doping level [%wt.] 2.8
Core diameter [µm] 25
NA core 0.08
Inner cladding diameter [µm] 300
NA inner cladding 0.46
Outer cladding diameter [µm] 460
Absorption at 790 nm [dB

m ] 4.1
Polarization-maintaining No

Table 3.1: Parameters of the Tm3+-doped silica fiber used in this thesis from the manufacturer.

efficiency, if the Al3+ concentration is optimized [92]. However, there is no data published or
available from the manufacturer about the incorporation of Al3+ into the fiber core to prevent
clustering. The core diameter is 25 µm with a NA of 0.08. The corresponding normalized
frequency of this fiber, related to equation 2.17, is 3.14 at the lasing wavelength of 2 µm.
Thus, the fundamental and the HG10 mode can propagate, which results in a theoretical M2

value between 1 and 2. The shape of the inner cladding diameter is octagonal with a span of
300 µm, as shown in the inset of Figure 3.1. With this geometric profile, there is less symmetry
of the inner cladding, allowing a flat-top intensity profile of the guided pump radiation. The
NA of the inner cladding is 0.46, which yields an acceptable pump beam quality M2 of around
200. Therefore, the coupling of the pump radiation with the mentioned beam quality factors
from the diode modules should be very efficient. In the experiments regarding the fiber laser
performance in this thesis, it is always assumed that all pump light is injected inside the fiber,
besides the 4% Fresnel reflections at the fiber end facets. Therefore, the pump power has been
corrected for the Fresnel reflections and the experiments are plotted against launched pump
power. The polymer layer, used as outer cladding, is round and has a diameter of 460 µm. The
peak absorption at 790 nm is specified as 4.1 dB

m from the manufacturer. According to equation
2.71 and the absorption cross-section in Figure 2.9, the calculated absorption is 4.4 dB

m , which
shows good agreement regarding the used absorption cross-section of 9×10−25 m2 at 790 nm.
The manufacturer also publishes so-called background losses at the wavelength of around
0.86 µm to quantize the loss factor of scattering and additional absorption owing to impurities.
This factor is negligible in the range of the fiber lengths used for laser applications and is
therefore not included in the table. The active fiber is not polarization-maintaining.

For implementing the Tm3+-doped fiber into the laser cavity, a fiber length must be carefully
chosen to absorb sufficient pump light for reaching good lasing efficiencies. Furthermore, the
non-absorbed pump radiation is coupled back into the other diode module, which can lead
to its destruction. This damage threshold for diode set#2, according to its manufacturer, is
around 10% of the maximum output power of the diodes [136]. Therefore, a total pump light
absorption of around 10 dB is needed to ensure safe operation for the diode modules over the
whole output power range. For diode set#1, the fiber length has to be relatively long because of
the weak absorption cross-section at the pump wavelength of around 800 nm. A fiber length of
8.8 m has been selected and is named thulium#1, which should provide a theoretical absorption
of 14 dB. The experimental verification, which has been performed by pumping the fiber only
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from one side and measuring the transmitted power, resulted in a value of 95% (13 dB).
For diode set#2, shorter fiber lengths can be used owing to the pump wavelength at the peak of
the absorption band. Thulium#2 and thulium#3 had a length of 3.5 m and 2.2 m resulting in a
theoretical absorption of 15 dB and 10 dB, respectively. The measured pump light absorption
has been around 95% (13 dB) and 89% (9 dB), respectively.

3.4 Results

As it has been mentioned in the introduction of this chapter, this section is separated into the
different operational regimes of the fiber laser.

3.4.1 Continuous wave operation

High average power experiments in CW operation have been performed with all the mentioned
Tm3+-doped fibers. The simulation for this regime has been conducted based on equation 2.78
from subsection 2.2.2,

Pout =
λp

λs

lnROC

ln[RHR(1−L)ROC]
ηabsηCR(Pp−Pp,th), (3.1)

where Pp,th is the pump power at the lasing threshold, based on equation 2.75 and equa-
tion 2.76:

Pp,th =
hc
(

σa(λs)Ntot l− 1
2Γ

ln[RHR(1−L)ROC]
)

λpηabsηCRτ(σe(λs)+σa(λs))
Aiclad. (3.2)

With the available fiber, the efficiency of the CR, which enables the favorable "two-for-one"
pumping regime, has not been determined so far. Therefore, the simulation has been performed
with different values of ηCR and compared with the results achieved with thulium#1 (8.8 m).
For the simulation, it has been assumed that the HR mirror, which has been used as cavity end
mirror for this experiment, has a reflectivity of 100%. The cavity losses have been 10%, which
includes two times the Fresnel reflections of the signal occurring at the angle-cleaved side of
the fiber and non-perfect coupling of the intracavity radiation back into the fiber core from the
cavity end mirror. Figure 3.2, left, displays the measured and simulated output power versus
launched pump power, Pl , for thulium#1 with a CR efficiency of 1.0, 1.1 and 1.2.
A total output power of 70 W has been reached at a launched pump power level of 180 W
resulting in a measured slope efficiency of 41%. The threshold power has been around 7.4 W.
The lasing wavelength for the experiment was approximately 2.03 µm. The simulated perfor-
mance exhibited the best fit with the results for a CR efficiency of 1.1. The simulated slope
efficiency is almost the same compared to the measurement. The lasing threshold from the
simulation is although slightly higher.
The right side of the figure shows the output performance of thulium#2 (3.5 m) and thulium#3
(2.2 m), both pumped with diode set#2 and the diffraction grating implemented as cavity end
mirror. The determined CR efficiency of 1.1 has also been used in the simulation for these
fiber lengths. Thulium#2 and thulium#3 provided an output power level close to 30 W, a slope
efficiency of approximately 38% and a lasing threshold at around 5 W. The CR efficiency of 1.1
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Figure 3.2: Le f t: Output power versus launched pump power for thulium#1 (8.8 m) with diode set#1
and its simulated performance based on three different values of the CR efficiency; right:
Output power versus launched pump power for thulium#2 (3.5 m) and thulium#3 (2.2 m)
with diode set#2 and their simulations conduced with a CR efficiency of 1.1.

also here fits well regarding the slope efficiencies. However, as it is for the longer thulium#1,
the threshold of the simulation is higher than the acquired one from the experiment.
The obtained slope efficiency of thulium#1 (8.8 m) is higher than that of thulium#2 and
thulium#3 owing to the higher reflectivity of the HR mirror compared to that of the diffrac-
tion grating. If the HR mirror is used instead of the grating as cavity end mirror, the slope
efficiency increases about 10% and the lasing threshold decreases about approximately 5%.
The performance in terms of average output power for all the used fiber lengths is limited by
thermal effects. Thulium#1 provides more output power, which is most likely enabled by the
lower heat load per fiber length during the experiments. The absorption cross-section of the
fiber at the pump wavelength of diode set#1 is only about 40% compared to the one for diode
set#2. Thulium#1 has thus a lower heat load per unit length. The achieved output power level
from thulium#1 is a factor of around 2.5 higher compared to thulium#2 and thulium#3, which
is approximately the same factor between the absorption coefficients, and therefore the heat
load.
For all of the shown experimental results in this chapter regarding the pump source, the color
code, shown in Figure 3.2 for the different Tm3+-doped fiber lengths, is kept, i.e. blue for
thulium#1, red for thulium#2 and black for thulium#3.
The chosen CR efficiency of 1.1 could be in reality higher owing to different loss factors that
have been neglected in the simulation, e.g. multi-phonon non-radiative decays from the upper
laser level. The phonon energy of silica is around 1100 cm−1 [137], which is already greater
than a fifth of the photon energy between the two lasing levels, leading to a high probability
of such decays. Also upconversion processes, which are caused by clustering, or excited state
absorption are not considered in the simulation.
Other material parameters that are influencing the output performance significantly are the
emission and absorption cross-sections at the lasing wavelength. The values for the simulation
are taken from the literature, see Figure 2.9, and can be considerably different for the used
fibers. The real data from the manufacturer is confidential and therefore not available.
The measurement of the beam propagation factor M2 has been performed with thulium#1
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Figure 3.3: M2 measurement in both directions with thulium#1 (8.8 m) at an output power level of
30 W (le f t) and with thulium#2 (3.5 m) at 15 W (right).

(8.8 m) and thulium#2 (3.5 m) in CW operation at an output power level of 30 W and 15 W,
respectively. The graphs are shown in Figure 3.3. The M2 values have been around 1.1 in both
directions, which indicates an excellent beam quality very close to the diffraction limit. As this
fiber laser is used as pump system for mid-IR SCG and the output radiation has to be coupled
into a nonlinear fiber, its beam quality plays an important role, especially if the nonlinear fiber
is single-mode at the pump wavelength.

The broad emission cross-section of Tm3+-doped silica fibers enables broad wavelength-
tuning of the fiber laser with the diffraction grating as cavity end mirror. The tuning curves
of all fiber lengths are shown in Figure 3.4, left, with their simulated performance. In the
simulation it has been considered that if the lasing threshold is higher than the ASE-related
threshold, there is no lasing operation possible, as already indicated in Figure 2.11. The calcu-
lated ASE thresholds regarding launched pump power have been around 15 W/10.7 W/10.5 W
for thulium#1 (8.8 m)/thulium#2 (3.5 m)/thulium#3 (2.2 m), respectively, using the determined
CR efficiency of 1.1. The ASE thresholds have been verified by placing the power meter in
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Figure 3.4: Le f t: Tunability of all fiber lasers with their simulated performances; right: Output spectra
at different operational points of the tunability curve from thulium#3 (2.2 m), measured
with spectro#2.
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Figure 3.5: Measured tunability of all fiber lasers with their simulations based on a 15% higher emis-
sion and a 15% lower absorption cross-section.

front of the cavity end mirror and measuring the onset of ASE in terms of launched pump
power. The measured and simulated values fitted roughly.
The fiber lasers provided a tunability span of around 170 nm, independent on the fiber length.
The overall tunability curve of thulium#1 (8.8 m) is red-shifted compared to the other fibers,
which is inherently connected to longer fibers in quasi-three-level laser gain media [40]. The
lasing linewidth of different operational points within the tunability curve of thulium#3 have
been recorded with spectro#2 and are shown on the right side of Figure 3.4. The linewidth
has been around 0.15 nm, which is at the measurement limit of the spectrometer in terms of
resolution. The real lasing linewidth is very likely narrower.
The experimental and simulated results regarding tunability fit approximately for thulium#2
(3.5 m) and thulium#3 (2.2 m), but for thulium#1 (8.8 m), the calculated tunability is much
narrower compared to the achieved results. The tunability of a laser system is, especially
for long fibers, highly dependent on the emission and absorption cross-sections at the lasing
wavelengths of the fiber material. If an adaption of these cross-sections is conducted with a
15% higher emission and a 15% lower absorption cross-section, the tunability curves fit much
better for every fiber, which is shown in Figure 3.5. Hence, the cross-sections are adapted
by this amount for further calculations. This adaption does not significantly affect the slope
efficiency for CW operation, but its lasing threshold. They decrease which yields a smaller
deviation between the simulation and the measurement for the high power experiments, see
Figure 3.2.

3.4.2 Q-Switching

The QS output characteristics, including the lasing threshold, slope efficiency, tunability and
beam quality, are usually very similar to the CW performance, assuming a high QS repetition
rate, ∆νQS, which yields a relatively short pumping period compared to the upper state life-
time, Tp ≈ 1

νQS
� τ . Therefore, the spontaneous emission during the pumping period can be

neglected. For the QS operational regime, the fiber laser is first characterized in terms of output
power versus launched pump power, which is shown in Figure 3.6, left, for thulium#3 (2.2 m)
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Figure 3.6: Le f t: Output power versus launched pump power in QS operation with thulium#3 (2.2 m)
for different QS repetition rates; right: Thresholds for the ASE during QS operation in
terms of launched pump power and output power versus QS repetition rate with linear fits.

at different QS repetition rates. The slope efficiencies and the lasing thresholds are almost the
same compared to CW operation, which is also inserted in the graph. Although, at certain
launched pump power levels for the different QS repetition rates, the output power curves in-
dicate a bend. The reason for this phenomenon is ASE. Owing to the diffraction efficiency
of the AOM for QS of less than 100%, the active fiber still gets feedback from the cavity end
mirror when the AOM is turned on. According to equation 2.58, during the pumping period,
the loss factor L is increased by the diffraction losses of the AOM. But once the population
density in the upper laser level exceeds a certain value, the lasing process starts even though
the AOM is still switched on. In this case, the slope efficiency of the overall output power
curve decreases about a factor of two [35, 138]. The threshold for this effect depends on the
diffraction efficiency of the AOM. Once it is reached, the initial gain factor Gi and therefore
the QS output pulse energy are clamped and a further increase in pump power and inversion is
extracted by ASE.

If these thresholds are observed, which are at a launched pump power level of around 68 W/
44 W/35 W/28 W relating to an output power level of approximately 25 W/14 W/11 W/7.5 W
at a QS repetition rate of 30 kHz/20 kHz/15 kHz/10 kHz, respectively, the maximum achiev-
able QS output pulse energy is approximately 750 µJ for thulium#3 (2.2 m) before ASE builds
up. Hereby, it has been assumed that the output pulse energy, EQS, can be defined as

EQS =
Pout

∆νQS
, (3.3)

which is valid when ASE can be neglected. At that QS output pulse energy, the QS pulse
width, which will be later characterized in more detail, has been around 40 ns that results in a
peak power level of 19 kW. The extractable QS output pulse energy for thulium#1 (8.8 m) and
thulium#2 (3.5 m) is 1.28 mJ and 880 µJ, respectively. The difference in extractable energy
for the different fiber lengths comes from a higher threshold power for CW lasing operation.
The longer the active fiber is, the higher is the re-absorption of the intracavity radiation and
the lasing threshold. Therefore, more energy can be stored in the fiber.
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Figure 3.7: Le f t: Measured and simulated pulse duration versus average output power during QS op-
eration for different fiber lengths at a QS repetition rate of 40 kHz; right: Measured output
spectra for different QS output energy levels for thulium#3 (2.2 m).

The specified thresholds, before ASE decreases the slope efficiency, can be expressed via
the launched pump power and the output power level for thulium#3, which is demonstrated
in Figure 3.6, right, versus the QS repetition rate of the fiber laser, as it has already been
introduced in [35, 138]. For the curve related to the output power, its intersection with the
y-axis denotes the launched pump power at the lasing threshold, Pp,th. The slopes of the linear
fits resulted in values of 2.1 W

kHz and 0.7 W
kHz concerning the pump and output power levels,

respectively, being around three times higher than in previously reported experiments [35].
The reason for this enhancement might come from the different fiber parameters used. The
multi-mode fiber investigated in the mentioned report exhibited a higher fluorescence capture
and more relaxed requirements for coupling the intracavity radiation from the end mirror of
the laser cavity back into the fiber core, thus enhancing ASE feedback and lowering the ASE
threshold.
The QS output pulse duration at the FWHM, tp,QS, has been measured with the PD#1 and
the oscilloscope for all the fibers at different output power levels at a QS repetition rate of
40 kHz. These experiments have been performed at a lasing wavelength of around 2 µm
with the grating as cavity end mirror. The emission wavelength of the fiber laser during QS
operation influences the pulse width significantly. The reason is the different ratio of the
corresponding emission to the absorption cross-section. For instance, if thulium#2 (3.5 m)
is operated at an output pulse energy level of 200 µJ, the output pulse width changes by a
factor of two over the whole tunability of the laser. Therefore, to compare the different QS
output performances of the fiber lasers, the lasing wavelength has to be constant. Figure 3.7,
left, displays the measured and the simulated pulse durations, based on the derivations from
subsection 2.2.3.
The curves indicate the typical decrease of the QS pulse duration versus output power. For
thulium#1 (8.8 m)/thulium#2 (3.5 m)/thulium#3 (2.2 m), the shortest QS pulse duration has
been around 130 ns/60 ns/45 ns, respectively. The maximum achievable pulse energy from
this experiment for thulium#3 is around 370 µJ and results with a pulse duration of 45 ns in a
peak power of approximately 8 kW.
The simulation of the QS pulse widths has been performed with the adaptions of the material
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Fiber PRS,th PBS,th

thulium#1 (8.8 m) 30 kW 240 kW
thulium#2 (3.5 m) 75 kW 600 kW
thulium#3 (2.2 m) 120 kW 900 kW

Table 3.2: Threshold power levels for RS and BS for the three fiber lengths.

parameters mentioned in the previous subsection. The differences between the simulation and
the experiments for all the different fiber lengths are in the range of 30%.
Figure 3.7, right, shows the lasing linewidths of the QS output radiation from thulium#3
(2.2 m) for different QS output pulse energies, EQS. For an increasing energy from 100 µJ
to 400 µJ, the output spectrum broadens from 0.3 nm to around 1.4 nm.
The main limitation regarding output peak power from fiber lasers are nonlinearities, namely
RS and BS. Their thresholds are listed in Table 3.2 for the three used fiber lengths. The cal-
culation is based on the fiber data shown in Table 3.1, equation 2.47 and equation 2.48 with a
Brillouin bandwidth in silica of 35 MHz [139] and a Raman gain coefficient of 0.5×10−13 m

W
at 2 µm, which origins from a gain coefficient of 1×10−13 m

W at 1 µm and its linear inverse de-
pendency on the pump wavelength [69]. The Brillouin gain coefficient is around 0.5×10−11 m

W
[71] and the lowest measured lasing linewidth in QS operation of 0.3 nm has been utilized. For
the calculation of the thresholds, the effective length of fiber has been calculated based on the
saturated gain factor G of 25, as already explained.
The threshold power levels for BS in this fiber laser setup are much higher compared to the
ones for RS owing to the relatively broad output spectrum of the laser. The values for RS in-
dicate that, especially for long fibers and more extractable QS output energies, the operational
conditions can be close to the threshold for RS. But no Raman peak has been detected during
purely QS operation.
The fiber laser output performance regarding tunability as well as beam quality are very similar
compared to CW operation, which has been experimentally verified. Thus, these results are
not shown here.

