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Kurzfassung

Stefan Rausch

Manipulation des elektrischen Feldes von ultrakurzen Laserpulsen unterhalb der
Schwingungsperiode

Die zeitliche Dauer von ultrakurzen Laserpulsen, wie sie von breitbandigen Titan:Saphir
Oszillatoren erzeugt werden, nähert sich immer weiter der Periodendauer des zugrunde
liegenden elektrischen Feldes an. Dadurch wächst neben der ultrakurzen Pulsdauer ebenfalls
die Bedeutung des Feldes und der Wunsch nach einer direkten Einflussnahme darauf - für
zahlreiche Experimente der aktuellen Ultrakurzpulsphysik ist dies bereits eine wichtige
Voraussetzung geworden.

Diese Doktorarbeit beschäftigt sich mit der Erzeugung und Manipulation von ultrakurzen
elektrischen Feld-Oszillationen im optischen Frequenzbereich. Dazu wird ein breitbandiger
Feld-Synthesizer realisiert, der in der Lage ist durch spektrale und zeitliche Manipulation
von oktavbreiten Eingangspulsen maßgeschneiderte Feld-Verläufe mit Dauern bis herab
zu 3,6 Femtosekunden zu erzeugen. Der dafür realisierte Titan:Saphir Laser generiert die
kürzesten Pulse, die jemals direkt aus einem Oszillator erzeugt worden sind und kann in
seiner Träger-Einhüllenden-Phase stabilisiert werden.

Auch die Stabilisation dieser Träger-Einhüllenden-Phase von breitbandigen Titan:Saphir
Oszillatoren wird im Rahmen dieser Arbeit vorangetrieben. So wird zum Beispiel ein
oktavbreiter Laser auf konstante Träger-Einhüllenden-Phase stabilisiert und dadurch ein
Pulszug erzeugt, der für jeden enthaltenen Puls die gleichen Feld-Eigenschaften besitzt. Mit
diesem System war es zum ersten Mal möglich eine selbst-referenzierte spektrale Interferenz
von mehr als 1011 Oszillatorpulsen zu demonstrieren.

Auch werden Ansätze bezüglich der Weiterentwicklung von breitbandigen Titan:Saphir
Strahlquellen verfolgt. Zum Beispiel wird ein von einem Scheibenlaser synchron-gepumpter
Titan:Saphir Laser realisiert, der neben einem selbst-startenden Verhalten zusätzlich eine
Selbst-Synchronisation zu dem benutzten Pumplaser ermöglicht. Dadurch wird das kom-
binierte System neben der breitbandigen Laserstrahlung zusätzlich mit einem intensiven
grünen Pumppuls ausgestattet, was z.B. für Pump-Abfrage Experimente relevant ist.

Schlagworte: Wenige-Zyklen-Pulse, Titan:Saphir-Laser-Oszillatoren, Träger-Einhüllenden-
Phase, Oktavbreite Pulsformung, Wenige-Zyklen-Feld-Synthese



Abstract

Stefan Rausch

Controlling the Electric-Field of Few-Cycle Laser Pulses on the Cycle-Scale

The duration of femtosecond pulses generated by broadband Ti:sapphire laser systems
is successively approaching the cycle period of the underlying electric field oscillation –
2.7 fs for a carrier oscillation of 375 THz (800 nm). Next to the few-cycle pulse duration
thereby the full control of the electric field itself becomes more and more important and is
meanwhile an indispensable prerequisite for numerous experiments in ultrafast science.

This thesis is concerned with the generation and control of electric-field oscillations
approaching the single-cycle limit. A few-cycle field synthesizer is realized that allows
for the temporal and spectral manipulation of octave-spanning input pulses to generate
tailored field profiles with a duration as short as 3.6 fs. The realized octave-spanning seed
oscillator delivers the shortest pulses ever generated directly from a laser oscillator and can
be directly stabilized with respect to its carrier-envelope-offset phase to allow for an electric
field control on attosecond time scales.

Also the carrier-envelope-offset phase stabilization of few-cycle laser oscillators has been
under investigation within the scope of this thesis. In this regard an octave-spanning
oscillator was realized that can be stabilized to deliver a pulse train with constant electric
field properties for every pulse within the train. With this system a self-referencing spectral
interference of more than 1011 oscillator pulses could be demonstrated.

Next to the seed oscillator, also different broadband Ti:sapphire laser sources have been
target of interest. For example a synchronously-pumped Ti:sapphire oscillator, pumped
by a frequency-doubled thin-disk oscillator, was realized featuring a self-starting ability,
which is not present for continuously-pumped oscillators. This carrier-envelope-offset phase
stabilized laser additionally showed a self-synchronization to the thin-disk pump source,
adding another interesting aspect for seeding the field-synthesizer since an additional
synchronized intense ’green’ pulse would be available e.g. for pump-probe type experiments.

Key words: Few-cycle Ti:sapphire laser oscillators, carrier-envelope-offset phase stabi-
lization, octave-spanning pulse shaping, few-cycle field synthesis.



Contents

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Goal and outline of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 General theory 5

2.1 Few-cycle laser pulse generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 The electric field of few-cycle laser pulses . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Dispersion and pulse propagation . . . . . . . . . . . . . . . . . . . . . . 8
2.3 The carrier-envelope-offset phase . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3.1 CEP measurement and stabilization . . . . . . . . . . . . . . . . . . . . . 11
2.4 Noise in femtosecond laser oscillators . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Octave-spanning Ti:sapphire laser system 19

3.1 Generation of broadband spectra from Ti:sapphire oscillators . . . . . . . . . . 19
3.2 Ti:sapphire oscillator with 3.7 fs Fourier-limited pulse duration . . . . . . . . . 22

3.2.1 Carrier-envelope-offset phase stabilization . . . . . . . . . . . . . . . . . 27
3.2.2 Repetition rate stabilization . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.3 Frequency comb generation . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4 Quasi-synchronously pumped octave-spanning Ti:sapphire laser 39

4.1 (Quasi-)synchronous pumping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2 Optical setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3 Quasi-synchronously pumped laser characteristics . . . . . . . . . . . . . . . . . 43
4.4 Carrier-envelope-offset phase stabilization . . . . . . . . . . . . . . . . . . . . . . 48
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5 Oscillator pulse train with constant carrier-envelope-offset phase 53

5.1 Routes to stabilize the carrier-envelope-offset frequency to zero . . . . . . . . 54
5.1.1 Direct-locking method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.1.2 Shifting the CEO frequency to zero within the output beam . . . . . . 56
5.1.3 Extended f-to-2f self-referencing . . . . . . . . . . . . . . . . . . . . . . . 57

5.2 Laser system stabilized to carrier-envelope-offset frequency zero . . . . . . . . 58
5.2.1 Carrier-envelope-offset phase stabilization . . . . . . . . . . . . . . . . . 60

i



ii Contents

5.3 Characterization of the locking performance . . . . . . . . . . . . . . . . . . . . 64
5.3.1 In-loop characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.3.2 Out-of-loop characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.4 Discussion, limitations and future prospects . . . . . . . . . . . . . . . . . . . . . 72
5.5 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.5.1 CEP-dependency of two-photon photoemission spectroscopy . . . . . . 73
5.5.2 CEP-dependency of atomic bound state population . . . . . . . . . . . . 76

6 Few-cycle field synthesizer 79

6.1 Waveform and field synthesis principle . . . . . . . . . . . . . . . . . . . . . . . . 79
6.2 Few-cycle field synthesizer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6.2.1 Prism-based octave-spanning pulse shaper . . . . . . . . . . . . . . . . . 80
6.3 Spatial light modulator SLM-S640d . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.3.1 Independent control of spectral phase and amplitude . . . . . . . . . . 85
6.3.2 LCD calibration and shaper control . . . . . . . . . . . . . . . . . . . . . . 86

6.4 Pulse-shaping and field-synthesis results . . . . . . . . . . . . . . . . . . . . . . . 88
6.4.1 Pulse shaping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.4.2 Field synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

7 Conclusion and outlook 95

Bibliography 97

Appendix 105

A Few-cycle pulse characterization - SPIDER 105

B Phase-locked loops 107

B.1 Phase detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
B.2 Loop filter – PI(D) regulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

C Acknowledgements (German) 111

D Curriculum Vitae 113

E Publications 115



1 Introduction

1.1 Motivation

Within the last fifty years hardly anything has influenced and improved our daily life
like the laser. This manifold light source plays a key role in nowadays communications,
industrial production, medicine, consumer electronics, navigation, and above all many
branches of science. It still pushes the limits e.g. in terms of speed, precision and quality in
manufacturing processes and enables the investigation of fundamental concepts of nature.
Next to the well established laser systems used throughout the world for industrial and
consumer applications, still scientists are searching for improved laser sources and novel
concepts opening up new fields of research and novel characterization and measurement
techniques. Although many of those scientific laser sources have not found their application
within mass-market yet, they have an enormous impact for humankind, e.g. helping to
understand the origin of our universe, or measuring physical constants with unsurpassed
precision.

One of those scientific light sources is the Ti:sapphire laser, which is the key element of
nearly all of todays ultrafast science. Within the last few years rapid developments in the
field of ultrashort pulse generation by those lasers have led to pulses with durations as short
as a few optical cycles with octave-spanning spectra generated directly from laser oscillators
at high repetition rates [Kär05]. The duration of such few-cycle laser pulses in the order of
a few femtoseconds (1 fs≡ 10−15s) is hardly imaginable. One femtosecond is the millionth
part of one billionth of a second. Although light travels a distance of about 300,000 km
within one second, roughly a distance of 7.5-times around the globe - in one femtosecond it
only propagates a distance of 0.3µm, one hundredth part of the thickness of a human hair.

These extreme short pulses can be considered as a slowly varying envelope with a fast
oscillating carrier field underneath. Since the duration of the temporal envelope is already in
the order of the underlying electric field oscillation and approaching the single-cycle – 2.7 fs
for a central wavelength of 800 nm (375 THz) –, the electric field properties itself become
a highly regarded parameter for many experiments in nowadays ultrafast science. The
electric field characteristics of these few-cycle laser pulses are determined by their carrier-
envelope-offset phase, that can be stabilized routinely [Müc05, Bar07, Cre08, Rau08b,
Rau09], opening up for phase- and field-sensitive experiments [Apo04, Müc04, Nak06],
frequency metrology and high-precision spectroscopy [Ude02b, Mar04, For06, Sto06], next
to quantum interference control [Roo05, Rou07]. Amplified few-cycle pulses delivering
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2 1 Introduction

intensities in the order of 1014 W/cm2 paved the way for investigating nonlinear light-matter
interaction and attosecond science [Bal03, San06, Kre06], where a controlled electric field
profile of the generating few-cycle pulse is an indispensable prerequisite. Because of their
unique temporal and spectral properties, Ti:sapphire lasers are also ideal light-sources
for high resolution optical coherence tomography (OCT) [Mor00], high-resolution CARS
[Dud02, Vac06, Pos08] and femtosecond quantum control [Vog06]. To fully exploit these
features pulse shaping techniques are used to manipulate the unique laser features to
generate tailored pulse envelopes with durations of less than two optical cycles and flexible
pulse sequences [Bin06].

1.2 Goal and outline of thesis

Goal of this thesis is the demonstration of a novel few-cycle field synthesizer to gain full
control over electric field oscillations of femtosecond pulses approaching the single-cycle
limit. Such a field synthesizer consists out of an octave-spanning Ti:sapphire seed oscillator
that can be stabilized with respect to its carrier-envelope-offset phase and a broadband
pulse shaper that is capable to independently manipulate the spectral phase and amplitude
of the broadband seed pulses. This work comprises investigations in Ti:sapphire-based seed
sources to generate the target field oscillations next to broadband pulse shaping techniques
to control the waveform of these few-cycle pulses on the cycle scale.

The thesis is structured as follows: After this short motivation and introduction, the
second chapter gives a brief access into the relevant theory for understanding. It mainly
focuses on the electric field properties of few-cycle laser pulses and shows the route to their
control, together with a discussion on important noise characteristics like timing jitter and
phase noise. The third chapter deals with the generation of enhanced octave-spanning
spectra directly from a laser oscillator and introduces a sub-4-fs Ti:sapphire laser oscillator
that further pushes the limits in terms of few-cycle laser pulse generation. This laser
system will be target for a carrier-envelope-offset phase and timing stabilization. Within
the fourth chapter the feasibility of a synchronously-pumped octave-spanning Ti:sapphire
laser will be under investigation in terms of self-starting behavior, carrier-envelope-offset
phase stabilization and self-synchronization. Here first estimates of the performance and
practicability of such a combined system for few-cycle laser physics will be made. The fifth
chapter is concerned with an improved self-referencing scheme to lock the carrier-envelope-
offset frequency of few-cycle laser pulses to zero, generating a pulse train with identical
electric field profile for every pulse contained within the train. Using this novel system,
field-sensitive experiments can be performed with nearly full oscillator power and pulse
repetition rate. The last experimental chapter presents a few-cycle field synthesizer which
is an unique combination of an octave-spanning, carrier-envelope-offset phase stabilized
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Ti:sapphire oscillator with a double-LCD pulse shaper and a SPIDER pulse characterization
apparatus. As will be shown in this chapter, this tool allows for manipulating the spectral
phase and amplitude of the broadband input pulses to generate tailored pulse shapes and
sequences in the time domain and control the underlying electric field oscillations on the
cycle scale. Finally the work will be summarized followed by some future prospects into the
field of few-cycle pulse generation and their applications.





2 General theory

This chapter deals with the fundamental theory and relevant basics for understanding the
work presented in the following. Starting point will be a short introduction of few-cycle
laser pulse generation using Kerr-lens mode-locking, followed by the analytical description
of the electric field of few-cycle laser pulses in the time and frequency domain. In this
content the carrier-evelope-offset phase, its origin, measurement and stabilization will be
explained. Finally noise quantities associated with few-cycle femtosecond lasers and their
characterization are discussed. Since an in-deep analysis and a fundamental theoretical
treatment of few-cycle pulses, their generation and propagation is beyond the scope of this
thesis, the interested reader is referred to the cited literature throughout the text, above all
[Sve98, Ell03, Ye05, Kär05, Die06, Mor06, Mor07].

2.1 Few-cycle laser pulse generation

Femtosecond laser pulses with durations as short as a few optical cycles can be generated
directly by Kerr-lens mode-locked (KLM) Ti:sapphire oscillators. This is because the optical
Kerr-lens is a saturable absorber fast enough without bandwidth limitations that is capable
of forcing the numerous modes that can be supported by a Ti:sapphire oscillator to oscillate
with a fixed phase relation. In the time-domain this means that all individual standing
waves will add constructively at one point, resulting in a very intense and short burst of light
[Die06]. The unique combination of the Kerr-lens acting as fast ’artificial’ saturable absorber
with the broadband gain bandwidth of Ti:sapphire, featuring a full-width at half-maximum
(FWHM) of about 95.3 THz [Sor05], is an indispensable prerequisite for the generation
of few-cycle laser pulses since both, spectral bandwidth and pulse duration are directly
coupled by the time-bandwidth product [Rul05].

The optical Kerr-effect is a χ(3) nonlinearity that results in an increased refractive index
for higher intensities: n = n0 + I · n2 due to the nonlinear refractive index n2. This Kerr-
effect allows for the realization of a saturable absorber, since an intense burst of photons
will experience an increased refractive index within a Kerr-medium and thus in case of a
Gaussian intensity beam profile Kerr-lensing compared to low intensity continuous-wave
(cw) light. By a suitable resonator design this effect can be used to favor pulsed operation
over continuous wave operation. The simplest way in this regard is placing a hard aperture
behind the Kerr-medium allowing the focused intense light to pass, whereas the low intensity
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6 2 General theory

light is blocked. In this case the Kerr-lens introduces a loss modulation to the resonator,
since the loss is lower for more intense light. The Ti:sapphire oscillators presented within
the scope of this thesis use soft-aperture KLM to generate few-cycle laser pulses. Here the
pulsed operation is favored over cw-operation via a gain modulation, since the resonator is
designed such that only the Kerr-lens assisted, narrowing down intense beam experiences
an optimal overlap with the pump beam in the Ti:sapphire crystal, shown in Fig. 2.1. Thus
for soft-aperture KLM an intense pulsed operation will experience more gain within the
crystal and will be energetically favored. This process of Kerr-lens mode-locking has to be
externally initiated by perturbing the initial cw-operation. This perturbation leads to an
initial small burst of light that will experience Kerr-lensing within the crystal and becomes
amplified. For successive round-trips this effect increases and enhances itself resulting in
more and more modes that will be locked to this process.

Figure 2.1: Illustration showing the principle of soft-aperture Kerr-lens mode-locking using a optimized
pump spot overlap within the Ti:sapphire crystal, taken from [Sie09]. The left-hand-side shows the beam
geometries at the crystal for continuous-wave operation whereas the red laser beam is considerably larger
than the green pump beam. On the right-hand-side the case of mode-locked operation is shown, where
the Kerr-lens assisted smaller mode size results in an optimal overlap of pump beam and resonator beam,
leading to an enhanced gain and energetically favored operation.

Next to the missing self-starting ability, one main disadvantage of soft-aperture KLM is the
need to operate the laser close to a stability limit of its resonator to enhance the Kerr-effect
for stable pulse operation. As a consequence, much effort has to be done to design the
resonator for long-term stability and hands-off operation.

2.2 The electric field of few-cycle laser pulses

The electric field E(z,t) of a few-cycle laser pulse in the time domain, propagating along the
z-axis can be denoted by:

E(z,t) =
1

2
· A(z,t) · ei(ω0 t−k(ω0)z+φ0)+ c.c. (2.1)
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with the slowly varying envelope A(z,t) and a superimposed carrier oscillation with the
angular carrier frequency ω0. The additional phase term, the carrier-envelope-offset phase
φ0, gives the phase difference between the maximum of the envelope with respect to
the next maximum of the carrier oscillation underneath, illustrated in Fig. 2.2. In this
representation only plane waves are considered without a spacial dependency in x- and
y-direction. Even though the measured quantities are real, it is in general more convenient
to use the complex representation for these fundamental considerations [Die06]. In this
regard the factor 1/2 and the c.c. (complex conjugate) guarantee for a real electric field in
the complex representation given in Eq. (2.1). For the subsequent considerations this is kept
in mind but omitted for the following.

The temporal pulse intensity is proportional to the squared absolute value of the electric
field: I(t) ∝ |E(t)|2 and gives the pulses appearance in the time domain. The pulse duration
is typically defined by the full-width at half-maximum of I(t).

Figure 2.2: Few-cycle laser pulse and its electric field.

This pulse representation illustrated in Fig. 2.2 comprises many aspects of few-cycle laser
pulse generation and propagation and will be used later on. In this regard a fundamental
understanding of Eq. (2.1) is of importance and will be summarized in the following few
paragraphs.

From the section before it is known that a few-cycle laser pulse is a phase-coherent
superposition of numerous modes that can simultaneously oscillate within a femtosecond
oscillator. For example the broadband gain spectrum of Ti:sapphire can support more than
106 modes within the resonator. The electric field of one single, linearly polarized wave
with the angular frequency ω, propagating along the z-axis, can be written as:

E(z,t) = Ẽ0 · ei(ωt−k(ω)z+φω), (2.2)

with the propagation constant k = 2π/λ = ω/c · n(ω) and a random phase φω of the
specific mode. The pulse is established by a phase-locked superposition of all of these modes,
now with a global phase φ0:

E(z,t) =

∫

Ẽ0(ω) · ei(ωt−k(ω)z+φ0)dω. (2.3)
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Defining the angular carrier frequency ω0 located within the optical frequency domain,
the frequency of every mode can be written by the carrier frequency plus the particular
frequency difference: ω=ω0+∆ω. With this expression Eq. (2.3) writes to:

E(z,t) =

∫

Ẽ0(ω0+∆ω) · ei((ω0+∆ω)t−k(ω0+∆ω)z+φ0)d∆ω. (2.4)

With ∆k = k(ω0 +∆ω) − k(ω0) Eq. (2.4) can be decomposed into the slowly varying
envelope A(z,t) containing ∆ω, and the rapid carrier oscillation ω0:

E(z,t) =

∫

Ẽ0(ω0+∆ω) · ei(∆ω·t−∆k·z)d∆ω

︸ ︷︷ ︸

A(z,t)

·ei(ω0·t−k(ω0)·z) · eiφ0 . (2.5)

Thus the electric field representation of a pulse propagating in time along the z-axis is given
by Eq. (2.1):

E(z,t) = A(z,t) · ei(ω0·t−k(ω0)·z) · eiφ0 . (2.6)

The time-domain and frequency-domain representations of a laser pulse are connected by
the Fourier-transformation:

Ẽ(ω) =

∫

E(t) · e−iωt d t; E(t) =
1

2π

∫

Ẽ(ω) · eiωt dω. (2.7)

Thus, for the frequency domain the field is given by:

Ẽ(ω) = A(ω) · e−iϕ(ω) (2.8)

with the spectral amplitude A(ω) =
�

�Ẽ(ω)
�

� and spectral phase ϕ(ω). A(ω) gives the intensity
contribution of each frequency involved, whereas the spectral phase ϕ(ω) denotes the
corresponding phase. In the case of zero phase all frequencies will superpose constructively
at t = 0 and form a Fourier-limited pulse. This direct connection between the frequency-
and time-domain electric field of a laser pulse is important for the few-cycle field synthesizer
presented in Chapter 6. There the temporal pulse envelope will be shaped by manipulation
of the spectral amplitude and phase in the frequency domain.

2.2.1 Dispersion and pulse propagation

Summarizing the paragraphs above it is obvious that an ultrashort laser pulse comprises a
broadband spectral characteristic and features in the ideal case – the Fourier-limited pulse –
a constant spectral phase for all of the involved frequency components. But since the pulse
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will experience dispersion while propagating, which is due to the wavelength dependency of
the refractive index of the propagation media, pulse broadening will occur. Thus, especially
for few-cycle pulses with their broad spectral bandwidths involved, dispersion is of major
importance and the relevant terms will be named here. A comprehensive treatment of this
topic can be found in cited text books and lecture scripts, e.g. [Mor06].

Most commonly used media feature a decreasing refractive index for longer wavelengths
in the target wavelength region. This leads to a positive dispersion, since low-frequent
light will travel with a higher phase velocity through the medium than high-frequent light
that becomes delayed. For negative dispersion this relation is the other way round. To
investigate the dispersion related effects on laser pulses like pulse broadening and chirping,
it is common to expand the spectral phase in a Taylor series around ω0 [Tre10]. This results
in the group delay (GD) or first order dispersion, which is the first particular derivative of
the spectral phase with respect to ω at ω0, the group delay dispersion (GDD), or second
order dispersion, which is the second particular derivative of the spectral phase with respect
to ω at ω0, and even higher order dispersion terms. The GD describes a pulse shift in time,
whereas the GDD and higher orders are responsible for a temporal pulse broadening.

2.3 The carrier-envelope-offset phase

The carrier-envelope-offset phase (CEP) introduced by Eq. (2.1) denotes the phase difference
between the maximum of the temporal pulse envelope and the maximum of the nearest
electric field oscillation underneath. It can be used to drive field-sensitive experiments,
whereas the sensitivity of a specific target is probed depending on the electric pulse field.
Additionally, φ0 has relevance for the generation of frequency combs by mode-locked lasers.
The origin, measurement and stabilization of φ0 will be discussed in more detail in the
following section.

