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Ultrafast laser pulses have become an integral part of the toolbox of countless la-
boratories doing physics, chemistry, and biological research. The work presented here
is motivated by a section in the ever-growing, interdisciplinary research towards under-
standing the fundamental workings of light-matter interactions. Specifically, attosecond
pulses can be useful tools to obtain the desired insight. However access to, and the utility
of, such pulses is dependent on the generation of intense, few-cycle, carrier-envelope-
phase stabilized laser pulses. The presented work can be thought of as a sort of roadmap
towards the latter.

Initially, a seed source, i.e., an ultrafast laser oscillator will be discussed. Few-cycle
pulses, ∼10 femtoseconds, are already commercially available therefore the focus of this
section will be increasing the energy. The fundamental limitations of energy available
directly from the oscillator will be explored theoretically, and experimentally. Within
such timescales, the relationship between the pulse envelope and the oscillating electric
field becomes relevant in light-matter interactions. This thesis will discuss the physics
of this relationship between carrier and envelope of the pulses, as well as methods used
to measure, and further stabilize this.

With few-cycle, carrier-envelope-phase stabilized pulses the challenge of increased
intensities through amplification will be approach through two different methods. At
this point the roadmap takes two separate paths following separate types of amplifica-
tion appropriate for such sources.

The first path is through laser amplification which, in itself, will focus on two
goals: i) maximizing the amplifiable bandwidth, followed by a compression technique
to achieve few-cycle pulses at the output and ii) maintaining the carrier-envelope phase
relationship through the amplification process. The second path for increasing the os-
cillator pulse energy is through optical parametric amplification. The critical challenge
in parametric amplification lies in the development of a proper pump source, and this
will dominate the final chapters of this work.

Pump sources for optical parametric amplification vary wildly depending on the
desired output parameters. Towards the desired few-cycle pulse durations, the pump
itself should generate ultrafast, intense pulses. Therefore a picosecond (ps) pump for
optical parametric amplification becomes the main goal of this pathway. Moreover, pro-
per pumping for the ps pump is of critical importance, and the bottleneck of such a
system. As circular as it appears at first glance, the pump source for the ps pump of the
optical parametric amplifier is the barrier that must be overcome for efficient amplifi-
cation using this technique. Therefore, the design, development, and implementation of
the pump module for the ps pump dominate the second path towards higher intensities
discussed in this work.

In summary, this thesis aims to be a roadmap covering multiple pathways towards
the generation of pulses needed as the driving sources for attosecond experiments. From
the oscillator which provides the broadband seed to amplification methods, the integral
pieces are discussed. A range of topics from the fundamentals to design challenges is
presented, giving a toolbox towards the practical implementation of an intense few-cycle
carrier-envelope-phase stabilized laser source.
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Ultrakurze Laserpulse sind heutzutage zu einem bedeutenden Werkzeug in vielen
Bereichen der Forschung in Physik, Chemie und Biologie geworden. Die vorliegende Ar-
beit ist von einem Teil des wachsenden, interdisziplinären Forschungszweiges motiviert,
der auf ein tierferes Verständis der Wechselwirkung von Licht und Materie hinarbeitet.
In diesem Zusammenhang sind insbesondere Attosekundenpulse ein nützliches Werk-
zeug. Allerdings hängt die Verfügbarkeit und Anwendbarkeit solcher Pulse von der
Erzeugung intensiver, kurzer Laserpulse mit konstanter Träger-Einhüllenden-Phase ab.
Die vorliegende Arbeit kann als eine Art Fahrplan in diese Richtung angesehen werden.

Zuerst wird die Erzeugung der Ausgangspuls am Beispiel eines ultraschnellen Laser-
Oszillators diskutiert. Da Pulse von wenigen Zyklen Dauer (hier ca. 10 Femtosekunden)
bereits kommerziell verfügbar sind, liegt der Fokus dieses Abschnitts auf der Erhöhung
der erreichbaren Energie Die fundamentalen Beschränkungen der mit einem Oszillator
erreichbaren Pulsenergie werden sowohl theoretisch als auch experimentell untersucht.
Auf den hier betrachteten Zeitskalen spielt der Zusammenhang zwischen der Einhüllen-
den des Pulses und dem oszillierenden elektrischen Feld eine Rolle für Licht-Materie-
Wechselwirkungen. Die Arbeit diskutiert der Physik Träger-Einhüllenden-Phase und
Methoden zur Messung und Stabilisierung derselben. Sobald solche Pulse verfügbar
sind, wird die Herausforderung der Intensitätssteigerung durch Verstärkung angegan-
gen. An diesem Punkt zeigt der Fahrplan zwei verschiedene Pfade auf, die unterschied-
liche Verstärkungsmethoden beschreiben.

Auf dem ersten Pfad wird die Laser-Verstärkung beschrieben, wobei zwei Ziele im
Vordergrund stehen: i) Maximierung der Bandbreite, gefolgt von einer Kompressions-
technik, um Pulse von wenigen Zyklen Dauer zu erreichen, ii) Beibehaltung der Träger-
Einhüllenden-Phase während des Verstärkungsprozesses. Der zweite Pfad zur Erhö-
hung der Ausgangspulsenergie besteht in optisch-parametrischer Verstärkung, wobei
dass Hauptaugenmerk auf der Erzielung höherer Energie liegt. Die größte Herausfor-
derung in der parametrischen Verstärkung besteht in der Entwicklung einer geeigneten
Pumpquelle. Dieses Thema wird die letzten Kapitel der Arbeit bestimmen.

Für die gewünschten Pulse von wenigen Zyklen Dauer sollte die Pumpe selbst ul-
trakurze, intensive Pulse bereitstellen. Das Hauptziel dieses Abschnittes ist daher ein
Picosekunden (ps)-Pumplaser für optisch-parametrische Verstärker das Hauptziel dieses
Zugangs. Hinreichendes Pumpen der ps-Pumpe ist von entscheidender Wichtigkeit und
stellt den Flaschenhals des Systems dar. So sonderbar dies zunächst klingen mag, ist die
Pumpquelle des ps-Pumplasers die zu überwindende Grenze für effektive Verstärkung
mittels optisch-parametrischer Prozesse. Deshalb ist der zweite Pfad des in dieser Ar-
beit vorgestellten Fahrplans vom Entwurf, der Entwicklung und der Implementierung
des Pump-Moduls für den ps-Pumplaser bestimmt.

Kurz gesagt soll diese Arbeit einen umfassenden Fahrplan für die Erzeugung von
Pulsen bieten, wie sie für Experimente in der Kurzzeitphysik benötigt werden. Begin-
nend mit dem Laser-Oszillator zur Bereitstellung der breitbandigen Ausgangspulse bis
hin zu verschiedenen Verstärkungsmethoden werden die wesentlichen Bestandteile er-
läutert. Eine Reihe von Themen von den Grundlagen bis zu Design-Herausforderungen
wird präsentiert, um dem Leser einen Werkzeugkasten zum Aufbau einer Quelle von
ultrakurzen, Träger-Einhüllenden-phasenstabilisierten Laserpulsen an die Hand zu ge-
ben.
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Chapter 1

Introduction

Ultrafast laser science saw it’s theoretical introduction in 1964 with the first concept
of mode locking [1]. In the past 40 years the experimental progression of ultrafast
lasers has seen advances through three timescales. The first experimental observation
of pulses in the picosecond (ps)1 regime was in 1972. Through passive mode locking of a
dye laser 1.5 ps pulses were achieved [2]. In 1987 using extra-cavity pulse compression
and phase compensation the timescale of femtoseconds (fs)2 was reached. By 1991
Spence and Sibbett demonstrated Kerr lens mode locking which allowed for 60 fs pulses
directly from an oscillator [3]. Kerr lens mode locked lasers saw another revolution with
the introduction of intracavity dispersion management by chirped mirror technology in
1995, allowing for sub-10 fs pulses directly from an oscillator for the first time [4]. The
next timescale, while theoretically shown in 1993 [5] took the development of high
efficiency diode pumped solid state lasers to reach the needed intensities for processes
like high harmonic generation, to generate attosecond (as)3 pulses.

Since the turn of the century attosecond science has become an extremely active
research field including metrology [6], control of electronic processes [7, 8, 9], and im-
proved attosecond sources [10, 11, 12] a review of the field can be found in reference [13].
The generation of attosecond sources relies heavily on front end few-cycle laser pulses.
Lasers with output pulse durations under ten fs have seen significant development, and
commercially available systems have become workhorses of ultrafast laboratories world-
wide. At the typical central wavelength of a 800 nm a single cycle of light is 2.7 fs in
duration, therefore oscillators capable of producing ∼ 5 fs pulse durations are already
within the few-cycle regime.

Peak power direct from a fs oscillator can reach 1014W/cm2, however many strong-
field phenomena need substantially higher power [14], necessitating amplification. Due
to the inverse relationship of the bandwidth of a pulse, to the pulse duration (∆ν = 1/τ )
in order to generate intense few-cycle pulses the bandwidth of the pulse should be max-
imized during amplification. This causes complications when using laser amplification,

11 ps = 10−12 seconds
21 fs = 10−15 seconds
31 as = 10−18 seconds
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1. INTRODUCTION

as the peak energy of an intense few-cycle pulse can easily reach the damage threshold
of the amplifying material.

In 1985 the achievable energy by laser amplification was revolutionized by the in-
troduction of chirped pulse amplification [15], where the pulse is temporally stretched
prior to amplification. The method of chirped pulse laser amplification comes at the
cost of the need for recompression after amplification to decrease the pulse duration.
An alternative approach, namely optical parametric amplification avoids some of the
intrinsic disadvantages of laser amplification and has proven to be a valuable method
for generation of few-cycle high energy pulses [16, 17, 18]. In addition to the restric-
tions on the pulse durations, and intensity, once a laser pulse is on the order of a few
optical cycles the slowly varying envelope approximation breaks down. This means the
relationship between the pulse carrier envelope and the underlying oscillating electric
field becomes critical not only to measure, but stabilize.

This work will focus on improvements to a chain of critical pieces used for pro-
gression in generating ultrashort, high-energy, waveform controlled pulses. Two sep-
arate paths towards the generation of such “intense few-cycle carrier-envelope-phase-
stabilized laser pulses” will be presented in the following chapters. A flow chart can
of which can be seen in figure 1.1, in which the components directly addressed in this
work are highlighted in red.

First the need for a few-cycle “seed” oscillator will be discussed including the work
that was done to improve on the existing technology. This will include the collaborative
work done on i) improving the carrier-envelope-phase stabilization levels achievable, and
ii) using the carrier-envelope-phase slip measurement as an intracavity power meter.
Following by two types of amplification are presented, specifically laser and optical
parametric amplifications and their respective advantages and disadvantages as a means
for achieving multi-millijoule (mJ) pulse energies. Finally, the majority of the work will
focus on the design and development of a pump laser for an optical parametric amplifier,
as the pump laser is the limiting component in this technique. This pump laser is a
regenerative amplifier based on thin disk technology which drives the motivation for
the development of a new pump module that concludes this work.

Chapter 2 will start with an investigation of a Kerr lens mode-locked Ti:Sapphire
oscillator. The results of the theoretical investigation give insight for a new cavity de-
sign, which allows for increased pulse energies from such an oscillator while maintaining
the broad spectrum. Chapter 3 will provide the theoretical background necessary to
understand what the carrier-envelope phase is, how to stabilize the jitter of the carrier-
envelope-phase slip from an oscillator, and maintain this through amplification. Chap-
ter 3 will also show the revolutionary technique of carrier-envelope phase stabilization.
The new technique was contrived by Günter Steinmeyer, et. al, and using our theoreti-
cal and experimentally developed Ti:Sapphire oscillator collaboratively we have shown
a factor of five better stabilization than previously published techniques [19]. This col-
laboration lead to further investigations presented in Chapter 4. Initial questions on the
effect the noise from the pump laser of the Ti:Sapphire has on the stabilization levels
achievable [20] initiated a reversal in thinking. Chapter 4 will discuss the measurement
of the carrier-envelope offset frequency as an accurate intra-Ti:Sapphire-cavity power
meter rather than as parameter of the oscillator.
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Figure 1.1: Flow chart of the main points of this work - Two paths towards few-
cycle intense carrier envelope phase stabilized pulses. The parts which are dealt with
directly in this work are outlined in red.
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1. INTRODUCTION

Amplification of the carrier-envelope-phase stabilized few-cycle pulses becomes the
next challenge to achieve the desired intensities. Chapter 5 should provide the the-
oretical background necessary to interpret the following experimental multiple pass
amplifier presented in chapter 6. The issues of compression of the pulse via hollow fiber
compression after amplification to multi-mJ energies will also be presented in chapter 5,
and the experimental realization of 1.9mJ, 2.1 cycle, carrier-envelope-phase stabilized
output pulses will be shown in chapter 6, and is published in [21].

