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Abstract
This thesis studies the first self-referenced frequency combs based on
modelocked semiconductor disk lasers (SDLs).
The generation of stabilized frequency combs based on ultrafast
lasers has been a significant breakthrough for many applications in
various fields of physics, spectroscopy and metrology. Optical frequency
combs can serve as a frequency ruler that provides a direct and phasecoherent link between optical and microwave frequencies. Despite the fact
that optical frequency combs revolutionized numerous scientific areas, so
far, they have not entered large-scale markets. For this, comb laser sources
have to be improved, targeting high reliability, while keeping the source
compact and cost-efficient.
Ultrafast SDLs, also referred to as vertical external-cavity surfaceemitting lasers (VECSELs), are a very promising technology for this
purpose as they are based on the semiconductor technology, allowing for
low-cost wafer-scale mass-production. They enable very compact laser
setups and have large emission wavelengths flexibility inherited from the
band-gap engineering. In addition, they do not suffer from Q-switching
instabilities and stable fundamental modelocking was demonstrated at
repetition rates ranging from 100 MHz to 100 GHz. High repetition rate
frequency combs have an increased power per comb line that is beneficial
for applications such as astronomy or low-noise microwave generation.
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Abstract
The stabilization of the two degrees of freedom of the modelocked
laser, the repetition frequency and the carrier-envelope offset (CEO)
frequency is required for most comb applications. However, the detection
of the CEO frequency is challenging and no stabilization was achieved
before for any ultrafast semiconductor laser. The CEO detection is usually
done using a self-referencing scheme that requires a coherent octavespanning spectrum, which can be generated using highly nonlinear fibers
such as photonic crystal fibers (PCFs). In order to maintain the coherence
in the spectral broadening process, ultrashort femtosecond pulses
(typically <200 fs) with kilowatt peak power are required. However, even
though peak powers up to 6.3 kW and pulse durations down to 96 fs have
been demonstrated in SDLs, the combination of both has still not been
reached. Therefore, the octave-spanning spectrum generation in a PCF
directly from the output of the laser could not be demonstrated until now
and additional amplification and compression stages are necessary.
In this work, an efficient fiber amplifier has been developed, which
led to the first demonstration of the CEO frequency stabilization of an
ultrafast SDL. The amplified pulses were temporally compressed and sent
to a commercially available PCF for the coherent octave-spanning
supercontinuum spectrum generation. A self-referencing scheme enabled
the CEO detection and stabilization via a modulation of the pump power.
This result demonstrates the feasibility of a frequency comb based on the
SDL technology and constitutes an important step in the further
development of compact frequency combs.
Finally, wavelength conversion in an optical parametric oscillator is
studied to overcome the current limitations in the emission wavelength of
ultrafast SDLs. Emission in the mid-infrared is highly attractive since a
large number of molecules have strong rotational-vibrational transitions in
this spectral range and the development of mid-infrared frequency combs
enables simple, fast and highly sensitive molecular spectroscopy sensing
methods.
vi

Résumé
Cette thèse présente une étude des premiers peignes de fréquences autoréférencés basés sur des lasers à disques semi-conducteurs (SDLs) à modes
verrouillés en phase.
L’avènement des peignes de fréquences stabilisés basés sur des lasers
à impulsions ultra-courtes a permis une avancée significative et de
nombreuses applications dans divers domaines de la physique, de la
spectroscopie et de la métrologie. Les peignes de fréquences optiques
peuvent être utilisés comme une règle de mesure dans le domaine des
fréquences fournissant un lien direct et cohérent entre les fréquences
optiques et micro-ondes. Bien que les peignes de fréquences optiques aient
révolutionné de nombreux domaines scientifiques, ils n'ont pas encore
pénétré les marchés à grande échelle. Pour cela, les sources laser doivent
être améliorées, en ciblant une haute fiabilité tout en gardant la source
compacte et économiquement attractive.
Les SDLs à impulsions ultra-courtes, également appelés lasers à
cavité verticale externe à émission de surface ou VECSELs (de l’anglais
vertical external-cavity surface-emitting lasers), constituent une source laser
très prometteuse à cet égard de par la technologie des semi-conducteurs
qui permet une production de masse à faible coût. Ils rendent possibles
des configurations de lasers très compactes et présentent une grande
flexibilité dans leur longueur d'onde d’émission grâce à l'ingénierie de
bandes. En outre, ils ne souffrent pas d'instabilités de mode déclenché (Qvii

Résumé
switching) et un fonctionnement stable en verrouillage de mode a été
démontré à des taux de répétition allant de 100 MHz à 100 GHz. Les
peignes de fréquences à taux de répétition élevés ont une puissance accrue
par mode, ce qui est bénéfique pour des applications telles que
l'astronomie ou la génération de signaux micro-ondes à faible bruit.
La stabilisation des deux degrés de liberté du laser à verrouillage de
mode, la fréquence de répétition et la fréquence du décalage de phase
entre la porteuse et l'enveloppe (carrier-envelope offset en anglais, CEO) est
nécessaire pour la plupart des applications. Cependant, la détection de la
fréquence CEO est difficile et aucune stabilisation n'avait été obtenue
auparavant pour un laser à semi-conducteur à impulsions ultra-courtes.
La détection de la fréquence CEO est généralement effectuée à l'aide d'une
méthode d'auto-référencement qui nécessite un spectre cohérent couvrant
une octave de fréquence. Ce dernier peut être généré en utilisant des fibres
optiques hautement non linéaires telles que des fibres à cristaux
photoniques (photonic crystal fibers en anglais, PCFs). Afin de maintenir la
cohérence durant le processus d'élargissement spectral, des impulsions
ultra-courtes dans le domaine des femtosecondes (typiquement <200 fs)
avec une puissance de crête de l’ordre du kilowatt sont nécessaires.
Cependant, même si des puissances maximales allant jusqu'à 6.3 kW et
des durées d'impulsion allant jusqu'à 96 fs ont été démontrées pour des
SDLs, la combinaison des deux n'a pas encore été atteinte. Par conséquent,
la génération d’un spectre d'une octave utilisant une PCF directement à
partir de la sortie du laser n'a pas pu être démontrée jusqu'à présent et des
étapes supplémentaires d'amplification et de compression des impulsions
sont nécessaires.
Dans ce travail, un amplificateur à fibre a été développé permettant
la première démonstration de stabilisation de la fréquence CEO d'un SDL
à impulsions ultra-courtes. Les impulsions amplifiées ont été comprimées
temporellement et couplées dans une PCF pour la génération cohérente
d’un spectre supercontinuum couvrant une octave. Une technique d'autoviii

référencement permet la détection et la stabilisation de la fréquence CEO
via une modulation de la puissance de la diode de pompe du laser. Ce
résultat démontre la faisabilité d'un peigne de fréquences basé sur la
technologie SDL et constitue une étape importante dans le développement
des peignes de fréquences compacts.
Finalement, une conversion de longueur d'onde à l’aide d’un
oscillateur paramétrique optique a été étudiée, permettant de surmonter
les limites actuelles de la longueur d'onde d'émission atteignable avec des
SDL à impulsions ultra-courtes. L'émission dans l'infrarouge moyen est
très intéressante car un grand nombre de molécules ont de fortes
transitions rotationnelles-vibrationnelles dans cette gamme spectrale et le
développement de peignes de fréquences dans l'infrarouge moyen permet
l’accès à des méthodes de détection de spectroscopie moléculaire simples,
rapides et très sensibles.
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Chapter 1
Introduction
Time and frequency are the physical quantities that can be measured with
the highest precision. Since the prehistoric era, humankind has been trying
to keep track on time. The first reference was the primary source of light
on Earth, the apparent motion of the Sun. Later, new methods were
developed to reach a finer division of the day. An example is the sundial
that consists of a plate and a stick that cast the shadow of the Sun onto a
dial divided into the 12 hours of a daytime. The precision of this device
strongly depends on its configuration, but cannot be better than a few
minutes in one day. In comparison, the optical clocks based on the laser
technology

developed

nowadays

can

demonstrate

stability

that

corresponds to a clock running with a precision of 4 seconds in the lifetime
of the universe1. Throughout the ages, the study of light has played an
important role and has become a physical science called photonics.
A key milestone in the development of photonics was the
demonstration of the first laser in 1960 by Maiman2. Since then, lasers have
invaded our world, becoming essential worldwide via laser-based data
communications and in the all-day life in nearly all electronic devices such
as printers, bar-code scanners, Blu-Ray players or computer mice.
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Chapter 1 Introduction
A laser can emit light continuously in time or as a train of pulses
with durations ranging from microseconds down to few femtoseconds. If
one looks at the spectrum of a pulse train generated by a modelocked laser
in the frequency domain, it corresponds to a comb of lines evenly spaced
(Figure 1.1). Two radio frequencies characterize the frequency position in
the optical spectrum: the repetition frequency, which is the spacing
between two lines and corresponds to the inverse of the time between two
consecutive pulses; and the carrier-envelope offset (CEO) frequency,
which is the offset of the comb spectrum from the origin of the frequency
axis. If these frequencies are known or stabilized, the optical spectrum of
the modelocked laser is called a frequency comb. A fully-stabilized
frequency comb is a precious tool which can be used as a ruler to measure
optical frequencies with high precision. Its discovery was awarded by the
Nobel Prize in Physics in 20053,4. Since then, frequency combs have
enabled huge progress and exciting new applications in many domains
such as spectroscopy, medicine and fundamental science.
A crucial point for most applications is the stabilization of both the
repetition and CEO frequencies. The stabilization of the repetition
frequency has been demonstrated in 19865 by simply detecting the pulse
train with a fast photodetector at the output of the laser and applying a
feedback to the cavity length, usually via a piezo-electric transducer (PZT).
The detection of the CEO frequency was much more challenging as it is
not directly measurable from the laser spectrum. Innovative techniques
had to be invented to propose a detection scheme. The most commonly
used method is based on a nonlinear interferometric detection6 which
beats the blue part of the spectrum with the frequency-doubled red part.
The resulting beat note corresponds to the CEO frequency, which can be
stabilized using a modulation of the intracavity dispersion or the
nonlinearity, in most cases performed by modulation of the optical pump
power. However, this technique requires an octave-spanning spectrum
that is typically not directly available from the modelocked laser. In 2000,

2

the

development

of

nonlinear

fibers

for

the

generation

of

a

supercontinuum (SC) spectrum7 was the key milestone that enabled the
demonstration of stabilized frequency combs8,9.

Figure 1.1: Time (a) and frequency (b) domain representation of the
frequency comb from a modelocked laser. Figure taken from Schilt and
Südmeyer10.

The first frequency comb systems were based on Ti:sapphire lasers.
Ti:sapphire lasers enable extremely short pulses and repetition frequencies
that can go up to multi-GHz in a low noise setup, but need to be pumped
in the green, which requires bulky and complex pumping schemes. Fiberbased frequency combs can operate at the very interesting telecom
wavelength spectral range at 1.5 μm and are very reliable. They
demonstrated extremely low noise operation11 and were even operated
outside the lab in a moving car12. Their typical operation regime is at
repetition frequencies in the range of several tens to a few hundreds of
MHz. Even though a fs diode-pumped fiber laser-based frequency comb
operated at 1 GHz13, it is difficult to reach higher repetition frequencies.
Another promising technology relies on diode-pumped solid-state lasers
(DPSSLs) which also demonstrated GHz frequency combs without the
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need of external amplification and compression stages14–16. This was an
important breakthrough since there were initially concerns of feasibility of
generating stabilized frequency combs due to the noise of the multi-mode
pump source. Finally, the development of green laser diodes recently
enabled the demonstration of the first diode-pumped Ti:sapphire CEO
stabilization17.
The development of frequency combs follows a trend towards less
complex laser setups, cheaper fabrication costs and a high flexibility in the
generated repetition as well as optical frequency. It is in this framework
that this thesis investigates frequency combs based on GHz modelocked
semiconductor lasers. These lasers, called semiconductor disk lasers
(SDLs) or vertical external-cavity surface-emitting lasers (VECSELs) gather
the potential of very compact sources with cost-efficient wafer-scale mass
production. However, the CEO frequency stabilization of an SDL could
not be demonstrated in the beginning of this thesis, mainly due to the
limited lasers peak power and too long pulse duration.
Lasers based on a semiconductor gain material have a long history as
they were demonstrated only two years after the invention of the laser18.
Nowadays they are the most common lasers in the market. In addition to
the numerous applications in the multimedia and telecommunication
sectors, they are a key building block of the modelocked laser technology,
implemented as most of their pump sources as continuous wave (CW)
laser diodes. The two most common diode types are the electricallypumped edge-emitter diodes and the vertical cavity surface-emitting
lasers (VCSELs), restricted to CW operation. The call for an external cavity
to facilitate the addition of cavity elements such as saturable absorber for
passive modelocking operation or wavelength filters for wavelength
tuning and the demand for higher output powers led to the development
of the first CW-optically-pumped VECSEL in 199719. The modelocking
operation was obtained with the implementation of a semiconductor
saturable absorber mirror (SESAM) in the external cavity and was first
4

demonstrated in 2000 with a modelocked VECSEL emitting pulses of
22-ps duration and 22 mW of output power20.
Since then, a lot of work has been done to improve VECSELs
properties in terms of output power and pulse duration. Today, the record
output power from a fs-VECSEL is 5.1 W demonstrated in 201221. More
recently, pulse duration down to 96 fs were demonstrated at 100-mW
average output power and 560-W peak power22, as well as 6.3 kW of peak
power, which was obtained from a different system in 410-fs pulses23.
The short upper state lifetime of the semiconductor gain enables the
demonstration of high repetition frequencies without the problem of Qswitching instabilities. Typically, VECSELs operate in the multi-GHz
repetition rate, with a record of 50 GHz24 in fundamentally modelocked
operation. Even higher repetition rates of 175 GHz were obtained using
harmonic modelocking25. Another advantage of the semiconductor gain is
the possibility to integrate both the gain and saturable absorber into the
same chip, leading to the so-called modelocked integrated external-cavity
surface-emitting laser (MIXSEL)26. This type of lasers constitutes the
ultimate step towards compactness and enabled modelocked repetition
frequencies up to 100 GHz27. Figure 1.2 presents an overview of the
published results of modelocked lasers with a repetition frequency in the
GHz-regime. It shows that semiconductor lasers are well present in the
picture and start competing with other technologies. Some results even
have sufficient peak power for the demonstration of direct SC
generation28. However, the octave-spanning SC generation has not yet
been demonstrated from a direct launch of the laser pulse train into a
nonlinear fiber. Tentative with compressed pulse duration of 150 fs and
1015 W of peak power were also not sufficient for the generation of the
octave-spanning SC29.
A solution to increase the power is the implementation of external
amplification. This was demonstrated with a VECSEL emitting at 1.5 μm.
The amplified pulses reached 4.5 W of average power in 15.5-ps duration
5
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and enabled the generation of a broad supercontinuum extending from
1320 nm to 2000 nm30. However this SC did not cover the requested octave
and was most likely incoherent. In 2014, Zaugg et al. demonstrated the
coherent octave-spanning SC generation of a fiber-amplified VECSEL
emitting in the 1-μm region31. A standard f-to-2f interferometer enabled
the first detection of the CEO frequency of a SDL. Unfortunately, the
signal-to-noise ratio (SNR) of the beat note was not sufficient for a noise
characterization or a stabilization.

Figure 1.2: Selected overview of the achieved peak power of different
modelocked laser technologies with pulse repetition rates from and above
1 GHz20–22,24,26–28,31–96. The light green dots represent results based on optically
pumped VECSELs. The orange circle represents the ultrafast SDL used in
this thesis for the demonstration of CEO stabilization and the red point is the
generated peak power after amplification and compression.

In addition the different studies of the timing jitter and amplitude
noise performed on VECSELs97–100 and MIXSELs101 demonstrated
comparable performances to DPSSLs15,102,103. These noise properties place
these laser sources in a very promising situation in the world of frequency
combs.
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This thesis follows the three main steps towards the demonstration
of a SDL-based frequency comb that are
•

The characterization of the noise of a SDL to determine the
CEO frequency stabilization feasibility;

•

The investigation of a proper amplifier and pulse compression
stage for the generation of higher peak power and shorter
pulse durations;

•

The demonstration of the stabilization of the CEO frequency.