The carrier-envelope-phase of a pulse train can be divided into two components [Kär05],
a ’static’ offset phase and the pulse-to-pulse phase change ∆φ0:

C EP = φ0 = φstat+∆φ0. (2.9)

∆φ0 has its origin in dispersion within the laser oscillator. This is because the carrier
frequency ω0 propagates with the phase velocity υph = c/n(ω0) within the dispersive
regime of the Ti:sapphire oscillator, whereas the pulse envelope experiences the group
velocity υgr = ∂ω/∂ k. Since both velocities are in presence of dispersion not identical,
φ0 will evolve and slip underneath the envelope during propagation. This phase change
depending on the length l of the specific dispersive medium can be calculated by:

∆φ0(l) =ω · l ·
�

1

υgr(ω)
−

1

υph(ω)

�

. (2.10)
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Every time the pulse hits the output-coupling mirror, a portion is coupled-out and the phase
relation is fixed, which is defined by the phase condition at the output-coupling mirror. Since
the cavity-pulse will continue to evolve with respect to its CEP during its next roundtrip,
the successive pulses of the output pulse train, their delay defined by the roundtrip time
T = 1/ frep, will feature a constant phase difference ∆φ0 from pulse to pulse. The rate of
change of ∆φ0 within the pulse train is the carrier-envelope-offset frequency fCEO, which is
given by:

fCEO =
∆φ0

2π
· frep⇒∆φ0 = 2π ·

fCEO

frep
. (2.11)

For a free-running laser ∆φ0 will have a non-specific value depending on the present
resonator design and dispersion characteristics. For the later-on presented stabilization of
the CEP there exist two prominent scenarios of the above written relation. In the first case
fCEO is an integer fraction n of the repetition frequency. In this case the electric field of every
nth pulse within the output-coupled pulse train will be identical. For example if fCEO will be
stabilized to a quarter of the repetition frequency, Eq. (2.11) results in a CEP change from
pulse-to-pulse of about ∆φ0 = π/2. As shown in Fig. 2.6 (A), every fourth pulse within
the train will be identical. The second scenario occurs when the evolving phase exactly
reproduces itself along one roundtrip, ∆φ0 being an integer multiple of 2π. In this case the
output-coupled pulses will feature a constant CEP without a pulse-to-pulse phase change
and the electric field of each pulse will be identical and fCEO zero, illustrated in Fig. 2.6 (B).

It can be shown that the periodic pulse train of a mode-locked laser produces a fre-
quency spectrum that is a series of delta functions [Ude02a], when the number N of pulses
approaches infinity:

IN (ω)→ I(ω)
∑

n
δ(ωT −∆φ0− 2πn). (2.12)

For an increasing number of pulses the initial continuous spectrum of a single pulse I(ω)
evolves more and more to a discrete comb structure with a decreasing linewidth for an
increasing N . From the positions ωT −∆φ0− 2πn of the delta peaks given by Eq. (2.12),
the frequency of each nth (optical) comb mode is given by:

ωn = n ·
2π

T
+
∆φ0

T
⇒ νn = n · frep+ fCEO, (2.13)

and can be described by only two radio frequencies in the MHz range. The relation between
the periodic output of a mode-locked laser and a discrete comb spectrum in the frequency
domain is illustrated in Fig. 2.4. In this representation the carrier-envelope-offset frequency
gives a constant offset from zero frequency for all comb modes that are spaced by frep.
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Figure 2.3: Pulse train emitted by a mode-locked laser; A) shown for a pulse-to-pulse change of
∆φ0 = π/2 resulting in a reproduced field for every fourth pulse within the train; B) with ∆φ0 = constant,
fCEO = 0 respectively. Every pulse is identical.

2.3.1 CEP measurement and stabilization

The techniques used to stabilize the pulse-to-pulse evolution of the carrier-envelope-offset
phase are best understood in the frequency domain [Kär05], since from Eq. (2.11) we see
immediately that a stabilization of ∆φ0 is identical to a stabilization of fCEO. The simplest
way to measure fCEO is to frequency-double the low frequency ’red’ end of the spectrum
and heterodyne it with the existing fundamental spectrum at the ’blue’ end. Since for
heterodyne detection it is essential that the two frequency components spectrally overlap,
an octave-spanning spectrum containing both frequencies νn and ν2n is required. This most
prominent example of self-referencing, illustrated in Fig. 2.5, was first demonstrated by
[Ude99, Tel99, Jon00] after non-linear broadening the spectrum to an octave-spanning
bandwidth using a photonic crystal fiber.

Using the comb relation given by Eq. (2.13) it can be shown, that the heterodyne beat
frequency fb of the frequency-doubled ’red’ component (2 · νn) and the fundamental ’blue’
component (ν2n) is simply the carrier-envelope-offset frequency:

fb = 2 · νn− ν2n

= 2 · (n · frep+ fCEO)− (2n · frep+ fCEO)

= 2n · frep+ 2 · fCEO− 2n · frep− fCEO

= fCEO.

(2.14)
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Figure 2.4: The periodic pulse train emitted by a mode-locked laser generates a frequency spectrum
with discrete comb modes given by the Fourier-relation [Ude02a].

This beat signal can be generated in an f -to-2f interferometer, see e.g. Section 3.2.1,
whereas the signal is detected with a highly sensitive photodiode. The phase term of the
corresponding interference signal I(t) features a linear dependency with respect to fCEO:

φdetect = 2π fCEO t +φstat. (2.15)

The term φstat arise from the ’static’ offset of the CEP (see Eq. (2.9)) and is constant for
the interference signal. Since there is no dispersion in this ideal case, the intensity of all
spectrally and temporally overlapping components will globally alternate in time with fCEO.
For a ’real world’ f -to-2f interferometer the dispersion between the two interferometer
arms, given by the different optical components and pathways, will introduce a spectral
modulation to the interfering spectrum as given in Fig. 2.6. The frequency for zero delay
can be altered by tuning one arm length of the interferometer, whereas the modulation
strength is depending on the amount of dispersion between both interferometer arms. This
spectral modulation has large impact for the detection scheme. All spectral components will
still alternate in time with fCEO, but due to the spectral modulation the successive spectral
interference fringes will alternate converse with respect to each other. Since the detector
integrates the intensity given by all detected frequency components, the measured intensity
change resulting from fCEO will wash out for the integration of several fringes. To overcome
this problem a narrow spectral bandpass around the frequency component with zero delay
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Figure 2.5: Principle of 2-to-2f self-referencing. The low-frequent ’red’ end of an octave-spanning
spectrum is frequency doubled and spectrally overlapped with the existing ’blue’ end for heterodyne
detection [Goh06].

Figure 2.6: Modulated spectrum from the interference between the frequency-doubled ’red’ end of
the laser spectrum with the fundamental ’blue’ end. The zero delay point is tuned-in for a wavelength
of 600 nm. The blue plot indicates a spectral filter that has to be applied to detect fCEO with sufficient
contrast.

has to be filtered form the interfering spectrum, such that the detected intensity change
given by fCEO is large enough to deliver a sufficient signal-to-noise ratio for this signal. In
the ideal case only one spectral interference fringe is filtered from the spectrum, indicated
by the blue filter curve in Fig. 2.6. In case of fCEO = 0 the temporal modulation of the
interference spectrum will be gone, opening up to detect a constant spectral interference
pattern as shown in Fig. 2.6.

As already mentioned, for the f -to-2f self-referencing technique as presented above,
an octave-spanning spectrum is a indispensable prerequisite. Fortunately meanwhile



14 2 General theory

Ti:sapphire laser oscillators are readily available, delivering such octave-spanning spec-
trum directly from the oscillator and allowing for fCEO stabilization without additional
external spectral broadening. This is preferable in terms of noise and requires much less
spectral output power for the stabilization compared to e.g. spectral broadening within
a nonlinear fiber, since for octave-spanning oscillators the necessary spectral components
for self-referencing can be filtered from the laser’s output spectrum and used directly for
heterodyne beating.

Next to this ’standard’ self-referencing technique using octave-spanning spectra, there
exist different non-linear mixing processes that can be used to generate a heterodyne beat
signal for fCEO as well. For example also 2f -to-3f mixing [Tel99] can utilized in this regard
next to difference frequency generation within a periodically poled lithium niobate crystal
(PPLN) [Fuj04]. In recent years this approach has become a serious alternative to spectral
broadening using microstructured fibers. Here the beat signal is generated by a combination
of self-phase modulation (SPM), leading to a broadening of the fundamental spectrum within
the PPLN crystal, and difference frequency generation of the ’blue’ end of the spectrum to
the SPM-broadened ’red’ end. Since both processes are realized simultaneously within the
PPLN crystal, very compact detection setups can be realized.

For all interferometer-based techniques it is essential that the frequency components
intended to interfere for heterodyne fCEO detection have to overlap temporally and spatially.
As above mentioned this can be accomplished using various types of interferometers. The
most common setups in this regard are Mach-Zehnder-type and Michelson-type, the latter
used in the scope of this thesis, see Section 3.2.1. But also so-called ’common path’
interferometers [Gre09a] with an reduced noise contribution, or collinear setups whereas
the temporal delay between the interfering pulses is optimized with several bounces on
dispersion compensating mirrors [Müc05] are meanwhile utilized for fCEO detection. All
the named techniques also differ by the required power to generate a suitable fCEO beat
signal. Here the use of octave-spanning spectra directly from the oscillator is superior since
only approximately 10 % (20 mW) of the available output power containing the spectral
wings is required for the beat generation. Techniques relying on nonlinear broadening in
fibers or crystals require up to 200 mW power for this conversion. This can only be tolerated
since the utilized narrowband oscillators feature a higher average output power compared
to octave-spanning systems. For octave-spanning laser oscillators an alternative approach
for the separation of the f-2f components without impacting the spectral width and output
power has been demonstrated using semitransparent mirrors at the f and 2f wavelength
[Cre08] and thus using a different output-port of the Ti:sapphire oscillator for stabilization.

After the carrier-envelope-offset frequency has been measured with sufficient signal-to-



2.4 Noise in femtosecond laser oscillators 15

noise ratio1 (SNR) using the above presented techniques, its stabilization is straight forward.
As it is known from Section 2.3 the CEP is determined by the dispersion conditions within
the laser oscillator and will usually fluctuate e.g. due to acoustic noise for a free-running
oscillator. Since all broadband laser systems contain elements for dispersion fine-tuning
such as intra-cavity prisms or a wedge pair, see Section 3.2, it is possible to tune the CEP by
changing the intra-cavity dispersion characteristics. On the other hand it was shown that a
modulation of the applied pump power to a Ti:sapphire oscillator can be used to change
the CEP [Pop01] as well, whereas at present time the physical mechanism is not clearly
understood [Jon05]. Several possibilities may cause a sensitivity of φ0 changing with the
pump power, e.g. a nonlinear phase shift within the Ti:sapphire crystal [Apo00, Pop01].
Nevertheless with these knobs for controlling φ0, fCEO respectively, this frequency can be
phase-locked to some reference.

Usually the reference frequency fRef used for stabilization is directly derived from the
repetition frequency of the laser oscillator by dividing it down to an integer fraction, e.g.
the fourth part. Using the intra-cavity dispersion fine-tuning element, fCEO is tuned to
frequency-match this reference. The stabilization is established by phase-locking fCEO to fRef

using a phase-looked loop (see App. B), controlling the applied pump power to the crystal
via an acousto-optic modulator, or tilting a mirror within an intra-cavity prism-sequence.

2.4 Noise in femtosecond laser oscillators

Femtosecond laser oscillators are susceptible to different types of noise affecting their output
characteristics and performance. For Ti:sapphire oscillators the origin of noise is dominated
by mechanical vibrations, thermal effects and quantum fluctuations acting on the cavity and
laser crystal [Pas06]. The following few paragraphs will focus on the relevant noise aspects
important within the scope of this thesis, which are essentially phase noise contributions. A
comprehensive treatment of noise related issues of mode-locked lasers in general can be
found in [Lin86, Son92, Pas04a, Pas04b, Pas06, Pro09].

An important noise-related parameter of periodic events such as a pulse train emitted
by mode-locked lasers is the timing jitter, which is the deviation ∆t of the temporal pulse
position at a specific time to that of a perfectly periodic pulse train with a periodicity
T = 1/ frep. Phase noise describes the phase deviation ∆ϕ from the actual waveform e.g. at
a zero-crossing from a perfectly homogeneous sinusoidal signal, illustrated in Fig. 2.7 (B).
The timing- and phase fluctuations thereby are connected by:

1 A SNR of 25 dB - 30 dB measured within a 100 kHz resolution bandwidth was found to be at least necessary
for a CEO stabilization.
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Figure 2.7: Noise related imperfection of a sinusoidal oscillator output [Rub06]. The output can
be affected by amplitude noise A), and phase noise B), leading for mode-locked lasers to a temporal
fluctuation of the pulse arrival time.

∆ϕ = 2π f0∆t ⇒∆t =
1

2π f0
∆ϕ. (2.16)

The spectrum of an ideal, noiseless oscillator producing a pure sinusoidal output in time
would be a single pair of delta functions at the oscillator’s frequency. Since all real oscillators
exhibit noise which spreads the power of a signal to adjacent frequencies, the delta spectrum
will be accompanied by a symmetric sideband around the carrier frequency, referred to
as two-sided power spectral density (PSD) S( f ′). Here f ′ denotes the Fourier- or noise
frequency relative to the carrier frequency.

The power spectrum of a mode-locked laser is the Fourier transform of the autocorrelation
function of the emitted pulse train [Lin86, Son92]. Like for an ideal oscillator, this spectrum
consists of distinct spikes at harmonics of the repetition frequency frep = 1/T , but is
surrounded by some pedestal accounting for the phase noise [Pop98]. Assuming a small
timing jitter [Lin86] and no coupling between amplitude and phase noise, the power
spectrum of the nth harmonic of the repetition frequency the is given by:

Pn( f
′)≈ Pc

�

SA( f
′) + (2πn frep)

2Sϕ( f
′)
�

, (2.17)

with SA( f ′) and Sϕ( f ′) being the power spectral densities of the amplitude and phase
fluctuations respectively [Son92]. From Eq. (2.17) it can be seen that the phase fluctuation
grows quadratically with the harmonic order n whereas the amplitude noise is constant
with n, illustrated in Fig. 2.8.
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Figure 2.8: Power spectrum of a pulse train emitted by a mode-locked laser [Lin86]. The dotted
line indicates the maxima of the noise bands representing amplitude noise, whereas the dashed line is
proportional to n2 marking the maxima for the phase noise contribution.

The noise power spectral density L( f ′) of the nth harmonic is given by:

Ln( f
′) = 10 · log

Pn( f ′)
αB · Pc

, (2.18)

what is usually measured by radio frequency spectrum analyzers. Ln( f ′) gives the relative
noise power Pn( f ′) in a narrow frequency band (B) at frequency offset ( f ′) and is denoted
in units dBc/Hz (dB below the carrier per Hz of bandwidth). The factor α accounts for
the equivalent noise bandwidth of the used spectrum analyzer. According to von der
Linde [Lin86] and Son [Son92] the relation given by Eq. (2.17) and (2.18) can be used
to extract the phase noise power spectral density Lϕ( f ′) by measuring the noise PSD of
the fundamental repetition frequency L1( f ′) and that of a higher harmonic n, Ln( f ′), and
dispose the amplitude noise by subtracting L1( f ′) from Ln( f ′):

Lϕ( f
′) = 10 · log

��

10
Ln(f′)

10 − 10
L1(f
′)

10

�

/(n2− 1)
�

. (2.19)

This method can only be applied if there is no coupling between amplitude and phase
noise as for Eq. (2.17). For the phase noise analysis performed within this thesis, this
correction with respect to amplitude noise is not performed, since the measurements were
all performed at a harmonic order large enough that the influence of amplitude noise can
be disregarded, what was experimentally approved. Thus the phase noise power spectral
density is given by:

Lϕ( f
′) = 10 · log

§�

10
Ln(f′)

10

�

/n2
ª

. (2.20)
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Lϕ( f ′) can be directly used to calculate the accumulated root-mean-square (rms) timing
jitter σ∆t via the rms phase error σ∆ϕ by integrating over the noise frequency within a
specific frequency range defined by fL and fH :

σ∆t =
1

2π f0
·σ∆ϕ =

1

2π f0
·









2

fH
∫

fL

Lϕ( f
′)d f ′









1/2

. (2.21)



3 Octave-spanning Ti:sapphire laser system

The first experimental chapter of this thesis deals with the octave-spanning Ti:sapphire laser
system that has been realized to generate femtosecond pulses with electric field oscillations
as short as 1.5 optical cycles. At the beginning of this chapter a few important aspects
concerning the generation of octave-spanning spectra directly from Ti:sapphire oscillators
will be discussed, followed by the presentation of the octave-spanning prism-less laser system
featuring a Fourier-limited pulse duration as short as 3.7 fs. Secondly, the carrier-envelope-
offset phase stabilization and timing control of this system will be explained followed by
considerations in order to generate a frequency comb.

3.1 Generation of broadband spectra from Ti:sapphire oscillators

From Chapter 2 it is known, that an ultrashort laser pulse necessarily requires a broadband
spectral characteristic. For few-cycle laser pulses as generated within the scope of this thesis
the underlying output spectra feature a width spanning a whole optical octave1. Next to
a broadband gain medium and an ultrafast mode-locking mechanism, the generation of
such broadband output spectra directly from a laser oscillator requires a mechanism that
compensates for the positive dispersion within the cavity to re-compress the pulses within the
Ti:sapphire crystal at every round-trip. This broadband dispersion compensation is usually
done by a set of dispersion compensating mirrors or in combination of those with a prism
sequence. The design of such chirped multilayer coatings is a quite challenging task, since it
is not possible by using standard chirped mirror techniques to generate a high reflectivity for
a broadband wavelength range together with a smooth dispersion characteristic covering the
whole supported spectral range [Kär05]. Next to bandwidth limitations the crucial aspects
here are dispersion oscillations, that result from interference between the slight reflection
in the front section and strong reflections from the back within the layer structure of the
chirped mirror stack, next to the impedance mismatch between the ambient medium and the

1 Few-cycle laser pulses with declared octave-spanning output spectra do not feature this bandwidth at the
FWHM of the spectral power density. For those laser systems results a beat note with a signal-to-noise ratio
greater than approximately 25 dB, when frequency doubling the ’red’ end of the spectrum and heterodyning
it with the available spectrum at the ’blue’ end.

19
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back mirror [Kär05]. In this regard the development of the double-chirped mirror1 (DCM)
in 1997 [Kär97] was the foundation for the generation of few-cycle laser pulses directly
from Ti:sapphire oscillators. Using this mirror concept together with a low-dispersion glass
material for an intra-cavity prism sequence, it was possible to generate pulses as short as
5.4 fs (FL: 4.9 fs) [Mor99] directly from an oscillator.

Within the last decade many approaches have been made to generate even broader output
spectra supporting bandwidths exceeding one optical octave. Key to these investigations was
the theoretical work on dispersion-managed mode-locking [Che99], predicting a bandwidth
limitation mainly arising from the used dispersion compensating mirrors and not from the
gain medium. This was followed by a successive development of the double-chirped mirror
pairs (DCMPs) [Kär01], featuring a reflectivity greater than 99.8 % for an octave-spanning
bandwidth, second and third order dispersion compensation over the whole spectral range
and residual weak dispersion oscillations. One of the pair-mirrors features an additional
quarter-wave layer between the antireflection coating and the back mirror, a schematic
given in Fig. 3.1. This new mirror concept tolerates larger dispersion oscillations for the
single pair-mirror, since due to the additional quarter-wave layer these oscillations will
cancel out for successive reflections on both mirrors.

Figure 3.1: Schematic layer structure of the mirrors contained in a double-chirped mirror pair, taken
from [Ell03]. Both pair mirrors differ from each other by one additional quarter-wave layer resulting in a
π-shifted phase with respect to each other. Used in combination, the dispersion oscillations of both mirrors
will cancel out.

Like for other chirped mirrors the desired dispersion curve is obtained by varying the Bragg
resonance with the penetration depth into the mirror. The resonance for low frequency
components is situated deeper in the stack than for higher frequency components, resulting

1 Next to a broadband reflectivity and negative dispersion characteristic, these DCMs feature an antireflex (AR)
coating for impedance matching the mirror to the ambient air and a gradually increasing thickness of the
high index material layer within the mirror Bragg-stack, called double-chirp. A comprehensive introduction
and overview of the challenges associated with broadband dielectric multilayer mirrors can be found in
[Kär05].
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in a negative dispersion characteristic, delaying longer wavelength with respect to shorter
ones.

The availability of octave-spanning mirror pairs alone is not sufficient to generate output
spectra from Ti:sapphire oscillators spanning the whole supported mirror bandwidth. A
mechanism has to be found to generate additional spectral components beyond the native
Ti:sapphire gain spectrum. In this regard self-phase modulation was found suitable to
generate additional spectral components within Ti:sapphire oscillators. Ell et. all used a
combination of broadband DCMPs together with a second intra-cavity focus where nonlinear
effects in a BK7 substrate generate additional SPM to broaden the spectrum and enhance
KLM. The obtained output spectrum of this system supports a Fourier-limited pulse duration
as short as 4.3 fs and a re-compressed pulse duration of 5.0 fs [Ell03]. Binhammer et al.
extended this concept and replaced the BK7 substrate by a BBO crystal, further broadening
the intra-cavity spectrum and leading to a Fourier-limited pulse duration as short as 4.1 fs
and re-compressed pulses as short as 4.6 fs [Bin06]. Both oscillators featured a CaF2

prism sequence as part of the intra-cavity dispersion compensation, since the higher order
dispersion of the used mirrors was designed in this respect.

Meanwhile the mirror design and manufacturing of DCMPs was successively improved,
now supporting a high reflectivity and tailored negative dispersion characteristic over more
than one optical octave. These mirrors allow for robust, prism-less resonator designs by
employing only DCMPs and an output-coupling mirror [Sch03], avoiding the need for a
second intra-cavity focus and an additional prism sequence within the laser. Here the
emission spectrum of Ti:sapphire is enhanced by SPM within the crystal itself. For these type
of oscillators, which are similar to the one presented in this thesis, Fourier-limited spectra
below 4 fs could be demonstrated [Sch03, Müc05].

The spectral characteristic of the DCMPs used here is given in Fig. 3.2. As it can be
seen these mirrors show a high-reflectivity spanning from 600 nm up to 1200 nm and a
second order dispersion of -60 fs2 for 800 nm with minor remaining oscillations for the pair.
Like for other dispersion compensating mirrors the material used for manufacturing these
multilayer mirror coatings is TiO2 (n=2.4) and SiO2 (n=1.48). The mirror design features
altogether 82 layers for the back mirror and the anti-reflex coating. One of the mirrors called
’green’ features a spectral transmission window with low reflection for 515 nm - 532 nm,
for pumping the Ti:sapphire crystal. The remaining dispersion oscillations within the
mirror characteristics, measured with a white-light interferometer, arise from slightly shifted
dispersion characteristics of the two mirrors with respect to each other, see Fig. 3.2 (B). This
is because the sophisticated layer structure of the mirror design makes great demands for
the fabrication process, since the different layers have to be realized with sub-nm precision
for a single layer. The dispersion characteristics are extremely sensitive to variations in the
layer thickness. Up to now this high-precision fabrication process can exclusively be done
by ion beam sputtering (IBS) [Sch94]. The dispersion characteristic of these mirrors is
designed to compensate for Ti:sapphire and Barium Fluoride (BaF2). Here BaF2 is included,
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Figure 3.2: Characteristics of the double-chirped mirror pairs used within the scope of this thesis; A)
Octave-spanning reflectivity and nearly smooth group delay; B) Dispersion oscillations given for the single
pair mirrors and the average of both. The remaining oscillations result from slight variations of the layer
structure given by the design and the manufacturing process.

because this glass material features a similar ratio of second and third order dispersion to
that of air and thus can be used for dispersion fine-tuning within the resonator.

3.2 Ti:sapphire oscillator with 3.7 fs Fourier-limited pulse duration

The octave-spanning Ti:sapphire oscillator built-up during this thesis uses the above pre-
sented double-chirped mirror pairs and features a prism-less design without the need for
a second intra-cavity focus. The unique feature of this laser oscillator compared to others
[Sch03, Müc05] is the combination of DCMPs with a specially designed broadband disper-
sive output coupling mirror (OC), which is utilized instead of the standardly used ZnSe-MgF2

OC. Especially for broadband femtosecond oscillators the output-coupler characteristic is
important for the overall laser performance since it is responsible for the intra-cavity pulse
energy, pulse dynamics, the spectral shape and thus duration of the pulses coupled out. The
novel broadband output-coupling mirror used here consists of overall 36 alternating layers
of TiO2 and SiO2, its output characteristics are shown in Fig. 3.3 (blue) in comparison to a
broadband ZnSe-MgF2 quarter-wave stack output-coupling mirror (red) which is used for
the generation of octave-spanning spectra as well. It can be seen that the output-coupling
bandwidth of the used OC is more broadband compared to the standard quarter-wave stack
and allows for an increased intra-cavity bandwidth. The supported spectral bandwidth at
FWHM is approximately 200 nm more broadband allowing for a superior laser performance
as depicted in the sections below. At 800 nm the output-coupling ratio is about 2 % @
800 nm and about 1 % higher than that of the standard OC. Next to the larger spectral
bandwidth this novel output-coupling mirror features a dispersion characteristic that allows
in combination with the cavity mirrors for an improved laser performance since it completes
the former odd number of DCMP mirrors.
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Figure 3.3: Characteristic of two different broadband output coupling mirrors used to obtain octave-
spanning spectra directly form a Ti:sapphire oscillator.