In addition chapter 5 will discuss the second path one could take towards generation
of the desired pulses, optical parametric amplification. A major challenge in optical
parametric amplification is the development of a suitable pump source, which will be
the subject of the remainder of this work.

Chapter 7 shows the theoretical background for the choosen laser technologies used
in the pump laser given the following limitations of optical parametric amplification:

• amplification only occurs when the pump and seed sources are temporally over-
lapped

• amplifier output powers are proportional to the pump power available

• a high quality spatial beam profile of the pump is required

In order to address the temporal restriction the pump laser was designed in order to have
the shortest possible pulse durations. A shorter pulse duration of the pump means the
temporal stretch of the seed laser, originally fs, can be minimized. Minimal stretching
of the seed reduces the added complexity of the overall system from stretching and
compression schemes.

In addition, the original design of the pump laser was to allow for simplification
of the timing synchronization of the seed and pump lasers. This simplification was
envisioned by using the same seed source to seed the amplifier and the pump laser, as
shown in reference [22]. In order to achieve the desired intensities thin disk technology
was identified as the best candidate for the regenerative amplifier design due to the en-
ergy scalability. Chapter 8 shows the experimental results of the regenerative amplifier
built up around a commercially available thin disk diode pump module.

While thin disk technology was developed in the 1980s [23] there is still difficulty in
seamless switching between a continuous wave cavity and a pulsed operation regenera-
tive amplifier using the commercially available thin disk pump module. This motivated
the improvement of the integral part of a thin disk laser, the pump module. The design,
evolution, and implementation of the homemade thin disk pump module is the subject
of chapter 9. Chapter 10 will wrap up with the results of the homebuilt pump module
run in the same cavity under continuous wave as well as regenerative amplification
operations. A summary and a brief outlook will compose the final chapter.

In summary, the current work can be described as a full investigation of methods
for the generation of intense few-cycle carrier-envelope-phase stabilized pulses. The
current innovations start at the front end of the system with the increased waveform
control of the seed source, and the fundamental implications that invites. This carrier-
envelope-phase stability can then be maintained to comparable levels of that directly
after the Ti:Sapphire oscillator throughout a traditional laser amplification scheme,
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with special attention payed to the ability to recompress to the few-cycle regime at the
resultant high intensities.

As another approach, the Ti:Sapphire oscillator can be used as a simultaneous seed
of the pump and the optical parametric amplifier. The pump for the optical parametric
amplifier, being the most restrictive component, has been designed for the desired high
intensities while minimizing the detrimental effects that are inherent when working
with such powers. The main component of the thin disk technology based pump, the
pump module, was developed with the ability to transition between continuous wave
and pulsed operations. The design improved thermal load management, a limiting
factor for intensities, and a multiple pump pass geometry that lends itself to further
use in a multiple seed geometry was developed and implemented.
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Chapter 2

Broadband seed source

Moulton et al. were the first to show the utility of Ti:Sapphire as a laser gain medium
[24]. Since that time it has become standard for the generation of ultrashort laser
pulses through active or passive mode locking. This is due to a variety of material
properties including the nonlinear index of refraction, excellent thermal properties,
and most notably, a relatively large available bandwidth.

In this work fs pulse durations are achieved through the process of Kerr lens mode-
locking (KLM), the general theory of which has been established in various texts and
scientific journals, and is extraneous here. For a thorough description of KLM the
reader is referred to ultrafast laser textbooks [25, 26]. However, as KLM is a nonlinear
process a discussion of the linear assumptions used will be addressed in section 2.1.
The cavities discussed in the current work are self-mode locking, i.e., a soft aperture
initiates amplitude modulation, which incurs self-phase modulation (SPM). In addition,
the oscillators discussed are based on chirped mirror technology wherein the dispersion
control is done through chirped mirrors which introduce group delay dispersion (GDD)
[4].

The KLM broadband Ti:Sapphire oscillator is the necessary seed for both laser and
optical parametric amplification (OPA) schemes discussed in this work. In addition,
by splitting the 1030 nm component from the oscillator to seed the OPA pump laser,
temporal overlap of the seed and the pump of the OPA becomes simpler [27]. To this
end, the development of a higher energy Ti:Sapphire oscillator while maintaining a
broad bandwidth is presented in section 2.3, based on the theoretical understanding of
a model oscillator presented in section 2.2.

2.1 Ti:Sapphire oscillator theory
For most laser designs, linear Gaussian beam propagation within the paraxial approx-
imation is sufficient. A discussion of the validity of the paraxial approximation as well
as a description the method of “ABCD” matrix propagation and the relevant matrices
used is found in Appendix A. For simplicity we use purely linear Gaussian propagation
techniques. To justify that a comparison of nonlinear and linear techniques follows.
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2. BROADBAND SEED SOURCE

n0 n2 (10−16 cm2/W)
Al2O3 1.76 3.2
YAG 1.83 6.9
BBO 1.6 2.9

Table 2.1: Linear and nonlinear indices of refraction
Materials used in this work, Sapphire (Al2O3),Yttrium aluminum garnet (YAG), and

β Barium borate (BBO). Values from reference [29].

The intensity dependent index of refraction can be described simply, neglecting
dimension by

n = n0 + n2I, (2.1)
where n0 is the linear index of refraction which describes the speed of light through a
medium, and n2 is the nonlinear index of refraction[28]. Table 2.1 lists the linear and
nonlinear indices for materials used in this work. It can be seen that the nonlinear index
of refraction is very small in absolute value compared to the linear index of refraction,
however the perturbation to the overall index of refraction cannot be automatically
ignored as it is scales with intensity.

The commercially available Ti:Sapphire oscillator that serves as a model for the
oscillators developed here (FEMTOSOURCE rainbowTM, Femtolasers GmbH) has in-
tracavity peak powers of ∼3MW, corresponding to a intensity in the focus of the crystal
of 2.4 × 1011W/cm2. So in the focus of the crystal of such a system, the total index of
refraction increases only by a factor of 10−5. Whether or not this effect is negligible in
the design of this type of KLM laser is the subject of the following section.

It is often convenient to separate the description of a Gaussian beam into time
and spatial domains. The spatial description used in the linear Gaussian propagation
techniques in Appendix A are carried directly to the nonlinear regime, assuming the
nonlinear process is confined to the region of the gain medium. A schematic of the gain
medium can be seen in figure 2.1 where the laser propagates in the z direction.

It is assumed both n0 and n2 are constant along z as the medium is uniform. Across
the medium the index of refraction varies with intensity according to equation 2.1. It
has been shown that a parabolic response is a valid approximation [30, 31] for the
intensity dependence of n2. From this parabolic response the analytical solution gives
the material response matrix in terms of a gradiated index of refraction (GRIN).

?
cos γz (n0γ)−1 sin γz

−(n0γ) sin γz cos γz

?
(2.2)

Where γ = d
?
n2/n0 and d is the thickness of the crystal. A full numerical solution

of the intensity dependent propagation was performed in reference [32]. It was shown
that the GRIN matrix gives an analytical equivalent to a numerical solution where the
crystal is sliced into very short distances each of which acts like a lens of different focal
lengths dependent on the input profile from the previous lens section, as represented
in figure 2.1.
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2.1 Ti:Sapphire oscillator theory

Figure 2.1: Visual representation of slices of the lens approximation for Kerr
nonlinearities - Both the linear and nonlinear indices of refraction are constant along
the propagation direction. The total index of refraction is gradiated along the transverse
direction. The crystal is cut into slices each with a lens that is dependent on the input
power from the previous slice. Analytical solutions using the GRIN matrix are equivalent
to a numerical solution assuming a system of lenses of varying focal lengths.

The oscillating behavior obvious in the sinusoidal nature of the GRIN matrix, 2.2,
can be visualized in the lens approach as follows. This series of lenses continues to
focus the beam down until the beamsize is smaller than the steady state solution,
or diffraction dominates. The beam will then diverge until the beam becomes larger
than the steady state value, wherein focusing once more occurs resulting in alternating
focusing and defocusing in the axial z direction [30].

For our purposes the accuracy of purely linear techniques with and without the
analytical GRIN approximation were compared theoretically. The system used for
investigation was an idealized rainbowTM, the linear representation of which can be
seen in figure 2.2. A linear representation used for determining the beam parameters
q as discussed in Appendix A allows for a full description of the beam throughout the
propagation of the cavity given each portion of the cavity is treated separately. The
pump radiation is focused into the Ti:Sapphire crystal with two cavity “head” mirrors
M1 and M2 of equal focal length f . The distance between these mirrors has to be close
to 2f+g where g is the stability parameter. In terms of stable resonator design (see
Appendix A),

g = A+D

2 (2.3)

falls between -1 and 1 when the cavity beam parameters are self-consistent, where A
and D are the diagonal elements of the overall propagation matrix M =

?
A B
C D

?
[30].

A comparison of the stability parameter when modeling the cavity in a purely linear
approach versus the analytical GRIN approximation can be seen in figure 2.3. It is
interesting to note that the theoretical behavior follows what is empirically seen when
transitioning between continuous wave (CW) and mode-locked operation of a KLM
Ti:Sapphire laser. In order to maintain stable mode-locking one of the curved cavity
mirrors is translated a small distance (∼0.5mm) with respect to the optimum CW
operation position. This is done asymmetrically where the crystal is positioned near
the center between M1 and M2 and optimized for maximum CW output power. The
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2. BROADBAND SEED SOURCE

Figure 2.2: Linear representation of the idealized Ti:Sapphire oscillator - Mirrors
M1 and M2 focus into the crystal represented with the red block. For propagation each
length section (L1-L5) is calculated separately.

asymmetry is insignificant in terms of focusing into the crystal as the Rayleigh range
(zR = λw20/λ) is more than three times as large as the mirror position offset. Figure 2.3
shows the translation in stability range position between the CW, or linear stability
region to the mode-locking regime which is induced by the optical Kerr effect. In
addition, when operating such an oscillator an improvement in beam profile from CW
to mode-locking regime is often observed.

Figure 2.3: Stability diagram comparing fully linear and nonlinear cavity de-
signs - The stability parameter versus offset from the focal point of the curved mirrors
in an idealized rainbow cavity. Without accounting for Kerr lensing the stability range is
broader than the narrowed range when including the Kerr lens by using the GRIN ma-
trix. The arrow shows the change in focusing mirror distance when switching from CW to
mode-locked regimes which is done experimentally to obtain stable mode-locking.

Once an optimum distance between the head mirrors is determined using the linear
representation the beamwaist w0 is plotted as a function of cavity position, as seen in
figure 2.4. It can be seen in the right panel of figure 2.4 that the beamwaist within
the crystal is not significantly different when using the linear versus nonlinear approx-
imation. As neither the stability regime, the cavity beamwaists, nor focus position
within the gain medium differ significantly between the fully linear and the nonlinear
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2.2 Initial conditions and geometrical evaluation for a Ti:Sapphire
oscillator

Figure 2.4: Linear and nonlinear beamwaist comparison - Left: Propagation
through two cavities identical except that one gain medium is modeled as isotropic, and
the other with a gradiated index of refraction. Right: zoom in of the crystal region, no
significant change in beamwaist or focus position is observed.

approximation simple linear Gaussian propagation was used for further cavity designs.
The temporal domain manifestation of the optical Kerr effect, or self-phase modula-

tion (SPM), in conjunction with management of the intracavity group velocity disper-
sion (GVD) is what allows for ultrashort pulse durations at the output of the oscillator
[25]. In the context of laser design SPM is not discussed here, as the chirped mirrors
that are used for control of this balance were empirically determined based on previous
knowledge within the group. However SPM will be discussed in context of hollow fiber
compression of pulses in order to reach the few-cycle pulse regime in chapter 5.

