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Abstract

Lasers have revolutionized the way we live and work in so many ways and
have become a major part of our lives. We use them in telecommunications,
medical care, material processing, data storage and printing, just to name a
few. Lasers have proved to be important tools and are a major subject of
research in science, continuously developed further and finding new uses.
Pushed by the need to characterize absorption lines of molecules in gas
phase, laser radiation in the mid-infrared (mid-IR) have become very
desirable. On the other hand, the intense electric fields created by lasers
revealed new aspects of nature’s behavior and extreme non-linear processes
like high-harmonic generation (HHG) could be demonstrated. They gave
us access to new sources of coherent radiation in the extreme ultra-violet.
This thesis presents the development of compact laser sources in the mid-
infrared by difference frequency generation (DFG) inside an enhancement
cavity driven by high power fiber amplifiers on one side, and in the extreme
ultraviolet (XUV) by high harmonic generation inside a modelocked thin-
disk laser oscillator on the other side.

In the first part of this work, the implementation of a narrow
linewidth and high-power 3-pm source based on DFG between 1-pm and
1.5-pm radiations inside an enhancement cavity supplied by two high-
power fiber amplifiers is presented. Up to 120 mW of 3-pm radiation is
measured, corresponding to a conversion efficiency of 1.4 mW-W-2-cm-! for
the overall system and 98.5 yW-W-2-cm™ for the intracavity conversion
efficiency (equivalent to single-pass). The 3-pm frequency noise is estimated
by measuring the noise of the semiconductor laser diodes that seed the
system as well as the additive noise from the rest of the setup. This latter
noise characterization is achieved by analyzing the beat note between the
high-power continuous-wave cavity-enhanced DFG radiation and a single-
pass DFG source seeded by two fiber amplifiers operating at the same
wavelength. As the two systems are seeded by the same laser diodes, the
additive frequency noise of the fiber amplifiers, the crystals and the cavity
is characterized. It is shown that only the frequency noise of the laser diodes
(at 1064 nm and 1560 nm) contributes to the linewidth of the mid-IR
radiation (evaluated to amount to 1.1 MHz in our case).

Coherent extreme ultraviolet light sources open up numerous
opportunities for science and technology. Femtosecond laser-driven HHG
in gases is the most successful method for coherent table-top XUV
generation in contrast to synchrotrons. While initial HHG systems were
limited to low repetition rates, the last years have seen a strong research
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effort on MHz systems. High repetition rates can strongly reduce
measurement time, improve signal-to-noise ratio, and enable XUV
frequency comb metrology. However, current MHz HHG sources have a
high degree of complexity. In the last part of this thesis, a compact XUV
source that generates high harmonics directly inside the cavity of a
modelocked thin-disk laser (TDL) oscillator is presented. The laser is
directly diode-pumped at a power of only 51 W and operates at a
wavelength of 1034 nm and 17.4 MHz repetition rate. HHG is driven in a
high-pressure xenon gas jet with an intracavity peak intensity of
2.8x10® W/cm? and 320 W of intracavity average power. Despite the high-
pressure gas jet, the laser operates at high stability. Harmonics up to the 17t
order (60.8 nm, 20.4 eV) are observed and a flux of 2.6x108 photons/s for
the 11th harmonic (94 nm, 13.2 eV) is estimated. Due to the power-scalability
of the thin disk concept, it is highly expected that this new class of compact
XUV sources will become a versatile tool for areas such as structural
analysis of matter, attosecond science, XUV spectroscopy, and high-
resolution imaging.
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Résumé

Les lasers ont révolutionné notre maniere de vivre et de travailler a bien des
égards, a tel point qu’ils sont devenus un élément essentiel de nos vies.
Nous les utilisons dans les domaines des télécommunications, des soins
médicaux, du traitement des matériaux, du stockage de données ainsi que
dans I'imprimerie, pour ne pas tous les nommer. Depuis leur invention, les
lasers n’ont cessé d’étre développés et leur utilisation s’étend continument
vers de nouveaux domaines. Ils sont devenus des outils essentiels et
représentent un sujet majeur de recherche scientifique. Poussé par la
nécessité de caractériser les raies d’absorption de molécules en phase
gazeuse, les lasers émettant dans la gamme de l'infrarouge sont devenus
tres désirables. D’autre part, les champs électriques intenses créés par
rayonnement laser ont révélé de nouveaux aspects des lois naturelles
comme les processus extrémement non linéaires de conversion de photon
telle la génération d’harmonique d’ordre élevée. Ce phénomene nous a
donné acces a de nouvelles sources cohérentes de radiations pouvant
s’étendre jusqu’a 'extréme ultraviolet. Cette thése présente, d"une part, le
développement de sources lasers compactes émettant dans l'infrarouge
moyen par différence de fréquence dans une cavité résonante, et d’autre
part dans I'extréme ultraviolet par génération d’harmoniques d’ordre élevé
dans un oscillateur laser a disque fin a verrouillage de modes.

La premiere partie de ce mémoire présente I'implémentation d'une
source a 3 pm basée sur la différence de fréquence entre des rayonnements
a 1064 nm et 1560 nm a l'intérieur d'une cavité Fabry-Pérot alimentée par
deux amplificateurs a fibres de haute-puissance. Jusqu'a 120 mW de
puissance a 3 pm ont été mesurés, correspondant a une efficacité de
conversion de 1.4 mW-W-2.cm' pour l'ensemble du systeme et a
98.5 uyW-W-2.cm! pour l'efficacité de conversion intra-cavité. Le bruit de
fréquence du rayonnement généré a 3 um est estimé en mesurant le bruit
provenant des diodes sources a semi-conducteurs (a 1 um et 1.5 um) ainsi
que le bruit additif provenant du reste du montage expérimental. Cette
derniére caractérisation de bruit est faite en mesurant le battement entre le
rayonnement a 3 pm provenant de la cavité Fabry-Pérot et celui d'une
seconde source a 3 pm générée de maniere similaire a partir des mémes
sources lasers, amplifiées séparément, mais dans une configuration non-
résonante. Comme les deux systémes opérent avec les mémes diodes
sources, seul le bruit additif est caractérisé, comprenant le bruit provenant
des amplificateurs a fibre, des cristaux et de la cavité. Il est démontré que



seul le bruit provenant des lasers sources contribue effectivement a la
largeur de raie du rayonnement a 3 um, évaluée dans ce cas a 1.1 MHz.

Les sources de lumiere cohérentes dans I'extréme ultraviolet (EUV)
ouvrent de nombreuses voies et opportunités pour la science et la
technologie. La génération d’harmoniques d’ordre élevé dans les gaz par
des sources lasers femto-secondes est la méthode la plus courante pour
obtenir une source de rayonnement EUV compacte (a la différence de
grandes installations telles les synchrotrons). Alors qu’initialement la
génération d’harmoniques était limitée a de faibles taux de répétition, les
derniéres années ont été témoin d’'un grand effort de la part de nombreux
groupes de recherche pour développer des systemes opérant dans les MHz.
En effet, de hauts taux de répétition réduisent fortement les temps de
mesures, améliorent grandement le rapport signal-a-bruit et rendent
possible la génération de peignes de fréquence allant jusque dans I'EUV.
Néanmoins, les sources actuelles d’harmoniques au MHz possedent un
haut degré de complexité. La deuxiéme partie de cette thése traite d"une
source compacte de rayonnement EUV générant de hautes harmoniques
directement a l'intérieur de la cavité d’un oscillateur laser a disque fin a
modes verrouillés. Le laser est directement pompé par diode a une
puissance de 51 W et opere a une longueur d’onde de 1034 nm avec un taux
de répétition de 17.4 MHz. Les hautes harmoniques sont générées dans un
jet de Xénon a haute pression avec une intensité pic intra-cavité de
2.8x10® W/cm? et 320 W de puissance moyenne intra-cavité. Malgré le jet
de gaz a haute pression, le laser fonctionne avec une grande stabilité. Des
harmoniques jusqu’au 17¢m¢ ordre (60.8 nm, 20.4 eV) ont été observées avec
un flux de photon estimé a 2.6x108 photons/s pour la 11éme harmonique
(94 nm, 13.2 eV). Grace a la puissance évolutive du concept des lasers a
disques fins, cette nouvelle classe de source EUV est en passe de devenir un
outil versatile dans de nombreux domaines, tels que 1’analyse structurelle
de matiere, l'attoscience, la spectroscopie EUV et l'imagerie de haute
résolution.
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Introduction

Chapter 1

Introduction

Since their invention by Theodore Maiman at Hughes Research
Laboratories in 1960 [1], LASERs (light amplification by stimulated
emission of radiation) have found numerous applications not only in our
daily life but also in industry and in science, seeding greatly their popularity
and the research effort for their development. Far from the previsions of the
newspapers at the time of its invention, speaking of “killing rays”, the laser
has been one of the main actors of the technological revolution of the late
century and has invaded our lives through many devices such as
smartphones, computers, flat screens, optical mouse, printers or DVD and
Blu-rays for data writing, storage and processing. The latest advances in
telecommunications also greatly rely on the laser technology with optical
fibers, allowing terabits of data transfer all around the world, changing
profoundly communication habits of the society.

Laser welding, cutting and polishing processes opened a large panel
of possibilities for the industry. Metal processing industries can benefit
from extreme high accuracy and precision by processing pieces down to the
micrometer level using laser radiation. Injection nozzles for the automobile
industry, turbine blades for the aviation industry or medical implants like
stents can be produced at high accuracy thanks to laser micro-machining.
Lasers find also an increasing number of applications in medicine where
they can be used as a scalpel, e.g., for eye surgery with the huge advantage
of avoiding any physical contact and thus limiting the risk of infection.

In addition to industrial and medical applications, lasers have proven
to be an essential tool in most experimental research domains of science:
biology, chemistry, physics and material science. The coherent and low
diverging light emitted from lasers allows, once focused on a tight spot, the
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creation of strong electric fields enabling the study of nature’s laws under
new conditions. On the other hand, the high specificity of the absorption of
light in a propagation medium makes lasers a versatile and powerful tool
for chemical species detection, but also for pumping atoms and probing
their transitions. Some of the fundamental scientific questions were
answered with the help of lasers, as proven by the recent Nobel Prize for
Gravitational waves detection [2] inside the Laser Interferometer
Gravitational-Waves Observatory (LIGO), which constitutes basically a
large-scale laser interferometer measurement setup.

Lasers are thus considered as a polyvalent tool which has
revolutionized modern technology. Laser physics is still a hot and exciting
research topic in which any advance has a possible repercussion for a large
panel of applications.

Lasers can operate in two temporal regimes: the continuous-wave
(cw) operation, where the laser intensity is constant in time and the pulsed
operation, where the temporal intensity is shaped as a train of pulses with
a duration ranging from microseconds down to a few femtoseconds.

In the cw regime, the electric field amplitude as well as the intensity
are constant over time. In the case of single-frequency lasers, only one line
is emitted in the frequency domain. This frequency can be tuned, e.g. by
changing the operating temperature for semiconductor lasers. With their
tunable frequency, cw lasers are highly important for precision
spectroscopy. For many applications, a high spectral purity, or in other
terms a very small width of their spectral line, is essential.

The laser linewidth originates from both quantum noise arising from
inherent spontaneous emission and additional technical noise resulting
from e.g. vibrations of mechanical components or a noisy power supply.
The laser linewidth is usually characterized by its full width at half
maximum (FWHM) and for most cases cannot be directly measured on an
optical spectrometer. To measure it, one commonly used technic consists in
detecting a heterodyne beat between the laser under study and a reference
laser with significantly lower frequency noise. The characterization of the
beat frequency noise directly leads to the frequency noise of the laser under
study and, from it, its linewidth can be estimated. In [3] Di Domenico et al.
propose a simple approximation allowing to estimate the laser linewidth
from the its frequency noise power spectral density (FN-PSD).
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Figure 1.1: Nlustration of the f-separation line approximation. A typical FN-
PSD composed of 1/f noise at low Fourier frequencies and of white noise at
high Fourier frequencies. The red dashed-line separates the spectrum into two
regions whose contributions to the laser line shape is very different: the light
blue area contributes to the linewidth, whereas the white area contributes only
to the wings of the line shape. Figure taken from [3].

As depicted in Figure 1.1, the approximation of the f-separation line
consists in dividing the frequency noise PSD into two regions delimited by
the so-called f-separation line, which contribute differently to the shape of
the laser spectrum: the region where the frequency noise is lower than the
f-separation line does not contribute to the FWHM linewidth, while the
region where the frequency noise exceeds the [-separation line does
contribute to the laser linewidth. The FWHM linewidth can be
approximated from the surface A below the FN-PSD for Fourier frequencies
for which the noise is higher than the f-separation line (in light blue in
Figure 1.1:

FWHM = v81n2A.

However, one has to keep in mind that in terms of noise
characterization, the linewidth only gives access to a limited information
concerning the laser frequency noise. One important research direction is
the development of powerful cw-lasers operating at narrow linewidth in
the mid-IR region, which gives access to efficient sensing applications in the
molecular fingerprint region.

In the pulsed regime, a laser delivers optical pulses with a certain
repetition rate, pulse duration and energy. Among different methods to
achieve such a regime, one of the most widespread is the modelocking. This
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term refers to the phase locking of the resonant modes of the laser cavity.
This method has the striking advantage to generate stable ultrashort pulses
with pulse durations that can reach the femtosecond range [4]. This
confinement of the optical energy in the time domain allows generating
high peak power levels. When tightly focused in space, fs-pulses with
sufficient energy achieve high intensities that allow reaching electric field
strengths comparable to the bonding field of electrons with nuclei. Ultrafast
modelocked lasers, thus, enable the study of the interaction of matter with
strong electric fields. This enables important scientific tools such as high
harmonic generation (HHG).

HHG typically occurs when an ultra-short laser pulse is focused inside
a gas, reaching an intensity in the order of 10* W/cm?. The gas reacts to the
incoming laser by emitting a coherent radiation consisting in odd
harmonics of the laser frequency. Starting from a modelocked laser in the
near-infrared (near-IR) region (typically a Ti:sapphire modelocked laser
with a central wavelength of 780 nm) the harmonic spectrum extends to the
vacuum ultraviolet (VUV) or even the extreme ultraviolet region (XUV).
The emitted radiation is coherent, has a limited divergence angle (usually
between 2 mrad to 12 mrad) and a defined polarization state. Figure 1.2
depicts a typical spectrum produced by HHG in a gas, where three regions
can be identified. The intensity of the first harmonics is quickly decreasing
in the perturbative regime, harmonics have a constant intensity in the
plateau regime until the cut-off regime is met, where the intensity of the
higher order harmonics decreases dramatically.

A Perturbative regime

Plateau

Intensity

Cut-off

2w0

JREEE i

Frequency

»
o

Figure 1.2: Illustration of the typical structure of the HHG spectrum generated
ina gas. Only odd harmonics are generated, which are separated by two times
the fundamental frequency of the laser (w,). .

The HHG process can be understood simply from a basic semi-
classical model: the three-step model (see Figure 1.3) [5,6].
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Figure 1.3: The three-step model of HHG (picture from [7]).

Starting from an electron in the fundamental state, where it is trapped
in the Coulomb potential, the intense electric field of the laser pulse lowers
the potential down enough to allow the electron crossing it by the tunnel
effect. The electron is then accelerated in the laser electric field and, once the
sign of the electric field is inverted, it comes back to its parent ion. During
recombination, the atom releases the acquired kinetic energy in the form of
an emitted XUV photon.

From this model, a few interesting remarks can be made: the strength
of the electric field needed to lower the Coulomb potential depends on the
ionization potential I, which depends on the chemical species used as
generation medium. Xenon has one of the lowest ionization potentials
among gases and can thus produce HHG more easily.

XUV light produced by HHG finds numerous applications, in
particular in spectroscopy. Indeed, it is possible to extract structural and
dynamical information of the emitting medium directly from the properties
of the harmonic radiations. By decoding the XUV spectrum emitted by
HHG, the molecular orbital of nitrogen was imaged for the first time in [8].
The rearrangement dynamics of electrons during ionization was also
studied through the phase of the HHG radiation [9]. The polarization state
of the HHG radiation also contains important information concerning
molecular alignment and structure [10]. Thus, many advances as well as
fundamental questions were answered using HHG-based XUV light.
However, due to the need for high intensities, initial HHG sources only
operated at low repetition rates in the kHz regime. In order to reduce the
measurement time and increase the signal-to-noise ratio in many
measurements, an important research direction is the development of
simple and efficient MHz HHG sources.
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The work carried out in this thesis addresses two main research areas:
narrow linewidth mid-IR laser sources for spectroscopy and the
development of ultrafast solid-state lasers for HHG at MHz repetition rates.

The content of this thesis is organized as follows:

Chapter 2 describes the different steps toward the implementation of
a narrow linewidth and high-power 3-pm source based on difference
frequency generation inside an enhancement cavity driven by two cw lasers
amplified in high-power fiber amplifiers. The frequency noise of the
generated 3-um radiation is estimated by measuring the noise of the
semiconductor laser diodes that seed the system as well as the additive
noise of the remaining part of the setup.

Chapter 3 presents the first realization of HHG inside a modelocked
thin-disk laser. Different gain materials and cavities have been tested for
high intracavity peak powers inside modelocked thin-disk oscillators. The
laser cavity is placed inside a vacuum chamber and, with the creation of a
tight focus extension of the cavity, the optical intensity is high enough to
generate high harmonics.

Chapter 4 concludes the thesis and provides an outlook on future
improvements, developments and applications of the presented
experiments.



Chapter 2

Continuous-wave difference
frequency generation inside an
enhancement cavity

Introduction

The mid-infrared (mid-IR) spectrum (wavelengths from 3 pm to 20 um) is
commonly called “the molecular fingerprint” region as numerous
molecules have their strong fundamental ro-vibrational transitions in this
spectral range. A large variety of applications of mid-IR sources are
dedicated to spectroscopy in fields like environmental monitoring of
atmospheric gases and pollutants, industrial process control (e.g., in the
semiconductor industry) [11,12] or medical diagnosis with exhaled breath
monitoring [13-16]. Mid-IR sources also find applications in the security
and military fields with explosives detection or optical
countermeasures [17] or for the ablation of polymers [18-20] in industry.

In this chapter, a continuous-wave (cw) difference-frequency
generation (DFG) source emitting at 3 um seeded by two single-mode laser
diodes operating at 1 um and 1.5 pm, respectively, and amplified in
dedicated high-power fiber amplifiers is presented. In a first proof-of-
principle experiment for evaluation of the noise and linewidth of the
generated 3-um radiation, up to 120 mW are generated using a seed power
of I0W at 1 pm and 2.3 W at 1.5 pm that is further enhanced using a
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resonant cavity for the 1.5-pm light. While this experiment was limited by
the coating losses of the crystal and the thermal effects in the crystal, the
concept of combining an enhancement cavity with a bulk periodically-
poled lithium niobate (PPLN) crystal should allow for output power in the
1-10 W regime. This approach is in principle comparable to a cw-seeded
optical parametric oscillator (OPO), however it is not required that the
generated 1.5-pm power is higher than the introduced losses. Compared to
OPO, no significant increase in the linewidth is expected. Compared to
direct single-pass DFG in PPLN waveguides, this approach should enable
higher output power levels.

The excess frequency noise introduced by the different parts of the
experimental setup, i.e., by the fiber amplifiers, the 1.5-um resonant cavity,
etc. is studied in detail. The overall excess frequency noise of the generated
3-um DFG radiation was assessed by building a second DFG source seeded
by the same laser diodes, but operated in a single-pass configuration and
with the use of independent fiber amplifiers, and by implementing a beat
note between the two DFG radiations.

This chapter presents the different parts and steps towards the
implementation and characterization of the 3-um DFG-based source. In
Section 2.1, the high-power fiber amplifiers are presented and studied. They
deliver enough power to seed the DFG setup. Section 2.2 focuses on the
DFG process inside a non-linear crystal and a single-pass DFG experiment
is presented. Section 2.3 deals with the enhancement cavity built around the
non-linear crystal, resonating at 1.5 um, and with the performance of the
setup generating powerful 3-um radiation. In Section 2.4, the additive
frequency noise of the setup is evaluated with the use of a second DFG-
based mid-IR source allowing an estimation of the noise properties of the
generated 3-um light.

Overview of mid-IR sources

The large range of previously mentioned applications sets a large panel of
requirements for the considered mid-IR sources. Depending on the
application, the laser sources need to be narrow linewidth, continuously
tunable, powerful enough, compact, robust, and preferably to operate at
room temperature. In this section, continuous-wave mid-IR sources are
reviewed.