The schematic setup of the laser system is given in Fig. 3.4. This design holds for all
Ti:sapphire oscillators presented within the scope of this thesis, with slight changes in terms
of used mirror sets including the output-coupling mirror and different resonator lengths.
This type of resonator is designed for soft-aperture Kerr-lens mode-locking, see Section
2.1. Optical pumping of this laser is done by focusing approximately 5.0 W of 532 nm

Figure 3.4: Schematic setup of the octave-spanning Ti:sapphire oscillator; AOM: acousto-optic modulator,
BD: beam dump, HWP: half-wave plate, L: focusing lens, M1-M7: dispersion compensating mirrors
(DCMPs), OC: output-coupling mirror, P: BaF2 plate, PBS: polarizing beamsplitter cube, PM: pump aligning
mirror, W1/W2: BaF2 wedge pair, X: Ti:sapphire crystal.

light emitted by a frequency-doubled Nd:YVO4 laser (Coherent Verdi V18) through cavity
mirror M4 – one of the ’green’ resonator mirrors – into the Ti:sapphire crystal. The applied
pump power can be either fine-tuned by a combination of half-wave plate and polarizing
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beamsplitter cube or an acousto-optic modulator placed in the pump beam, used later on
for carrier-envelope-offset frequency control, see Section 3.2.1. Together with a radius of
curvature of the two central resonator mirrors (M3 & M4) of -100 mm, a focused spot size of
approx. 20µm results within the laser crystal. The Ti:sapphire rod is placed under Brewsters
angle into the central position of this laser and features a path length of 2 mm.

For mode-locked operation this resonator features two stability regions depending on the
distance between the central resonator mirrors and the crystal position. For this laser best
mode-locked performance is achieved for the ’outer’ region with both mirrors approximately
104 mm separated from each other and the crystal placed some millimeters closer to the
short arm of the oscillator, featuring an arm-length ratio of 1:2, see Fig. 3.4. Around
this central part an astigmatism-compensated z-folded cavity is built-up by overall seven
broadband DCMP mirrors. With respect to the astigmatism-compensation the incident
angles are chosen to be 6◦ resulting in a folding angle of 12◦ for this laser. The mirror
design already accounted for this mode of operation, since a differing incident angle on the
mirror layer structure would lead to a different effective layer thickness and thus varying
spectral mirror characteristics. Dispersion balancing and fine-tuning is achieved by a BaF2

wedge pair with a central thickness of 1.7 mm and 1.9 mm respectively, placed in the longer
arm, and an additional BaF2 plate with a thickness of 2.0 mm placed in the shorter arm
of the laser. The overall amount of additional glass material is distributed in both arms to
balance in combination with the DCMP mirrors the dispersion. This balancing is important
for the overall laser performance since it influences the stability by enhancing KLM [Che99].
All the glass material is uncoated and put under Brewsters angle of 55◦ into the beam to
minimize reflection losses. By altering the insertion of one BaF2 wedge, the net intracavity
dispersion can be tuned for optimum laser performance and broadest output spectrum. The
output-coupling mirror placed at the end of the longer resonator arm leads to a collimated
output beam with a beam radius of approximately 500µm.

The ultra-broadband output spectrum of this laser oscillator is shown in Fig. 3.5 on a
linear (left) and logarithmic scale (right). It covers more than one optical octave, which
is already reached at approx. -17 dBc, supporting Fourier-limited pulses as short as 3.7 fs.
At -30 dBc the spectral width exceeds 700 nm and even on a linear scale spectral parts
beyond 1200 nm are clearly visible. The characteristic peak around 630 nm results from
the characteristic roll-off of the output coupling mirror starting at this wavelength to be
high-reflective, see Fig. 3.3. In comparison to different octave-spanning output spectra
generated from Ti:sapphire oscillators, the spectral characteristic of this unique laser system
is much more broadband reaching far into the infrared wavelength region and features
much more intensity in the central part of the spectrum. For comparison reasons Fig. 3.6
shows this spectrum next to a different octave-spanning one exemplarily from [Bin06], that
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Figure 3.5: Octave-spanning output spectrum supporting Fourier-limited pulses as short as 3.7 fs, shown
on a linear (left axis) and logarithmic scale (right axis).

features due to the more M-shaped profile1 a Fourier-limited pulse duration as short as
4.1 fs. Although the improvement in the resulting pulse duration is in the order of some
tenth of a femtosecond, the difference of the emitted spectral characteristics is striking.
This enhancement in the spectral output characteristic allows first of all for providing an
experimentally more favorable spectrum, e.g. as used for the few-cycle field synthesizer
presented in Chapter 6. On the other hand a CEP stabilization of this laser system without
additional spectral broadening is straight forward, as presented in Section 3.2.1.

Figure 3.6: Comparison of the octave-spanning output spectra by the 3.7 fs-laser (red) and a different
octave-spanning Ti:sapphire oscillator with 4.1 fs Fourier-limited pulse duration (blue) [Bin06].

The emitted few-cycle femtosecond pulses were characterized by a home-built SPIDER
system, see App. A for the principle of SPIDER. To compensate for the extra-cavity dispersion

1 It is known, that due to the Fourier-relation an M-shaped spectrum leads to a shorter Fourier-limited pulse
duration compared to a e.g. rectangular spectrum featuring the same spectral width.
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a pulse re-compression was realized with overall six reflections on DCMP mirrors and some
BaF2 bulk material for dispersion fine-tuning. The used components are analog to those
used within the laser cavity. The reconstructed temporal pulse intensity profile is plotted in
Fig. 3.7 next to the measured temporal phase.

Figure 3.7: Pulse characterization with SPIDER; A) Spectrum and measured spectral phase; B) Intensity
profile and reconstructed temporal phase, revealing a pulse duration as short as 4.3 fs.

The pulse duration is measured to be as short as 4.3 fs (FWHM), so far to the best of
our knowledge the shortest pulses ever generated directly from a Ti:sapphire oscillator
[Rau08b]. The central part of the pulse shown in Fig. 3.7 (B) carries 80 % of the emitted
energy. The pre-pulse with approx. 20 % relative intensity that can be found close to
the few-cycle pulse can be explained by the laser characteristic and pulse re-compression
scheme. First of all the structured spectrum of the laser leads to pre-pulsing by Fourier-
transforming this signal with assumed flat spectral phase into the time domain. Secondly,
the pulse compression with several bounces on DCMP mirrors leads to a modulated spectral
phase enhancing pre-pulsing as well. This influence arises from the target design curve
and minimal deviations in the manufacturing process of both mirrors included in the pair.
Due to this imperfection the dispersion ripples do not cancel out perfectly, resulting in a
net dispersion modulation, given in Fig. 3.2 (B). Within the laser this is cleaned by the KLM
process.

A radio-frequency analysis of the emitted pulse train is shown in Fig. 3.8, verifying a stable
and clean mode-locked operation for this laser without double-pulsing and q-switching.

Beside pulse duration and spectral bandwidth, the other specifications of this laser oscilla-
tor are given in Tab. 3.1. This system features an average output power of about 100 mW
at a pulse repetition frequency of 80 MHz resulting in pulse energies of 1.25 nJ. The pulse
peak power was estimated by calculating the amount of energy in the central part of the
pulse and relating this to the pulse duration of 4.3 fs.
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Figure 3.8: Radio frequency analysis of the 3.7 -fs oscillator measured with a fast photodiode detector.
The distinct spikes are separated by frep.

Table 3.1: Specifications of the Ti:sapphire laser oscillator

Parameter Value

Spectral bandwidth 600 nm @ -17 dBc

Pulse duration 3.7 fs (Fourier-limited), 4.3 fs (SPIDER characterized)

Average output power 100 mW

Pulse repetition frequency 80 MHz

Pulse energy 1.25 nJ

Pulse peak power 224 kW

The octave-spanning spectrum of this laser system allows for a direct stabilization of the
system’s carrier-envelope-offset frequency without any additional spectral broadening using
f -to-2f self-referencing as presented in the section below.

3.2.1 Carrier-envelope-offset phase stabilization

Due to the octave-spanning output spectrum of this laser, the carrier-envelope-offset phase
can be stabilized directly, without any additional spectral broadening, using the f -to-2f
self-referencing technique, see Section 2.3. The two required spectral components chosen
here, centered at 570 nm and 1140 nm, can be extracted from the output spectrum by
using a two-color multichroic transmission filter (MCF, an extra-cavity used broadband
output-coupling mirror). Due to the spectral characteristics of this optical element the
central part of the spectrum becomes reflected with approx. 98 -99 % and can be used
with unchanged beam quality for subsequent experiments. Although the filtering process
slightly reduces the spectral width of the reflected beam – mainly in the NIR region, as
shown in Fig. 3.11 (A) – it still supports a Fourier-limited pulse duration as short as 3.9 fs.
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The overall average output power decreases down to 90 % of the initial value. The applied
output-coupling mirror features an increased transmission at the spectral edges, since it
was originally intended for delivering an higher output-coupling ratio of these wavelength
regions. Thus it is ideally suited for filtering the spectral wings for CEP stabilization from
this spectrum. Figure 3.9 shows a schematic setup of the f -to-2f interferometer used for
CEP stabilization of this laser oscillator.

Figure 3.9: f -to-2f interferometer setup; APD: avalanche photodiode, DBS: dichroic beamsplitter, IF:
interference filter (570 nm), L: focusing lens, M: silver mirror, MCF: multichroic transmission filter; QWP:
quarter-wave plate, X: LBO crystal (1 mm, SHG 1140 nm).

Within the interferometer the transmitted spectral components located at 570 nm (called
’blue’) and 1140 nm (called ’red’) are separated using a dichroic beamsplitter (DBS), allowing
for tuning the temporal delay and polarization of both with respect to each other. The
DBS is a so-called ’extended hot mirror’ (CVI, EHR1.0), reflecting the 1140 nm light and
being transparent for the 570 nm radiation. Usually this type of mirror is used to reduce
the IR-load by reflecting this unwanted radiation out of the experiment. Polarization and
delay tuning is done in the ’blue’ interferometer arm, where a quarter-wave plate (QWP)
allows for a polarization rotation about 90◦ with respect to the output beam, passing the
QWP twice. The relative delay between the arms can be tuned by varying the arm length
using a manual translation stage. As it can be seen from Fig. 3.9, this interferometer-part of
the overall setup is built-up with a minimal tilt to allow for a beam separation of input and
output beam to picking-up the latter for the subsequent frequency-doubling of the infrared
radiation and the intended interference detection.

The re-combined beam coming from the interferometer part of the setup is focused into
a 1 mm long LBO crystal cut for type-I phase matching to generate the second harmonic
radiation of 1140 nm at 570 nm. The fundamental radiation at 570 nm is not affected by
this process and becomes simply transmitted. The polarization of the type-I generated
SHG radiation, which is perpendicular to the input polarization, is accounted for by tuning
the quarter-wave plate in the ’blue’ interferometer arm that both frequency components,
now located at 570 nm, feature an identical polarization and can interfere with sufficient
contrast after filtering with a narrowband interference filter (IF) with a bandwidth of 10 nm.
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The heterodyne beat signal is detected by a highly sensitive avalanche photodiode (Menlo
Systems APD210).

Figure 3.10: Radio-frequency analysis of the carrier-envelope-offset frequency; A) Frequency span
showing the laser repetition rate frep and the fCEO beat signal, which exhibit a signal-to-noise ratio (SNR)
of approx. 30 dB in a 100 kHz resolution bandwidth. B) Zoomed-in stabilized CEO frequency beat note
with a SNR of 60 dB and narrow linewidth recorded with a device limited resolution bandwidth of 1 Hz.

Figure 3.10 (A) shows the measured CEO-frequency beat signal fCEO located at one fourth
of the laser repetition frequency frep at approx. 80 MHz next to a signal at frep - fCEO. Within
100 kHz resolution bandwidth (RBW) the fCEO-beat features a signal-to-noise ratio (SNR)
of 30 dB and is sufficient for an active CEP stabilization of the oscillator. This stabilization
is realized by regulating the applied pump power to the oscillator via an acousto-optic
modulator (AOM, IntraAction AFM-405) within the pump beam. This device is controlled by
a phase locking-electronics (Menlo Systems XPS800) which generates a phase-lock between
the quarter of the laser repetition frequency at 20 MHz and the measured CEO frequency at
20 MHz. Due to the fractional connection between frep and fCEO of one fourth, the CEP will
exhibit a constant phase change from pulse to pulse of π/2, resulting in a reproduced electric
field for each 4th pulse within the train, see Eq. (2.11). For establishing this phase-lock both
signals, the repetition frequency measured with a fast photodiode and the CEO frequency
measured by the APD, have to be fed to the locking-electronics with sufficient power levels.
Here a power level of -30 dBm for the frep signal and -40 dBm for fCEO were found sufficient,
since both become amplified and filtered by the electronics itself in the next step. The
phase-locked loop (PLL) locking-electronics compares both input frequencies with a digital
phase detector and generates an intermediate or error frequency1. This signal is quenched
through a loop filter and feed back to the laser in terms of driving the AOM, modulating
the applied pump power. The error signal between the quartered repetition frequency and
fCEO can be monitored via an oscilloscope. For free-running operation this signal exhibits

1 More information concerning phase-locked loops can be found in App. B
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a modulation with a period given by the difference frequency of both input frequencies.
By changing the insertion of the intra-cavity BaF2 wedge, fCEO is tuned in that way that
the beat signal crosses zero, both frequencies match respectively. For the locked case, the
monitor signal at the oscilloscope becomes flat with a voltage level of 5 mV peak to peak.
The stabilized CEO-frequency can now be analyzed in more detail using an RF-analyzer with
high resolution. Figure 3.10 (B) gives a zoomed-in, stabilized beat note in a 100 Hz span
measured with device-limited resolution bandwidth of 1 Hz. A clean and stable peak with
an excellent signal-to-noise ratio of about 60 dB can be observed, indicating a good CEP
lock1.

Also the CEP-stabilized pulses of this laser system were characterized with SPIDER,
employing the same compression setup with DCMP mirrors and BaF2 glass material as
described above. A pulse duration as short as 4.4 fs was measured with approx. 90 mW
average output power. The corresponding SPIDER measurement results for this pulse are
given in Fig. 3.11.

Figure 3.11: A) Reflected residual spectrum remaining for experiments after extracting the spectral
parts for f -to-2f self-referencing. This spectrum supports a Fourier-limited pulse duration as short as
3.9 fs, plotted together with the measured spectral phase. B) Pulse intensity profile and temporal phase
(measured with SPIDER) for the phase stabilized pulses revealing a pulse duration as short as 4.4 fs.

This present state of the laser system is used in Chapter 6 for seeding a few-cycle field
synthesizer allowing for the manipulation of the electric field of this oscillator below the
cycle-scale.

1 At this time of the thesis unfortunately the phase noise tool of the used RF spectrum analyzer was not
available for a phase noise analysis of this beat note. But by comparing this signal to the one presented in
section 5.2.1 the resulting corresponding CE timing jitter of this signal can be assumed to be even better.
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3.2.2 Repetition rate stabilization

One concern of femtosecond laser oscillators is their drift in the repetition frequency, which
has to be controlled especially for frequency comb and synchronization applications. Even
for very rigid and temperature stabilized laser oscillators this drift cannot be disregarded
and has to be counteracted. In this respect a laser-cavity as presented above can be equipped
with piezo-mounted mirrors allowing for a fine-tuning of the resonator length and thus
control of its repetition frequency, that enables to lock it to some microwave standard.

The importance of a stabilization with respect to frep can be clearly seen in Fig. 3.12. Here
the free-running repetition frequency of the Ti:sapphire oscillator is tracked over a time of 24
hours (blue curve). The laboratory temperature was recorded simultaneously and is plotted
in red. From this plot is obvious that the repetition frequency of the laser changes due to
thermal variations in the laboratory and follows the temperature curve. At 17:45 p.m. the
maximum temperature is reached, coinciding with the minimal tracked repetition frequency.
From this point on the laboratory begins to cool down again and reaches its minimal
temperature in the early morning, where the maximum repetition frequency is recorded
shortly after. At 9:15 a.m., when most of the laser systems and equipment are switched-on
for daily operation, the temperature starts increasing again.

Figure 3.12: Repetition frequency drift of a free-running Ti:sapphire oscillator traced over a time of 24
hours (blue), together with the laboratory temperature (red).

This definite correlation between the laboratory temperature and repetition frequency
change results from the thermal expansion of the materials used for building the laser,
mainly the large aluminum breadboard. Since aluminum features a thermal expansion
coefficient of approx. 23µm m−1K−1, thermal variations within the laboratory will affect
the laser in terms of resonator length changes in the order of some µm. During night the
laboratory temperature decreases and the breadboard thermally relaxes. This results in a
shrinking resonator length and a rising repetition frequency. For increasing temperatures
this behavior is the other way around. The resulting maximal frequency drift measured for
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this laser for one day under normal thermal conditions within the laboratory was in the
order of 1350 Hz what is equivalent to a resonator length change of approximately 61µm at
81.25 MHz. This is in the order of the material expansion given by the overall temperature
hub for this period of 1.5◦ C. This behavior results in a frequency drift of 113 Hz per hour, a
resonator length change of approx. 5µm in that time respectively.

Not only the thermal variations within the laboratory contribute to the repetition frequency
drift, also the temperature stability of the chiller used for cooling the laser crystal and
breadboard has a direct influence on the frep-stability as well. For a low-priced chiller used
earlier in this project an additional modulation within frep was observed following the
cooling cycle of the chiller with a periodicity of approximately 8 min.

In order to account for the above presented thermal drift of the repetition frequency
together with fast fluctuations given by acoustic noise, the laser oscillator presented in this
chapter was equipped with a timing control. In this regard first of all a different broadband
ZnSe-MgF2 output-coupling mirror is being used instead of the dispersive one. This OC
allows for the generation of a less broadband but still octave-spanning output spectrum with
an increased, nearly doubled average output power. Secondly the resonator was equipped
with two tiny quarter-inch sized mirrors, one of them attached on a ’fast’ piezo-transducer
to control the rapid fluctuations of the repetition frequency, the second quarter-inch sized
mirror is used to complete this mirror pair. Another half-inch sized mirror is mounted on a
second piezo to account for slow drifts in the resonator-length. Again all used mirrors are
DCMP mirrors.

The quarter-inch sized mirror at M7 is glued onto a small piezo-chip with a resonance
frequency greater than 500 kHz (Piezomechanik, PSt150/7x7/2). Although this mirror is
very light-weight with a thickness of only 2 mm the overall mass-load and mounting reduces
the resonance frequency to approx. 300 kHz, still sufficient bandwidth that the locking
performance is not affected. This piezo provides a maximum resonator length change of
4µm but is usually driven only to a small fraction of that. Mirror M2 was replaced for
this laser as well. This is because during the mirror manufacturing process there can be
differences in the dispersion characteristics depending on their position and height within
the coating chamber. Using a second 1/4-inch mirror completing this DCMP pair guarantees
for a better laser performance, since the remaining dispersion oscillations of this pair now
cancel out. Mirror M1 is glued onto a ’slow’ piezo-stack (Piezomechanik, PSt150/5/80) to
counteract drifts e.g. due to thermal fluctuations. This piezo is driven up to a frequency of
100 Hz and features an overall hub of 80µm, changing the resonator length twice as much
for one round-trip.

The adapted laser setup is shown in Fig. 3.13. For this version the overall resonator length
was changed to support a repetition frequency of 81.25 MHz enabling to lock the 16th

harmonic to a 1.3 GHz microwave standard. A higher harmonic of the repetition frequency
is chosen for locking the repetition frequency, since this increases the resolution for the
used phase detector and thus leads to a more accurate phase-lock, see App. B.1. Here
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a frequency of 1.3 GHz gives a good trade-off between harmonic order and manageable
working frequency.

Figure 3.13: Schematic setup of the Ti:sapphire oscillator equipped with two piezo-mounted mirrors for
repetition frequency control; M1,M2 & M7: DCMP mirrors, OC: output-coupling mirror, PZf, PZs: fast &
slow piezo-transducer.

The PLL stabilization electronics used for locking is a TEM Messtechnik ’LaseLock 3.0’,
which was extended within the scope of this thesis by a phase detector and an additional
high-voltage piezo driver. Figure 3.14 shows a schematic diagram of the final locking circuit.
The repetition frequency is detected with a fast photodiode with a bandwidth greater than
2.8 GHz (Melles Griot 13 DAH 001). This photodiode is capable of detecting the frep-
harmonic at 1.3 GHz with a good signal-to-noise ratio and sufficient power. Here a spurious
reflection given by some optics within the laser or by a glass substrate placed directly in the
output beam can be used. This signal is filtered with a narrowband RF-filter with respect to
1.3 GHz and fed to one input port of the phase detector at the locking-electronics. In case of
a power level below -40 dBm after filtering, this signal has to be amplified with a low-noise
RF-amplifier.

Figure 3.14: Schematic diagram of the frep locking circuit; BP: bandpass filter, HP: highpass filter, LP:
lowpass filter, LPF: loop filter (PID regulator), M: mirror, FD: photodiode, PD: phase detector, PZf: piezo
(fast), PZs: piezo (slow), SPL: RF-splitter.
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The stable reference frequency used for locking is provided by an radio frequency signal
source (IFR Marconi 2024) and fed to the second port of the phase detector. This signal has
to feature a much higher power level of about -10 dBm and should be as good as possible
in terms of phase noise and long-term stability, since the locking-electronics transfers this
crucial characteristic directly to the laser repetition frequency. For a long-term stabilization
and global comparison a 10 MHz GPS reference signal can be used to give an external
timebase to the RF-synthesizer. Similar to the CEP stabilization presented earlier in this
chapter, the phase detector of the locking electronics generates a beat signal between the
applied frequencies, their difference frequency respectively. This signal is quenched through
a PID loop filter and feed back to the laser by controlling the cavity length using the piezo
mounted mirrors.

Timing-stabilized laser performance

In contrast to Fig. 3.12, Fig. 3.15 shows the same laser but locked with respect to its rep-
etition frequency, characterized at the 287th harmonic at 23.32 GHz. Even at this high
radio frequency no drift can be seen within the frequency tracking (blue curve) even with
highest possible resolution bandwidth of the measurement device of one Hz, except for one
period, where the lock is switched off intentionally to show the difference. The plotted
red curve gives the power level of the detected frequency beat. For this measurement it is
important to synchronize the used equipment with respect to their time bases to exclude
relative frequency drifts of the internal oscillators falsifying the measurement result.

Figure 3.15: Laser system running with locked repetition frequency. frep is tracked at the 287th harmonic
(blue) with 1 Hz resolution bandwidth together with the corresponding power level in the tracked frequency
(red). To visualize the influence of the lock, it is once turned-off intentionally.

Calculating the drift down for the fundamental frequency at 81.25 MHz by assuming a
fluctuation of less than 1 Hz for the 287th harmonic, this fundamental fluctuation can be
expected to be smaller than 3.48 mHz=1 Hz/287, giving a relative stability better than
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10−11. From this measurement the stabilization can be expected to be even better since the
fluctuation cannot be recorded with higher resolution nor at higher frequency due to limited
measurement devices. The measurements presented here are long-term characterizations
since the recording intervals for peak tracking are in the order of one second. Statements
concerning short term issues can be derived via phase noise analysis, shown in Fig. 3.16.
From the presented noise power spectral densities is can be seen, that the acoustic noise can

Figure 3.16: Noise PSD of the repetition frequency of the Ti:sapphire oscillator measured at 1.3 GHz
shown for the free-running system (red) and timing stabilized operation (green) next to the measurement
noise floor (blue). The acoustic noise of the free-running laser can be suppressed by the timing stabilization
below 1 kHz.

be effectively suppressed for frequencies below 1 kHz by the timing stabilization. On the
other hand it can be seen as well, that for times scales shorter than 1 ms the intrinsic noise
performance of the Ti:sapphire oscillator is much better for the free-running operation and
cannot be measured since the noise level is in the order of the measurement noise floor.