Chapter 2 focuses of on the noise characterization of a 1.8-GHz SDL
(orange point in Figure 1.2). The main noise sources in continuous-wave
and modelocked lasers are presented. A noise characterization and
stabilization of the repetition frequency are shown followed by the
description of an indirect method for the measurement of the CEO
frequency noise. Using this setup, the frequency noise of the CEO
frequency is measured, showing the feasibility of a future stabilization by
feedback to the pump current.
In chapter 3, a compact crystalline waveguide-based amplifier is
investigated and demonstrates the efficient laser amplification from
60 mW to 2.9 W.
Chapter 4 presents the main result of this thesis that is the CEO
frequency stabilization of an ultrafast SDL. To do so, efficient power
amplification and spectral broadening are performed in an Yb-doped fiber
amplifier developed in our institute. The compressed pulses (red point in
Figure 1.2)

enable

the

coherent

octave-spanning

supercontinuum

generation in a photonic crystal fiber (PCF) followed by the CEO
frequency detection in a standard f-to-2f interferometer. The CEO
frequency stabilization and an investigation on the origin of the freerunning noise are presented.
Another advantage of the semiconductor technology is the
possibility of engineering the emission wavelength of the semiconductor
7
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gain medium. In CW operation, VECSELs cover emission wavelengths
ranging from 391 nm104 to 5.3 μm105. However, the range is limited
between 665 nm106 and 2 μm107 in pulsed regime.
In chapter, 5 the development of an optical parametric oscillator
pumped by an ultrafast SDL is presented. The parametric process enables
the conversion of the SDL properties towards longer wavelengths. It is a
first step in the development of SDL-based frequency combs emitting in
the mid-infrared.
Finally, chapter 6 concludes the thesis and provides an outlook on
the future improvements, developments and applications of the SDL
technology.
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Chapter 2
Noise analysis of an ultrafast SDL
The reduction of the noise of a laser is a key point for many applications in
optical metrology or optical communications. In a pulsed laser, random
fluctuations of the pulse power, of the timing between two consecutive
pulses or of the phase of the carrier wave relative to the pulse envelope are
noise sources that influence the frequency stability and linewidth of
optical lines of the frequency comb. Therefore, the origin of the noise in
the laser has first to be investigated and its level and spectral distribution
need to be characterized. A careful design of the cavity to make it
mechanically- and thermally-stable and the optimization of the pump
source and its current driver in terms of noise levels are key parameters
that will generally reduce the laser noise. The further reduction of the
noise can then be implemented using an active stabilization loop applying
a feedback signal to the laser.
In this chapter, the noise characterization of a GHz modelocked SDL
is presented. Section 2.1 summarizes the theoretical definitions and
possible origins of different types of noise that are present in CW and
modelocked lasers. In section 2.2, the noise characterization and
stabilization of the repetition frequency of the ultrafast SDL are presented.

9
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After a brief description of an indirect CEO frequency noise detection
scheme that does not require the traditional f-to-2f interferometry
presented in section 2.3, the noise of the CEO frequency of the ultrafast
SDL is characterized using this method and presented in section 2.4.

2.1 Noise in lasers
Every laser system output suffers from some noise due to fluctuations of
the global system. The origin of this noise can be separated in two main
categories. The first one is called quantum noise and results from
spontaneous emission in the gain medium. The second is the noise arising
from technical origins. The main sources of technical noise are a noisy
pump source, vibrations of mechanical components of the resonator or
temperature fluctuations. As quantum noise is mainly dependent on the
laser operation mode, it can be reduced by reducing the optical losses,
increasing the intracavity power or implementing active stabilization
setup. On the other hand, technical noise is mainly controlled by careful
cavity design, shielding and damping from ambient noise sources and
implementation of active stabilization setups.
The following section 2.1.1 describes the intensity and frequency
noise that occur in CW lasers and their relation to the laser linewidth. In
section 2.1.2, the three main types of noise encountered in modelocked
lasers are presented, i.e.:
•

the amplitude noise,

•

the timing phase noise,

•

and the CEO phase noise.
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2.1.1 CW laser noise and linewidth
Intensity noise
Intensity noise represents the fluctuations of the laser output power
around its average value. Note that this term may also refer to optical
intensity, that is the optical power per unit area, but which will not be
treated here. The time-dependent optical power of the laser can be
expressed as
𝑃𝑃(𝑡𝑡) = 𝑃𝑃av + 𝛿𝛿𝛿𝛿(𝑡𝑡),

(2.1)

where 𝑃𝑃av is the average power and 𝛿𝛿𝛿𝛿(𝑡𝑡) a fluctuating quantity with zero

mean value. In most cases, it is more common to consider the relative
intensity noise (RIN) of the laser, which is the noise of the optical power
normalized to the average power 𝑃𝑃av :
𝐼𝐼(𝑡𝑡) =

𝛿𝛿𝛿𝛿(𝑡𝑡)
.
𝑃𝑃av

(2.2)

The single sideband (SSB) power spectral density (PSD) of the RIN
describes the distribution of the normalized power fluctuations as a
function of the Fourier frequency f. Using the Wiener-Khinchin theorem, it
is defined as
𝑆𝑆𝐼𝐼 (𝑓𝑓) = �

+∞

−∞

𝐺𝐺𝐼𝐼 (𝜏𝜏) ∙ 𝑒𝑒 −𝑖𝑖2𝜋𝜋𝜋𝜋𝜋𝜋 𝑑𝑑𝑑𝑑,

where 𝐺𝐺𝐼𝐼 (𝜏𝜏) is the autocorrelation function of 𝐼𝐼(𝑡𝑡) defined as
1 ∆/2
� 𝐼𝐼(𝑡𝑡 + 𝜏𝜏)𝐼𝐼(𝑡𝑡)𝑑𝑑𝑑𝑑.
∆→∞ ∆ −∆/2

𝐺𝐺𝐼𝐼 (𝜏𝜏) = lim

(2.3)

(2.4)

The RIN PSD can be integrated over a given frequency range to provide a
single number root-mean-square (RMS) value of the RIN, that is
𝜎𝜎𝐼𝐼 |�𝑓𝑓low ,𝑓𝑓high� = �2 ∙ �

𝑓𝑓high

𝑓𝑓low
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𝑆𝑆𝐼𝐼 (𝑓𝑓)𝑑𝑑𝑑𝑑,

(2.5)
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which is usually specified in percent. The factor 2 before the integral
comes from the fact that the SSB-PSD of the relative power fluctuations
𝑆𝑆𝐼𝐼 (𝑓𝑓) is considered here. Note that the specification of the integration
bandwidth is essential and is typically determined by the inverse of the
measurement time 𝑇𝑇meas for the lower frequency limit (𝑓𝑓low = 𝑇𝑇

1

meas

) and

the bandwidth of the measurement setup for the higher frequency limit
𝑓𝑓high .

Frequency noise and linewidth
Any laser, even a single-frequency laser, is not perfectly monochromatic

and its power spectrum (optical spectrum as a function of its wavelength 𝜆𝜆

or frequency 𝜈𝜈) has a finite full width at half maximum (FWHM)
linewidth. The linewidth partially results from the quantum noise
inherent to the lasing process that causes the intrinsic linewidth, which

corresponds to the Schawlow-Townes limit108. Additional technical noise
gives rise to a broadening of the linewidth.
The linewidth of lasers is generally too narrow to be resolved by
standard optical spectrum analyzers. Other measurement techniques have
thus been developed. An example used in this thesis is to perform a
heterodyne beat with another independent laser which has a significantly
lower frequency noise than the laser under study and is used as reference
oscillator. The characterization of the beat note signal can be assumed to
be a good estimate of the frequency noise properties of the laser under
test.
The linewidth constitutes a single number that characterizes the
spectral properties of a laser. It is useful for a simple comparison with
other lasers, but generally a deeper characterization of the spectral
behavior of the laser is necessary. This is obtained with the measurement
of the frequency noise PSD 𝑆𝑆𝛿𝛿𝛿𝛿 (𝑓𝑓), where 𝛿𝛿𝛿𝛿 is the fluctuation around the
central

emission

frequency

𝜈𝜈 and 𝑆𝑆𝛿𝛿𝛿𝛿 (𝑓𝑓)

is

defined

autocorrelation function 𝐺𝐺𝛿𝛿𝛿𝛿 (𝜏𝜏)of the frequency fluctuations by
12
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𝑆𝑆𝛿𝛿𝛿𝛿 (𝑓𝑓) = �

+∞

−∞

𝐺𝐺𝛿𝛿𝛿𝛿 (𝜏𝜏) ∙ 𝑒𝑒 −𝑖𝑖2𝜋𝜋𝜋𝜋𝜋𝜋 𝑑𝑑𝑑𝑑.

(2.6)

𝜷𝜷-separation line

The optical lineshape and resulting linewidth of a laser can be directly
computed from the frequency noise PSD 𝑆𝑆𝛿𝛿𝛿𝛿 (𝑓𝑓) (see Elliott et al.109).
However it is not always straightforward and may take a long

computational time. A simple approximation method has been developed
by Di Domenico et al.110 to straightforwardly estimate the linewidth of a
laser from its frequency noise PSD.
The basic idea is to introduce the so-called β-separation line in the
frequency noise PSD
𝛽𝛽(𝑓𝑓) =

8𝑙𝑙𝑙𝑙2
∙ 𝑓𝑓.
𝜋𝜋 2

(2.7)

This line separates the frequency noise spectrum into two regions:
frequencies which have a noise above the line contribute to the linewidth
while those with a noise below the line do not affect the linewidth but
only contribute to the wings of the line shape function. The linewidth can
be simply approximated by the surface 𝐴𝐴 below the frequency noise PSD

for the frequency components for which the noise is above the βseparation line (see Figure 2.1). The FWHM linewidth is then computed as
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = �(8𝑙𝑙𝑙𝑙2)𝐴𝐴.
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Figure 2.1: Figure taken from Di Domenico et al.110. A typical laser frequency
noise PSD made of 1/f noise at low Fourier frequencies and white frequency
noise at high Fourier frequencies. The red dashed line is the β-separation line
which separates the spectrum into the two regions: the violet area contributes
to the linewidth, the white one contributes only to the wings of the line shape
function.

2.1.2 Noise of modelocked lasers
The following section summarizes the theoretical description of the
different types of noise occurring in a modelocked laser. It is mainly based
on the work developed in Von der Linde111 and adapted with the
notations from Wittwer112.
Ideal pulse train
A modelocked laser emits a train of pulses, where two subsequent pulses
1

are separated by the time period 𝑇𝑇 = 𝑓𝑓 . For most lasers, this time period
rep

is much larger than the pulse duration, and therefore the pulse shape can

be approximated by a Dirac delta function 𝛿𝛿(𝑡𝑡). The time-dependent

optical power of an ideal noise-free modelocked laser is then described by
a sum of equally-spaced delta functions, called a Dirac comb

14
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+∞

𝑃𝑃(𝑡𝑡) = 𝑃𝑃av ∙ 𝑇𝑇 ∙ � 𝛿𝛿(𝑡𝑡 − 𝑛𝑛 ∙ 𝑇𝑇).

(2.9)

𝑛𝑛=−∞

The corresponding PSD in the frequency domain is also a Dirac comb of
equidistant lines given by
𝑆𝑆𝑃𝑃,ideal (𝑓𝑓) = (𝑃𝑃av

)2

+∞

∙ � 𝛿𝛿�𝑓𝑓 − 𝑛𝑛 ∙ 𝑓𝑓rep �.

(2.10)

𝑛𝑛=−∞

Amplitude noise
As for the CW lasers described in the previous section, modelocked lasers
suffer from amplitude fluctuations which can be expressed as
+∞

𝑃𝑃(𝑡𝑡) = �1 + 𝐼𝐼(𝑡𝑡)� ∙ 𝑃𝑃av ∙ 𝑇𝑇 ∙ � 𝛿𝛿(𝑡𝑡 − 𝑛𝑛 ∙ 𝑇𝑇),

(2.11)

𝑛𝑛=−∞

where 𝐼𝐼(𝑡𝑡) represents the normalized power fluctuations as introduced in

equation (2.2). Going to the frequency domain with the help of the
Wiener-Khinchin theorem, the PSD becomes
𝑆𝑆𝑃𝑃,amp (𝑓𝑓) = (𝑃𝑃av
=

)2

+∞

∙ � �𝛿𝛿�𝑓𝑓 − 𝑛𝑛 ∙ 𝑓𝑓rep � + 𝑆𝑆𝐼𝐼 �𝑓𝑓 − 𝑛𝑛 ∙ 𝑓𝑓rep ��
𝑛𝑛=−∞

𝑆𝑆𝑃𝑃,ideal (𝑓𝑓) + (𝑃𝑃av

)2

+∞

∙ � 𝑆𝑆𝐼𝐼 �𝑓𝑓 − 𝑛𝑛 ∙ 𝑓𝑓rep �,

(2.12)

𝑛𝑛=−∞

where 𝑆𝑆𝐼𝐼 is the power spectral density of the relative power fluctuations.

This equation demonstrates that amplitude fluctuations in the time

domain correspond to the emergence of sidebands in the frequency
domain as depicted in Figure 2.2. The amplitude of these sidebands is
identical for all harmonics.
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Figure 2.2: Power representation in the time domain (a) and frequency
domain (b) of a modelocked laser pulse train that is affected by amplitude
noise.

When characterizing the amplitude noise of a modelocked laser, one is
typically interested in the noise contained in the sidebands of one
harmonic m
(2.13)

𝑆𝑆𝑚𝑚,amp (𝑓𝑓) = 𝑆𝑆𝐼𝐼 �𝑓𝑓 − 𝑚𝑚 ∙ 𝑓𝑓rep �.

This corresponds to the PSD of 𝐼𝐼(𝑡𝑡) and can be integrated over a given
frequency range to provide the integrated RMS amplitude noise
𝜎𝜎amp ��𝑓𝑓

low ,𝑓𝑓high �

= �2 ∙ �

𝑓𝑓high

𝑓𝑓low

𝑆𝑆𝑚𝑚,amp (𝑓𝑓)𝑑𝑑𝑑𝑑.

(2.14)

Timing phase noise
In addition to amplitude noise, the repetition frequency 𝑓𝑓rep , i.e., the

inverse of the time interval 𝑇𝑇 between pulses, also fluctuates. This is
described in the time domain by the following expression
+∞

𝑃𝑃(𝑡𝑡) = 𝑃𝑃𝑎𝑎𝑎𝑎 ∙ 𝑇𝑇 ∙ � 𝛿𝛿�𝑡𝑡 − 𝑛𝑛 ∙ 𝑇𝑇 − 𝛿𝛿𝑇𝑇𝑛𝑛 (𝑡𝑡)�,

(2.15)

𝑛𝑛=−∞

where 𝛿𝛿𝑇𝑇𝑛𝑛 (𝑡𝑡) is the temporal variation of the nth pulse from its ideal

occurrence

at

time

𝑛𝑛 ∙ 𝑇𝑇.

Assuming
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corresponding to small phase shift 𝜑𝜑𝑛𝑛 (𝑡𝑡) = 𝑛𝑛 ∙ 2𝜋𝜋𝑓𝑓rep ∙ 𝛿𝛿𝑇𝑇𝑛𝑛 (𝑡𝑡) ≪ 1 rad , the

PSD of the Dirac comb takes the form

2

𝑆𝑆𝑃𝑃,time (𝑓𝑓) = (𝑃𝑃av )2 ∙ ∑+∞
𝑛𝑛=−∞ �𝛿𝛿�𝑓𝑓 − 𝑛𝑛 ∙ 𝑓𝑓rep � + �𝑛𝑛 ∙ 2𝜋𝜋𝑓𝑓rep � ∙ 𝑆𝑆𝛿𝛿𝛿𝛿 �𝑓𝑓 − 𝑛𝑛 ∙ 𝑓𝑓rep ��
= 𝑆𝑆𝑃𝑃,ideal (𝑓𝑓) + (𝑃𝑃av

)2

+∞

2

∙ � �𝑛𝑛 ∙ 2𝜋𝜋𝑓𝑓rep � ∙ 𝑆𝑆𝛿𝛿𝛿𝛿 �𝑓𝑓 − 𝑛𝑛 ∙ 𝑓𝑓rep �,
𝑛𝑛=−∞

(2.16)

with 𝑆𝑆𝛿𝛿𝛿𝛿 corresponding to the PSD of the temporal variation (in 𝑠𝑠 2 /𝐻𝐻𝐻𝐻). As

schematized in Figure 2.3, these timing fluctuations also add sidebands in

the frequency spectrum, however their power scales with the square of the
harmonic number 𝑛𝑛.

Figure 2.3: Timing phase noise of a pulse train in the time domain (a) and
frequency domain (b). The time shift from pulse to pulse corresponds to
additional wings in the frequency spectrum whose power scales with the
square of the harmonic number 𝑛𝑛.

Here again, one typically characterize the noise around one harmonic m
2

𝑆𝑆𝑚𝑚,time (𝑓𝑓) = �𝑚𝑚 ∙ 2𝜋𝜋𝑓𝑓rep � ∙ 𝑆𝑆𝛿𝛿𝛿𝛿 �𝑓𝑓 − 𝑚𝑚 ∙ 𝑓𝑓rep �.