Many mid-IR laser sources have been developed to address most of
those requirements. But each technology displays advantages and
drawbacks. For example, color center lasers operate between 2 and 3.5 pm
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with watt power levels and MHz linewidth in continuous-wave
operation [21]. But cryogenic cooling is required for stable operation, which
strongly limits the robustness and the compactness of those lasers. CO and
COz lasers emit in the range of 5-6 pm and 9 - 11 um, respectively, with
high output powers (several watts). However, their tunability is
intrinsically limited by the discrete gas emission lines, which can be
partially overcome with high gas pressure operation. Those lasers are still
commonly used for gas sensing applications, especially in industry
(diagnosis of gases in semiconductor industry [22]), but within the range of
the limited tunability. Semiconductor lasers like quantum cascade lasers
(QCLs) [23,24] or interband cascade lasers (ICLs) [25] can emit power levels
of a few hundreds of mW up to watts. The main advantage of such devices
is that they can be designed to emit in a range of 3-25 um and 2 -6 pm,
respectively, in continuous-wave operation, needing, nevertheless, an
additional external cavity or DFB grating to operate in longitudinal single
mode. Those lasers are compact, robust and the years of development made
them work now at room temperature. QCLs are now a reference device for
sensing applications [26].

Taking advantage of the development of lasers in the near-infrared
region, mid-IR sources based on frequency conversion processes can fulfil
most of the previously cited requirements. The most common frequency
conversion processes used for mid-IR sources for high-resolution
spectroscopy are based on OPO and DFG. Both processes are based on
frequency conversion inside a nonlinear crystal using the exact same energy
level scheme. Hence, their tunability is fundamentally the same. OPOs
demonstrated several tens of watts of output power and a large tunability
(typically from 2.4 uym to 4.3 pm for the idler wavelength) [27-31]. Sub-
kilohertz linewidth of an OPO was achieved through pump frequency
stabilization over the comparison of the idler signal with a narrow
absorption line from a gas cell [32,33]. If OPOs display a quite large number
of advantages, they can show a high degree of complexity due to the
required active cavity stabilization. DFG, on the other hand, can work with
a single pass scheme that reduces the complexity of the experimental setup.
DFG works within a large range of wavelength (2 pm - 15 pm), with the
capability of continuous tuning. Narrow linewidth sources are commonly
used for high precision spectroscopy. However, the poor efficiency of cw
DFG in bulk crystals makes high-power sources difficult to achieve. Watts
of single-pass DFG power have been demonstrated using high power fiber
lasers with approximatively 40 W of pump and signal power each [34].
High efficiencies are achievable by use of nonlinear crystals which also act
as waveguides. However, the limited mode area and surface damage makes
it challenging to operate these sources at the 1 - 10 W regime.
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Compared to visible or near-infrared (NIR) lasers, mid-IR sources are
generally less advanced in terms of low-noise and narrow linewidth
operation, even though a QCL with Hz-level linewidth has been
demonstrated by phase-locking to an ultra-stable NIR laser using a sum-
frequency generation process with a femtosecond frequency comb [26].
Consequently, characterization tools and instrumentation to assess the laser
frequency noise and linewidth properties are also less developed in the
mid-IR. A commonly used method to measure the frequency noise of mid-
IR laser sources and to retrieve their corresponding full-width at half
maximum (FWHM) linewidth involves an optical frequency discriminator
that converts the frequency fluctuations of the laser into intensity
fluctuations that are measured by a photodiode. The discriminators can be
a narrow molecular transition [35] or a resonance of a Fabry-Perot
cavity [36]. These methods circumvent the need for a lower noise and more
stable reference laser for comparison by heterodyne beating that is
frequently used in the NIR, where such sources are more common.

10



High power fiber amplifiers

2.1 High power fiber amplifiers

2.1.1 Basics of fiber amplifiers

Difference frequency generation in bulk crystals is a low-efficiency
nonlinear process with a typical conversion efficiency of several hundreds
of pW-W-2.cm? in continuous-wave operation (n =528.9 uyW-W-2.cm-!
reported in [34] as one of the highest single-pass efficiencies). For most
applications, a few mW of 3-um power level is highly desirable, which
implies a few watts of power from both 1560 nm (signal) and 1030 nm
(pump) sources. At each wavelength, erbium- or ytterbium-doped fiber-
based amplifiers can provide a few watts of output power from milliwatt-
level seed sources. Erbium- and ytterbium-doped fiber amplifiers are
commonly used already for a few decades [37], they display typical
advantages from a proven technology such as a relative low-cost and the
accessibility of their components. Moreover, connectorized amplifiers
feature the possibility to easily exchange the seed source which proves, in
practice, to be very convenient.

2.1.1.1 Erbium-doped fiber amplifiers

Optical telecommunications have pushed the development of fiber
technologies. For pure silica single-mode fibers, the lowest attenuation is
located at 1.55 pym, which led to the early development of material and
sources in this wavelength range. Since its ions display an atomic transition
at 1.55 um, erbium is a dopant of first interest for the emission and
amplification of telecom signals. Erbium-doped fibers have benefited from
decades of development, resulting in erbium-doped fiber amplifiers being
the most commonly used type of optical amplifier.

The erbium ion Er3* displays convenient energetic transitions for
stimulated emission at 1.55 um (see Figure 2.1) with possible pumping
wavelengths of 980 nm and 1480 nm. Thanks to the availability of efficient
and reliable pump diodes, the pumping transition at 980 nm is more often
used.
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Figure 2.1: Energy levels of the erbium ion in silicate glass.

The erbium ions are placed into a glass host (phosphate glass can be
used for a better transmission level) and manufactured as an active doped
fiber. When placed in an amorphous silica host, Er3* displays a large gain
bandwidth (see Figure 2.2). The typical doping concentration is about
14.6:10%* ions/m3 for erbium-doped fibers which constitute the gain
medium in fiber lasers as well as in fiber amplifiers. In this work, erbium-
doped fiber amplifiers (EDFAs) are pumped with 980-nm semiconductor
laser diodes. In single-cladding fiber geometry, the pump is single-mode
(transverse), and co-propagates with the 1550-nm signal through the fiber
core for an efficient absorption in the gain medium.
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Figure 2.2: Gain spectrum of erbium (Er?*) ions in phosphate glass for
excitation levels ranging from 0 to 100% in steps of 20%, from RP Photonic
website [38].
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In the classical scheme, depicted in Figure 2.3, an EDFA (single-clad
polarization-maintaining (PM) fiber) is composed of the following
elements: the signal (also called the seed, A = 1550 nm) is sent through a
passive fiber, passes by a fiber-coupled optical isolator and a combiner
before being amplified into the erbium-doped single-clad fiber. The
amplifier ends with another fiber-coupled isolator, as well as a pump
coupler (not used in this work). The role of the isolators is to prevent any
backward propagating light to get out of the amplifier towards the seed
laser (input isolator) and to prevent any back reflections, from after the
amplifier, to reach the doped fiber (output isolator). Indeed, optical fiber
amplifiers are sensitive to back-reflections. In the case of small back
reflections reaching the end of the doped fiber, the backward small signal
would be amplified, depleting the gain and then perturbing the
amplification of the original signal. If the seed diode is not protected by an
isolator, this backward amplified signal can severely damage the diode. The
combiner, a wavelength-division multiplexer (WDM), mixes the pump and
the signal into one fiber, to which the erbium-doped fiber is spliced. A large
number of doped fibers with various doping concentrations, core
diameters, etc. are available from different manufacturers and a suitable
one is chosen according to the needs of the experiment (e.g., transverse
single-mode propagation at signal wavelength, PM fiber and signal mode-
field diameters matching between the different elements of the EDFA).

Er3*
dichroic pump fiber
ISO coupler ISO
m— — ] — >
1550 nm 1550 nm
see pump amplified signal
diode

Figure 2.3: Typical setup of an EDFA. ISO: isolator.

2.1.1.2 Ytterbium-doped fiber amplifier

The difference between EDFAs and ytterbium-doped fiber amplifiers
(YDFAs) is basically the doping ion used for amplification, and thus the
operating wavelength. All the other aspects of fiber amplifiers discussed
before are common for both and are thus not repeated here.

The ytterbium ion is a rare-earth metal, it features some convenient
properties making it a first-choice dopant for emission or amplification at
1 pm. Owing to their simple energy levels structure, their small quantum
defect, small quantity of impurities in the medium, their large gain
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bandwidth, ytterbium-doped gain media have a long track of use in free-
space lasers and in fibers lasers and amplifiers [39], thus benefiting from a
long and proven technology development. High quality crystals are now
commercially available as well as high quality doped fibers.
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Figure 2.4: Energy levels of ytterbium ions in YAG host.

Because of its quasi three-level behavior (see Figure 2.4), the
ytterbium-doped gain medium requires high pump intensity for
population inversion. Pumping can be achieved at 910 nm (see Figure 2.5)
as well as at 975 nm. The zero-phonon line (at 975 nm) requires narrow
linewidth pumping and the reachable excitation level is mitigated by the
stimulated emission. The maximum of the emission cross section is located
at 1030 nm, but laser emission can occur up to 1080 nm. Therefore,
switching from 1030 nm to 1064 nm seed source has small effect on the
YDFA performance.

cross sections (pm2)

0.5

900 950 1000 1050 1100
wavelength (nm)

Figure 25: Absorption and emission spectra of ytterbium-doped
germanosilicate glass (typically composing ytterbium doped-fiber core).
Figure from RP photonic website [40].

The classical scheme of YDFAs is, in all point, the same as for EDFAs,
except for the doped fiber.
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2.1.1.3 High power fiber amplifiers

The amplifiers described before are restricted to single-clad geometry and
are thus limited in terms of achievable pump level. Indeed, with the pump
traveling into the fiber core, a transverse single-mode pump is required for
a good overlap with the seed signal. The pump can reach high intensities in
the fiber core and is thus limited by the fiber damage threshold. In addition,
high-power single-mode pump diodes are challenging to produce and thus
expensive in comparison with multimode pump diodes. To overcome those
limitations, a fiber with an additional cladding in which the pump is
traveling is used. The cladding usually supports higher-order mode
propagation while the core remains a single-mode fiber. The outer cladding
is often made of polymers (cheaper than glass and less sensitive to shocks).
If double-clad (DC) fibers allow high pump power levels thanks to a larger
area for mode propagation, the overlap with the seed signal is reduced
compared to single-clad doped fibers. Nevertheless, the length of the fiber
combined with high pump power levels allows for high power
amplification. Already more than 1 kW has been reached at 1080 nm with
an M? value of 1.4 [41] using a double-clad fiber amplifier. In our case, high-
power amplifiers based on double-clad fibers are placed after the single-
mode fiber amplifiers to reach the watt level.

active double-
clad fiber

pump
diodes
— >

pump
coupler

Figure 2.6: High power amplifier pumped by multimode pump diodes
coupled into the double-clad fiber through the multimode pump combiner.

The scheme of high-power fiber amplifiers is close to the single-mode
fiber amplifiers as depicted in Figure 2.6. The multimode pumps are
coupled into the double-clad fiber using a multi-mode pump combiner
(MPC). This component fuses many multimode fibers into the cladding of
the double-clad passive fiber enabling high pump power operation. In this
work, only forward pumping is used and thus depicted in the scheme of
principle in Figure 2.6, but backward pumping is also an option for other
cases.
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In this work, high power fiber amplifiers constitute the last stage of
amplification for both 1-pym and 1.5-pm amplification lines. For the
amplification at 1.5 pm, a co-doped erbium-ytterbium double-clad fiber is
used. The pump at 980 nm is more easily absorbed by the ytterbium ions,
which transfer their energy to the erbium ions, thus enhancing the pumping
efficiency.

2.1.2 Design and experiment

In fiber amplification, many physical processes occur either participating to
the amplification of the signal or degrading it. Two important examples of
those processes are the amplified spontaneous emission (ASE) and the
stimulated Brillouin scattering (SBS).

Spontaneous emission is, in most cases, an undesirable effect that
occurs in gain media. Atoms (or ions) of the gain medium are pumped to a
higher energy level and, depending on their lifetime, spontaneously return
to a lower level by emitting a photon. This luminescence is usually
considered as noise. In a pumped doped fiber, photons from spontaneous
emission propagate along the fiber and are amplified by stimulated
emission and, in the two directions, forward and backward. This
phenomenon is called Amplified Spontaneous Emission (ASE) in fibers. In
a fiber amplifier, ASE is unavoidable and takes the form of parasitic light
emission in both directions contributing to the noise of the amplifier. To
keep its level as low as possible, many solutions are available: the first one
consists of an optimized design of the amplifier, depending on the input
seed level and on the pumping level to reduce the generation of ASE.
Enclosing the fiber amplifier by two isolators increases the signal-to-ASE
power ratio of the out-coupled light. Finally, inserting an optical filter tuned
to the seed wavelength at the the amplifier output confines most of the ASE
inside the amplifier as its spectral bandwidth is much larger than the
amplified signal linewidth.

Stimulated Brillouin scattering (SBS) originates from Brillouin
scattering where a backscattered optical wave and an oscillation of the
medium with an acoustic frequency (a phonon) are created during the
propagation of light in a medium. This nonlinear effect is particularly
visible in fibers as its efficiency depends on the light intensity. The
backscattered wave has its frequency downshifted (by 10 -20 GHz)
compared to the propagating light (Stokes wave). Owing to a physical effect
called electrostriction, Brillouin scattering is further amplified. Indeed, due
to the interference pattern created by the forward and backward
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propagating light, the medium density is periodically modified, creating a
Bragg grating, enhancing the reflected Stokes wave, resulting in stronger
interferences [42]. This effect is called SBS, it is particularly present for
narrow linewidth continuous-wave radiation with its high-power spectral
density at the laser frequency. In fiber amplifiers, high levels of SBS can lead
to strong pump depletion and chaotic power fluctuations thus limiting the
achievable amplified power. SBS effects can be prevented with a suitable
fiber amplifier design: long fibers tend to favour SBS, thus for a given pump
and signal powers, the fiber length is optimized such that the SBS power
remains low.

In order to make a proper design of the fiber amplifiers, the
commercially available software RP Fiber Power (RP Photonics) was used.
It proposes an efficient power propagation as well as a numerical beam
propagation. The other physical effects that limit the amplification, such as
SBS and ASE, are also evaluated.

2.1.2.1 1.5-pm amplification

The laser source is a fiber-coupled 14-pins butterfly semiconductor diode
(Eblana-photonics EP1560-0-NLW). The diode mount (LM14S2 Thorlabs)
allows temperature control and current adjustment of the chip combined
with a temperature controller (TED200C Thorlabs) and a low-noise current
driver (Koheron DRV 200). When stabilized at 35 °C and supplied with
300 mA the diode delivers 9 mW at 1560 nm. Using the elements presented
in subsection 2.1.1, an amplifier system composed of multiple stages was
designed. Aiming for tens of watts of output power at 1560 nm, the
amplifier design started with the last stage of amplification using a double-
clad doped fiber. The pump power available from multimode
semiconductor diodes at 980 nm is about 50 W. Double-clad fibers with Er-
and Yb-co-doped core supporting single-mode propagation at 1560 nm are
not numerous on the market. For its high doping concentration and the long
record of quality fibers produced by the supplier, the DCF-EY-10/128-PM
fiber from Coractive was chosen. The fiber specifications given by the
supplier and summarized in Table 2.1 were used in the simulations.

The goal of the simulations was to evaluate the optimal fiber length
for a given input seed power while checking that the ASE and SBS powers
remain sufficiently low. Figure 2.7 shows the evolution of the pump and
signal power along the fiber for an input seed power of 400 mW, a pump
power of 50 W and a total fiber length of 4.3 m.
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Figure 2.7: Evolution of the pump (at 980 nm, in blue) and signal (at 1560 nm,
in red) powers along the double-clad fiber. The fiber length is set to 4.3 m.

Up to 15 W of amplified signal power are predicted directly out of the
DC fiber, as well as 7.9 W of unabsorbed pump.

The SBS and the forward and backward ASE total powers were
calculated in the script but are not shown on the graphics. In this case, 1.3 W
of SBS is predicted. The ASE in backward and forward direction was
simulated as well but the script showed difficulties in handling it properly,
most probably because of the co-doped core. The given values are 50 yW
for forward ASE and 276 uW of backward ASE power.

Increasing the fiber length would allow achieving higher signal power
with less pump power out of the DC fiber. However, the SBS power would
increase dramatically resulting in a high risk of damaging components
before the amplifier (e.g., the isolator). For example, a fiber length of 4.5 m
would lead to 10 W of SBS power instead of 1.3 W.

Decreasing the input seed power would slightly release the constraint
for the amplification stage before the DC fiber, but would result in a strong
increase of the ASE: with 100 mW of input seed power, 1.5 mW of backward
ASE power is predicted instead of 276 pyW (although the values are not
reliable, the trend can be trusted).

To couple around 400 mW of signal power into the last stage amplifier
from a 9-mW laser seed diode, another amplifier was designed and set in
between. This amplification stage is referred to as the pre-amplification
stage (or the pre-amplifier). Considering the involved power levels, a
single-clad doped fiber is enough for an efficient amplification and an
Er35-7PM fiber from Coractive was chosen. In contrast to the previously
described DC fiber, the supplier did not provide all specifications of this
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active fiber and assumptions concerning many parameters like the doping
concentration or the upper-state lifetime were made as listed in Table 2.1.
Using a 600-mW pump diode and 7 mW of input power (an isolator is
placed between the seed diode and the Er-doped fiber) simulations predict
that with a fiber length of 2.6 m, up to 375 mW of signal can be obtained
with only 1 mW of remaining pump power (see Figure 2.8).
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Figure 2.8: Signal (in blue) and pump (in red) powers along the fiber length for
2.6 m of Er-doped single-clad fiber with an input power of 7 mW.

The SBS is not significant for such power levels, with 14 pW of
predicted power. The ASE displays a relatively flat spectrum (see Figure
2.9) and a low level in both directions: 377 uyW of backward power and
54 uW of forward power. During the experiments, the seed diode might be
changed, or optical elements might be inserted (like an acousto-optic
modulators AOM) before the active doped fiber, reducing the input signal
power coupled to the amplifier. Figure 2.10 shows the evolution of the
output signal power level and the ASE powers (in both directions) for
different input power levels. The input power could be, in principle,
reduced to 1 mW, while the system performances would remain quite
similar: a low level of ASE and an output power level of approximatively
370 mW.
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Figure 2.9: ASE power spectral density around the signal wavelength
(1560 nm) for 2.6 m of Er-doped single-clad fiber, pumped by 600 mW at
980 nm and emiting 375 mW of signal at 1560 nm with an input power of

7 mW.
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Figure 2.10: ASE powers (in both directions, in green) and signal output power
(inred) for different input power levels for 2.6 m of Er-doped single-clad fiber,
pumped by 600 mW at 980 nm and emiting 375 mW of signal at 1560 nm.

The power level calculated from these simulations is enough to seed
the last stage amplifier. However, in the experiment, the pre-amplifier
power level is measured to be only 200 mW instead of the simulated
375 mW of signal. Most likely, this difference is due to higher losses of the
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isolators and the WDM than assumed in the simulations, or to differences
in the used fiber parameters.

To counterbalance the low power, a second pre-amplifier has been
built after the first one. The design is essentially the same, except for the
fiber length which is reduced to 2 m thanks to the high input seed signal
power, using the same doped fiber but to reach higher signal power, a 1-W
pump diode is used.
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Figure 2.11: Signal (in red) and pump (in blue) powers along the fiber length
for 2 m of Er-doped single-clad fiber with an input power of 200 mW.

Up to 820 mW of signal power is predicted with an input power of
200 mW, with 4 mW of pump remaining at the end of the doped-fiber (see
Figure 2.11). The SBS remains at a negligible power level: 30 pW of power
as well as the ASE in both directions: 12 uW of forward power and 26 pW
of backward power.