3.4.3 Mode-Locking

The diffraction efficiency of the AOM for ML, ηD,ML, has been characterized as it influences
the pulse duration in active ML laser systems, see equation 2.100. It is dependent on the RF
power, PRF , the modulator is operated with [67]:

ηD,ML = ηD,ML,max sin2(
√

SPRF). (3.4)

If the AOM is implemented in the cavity of a laser system, the diffraction efficiency cannot
reach 100% because of the non-planar wavefront of the passing electro-magnetic radiation.
Therefore, ηD,ML,max is introduced as the maximum possible diffraction efficiency obtainable
with the wavefront of the intracavity laser beam. S is a factor that depends, among others, on
the material parameters of the acousto-optic material.
The diffraction efficiency of the available AOM has been verified by the detection of the trans-
mitted radiation through the AOM with PD#1 and the oscilloscope for different RF power
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Figure 3.8: Le f t: Measurement of the transmitted radiation of the AOM for different power levels of
the external RF signal; right: Diffraction efficiency of the AOM versus RF power with
proper mathematical fit.

levels. The results are displayed in Figure 3.8, left, with sinusoidal fits for the different curves.
The intensity modulation is sinusoidal-like and the related values of the diffraction efficiency
against the RF power are plotted on the right side of the figure with a fit based on equation 3.4.

The measured values indicate deviations compared to the fit, but the saturation-like behavior
can be recognized. A possible reason for this discrepancy could be losses of the RF power
during its transmission to the AOM. The maximum achievable efficiency, ηD,ML,max, from the
resulting fit has been almost 100%.

For the measurement of the ML pulse width, PD#2 (12.5 GHz) and the oscilloscope have been
used. With this measurement system, the detected pulse width, tp,meas, can be very close to the
detection limit of the system, tp,sys. Therefore, it has to be corrected by mathematical decon-
volution to obtain the real ML pulse width, tp,ML. For this purpose, the following Pythagorean
subtraction has to be executed [140]:

tp,ML =
√

t2
p,meas− t2

p,sys. (3.5)

The pulse durations in this equation are defined at the FWHM. Hereby, the detection limit
of the measurement system can be calculated by considering the electrical bandwidth of the
oscilloscope, ∆νOsc, and that from the PD#2, ∆νPD#2, at the FWHM:

tp,sys =

√(
KOsc

∆νOsc

)2

+

(
KPD#2

∆νPD#2

)2

. (3.6)

The influence of the BNC cable, connecting the PD#2 with the oscilloscope, is neglected.
The time-bandwidth constants, KOsc and KPD#2, are around 0.40 and 0.31 for the oscilloscope
and the PD#2, respectively [140]. With the available measurement equipment, a theoretical
detection limit of 150 ps results, which has been verified by measuring the temporal response
of the measurement system for an ultra-short input pulse of 20 ps from a commercial 1 µm
ML fiber laser. The measured signal and its Gaussian fit are displayed in Figure 3.9, left. The
retrieved pulse duration has been approximately 220 ps, which can be used as time constant of
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Figure 3.9: Le f t: Detected signal from the photodiode and the oscilloscope for an input pulse width of
20 ps; right: Mode beating of the fiber laser in CW operation with an additional modulation
caused by relaxation oscillations.

the measurement system, tp,sys.
For ML operation, the AOM has to be operated exactly at the fundamental repetition rate
of the laser resonator, ∆νFSR. By monitoring the mode beating of the laser system in CW
operation with PD#1 and the oscilloscope, the round-trip time τRT can be determined and
the fundamental repetition rate calculated. A typical temporal evolution of the mode beating
signal is shown in Figure 3.9, right, where the relaxation oscillations of the CW output signal
are additionally modulated by this mode beating effect, whose frequency corresponds exactly
to the fundamental repetition rate of the laser cavity. With a sinusoidal fit of the data, the
fundamental repetition rates have been measured for thulium#1 (8.8 m)/thulium#2 (3.5 m)/
thulium#3 (2.2 m) to be 11.4 MHz/27.1 MHz/40.9 MHz, respectively.
For wavelength-tuning of the shown fiber laser system in ML operation, the change in optical
length of the cavity caused by the material dispersion of the fiber has to be considered, espe-
cially because of the broad tunability of Tm3+-doped fiber lasers. For each operation point of
the tuning curve, the cavity length has to be adapted for proper ML operation. The derivative
of the refractive index versus wavelength at around 2 µm for silica is approximately 1.55 nm−1

[141], which causes a change of the optical length of the cavity per nanometer wavelength for
thulium#1 (8.8 m) of

dlthulium#1

dλ
=

dn
dλ

lthulium#1 ≈ 0.124
mm
nm

. (3.7)

This value is immense regarding the broad tunability of the laser system of around 170 nm and
indicates that it is indispensable to put the diffraction grating on a moveable one dimensional
positioning stage, if the fiber laser has to be wavelength-tuned during ML operation. The RF
for the AOM cannot be tuned over a broad bandwidth owing to its sensitive standing wave
pattern of the acoustic wave.
The temperature of the fiber, which depends on the pump power level, also influences the
optical fiber length and can be quantified with 0.07 mm

K for thulium#1 [142]. Thus, the cavity
length has also to be adapted for an increasing pump power level.
The performance of high power ML operation has been investigated with thulium#1 (8.8 m).
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Figure 3.10: Le f t: Output power versus launched pump power for thulium#1 (8.8 m) in ML operation;
right: M2 measurement at an output power level of 25 W in ML operation.

The relatively long fiber yields a low fundamental repetition rate of around 11.4 MHz, as
mentioned, which has in consequence a RF for the AOM of 5.7 MHz. The area of operation
for the frequency generator lies between 20 MHz and 200 MHz and it is therefore necessary to
operate the laser system in harmonic ML. The system has been operated in the 6th harmonic
order with a ML repetition rate of 68.4 MHz. As cavity end mirror, the grating has been
used for this experiment. The output power against launched pump power is displayed in
Figure 3.10, left. The laser system provided up to 53 W of output power at a launched pump
power level of 158 W resulting in a slope efficiency of 37%. The lasing threshold has been
approximately 8 W, similar to the one in CW operation. At the highest output power level, the
corresponding pulse energy has been 0.77 µJ.

Figure 3.10, right, shows the measurement of the beam propagation factor M2 during this
experiment at an output power level of 25 W. The fiber laser provided an excellent beam
quality with a M2 value of around 1.2 in both directions, similar to the one achieved in CW
operation.

The output lasing linewidth during this experiment at the highest output power, measured with
spectro#2, is presented on the left side of Figure 3.11. The output linewidth has been smaller
than the resolution limit of the spectrometer and the real value could not be detected.

Figure 3.11, right, shows the measured and simulated ML pulse duration during the high power
experiment. The calculation of the pulse width is based on the equation 2.98, equation 2.99
and equation 3.8:

tp,ML = 1.66 4

√√√√ 2gl

π∆ν

(
M(2π∆νML)2

2 + (φSPMπ∆ν)2

8gl

) . (3.8)

The nonlinear phase shift, as already introduced, can be expressed with:

φSPM =
2πle f f

λ
n2I. (3.9)

For the calculation of the nonlinear phase shift, the intensity I has been estimated by using 4%
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Figure 3.11: Le f t: Output spectrum during ML operation at the highest launched pump power level;
right: Measured and simulated ML pulse widths versus launched pump power for
thulium#1 (8.8 m) with the calculated performance.

of the output intensity of the fiber laser with an effective fiber length of

le f f =
egl−1

g
. (3.10)

The simulations have been performed with a modulation depth of 70%, corresponding to the
used value for almost all the ML and QML experiments, a saturated gain factor of 2gl=ln(25)
and a nonlinear-index coefficient for silica of 2.7×10−20 m2

W [122]. The output spectra of the
ML operation could not be detected owing to the limited resolution of the used spectro#2.
Therefore, a lasing bandwidth of ∆λ=0.13 nm and ∆λ=0.07 nm have been assumed for the
calculation to fit the results.

The measured pulse duration is decreasing versus increasing output power, which is theoret-
ically predictable because of the higher nonlinear phase shift. At the highest output power
level, the pulse duration was around 200 ps, which results with the highest pulse energy of
0.77 µJ in a pulse peak power of approximately 3.85 kW, assuming a Gaussian pulse shape.
This value is far below the RS threshold of 30 kW for this fiber length.

There is a significant difference between the measurement and the simulations. It seems that
for an increasing output power level, the number of phase-coupled modes is decreasing. The
actual bandwidth of the laser is apparently between the two used values of ∆λ=0.13 nm and
∆λ=0.07 nm from the simulation. Using a lasing bandwidth of 0.07 nm at the highest output
power level, the time-bandwidth limit results in a minimal achievable pulse duration of 88 ps,
assuming a Gaussian pulse shape, which is approximately 2.5 times shorter than the measured
pulse duration of 200 ps.

Owing to the obtained output energy levels and pulse widths, the ML regime cannot be soliton
ML. Based on equation 2.50 for calculating the soliton energy and its pulse duration, a GVD of
silica of -100 f s

mm [141], the used nonlinearity of 2.7×10−20 m2

W and the measured pulse energy
of 0.77 µJ, the resulting soliton pulse width would be far below in the femtosecond region,
which is physically not realistic.
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Thulium#2 and thulium#3 have not been investigated regarding purely ML operation because
this single-oscillator purely ML fiber laser system cannot be used for high power mid-IR SCG
in fluoride fibers owing to the insufficient peak power levels. Therefore, it is of higher interest
to investigate the QML pulse generating method more profound.

3.4.4 Q-switched mode-locking

If a laser system is operated in QML regime, the output characteristics are much different
compared to purely ML or QS lasers. The additional modulation of the ML pulse train with QS
repetition rates in the range of kHz causes different pulse energies and peak power levels below
the QS envelope, which can be orders of magnitude higher compared to ML or QS systems.
The width of the QS envelope and its build-up time in QML operation is approximately the
same compared to QS lasers. Figure 3.12, left, shows a typical QML pulse train at an output
power level of 10 W, a modulation depth of 70% and a QS repetition rate of 100 kHz for
thulium#3 (2.2 m), measured with the PD#1 (1 GHz) and the oscilloscope. The QML pulse
train indicates a ML modulation depth of the QS envelope of around 100%. The phase between
the ML subpulses in actively ML systems is induced by the RF signal for the AOM and is
therefore constant, in contrary to the phase of the QS pulses, which varies owing to their build-
up caused by vacuum fluctuations and the connected timing jitter. Hence, the QS envelope
and the ML subpulses have not a fixed phase relation to each other and it is not possible to
operate the system in a way, that the most-energetic ML subpulse is exactly at the peak of the
QS envelope. If there was no QS timing jitter, this operational regime could be realized by
operating the system with a ML repetition rate that is exactly a multiple of the one for QS.
This experiment has been performed but was not successful because of the mentioned timing
jitter in QS fiber lasers.
If the most-energetic ML subpulses (1-5 in Figure 3.12, left) are detected with the fast PD#2
(12.5 GHz) and observed on a more resolved time scale, pedestals below the ML pulses are
remarkable, which are presented on the right side of Figure 3.12. In this configuration, the
pedestals have a width of approximately 2.5 ns. As a result of the bandwidth-limited mea-
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Figure 3.12: Le f t: Typical QML pulse train measured with PD#1 and the oscilloscope with the indica-
tion of the five most-energetic ML subpulses; right: Temporal profile of these five pulses
including their pedestals.
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Figure 3.13: Le f t: Comparison of the pedestals by cutting out their short peaks and fitting Gaussian
functions; right: Percentage of the pulse energy of the highest ML subpulse, EML, related
to the total QS energy, EQS, and the pulse width of the pedestals versus the QS output
energy and the pulse duration of the fiber laser.

surement system, the displayed electronic peak power levels of the short peaks on top of the
pedestals are distorted. In order to estimate the ratio of energy between the short peaks and
their pedestals, their integrals are compared with each other. For that purpose, the peaks are
cut out manually to observe only the pedestals, which are fitted with Gaussian functions and
are shown in Figure 3.13, left. The integrals of the Gaussian fits are compared to the ones
from the short peaks. This calculation resulted in an energy level between 3% and 5% of the
total energy of the ML subpulse, EML, included in the short peaks. For verifying this value,
the measurement system, including PD#2 and the oscilloscope, has been calibrated in terms of
peak power. A QS pulse of the fiber laser with a known peak power level has been detected
to measure the corresponding electrical voltage displayed on the oscilloscope. With that cali-
bration factor, the peak power levels of the pedestals can be determined and its energy content
evaluated with the integral of the measured electrical signal, which fitted approximately with
the calculated energy content mentioned above. It can be claimed that the peaks contain 3% to
5% of the ML energy within the measured pulse duration of 220 ps, which is the limit in terms
of temporal resolution of the measurement system, but its exact temporal evolution cannot be
detected.
Figure 3.13, left, indicates a constant width of all pedestals below the QS envelope, which
is the case for a perfect match between the external RF drive signal for the AOM and the
fundamental repetition rate of the laser resonator. The energy and the peak power levels of
the pedestals depend on the QS output pulse parameters from the fiber laser. If the pulses are
short, the number of ML subpulses decreases and their pulses contain thus more energy in
relation to the QS output pulse energy, EQS. The QS pulse width of a fiber laser is directly
related to its pulse energy, assuming a constant fiber length and lasing wavelength. For the
characterization of the QML output performance, only thulium#3 (2.2 m) has been used and
was always operated close to 2 µm at the peak of its tunability curve (see Figure 3.4, left).
To determine the pulse width of the pedestal and the energy content of the most-energetic ML
subpulse in relation to the QS energy, the QML pulse trains have been analyzed when the fiber
laser was operated at a constant output power level of 10 W with a decreasing QS repetition
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Figure 3.14: Le f t: ML pulse duration and the peak power level of the most-energetic pedestal versus
QS pulse energy and duration of the fiber laser; right: Output spectrum during QML
operation for different QS pulse energies; inset: Autocorrelation function with Gaussian
fit for a ML pulse duration of 13.5 ps.

rate leading to a QS output energy rising from 42 µJ to 166 µJ. The energy content of the
most-energetic ML subpulse relative to the total QS output pulse energy and the width of the
pedestals are displayed in Figure 3.13, right, versus the energy and the width of the QS pulse.
The relative energy content of the most-energetic ML pulse has grown from around 15% to
43% and the pedestal’s width increases from 2 ns to 3 ns. The reason for this prolongation
of the pedestal might be connected to the sinusoidal loss modulation of active ML, see Fig-
ure 2.16. There is, as already mentioned, a temporal gate in which the ML pulse can pass
the modulator to the cavity end mirror and back to the fiber each round-trip. The duration of
this gate is probably dependent on the time, the gain of the fiber can balance the losses of the
cavity, which are partly induced by the AOM. Therefore, if the gain of the fiber is higher, the
temporal duration of this gate, and also of the pedestal, gets probably longer.
The short peaks on top of the pedestals contain, as mentioned, a relatively low energy, but
their pulse duration can be measured with the autocorrelator. Figure 3.14, left, displays their
pulse width versus the QS energy and pulse duration. It decreased from around 21 ps to the
minimum achieved value of 10 ps at a QS output pulse energy of 166 µJ. If it is assumed that a
higher QS output energy of the fiber laser yields a higher energy content within the short peak,
a shorter pulse width can be explained with a stronger SPM-induced phase shift.
The inset of Figure 3.14, right, shows a typical autocorrelation function (ACF) with Gaussian
fit for the ML pulse duration of around 13.5 ps. In the case of a Gaussian pulse shape, the width
of an ACF at the FWHM has to be divided by 1.4 to obtain the pulse duration. The retrieved
ACFs for a QML system is an average of all ML subpulses below the QS envelope. If the ML
pulses have different widths, the ACF might indicate derivations to a Gaussian function. The
characterization of each single ML subpulse with an autocorrelator from a QML laser is very
challenging [123]. A pulse picker would be necessary to perform this experiment.
In Figure 3.14, left, also the peak power level of the most-energetic pedestal is plotted against
the QS output pulse energy and duration. The peak power indicates a nonlinear growth, which
is caused by the linear augmentation of the QS pulse energy plus a higher ratio of this energy
within the most-energetic pedestal. Even though the pedestals get temporarily longer versus
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Figure 3.15: Le f t: ML pulse duration versus modulation depth of the AOM; right: Output spectra for
different modulation depths.

QS output pulse energy, the peak power level still increases nonlinearly.

The right side of Figure 3.14 presents the different lasing bandwidths related to the measure-
ment shown on the left side. The higher the QS output pulse energy of the fiber laser is, the
shorter are the ML pulses and the broader is the optical output spectrum. For the highest QS
energy level of 166 µJ, the spectral laser linewidth was approximately 2 nm. Although, the en-
ergy content of the short peaks has been relatively low, the bandwidth broadened significantly
compared to the results achieved in CW, QS or ML operation. Assuming a Gaussian pulse
shape, the time-bandwidth product for this emission linewidth at a wavelength of 2 µm results
in a minimal achievable pulse duration of approximately 3 ps. The retrieved pulse duration has
been around 10.5 ps, which is a factor of 3.5 longer. If other measurement points with different
pulse widths and lasing linewidths are observed, the ratios between the theoretical minimal to
the achieved values are approximately constant. The reason might be inherently connected to
the active ML technique or the dispersion of the silica fiber laser, which is not compensated
for.

Another influence on the ML pulse duration is the modulation depth of the AOM for ML. For
measuring this dependency, thulium#3 has been operated at an output power level of 10 W
and a QS repetition rate of 150 kHz while the modulation depth has been tuned from 15%
up to 70%. The ML pulse duration versus modulation depth is shown in Figure 3.15, left. It
decreased from around 20 ps to 18.5 ps. Generally, if the nonlinear phase shift is very strong, as
it is during QML operation, the modulation depth influences the pulse width not significantly,
as confirmed by this measurement.

The right side of the Figure 3.15 displays the related output spectra during this experiment for
different modulation depths. The higher it is, the shorter is the ML pulse and the broader is the
output spectrum, which increased from around 0.7 nm up to 1.2 nm.

The dependency of the modulation depth on the duration of the pedestals is shown in Fig-
ure 3.16, which has been determined during the measurement shown in Figure 3.15. The
pedestal’s duration declined from 3.5 ns to 2.2 ns. If the modulation depth is changed, the
distribution of the QS energy among the ML subpulses below the QS envelope is constant.
Therefore, by changing this parameter, the peak power level of the pedestals can be changed
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Figure 3.16: Pulse duration of the pedestals versus modulation depth of the ML modulator.

without changing their energy.