(2.17)

A single number can be used to describe the contribution of the timing
phase noise in a given frequency range

17

Chapter 2 Noise analysis of an ultrafast SDL

𝜎𝜎jitter �

�𝑓𝑓low ,𝑓𝑓high �

=

𝑓𝑓

�2 ∙ ∫𝑓𝑓 high 𝑆𝑆𝑚𝑚,time (𝑓𝑓)𝑑𝑑𝑑𝑑
low

2𝜋𝜋𝜋𝜋𝑓𝑓rep

𝑓𝑓high

= �2 ∙ �

𝑓𝑓low

𝑆𝑆𝛿𝛿𝛿𝛿 (𝑓𝑓)𝑑𝑑𝑑𝑑.

(2.18)

It is called the RMS timing jitter or integrated timing jitter.
CEO phase noise

Every pulse of the optical pulse train can be described with an intensity
envelope, as studied earlier, and an underlying oscillating electric field
(the carrier wave). The dispersion and nonlinearities of the resonator cause
a phase slippage of the peak of the electric field from the peak of the
intensity envelope from pulse to pulse (see Figure 2.4). It is defined as the
carrier-envelope phase slip. In the frequency domain, it corresponds to a
frequency offset of the comb spectrum from the zero frequency. This
frequency offset is defined as the CEO frequency 𝑓𝑓CEO , and every line of
the comb spectrum can be written as

𝜈𝜈𝑁𝑁 = 𝑁𝑁 ∙ 𝑓𝑓rep + 𝑓𝑓CEO ,

(2.19)

where N represents the mode number. The fluctuation of the CEO
frequency induces a fluctuation of the entire comb spectrum. Therefore a
noise characterization together with a stabilization of the CEO frequency
are relevant.
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Figure 2.4: (a) time and (b) frequency domain representation of a frequency
comb. Figure taken from Schilt and Südmeyer10.

Unlike 𝑓𝑓rep , which can be easily measured with a high bandwidth

photodiode and a microwave spectrum analyzer, the CEO frequency is not
directly accessible as it does not appear in the optical spectrum of the
laser. Therefore new techniques have been developed for its detection. The
mostly used is the f-to-2f interferometry6, described and implemented in
chapter 4. This technique necessitates in particular the generation of a
coherent supercontinuum spectrum that covers a frequency octave (i.e.
ranging from frequency f to frequency 2f). This property is not directly
obtained from the laser (apart a few special configurations of Ti:sapphire
modelocked lasers113,114) and can be pretty challenging to achieve
especially for lasers with a high repetition rate in the GHz-regime. To
circumvent this constraint, the following sections 2.3 and 2.4 present an
alternative technique to detect and characterize the noise of the CEO
frequency without the use of an f-to-2f interferometer.
𝜷𝜷-separation line

The 𝛽𝛽-separation line described at the end of section 2.1.1 can be used to
characterize the noise of the CEO frequency. The crossing point between
19
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the line and the CEO frequency noise PSD gives a good estimate of the
bandwidth needed to achieve a tight lock in a CEO stabilization loop.
When the frequency noise is entirely reduced below the β-separation line,
the linewidth of the CEO is suppressed, which results in a tight-lock that is
characterized by the occurrence of a coherent peak in the RF spectrum of
the CEO beat, targeted for most applications of optical frequency combs.

2.2 Repetition rate frequency noise
characterization and stabilization of an ultrafast
SDL
The laser prototype characterized in this chapter and further used in
chapters 3 is a 1.8-GHz SESAM-modelocked VECSEL developed at ETH
Zurich. A second prototype based on the same design with similar
VECSEL gain chip and SESAM was assembled in our laboratory. The
second prototype is used in the results presented in chapter 4. Both lasers
were carefully characterized and demonstrate comparable operation and
noise behavior. In this section, the detailed characterization of the first
prototype is presented.
The laser has a simple V-shaped cavity with the VECSEL gain chip as
folding mirror and the SESAM and output coupler (OC) as end mirrors, as
presented in Figure 2.5(a).

20

2.2 frep noise characterization and stabilization of an ultrafast SDL

Figure 2.5 (a): Scheme of the SESAM-modelocked VECSEL cavity. (b) Picture
of the boxed prototype in its aluminum housing.

The laser properties are summarized in Table 2.1. Pulses with a duration
of 300 fs are generated from the prototype at a central emission
wavelength of 1030 nm and with an average output power of 90 mW. The
laser is boxed in an aluminum housing [Figure 2.5(b)] to minimize the
influence of technical noise such as acoustic noise and thermal effects.
VECSEL prototype
Pump power

17 W

Pulse duration

300 fs

Output power

90 mW

Central emission wavelength

1030 nm

Repetition frequency

1.77 GHz

Spectral bandwidth

4 nm

Table 2.1 Parameters of the ultrafast VECSEL.

The stabilization of the repetition frequency frep is performed using a
PZT placed underneath the OC to change the cavity length and therefore
adjust frep. The main steps of the stabilization are the detection and
amplification of the frep signal, followed by its phase stabilization to a
reference signal by controlling the cavity length with the PZT using a
phase-locked loop (PLL) circuit.
The noise of the stabilized signal and the stability of the lock depend
on several parameters of the PLL such as the range of the PZT, the gain of
the locking electronics or the noise of the reference signal. The noise of the
21

Chapter 2 Noise analysis of an ultrafast SDL
reference signal is characterized by measuring its frequency noise (FN)
PSD and typically sets the limiting noise level for the stabilization at low
Fourier frequencies. The gain of the locking electronics is usually limited
by the PZT and is optimized by a careful adjustment while monitoring the
frep FN-PSD. Finally, a careful study of the PZT bandwidth (and therefore
of the speed with which the control loop can react) is performed by a
measurement

of

its

transfer

function.

This

measurement

helps

understanding the potential limitations and the reaction of the system
before performing the stabilization.

2.2.1 Repetition rate transfer function
Two parameters are important in a PLL:
•

the linear tuning range

•

the amplitude and phase responses (and therefore the
bandwidth of the loop)

To investigate the linear range, we performed a static measurement of the
tuning response of frep (measured with an RF spectrum analyzer) to a
change of the driving voltage of the PZT. This measurement is presented
in Figure 2.6(b). Here we implemented a high voltage amplifier (HVA,
Menlo HVA150, gain ~15) to drive the PZT in a range of 0-150 V. We
performed this measurement in our ultrafast VECSEL using the
5th-harmonic of frep (8.84 GHz), which will later be used for the
stabilization, and divided the result by 5 to get the behavior of frep. We see
that the PZT provides a response that spans over more than 40 kHz with a
linear tuning coefficient of ~350 Hz/V. This is widely sufficient for frep
stabilization, even at the GHz repetition rate.
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Figure 2.6: (a) Transfer function measurement scheme. (b) Static tuning of frep
as a function of the PZT voltage. (c) Amplitude (left axis, blue) and phase
(right axis, red) transfer function of frep for PZT modulation.

The amplitude and phase responses are assessed in a dynamic
measurement, called transfer function. This measurement gives the
amplitude attenuation /amplification and the phase delay as a function of
the PZT voltage modulation frequency. The PLL bandwidth is determined
by the frequency at which the phase of the transfer function shifts by 90°,
which typically corresponds to 3 dB (50%) attenuation in amplitude for a
1st order low-pass filter. We use this approximation to estimate the PLL
bandwidth, even if the transfer function does not fit a 1st order low-pass
filter. Figure 2.6(a) presents the measurement setup of the transfer
function. The basic principle is to apply a sinusoidal signal from a function
generator to the HVA in order to modulate the PZT and use a lock-in
amplifier to detect the amplitude and phase response of frep. A frequency
discriminator (Miteq FMDM 21.4/4-2) is used before the lock-in amplifier
to convert the frequency fluctuations into voltage fluctuations analyzed by
the lock-in. Here again we performed the measurements on the
5th-harmonic of frep. As the frequency discriminator has an operating range
of 18-26 MHz, the multi-GHz signal is first down converted to ~20 MHz
using a mixer and a reference oscillator. The transfer function is presented
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in Figure 2.6(c). It has a 90° phase shift at frequency slightly above 10 kHz.
We also see two resonances of the PZT at ~1.3 kHz and 3.5 kHz which
may add some peaks in the FN-PSD of the stabilized signal.

2.2.2 Repetition rate frequency stabilization
The stabilization of the repetition frequency is performed on its 5th
harmonic (5∙frep = 8.84 GHz) to enhance the phase noise sensitivity
compared to the fundamental frequency (see section 2.1.2). The signal was
first detected using a high-bandwidth photodiode (New Focus 1014), then
amplified and phase-compared in a mixer with a reference synthesizer
(Rohde-Schwarz SMF-100A), see Figure 2.7(a). The resulting phase error
signal was low-pass filtered and sent to the proportional integral (PI)
servo-controller (Menlo PIC210) to generate the correction signal driving
the HVA to modulate the OC mounted on the PZT.

Figure 2.7: (a) Repetition frequency stabilization scheme. (b) FN-PSD of the
free-running (blue) and phase-locked (violet) repetition frequency and of the
reference synthesizer (grey). Right axis: Integrated timing jitter as a function
of the low cut-off frequency (dashed line).

We recorded the noise of the 1st-harmonic of the repetition frequency
using the signal from a second photodetector (New Focus 1434) and a
phase noise analyzer (Rohde-Schwarz FSWP26). The free-running (blue)
and stabilized (violet) FN-PSDs of the repetition frequency are presented
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in Figure 2.7(b). In addition, the frequency noise of the synthesizer used as
a reference signal in the PLL was measured at 8.84 GHz and is plotted in
Figure 2.7(b) after down scaling by a factor of 52 for comparison with the
noise of the 1st harmonic. We see that the noise of the stabilized frep is
reduced to the level of the reference synthesizer for Fourier frequencies up
to 200 Hz. We also see the servo bump at ~10 kHz, which gives the
stabilization bandwidth and is consistent with the results of section 2.2.1.
The free-running integrated timing jitter of 1.7 ps is reduced to 30 fs
integrated from 100 Hz to 1 MHz, which is remarkably low for a GHz
laser.

2.3 Theoretical principle for the
characterization of the CEO frequency noise
without f-to-2f interferometry
This section summarizes the basic principle of the indirect characterization
of the CEO frequency noise as described in the work of Brochard et al.115.
The method is based on an appropriate combination of different
signals from the modelocked laser and a narrow linewidth CW laser. A
scheme of the detection method is presented in Figure 2.8. On one side a
high harmonic
𝑓𝑓A = 𝑁𝑁1 ∙ 𝑓𝑓rep

(2.20)

of the repetition rate is measured using a fast photodetector (lower branch
of Figure 2.8 on PD-1). On the other side, the heterodyne beat between the
modelocked laser and the CW laser is measured on a second fast
photodetector PD-2. This beat note corresponds to an RF signal
𝑓𝑓beat = 𝜈𝜈𝑁𝑁 − 𝜈𝜈laser,

(2.21)

where 𝜈𝜈𝑁𝑁 = 𝑁𝑁 ∙ 𝑓𝑓rep + 𝑓𝑓CEO is the frequency of the comb line that beats the

CW laser [see equation (2.19)] and 𝜈𝜈laser is the frequency of the CW laser.
The beat note is then frequency-divided by an integer number N2
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(typically N2 ~10’000) carefully chosen such that the product of N1 and N2
equals the index N of the modelocked laser comb line
𝑁𝑁 = 𝑁𝑁1 ∙ 𝑁𝑁2 .

The resulting signal is
𝑓𝑓B =

𝑓𝑓beat
𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶 − 𝜈𝜈laser
= 𝑁𝑁1 ∙ 𝑓𝑓rep +
,
𝑁𝑁2
𝑁𝑁2

(2.22)

(2.23)

Finally the two signals fA and fB are mixed to produce a signal fout that is
exempt from the contribution of frep
𝑓𝑓out = 𝑓𝑓B − 𝑓𝑓A =

𝑓𝑓CEO − 𝜈𝜈laser
,
𝑁𝑁2

(2.24)

Now assuming that the frequency noise of the CW laser 𝛿𝛿𝜈𝜈laser is

sufficiently lower than the frequency noise 𝛿𝛿𝛿𝛿CEO of the CEO beat under

investigation, its contribution can be neglected. Then
𝛿𝛿𝛿𝛿out ≅

𝛿𝛿𝛿𝛿CEO
,
𝑁𝑁2

(2.25)

and the FN-PSD of the output signal depicts the PSD of CEO frequency
divided by 𝑁𝑁22 . Note that this technique enables accessing the CEO

frequency noise, but does not give a direct access to the absolute 𝑓𝑓CEO

measurement as the absolute CW-laser frequency (𝜈𝜈laser ) is not known
exactly.
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Figure 2.8: Basic principle of the proposed scheme to characterize the CEO
beat without directly detecting it. A high harmonic 𝑁𝑁1 of the repetition rate
(lower branch, signal fA) is mixed with the heterodyne beat with a CW laser,
frequency-divided by 𝑁𝑁2 (higher branch, signal fB), to produce a signal fout

that is exempt from the contribution of frep if 𝑁𝑁 = 𝑁𝑁1 ∙ 𝑁𝑁2. PD: fast
photodiode.

In addition to the difference frequency component (𝑓𝑓B − 𝑓𝑓A )

measured at the output of the mixer, there is also the sum frequency

component (𝑓𝑓B + 𝑓𝑓A ) which includes twice the noise of the repetition

frequency. Therefore the signal has to be selected carefully to guaranty
that the correct beat note is used for the characterization of the CEO
frequency.
This method has been validated with a commercial Er:fiber

frequency comb115. The measured CEO frequency noise showed an
excellent agreement with the results obtained with a traditional f-to-2f
interferometer.
The noise characterization of the CEO frequency of the ultrafast
VECSEL using the indirect method described here is presented in the
following section, which is a reprint of our article published in Optics
Letters116.
27

Chapter 2 Noise analysis of an ultrafast SDL

2.4 First investigation of the noise and
modulation properties of the carrier-envelope
offset in a modelocked semiconductor laser
P. Brochard,1 N. Jornod,1 S. Schilt,1 V. J. Wittwer,1 S. Hakobyan,1
D. Waldburger,2 S. M. Link,2 C. G. E. Alfieri,2 M. Golling,2 L. Devenoges,3
J. Morel,3 U. Keller,2 and T. Südmeyer1
1Laboratoire

Temps-Fréquence, Institut de Physique, Université de

Neuchâtel, CH-2000 Neuchâtel, Switzerland.
2Department

of Physics, Institute of Quantum Electronics, ETH Zurich,

CH-8093 Zürich, Switzerland.
3Federal

Institute

of

Metrology

METAS,

CH-3003

Bern-Wabern,

Switzerland.
We present the first characterization of the noise properties and
modulation response of the carrier-envelope offset (CEO) frequency in a
semiconductor modelocked laser. The CEO beat of an optically-pumped
vertical external-cavity surface-emitting laser (VECSEL) at 1030 nm was
characterized without standard f-to-2f interferometry. Instead, we used
an appropriate combination of signals obtained from the modelocked
oscillator and an auxiliary continuous-wave laser to extract information
about the CEO signal. The estimated linewidth of the free-running CEO
beat is approximately 1.5 MHz at 1-s observation time, and the feedback
bandwidth to enable a tight CEO phase lock to be achieved in a future
stabilization loop is in the order of 300 kHz. We also characterized the
amplitude and phase of the pump current to CEO-frequency transfer
function, which showed a 3-dB bandwidth of ∼300 kHz for the CEO