3.2.3 Frequency comb generation

One important feature mode-locked lasers provide for nowadays science is their potential to
generate optical frequency combs, which have revolutionized the field of precision metrology
in recent years. Using this unique tool of light it is possible to build optical clocks and link
optical frequencies to RF frequencies. A detailed treatment of optical frequency combs can
be found elsewhere, e.g. [Ude02b, Ye05, Goh06].

As it is known from Section 2.3, each optical mode νn of a frequency comb is defined by
only two microwave frequencies frep and fCEO:

νn = n · frep+ fCEO. (3.1)
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Thus by a combined implementation of the above presented techniques to stabilize the
3.7 fs-laser oscillator in terms of its carrier-envelope-offset phase and repetition frequency,
the generation of a Ti:sapphire-based frequency comb is straight forward. Since the modifi-
cations done in order to stabilize the laser’s repetition frequency do not affect the ability to
lock it’s CEO phase, both stabilizations can be performed simultaneously without further
changes.
Because the stabilization of the repetition frequency is performed with a microwave refer-
ence and scales with a factor n of the harmonic order of 105 - 106 to the optical, the quality
of the optical comb modes can be dramatically affected by the stabilization process itself.
Therefore some important considerations and estimates have to be made for the generation
of a suitable frequency comb, given in the following paragraphs.

Equation (2.17) implies that fluctuations within the fundamental repetition rate scale
linear with the harmonic order to the optical. For the present configuration this scaling
factor is n= 328.2THz/81.25 MHz≈ 4 · 106. Thus a multiplication of the drift of less
than 3.48 mHz for the fundamental stabilized repetition frequency at 81.25 MHz, see
Section 3.2.2, by n corresponds a drift of νn in the optical within a range below 15 kHz. For
the free-running oscillator the drift for the fundamental repetition frequency is approximately
1.9 Hz/min, see Section 3.2.2, and would result in a drift of νn of 7.6 MHz/min. Secondly,
Eq. (2.17) implies as well that the phase noise is transferred quadratically with the harmonic
order to the optical frequency domain. Although the stabilization is performed at the
16th harmonic of the repetition frequency, reducing the scaling by a factor of 16 to ≈
2.5 · 105, the transferred spectral density of the phase noise is still multiplied with a factor
of n2 = 6.25 · 109. This results in a global increase of phase noise of about 108 dB. Thus by
stabilizing frep to a microwave reference frequency as presented above, would directly result
in a so-called carrier collapse [Wal75, Ude02b], whereat in the optical frequency domain
the carrier oscillation is lost in the phase noise. For these considerations the influence of the
carrier-envelope-offset frequency is neglected, since the characterization for fCEO given in
Fig. 3.10 can be directly transferred to the optical frequency regime in terms of drift and
linewidth. Here the linewidth of the stabilized beat note is recorded device-limited with a
resolution bandwidth of 1 Hz and thus much lower than the influence given by repetition
frequency in the order of some megahertz assumed here. The same holds for the fCEO drift.

There exist some basic ’tricks’ to overcome this scaling problem to generate a usable
Ti:sapphire-based frequency comb in the optical frequency domain. The first parameter that
can be influenced is the scaling factor n itself. By minimizing n, e.g. by locking the repetition
frequency at an even higher harmonic, the level of the transferred phase noise can be
reduced. Of course a direct minimization of the contributing phase noise should be realized
above all. Here one approach is to use a control bandwidth smaller than one kHz for the
phase lock loop stabilization, since the noise of a typical Ti:sapphire laser falls below that of
high quality microwave sources on time scales less than 1 ms [Did05], what can be seen in
Fig. 3.16 as well. This is because due to the Kerr-lens mode-locking the laser acts like an inert
flywheel making the oscillator less susceptible for fast frequency fluctuations of the optical
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modes [Ude02b]. Thus for noise frequencies higher than 1 kHz the phase-lock transfers the
noise of the used reference frequency to the Ti:sapphire oscillator and dramatically worsen
its performance. For all regards a signal source with a very good spectral purity should be
used for the generation of the reference frequency. Another possibility to overcome the
scaling problem in general is to totally omit the stabilization in the microwave frequency
range and simultaneously comparing two optical beats of the comb with two different
reference lasers. Thereby the fluctuations resulting by the free-running comb will affect
both beat notes and fall out.

In the near future the Ti:sapphire frequency comb comprising the above mentioned
aspects will be referenced to a magnesium lattice clock, based on the 1S0 - 3P0 transition of
24Mg in a thermal atomic beam at 457 nm, provided by a neighboring group at the Institute
of Quantum Optics [Fri08]. Thereby a very powerful tool will be established allowing for
various spectroscopic applications next to an experimentally connection using a optical fiber
link to the Physikalische Technische Bundesanstalt (PTB) in Braunschweig e.g. for comb
and optical clock comparison between Hannover and the PTB.





4 Quasi-synchronously pumped

octave-spanning Ti:sapphire laser

From the introduction and the last chapter it becomes clear that few-cycle Ti:sapphire fem-
tosecond lasers are unique light sources with outstanding characteristics that are important
for many fields of research. Although most of their properties are unsurpassed, in some
points they are disadvantaged compared to other laser systems. For example, such Kerr-lens
mode-locked laser systems lack of a self-starting ability and have to be externally started.
Secondly, they are usually pumped by frequency-doubled continuous-wave solid-state lasers,
which are most likely twice as expensive as the Ti:sapphire laser being pumped. These argu-
ments mainly prevent the generation of robust, cost-efficient turn-key few-cycle Ti:sapphire
systems, which would be also usable for industrial applications and medicine.

To overcome the first problem it was already shown for more narrowband Ti:sapphire
systems that a semiconductor saturable absorber mirror (SESAM) can be used for assisting
the Kerr-lens mode-locking [Sut99] for pulses with durations down to 5.8 fs. For even
shorter pulses those devices suffer from spectral bandwidth. Another promising approach is
the technique of quasi-synchronous pumping, whereas the Ti:sapphire crystal is not being
pumped by continuous-wave light, but with radiation from a pulsed laser source. Such
a pulsed pumping is very interesting for Ti:sapphire, since it accounts for both aspects,
cost-efficiency and self-starting ability. Ell et al. already demonstrated self-starting for
a few-cycle Ti:sapphire laser oscillator using a commercial green picosecond pump laser
[Ell05]. In recent years the development of such pulsed pump sources was very success-
ful now delivering e.g. up to 100 W of infrared light generated by thin-disk oscillators
[Mar08, Bae10]. For those pulsed sources frequency doubling can be done externally and
with high efficiencies of more than 50 %. In contrast decent continuous-wave laser systems
are limited up to date to 20 W frequency-doubled output commercially available, since
frequency doubling has to be done intra-cavity with lower conversion efficiencies.

In this chapter the concept of quasi-synchronous pumping will be expanded to an octave-
spanning laser system pumped by femtosecond pulses from an Yb:KLuW thin-disk oscillator.
Next to the self-starting behavior, also the ability of a CEP control will be investigated
together with the potential for self-synchronization of both, pump source and few-cycle
oscillator [Sei02]. These findings can be used to develop a novel combined light source
with locked timing characteristics which would be interesting for spectroscopic applications

39
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like pump-probe type experiments. For example this source would be highly beneficial for
two-photon photoelectron spectroscopy (see Section 5.5.1), since pump pulses at 1030 nm
and 515 nm would be available next to a temporally locked broadband few-cycle pulses for
probing.

4.1 (Quasi-)synchronous pumping

A special pumping scheme that can be applied for pulsed laser systems is synchronous
pumping, whereas the pump light is not delivered continuously, but by short light pulses
to the target laser system. In this thesis a Ti:sapphire laser that is usually pumped by
continuous-wave radiation, is pumped by a frequency-doubled thin-disk oscillator. Given
by the specific target laser system, the upper-state life-time of the active medium and the
nonlinear coupling within the crystal, different modes of operation can occur, depending on
the difference in repetition frequency of both laser systems and the involved intensities. For
Ti:sapphire oscillators three different regimes can be distinguished in this regards:

1. Quasi-cw-pumped operation occurs when the repetition frequency of the pump laser
and the Ti:sapphire laser are different, and their pulsing is completely independent
from each other. For this case, the Ti:sapphire oscillator behaves like a cw-pumped
system where mode-locking has to be initially started by an external perturbation
resulting in an independent operation of both systems.

2. Quasi-synchronous operation occurs when both laser systems have nearly the same
repetition frequency and the cumulative gain perturbation induced by the pulsed
pump source leads to a self-starting of the Kerr-lens mode-locked operation of the
Ti:sapphire oscillator. This behavior is similar to the last case, but here the gain
modulation is too weak to trigger synchronized operation.

3. Synchronous operation occurs when both laser systems exhibit the same or an integer
multiple repetition frequency and the gain modulation induced by the pump laser is
that high, that it can influence the Ti:sapphire operation in terms of a serious gain
modulation. This can lead to a restoring force to the Ti:sapphire pulses, resulting in
a compensation of round-trip time mismatch within a certain locking range. In this
regime both laser systems establish a phase-locked, synchronous operation. Since the
upper-state life-time of Ti:sapphire of 3µs is quite long, this restoring force can be
expected to be weak. Another aspect leading to a synchronous operation of both laser
systems can be a nonlinear coupling between the pump pulses and the intra-cavity
Ti:sapphire pulses within the laser crystal, both pulses featuring comparably high
intensities at this point.
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Figure 4.1 gives an illustration of the three different modes of operation that can occur for
a pulsed-pumped Ti:sapphire oscillator depending on the repetition frequency difference
of both systems. In the very most cases quasi-cw operation occurs, whereas self-starting
or quasi-synchronous operation is limited to a range of below 250 Hz in repetition rate
difference. The range for synchronous operation can be expected within a small part of the
self-starting regime.

Figure 4.1: Illustration showing the modes of operation that can be expected for a pulsed pumped
Ti:sapphire oscillator depending on the difference in repetition frequency of both laser systems.

4.2 Optical setup

The optical setup of the overall laser system is shown in Fig. 4.2. For the desired investiga-
tions the target Ti:sapphire oscillator – similar to the one presented earlier in this thesis
– is pumped by a frequency-doubled passively mode-locked Yb:KLuW thin-disk oscillator
[Pal08]. This solitary mode-locked laser, shown on the left hand side, delivers pulses
with a duration of sub-500 fs and a pulse energy of 0.6µJ. It is diode-pumped by 140 W
of 980 nm radiation and utilizes a Yb:KLuW thin-disk with a thickness of 116µm and a
diameter of 7 mm which is passed four times for one resonator roundtrip. The detailed
output specifications of this laser are given in Tab. 4.1.

Table 4.1: Specifications of the Yb:KLuW thin-disk oscillator [Pal08]

Parameter Value

Pulse duration 440 fs

Pulse energy 0.61µJ

Central wavelength 1032 nm

Spectral bandwidth (FWHM) 2.54 nm

Average output power 21.3 W

Pulse repetition frequency 34.7 MHz

M2 1.09

Frequency-doubled average output power > 9 W

The infrared output of the disk laser is frequency doubled in a 1 mm long BBO crystal cut
for type-I phase matching with a conversion efficiency of more than 50 %. The applied
power for frequency-doubling can be tuned using a half-wave plate (HWP) and a polarizing
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beamsplitter cube (PBC) placed in front of the SHG crystal. A dichroic beamsplitter (DBS)
is used for spectral filtering the output beam after frequency doubling with respect to the
remaining fundamental radiation. The generated 515-nm-light with up to 9 W average
output power can now be used for pumping the Ti:sapphire crystal.

Figure 4.2: Overall setup of the thin-disk-pumped Ti:sapphire laser; Left: thin-disk oscillator [Pal08],
OC: output-coupling mirror; Right: Ti:sapphire laser as given in Fig. 3.4 with additional DBS: dichroic
beamsplitter and XSHG: BBO crystal for second harmonic generation.

With respect to quasi-synchronous pumping, the cavity length of the Ti:sapphire oscil-
lator is adapted to match the doubled repetition frequency of the thin-disk oscillator of
2 ·34.7 MHz= 69.4 MHz, thus pumping is done at a sub-harmonic of the original repetition
frequency. Resonator length fine-tuning can either be done by a manual translation stage
placed at the output-coupling mirror or a piezo-driven translation stage (Newport Agilis AG-
LS25) at M1 to exactly match the frequencies. This pumping scheme implies two important
aspects. First of all approximately every 30 ns a pump pulse is applied to the crystal, having
an upper-state life time of about 3µs. On the other hand the Ti:sapphire pulses pass the
crystal three times without a pump pulse present. Both processes together lead to a complex
gain modulation within the crystal.

If sufficient pump power at 515 nm is present, this Ti:sapphire oscillator shows a similar
behavior like continuous-wave-pumped systems. For comparable output specifications
approximately 1 W more of pump power has to be applied, what can be attributed to
the elliptic pump beam resulting from the SHG generation and a smaller pump beam
size, both leading to a sub-optimal pump mode geometry within the Ti:sapphire crystal.
Also the gain dynamics associated with the pulsed pump source could play a role in this
consideration. Although the overall laser system is not stabilized in terms of the involved
repetition frequencies nor amplitude noise of the applied pump intensity, it operates stabely
over several hours, the details are given in the following sections.
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4.3 Quasi-synchronously pumped laser characteristics

As mentioned earlier, the output characteristics and system-specific behavior of the synchro-
nously-pumped Ti:sapphire oscillator can be compared to similar cw-pumped systems as
presented in the chapter before. As for those systems mode-locked operation has to be
externally initiated for a repetition frequency far-off resonance. By tuning frep according to
the doubled pump frequency, self-starting can be observed as already reported for standard
Ti:sapphire oscillators in [Ell05].

The octave-spanning output spectrum of this laser is shown in Fig. 4.3 (A), next to a
spectrum recorded while chopping the intra-cavity beam by periodically blocking laser
operation with a chopper wheel (B). Due to self-starting the laser starts immediately mode-
locking again after the cavity has been blocked1. The laser output characteristics in terms
of octave-spanning spectrum and average output power of around 180 mW are similar
to the other discussed systems, especially the one presented in Chapter 5, since the used
broadband dispersion compensating mirrors and the output-coupling mirror are identical.
The spectral bandwidth shown in Fig. 4.3 (A) supports a Fourier-limited pulse duration as
short as 4.0 fs. An achievable compressed pulse duration can be estimated to be in the order
of sub-4.5 fs for this system.

Figure 4.3: Spectral characteristics and self-starting ability of the quasi-synchronously pumped
Ti:sapphire oscillator; A) Octave-spanning output spectrum shown on a logarithmic and linear scale
supporting a Fourier-limited pulse duration as short as 4.0 fs; B) Output Spectrum measured while
chopping the intra-cavity beam, proving the self-starting behavior of this system.

To investigate the self-starting behavior in more detail, especially the supported detuning
range, the piezo-controllable translation stage at the end-mirror M1 is used to scan the
resonator length with step-sizes in the order of 50 nm – changing frep about 1.6 Hz @
69.4 MHz. As both lasers are not stabilized in terms of cavity length, some substantial drift
in the order of several tens of Hz can be observed for each single repetition frequency, what

1 In Fig. 4.3 the spectrum appears chopped since the sweep time of the optical spectrum analyzer used is much
slower than the chopping frequency and thus this device scans over the alternating laser operation.
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can be explained by the variations of the room temperature and the chiller performance.
To minimize the influence of these drifts on the desired measurement data, a simultaneous
measurement of both repetition frequencies is performed with a fast photodiode and an
automated read-out of the actual difference frequency, measured by a radio-frequency
analyzer with high resolution. A chopper-wheel placed intra-cavity of the Ti:sapphire
oscillator now repetitively blocks and releases the cavity with a low chopping-frequency of
100 Hz. A measure for self-starting is the probability the laser starts mode-locking again
after the cavity has been blocked by the chopper wheel. This probability can be measured by
detecting the oscillator’s output power behind a 1000 nm long-pass filter, giving a definite
indication whether the laser operates in pulsed operation after the resonator was released
by the chopper wheel. Here the power levels for ’always starting’ and ’no starting’ determine
the 100 % and 0 % levels respectively. Using this method, statistical data and a self-starting
probability in dependence of the repetition rate detuning can be obtained, the resulting
self-starting regime is shown in Fig. 4.4.

Figure 4.4: Self-starting probability measured depending on the difference frequency of both laser
systems. Within a range of 150 Hz the system shows an 80 % probability for self-starting.

This measurement results in a self-starting probability with more than 80 % in a range of
150 Hz. This corresponds to a relative resonator length difference of 10.9µm for the center
frequency of 69.4 MHz or a time delay per round-trip of 36.3 fs. For difference frequencies
larger than ±100 Hz no self-starting can be observed anymore and mode-locking has to
be externally initiated again. Although the gain medium has a lifetime of 3µs, the slight
temporal modulation of the gain is sufficient to perturb the laser from cw operation and
initiate mode-locking. The high sensitivity to cavity length changes compared to the pulse
duration of the pump pulse of approximately 500 fs indicates that a cumulative perturbation
of the initially induced fluctuation is required to trigger the self-starting operation.

For a different laser system external gain and loss modulation has been demonstrated to
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be a suitable method for a synchronization of two laser systems [Sei02]. In this scheme,
a slight detuning in cavity lengths of both oscillators with respect to each other can be
compensated by the temporal structure of the provided gain gradient. A pulse will experience
an increased amplification for its wing located closer to the maximum of this gradient,
acting like a restoring force and able to provide a certain compensation of round-trip
time mismatch within a limited locking range. For the presented synchronously pumped
Ti:sapphire oscillator the restoring force can be expected to be very weak due to the long
lifetime of the gain medium. Nevertheless, by analyzing the pulse trains in time-domain
with a fast photodiode, a change in behavior can be observed if the repetition rate detuning
becomes very small and a synchronized operation can be observed for this system as shown
in the corresponding oscilloscope trace given in Fig. 4.5 (A).

Figure 4.5: Synchronous operation between the pulsed pump laser and the Ti:sapphire oscillator; A)
Oscilloscope trace showing both repetition frequencies in locked operation; B) Locked phase between both
frequencies measured with lock-in detection.

The left-hand-side gives an oscilloscope signal of both independently measured repetition
frequencies, while triggering is done only with respect to the 34.7 MHz repetition rate
of the pump laser. For a detuning of more than 50 Hz, the measured pulse sequence at
the second channel is not trackable anymore, as both signals are not synchronized. If the
piezo-stage is moved towards equal cavity lengths, a static sampling of the second pulse
train can be observed as well, indicating self-synchronization of both lasers. This behavior
can only be found in a very small region within the self-starting range and vanishes for
a larger detuning from this region. In order to further prove this statement Fig. 4.5 (B)
shows a measurement of the phase relation between both laser systems for synchronous and
quasi-synchronous operation. For this measurement the relative phase of both repetition
frequencies is measured with the phase detector of a high-frequency lock-in amplifier
(Stanford Research 844), the second harmonic of the pump laser used as reference and the
fundamental repetition rate of the Ti:sapphire oscillator as signal input. For an observation
time of about 60 s a clean phase-lock can be observed. After this time the synchronous mode
of operation is lost. Since the effect of pump-laser induced gain modulation can be assumed
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to be very weak and limited to a very small range of repetition frequency difference, this
can be mainly attributed to the drift of both resonator lengths with respect to each other.
The frequency drifts of both free-running laser systems are shown in Fig. 4.6.

Figure 4.6: Comparison of the repetition frequency drifts by the thin-disk oscillator (blue) and the
Ti:sapphire oscillator (red) recorded at a higher harmonic (22th) for increased measurement resolution.

Figure 4.6 shows a frequency tracking of the thin-disk repetition frequency over time, next
to the drift of the Ti:sapphire oscillator for comparison. It can be seen that the timing of
the thin-disk oscillator is very unstable following a random nature, whereas the Ti:sapphire
oscillator exhibits a slow, but larger temperature drift that can be attributed to a laboratory
temperature change, see Section 3.2.2. For the thin-disk oscillator a fast modulation can be
recognized on top of the general drift that can be related to the cooling of the thin-disk which
is directly water-cooled from the back and therefore very susceptible to chiller-induced
thermal variations.

Another important aspect for synchronous operation can be the phase noise of the pump
laser, since for this mode an exact timing of both lasers is crucial. Figure 4.7 (A) shows
the noise power spectral density of the thin-disk pumped Ti:sapphire oscillator (red) next
to the noise PSD of the thin-disk oscillator itself (blue) and a Verdi-pumped Ti:sapphire
oscillator (green) for comparison. The noise PSDs are each measured at a higher harmonic
of the laser’s repetition frequencies1 with a fast, low-noise photodiode. The signals are
amplified with respect to sufficient power levels and analyzed with a built-in phase noise
measurement tool of the used radio frequency spectrum analyzer (Agilent E4440A). For
comparable measurement data the measured noise PSDs at the higher harmonics of frep are
corrected with respect to their native repetition frequency according to Eq. (2.21). From
the noise PSDs first of all it can be noted, that the noise of the thin-disk laser is seriously
higher than the Ti:sapphire noise in general, especially between 1 kHz and 100 kHz. Here,

1 The noise PSD of the thin-disk oscillator is measured at 832 MHz, its 24th harmonic respectively. The noise
of the quasi-synchronously pumped Ti:sapphire oscillator is measured at the same frequency, what is its 12th

harmonic.
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Figure 4.7: A) Noise PSD of the repetition frequency shown for the quasi-synchronous pumped
Ti:sapphire oscillator (red) next to the noise PSD of the thin-disk oscillator (blue) and a cw-pumped
Ti:sapphire laser (green); B) Noise PSD shown for the Ti:sapphire repetition frequency pumped by the
thin-disk oscillator. The red curve shows the noise for a repetition frequency mismatch of about 1.4 kHz,
whereas the black plot shows the disturbance for identical frequencies.

for frequencies above 1 kHz the noise of the Ti:sapphire laser is still limited by the noise
floor of the measurement device. On the other hand it can be seen as well, that since both
frequencies are not identical, the phase noise of the thin-disk laser seems not to influence
the noise of the Ti:sapphire oscillator. Figure 4.7 (B) shows the noise PSD of the Ti:sapphire
again while tuning the cavity to match the exact doubled pump frequency. For a difference
frequency of some kHz there seems to be no coupling from the pump laser to the Ti:sapphire
laser (red), whereas within the self-starting regime (black) a dramatic rise of the phase noise
can be observed. This is an indication, that for similar repetition rates a strong coupling
occurs and the increase in noise can be obviously assigned to the cumulative perturbation of
the Ti:sapphire laser by the pulsed pump. For synchronous operation, where both repetition
rates are locked, this is expected to be reduced again.

Unfortunately, a synchronous operation could not be reproduced after a realignment
of the pump laser, thus preventing an in-deep analysis of the crucial parameters for that
special mode of operation. Next to noise aspects, also an interplay of nonlinearities within
the Ti:sapphire crystal induced by both lasers are key to a successful lock of both. Next
to the restoring force provided by the pump pulse induced gain gradient, the observed
synchronous operation can be explained in terms of nonlinear coupling between the pump
pulse and the intracavity Ti:sapphire pulse within the gain medium, which feature compara-
bly high intensities at this point. In this regard a longitudinal cavity locking scheme based
on cross-phase modulation was reported in [Wei01, Bet04]. Furthermore, as the Kerr effect
acts transversally as fast saturable absorber, a temporal overlap of both pulses will strongly
influence the absorber modulation depth and thus might provide an additional contribution
to the stabilization mechanism for the synchronized operation mode. In this case not only
the exact timing, but also accurate lateral alignment of the focal spots of both lasers within
the Ti:sapphire crystal are of importance.
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4.4 Carrier-envelope-offset phase stabilization

The octave-spanning output spectrum of this laser system allows for a direct CEP stabilization,
which can be performed directly by measuring fCEO with an f -to-2f interferometer as
presented in Section 3.2.1, and locking the measured beat signal to the fourth part of the
laser’s repetition frequency. Figure 4.8 (A) shows a 75 MHz frequency span recorded with a
100 kHz resolution bandwidth giving the measured CEO frequency beat note with sufficient
SNR for locking of approximately 30 dB next to the repetition frequency at 69.4 MHz.

Figure 4.8: Carrier-envelope-offset phase control of the quasi-synchronously pumped Ti:sapphire oscil-
lator; A) Frequency span recorded with a RBW of 100 kHz showing fCEO next to frep at 69.4 MHz with
30 dB SNR; B) Stabilized beat note recorded with a RBW of 1 kHz; C) Tracking of a locked (red) and
free-running CEO beat note (blue).