If the wavelength of the fiber laser system is tuned during QML operation, many parameters
of the laser system are affected. First, the mentioned material dispersion requires readjustment
of the laser cavity length, as it has been derived in subsection 3.4.3. Furthermore, the Bragg
angle of the AOM, and hence its modulation depth, are wavelength-dependent [67]. If the
fiber laser is operated at a QS output energy of around 100 µJ with a modulation depth of 70%
and is wavelength-tuned without readjusting these operational parameters, the results shown in
Figure 3.17 outcome. The left side presents the duration of the ML pulses and their pedestals.
The measurements have been performed for some lasing wavelengths within the tuning range
of the laser. The measured ML pulse width varies between 28 ps and 15 ps. The duration of the
pedestal changed between 3.4 ns and 2.6 ns. The perfect operation point is obviously around
1980 nm in this case. The right side of the figure displays the related emission spectra during
this experiment. It varied between 0.6 nm and 1.6 nm for the different lasing wavelengths.

For high power QML operation, thulium#3 (2.2 m) has been used with the diffraction grating as
cavity end mirror. The output power against launched pump power for different QS repetition
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Figure 3.17: Le f t: Pulse duration of the ML pulse and its pedestal during wavelength-tuning without
adjusting other cavity parameters; right: Related output spectra for some lasing wave-
lengths within the tuning range of the laser.
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Figure 3.18: Le f t: Output power versus launched pump power in QML operation for different QS
repetition rates with thulium#3 (2.2 m); inset: M2 measurement in QML operation at an
output power level of 15 W and a QS repetition rate of 90 kHz with thulium#3; right:
Spectrum of the Raman-shifted output radiation.

rates is displayed together with the CW performance for comparison in Figure 3.18, left. The
highest output power level has been 25 W for QS repetition rates of 180 kHz or higher. The
lasing threshold has been approximately 5 W, independent on the QS repetition rate, and close
to the one for CW operation. The fiber laser has not been operated up to its limit in terms of
average output power, because the one achieved has been sufficient for high power mid-IR SC
experiments. At the highest output power level and a QS repetition rate of 180 kHz, the laser
provided a QS output energy of approximately 140 µJ with a peak power and energy level of
the most-energetic pedestal of around 20 kW and 50 µJ, respectively.
The inset of Figure 3.18, left, shows the result of the M2 measurement, which has been per-
formed at an average output power level of 15 W and a QS repetition rate of 90 kHz. The beam
quality factor has been around 1.2 in both directions, close to the values achieved in CW and
ML operation.
The curves in QML operation have a lower slope efficiency compared to the CW performance
and they exhibit a rollover behavior at a certain launched pump power level dependent on
their QS repetition rate. This effects looks similar to the ASE-related losses during purely QS
operation, although, the thresholds for the effect in QML are much lower. The reason for this
rollover in QML could be nonlinear effects of the silica stimulated by the high peak intensities
of the QML pulses. The peak power levels of the pedestals are not sufficient for RS. But
the higher peak power of the short ML pulses probably induces RS. At high QS output pulse
energies, a Raman peak has been detected with spectro#1, which is shown on the right side of
Figure 3.18. This Raman-shifted radiation has only a small average output power level.
Another possible reason for this rollover effect could be spectral cutting at the diffraction
grating. The active ML regime builds up the oscillation of many longitudinal modes after
some round-trips, which broadens the lasing linewidth in QML operation dependent on the QS
output pulse energy level, as shown in Figure 3.14, right. The diffraction grating is only highly
reflective within a certain wavelength range. If it does not provide feedback of the coupled
longitudinal modes at the wings of the lasing linewidth, their power is coupled out after each
round-trip, which causes losses.
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Figure 3.19: Le f t: Autocorrelation function of the ML output pulse during with the HR mirror as
cavity end mirror; right: Related output spectrum of this experiment.

All experiments in this subsection to characterize the QML lasing regime have been performed
with the diffraction grating as cavity end mirror. When the HR mirror has been used, the output
characteristics of the pedestals have been similar to the ones described with the diffraction
grating, although, the pulse duration of the short peak changed significantly. Figure 3.19, left,
displays an ACF measurement with this cavity end mirror yielding a pulse duration of around
200 fs. This value is close to the measurement limit of the autocorrelator system, thus, the
real pulse width can be even shorter. The right side of the figure displays the corresponding
optical output spectrum, measured with spectro#1, which indicates a lasing bandwidth from
around 1.96 µm up to 2.15 µm. The local peaks around 2.1 µm might be caused by stimulated
RS, which is enabled by the very broadband HR mirror and therefore the feedback of Raman-
shifted radiation back to the fiber laser. If the QML output power versus launched pump
power was recorded with the HR mirror, the resulting curves did not exhibit the described
rollover effect, which confirms that its reason is probably spectral cutting at the grating. The
performance with the HR mirror has not been investigated any further, because it exhibited
less conversion efficiency during SCG, which will be explained in the next chapter in further
details.

3.5 Summary

In this subsection the achieved output performance of the Tm3+-doped fiber laser is compared
to already published results from single-oscillator Tm3+-doped fiber lasers in literature.
In CW operation, the highest achieved output power level has been 70 W with thulium#1
(8.8 m) and almost 30 W with thulium#2 (3.5 m) and thulium#3 (2.2 m). The slope efficiency
in all experiments have been around 40%. The higher output power level from thulium#1 has
been probably enabled by its reduced heat load caused by the lower absorption coefficient at
the used pump wavelength. The measured beam quality, even at high output power levels, has
been close to the diffraction limit.
The highest reported output power from a Tm3+-doped single-oscillator has been 885 W [143].
The used multi-mode fiber in this experiment had a core diameter of 35 µm and a NA of 0.2.
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The slope efficiency has been in the order of 50% and the fiber had a length of 7 m. From a
single-mode fiber laser, as much as 415 W have been demonstrated with a slope efficiency of
60% with respect to the absorbed pump power at a wavelength of 1.6 µm [36]. During this
experiment, an 8 m-long, low-doped active fiber has been selected to decrease the heat load of
the fiber.
The reason for the lower achieved output power levels in this thesis is probably connected to
the thermal management of the fiber. All of the reported high power experiments included end
caps in the form of passive silica fibers, which are spliced onto the active fiber ends to enable
more efficient cooling. In the described setup without end caps, there is a certain part of the
fiber that is not actively water-cooled, which is the bottleneck of the system regarding power
scaling. The implementation of end caps is planned for future experiments and thus, further
power scaling should be soon feasible.
The difference in achieved and reported slope efficiencies must be related to the material it-
self, meaning a lower CR efficiency, or losses caused by upconversion or clustering. The used
doping concentration or the composition of the fiber material probably offer potential for im-
provement. Another reason for the lower values could be the uncooled parts of the fiber, which
get very hot and increase therefore the absorption of the intracavity beam.
In QS operation, the highest obtained output pulse energy with thulium#3 (2.2 m) has been
750 µJ with a pulse duration of approximately 40 ns and a peak power level of around 19 kW.
To the best of my knowledge, this is the highest achieved peak power level from a QS Tm3+-
doped fiber laser. The output power level during QS operation has been scaled to almost 30 W.
Further power scaling should be enabled by better thermal management and diode modules
offering higher pump power, which will soon be available at ISL. For a higher QS pulse energy,
the diffraction efficiency of the AOM has to be increased because of the ASE-related limitation.
Tm3+-doped fiber lasers in QS operation have been investigated with passive and active modu-
lation technologies. Passively QS fiber lasers provide generally longer pulses, lower pulse en-
ergies and output power levels, thus, they are not considered for a comparison to the achieved
results. El Sharif et al. demonstrated with an AOM as modulator a pulse energy of around
900 µJ with a pulse duration of 150 ns yielding a peak power of 4 kW [144]. However, the
output power level of this experiment has been below 1 W. The closest reported peak power of
9 kW has been demonstrated with a pulse energy of 435 µJ and a pulse width of 49 ns [97].
This experiment has been performed at an output power level of less than 10 W. The reported
experiments in [35], which have also been conduced at ISL, yielded a total output power level
of 30 W with a pulse energy of 270 µJ and a peak power level of 5 kW.
In ML operation, thulium#1 (8.8 m) has been tested and delivered an output pulse energy of
around 800 nJ at 53 W of average output power with a pulse width of 200 ps yielding a peak
power level of 4 kW.
So far, there are no reports about actively ML Tm3+-doped fiber lasers with an AOM. But an
EOM has once been used to provide flexible pulse width, dependent on the harmonic order
of ML, with the lowest pulse duration of around 38 ps for fundamental ML. The fiber laser
delivered output power levels in the milliwatt range [145]. The output pulse energy and the
peak power levels are therefore orders of magnitude lower compared to the described ML
system in this thesis. There are reports about actively AOM-ML fiber lasers at the wavelength
of 1 µm, which produced a pulse width in the range of 95 ps at very low output power levels
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[146]. Most of the research activities for ML Tm3+-doped fiber lasers have been focused
on passive modulation techniques, where it is possible to produce temporarily much shorter
pulses, even in the range of tens of femtoseconds. Owing to the emitting wavelength around
2 µm and the connected negative GVD in silica, there are two different schemes for generating
ultra-fast ML pulses, as mentioned in subsection 2.2.4. First, soliton ML can be realized by
carefully matching the nonlinearity and the dispersion of the silica fiber. Or second, the so-
called noisy pulse regime, where the propagating pulses are not solitons. With soliton ML,
a pulse width of 65 fs has been demonstrated with a saturable absorber as modulator [147].
The pulse energy has been 3 nJ resulting in a peak power level of approximately 50 kW and
0.3 W of average output power. With graphene as ML element in the cavity, 58 fs have been
obtained with 1 nJ yielding 20 kW of peak power at an output power level of 0.5 W [148]. The
highest ML output pulse energy demonstrated with soliton ML has been 10 nJ [149]. It is very
challenging to power and energy scale soliton ML lasers, because of their sensitive match of
nonlinearity and dispersion. In the case of the noisy pulse regime, as much as 250 nJ has been
achieved with a pulse duration of 350 fs and 0.4 W of output power [150].
In terms of output pulse energy and average output power, the ML system shown in this thesis
delivered the highest values. But owing to the long pulses, the peak power levels have been
lower compared to ultra-short pulse generation with passive ML techniques.
In QML operation, there has been no report with Tm3+-doped fiber lasers. The demonstrated
results have in many aspects outstanding performance parameters. The ML pulse energy levels
in the range of 66 µJ with pulse durations of the pedestals in the nanosecond regime and
peak power levels of 25 kW cannot be compared to QS lasers in terms of pulse widths and
not to ML systems regarding pulse energy. Typically, for obtaining such pulses, distributed
feedback diodes with at least three amplification stages have to be used to reach the same output
performance of the described QML fiber laser system [3, 33]. Unfortunately, the peak power
levels of the short peaks on top of the pedestals cannot be determined, which are definitely
much higher compared to their surrounding pedestals.



4 2 µm pumped supercontinuum generation in
fluoride fibers

4.1 Introduction

SCG in fluoride fibers is a very attractive option for generating mid-IR radiation up to ap-
proximately 4 µm, especially if very broad output radiation is required. Fluoride fibers have
the lowest losses in the mid-IR [29] and their drawing technology is the second most mature
behind silica [151], especially for the material composition ZBLAN, which has a mixture of
around 55 mol% ZrF4, 15 mol% BaF2, 6 mol% LaF3, 3 mol% AlF3 and 15 mol% NaF [152].
ZBLAN fibers are manufactured with the most developed fabrication technology among all
IR fibers, resulting in the lowest quantity of impurities [153]. Therefore, for high power mid-
IR SCG, these fibers have almost been exclusively used, which have enabled tens of watts of
output power. The output spectrum, which can be obtained with this material composition, is
limited to a wavelength at around 4 µm owing to its material absorption. The nonlinear-index
coefficient of fluoride fibers is smaller than the one for silica fibers, thus, relatively long fibers
in the range of meters are necessary for efficient wavelength broadening. Their material param-
eters, e.g. the tensile elastic modulus and the shear modulus, are only around 70% compared
to silica and they exhibit hence much lower tensile and yield strength [154], which makes their
handling more difficult. Some fluoride glasses, including ZBLAN, are chemically not resistant
against water and must be surrounded by a polymer coating and stored and operated under dry
environment. The water diffuses into the outer surface layers of the fiber, which worsens their
mechanical parameters dramatically [155].
The material zirconium fluoride, on which the material ZBLAN is mostly based on, was first
discovered from Poulain et al. in 1975 [156]. The first ZBLAN fiber was drawn in 1984 [152]
and the first mid-IR SCG was demonstrated in 2006 [45]. These relatively late inventions
prove that the research activity on mid-IR SCG in such fibers is still in its infancy with high
potential in performance increase in the future.
Other fluoride materials, such as indium fluoride (InF3), are also auspicious for SCG because
of their broader transmission bandwidth, which could shift the LWE of the SC output radiation
further into the IR. Their fiber manufacturing is not yet as mature as it is for ZBLAN fibers,
thus, the SC output power levels are much lower. InF3 fibers are at the advent of their devel-
opment and the use for applications like SCG. Their glass parameters exhibit a higher fragility
compared to ZBLAN and handling is more demanding. InF3 fibers are already commercially
available, but mainly for passive transmission fibers [9].
In the last chapter, the Tm3+-doped pump fiber laser has been characterized in all different
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lasing regimes. In this chapter, the wavelength broadening via SCG in fluoride fibers is in-
vestigated while using the described Tm3+-doped pump fiber laser in QML operation. The
experimental setup used for the SC experiments is described with its characterization tools.
The available fluoride fibers with their most important material parameters are specified in the
third part of this chapter. The achieved results are separated dependent on the material of the
nonlinear fiber. A summary in the end of this chapter presents a comparison of the achieved
results with the reported experiments from the literature.

4.2 Experimental setup
The experimental setup for SC experiments is shown in Figure 4.1. The beam emitted by the
Tm3+-doped pump fiber laser is shaped for its characterization and preparation for coupling
into the nonlinear fluoride fibers. Because of the usage of non-polarization maintaining active
Tm3+-doped fibers, a polarization stage, which consists of a half wave plate (HWP) and a
thin-film polarizer (TFP), reflects one polarization of the beam for the characterization of the
fiber laser and lets the other one transmit for pumping the nonlinear fiber. For optical isolation,
a Faraday rotator (FR) is implemented to prevent the fiber laser from back-reflections of the
system, which can damage the intracavity elements. The attenuation stage, which comprises
a HWP and TFP, allows the adjustment of the pump power level for the fluoride fiber to oper-
ate the Tm3+-doped fiber laser with constant parameters for stable operation. A zoom optic,
realized by three AR-coated spherical silica lenses (L1-L3), changes the beam diameter of the
pump beam for mode field adaption to the fluoride fiber. The pump radiation is coupled into the
nonlinear fiber using an AR-coated aspheric silica lens with a FL of 15 mm (L4). For reaching
highest coupling efficiencies, a six dimensional hexapod stage positions the end facet of the
fluoride fiber with a linear/angular accuracy of 0.1 µm/2 µrad, respectively. An uncoated cal-
cium fluoride (CaF2) lens with a FL of 20 mm (L5) collimates the SC output radiation before
the characterization stage. Different optical long wave pass (LWP) filters with 3 dB cut-off
wavelengths around 2.15 µm, 2.65 µm, 3.1 µm and 3.5 µm can be implemented to analyze
the SC radiation in certain wavelength regions. The average power of the SC output radiation
is measured with a power meter. Its spectral power distribution is detected with spectro#1.
At the output slit of the monochromator, a liquid-nitrogen cooled indium antimonide (InSb)
detector is used, which is sensitive in the wavelength range between 1 µm and 5.5 µm. The
detailed detectivity curve of this detector is shown in the appendix A. The measured signal
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Figure 4.1: Setup for SC experiments with fluoride fibers pumped by the QML Tm3+-doped fiber
laser including polarization, isolation, attenuation, zoom optic, fluoride fiber, optical fil-
ters, lenses and characterization of the SC output radiation.
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from the detector is processed by a preamplifier, a low-pass filter and a lock-in amplifier. For
the delivery of the SC radiation to the spectrometer, a hollow-core fiber with an inner silver
coating for TIR and a core diameter of 500 µm is available. The complete measurement sys-
tem, including transport fiber, monochromator and detector, has been calibrated with a black
body radiator, emitting at 1000 K. The calibration procedure with the results are described in
the appendix A.