frequency modulation. This fulfills the estimated required bandwidth

and indicates that the first self-referenced phase-stabilization of a
modelocked semiconductor laser should be feasible in the near future.
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Optical frequency combs from modelocked solid-state lasers have been a
revolution in the field of high precision metrology by directly and
coherently linking the optical and microwave parts of the electromagnetic
spectrum [1–3]. Such stabilized frequency combs enable the measurement
of optical frequencies with an extreme precision [4,5] and constitute a key
element of novel optical atomic clocks that have surpassed the best
microwave frequency standards in terms of fractional frequency
stability [6,7].
Most comb applications today require self-referencing, i.e., the
detection and stabilization of the carrier envelope offset (CEO) frequency
fCEO [1,8]. This has been achieved in various fiber laser systems [9] and
solid-state lasers (Ti:Sapphire [2] or diode-pumped solid-state lasers –
DPSSLs [10,11]). Electronic feedback modulating the pump power of the
femtosecond laser is the most common approach to phase-stabilize fCEO to
an external reference frequency [3]. Alternative methods have been
demonstrated, which make use of an intracavity loss modulator enabling
the modulation bandwidth to be extended beyond the gain lifetime
limitation, such as a graphene electro-optic modulator [12] or an optooptical modulation of a semiconductor saturable absorber mirror
(SESAM) [13]. Other solutions are based on feedforward corrections
applied to the CEO frequency [14] or passive CEO cancellation using a
difference frequency generation (DFG) process [15].
Self-referencing modelocked lasers with a higher repetition rate in
the GHz range is much more challenging, as the CEO noise typically
scales with the repetition rate [16], therefore requiring larger feedback
bandwidths. In addition, the standard self-referencing method most often
involves f-to-2f interferometry to detect the CEO frequency [1]. This
requires a coherent supercontinuum (SC) spectrum that covers at least one
frequency octave, which is fairly challenging to achieve for some novel
comb technologies that are presently being developed. The use of higher
order nonlinear processes, such as 2f-to-3f [1], slightly reduces the
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requirements in terms of spectral width of the SC spectrum, but at the
expense of a higher complexity.
Among the emerging comb technologies, modelocked semiconductor
lasers are promising for future low-cost high-volume production owing to
the benefits of semiconductor manufacturing. Vertical external-cavity
surface-emitting lasers (VECSELs) or modelocked integrated externalcavity surface-emitting lasers (MIXSELs) [17] can lead to compact and
cost-effective frequency comb systems in the future. However, no such
modelocked laser has ever been CEO-frequency-stabilized yet. The main
reason is the insufficient peak power and too long pulse duration that
have prevented so far the generation of a suitable SC spectrum for CEO
detection.
A CEO beat signal from a semiconductor modelocked laser has been
detected for the first time by Zaugg et al. after external pulse amplification
and compression [18], but no further investigation has been reported since
then. The 1038-nm VECSEL was first amplified to 5.5 W average power
using a fiber amplifier, then the pulses were compressed to 85 fs to
generate the necessary octave-spanning SC spectrum in a photonic crystal
fiber (PCF). However, the detected CEO signal was not suitable for noise
analysis or stabilization as the signal-to-noise ratio (SNR) of ~15 dB (in a
100-kHz resolution bandwidth) was insufficient. Extra noise may have
been induced in the amplification.
In this Letter, we present the first detailed characterization of the
CEO frequency in a modelocked VECSEL, showing promising results for
future self-referencing stabilization. For this purpose, we implemented a
characterization method of the CEO beat that does not require f-to-2f
interferometry and therefore circumvents the need for a coherent octavespanning comb spectrum that has not yet been achieved directly from the
output of this laser. The information about the CEO noise and modulation
response was obtained directly from the output of the oscillator, without
any further spectral broadening, pulse compression or amplification. We
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recently showed a proof-of-principle demonstration of this method
implemented with an Er:fiber frequency comb for which the CEO beat was
separately detected using an f-to-2f interferometer for cross validation [19].
The method proved to be suitable to infer both the frequency noise
spectrum of the free-running CEO beat and the transfer function of fCEO for
a modulation of the laser pump current. Here we report on the
implementation of this method for the characterization of the CEO
frequency of a modelocked VECSEL.
The investigated ultrafast laser oscillator was a prototype developed
at ETH Zurich. The laser cavity had a semiconductor gain chip as folding
mirror, and a SESAM and an output coupler (1% transmission) as end
mirrors. It generated sub-300-fs pulses at around 1030 nm [20]. The
VECSEL was pumped with up to 17 W of optical power from a
commercially-available fiber-coupled 808-nm multimode pump diode.
The average output power was 90 mW with a spectral width of ~4 nm.
The pump diode was driven in-parallel by a low-cost constant current
source and a home-built voltage-current transducer providing a fast
modulation channel for the pump power. A dedicated low-pass filter was
implemented between the two current sources to avoid undesirable crosstalks. A 3-dB modulation bandwidth of the pump power of around 1 MHz
was therewith achievable with this home-made transducer. Fast
modulation capabilities of the pump power are important for future comb
self-referencing with direct control of the CEO frequency via pump
current modulation. The VECSEL repetition rate frep ≈ 1.77 GHz was
phase-stabilized to a radio-frequency (RF) signal referenced to an H-maser
for stable long-term operation at the required level of accuracy. This
stabilization was implemented by a phase-locked loop operating at 5·frep
(~8.85 GHz), with a feedback signal applied to a piezoelectric transducer
(PZT) controlling the position of the output coupler within the VECSEL
cavity.
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The principle of the method applied to characterize the CEO beat
without directly detecting it was recently presented in Ref. [19]. It requires
an auxiliary continuous wave (cw) laser. Whereas a planar waveguide
external-cavity laser with a very low frequency noise was used in our
proof-of-principle experiment at 1.55 μm, this type of laser is not available
at the 1030-nm emission wavelength of our VECSEL. Therefore, a
distributed feedback (DFB) laser (Eagleyard) with a specified linewidth
<2 MHz was used in the work reported here. Its frequency noise power
spectral density (PSD) has first been measured to assess its suitability for
this application. This was realized by heterodyning the laser with the SC
spectrum generated in a highly nonlinear fiber from a fully-stabilized
Er:fiber frequency comb (Menlo FC 1500-250). The SC spectrum was
spectrally filtered using a fibered tunable bandpass filter with a
bandwidth of ∼1 nm and amplified in a semiconductor optical amplifier

(Innolume) before being combined with the auxiliary cw laser in a 90/10
fiber coupler. The resulting beat signal was bandpass filtered and its
frequency noise was measured using a frequency discriminator [21] and a
fast Fourier transform spectrum analyzer. The noise of the auxiliary DFB
laser was the dominating contribution in this measurement, leading to the
frequency noise spectrum displayed in Figure 2.10.
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Figure 2.9: (a) Basic principle of the proposed scheme to characterize the CEO
beat without directly detecting it [19]. A high harmonic N1 of the repetition
rate (upper branch, signal fA) is mixed with the heterodyne beat with a cw
laser, frequency-divided by N2 (lower branch, signal fB), to produce a signal
fout that is exempt from the contribution of frep. PD: fast photodiode; DBM:
double-balanced mixer. (b) Detailed experimental scheme realized for the
implementation of the method with a modelocked VECSEL with
frep ≈ 1.77 GHz using an auxiliary DFB laser at 1030 nm. PNA: phase noise
analyzer. All radio-frequency components except the narrow band-pass
filters at ~15 GHz are standard off-the-shelf components. The frequency
discriminator and lock-in amplifier are used for the transfer function.

The experimental setup for the characterization of f CEO was
implemented in a similar way as in our previous proof-of-principle
demonstration. However, different RF components (filters, frequency
dividers, amplifiers) were used to account for the different repetition rate
and mode number N involved here. Basically, two RF signals were
detected, corresponding to a harmonic N1 = 9 of the repetition rate (at
15.92 GHz) and to the beat signal fbeat between one mode of the VECSEL
(with a nominal mode number N = N1·N2) and the auxiliary laser, which
was detected at a frequency of 14.96 GHz. In order to remove the
contribution of the VECSEL repetition rate, these signals were processed
and combined according to the general principle reported in Ref. [19] and
to the detailed scheme displayed in Figure 2.9. Finally, only a frequencydivided contribution of the CEO frequency fluctuations δfCEO (division by
a factor N2 = 18,288 here) occurred in the noise of the output signal
δfout = δfCEO/N2. This signal also contained the frequency noise of the cw
laser (divided by the same factor N2), but it had a negligible impact as it
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was significantly lower than the noise of the free-running CEO beat (as
shown in Figure 2.10). Therefore, the CEO noise was retrieved by upscaling by a factor 𝑁𝑁22 the phase noise of the output signal measured with

Figure 2.10: Frequency noise PSD of the free-running CEO beat of the
VECSEL assessed with the proposed method (thick light blue line). The thin
light purple line represents the frequency noise PSD of the free-running cw
laser used in this experiment. The CEO noise at frequencies higher than
~10 kHz is limited by the noise of a synthesizer used in the experiment
(dashed grey line). Therefore an estimation of the feedback bandwidth
required for a future phase stabilization of fCEO was assessed by extrapolating
the 1/f noise (dashed blue line) up to its crossing point with the β-separation
line [22].

a phase noise analyzer (FSWP from Rohde & Schwarz). The assessed CEO
frequency noise displayed in Figure 2.10 is not affected by the noise of the
auxiliary laser (apart from some isolated peaks) and was thus correctly
retrieved. In order to verify the correctness of the CEO noise measurement
and to check if the considered combination of signals resulted in the
expected compensation of the repetition rate noise, we also measured the
sum-frequency component signal at the mixer output as discussed in
Ref. [19]. This signal contains two times the noise of the repetition rate and
thus shows the same noise features as the repetition rate as displayed in

34

2.4 First investigation of the noise and modulation properties of fCEO
Figure 2.11, which enabled identifying the correct difference-frequency
signal.

Figure 2.11: Frequency noise PSD corresponding to the up-scaled noise
obtained for the two signals at the mixer output (thick light blue line:
compensated signal corresponding to the frequency-difference component;
thin red line: uncompensated signal corresponding to the sum-frequency
component) and comparison with the 9th harmonic signal of the repetition
rate (thin dashed green line).

At frequencies higher than ~10 kHz, the measured CEO noise was
limited by the noise floor of the experimental setup, which resulted from
an RF synthesizer used to frequency down-convert the signal of the
harmonics of frep, as previously discussed [19]. Therefore, we extrapolated
the 1/f noise of the CEO signal to higher frequencies (blue dashed line in
Figure 2.10) to estimate the feedback bandwidth that would be required to
achieve a tight CEO lock in a future self-referencing setup. From the
crossing point of the extrapolated noise spectrum with the β-separation
line [22], we assessed a full width at half maximum of the CEO beat of
~1.5 MHz (1-s observation time) and a corresponding required feedback
bandwidth of ~300 kHz.
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Figure 2.12: Normalized amplitude (top) and phase (bottom) of the
measured transfer functions of the VECSEL CEO frequency (thick blue line)
and output power (thin red line) obtained for a direct modulation of the
pump current. The phase of fCEO has been offset by 180° to facilitate the
comparison with the phase of the output power transfer function.

To assess if such bandwidth would be achievable using a direct
modulation of the pump power via the pump current, we measured the
modulation response of fCEO. We used the same general setup as before,
but demodulated the output signal using a frequency discriminator [21]
and a lock-in amplifier referenced to the pump diode modulation applied
using our fast modulation electronics. Figure 2.12 shows the measured
amplitude and phase of the pump current to fCEO transfer function. For
comparison, we also measured the transfer function of the VECSEL output
power for the same pump current modulation, as it generally has a similar
behavior [23], which is indeed the case here. The amplitude of the transfer
functions is constant up to at least 100 kHz, resulting in a 3-dB bandwidth
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of ~300 kHz for fCEO modulation. At this frequency, the corresponding
phase shift is approximately -90°. The CEO modulation capability of this
VECSEL is significantly faster than usually encountered in DPSSLs or fiber
lasers, resulting from the much shorter upper state lifetime in the
semiconductor gain. The VECSEL CEO transfer function reported here is
not limited by the carrier lifetime, which is much shorter, but by the cavity
dynamics [23]. The fast modulation capability of the VECSEL is promising
for a future self-referencing stabilization loop.

Figure 2.13: CEO frequency drift (thick light red trace) measured by
heterodyning the VECSEL emission with the DFB auxiliary laser frequencylocked to an Er:fiber comb fully-stabilized to an H-maser and comparison
with the VECSEL output power (thin dark blue line). The inset in the rightbottom corner displays a zoom of the traces over 70 seconds and the top-left
inset shows the high correlation between the drift of fCEO and the relative
variations of the VECSEL output power with a slope of ~3 MHz/%.

Finally, we also measured the frequency drift of fCEO by recording the
beat signal between an optical frequency reference νlaser and one optical
mode of the VECSEL (with frep stabilized to an RF synthesizer that was
referenced to an H-maser). The optical reference was made of the cw DFB
laser stabilized to a line of the SC spectrum of a commercial fullystabilized Er:fiber frequency comb referenced to the H-maser. In this
scheme, the slow frequency fluctuations of the beat signal only reflect the
variations of the VECSEL CEO frequency, as all other frequencies (frep,
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νlaser) were stabilized. A slow drift of ~8 MHz was observed in 15 min.
Furthermore, we measured at the same time the relative variations of the
VECSEL output power. A strong correlation was observed between the
variations of fCEO and the VECSEL output power as shown in Figure 2.13.
The intensity noise of the pump diode was likely responsible for this
effect. Therefore, a feedback loop acting on the pump diode current is
expected to be highly efficient for fCEO noise reduction with a large
bandwidth, enabling a tight CEO lock to be reached in future selfreferencing experiments.
In conclusion, we reported the first thorough analysis of the noise
and modulation properties of the CEO beat in a modelocked VECSEL.
This was realized using a novel approach that we recently proposed to
characterize the CEO beat without directly detecting it using standard
f-to-2f interferometry. Our results show that a modulation of fCEO can be
achieved by direct pump current modulation with a 3-dB bandwidth of
around 300 kHz, which is comparable to the feedback bandwidth needed
to achieve a tight CEO lock in a future self-referencing scheme estimated
from our noise measurements. These results pave the way for the first selfreferencing of a modelocked semiconductor laser that is our next target.
Funding. Nano-Tera.ch MIXSEL II (20NA21_145932); EU-FP7 ITN FACT
(PITN-GA-2013-607493).
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Chapter 3
Amplification of an ultrafast SDL
The previous chapter showed that the CEO frequency stabilization of the
ultrafast SDL via modulation of the laser pump current appears to be
achievable. The next step towards the self-referencing of the SDL is to
implement a standard f-to-2f interferometer to directly measure the CEO
frequency. As described in the introduction of this thesis, the detection
requires a coherent octave-spanning spectrum which is usually generated
in a nonlinear fiber such as a PCF. This generation has strong
requirements from the laser, namely a peak power of several kW to
generate the octave and short pulse durations <200 fs to guarantee the
coherence117.

However

the

ultrafast

SDL described in

chapter 2

demonstrates only 150 W of peak power. The first challenge is to obtain
sufficient output power from the laser. This is achieved with the
implementation of an external amplifier.
In this chapter, the amplification of the ultrafast SDL based on the
crystalline waveguide technology developed at the University of
Hamburg is presented. The efficient amplification enables generating
2.9 W of output power from only 8.3 mm of crystal length. The following
results are a reprint of our publication in Optics Express118.
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We present the amplification of a mode-locked vertical external-cavity
surface-emitting

laser

(VECSEL)

using

an

Yb:YAG

crystalline

waveguide as gain medium. The VECSEL seed laser operates at a center
wavelength of 1030 nm and generates 300-fs pulses at a repetition rate of
1.77 GHz. An average seed power of 60 mW was launched onto a 8.3 mm
long fs-laser written Yb:YAG waveguide pumped by 7.7 W from a 969nm continuous-wave VECSEL. The amplifier achieves an average
output power of up to 2.9 W, corresponding to an amplification factor of
17 dB. Due to gain narrowing, the pulse duration increases to 629 fs. Our
results show that crystalline waveguides are a promising technique for
the realization of compact multi-watt ultrafast amplifier systems.
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3.1.1 Introduction
Ultrafast lasers have undergone rapid and important progress in the last
decades, leading to higher output powers, shorter pulse durations and
increased peak powers [1–3]. The improved performance of fiber and
solid-state ultrafast lasers has revolutionized many fields in fundamental
science as well as industrial applications. Ultrashort laser pulses are
nowadays routinely implemented in numerous applications such as
multiphoton microscopy in medicine and biology, material processing and
precision metrology. Most commercial ultrafast systems rely on
semiconductor saturable absorber mirrors (SESAMs) [4] for pulse
formation. The simplicity and robustness of SESAM-mode locking was
important for the commercial success of ultrafast sources in real world
applications. Progressing to semiconductor gain materials has the
potential to provide even simpler, more compact and less expensive
solutions [5–7].
The most suitable semiconductor laser technology for the generation
of ultrashort pulses with excellent beam quality and high power levels is
based on semiconductor disk lasers (SDLs). They are also known as
vertical external-cavity surface-emitting lasers (VECSELs) or optically
pumped semiconductor lasers (OPSLs) [8]. The first demonstrated SESAM
mode-locked VECSEL [9] was limited in output power to a few milliwatts
and to 22-ps pulse duration. Since then, both output power and pulse
duration have made huge progress and nowadays the average output
power has surpassed 5 W in pulsed operation at sub-picosecond pulse
duration [10]. However, the up-scaling of the pulse energy and peak
power levels of VECSELs still remains a challenge. Today, mode-locked
VECSELs in the fs-regime are limited to 5.1 W of average output
power [10] or to 4.35 kW of peak power [11]. Until now, the combination
of sub-100 fs pulses and watt-level average output power directly
generated by a VECSEL is not achieved.
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An alternative to direct power scaling of the mode-locked VECSEL is
external amplification of the ultrashort pulses. With fiber amplifiers
average power levels above 200 W were generated [12]. The amplified
signal was employed for the generation of supercontinuum [13,14] as well
as for the first carrier-envelope offset (CEO) frequency detection of a
VECSEL [15]. However, the long fiber results in a relatively large footprint
of the system. In order to preserve the simplicity of SDLs, an external
amplification system should remain compact and easy to integrate.
Crystalline waveguide amplifiers are an attractive technology for this
task. Similar to fiber amplifiers they offer high light confinement and a
very good overlap between pump and laser mode. Due to an excellent
thermal conductivity and high emission and absorption cross sections,
multi-watt power levels have been obtained from waveguide lasers that
are only few mm-long [16].
In this paper we present the first amplification of a femtosecond
VECSEL using a crystalline waveguide. As gain material, we selected
Ytterbium-doped Y3Al5O12 (Yb:YAG), which is one of the best developed
crystalline active materials for channel waveguides in terms of lasing
properties, i.e. slope efficiencies and output powers [16–18]. The
fabrication of low-loss YAG waveguides has been performed with
different techniques such as ion implantation [19], proton beam
writing [20] or femtosecond laser writing [21], which enables the direct
inscription of refractive index changes in a wide range of dielectric
materials. Since the first study of the influence of fs-laser radiation on
dielectric material by Davis et al. in 1996 [22], fs-laser writing has shown to
be a versatile and efficient method for the fabrication of various active and
passive waveguiding optical devices in different materials [21]. For many
laser crystals the inscription of two parallel tracks with distances in the
order of 20 µm is the method of choice for single mode waveguides with
small mode field diameter [23,24]. In this case the refractive index change
is induced by stress resulting from the tracks and the waveguiding region
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is located in the center between the tracks. Recently, a novel writing
scheme has been developed that adds a sinusoidal oscillation to the
longitudinal translation during the inscription [25]. With this method the
waveguide losses could be decreased and the stress induced by the tracks
was increased. This results in a higher refractive index change and thus
provides a stronger confinement of the guided modes. Typically, the gain
provided by these waveguides is high enough to compensate for very
high output-coupling losses and allows for laser oscillation only from the
Fresnel-reflection of the waveguides end-facets. All these characteristics
led to the demonstration of efficient waveguide lasers with high output
powers and low laser thresholds [16,24]. Here, we reveal that such
fs-written Yb:YAG waveguides are also very well suited as external
amplifiers for ultrashort pulses, demonstrating a gain bandwidth large
enough to support femtosecond pulse durations. We show that a
femtosecond VECSEL seed source with sub-100 mW average seed power
can be amplified to multi-watt output power in a compact Yb:YAG
waveguide with only 8.3 mm length. Both femtosecond VECSEL and
crystalline waveguide amplifier technologies can be integrated and their
combination has a large potential for providing robust and compact multiwatt ultrafast gigahertz repetition rate sources for science and industry.