In the experiment, like for the previous comparison with simulations,
the power level is lower than the predicted value: up to 500 mW is
measured directly out of the active fiber. Again, the difference might
originate from non-accurate parameters for losses or describing the fiber.
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1-pm amplifier

1.5-pm amplifier

Pre-amplification stage 1st part /274 part
Fiber denomination Yb401-PM Er35-7-PM
Fiber length (m) 0.64 26/ 2
Core diameter (um) 5 5
Ion doping Yb Er
Doping concentration (assumption) 8x10?% 24.6x10%4
(ion/m?3)
Absorption (dB/m) | 7.7 @1200nm 37.9 @1530nm
Last amplification stage
Fiber denomination Yb1200- DCEY-10/128-PM
10/125DC-PM
Fiber length (m) 1.9 4.3
Core diameter (um) 10 10
Cladding diameter (um) 125 128
Ion doping Yb Er / Yb
Doping concentration (assumption) 9x10? 43x10%* (Er)
(ion/m?) 2.2x10%* (Yb)
Absorption (dB/m) | 7.7 @976nm 1.97 @915nm

Table 2.1: Fiber parameters for 1-pm and 1.5-um fiber amplifier simulations.
Data from fiber specifications provided by the supplier.

Nevertheless, the goal of 400 mW at the entrance of the last stage
amplifier is reached in this configuration. The next paragraph sums up the
entire amplification system and focuses on the last stage fiber amplifier
design and performances as well as the trouble-shooting of the encountered

problems.

The overall amplification system is shown in Figure 2.12. The seed
signal originates from a 9-mW semiconductor diode emitting at a
wavelength of 1560 nm in single-mode operation. It is then amplified in two
stages of SC Er-doped fiber (Coractive Exr35-7 PM) with gain segments of
2.6 m and 2 m, respectively. Using two single-mode fiber Bragg grating
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(FBG) stabilized pump diodes with a respective maximum power of
600 mW and 1 W at 980 nm, the signal is first amplified up to 400 mW. Then
it passes through a 1550-nm/1030-nm WDM, to extract the backward
propagating ASE at 1030 nm, generated in the following Er-Yb
amplification stage. The last amplification stage consists of 4.3 m of DC Er-
Yb co-doped fiber (Coractive DCF-EY-10/128-PM, 10 pm core diameter)
and is pumped up to a power of 15 W at 976 nm. A 5-cm long 10 degrees
angle-cleaved SC fiber (PM 1550) is spliced to the DC gain fiber for
transverse mode cleaning. The outcoupled beam is collimated using an
aspheric lens with a focal length of 8 mm and passes through a half
waveplate and a high-power isolator. After isolation, 4 W of amplified
power are measured at 1560 nm.
2 x Pumps

Pump Backscattered 2x25W
GSSTnF\)N 1W ASE 1030 nm _

LD 150" IS0 ™ — Water tank Amplified signal
Er35-7 PM Er35-7 PM DC-EY-10/128
26m 2m 434 m

Figure 2.12: Scheme of the amplification stages at 1560 nm. LD: laser diode,
ISO: isolator, WDM!: filter-based wavelength-division multiplexer used in
reflection, HP ISO: high power isolator, MPC: multimode pump combiner.

Since high-power fiber lasers can reach the kilowatt level in single
mode operation, the thermal management of DC fibers has been well
studied [43]. In a first configuration, the fiber was rolled around a home-
designed aluminum rod with grooves maintaining the fiber and assuring (a
priori) a proper heat extraction. But with around 15 W of pump power and
55W of signal power, the fiber was damaged. For a better heat
management, the Er-Yb double-clad fiber was placed in a water tank.
Indeed, water offers a uniform thermal heat removal with a high thermal
capacity. In this configuration, no fiber damage was observed, the pump
power could be increased up to 14.6 W and 4.7 W of cw radiation at 1560 nm
was obtained (see Figure 2.13). When the power was further increased, the
next point of the power slope was slightly below the linear trend. The same
behavior was also noticed just before the fiber was previously damaged. For
a safe operation, the pump power was kept under 12 W and the output
power was thus limited to 4 W at maximum for the experiments reported
in the next sections.
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With a thermal camera, a very high and unusual temperature of the
high-power isolator was observed. Suspecting some backward ASE, a
WDM was spliced to extract the backward radiation around 1 pm. For 3 W
of amplified signal at 1560 nm, up to 500 mW of ASE at 1030 nm was
shining on the isolator, heating it up and thus reducing its transmission.

Directly out of the DC fiber, once the remaining pump is removed
(removal of the fiber second cladding and coated with high index glue),
some higher order modes were still present in the beam. In a first design for
pump extraction at the end of the DC fiber, the polymer coating was
removed, and the uncoated part of the fiber was directly glued onto a
metallic piece (aluminum in this case) covered with a thin graphite sheet
used as heat sink (design used for the single-pass DFG experiment, with
results reported in subsection 2.2.2.4). The junction between the coated and
uncoated fiber parts was set with low index glue at the center of the heat
sink for maximum heat removal. But occasionally, the junction ignited,
setting fire to the polymer coating of the DC fiber. To solve those two
problems, a 5-cm long PM 1550 fiber was spliced at the end of the DC fiber
(and angle-cleaved on the other side) to filter-out the higher order modes.

The splicing point as well as the coated/uncoated junction of the DC
fiber were glued onto a water-cooled copper-based graphite-covered heat
sink. The water-cooled piece of metal was home-designed and
manufactured at the university workshop. No more fiber ignition was
observed since then and the output transverse mode was clean and single-
mode.
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Figure 2.13: Power slope of the last fiber amplifier stage at 1560 nm. Initial
input power: 400 mW. The slope efficiency is n = 32%.
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2.1.2.2 1-um amplification

The design of the 1-pm amplification system was achieved using a similar
scheme and script as for the 1.5-pm amplifier. Simulations match quite well
the measurements for Yb-doped fiber and the ASE and SBS levels are
predicted low.

At 1 pm, the amplifier is also seeded by a fiber coupled 14-pins
butterfly distributed feedback (DFB) semiconductor diode (QDLaser
QLD1061-3030). The chip is mounted in an all-included laser driver module
(OptoSci LDR1500E) including temperature controller and current driver
that are computer-controlled. When stabilized at 25 °C, the diode delivers
55 mW of 1030-nm light at a current of 200 mA. It was initially amplified to
400 mW, using 1 W of pump light, in a 64-cm long single clad (SC) Yb-
doped fiber (Coractive Yb 401-PM) amplifier. Fiber coupled isolators were
placed between the seed source and the following amplification stages. The
pre-amplified signal was power-amplified in a 1.9-m long double clad (DC)
fiber (Liekki Yb 1200-10/125DC-PM, 10 um core diameter) that was
pumped by volume Bragg grating (VBG) stabilized fiber-coupled laser
diodes at 976 nm with a total power up to 45 W. The fiber length was
optimized to minimize SBS while maximizing the amplification factor. The
end tip of the gain fiber was spliced to a 20-cm long SC fiber (PM980) to
filter out higher-order modes and clean the transverse mode of the laser
radiation. As for the 1.5-pm amplifier, the splice point was glued onto a
water-cooled copper block using a high-index epoxy to extract and prevent
the excess pump from reaching the fiber tip and causing thermal issues. The
fiber tip was cleaved at an angle of 10 degrees and glued onto an aluminum
block. The output beam is collimated using an aspheric lens with a focal
length of 11 mm.

2 x Pumps
Pl 2 %25 W
10i|3_(|)3nm —|§9— 1 HPI_S,O Amplified signal
WDM 1030 nm
Yb 401 PM
64 cm Yb 1200 10/125DC-PM
1.9m

Figure 2.14: Fiber amplification system at 1030 nm. LD: laser diode, ISO:
isolator, WDM: wavelength division multiplexer used in reflection, HP ISO:
high power isolator, MPC: multimode pump combiner.
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As for the 1.5-um amplifier, problems of coating ignition and higher-
order modes appeared and were solved in the same way. However, no
thermal management problems along the fiber appeared, and the first
design with a home-made aluminum cylinder with grooves was kept for
the following experiments. As a result of the high ytterbium absorption at
980 nm only a short fiber length is enough to reach high power.

As no problems of ASE were observed, the full pump power capacity
could be used, and up to 29.6 W of amplified signal at 1030 nm was
measured with 45 W of pump power (see Figure 2.15).
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Figure 2.15: 1030-nm fiber amplifier power slope. Input power: 330 mW;
doped-fiber length: 1.9 m. The slope efficiency isn = 62%.

In conclusion to this section, two high-power fiber amplifiers
delivering respectively up to 4 W at 1560 nm and 30 W at 1030 nm have
been presented. Some issues like thermal management of the pump out-
coupling and a remaining multimode operation as well as backward ASE
were solved with design modifications. However, after passing through a
half wave plate and an optical high-power isolator, the optical power at
both wavelengths was unstable over time (variation of about 10 % at the
highest power operation). This power instability seemed, among other
reasons, to originate from polarization instabilities. For both lines, all the
fibers of the amplifiers are PM, thus the linear polarization of the light out
of the seed laser diodes should be preserved [44]. However, the
birefringence of PM fibers could be modified with mechanical stress or with
temperature variation, and in the case of high-power fiber amplifier where
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thermal management is possibly an issue, precise polarization control is
very challenging. In the 1.5-um fiber amplifier where some residual mode
mixing was observed, polarization instabilities were the strongest. Thus, for
difference frequency inside the enhancement cavity, the pump power was
limited to 5-6 W resulting in an output power of 2.3 W at 1560 nm.
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2.2 Difference frequency generation in a
PPLN

2.2.1 Theoretical background

In this subsection, a short review of the basic principles of nonlinear optics
and DFG is presented. It is followed by the description of a single-pass DFG
experiment, its results in comparison to the theoretical expectations and a
discussion of the encountered limitations.

2.2.1.1 Ditference frequency generation

DFG is a three-wave nonlinear interaction that occurs when light is coupled
into a material lacking inversion symmetry. The medium exhibits a x?
nonlinearity. When two light beams of different frequency and sufficiently
high intensity are coupled into the crystal, difference frequency generation
can occur. By convention (from the OPO community), w,, ws and w; are the
pump, signal and idler frequencies, respectively, which are linked by the
energy conservation relation (see Figure 2.18):

a)p — Wg = Wj.

Difference frequency generation has been theoretically studied by
Armstrong et al. [45] and formalized by Boyd and Kleinman [46] in the case
of two focused gaussian beams.

Nonlinear processes strongly depend on the intensity of the incoming
radiations. However, another fundamental parameter is phase matching.
Indeed, to participate efficiently to the nonlinear process, the involved
waves have to interact together with a defined phase relationship all along
their propagation inside the nonlinear crystal. In other words, the phase
mismatch between the different waves has to be as close as possible to zero.
For a three-wave interaction (pump, signal and idler), the phase mismatch
is given by:

Ak = ky — kg — k;

where ks and k; represent the wave numbers of the signal and idler,
respectively and k;, the wave number of the pump.
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Figure 2.16: Scheme of principle of the phase-matching condition.

Inside the nonlinear crystal, the different waves experience normal
dispersion (the refractive index increases with frequency), which makes the
phase matching impossible to achieve without any additional process.

(a) A A —QPM period (b) Signal}}
Idler

Phase-

matched QPM

Output power

Non-phase-matched

Distance through the crystal ’ Pump

Figure 2.17: (a) Comparison between the output power of a fully phase-
matched process, quasi-phase-matched (QPM) process and a non-phase-
matched process as function of the position inside the crystal. A represents the
QPM period. (b) Scheme of a periodically-poled crystal with different
channels corresponding to different poling periods.

In the frame of this thesis, quasi-phase-matching is used to efficiently
generate DFG. The crystal used for quasi-phase matching is no longer
homogeneous but periodically “poled”, meaning that one of the crystal axes
is periodically inverted with a spatial poling period A. The inversion of the
crystal axis changes the sign of the effective nonlinear coefficient, which
then compensates for the nonzero phase mismatch coefficient. If the poling
period is correctly chosen, the induced electrical field at this point
contributes positively to the total amplitude of the induced electric field
created before this point instead of decreasing it (see Figure 2.17).

In comparison to the fully phase-matched case, the quasi-phase
matching displays a lower idler electric field amplitude. In first order
approximation, the effective nonlinear coefficient is reduced by a factor of
2/m. However, the birefringent phase-matching and the quasi phase-
matching are based on different terms of the nonlinear tensor of the crystal,
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and in the case of lithium niobate, the quasi-phase matching term is several
times larger than the birefringent phase matching, leading to higher
conversion efficiency. In this work, the crystal used for nonlinear
conversion is a periodic-poled lithium niobate (PPLN).

The optical power produced in the DFG process is defined as:

Pidler - 77PsignalPpumpLPPLN

with Pigier, Psignal and B,ump are the optical powers of the idler, signal and
pump, respectively and Lppy the length of the PPLN. The key parameter is
1, the efficiency of the DFG process. In [47], it is defined as follows:

Quider)®  h(w$)
ngncdme, 1 1

n

p =4
ky " ks
a) b)
..................................... -
Wy X 2 X ws
wWg Wp wj
Wp Lpprn

Figure 2.18: a) Energy diagram of the difference frequency generation process.
b) Basic scheme of the DFG process with Lpp; y being the PPLN length.

with n ¢ ; the refractive index of the pump, signal and idler, respectively, ¢
the speed of light, €, the permittivity of vacuum and k, ; the wavenumber
of the pump and signal.

An important part results from the imaging function h(y,§) that is
precisely described in [48], and [47] sets as follows:

3
hw©) 1 » 1+7't" dr'de”
wé) =— t'dt
26 1112 1 1+‘Ll 1_#2 ’ 2
O—E(1+TT) +Z(m+m) (T —T)
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with u = :—S the degeneracy parameter, T = %Z where z is the optical distance
p

from the focal point, b the confocal range of a Gaussian beam: b = 2zi with
PPLN

zg the Rayleigh range and ¢ = L - is the focusing parameter.

The imaging function accounts for the spatial distribution of the light
intensity at the focus inside the crystal assuming Gaussian pump and signal
beam profiles. Note that here a perfect overlap between pump and signal
beams is assumed.

As previously seen in the expression of the DFG efficiency, the
refractive indices have an important influence. The wavelength and
temperature dependency of the extraordinary refractive index in Mg-PPLN
are described by the Sellmeier equation [49]:

a, + b,f +a4+b4f
/12—(613+b3f)2 Az_aé

with the temperature-dependent parameter f = (T — 24.5)(T + 570.82)
and T the temperature of the material in °C. Note that 4 is expressed directly
in pm in this equation. All coefficients a; and b;, where j is an integer, are
relative to the material, they are known as the Sellmeier coefficients. For a

5 % Mg-doped lithium niobate crystal, the Sellmeier coefficients are given
in Table 2.2.

nZ=a, +bf+

Coefficient Value

ai 5.319725

a 0.09147285

as 0.3165008

ag 100.2028

as 11.37639

ae 0.01497046

by 4.753469 x 1077
by 3.310965 x 1078
b3 2.760513 x 107

Table 2.2 : Determined Sellmeier coefficients for 5% MgO-doped congruent
LiNbOs, data from [50].

The idler wavelength is given by the conservation of energy:
(,l)p = Wqg + Wi

2mc  2mc  2mc

A Ap A
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Ay

A=

p
In this thesis, with a pump wavelength of 1030 nm and a signal at 1560 nm,
the idler wavelength corresponds to A; = 3070.2nm (wavelength in
vacuum). The phase mismatch wavevector is defined as:

21

Ak = ky — ks — ky = 2.

The optimum phase-matching corresponds to 4k = 0, which gives the

following condition when introducing the wavelength 1, 5; = m:p—SI(T)
p.,s1
21
kp—ks—ki—7:0
1_mM) (M) ()
A Ay As A

For a given temperature T, the phase matching condition defines a
unique value of the poling period A. In the experiment of this thesis, the
selected PPLN crystal has the following set of polling periods: 28.5, 29, 29.5,
30, 30.5, 31, and 31.7 pm. For pump and signal wavelengths of 1030 nm and
1560 nm, the phase matching condition can be fulfilled for a groove with a
poling period of 30 um at a crystal temperature of 124 °C (see Figure 2.19).
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Figure 2.19: Phase matching conditions fulfilled for a given poling period and
temperature with 4, = 1030nm, A, = 1560nm and 4; = 3070nm in
vacuum.
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2.2.2 Single-pass difference frequency generation
experiment

The final experimental goal was to generate a powerful radiation in the mid-
IR by DFG by recycling the 1.5-um beam inside an enhancement cavity.
However, a simpler experiment was initially realized in a single-pass
configuration to optimize different parameters, such as the beam
collimation for an optimum focusing into the crystal as well as the detection
of the generated 3-pm radiation.

2.2.2.1 Optimal radius for DFG and collimation line

For a given crystal (5 % MgO-doped PPLN, 5-cm long) and a defined power
and wavelength of the pump and signal, only the imaging function can be
varied and affects the DFG efficiency. Assuming Gaussian beams, the

2
Rayleigh distance is defined as zg = % with 7, the beam radius at the focal

point and 4 the wavelength of the focused light. The confocal parameter is
simply defined as b = 2z. Figure 2.20 shows the calculated variation of the

3-um idler power for 6 W of 1030-nm pump and 3.7 W of 1560-nm signal
(typical values obtained out of the fiber amplifiers).

20
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Figure 2.20: Calculated idler power for 6 W of pump and 3.7 W of signal as a
function of the radius of the focused beams in a 5-mm long PPLN for a poling
period of 30 pm and a crystal temperature of 124°C.
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For an optimized overlap of the pump and signal beams, the waist at
the focal point must be the same at both wavelengths. The maximum
calculated value of the idler power is 19.8 mW, which is reached for a beam
radius of 77.2 pm at the focal point.

To experimentally reach this value, a collimation line has been set for
each wavelength with a selected set of lenses.

Figure 2.21 and Figure 2.22 show the respective collimation setup. A
ray propagation script implemented under Python and based on the ABCD-
matrix formalism was used to simulate the beam propagation out of the
fiber amplifiers.

f=11 mm f=150 mm
0.5m
Fiber iﬂ PPLN -
NA = 0.201
| | | |
1200 f=11mm f=156mm -
E 1000} .
2
® goof -
g
5 600} .
@
E 400 .
2 PPLN
200 F .
0 1 1 1 1
0 200 400 600 800

Position (mm)

Figure 2.21: 1.5-um beamline for focus creation inside the PPLN. Top: the
beam path scheme with optical components out of the DCF-EY-10/128-PM
fiber creating a focus inside the crystal. NA: numerical aperture. Bottom: the
beam propagation along the z-axis from simulations.

In order to minimize spherical and coma aberrations, a short focal
length (f = 11 mm) aspheric lens (Thorlabs C220TMD-C) was chosen to
collimate the beam at the output of the fiber. The second lens (Thorlabs
AC254-150-C-ML) is achromatic and focuses the 1560-nm beam inside the
crystal with a calculated radius of 78 pm (at 1/e?) at focus. In the 1030-nm
beam line, the collimation follows a fairly similar path, excepted for the
numerical aperture (NA) of the output fiber, resulting in a smaller beam
divergence.
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Figure 2.22: 1-um beamline for focus creation inside the PPLN. Top: the beam
path scheme with optical components out of the Yb 1200-10/125DC-PM fiber
creating a focus inside the crystal. Bottom: the beam propagation along the z-
axis from simulations.

Only a f = 25 mm lens (Thorlabs AC1270-25-B-ML) is needed out of
the fiber to collimate the beam. The 1-um beam is then focused by a
f=250 mm achromatic lens (Thorlabs AC254-250-C-ML) into the crystal
with a 76-pm radius (calculated) at focus.

The simulation method presented here will prove to be very
convenient later for collimation and efficient coupling of the beams inside
the enhancement cavity (see subsection 2.3.1).

As previously mentioned, the end-tip of both fiber amplifiers are
angle-cleaved and followed by the first collimation lens. For both
beamlines, the first lens is followed by a half-wave plate and a high-power
free-space isolator, which protects the fiber amplifier from any back
reflexion from the following components. The high-power isolators also
ensure a s-polarization operation that is strictly necessary for the PPLN.
About 50 mm after the collimating lenses, the focusing lenses are placed.
The two beams are then superimposed using a dichroic mirror. For a good
overlap of the two foci, the 1-um beam path is 10-cm longer than the 1.5-um
path. The two beams are focused in the center of the PPLN crystal. Figure
2.23 gives an overview of the experimental setup.
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Figure 2.23: Single-pass DFG experimental setup. LD: laser diode, (DC) EDFA:
(double-clad) erbium-doped fiber amplifier, (DC) YDFA: (double-clad)
ytterbium-doped fiber amplifier, HWP: half-waveplate, HP ISO: high power
isolator, LPF: long pass filter and PM: power meter.