4.3 Materials

Three ZBLAN fibers and one InF3 fiber are available. All of the fibers have a single-clad fiber
design and the material composition among the ZBLAN fibers is the same, but the exact ratio
from the vendor is confidential and not available. Figure 4.2 presents the specified material
absorption for the two different fiber materials from the manufacturer. The material ZBLAN
has a phonon energy of 600 cm−1 [105] and InF3 of approximately 500 cm−1 [157] offering
hence broader transmission bandwidth, but with higher absorption in the wavelength range
between 1 µm and 3.8 µm. The high mid-IR absorption at the transmission edge of ZBLAN
is mostly caused by the zirconium and aluminum ions in its composition [153]. OH impuri-
ties in soft-glass fibers have a significant influence on their mid-IR absorption, owing to the
high water absorption in that wavelength range. Both available fibers exhibited an OH-caused
absorption band at around 3 µm.
Table 4.1 summarizes the most important design parameters of the fibers. All of them had inner
and outer cladding diameters of 125 µm and 250 µm, respectively. The ZBLAN fibers differed
mostly regarding their core diameters (core ø) while the NA was constant, which has in conse-
quence different cut-off wavelengths (λco). ZBLAN#1 exhibited single-mode propagation at
the pump wavelength of around 2 µm, ZBLAN#2 and the InF3 fiber offered the propagation of
two transverse modes and for ZBLAN#3, four modes could propagate. The higher the number
of modes at the pump wavelength are, the lower are the requirements for coupling the pump
light into the fiber core. Furthermore, as a result of the different λco, the influence of waveguide
dispersion varies resulting in different ZDWs. Taking the derivation from subsection 2.1.3, the
dispersion of the fluoride fibers are shown in Figure 4.3, left, together with the related material
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Figure 4.2: Material absorption of the available fluoride fibers.
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Parameters Core ø NA λco ZDW Cladinn ø Cladout ø
ZBLAN#1 6.5 µm 0.23 1.95 µm 1.95 µm 125 µm 250 µm
ZBLAN#2 8.5 µm 0.23 2.6 µm 1.7 µm 125 µm 250 µm
ZBLAN#3 12 µm 0.23 3.6 µm 1.65 µm 125 µm 250 µm
InF3 9 µm 0.26 3 µm 1.75 µm 125 µm 250 µm

Table 4.1: Different available fluoride fibers and their most important parameters.

dispersion of ZBLAN, calculated with the Sellmeier coefficients from [158]. The ZDW of the
raw material ZBLAN lies around 1.63 µm, as it has also been specified in literature [154]. The
dispersion data from the InF3 fiber have been taken from the manufacturer [159]. The strong
influence of the waveguide dispersion for ZBLAN#1 shifts its ZDW further towards the IR to
1.95 µm, whereas the other ZBLAN fibers have a ZDW close to that of the bulk material.
The cut-off wavelength of a fiber influences the trend of its MFA versus wavelength, as it is
shown for all fluoride fibers in Figure 4.3, right. The MFA plays an enormous role regarding
the efficiency of SCG, as explained in subsection 2.3.2. As mentioned before, also the flatness
of the curve affects the wavelength conversion efficiency of the nonlinear effects involving
two co-propagating waves. ZBLAN#1 exhibited a very fast increase of the MFA beyond a
wavelength of around 3.5 µm, which might be the reason of the relatively short LWE of mid-
IR SCG in single-mode ZBLAN fibers reported in literature [3, 15, 23, 94]. ZBLAN#3 and
the InF3 fiber exhibited the flattest trends of the MFA with relatively low values, especially for
longer wavelengths, and are thus the most promising fibers in this respect.
The bend losses, introduced in subsection 2.1.5, are plotted in Figure 4.4, left. Hereby, a
critical wavelength, λcrit , is introduced at which the bend loss factor is 1 dB

m . Bend losses for
ZBLAN#2, ZBLAN#3 and the InF3 fiber can be neglected for SCG in the wavelength range
between 2 µm and 4.5 µm for bending radii bigger than 0.1 m. However, for the investigation
of ZBLAN#1, the bend losses have to be considered.
Based on subsection 2.3.2, the FOMs are calculated for all fluoride fibers with a length of
10 m, a bend radius of 12 cm, which is the radius of the spools the fibers are coiled on, and
a nonlinear-index coefficient of 2.1×10−20 m2

W for ZBLAN [160]. The nonlinear-index coef-
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m ; right: Figure of merit versus wavelength for all available fluoride
fibers with a length of 10 m.

ficient of InF3 has not been determined experimentally, so far [151]. It is assumed that it has
the same nonlinearity as ZBLAN. The different graphs are shown in Figure 4.4, right. In terms
of LWE, ZBLAN#2 and ZBLAN#3 offered comparable performance, whereas it has been ex-
pected that ZBLAN#1 exhibits a lower LWE of the SC output radiation. The InF3 provided the
most promising characteristics for wavelength conversion far into the IR owing to its broader
transmission bandwidth and its relatively small MFA. Analyzing the intersections of the FOMs
with the y-axis, it can be claimed that with the used fiber length, ZBLAN#1/ZBLAN#3 would
have the lowest/highest SC threshold owing to their small/big mode field area at the pump
wavelength, respectively.
ZBLAN#3 has been specially designed for enabling high power SCG. The larger mode field
areas should enable higher damage thresholds regarding average output power. Furthermore,
the flatter trend of the mode field area against wavelength should enhance the SC conversion
efficiency. The resulting low bend losses simplifies the fiber handling and more compact sys-
tems can be realized owing to lower applicable bend radii.

4.4 Results

This section is separated into the presentation of the SC output performance of the ZBLAN
fibers and the results obtained with the InF3 fiber.

4.4.1 ZBLAN fibers

4.4.1.1 Evaluation of the SC output radiation

Figure 4.5 shows a typical result of a mid-IR SC experiment and how it is characterized at
ISL. The left side displays the output power versus launched pump power for ZBLAN#3.
During this experiment, the pump fiber laser has been operated at an output power level of
5 W with a QS repetition rate of 50 kHz. The different colored curves indicate the output
power levels beyond the optical LWP filters, described in subsection 4.2. The output power
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Figure 4.5: Le f t: Output power versus launched pump power beyond the optical LWP filters with the
indication of their slope efficiencies and their threshold power levels; right: Output spectra
for two different output power levels without an optical LWP filter before the spectrometer.

is always plotted against launched pump power, which allows the comparison of different
nonlinear fibers with varying coupling efficiencies. The dashed line in the graph presents the
expected output radiation, if the fiber would be pumped with a CW signal without wavelength
conversion, considering the material absorption at 2 µm and the Fresnel reflections at the end
facets of the fiber. If the curve for the output radiation in all spectral bands is observed, it
indicates a rollover behavior. The reasons for this effect are higher material absorption of the
mid-IR radiation and losses caused by nonlinear effects like RS or SSFS that transfer energy
of the pump radiation to the material in the form of phonons. The power curves measured
beyond the different optical LWP filters exhibit a nonlinear increase close to their threshold
power, Pth, whereas for higher launched pump power levels, the curves can be fitted linearly
with a corresponding slope efficiency η , which is inserted in the figure. The nonlinear trends
of the curves close to their thresholds have already been demonstrated in another report in
the literature [23]. The thresholds and the linear slope efficiencies, e.g. Pth,2.15µm and η2.15µm

beyond the optical LWP filter at 2.15 µm, are used as characterization parameters for the
comparison of different SC output performances. In the described setup with a QML pump
laser system, the SC output radiation is a superposition of the SC produced from each ML
pulse below the QS envelope. Thus, in theory, the output power curves beyond the optical
LWP filters should indicate different threshold power levels for the different ML subpulses,
which has however not been observed during the experiments.
The right side of Figure 4.5 displays the SC output spectra for two different output power
levels of 200 mW and 400 mW from ZBLAN#3 measured during the experiment presented
on the left side of the figure. In this case, there has been no optical LWP filter included in
the setup before the spectrometer. The spectra indicate broadening only towards the IR, which
is typical for the pumping regime deep in the anomalous dispersion region of ZBLAN#3. In
the following, all spectral measurements are performed with optical LWP filters in front of
spectro#1 to prevent damages of the grating inside the monochromator and the detector at its
output slit, because the spectral power density of the residual pump radiation at around 2 µm is
much higher compared to the mid-IR SC radiation. Furthermore, the electronic amplification
factor of the lock-in amplifier can be adapted to the mid-IR signal and not to the residual pump,
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Figure 4.6: Le f t: Comparison of the SC output performance from ZBLAN#3 pumped by the Tm3+-
doped fiber laser with the diffraction grating and the HR mirror as cavity end mirror; right:
Comparison of the SC output spectra for both cavity end mirrors in the pump laser at two
different launched pump power levels beyond the optical LWP filter at 3.1 µm.

increasing the signal-to-noise ratio. For the shown experiment, the output power levels have
been relatively low, thus, the insertion of an optical LWP filter has not been necessary.

4.4.1.2 Choice of the optimum Tm3+-doped fiber length and cavity end mirror

For high power mid-IR SCG, the most promising Tm3+-doped fiber for the pump laser system
has been thulium#3 (2.2 m), because it provided the shortest QS envelopes. Thus, it was
used in almost all experiments for pumping the fluorides fibers. SC experiments have also
been performed with thulium#1 (8.8 m), but owing to the very long QS pulses, as shown
in subsection 3.4.2, the SC conversion efficiency has been very low. To enable wavelength
conversion, very high QS pulse energies have been necessary, leading to the damage of the
ZBLAN fibers at very low launched pump power levels, because one damage mechanism in
ZBLAN fibers is related to the pulse energy of the pump radiation [161]. Hence, mid-IR SCG
with thulium#1 as pump laser has not been further investigated.
As mentioned at the end of the last chapter, the SC conversion efficiency has been lower
when the HR mirror has been implemented as cavity end mirror compared to the performance
achieved with the diffraction grating, which has been discovered by the comparison of the SC
output performance while the fiber laser has been operated under similar conditions with both
mirrors. The fiber laser with thulium#3 delivered in both cases an output power level of 10 W
with a QS repetition rate of 100 kHz at a central wavelength at around 1.97 µm. The ML
pulse duration with the HR mirror and the grating has been 200 fs and 20 ps, respectively, with
the same width of the QS pulse of around 120 ns and its pedestals of 2.2 ns. The left side of
Figure 4.6 shows the SC output power versus launched pump power for both pumping setups
with the related slope efficiencies beyond the optical LWP filters. The SC output performance
with the grating as cavity end mirror is superior concerning both, the threshold power levels
and the slope efficiencies. Also the curve for the SC output radiation in all spectral bands
with the diffraction grating as end mirror indicates also a stronger rollover behavior, which is
caused by a more efficient wavelength conversion. Obviously, the ML pulse duration of the
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two experiments can be separated into short and long pulse pumping for SCG, as it has been
described in subsection 2.3.1. The short pulses do not exhibit MI, thus, the wavelength broad-
ening is less efficient [77]. But owing to the fact that most of the energy is contained within the
pedestals, this explanation might not be the reason for the different SC output performance.
The pedestals for both experiments had approximately the same energy, temporal width and
peak power level. A possible explanation for this difference is the spectral power density of
the input pump radiation, which is in the case of the diffraction grating as cavity end mirror
much higher owing to the much narrower spectral linewidth of around 1.5 nm.
The right side of Figure 4.6 presents four SC output spectra beyond the optical LWP filter at
3.1 µm, two for each cavity design with the different end mirrors at a launched pump power
level of 2.2 W and 3.1 W. The SC output spectra achieved from pumping the fluoride fiber with
the HR mirror are narrower, as expected from the results shown on the left side of the figure.
The reason for the different SC performance has to be further investigated more precisely.

4.4.1.3 Characterization of the SC output performance from the different ZBLAN
fibers

As shown in Figure 3.14, the output characteristics of the ML subpulses below the QS envelope
from the pump fiber laser are varying in terms of peak power and pulse energy level dependent
on the operational parameters of the fiber laser. It plays hence an important role for mid-IR
SCG how the pump source is operated before the pump power level for the fluoride fiber is
adjusted by the optical attenuator. To characterize this dependency of the SC performance, the
fiber laser with thulium#3 (2.2 m) has been operated at different output power levels and QS
repetition rates at a constant wavelength of around 2 µm, adjusted by the diffraction grating, to
pump ZBLAN#3 with a length of 36 m. For the comparison of the SC output performances, the
threshold power levels and slope efficiencies beyond the optical LWP filters have been used.
Each experiment has been performed at a certain QS output energy level with a corresponding
pulse duration of the fiber laser and yielded eight values, four threshold power levels and four
slope efficiencies.
The comparison of the different thresholds is displayed in Figure 4.7, left. Every dot in the
graph stands for one resulting value from an experiment at a corresponding QS output pulse
energy and duration of the fiber laser. For the comparison of the threshold behavior, the QS
pulse energy at the threshold, Eth, is introduced by dividing the pump power level at the SC
threshold by the QS repetition rate of the pump fiber laser,

Eth =
Pth

∆νQS
, (4.1)

which enables the comparison of experiments with different QS repetition rates.
The comparison of the thresholds indicates that independent of the QS output pulse energy
and QS pulse width, the threshold QS energies for SCG are constant beyond all the used opti-
cal LWP filters. The thresholds for wavelength conversion beyond 2.15 µm/2.65 µm/3.1 µm/
3.5 µm are in the range of 3 µJ-4.3 µJ/5.2 µJ-7 µJ/8.3 µJ-10.8 µJ/12 µJ-14.8 µJ, respectively.
This constant dependency is very remarkable, because, as evidently demonstrated by the sec-
ond x-axis, the QS pulse duration decreases. A shorter QS pulse contains less ML subpulses
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Figure 4.7: Le f t: Comparison of SC performances regarding their threshold behavior for different QS
output pulse energies from the pump fiber laser; right: Energy and peak power level of
the most-energetic pedestal at the QS energy threshold of 3.75 µJ beyond the optical LWP
filter at 2.15 µm versus QS output energy and pulse duration of the fiber laser.

below it resulting in a higher pulse energy and peak power level of the most-energetic pedestal.
The right side of Figure 4.7 illustrates the peak power and energy of the most-energetic pedestal
at the threshold QS energy of 3.75 µJ beyond the optical LWP filter at 2.15 µm dependent on
the QS output pulse energy of the pump fiber laser. The peak power and energy levels have
not been constant at the SC thresholds for the different performed experiments. Therefore,
it seems that the threshold behavior of the SC process is not triggered by the pedestals. The
initiation of the SC process is apparently induced by the short peaks on top of the pedestals.
The same observations, as shown in Figure 4.7, has been obtained by using the HR mirror as
cavity end mirror. The threshold QS energies beyond the optical LWP filters have always been
constant versus the QS output pulse energy of the fiber laser. Hence, a possible influence of
the cavity end mirror can be excluded.
Another experiment to verify the discovered observations regarding the constant threshold
QS energy have been performed by changing the modulation depth of the AOM for ML and
comparing the resulting threshold power levels. If the modulation depth of the modulator is
decreased, the width of the pedestals increases, as it has been shown in Figure 3.15. At the
same time, the energy distribution among the ML subpulses below the QS envelope is constant.
Therefore, the peak power level of the pedestal decreases while their pulse energy is constant.
Also during this variation, the SC thresholds regarding the QS pulse energy have been constant.
Owing to the uncertainty of the peak power levels of the short pulses on top of the pedestals,
the reason for the constant threshold QS energy could not yet be derived theoretically. Further
investigations on the determination of their exact peak power levels are necessary to further
understand this phenomenon.
The comparison of the slope efficiencies from the different performed experiments is shown
in Figure 4.8. The efficiencies are, different to the thresholds, dependent on the QS output
energy of the fiber laser. The higher it is, the more efficient is the wavelength conversion
process during SCG. This dependency is reasonable because of the increasing energy and peak
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Figure 4.8: Comparison of SC performances regarding their slope efficiencies for different QS output
pulse energies and corresponding pulse durations of the pump fiber laser.

power level of the pedestal when the QS output pulse energy grows with a shorter QS envelope
as consequence. The pedestal energy and peak power level influence the slope efficiencies but
not the thresholds for SCG. Thus it can be stated that the short peak on top of the pedestals
initiate the SCG, which once started, converts the energy stored in the pedestals.
During the experiments for the comparison of the SC output performance, shown above, it has
been observed that the ratios of the different slope efficiencies, e.g. η2.15µm

η3.1µm
, are always constant

for one nonlinear fiber with a constant length, independent at which QS output pulse energy
the fiber laser is operated with.
For the investigation of the influence of the pump wavelength on mid-IR SCG, the fiber
laser has been operated with the same output parameters at different lasing wavelengths for
SC experiments. The results demonstrated that the pump wavelength does not play a signif-
icant role regarding threshold behavior and slope efficiencies because of the relatively "low"
tunability of the fiber laser compared to the difference of the lasing wavelength to the ZDW of
ZBLAN#3, which is around 1.65 µm. This behavior has already been demonstrated in other
SC experiments in literature [77].
A comparison of many different performed SC experiments with all available ZBLAN
fibers with different lengths regarding threshold behavior and slope efficiencies is presented in
Table 4.2, where the SC thresholds are listed in terms of pump fluence,

Fth =
Eth

MFA(2 µm)
, (4.2)

to compare ZBLAN fibers with different MFA at the pump wavelength of 2 µm. As it has been
demonstrated, the slope efficiencies are changing dependent on the QS output pulse energy of
the fiber laser, therefore, the experiments in the table have been performed at a fixed QS output
pulse energy of approximately 140 µJ to ensure comparable results. ZBLAN#1 had a length
of 8 m, ZBLAN#2 of 5 m, 9 m and 16 m, and ZBLAN#3 of 36 m for the presented results.
For ZBLAN#1 with the length of 8 m, the threshold fluences are comparable to the ones
for ZBLAN#2 with 9 m owing to the approximately same fiber length and a similar trend
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Parameters Fth,2.15µm Fth,2.65µm Fth,3.1µm Fth,3.5µm η2.1µm η2.65µm η3.1µm η3.5µm

ZBLAN#1, 8 m 120 nJ
µm2 180 nJ

µm2 330 nJ
µm2 620 nJ

µm2 36% 21% 13% 6%

ZBLAN#2, 5 m 160 nJ
µm2 250 nJ

µm2 470 nJ
µm2 720 nJ

µm2 30% 15% 8% 1.2%

ZBLAN#2, 9 m 110 nJ
µm2 170 nJ

µm2 320 nJ
µm2 530 nJ

µm2 36% 22% 16% 10%

ZBLAN#2, 16 m 80 nJ
µm2 140 nJ

µm2 290 nJ
µm2 460 nJ

µm2 38% 26% 20% 13%

ZBLAN#3, 36 m 40 nJ
µm2 70 nJ

µm2 110 nJ
µm2 140 nJ

µm2 40% 26% 14% 7%

Table 4.2: Summary of the SC output performance of the available ZBLAN fibers with different fiber
lengths.

of the MFA, at least beyond the optical LWP filters at 2.15 µm, 2.65 µm and 3.1 µm. The
threshold and the slope efficiency regarding the wavelength conversion beyond 3.5 µm are
much different, which is probably caused by the fast increase of the MFA in that wavelength
range for ZBLAN#1.
The comparison of the results for ZBLAN#2 with different fiber lengths proofs that the thresh-
old behavior is dependent on the length of the ZBLAN fiber with constant core diameter and
NA. The slope efficiencies are also increasing against fiber length. However, it is assumed that
this relation is limited and the slope efficiencies are decreasing after a certain fiber length, be-
cause the influence of the material absorption becomes too high. The wavelength broadening
exhibits a saturation-like behavior, as it has already been explained in subsection 2.3.2. This
effect can be observed by regarding the results of ZBLAN#3 with a length of 36 m. The thresh-
old fluences are very low, as it has been predicted by the calculation of the FOM. But the slope
efficiencies for the wavelength conversion beyond 3.1 µm and 3.5 µm are smaller compared
to ZBLAN#2 with 16 m. There is an optimum length of a nonlinear fiber, which is defined by
the requirements of the SC output radiation and pump parameters. The empiric determination
of this optimal length will not be conducted for the available ZBLAN fibers. This evaluation
would only be possible with ZBLAN#2, which has been investigated with three different fiber
lengths. More experiments with different fiber lengths would be necessary to determine this
optimum length. Furthermore, it depends on the pump pulse parameters, e.g. energy and peak
power levels of the pulses, which will be further improved regarding SC conversion efficiency
in the near future. From all the three investigated fiber lengths of ZBLAN#2, 16 m offered
the best potential for efficient wavelength broadening. During the experiments with the dif-
ferent fiber lengths for ZBLAN#2, a general dependency has been found out that the ratios
of the thresholds for the same ZBLAN fiber, e.g. Fth,2.15µm

Fth,3.1µm
, are always constant, independent

of the fiber length. These ratios are probably influenced by the fiber design, meaning its core
diameter and NA.
ZBLAN#2 and ZBLAN#3 offered multi-mode propagation at the pump wavelength of 2 µm.
Thus, it has been analyzed how the pump power distribution onto the different transverse
propagation modes of the ZBLAN fiber affects the SC conversion efficiency. In the described
experiments in this chapter, it has always been tried to couple most of the light into the funda-
mental transverse mode of the fiber. First, for achieving good beam quality of the SC output
radiation and second, for increasing the wavelength conversion efficiency. Beyond the cut-off
wavelength of the ZBLAN fibers, the guided radiation is single-mode and the overlap between
two guided modes is superior, if they have the same transverse intensity profile. Additionally,
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Figure 4.9: M2 measurements of SC output radiation beyond the optical LPW filters at 2.15 µm (le f t)
and 3.1 µm (right) in both directions; insets: Corresponding SC output spectra for the
measurements.

the MFA of higher-order modes is bigger, decreasing the optical intensity and hence the con-
version efficiency. If ZBLAN#3 is pumped by exciting mostly transverse higher-order modes,
which has been forced by the angular rotation of the fiber input facet, the SC efficiency dropped
about a factor of two, which has been similarly reported in [16].
Owing to the mentioned high cut-off wavelengths of the used ZBLAN fibers, especially for
ZBLAN#3, and therefore multiple number of possible transverse propagation modes that in-
fluence the beam quality of the radiation, M2 measurements of the SC output radiation
have been performed beyond the optical LWP filter at 2.15 µm (le f t) and 3.1 µm (right), see
Figure 4.9. The SC output spectra during these experiments are displayed in the insets of the
two graphs. The measurement resulted in M2 values of 1.2 in both directions, if the central
wavelength of the spectra is used for the calculation. The good beam quality might result from
the mentioned coupling mostly into the fundamental mode of the fiber.