3.1.2 Experimental setup
3.1.2.1 SESAM mode-locked VECSEL oscillator
Our femtosecond seed oscillator is a SESAM mode-locked VECSEL
prototype developed at ETH Zurich. The cavity is located in a closed
housing for high stability and low noise operation. The design of the
ultrafast VECSEL chip is similar to the one described in [26]. The cavity is
V-shaped with the VECSEL-chip as folding mirror and the SESAM and
output coupler (OC) (radius of curvature of 100 mm and transmission of
1.0% at the laser wavelength) as end mirrors. The VECSEL is pumped
under an angle of 45° with a commercially available 808-nm multimode
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fiber coupled pump diode typically operated with 19 W of output power.
Both the SESAM and the VECSEL are temperature controlled for more
stable operation and for optimization of the pulse duration, operation
wavelength, and output power.
The operation wavelength was adapted by tuning the temperature of
the SESAM and VECSEL chips to be as close as possible to 1030 nm, the
peak gain wavelength of Yb:YAG. In stable operation, the central emission
wavelength of the seed laser was 1032.6 nm [Figure 3.1(a)] with a pulse
duration of 300 fs [Figure 3.1(b)]. The radiofrequency (RF) spectrum
[Figure 3.1(c)] reveals stable mode locking with a repetition rate of
1.77 GHz. The average output power is 90 mW with a spectral bandwidth
of 4.1 nm full width at half maximum (FWHM) and an M2 factor of 1.05.

Figure 3.1: Pulse characterization of the seed laser. a) Optical spectrum
centered at 1032.6 nm with a FWHM of 4.1 nm. b) Autocorrelation trace
(blue) and fit to the autocorrelation of sech2 pulses (dashed red)
corresponding to a pulse duration of 300 fs. c) Microwave spectrum centered
at 1.77 GHz measured with a resolution band width (RBW) of 10 kHz. Inset:
Wide span RF spectrum of the higher harmonics of the repetition rate
measured with a RBW of 100 kHz.

3.1.2.2 Yb:YAG waveguide amplifier
The VECSEL seed beam is amplified in an 8.34 mm-long waveguide,
which was fabricated by femtosecond laser inscription in a 7% Yb-doped
YAG crystal. The waveguiding region is centered between two parallel
tracks, separated by 29 µm. The tracks are inscribed by a linear translation
with a velocity of 25 µm/s of the sample perpendicular to the incident fs48
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laser beam. To improve the confinement of the laser mode the translation
is superimposed with a sine oscillation with an amplitude of 3.5 µm and
an oscillation frequency of 70 Hz. In contrast to previous waveguides
fabricated in Hamburg [16,24,27] a pinhole with 600 µm diameter was
inserted in the beam path of the fs-laser to improve its beam quality by
mode cleaning. Due to the large distance between the pinhole and the
aspheric focusing lens (f = 3.1 mm, NA = 0.68) employed for the laser
inscription, only the 0th order of the resulting diffraction pattern is
transmitted through the aperture of this lens. The position of the pinhole
was adjusted in such a way that the aperture of the lens was completely
filled. After waveguide inscription, the output facet was wedged by
approximately 24° to avoid parasitic laser oscillation due to the feedback
from the Fresnel-reflections. Afterwards both end-facets were polished.
The amplification setup is shown in Figure 3.2. The waveguide was
longitudinally pumped by a continuous-wave (CW) VECSEL providing
up to ≈ 9 W of output power at a central wavelength of 969 nm. A diode
laser emitting 30 W at 814 nm was used to optically pump the CW gain

chip. Seed and pump beam are combined with a dichroic mirror and are
co-propagating through the waveguide. A lens with a focal length of
30 mm was used for coupling of the pump and the seed beam into the
waveguide. The waveguide mode field diameter for the pump and seed
wavelength is approximately 18 µm. After amplification, a dichroic mirror
is used as a filter to separate the residual pump and amplified laser light
and the nearly collimated beam is split with wedged glass plates. The near
field of the waveguide mode is imaged on the chip of a CCD camera
(WinCamD-UCD15) with a microscope objective to analyze the mode
profile. Simultaneously, we recorded pulse characteristics on an
autocorrelator (Femtochrome FR-103), spectral characteristics with an
optical spectrum analyzer (Yokogawa AQ6370C), and used an ultrafast
photodiode (New Focus Model 1014) and a radiofrequency analyzer
(HP8562A) for detecting the repetition rate. The seed and pump power
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were measured before the focusing lens and are then corrected by the
transmission of the lens (97.5%) and the Fresnel reflection losses on the
crystal-air interface (8.4%) in the following. The resulting VECSEL seed
power amounted to 60 mW.

Figure 3.2: Schematic setup for amplification of the mode-locked VECSEL
seed beam in the wedged Yb:YAG waveguide.

As a first step, we evaluated the waveguide amplification in the CWregime. Our seed source was a fiber coupled distributed feedback laser
(Eagleyard Photonics EYP-DFB-1030-00500-1500-BFY02-0010). The laser
provided a seed power of 42 mW at a wavelength of 1029.6 nm. In this
configuration, the maximum amplified output power reached 4.14 W for a
pump power of 7.64 W. This corresponds to an amplification factor of 99,
i.e. 20 dB.

3.1.3 Results and discussion
The characteristics of the amplification of the mode-locked VECSEL are
presented in Figure 3.3. A maximum amplified output power of 2.89 W
was achieved with a pump power of 7.68 W and a seed power of 60 mW.
The corresponding amplification factor is 48 (17 dB), which is two times
lower than for the CW seed source. The coupling efficiency ηc of the
VECSEL was roughly estimated to 60% by measuring the transmission of
the unpumped amplifier for the seed and considering the scattering losses
of ~0.5 dB/cm, the Fresnel reflection at both end facets as well as the
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small-signal absorption at 1032.6 nm. This estimation neglects bleaching
effects and thus overestimates ηc, which could be as low as 40% assuming
total bleaching. However, as the coupling efficiency for the CW seed
should be in the same order, the lower amplification for the fs-seed beam
is not only attributed to a different ηc. In addition the CW seed laser
exhibits a narrow spectrum close to the gain maximum of Yb:YAG at
1030 nm [28]. In contrast, the fs-VECSEL seed beam is centered at
1032.6 nm and broader than the gain of our Yb:YAG waveguide [see
Figure 3.3(b)]. Consequently, only a part of the 300 fs seed spectrum is
successfully amplified and the central wavelength is shifted to 1030.4 nm.
This shift is accompanied by a narrowing of the optical bandwidth from
the initial 4.1 nm of the fs-seed to 2.1 nm (FWHM) at the output, still
supporting 520 fs pulses. The measured pulse duration of 629 fs thus
indicates a low effect of self-phase modulation or dispersion during the
amplification and the resulting time-bandwidth product of 0.381 is only
slightly

above

the

value

of

0.315

for

ideal

sech2-pulses

[see

Figure 3.3(c), (d)].
A slope efficiency of 50% was achieved for pump powers below 3 W
[see Figure 3.3(a)]. The right axis presents the extraction efficiency,
calculated as the ratio of amplified output power minus seed power to
pump power. The maximum extraction efficiency is 46% at 1.3 W of
amplified power and decreases to 37% at maximum output power. This
decrease in efficiency results from an increase in the unabsorbed pump
that reaches 1.7 W at the maximum amplification and indicates gain
saturation. An improved performance can be expected by operating the
amplifier in a counterpropagating scheme, improving the spatial overlap
of high excitation densities and high signal intensities. The mode profile
remains nearly circular even at maximum amplified output power [inset
of Figure 3.3(a)] as expected for fs-written waveguides [24].
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Figure 3.3: Characterization of the amplified signal. a) Amplified signal
power as a function of the pump power in red, slope efficiency for pump
powers below 3 W (dashed red) and extraction efficiency in green. Inset:
beam profile of the amplified seed with a pump power of 7.7 W. The two
rectangles represent the inscribed tracks of the waveguide. b) Normalized
optical spectrum of the seed in blue with a central wavelength of 1032.6 nm
and FWHM of 4.1 nm, of the amplified signal in red with a central
wavelength of 1030.4 nm and FWHM of 2.1 nm and the normalized effective
gain spectrum of our waveguide amplifier in green (computed from the ratio
between amplified and seed spectrum). c) Pulse duration in blue and spectral
bandwidth in green as a function of the amplified output power.
d) Autocorrelation trace before amplification in blue and with maximum
amplified power in red and fit to the autocorrelation of sech2 pulses
corresponding to an amplified signal pulse duration of 629 fs.

In this proof-of-principle demonstration, the achieved amplification
factor and efficiency for the fs-seed do not yet reach the values of typical
Yb3+-doped fiber amplifiers. As an example, the amplification of a
VECSEL provides 72% of efficiency and 21 dB of amplification in a
12 m-long fiber [12], corresponding to 0.175 dB/cm. However, our
waveguide amplifier is only 8.34 mm long with a corresponding gain per
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length of 20 dB/cm and has the potential of a very compact setup and
much higher efficiency at better spectral match of seed and amplifier as
well as optimized coupling efficiency.
When compared to previous experiments with a low-doped
transversally single-sided pumped Yb:YAG planar waveguide amplifier,
where 5 passes through a 13 mm long amplifier were necessary to obtain
12 dB of gain [29], the higher doping concentration and the better laser
mode confinement in our fs-written waveguide permit an improved
efficiency and amplification factor.

3.1.4 Conclusion
We have demonstrated the amplification of femtosecond pulses from a
semiconductor disk laser in a crystalline waveguide. The forwardpumping amplifier configuration provided 2.89 W average output power
pulses with a duration of 629 fs and a repetition rate of 1.77 GHz. This
encouraging result promises an elegant way of combining the advantages
of ultrafast semiconductor lasers and crystalline waveguides with respect
to simplicity and integration. In this experiment, the pump power is not
fully absorbed in the waveguide. As a next step, an optimization of the
waveguide length, pump scheme and coupling efficiency should lead to
higher amplified power. The efficiency and pulse duration are also limited
by the offset between the VECSEL emission peak wavelength at 1033 nm
and the waveguide gain maximum at 1030 nm. This can be improved by
using a femtosecond VECSEL with a better matching center wavelength.
Even shorter pulses should be supported by using gain materials with
broader emission bandwidth. Particularly promising is Yb:CALGO [27],
which exhibits a significantly broader spectral gain bandwidth than
Yb:YAG allowing the amplification of the full VECSEL seed spectrum.
Finally, an even more compact system could be realized with a modelocked integrated external-cavity surface emitting laser (MIXSEL) [30] as
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seed source, which integrates the semiconductor saturable absorber and
the gain chip.
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Chapter 4
CEO frequency stabilization
of an ultrafast SDL
In the previous chapter, an efficient amplification of an ultrafast SDL was
demonstrated in a compact crystalline waveguide. During the process, the
pulse duration was broadened to 630 fs and the spectral bandwidth was
reduced to 2.1 nm. The resulting peak power is more than 2 kW, which is
promising for the generation of the octave spectrum in a nonlinear PCF.
For the detection of the CEO frequency, the spectrum needs also to
keep its temporal coherence during the SC generation. Figure 4.1 presents
the simulations of the SC spectrum (left graphs) and the degree of
coherence (right graphs) in a PCF of 1-m length using a split-step Fouriertransform algorithm, where the pulse propagation in the fiber is described
by solving the generalized nonlinear Schrödinger equation. For more
details refer to the book by Dudley and Taylor119. By launching the laser
output directly in the nonlinear fiber, without previous amplification, the
simulations show that there is not enough peak power to broaden the
spectrum [Figure 4.1(a)]. The amplified pulses on their side would enable
the generation of an octave spectrum, however the coherence is
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completely lost due to the long pulse duration [Figure 4.1(b)] and
therefore no information on the CEO can be retrieved from this spectrum.

Figure 4.1: Simulated optical spectra (left) and temporal coherence (right) as a
function of the wavelength for pulses of (a) the laser output without
amplification with 100 mW of output power, 300-fs pulse duration and
150 W of peak power; (b) the amplified pulses of chapter 3 with 2.9 W of
output power, 630-fs pulse duration and 2.3 kW of peak power and (c) the
amplified and compressed pulses demonstrated in chapter 4 with 1.6 W of
output power, 120-fs pulse duration and 6.6 kW of peak power. The vertical
lines correspond to the two wavelength used for the detection of the CEO
frequency in the f-to-2f detection scheme.
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A useful parameter that can be used to estimate the coherence of a
SC is the soliton order 𝑁𝑁 introduced by Dudley et al.117,120, defined as
𝑁𝑁 = �0.283 𝜏𝜏

𝑃𝑃av 𝛾𝛾
.
𝑓𝑓rep |𝛽𝛽2 |

(4.1)

Here 𝛾𝛾 is the fiber nonlinear coefficient and 𝛽𝛽2 its second order dispersion.

The soliton order should remain below 10 in order to keep the temporal
coherence. For higher values of 𝑁𝑁, Raman and dispersive perturbations
induce pulse breakup and prevent a coherent SC generation. The soliton
order depends on fiber parameters, on the beam power and on the pulse

duration. Shortening the pulse duration enables reducing 𝑁𝑁 = 23 for

630-fs pulses to 𝑁𝑁 = 7.5 for short pulses with 120 fs duration. The short
pulses enable the generation of a coherent octave-spanning spectrum, as
depicted in Figure 4.1(c).