Using a PLL locking electronics to control the pump-power-feedback by a AOM, this
synchronously pumped octave-spanning Ti:sapphire oscillator can be successfully stabilized
with respect to its carrier-envelope-offset frequency, what is to the best of our knowledge
the first CEP stabilization of a synchronously-pumped laser system [Bin10]. Successful
phase-locking can be verified by the error signal of the phase-locking electronics and the
fCEO peak tracking shown in Fig. 4.8 (C), comparing the locked beat note evolution to the
free-running case. However, the locking performance of this system, a zoomed-in stabilized
beat note shown in Fig. 4.8 (B), lacks from the typical narrow linewidth of Ti:sapphire
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oscillators pumped by low-noise continuous-wave pump sources. The shown beat note is
recorded with a resolution bandwidth of 1 kHz and features a line width of about 1 MHz
and low signal-to-noise ratio. For comparison, Fig. 3.10 shows a beat note recorded with
1-Hz device limited resolution and 60 dB SNR of a cw-pumped oscillator.

A similar locking result was found in [Wit04] where the poor locking performance could
be attributed to the frequency noise of the pump laser. Since the thin-disk pump source
in this work is not stabilized with respect to timing and output power, the here presented
locking behavior is not surprising at all. Nevertheless to claim a definitive reason for
this behavior other aspects which could influence the locking performance have to be
excluded before. In this regard first of all the CEP locking procedure itself was target of
interest. Here above all the input frequency range by the frequency divider and the APD
amplifier have been checked for correct operation at 69.4 MHz and 17.35 MHz respectively.
Although especially the latter is at the edge of the input range no negative influence of these
parameters could be found to limit the performance.

Figure 4.9: Comparison of the intensity noise by the frequency-doubled Yb:KLuW thin-disk oscillator
(blue) and a continuous-wave Nd:YVO laser (Coherent Verdi, red) measured with a low-noise photodiode
and shown A) from 1 Hz up to 10 kHz, and B) from 10 Hz up to 1 MHz. For the thin-disk laser a rms value
of 0.2 % was retrieved, whereas the noise of the Verdi laser is considerably lower with an rms value of
0.001 %.

Since the used f -to-2f interferometer, PLL locking electronics, feedback optics (AOM)
and Ti:sapphire setup are identical for this system to those delivering an optimal locking
performance, the frequency noise of the thin-disk pump source seems to be the limiting
factor. Figure 4.9 shows a comparison of the intensity noise of a Coherent Verdi (red)
and the thin-disk oscillator (blue). The noise is measured with a low-noise photodiode
set-up to measure only the intensity noise contributions and being ’blind’ for the pulses
given by the thin-disk oscillator. It can be seen that the noise of the thin-disk laser is
well above the noise of the continuous-wave laser. An analysis of the noise traces with
respect to their corresponding root-mean-square values revealed for the Coherent Verdi a
result of 0.001 % – integrated from 1 kHz up to 1 MHz – whereas the thin-disk laser was
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found to be considerably noisier with an rms value of 0.2 % in this frequency range. The
CEP-stabilization is based on modulating the applied pump power to the Ti:sapphire laser
using an AOM within the pump beam, thus the influence of intensity noise of the used
pump laser has always been the crucial criterion for successful CEP locking [Wit04] as it
directly transfers into fluctuations in fCEO. This is still the reason for exclusively qualifying a
few suitable pump sources (e.g. Coherent Verdi Uno series) for pumping a CEP-stabilized
Ti:sapphire laser system.

4.5 Discussion

The (quasi-)synchronously pumped Ti:sapphire oscillator presented in this chapter reveals
very interesting results in terms of self-starting, CEO phase stabilization ability and the
feasibility of synchronous operation of such a combined system. The presented performance
is already very promising and shows much potential for further improvements of this system.

The experimental results of this project show that noise-related aspects are the main
challenges of the overall system and so far limiting the performance in terms of synchronized
operation and CEP-stability. Since both lasers are completely free-running and not stabilized
with respect to any crucial parameter, this behavior is not surprising at all. In this regard
a timing and output-power stabilization could be easily established by using standard
techniques and methods. Here the optimization of the thin-disk pump laser with respect to
its timing and intensity noise can be assumed to have the highest impact on the performance
of the overall system. The synchronous and quasi-synchronous operation of the Ti:sapphire
oscillator are among others directly linked to the relative repetition frequency drift and
timing jitter of the pump source, whereas the CEP performance is limited by the intensity
noise of this laser. A timing stabilization can be realized straight forward by phase-locking
the repetition frequency of the thin-disk laser to a stable reference frequency generated by
a suitable signal source, as presented in Section 3.2.2 for a Ti:sapphire oscillator. In this
respect the cavity can be equipped with two piezo-mounted resonator mirrors as well, to
account for the fast and slow fluctuations of the repetition frequency. For this system this step
is already planned for the near future. Secondly, the repetition frequency of the Ti:sapphire
oscillator can be locked to the disk-laser following the same approach. The amplitude noise
of the frequency-doubled output by the thin-disk laser could be also stabilized by standard
power-stabilization techniques, e.g. by gating the output by an AOM, before it is applied to
pump the Ti:sapphire oscillator.

For considerations in terms of designing a completely reviewed overall laser system, many
basic design-features affecting the noise of such a laser system could be accounted for as well.
Since both oscillators were primarily not intended to be used for such a combined system,
most of these aspects are still open. First of all the whole system should be integrated onto
one common temperature stabilized breadboard to lower thermal variations between both
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oscillators and minimize the distances. Because the present cooling mechanism of the thin-
disk seems to be responsible for the faster variations of the pump laser’s repetition frequency
– the thin-disk is directly sprayed with water from the back – this cooling technique should
be reviewed as well and could lead to a reduced noise. Another aspect that might be
contributing to the noise of the thin-disk oscillator can be the noise of the applied pump
diodes for pumping the disk, which have to be characterized in this regard.

Next to the benefits for experimental issues of such a novel combined and stabilized
synchronously pumped laser system, this light source will be interesting from the laser
physical point of view as well. Because the basic noise contributions should not be limiting
the performance of the novel system anymore, much more precise characterization mea-
surements could be performed to analyze the complex dynamics in more detail and to fully
understand the mechanisms responsible for the different modes of operation.

Taking the above mentioned points into account, it should be possible to establish a
self-starting, CEO-phase stabilized and self-synchronized unique light source for spectro-
scopic applications delivering both, an intense infrared or frequency-doubled pump pulse
and a synchronized octave-spanning, CEP-stabilized probe pulse. Additionally this system
avoids the uses of expensive cw-pump sources. It could be directly applied for applications
such as two-photon photoemission spectroscopy as presented in Section 5.5.1, since these
experiments suffer at present time from sufficient pulse energy to pump the electrons to the
image-potential states below the ionization energy. Here the green pump pulse could deliver
both, an much increased pulse energy together with an improved pumping wavelength of
515 nm (2.5 eV) for driving the transition. For applications relying on the field oscillations
this system can be used for seeding the few-cycle field synthezier presented in the next
chapter as well.





5 Oscillator pulse train with constant

carrier-envelope-offset phase

As presented in Section 2.3, the carrier-envelope-offset phase of few-cycle laser pulses can be
routinely stabilized to a fraction n of the pulse repetition rate using f -to-2f self-referencing.
This results in a pulse train with reproduced field characteristics for every nth pulse within
the emitted pulse train. Some applications especially sensitive to the electric field profile
of few-cycle laser pulses would essentially benefit from a pulse train with identical field
properties, constant CEP respectively. For a pulse train generated by the standard f -to-2f
locking technique, the desired investigations have to be performed as a series of single
shot measurements whereas longer integration times can only be used if appropriate pulse
picking at an integer multiple of the nth fraction is done to select the identical pulses. For
amplified laser systems this can be implemented simply by picking a multiple of n from
the pulse train at kHz-rates and applying a second slow feedback loop [Bal03]. Especially
for few-cycle laser pulses in the sub-5-femtosecond regime and pulse repetition rates of
around 80 MHz to 100 MHz, it is still sophisticated to find an appropriate pulse picking
mechanism fast enough and experimentally feasible together with negligible pulse distortion
in terms of dispersion. This ’picking problem’ can be directly overcome by stabilizing the
carrier-envelope-offset frequency of the original pulse train to zero, generating an identical
pulse field for every pulse contained within the train. Using this concept, pulse picking can
be completely avoided and a light source with full oscillator repetition rate, output power
and beam quality can be established for the desired experiments.

This chapter deals with the implementation of a powerful technique to stabilize the carrier-
envelope-offset frequency of an oscillator pulse train to zero. After a brief overview of the
actual methods available for the generation of such a pulse train, the stabilization scheme
used in the scope of this thesis is explained in more detail, followed by the presentation
of the achieved experimental results and characterization measurements. The locking
performance of this system is compared with competing stabilization techniques next to a
quick outlook on intended experiments using the overall stabilized laser system.

53
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5.1 Routes to stabilize the carrier-envelope-offset frequency to zero

Although CEP stabilization of few-cycle laser pulses is a commonly used technique, the sta-
bilization with respect to carrier-envelope-offset frequency zero is still a discussed problem.
Here the standardly used phase-coherent locking technique fails since it is based on measur-
ing fCEO with a good signal-to-noise ratio and lock it to a stable reference frequency. It is
obvious that this implementation cannot hold for fCEO-to-zero locking since it would com-
promise measuring and phase-coherent locking fCEO in the DC-noise contributions. Within
the last few years only three methods proved their capability to overcome this problem.
The first technique, introduced by Lee et al. in 2005 and called the ’direct locking method’,
utilizes a time-domain signal to generate a pulse train with constant carrier-envelope-offset
phase [Lee05]. Secondly, in 2009 Grebing et al. presented a novel method working in the
frequency domain, shifting fCEO to zero using an acousto-optic frequency shifter (AOFS)
within the laser output beam [Gre09b]. The latest method was practically realized in the
scope of this thesis and utilizes an extended f -to-2f self-referencing scheme, suggested ten
years ago by Jones et al. [Jon00], to generate a pulse train with constant field profile for
each subsequent pulse.

5.1.1 Direct-locking method

The ’direct-locking method’ [Lee05] was the first technique used to generate a pulse train
with constant CEP. Unlike the conventional self-referencing technique, the direct-locking
method uses the time-based interference signal between the frequency-doubled ’red’ end
of the spectrum with the fundamental ’blue’ end, the experimental setup shown in Fig. 5.1.
The filtered interference signal can be regarded as sinusoidal modulation and represents
the CEP evolution of the laser pulses [Lee05]. The variation from peak to valley thereby
corresponds to a phase change of π. The direct-locking method minimizes the amplitude of
the interference modulation to a constant DC level. For the practical realization the initial
interference modulation is used as an error signal and quenched to a specific DC level using
a locking servo, controlling the applied pump power to the laser oscillator. Thereby a pulse
train with constant CEP value can be generated whereas the absolute phase value has to
be experimentally determined and is dependent on the chosen reference DC level. The
locked pulse train can be established without using any frequency-related equipment such
as an radio frequency spectrum analyzer, establishing a very economical solution for CEP
stabilization of femtosecond lasers [Lee08].

A schematic setup showing the relevant aspects of this method is depicted in Fig. 5.1. In
the first step a fractional amount of the original output power of the target Ti:Sapphire laser
system is split and spectrally broadened using a photonic crystal fiber (PCF) to establish
the octave-spanning spectrum needed for generating the f -to-2f interference signal. For
the generation of this signal a Mach-Zehnder-type f -to-2f interferometer is used, featuring
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Figure 5.1: Schematic setup used for the direct-locking method [Lee05]; AOM: acousto-optic modulator,
APD: avalanche photodiode, BPF: bandpass filter, DB: dichroic beamsplitter, HWP: half-wave plate, PBS:
polarizing beamsplitter, PCF: photonic crystal fiber, SHG: second-harmonic-generation crystal.

two completely separated arms for both frequency components. Splitting is done using a
dichroic beamsplitter (DB) whereas recombination is realized later-on with a polarizing
beamsplitter cube (PBS1). Within the interferometer the second harmonic signal of the
’ν ’-component is generated using a KTP crystal. The temporal delay between both arms
can be balanced via a small delay-line within the fundamental arm. Both arms are each
spectrally bandpass filtered and pass a half-wave plate (HWP) for tuning the intensity for
detection, before they are recombined again. The interference signal is detected using an
avalanche photodiode (APD1) and writes to:

IAPD1 = A · Iν2n
+ B · I2νn

+ C ·
p

Iν2n
I2νn
· sin(2π fCEO t +φconst), (5.1)

with A and B being coefficients representing the DC levels arising from both arms and φconst

a constant phase. To get rid of the DC influences and to isolate the desired interference term,
APD2 is set-up that way that it separately detects only the sum of both DC-contributions.
This way it can be used to extract the beat signal from the initially detected interference term
simply by subtraction. In this respect both DC levels are balanced using the half wave plates
within the interferometer arms. The remaining net beat signal can be used in the next step
as error signal to suppress the CEP fluctuations. The signal coupled out in the beam before
APD1 by the second polarizing beamsplitter cube (PBS2) is used for monitoring issues, e.g.
to tune the modulation period close to zero so that it is small enough to be suppressed by
an electronic feedback loop, whose operational bandwidth is around 100 kHz [Lee05]. This
is done by tuning one intra-cavity prism of the laser oscillator, whereas the modulation
signal can be monitored on a simple oscilloscope. In the second step the DC-levels in both
interferometer arms are balanced as mentioned above followed by switching on the locking
servo suppressing the modulation signal and lock the laser to constant CEP.

Meanwhile this technique was further improved utilizing balanced heterodyne detection
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for detecting the desired modulation signal with an increased signal-to-noise ratio and
proved its long-term performance [Lee08]. Nevertheless, very less information can be found
in the underlying publications giving information on the overall locking performance of
this technique. Noise characterizations are only presented up to the low kHz-range and
no specifications of the input requirements, e.g. how much laser intensity is necessary for
establishing a good stabilization. From the practical point of view working with DC levels
of photodiode as reference level for stabilization can be assumed to be very challenging,
since even small level changes e.g. given by the laboratory illumination, will lead to a
disturbance of the locking scheme. Also the operational bandwidth around 100 kHz of the
servo electronics is demanding for the experimental realization, since it requires an initial
un-stabilized CEP fluctuation within this range.

5.1.2 Shifting the CEO frequency to zero within the output beam

Another method for generating a self-referenced optical frequency comb with constant CEP
was introduced by Grebing et al. in 2009 [Gre09b]. This method combines elements of the
traditional f -to-2f phase coherent locking technique with a self-referencing scheme proposed
by Baltuška et al. for parametric amplified pulses, automatically generating a pulse train
with vanishing carrier-envelope slipping [Bal02]. This combined method is transferred here
to oscillator pulses, the setup shown in Fig. 5.2.

Figure 5.2: Stabilization setup using an AOFS within the output beam to generate a self-referenced
optical frequency comb [Gre09b]; AOFS: acousto-optic frequency shifter, APD: avalanche photodiode,
IF: interference filter, MSF: microstructured fiber, PPLN: periodically poled lithium niobate crystal (SHG
generation).

This technique uses the first order of an acousto-optic frequency shifter (AOFS) within the
output beam of a femtosecond laser to shift the CEO frequency to zero. For the experimental
implementation the output of a femtosecond Ti:Sapphire laser (<10 fs, 90 MHz, 5 nJ) is
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broadened within a microstructured fiber (MSF) to generate an octave-spanning spectrum for
fCEO detection. In the second step this broadened radiation is focused into an acousto-optic
frequency shifter (AOFS) splitting the input beam into two output beams: the zero-order
beam passes the AOFS without experiencing any frequency shift and the diffracted first-
order beam, frequency-shifted relative to the zero-order beam according to the frequency
applied to the AOFS. After collimation, the zero-order beam is guided into a common
path interferometer [Gre09a] to detect the fCEO beat signal by an avalanche photodiode.
Frequency doubling of the ’red’ component is done with a periodically poled lithium niobate
(PPLN) crystal. After bandpass filtering and amplification, the measured beat signal is fed
back to the AOFS shifting the first order beam according to the measured CEO frequency
and generating a signal with zero CEO frequency.

This technique is advantageous compared to the traditional phase-coherent locking ap-
proach since it does not rely on sophisticated (and expensive) locking electronics and leaves
the initial laser oscillator untouched. In this case no direct feedback to the oscillator like
pump-power modulation or mirror translation is required to influence fCEO, what would
also influence the output power and the stability of the oscillator - all is done ’behind’ the
laser source. This fact is especially important in terms of long-term performance. The only
prerequisite for using this technique is a measurable fCEO signal [Gre09b] with sufficient
signal-to-noise ratio. Nevertheless the disadvantages of this method are also obvious. The
main drawback is the use of the first diffraction order of an AOFS as applicable laser output.
This device will first of all affect the output beam in terms of dispersion, especially for the
stabilized few-cycle laser pulses. The additional amount of glass material within the beam
will complicate the pulse re-compression with respect to the intended experiments. This is
because usually such acousto-optic devices with modulation capabilities up to several tenth
of MHz rely on Dense Flint (SF) or Tellurium Dioxide (TeO2) glass material with length of
12.7 mm up to 25.4 mm, a detailed consideration and dispersion comparison can be found
in Section 5.2.1. Next to the temporal dispersion, the output beam will also be affected by
angular dispersion due to the broadband diffracted spectra, that has to be compensated for
as well. Also the diffraction efficiency of the AOFS is of importance. Assuming a typical
single-pass efficiency of about 50 %, the usable stabilized output power will decrease below
50 %.

5.1.3 Extended f-to-2f self-referencing

As mentioned earlier, the technique adapted within the scope of this thesis follows a more
traditional way to generate a pulse train with constant CEP, using an f-to-2f interferometer
for generating the heterodyne beat signal. But because the generation of a pulse train with
constant CEP is equivalent to a carrier-envelope-offset frequency zero, given in Eq. (2.11),
this intention is not realizable using the basic locking scheme straight forward, since this



58 5 Oscillator pulse train with constant carrier-envelope-offset phase

necessarily requires to measure fCEO separated from zero frequency. To overcome this
dilemma, a suggestion made by Jones et al. in 2000 [Jon00] was resumed here and an
acousto-optic frequency shifter integrated in one arm of the f-to-2f interferometer. In the
present implementation this device constantly shifts the frequency components contained
within this arm resulting in a measured and shifted CEO frequency fCEm at the photodiode
according to:

fCEm = fCEO± fAOFS. (5.2)

This quite simple connection can be derived by including the AOFS driving frequency into
the considerations from Eq. (2.14):

fCEm = 2 · (νn)− (ν2n± fAOFS)

= 2 · (n · frep+ fCEO)− (2n · frep+ fCEO± fAOFS)

= 2n · frep+ 2 · fCEO− 2n · frep− fCEO± fAOFS

= fCEO± fAOFS.

(5.3)

Integrating the AOFS within the nonlinear interferometer and shifting fCEO apart, now
opens up for the generation of a pulse train with desired zero CEO frequency, since for
fCEO = 0 one detects fCEO = fAOFS. This frequency is in the order of tenths of MHz and
sufficiently separated from zero frequency allowing for stabilization of this signal to a
suitable reference as presented below. With this technique it is now possible to achieve
the locking performance of the traditional self-referencing locking scheme and generate a
phase-locked pulse train with identical field profile for every pulse. Although this approach
is more sophisticated in terms of equipment than the alternatives presented before, it is
straight forward and the resulting locking-performance unsurpassed, since it can rely on
well established phase-coherent locking circuits that proved its capability to generate a
carrier-envelope-offset timing jitter as low as 10 attoseconds [Hel03]. The details and results
of the experimental implementation of this method are depicted comprehensively in the
following sections.

5.2 Laser system stabilized to carrier-envelope-offset frequency

zero

The octave-spanning laser oscillator stabilized with respect to carrier-envelope-offset fre-
quency zero is based on a similar system as presented in Chapter 3, with minor changes. For
this laser, output coupling is not done with a dispersive output-coupling mirror, but with a
standard broadband ZnSe-MgF2 quarter-wave stack mirror. Additionally, the pulse repetition
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rate is changed to 100 MHz. Pumping of the 2 mm thick Ti:Sapphire crystal is done by
532 nm cw-radiation of a frequency doubled Nd:YVO4 laser (Coherent Verdi V10). Due to
the fact that the overall phase-stabilized laser system aims to scientific cooperations, it is
mounted together with the pump laser on a common portable breadboard measuring 700 x
900 mm. The aimed at experiments are meanwhile located at the university of Marburg, see
Section 5.5.1.

Figure 5.3: Octave-spanning output spectrum shown on a logarithmic (left) and linear scale (right). The
dotted logarithmic spectrum illustrates the full oscillator spectrum (Fourier-limit: 4.1 fs), whereas the solid
one gives the spectrum remaining for experiments after CEP stabilization (FL: 4.3 fs).

The octave-spanning output spectrum of this laser system is shown in Fig. 5.3. It supports
a Fourier-limited pulse duration as short as 4.1 fs (dotted red line) and is sufficient for CEP
stabilization without any additional spectral broadening. In this respect, again only the
spectral wings centered at 570 nm and 1140 nm are filtered from the spectrum using a
multichroic filter to generate the heterodyne beat signal within an f -to-2f interferometer.
The filtered spectrum remaining for subsequent experiments, shown by the solid red line in
Fig. 5.3 still supports a Fourier-limited pulse duration as short as 4.3 fs. Without the intensity
filtered for fCEO detection – only approximately 20 mW are launched into the interferometer
– more than 90 % of the original output power of about 220 mW are available for subsequent
experiments. With a pulse repetition rate of 100 MHz this results in a CEP-stabilized pulse
energy of approximately 2.2 nJ. The phase-stabilized few-cycle laser pulses emitted by this
laser system were characterized with a home-built SPIDER. After extra cavity compression
with four bounces on dispersion compensating mirrors and BaF2 glass material for dispersion
fine-tuning, the phase-stabilized pulses were measured to be as short as 4.5 fs, the temporal
pulse profile is given in Fig. 5.4.
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Figure 5.4: Few-cycle CEP-stabilized pulse measured with SPIDER to be as short as 4.5 fs. The pulse
was re-compressed using four bounces on DCMP mirrors and some BaF2 glass material for dispersion
fine-tuning.

5.2.1 Carrier-envelope-offset phase stabilization

Extended f -to-2f interferometer

A schematic setup of the extended f -to-2f interferometer is given in Fig. 5.5. Within the
interferometer the spectral wings centered around 570 nm and 1140 nm, transmitted by the
multichroic transmission filter (MCF) are separated by a dielectric dichroic beamsplitter
(DBS, CVI Melles Griot). This beamsplitter is made out of BK7 glass material, featuring
an higher reflectivity and optical quality compared to the typically used ’extended hot mir-
rors’. In the present interferometer configuration the ’blue’ components at 570 nm become
reflected by the DBS whereas the ’red’ components at 1140 nm are transmitted. The ’red’
arm contains an adjustable quarter-wave plate and can be length-changed, thus the light
traveling this arm can be tuned in terms of polarization and delay to allow later on for
interference of both frequency components on the highly sensitive avalanche photodiode
(Menlo Systems APD210).

The ’blue’ arm contains the acousto-optic frequency shifter (AOFS, IntraAction AOM-801),
the essential device of this setup. The beam send through this element is collimated and
features a radius of approximately 1 mm. The diffracted first order becomes shifted by the
AOFS’s driving frequency fAOFS and is back-reflected in a way that the beam follows the
zero order of the AOFS for the return path. In this implementation the AOFS is driven by a
constant frequency of fAOFS = 80 MHz, provided by a corresponding RF-amplifier module
(IntraAction ME-801). This leads to a 80 MHz-shift of the frequencies contained in this arm
as well. Together with the oscillator’s repetition frequency of 100 MHz, the chosen 80 MHz
allow for the generation of a mixed-down signal of 20 MHz, see below. In the next step
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Figure 5.5: Schematic setup of the extended f -to-2f interferometer - AOFS: acousto-optic frequency
shifter; APD: avalanche photodiode; DBS: dichroic beamsplitter, IF: interference filter, L: focusing lens, M:
mirror, MCF: multichroic filter, QWP: quarter-wave plate, X: SHG crystal.

both arms are recombined at the DBS and leave this interferometer part of the setup slightly
displaced from the input beam to allow for a beam pick-up. The subsequent part is built-up
common-path - both frequency components travel collinearly through the components. The
infrared light is frequency-doubled in a nonlinear crystal (1 mm LBO) cut for type-I phase
matching. Focusing into the crystal is done with an uncoated lens featuring a focal length
of f = 30 mm. The polarization within the ’blue’ arm is tuned by the quarter-wave plate
to match the orthogonal polarization of the generated second-harmonic radiation, that the
frequency components - now both located around 570 nm - feature the same polarization.
After collimation and spectral filtering with a narrowband interference filter (IF) at 570 nm,
the radiation is focused onto the highly sensitive avalanche photodiode for heterodyne
detection. This measured signal is referred to as fCEm.