4.4.1.4 High power experiments

With all three ZBLAN fiber designs, high average power experiments have been performed.
For the choice of the right output parameters of the fiber laser, it has to be considered that
the QS pulse energy cannot be too high to prevent damage of the ZBLAN fiber. On the other
hand, the SC efficiency is dependent on the QS output pulse energy of the fiber laser, which is
therefore a trade-off.
Figure 4.10 displays the results for high power SCG in ZBLAN#1 with a fiber length of
8 m. The pump fiber laser has been operated at an output power level of 20 W with a
QS repetition rate of 150 kHz, resulting in a QS output pulse energy of 133 µJ. The left
side of the figure shows the output power versus launched pump power, which yielded a
maximum output power in all spectral bands of 5.1 W at a launched pump power level of
8.3 W. The coupling efficiency during this experiment has been around 65%. A total av-
erage output power of 2.9 W/1.6 W/0.9 W/0.28 W has been obtained beyond the optical
LWP filters resulting in a slope efficiency of 38%/23%/14%/6%, respectively. Regarding the
overall conversion efficiency from the transmitted radiation in all spectral bands towards the
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Figure 4.10: Le f t: Output power against launched pump power for SCG in ZBLAN#1 beyond the
optical LWP filters with slope efficiencies; right: Output spectra for different launched
pump power levels from ZBLAN#1 measured beyond the optical LWP filter at 2.15 µm.

mid-IR wavelengths range, 56%/31%/18%/5% have been converted to wavelengths beyond
2.15 µm/2.65 µm/3.1 µm/3.5 µm, respectively. Therefore, at least 56% of the output power
has been transferred to higher wavelengths during SCG, neglecting the power content between
2 µm and 2.15 µm, which is cut out by the optical LWP filter. Owing to the fact, that many
ML subpulses are involved during the SC process, it is assumed that the most-energetic ML
pulse under the QS envelope would enable much higher slope efficiencies.
The right side of Figure 4.10 presents the absolute spectral power distribution of the SC output
radiation for different launched pump power levels beyond the optical LWP filter at 2.15 µm.
As expected, the higher the launched pump power has been, the broader was the output spec-
trum and the higher was the LWE of the SC radiation. The wavelength conversion towards
the mid-IR has been limited at around 3.8 µm, measured at the -20 dB intensity level of the
spectrum. The spectral power distribution at the highest output power declined from around
10 mW

nm at 2.1 µm to 0.4 mW
nm at 3.6 µm. The bend radius of ZBLAN#1 during this experiment

has been around 12 cm, which relates to a bend loss factor of 0.9 dB
m at 3.8 µm. The absorption

of the fiber at that wavelength is only around 0.2 dB
m , which indicates a limitation of conversion

caused by bend losses during this SC experiment. The power scaling with ZBLAN#1 has been
limited by material impurities, which caused additional local absorption along the fiber. At the
highest launched pump power level of 8.3 W, the fiber material melted at the location of these
impurities along the fiber. Further power scaling with that fiber design has therefore not been
possible.
For ZBLAN#2, the high power experiment has been conducted with a fiber length of 16 m.
The pump fiber laser has been operated at an output power level of 15 W and a QS repetition
rate of 100 kHz resulting in a QS output energy of approximately 150 µJ. The results are
displayed in Figure 4.11. The highest output power level in all spectral bands has been 2.3 W
with 1.6 W/1 W/0.7 W/0.38 W beyond the optical LWP filters yielding a slope efficiency of
36%/26%/21%/14%, respectively. The coupling efficiency into this fiber has been in the range
of 90%, owing to the multi-mode nature at the pump wavelength of around 2 µm.
The right side of the figure shows the SC output spectra for different launched pump power
levels. The highest LWE of ZBLAN#2 has been around 4.15 µm at the -20 dB intensity level.
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Figure 4.11: Le f t: Output power against launched pump power for SCG in ZBLAN#2 beyond the
optical LWP filters with slope efficiencies; right: Output spectra for different launched
pump power levels from ZBLAN#2 measured beyond the optical LWP filter at 3.1 µm.

The spectral power distribution at the highest output power level is roughly constant at 1 mW
nm

in the wavelength range between at 3.1 µm and 4 µm. The bend radius of the fiber during
this experiment has also been 12 cm and bend losses can be neglected. The limitation with
this fiber in terms of power scaling has also been impurities in the fiber, which caused fiber
damage at the highest launched pump power of 5 W.

For ZBLAN#3, the length of 36 m has been used for high power SCG, which has been pumped
when the fiber laser was operated with a QS output pulse energy of 65 µJ. The results are dis-
played in Figure 4.12, left. In total, 7.8 W have been reached with 4 W/2.1 W/1.2 W/0.4 W
beyond the optical LWP filters leading to slope efficiencies of 29%/17%/9%/4%, respectively.
The coupling efficiency has been around 90%, as for ZBLAN#2. A plot of the output spec-
trum at the highest output power beyond the optical LWP filter at 2.65 µm is displayed in
Figure 4.12, right. The spectral power distribution is decreasing from approximately 3 mW

nm at
2.9 µm to around 0.6 mW

nm at 4 µm. In this experiment, the LWE at the -20 dB spectral intensity
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Figure 4.12: Le f t: Output power against launched pump power for ZBLAN#3 pumped by the fiber
laser with a QS output pulse energy of around 65 µJ; right: Output spectrum at the highest
output power level, measured behind the optical LWP filter at 2.65 µm.
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Figure 4.13: Le f t: Output power against launched pump power for ZBLAN#3 pumped by the fiber
laser with a QS output pulse energy of around 130 µJ; right: Output spectrum at the
highest output power level, measured behind the optical LWP filter at 2.65 µm.

level has been around 4.1 µm. The limitation for power scaling with this fiber has not been
impurities, but the destruction of the fiber end facet. The reason might be water absorption.
Because of the mentioned hygroscopic nature of this type of fluoride glass, the water diffuses
through the end facets into the fiber. Once the average output power in the mid-IR wavelength
range, where the water absorption is the strongest, becomes too high, the temperature of the
fiber increases rapidly and the fiber end facet melts. This effect has already been studied in
the scope of Er3+-doped ZBLAN fiber lasers, emitting close to the absorption peak of water
around 3 µm [162]. Owing to this limitation, the QS output energy of the pump fiber laser for
the high power experiment with ZBLAN#3 has been lower compared to the experiments with
ZBLAN#1 and ZBLAN#2. As a result, the efficiency of the SC process and thus the power
included in the mid-IR wavelength range is decreased to prevent damaging of the fiber end
facet to reach higher output power levels in all spectral bands.
Figure 4.13 displays the results achieved with ZBLAN#3 when the fiber laser has been oper-
ated with a QS output energy in the range of 130 µJ. 2.9 W in all spectral bands have been
reached with 2.1 W/1.5 W/0.9 W/0.5 W beyond the optical LWP filters with slope efficien-
cies of 27%/20%/13%/8%, respectively. During this experiment, 69%/43%/30%/16.5% of the
transmitted SC output radiation in all spectral bands have been converted beyond the wave-
length of 2.15µm/2.65µm/3.1µm/3.5µm, respectively. The slope efficiencies are lower com-
pared to the stated ones in Table 4.2. If the curves beyond the optical LWP filters at 2.15 µm
and 2.65 µm are regarded, they exhibit a rollover behavior, probably caused by material ab-
sorption. The higher the launched pump power is, the more light is converted into spectral
regions with stronger material absorption. If only the first measurement values behind the fil-
ters are observed, their slope efficiencies are close to the ones stated in the table. The limiting
factor in terms of output power scaling during this experiment has also been the damage of the
fiber end facet.
The spectrum at the highest output power level with a LWE of around 4.2 µm is displayed
on the right side of Figure 4.13. The spectral power distribution is roughly constant at around
0.9 mW

nm between 3.6 µm and 4 µm. It is expected that the LWE might red-shift slightly if the
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Figure 4.14: Figure of merit for all investigated ZBLAN fibers with corresponding fiber lengths and
the indication of their LWE.

optimum fiber length for ZBLAN#3 would be used. But regarding the fast increasing material
absorption at wavelengths beyond 4 µm, significant changes of the LWE will probably not be
possible.
Figure 4.14 displays the evaluation of the SC output performances based on their FOMs
for the three different ZBLAN fiber designs, including the results summarized in Table 4.2
and the high power experiments. The intersections of the FOMs with the y-axis exhibited
approximately the SC threshold behavior obtained during the experiments. As explained in
the subsection 2.3.2, a horizontal line can be used for estimating the LWE of the SC output
radiation. For all of the performed experiments, where the LWE has been experimentally
determined, it seems that a value on the y-axis of approximately 0.65 µm

kW is in good agreement
for the used QML source. As already explained in subsection 2.3.2, the absolute values of the
FOMs cannot be used for evaluating the SC performance of the fibers. A further increase of the
fiber length does not automatically shift the LWE towards the IR and is rather disadvantageous
because of the stronger material absorption. An optimization of the pump pulses is necessary
for further wavelength-conversion deeper into the IR.
The main goal regarding the SC output performance of the ZBLAN fibers is, as mentioned
among others, high average output power. For the output power levels achieved with the
ZBLAN fibers in the demonstrated experiments, the temperature of the uncooled ZBLAN
fibers has to be considered. For that purpose, a simulation of the temperature for an un-
cooled ZBLAN fiber has been performed with the modeling software COMSOL [163]. A heat
load of the fiber of 1 W

m has been used with a thermal conductivity of 0.6 W
mK , a heat capacity

of 0.15 J
gK and a density of 4.5 g

cm3 for ZBLAN. The data have been taken from a commer-
cial manufacturer of ZBLAN fibers [164]. The heat load has been defined by considering the
transferred power in relation to the launched pump power in the case of high conversion effi-
ciency, which is roughly 50%. As an example, this assumption holds valid if a 10 m long fiber
is pumped with a launched power of 20 W and a SC output power of 10 W, which is more
than demonstrated, so far. For the simulation, the plastic layer had a conductivity of 0.2 W

mK ,
a heat capacity of 0.15 J

gK , a density of 1.1 g
cm3 and an emissivity of 0.9. It is not published

which plastic the manufacturer is using for the outer coating. The used data are mean values of
different plastic materials to roughly evaluate the temperature of the fiber during mid-IR SCG.
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For the heat extraction in the simulation, only convection is considered. The output of the
simulation yielded a temperature of the fiber core and the surrounding plastic of around 70◦C
and 67◦C, respectively. The melting temperature of ZBLAN is around 265 ◦C [164], therefore,
the plastic will melt first. But owing to the uncertainty of the used plastic for the outer coating
of the ZBLAN fiber, a limit regarding heat load cannot be defined. For the experiments shown
in this thesis, the temperature has not been a limiting factor. But for further power scaling, a
cooling technique must be probably implemented. In literature, it has been stated that a stan-
dard uncooled ZBLAN fiber can withstand around 15 W of average power, after that, cooling
must be applied [153].

4.4.2 Indium fluoride fibers

For mid-IR SCG experiments with the InF3 fiber, the Tm3+-doped fiber laser has been operated
at an output power level of approximately 10 W and a QS repetition rate of 100 kHz with
thulium#3 resulting in a QS output energy of 100 µJ. The output power versus launched pump
power for this experiment with a fiber length of 16 m is shown in Figure 4.15, left.
In total, a SC output power level in all spectral bands of around 0.8 W has been achieved at
a launched pump power of 3 W. The slope efficiency of the output power against launched
pump power beyond the optical LWP filters at 2.15 µm and 2.65 µm have been 7% and 3%
with an output power level of 0.18 W and 0.08 W, respectively. The coupling efficiency of this
experiment is expected to be very efficient owing to the multi-mode nature of the fiber at the
pump wavelength. According to the material absorption from the manufacturer, the absorption
at the pump wavelength of 2 µm is around 0.2 dB

m , see Figure 4.2, which leads to an absorption
of 70% of the pump radiation for that fiber length. The transmitted power in CW has been
measured to be in the range of 25%, yielding a coupling efficiency of around 90%, as it has
been for the mutli-mode ZBLAN fibers. The limitation in terms of power scaling is set by
fiber damage owing to impurities incorporated in the fiber. The SC output spectra are shown in
Figure 4.15, right, for two launched pump power levels. The LWE edge at the -20 dB intensity
level of the broadest output spectrum has been around 2.95 µm.
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Figure 4.15: Le f t: Output power versus launched pump power beyond different optical LWP filters in
the InF3 fiber; right: Output spectra for two different launched pump power levels.
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Figure 4.16: Figure of merit of the InF3 fiber with horizontal line for the indication of its LWE.

Regarding the FOM for the InF3 fiber, shown in Figure 4.16, the horizontal line crosses the
y-axis at a value of approximately 2.1 µm

kW for the achieved LWE. Compared to the performance
with the ZBLAN fibers, where comparable pump pulses have been used, this value is about a
factor of three higher. The reason for this mismatch must be the used parameters for the calcu-
lation of the FOM for the InF3 fiber. The material absorption in the mid-IR wavelength region
might be higher than the stated one from the manufacturer. Furthermore, it has been estimated
that the nonlinear-index coefficient for InF3 is the same than for ZBLAN. If the nonlinearity
of the fiber is decreased by the same factor of three, the LWE fits with the intersection of the
FOMs for ZBLAN fibers at around 0.65 µm

kW .