In order to reduce the pulse duration, the pulses need additional
spectral broadening and temporal compression stages. Even though this is
feasible, it makes the setup pretty complex and lowers the available
power.
In this chapter, an alternative technique for the laser amplification is
implemented, where the amplifier directly includes a spectral broadening
stage. The amplified pulses are then temporally compressed and enable
the coherent octave-spanning spectrum generation used for the direct
CEO frequency detection in an f-to-2f interferometer. The ultrafast SDL
amplification and temporal compression, the CEO frequency detection
and its stabilization are presented in the following Optica publication121.
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Optical frequency combs based on ultrafast lasers have enabled
numerous scientific breakthroughs. However, their use for commercial
applications is limited by the complexity and cost of femtosecond laser
technology. Ultrafast semiconductor lasers might change this issue as
they can be mass produced in a cost-efficient way while providing large
spectral coverage from a single technology. However, it has not been
proven to date if ultrafast semiconductor lasers are suitable for
stabilization of their carrier-envelope offset (CEO) frequency. Here we
present what we believe to be the first CEO frequency stabilization of
an ultrafast semiconductor disk laser (SDL). The optically pumped SDL
is passively modelocked by a semiconductor saturable absorber mirror.
It operates at a repetition rate of 1.8 GHz and a center wavelength of
1034 nm. The 273 fs pulses of the oscillator are amplified to an average
power level of 6 W and temporally compressed down to 120 fs. A
coherent octave-spanning supercontinuum spectrum is generated in a
photonic crystal fiber. The CEO frequency is detected in a standard
f-to-2f interferometer and phase locked to an external reference by
feedback applied to the current of the SDL pump diode. This proof-ofprinciple demonstrates that ultrafast SDLs are suitable for CEO
stabilization and constitutes a key step for further developments of this
comb technology expected in the coming years.
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4.1.1 Introduction
Self-referenced optical frequency combs [1–3] have been revolutionizing
numerous areas in metrology and spectroscopy. Today, most comb
systems rely on ultrafast Ti:sapphire [4] or fiber lasers [5]. Recently,
ultrafast diode-pumped solid-state lasers have also been extensively
studied [6], and even diode-pumped Ti:sapphire systems have been
presented [7]. However, these technologies are usually complex, bulky,
and typically restricted to a narrow wavelength emission band enforced
by the gain material. In contrast, semiconductor laser technology offers a
simple laser system with the potential of a compact and cheaper solution
owing to mass production on the wafer scale. Another key advantage of
this technology is the wavelength flexibility inherent to the bandgap
engineering, which enables emission at central wavelengths ranging from
the ultraviolet to the mid-infrared [8,9]. Moreover, they can easily operate
in the gigahertz (GHz) repetition rate regime, which leads to an increased
optical power per comb mode and to easier access to individual comb
lines. Such performance is attractive for application areas such as the
calibration of astronomical spectrographs [10,11], the generation of ultralow-noise microwave signals [12,13], or molecular spectroscopy [14,15].
Among all ultrafast semiconductor lasers, the semiconductor disk laser
(SDL) technology, also called optically-pumped vertical external-cavity
surface-emitting lasers (VECSELs) [16] has so far achieved the highest
average output powers and shortest pulse durations [17,18]. With a
semiconductor saturable absorber mirror (SESAM) [19], they provide a
simple and compact modelocked laser with the potential for multi-GHz
operation [20,21]. For further integration, the SESAM can be combined in
the same semiconductor structure as the gain medium, which is referred
to as the modelocked integrated external-cavity surface emitting laser
(MIXSEL) [22]. VECSELs have been identified as a promising candidate
for fully-stabilized frequency combs, as they demonstrate low timing jitter
and amplitude noise when stabilized in repetition frequency [23].
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However, no stabilization of the carrier-envelope offset (CEO) frequency
of a VECSEL has been demonstrated so far. The first detection of the CEO
beat from a VECSEL was reported in 2014 [24], and required external
amplification and compression of the emitted pulses. The insufficient
signal-to-noise ratio (SNR) of the CEO beat hindered detailed noise
characterization or frequency stabilization of this system. In 2016, we used
an indirect method based on an appropriate combination of different
signals from a VECSEL and a continuous-wave laser to characterize both
the frequency noise and the modulation bandwidth of the CEO beat for
direct pump current modulation [25], without detecting the CEO beat by a
standard nonlinear interferometry method [1]. Here we present the first
self-referenced stabilization of the CEO frequency of a modelocked
semiconductor disk laser with a repetition frequency (frep) of 1.8 GHz.
CEO frequency detection was realized using the standard f-to-2f
interferometry technique after amplification and compression of the laser
pulses, resulting in a CEO beat note with an SNR of around 30 dB [in a
resolution bandwidth (RBW) of 300 kHz]. The stabilization was achieved
by direct pump current modulation, resulting in a residual integrated
phase noise of 4.5 rad [1 Hz - 10 MHz] limited by the amplitude noise of
the pump diode. The small footprint of the VECSEL and fiber amplifier
enables simple and compact systems that are highly attractive for
frequency comb applications. Moreover, the fiber amplifier could be
replaced by a few-millimeters-long waveguide amplifier to further
simplify and integrate the system [26]. In the near future, we expect that
VECSEL-based combs will be able to operate without additional
amplifiers, combining the higher peak powers [18,27] with the direct
octave-spanning supercontinuum generation (SCG) in silicon nitride
waveguides [28].
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4.1.2 Experiment and results
4.1.2.1 SESAM modelocked VECSEL
The ultrafast semiconductor disk laser is a VECSEL prototype designed at
ETH Zürich. The VECSEL and SESAM structures are described in
Ref. [18]. The simple laser cavity consists of only three elements mounted
in a V-shaped configuration: the VECSEL gain chip, a SESAM for
modelocking operation, and an output coupler with a radius of curvature
of 100 mm and a transmission of 1.0%. The cavity length is shorter than
10 cm with a corresponding repetition frequency of 1.8 GHz. The setup is
enclosed in an aluminum housing to reduce the influence of external
perturbations such as air flows, leading to a higher stability and lower
noise operation of the VECSEL. The temperatures of the SESAM and of the
VECSEL chip are regulated to 21°C and 19°C, respectively, by means of
thermo-electrical coolers, for more stable operation. The VECSEL gain
chip is optically pumped with a typical power of 9 W by a multimode
(NA = 0.22, core diameter = 100 μm, M2 = 43) fiber-coupled 808 nm laser
diode (LIMO35-F100-DL808-EX2009) that is wavelength stabilized by a
volume Bragg grating (VBG). The pump laser is driven in parallel by a
high DC current source (Delta Elektronika SM 7.5-80) and a home-built
voltage-to-current converter, providing a high bandwidth modulation
channel of the pump power for CEO frequency stabilization. We
previously measured a modulation bandwidth in the range of 300 kHz
(cutoff at -3 dB amplitude or -90° phase shift) for the CEO frequency
modulated by the pump power in a similar laser using an indirect
method [25]. In addition, a low-pass electrical filter is implemented
between the DC current source and the pump diode to filter out the driver
noise and to furthermore avoid any cross-talk between the two current
drivers.
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Figure 4.2: Characterization of the modelocked VECSEL. (a) Normalized
optical spectrum centered at 1033.9 nm with a FWHM of 4.6 nm.
(b) Measured autocorrelation trace (blue curve) with corresponding sech2 fit
(dashed red). (c) Microwave spectrum at a RBW of 300 kHz. (d) Microwave
spectrum centered at the repetition frequency of 1.8 GHz with a RBW of
1 kHz.

The laser emits 273 fs pulses at a center wavelength of 1033.9 nm
with a spectral full width at half maximum (FWHM) of 4.6 nm, close to the
transform limit (see Figure 4.2). The average output power is 60 mW,
corresponding to a peak power in the range of 100 W. Since this peak
power is insufficient for the generation of a coherent supercontinuum (SC)
spectrum in a nonlinear fiber, a Yb-fiber amplification stage has been
implemented before the self-referencing CEO frequency detection scheme.
An overview of the complete setup is depicted in Figure 4.3. An
optical isolator is placed at the output of the laser to avoid any backreflection from disturbing the laser operation.
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Figure 4.3: Diagram of the complete experimental setup made of the ultrafast
laser source with its pump diode and current driver, the fiber amplifier, the
compression and supercontinuum generation (SCG) stages, the f-to-2f
interferometer, and the stabilization electronics. PBS, polarizing beamsplitter;
PPLN, periodically poled lithium niobate crystal; BPF, bandpass optical filter;
PID, proportional-integral-derivative controller.

4.1.2.2 Yb-Fiber amplifier
The amplification stage is made of a 3.5-m-long Yb-doped polarizationmaintaining (PM) double-clad fiber with a core diameter of 6 μm
(Coractive DF-YB-6/128S-PM). The fiber is pumped in the forward
direction by a commercial VBG-stabilized laser diode (Dilas I5F1P15976.1-25C-HS1.4) emitting at 976 nm (see setup in Figure 4.3). A
multimode pump combiner (MPC) is spliced to combine the 976 nm pump
and the 1034 nm polarized signal. An additional length of ~40 cm of
passive PM fiber is spliced at the end of the gain fiber where the
unabsorbed pump light is removed from the fiber cladding using high
refractive index acrylate coating to prevent thermal issues at the fiber tip
and the use of an additional optical filter at the output.
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Figure 4.4: Characterization of the fiber amplifier. (a) Normalized optical
spectrum of the signal after amplification. (b) Autocorrelation trace of the
compressed pulses (blue) and comparison with a 120 fs sech2 pulse.
(c) Amplified signal power as a function of the pump power (blue, left axis)
and corresponding extraction efficiency (green, right axis). (d) RMS AM
noise as a function of the lower frequency integration limit. (e) Phase noise
(PN) power spectral density (PSD) of the repetition frequency before (grey)
and after (dashed light blue) the amplification, and AM noise of the
repetition frequency before (red) and after (dark blue) the amplification.

The VECSEL seed signal is first sent through polarization selective
elements and coupled into a PM fiber with an efficiency of 88%, resulting
in a coupled optical power of 46 mW.
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The characteristics of the amplifier are shown in Figure 4.4. The
pump diode delivers output power up to 25 W, from which only 14 W was
used for typical operation of the amplifier, generating an amplified signal
power of more than 6 W. The corresponding amplification factor is of the
order of ~130 (21 dB) and the extraction efficiency, computed as the ratio
between the amplified output power minus the seed power and the pump
power, is 44%.
The small core diameter of the gain fiber (6 μm) and the additional
passive PM fiber segment enable spectral broadening directly in the
amplifier. The 4.6 nm bandwidth (FWHM) of the laser optical spectrum is
broadened to more than 25 nm in the amplifier [Figure 4.4(a)]. During
amplification, the temporal pulse duration is also broadened to more than
2 ps.
The amplified pulses are then temporally compressed in two
transmission gratings in a double-pass configuration (Figure 4.3). At the
output, the pulse duration is reduced to sub-120-fs with an average power
at the 3 W level. The autocorrelation trace of the compressed pulses
[Figure 4.4(b)] shows small distortions from a sech2 pulse shape. We
believe that a nonlinear chirp is induced during the amplification process,
which prevents the compression from achieving the transform-limited
pulse duration supported by the optical bandwidth.
The phase noise of the repetition frequency of the optical pulses
measured before and after amplification shows a negligible contribution of
the amplifier [Figure 4.4(e)]; only significant additional amplitude
modulation (AM) noise at frequencies below 100 Hz is observed,
increasing the root mean square (RMS) AM noise from 0.2% to 0.9% (1 Hz30 MHz) [Figure 4.4(d)].

4.1.2.3 CEO beat detection
After compression, an average power of 1.65 W is finally coupled into an
angle-polished, collapsed 1-m-long photonic crystal fiber (PCF, NKT
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Photonics NL-3.2-945), corresponding to a coupling efficiency of ~80%, to
generate a coherent octave-spanning SC spectrum [see Figure 4.5(a)].

Figure 4.5: (a) Measured octave-spanning SC spectrum generated in the PCF.
The grey spectral bands centered at 700 nm and 1400 nm are used for CEO
beat detection in the f-to-2f interferometer. (b) Detected free-running CEO
beat at 150 MHz with a RBW of 30 kHz.

The SC light is sent to a quasi-common path f-to-2f interferometer
schematized in the bottom part of Figure 4.3. The 700 nm and 1400 nm
components of the spectrum are separated by a dichroic mirror. An
adjustable delay line in the low wavelength path enables its temporal
tuning. The two spectral components are then recombined using the same
mirror and co-propagate through a magnesium-oxide-doped periodically
poled lithium niobate (MgO:PPLN) crystal where the 1400 nm light is
frequency-doubled (poling period 14 μm, crystal temperature 70°C). A
half-wave plate is placed in the common path before the crystal for
optimization of the second harmonic generation (SHG) process, and a
quarter-wave plate is used in the 700 nm adjustable delay line to align the
polarization of the two beams.
The resulting 700 nm light from the two beams is optically bandpass
filtered at the output of the crystal and is coupled into a single-mode fiber
to ensure an optimum spatial overlap. Their beat signal is detected using a
variable-gain avalanche photodetector (Thorlabs APD430A/M) with a
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bandwidth of 400 MHz for stabilization and a fast photodetector (New
Focus 1014, 45 GHz bandwidth) for static tuning curve measurements. The
detected CEO beat has an SNR of ~30 dB in a 300 kHz RBW. Figure 4.5(b)
shows the typical free-running CEO beat measured at ~150 MHz and used
later for stabilization. The photodiode output signal is bandpass filtered
and amplified. We observed a strong dependence of the CEO frequency
fCEO to the operation mode of the VECSEL. Changes in the laser
parameters (such as fine cavity alignment, pump power, gain, or SESAM
temperature) were used to efficiently tune the CEO beat note to a desired
frequency in the detector bandwidth. A characterization of the tuning
curve of fCEO as a function of the current of the VECSEL pump diode is
shown in Figure 4.6(a) for CEO frequencies in the range of 500 MHz. The
tuning coefficient is ~0.3 MHz/mA.

Figure 4.6: (a) Static tuning curve of the CEO frequency with the pump
current. (b) Left axis: relative amplitude of the transfer functions of the pump
optical power (orange) and of fCEO (blue) for a modulation of the pump
current. Right axis: phase of the transfer functions of the pump optical power
(dashed orange) and of fCEO (red) for a modulation of the pump current.

The dynamic response of fCEO to a modulation of the pump current
was

measured

in

amplitude

and

phase

using

a

frequency

discriminator [29] and a lock-in amplifier (Zurich Instrument HF2LI). The
measured transfer function has a -3 dB cutoff frequency of ~300 kHz with
a corresponding phase shift of approximately -90° [see Figure 4.6(b)]. This
result is in good agreement with our previous measurement performed
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indirectly in a similar laser without detecting the CEO beat by f-to-2f
interferometry [25]. In addition, we also measured the transfer function of
the optical power of the pump diode [see orange curves in Figure 4.6(b)].
The observed modulation bandwidth is larger than 1 MHz, which is
broader than the measured response of fCEO. Therefore, the modulation
bandwidth of fCEO is neither limited by the pump driving electronics, nor
by the modulation response of the pump diode itself, but more likely by
the cavity dynamics in our laser (the short upper-state lifetime in the
semiconductor gain is not expected to be a limitation).
We measured the frequency noise power spectral density (FN-PSD)
of the free-running CEO beat using a phase noise analyzer (Rohde–
Schwarz FSWP26). The result is presented in Figure 4.7 (blue curve). The
corresponding

free-running

CEO

linewidth

calculated

using

the

approximation of the β-separation line [30] is 1.3 MHz (at 1 s integration
time). A feedback bandwidth in the range of 600 kHz is estimated to be
necessary to achieve a tight CEO lock from the crossing point of the CEO
FN-PSD with the β-separation line. This is 2 times larger than our previous
estimation made for a similar VECSEL without directly detecting the CEO
beat [25]. The reason is the higher frequency noise observed here at
Fourier frequencies above ~1 kHz compared to the 1/f noise behavior
extrapolated in our previous study, where the noise measurement was
limited by the experimental noise floor at high Fourier frequencies. To
understand the origin of this high frequency noise plateau observed at
Fourier frequencies between 1 kHz and ~300 kHz, we investigated the
contribution of the pump noise. We measured the relative intensity noise
(RIN) of the pump diode and calculated its contribution to the CEO FNPSD using the previously recorded frequency response of fCEO for pump
current modulation (Figure 4.6). The resulting pump-induced frequency
noise, depicted in orange in Figure 4.7, overlaps fairly well with the
measured free-running CEO FN-PSD at Fourier frequencies above 1 kHz,
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demonstrating that the high fCEO noise originates from the AM noise of the
pump diode.

Figure 4.7: Left axis: measured frequency noise PSD of the free-running
(blue) and stabilized (violet) CEO signal, and pump-induced frequency noise
(orange) calculated from the measured pump RIN multiplied by the pumppower-to-fCEO transfer function. Right axis: integrated phase noise of the
stabilized CEO signal as a function of the upper cut-off frequency.