2.2 Initial conditions and geometrical evaluation for a
Ti:Sapphire oscillator

The goal of this analysis is to increase the energy output from the Ti:Sapphire oscillator
while maintaining the ultra broadband spectral bandwidth. As long as the fluence
in the crystal is maintained the same nonlinearities should be present. Therefore, a
similar broad bandwidth should be achievable. The way to accomplish this increase in
power is through increasing the beamwaist in the crystal region of the cavity allowing
for increased pump powers with the same fluences. Initially, a model rainbowTM was
investigated to compare with theory, and to determine intracavity powers and thermal
lensing limitations. Then upscaling of the beam diameters within the crystal region
was theoretically investigated in terms of adjustable parameters in the cavity.

A schematic of the rainbowTM that was used for initial investigations can be seen
in figure 2.5. The Ti:Sapphire is pumped with up to 5W of 532 nm light (Verdi V5,
Coherent Inc.) by focusing the pump beam into the crystal. Both M2 and M1 have a
focal length of 50mm. The Ti:Sapphire crystal is placed offset from the center of the
52mm distance between M1 and M2 by 0.5mm away from the pump. The focusing
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2. BROADBAND SEED SOURCE

Figure 2.5: Schematic of the model Ti:Sapphire oscillator - Two focusing mirrors
M1 and M2 are placed at minimal angles to focus into the crystal. The cavity is folded
upon itself to achieve the proper cavity length with 0◦ incidence directional mirrors. The
end mirrors of the short and long arms are M3 and the output coupler (OC) respectively.

mirrors are at a half angle of incidence of 6.75◦. From M2 the beam is directed to the
end mirror M3, this distance of 722mm is the short end of the cavity. The long arm of
the cavity is nearly 2 times that length at 1141mm and consists of the path from M1
to the output coupler (OC). The OC is specified for 10% output coupling at 790 nm.
A combination of chirped mirrors used to counteract the positive dispersion acquired
mostly inside the Ti:Sapphire crystal. Two intracavity wedges are placed at Brewster’s
angle (∼ 56◦ for glass) inside the cavity for fine tuning of the dispersion in operation
for optimizing the net GDD to near zero, allowing for the broadest spectral bandwidth
from the oscillator [4].

The intracavity powers from this model oscillator were measured in order to deter-
mine fluences once beam diameters through the cavity are established. The voltage on
an amplified, Si photodiode (1mm, 1mW/V, Femtolasers GmbH) was measured from
the reflection off one of the intracavity wedges. Pumping at 3.4W the intracavity power
was determined to be 2.8W.

The beamwaist at the output coupler was measured experimentally through deter-
mination of the beam quality, or M2 value. Since the development in the 1990’s by
Siegman [33] the M2 factor has become a standard in characterization of many os-
cillator types, despite its wavelength dependence. Various beam profiles are measured
throughout a focusing of the beam. The M2 factor in terms of measured beam diameter
2w0 and measured far field angle Θ

M 2 = π

4λΘ2w0 (2.4)

is the deviation of a real beam W0 from an imbedded ideal Gaussian TEM00 which
would have a M2 value of 1. Using a general least squares fitting method of the spot-
size propagation formula [33]:

w2x(z) = w2x0 +M 4
xx

λ2

π2w2x0
(z − zx0)2 (2.5)

wx(z) is the spot size measured through focusing the beam along z, both the M2 and
far field divergence is determined. This gives the beam diameter at the focusing lens in
the measurement apparatus, which can in turn be used to determine the beam diameter
at the crystal focus through Gaussian propagation.
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2.2 Initial conditions and geometrical evaluation for a Ti:Sapphire
oscillator

Theoretical input parameters rainbowTM value
Short arm length SA 640mm
Long arm length LA 1280mm
Half angle to SA θSA 6.75◦

Half angle to LA θLA 6.75◦

Crystal length Lcrys 3mm
Theoretical output beam parameters

Beamwaist at focus of crystal w0 8µm
Beamwaist at SA end mirror w0 160µm
Beamwaist at LA end mirror w0 360µm

Table 2.2: Parameters for the theoretical Ti:Sapphire oscillator investigation.

The M2 measurements were done from the reflection off the intracavity wedge, and
from the output beam of the cavity. At a distance of 174.2 cm from the intracavity
wedge a 300mm focal length lens was placed and beam profiles throughout 30mm the
focusing were recorded with a CCD camera (Dataray, WinCamDTM UCD23). Through
the above fitting procedure M2 values of 2.3 and 3 were determined for the x and y

directions. Through equation 2.4 the divergence angle allowed for determination of a
beam diameter of 1.76mm in the y direction and 1.64mm in the x direction at the
position of the wedge reflection. Then the beamwaist in the crystal was determined
through Gaussian beam propagation through the optical elements in the cavity.

With the information of beamwaists in the crystal and intracavity powers the energy
density per unit volume inside the crystal was determined to be 2.8×10−4 J/cm2 using
the surface area of a prolate as the volume within the focus. By simply increasing the
beam size within the crystal an increased pump power could be used while maintaining
the same energy density within the crystal, translating to higher output powers with
the same nonlinearities, therefore the same spectral bandwidth.

From this information attempts to increase the beamwaist in the crystal using
various cavity parameters were investigated. The most obvious and straight-forward
way to increase the beamwaist in the position of the crystal is by not focusing so hard
into the crystal. This was done by increasing f of the two focusing mirrors of the
original rainbowTM design from 25mm to 50mm, which increases the beamwaist in the
crystal region to 20µm. Therefore a model system with focusing mirrors with twice
the focal length of the idealized system was used for the investigation of the effect of
additional parameters on the beamwaist at the crystal.

A list of the input parameters investigated and the initial values from the rainbowTM

can be seen in table 2.2. To effectively adjust the beamwaist a thorough investigation
of the minimum beamwaist in the crystal, w0, vs. various cavity parameters was per-
formed. The trends of which can be seen in figures 2.6 and 2.7.
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2. BROADBAND SEED SOURCE

2.2.1 Effects of arm ratio
Although all the current simulations of the cavity are done in the regime of linear
Gaussian beam propagation and the temporal characteristics of the pulse are neglected,
assumptions based on the Gaussian pulse considerations for KLM oscillators have been
considered [34, 35]. Specifically, a geometrical relationship to the interplay between self
phase modulation (SPM) and negative GDD has been reported [35]. Both theoretical
and experimental studies show that the trade-off between efficient self-amplitude mod-
ulation and cavity stability can be achieved by adjusting the symmetry of the cavity,
i.e, long arm:short arm ratio γ. Independent studies have reported that the ideal sym-
metry range of the cavity is 1.5 ≤ γ ≤ 2 [34, 35, 36]. Previous theoretical studies have
been done by investigating the change in beamwaist at the end mirrors of the cavity
as a function of γ [35]. For completion, a simulation of the minimum beamwaist in
the region of the crystal w0 was performed. The left panel of figure 2.6 shows the

Figure 2.6: Ti:Sapphire arm ratio and length - Left: Minimum beamwaist w0 as a
function of the ratio of the long arm of the cavity to the short arm of the cavity, γ. Right:
Minimum beamwaist w0 as a function of the overall cavity length keeping γ = 2

beamwaist evolution where the short arm length value is held constant (750 mm) as
γ is varied. A gradual, albeit small, increase in w0 occurs in both the tangential and
sagittal propagations as γ decreases, while the difference in w0 between the two planes
remains nearly constant throughout the investigated range. Given the small change in
w0 with respect to γ, and the persistently held view that 2:1 ratio is the “golden ratio”,
for further investigations the arm length ratio of 2:1 has been kept as a constant.

2.2.2 Effects of cavity length
Next, the effect of the overall cavity length on w0 was determined. It can be seen
in the right panel of figure 2.6, there is no significant change in w0 as the long arm
is reduced from 3150 to 1025mm, corresponding to a repetition rate range from 31
to 97MHz. The rainbowTM operates at a repetition rate ∼ 80MHz, well within this
range. The beamwaist starts to dramatically increase at short cavity lengths of about
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2.2 Initial conditions and geometrical evaluation for a Ti:Sapphire
oscillator

1.3m. However, such a cavity length becomes challenging in terms of space. With
decreasing distances between mirrors, a certain number of which are necessary in order
to introduce the correct GDD to the cavity, it becomes increasingly difficult to maintain
near 0◦ angles of incidences. This not only can result in clipping of the beam on opto-
mechanical components, but also can reduce the performance of the chirped mirrors.

Figure 2.7: Angle of long and short arm focusing mirror versus beamwaist -
Left: Minimum beamwaist w0 as a function of the half angle of the short arm φSA focusing
mirror to the crystal face. Right: Minimum beamwaist w0 as a function of the half angle
of the long arm φLA focusing mirror to the crystal face.

2.2.3 Effects of focusing mirror angles
Finally, the half angles from each of the curved mirrors to the respective arms of the
cavity (φSA, φLA) were varied. The behavior of w0 with respect to the angle of the short
arm can be seen in the left of figure 2.7. In tangential propagation w0 shows a slight
increase as φSA decreases further to experimentally unreasonable angles of 2-4◦, while
in sagittal propagation w0 remains basically constant throughout the plotted range.
Meaning, w0 can be increased by decreasing the angle of the short arm of the cavity
but only in the tangential plane and only at physically unreasonably small angles. The
effect of φLA on w0 is less drastic (right panel of figure 2.7) and w0 increases only with
increasing angle, which introduces other drawbacks such as spherical aberrations and
insufficient coatings once the designed 0◦ angle of incidence is grossly overpassed.

Experimentally, we have seen that φSA is critical for mode locking stability and
φLA gives the beam profile at the output coupler in mode locking operation. Therefore,
significant deviation from the standard values of the half angles in the rainbowTM is not
feasible. The trends observed show that increasing the size of the focus in the crystal
is not trivial and cannot be achieved by simply adjusting one of the cavity parameters.
Therefore, a major change in the design of the Ti:Sapphire oscillator is needed in order
to increase the pulse energy if the defined broad bandwidth is to be maintained.
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2.3 Increasing Ti:Sapphire oscillator pulse energy
To build an increased energy Ti:Sapphire oscillator a new geometry employing an in-
tracavity telescope was developed. In addition to the traditional two curved mirrors
comprising the ‘head’ of the oscillator, two curved mirrors focusing towards the end
mirrors of the cavity were included. Using only mirrors with reasonable radius of curva-
tures (ROC), i.e., stock components from an optics manufacturer, a theoretical cavity
was designed with an intracavity telescope. The theoretical beamwaist of the devel-
oped Ti:Sapphire oscillator is seen in figure 2.8. The inset of figure 2.8 shows the w0
at the focus of the crystal has been increased to 45 µm. Given the 1/r2 dependence of

Figure 2.8: Beam propagation simulation of the hp rainbow - Input parameters:
ROC = 100 mm, df = 108 mm, θSA = 5.5 ◦, θSA = 8 ◦, CL = 4 mm, LA = 1450 mm, SA
= 675 mm, and CS = 1 mm. Right: Zoom in of w0 in the region of the crystal.

fluence this means that by increasing the beamwaist by a factor of 2.25 from 20 µm to
45µm the pump power should be able to be increased by a factor of five with similar
nonlinearities in the crystal. In addition, the minimum beamwaist at the end mirror
of the telescopic cavity is 0.4mm, allowing for 9.4W of intracavity power to be at the
same levels where no damage has been observed in previous Ti:Sapphire cavity mirrors.