In the following paragraph, the method used to ensure a good beam
overlap is presented. The details about the PPLN crystal and the 3-um
generation will be treated afterward although already depicted in Figure
2.23.

2.2.2.2 Foci overlap of the two beam-lines

The overlap of the pump and signal beams inside the PPLN crystal directly
affects the DFG efficiency. Indeed, the theoretical elements presented before
assumed a perfect overlap of the beams.

To experimentally check the proper overlap of the two beams, an
imaging camera was placed at the crystal position and moved along the z-
axis. Both the radius and the alignment at the focal position were verified
for each beam.

This experimental alignment procedure allowed getting a good
starting point for the generation of 3-pm light, not to directly optimize the
beams overlap. Indeed, once the crystal is placed, the alignment slightly
changes as a result of the different refractive index between the two
wavelengths. Thus, the fine tuning of the beam overlap was realized with
the first 3-um radiation detection. This alignment procedure was developed
for the single-pass experiment but proved to be very useful for the cavity-
enhanced DFG, as the beam propagation needs to match the standing-wave
inside the cavity.
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The 1560-nm beam was focused, at low power operation (less than
1 mW) onto an InGaAs scanning-slit beam profiler (DataRay Inc., Beam'R2-
IGA). Figure 2.24 displays the transverse mode of the 1560-nm beam at the

focal point.

98.5% | G_2W

. R=500 um =-34: Tilt = -
Clip[a] 13.5% View =-34 : Tilt = -43
Clip[b] 50.0%
Running ° ‘
Xc -37.7 um
Yc 1.5 um
e . Relative Power: 0.00 Full Range = 2
Ellipticity 0.98 | centroid: [absolute] Delta: (37 uf [ |
2Wua @ 13.5 % 160.7 um 2Wva@13.5% 163.7 um
2Wub @ 50.0 % 97.4um 2Wvb @ 50.0 % 96.7 um
GFit 163.8 um | GFit 97.8% | G_2wW 164.1 um

/
57 \L

Scale = 60.0 um{div

|zplane = 0 um

Scale = 60.0 um{div

|zplane = -4 um

Figure 2.24: Measurement of the beam waist at focus for the 1560-nm beam.

The transverse mode displays a Gaussian shape with a slight
difference between the X and Y axis, with a beam waist wysqo = 1/€2 =
162 ym (mean value between the X and Y axis values) in diameter,
corresponding to a radius of 7y549 = 81 um. This value is in rather good
agreement with the design simulation (ry5¢0 = 78 pm).
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Figure 2.25: Measurement of the beam waist at focus for the 1550-nm and
1030-nm beams overlapped. The beams are superimposed and cannot be
distinguished.

The 1030-nm beam was analyzed in the exact same way and showed
a beam radius of 1143 = 81.5 pm at the same position.

To check the overlap of the two beams, the same method was used
with the two radiations shinning simultaneously on the slit-cam. Figure 2.25
shows the transverse mode measurement, with a perfect overlap between
the two beams.

2.2.2.3 PPLN setup and DFG detection line

The 5% MgO-doped PPLN crystal (Covesion MOPO-5) is 5-cm long and
contains 7 channels with a different poling period (28.5, 29, 29.5, 30, 30.5,
31.0 and 31.7 um). The crystal is mounted in a copper heat sink (see Figure
2.26) and placed into a pierced oven which stabilizes the crystal at a
temperature between 20 °C and 200 °C. The oven is mounted onto a 3D-
translation stage and the crystal is placed into the beamline. The center of
the crystal (along the laser axis) corresponds to the focal point of the two
beams.
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Figure 2.26: PPLN crystal mounted into the oven (opened) and illuminated by
white light. The channels with different poling periods are visible.

Both crystal facets, corresponding to input and output of the beams,
are AR-coated at 1064 nm, 1550 nm and 3010 nm, strongly reducing the
Fresnel reflection for the pump, signal and idler beams. The oven
temperature was initially set to 124 °C.

To detect the generated 3-um light, a 2.4-um long-pass filter was
placed after the crystal, reflecting the 1030-nm and 1560-nm onto a power
meter while transmitting the 3-um light. In a first detection setup, a pair of
MgF> lenses, with focal lengths f = 200 mm and f = 100 mm, respectively,
was used to collimate and focus the 3-um light onto a thermal power meter
(see Figure 2.23).

2.2.2.4 3-um generated power

The crystal oven was initially set at 124°C and the pump and signal powers
were limited to about 1 W each until some 3-um radiation was detected on
the power meter after playing with different parameters of the system
(alignment of the beams and of the crystal, crystal temperature, etc.).

As other nonlinear processes than DFG can occur in the PPLN crystal
(e.g. second-harmonic generation SHG or sum-frequency generation SFG),
some tests were implemented to verify that the detected power was really
related to DFG. As no mid-IR spectrometer was available during this work,
the pump or signal beam was blocked to verify that the detected signal
resulted from a three-wave process. The use of the 2.4-pm long-pass filter

39



Chapter 2 - Continuous-wave difference frequency generation inside an
enhancement cavity

would also block any SFG or SHG component that might be generated,
therefore ensuring that the detected optical power resulted from DFG.

Once some DFG power was detected, the system was finely adjusted
to maximize the generated power. The overlap between the pump and
signal beams was optimized. Then, the pump and signal powers were
raised up to 6 W and 3.7 W, respectively, resulting in 16 mW of idler at
3 um. Table 2.3 summarizes the achieved 3-um power levels and DFG
efficiency for the corresponding 1.5-um and 1-um power levels.

1030-nm Power (W) | 1560-nm Power (W) | 3-um Power (mW) (li;gliwfﬂff;?;
0.189 0.2 0 0
0.2 0.3 0 0
1.0 0.8 1.0 250
2.0 1.5 2.5 166.7
2.8 2.0 4.2 150
3.8 2.7 8.5 165.7
4.8 3.3 12 151.5
6.0 3.7 16 144.1

Table 2.3: DFG power at 3 pm as a function of pump and signal powers.

Only one current source was available for the high-power multimode
980-nm pump diodes of the high-power fiber amplifiers at 1.5 ym and 1 um
at the time of this experiment. Therefore, the four pump diodes were
connected in series and driven by the same current, resulting in a
simultaneous increase of the pump power for both fiber amplifiers. As the
efficiency of the two amplifiers is different (see subsection 2.1.2), the total
output power at 1.5 pm and 1 um increased both linearly, but at a different
rate. Therefore, the generated idler power scales as the product of the pump
and signal powers. Figure 2.27 displays the power slope corresponding to
the data set of Table 2.3 together with the expected values. A good general
agreement is observed between the predicted and measured optical
powers, but the discrepancy increases at high pump and signal powers.
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Figure 2.27: DFG power slopes. In dots, data set from the experiment. In plain
line, data calculated from the simulations. The x-axis represents the product of
the pump and signal powers.

In this experiment, the fiber amplifiers were not optimized and a little
portion of the power was contained in higher order transverse modes, as
mentioned in subsection 2.1.2.1, which led to losses in efficiency. Also
mentioned at the end of the same section, the thermal management of the
fiber was not optimized and due to excessive heating (at high power), the
fiber tip was slightly bending leading to beam pointing instabilities. As the
overlap of the two beams is a critical parameter, beam pointing instabilities
has potentially a strong negative effect on the DFG efficiency.

In conclusion of this subsection, single-pass DFG was successfully
achieved with a good agreement with the simulated performance. The
encountered limitations gave good indications about the modification of the
setup needed in order to optimize the DFG inside an enhancement cavity.
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2.3 Difference frequency generation inside
an enhancement cavity

DFG in a cw single-pass configuration is an experiment with a low level of
complexity, however it usually displays a weak power conversion for bulk
crystals. In order to improve the efficiency, a resonant cavity can be set
around the nonlinear crystal to recycle the non-converted power from the
pump or the signal wavelength. This principle has already been explored in
cw operation for frequency doubling [51], as well as for DFG [52,53].
Nevertheless, the output power of such systems has been limited so far to
the tens of milliwatts level. Today high-power amplifier systems in
combination with PPLN crystals are expected to enable narrow linewidth
3-um generation with 1 - 10 W power.

2.3.1 Enhancement of the 1.5-um signal in a resonant
cavity

2.3.1.1 Cavity design

The implementation of a cavity around the crystal changed the optimal
value of the beam radius at the focal point inside the crystal. In order to
create a resonant cavity sustaining a 92-um tight focus inside a 5-cm long
PPLN crystal, the simulation software RP Resonator was used. The software
calculates the propagation of gaussian rays using the ABCD matrix
formalism. The cavity design was realized to meet certain number of
requirements fulfilling some constraints. The intracavity losses had to be as
small as possible, implying to limit the number of cavity mirrors for
instance. The choice of the mirrors (coatings, radii of curvature, angle of
incidence), the space between them as well as their mount has been made
accordingly.

Many designs have been experimentally tried in the frame of this
thesis, but only the last implemented configuration that led to the results
reported here after is presented. The idea of using only four mirrors has
been abandoned to the profit of a 6-mirror configuration driven by the
necessity to have input and output couplers, two curved mirrors and one
mirror mounted on a piezoelectric actuator. Figure 2.28 shows the geometry
used for the last cavity design.
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Figure 2.28: Cavity scheme: the two curved mirrors (radius of curvature
(ROC) = -250 mm) create a 105-um inside the 5-cm long PPLN crystal. Mirrors
are labeled from M1 to M6 and separated by distances a, by, b.and c. They are
a =430 mm, b; =165 mm, b, =70 mm and ¢ = 240 mm. IC: input coupler, OC:
output coupler, PZT: piezoelectric actuator.

In this configuration, the input and output couplers are plane mirrors.
It allows for easy in-coupling of the signal and pump beams as well as the
out-coupling of the 3-upm light. A CaF, substrate was used as output
coupler, which exhibits low absorption of the mid-IR beam.

The two curved mirrors (radius of curvature ROC = -250 mm) produce
a focus of diameter r, = 105 pm (from simulation) in the center of the
crystal. The distance between mirrors is optimized to create a stable focus
inside the crystal with a radius as close as possible from the optimal
calculated value of 92 um. The beam size along its propagation in the
resonant cavity is depicted in Figure 2.29. The cavity length is equal to
1.14 m.
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Figure 2.29: Beam radius (at 1/ 2) along the z-axis inside the resonant cavity of
total length of 1.14 m.

In first experimental configurations to test the resonant cavity, the
crystal was removed. Thanks to the focus position being at the center of the
crystal, the cavity remained stable without changing any parameter.

2.3.1.2 Beam focus

For the single-pass configuration, the beam focusing setup was limited to
two lenses at each wavelength, the second one producing the desired beam
waist at focus. In the case of coupling into a resonant cavity, not only the
beam size at focus has to be carefully handled, but the convergence of the
beam as well, such that the incoming beam matches the cavity mode.

Compared to the single-pass configuration, an additional pair of lenses was
added and the 1.2-um long-pass filter was placed between this telescope
and the last focusing lens. The same Python script was used as in the
previous subsection to simulate the beam propagation in order to determine
the needed lenses as well as the distances between the different optical
elements. As displayed in Figure 2.30, the beam from the PM1550 fiber end
tip is collimated by an aspheric lens with f =8 mm. Then it propagates over
a distance of 50 cm (through a half-wave plate and an HP-isolator) and goes
through the telescope which is composed of f=30mm and f=50 mm
singlet lens. The beam expands over 1m until the last focal lens, an
achromatic f = 500 mm lens and is focalized into the PPLN crystal through
the first cavity mirror.
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Figure 2.30: Simulated propagation of the 1560-nm beam out of the PM1550
fiber. The cavity starts at position 0 of the x-axis. Lenses are depicted with plain
black lines and their focal length is noted above.

One can notice the large beam radius after the telescope. Because of
geometrical considerations, the distance between the last focusing lens and
the first cavity mirror had to be long (65 cm) in order to place two in-
coupling plane mirrors.

Figure 2.31 shows that the incoming 1560-nm beam overlaps properly
with the intra-cavity resonant beam with small amount of astigmatism.
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Figure 2.31: Zoom on the cavity part of the simulations. In blue and green the
vertical and horizontal resonant beam size in the cavity. In red the incoming
beam.

The propagation of the 1030-nm beam follows a similar path. The
beam is collimated out of the PM980 fiber by an f = 11 mm aspheric lens and
propagates until the telescope composed of an f=25-mm lens and an
f=50mm lens. As for the 1560-nm beam line, the beam is expanded and
recombined with the 1560-nm beam before the f = 500 mm achromatic lens
that focuses the two beams into the PPLN crystal. In the next paragraph, the
overlap of the two beams and their radius at focus is presented.

2.3.1.3 Foci overlap of the two beam lines

Using the same setup as for the single-pass DFG, the beams were analyzed
with imaging cameras along their propagation axis. The purpose was two-
fold, on one hand to align the 1030-nm beam and its overlap with the
1560-nm beam, and on the other hand to check the agreement between the
measured and simulated beam propagations. For a correct mode-matching
of the incident beam into the cavity, this step is crucial.

For beam alignment, only an InGaAs scanning slit beam profiler (DataRay
Inc., Beam'R2-IGA) was used as it operates at both wavelengths.
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Figure 2.32: 1560-nm and 1030-nm separated beams around the focus position
(vertically separated for check).

Figure 2.32 shows an image of the Beam’R2-IGA during the alignment
process. As the beams are set at a height of 75 mm upon the optical table,
the two beams are almost always aligned vertically. To achieve a good
overlap of the beams in the horizontal direction, the 1030-nm beam was first
slightly tilted vertically such that the two beams were close but separated.
Once the two beams were aligned on the x-axis, the 1030-nm beam was set
back to its initial height, achieving a complete overlap of the two beams in
the two directions.

To verify the beam size along the propagating axis, different cameras
were used. The Beam'R2-IGA was kept for the 1560-nm beam but a
DataRay-BladeCam HR was used for the 1030-nm beam (for large beam
diameters at 1030 nm, our slit-camera Beam'R2-IGA shows some
aberrations). The 1030-nm beam propagation is far less critical than the
1560 nm beam. Figure 2.33 summarizes the measurements of the 1560-nm
beam size along the propagation axis. During the measurements with the
slit-beam profiler, the crystal was not inserted into the cavity as the device
is too large. A very good agreement is observed between simulations and
measured values, which was also the case for the 1030-nm.

47



Chapter 2 - Continuous-wave difference frequency generation inside an
enhancement cavity

R

© &

Rx =112um
Ry =113pm

Rx = 520um
Ry = 545um

Ry = 288um

1/e® (um)

Beam radius

|
|
0 | | 1 1 | 1 l! |

-50 0 50 100 150 200 250 300
Pasition (mm}

Figure 2.33: The experimental mode-matching. Upper part: experimental
values of the 1560 nm beam size. Down part: simulations of the propagating
beam (with the crystal). In blue and green the vertical and horizontal resonant
beam size in the cavity. In red the incoming beam. The measurement points
are z=0mm, z=50 mm and z = 95 mm.

2.3.2 3-um DFG inside a resonant cavity

2.3.2.1 Cavity resonance

As mentioned in the previous section, the cavity mirrors have been placed
according to resonator simulations. The choice of the mirrors is important
as the cavity resonance mainly depends on the intracavity losses and thus
on the mirror reflectivity.

For a three-wave interaction such as DFG, the mirror coating is of
high importance. Hence, the input coupler was coated on a fused silica
substrate with our ion beam sputtering (IBS) machine with a reflectivity of
99% at 1560 nm and an anti-reflection (AR) coating at 1030 nm. The output
coupler is a CaF, substrate with a highly-reflective (HR) coating at both
1560 nm and 1030 nm and an AR coating at 3 pm with a large acceptance
bandwidth (from 2800 nm to 3600 nm). All other cavity mirrors are HR-
coated at 1560 nm and the plane mirrors are also HR-coated at 1030 nm. The
coating of the curved mirrors is only specified at 1550 nm as they have been
acquired from LaserOptik and not coated by our IBS machine.
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Figure 2.34:1.5-um cavity setup with the PPLN crystal. A photodiode is placed
in reflection and another one in transmission. PD: photodiode, IC: input
coupler, OC: output coupler, PZT: piezoelectric actuator. PD-displayed
resonance in transmission (in blue) and in reflection (in yellow).

The signal reflected from the input coupler was sent to a photodiode
and the leakage from one of the plane mirrors was detected by another
photodiode. The cavity transmission signal can be observed by scanning
either the cavity length with the piezoelectric actuator (see Figure 2.34) or
the frequency of the 1560-nm signal with the current of the seed laser diode.
In a first scheme, the seed laser diode current was modulated (with a
triangular waveform) to scan the cavity resonance.

To excite a cavity resonance, the laser beam has to follow the beam
path defined by the cavity design until it comes back to its exact position
onto the input coupler. This path corresponds to the first cavity round trip.
By aligning the cavity mirrors such as all cavity round trips overlap with
the first one, resonance is achieved. On the transmission photodiode, peaks
of intensity are appearing while on the reflection photodiode peaks of
depletion resulting from destructive interferences can be seen. The cavity is
then aligned such as only one peak is visible per free spectral range (FSR),
which corresponds to the fundamental mode.
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Figure 2.35: Two cavity resonances measured in transmission on a photodiode
when scanning the seed laser frequency via its injection current.

In a first attempt of aligning the cavity, the crystal was not placed in
the cavity. Figure 2.35 shows the transmission photodiode signal of the
optimized cavity while the current of the seed laser diode was modulated
by a triangular signal.

Once a clear resonance was obtained, the crystal was inserted into the
cavity, and the alignment had to be readjusted. The achieved transmission
and reflection signals on the photodiodes are depicted in Figure 2.36. The
contrast of the resonance on the reflected signal is around 50%.

Indeed, now a proper resonance is found, the signal frequency has to
follow the cavity movements such as the resonance condition is always
fulfilled. In order to achieved this locking a Pound-Drever-Hall (PDH)
locking scheme is setup [54]. Before entering the fiber amplifiers the fiber-
coupled 1560-nm signal goes through an electro-optical modulator (EOM)
which modulates the optical signal at the radio-frequency of 36.8 MHz
creating sidebands around the laser frequency. The reflected signal is sent
to a PDH module that demodulates it at the EOM frequency to generate the
characteristic PDH error signal (see Figure 2.36). This error signal is sent to
a PID servo controller which locks either the laser frequency onto the cavity
resonance by retroacting on the diode current or the cavity length onto the
laser by retroaction on the piezo actuator inside the cavity. Note that for 3-
pm frequency-noise measurements, the retro-action loop acts onto the piezo
actuator and thus the cavity length (in the next section) leaving the 1560-nm
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frequency untouched. The cavity is thus locked in resonance with the seed
laser and the intra-cavity power at 1560 nm is enhanced.
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Figure 2.36: From left to right: transmission signal, reflected signal and error
signal of the cavity as a function of the laser detuning frequency obtained
when scanning the seed laser current.
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Using the transmitted signal side bands to scale the laser current scan
into a frequency axis, the cavity FSR and the resonance linewidth were
calculated. The finesse of the cavity was then estimated, as well as the cavity
enhancement factor. Measuring an FSR of 258.6 MHz and a resonance
FWHM of 2.5 MHz, the cavity finesse was estimated to be around 102.5 and
the cavity enhancement factor Gy, = 32.6. The cavity coupling ratio was
obtained from the contrast of the reflected signal C =0.5. The theoretical
effective power enhancement factor of the cavity (considering the fraction
of the incident power effectively resonating inside the cavity) was obtained
accordingly:

Geff_th =C X Gth =0.5x32.6 =16.3

For a direct evaluation of the intracavity power, the power of the
1560-nm beam has been measured out of resonance before and after the
output coupler, giving its transmission (Toc = 1%). Thus for an incoming
power of 1.7 W, the intracavity power was estimated to 24 W, resulting in a
power enhancement factor of 14.1. This measurement is in relatively good
agreement with the effective power enhancement factor calculated
previously.

2.3.2.2 3-um light detection and power slope

Once the 1.5-um enhancement cavity was locked at resonance onto the laser
frequency, adding the 1-um beam allowed powerful DFG inside the PPLN
crystal. To detect and quantify the 3-um radiation, the previous
experimental setup has been slightly modified (see Figure 2.37). The 1-um
beam was reflected by the output coupler and was extracted through the
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first curved cavity mirror. A MgF, f=200 mm lens was added after the
cavity output coupler and a 2.4-um long-pass filter was used to extract the
remaining leakages at 1.5 pm and 1 um from the 3-pm beam. The 1.5-pm
beam was focused onto a photodiode using a lens with a short focal length
(f=10 mm), and the signal from the photodiode was used as the cavity
transmission signal. A thermal power-meter was placed in the 3-pm beam.