4.5 Summary

The highest achieved mid-IR SC output power level in all spectral bands has been 7.8 W
after SCG in ZBLAN#3. Further power scaling with this ZBLAN fiber has not been possible
because of damage limitation of the fiber end facet, probably caused by water diffusion into the
fiber. The highest reported SC output power level in literature from a ZBLAN fiber after mid-
IR SCG has been 22 W [31]. In this experiment, the ZBLAN fiber had a cut-off wavelength
at 2.4 µm. The efficiency of the SCG from this experiment has not been detected owing
to the lack of optical LWP filters. The LWE of the SC output spectrum has been around
3.8 µm. In this report, the limitation regarding the damage of the fiber end facet has not
been addressed. There are also no solutions mentioned to bypass this problem, e.g. with end
caps out of a different fluoride material that is chemically more stable, or dry-environment
conditions around the fiber end facet. There are additionally two reported experiments in
literature, which demonstrated higher output power levels. 13 W [165] and 10.5 W [33] have
been reached, both with the technique of end caps at the output end facet of the ZBLAN fiber
to prevent the described damage mechanism.
In the experiments described in this chapter, the broadest achieved SC output spectrum ex-
tended to 4.2 µm, measured at the -20 dB spectral power density level. It is expected that an
increase of pump power and the use of an optimized fiber length for ZBLAN#3 shifts the LWE
of the output spectrum slightly, as mentioned. The ZBLAN fiber have been pumped with high
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pulse energies and pump power levels and the output spectra indicated already a saturation
in terms of LWE against pump power. Thus, with the increase in pump and peak power, a
significant further broadening might be limited.
The broadest reported output spectrum from a ZBLAN fiber, pumped within the long pumping
scheme for SCG, extended to a wavelength of 4.5 µm [166]. In [165], a SC output radiation
up to 4.3 µm has been stated, but measured at the -20 dB spectral intensity limit, the LWE
has been definitely lower than the one from this thesis. The reason for the broader output
spectrum in [166] must be the material itself, rather its mid-IR absorption or its nonlinearity. A
considerable further broadening of the output spectrum into the IR after SCG can be achieved
by pumping it with ultra-short pulses with very high peak power levels and using only very
short ZBLAN fibers in the range of centimeters [167]. Of course with this alternative, high
average output power operation is very challenging and a trade-off has to be found between
average output power and the LWE of the output spectra.
The achieved conversion efficiencies in this thesis have been defined as the slope of the output
power beyond the optical LWE filters versus the launched pump power. In literature, usually,
the ratio of the output power beyond the filters to the output power level in all spectral bands
is used to evaluate the SC efficiency. Using this definition regarding the experiment with
ZBLAN#3 at a QS output pulse energy of 130 µJ, which resulted in a total SC output power
in all spectra bands of 2.9 W with 2.1 W/1.5 W/0.9 W/0.5 W beyond the optical LWP filter
(see Figure 4.13), in total 69%/43%/30%/16.5% of the transmitted SC output radiation in all
spectral bands have been converted beyond the wavelength of 2.15µm/2.65µm/3.1µm/3.5µm,
respectively.
It is very difficult to compare the achieved efficiency with results reported in the literature be-
cause of the different pump laser systems. There are no reports with QML laser systems for
the application of pumping a nonlinear medium for mid-IR SCG, which would allow a direct
comparison. In literature, Er3+- and Tm3+-doped fiber laser systems have been almost exclu-
sively used for high power mid-IR SCG. The pulse generating method varies from distributed
feedback laser diodes with pulse durations around 1 ns [3, 33] to passively ML fiber lasers
with pulse widths in the range of picoseconds [31, 165], whose pulses are then further ampli-
fied. In all of the reported pump laser systems, the SC is generated by pulse trains with almost
identical pulses. In the setup described in this thesis, the SC output radiation is a superposition
of the different spectra generated by all ML subpulses. The pulses at the temporal edges of
the QS envelope are less energetic and intense than the ones close to the QS peak, making
the overall SC efficiency lower. Therefore, if the highest ML pulse would be used solely for
pumping the ZBLAN fiber, much higher conversion efficiencies would be feasible. Another
reason that makes the comparison of the described results complicated is the non-optimized
lengths of ZBLAN fibers.
Generally, a pumping scheme with pulse widths in the range of nanoseconds offers higher
SC efficiencies compared to amplified ML pump laser systems. With amplified nanosecond
pulses, it has been demonstrated that as much as 27% of the transmitted radiation has been
converted beyond the wavelength of 3.8 µm, which is the most efficient SCG towards that
wavelength range [166]. In another report with approximately the same pulse width, an ef-
ficiency of 60% beyond the wavelength of 3 µm has been obtained [23], which is also an
outstanding result. The conversion efficiencies achieved in this thesis with the QML source
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can definitely compete with amplified ML systems delivering pulses in the picosecond range
[31, 165, 168]. The three reported experiments with higher output power levels than the ones
presented in this thesis, exhibited lower SC conversion efficiency.
The results retrieved with the InF3 fiber have been limited by the relatively low damage thresh-
old of the fiber material and lead to an output power level of 0.8 W in all spectral bands. The
LWE of the output spectrum at the highest pump power level has been approximately 2.95 µm.
Beyond the optical LWP filters at 2.15 µm and 2.65 µm, an output power of 0.18 W and 0.08 W
with a slope efficiency of 20% and 7% have been obtained, respectively.
There are much less reports in literature about mid-IR SCG in InF3 fibers compared to ZBLAN
fibers as nonlinear medium. In [169], a similar InF3 fiber, regarding material absorption, has
been used for mid-IR SCG. Also in this paper, the conversion efficiency has been very low and
a comparable output spectrum has been achieved with approximately the same LWE. The fiber
has been pumped with 1 ns pulses.
As already mentioned in the context of the ZBLAN fibers, the relatively low LWE can be
further shifted by using femtosecond pulses. In [170], an InF3 fiber has been pumped by an
OPO delivering pulse durations of 70 fs at 3.4 µm. Wavelength conversion up to 4.7 µm has
been achieved. In [171], the same fiber, as in the experiments described here, with a length
of centimeters has been pumped by an ultra-fast 2 µm laser, which resulted in a spectrum
extending to beyond 4.6 µm. Very recently, relatively long pulses in the range of 400 ps at a
wavelength of 2.75 µm demonstrated 1 W of output power with a spectrum exceeding 5.4 µm.
The used InF3 fiber length has been around 15 m with relatively low material absorption [172].



5 Further wavelength broadening of the SC ra-
diation in other soft-glass fibers

5.1 Introduction

In this chapter, further broadening of the SC output radiation from the fluoride fibers is inves-
tigated. The main goal is to cover the atmospheric transmission windows up to around 5.5 µm
with high average power. The results presented in this chapter are first proof-of-principle in-
vestigations, which should demonstrate if the soliton-like SC output radiation from the fluoride
fibers is suitable for further wavelength conversion in another soft-glass fiber with a broader
transmission bandwidth.
The nonlinear fibers for this broadening stage are mainly chalcogenide materials that offer
promising characteristics for this application. In contrary to fluoride materials, chalcogenide
glasses consist of very heavy atoms with weak chemical bonds in their lattice, which decrease
their vibrational frequencies and result in a low phonon energy. Therefore, their transmission
bandwidth is very broad in the mid-IR wavelength range. Another auspicious feature is the
high nonlinear-index coefficient that can be a factor of 1000 times bigger compared to silica
or fluoride materials [173]. With very short interaction lengths, very broadband SC output
radiation is possible. There are many reports in literature exploiting those features in the scope
of SCG [43], stimulated Raman [174] or Brillouin scattering [175] in the mid-IR wavelength
range.
However, there are also drawbacks connected to the usage of chalcogenide fibers. First, they
exhibit relatively poor mechanical properties, which yield a low optical damage threshold and
therefore low pump and output power levels. The handling of these fibers is more challenging
because of the mentioned fragility and toxic ingredients, which are very often implemented in
their composition. Their high ZDWs in the range of 5 µm - 7 µm complicate the realization
of compact pump sources for mid-IR SCG in the anomalous dispersion region [24, 176].
There are several attempts to bypass the last mentioned handicap by lowering the ZDW of these
fibers. There is the possibility to increase the influence of waveguide dispersion on the total
fiber dispersion, which can be realized by decreasing the fiber core diameter. A very promising
technology in this regard are PCFs owing to their great flexibility in tailoring their dispersion
parameters, as explained in subsection 2.1.2.3. Suspended-core fibers are hereby very popular,
because they can be manufactured with core diameters in the range of micrometers surrounded
by almost only air, in which the evanescent field of the modes propagates and causes strong
waveguide dispersion [24]. A second experimentally-proven alternative to lower the ZDW are
tapers in single-clad fibers, which blue-shift the ZDW [177]. The third possibility is multi-
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material fibers, where the inner cladding of a single-clad fiber, or the capillaries of a PCF, are
made out of another material [178].
As a consequence of the much broader output spectrum if the nonlinear materials are pumped
in their anomalous dispersion region, the fiber parameters and the expected SC output perfor-
mance have been very often simulated based on the different mentioned possibilities to lower
the ZDW [178, 179]. But even if the ZDW of a nonlinear fiber is decreased, mid-IR pump
sources are still necessary to reach the anomalous dispersion region. Mid-IR ultra-fast OPOs
[24], pumped by Ti:Sa lasers [43] or Er3+-doped fiber lasers [180], microchip lasers [181] or
SC pump sources [182] have been reported frequently as pump sources for this application,
where wavelength broadening up to 10 µm has been demonstrated [183].
However, the small core diameters lower the damage threshold of these fibers in terms of
average pump power and pulse energy. Therefore, the used nonlinear fibers in this thesis have
relatively big core diameters and are pumped in the normal dispersion region. The expected
output spectra are thus narrower, but they contain more average power. Compared to the
pumping regime in the anomalous dispersion regime, it is necessary to use longer fibers to
reach sufficient nonlinear gain. This work reports the first time on wavelength broadening
of SC radiation from a fluoride fiber in chalcogenide fibers in their normal dispersion region.
There are reports about pumping chalcogenide fibers in the normal dispersion region, but with
different pump sources [174].
This chapter includes the description of the optical setup with the characterization tools for the
broadening experiments. Furthermore, the available nonlinear fibers with all important param-
eters are introduced. The achieved results are presented and compared in the summary with the
state-of-the-art reported performance regarding wavelength broadening in such chalcogenide
fibers.

5.2 Experimental setup

The setup of the second broadening stage is shown as block diagram in Figure 5.1. The pre-
sented experiments in this chapter have been performed with ZBLAN#3 as nonlinear fiber for
the first mid-IR SC stage, which is, together with the Tm3+-doped pump fiber laser, summa-
rized with the two left blocks. Between the ZBLAN fiber and the second nonlinear fiber, an
optical LWP filter is used to cut out most of the SC radiation from the ZBLAN fiber including

L7 Nonlinear fiber Optical 
filter

L8

Characterization Fiber 
laser

ZBLAN 
fiber

L6

Figure 5.1: Experimemtal setup for further wavelength broadening of the SC output radiation from
the ZBLAN fiber including Tm3+-doped fiber laser, ZBLAN#3, optical LWP filter, second
nonlinear fiber and characterization.
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the residual 2 µm pump radiation to prevent damages of the second nonlinear fiber. The col-
limation and coupling lenses, L6 and L7, image the output facet of the ZBLAN fiber onto the
input facet of the nonlinear fiber. Two antimony germanium selenide (GeSbSe) lenses of the
same kind have been chosen because of their high NA and to balance out their material dis-
persion, which is necessary as a result of the broadband SC pump radiation from the ZBLAN
fiber. The lenses had a FL of approximately 6 mm and have been AR-coated from 3 µm to
5 µm. The output radiation of the second broadening stage is collimated by the same type of
lens, L8, but uncoated. The characterization of the output radiation has been realized, as in the
case of the first SC stage, with a power meter and spectro#1.

5.3 Materials

Three chalcogenide fibers and the InF3 fiber, described in chapter 4, have been available. The
InF3 fiber is tested as second nonlinear fiber to bypass its OH-induced absorption peak around
3 µm, see Figure 4.2, by pumping it with longer wavelengths. Its parameters are listed in
Table 4.1. The chalcogenide materials of the other three fibers have been arsenic selenide
(As2Se3), germanium arsenic selenide (GeAsSe) and arsenic sulfide (As2S3). The exact com-
position of the GeAsSe fiber from the provider is not available.
The most important parameters of the fibers are summarized in Table 5.1. The As2Se3 and
the GeAsSe fibers were PCFs exhibiting a core diameter of 11.5 µm/13 µm with a distance Λ

of 8.5 µm/8.2 µm between the air holes and a filling factor of 0.44/0.47, respectively. Both
fibers should be single-mode in the wavelength range between 3 µm and 5 µm, according
to Figure 2.3. The ZDWs of the bulk materials are around 7.4 µm for As2Se3 and 7 µm
for GeAsSe [184]. The ZDWs of the fibers specified in the table are different owing to the
waveguide dispersion, whose influence will be shown later in this section. The total lengths of
both PCFs have been approximately 2 m. The nonlinear-index coefficient of the bulk material
As2Se3 is around 2.4×10−17 m2

W [185], but varies significantly according to different reports in
literature. The material GeAsSe has a nonlinear-index coefficient between 1.2×10−17 m2

W and
2.2×10−17 m2

W , which is among other parameters also dependent on its material composition
[186]. In Table 5.1 and for further calculations, a mean value of 1.7×10−17 m2

W is used.
The As2S3 fiber had a single-clad fiber design with a core diameter of 6.6 µm and a NA of
0.28, which results in a cut-off wavelength (λco) of 2.4 µm. The ZDW of As2S3 is close to
4.8 µm [70], but is shifted towards higher wavelengths owing to the waveguide dispersion
of the fiber. The fiber length is approximately 1.4 m. This material has a nonlinear-index
coefficient of around 5.7×10−18 m2

W [185], which is significantly smaller than that of the other

Parameters Material core ø NA λco Λ
d
Λ

ZDW l n2

Chalco#1 As2Se3 11.5 µm - - 8.5 µm 0.44 6.7 µm 2 m 24
Chalco#2 GeAsSe 13 µm - - 8.2 µm 0.47 6.1 µm 2 m 17
Chalco#3 As2S3 6.6 µm 0.28 2.4 µm - - 5.8 µm 1.4 m 5.7

Table 5.1: Different available chalcogenide fibers and their most important parameters, including the
nonlinear-index coefficient, which is specified as ×10−18 m2

W .
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Figure 5.2: Le f t: Material absorption of the As2Se3 [24], GeAsSe [187] and the As2S3 fiber [188];
right: Mode field area and numerical aperture versus wavelength for all the available
chalcogenide fibers.

two investigated chalcogenide materials.
The absorption of the different materials is displayed in Figure 5.2, left. All available fibers
had a stronger absorption for wavelengths below 3 µm compared to the fluoride materials
from chapter 4. However, they offered much broader transmission bandwidths. The As2Se3

fiber exhibited a significant OH-caused absorption peak around 3 µm and the GeAsSe fiber
suffered from a peak around 4.5 µm, which is caused by hydrogen selenide (SeH). The material
GeAsSe had the lowest absorption values for wavelengths beyond 5 µm among all of the used
materials. The As2S3 fiber offered the most promising absorption characteristics within the
targeted wavelength range between 3 µm and 5 µm, although with an absorption peak around
4 µm caused by hydrogen sulfide (SH).
The refractive indices of the chalcogenide fibers are relatively high (2.8 for As2Se3, 2.6 for
GeAsSe and 2.5 for As2S3 [184, 189]), causing Fresnel losses of 20% or more at each fiber
end facet. The As2Se3 and the GeAsSe fibers have not been AR-coated. The As2S3 fiber had a
so-called moth-eye anti-reflective structure on the input facet, which lowered its Fresnel losses
[190]. However, the applied structure has been optimized for a wavelength of around 2 µm and
the reflection values at the pump wavelength between 3 µm and 4 µm have not been available.
The right side of Figure 5.2 displays the NA and MFA versus wavelength of the chalcogenide
fibers. In the case of the As2S3 fiber, it has been assumed that the NA is constant against
wavelength. Owing to its relatively small cut-off wavelength, the MFA is increasing very
fast beyond the wavelength of around 4 µm, which is very disadvantageous for wavelength
conversion, as already discussed. The GeAsSe fiber offered in this respect the most promising
features owing to the lowest MFA versus wavelength. But the values of the As2Se3 fiber have
been only slightly higher.
The bend losses for the nonlinear fibers have been calculated using equation 2.52 and are
shown in Figure 5.3, left. As it has been explained in the last chapter, also here the bend losses
are plotted based on a critical wavelength, λcrit , at which the fiber exhibits bend losses of 1 dB

m .
The loss factors for the two PCFs have been negligible. The critical wavelengths for both
fibers have been between 13 µm and 15 µm for bending radii bigger than 5 cm and were thus
well above the expected output spectrum after wavelength conversion. However, for the As2S3
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Figure 5.3: Le f t: Macrobending losses versus bend radius based on a critical wavelength exhibiting
a bend loss factor of 1 dB

m for the chalcogenide fibers; right: Dispersion parameter versus
wavelength for the chromatic dispersion of the bulk materials and the related fiber disper-
sion.

fiber, the critical wavelength has been around 5 µm even for very high bend radii, which had
therefore a very strong influence on the total fiber loss.
The chromatic dispersion of the chalcogenide materials together with the total fiber dispersion
are displayed in Figure 5.3, right. The Sellmeier coefficients for As2Se3 and GeAsSe have
been taken from [184] and for As2S3 from [191]. The ZDWs of the As2Se3 and the GeAsSe
PCFs are blue-shifted compared to the ones from the bulk material and are around 6.1 µm
and 6.7 µm, respectively. For the As2S3 fiber, the influence of the waveguide dispersion red-
shifts the ZDW to a wavelength of around 5.9 µm. For all the available fibers, the wavelength
conversion process occurred therefore in the normal dispersion region.
The FOMs of all chalcogenide fibers for a fiber length of 2 m are shown in Figure 5.4. In
the case of the As2S3 fiber, it has been assumed that the fiber orientation is straight, so there
are no bend losses. If the absolute values of the FOMs are compared with those calculated
for the fluoride fibers from chapter 4, one could expect very good suitability for wavelength
conversion with very broad output spectra. But first, the fibers are pumped in the normal
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Figure 5.4: Figure of merit for the three available chalcogenide fibers without considering bend losses
for a fiber length of 2 m.



94 5 Further wavelength broadening of the SC radiation in other soft-glass fibers

dispersion region, which is not considered in the calculation of the FOM. And second, the
pump pulse parameters are very different owing to the MI during SCG in the ZBLAN fiber
and therefore the soliton-like SC output radiation.
According to the FOMs, the As2Se3 fiber exhibits the highest potential for wavelength con-
version in the targeted spectral range. The FOM for the As2S3 fiber has the lowest values and
the trend is decreasing significantly versus wavelength owing to the fast increase of its MFA
versus wavelength.

5.4 Results

The results in this section are separated into the investigation of the different chalcogenide
fibers in the first subsection and the results obtained with the InF3 fiber in the second subsec-
tion.

5.4.1 Chalcogenide fibers

For pumping the chalcogenide fibers with the SC output radiation from the ZBLAN#3 fiber,
the optical LWP filter at 3.5 µm has been implemented between the ZBLAN#3 and the chalco-
genide fiber. For all the presented experiments, the Tm3+-doped fiber laser with thulium#3 has
been operated at an output power level of 20 W with a QS repetition rate of 150 kHz, which
has proven to provide good SC efficiencies with ZBLAN#3 and enabled thus the comparison
of the different results from the the chalcogenide fibers.
The results of the wavelength broadening experiments using the As2Se3 fiber are shown in
Figure 5.5. The left inset of the left graph displays the cross-section of the fiber end facet
with the typical air-filled capillaries around the fiber core, as described in subsection 2.1.2.3.
In total, up to 20 mW of average output power has been obtained out of this chalcogenide
fiber at the maximum pump power of around 120 mW. The output power scaling has not been
limited by any fiber damage. The slope of the output power versus pump power has been
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Figure 5.5: Le f t: Output power versus pump power for the As2Se3 fiber with the resulting slope effi-
ciency; le f t inset: Cross-section of the end facet of the As2Se3 PCF; right inset: Intensity
profile of the output radiation at the highest output power level; right: Pump and output
spectra after the wavelength conversion for different output power levels.
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Figure 5.6: Le f t: Output power versus pump power for the GeAsSe fiber with the resulting slope
efficiency; insets: Intensity profile of the output radiation from the fiber for bad (le f t) and
good (right) coupling efficiency; right: Different pump and output spectra for different
output power levels.