The new geometry Ti:Sapphire oscillator was experimentally built according to
theory, a schematic of which can be seen in figure 2.9. Up to 10W of 532 nm pump
(Verdi V10, Coherent Inc.) was focused into the 4mm long Ti:Sapphire crystal using
two curved mirrors (f = 100mm) at angles φSA = 7◦ and φLA = 9◦. The full length of
the short arm is 889mm where at a distance of 300mm a curved chirped mirror with a
radius of curvature of 600mm is used to focus on the end mirror. The long arm of the
cavity is 1546mm with a curved chirped mirror with a focal length of 500mm placed at
the distance f from the output coupler (19% at 790 nm). Pumping with 6.5W, 1.2W
mode locked output power at a repetition rate of 59MHz was achieved. However, the
desired broad bandwidth was not obtained in this configuration. Various chirped mirror
combinations were attempted with minor adjustments in arm lengths and input angles,
the maximum spectral bandwidth achievable using chirped mirrors as the extra focusing
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2.3 Increasing Ti:Sapphire oscillator pulse energy

Figure 2.9: Schematic of telescopic Ti:Sapphire oscillator - The 532 nm pump is
focused into the Ti:Sapphire crystal using two f = 100mm curved mirrors. Two addi-
tional curved mirrors f= 300 and 500mm focus onto the short and long arm end mirrors
respectively.

mirrors can be seen in figure 2.10 to be 82 nm FWHM. This spectrum was achieved at an
output mode-locked power of 820mW pumping with 7.5W of 532 nm. Management

Figure 2.10: Spectrum of the high power rainbow - Left: Pumping with 7.5W
at 532 nm the maximum achievable bandwidth of 82 nm FWHM is achieved at an output
power of 820mW mode-locked at ∼60MHz. Right: Pumping with 5W a bandwidth of
>200 nm at ∼80MHz.

of the dispersion within the telescopic Ti:Sapphire oscillator was challenging due to
the quality, and lack of variation in the curved chirped mirrors available. In order
to determine if a broad spectrum could be achieved the lower quality chirped curved
mirrors were replaced with Ag mirrors, and in order to partially compensate for the
severe losses expected the output coupler was reduced to 15% at 790 nm. A spectrum
with a FWHM of 248 nm was realized as seen in the right panel of figure 2.10, however
the output powers were reduced to 500mW pumping with 5W. While the spectrum
can be improved when dispersion is properly managed the telescopic Ti:Sapphire cavity
cannot be realized with a properly broad bandwidth and high output powers until a
variety of high quality chirped mirrors with the appropriate radii of curvature can be
obtained.
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The additional complication of the gain material acting as a lens due to insufficient
heat removal was also a concern at such high pump powers. Leakage of the pump beam
from mirror M1 was investigated in terms of beam profile. The onset of thermal lensing,
as seen by an ellipticity of the pump beam profile begins at pump power levels below
the lasing threshold of 4.5W. However, once lasing is present estimates of the focal
length of a thermal lens from measurements of the pump beam profile have proven to
be unreliable. The most straight-forward way to determine if the thermal lensing affects
the beam propagation is through observation of the oscillator output beam profile. A
severely elliptically distorted oscillator beam profile is characteristic of thermal lensing
that has reached a level which affects the stability of the cavity. Detrimental thermal
lensing has not been observed in any of the cavities reported so far.

In the meantime, improvements in the non-telescopic Ti:Sapphire oscillator were
also being investigated. Advances in the quality of the coatings available for the stan-
dard focusing mirrors gave us an increase in the intracavity power allowing for higher
output coupling percentages from ∼20% up to a maximum of 35%. In addition, man-
agement of the heat load on the Ti:Sapphire crystal has been improved. Figure 2.11

Figure 2.11: Ti:Sapphire cooling low power version - Left panel: Overview of the
low power version Ti:Sapphire crystal mount. Right panel: Water cooling functioning
principle of the low power Ti:Sapphire crystal holder

shows the water cooled mount of the Ti:Sapphire crystal used in oscillators providing
up to 300mW of output powers. The left panel is an overview where the crystal is
mounted in the small rectangular section via a set screw from the top of the hairpin
shaped structure mounted to the full block. The right panel of figure 2.11 shows the
cooling mechanism. Water is directed through the large block which also attaches the
mount to the baseplate in the oscillator, however water is not flowing in the metallic
piece holding the crystal itself. This is sufficient for cooling when pumping the crys-
tal up to ∼4W. When higher pump powers are imparted, increased heat removal is
necessary to avoid detrimental thermal lensing. A more direct heat removal can be
seen in figure 2.12 where the crystal (in red) is sandwiched between two metal plates.
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2.3 Increasing Ti:Sapphire oscillator pulse energy

Figure 2.12: Ti:Sapphire cooling mount high power version - Left panel: Water
cooling functioning principle of the high power version of the Ti:Sapphire crystal holder
Right panel: Overview of the high power version of the Ti:Sapphire crystal mount.

These metal plates are directly water cooled, and the crystal is pressure clamped into
place directly between the surfaces. The improved heat management can be seen as a
pump power of 10.5W can be applied before detrimental thermal lensing is observed
in the oscillator beam profile. Currently, pumping a non-telescopic Ti:Sapphire (fig-
ures 2.2, 2.5) with 7.5W an output power of 720mW is achieved with a bandwidth
of >350 nm at -10 dB at a repetition rate of 75MHz. The pulse energy has therefore
been increased to 9.6 nJ with a broadband spectrum. This Ti:Sapphire oscillator can
then be used for seeding the laser amplifier in chapter 6, the regenerative amplifier in
chapter 7 and for further investigations of carrier-envelope-phase stability in chapter 3.
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Chapter 3

Carrier-envelope-phase slip
stabilization

Central to the motivation for generation of high intensity few-cycle pulse duration is
the ability to use such pulses for inducing nonlinear phenomena in materials. Some of
the most interesting of which occur when the binding energy of the material electrons
is approached by the peak power of the pulses. One way to achieve such high peak
power is to generate pulses with durations on the order off a few-optical cycles in
which the slowly varying envelope approximation is no longer valid. The ability to
know something about the underlying electric field gives insight to interesting material
responses in this regime. Sources supplying few-cycle pulses have enabled and are
continuously progressing fields such as attosecond science [6, 7, 37, 38]. Any optical
process that depends on the instantaneous electric field rather than the intensity will
be affected by the offset phase between the envelope and the carrier electric field [39].
Therefore, the measurement and subsequently stabilization of this relationship becomes
of critical importance.

The first measurement of the phase relationship between the carrier envelope and
electric field was in 1996 [40] and the first demonstrations of control of this relationship
[39, 41, 42] was in 1999. Since then much effort has been put into improving the level
of control from an oscillator, and techniques in order maintain this control through
amplification, a complete list of which is beyond the scope of this work. The following
chapter will first provide an explaination of what is the carrier-envelope phase. Then
the process of measuring and stabilizing the carrier-envelope phase slip jitter of an os-
cillator will be discussed including a revolutionary new technique. Next, the procedure
for measuring the relative carrier-envelope phase after amplification will be presented.
Finally maintaining the stabilization established after the oscillator, and correcting for
slow drifts introduced in amplification will be shown.

3.1 Carrier envelope phase
In the time domain an ultrafast laser produces a train of ultrashort laser pulses where
the electric field is oscillating sinusoidally under the slowly varying envelope. The
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relative phase between the carrier and peak of the envelope is the carrier-envelope
phase (CEP), ϕ and in a free-running KLM oscillator this differs from pulse to pulse
by the phase slip, ∆ϕ . Figure 3.1 depicts a pulse train in which the CEP changes by
a constant value of π/2 where the first pulse has a CEP value of zero (ϕ = 0). In this
particular case every fourth pulse has the same CEP, however the value of ∆ϕ need
not be π/2 from every source.

Figure 3.1: Time domain representation of carrier envelope - Temporal represen-
tation of a train of ultrashort laser pulses. The offset between the oscillating carrier and the
slowly varying envelope is the carrier-envelope-phase ϕ. This schematic shows ∆ϕ = π/2.

In the frequency domain the periodic pulses with varying CEP values correspond
to a spectrum with the same amplitude and relative phase, but with different phase
offsets [43]. This phase offset is the carrier envelope frequency (CEF). Figure 3.2 shows
a representation of a single spectrum, consisting of discrete frequencies, or comb lines
which are defined by the repetition rate frep = 1/TR of the oscillator (mode spacing)
and the carrier-envelope offset frequency fCE. fCE is the offset from the zero line if

Figure 3.2: Frequency domain representation of carrier-envelope offset fre-
quency - The spectrum of a single pulse consists of a comb with lines spaced by the
repetition rate of the laser frep = 1/TR. Extrapolating the comb to zero, the closest comb
mode to zero is offset by the value fCE .

the comb where to be extrapolated to zero as can be seen in figure 3.2. This is the
value that is measured and stabilized as discussed in section 3.2.
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3.2 Oscillator CEP measurement

3.2 Oscillator CEP measurement
For oscillators, with repetition rates in the MHz or GHz regime the technique of radio-
frequency (RF) heterodyning is standardly used in order to detect fCE [39, 41]. The
principle behind this self-referencing technique is represented in figure 3.3. Given an
octave spanning spectrum, by interfering frequency-doubled components from the long
wavelength side of the spectrum with spectral components from the short wavelength
side of the spectrum an optical interference can be detected. If the two components

Figure 3.3: Principle of f-to-2f measurement of fCE - A self-referencing heterodyne
technique to measure fCE . A portion of the lower frequency of the comb is frequency
doubled and overlapped with the higher frequency portion of the comb. The beating
between 2 fn and f2n is fCE.

spectrally overlap the interference or ‘beat’ signal, fbeat is the carrier-envelope offset
frequency fCE according to the following relationship [44]:

fbeat = 2νn − ν2n = 2nfrep + 2fCE − (2nfrep + fCE) = fCE. (3.1)

Measurement of the beat signal can be done by means of a Mach-Zender f -to-
2f interferometer a typical schematic of which can be seen in figure 3.4. Initially
the spectrum from the oscillator is broadened in order to be octave spanning. This
can be accomplished, for example, by focusing into a micro-structured fiber (MSF) in
which supercontinuum generation takes place [43]. Once the necessary octave spanning
spectrum is achieved the low frequency part of the comb is frequency doubled in a
second harmonic generation (SHG) crystal and then overlapped with the high frequency
fundamental comb modes. The result is an amplitude modulation or beating between
the second harmonic of the comb mode νn and the adjacent fundamental comb mode
ν2n. This signal |2fn − f2n| = fCE is measured using an avalanche photo diode (APD)
and radio frequency analyzer.

An alternate method of measuring fCE uses difference frequency generation (DFG)
[39]. The heterodyning picture can still be envisioned as in the f -to-2f interferome-
ter, however DFG relies on a 0-f interference, the principle of which can be seen in
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Figure 3.4: f-to-2f interferometer - Mach-Zehnder type interferometer. An octave
spanning spectrum is achieved by focusing into a micro-structured fiber (MSF). The low
frequency component is split off with a beamsplitter (BS) and frequency doubled in a
SHG crystal (SHX). The high frequency fundamental and the second harmonic are then
recombined. After a chromatic filter (CF) the amplitude modulation is the detected beat
note.

Figure 3.5: Principle of DFG measurement of fCE - The measured signal arises from
the beating between the high frequency component of the difference frequency spectrum,
and the low frequency component of the broadened fundamental spectrum.
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3.3 Control of CEP jitter of oscillators

figure 3.5. The fundamental spectrum from the oscillator is broadened and the differ-
ence frequencies between the high and low tails of the spectrum are generated. The
resultant high frequency of the DFG spectrum is mixed with the lower frequency of the
broadened fundamental spectrum, generating the measured beat note.

This was first shown using conventional phase matching [45], but for ease of setup
use of quasi-phase matching has been adopted [46]. A full treatment of phase matching
conditions is beyond the scope of this work, and as the monolithic scheme of DFG
in a quasi-phase matching crystal is used in the following experimental chapters the
discussion will be limited to this technique [47].

When the output spectrum from the oscillator is broad enough, both spectral broad-
ening via self-phase modulation and DFG can be achieved in a single step [46]. This
is accomplished by focusing the oscillator beam into a quasi-phase matching crystal
e.g, periodically poled lithium niobate (PPLN). This alleviates the need to spectrally
broaden in a photonic crystal fiber, significantly simplifying the experimental setup.
Also, the quasi-phase matching of the PPLN essentially eliminates walk-off effect that
deteriorates the spatial overlap in conventional phase matching between the fundamen-
tal and DFG beams. This increased overlap translates to increased efficiency in the
beat note generation, therefore nearly all the oscillator output power is available for
the experiment. After beat note measurement subsequent stabilization techniques can
be applied.