RF 36.8MHz
DC EDFA EDFA EDFA o LD
e
1560nm
1.2 1030nm

.

pc YOFA YDFA LD

Figure 237: General experimental setup including high-power fiber
amplifiers, beams collimation, 1.5-um enhancement cavity and 3-um
detection. The 1-pm beam is represented in green, the 1.5-um beam in red and
the genrated 3-pm light in violet.

By setting the 1560-nm power to 2.3 W and locking the laser frequency
to the cavity resonance, thus enhancing the intracavity power to 32 W
(estimated value with 1.5-um power measured behind a cavity mirror), the
3-um power slope was recorded while the 1030-nm power was raised (see
Figure 2.38).
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Figure 2.38: Mid-IR (3-um) power slope for 2.3 W of 1.5-um seed light and a
varying 1 pm pump power (x-axis).

Up to 120 mW of 3-uym power was measured on a thermal power
meter, corresponding to a conversion efficiency of n = 1.39 mW-W-2-cm-!
for the overall system and 7 =98.5uW-W-2.cm?! for the intracavity
conversion efficiency (equivalent to single-pass). Only up to 7.5 W of
1030-nm pump power was used because strong instabilities prevented us
to further increase the pump power. In an optimized configuration
(alignment, less input power from the 1560-nm amplifier and thus less
instabilities), up to 113 mW was achieved with only 4.3 W of 1030 nm and
1.4W of 1560 nm, resulting in a conversion efficiency of n = 3.75 mW-W-2-cm-
L for the overall system and 7 =265.9 yW-W-2.cm'! for the intracavity
conversion efficiency. In comparison, with their enhanced cavity, Witinski
et al. [63] showed a conversion efficiency of 1 =286 mW-W-2cm!
(n =285.7 uWW-W-2.cm! inside the cavity) in single pass Guha et al. [34]
achieved n = 528.9 yW-W-2.cm1,

The main limitation of our system comes from thermal effects and
results in a non-stable power level of the 3-um radiation on a long-time scale
(over few minutes). Indeed, after a 5-10 minutes of high-power operation
(2 W of 1560 nm for example), the alignment of the 1.5-um beam line has
drastically changed and needs to be corrected. And even afterwards the
position of the focal point inside the crystal is not very stable. The same
effect is visible on the 1-um beam line however with less amplitude,
resulting in a very unstable overlapping of the two beams inside the crystal
and thus a very unstable 3-um power level. The problem is caused by the
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thermal behavior of the fiber holders at the end of the two high power fiber
amplifiers. Even if the pump power (980 nm for both 1-um and 1.5-pm fiber
amplifiers) is extracted before the end of the amplifier, the glue at the end
tip of the amplifier is heating up, bending the fiber enough to misalign the
beam line afterward. An improved setup should be designed in the future
to prevent any fiber end tip movement (with a metallic ferrule for example).

Nevertheless, before any further optimization of the system, its
performance is already sufficient for a proof-of-principle evaluation of its
noise properties, which is done in the following section.
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2.4 Noise characterization of the intracavity
DFG source

For most applications of mid-IR sources like in spectroscopy, the linewidth
of the source directly impacts the precision of the measurements. Narrow-
linewidth sources are thus highly attractive. However, the determination of
a laser linewidth at kHz or even sub-kHz level is not an easy task. The
FWHM linewidth of a laser results from its frequency noise, and lasers with
low frequency noise levels display a narrow linewidth. The most common
ways to determine the frequency noise of a laser source are to compare it to
another low-noise source at the same wavelength or to use a narrow
molecular or atomic absorption line as a frequency discriminator to convert
the laser frequency fluctuations into measurable intensity fluctuations. In
any case the measurement is limited by the highest noise level between the
source under test and the reference, which requires a reference source with
a lower noise.

2.4.1 Choice of linewidth determination method

The linewidth of the 3-pm radiation can be determined by applying the -
separation line method to its measured frequency noise [3]. This requires a
beat note with another 3-um reference source of lowest noise or the use of
an optical frequency discriminator such as the side of a narrow molecular
transition.

A first idea was to frequency-double the 3-um beam inside a 20-mm
long PPLN, generating a 1505-nm radiation which could be compared with
one line of a stabilized frequency comb available at the institute (FC 1500
from Menlo System). However, the calculated optimum SHG efficiency for
the 3-um radiation is only 6.4 X 107> W2/W for the available 20-mm long
PPLN crystal. With such a weak power, the detection and analysis of a beat
note with a line of the frequency comb (power estimated about hundreds of
nW) would be too challenging.

Inside the PPLN, besides the DFG, many other non-optimized
nonlinear processes occur. They are usually considered as parasitic light.
Indeed, during the experiment, green and red radiation were visible when
a paper sheet was placed after the PPLN while the two near-IR beams were
overlapping inside the crystal. The green light results from the frequency
doubling of the 1030-nm beam, while the red light originates from the sum-
frequency generation (SFG) between the 1030-nm and 1560-nm radiation.
Indeed, if one of the two near-IR beams is blocked, the red light disappears
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(this light was actually used for DFG pre-alignment). Assuming that the
frequency noise of the SFG is comparable to that of the DFG, a beat-note
between the SFG red light and a line from a frequency comb extending in
the visible could be detected and analyzed. However, in practice, about
1 uW of SFG red light could be measured and the corresponding power of
an individual line of the frequency comb was estimated at the nW level.
Once again, the too-low power levels prevented any beat detection.

The previous attempts to evaluate the frequency noise of the 3-um
radiation were based on a scheme which uses an external and independent
source as a reference to make a beat note: one line of a frequency comb at
1505 nm in the first case and in the red for the second case. As the lack of
power was the limiting factor, another DFG-based source of 3-um radiation
seeded by independent fiber amplifiers was set using a 5-mm long PPLN
crystal. The pump and signal sources, at 1 um and 1.5 pm can be chosen
according to the need of the experiment. In an ideal case, two independent
sources at 1 pm and two at 1.5 um should seed the cavity-enhanced DFG
and the second DFG source. However, because of the unavailability of
narrow linewidth and stable sources, the same pump and signal sources at
1 pm and 1.5 um, respectively, were used to seed the cavity-enhanced DFG
and the single pass DFG (see Figure 2.39). An acousto-optic modulator
(AOM) shifts the 1560-nm light going to the cavity-enhanced DFG setup by
34 MHz, allowing a heterodyne beat between the two 3-um sources to be
implemented. In this configuration, as the two 3-um signals share the same
near-IR seed sources, the measurement of the frequency noise of the 3-um
beat note gives only the additive phase noise of the overall system (fiber
amplifiers, cavity and DFG conversion). To complete the frequency noise
analysis and to evaluate the total linewidth of the 3-um radiation, a separate
measurement of the frequency noise of the two seed and pump near-IR
sources is needed. The 1030-nm semiconductor laser from QD Laser, used
as 1-um source in the DFG setup previously reported, was tested by
analyzing its beat signal with a frequency-stable source at 1pm
(supercontinuum spectrum of a fully-stabilized frequency comb). However,
the resulting beat signal appeared to be very unstable with a strong ripple
visible on the RF spectrum analyzer. This made this laser source unsuitable
for narrow-linewidth 3-pm light generation by DFG due to its large
frequency noise. Therefore, this laser diode was changed for a 1064-nm
semiconductor laser module (ORION laser from Redfern Integrated Optics
- RIO) with a much better frequency stability and lower frequency noise for
the subsequent experiments described below.

The wavelength change of the 1-um source introduced a number of
issues. The 1-pm fiber amplifier, initially designed for 1030 nm, contained
several components that were not well suited for 1064 nm (the isolators and
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WDM displayed higher transmission losses). All the amplifier components
being fiber-spliced together, changing one component in the line is a very
delicate operation. Instead of rebuilding the fiber amplifier in an optimized
way for the 1064-nm source, the fiber amplifier was used with the
previously presented design (see subsection 2.1.2.1) but restricted to low
power operation (with 3 W of maximum output) to avoid any component
damage. On the crystal part, the wavelength change modified the phase-
matching conditions as well as the generated 3-um wavelength. Using the
same crystal channel (with 30-um poling period) the oven temperature was
raised up to 177 °C for an efficient phase-matching. According to energy
conservation, the idler wavelength was 3346 nm.

2.4.2 Setup of the second source of 3-pm

The pump and signal laser sources (at 1560 nm and 1064 nm) are divided
into two channels: one seeds the cavity-enhanced DFG setup previously
described and depicted in Figure 2.37, the other channel seeds the single-
pass DFG source. The 1-pm laser diode is directly amplified in a double-
clad 4.5-m long ytterbium-doped fiber amplifier, increasing the power from
10 mW to 450 mW. The 1064-nm line is then divided into two channels
through a 50/50 fiber coupler. A power of 194 mW goes in the high-power
amplifier for the cavity-based 3-pm setup and 187 mW go in the 27d 3-pm
source setup. On the 1560-nm line side, the Eblana-Photonics laser diode is
simply divided into two equal channels, with a power of 4 mW each. Before
entering the high-power amplifier, the frequency of the signal is shifted by
a value ranging from 32 MHz to 42 MHz using a fiber-coupled AOM
(IntraAction FCM-401E6AP). Because of its poor transmission, only 2 mW
are coupled into the high-power 1.5-um fiber amplifier after the AOM. The
second 3-um source setup consists of an amplification stage for each
wavelength, a WDM to combine them, then a free-space part where the
beams are collimated and focused into a 5-mm-long MgO-doped PPLN and
finally separated from the 3-um using a 2.4-um long-pass filter.
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Figure 2.39: Experimental setup of the second DFG source for beat detection.
CaF, UP: CaF> uncoated plate.

The 1.5-pm fiber amplifier, composed of 3.5 m of erbium-doped fiber
(Coractive ER35-7), amplifies the signal from 2 mW to 210 mW. The 1-pm
fiber amplifier, composed of 29 cm of DF-YB-6/1285-PM fiber from
Coractive, increases the power level from 187 mW to 660 mW. After
isolation, both amplified radiations are combined in a WDM and
outcoupled in free-space through a connectorized FC/APC end fiber. A
pair of lenses is placed to collimate (f =30 mm) and focus (f =75 mm) the
beams into the crystal with a beam size of 30 pm (radius) at the focal point.
The crystal, a5 %-doped MgO-PPLN, dimensions of 5 x 1 x 10 mm, is placed
in an oven mounted onto a 3D translation stage. As the available poling
period for this new crystal was 29.95-pm, the temperature of the oven was
set at 177.7 °C to reach the phase matching. The output beams are
collimated using a CaFz lens (f=25.4 mm) and the 3-pm radiation is
separated from the non-converted 1-pm and 1.5-pm by a 2.4-pm long-pass
filter.

To combine the two 3-um beams from the cavity-enhanced DFG
source and from the single-pass DFG source, an uncoated CaF> plate (90 %
transmission) is placed at the crossing of the two 3-um beams. As the power
of the 3-pm radiation from the second source is weak (estimated to a few
uW), the plate is used in transmission for the second source 3-pm radiation
and in reflection for the high-power cavity-enhanced 3-pm radiation. The
two beams are then focused onto a mid-IR photodiode (VIGO 4TE-5, 100-
MHz bandwidth) through a CaF: lens (f = 75 mm). With such a weak power
level, the alignment of the 3-um radiation coming from the second source
was achieved with the help of a lock-in detection. Once this arm was
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aligned, the cavity-enhanced beam was aligned to spatially overlap the first
arm. Analyzing the RF spectrum of the photodetector signal, a clear beat
signal was visible (see Figure 2.40, the AOM was set at 37 MHz).

10 ) ) ) ) )

-30
-40
-50 1 1 1 1 1
36.6 36.8 37.0 37.2 37.4
Frequency (MHz)

Figure 2.40: 3-um beat note detected between the two DFG sources with a
resolution bandwidth of 1 kHz. After the photodetector, the electrical signal
is filtered (high-pass filter at 27.5 MHz and low-pass filter at 48 MHz) and
amplified.

As a result of its relatively unstable amplitude, the beat signal was
difficult to analyze. In order to enhance the beat signal for noise
characterization, it was filtered and amplified using a tracking oscillator
filter. This was realized by mixing the beat signal with the RF signal from a
voltage controlled oscillator (VCO, central frequency f. =204 MHz)
frequency-divided by a factor of 6 to f. = 34 MHz to match the AOM
frequency to generate a phase error signal corresponding to the relative
phase fluctuations between the VCO and the beat signal. This error signal
was input into a PID servo controller acting onto the VCO voltage to tightly
lock the VCO onto the beat frequency (see Figure 2.41). The output of the
VCO (after the frequency division) constitutes a filtered and amplified copy
of the beat signal (within the PID loop locking bandwidth of around
500 kHz) that is much more stable in amplitude and which was used for
noise analysis (see Figure 2.42).
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Figure 2.41: Enhancement of the 3-im beat note with a tracking oscillator filter.
HP: high-pass filter, LP: low-pass filter, BP: band-pass filter; FD: frequency
divider (followed by the dividing factor).
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Figure 2.42: VCO signal (after frequency division) locked on the 3-um beat
note (central frequency 40.69 MHz), resolution bandwidth: 1 kHz.

The locked VCO signal was analyzed with a phase-noise analyzer
(Rohde & Schwarz FSWP26) to measure its phase noise over a large range
of Fourier frequencies (up to 1 MHz).

Table 2.4 summarizes the power performance achieved in the different
experiments reported in this thesis. The performance of the fiber amplifiers
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were presented in subsections 2.1.2.1 and 2.1.2.2. The highest measured
3-um power corresponds to the results described in subsection 2.3.2.2, as
well as the 3-um power corresponding to the highest efficiency. The
experimental conditions for the 3-um beat note characterization correspond
to the current subsection.

Fiber amplifier (see subsection 2.1.2.1 & 2.1.2.2)
1 um 30 W
1.5 um 47 W
DFG (highest power, see subsection 2.3.2.2)

75 W @1 pm

120 mW @3 pm
23 W @1.5 um
DFG (highest efficiency, see subsection 2.3.2.2)
43 W @1 um

113 mW @3 pm
1.4 W @1.5 pm

DFG (beat note, see subsection 2.4.2)

2W @1 um

30 mW @3 um
2W@1.5 um

Table 2.4: Summary of the power performance achieved for the different
configurations of the DFG setup presented in this thesis.

2.4.3 Noise analysis

2.4.3.1 Frequency noise analysis

As previously stated, the linewidth determination of the 3-pm signal from
its frequency noise PSD is based on the -separation line method, presented
in Chapter 1.

The frequency noise PSD of the beat-note between the cavity-
enhanced 3-pm and the second source of 3-um radiation is the sum of the
non-correlated noise originating from every component of the setup
influencing the pump or the signal frequency. As the two 3-um sources
share the same seed laser diodes, their noise contribution is common in the
two generated 3-pm signals and cancels out in the beat signal. The
frequency noise of the 1-pym and 1.5-pm laser diodes was thus separately
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measured from their respective beat note with an optical line of a
supercontinuum spectrum from a fully-stabilized frequency comb (OFC250
from Menlo System) to assess their contribution to the overall noise and
linewidth of the 3-pm light. In addition to the noise of the laser sources,
other components in the overall setup can add extra noise to the 3-um beat
signal. For example, the high phase-noise of an AOM RF driver (see Figure
2.43) initially used in a first implementation of the setup was totally limiting
the measurement of the 3-pm frequency noise for Fourier frequencies below
roughly 1 kHz.

LA ) LR | L ) L ) L ) LR
— 3-um/beat note .
— 1.5-ym transmission cavity
— AOM voltage driver e |

~
TT 1

Frequency Noise PSD (Hz*Hz)

10‘1_ Ll Ll Ll Ll Ll L]
10 10’ 10° 10° 10* 10° 10°
Frequency (Hz)

Figure 2.43: Frequency noise spectra of the 3-um beat note in purple, of the
1.5-pum signal transmitted through the cavity in red and of the AOM RF driver
in dark green. The difference between the 3-um and 1.5-pm curves around
400 kHz originates from the different setting of the PID of the VCO used in the
two measurements.

Integrating this 3-um frequency noise above the [-separation line
leads to an FWHM linewidth of 100 kHz approximatively. By changing for
a less noisy AOM RF driver, the measured 3-um frequency noise was
drastically decreased (see Figure 2.44). The bumps around 4-10° Hz in the
3-um and 1.5-um FN spectra are the signature of the VCO servo-loop.

By performing a beat note between the output of the fiber amplifiers
and the laser diode sources, respectively at 1064 nm and 1560 nm, the
additive frequency noise of each amplification chain was evaluated. Figure
2.44 displays the additive frequency noise spectra.
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Figure 2.44: Frequency noise spectra of the fiber amplifiers at 1560 nm in dark
red and at 1064 nm in dark green and of the 3-um beat in purple.

The 3-um beat frequency noise spectrum is almost entirely below the
p-separation line and follows the noise spectrum of the 1560-nm amplifier.
This means that the noise contribution of the cavity and of the non-linear
conversion in the crystal is negligible. The overall system frequency noise
is mainly limited by the laser sources. Above 5-kHz Fourier frequencies, a
bump and a few peaks are visible in the 3-um FN spectrum. By increasing
or decreasing the gain of the servo loop of the piezo-locked cavity, the bump
increased or decreased as well. The piezo movement inside the cavity has
an influence on the cavity FSR (for the resonance to be maintained and thus
the intracavity power to remain high) and should not have any influence on
the 1560-nm frequency. An intensity-to-frequency conversion might occur
inside the crystal.

The frequency noise of the 1-um and 1.5-um laser sources was assessed
by detecting a beat note between each laser and a corresponding line of a
stabilized frequency comb (OFC-250 from Menlo Systems), whose
linewidth is estimated at 180 kHz at 1.5 um and 440 kHz at 1 um. From the
measured frequency noise spectra depicted in Figure 2.45, the linewidth of
the 1.5-um Eblana diode was estimated at 700 kHz for an integration
between Fourier frequencies of 1 Hz and 1 MHz and the linewidth of the
1-um laser diode was estimated at 780 kHz. For comparison, the datasheet
of the 1.5-um Eblana laser specified a linewidth of 150 kHz.
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Figure 2.45: Frequency noise spectra of the laser diode at 1560 nm in red, at
1064 nm in green, of the 3-um beat (contributions of the fiber amplifiers and
cavity) in purple and calculated total frequency noise in black. In blue, the
estimated linewidth calculated from the f-separation line (right scale).

The total frequency noise of the cavity-based 3-um DFG radiation was
calculated as the sum of the frequency noise PSDs of the two laser diodes
and of the 3-um beat signal that contains the extra noise induced by the
amplifiers and cavity, as depicted in Figure 2.45. From the -separation line
concept (see Chapter 1), the linewidth (FWHM) of the 3-um radiation is
estimated at 1.1 MHz (integration from 1 Hz to 1 MHz). This is higher than
state-of-the-art DFG-based sources, as C.C. Liao et al. reported a 100-kHz
free-running linewidth [55] and more recently, H. Sera et al. reported a few
hertz linewidth DFG-based source locked to a stabilized optical frequency
comb [29]. The interest of the result reported here resides in the complete
frequency noise analysis of the setup, which shows a small contribution of
the servo-loop of the cavity (around 10 kHz) and a negligible contribution
of the frequency conversion process.

2.4.3.2 Intensity noise analysis

As previously mentioned, the generated 3-pm power was rather unstable
over time. The power stability was studied at two time-scales: at long time
scale, for measurements longer than 1 second, it was characterized in the
time domain, and at short time scale for measurements ranging from 1 Hz
to 1 MHz, it was characterized in the frequency domain.
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For time scales over 1 second, the power level stability of the 3-um
radiation depends strongly on the 1-um and 1.5-uym power levels. Typically,
for pump and signal powers below 1 W each, the resulting 3-um power is
varying in a range of 10 % of its average value. This power stability is
considered as acceptable for the present experiment but should be
improved for experiments like gas-phase absorption spectroscopy. For
higher pump and signal levels, the 3-uym power becomes fairly unstable as
depicted in Figure 2.46.
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Figure 2.46: DFG power instabilities for 2 W of pump at 1064 nm and 1.7 W of
signal at 1560 nm. Time resolution: 1 point/s.