Although the AOFS leads to a reduced intensity for the interfering frequency components,
still a signal-to-noise ratio greater than 30 dB in a 100 kHz resolution bandwidth results
for the detected beat signal, shown in Fig. 5.6. The measurement signal gives the fCEm

beat note for switched-on AOFS. Please note that this signal is shifted relative to the laser
repetition rate frep

1 by fAOFS=80 MHz, resulting in the presented beat signal of fCEm=
20 MHz for fCEO = 0. This offset from zero now allows for a stabilization of the oscillator
using a standard phase-locked loop locking-electronics (Menlo Systems XPS800), controlling
the applied pump power via an acousto-optic modulator in the pump beam.

Acousto-optic frequency shifter

The used acousto-optic frequency shifter is made out of Dense Flint Glass (Schott SF-4).
With an overall length of 12.7 mm and a GDD of 295 fs2/mm @ 570 nm, it introduces
an overall amount of ≈7500 fs2 second order dispersion for the double-pass into this

1 For all these considerations the laser repetition frequency frep serves as reference point.
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Figure 5.6: 100 MHz frequency span recorded with a 100 kHz resolution bandwidth showing the fCEm

beats next to the repetition frequency of 100 MHz with a SNR of about 30 dB.

interferometer arm, which still allows for detection of the interference after a narrowband
spectral filtering using a single interference filter. For comparison, an earlier used AOFS
with similar frequency specifications but made from 21.8 mm Tellurium Dioxide (TeO2)
glass material introduced an overall amount of ≈40500 fs2 second order dispersion to the
setup. With this TeO2 AOFS no interference signal could be detected. This would comprise
a spectral filtering below 1 nm for an observable interference, since the GDD given by this
device would lead to a much faster spectral modulation as given in Fig. 2.6. The intensity
diffracted into the first order of the AOFS, carrying the desired frequency shifted signal, is
in the order of 50 % for the single pass. Thus for the double-pass operation chosen here
results an overall shifted intensity of about 25 %. Here the diffracted beam is back-reflected
through the zero order of the AOFS for the return path. This intensity is still sufficient to
achieve a beat signal with reasonable signal-to-noise ratio as shown in Fig. 5.8. Nevertheless
the loss introduced by the AOFS can only be tolerated within the fundamental arm of the
interferometer, whereas sufficient initial signal intensity is available at 570 nm.

The locking reference

For the generation of a pulse train with constant CEP and a minor CEO timing jitter, the lock-
ing reference fRef is another essential parameter. For the standard self-referencing scheme
this locking-reference is derived from the pulse repetition frequency, and a fluctuation of frep

will be directly translated to fCEO, guaranteeing for a reproduced field for every nth pulse
within the train. For the present case also variations of the AOFS driving frequency can
contribute to a fluctuation of the carrier-envelope-offset phase, what has to be accounted
for as well to establish a pulse train with constant CEP for every pulse. In this regard fRef is
generated by mixing fAOFS at 80 MHz with the laser’s repetition frequency of approximately
100 MHz down to a signal located at 20 MHz, schematically shown in Fig. 5.7. For this
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Figure 5.7: Generation of the locking reference; fRef is generated by mixing the AOFS driving frequency
fAOFS = 80 MHz with the repetition frequency frep = 100 MHz down to 20 MHz. fCEO-locking is accom-
plished by a PLL controlling the applied pump power; AMP: amplifier, BP: bandpass filter, LP: lowpass
filter, LPF: loop filter, PD: phase detector.

mixing process a fraction of the initial RF-power is coupled from the AOFS driver unit.
Since this contains additional harmonics, it is lowpass filtered with respect to 80 MHz. On
the other hand, the repetition frequency of the laser is detected with a fast photodiode
(Thorlabs, DET10A) and lowpass filtered with respect to higher harmonics as well. Due
to the fact that the device used for mixing frep with fAOFS needs sufficient signal levels for
proper operation, the filtered photodiode signal is amplified using a low-noise RF-amplifier
(MiniCircuits, ZX60-33LN+). Next to the desired signal located at approx. 20 MHz, the
mixer output contains several intermediate frequencies and thus has to be bandpass filtered
around 20 MHz. The resulting signal can be used directly as reference signal to phase-lock
the measured carrier-envelope-offset frequency and fed into one input of the phase detector
of the locking electronics. Here the frequency divider, usually used to divide the laser
repetition frequency down to a signal around 20 MHz, can be avoided. By including fAOFS

and frep within this reference signal, their fluctuations - also affecting fCEm - are present
for both input frequencies of the phase detector and will fall out. With a sufficient SNR
of 30 dB measured in a 100 kHz resolution bandwidth, the locking performance of this
extended f -to-2f interferometer can be compared to conventional phase-coherent locking,
see Section 5.3.1. Figure 5.8 shows a stabilized fCEm-needle recorded in a 100 Hz span with
a device limited resolution bandwidth of 1 Hz. With 60 dB above the noise floor this is a
very good and clean locking result characterized in more detail in the following paragraphs.
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Figure 5.8: In-loop characterized CEP-stabilized fCEm beat note at 20 MHz shown in a 100 Hz span and
recorded with 1 Hz resolution bandwidth featuring a SNR greater than 60 dB.

5.3 Characterization of the locking performance

In the following paragraphs the stabilized laser system is characterized in more detail. This
characterization is performed in-loop, analyzing the present signals used for stabilization
itself, and out-of-loop, utilizing a second f -to-2f interferometer built-up in the traditional
way without an acousto-optic frequency shifter.

5.3.1 In-loop characterization

The in-loop characterizations are based on measuring the frequencies and signals directly
involved in the stabilization process. This technique is the only way to characterize the
stabilized fCEO beat note, where substitutional the shifted fCEm signal can be characterized.
For the out-of-loop case the fCEO beat note is not accessible. A stabilized and in-loop
measured fCEm needle was already shown in Fig. 5.8. Figure 5.9 gives the corresponding
noise power spectral density of this beat note (red), next to the measurement noise floor
(blue) and the noise locking reference fRef (green). First of all it can be noted that the
locking-reference, its noise performance respectively, is nearly as good as the measurement
noise floor and does not limit the locking-performance at all. Next, according to the method
presented in Section 2.4, the accumulated root-mean-square CEO phase error σ∆ϕ of the
noise PSD can be obtained from this measured data by integrating over the frequency
leading to the corresponding timing jitter σ∆t , see Eq. (2.21). For the rms phase noise of the
locked beat note a value of σ∆ϕ=164 mrad integrated from 3 Hz to 3 MHz results, giving an
rms CEO timing jitter of 64.5 as by relating this value to the carrier frequency f0 at 375 THz.
Similar values have been achieved for the standard locking schemes with fCEO = frep/4,
ranging between 10 as and 50 as [Müc05, Hel03, Cre08] for a similar frequency range.

Unfortunately, a comparison between this and other techniques used to stabilize fCEO
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Figure 5.9: In-loop characterized noise PSD of the CEP fluctuations (red), the locking reference (green),
and measurement noise floor (blue, 5 averages) next to the integrated rms phase error for the CEP
fluctuations (grey, right).

to zero suffers from comparable characterization schemes and measurement data. Lee
et al. measured an in-loop accumulated phase error of 50 mrad (100 mrad out-of-loop)
integrated from 0.3 Hz only up to 1.5 kHz [Lee05]. Grebing et al. can only rely on
characterization measures using an out-of-loop interferometer. For their RF-analysis they
obtained an accumulated phase error of about 500 mrad (0.5 Hz - 400 kHz). The analyzed
signal results from a homodyne detection of fCEO at zero using two output ports of the
out-of-loop interferometer [Gre09b].

5.3.2 Out-of-loop characterization

To verify and characterize the identity of subsequent field profiles out-of-loop, the laser
output is split by a broadband 50:50 beamsplitter (Nanolayers GmbH) and guided into
a second f -to-2f -interferometer, the experimental arrangement is given in Fig. 5.10. This
out-of-loop interferometer is built-up as the one presented in Section 3.2.1 and does not
carry an AOFS for frequency shifting and reveals the unshifted, actual carrier-envelope-offset
frequency and phase change for the laser oscillator. Although the laser output is split in front
of the out-of-loop interferometer, a fCEO signal with a SNR well above 20 dB in a 100 kHz
RBW could be measured here. For the in-loop interferometer a signal with more than
25 dB SNR remains, still sufficient for locking the oscillator even for the reduced intensity
levels. The interference signal is fiber-coupled and can be either given to an APD detector
(Menlo Systems APD210) for RF-analysis or launched into a highly sensitive fiber-coupled
CCD-spectrometer (ANDOR SR300i & NewtonEM 970) for spectral characterization.

Since for fCEO locked-to-zero no beat signal would be visible at the out-of-loop interfer-
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Figure 5.10: Out-of-loop characterization - experimental setup. The laser output is split and launched
into the main f -to-2 f interferometer from Fig. 5.5 for zero locking and a second f -to-2 f -interferometer
for out-of-loop characterization; APD: avalanche photodiode, BS: beamsplitter, DBS: dichroic beamsplitter,
IF: interference filter, L: focusing lens, M: mirror, NF: neutral density filter, QWP: quarter-wave plate, X:
SHG crystal.

ometer at all, the RF-characterizations shown below are performed for an un-stabilized, or
intentionally bad-locked operation, to visualize the presents of fCEO. For example Fig 5.11
illustrates the relation of the measured CEO frequency between both, in-loop and out-of-loop
interferometer. For an in-loop measured fCEm-signal at ≈ 20 MHz the out-of-loop interferom-
eter detects a 80 MHz-shifted signal close to the repetition frequency, fCEO ≈ 0 respectively.
After locking the laser to zero the out-of-loop fCEO needle vanishes within zero frequency
and is not detectable anymore, even with highest possible resolution. For an intentionally
bad-locked CEP a comparison of both, zoomed-in stabilized fCEm signal at ≈ 20 MHz and
out-of-loop measured repetition frequency, yields some symmetric features around both
signals arising from the stabilization process, shown in Fig. 5.12. For switched-off phase lock
they vanish at the repetition frequency. Because these features are located around frep for
switched-on lock, this is also a good indication for a locked-to-zero carrier-envelope-offset
frequency. Please note that these features are not present for usual operation.

An analog influence of the locked-to-zero CEO frequency can be found in the noise PSD of
the frep signal. Here a clear difference can be found between a loose-locked CEP with a loop
gain of ’4’ and a optimal locked phase with a gain of ’7’. In the second case the phase noise
is not distinguishable from the frep-noise without any fCEO-influence anymore, whereas for
the loose-locked-case the noise becomes much worse, shown in Fig. 5.13.



5.3 Characterization of the locking performance 67

Figure 5.11: Frequency relation between in-loop and out-of-loop interferometer illustrating the 80 MHz
shift between the measured CEO frequencies resulting from using a AOFS within the in-loop interferometer.
This measurement is recorded for a free-running CEP of the laser.

Figure 5.12: Electronic features arising from an intentionally made-bad CEP stabilization process are
located symmetrically around fCEm and frep, shown for two different frequency spans and resolution
bandwidths (RBW). For switched-off stabilization these features vanish.
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Figure 5.13: Noise PSD shown of the repetition frequency recorded for locked-to-zero operation. The
blue plot shows a good CEP lock, whereas in comparison the red curve shows the noise PSD for a loose
lock. For both plots an averaged value is plotted as well. In the first case no noise contribution given by
the CEP can be noticed, what is different for the loose lock.

The final verification of a locked field profile is a visualization of the spectral interference
between the frequency doubled 1140 nm radiation and the fundamental 570 nm light as
it is done similarly for low repetition rate amplified pulses [Man06, Ada08]. The crucial
aspect for oscillator pulses is that for a typical spectrometer integration time of several
milliseconds and a pulse repetition rate of 100 MHz, millions of pulses have to interfere
with visible interference contrast, what was never demonstrated before. For capturing
such an interference pattern, the output of the out-of-loop interferometer is coupled into
the highly sensitive CCD-spectrometer. For contrast reasons the power levels in both
interferometer arms are balanced using a neutral density filter attenuating the fundamental
arm. Prerequisite for a noticeable interference modulation is a slight delay detuning of the
two signals from zero delay of about 50µm resulting in the interference pattern given in
Fig. 5.14 (A), what is to the best of our knowledge the first time that such an measurement
result is shown for oscillator pulses, whereas the modulation period can be tuned by altering
the delay between both arms. The obtainable contrast of the recorded interference is
highly sensitive to the locking strength and immediately vanishes for switched-off lock. The
measured spectral data can be corrected with respect to a background given by the single
spectral components without interference. Such a corrected interference pattern is shown in
Fig. 5.14 (B).

Figure 5.15 shows an interference pattern as given in Fig. 5.14 (B) traced for a time
sequence of 2500 s. This impressive interference progression shows the very good locking
performance of this system, since it directly visualizes the phase-coherence and stability
of millions of interfering pulses. For each single underlying interferogram 107 oscillator
pulses interfere with negligible phase distortion, for the recorded time of 2500 s all together
more than 1011. Figure 5.15 reveals a very slow wavelength drift of the interference pattern
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Figure 5.14: Interference pattern of the frequency-doubled ’ν ’ and fundamental ’2ν ’-component at
570 nm; A) Smoothed interference modulation recorded with an integration time of 0.1 seconds; B) Signal
for a different interference modulation corrected with respect to the measurement background given for
switched-off CEP lock.

Figure 5.15: Out-of-loop interference of the ν and 2ν components of the stabilized pulse train. The
interference is recorded over 2500 seconds with a spectrometer integration time of 0.5 seconds.

over time, whereas the interference contrast in general is not affected. This residual phase
drift can be analyzed by Fourier-transforming the interference signal, thereby extracting the
phase and tracking this value over the observation time. For the presented measurement
a slow phase drift of about 2 rad accumulated over 2500 s results, shown in Fig. 5.16. For
shorter time scales this drift can be disregarded since it does not play a role for typical
measurement and integration times up to a few seconds. The origin to this drift can be
related to thermal variations of the laboratory conditions since the breadboard for the laser
and the interferometers is not actively temperature stabilized. This small temperature drift
can affect the relative phase between the interfering frequency components resulting e.g.
from minimal beam misalignments within the out-of-loop interferometer. Without any slow
feedback loop as used in amplified field stable systems this behavior is not surprising at all.

Figure 5.17 shows a comparable interference pattern to Fig. 5.15 while tuning the absolute
phase by moving a BaF2 wedge through the applicable output beam of the laser system. For
the experimental realization a wedge pair is placed in Brewsters angle into the laser beam
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Figure 5.16: Extracted phase of the interference progression given in Fig. 5.15. The overall phase drift
within 2500 s is about 2 rad and can be neglected for typical measurement timescales of a few seconds.

in front of the out-of-loop interferometer whereat one wedge is mounted on a electronically
controllable translation stage (Newport Agilis series) and can be positioned with 50 nm
resolution. After approximately 47 s of recording time, the movable wedge is constantly
translated to introduce additional BaF2 material into the beam what results in a constant
shift of the interference maxima within the interference progression. From the analytically
extracted phase in the middle of Fig. 5.17 becomes obvious, that after ≈ 65 s the phase
has slipped about a value of 2π. According to Eq. (2.10) the carrier-envelope-offset phase
can be shifted about 2π by introducing additional BaF2 material with a thickness of about
75µm into the beam. For the interferometric measured phase slip about 2π shown in
Fig. 5.17, a measured thickness-change of approximately 81µm was obtained, what is in
good agreement with the theoretical value taking the measurement tolerances into account.

The electric field profiles of the underlying ultrashort pulses are shown in the lower
section of Fig. 5.17 for three different phase conditions and the relevant center part of the
pulse: at the time t1 for φ0 = 0, at t2 for φ0 = π/2 and at t3 for φ0 = π. At the time t4 the
CEP lock is switched off and the interference pattern vanishes immediately. The absolute
phase is initially chosen to be zero, since it can only be determined experimentally and will
evolve on the way to the experiment. Because the presented system is capable to generate a
pulse train with constant CEO phase and features the ability to tune this phase about a value
of 2π, any experimentally required phase condition or phase dependency can be realized.

Please note that the presented results give only a lower estimate of the system performance
because the SNR of the in-loop measured beat note is reduced by about 50 % due to splitting
the laser output power for both, stabilization and out-of-loop characterization. Thus for
usual operation at full available power the performance can be assumed to be even better.
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Figure 5.17: CEP interference pattern while shifting the absolute phase with a BaF2 glass wedge; Top:
Out-of-loop spectral interference pattern - starting at approximately 47 s the absolute phase is shifted by
steadily inserting BaF2 into the beam. At 65 s the phase has slipped by about 2π; Middle: Analytically
extracted phase of the interference pattern. At time t4 the lock is switched off; Bottom: Electric field
profile of the center parts of the underlying pulses at three different times t1, t2 and t3 with assumed
CEP=0 as starting point.
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5.4 Discussion, limitations and future prospects

The presented laser system shows unique performance in terms of generating a pulse train
with constant CEP with a very low timing jitter next to a good long-term stability. The ability
to tune the stabilized phase with a BaF2 wedge pair within the output beam equips this
system with all important degrees of freedom that are required for CEP sensitive experiments
at nearly full oscillator power and repetition rate. However there are of course some aspects
which could further improve the overall stability and performance.

As usual for CEP stabilization, the signal-to-noise ratio of the measured heterodyne beat
note is one of the most important parameters to achieve a good locking performance with
low CEO timing jitter. The signal levels obtained in this regard for the presented laser
system feature a SNR of up to 30 dB, thereby being located at the lower limit where a
reasonable locking performance can be obtained. Here a signal with more than 35 dB
SNR would already make a difference for both, locking strength and stability and could
improve the already very good stabilization results even more. Of course this signal could be
increased directly by more available output power at the desired wavelength regions given
by the laser oscillator itself, what is a sophisticated counter play between mirror reflectivity,
laser dynamics and output-coupling mirror design. Here the achieved laser performance
of 220 mW for octave-spanning operation is already an optimized result. Nevertheless,
in this regard a special designed cavity mirror could be used within the laser resonator,
only responsible for coupling-out the desired wavelengths required for fCEO detection as
presented in [Cre08]. Together with an enhanced diffraction efficiency of the AOFS this
could lead to an increased fCEO signal.

The slow thermal phase drift of this system, shown in Fig. 5.15, can be further minimized
by integrating pump laser, femtosecond oscillator and f -to-2f interferometer onto one water-
cooled and temperature stabilized breadboard. For measurements performed at common
integration times up to some seconds, thereby this drift can be neglected. Hence it does not
really matter that an implementation of a slow feedback loop as done for amplified systems
is not feasible for this system. The problem here is, that not sufficient power is available to
generate both, the measurement signal necessary for driving the loop and the subsequent
experiments.

In summary the laser system presented in this chapter is to the best of our knowledge the
first octave-spanning Ti:sapphire laser oscillator stabilized with respect to carrier-envelope-
offset frequency zero, delivering a pulse train with stable and identical field profiles for every
pulse within the train [Rau09]. The measured timing jitter of the CEP fluctuations is smaller
than 65 attoseconds allowing for the first time to investigate the spectral interference of
oscillator pulses at 100 MHz repetition rate, proving an excellent CEP lock. With 220 mW
usable average output power at a compressed pulse duration of 4.5 fs, this laser represents
a light source with sub-two-cycle pulses, constant CEP and CEP-tuning ability that allows
for integration times of several seconds together with an octave-spanning spectrum. All
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these aspects make this laser system the ideal source for field sensitive experiments at high
repetition rates, for broadband CEP-stable amplifier seeding and above all for delivering the
few-cycle input pulses for the field synthesizer, presented in the next chapter.

Above all this laser system, an image shown in Fig. 5.18, is intended to be used as light
source for two experiments, shortly introduced below.

Figure 5.18: fCEO-to-zero stabilized laser system; Top: Oscillator with pump laser and interferometer;
Bottom: Extended f -to-2f interferometer (left) and out-of-loop interferometer (right).

5.5 Applications

5.5.1 CEP-dependency of two-photon photoemission spectroscopy

The investigation of coherent optical processes on metal surfaces is a important field of
research since it allows for an understanding of microscopic interactions and the physical
phenomena related to this. The dynamics of such coherent processes, the time-scale ranging
from some femtoseconds to hundreds of picoseconds [Güd08], can be probed by the
interaction of an exited electron with the metal surface – its scattering-induced decay.

Recent achievements in femtosecond laser technologies opened up for probing even
faster dynamics using two-photon photoemission (2PPE) [Rud77], a pump-probe type
spectroscopic method which allows for the investigation of unoccupied electronic states
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located between the Fermi level and the vacuum level of a metal or semiconductor surface.
In comparison to optical spectroscopy this technique allows for a complete characterization
of exited photoelectrons [Güd07].

The schematic principle of 2PPE is shown in Fig. 5.19. A first intense laser pulse (pump)
excites an electron from a metal target to an unoccupied bound level below the vacuum
energy. The dynamic of this electronic state is then probed by a second, but time-delayed
few-cycle laser pulse, which ionizes the electron that can now be analyzed by special
hemispheric detectors in terms of its kinetic energy as well as its emission angle.

Figure 5.19: Principle of two-photon photoemission spectroscopy; A) Pump-probe type measurement
scheme. The ionized photo-electrons are detected by a hemispherical detector in terms of kinetic energy
and emission angle, a typical measurement image is shown in-between; B) Corresponding energy diagram.
The probe pulse excites an electron to an unoccupied state below the ionization energy where it is caught in
an image-potential state. The second, time delayed pulse probes this state and allows for an investigation
of the dynamics.

One of the systems that can be analyzed with 2PPE are ’image-potential states’ which are
quantized electronic states that exist at metal surfaces with a band gap near the vacuum
level. Charged particles in front of the surface of a conductive material will experience a
Coulomb-like attractive image force, since the electric field strength is always orthogonal on
the metal surface. The corresponding potential exhibits energy levels that can be described
by a Rydberg series similar to electrons in the hydrogen atom, named image-potential
states [Gie85]. Since an in-deep theory of two-photon photoemission is beyond the scope
of this thesis, the interested reader is referred to the cited literature and especially the
work done by the collaborating partner from the ’Fachbreich Physik und Zentrum für
Materialwissenschaften’ of the Philipps-Universität of Marburg, Prof. Ulrich Höfer and PD.
Jens Güdde [Güd06, Güd07, Güd08].
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2PPE with oscillator pulses

The Ti:sapphire laser system presented in this chapter will be used for investigations of
the CEP sensitivity of image-potential states, their response to the ultrafast electric field
respectively. Here the exited states will be probed with the CEP stabilized few-cycle laser
pulses to measure the amount of generated photoelectrons depending on the electric field
of the probing pulses. For this kind of investigations the complete pulse train with 100 MHz
repetition frequency of the identical pulses can be used and no pulse picking has to be
utilized to select the suitable pulses or detected photoelectrons. The phase of the applied
few-cycle pulses will be tuned as depicted earlier using a movable BaF2 wedge pair within
the output beam of the laser.

Already a set of measurements have been performed to observe first photo-electrons using
this laser source, but since these are the first experimental approaches using Ti:sapphire
oscillator pulses to drive the whole 2PPE experiment – usually the intense probe pulses are
prepared by an amplified laser system – some experimental aspects have still to be solved
for a successful probing, mainly associated with the low pulse energy of the oscillator pulses.
At present time the most demanding issue for a successful 2PPE with the phase-stabilized
oscillator pulses is the ionization energy of the used metal species, which are e.g. for the
commonly used probing-materials copper (Cu100) and silver (Ag111) in the order of 4 eV,
310 nm respectively. These ionization energies cannot be stemmed by the Ti:sapphire laser
directly and thus one has to rely on multi-photon absorption processes, which is also quite
demanding using the low-energy pulses from a Ti:sapphire oscillator. This laser source could
only provide a photon energy of about 2 eV for driving a direct transition. To minimize or
solve this problem one approach already under test is lowering the ionization energy of the
present targets by e.g evaporating the metal targets with Xenon, resulting in a decreased
ionization energy of about 0.5 eV. Another very promising approach is the use of Cesium
as a target material, since it already features an ionization energy in the order of 2 eV. It is
already in preparation for the experiments.