4.1.2.4 CEO stabilization
The amplified CEO beat note was first frequency down-converted to
~20 MHz for comparison to a reference signal from a function generator in
a digital phase detector (Menlo Systems DXD200; see bottom part of
Figure 4.3). The phase error signal was sent to an analog proportionalintegral-derivative (PID) servo-controller (Vescent Photonics D2-125) and
the feedback signal was directly applied to our home-built voltage-tocurrent converter to modulate the VECSEL pump power. The FN-PSD of
the stabilized CEO beat displayed in violet in Figure 4.7 shows a clear
noise reduction compared to the free-running CEO beat signal at Fourier
frequencies up to ~100 kHz. The FN-PSD is reduced below the
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β-separation line at all frequencies below ~20 kHz, but it remains above
the line in the range of 20-500 kHz, especially at the servo bump
(~200 kHz). As a consequence, a tight CEO lock is not achieved in the
present

situation,

and

the

integrated

phase

noise

is

4.5 rad

[1 Hz - 10 MHz]. As shown in Section 4.1.2.3, the AM noise of the pump
diode is responsible for the free-running fCEO noise at frequencies above
1 kHz, increasing the necessary feedback bandwidth and preventing the
achievement of a tight lock.
The achieved integrated phase noise does not compete with the
performance reached today by established femtosecond frequency combs,
such as 14 mrad integrated phase noise demonstrated by a monolithic
Er:Yb:glass laser (frep = 1 GHz) [31], 29 mrad from a Ti:sapphire laser
(frep = 75 MHz) [32] or 68 mrad (out-of-loop) from an Er:fiber laser
(frep = 250 MHz) with the use of a high bandwidth intra-cavity
actuator [33]. However, this is a similar situation than for the first proofof-principle demonstrations of other comb technologies, such as the first
Er:fiber comb that operated at 50 MHz repetition rate with ~20 rad
integrated phase noise (computed by upscaling the measured 50 mrad
phase noise of the frequency-divided CEO beat by the division factor of
400) [34].

4.1.3 Conclusion
We have demonstrated what is, to the best of our knowledge, the first
CEO frequency stabilization of a modelocked semiconductor laser. The
1.8 GHz VECSEL is amplified and spectrally-broadened in a double clad
fiber amplifier, enabling 120-fs pulses and the generation of a coherent
octave-spanning SC spectrum. The CEO frequency is detected with an
f-to-2f interferometer at an SNR of ~30 dB (300 kHz RBW), which is
sufficient for stabilization. Although the VECSEL is pumped by a highly
multimode (M2 = 43) fiber-coupled diode laser, we were able to stabilize
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the CEO beat note via modulation of the pump laser current with a
residual integrated phase noise of 4.5 rad [1 Hz - 10 MHz].
The high frequency noise of the CEO beat that prevents the achievement
of a better lock was shown to originate from the AM noise of the pump
diode. Therefore, reducing this noise would lower the CEO noise. This
could be achieved by investigating the use of other pump sources or by
implementing an amplitude stabilization of the pump that might
significantly reduce the noise level. Combining two feedback loops to the
pump current acting in different bandwidths on the pump power and
CEO frequency could be a way to reduce the CEO phase noise and
improve the lock performance.
Finally, another alternative to increase the bandwidth of the CEO
corrections and reduce the residual CEO noise would be to implement a
feedforward loop using a frequency shifter acousto-optic modulator, as
previously demonstrated with a Ti:sapphire comb [35] instead of the
feedback loop used here.
Moreover, the ultrafast VECSEL technology is steadily evolving, and
recently 101 fs pulses with 1 kW peak power were demonstrated [36]. This
peak power level and pulse duration appear sufficient to suppress the
amplification stage and generate the octave-spanning SC directly in
millimeter-long silicon nitride waveguides [28].
Funding. Nano-Tera.ch MIXSEL II (20NA21_145932).
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Chapter 5
Towards longer wavelengths
The development of spectroscopy for the diagnosis of environmental
factors such as pollutants detection or atmospheric analysis has
strengthened the request for laser sources emitting in the mid-infrared
(mid-IR, 2-12 μm). The mid-IR spectral region gathers two main
advantages: first it corresponds to the so-called molecular fingerprint
region,

where

numerous

strong

molecular

rotational-vibrational

absorption lines appear, as pictured in Figure 5.1.

Figure 5.1: Molecular
www.hamamatsu.com.

fingerprint

region.

Figure

taken

from

Secondly the mid-IR contains several transparent windows of the
atmosphere. The development of frequency combs emitting at these
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wavelengths enables an improvement in precision, sensitivity, recording
time and spectral bandwidth of molecular spectroscopy.
The SDL technology studied in this thesis is currently limited to
emission at 2 μm in the pulsed regime107. Several well developed visible
and IR sources are difficult to extend to the longer wavelength region.
Solid-state technology is pretty rare above 3 μm, even though recent
development of solid-state lasers has demonstrated emission between
4 μm and 5 μm122. A promising technology is the quantum cascade laser
(QCL), which has a good wavelength versatility thanks to engineering of
the semiconductor layer structure123. Another solution to reach longer
wavelengths is parametric conversion of a laser source using nonlinear
optics. This is the solution chosen in this work to extend a 1-μm SDL
towards the 1.4-3.5 μm region using an optical parametric oscillator
(OPO).
OPOs are an elegant source of tunable wavelength emission. Various
nonlinear crystals enable expanding parametric generation over a very
wide span from the visible to the mid-IR. For example lithium triborate
(LBO) crystals have a transparency range extending from 170 nm to
2.2 μm, lithium niobate demonstrates transparency from 330 nm to 4.5 μm
and semiconductor-based orientation-patterned GaAs and GaP support
emission from 1 μm to 12 μm. The latter has recently demonstrated the
impressive development of a single fs-OPO covering a spectral range from
5 μm

to

12 μm

and

its

application

in

molecular

spectroscopy

experiments124.
In addition to the aforementioned spectroscopic applications, a
stabilized frequency comb based on an OPO also finds applications in
metrology. For example, we demonstrated in a collaborative work the
metrology experiment, where the absolute optical frequency of a
frequency-doubled 1560-nm Rb-stabilized reference laser was measured
using a fully stabilized OPO comb125.
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This chapter presents the parametric conversion of a pulsed SDL
towards IR and mid-IR regions. In section 5.1, the basic operation
principle of parametric conversion in an OPO is introduced. The
demonstration of an OPO synchronously pumped by a SDL is presented
in section 5.2.

5.1

Basic principle of OPOs

OPOs are light sources which can provide coherent radiation with
properties similar to lasers, both in CW and pulsed regime, but using
parametric amplification as optical gain instead of stimulated emission.
They are based on the second-order nonlinearity response of a nonlinear
medium, characterized by the 𝜒𝜒 (2) coefficient, to transfer energy from a

given pump frequency to two signals with variable frequencies. Like
lasers, OPOs rely on an optical cavity to provide optical feedback and get
amplification of the resonating signal. The two generated waves are linked
to the pump wave by the conservation of energy and their frequency is
determined by the phase-matching condition. However the parametric
gain requires a coherent pump source with high intensity. Therefore most
OPOs are pumped by a laser. The following section summarizes the
theoretical description of nonlinear parametric conversion. It is mainly
based on the description presented in the two textbooks by Boyd126 and
Powers127.

5.1.1 Energy conservation
The

nonlinear

process in OPOs involves the

mixing of three

electromagnetic waves. Thinking in terms of particles, a pump photon
with frequency 𝜈𝜈𝑃𝑃 enters the nonlinear crystal and is converted into two

new photons, the signal and idler photons with frequencies 𝜈𝜈𝑆𝑆 and 𝜈𝜈𝐼𝐼 ,

respectively. The conservation of energy implies that the signal and idler
photons frequencies satisfy
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𝜈𝜈P = 𝜈𝜈S + 𝜈𝜈I .

(5.1)

Assuming that a signal photon is resonating in the OPO cavity, it will
stimulate emission at the same frequency. It results that two signal and
one idler photons exit the crystal generating an amplified signal wave as
pictured in Figure 5.2.

Figure 5.2: Schematic of the parametric frequency conversion in a nonlinear
crystal satisfying the conservation of energy.

In contrary to lasers, the interacting frequencies do not depend on a fixed
atomic or interband transition. The tunable conversion spectral range can
cover a huge bandwidth only limited by the crystal. In addition, there is
also no energy exchange with the crystal and therefore no heating of the
medium.

5.1.2 Phase matching and conservation of momentum
During propagation in the crystal, chromatic dispersion causes a delay
between the three propagating fields. This change in phase relation
generates destructive interferences and the energy oscillates between the
waves instead of being transferred in a constant direction. This
phenomenon is illustrated by the violet curve in Figure 5.3(a) that
represents the generated signal power as a function of the distance
through the crystal. To avoid this interference and ensure an efficient
energy transfer during the parametric interaction, a phase-matching
condition, corresponding to the conservation of momentum, has to be
respected
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(5.2)

𝑘𝑘P = 𝑘𝑘S + 𝑘𝑘I ,

where 𝑘𝑘𝑖𝑖 are the pump, signal and idler wavenumber for 𝑖𝑖 = P, S, I,

respectively.

Several techniques have been developed to guarantee the phase-matching
inside

the

crystal.

Traditional

phase-matching

uses

the

natural

birefringence of the nonlinear material to compensate the dispersion. This
method is very efficient [see black curve in Figure 5.3(a)] but implies
constraints on the choice of the polarizations and propagation directions
in the birefringent nonlinear crystal. For a given pump wavelength, the
available crystals and their bandwidth are limited.

5.1.3 Quasi-phase matching

Figure 5.3: (a) Conversion efficiency as a function of the distance through the
crystal for no phase-matching (violet), perfect phase-matching (black) and
quasi-phase-matching (yellow). (b) Schematic structure of a periodically
poled crystal with three different grating periods.

An alternative solution is to compensate the phase mismatch in the crystal
by having micro-structured crystals with periodically inverted polarity of
crystal domains (periodically poled crystals). Such a structure allows some
mismatch over a certain length and inverts the sign of the nonlinear
coefficient 𝑑𝑑eff when the conversion is at its maximum. Here 𝑑𝑑eff quantifies

the strength of the nonlinear interaction126,127. The newly generated
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photons are thus shifted by 180° and continue to interfere constructively
with the previously generated photons. This conversion is called quasiphase matching (QPM) and enables the appearance of a new term in the
momentum conservation that compensates for the mismatch
𝑘𝑘P = 𝑘𝑘S + 𝑘𝑘I +

2𝜋𝜋
.
Λ

(5.3)

It is illustrated by the yellow curve in Figure 5.3(a). The period of
inversion in the crystal Λ depends on the interacting wavelengths and on
the crystal temperature. Using the relation 𝑘𝑘𝑖𝑖 = 2𝜋𝜋
𝑖𝑖 = P, S, I and the Sellmeier

equation128,129

𝑛𝑛(𝜆𝜆𝑖𝑖 )
𝜆𝜆𝑖𝑖

𝑛𝑛

= 2𝜋𝜋 𝜆𝜆𝑖𝑖 for
𝑖𝑖

for the computation of 𝑛𝑛𝑖𝑖 ,

equation (5.3) provides the requested poling period Λ as a function of
temperature. For example, the results of simulations for a pump at 1 μm in

lithium niobate for different crystal temperatures of 50°C, 100°C and
150°C are plotted in Figure 5.4. Periods between 27 μm and 30 μm are

suitable for the generation of signal and idler waves in the range of 1.43.5 μm.

Figure 5.4: Quasi-phase matched signal and idler wavelengths as a function
of the lithium niobate crystal poling period with a pump wavelength of 1 μm
and crystal temperatures of 50°C, 100°C and 150°C.

The conversion efficiency with QPM is reduced by a factor of 2/𝜋𝜋

compared to perfect phase-matching given a similar nonlinear coefficient.
However, in a QPM crystal, the three waves can operate in the same
polarization state, which enables accessing more efficient nonlinear
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coefficients and can result in conversion efficiencies even higher than for
perfect phase-matching126. The three waves also propagate in the same
direction, which cancels spatial walk-off. Furthermore, a good choice of
the poling period makes it possible to operate the crystal at room
temperature. This phase matching technique enables a wide freedom in
the nonlinear interaction as the generated wavelengths can be chosen by
crystal engineering.
One of the first crystals used for nonlinear optics was lithium
niobate130. It is nowadays one of the favorite materials for quasi-phasematching thanks to its very high nonlinear coefficient value and its
transparency window that covers 330 nm to 5.5 μm127. The ferroelectric
properties of lithium niobate make it suitable for periodic poling inversion
using strong electric field application131. The processed crystal is called
periodically poled lithium niobate or PPLN. It is the one chosen for the
nonlinear wavelength conversion experiment described in section 5.2.

5.1.4 Parametric gain
The single pass power gain in the crystal can be computed from solving
the coupled wave equations in the nonlinear material126,127. Assuming no
pump depletion, no initial idler beam and a perfect phase-matching, the
parametric gain is given by
𝐺𝐺S =

|𝐸𝐸S (𝐿𝐿cr )|2
2
− 1 = sinh (Γ𝐿𝐿cr ).
|𝐸𝐸S (0)|2

(5.4)

2
23 𝜋𝜋 2 𝑑𝑑eff
𝐼𝐼 ,
𝑐𝑐𝜀𝜀0 𝑛𝑛P 𝑛𝑛S 𝑛𝑛I 𝜆𝜆S 𝜆𝜆I P

(5.5)

In this equation, 𝐿𝐿𝑐𝑐𝑐𝑐 is the length of the nonlinear crystal and Γ is the gain

factor defined as

Γ2 =

where 𝑛𝑛𝑖𝑖 are the frequency dependent refractive indices of the different

waves and 𝐼𝐼P is the pump intensity. The gain increases with 𝐼𝐼P , therefore a

higher conversion efficiency is obtained for a focused pump beam.
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However, if the pump is focused too tightly, the intensity is only high near
to the beam waist and falls rapidly off outside of the Rayleigh range 𝑍𝑍R

(assuming here and in the following text that the waves are Gaussian
beams). A good compromise is to operate the OPO with a confocal
focusing condition, which means that the crystal length equals two times
the Rayleigh length132
𝐿𝐿cr

𝑛𝑛P 𝜋𝜋𝑤𝑤P 2
= 2𝑍𝑍R = 2
.
𝜆𝜆P

(5.6)

The last equality results from the definition of the Rayleigh length of a
Gaussian beam, where 𝑤𝑤P is the pump beam waist defined as the 1/e field

radius at the focus. This condition gives a good estimate of the required
pump waist.

5.1.5 Synchronous pumping
For a pulsed OPO, the pump and resonating signal pulses also have to
temporally overlap in the crystal. When the period of the pulse train
𝑇𝑇P = 𝑓𝑓

1

rep

of the pump laser matches exactly the roundtrip time of the

signal in the OPO cavity, it is called synchronous pumping. A small
round-trip time mismatch can induce a huge loss of power. It is also
possible to have differences in the OPO and pump laser cavity length in
order to get an OPO repetition frequency that is a harmonic of the pump
repetition frequency133. This is called harmonic pumping.
Typical

properties

of

pulsed

SDLs

prevented

so

far

the

demonstration of parametric conversion in OPOs. The more recent
development of low repetition frequency SDL by the company M Squared
Lasers Ltd134 enables reaching higher peak power and higher intensity,
sufficient for nonlinear conversion. In the following section, an OPO
synchronously pumped by a ps-SDL prototype with a repetition
frequency of ~200 MHz is presented. The reported results are a reprint of
an Optics Express journal publication135.
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We report the first optical parametric oscillator synchronously pumped
by a SESAM modelocked vertical external-cavity surface-emitting laser
(VECSEL). As nonlinear medium, we use a periodically poled
MgO:PPLN crystal. The VECSEL operates at a wavelength of 982 nm
and a repetition rate of 198 MHz. The pump radiation is converted to
signal and idler wavelengths tunable in the ranges of 1.4-1.8 µm and
2.2-3.5 μm, respectively, simply by a change of the poling period and
crystal temperature. The signal pulses have a duration between 2 ps to
4 ps and an average output power up to 100 mW.

5.2.1 Introduction
Optically-pumped

vertical

external-cavity

surface-emitting

lasers

(VECSELs) [1] are a rapidly evolving technology which exhibits a wide
spectral coverage in an inexpensive and compact setup [2–5]. Their
foundation on semiconductor technology has the major advantage of
emission wavelength flexibility which is easily achieved by bandgap
engineering. They support emission wavelengths from the ultraviolet
(391 nm) [6] up to the mid-infrared (mid-IR) spectral region (5.3 μm) [7].
Such semiconductor lasers secured their position in the continuous-wave
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(CW) laser market [8–10], providing high power levels in fundamental
transverse mode [9,11–13].
Pulsed operation of VECSELs can be obtained in the femtosecond
and picosecond regime [3,4,14]. Typically, a semiconductor saturable
absorber mirror (SESAM) [15] is used for pulse formation. This concept
enabled impressive progress over the last years [16–20]. For example, a
SESAM-modelocked VECSEL generated 5.1 W average power at 1030 nm
in pulses with 682 fs duration [21]. Furthermore, operation with sub-100 fs
pulse duration has been achieved for 100 mW of output power [22].
However, in contrast to the demonstrated spectral coverage of
VECSELs in the CW regime, pulsed operation has been so far limited to
wavelengths up to the 2 μm range [23] and the best performance is
obtained in the spectral region between 800-1200 nm [3]. This limitation in
emission wavelength can be remedied by nonlinear frequency downconversion. An effective approach is the use of an optical parametric
oscillator (OPO) [24–26].
Ultrafast OPOs are usually synchronously pumped at the same
repetition

rate

as

the

driving

laser.