In this case, the 3-um power was set initially at 20 mW but evolved
varying over a range of 15 mW (10 mW to 25 mW). By re-aligning both
beam lines (and re-locking the 1.5-um resonant cavity), the initial power
level was restored, but was rapidly varying strongly around its mean value.
Such high instabilities can be mainly explained by the pointing instabilities
at the output of the fiber amplifiers at 1 um and 1.5 pm, resulting from
insufficient thermal management of the setup. Indeed, the DFG efficiency
is closely related to the overlap between the pump and signal beams,
pointing instabilities from both 1-pm and 1.5-pm lines end up in the
deterioration of the 3-um stability. This effect is predominant for the
intensity noise over the long time scale. One solution, for future
improvements, consists in using a high-power fiber collimator including an
aspheric lens mounted in one piece with a metallic ferule at the end tip of
each fiber amplifiers for an optimized thermal management. Such robust
system could resolve the pointing instabilities issue. Other effects
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influencing the 3-pm power like polarization state instabilities could be
spotted after the fiber amplifiers, but compared to the signal and pump
beam pointing instabilities, their impact was lower.

For the 3-um power variations at frequency ranging from 1 Hz to
1 MHz, the relative intensity noise (RIN) is measured using the same phase-
noise analyzer than for the frequency-noise measurements. RIN is
measured from different part of the cavity for a complete analysis and sum-
up of the RIN of the system is depicted in Figure 2.47.
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Figure 2.47: RIN spectra of the radiation at the output of the fiber amplifiers at
1064-nm in green and 1560-nm in bright red, of the signal in transmission of
the cavity in dark red and of the 3-um radiation in purple.

The RIN of the 3-um radiation (0.54%) is very low for Fourier
frequencies going from 1Hz to 1 MHz, and is mainly driven by the
intracavity 1.5 um RIN and then, depends strongly on the quality of the
piezo-locked cavity servo loop. The RIN from the 1-uym and 1.5-um signals
directly out of the fiber amplifiers is measured decades below the cavity
transmitted 1.5-um signal. The transfer function of the loop with the piezo
was measured with a cut-off frequency around 10 kHz. This value
corresponds to the weak bump in the RIN of the 3-um radiation in Figure
2.47, but can be shifted depending on the PID parameters, as depicted in the
RIN of the 1.5-um signal in transmission from the cavity, where the bump
can be spotted around 1.5 kHz (the two measurements were achieved with
different PID parameters). In comparison to the long time-scale stability, the
3-um power is rather stable in the high frequencies domain.
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Conclusion

To conclude, a noise characterization was achieved by analyzing the beating
note between a high-power (more than 120 mW) continuous-wave cavity-
enhanced difference frequency generation-based source driven by two fiber
amplifiers operating at 1064 nm and 1560 nm, and a single-pass DFG source
seeded by two fiber amplifiers operating at the same wavelengths. As the
two systems were seeded by the same laser diodes, the additive frequency
noise of the fiber amplifiers, the crystal and the cavity was characterized. It
is shown that only the frequency noise of the laser diode (at 1064 nm and
1560 nm) contribute to the linewidth of the mid-IR radiation (evaluated to
1.1 MHz). Using lower noise laser sources at 1 um and 1.5 pm (in terms of
frequency noise) in the reported setup would lead to an ultra-narrow
linewidth and powerful 3-pm source which would constitute a highly
attractive source for state-of-the-art spectroscopic experiment.
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Chapter 3

High harmonic generation in an
ultrafast thin-disk laser oscillator

Introduction

XUV coherent light sources constitute very beneficial tools in many
scientific areas. They are commonly used in X-ray imaging [56], biology and
biochemistry [57-59] or in fundamental physics [60,61]. Among the
different possible coherent sources of XUV light, HHG holds a special place
as it can emit optical frequencies ranging from 1eV to more than
1.6 keV [62] and in contrary to synchrotron sources, can still fit onto an
optical table [63,64] which makes it far less expensive and more accessible.
As introduced in Chapter 1, HHG appears when an intense electric field
interacts with an atomic or molecular gas jet (HHG can also be produced
from laser interacting with solid surfaces or even in liquids [65-67]). The
laser intensity required to produce HHG is ranging from a few 103 W /cm?
to a few 10* W/cm? depending on the considered gas. With such a broad
emission spectrum of coherent light, the HHG enabled the generation of
attosecond-scale pulse durations [68-70].

Since the first HHG demonstration in the eighties [63,64], the research
effort to develop high-XUV-flux table-top HHG sources is still strong. The
most common scheme for HHG involves a Tiisapphire chirped pulse
amplifier as laser source, operating usually with mJ-pulses, at kHz
repetition rates and a few watts average power [71]. HHG with higher
repetition rates, in the MHz range, is beneficial for many experiments like
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electron-ion coincidence spectroscopy [72,73] and microscopy [74] by
highly decreasing the measurement time and enhancing the signal-to-noise
ratio of applications with fast recovery dynamics (below the us). The HHG
process displays a very low conversion efficiency. The highest HHG
efficiency reported to date is 7.5 X 10> for a single harmonic [75], while
most of other systems operate in the range of 10-7-10-. For systems based on
Ti:sapphire lasers operating in the watt-level, the average XUV power is
about a few nW to a few pW. For applications involving high resolution
imaging, the XUV photon flux impacts directly on the acquisition time and
resolution [76,77]. For frequency comb spectroscopy, both MHz repetition
rate for a well-resolved comb combined with high average power for
enough power in each line are required [78,79].

Changing from a Ti:sapphire to a diode-pumped solid-state laser
geometry allowed laser sources to reach average powers of multiple
hundreds of watts with sub-picosecond pulses. Slab lasers [80], coherently-
combined fiber chirped-pulse-amplifiers [81,82] and ultrafast thin-disk
laser oscillators [83-86] can provide enough power to enable HHG at MHz
repetition-rate with however the wuse of a nonlinear pulse
compression [87,88]. Femtosecond enhancement cavities can also be used to
enhance the average and peak-power of MHz ultrafast laser sources [89].
By coherent addition of the optical pulses inside a passive cavity with an
enhancement factor ranging from 100 to 10 000, a few kW of intra-cavity
average power with pulses in the femtosecond range is possible. This
approach allowed in 2005 the realization of the first MHz-repetition-rate
HHG [90,91]. A femtosecond enhancement cavity HHG-based system
demonstrated the generation of XUV light with a photon energy above
100 eV at a repetition rate of 250 MHz [92]. Furthermore, this approach has
resulted in the generation of XUV photon flux up to several hundred pW in
a given harmonic [25,26]. However, the experimental realization of this
approach is highly complex. Stable coupling of fs-pulses from an amplified
frequency comb into a high-finesse resonator containing the HHG
interaction is challenging. In addition, the requirements on the phase
stability of the driving laser system are very demanding.

Placing the HHG interaction directly inside a modelocked laser
oscillator appears as a simpler approach that does not require any input
matching of ultrashort pulses. Instead, the oscillating fs-pulse can adapt to
the present cavity nonlinearities and dispersion. In 2012, the feasibility of
this concept was demonstrated using a Ti:sapphire laser oscillator [93], but
only at an intracavity average power of 10 W. Due to thermal effects and
nonlinearities, ultrafast lasers using bulk crystals, such as Ti:sapphire, are
severely limited in average power. This is not the case for ultrafast thin-disk
laser (TDL) oscillators. Here the gain medium has the shape of a thin disk
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(typically 100 um to 200 um thick), which is mounted onto a heat sink and
used in reflection with a large beam diameter [83,94]. Ultrafast TDL
oscillators have achieved the highest average power and pulse energy of
any modelocked laser oscillator, both intra- and extra-cavity [84,85,95].
Intracavity peak powers up to 1.76 GW have been generated [96]. Recently,
ultrafast TDL oscillators based on Yb-doped gain materials achieved pulse
durations as short as 30-fs directly emitted from the oscillator [97,98].
Furthermore, they can operate with low noise and carrier-envelope offset
(CEO) frequency stabilization has been achieved [99-102], showing their
suitability for frequency comb applications.

In this chapter, the first demonstration of HHG inside an ultrafast TDL
oscillator is presented. In section 3.1, an introduction to modelocked thin-
disk lasers is given, where the advantages of the thin-disk geometry, the
basics of modelocking and the choice of the disk material are explained.
Section 3.2 presents the different steps toward modelocked thin-disk
oscillator with enough intracavity peak power for HHG. Starting from the
modelocking of an ytterbium-doped CaAlGdOs (Yb:CALGO) thin-disk
laser, different cavities and configurations are presented. The final cavity
using an ytterbium-doped lutetium oxide Yb3*:Lu2Os (Yb:LuO) disk was
chosen for HHG operation. Finally, HHG inside a modelocked cavity based
on an Yb:LuO thin-disk is detailed in Section 3.3. With the implementation
of a tight focus extension inside the cavity and a gas nozzle, high harmonics
were produced and detected.
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3.1 Modelocked thin-disk lasers

In this sub-section an overview of the basic principles of modelocking of
thin-disk lasers is given. Starting from the specifications of the thin-disk
geometry, the most commonly used materials are then presented and
finally the modelocking principle is described.

Lasers can be realized in many forms and their core element, the gain
medium, can consist of material in all different state of matter, as solids,
liquid or even gases. However, solid-state configurations are the most
extensively used in research today to perform state-of-the-art experiments,
owing to the high quantum efficiency, precise control of the crystal lattice
enabling optimized quantum transitions, as well as for the better stability
and ease of experimental implementation.

The need for fundamental science to resolve ultrafast events (e.g.,
molecule breaking dynamics) drove the development of laser sources able
to emit pulses as short as a few femtoseconds (1 fs = 1015 s). Focusing such
a laser beam enables reaching very intense electric fields, allowing the
study, of, e.g., the interaction of matter with light or heatless matter-
ablation.

As previously mentioned, the most commonly used ultrafast solid-
state lasers for this type of applications are titanium-doped sapphire
(Ti:sapphire) lasers. Such systems can deliver pulses with a duration of a
few femtoseconds with a few hundreds of milliwatts of average
power [103]. They have already demonstrated GW of peak power, after
amplification and pulse compression, for repetition rates of a few hundreds
of kHz. Even though those performances allow reaching sufficient intensity
torealize strong field physics experiments such as HHG, these laser systems
suffer from some limitations.

The Ti:sapphire material exhibits a good thermal conductivity
(33 W/(m-K) at 5 at.%), allowing the crystal to withstand a few watts of
green pump power. However, this configuration presents many
disadvantages. The large energy difference between the pump photons and
laser photons (quantum defect) in

Ti:sapphire leads to heat generation and the classical bulk laser
geometry of the pumping system does not allow increasing the power level,
therefore limiting the achievable average and peak powers. Moreover, the
amplification and compression stages add a severe complexity and cost
increase to the already expensive system. They also limit the repetition rate
to typical values of hundreds of kHz.
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To overcome these limitations, different technologies have been
developed: slab amplifiers [80], TDL oscillators, fibers and regenerative
amplifiers [104]. All these geometries are based on an efficient heat removal
in the gain medium through an optimized surface-to-volume ratio. This
chapter focuses on the thin-disk laser geometry.

3.1.1.1 The thin-disk geometry, an efficient heat removal

The concept of the thin-disk was introduced for the first time by A.
Giesen et al. [94] in 1994. It consists of a thin-disk-shaped gain medium
(typical thickness of 100 pm) glued or soldered onto a heat sink (made of
copper-tungsten or diamond) which is cooled on the back side by a water
flow (see Figure 3.1). The disk is commonly placed into the laser cavity as a
folding gain mirror. The rear side of the disk has a highly reflective (HR)
coating for both the pump and the operating laser wavelength, whereas the
front side has an anti-reflective (AR) coating at the same wavelengths. The
pump beam diameter on the disk is much larger than the disk thickness,
allowing a nearly one-dimensional heat flow and an effective and uniform
heat removal. Typically, a thin-disk of ytterbium-doped yttrium-
aluminum-garnet (Yb3*:YAG) usually withstands pump intensities up to
5 kW/cm? without laser operation.

Laisk
#l I«

| 0

heat sink

Figure 3.1: Left: the cooling principle of a thin-disk gain medium. Right: thin-
disk contacted on a diamond heat sink and mounted on cooling finger.

As the gain medium is very thin, the pump absorption per pass is very
limited (to approximatively 10%). A. Giesen et al. [94] proposed a
configuration where the pump beam is reflected onto several mirrors and
passes many times through the thin disk (see Figure 3.2). Thin-disk laser
heads, now commercially available, are composed of a parabolic mirror and
several plane mirrors, which focus the pump beam onto the disk 24, 32 or
even up to 48 times. Owing to this particular geometry, the pump beam is
recycled and the pump absorption during laser operation is commonly
enhanced to 90%. The pump beam is usually delivered by a highly
multimode optical fiber. It is collimated through collimation optics and
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imaged on the disk by the parabolic and plane mirrors. Non-fiber-coupled
systems are also used sometimes. Resulting from the overlap of several
highly multimode beams, the pump beam profile is shaped as a
homogenized flat-top profile onto the disk.

Thin-disk mount

Figure 3.2: Mlustration of the multiple pump pass geometry of a thin disk laser.
The disk mount is displayed in dark gray (as labelled) and the mirrors in light
gray. The pump beam is pictured in green and the laser beam in red. In this
example, 12 passes through the disk are shown.

3.1.1.2 Power scaling of the thin-disk technology

In addition to the efficient heat removal and the high absorption of the
pump, the thin-disk concept has the advantage of being power scalable.
Indeed, one of the major limiting factors of this concept is the maximum
pump intensity that can be applied to the disk. This value depends on
various parameters such as the disk surface, coating quality and the thermal
conductivity of the material. By scaling-up the pumped disk area, the
applicable pump power can be increased while keeping the same intensity
on the disk, which enhances the laser performance. However, increasing the
disk size while keeping a small thickness results in some other limitations.
The production, polishing and coating of large (above 10 mm in diameter)
thin disks with a high quality is difficult. Furthermore, large laser heads
supporting high pump power operation (above 2 kW of pump power for
example) are expensive.

An important effect in terms of laser cavity stability and alignment is
the thermal lensing. TDLs display a rather low thermal lensing sensitivity
compared to the other geometries. It affects the power scalability, and
directly results from the low thickness of the disk combined with the huge
thermal load it has to withstand. Indeed, under high pumping levels, part
of the pump power is converted into heat inside the disk and, if not correctly
evacuated by the cooling system, tends to deform the disk surface through
many effects like thermal expension of the material and modification of the
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refractive index. These effects depend both on the properties of the heat sink
and of the gain material. Two types of heat sinks made of copper-tungsten
and diamond have been used in this work, with the thin disks glued on top
of the heat sink. With its higher thermal conductivity, the diamond mount
was chosen for high power operation. The thermal conductivity of the gain
medium depends on the combination of host material parameters and the
doping ion, ytterbium for the present work. A comparative table in the next
section (see Table 3.1) presents the different types of host materials doped
with ytterbium commonly used in TDLs. The combination of a good heat-
sink with a high-thermal conductivity gain material ensures a proper high-
power laser operation.

3.1.1.3 Broadband materials for high-power, ultrashort thin-
disk lasers

Despite the large and increasing number of materials adapted to the thin-
disk configuration, only a few can compete with Yb:YAG (see [94]). In this
thesis Yb:CALGO and Yb:LuO were used owing to their very interesting
properties with respect to the requirements of the targeted experiment.

The first gain material used in thin disks was Yb:YAG [94] because of
its properties suitable for high-power and diode-pumping capability.
Indeed, the material exhibits a low quantum defect when pumped at
970 nm (91% of slope efficiency), high doping levels without quenching,
pump wavelength of 970 nm (achieved with high power InGaAs pump
diodes) and a high thermal conductivity. In comparison to the commonly
used Nd:YAG, Yb:YAG displays a much larger gain bandwidth, a longer
upper-state lifetime and a better thermal conductivity. Owing to these
remarkable features and to the long and proven development time of disk
manufacturing, Yb:YAG thin disks hold the record of the highest output
power (275 W) emitted out of any passively modelocked laser oscillator
with a pulse duration in the femtosecond regime [84]. Using Yb:YAG Kerr-
lens modelocking, pulse durations as short as 49 fs has been achieved with
an output power of 3.5 W [111] as well as 120 W of output power with 350-fs
pulse duration, corresponding to 4 pJ of pulse energy [106].

Yb:YAG led to a proven thin-disk laser technology, however its gain
bandwidth limits the achievable pulse duration. Other gain materials have
been investigated in order to overcome these limitations. Yb:CALGO and
Yb:LuO are both very attractive for their large gain bandwidth and good
thermal conductivity for the same doping level as Yb:YAG. Table 3.1 sums
up the main properties of those materials.
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Ytterbium-doped lutetium oxide (Yb:LuO) combines an excellent
thermal conductivity with a large emission bandwidth (larger than
Yb:YAG). It allows the material to support short pulses in combination with
a high average power. In a first SEmiconductor Saturable Absorber Mirrors
(SESAM) -modelocked thin-disk-based demonstration in 2007, a pulse
duration of 523 fs with an average power of 24 W was achieved with
LuO [107]. Recently, a pulse duration down to 35 fs with an average power
of 1.6 W was demonstrated at the LTF [108]. In another configuration, a 88-
fs pulse duration LuO TDL with up to 11 W of average power was achieved
with Kerr-lens modelocking [108].

Table 3.1: Comparison of the propertied of different Yb-doped materials. The

Material Yb:YAG Yb:LuO Yb:CALGO
Thermal conductivity (W/m-K) 7.0 (7 at.%) | 12 (2 at.%) | 6.9 (2 at.%)
Pump wavelength (nm) 940 976 979.5
Absorption cross-section (10! cm?) 8 31 9
Absorption bandwidth (nm) 12.5 2.9 5
Emission wavelength (nm) 1030 1034 1051
Emission cross-section (10! cm?) 19 12.9 8
Emission bandwidth (nm) 9 12 35

Yb:YAG pump wavelength is shown here at 940 nm for comparison where
the absorption bandwidth is the larger. The zero-phonon line at 970 nm is also
commonly used for pumping thanks to the availability of reliable and
stabilized sources at this wavelength.

On the other hand, Yb:CALGO constitutes as well a suitable solution
for short-pulse, high-power thin-disk laser operation. The material
displays, in addition to a fairly good thermal conductivity (comparable to
YAG), an outstandingly large and almost flat emission cross-section in both
polarizations [109] (see Figure 3.3), which allows for ultra-short pulse
durations in modelocked laser operation. In its first demonstration in a
SESAM-modelocked thin-disk laser in 2012 [110], an Yb:CALGO thin-disk
gain medium achieved down to 135-fs pulse duration with an average
power of 1.1 W, as well as 28 W of average power with 300-fs pulse
duration.
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Figure 3.3: Up-left: Gain cross section of different Yb-doped materials.
B represents the inversion level. Up-right and down: emission and absorption
cross-section of different ytterbium-doped materials. For Yb:CALGO, the
spectra corresponding to two different polarizations (m and o) are displayed.

Nowadays, Yb:CALGO still holds the short pulse duration record of
SESAM-modelocked TDLs [111] (49fs with 2W of average power,
presented in section 3.2.1), as well as the shared record of any Yb-doped
modelocked solid-state laser (including bulk lasers) with an Yb:CaYAIO4
bulk oscillator [112] (30 fs with 15 mW of average power) and a Kerr-lens
modelocked CALGO bulk oscillator [113] (32 fs with 90 mW of average
power). Indeed, the first demonstration of a Kerr-lens modelocked CALGO
TDL realized in at the LTF at the University of Neuchatel equalized this

values [98] with even slightly higher average power (30 fs with 150 mW of
average power).

Owing to their outstanding properties, Yb:CALGO and Yb:LuO
constitute solid candidates for the generation of pulses enabling HHG

inside the laser oscillator. Cavities based on those materials are investigated
in the following sections.
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3.1.1.4 Soliton modelocking

Amongst the different ways for a laser to produce short and energetic
pulses, continuous-wave (cw) modelocking is the most stable method.
Literally, “modelocking” refers to the laser operation in which the different
resonating longitudinal modes (or frequencies) of the cavity oscillate in
phase. The “locking” is achieved by maintaining the phase of the cavity
modes such that they interfere constructively at a certain time resulting in
a short pulse. In cw modelocking, the pulse experiences some modification
through gain and loss effects, dispersion, nonlinearities, etc. as it travels
inside the cavity but always retrieves its initial state at a certain position in
the cavity.

cavity modes
HR circulating pulse oc output pulse

Figure 3.4: Modelocking principle: the longitudinal modes displayed in the
upper part interfere constructively (in phase) at a certain position in the cavity
and destructively at other positions, leading to the creation of a short pulse that
oscillates in the cavity (bottom).