A different approach could be frequency-doubling the output of the Ti:sapphire laser and
pumping the 2PPE experiments directly with frequencies within the target energy range.
Unfortunately for few-cycle laser pulses and the involved large bandwidths a broadband
frequency-doubling can only be realized with very thin crystals and thus small conversion
efficiencies. Hence using the frequency-doubled output of the few-cycle laser oscillator
would not be a big advance for this experiments.

Since the energy scaling of few-cycle laser sources with the ability for CEP-stabilization is
still ongoing and meanwhile also few-cycle amplifier systems are readily available, a change
to such a novel laser source might be an opportunity if the recent efforts concerning the
oscillator pulses are not successful. Here one very interesting source could be a few-cycle
OPCPA laser system [Sch10], meanwhile delivering sub-8-fs pulses with more than 2µJ at
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143 kHz repetition rate. The thereby used Ti:sapphire master oscillator is similar to the one
presented in this chapter and can be CEP stabilized as well. This system could provide much
more intense few-cycle pulses for the 2PPE experiments, although at a lower repetition
frequency. A CEP conservation was recently demonstrated for the amplified pulses, the
testing of its stability being performed at present time.

Another suitable light source for the intended 2PPE experiments could be the syn-
chronously pumped Ti:sapphire laser oscillator, since it could deliver both, an intense
green µJ-pulse for pumping the system and a synchronized phase-locked CEP-stabilized
probe pulse that can be directly adapted to deliver a pulse train with constant CEP.

5.5.2 CEP-dependency of atomic bound state population

In a second approach to phase dependent physics, the laser system will be used as driving
laser to investigate the CEP dependency of bound atomic state populations. Theoretical
work has shown that the population probability is depending on the carrier-envelope-offset
phase of the few-cycle exciting laser pulse [Nak06]. Recently for single-cycle RF-pulses
this dependency was experimentally demonstrated for the ground state hyperfine levels in
rubidium atoms [Li10]. A successful experimental verification by using optical few-cycle
pulses approaching the single-cycle would allow for probing the atomic response on an
attosecond time-scale using low-energy optical laser pulses.

Figure 5.20 (A) shows a two-level system in the semiclassical picture featuring the quan-
tum mechanical atomic representation with the ground state |0〉 and the excited state |1〉. In
this picture the system is optically pumped by the classical electric field of a few-cycle laser
pulse E(t). The quantum mechanical state |Ψ〉 of this system is a superposition of both states

Figure 5.20: Energy level diagram of a two-level system; A) In the semiclassical picture the two-level
quantum mechanical system is being pumped by a classical electric field of the driving laser pulse; B) The
upper level can be populated by different multi-photon absorption paths, P1 and P2.

with the corresponding population probability amplitudes c0 and c1. The time depending
population probability of the upper level P1(t), is the absolute square of the corresponding
probability amplitude c1(t). This time dependency of the system can be modeled by the
Schrödinger equation, where the population probability amplitudes c0(t) and c1(t) can be
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described by a set of coupled differential equations:

ċn(t) =
−i

ħh

∑

j

µn j E(t)e
i∆ωt · c j(t) n, j ∈ {0,1} (5.4)

with the transition dipole momentum µi j and the transition frequency ∆ω. For probing
such a system with a few-cycle laser pulse, the time-evolution of the population amplitudes
becomes more complex and P1(t) shows a behavior that is clearly depending on the phase
of the incident few-cycle laser pulse.

A physical interpretation of this CEP dependency is based on quantum path interference
[Rou07]. In this regime the population amplitudes can be analytically solved using the time
dependent perturbation theory. Using this ansatz it can be shown that different paths that
can be used to populate the upper level, exhibit different phase terms with respect to the CEP.
Figure 5.20 (B) shows for example two different paths where the three-photon absorption
features a phase-term including 3·φ0 whereas the second path includes an 1·φ0-dependency.
These two paths interfere coherently and the resulting population probability depends on
the carrier-envelope-offset phase of the driving input pulse. The CEP contribution of this
path interference will be modulated with 2φ0 = 3φ0− 1φ0.

Thus by probing a compatible atomic system with the broadband CEP-stabilized laser
system with constant phase and CEP-tuning ability as presented in this chapter, this CEP-
dependency could be measured by detecting the fluorescence of the upper state using e.g.
single photon counting. This can be used to investigate the atomic population and field
response on an attosecond time scale, a first experimental setup in this regard is already
under construction. Using this laser system the measurements can be performed with long
integration times to enhance the number of detected photons. Here no de-population arising
from different phase conditions that would by present for standardly stabilized laser systems
and integrate will limit the measurements. At present time the challenging part is to find a
suitable atomic system that can be excited by the spectral components the laser can provide
with sufficient power to drive the multi-photon absorption processes.
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In this chapter a few-cycle field synthesizer is presented which is an unique combination of
an octave-spanning CEP-stabilized Ti:sapphire laser oscillator with a prism-based double-
LCD pulse shaper and a SPIDER pulse characterization apparatus. This system is capable
to control and manipulate the electric field oscillation of the ultrashort input pulses on a
sub-cycle time-scale to form tailored pulse profiles and sequences.

At the beginning of this chapter the principles of few-cycle pulse shaping and field-
synthesis will be explained, followed by an introduction of the overall field synthesizer
built-up in the scope of this thesis. In the next part of this chapter the experimental results
of waveform- and field-synthesis will be presented showing the system’s potential to form
tailored pulse shapes and sequences in the time and frequency domain for coherent control
and CEO-phase sensitive experiments, next to the ability to control the electric field of the
input pulses below the cycle scale. Here field oscillations approaching the single-cycle with
durations as short as 3.6 fs, which are to the best of our knowledge the shortest pulses ever
generated from a laser oscillator [Rau08a], will be presented, followed by a final discussion
on the field synthesizer and future prospects of this system.

6.1 Waveform and field synthesis principle

As known from Chapter 2.2 the electric field of a few-cycle laser pulse in the frequency
domain can be described by

Ẽ(ω) = A(ω) · eiϕ(ω), (6.1)

what is directly connected via a Fourier-transformation with the time domain representation
of the pulse, described by the pulse envelope and the carrier oscillation underneath. Due
to this relation it is possible to manipulate the temporal representation of the pulse by
controlling its spectral amplitude A(ω) and spectral phase ϕ(ω) in the frequency domain.
From the earlier considerations concerning the carrier-envelope-offset phase (see Section
2.3) it is clear that for few-cycle laser pulses not only their temporal waveform is an
important parameter, the exact position of the maximum of the carrier field oscillation
underneath the envelope is important as well. Thus by tailoring the spectral characteristics
of few-cycle laser pulses together with a stabilization and control of the CEP, all degrees of
freedom of the electric field can be manipulated. Such a field synthesizer is a very powerful
and versatile tool for numerous few-cycle experiments relying on the waveform or the
field-properties of the few-cycle probe pulses.
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6.2 Few-cycle field synthesizer

The schematic overview of the overall few-cycle field synthesizer is given in Fig. 6.1.

Figure 6.1: Overall scheme of a few-cycle field synthesizer consisting of an octave-spanning CEP
stabilized Ti:sapphire oscillator, a double-LCD spatial light modulator, a SPIDER measurement system and
a PC for data analysis and shaper control (electrical connections are indicated by dashed lines).

Seed oscillator of this system is the Ti:sapphire oscillator presented in Chapter 3, which serves
as octave-spanning light source and can be stabilized with respect to its carrier-envelope-
offset phase for electric field control. Within the field synthesizer the phase stabilized
few-cycle pulses undergo a dispersion pre-compensation and beam adaption before they
enter the prism-based pulse shaper in the next part of the setup. Here, the waveform of
the input pulses can be controlled by independently manipulating the spectral phase and
amplitude; this central part of the setup will be explained in more detail below. Finally,
the shaped pulses can be characterized with a home-built SPIDER apparatus or launched
towards the desired experiments. Both, shaper control and SPIDER measurement analysis is
done computer-based and allow for a direct feedback to the spatial light modulator to apply
the desired phase masks to the shaper.

6.2.1 Prism-based octave-spanning pulse shaper

Key element of the few-cycle field synthesizer is a prism-based pulse shaper, that allows
for an independent manipulation of the spectral phase and amplitude, its setup shown
in Fig. 6.2. Central element of this pulse shaper is a double-LCD1 spatial light modulator
positioned in the focal plane of a 4f -geometry [Wei00], more details of this double-LCD will

1 LCD: liquid crystal display



6.2 Few-cycle field synthesizer 81

be given in Section 6.3. Compared to different pulse shaper setups using e.g. gratings and
lenses for the experimental realization, this shaper is capable of maintaining the octave-
spanning input spectra and features a quite high efficiency. A comprehensive overview of
different techniques used for femtosecond pulse shaping and the advantages and limitations
of the technique used here can be found in [Bin06], since the presented pulse shaper is a
further development with respect to amplitude shaping of a previously realized shaper for
phase-only shaping [Bin05, Bin06].

Figure 6.2: Optical setup of the prism-based pulse shaper; f: focal length, LP: linear polarizer, M: mirror,
M660: large focusing mirror (f=660 mm), Mc: focusing mirror, PFS: fused silica prism, PSF59

: SF59 prism,
SLM: spatial light modulator (A/B: display numbers).

As mentioned earlier, for an optimal performance of the pulse shaper the input pulse
beam has to be adapted in terms of dispersion and geometry. For pre-compensation of the
dispersive optics within the setup, especially the highly dispersive SF59 prisms introducing
a second order dispersion of approximately 2350 fs2 @ 800 nm for a material thickness of
8 mm1, the input pulses travel through a fused-silica prism-sequence. This sequence is used
in a double-pass configuration at an apex distance of about 1.25 m and generates a negative
dispersion characteristic that can lower the second order dispersion within the setup into a
range that can be covered by the shaper itself. In the next step the pre-compensated beam is
adapted with respect to a 2 mm beam radius and collimated with an all-reflective telescope

1 Dispersion considerations and plots of the phase-only pulse shaper system using the same optical components
can be found in [Bin06].
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before entering the 4f pulse shaper geometry, that is commonly used in this regard [Wei00].
By placing a collimating optic, a lens or focusing mirror, at a distance corresponding to the
focal length f behind a dispersive element such as a grating or prism, the angular dispersed
input beam first of all becomes collimated. Secondly, due to the focusing properties of
the collimating optics, a line focus will be generated at the focal distance f behind this
element at the Fourier-plane. This element essentially performs a Fourier-transformation
that converts the angular dispersion arising from the prism to a spatial separation at the
focal plane [Wei00]. Such a line-focus is shown in Fig. 6.3. With an initial beam radius of
about 2 mm, a radius at the focal plane of 90µm can be realized for this setup. By building
the shaper symmetrical around this point, overall four times the focal length f is applied
and the 4f -geometry is completed.

Figure 6.3: Picture showing the spectrally dispersed and focused octave-spanning spectrum in the
Fourier-plane at the pulse shaper display. The blue-white left part of the line focus arises from artifacts due
to capturing the infrared part of the spectrum.

For the pulse shaper presented here, a SF59-prism is used to spectrally disperse the input
beam. This prism is located in the focal plane of a first focusing mirror ( f = 660 mm)
which converts the angular dispersion arising from this prism to a spatial separation at
the focal plane, where the display of the spatial light modulator is located. This spectral
separation now allows for independently manipulating the optical frequency components
of the incident femtosecond laser pulse. As said before the pulse shaper setup is build-up
symmetric with a second large focusing mirror and SF59-prism together with an identical
path geometry, guaranteeing the recombination of the frequency components into a single
collimated output beam again. Since this pulse shaper is intended for the manipulation
of few-cycle laser pulses, octave-spanning spectra respectively, the setup is built-up with
prisms and focusing mirrors instead of gratings and lenses, as it can be done for longer
pulses where dispersion and spectral acceptance bandwidth is not as crucial. Since the
focusing mirrors have to be used in reflection with small angles, the setup has to be build up
horizontally folded, using an additional flat folding mirror as shown in the inlay of Fig. 6.2.
Still, after traveling through the overall shaper setup, the available spectral width remains
octave-spanning but is slightly narrowed. Compared to the input spectrum (Fig. 3.5), the
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spectral edges are steeper resulting from spectral clipping within the pre-compensation
prism sequence and the shaper display. The nearly 20 bounces on silver coated mirrors lead
together with the transmittance of the display to an optical throughput of the overall pulse
shaper setup of about 50 %.

Pulse characterization of the field synthesizer is accomplished with a home-built SPIDER
apparatus capable of characterizing few-cycle laser pulses with octave-spanning spectra, as
necessary in this case. For this SPIDER system both, data acquisition and pulse reconstruction
are performed in real-time allowing for a direct feedback of the present pulse characteristics
in the frequency domain, such as SPIDER interferogram, original spectrum, group delay
and group delay dispersion, next to the temporal pulse envelope and pulse duration. These
informations are essential for a system set-up and a proper alignment e.g. of the dispersion
pre-compensation, next to the analysis of the shaped pulses. Also the pulse shaper can
be directly controlled by the SPIDER software, providing the basic routines to compute
the phase masks to be applied to the shaper. For example, to shape a Fourier-limited
pulse with flat spectral phase, the actual SPIDER-measured phase of the unshaped pulse
is inverted, converted to a phase mask and applied to the LC displays. The shaping result
can be analyzed immediately at the measurement software and in case of an unwanted
shaping result it can be dismissed or iterated. Such a shaped pulse with flat spectral phase
is exemplarily given in Fig. 6.7(B).

The pulse shaper and field synthesizer as presented above is in general not limited to seed
pulse energies in the low nanojoule regime, which is typical for broadband Ti:sapphire oscil-
lators. With respect to the used optics, damage thresholds and nonlinearities respectively, the
setup can be used for pulse energies up to some microjoules of any broadband light source
in the present wavelength regime. From the experimental point of view e.g. high-energy
CEO-phase stabilized broadband seed pulses from an OPCPA system [Fuj06, Ada07, Sch10]
would be applicable for a high-energy field synthesizer. This combination would open up
for numerous experiments where higher pulse energies are indispensable.

6.3 Spatial light modulator SLM-S640d

Central element of the octave-spanning pulse shaper is a commercial double-LCD spatial
light modulator (SLM, Jenoptik SLM-S640d), capable of independently manipulating the
spectral phase and amplitude of femtosecond laser pulses. The SLM’s specifications are
given in Tab. 6.1. This device features two separately controllable and mechanically precisely
combined liquid crystal displays with 640 stripe-sized pixels, each featuring a width of
97µm, shown in Fig. 6.4.
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Table 6.1: Double-LCD pulse shaper specifications [Jen06]

Parameter Value

Wavelength range 430 – 1600 nm

Active area 63.7 mm x 10 mm

Number of stripes (pixels) 2 x 640

Stripe size 96.5µm x 10 mm

Gap 3.05µ

Driving voltage (dynamic) 0–8 V (12 bit)

Driving frequency 6 kHz

Each liquid crystal display comprises two electrode plates and a nematic liquid crystal in
between. The transparent stripe electrodes (ITO, indium-tin-oxide) themselves are attached
to glass substrates. The liquid crystal layer thickness is set to 10µm and maintained with a
spacer. A voltage can be applied between the ITO stripe electrodes with 12 bit resolution to
induce an electric field for altering the orientation direction of the liquid crystals in between.
Here an alignment layer causes an initial homogenous orientation of the elongated LC
molecules in a defined direction [Jen06], which tend to have a parallel orientation and
forming an optical anisotropic material. Without an applied electric field, the orientation
of the molecules is parallel to the glass plates along the x-axis. For linearly polarized

Figure 6.4: Liquid crystal display used for broadband manipulation of few-cycle laser pulses; A)
Arrangement of the two independently controllable liquid crystal displays (shown sideways); B) Layout of
the ITO stripe electrode of a single LC-cell. The liquid crystal is disposed between the ITO ground plate
made out of a glass substrate and carrying the optical transparent ITO electrodes [Jen06].

input light traveling along the z-axis the LC molecules act as an uniaxial birefringent
crystal, decomposing input light into two polarizations, one experiencing the extraordinary
refractive index ne (parallel to the x-axis) and the other one the ordinary refractive index
no (parallel to the y-axis). This optical anisotropy ∆n = ne − no can be changed by a
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voltage-controlled deflection of the LC molecules in the xz-plane, away from their initial
position where ∆n is maximal. By this deflection the effective extraordinary refractive index
becomes lowered. Since the molecule orientation is changed in the xz-plane, the ordinary
polarized beam is not affected and a voltage-controllable phase retardation ∆Φ(U) can be
introduced between the two orthogonal polarization states:

∆Φ(U) =
2πd

λ
·
�

nΘ(U)− no
�

, (6.2)

with the LC layer thickness d, the wavelength λ and the effective voltage controlled projec-
tion of ne, nΘ(U).

6.3.1 Independent control of spectral phase and amplitude

For an independent control of amplitude and phase, this concept can be extended by placing
a second LCD back-to-back to the first display, their optical axis oriented perpendicular with
respect to each other and orientated 45◦ with respect to the x-axis, shown in Fig. 6.5.

Figure 6.5: Coupling of two LC cells for independent modulation of amplitude and phase of a linear
polarized incident light wave [Jen06].

This situation can be mathematically described by a Jones formalism which calculates
the output E-field vector according to the input wave traveling through one pixel of the
shaper displays and a linear polarizer. Using this formalism, the output field behind a linear
x-polarizer writes for a linearly x-polarized input wave traveling along the z-axis to1:

~E(t,z) =

�

1
0

�

· cos
�

∆Φ1−∆Φ2

2

�

· ei
�

∆Φ1+∆Φ2
2

�

· E0ei(ωt−kz). (6.3)

Here the first term, denoted in squared brackets, describes the linear polarizer. ∆Φ1 and

1 The exact Jones formalism and considerations can be found in [Jen06].
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∆Φ2 appearing in the second and third term are the controllable display phases (phase
retardations). According to Eq. (6.3) the phase retardation of the first and the second
display act on the amplitude (A) and phase (Φ) of the electric field passing one pixel of the
double-LCD as the following:

A= E0 · AD = E0 · cos
�

∆Φ1−∆Φ2

2

�

; Φ= Φ0+∆Φ= Φ0+
∆Φ1+∆Φ2

2
, (6.4)

with E0 the input amplitude and Φ0 the input phase respectively. AD denotes the display
amplitude transfer function that can reach values between zero and one. ∆Φ gives the
additional phase introduced by the display. In order to realize single phase shaping, for the
display phases results ∆Φ1 =∆Φ2, as it is for a single amplitude shaping ∆Φ1 =−∆Φ2.
For a given amplitude transfer function and phase, the display phases can be calculated by:

∆Φ1 =∆Φ+ arccos(AD) ∆Φ2 =∆Φ− arccos(AD). (6.5)

6.3.2 LCD calibration and shaper control

When using an LCD pulse shaper for few-cycle pulse manipulation, special care has to be
taken in terms of a correct calibration of the overall system, since the spectral components of
the input pulses are spectrally separated for manipulation and spread over the whole display.
First off all a pixel-to-frequency mapping has to be performed, exactly defining which shaper
pixel acts on which frequency component. This pixel-to-frequency mapping is done with
a special phase pattern applied to the shaper display, setting each 50th pixel to π whereas
the other remain at zero. This results in distinct dips within the optical spectrum, that is
simultaneously recorded with high resolution behind the shaper1. Approximately eight pairs
of pixel numbers with corresponding wavelengths of the observed dips are sufficient to
calculate a calibration curve using a second order polynomial fit. This calibration curve
allows for an exact mapping of frequencies and shaper pixels. Secondly, like for any other
diffractive optical element, the LC molecules exhibit a wavelength depended refractive index
and thus the desired phase change for a specific pixel has to account for that dependency
as well. In this regard the optical anisotropy in Eq. (6.2) has to be added by a wavelength
dependency as well:

∆Φ(U ,λ) =
2πd

λ
·∆n(U ,λ). (6.6)

1 More information about this procedure next to the underlying mechanism can be found in [Bin06].
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For these two dependencies of the LC molecules it can be shown that they act in good
approximation independently from each other and can be considered separately [Jen06,
Bin06]. The wavelength dependency ∆n(λ) can be simply computed for any wavelength by
a given fit function related to a reference measurement. This is especially important when
working with octave-spanning spectra spanning from 600 nm up to 1200 nm. To account for
the voltage dependency, a special calibration measurement can be applied for one specific
wavelength, the routine given in [Jen06]. For example, a calibration curve measured with
633 nm light from a HeNe laser is shown in Fig. 6.6.

Figure 6.6: Voltage dependency Γ (U ,633nm) of the phase difference measured for a wavelength of
633 nm. The plot shows the calibration data measured for the present system within the laboratory (red,
blue) next to the manufacturers data (green).

Finally these two aspects can be combined to the following relation:

∆Φ(U ,λ) = Γ633nm(U) ·
633nm

λ
·

∆n(λ)
∆n(633 nm)

(6.7)

Equation (6.7) yield the voltage counts necessary to generate a specific phase difference at
a certain wavelength.

After the shaper is calibrated with respect to the above mentioned aspects, the phase
masks necessary for the desired phase and amplitude shaping can be applied to the shaper
according to the equations given in Eq. (6.5). The last point to be mentioned here is the
right choice of a suitable working range of 2π within the plot given in Fig. 6.6. In this regard
the important aspect is the wavelength dependency of the optical anisotropy again. Please
note here that the calibration plot is given for 633 nm. A phase value of 9.4 rad (3π) @
633 nm increases to 10.2 rad for 600 nm but decreases to 4.4 rad for 1200 nm. In the scope
of this thesis a working range of 0.5− 2.5π was found to be ideally suited for the desired
shaping needs, since an offset from zero is also required to exclude a negative phase value
resulting from Eq. (6.5) (2).
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For the experimental realization, a self-written C++ program allows for a data preparation
for the shaper. The desired phase and amplitude plots are input to the software and processed
to phase masks, voltages pattern respectively, that can be applied to the shaper.

6.4 Pulse-shaping and field-synthesis results

6.4.1 Pulse shaping

In the following paragraphs the results of phase and amplitude shaping are presented.
Here the shaping is performed without stabilizing the seed oscillator with respect to its
carrier-envelope-offset phase. This establishes a waveform synthesizer that allows for the
generation of tailored spectral and temporal pulse shapes next to complex pulse sequences.
Please note, that the presented waveforms can be generated identically with CEP stabilized
input pulses if this would be required for the specific application. The results obtained with
a CEP stabilized laser system in terms of the few-cycle field synthesizer are presented further
below. First experiments using the waveform synthesizer were performed by phase-only
shaping. Nearly Fourier-limited pulses with a flat spectral phase are generated by applying
the inverted SPIDER-measured phase to the shaper. Such a Fourier-limited pulse is shown
in Fig. 6.7. The flattened spectral phase together with the octave-spanning spectrum lead
to a very clean temporal pulse profile with a duration as short as 4.2 fs, shown Fig. 6.7 (B).
The presented spectrum, measured behind the shaper, shows the system’s ability to support
such broadband spectra. Similar results can be achieved for CEP stabilized input pulses as
given in Fig. 3.7, which could be compressed to their Fourier-limited pulse duration with an
average output power of about 45 mW using phase-only shaping as well.

Figure 6.7: Phase-only pulse shaping; A) Available spectrum for pulse shaping experiments together
with flattened spectral phase; B) Corresponding pulse in the time domain featuring a duration as short as
4.2 fs (FWHM), characterized with SPIDER.

In this configuration the system is a very efficient tool for flexible dispersion compensation
and can balance e.g. the dispersion of up to 30 mm bulk fused silica. Thus this system can
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be used e.g. to compensate for the dispersion of input windows to vacuum chambers or a
flexible pulse compression with respect to other optical components within the beam path
towards the experiment. In comparison, a pulse compression setup realized with dispersion
compensating mirrors is usually only appropriate for one specific setup and very inflexible.
Even for minimal changes the mirror sequence has to be adapted or wedges have to be
moved.

Figure 6.8: Pulse sequence generated by phase-only shaping and introducing a sinusoidal spectral phase
to the pulse; A) Spectrum and reconstructed spectral phase; B) Resulting pulse sequence measured with
SPIDER.