3.3 Control of CEP jitter of oscillators
Once detected there are two main methods in which the fCE can be stabilized in an
oscillator, termed feed-back and feed-forward. A conceptual schematic of the funda-
mental differences can be seen in figure 3.6. Both methods compensate the change in
fCE, or the jitter of the carrier envelope (CE) phase slip (∆ϕ jitter) on fast timescales
(MHz-GHz) in the time domain. The quality of the “CEP stability” is determined by
monitoring the residual CE phase slip jitter and reported as residual phase noise (RPN)
in the time domain, or phase noise density (PND) in frequency.

Using the feed-back method the compensation can be accomplished through con-
trolling intracavity dispersion, or as depicted in figure 3.6 modulating the pump power.
Dispersion can be adjusted, for example by mechanically translating intracavity fused
silica wedges. Pump power modulation is done by sending a radio frequency fRF,
obtained through proper mixing and amplification of the measured fCE to an acousto-
optic modulator which is placed in the path from the pump beam to the laser. It is
important to note that changes in the intracavity peak power translate to changes in the
CE phase slip. This will become crucial in chapter 4, however for fCE stabilization this
simply means adjusting pump powers in a controlled manner can result in lowered CE
phase slip jitter. By using pump power modulation rather than the mechanical adjust-
ment of intracavity wedges the speed in which adjustment can be increased. However,
the added bandwidth limitation of the acousto-optic modulator is a constraint.

In 2010, the time in which the feed-forward technique was proposed, reported RPN
values on the order of 100-200mrad could be reached using feed-back based methods.
The group of Günter Steinmeyer at the Max-Born-Institute proposed the feed-forward
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Figure 3.6: Conceptual differences between feed-forward and feed-back CEP
stabilization techniques - Top: Feed-back method. After measuring fCE with an f -to-
2f interferometer a change in either intracavity dispersion or pump power is induced in
the oscillator. Here the change done through an adjustment of the pump power using an
acousto-optic modulator (AOM). Bottom: Feed-forward method. After measurement of
fCE an extra cavity AOFS is used to induce a compensating shift in the frequency comb
in the first diffraction order.
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3.3 Control of CEP jitter of oscillators

Figure 3.7: Concept of the feed-forward fCE stabilization technique - Reproduced
with permission from ref [19]. The Bragg condition 2λac sinα = λn is fulfilled for maximum
diffraction efficiency in the first order (red). α = αin = αout is the Bragg angle, λac is the
acoustic wavelength, λ the optical wavelength, and n the refractive index. The comb modes
in the transmitted beam (zero order) remain unaffected, but each individual frequency of
the diffracted beam is shifted by the input frequency of the acousto-optic device fRF, which
can be used to shift the comb to zero offset frequency when fRF + fCE.
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technique of stabilization, and in collaboration we have shown this method to be su-
perior in terms of the RPN levels achievable with values on the order of 45mrad after
stabilization [19]. The concept of stabilization using the feed-forward technique can be
seen in figure 3.7. In this scheme after generating the octave spanning spectrum, the
beam is directed through an acousto-optic frequency shifter (AOFS) where the zero
order beam is unaffected. Then fCE is measured in the previously discussed f -to-2f
interferometer and after proper amplification and mixing the resultant fRF, is applied
to the extracavity AOFS. This results in the diffracted beam in the first order to be
shifted by the input frequency of the acousto-optic device. Therefore, the first order
diffracted beam is a frequency comb shifted by fRF, with no back-action on the laser.
When the input frequency is set to the measured offset frequency, fRF = fCE this corre-
sponds to a pulse train with each pulse having identical CEP values in the time domain
(∆ϕ = 0). In addition, servo-loop based methods (feed-back) are slower than the feed-
forward method. This means using the feed-forward geometry higher frequency noise
contributions can be compensated for, limited only by the bandwidth of the AOFS [19].

The first realization of the feed-forward technique [19] reports 45mrad (0.2Hz to 2.5
MHz) residual fCE phase jitter. These measurements were done at the MBI, supported
by the Ti:Sapphire oscillator built, characterized, and theoretically analyzed in our
group as was discussed in chapter 2. The oscillator is pumped with ∼3W at 532 nm
(Millennia, Spectra-Physics) typical outputs of ∼450mW, sub-10 fs pulses centered at
775 nm were observed. The theoretical analysis becomes critical for determining the
nonlinear phase slip ϕnl as will be discussed in chapter 4.

The CEP stability achievable was revolutionized by the feed-forward technique.
However, there is room for further improvement in terms of long-term stability and
power available after stabilization. These issues are currently being addressed in our
group. By measuring fCE through DFG in lieu of the f -to-2f interferometer, as dis-
cussed in section 3.2, and stabilizing using the feed-forward technique F. Lücking et al.,
have shown RPN levels of 30mrad for more than 24 hours [47]. The same publication
reports 175mW in the first order diffracted beam, i.e, usable for experiments, vs the
20mW reported by Koke et al. using a similar laser. These improvements have the
potential to make the feed-forward approach suitable for amplifier seed oscillators in
the future.

3.4 Amplifier CEP measurement and control
With the pre-requisitely CEP stabilized oscillator pulses, spectral interferometry is the
technique used in order to determine the evolution of the CEP of amplified pulses.
Rather than measuring fCE the relative phase of a single pulse is measured. This value
is then compared to the relative phase of subsequent pulses and the average over the
number of pulses in the sampling rate is the residual phase noise. As the time scales in
amplifiers are slower than those in oscillators it is common to refer the CEP evolution
of the amplified pulses as “CEP drift”.

A typical experimental schematic is seen in figure 3.8 where the CEP stabilized
oscillator is the seed for the laser amplifier. At the output of the amplifier a small
portion of the pulse is split off to be used in the measurement. After white light
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Figure 3.8: Experimental schematic of typical CEP measurement of amplified
pulses - A small portion of the amplifier output is split off and spectrally broadened
through white light generation (WLG). The fundamental and second harmonic of a single
pulse is delayed in time from the difference of index of refraction in a second harmonic
generation crystal (SHX). This signal is then spectrally resolved in a spectrometer. The
resultant fringes give a relative phase, the error of which is recorded over a specified number
of pulses.

generation, through a nonlinear crystal, the pulse is frequency doubled over a ∼5-
10 nm spectral range. The fundamental and second harmonic of the same pulse are
delayed in time from one another by transmission through the second harmonic crystal.
After chromatic filtering the self-interfered pulse is sent into a spectrometer. At the
spectrometer a spectrograph with fringes spaced according to the time delay is recorded.
This signal is then Fourier transformed, and the relative position of the maxima of the
fringes gives a phase error, which shifts with CEP fluctuations. The phase error is
recorded for each pulse, or averaged over a number of pulses, and the variation of the
phase error is recorded over time and reported as relative phase noise (RPN). These
values are non-trivial to directly compare as averaging over a number of pulses will
result in lower rms values. No absolute phase is available from this type of measurement
and if that value is of interest one must use other methods, for example stereo above-
threshold-ionization, which is beyond the scope of this work [48, 49].

In this context, the underlying goal through amplification is to preserve the CEP
stabilization of the oscillator. For pure mechanical stability concerns, the size of the
entire system, i.e., amplifier, compressor and stabilization, should be compact. The
amplifier should be robust and the type of compression should not introducing extra
drift. Typical multiple pass laser amplifiers have long beam paths which are sensitive
to misalignment. It has been shown that beam pointing drift through transmissive
elements with different angular dispersions gives rise to large CEP drifts [44]. Drifts
also arise in the stretching and compression stages of a CPA and several techniques
have been proposed to minimize these [50, 51]. By maintaining a short beam path in
the compressor the CEP drift can be drastically reduced [52].

Originally the compensation of this slow drift was done by a feed-back loop to the
oscillator essentially pre-compensating for the CEP drift acquired through amplification
[7]. However it has been shown that unlinking the oscillator stabilization from the
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amplifier stabilization loop improves the long term performance [52]. This can be
explained by one less disturbance back on the oscillator, and the slower feed-back loop
no longer being limited by the oscillator locking electronics [52]. The slow loop is
done as a traditional feed-back loop where the dispersion in the amplifier is adjusted
according to the measured relative CEP phase. The slow loop uses a servo-loop just as
discussed in reference to oscillator feed-back techniques of stabilization 3.3.

An experimental laser amplifier system will be shown in chapter 6. There fCE from
the oscillator is measured using the DFG method, and stabilized with the feed-forward
approach, the amplifier is designed to be inherently stable, and the slow drifts are
compensated for by a decoupled slow loop.
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Chapter 4

Carrier envelope phase as a
measurement technique

Despite the tremendous progress in carrier envelope phase stabilization techniques the
mechanisms of generation of carrier envelope phase noise is not fully understood. Some
sources of this noise have been reported to be pump laser fluctuations [53], the stabi-
lization method properties [20, 54] and jitter from path lengths in the interferometers
used [55]. Regardless of the noise sources, various groups with dissimilar mode-locked
lasers and interferometers have reported a flicker noise contribution in the measured
residual CEP noise, after stabilization with 1/f noise behavior at low frequencies, which
hints towards a quantum nature [19, 46, 56]. The question of the quantum nature of
this CEP stabilization performance led to the reversal of thinking presented in this
chapter. Rather than thinking of the fCE as a value to be controlled, we propose to
use the measurement of fCE as a measure of the intracavity power of a KLM laser with
sub-shot noise precision.

In a KLM laser the deviations from a constant change in CEP per round trip are
from changes in dispersion. Dispersion in a cavity can be affected by variations in
temperature, beam pointing, humidity, etc. in other words environmental factors. In
addition to the environmental factors, the intensity dependent nonlinear refractive in-
dex acts back on the pulse that induced the change [54]. Chapter 3 showed the effect
of the intensity dependent nonlinear index of refraction is often exploited for CEP
stabilization through pump power modulations. Therefore, if the nonlinear index of re-
fraction is the dominating effect in dispersion variation in a KLM laser, a measurement
of fCE provides a measurement of intracavity power fluctuations.

The following chapter will present the experimentally obtained sensitivity of fCE
to pump power fluctuations. Then, stabilizing fCE and determining the residual phase
noise density gives a measure of the power noise of the intracavity field of the laser,
surprisingly below the shot-noise limit. This will be followed by two possible theoretical
explainations to the nature of the observed sub-Possonian statistics.
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4.1 Characterization of the carrier envelope frequency to
pump laser intensity fluctuations

In order to quantify the sensitivity of fCE to pump power fluctuations, step like changes
in the pump power were analyzed, the experimental setup of which can be seen in
figure 4.1. Using the feed-back topology, we investigated the noise of the pump laser

Figure 4.1: Schematic for determining the coupling factor of pump power to
carrier-envelope frequency - Reproduced with permission from [43, 57]. A frequency
counter is monitored as the Ti:Sapphire oscillator pump power is modulated between high
and low AOM signals. This is done as a sweep across frequencies, from this difference the
coupling coefficient between carrier envelope frequency and pump power can be determined
from 10 Hz to 10 MHz.

as an origin of the flicker phase noise contribution. For our experiments, the Ti:Sapphire
laser was pumped at 532 nm (Millennia, Spectra Physics) modulating about 4.6W with
a < 0.2% change in amplitude using a standard frequency generator. The Ti:Sapphire
oscillator is much like that seen in chapter 2, with 10 fs pulses at a repetition rate of
88MHz. After spectral broadening to an octave through a 1 cm microstructure fiber
(NKT Photonics, NL-PM-750) a homebuilt f -to-2f interferometer from the Max Born
Institute Berlin, identical to that in reference [58] is employed to retrieve the beat
note fCE. The signal is then amplified twice and the temporal evolution of fCE
was recorded (53132A Universal Frequency Counter, Agilient). Through the step like
pump power modulations we characterized the response of the CEF. The frequency
dependence of the coupling constant κ between fCE and pump power is determined
by synchronizing the gate of the frequency counter with amplitude modulation and
sweeping across the amplitude variation period. At each frequency 1000 samples are
recorded. The recorded time series is frequency-demodulated numerically to retrieve
the temporal change of the CEF following the switching transient. The analysis can
be seen in figure 4.2. The result of the analysis of the switching transient shows a bi-
exponential behavior with a dominant time constant of ∼ 1µs and a secondary slower
one at ∼ 55µs with a relative weight of 15%. The slower time constant is most likely
from thermal induced changes of the index of refraction. The faster time constant
occurs from Kerr-type contributions, and can be followed over the bandwidth of the
AOM.