Another pulsed laser operation is to be noted due to its importance:
the Q-switched modelocking operation (see Figure 3.5). It consists of
modelocked pulses shaped into a periodic Q-switched envelope with a
typical frequency in the kHz region. The Q-switched modelocking was
actually discovered since pulsed laser operation could be characterized (in
the mid-1960s) [114]. Due to its unstable pulse energy and repetition rate,
Q-switching is considered as an unwanted laser regime in the frame of this
thesis. In the past, before the introduction of semiconductor saturable
absorbers with Ti:AlLO; (titanium doped sapphire) gain material (in the
1980s), dye lasers were preferably used over solid-state lasers because of Q-
switching issues.
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Figure 3.5: Different continuous and pulsed laser operations.

In order to operate in a pulsed regime, the laser cavity requires
modulation of the laser gain and/or of the losses. The different methods of
modelocking can be classified in two categories: active and passive
modelocking. For the first one, an electrically-controlled modulator
(typically an acousto-optic modulator) is inserted inside the cavity and
modulates the losses, creating a temporal window inside which the pulses
can experience more gain than losses and then propagate. But due to the
limits of those components, pulse duration under few hundreds of
femtoseconds is not achievable. Concerning passive modelocking regime, a
passive element modulating the gain/losses is placed inside the cavity. In
the frame of this thesis, passive modelocking using saturable absorbers is
studied and used. It consists of a material for which the light absorption
depends on the incident intensity. The more intense the light is, the less
absorptive the material becomes. Its role is to start and stabilize the pulse
formation. Starting from a cw operation, the laser operates at constant
power over time, presenting however some natural small instabilities (noise
peaks). Because of the saturable absorber, those peaks experience less losses
and combined with a saturated gain, the energy from the cw operation
decreases in favor of those noise peaks. Over many passes inside the cavity,
the same combination of saturable absorbance with saturated gain causes
the highest peak to be favored over the smallest ones until one peak
remains, which forms a short pulse. In the time domain, the more modes
participating to the pulse construction, the shorter the pulse becomes. The
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pulse experiences a reduction of its temporal width until broadening effects
like dispersion limit the pulse duration.

In the process described above, one of the key elements for passive
modelocking is the saturable absorber. SESAMs are the most widely used
elements to achieved passive modelocking. They came in replacement of
dye saturable absorbers, unsuitable for solid state lasers. SESAMs consist of
a distributed Bragg reflector (DBR) acting as a mirror above which are
grown layers of quantum dots or quantum wells acting as a saturable
absorber. The SESAMs important parameters such as the wavelength range,
the absorption recovery time, the saturation fluence, etc... are carefully
controlled by the design and the growth of the device. Depending on the
wavelength range, different materials are used. At near infrared
wavelengths (870 nm to 1150 nm), an indium-gallium-arsenide (InGaAs)
quantum well is used as saturable absorber. This type of SESAM is used in
the cavities presented in this thesis.

On a macroscopic point of view, the nonlinear reflectivity of the
SESAM (depicted in Figure 3.6) is described by the fluence-dependent

reflectivity curve R(F):
ln[l + le/RnS (eF/F”‘ - 1)} 7F£

ns F/F e

sat

R(F)=R

R, s represents the reflectivity of the highly saturated device, if the roll-over
in reflectivity for high probe fluences F is disregarded. This parameter is
used for the determination of the non-saturable losses. Ry, is the reflectivity
for very low probe fluences and Fj,; is the saturation fluence. The parameter
F, describes the strength of induced absorption effects, with the most
prominent being two-photon absorption when probing with femtosecond
pulses. These effects lead to a roll-over in reflectivity for very high probe
fluences and are strongly dependent on the probe pulse duration and the
material composition of the SESAM. The reflectivity of the SESAM increases
with the fluence of the incident light until multiphoton processes such as
two-photon absorption limits the reflectivity, thus leading to a roll-over
effect (see Figure 3.6). Femtosecond modelocked lasers operating in this
regime typically experience multi-pulsing instabilities.

79



Chapter 3 - High harmonic generation in an ultrafast thin-disk laser oscillator

L MR | L T T T L L
100.0 beamssmasmssmesmesmasmssmegmssmunnd smssmenmusmuenmenmenmnnmn
A AR
99.5 | 1
2 AR : F
x : 2
99.0 | ¥ .
:sat
085 e SRR
MRS | g gl MR | .E......I M | MRS |
107" 10° 10" 102 103 104 10°

Fluence (pJ/cm?)

Figure 3.6: Typical nonlinear reflectivity of a SESAM with respect to pulse
incident fluence. For this sample, AR=13%, Fs=3346p]J/cm?
AR5 =0.14% and F, = 9031 mJ/cm? (its actual position is out of the graph but
it is nevertheless indicated to highlight the strong drop in the reflectivity R).

The combination of SESAMs displaying a large modulation depth
with large emission bandwidth gain materials (like Ti:sapphire) allowed
passive modelocking to operate in a stable regime. By compensating the
self-phase modulation (SPM) experienced by the pulse in the cavity with
elements introducing negative group delay dispersion (GDD), a particular
pulse is formed: a soliton. In comparison, active modelocking displays a
gaussian pulse propagation. Soliton behavior in waves has already been
observed in 1834, in the Edinburg-Glasgow canal [115]. A solitary wave
formed after stopping a small boat could propagate over several kilometers.
In the optical domain, the soliton pulse created in passive modelocking of
solid-state lasers presents similar interesting features, i.e., a propagation
with constant temporal and spectral shape as well as a strong stability
against many sources of perturbations. The pulse propagation in medium
with dispersion and Kerr-effect is described by the nonlinear Schrédinger
equation (not-detailed here), and with some approximations (e.g. slowly
varying envelope) an analytic steady-state solution is found. For a negative
dispersion and a positive Kerr effect, that balance their contributions over
the pulse, the steady-state solution is given by:

As(z,t) = Ay sech G) e~ %o,

with A;(z,t) the time-dependent amplitude of the electric field, 4, the
maximum amplitude, ¢, the soliton phase, and t a parameter linked to the
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pulse duration: 7, = 1.7627 7 with 7, the FWHM of the soliton pulse (in s).

In intensity, the pulse has a sech? G) dependence.

The pulse duration is given by the relation:

7, = 1.7627 1922
YEp
With GDD the total negative group delay dispersion encountered by the
pulse in a cavity round-trip (in s?), y the self-phase modulation coefficient
(inrad/W) and E, the pulse energy (in ]). More details can be found in [116].
The time-bandwidth product of a perfectly unchirped soliton is equal to:
Av, - 7, = 0.3148 with Av, the spectral full width at half maximum of the
optical frequencies. The time-bandwidth product is often used to evaluate
how much the measured pulse is close to the ideal soliton.

During the pulse formation previously described, many processes can
occur. One noticeable process destabilizing the pulse and frequently
observed in practice is Q-switching instabilities. Indeed, the highest energy
levels are favored by saturable absorbance and saturated gain medium,
leading to an exponential growth of the pulse energy until the same gain
saturation limits the pulse energy or other components such as the SESAM
with the rollover. The absorber and gain medium parameters influence the
pulse energy towards damped or undamped oscillations. In the case of
undamped oscillations, the pulses are shaped in a slow temporal
modulation, in the kHz range leading to bunches of modelocked pulses, as
depicted in Figure 3.5. High peak power from Q-switching operation can
lead to damage of the cavity component and is then highly undesirable. The
threshold between the cw-modelocking regime and the Q-switching
instabilities was studied in[117]. The threshold below which cw
modelocking occurs was estimated as:

ES > Esat,gEsat,aAR/

where E, is the intracavity pulse energy, Es,¢ 4, and Eg,, are the gain and
absorber saturation energies respectively, and AR the absorber modulation
depth. This formula allows evaluating the modelocking regime with
macroscopic parameters of the absorber.
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3.2 Thin-disk modelocking for intracavity
HHG

HHG requires a minimal laser intensity of a few 10® W/cm? for XUV
generation in xenon, the noble gas with the lowest ionization threshold. It
implies that with a focal size ranging from 10 pm to 15 pm in radius, the
laser should provide peak powers between 30 MW and 70 MW. If a tight
focus of a few-micron radius can be achieved in external HHG systems
without consequences on the oscillator stability, for intracavity HHG, the
tight focus could be a rather constraining condition with possible
consequences on the cavity stability. If HHG imposes two main constraints
on the laser cavity, i.e., high peak powers and tight focus, another condition
is required for HHG, which is the need to operate it under vacuum. As air
strongly absorbs any radiation below 200 nm, the HHG interaction spot and
the subsequent XUV propagation path need to be placed under vacuum
(around 10-® mbar). For an intracavity HHG experiment, it implies that the
entire cavity needs to be evacuated. Thus, a first step was to achieve high
intracavity peak power. Different cavities with different thin-disk materials
were investigated. Then the cavity had to work under vacuum. Finally, once
this cavity demonstrated stable operation under vacuum, a tight focus
extension of two short focal curved mirror was added.

3.2.1 CALGO-based thin-disk laser

In the present sub-section, experiments achieved with Yb3*:CaAlGdOs
(CALGO) in order to demonstrate the necessary intracavity peak power are
presented. This work started in a collaboration with professor Ursula
Keller’s group at ETH Ziirich to which I contributed on decreasing the pulse
duration of an already existing laser cavity.

As previously described, the Yb-doped CALGO gain medium
constitutes a good candidate to generate short pulses for HHG owing to its
large and smooth gain bandwidth (over 35 nm for an inversion level of
10%). Combined with a good thermal conductivity, the material can be
pumped at high power (up to 2 kW/cm?). However, it exhibits a low gain
cross-section (compared to YAG for example, see Figure 3.3), which makes
it operating preferably with low intracavity losses and therefore low cavity
output coupling rates. For the given experiment aiming at a high intracavity
peak power, it did not constitute a problem. Nevertheless, a high sensitivity
to intracavity losses tends to make the cavity handling difficult. The results
of such a system to which I contributed at ETH are presented here.
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The laser described in this work is based on the cavity presented
in [118]. About one year later (in 2014), the cavity was studied to decrease
the pulse duration, leading to the results reported here.

At that time, CALGO-based bulk lasers already achieved sub-100-fs
pulse duration with 12W of average power [119] and 47fs with
38 mW [120] in SESAM-modelocking, while the thin-disk geometry only
demonstrated a SESAM-modelocked CALGO laser with 28 W in 300 fs or
1.3 W in 138 fs [110]. The laser reported by A. Diebold et al. demonstrated
5.1 Win 62 fs [118], the shortest pulse duration from a modelocked TDL (for
any gain material) at that time. Starting from this laser, the pulse duration
was reduced as described below.

The laser is based on a commercial Yb:CALGO disk (FEE GmbH) with
a diameter of 6 mm, a thickness of 220 um and a doping concentration of
3.1at.%. The disk is made of a c-cut crystal orientation that allows
exploiting the optical o-polarization operation (broader gain cross-section,
see Figure 3.3) and is wedged (wedge angle of ~0.3°). The disk was soldered
onto a copper-tungsten heat sink using indium at 180 °C and was placed in
a commercial laser head (Dausinger & Giesen) with 24 passes of the pump
beam onto the disk. The fiber-coupled pump laser diode delivers up to
400 W at 979.5 nm and is wavelength-stabilized by a volume Bragg grating.
The pump spot was imaged into the disk with a diameter of 2.1 mm.

During the contacting process, the radius of curvature of the disk
changed. In our case, before the contacting, the disk displayed a radius of
curvature R = -1.81 m, and after the contacting, some deformation was
observed resulting from a non-uniform pressure.

Initial tests for cw multi-transversal mode operation were performed
using a simple V-cavity with a curved mirror (radius of curvature
R =-100 mm), the thin disk and an output coupler (transmission rate T =
0.9%). Up to 45 W of output power were obtained corresponding to an
optical-to-optical efficiency of 45% and a slope efficiency of 54%. Due to
impurities and scratches, the losses for a single pass through the disk was
estimated to be <0.5%. For a comparison, YAG disks commonly feature
losses of 0.1% in single pass.
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Figure 3.7: CALGO TDL oscillator scheme. OC stands for output coupler, HR
for highly reflective mirrors, TD for thin disk and BP for Brewster plate.

The modelocking operation was achieved by first building a cw single-
transversal mode cavity with dispersion management for soliton
modelocking (depicted in Figure 3.7). An undoped-YAG plate was placed
at Brewster’s angle into the cavity so that the pulse experiences SPM and
for the laser wavelength to select a linear polarization. The position of this
plate in the cavity is critical as the beam size determines the amount of
induced SPM. Gires-Tournois interferometer (GTI) mirrors were used in the
cavity to compensate for dispersion and ensure soliton modelocking. In the
optimal configuration, 600 mrad of nonlinear phase were induced by SPM,
balanced by a total group delay dispersion of -300fs>. With a 3%
transmission output coupler, the laser achieved up to 14 W of average
power in fundamental mode continuous-wave operation corresponding to
an optical-to-optical efficiency of 19%. To avoid damage of the disk, the
pump intensity was limited to 3 kW /cm?. The M? measurement confirmed
a transverse single-mode operation with M? < 1.1. Passive modelocking was
initiated and stabilized by a SESAM placed as a cavity end mirror where
the beam radius is the smallest (400 pm) to maximize the fluence. The
parameters of the SESAM measured at 20 °C are a saturation fluence
Fsq¢ = 10 pJ/cm?, a modulation depth AR = 1.34%, non-saturable losses
AR,s = 0.5% and an induced absorption coefficient F, = 275 m]/cm?.
Decreasing the output coupling rate to 2.5%, 5.1 W of average output power
with 62 fs of stable pulse duration were obtained. With a total length of
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2.34 m, the oscillator had a repetition rate of 64.8 MHz. The maximum pulse
energy was estimated at 80 nJ and the intracavity peak power at 44 MW.
The pulse spectrum measured with an optical spectrum analyzer had a
FWHM of 23 nm, corresponding to a time-bandwidth product (TBP) of 0.38
(less than 20% above the ideal value). A fast photodiode and a sampling
oscilloscope were used to check the single pulse operation.

The aforementioned results were obtained by Andreas Diebold and
co-workers at ETH Ziirich. In collaboration with the same group, I have
been involved in the subsequent results reported below. In order to reduce
the duration of the emitted pulses, different configurations were
investigated. Different SESAMs, GTI mirrors (varying the total amount of
GDD experienced by the pulse) and YAG plate thicknesses (to vary the
amount of SPM) were tested. At the end, the configuration with the shortest
pulses was close to the initial one. The output coupling rate was decreased
down to 1.6%; the total amount of GDD was kept at -300 fs?, but the GTI
mirrors were replaced with new ones with a flatter spectral dispersion (see
Figure 3.8). In practice, a former GTI mirror with a GDD of -250 fs?> was
replaced with five new ones with a lower value of -55 fs? each.
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Figure 3.8: Total group delay dispersion spectra of GTi mirrors. Config 1 (red
curve) corresponds to a -250 fs2 coating and config 2 (green curve) corresponds
to the sum of five -55 fs2 coatings. Data provided by Layertec. Figure courtesy
of Andreas Diebold (ETH).

In this configuration, a pulse duration of 49 fs was achieved with a
spectral bandwidth of 25 nm (see Figure 3.9) and an average output power
of 2W. The time-bandwidth product indicates nearly transform-limited
pulses (Av - 7, = 0.33). The M? measurement confirmed a transverse single
mode operation (M?<1.05). The corresponding intracavity peak power
changed from 44 MW to 35 MW. When trying to push the laser to even
shorter pulse durations by increasing the pump power (and thus increasing
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the pulse energy as well as the nonlinear phase), the laser switched to
double-pulsing operation.
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Figure 3.9: a) Autocorrelation trace of a 49-fs pulse with the sech? fit.
b) Normalized optical spectrum of the pulse with a 25-nm FWHM sech? fit. ¢)
Microwave spectrum of the pulse train at a resolution bandwidth of 3 MHz.

Transform-limited pulses with the shortest duration achieved from
a SESAM-modelocked TDL were obtained (at that time), but the average
output power and intracavity peak power were reduced compared to
previous results, which is not beneficial for applications like HHG. The
double-pulsing operation occurring at high pump power indicates the so-
called SESAM roll-over (see Figure 3.10). As the pulse duration decreases
and the pulse energy increases, the fluence on the SESAM increases and
exceeds the roll-over point. Pulses of high energy thus experience more
losses than pulses of lower energy and the fundamental high energy pulse
splits into two pulses of lower energy (clearly visible in the experiment).
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Figure 3.10: Nonlinear reflectivity of the SESAM used in the laser. The
measurement was achieved with the reported CALGO laser operating with
85-fs pulses at a center wavelength of 1051 nm. The dash vertical line indicates
the fluence occurring on the SESAM in the 62-fs pulse-duration operation of
the laser (640 pJ/cm?). The roll-over of the SESAM is clearly visible at this
position. Figure courtesy of Andreas Diebold (ETH).
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3.2.2 LuO thin-disk modelocked oscillator in air

In comparison with CALGO, LuO displays a narrower emission bandwidth
leading potentially to longer pulses. However, its very high thermal
conductivity (k.0 = 12 (2 at.%) compared to ky,; = 7.0 (7 at.%) for YAG
with typical doping concentration) combined with a high absorption cross-
section as well as its large emission bandwidth (9 nm for YAG and 12 nm
for LuO) make LuO the perfect candidate for high-power and short-pulses
laser operation.

Since the first modelocking demonstration of a LuO laser in the thin-
disk geometry in 2007 [107] with 25 W of output power and 523-fs pulse
duration, the LuO material has demonstrated a long track record of high-
power [121] and short pulse duration. Late to date is the demonstration, at
the University of Neuchatel, of Kerr-lens modelocking of a LuO thin-disk
laser leading to 35 fs of pulse duration with 1.5 W of output power [108].

For the present experiment, changing to the LuO thin-disk led to an
almost entirely new setup. With a different disk, set on a new cooling finger
and mounted inside a new laser head, the cavity design had also to be
changed. The Yb:Lu2Os disk, grown and polished at IPL Hamburg, coated
by Jenoptik and mounted on a cooling finger by Trumpf, is 0.1° wedged,
200-um thin with a diameter of 7 mm. For an optimal cooling capacity, a
diamond heat sink was used. After contacting, the disk displayed a radius
of curvature of -2.15 m and no excessive deformation was noticed. The thin-
disk laser head, provided by Trumpf, allows the pump beam to pass 32
times onto the disk, creating a 2.4-mm diameter, flat-top shaped pump
profile.
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Figure 3.11: Top: cavity scheme for transverse multimode operation. The laser
beam is depicted in red, OC: output coupler followed by its transmission rate.
Bottom: Power slope of the LuO thin-disk in multimode operation with
T=087 % and 4.62 % transmission output coupling (TOC) rates. On the left
scale, the output power is depicted in solid-line, on the right scale the
corresponding efficiency is depicted in dotted-line.

To characterize the thin-disk, a linear cw multimode cavity was used
(see Figure 3.11) with a 0.87%-transmission output coupler and the HR-
backside of the thin-disk. Almost 80 W of output power was measured with
an optical-to-optical efficiency of 57%, corresponding to a slope efficiency
of 70%. In comparison, Peters et. al. [122] achieved up to 85% of slope
efficiency using a 250-um thick Yb:LuO doped at 2 at.% with an output
coupler transmission of 2.7%.

The cw single-mode cavity is depicted in Figure 3.12. Starting from the
thin-disk, the cavity is divided into two arms. On one side, the beam
divergence is handled by a combinaison of curved mirrors (CM) to be
finally reflected on an highly reflective mirror (HR). In the other arm, the
beam is simply reflected on HR mirrors before reaching the output coupler.
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Figure 3.12: Top: laser cavity scheme for transverse single-mode operation.
The laser beam path is depicted in red, HR stands for highly reflective mirror,
CM: curved mirror followed by the radius of curvature. For this example, the
output coupler transmission rate was 4.62%. Bottom: Transverse single-mode
operation power slopes with various output coupler transmission rates. The
solid-lines depict the output power (left vertical axis) and the dotted-lines the
efficiency (right vertical axis). The beam profile displayed corresponds to the
laser beam on the disk with 55 W of output power (TOC =4.62%).