17% with a coupling efficiency of around 35%, which has been calculated by considering
the average material absorption of the output spectrum and the Fresnel losses of the fiber end
facets. The SC pump radiation from ZBLAN#3 should be single-mode beyond 3.6 µm, which
is its cut-off wavelength. The achieved relatively low coupling efficiency might be caused by
the chromatic dispersion of the collimation and coupling lenses or by additional losses, which
can occur by the atmospheric absorption during the propagation of the evanescent field of the
modes in the air-filled capillaries of the PCF. The beam quality of the output radiation has not
been measured but the right inset of Figure 5.6, left, shows the intensity profile of the output
radiation measured at the highest output power level, which seems to be very close to the
fundamental mode. The bend radius of this fiber during the experiment has been around 10 cm
so the bend losses can be neglected.
The right side of Figure 5.5 displays the output spectra obtained with the As2Se3 fiber for
different output power levels. The dashed spectra in the graph are the ones from the pump
radiation for the corresponding output power levels of the fiber, which had a bandwidth from
around 3.5 µm up to 3.9 µm. The pump power for the chalcogenide fibers have been varied by
the pump power level of the ZBLAN fiber, which had in consequence different pump spectra
at different pump power levels for the chalcogenide fibers. At an output power of 20 mW, the
spectrum went from 3.2 µm to 4.9 µm at the -20 dB intensity level. The data from the spectral
measurement have been corrected based on the mentioned calibration process of spectro#1
described in the appendix. As it has been for the fluoride fibers in the first SC stage, by
increasing the pump power level, the output spectra become broader. However, in this case,
blue- and red-shifting of the pump radiation can be observed, which is typical for wavelength
broadening in the normal dispersion region.
The output performance of the GeAsSe fiber is shown in Figure 5.6. The two insets on the
left side of the figure display two different pictures from the output end facet of the GeAsSe
fiber during operation. The left one indicates a bad coupling efficiency, because most of the
radiation is propagating in the cladding of the fiber. The right inset shows more efficient
coupling with much less pump light guided in the cladding, as it has been achieved during the



96 5 Further wavelength broadening of the SC radiation in other soft-glass fibers

0 1 0 2 0 3 0 4 0 5 0 6 0 7 00

2

4

6

8

1 0

1 2
ou

tpu
t p

ow
er 

P ou
t [m

W]

p u m p  p o w e r  P p  w i t h  λ p  >  3 . 5  µ m  [ m W ]

η = 1 7 %

3 . 0 3 . 2 3 . 4 3 . 6 3 . 8 4 . 0 4 . 2 4 . 4 4 . 6 4 . 8 5 . 01 E - 5

1 E - 4

1 E - 3

0 . 0 1

0 . 1

1

sp
ec

tra
l p

ow
er 

de
ns

ity 
[m

W/
nm

]

w a v e l e n g t h  λ  [ n m ]

o u t p u t  p o w e r  P o u t
 3  m W
 7  m W
 1 0  m W
 p u m p  1
 p u m p  2
 p u m p  3

Figure 5.7: Le f t: Output power versus pump power for the As2S3 fiber with the resulting slope ef-
ficiency; right: Different pump and output spectra after the wavelength conversion for
different output power levels.

experiments. The radiation in the fiber core has been isolated with a hard aperture before its
characterization.
The left graph of Figure 5.6 presents the output power versus pump power. In total, 10 mW
have been achieved at a pump power of 75 mW resulting in a slope efficiency of around 13%.
The lower slope efficiency with this fiber, compared to the As2Se3 fiber, is caused by higher
material absorption. Power scaling during this experiment has also not been limited by fiber
damage or other restrictions. The coupling efficiency was estimated to be approximately 35%.
The beam quality of the output radiation has not been measured but as it is indicated by the
right inset in the figure, it seems to be very Gaussian-like. The bend radius of the fiber during
this experiment has been approximately 10 cm and the bend losses can be, as mentioned,
neglected.
The right side of Figure 5.6 displays the measured output spectra for different output power
levels. The broadest spectrum ranged from around 3.2 µm to 4.55 µm, retrieved at the -20 dB
level of the spectral intensity.
During the experiments with the As2S3 fiber, it had to be kept straight because of its high bend
losses, see Figure 5.3. Figure 5.7 displays its performance including the output power versus
pump power on the left side and the output spectra for different output power levels on the
right one. A total average output power of 10 mW has been reached with a slope efficiency of
approximately 17%. The output power scaling has also here not been limited by any damage
of the fiber. The coupling efficiency during this experiment could not be determined because
of the unknown reflectivity of the input facet of the fiber at the pump wavelength.
The spectra on the right side indicate a strong decrease of the spectral power density in the
wavelength range of 4 µm, which is caused by the mentioned SH-absorption of the fiber ma-
terial. The output radiation ranged at the highest output power level from 3.1 µm to approxi-
mately 4.7 µm at the -20 dB intensity edge.
For the comparison of the different chalcogenide fibers regarding their suitability for wave-
length broadening, their spectra are compared at the output power level of around 10 mW,
which is shown on the left side of Figure 5.8. The SWEs of the output spectra seemed to be
constant for all the fibers at around 3.1 µm. But in terms of LWE, the As2Se3 PCF offered
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Figure 5.8: Le f t: Comparison of the output spectra of the different investigated chalcogenide fibers
at an output power level of around 10 mW; right: Comparison of the FOMs with the
indication of the LWE of the output spectra for the different fibers.

the highest potential for wavelength conversion with the highest absolute spectral power den-
sity levels beyond the wavelength of 4.4 µm. The difference in the trends of the curves is
physically related to the mixture of nonlinear effects during the wavelength broadening.
The evaluation of the output performance based on the FOM for all the chalcogenide fibers
is displayed in Figure 5.8, right. The resulting intersections of the horizontal lines with the y-
axis related to the measured LWEs do not match for the different fibers. The intersections with
the y-axis for the As2Se3/GeAsSe/As2S3 fiber are around 460 µm

kW /270 µm
kW /40 µm

kW , respectively.
The difference in this estimation for the two PCFs can originate from the large variation of the
reported nonlinear-index coefficient in the literature. A 25% higher nonlinear-index coefficient
for the GeAsSe fiber and a 25% lower value for the As2Se3 fiber would match the intersections
with the y-axis. This variation is definitely in the range of the reported values in the literature.
Regarding the performance with the As2S3 fiber, the calculated FOM is much lower compared
to the other two fibers, but it provided good experimental performance, which can have sev-
eral reasons. First, the nonlinear-index coefficient of the fiber material can vary from the used
one for the calculation of the FOM. Second, the reason for the low FOM values for this fiber
is the fast increase of the MFA, which is dependent on the fiber core and the NA. If one of
the two stated parameters is different, the absolute values of the FOM can increase signifi-
cantly. Third, the dispersion of the As2S3 fiber is superior compared to the other fibers (see
Figure 5.3), which is not considered in the definition of the FOM. And fourth, the already men-
tioned atmospheric absorption of the guided radiation in the air-filled capillaries of the PCFs
is, of course, prevented in the singe-clad design of the As2S3 fiber.

5.4.2 Indium fluoride fiber

For the wavelength broadening experiments using the InF3 fiber as second nonlinear fiber,
the Tm3+-doped fiber laser has been operated at an output power level of 20 W with a QS
repetition rate of 150 kHz, as it has been the case for pumping the chalcogenide fibers. The
optical LWP filter at 3.1 µm has been used between the ZBLAN and the InF3 fiber, which
had a fiber length of around 7 m for this experiment. The output spectrum has been recorded
without an optical LWP filter between the InF3 fiber and the spectrometer. The results are
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Figure 5.9: Le f t: Output power versus pump power for the InF3 fiber with the resulting slope ef-
ficiency; right: Pump and output spectra after the wavelength conversion at the highest
output power level.

shown in Figure 5.9.
The left side of the figure shows the output power versus the pump power of the wavelength
broadening experiment with this fiber. In total, an output power level of around 120 mW has
been reached at a pump power level of approximately 350 mW. The slope efficiency has been
in the range of 35%. This relatively low value is caused by the high material absorption and a
coupling efficiency of only around 60% because of the single-mode nature of the InF3 fiber at
the used pump wavelengths.
The right side of the figure shows the input and output spectra at the highest output power level.
No wavelength broadening has been observed neither in the direction of longer nor smaller
wavelengths. The InF3 fiber has been pumped in the anomalous dispersion region, thus, a
blue-shift of the input spectra has not been expected. The output spectrum has been limited at
around 4.2 µm, which corresponds to the LWE of the pump spectrum from the ZBLAN fiber.
One can observe a change in the spectral power distribution, which indicates a red-shift of the
input radiation within the spectral boundaries of the pump radiation, probably caused by SSFS.
It could not be discovered why the InF3 fiber did not provide further wavelength broadening
into the mid-IR region in neither the first nor the second broadening stage. The beam quality
during the experiment has not been measured, but it is expected to be very good owing to the
cut-off wavelength of the InF3 fiber that is smaller than the wavelength of the pump radiation.

5.5 Summary

As mentioned in the introduction of this chapter, the performed experiments have been first
proof-of-principle investigations. The scaling of the average output power has not been pushed
up to the limits and the goal was to proof the concept for pumping different nonlinear fibers out
of chalcogenide and fluoride materials with the soliton-like output radiation from the ZBLAN
fibers. To the best of my knowledge, wavelength broadening with such a mid-IR SC pump
source in InF3 fibers, or in the normal dispersion region of chalcogenide fibers, has not been
reported in literature so far.
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In total three chalcogenide fibers and one InF3 have been analyzed for further wavelength
broadening experiments. The chalcogenide fiber materials have been made out of As2Se3,
GeAsSe and As2S3. The first two fibers had a PCF and the last one a single-clad fiber design.
The As2Se3 fiber has been pumped up to a pump power level of 120 mW resulting in an output
power of 20 mW with a slope efficiency of 17%. The spectrum of the transmitted radiation at
the highest output power level extended to 4.9 µm. With the GeAsSe fiber, in total 10 mW
have been obtained with an output spectrum exceeding 4.55 µm. The slope efficiency of the
output power versus pump power with this fiber has been around 13%. The single-clad As2S3

fiber delivered 10 mW of output power with a slope efficiency of 17% and an output spectrum
at the highest output power level up to 4.7 µm. The direct comparison of the output spectra
from the three chalcogenide fibers proposed the As2Se3 fiber as the best candidate in terms of
wavelength broadening suitability. The results achieved with the InF3 fiber have not exhibited
any spectral broadening. The input and output spectra of the experiment have been different,
but their spectral boundaries have not been changed.
It is difficult to compare the achieved results with reported experiments in literature. InF3 fibers
have not been investigated for further spectral broadening of mid-IR SC radiation so far. In the
case of the chalcogenide fibers, there is only one report with a similar SC pump setup and an
As2Se3 PCF as nonlinear medium, which has been pumped in the anomalous dispersion region
[182]. The output radiation exceeded 6.5 µm with a total average output power of 6.5 mW. In
[179], Kubat et al. simulated the output performance of almost the same setup, also pumped
in the anomalous dispersion region, that has foreseen an output spectrum up to 9 µm .
Mid-IR SCG in chalcogenide fibers have been investigated more often using mid-IR pump
sources, which have been commonly realized by ultra-fast mid-IR OPOs. With such high peak
power pulses at 4.5 µm, an output spectrum up to 7 µm with an output pulse energy of 11 µJ
have been demonstrated in an As2S3 fiber with a large core diameter of 100 µm [25]. In [24],
an output spectrum up to 7.8 µm has been reached in an As2Se3 suspended-core fiber with a
core diameter of 4.5 µm and a total output power of 15.6 mW, which is outstanding in terms of
average output power for pumping chalcogenide fibers in their anomalous dispersion region.
In both reports, the tremendous difference regarding the output spectrum is demonstrated, if
the fiber is pumped in the normal or anomalous dispersion region with similar pump pulses.
A record concerning LWE of mid-IR SCG in chalcogenide fibers, so far, has been set by Yu
et al. [183]. A single-clad GeAsSe fiber, composed of different materials in the core and
inner cladding, has been pumped by a 4 µm ultra-fast OPO that yielded an output spectrum
exceeding 10 µm.
The reported output spectra from experiments with normal-dispersion pumping have been
much narrower. In [181], an As2Se3 PCF has been pumped by a mid-IR microchip laser at
a pump wavelength of around 3.8 µm that resulted in a wavelength broadening up to 4.6 µm.
This experiment has been performed to proof the feasibility of wavelength broadening with
such a pump setup. In [192], the limits of power scaling of an As2S3 fiber with a 10 µm core
diameter has been investigated at a pump wavelength of 2 µm. As much as 500 mW of output
power have been achieved with an output spectrum up to 4.8 µm, which shows the high poten-
tial for power scaling with such fibers. Even wavelength broadening in the normal dispersion
region of a chalcogenide fiber with a core diameter of 100 µm has been demonstrated, which
yielded a LWE of 4.5 µm at a pump wavelength of 3.9 µm [25].
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If the material is pumped in its anomalous dispersion region, the output spectrum is the broad-
est. The highest reported output power from such experiments is in the range of 15.6 mW. With
the results described in this thesis, this output power level has already been outperformed, al-
though, power scaling has not been pushed. If the achieved LWE of around 4.9 µm from
the As2Se3 fiber is compared with normal-dispersion pumping results from literature, it is al-
ready very competitive. In terms of output power level, the demonstrated 500 mW are very
promising for further power scaling of the investigated chalcogenide fibers.



6 Conclusion

A Tm3+-doped fiber lasers has been built and characterized in CW, QS, ML and QML opera-
tion. In CW operation, as much as 70 W have been reached out of a Tm3+-doped fiber with a
length of 8.8 m. QS operation resulted in an output power level of 30 W with variable QS rep-
etition rates. The highest output energy from a 2.2 m-long Tm3+-doped fiber has been 750 µJ
with a pulse width of around 40 ns leading to a peak power of 19 kW, which is to the best of
my knowledge the highest QS peak power level from a 2 µm fiber laser. In ML operation, an
average output power level of 50 W have been demonstrated with a pulse duration of around
200 ps yielding a pulse energy and peak power level of around 800 nJ and 4 kW, respectively.
The output power and pulse energy are the highest from a single-oscillator ML fiber laser, but
owing to the relatively long pulses, ultra-short pulse generation provides higher peak power
levels. For ML experiments, a fiber length of 8.8 m has been used. In QML operation, the
output performance is in many different aspects outstanding. First, the additional modulation
of the ML pulse train by the QS envelopes enabled very high ML pulse energies of around
50 µJ, which would demand multiple amplifiers if common passively ML fiber lasers are used
as seed lasers. The ML pulses had a temporal shape of a short peak on top of a pedestal with
pulse durations in the range of 15 ps and 2.5 ns, respectively. The energy of the ML pulse has
been contained mostly in the pedestals. The peak power levels of the short peaks could not be
identified, the ones from the pedestals have been approximately 20 kW at a ML pulse energy
of 50 µJ. The average output power level in QML has been almost 25 W.
The Tm3+-doped fiber laser output in QML operation has been used for pumping different flu-
oride fibers for mid-IR SCG. The focus has been set on the fluoride material ZBLAN, where
three different fiber designs, differed by their core diameters, and one InF3 have been investi-
gated. The ZBLAN fiber with the biggest core diameter of 12 µm and a NA of 0.23 provided
7.8 W in all spectral bands. The highest SC efficiency during the investigations with this
ZBLAN fiber resulted in 69%/43%/30%/16.5% of the transmitted SC output radiation that
has been converted beyond the wavelength of 2.15 µm/2.65 µm/3.1 µm/3.5 µm, respectively,
with an output spectrum exceeding 4.2 µm. The SCG in the InF3 fiber resulted in an output
spectrum up to around 2.95 µm with an output power level of 0.8 W in all spectral bands.
The SC output radiation from the ZBLAN fiber has been coupled into different nonlinear fibers
for further spectral broadening. For these proof-of-principle experiments, three chalcogenide
fibers out of As2Se3, GeAsSe and As2S3 have been pumped in their normal dispersion region.
Wavelength broadening has been successfully demonstrated in all chalcogenide fibers with the
soliton-like SC radiation from the ZBLAN fiber. The best performance has been provided
by the As2Se3 fiber, which delivered 20 mW of average power with an output spectrum from
3.1 µm up to 4.9 µm at the -20 dB spectral intensity level.



7 Outlook

There are many different opportunities to further improve the described system including
Tm3+-doped fiber laser, first mid-IR SC stage with the fluoride fibers and the second broaden-
ing stage with the chalcogenide fibers. The outlook here is separated into the mentioned parts
of the setup.

7.1 Tm3+-doped fiber laser

The Tm3+-doped fiber laser has to be further power scaled. With thulium#2 and thulium#3,
which were the more promising fiber lengths for mid-IR SCG, the limitation in terms of aver-
age power has not been investigated in detail, because an average output power level of almost
30 W has been sufficient for mid-IR SC experiments. The pump power of around 90 W has
been close to the maximum output power of the pump diodes. With new available high power
diode modules, which have been acquired recently at ISL, power scaling of the Tm3+-doped
fiber lasers is feasible and must be performed.
Fiber splicers will soon be available at the institute, which enable the usage of end caps for
the active Tm3+-doped fiber. It has been numerously reported in literature that the splice of
passive silica fibers to the end facets of the active fiber enables more efficient cooling and
therefore higher output power levels and better lasing efficiencies. With the setup used here,
the endpieces of the fiber were not actively water-cooled. Additionally in the near future, an
all-fiber laser system seems to be feasible, especially owing to the ongoing research activities
on fiber-coupled modulators and cavity end mirrors in the form of fiber Bragg gratings (FBG).
The QML operational regime of the fiber laser, induced by the two actively-triggered AOMs,
can probably be simplified. As it has been explained in subsection 2.2.5, there are many differ-
ent ways for generating QML pulses. For instance, one single AOM for QS would be possibly
sufficient to induce QML, if the radio frequency of the modulator fits to the fundamental repe-
tition rate of the laser cavity or is a multiple of it. It has to be found out, if AOMs for QS with
tunable radio frequency and high diffraction efficiencies are commercially available. Another
possibility for a simplification of the current setup could be the replacement of both AOMs by
only one SESAM. It has to be identified, if the fiber laser can be operated by using the QML
instabilities inherently associated with this passive modulator. However, the QS repetition
rates of the QML instabilities are in the range of the relaxation oscillations, which are most
likely not suitable for efficient SCG. With a FBG implemented as cavity output coupler, whose
reflectivity influences the QS repetition rate of the QML instabilities, this limitation could be
bypassed. There is also the possibility of operating the fiber laser cavity with a SESAM and
additionally one AOM for QS. A sophisticated laser cavity design is presumably necessary be-



7.2. Mid-IR SCG in fluoride fibers 103

cause of the relatively long build-up time of the ML pulses in fiber lasers based on SESAMs.
For the existing setup with the two AOMs, it has to be further investigated how the energy
distribution between the ML subpulses and their pedestals can be influenced. The goal is
to transfer the energy from the pedestal to its ML pulse to reach higher peak power levels.
Furthermore, it has to be characterized if the temporal width of the pedestals can be shortened
to reach higher SC conversion efficiencies. A temporarily shorter pedestal would yield a higher
peak power level and probably lead to a better SC efficiency. Perhaps the distance of the AOM
for ML to the cavity end mirror influences the duration of the pedestal because the opening
gate for the intracavity pulse, which is passing the AOM to the cavity end mirror and back to
the fiber, is hereby changed.
The output performance of the fiber laser must be analyzed more in detail when the HR mirror
is implemented as cavity end mirror. The surprisingly bad performance for SCG with this end
mirror has to be further investigated, together with the achieved ultra-short pulse duration of
200 fs.
There is a polarization-maintaining Tm3+-doped silica fiber available, which has been already
tested in other fiber laser setups at ISL. This fiber can be implemented in the QML laser setup
to investigate its suitability for this application.