The coupling coefficient was determined to be κ = 28MHz/W and is essentially con-
stant for frequencies below 1KHz as seen in figure 4.3 a). A weak roll-off towards kHz
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intensity fluctuations

Figure 4.2: Transient response of CEF to modulated pump power - Reproduced
with permission from [43, 57].Transient response of the carrier-envelope frequency to a 2.5
mW change in pump power. Pump power was nominally set to 4.6 W. This value was
used together with the calibration measurement in for scaling of the righthand-side axes.
A bi-exponential fit to the data (red) reveals a dominant fast 1 µs time constant together
with a slower 55µs response time at a relative weight of 20%.
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Figure 4.3: Coupling coefficient and CEP noise equivalent RPN - Reproduced
with permission from [43, 57]. (a) Coupling factor of pump power change into fCE change.
This factor has been determined with < 0.2% rectangular switching of the AOM in fig-
ure 4.2 for a series of switching frequencies with synchronized frequency counting of the
fCE. For frequencies up to 1 kHz, fCE changes by ∼28MHz per Watt pump power change.
(b) CEP noise equivalent RPN of the intracavity field in CEP stabilized operation with
the help of the coupling factor shown in (a). Single-sided shot-noise limit (blue line) for a
photon flow of 9 × 1018 Hz−1, determined from our laser source at 25% output coupling,
580mW output power centered at 800 nm.
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frequencies is observed which probably originates through thermally induced changes
in the index of refraction.

Studies presented in reference [54] have shown that in an octave spanning KLM
Ti:Sapphire oscillator nonlinear optical effects are the dominating effect on the carrier
envelope phase shift. The similarities between our Ti:Sapphire oscillator and the ones
investigated in reference [54], in addition to the lower weight of the slower transient
lead to the conclusion that thermal effects play a minor role compared to the nonlinear
optical effects in our laser, which will be exploited in the interpretation of our results
in section 4.2.

Subsequently, the CEP noise in stabilized operation was measured in order to de-
termine the relative power noise (RPN) of the intracavity field. The RPN was obtained
by converting the measured residual phase noise density (PND) of the stabilized fCE
obtained in loop (IL) seen in figure 4.1, using the following relationship [43]:

RPN = Sϕ(f)f/κapproxPP (4.1)

where Sϕ(f) is the frequency dependent spectral phase noise density, and κapprox is
the coupling factor of the pump power Pp change into fCE. Figure 4.3 (b) compares
the measured RPN with the estimated shot noise of the intracavity electric field. A
shot-noise RPN level RPNSN =

?
2/F where F is the intracavity photon flow was

determined to be ∼ 2.2 × 10−19Hz−1. Figure 4.1 shows the CEP noise equivalent RPN
is over 16 dB lower than the estimated shot-noise limit.

Similar evaluations of relative intensity noise (RIN) levels for previously published
results have shown this behavior is neither limited to our laser, nor to the method of
stabilizing fCE. In reference [19] noise levels down to -13 dB are observed, and those
of Fuji et al. [9] suggest RIN levels of up to 20 dB below the quantum limit, assuming
a coupling coefficient κ∼ 10 MHz/W measured for a similar laser setup. In principle,
there appear to be two explanations: squeezing due to some intracavity nonlinear
optical mechanism, or the laser setup in combination with the f -to-2f interferometer
act as a quantum non-demolition measurement process.

4.2 Interpretation of sub-shot noise behavior
The limit of photo-detection is due to the quantized nature of how light is absorbed
[59]. This constraint is due to the temporal correlation of photons. Careful experiments
intended to determine the statistical nature of this correlation have revealed that co-
herent light sources emit temporally uncorrelated photons with Poissonian statistics
[60, 61]. From this a variance σ for the detection of N photons leads to the shot-noise
level:

∆PSNL = σ

N
= 1√

N
(4.2)

Which is the uncertainty from counting the number of photons with energy Ephoton =
hν absorbed in time tmeas in order to determine an optical power P = NEphoton/tmeas
[43]. There are two ways that have been demonstrated to overcome this limit specifically
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by manipulating photon statistics, i.e., photon squeezing [61, 62], or through quantum
non-demolition (QND) measurements [63, 64, 65, 66].

The low dispersion in our Ti:Sapphire cavity and the process of Kerr lens mode-
locking could give rise to soliton photon-number squeezing [67, 68] if there is a spectral
filter present. The limited gain bandwidth of Ti:Sapphire and the reflectivity charac-
teristics of the intracavity mirrors could, in principle, provide such a spectral filter.
However, in KLM lasers the pulse shapes are close to fundamental solitons which are
invariant by definition. The common understanding being a fundamental soliton propa-
gates without losses. Soliton photon-number noise is translated to spectral (and shape)
modulations through propagation, and through the process of spectral filtering the mod-
ulations in spectrum results in loss modulations [67]. Soliton photon-number squeezing
is observed when amplitude change results in an equivalent loss change [67]. Due to the
invariant nature of shape and amplitude of a fundamental soliton the photon-squeezing
effect vanishes [67]. Therefore, we believe that squeezing is not the explanation.

The alternative mechanism for suppression below the quantum feedback is a QND
process. The mere act of performing a quantum measurement generally perturbs the
observable under study by introducing a “‘back-action’ noise to the system under study”
[66]. The key factor in a QND experiment is by incorporating the back-action noise into
a complimentary observable, the signal observable is measurable without perturbation
[65, 66]. The specific model proposed to explain the current sub-Poissonian results can
be likened to the QND measurement of photon number via the optical Kerr effect. This
was first proposed in 1985 by Imoto, Haus and Yamamoto wherein the optical Kerr
effect was suggested as a means to measure photon number in a signal beam by detecting
the optical phase of a probe wave [64]. The Haus-Yamamoto interferometer can be seen
figure 4.4 (a) where there is a signal, probe and reference beam. The signal beam goes
through the Kerr medium where no change in photon number occurs. Through the
process of cross phase modulation the phase of the probe wave is modulated. This
phase change is then detected in the signal beam employing a reference beam.

A KLM laser cavity can act as a Haus-Yamamoto interferometer as depicted in
figure 4.4 (b). The Kerr effect causes self-phase modulation on the single present
beam. The pulse envelope serves as the reference and the carrier field as the meter
beam. Therefore, by measuring the evolution of fCE from an oscillator as was discussed
in chapter 3 information on the intracavity photon flow is obtainable due to the power-
dependent timing difference between the carrier and envelope fields.

While both, QND measurements and squeezing can theoretically suppress quan-
tum noise by arbitrary amounts, once implemented the noise suppression is limited.
Comparising the theoretical noise suppression limit expected in an experimental QND
measurement, with what is observed from our laser can give an idea of the validity
of the proposal that our KLM laser can be used for QND measurements. Therefore,
we compare the observed noise suppression with the theoretically expected reduction
based on the nonlinear phase shift ϕNL in the Kerr medium.

The achievable shot noise suppression in a Haus-Yamamoto interferometer can be
quantified using the conditional variance Vs|m of the signal to the meter beams, using
the methodology developed in reference [66]

Vs|m = 1/(1 + g2). (4.3)
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Figure 4.4: KLM laser as a Haus Yamamoto interferometer - Concept of measuring
the photon number N through QND measurements using the nonlinear optical Kerr effect.
(a) Haus-Yamamoto interferometer [64] using a signal beam (blue) and a meter beam (red).
Cross-phase modulation between the signal beam and the meter beam induces a nonlinear
phase shift wherein the quanta in both beams are preserved. (b) KLM laser for QND
measurements where the Kerr effect causes self-phase modulation, the required nonlinear
interaction. The pulse envelope is the reference for the phase detection. Photon number
information is encoded in the power-dependent timing difference between the carrier and
envelope, and N is preserved.
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In our scheme as the metered and signal beams are one in the same, and there is no
reference beam, the nonlinear cross-gain reads g = 2ϕnl, where the nonlinear phase
shift per round trip can be described as

ϕnl ≈ 2πPpumpκKerr
frep

. (4.4)

Using the experimentally determined coupling constant κKerr and relative weight of
85% from the switching transient analysis (figure 4.2) we determine this value to be
∼ 6.8 rad for our Ti:sapphire oscillator. This in comparison to the determined shot
noise limit of 10−19 determined from equation 4.2 gives a shot-noise reduction factor
of ∼ 20 dB. Given uncompensated technical noise sources, the observed noise levels of
16.5 dB below the shot-noise limit are within the expected order of the KLM laser as
a QND measurement, however, more research must be done in order to directly prove
this. At this time it is sufficient to say this sort of sub-Poissonian statistics can stimulate
further research into noise generation mechanisms in such a system, and perhaps this
can loop back to improvement in CEP stabilization performance.
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Chapter 5

Methods of amplification

The ability to produce broadband laser pulses allows us to reach the desired few-cycle
regime. However, the pulse energies available direct from an oscillator with such a large
bandwidth are limited to the nanojoule (nJ) regime.

In order to achieve pulse energies up to and surpassing millijoules (mJ) amplifica-
tion will be required. The first femtosecond pulse amplification was done using dyes or
jets [69, 70] but solid state materials were showing promise to allow for higher energy
outputs. However, ultrashort pulse amplification means high peak powers in the gain
materials, which leads to catastrophic effects that restrict the energies achievable. This
was circumvented by the, now conventional, technique of chirped pulse amplification
(CPA) developed by Strickland and Mourou in 1985 [15]. By inducing a chirp in the
pulse from the oscillator the peak powers in the gain medium used for amplification are
lowered, avoiding detrimental effects. However, this requires subsequent recompression
of the pulse after amplification. The ability to recompress to few-cycle pulses is depen-
dent on to which degree the pulse is stretched. Higher energies require larger stretching,
therefore, more complicated compression techniques after the amplifier. Also inherent
in laser amplification is the phenomena of gain narrowing in the material, discussed
in section 5.2. Both gain narrowing and high pulse stretching factors have been some-
what circumventable by using an entirely different type of amplification. Rather than
laser amplification, a parametric process is exploited in optical parametric amplifica-
tion (OPA) when combined with chirped pulse amplification optical parametric chirped
pulse amplification (OPCPA) can provide high energy, few-cycle pulses with minimal
stretching/compression. Both laser and OPCPA have found their roles in the high
intensity ultrafast fields. The necessary theoretical backgrounds of these techniques is
the subject of the following chapter.

First laser amplification, both in multi-pass and regenerative amplification schemes,
will be discussed. The desired output intensities involved in this work are such that CPA
is required, the bottleneck of which, subsequent recompression of the chirped pulse,
will be discussed. Specifically re-establishing short pulses by means of hollow fiber
compression (HFC) will be the focus, as that is the technique exploited in the following
experimental chapter 6. Then the process of OPA will be the focus of section 5.6. The
theory will focus on the requirements of the pump source for the OPCPA, as that is
the limiting factor in the pulse energy achievable from such an amplifier, and the pump
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5. METHODS OF AMPLIFICATION

source will be the focus of the chapters 7 – 9. Portions of this chapter are taken directly
from the self-authored reference [21].

5.1 Laser amplification
Laser amplification relies on pumping a gain medium to inversion, and then extraction
of the available energy with a seed beam at the lasing wavelength(s) of the medium.
Initial factors for consideration of the gain material are the peak absorption wavelength
λabs, the absorption cross section σabs the peak emission wavelength λems, and the ra-
diative lifetime of the material τ . A table showing the values of these critical parameters
for the two laser amplifier materials used in this work, Ti:Sapphire and Yb:YAG can
be seen in table 5.1. The absorption wavelength is critical in that a suitable pump

Ti:Sapphire Yb:YAG
Peak absorption wavelength (nm) λabs 526 941
Absorption cross section (cm2) σabs 4.9 × 10−20

@532 nm 7.6 × 10−21
@940 nm

Peak emission wavelength (nm) λems 780 1030
Radiative lifetime (µs) τ 3.2 951

Table 5.1: Relevant parameters for Ti:Sapphire and Yb:YAG as laser amplifying materials
Material values taken from references [26, 71, 72].

source must be available at this wavelength. This is not trivial due to the variations
in cost and complexity of available pump sources. In order to maintain an acceptable
efficiency from the pump energy a large absorption cross section is preferred. The emis-
sion wavelength is material dependent and could limit the choice of gain material. Also,
the radiative lifetime limits the type of pumping (pulsed or CW) and can influence the
choice of repetition rate for the amplifier.