With an output coupling rate in transmission of 4.62%, the cavity
demonstrated over 50 W of output power with a corresponding optical-to-
optical efficiency of 44.5% and a slope efficiency of 63%. With other output
couplers (see Figure 3.12), the power slope is lower and to avoid any
damage on the disk, the power was kept at reasonable levels (below
5 kW /cm?) before the modelocking experiments.

For modelocking, the cavity was slightly changed (see Figure 3.13).
The HR at the end of the curved-mirrors arm was replaced by a SESAM
(saturation fluence F, = 38.4 pJ/cm?, modulation depth AR = 1.8% and
non-saturable losses AR, = 0.4%) and its position was arranged for an
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optimized spot-size on the SESAM (1.4-mm radius). In the other arm, the
last part is divided into two and the OC is used as a folding mirror (thus
multiplying the output coupling rate of the cavity by a factor of two). A 4-
mm thick undoped YAG plate is placed at Brewster angle at a beam of 760
pum in radius to ensure operation at linear p-polarization and to create a
sufficient amount of SPM to compensate for negative dispersion for soliton
modelocking. One plane HR mirror was added to the lower arm of the
cavity (with no incidence on the beam propagation, see Figure 3.13) and
three plane HR mirrors were replaced by -550 fs? GTI mirrors, accounting
for a total negative group delay dispersion of -2750 fs? per roundtrip.
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Figure 3.13: Top: laser cavity scheme for modelocking operation. CM: curved
mirror followed by the radius of curvature, GTI: GII mirrors followed by the
GDD value, BP: Brewster plate 4-mm thick of undoped YAG. For this
example, the output coupler transmission rate is 1.77% leading to an measured
output coupling rate of 3.55% per round-trip. Bottom-left: autocorrelation
trace of a 279-fs pulse emitted by the laser (solid blue line) with a sech? fit trace
(dotted red line). Bottom-right: optical spectrum centered at 1035.7 nm (solid
blue line) with 4.8 nm of FWHM with a sech? fit (dotted red line).
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The cavity delivered pulses with a duration of 279 fs, a 4.8-nm large
optical spectrum (see Figure 3.13) with a total output power of 15 W (7.5 W
from each beam) for a pump power of 84 W. Increasing the pump power
any further led to double-pulsing operation. The repetition rate of the laser
was 44.88 MHz. The transverse mode was close to TEMg (measured
M? <1.01). The corresponding intracavity pulse energy was 8.8 uJ and the
intracavity peak-power was 27.8 MW. The pulse seemed slightly chirped
with a time-bandwidth product (TBP) equal to 0.375 (ideal TBP of 0.315 for
a sech? pulse). Multiple output coupling rates were also tested for the
optimum intracavity peak power while keeping the same SESAM (see
Figure 3.14).
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Figure 3.14: Top: pulse duration (left axis) and corresponding spectral
bandwidth (right axis) versus pulse energy for different output coupler
transmission (TOC) rates. The solid lines depict the pulse duration and the
dotted lines the spectral bandwidth. Bottom: Intracavity peak power (left axis)
and pulse duration (right axis) versus pump power. For the two graphics, the
total transmission rates of 0.88%, 1.72% and 3.55% are respectively represented
in blue, green and red.

Using an output coupler with a transmission rate of 0.86% (total
transmission rate of 1.72%, in green in Figure 3.14), a pulse duration of
293 ts with an optical spectrum of 4.4 nm (FWHM) was measured with
67 W of pump power. The pulses are slightly closer to transform-limited
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pulses as the corresponding TBP is 0.361. The corresponding intracavity
peak power is 27.4 MW.

In summary, the developed oscillators demonstrated soliton
modelocking operation with a TEMoo transversal mode. However, the
intracavity peak-power levels were not high enough to enable high-
harmonic generation.

3.2.3 LuO thin-disk modelocked oscillator in vacuum

Following the previous cavity modelocking results, the cavity was placed
inside a vacuum chamber. An extension was added in the output coupler
arm to enhance the pulses energy, changing the repetition rate from
44.88 MHz to 17.9 MHz. A small additional extension, consisting of two
short-radius curved mirrors, was set to create a tight focus for future HHG.

The cavity was mounted inside a compact vacuum chamber (see
Figure 3.15) and all components were especially chosen to be compatible
with vacuum operation: all mirror mounts were vacuum-compatible, the
pipes for water-cooling of the thin-disk laser head and of the SESAM mount
were also vacuum compatible. Each other metallic component (such as
pillar posts or clamping forks) were cleaned in an ultra-sonic bath and then
heated in an oven for outgassing before being placed inside the vacuum
chamber.

The extension, depicted in Figure 3.16, consists of two curved mirrors
(radius of curvature of -1.5 m and -3 m respectively) and allowed the beam
to be expanded up to a diameter of 2.7 mm and to collimate it before
encountering the end mirror (mounted on a flip-mount), extending the
cavity length up to 8.38 m (see Figure 3.16). The tight-focus extension starts
from the large collimated beam (when the HR mirror is flipped down),
using a pair of curved mirrors (radius of curvature of -100 mm and -150 mm
respectively). An estimated 12-um-radius tight focus is created between the
two mirrors.
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Figure 3.15: Top: picture of the vacuum chamber evacuated by two molecular
turbo pumps. and two primary pumps. An optical breadboard of dimensions
150 x 90 cm? is installed inside. Bottom: picture of the LuO thin-disk laser
operating inside the vacuum chamber. The SESAM mount as well as the laser
head are water-cooled with vacuum-proof pipes.

In cw operation, the laser emitted up to 17.4 W of average power
without the tight focus (TF) extension when pumped by 66 W of power with
a total output coupling rate of 1.4% in transmission, leading to an optical-
to-optical efficiency of 26.4% (slope efficiency of 40%). With the TF
extension, the same power level was obtained with good power stability.
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Figure 3.16: Top: Cavity scheme inside the vacuum chamber. The end mirror
(HR) is placed on a flip mount, allowing a quick switch between two
configurations: with or without the tight focus (TF) extension. Bottom: beam
radius versus its position along the cavity for the sagital and tangential planes.
The simulated beam path is depicted by the solid lines while the experimental
measurements are represented by the colored points. The vertical grey lines
represent cavity elements such as the SESAM, the LuO thin-disk, the Brewster

plate and the end cavity mirror.

For modelocking operation, the SESAM was changed for a saturation
fluence of 47.5 pJ/cm?, a modulation depth of 1.6 % and non-saturable losses
of 0.3%. Modelocking was achieved with different output couplers, each
time re-adjusting the SESAM beam spot size. Operating the laser in vacuum
required the amount of GDD and SPM to be adjusted to the vacuum level.
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Using only the primary vacuum pumps, with a pressure of 10 mbar inside
the chamber and an output coupling rate of 1.4% in transmission the
modelocking performances presented in Figure 3.17 was obtained.
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Figure 3.17: Top left: autocorrelation trace and sech? fit. Top right: optical
spectrum centered at 1035 nm with sech? fit. Bottom: RF spectrum centered on
the repetition rate of 17.9 MHz.

The laser delivered pulses with a duration of 202 fs and an optical
spectrum with a width of 6.3 nm (FWHM) at a repetition rate of 17.90 MHz.
The pulse time-bandwidth product was calculated as 0.361 and a beam
quality of M?<1.02 was measured. An output power of 6.7W,
corresponding to an intracavity pulse energy of 26.7u] and an intracavity
peak power of 116.5 MW (see Figure 3.18) were obtained.
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Figure 3.18: Top: pulse duration (solid line, left axis) and corresponding
spectral bandwidth (dotted line, right axis) versus pulse energy. Bottom:
Intracavity peak power (solid line, left axis) and pulse duration versus pump
power (dotted line, right axis). Results obtained with an output coupler
transmission (TOC) of 1.4%.

The laser demonstrated a prominent amount of intracavity peak
power enabling HHG in xenon. However, the combination of such high-
power operation with primary vacuum lead to a deterioration of the long-
term power stability of the laser. To keep a good stability, the laser was not
operated at full power, but was reduced to a level sufficient for HHG.
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3.3 High harmonics generation

As previously discussed, the combination of two curved mirrors with a
short focal length (ROC = -100 mm and -150 mm) led to a 12-um radius tight
focus. As HHG is very dependent on the light intensity, the determination
of the beam radius at the focal point is crucial. A 250-um thick wedged
sapphire plate was placed before the focal point to reflect a small portion of
the beam. The beam size was then measured along its propagation after the
focal point. Considering the M? value previously measured, the beam-
radius at focus was evaluated to be 12 um. To separate the generated XUV
light from the near-IR beam, the same 250-pm sapphire plate was placed at
Brewster angle, for IR wavelength, 2 cm after the focal point. At the laser
wavelength, the reflection was negligible whereas at A = 100 nm, R = 7%
and at A =60nm, R =15% allowing a minimal disturbance of the laser
operation while enabling the extraction of the generated XUV light out of
the laser resonator. This extraction methods is commonly used for
enhancement cavities [90,91,123].

To deliver the gas close to the focal position, a 100-um opening
diameter quartz nozzle was used. Figure 3.19 depicts the computer-aided
design (CAD) image of the nozzle and its mount with a gas dump
underneath, together with a picture of the system under laser operation.

‘.....otl

Figure 3.19: Left: CAD representation of the TF extension with the nozzle and
gas dump mounted on a 3-D translation stage. Right: picture of the setup
during laser operation with gas injection where the plasma created is clearly
visible.

The nozzle and gas dump system were mounted on a X-Y-Z
translation stage with vacuum compatible pico-motors. The gas dump,
located below the nozzle was directly connected to a primary vacuum
pump to efficiently extract the gas. With a few bars of gas pressure sent to
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the nozzle, a few hundreds of mbar are estimated at the interaction volume
position. Thanks to the gas dump, the chamber pressure was kept below
5x10-3 mbar, allowing a lossless propagation of the XUV beam inside. As
the strength of the HHG signal is very dependent on the nozzle position,
the vertical position of the system was roughly set under cw-operation of
the laser and the horizontal position was then adjusted during the
modelocked operation with HHG, maximizing directly the XUV signal.
Figure 3.20 illustrates the modelocked-cavity including the TF extension
with the nozzle and gas dump.

SESAM ’ Thin-disk
""_' Xenon - DM e
DM —% ~ YAG plate : o
@ | u
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Dl</| ‘.s Sapphire plate
T - "
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-150 mm ROC
Vacuum
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Figure 3.20: llustration of the modelocked laser with the nozzle and gas dump
for HHG (DM: dispersive mirrors, CM: curved mirror).

Without gas, the laser generated 264-fs pulses at a repetition rate of
17.35 MHz with an intracavity average power of 320 W at 49 W of pump
power. The corresponding intracavity peak power was 62 MW dealing to a
peak intensity of 2.7x10' W/cm? at focus. Increasing the pump power
further led to modelocking instabilities, proving that the laser operated
close to the SESAM roll-over. Figure 3.21(a-d) depicts the autocorrelation
trace, optical spectrum, RF spectrum and M? measurements of the
modelocked laser without the gas jet.
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Figure 3.21: Comparison of the TDL oscillator performances without high-
pressure gas jet (a-d) and with high-pressure gas jet (e-h). Autocorrelation
trace with sech? fit (a,e), optical spectra with sech? fit (b,f), RF spectra centered
on the repetition rate (c,g) and M2 measurements as inset with output beam
profile (d,h).

While injecting xenon at the laser focus, HHG was detected with a
channel-electron multiplier (Photonis Magnum 5900). The XUV light was
sent, by reflection on an unprotected gold mirror, to a wavelength-
calibrated monochromator (Acton VM-502) equipped with a 1200-g/mm
iridium-coated grating. The slit width allowed achieving a spectral
resolution of 3.2 nm. The XUV spectra were acquired with and without a
0.2-pm thick aluminum filter to check the validity of the measurement, as
the filter transmission significantly drops at wavelengths longer than
60 nm.

Using 3.4 bar of backing xenon pressure in the nozzle, the pressure at
the interaction place is estimated to around 400 mbar. With gas injection,
the laser average power was slightly reduced. By increasing the pump
power from 49 W to 51 W, the same intracavity average power (320 W) was
obtained as without gas jet. As illustrated in Figure 3.21 (e-h), the thin-disk
oscillator achieved slightly shorter pulses of T = 255 fs. The corresponding
intracavity peak power is 64 MW and the peak intensity in the focus is
2.8x1018 W/cm?.

In this configuration, harmonics up to the 17t order (60.8 nm or
20.4 eV) were measured, in accordance to the cut-off formula [124]. The
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detected spectrum is showed in Figure 3.22. Harmonics below the 11t order
were not detected most likely due to the reabsorption in xenon for the 9t
harmonic and to the low quantum efficiency of the detector in the spectral
range corresponding to the 7 harmonic and below it.
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Figure 3.22: XUV light spectra measured without spectral filtering (in blue)
and filtered (in red) by a 0.2-um thick aluminum filter (transmission depicted
in grey dotted-line).

Using the measured spectra and an additional measurement of the
XUV flux with the channel-electron multiplier in all detected harmonics
before the monochromator without aluminum filter, the average power and
photon flux generated at the focus was estimated for the 11t harmonic with
a similar method as described in [125]. A very conservative estimation
results in a generated flux 22.6x10% photons/s corresponding to an average
power 20.55 nW and a conversion efficiency 21.7x10-12 with respect to the
intracavity average power and 21.1x10-! with respect to the diode pump
power.

To evaluate if the plasma generated during the HHG process induces
any laser perturbation, the transverse beam quality and laser noise with and
without HHG were evaluated. The laser operated in both cases in a
fundamental transverse TEMoo mode with an M? value <1.02 (Figure 3.21
(d, h)). The noise of the TDL oscillator output was measured in free-running
operation on the passively filtered 4t harmonic of the repetition rate using
a phase noise analyzer (Rohde & Schwarz FSWP-26). The measured power
spectral density of the amplitude and phase noises of the 4h harmonic of
the repetition rate is shown in Figure 3.23.
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Figure 3.23: Amplitude and phase-noise measurements of the TDL oscillator
output in free-running operation with and without gas.

Although the vacuum chamber was connected to two turbo-
molecular pumps and the opto-mechanical components were not optimized
for high mechanical stability, an integrated relative intensity noise of only
0.78% and 0.76% was measured with and without gas, respectively over a
large frequency range (1 Hz - 1 MHz). The laser noise is comparable to
typical values of free-running ultrafast TDL oscillators [125,126].
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Conclusion

In conclusion, the first intracavity HHG inside a modelocked TDL oscillator
was demonstrated using an Yb:LuO modelocked TDL generating 255-fs
short pulses at a repetition rate of 17.8 MHz with an intracavity average
power of 320 W corresponding to an intracavity peak power of 64 MW in
which a 12-pm radius tight focus was created. Harmonics up to the 17t
order (60.8nm or 20.4eV) are detected with a XUV flux of
2.6x108 photons/s for the 11 harmonic, corresponding to an average
power of 0.55 nW and a conversion efficiency of 1.7x10-12 with respect to
the intracavity average power and 1.1x10-11 with respect to the diode pump
power. In comparison with state-of-the-art MHz-repetition-rate HHG-
based XUV sources [92,127-129], the conversion efficiency is rather poor as
well as the generated flux. This experiment can be considered as a proof-of-
principle experiment and should be compared to the first implementation
of the other approaches where similar values were obtained.

Due to the early phase of this technology the following limitations
need to be overcome in future experiments. In first place, the intracavity
peak power reached in this experiment is only at the threshold of the
needed power for HHG. Using different thin-disk materials or modelocking
mechanisms, such as Kerr-lens modelocking, a higher intracavity average
power or a shorter pulse duration could be achieved [85,86,96] thus
increasing the intracavity peak power, the generated XUV photon flux
should be higher. Secondly, the presented extraction method using a thin
sapphire plate at Brewster angle has the advantage to be straightforward to
implement. However, it reflects only around 7% of the XUV light, which
drastically decreases the measured photon flux. HHG systems based on
enhancement cavity share the same challenge. Among the solutions
deployed for such systems, some can be adapted for the presented
experiment. Instead of sapphire, magnesium oxide [130] can be
implemented with up to 30% of reflectivity at around 50 nm. For a
spectrally broader output coupling solution, a holey mirror can be used as
an XUV output coupler relying on the very low divergence of the XUV light
compared to the driving near-IR laser [127]. With a hole size of only 80 um
in radius e.g., the driving laser would experience small losses while around
20% of XUV light can be output-coupled at 60 nm (increasing to 100% at
10 nm). If such approach was successfully applied to enhanced-cavity-
based HHG, no modelocked laser cavity has ever been reported with such
a mirror. Other solutions are also possible such as an XUV grating etched
on the top of an intracavity mirror [131], or non-collinear HHG [132] and
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many others, but they have never been used for HHG inside a passive
enhancement cavity.

Besides increasing the XUV photon flux, a possible next step for the
experiment can be the CEO frequency locking of the thin-disk laser.
Considering the recent performances of TDL laser in terms of stabilization
of CEO frequency [99-101], and assuming HHG interaction with laser is
weak enough, the locking of the presented cavity should be feasible. With
the locking of the repetition rate, a fully stabilized laser would lead to a fully
stabilized HHG as HHG is a coherent process, representing a stable XUV
frequency comb with applications in many scientific fields.
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Chapter 4

Conclusion and outlook

In the framework of this thesis two laser sources generating radiation in the mid-IR
and in the XUV region were developed. The results from the 3-um noise
characterization allowed a better understanding of the different frequency noise
sources present in typical DFG-based mid-IR sources as well as cavity-enhanced
sources, with a system providing high 3-uym power levels. The HHG inside a
modelocked TDL was demonstrated for the first time, at MHz repetition, adding
another milestone on the path towards more compact XUV sources.

The first achievement of the thesis was the demonstration of high-power single
frequency 3-um radiation in cw (more than 120 mW) based on cavity-enhanced DFG
using two high-power fiber amplifiers at 1.5 pm and 1 pm. The enhancement cavity
allowed higher efficiencies by recycling the unconverted 1.5-um light, allowing the
enhancement of the 3-um power by a factor of 10 compared to the single pass results.
For frequency noise characterization, a single-pass second DFG-based 3-um source
powered by fiber amplifiers was built. A heterodyne beat note between the two 3-um
systems seeded by the same 1-uym and 1.5-pm laser diodes was measured and
analyzed, characterizing the additive frequency noise of the cavity-enhanced 3-um
source. Comparing the additive 3-um frequency noise with the independent frequency
noise of the 1-uym and 1.5-pm laser diodes and fiber amplifiers shows that only the
frequency noise of the laser diodes contributes to the linewidth of the mid-IR radiation,
evaluated to amount to 1.1 MHz. Future steps of the experiment could be to change
the end tips of the fiber amplifiers for a more stable system suppressing pointing
instabilities. Also, a better thermal management of the DC-fibers for both 1-um and
1.5-uym amplifiers using e.g. water-cooling systems would reduce the polarization
instabilities. Finally, as only the frequency noise of the laser diodes is limiting the 3-um
linewidth, using stabilized 1-pm and 1.5-um sources would reveal the great potential
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of the presented experiment with an ultra-narrow linewidth and powerful mid-IR cw
source. This experiment constitutes the first step toward potential cw-Watt level 3-pm
source with ultra-narrow linewidth.

Following the rapid development of the TDLs, the first realization of HHG
inside a modelocked TD oscillator was achieved using an Yb:LuO TDL achieving
255-fs short pulses with an intracavity average power of 320 W at a repetition rate of
17.8 MHz corresponding to an intracavity peak power of 64 MW in which a 12-pm
radius tight focus is created. The detected harmonic spectrum displayed up to the 17t
harmonic (60.8 nm or 20.4 eV). For the first detected harmonic (the 11* harmonic), a
XUV flux of 2.6x108 photons/s was measured, corresponding to an average power of
0.55 nW and a conversion efficiency of 1.7x10-1? with respect to the intracavity average
power and 1.1x10-1! with respect to the diode pump power. The noise evaluation of
the system indicated no influence of the gas on the laser stability. For further
improvements of the system, improving the laser performances in terms of pulse
durations, with for example Kerr-lens modelocking, or average intracavity power
would substantially lead to a large increase of the XUV photon flux. Stabilization of
the CEO frequency as well as the repetition-rate would lead to a fully stabilized XUV
optical frequency comb highly desirable for spectroscopy. Benefiting from the special
geometry of TDL and from the inherent compact design from intracavity HHG, this
experiment sets a first step towards compact and simple XUV sources at MHz
repetition rates.
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