7.2 Mid-IR SCG in fluoride fibers

The mid-IR SCG in fluoride fibers can also be improved in regards to many different aspects.
For higher output power levels, it might be beneficial to splice the input facet of the ZBLAN
fiber onto a passive silica fiber. The damage threshold of silica is much higher compared
to ZBLAN and the diffusion of water into the fiber could be prevented, which causes the
mentioned degradation of its mechanical properties and decreases its optical damage threshold
[193]. There are many reports on mid-IR SCG, which describe the implementation of a single-
mode silica fiber before the fluoride fiber to induce a first wavelength broadening and MI in the
silica fiber. It has to be found out, if that change would not only increase the damage threshold
of the modified nonlinear fiber, but also enhance the efficiency of the SCG. One could also
splice the Tm3+ fiber directly to the ZBLAN fiber towards an all-fiberized system.
The current limitation of ZBLAN#3 in terms of power scaling is the damage of the fiber end
facet caused by the diffusion of water into the fiber. There are several ways to bypass this re-
striction. A sealed box with dry air could reduce the water diffusion into the fiber. Such a box
has already been mechanically designed and will be very soon available for experiments. Fur-
thermore, an end cap of another fluoride material, which is chemically more resistant against
water, could be spliced onto the end facet of the ZBLAN fiber. In literature, AlF3 has been
proven to be a promising material for that purpose because it is approximately ten times more
stable against the described water diffusion [162]. However, the material absorption of AlF3

in the mid-IR is higher than the one for ZBLAN, thus, only a very short piece of fiber can be
used as end cap.
Another limiting aspect for high average power SCG is the cooling of the fluoride fiber. As
mentioned in the thesis, the simulated temperature of the fiber during SCG is already in the
range of 70◦C for a heat load of 1 W

m . For further power scaling, the fiber has to be actively
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cooled, which can be realized by air-cooling or by gluing it onto a copper heat sink.
Among all ZBLAN fibers, ZBLAN#3 with the relatively big core diameter of 12 µm enabled
the highest damage thresholds in terms of average power and pulse energy levels and high SC
conversion efficiencies. It has to be investigated, if even a bigger core diameter would further
optimize the damage behavior and the SC efficiency of the fibers.
The NA of the fiber has also to be considered for a new fiber design. A more suitable evolution
of the mode field diameter or better fiber dispersion parameters could further improve the SC
output performance.
In literature, it has been discovered that a second ZDW of fluoride fibers, which lies further in
the IR, can cause dispersive waves during SCG beyond that wavelength [77]. There are several
methods to generate a second ZDW, including the tailoring of the waveguide dispersion of a
common single-clad fluoride fiber with [194] or without a taper [182]. A PCF design also
enables the realization of a second ZDW [195].
Furthermore, the optimum fiber lengths for the ZBLAN fibers must be determined, which can
be empirically done without simulating the SC process by performing SC experiments with
ZBLAN#3 and different fiber lengths.
The SC output performance with the InF3 fiber has been relatively poor concerning output
power level and output spectra achieved with it. The reasons for this performance have been
fiber impurities and too high material absorption in the mid-IR wavelength range of interest.
But generally, the material InF3 offers a great potential for mid-IR SCG owing to its broader
transmission range compared to the commonly used ZBLAN material. The commercial market
for InF3 fibers has to be monitored for fibers with lower absorption losses. In the future, it
might be sufficient to splice some meters of InF3 onto the output end facet of the ZBLAN fiber
to further red-shift the LWE edge of the SC output radiation from the ZBLAN fiber.
With the QML pump laser system, a pulse picker can be inserted in the setup in front of the
ZBLAN fiber to isolate the most-energetic pulse below the QS envelope. With that optical
element, the SC efficiency would most likely increase significantly.

7.3 Second broadening stage with the chalcogenide fibers

Regarding the second broadening stage with the chalcogenide fibers, there are also many op-
portunities to enhance the output performance. In the experiments performed in this thesis,
it has been proven that the SC output radiation from a ZBLAN fiber is suitable for further
wavelength conversion in chalcogenide fibers and therefore, the focus has to be put now on
the right choice of the fiber material and design. Different materials and compositions must
be tested. For example tellurite fibers, which offer a broader transmission range compared to
ZBLAN [3] with a much higher nonlinear-index coefficient of 3.8×10−19 m2

W [196]. The dam-
age threshold of these fibers lies somewhere between the ones for fluoride and chalcogenide
fibers and would offer thus probably higher output power levels compared to the chalcogenide
fibers. This material has the lowest phonon energy among all the oxide glasses and its ZDW
is close to 2.3 µm. Therefore, these fibers cannot be pumped directly with the Tm3+-doped
fiber laser in their anomalous dispersion region. But maybe cascading fluoride and tellurite
fibers or splicing a passive silica fiber for first broadening onto the input end facet could be an



7.3. Second broadening stage with the chalcogenide fibers 105

alternative to bypass this challenge.
The available chalcogenide fibers have to be further power scaled to discover their damage
thresholds with the connected fiber designs. As it has already been demonstrated in literature,
much bigger core diameters are feasible for wavelength broadening. It has to be researched if
that is also possible with the SC pump radiation from the ZBLAN fibers. More chalcogenide
fibers with much bigger core diameters have to be acquired and characterized.
The material As2S3 offers, as mentioned, a relatively low ZDW, which could maybe enable a
fiber design with a ZDW shorter than the LWE of the SC output radiation from the ZBLAN
fiber. With such a fiber, much broader output spectra after wavelength conversion are feasible.
Furthermore, the necessary design would also most probably offer a flatter trend of the MFD,
which would be beneficial for the SC efficiency.
The coupling efficiency of the ZBLAN output radiation to the chalcogenide fibers must be
improved, which could be realized by microscope objectives out of chalcogenide glass with a
fixed magnification factor. Another possibility to increase the coupling efficiency is to splice
them together. This possibility is challenging because of the two different fiber materials. With
such a multiple-material spliced fiber design, the pump parameters for the ZBLAN fiber would
have to be adapted not to damage the chalcogenide fiber.



A Appendix

Calibration of the optical spectrum analyzer

As mentioned in section 3.3, the mid-IR SC output radiation has been measured in terms of
spectral power distribution with a self-built spectrometer, including a monochromator and an
InSb detector. The sensitivity of this detector with a field of view (FOV) of 60◦ is shown in
Figure A.1, left. The spectrometer has been calibrated with a black body radiator, operated at
an absolute temperature of 1000 K. The right side of the figure displays the Planck spectrum
for that temperature, calculated with

P(λ ) =
2πhc2

λ 5(e
hc

λkT −1)
, (A.1)

having its highest intensity at the wavelength of

λp =
2.898 ·103

T
µm ·K. (A.2)

The black curve in the graph presents the measured values from the spectrometer. The mea-
surement of the radiation from the black body radiator has been conducted with an optical
LWP filter between the emitter and the spectrometer for preventing the detection of the second
diffraction order. The optical LWP filter at 2.1 µm and 2.65 µm have been used for that pur-
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Figure A.1: Le f t: Sensitivity of the used InSb detector with a field of view of 60◦; right: Measured
signal from the monochromator for an input radiation from a black body radiator emitting
at 1000 K and the related calibration curve.
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pose. Up to 3.5 µm, the spectrum is recorded only with the optical LWP filter at 2.15 µm and
corrected with the measured transmission of the filter. Beyond 3.5 µm, the filter at 2.65 µm
has been implemented and the measured spectrum has been corrected with the transmission
curve of that filter. The wavelength region beyond 5 µm did not play an important role in this
thesis. For future measurements with broader output spectra, a mercury cadmium telluride
detector is available with a sensitivity up to beyond 10 µm, which can be implemented instead
of the InSb in the monochromator.
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C Conclusion en français

Un laser à fibre dopé Tm3+ a été spécifiquement développé pour optimiser la génération de
supercontiunuum (SC). En régime continu le laser à fibre Tm3+ a délivré 70 W de puissance
moyenne avec une fibre de 8,8 m de long. Pour ces expériences les diodes de pompe émettaient
une longueur d’onde centrée vers 800 nm, correspondant à 40% de la valeur maximale de la
section efficace d’absorption vers 790 nm. Avec des diodes de pompe émettant à 790 nm et
une fibre de 2,2 m de long, une puissance de 30 W a été démontrée. Une puissance moyenne
de 26 W a été atteinte avec la fibre de 2,2 m en régime de fonctionnement déclenché; la durée
d’impulsion valait 40 ns, l’énergie par impulsion maximale atteinte 750 µJ et la puissance
crête 19 kW. En fonctionnement purement à modes bloqués avec la fibre de 8,8 m de long,
une puissance moyenne de 50 W a été démontrée avec des durées d’impulsion de 200 ps
et des énergies par impulsion de 0,8 µJ; la puissance crête atteint 4 kW. En régime QML,
26 W moyens ont été obtenus. L’énergie la plus élevée contenue dans une enveloppe QS a été
166 µJ avec 40% de cette énergie, soit 66 µJ, contenue dans la sous-impulsion à verrouillage
de mode la plus énergétique. Les impulsions correspondant au régime de modes bloquées sous
l’enveloppe QS ont un profil temporel correspondant à un piédestal Gaussien qui contient la
plus grande partie de l’énergie. Au sommet de ces piédestaux, des pics temporels très courts
ont été observés. Les largeurs temporelles des piédestaux varient entre 2 ns et 3 ns. La plus
forte puissance crête générée dans un piédestal atteint 25 kW. L’impulsion ML présente une
largeur temporelle entre 10 ps et 20 ps. La qualité de faisceau du laser à fibre a été mesurée
en régime continu, déclenché, à modes bloqués et en régime simultanément déclenché et à
modes bloqués. L’émission du laser à fibre correspondait toujours à un facteur de qualité M2

excellent, entre 1,1 et 1,2.
La puissance moyenne maximale de 7,8 W a été démontrée pour un SC dans une fibre en
ZBLAN avec un diamètre de cœur de 12 µm et une ouverture numérique de 0,23. Le spec-
tre s’étend jusqu’à 4,2 µm. Au total, 69%/43%/30%/16,5% de la puissance totale ont été
mesurés au-delà de 2,15 µm/2,65 µm/3,1 µm/3,5 µm respectivement. La fibre en InF3 a
permis d’atteindre une puissance moyenne de 0,8 W et le SC s’étend jusqu’à 2,95 µm.
Pour les essais d’élargissement spectral complémentaire au-delà des longueurs d’onde limita-
tives du ZBLAN, trois fibres en chalcogénure ont été utilisées. Il s’agit de fibre en As2Se3,
GeAsSe et As2S3. L’élargissement spectral a été démontré avec succès pour toutes les fi-
bres. Jusqu’à 20 mW pour une puissance de pompe de 120 mW ont été obtenus avec la fibre
As2Se3. Cette fibre a aussi montré le meilleur potentiel en termes d’élargissement spectral.
Les expériences menées n’ayant pas été limitées par l’endommagement des fibres, des puis-
sances moyennes supérieures à celles générées devraient être accessibles. Le spectre a été
étendu jusqu’à 4,9 µm (-20 dB).
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[44] J. Świderski, M. Michalska, and G. Mazé, "Mid-IR supercontinuum generation in a
ZBLAN fiber pumped by a gain-switched mode-locked Tm-doped fiber laser and am-
plifier system," Opt. Express 21, pp. 7851-7857 (2013).

[45] C. L. Hagen, J. W. Walewski, and S. T. Sanders, "Generation of a Continuum Extending
to the Midinfrared by Pumping ZBLAN Fiber With an Ultrafast 1550-nm Source," IEEE
Photon. Technol. Lett. 18, pp. 91-93 (2006).

[46] I. Kubat, C. S. Agger, P. M. Moselund, and O. Bang, "Mid-infrared supercontinuum
generation to 4.5 µm in uniform and tapered ZBLAN step-index fibers by direct pumping
at 1064 or 1550 nm," J. Opt. Soc. Am. B 30, pp. 2743-2757 (2013).

[47] http://course.ee.ust.hk/elec342/readings/corning%20numerical%20aperture%20measure
ment.pdf

[48] E. Snitzer, "Proposed fiber cavities for optical masers," J. Appl. Phys. 32, pp. 36-39
(1961).

[49] http://www.phys.keio.ac.jp/guidance/labs/sasada/research/orbangmom-en.html

[50] E. Snitzer, H. Po, F. Hakimi, R. Tumminelli, and B. C. McCollum, "Double-clad, offset
core Nd fiber laser," in Proc. of Optical Fiber Sensors ’88, paper PD5 (1988).

[51] M. N. Zervas and C. A. Codemard, "High Power Fiber Lasers: A Review," IEEE J. Sel.
Top. Quantum Electron. 20, 0904123 (2014).

[52] D. Marcuse, "Loss analysis of single-mode fiber splices," Bell Syst. Tech. 56, pp.703-718
(1977).

[53] P. Kaiser, E. A. J. Marcatili, and S. E. Miller, "A new optical fiber," Bell Syst. Tech. J. 52,
pp. 265-269 (1973).

[54] J. Limpert, N. Deguil-Robin, I. Manek-Hönninger, F. Salin, F. Röser, A. Liem, T.
Schreiber, S. Nolte, H. Zellmer, A. Tünnermann, J. Broeng, A. Petersson, and C. Jakob-
sen, "High-power rod-type photonic crystal fiber laser," Opt. Express 13, pp. 1055-1058
(2005).



Bibliography 115

[55] G. K. L. Wong, A. Y. H. Chen, S. G. Murdoch, R. Leonhardt, J. D. Harvey, N. Y. Joly,
J. C. Knight, W. J. Wadsworth, and P. St. J. Russell, "Continuous-wave tunable optical
parametric generation in a photonic-crystal fiber," J. Opt. Soc. Am. B 22, pp. 2505-2511
(2005).

[56] G. J. Pearce, G. S. Wiederhecker, C. G. Poulton, S. Burger, and P. St. J. Russell, "Models
for guidance in kagome-structured hollow-core photonic crystal fibres," Opt. Express 15,
pp. 12680-12685 (2007).

[57] J. C. Travers, W. Chang, J. Nold, N. Y. Joly, and P. St. J. Russell, "Ultrafast nonlinear
optics in gas-filled hollow-core photonic crystal fibers [Invited]," J. Opt. Soc. Am. B 28,
pp. A11-A26 (2011).

[58] M. Gebhardt, C. Gaida, S. Hädrich, F. Stutzki, C. Jauregui, J. Limpert, and A. Tünner-
mann, "Nonlinear compression of an ultrashort-pulse thulium-based fiber laser to sub-
70 fs in Kagome photonic crystal fiber," Opt. Lett. 40, pp. 2770-2773 (2015).

[59] B. Troia, A. Paolicelli, F. De Leonardis, and V. M. N. Passaro, "Photonic Crystals for
Optical Sensing: A Review," in Advances in Photonic Crystals, V. Passaro, ed. (InTech,
2013).

[60] N. A. Mortensen, J. R. Folkenberg, M. D. Nielsen, and K. P. Hansen, "Modal cutoff and
the V parameter in photonic crystal fibers," Opt. Lett. 28, pp. 1879-1881 (2003).

[61] N.A. Mortensen, "Effective area of photonic crystal fibers," Opt. Expr. 10, pp. 341-348
(2002).

[62] http://www.thorlabs.de/newgrouppage9.cfm?objectgroup_id=1902&pn=ESM-12B#190
3.

[63] R. R. Sangam, Development of Polychromatic laser beacon fiber coupling system based
on photonic crystal fibers, PhD thesis at the University of Dayton (2013).

[64] A. Husakou and J. Herrmann, "Supercontinuum generation in photonic crystal fibers
made from highly nonlinear glasses," Appl. Phys. B 77, pp. 227-234 (2003).

[65] T. Sylvestre, A. R. Ragueh, M. W. Lee, B. Stiller, G. Fanjoux, B. Barviau, A. Mussot, and
A. Kudlinski, "Black-light continuum generation in a silica-core photonic crystal fiber,"
Opt. Lett. 37, pp. 130-132 (2012).

[66] J. K. Ranka, R. S. Windeler, and A. J. Stentz, "Visible continuum generation in air-silica
microstructure optical fibers with anomalous dispersion at 800 nm," Opt. Lett. 25, pp. 25-
27 (2000)

[67] M. Eichhorn, Laserphysics (Springer, 2014).

[68] C. DeCusatis, Handbook of Fiber Optic Data Communication (Academic Press, 2002).

[69] G. P. Agrawal, Nonlinear fiber optics (Academic press, 2001).



116 Bibliography

[70] J. M. Dudley, J. R. Taylor, Supercontinuum Generation in optical fibers (Cambridge Uni-
versity Press, 2010).

[71] G. Agrawal, Applications on Nonlinear Fiber Optics (Academic Press, 2010).
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