The first thing to consider is the pump requirements. The threshold levels for
inversion vary depending on the energy structure of the material. Figure 5.1 shows a
simplified representation of both the quasi-three level and four-level energy structures
of the two relevant materials for this work. [29, 30]. Yb:YAG is a quasi-three level
structure where the maximum absorption is at 941 nm, and the laser transition at
1030 nm. The main feature of note is the laser transition is stimulated to an energy
level that is close enough to a thermally populated lower state giving Yb:YAG the
quasi-three level nature. Therefore, strong pumping must be used in order to overcome
ground state reabsorption. This is the reason why it took the development of high
brightness diode pumps for Yb:YAG to become a successful laser material regardless of
the advantages of Yb:YAG in terms of thermal properties and the possibility for high
dopant concentrations. The four level system is the structure of Ti:Sapphire. There
is a ground state that is below the laser transition therefore the stimulated emission
does not populate the ground state. This means the population of the pump band can
be neglected, and there is no reabsorption at the laser wavelength(s) which leads to a
lower threshold.

40



5.1 Laser amplification

Figure 5.1: Representation of a quasi-three and four level energy structure -
Simplified energy diagram of Left: pump and major lasing transition of Yb:YAG a quasi-
three level system, Right: Pump, relaxations and lasing transitions of Ti:Sapphire a four
level system.
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5. METHODS OF AMPLIFICATION

Given a suitable gain material which is successfully pumped to inversion, the amount
of gain achievable can be described in three regimes: In the region of small signal gain
g0 where the population inversion is not affected by the incoming light the gain can be
described as

G ≈ G0 ≡ exp (g0l) (5.1)
where g0 is the small signal gain, and is experimentally measured at the operational
pump power, and l is the length of the gain medium in which the seed travels through.
In this regime, the gain is exponentially increasing. Once the small signal gain region
is surpassed the gain is linear until saturation. Saturation occurs when the inversion
population is affected by the energy extracted by the incoming pulse and the gain is
truncated as passing pulses deplete the inversion population. The overall gain as a
combination of all gain regions can be described as,

G = Es
Ein

ln
?
1 +

?
exp

?
Ein
Es

?
− 1

?
G0

?
(5.2)

where the saturation energy Es is material dependent and Ein is the seed energy [29].
Equation 5.2 allows for the calculation of the gain achievable per pass through the
material by using the empirically determined small signal gain as an input parameter.

Laser amplification does not provide sufficient gain in a single pass and a multiple
pass geometry is most often adopted. In this case the overall gain can be determined
numerically by iterating equation 5.2 through the number of passes. An experimental
multi-pass amplifier will be discussed in chapter 6.

When the gain per pass is low, a very large amount of passes through the gain
medium can be achieved by integrating the gain medium in a cavity where the cavity
losses are controlled using an electro-optic or acousto-optic element. This geometry
is known as regenerative amplification whereas a multi-pass amplifier is on the order
of 10 passes, a regenerative amplifier can have on the order of 100 passes through the
material. It has been shown that the dynamics controlling regenerative amplification
can be described in much the same way as Q-switching [73, 74]. The ideal number of
passes through the cavity can be determined theoretically through iteratively solving
the fluence increase per pass Ik+1 and the gain decrease per pass gk+1 using equations 5.3
and 5.4.

Ik+1 = TIs ln (Gk[exp (Ik/Is) − 1] + 1) (5.3)

gk+1 = gk − (p/Is)[(Ik+1/T ) − Ik] (5.4)
where p is the gain recovery coefficient and depends on the lifetime of the material
and the repetition rate of the amplifier. The overall loss of the regenerative amplifier
δ is expressed as T = exp(−δ) [29]. The saturation intensity Is is a material and
dopant level dependent property. The gain achievable from a regenerative amplifier is
generally very large. Such a system will be the basis for the ps pump laser, which will
be discussed in detail in chapter 7.

In either multipass or regenerative amplification schemes there are two physical
effects to avoid. Specifically, detrimental nonlinearities, which are mainly caused by
self-focusing due to the intensity dependent index of refraction, and gain narrowing,
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5.2 Gain narrowing

inherent in amplification by methods which store energy in the medium, should be
minimized.

5.2 Gain narrowing
An intuitive picture of gain narrowing can be developed by equation 5.2. This says
that the overall gain is proportional to the input energy. When considering Gaussian
beams it is clear the profile has more energy density in the center, therefore the gain
in this region will be higher. Over multiple passes through the gain medium the effect
of higher gain in the center of the Gaussian profile is self-propagating. This means
the center of the spectrum will see higher gain than that in the wings, and through
self-propagation the bandwidth that is amplified will become narrower than the initial
seed bandwidth. This is a well established phenomenon that has been studied since
1965 [75]. In terms of pulse duration this means the output pulse duration, τf , from
the amplifier will be longer than the input pulse duration, τi, by

τ 2f = τ 2i + (16 ln 2) lnG
∆ω2

(5.5)

assuming a Lorentzian lineshape where G is the overall gain and ∆ω is the medium
supported spectral full-width-half-max (FWHM).

With regard to the laser amplifier discussed in chapter 6 this effect can be partially
mitigated through shaping the input spectrum. This is commonly done using an ampli-
tude modulator where amplitude modulation can reduce the spectrum of the seed beam
around the center. For the regenerative amplifier in chapter 7 the final pulse duration
is used as a design input parameter. Once the desired pulse duration is determined the
seed beam can be stretched in order to accommodate for the gain narrowing.

5.3 The B-Integral
A reoccurring theme is the intensity dependent nonlinear index of refraction. It was
seen to affect oscillator design, and to be directly related to the phase between the
carrier and envelope of the pulse from the oscillator. Furthermore, it will be discussed
in context of self-phase modulation for compression of amplified pulses in section 6.2.
In terms of amplifier design, where the pulse energies are increased from the nJ to the
mJ level, the effects of the nonlinear index of refraction are dramatically increased.

Whole beam self focusing was previously discussed in terms of the optical Kerr
lens giving rise to an oscillatory beam behavior in the gain medium. In addition the
index of refraction is affected by the transverse spatial variation of a beam, which can
translate to a sort of refractive index grating. Ripples in the spatial intensity of the
beam transfer to variations in the refractive index. This variation of refractive index
creates small-angle scattering, and by interference of the scattered light with the original
beam greater variations in the original intensity ripples result [30]. Both small-scale self
focusing and whole beam self focusing are “run-away” effects. The combination of small-
scale, and whole beam self focusing, in addition to self-phase modulation described
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5. METHODS OF AMPLIFICATION

in section 6.2, result in complicated and self-propagating parameters that must be
considered in amplifier designs. A commonly accepted measure to simplify the relevancy
of such effects for the overall amplifier design is the “B-Integral” [30].

B = (2π/λ0)
?
γI(z)dz (5.6)

Equation 5.6 shows the way to determine the unit-less value of B, which is used as a ruler
for the cumulative nonlinearities. Here, γ is the previously discussed intensity scaling
factor of the nonlinear index of refraction (Chapter 2) and λ0 is the central wavelength
of the propagating beam. Typical accepted values between 3–5 are low enough to avoid
instabilities or optical damage [29, 30]. In amplifier chains it is common to design initial
stages with a much lower B-Integral to avoid damage in further stages.

5.4 Chirped pulse amplification
As all the detrimental effects are intensity dependent it becomes clear that the desired
short durations of the pulses also introduces limits in the energies attainable. An
elegant solution to increase the amplified energy attainable while avoiding pulse induced
damage was proposed by Strickland and Mourou in 1985 as chirped pulse amplification
[15]. The idea is simply to elongate the pulse duration by introducing a chirp to

Figure 5.2: Chirped pulse amplification scheme - The oscillator pulse is stretched in
order to avoid detrimental effects amplified and then compressed to short pulse durations
at the higher energy after amplification.

the seed pulse therefore reducing the peak intensity. A schematic of chirped pulse
amplification (CPA) can be seen in figure 5.2.

Since the introduction of CPA such a scheme has been adopted and is rather stan-
dard in any high intensity laser physics laboratory. By implementing the optical com-
pression scheme developed by Treacy the high energy output pulses can be recompressed
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5.5 Hollow fiber compression

close to the original pulse duration after amplification by dispersion compensation [76].
Since recompression has become an area of interest several methods of achieving this
have been investigated, i.e., prism, or gratings schemes, and are also standard tech-
niques.

In addition, a process of pulse compression by generating additional frequency com-
ponents via self-phase modulation has been established as a way to counteract gain
narrowing. The concept of hollow fiber compression (HFC) for µJ energy pulses was
established in 1996 by Nisoli et al. [77] and has been proven to be a powerful tech-
nique for pulse compression of ultrashort pulses. However, various difficulties must be
managed when upscaling the pulse energies to the mJ level. Specifically, for this work
the energy upscaling of HFC will be addressed in order to compress the output pulses
from a Ti:Sapphire based laser amplifier, discussed in chapter 6.

5.5 Hollow fiber compression
While CPA has allowed for significant increase in the energies available from laser
amplification of broadband pulses, final pulse durations in the few-cycle regime have,
as of yet, not been achieved. Due to the fundamental limitation of gain narrowing in
laser amplification the shortest pulse durations is 15 fs [78], more than 5 cycles of a
pulse centered at 800 nm.

With commercially available multi-mJ amplifiers readily available compression of
the amplified pulse to shorter pulse durations has been an active research topic for
strong field physics. HFC was originally devised for the compression of sub-mJ pulses
[77]. However, owing to its compactness, stability, and to the excellent spatial and tem-
poral profiles of the output pulses self-phase modulation-based HFC remains a promis-
ing candidate for the routine generation of multi-mJ few-cycle pulses. Furthermore, it
has been shown that HFC preserves the CEP stability of the seed pulses [7].

Recall the intensity dependent nonlinear index of refraction that was discussed in
chapters 2 and 3. In the time domain if an optical pulse with a high enough intensity I(t)
propagates through a material of a certain length L which has a finite Kerr coefficient
n2 this results in a change in the index of the refraction described by,

∆n ≡ n(t) − n0 = n2(t) (5.7)

and a change in the optical path length of ∆n(t)L [30]. The intensity variation of the
pulse itself will then result in the pulse experiencing a time-varying phase modulation
[30]. What this means physically for a temporally smooth pulse is a self-induced fre-
quency chirp across the central region of the pulse. This in combination with the group
velocity dispersion (∂vg(ω)/∂ω) of the material the pulse is propagating through, will
result in different portions of the pulse traveling at different group velocities. Pulse
distortion, soliton formation, or pulse broadening can all result from self-phase modu-
lation. In the case where a pulse propagates through a material with a negative group
velocity dispersion, i.e, vg increases with increasing ω, the trailing edge of the pulse will
travel faster, and the leading edge of the pulse will travel slower, resulting in a com-
pression in time of the pulse. In the opposite case where the material has a positive
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dispersion time broadening will occur. In either case the pulse will obtain increasing
amounts of chirp, broadening the spectrum.

This effect is in fact what is occurring in HFC. While the name is a bit misleading
HFC is in fact not compressing the pulse in time, but rather broadening the pulse
spectrally. Therefore, the available bandwidth is increased and the remaining frequency
modulation can then be removed using a grating or prism pair [79].

The first demonstration of HFC in 1996 was shown for sub-mJ energy pulses [77].
Propagation of the pulse through a fiber with a hollow core filled with a noble gas at
high pressures gives the advantage of a uniform transverse self-phase modulation by
discrimination for the fundamental mode. While spectral broadening through single
mode fibers would offer the same advantage, the input energies for such a fiber are
limited to the nJ regime before damage occurs. By using a hollow fiber the beam
diameters of the propagating beam can be increased therefore lowering the fluence and
increasing the acceptable energies. By filling the fiber with a noble gas at high pressure
the nonlinearities can be controlled by the type and pressure of the gas used [77].