During

the

last

decades,

synchronously-pumped OPOs have been pumped by different ultrafast
laser types, including Ti:sapphire lasers [27], Yb-fiber lasers [28,29],
Nd- and Yb-based solid-state lasers [30], Tm-lasers [31], and thin-disk
lasers [32].
VECSELs can serve as a cost-efficient, versatile and compact
alternative pump source for OPOs. However, so far the use of
semiconductor lasers to pump OPOs has been limited to the
CW-regime [33]. In this work we present the first ultrafast synchronously
VECSEL-pumped OPO. We use a compact 982-nm modelocked VECSEL
and a periodically poled MgO:PPLN crystal with different poling periods.
We evaluate pulse duration, power levels, and tuning range.
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5.2.2 Experiment
5.2.2.1 Pump laser: VECSEL prototype from M Squared Lasers
The pump laser source is a modelocked VECSEL developed by M Squared
Lasers Ltd [34]. The laser has a central emission wavelength of 982 nm
[Figure 5.5 (a)] and operates at a fundamental repetition rate of 197.6 MHz
[Figure 5.5 (b)].
Low repetition frequencies are usually challenging to achieve with
ultrafast VECSELs due to their relatively short gain carrier lifetime which
typically leads to multi-pulsing in the cavity [35]. The pulse break-up is
strongly influenced by the cavity design, the pump power, the
semiconductor gain and saturable absorber characteristics. A careful
selection of these parameters offers the window of operation where the
laser can operate without modulation instabilities or harmonic modelocking. The laser used in this experiment has a cavity designed without
multiple passes through the gain and is passively modelocked with a
SESAM [34]. It keeps a large intracavity dispersion which results in
strongly chirped long pulses of a duration in the order of 60 ps. This mode
of operation intends to keep the peak power low and avoid excessive
nonlinear effects inside the cavity. A subsequent external compression in
transmission gratings is implemented to efficiently compensate the chirp.
In Figure 5.5(c), we show the autocorrelation trace of the compressed
output pulses with a typical pulse duration around 3 ps full width at half
maximum (FWHM) assuming a sech2 pulse shape (intensity SHGautocorrelator: Femtochrome FR-103). To confirm the single-pulse
operation, we performed a sampling oscilloscope characterization of the
laser pulse train [Figure 5.5(d)]. The laser pulses are equally separated by a
time delay of 5.06 ns which corresponds to the 197.6 MHz fundamental
repetition rate. The ringing of the signal measured with the sample
oscilloscope is an electrical artefact. The compressed VECSEL generates up
to 580 mW average output power, leading to a corresponding maximum
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pulse energy of 2.9 nJ and a peak power of ~0.8 kW (assuming a sech2
pulse shape). A beam quality measurement provided an M2 factor of 1.16,
close to the diffraction-limit.

Figure 5.5: Pulse characterization of the pump laser. a) Optical spectrum with
a peak intensity at 981.5 nm and estimated full width at half maximum of
1.9 nm. b) RF spectrum centered at 197.6 MHz at a resolution bandwidth
(RBW) of 0.1 kHz. c) Autocorrelation trace (blue) and sech2 fit of the
autocorrelation of the pulses (dashed red), corresponding to a pulse duration
of 3.2 ps (FWHM). d) Sampling oscilloscope measurement with 1 ns and 8 ns
(inset) span, confirming the single-pulse operation of the VECSEL. The weak
ringing that follows the pulse signal trace is an artefact due to the electronics
of the detection setup.

5.2.2.2 Optical parametric oscillator setup
Two different periodically-poled magnesium-doped lithium niobate
(MgO:PPLN) crystals were used in the experiment. Their parameters are
summarized in Table 5.1. Crystal #1 is a commercially available crystal
from Covesion Ltd. with multiple poling periods and dimensions of
10 mm x 10 mm x 0.5 mm. Four poling periods were used in our OPO
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configuration: 27.91 µm, 28.28 µm, 28.67 µm and 29.08 µm. Input and
output facets have an anti-reflection (AR) coating optimized for 1064 nm
and 1.4-1.8 µm wavelengths. Crystal #2 was custom made by the company
Raicol Crystals. It has a single poling period of 29.15 µm and a length of
5 mm. Both facets are AR-coated for 980 nm and 1520 nm wavelengths.
The transmission of the pump through the crystals has been characterized
using a CW diode (3S PHOTONICS 1999CHP) emitting at 976 nm. We
measured a transmission of 96.3% for crystal #1 and 98.9% for crystal #2 at
100 mW of pump power. We operated both crystals at elevated
temperatures between 50°C and 150°C in a crystal oven for temperature
tuning.
Length Poling periods
[mm]
[µm]

AR coating
(from the datasheets)

Transmission
at 976 nm

Crystal #1

10

27.91, 28.28,
28.67, 29.08

1064 nm ( R<1.5% );
1400-1800 nm ( R<1% );
2600-4800 nm ( R~6%-3% )

96.3%

Crystal #2

5

29.15

980 nm & 1520 nm

98.9%

Table 5.1: Crystals parameters

Figure 5.6: Experimental setup of the VECSEL-pumped OPO.

The experimental setup of the VECSEL–pumped OPO is shown
schematically in Figure 5.6. The resonator is a standing-wave cavity,
designed for the signal wave. The three highly reflective (HR) mirrors and
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the output coupler (OC) are broadband coated to cover a signal
wavelength range from 1.40 µm to 1.75 µm. The two curved HR mirrors
have a radius-of-curvature of 150 mm and are separated by approximately
170 mm. From simulations, it results in a waist with a radius of 75 µm for
the signal beam in the crystal (software: RP Resonator). The curved
mirrors have an AR coating for the pump wavelength on the backside and
a high transmission at 980 nm on the front side in order to minimize the
losses before the crystal and to eliminate the residual pump rapidly after
the parametric conversion. An important part of the idler radiation exits
the cavity through the curved mirror, where the idler spectral
characterization is performed after a long pass filter with a cutoff
wavelength of 1000 nm, used to remove residual pump and nonlinear
frequency mixing signals. The idler output power cannot be directly
measured due to the wavelength dependent absorption of the fused silica
substrate of the curved mirror in the 2-3.5 μm range. In the following we
state the idler power computed from the signal output power times the
ratio of the signal wavelength to the idler wavelength. A flat HR mirror is
used as one end mirror of the cavity, while the other cavity end is formed
by an OC with 1.5% transmission at the signal wavelength. The signal
output power is measured after a long pass filter with a cutoff wavelength
of 1000 nm. We corrected the output power for the losses in this filter
(20%). The cavity length is ~750 mm, corresponding to a total round trip
length for the pulses of ~1500 mm that matches the pump laser repetition
rate. We did not use active stabilization of the cavity length, but adjusted
the HR-end-mirror position manually with a standard mechanical
translation stage.
An isolator is placed at the output of the pump laser to prevent
disturbance of the VECSEL by back reflections from the OPO. A half-wave
plate and a polarizing beam splitter (PBS) are used as polarization
selective elements and for a continuous adjustment of the pump power.
The pump beam is focused into the crystal with a lens of 100 mm focal
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length resulting in a waist with a radius of 60 μm in air, which optimizes
the matching of the pump and signal spot size in the crystal according to
the simulations.

5.2.3 Results
When operated with crystal #1, the typical cavity configuration for the
maximum OPO output power generates a signal at wavelength between
1410 nm and 1550 nm. Using the poling period of 28.28 μm, a maximum
signal output power of 60 mW (48 mW measured with the power meter at
the OC after the filter) is reached at 1413 nm for a pump power of
540 mW. The signal power conversion efficiency is 11%.

Figure 5.7: a) OPO signal output power as a function of the pump power and
b) signal autocorrelation trace (blue) and sech2 fit of the autocorrelation of the
pulses (dashed red), corresponding to a pulse duration of 3.2 ps (FWHM) for
a cavity configuration with the 10 mm-long crystal #1, period of 28.28 µm,
crystal temperature of 120°C and signal wavelength of 1413 nm

The corresponding computed idler power is 26 mW at 3214 nm.
Figure 5.7 presents the signal output power as a function of the pump
power. The OPO has a threshold at a pump power of 184 mW and
operates with a signal slope efficiency of 16.2%. The signal emission
wavelength is tuned by changing the temperature of the oven from 50°C
to 150°C and using the four different poling periods of the crystal. Thereby
it is possible to generate a signal wavelength covering a bandwidth of
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420 nm from 1360 nm to 1780 nm with a corresponding idler wavelength
varying from 2190 nm to 3530 nm.

Figure 5.8: Characterization of signal and idler wavelengths with crystal #1
for the four different poling periods 27.91 µm (light blue), 28.28 µm (dark
blue), 28.67 µm (violet), 29.08 µm (green). a) Signal and idler optical spectrum
normalized (left axis) and the output power for a pump power of 450 mW
(red triangles, right axis). b) Measured (filled dots) and computed (empty
dots) signal and idler wavelengths as functions of the crystal temperature
and the theoretical expected values (solid lines).

Figure 5.8(a) presents a selection of optical spectra of signal and idler
waves measured with an optical spectrum analyzer (Anritsu MS9710B for
the signal and A.P.E waveScan USB IR, which is limited to 2.6 μm, for the
idler) and their corresponding output power (measured for the signal and
computed for the idler) for a pump power of 450 mW with an
optimization of the cavity length at every step. The limitation in the
tunability of the generated signal is attributed mainly to the bandwidth of
the HR coatings of the cavity mirrors which are limited to 1400-1750 nm.
Figure 5.8(b) displays the signal and idler wavelengths as a function of the
crystal temperature for the four different poling periods, illustrating the
good fit between the measured and computed data. The signal pulse
characterization was performed with the same autocorrelator as in
Section 5.2.2.1, measuring pulse durations of 2-4 ps FWHM [see
Figure 5.7(b)], determined by the duration of the input pulses.
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Crystal #2 provided higher output powers with a maximum signal
output power of 100 mW (80 mW measured with the power meter) at a
pump power of 450 mW. In this configuration, the crystal is stabilized at a
temperature of 85°C. The generated signal wavelength is 1630 nm with a
computed idler power of 66 mW at a wavelength of 2467 nm. This
corresponds to a signal power conversion efficiency of 22%, which is two
times higher compared to crystal #1.

Figure 5.9: Characterization of operation with crystal #2. Signal optical
spectra normalized (left axis) and output power for a pump power of
450 mW (red triangles, right axis).

A change of the crystal temperature from 80°C to 120°C tuned the
signal from 1623 nm to 1739 nm, i.e. over a bandwidth of 116 nm (see
Figure 5.9). The higher output power is surprising given that the crystal
length is only 5 mm, i.e. half of the first crystal. An important effect that
can reduce the conversion efficiency of longer crystals is the pump
spectral acceptance bandwidth, which scales inversely proportional to the
crystal length. However, the acceptance bandwidth of crystal #1 is stated
above the 1.9 nm bandwidth of the pump VECSEL, suggesting only minor
contribution to the conversion efficiency. We attribute the increase in
efficiency with crystal #2 to the better quality of the AR coating for both
the pump and signal wavelengths, minimizing the losses of the cavity.
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5.2.4 Conclusion
We have demonstrated an OPO pumped by a picosecond VECSEL
emitting at wavelength of 982 nm. We obtained signal and idler
wavelengths tunable in the ranges of 1.4-1.8 µm and 2.2-3.5 μm,
respectively, by changing the crystal temperature and poling periods. A
maximum signal output power of 100 mW was generated from 450 mW of
pump with a corresponding idler output power of 66 mW and a signal
power conversion efficiency of 22%. This encouraging result paves the
way for more compact and low-cost tunable ultrafast sources emitting in
the IR and mid-IR spectral regions.
Funding
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Conclusion and Outlook
The experiments presented in this thesis show for the first time that the
SDL technology is suitable for the generation of optical frequency combs.
This is an important step towards simpler and more cost-efficient
frequency combs for industrial and scientific applications in various fields
such as metrology or spectroscopy.
As an initial step, an indirect CEO frequency noise characterization
method was used, demonstrating the first CEO frequency noise analysis of
a SDL. The measured free-running CEO frequency noise spectrum and the
CEO dynamic response to pump power modulation suggested the
feasibility of a self-referenced stabilization, if the CEO frequency can be
detected with a sufficient signal-to-noise ratio. Usually, the detection of
the CEO frequency of GHz lasers with the standard nonlinear
interferometry is challenging due to the strong request of high peak power
and short pulse duration for the coherent octave-spanning SC generation.
The here demonstrated alternative technique that necessitates only a low
noise CW laser at the same emission wavelength as the modelocked laser
is an efficient solution for the characterization of high repetition rate
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modelocked lasers. A recent publication presents its application to a
25-GHz DPSSL with only 4 mW of output power136.
As next step, different methods of amplification were studied to
enable standard nonlinear interferometry for CEO characterization and
stabilization. The amplification in an 8.3-mm long Yb-doped waveguide
demonstrated an efficient amplification of the laser output power from
60 mW to 2.9 W. In the amplification, the 300-fs pulses were temporally
broadened to more than 600 fs due to gain narrowing. The optical
spectrum of the pulses was reduced, meaning that a temporal
compression would first require a spectral broadening stage. Switching to
an Yb:CALGO-based waveguide that supports broader gain would allow
getting around this issue. Such waveguides should even be able to operate
with shorter pulse durations, constituting a compact way to reach high
power levels and short pulse duration with a GHz VECSEL.
Another way to circumvent these difficulties is to combine the
amplification with the spectral broadening stage. To achieve this, the
development of an Yb-doped fiber amplifier based on a small-core fiber is
presented. The nonlinearity in the gain medium directly provides the
spectral broadening necessary for a temporal compression. The
compressed pulses enabled the generation of a coherent octave-spanning
SC in a commercial PCF. A standard f-to-2f interferometer was used for
the detection of a CEO signal with a sufficient SNR to demonstrate the
first self-referenced CEO frequency stabilization of a SDL. The CEO
frequency noise was efficiently reduced, but no tight lock could be
obtained at this point. The free-running noise properties of the laser
showed that a tight lock would require a broad modulation bandwidth of
~600 kHz, difficult to implement with a direct modulation of the pump
current. A deeper study of the origin of the noise of the free-running CEO
frequency revealed that the noise plateau observed at high Fourier
frequencies matches well the noise of the pump diode and therefore
originates from the AM noise of the pump. In order to improve the
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stabilization, work can be done to lower the free-running noise by
reducing the noise of the pump source. This can be performed for example
by implementing an amplitude stabilization of the pump.
An important advantage of the SDL technology compared to other
modelocked technologies is the wafer-scale producibility associated with a
multimode diode-pumping scheme that reduces the complexity and costs
of the system. The external amplification approach demonstrated in this
thesis brings additional difficulties compared to a simple laser technology
and an ideal long term solution should avoid the amplifier stage. Silicon
nitride waveguides have recently demonstrated their potential for efficient
coherent SC generation with a lowered requested peak power137. Their
application in the development of a DPSSL frequency comb even showed
lower CEO noise than with a PCF138. The replacement of the PCF by a
silicon nitride waveguide combined with the latest improved pulse
duration and output power of modelocked VECSELs recently enabled the
demonstration of a coherent octave-spanning SC without the need of
external amplification139. In the redaction time of this thesis, the
presentation of the full-stabilization of a SESAM-modelocked VECSEL
using a silicon nitride waveguide for SC generation has been presented at
the SPIE Photonics West conference (2018)140.
Longer wavelength emission towards the mid-IR is of great interest
for remote trace gas sensing or molecular spectroscopy. Even though
efforts are invested to push their limit to longer emission wavelengths,
modelocked VECSELs are currently limited to 2 μm107. Alternatively,
nonlinear conversion techniques can be used to extend the accessible
wavelength coverage. In the last chapter of this thesis, an approach using
an ultrafast 200-MHz SDL-pumped OPO has been described. The
nonlinear conversion produced a continuously tunable signal wave at 1.41.8 μm and an idler wave at 2.2-3.5 μm. Although no stabilization was
implemented

here,

the

experiment

demonstrates

new

fields

of

applications of modelocked VECSELs with exciting possible outcome.
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Frequency combs based on mid-IR OPOs add even more flexibility in the
emitted spectral range and open new doors in Fourier transform
spectroscopy and dual-comb spectroscopy enabling the fast acquisition
speed and high resolution detection of a wide range of molecules141,142.
The results presented in this thesis together with the recent
demonstration of low power octave-spanning SC generation in silicon
nitride waveguide bring the ultrafast SDL technology in a very promising
position in the family of stabilized optical frequency combs and its wide
range of possible applications.
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