By phase-only shaping also various pulse sequences can be generated comfortably. Figure
6.8 shows a pulse sequence that is generated by shaping a flat spectral phase followed by
the introduction of a sinusoidal modulation onto it. In the time domain this results in a
few-cycle pulse sequence where the pulse separation in time is depending on the spectral
phase modulation in the frequency domain. Here the presented experimental results are
in very good agreement with simulated considerations. In the ideal case, for such pulse
sequences the ultrashort input pulse duration is preserved. From the experimental point
of view sometimes it can be more desirable to suppress the central part of the sequence
to obtain only two pulses with controllable delay that are applicable e.g. to the coherent
control experiment. This was realized by applying a more rectangular phase to the shaper,
as presented in Fig. 6.9. Using such a spectral phase shape a clean double-pulse structure in
the time domain could be generated.
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Figure 6.9: Pulse sequence generated by phase-only shaping; A) Underlying pulse spectrum and
modulated spectral phase; B) Resulting pulse sequence in the time domain with a duration for the single
pulses as short as 4.5 fs (FWHM).

As presented by Binhammer et al. also a two-colored double pulse sequence can be
generated by dividing the spectrum and applying a different group delay for each part of
the spectrum [Bin05].

In combination with amplitude shaping pulses with almost any desired spectral or tem-
poral shape can be generated out of the octave-spanning input spectrum. Figure 6.10
exemplary shows a shaped pulse with flat spectral phase and rectangular spectrum, resulting
in a Sinc-shaped pulse in the time domain. The perfect correlation between experimentally
measurement (solid line) and calculated (crossed line) pulse profile shows the potential
of this system to shape clean pulses with controllable spectral characteristics from 600 nm
up to 1200 nm out of one single broadband input spectrum. Next to rectangular spectral
shapes, also triangular and Gaussian-like spectra could be realized with this system.

Figure 6.10: Sinc-shaped pulse generated by a combination of phase and amplitude shaping; A)
Rectangular spectrum with flat spectral phase; B) Measured and calculated Sinc-shaped pulse in the time
domain.

The power of waveform synthesis, combining spectral phase- and amplitude-shaping
respectively, to generate ultrashort laser pulses is shown in Fig. 6.11. Here a pulse as short
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as 3.6 fs is generated by multiplying the octave-spanning input spectrum with a Gaussian
notch filter function centered at 845 nm, enhancing the spectral wings compared to the
center parts of the spectrum. Such an M-shaped spectrum supports shorter pulse durations
compared to flat spectra with the same spectral bandwidth. For the presented data the
Fourier-limited pulse duration for the unshaped input spectrum (dotted blue line) is as short
as 4.0 fs, whereas the shaped M-type spectrum (solid blue line) supports Fourier-limited
pulses as short as 3.4 fs. For this waveform synthesis the spectral phase is again shaped to be
flat to realize a nearly Fourier-limited pulse. This shaped and SPIDER-characterized pulse
with a duration as short as 3.6 fs is to the best of our knowledge the shortest pulse ever
generated directly from a laser oscillator [Rau08a], featuring an electric field oscillation
of the carrier frequency of only 1.3 optical cycles resulting in a considerable CEP contrast
enhancement as presented in the following section. Although the presented results are

Figure 6.11: Ultrashort pulse generated by phase and amplitude shaping; A) M-shaped shaped spectrum
(solid line) and input spectrum (dotted line) with flattened spectral phase; B) SPIDER-characterized pulse
in the time domain, measured to be as short as 3.6 fs (FWHM), the shortest pulse ever generated directly
from a Ti:sapphire oscillator.

very unique and give rise to control the electric field of such ultrashort pulses below the
cycle-scale as presented in the following section, one has to put up with some unwanted
side effects of this technique as well. The biggest issue here is losing considerable pulse
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energy, since this technique is a subtractive technique and shaping can only be achieved
by blocking or attenuating the spectral amplitudes to weight them relatively to each other.
Also for the pulse presented in Fig. 6.11 the applied amplitude mask intrinsically lowers
the available output pulse energy, since nearly 66 % of the power in the center part of the
spectrum is sacrificed due to the M-shaped spectrum. Another side effect of this spectral
shape is that it introduces pre-pulses in the time domain, as it can be seen in the lower part
of Fig. 6.11.

6.4.2 Field synthesis

For the considerations and results presented in the following paragraphs the main focus is
on the ultrashort pulse duration, since the temporal pulse envelope e.g. with a duration as
short as 3.6 fs also defines the boundaries for the electric field oscillations underneath. Thus
to control the electric field below the cycle scale and form field oscillations approaching the
single cycle limit, a pulse duration as short as possible together with CEP stabilized input
pulse are an indispensable prerequisite.

The electric field of the nearly single-cycle pulse from Fig. 6.11 is shown in Fig. 6.12.
Here the electric field oscillation is plotted below the square root of the pulse intensity
envelope. The two inlays show the center part of the pulse for assumed zero and π/2 carrier-
evelope-offset phase1. This pulse exhibits a maximum field contrast (maximum electric field
amplitude difference between zero and π/2 CEO-phase) of about 4 %, a contrast between
positive and negative oscillation direction of 15 % and a duration as short as 1.3 optical
cycles which is 2.7 fs for a carrier oscillation of 375 THz (800 nm).

Figure 6.13 gives a comparison of the central part of the electric field convolution
concerning the maximum field contrast. Here a 7 fs-pulse (A) is shown next to a 4.4 fs-pulse
(B) from Section 3.11 and the 3.6 fs-pulse (C) presented earlier. It can be seen that for
this minimal change in the pulse duration the CEP contrast changes from below 1 % to 3 %
and finally to 4 %, since the boundaries given by the waveform become more and more
steep for shorter pulse durations. For the presented pulses the contrast between positive
and negative direction changes from only 2 % for the 7 fs pulse to 11 % for the 4.4 fs pulse,
whereas the 3.6 fs pulse here features enormous contrast of 15 %. This overall contrast
enhancement for the ultrashort pulse durations paves the way for further experiments
investigating carrier-envelope-offset phase. These field profiles are now ideally suited for
probing various systems in terms of CEP sensitivity and electric field response.

The above presented results are performed with pulses stabilized using the standard CEP
locking scheme, generating a pulse train with reproduced electric field for every 4th pulse
in row. A much preferable seed source for the field synthesizer would be the laser system
presented in Chapter 5, generating a pulse train with constant CEP and carrier-envelope
timing jitter as low as 65 as, since sophisticated pulse picking to select each 4th identical

1 As usual for such considerations the absolute phase can not be distinguished from these experiments, but
can be relatively tuned as presented in Section 5.3.2 and therefore assumed to be e.g. zero.
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Figure 6.12: Electric field evolution of a shaped 3.6 fs short laser pulse; Inlay A) Zoomed-in field
maximum with assumed zero CEO-phase; B) Zoomed-in field maximum with assumed CEO-phase of π/2.

Figure 6.13: Comparison of the maximal electric field contrast for three few-cycle laser pulses with a
duration of 7 fs (A), 4.4 fs (B) and 3.6 fs (C).

pulse could be avoided1. This timing jitter can be directly transferred to the seed oscillator
of this field synthesizer. Since the SNR for the fCEO beat note is even better for this system
and thus the locking-performance, the CEP timing jitter can be assumed to be even in the
order of 50 attoseconds.

1 The laser system with constant CEP was realized in the second part of this thesis and primarily intended for
different experiments, whereas the field synthesis experiments have been performed more at the beginning.
Nevertheless the new system should be 100 % compatible to the field synthesizer and will be used in this
regard for further experiments.
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6.5 Discussion

The above presented results show a very powerful and flexible field synthesizer system
opening up to form tailored pulse shapes and sequences next to the shortest pulses ever
generated directly from an oscillator with a duration as short as 1.3 optical cycles. On the
other hand, together with the ability to control the CEP of the seed pulses with less than
65 as timing jitter, the electric field of the synthesized waveforms can be controlled below
the cycle scale. Next to this, nearly any desired spectral phase and amplitude curve can be
realized within the limits of the system, which are for example the frequency resolution
given by the SLM-display and the shaper setup, the dynamic range for amplitude shaping,
the maximal phase shift that can be applied between the frequency components and a
SPIDER-measurable shaping result.

The potential of this unique system can be further enhanced, since the pulse shaper
setup is directly compatible to different broadband light sources. In this respect another
promising light source would be a broadband CEP stabilized OPCPA system with µJ pulse
energies, as it is already under investigation in the research group [Sch10]. Such a system
with nearly octave-spanning output spectra, more than 2µJ of pulse energy at a repetition
rate of 143 kHz together with the ability of CEP control would highly increase the systems
usability for experiments requiring an increased pulse energy. The drawback arising form
the lossy subtractive pulse shaping technique could be counteracted with such a powerful
seed source, since it delivers sufficient output power that to a certain extend the power-loss
by the shaping process can be tolerated. The associated pulse energies are compatible to the
field synthesizer as well, since the damage thresholds e.g. of the LC-displays are higher than
the thereby involved energies. Of course care has to be taken not to generate white-light
within the used prisms of the dispersion pre-compensation and the 4f-setup.

Nevertheless the field synthesizer exhibits potential for further improvements as well. For
example the SLM can be upgraded to be used in a double-pass configuration. In this regard
a silver mirror can be directly attached behind the shaper plane, reflecting the light back to
the display. This allows for an increased maximal phase change of the displays since they are
passed twice. This double-pass configuration would allow as well for a more compact setup,
since it is folded in the middle. Also the computer control of the shaper shows potential for
further improvements, especially with respect to a more automated operation. At present
time the desired phase masks applied to the shaper are generated manually and loaded
into the software. Here a software add-on allowing for the basic shapes and e.g. an genetic
algorithm automatically optimizing the pulses with respect to the desired experiment, could
further improve the usability and the experimental impact of this system.

Although this field-synthesizer is a very complex system consisting out of several parts,
the stable setup and numerous beam references allow for an easy handling and reproducible
operation, even after long periods without use.
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The goal of this work was the generation and control of few-cycle field oscillations approach-
ing the single-cycle limit.

In this thesis an octave-spanning Ti:sapphire oscillator was realized to deliver broadband
few-cycle femtosecond pulses. At present time this laser system produces to the best of
our knowledge the shortest pulses ever generated directly from a femtosecond oscillator,
featuring a Fourier-limited pulse duration as short as 3.7 fs and a SPIDER-characterized pulse
duration as short as 4.3 fs [Rau08b]. The octave-spanning output spectrum spans more
than one optical octave and exhibits substantial spectral power even above 1200 nm. This
system can be directly stabilized with respect to its carrier-envelope-offset phase without
additional spectral broadening.

The octave-spanning Ti:sapphire oscillator was used to seed a few-cycle field synthesizer,
which is an unique combination of that laser with a prism-based double-LCD pulse shaper
setup that is capable of an independent manipulation of the spectral amplitude and phase
of few-cycle input pulses. A SPIDER measurement apparatus for spectral characterization of
the generated field profiles completes the field synthesizer as diagnostic unit. This overall
system allows for the control and manipulation of all parameters necessary to influence the
electric field of few-cycle laser pulses to generate tailored field oscillations with durations
approaching the cycle-scale. Using this tool it was possible to generate field profiles with a
duration as short as 3.6 fs [Rau08a] and an enhanced electric field contrast of about 15 %
for the CEP stable pulses. The overall modular setup of this synthesizer can easily accept any
broadband laser source for seeding, besides Ti:sapphire oscillators also broadband amplified
systems like OPCPA or NOPA.

Different approaches have been made in this thesis to further enhance broadband
Ti:sapphire oscillators. A synchronously-pumped Ti:sapphire oscillator, pumped by a
frequency-doubled Yb:KLuW thin-disk oscillator, was realized [Bin10], delivering an octave-
spanning output spectrum next to an ability for self-starting, not present for cw-pumped
Kerr-lens mode-locked Ti:sapphire oscillators. Also a self-synchronization of the femtosecond
laser and the thin-disk pump was observed, adding another desirable feature to this system,
since this combined laser source could deliver both, an intense green or infrared pump pulse
together with a synchronized broadband CEP-stabilized few-cycle pulse.

The carrier-envelope-offset phase stabilization of octave-spanning Ti:sapphire oscillators
was extended in this work as well to generate a few-cycle pulse train with constant CEP.
Such a pulse train features an identical electric field profile for each pulse within the train
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and simplifies the experimental application for field sensitive experiments relying on long
integration times. Here sophisticated pulse picking can be omitted and the full available
oscillator power used at full repetition rate for the experiments. For the realized laser
system thereby a self-referenced spectral interference of 1011 oscillator pulses could be
demonstrated in an out-of-loop interferometer [Rau09]. This special few-cycle oscillator
was realized in terms of a scientific cooperation with the Philips University of Marburg to
investigate the CEP dependency of two-photon photoemission on metal surfaces.

The potential to generate few-cycle laser pulses directly from Ti:sapphire oscillators can
be assumed to be fully exploited by the results of this thesis. In order to generate even
broader output spectra from an oscillator, novel concepts have to be found to assist the
Ti:sapphire crystal, for example by combining the gain spectra of different laser crystals
within one resonator. In this regard a very promising approach could be the combination
of a Ti:sapphire crystal with a Cr:forsterite crystal, the combined gain spectra theoreti-
cally allowing to enhance the output spectrum further into the infrared wavelength region
even beyond the telecom window around 1500 nm. Such an enormous spectral output
characteristic would allow for the generation of single-cycle femtosecond laser pulses and
would comprise an usable bandwidth from 600 nm up to 1500 nm. This would be directly
beneficial e.g. for the experiments related to probing the CEP dependency of atomic state
populations with optical pulses.
Also the intra-cavity combination of Ti:sapphire with a nonlinear crystal for frequency con-
version to different spectral regions might be a feasible route for further spectral broadening.

The broadband amplification of few-cycle pulses delivered by Ti:sapphire oscillators can
be already provided by OPCPA systems, whereas pulse energies of some µJ at hundreds
of kilohertz repetition frequency and sub-10- fs pulse durations have already been demon-
strated [Sch10]. The CEP preservation and stability of such amplified broadband few-cycle
sources has already been shown. The concept of the few-cycle field synthesizer presented
in this thesis can be easily transferred to these powerful few-cycle pulses as well and thus
has most relevance to further enhance the experimental impact of this tool, since many
applications in ultrafast science e.g. probing nonlinear light matter interactions, require
an increased pulse energy beyond the typical femtosecond oscillator. Such applications
would directly benefit from a few-cycle field synthesizer delivering µJ pulse energies with
controllable electric field properties of the underlying electric field on the cycle-scale.
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A Few-cycle pulse characterization - SPIDER

Spectral Phase Interferometry for Direct Electric-Field Reconstruction (SPIDER) [Iac98] is
a powerful and mathematical unique technique to characterize femtosecond laser pulses
via a spectral phase reconstruction. SPIDER uses the spectral interference of two delayed
replica of the pulse to be characterized to obtain the desired spectral phase information.
These replica are identical with the exception that their frequencies are shifted - ’spectrally
sheared’ - with respect to each other. The spectral phase information can be extracted from
an interference pattern generated by these two pulses, exemplarily shown in Fig. A.1 (A), at
which the phase information is recorded within the fringe spacing1 and can be reconstructed
by a set of linear functions and transformations.

The required spectral shear between the two delayed pulse replica is generated via a third
copy of the input pulse. This pulse is temporally stretched up to a factor of approximately
103 while propagating through a solid glass block. During a sum frequency generation of the
two replica with the chirped pulse copy in a nonlinear crystal, shown in Fig. A.1 (B), each
of the replica will be up-converted with a different frequency component of the stretched
pulse copy, resulting in a frequency-difference of both, the spectral shear Ω. Ω thereby is
dependent on the delay τ between the two replica and the stretching-amount of the third
pulse copy.

The spectral phase information of the input pulse can be extracted from the interferogram
of the two up-converted pulse replica by a robust phase retrieval procedure introduced by
Takeda et al. [Tak82] using Fourier-transformations, filtering and concatenation (integra-
tion). This linear non-iterative algorithm extracts the phase with a very small reconstruction
error associated with it and even in a noisy environment SPIDER delivers an excellent
performance [And00]. This algorithm first of all comprises a Fourier-transformation of the
interferogram. The desired phase information is included in the two resulting AC sidebands.
Since these are complex conjugates with respect to each other only one, by convention the
positive sideband, is needed to reconstruct the spectral phase of the input pulse. Thus the
negative AC sideband and the DC component can be removed in the second step of the
routine by filtering. By inverse Fourier-transforming the filtered AC sideband and extracting
the argument, the phase term ϕ(ω+Ω)−ϕ(ω) +ωτ can be isolated. An intermediate
step in the retrieval routine is to remove the linear phase contribution ωτ, which arises
from the time delay between the two replica and is present in the extracted argument next
to the desired phase difference. This removal can be done by an additional calibration

1 For two identical replica without spectral shear the interferogram will exhibit a constant fringe spacing ωτ
over the whole spectral range.
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Figure A.1: Principal of SPIDER; A) Interferogram of the two delayed pulse replica, the fringe spacing
including the spectral phase information; B) The two delayed pulse replica are mixed each with a different
slice of the stretched pulse copy within a nonlinear crystal. Two up-converted and spectrally sheared
pulses result.

measurement whereat the two pulse replica interfere without being spectrally sheared. A
interference pattern with constant fringe spacing ωτ will result, whose argument can be
subtracted from the extracted argument of the SPIDER interferogram and only the desired
phase difference θ(ω) will remain.

θ(ω)≡ ϕ(ω+Ω)−ϕ(ω) ϕ(ω)≈
1

Ω

∫

θ(ω)dω. (A.1)

In the last step of the routine the desired spectral phase of the input pulse is reconstructed by
the phase difference given in Eq. (A.1). This can be done following two different approaches,
either by concatenation or integration. For concatenation one initial start frequency ω0 is
being chosen and the the spectral phase ϕ(ω) set to zero. From this starting point ϕ(ω)
can be concatenated for frequencies separated by multiples of Ω [Iac99]. On the other
hand, if the spectral shear is small relative to the structure of the spectral phase, the phase
differences may be approximated the first derivative of the spectral phase. In this case,
the spectral phase can be obtained by integration [Gal01], given in the right hand side of
Eq. (A.1). One advantage of this integration method is that all measured data is being used.
By applying the concatenation in comparison, only a subset of the available data is taken
into account, because the data step size is usually much smaller than the spectral shear Ω.

The last necessary step, which has to be applied to reconstruct the total electric field
of the laser pulse is the combination of the pulse power spectrum and the reconstructed
spectral phase. The Fourier-transformation of this combination yields the desired temporal
representation of the pulse.



B Phase-locked loops

A phase-locked loop (PLL) is a widely used and powerful electronic circuit to synchronize the
phase and thus frequency of a voltage controlled oscillator (VCO) to a reference frequency.
In the scope of this thesis phase-locked loops are used to stabilize Ti:sapphire laser oscillators
– the VCOs – either with respect to their repetition frequency, tunable by a voltage controlled
resonator length change or their carrier-envelope-offset phase, assessable by a voltage
controlled pump power.

A PLL in general is capable of tracking the input frequency and pulling the VCO frequency
according to this reference. In the ideal case the frequency spectrum of the VCO is addition-
ally cleaned-up with respect to the input spectrum [Ega98] and thus stable and noise-less
reference signals are highly regarded for this type of operation. The other way round a PLL
can also be used to clean up a noisy input frequency by tracking this signal by a VCO with
better noise characteristics and use this signal for further processing. Such PLLs are used for
e.g. signal demodulation.

A schematic of a classical PLL is given in Fig. B.1. It consists out of three main elements, a
phase detector (PD) which compares the phase of a periodic input waveform to the phase
of the VCO signal and generates an error signal proportional to the phase difference of
both. The loop filter (LF) filters and possesses the phase detector output to generate the
VCO control signal. The design of this loop filter, in most cases a complex regulator unit,
is mainly responsible for the PLL characteristics and locking behavior. The VCO, the third
crucial element than changes its frequency according to the control voltage and feed back
to the phase detector. The frequency change is of that kind that the resulting phase error
becomes smaller, since this techniques uses a negative feedback.

Figure B.1: Schematic diagram of a phase-locked loop consisting of the phase detector (PD) a loop filter
(LF) and a voltage controlled oscillator (VCO), the latter representing the laser oscillator to be controlled.

For a locked loop the control voltage sets the average frequency of the VCO exactly equal to
the average frequency of the input signal [Gar05].
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B.1 Phase detector

As already mentioned, the phase detector within a PLL generates an error signal that is
proportional to the phase difference between the input signal waveform and the VCO signal
waveform. To get an understanding of the fundamental idea, a frequency multiplier holds
for a simple version of a phase detector. For two input waveforms with nearly similar
frequencies the output of such a phase detector will be a series of several multiplication
terms, half of them related to the low-frequency difference of both signals and the others
located at twice the input frequencies. For PLL concerns only the difference-frequency terms
are important since they contain a phase difference dependency as given in Eq. B.1. The
’ripples’ at twice the input frequency can be simply filtered from the output signal.

The phase term contained within the output of a multiplier phase detector for two input
signals with equal frequency but different phases φ1(t) and φ2(t) writes to:

sout(t) =
KDA1A2

2
· sin

�

φ1(t)−φ2(t)
�

+ ... (B.1)

With KD the gain of the multiplier and A1 and A2 being the input signal amplitudes. This DC
signal changes depending of the phase difference between the two input signal waveforms
and can be use to drive a PLL1 by changing one of the frequencies that a constant DC value
results. From Eq. (B.1) it becomes clear that the output DC signal of the multiplier is also
depending on the input signal amplitudes, a negative characteristic of a multiplier PD, since
changes within these amplitudes will influence the lock of a PLL.

In modern state-of-the-art phase detector ICs the operation principle is different and more
complex. This class of PDs, called sequential, is often referred to as digital PDs and the PLLs
as digital PLLs. These phase detectors generate their output signal solely depending on the
timing between the transition of the input signal waveform and the transition of the VCO
waveform [Gar05], other characteristics do not contribute to the PD output, delivering a
stable operation of the PLL. Such devices are build-up from digital logic circuits like flip-flops
or gates. The error signal generation of such a sequential PD is illustrated in Fig. B.2 (A)
exemplarily for an RS flip-flop. The resulting output signal θd cannot be used as applicable
driving voltage for the VCO. Here a useful output is the DC average voltage Vd on the output
terminal of the flip-flop[Gar05], given in Fig. B.2 (B):

Vd =
VHθd

2π
= Kd · θd (B.2)

For this type of phase detectors the linear range is centered at θd = 180◦ and the phase
detector gain is Kd = VH/2π, its units in [V/rad]. Kd is a very important parameter for phase-

1 The full analysis of a multiplier PD containing all multiplication terms can be found in [Gar05] and with
illustrating waveforms in [Lan02]
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Figure B.2: Sequential phase detector; A) Waveforms in an RS flip-flop phase detector taken from
[Gar05]. The output θd is shown for four phase differences. Negative transitions of the input signal
waveform sets the flip-flop into true state, whereat negative transitions at the second input resets the
device to false state again; B) Output curve of a flip-flop phase detector what is the DC average output of
the output terminal of the flip-flop.

locked loops and also their application within the scope of this thesis, see Section 3.2.2. This
is because Kd is independent from the working frequency. Thus for a repetition frequency
stabilization the overall ’phase resolution’ can be increased by choosing a higher harmonic
of the native frequency for locking. Because the phase of the high harmonic frequency can
be resolved equally, the resulting resolution for the native frequency is increased about the
harmonic order, compared to locking directly at the fundamental frequency. The stabilization
in this thesis for example is performed at 1.3 GHz instead of locking at the fundamental
repetition frequency of 81.25 MHz. Thereby the resolution is increased by a factor of 16.

B.2 Loop filter – PI(D) regulator

The loop filter (LF) determines the performance of the PLL. First of all the loop filter
generates an usable output signal from the phase detector such as filtering for higher
frequency ripples or converting the discrete signals from a sequential phase detector into
an applicable DC voltage. On the other hand the loop filter is responsible for the PLL
characteristics in terms of bandwidth, settling time, gain, tracking performance and noise.
These characteristics are determined by the chosen filter / regulator design that can be
simple linear or a complex higher-order filter arrangement. A comprehensive discussion on
different types of PLLs and filter orders including their theoretical treatment is beyond the
scope of this thesis ands can be found in [Ega98, Gar05].
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