The spatial profile after HFC is inherently close to the fundamental transverse mode.
This is due to the nature of the propagation of the beam in the hollow fiber. Specifically,
beam propagation occurs through multiple reflections at grazing incidence throughout
the hollow fiber which has a high loss for higher order modes [77]. Therefore, the
fundamental mode is selected through propagation along the fiber length. However, as
there are high losses for higher order modes one cannot expect full transmission. It has
been shown that fundamental mode of a hollow fiber has an attenuation constant α that
is inversely proportional to the cube of the internal radius α ∝ 1/a3 [77]. Therefore,
by increasing the diameter of the fiber losses can be minimized. However, the diameter
cannot be arbitrarily increased as i) the underlying effect of self-phase modulation
requires minimum intensities ii) increased diameters decreases the selectivity of single
mode propagation and iii) increased fiber diameter requires a proportional increase
in fiber length. Intrinsically the efficiencies of HFC can reach 80% without gas [80].
However, after optimization of the multiple experimental parameters i.e, gas type and
pressure, fiber length, cladding material, input pulse parameters, typical efficiencies
of ∼40-50% are observed [77, 81]. Recent work has shown increased efficiencies up to
∼60% under specific input pulse optimizations [80, 82].

The spatial and temporal profiles, stability, compactness, and the ability to maintain
CEP stabilization of the initial seed are significant advantages for using HFC. However,
when exceeding 1mJ pulse energies several phenomena greatly affect the performance.
The techniques used to reduce the limitations of HFC for multi-mJ pulses are the
subject of the following section.

5.5.1 Energy upscaling of HFC
As the energy of the pulses to be compressed is increased there is a higher potential for
multiple photon ionization of the propagating gas medium. By replacing the typical
propagation gas Argon with either Helium or Neon, both of which have a higher ioniza-
tion potential, and increasing the fiber diameter detrimental ionization can be reduced.
At such high powers self-focusing and/or self-phase modulation can occur in front of
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the fiber. This is not desirable as it is uncontrolled and can lead to damage at the
entrance of the fiber. A scheme of differential pumping has been shown to reduce these
effects in front of the fiber [83], since induced nonlinearities increase as the pressure of
the propagating gas is increased. By reducing the pressure at the optical input side of
the fiber detrimental nonlinear phenomena at the input can be reduced. In order to
keep the desired pressures for self phase modulation and self focusing to the extent nec-
essary to induce spectral broadening, the pressure is then gradiated increasing towards
the output of the fiber. This has been successful in order to generate pulses with 5 mJ
of energy with sub 10 fs pulse durations [83].

To further reduce the undesired nonlinearities at the entrance of the fiber soft
focusing of the input pulse results in a larger beam diameters at the input, however
this scalability is not infinite as the increase in diameter results in a necessary increase
in length of the fiber to achieve the same nonlinearities. One of the main advantages of
HFC is the compactness, i.e., the ability to fit the compression on a standard optical
table. Therefore, to increase the diameter to unreasonable sizes defeats one of the main
draws of the technique. Introducing a slight chirp to the input pulse also decreases
undesired effects at the fiber entrance by simply reducing the peak power.

A novel way to reduce the nonlinearities at the fiber entrance has been shown to be
using circularly rather than linearly polarized input pulses. Due to the tensor nature
of the χ(3) process in an isotropic material there is a difference in the change in the
index of refraction of the material between circularly and linearly polarized light.

δncircular =
2π
n0

A|E|2 (5.8)

δnlinear =
2π
n0

(A+ 1/2B)|E|2

where A = 6χ1122 and B = 6χ1221. For a discussion of the symmetry arguments used
for the tensor properties of χ see chapter 4 of reference [84]. From equations 5.8 one
can see linearly polarized light induces more nonlinearities than circularly polarized
light. In an isotropic material the third order susceptibility is related to the nonlinear
refractive index by

n2 = 3πχ(3)
n0

(5.9)

and for a non-resonant electronic process the ratio of change in the nonlinear refractive
index of linearly, δnlinear to circularly polarized light, δncircular is [84],

δnlinear
δncircular

= 3/2. (5.10)

Therefore one can reduce the nonlinearities occurring at the entrance of the fiber by
one-third using circularly polarized pulses. The experimental realization of this will be
shown in chapter 6 followed by a discussion of how to restore linear polarization for
such high energy pulses.

Some of the limits in laser amplification are the bandwidth available and the com-
plexity in compression of the pulse once high intensities are achieved. Due to the energy
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storage method in laser amplification the bandwidth is dependent on the amplification
material. In terms of Ti:Sapphire this is quite large, but when gain narrowing is ac-
counted for, not the full spectrum of the seed beam is available after amplification. The
experimental maximum achieved needs additional components such as a pulse shaping
device in the amplifier and this will be discussed in chapter 6.

In addition, due to the nonlinear index of refraction of Sapphire the stretching
factor must be fairly large in order to keep the B-Integral to an acceptable value. For
example for an output of 100 mJ in a traditional Ti:Sapphire amplifier system the seed
beam would need to be stretched to around 250 ps in order to avoid material damage.
This means the compression would have to be done in large gratings which are not
only challenging to work with, but also inherently unstable. These limitations can be
partially mitigated by using a parametric process for amplification, the theory of which
is the subject of the following section.

5.6 Optical parametric amplification
In a parametric amplification process no real energy levels are present. The underlying
gain mechanism is rather determined via the conservation of energy and momentum.
This means that amplification only occurs when the pump and the seed are temporally
overlapped as there is no power flow from the total electric field to the medium, the
medium can rather be thought of as a catalyst for the nonlinear process in which power
flows between various optical fields.

Parametric amplification is the same physical mechanism present in difference fre-
quency mixing wherein a strong pump with frequency ω3 is used to pump a nonlinear
medium along with a small signal seed at ω2 these frequencies beat together to induce
a polarization at the idler frequency PNL

ω1 . This newly generated idler then beats with
the pump to produce a polarization PNL

ω2 this results in the power transfer from the
pump to both the signal and idler. The flow of power follows the Manley-Rowe power
relationship,

−W3/ω3 = W2/ω2 = W1/ω1 (5.11)

which in this context says the loss of power (−W3) from the pump beam at ω3 is
transferred to both the signal and the idler beams at ω2 and ω1 [28]. As the growth
of the signal and idler waves are inseparable due to the “photon splitting” nature of
the parametric process, in the regime where pump depletion is neglected the signal and
idler experience exponential gain according to the two coupled equations

Iω2(L) = Iω2(0) cosh2(GL)

Iω1(L) = ω1
ω2

Iω2(0) sinh2(GL) (5.12)

where G is the gain factor and L is the length of the material [28]. The square of the
gain factor

G2 = (9ω1ω2d2effIω3)/(8ε0c3n1n2n3) (5.13)
(5.14)
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is proportional to the pump intensity Iω3 the refraction indices n at the respective
frequencies, and the square of the effective nonlinear coupling of the material deff [29].
This allows for high gain achievable in a single pass given an intense pump beam.
When peak powers reach levels in which material damage could occur the concept of
CPA can also be applied and this process is known as optical parametric chirped pulse
amplification (OPCPA).

The lack of energy storage in the medium removes the dependence on saturation
fluence that is present in laser amplification. In fact, the high stretching factors used
in fs laser amplifiers stems from the fact that the damage thresholds of gain mediums
tends to be low on fs timescales in comparison to longer timescales. By stretching
the pulse more energy can be stored in a material before damage occurs allowing the
saturation fluence to be achieved. Therefore the stretching factor in OPCPA can be
much lower than that used in laser amplification. For an output energy of 100mJ from
a laser amplifier the seed pulse would have to be stretched to 250 ps, in OPCPA the
pulse would only need to be stretched to a few ps. This means the compression will be
more compact, stable, and simpler.

In theory the maximum available bandwidth in OPA is determined by the trans-
parency region of the nonlinear material, since there is no absorption the material
must be transparent to the pump, signal, and idler beams. However, in practical terms
the bandwidth is limited by phase matching conditions [28], which are given by the
conservation of momentum.

When amplification of ultrashort pulses is of concern, the group velocities at the
three frequencies becomes relevant. The distance through the medium in which the
parametric process occurs is limited by splitting of the signal (or idler) beams by means
of group velocity dispersion (GVD), in the absence of gain [85]. This group velocity
mismatch (GVM) is dependent on material properties and wavelength of the pulses.
The gain bandwidth of an OPA in collinear geometry with a monochromatic pump
source and low pump depletion can be estimated as a direct function of the fourth root
of the gain function ∆ν ∝ (G)1/4 and the GVM of the signal and idler pulses [86]. If
the nonlinear medium is shorter than this mismatch length then GVM can be neglected
and gain for CW beams can be assumed. However as equation 5.12 shows, the overall
gain increases with length of the material and the intensity of the pump. This means
in order to minimize final pulse durations to the few-cycle regime the intensity of the
pump must be sufficient to overcome the necessity for a small nonlinear propagation
length.

Given the dependence of the gain achievable on the intensity of the pump beam,
the real challenge in developing an OPA with the goal of few-cycle intense pulses is in
the development of a pump source with high power. Complications are added when
efficiency is an issue. In order to not discard the majority of the pump energy it is
ideal to have the pump on the same temporal order as that of the seed pulse. Ideally
the pump pulse should be short, as recompression becomes more demanding with a
large stretching factor for the seed pulse. The main bottleneck of the pump source
is to keep the pulse durations as short as possible without encountering detrimental
nonlinearities. In other words, an ideal pump source for optical parametric chirped
pulse amplification will be a high intensity pump source on the order of a few ps in
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duration. After presentation of the traditional approach of CPA combined with HFC
the development of the ps pump laser will be the subject of chapters 7, 8, 9.

5.7 Choice of amplification method
Both CPA and OPCPA can provide intense pulses, and with compression can reach
ultrashort pulses. The choice of method is a trade off between the inherent advantages
and disadvantages of each scheme. One cannot directly compare the breadth of the
two methods, rather it is advantageous to focus on which method provides the target
output. In chapter 6 an experiment using laser amplification in order to achieve 1.9mJ
5.7 fs pulses centered at 800 nm at 1 kHz will be shown. This CPA system is also CEP
stable down to a residual jitter of ∼ 200mrad. This fulfills the few-cycle requirement
as one cycle of 800 nm is 2.7 fs,. By focusing few mJ energy pulses down to small spot
sizes on the order of a few µm ∼ 100MW/cm2 fluences can be achieved. However, this
is at the limit of energies that are currently achievable with such broad bandwidths
from CPA. Moreover CPA struggles with amplified spontaneous emission (ASE) and if
the compression is insufficient, pre-pulse amplification limits the functionality of these
pulses when pre-perturbation of the experimental target is critical.

OPCPA promises to be a technique that allows for higher output energies with
less compression needed for ultrashort pulses. However, the phase-matching conditions
make alignment and optimization of the bandwidth experimentally challenging. Non-
collinear geometries have shown to increase the bandwidths achievable [87, 88]. In
addition, due to the nature of OPA the phase of the electric field is self-stabilizing [7].

A main challenge is the non-trivial synchronization of the pump and seed pulses.
A method of optical synchronization has been shown in which the seed laser is used in
order to seed the OPA, and the regenerative amplifier that is the pump laser for the
OPA [27]. Even with optical synchronization the beam path delays must be controlled
electronically, recently it has been shown that jitter in the timing control can be reduced
from hundreds of fs to ∼ 20 fs [89].

OPCPA is becoming an interesting field in research due to the flexibility in the
technique. The variety of wavelengths available gives rise to investigations of long
wavelength sources [90, 91] or as replacements for broad bandwidth sources around
800 nm [87, 92]. There are investigations on increasing the repetition rate while trying
to maintain high energies [27]. The reviews show a broad range of applications [86, 93]
and it becomes clear that regardless of the specific output targets a majority of the
design of an OPCPA system is dependent on the pump source available.

50



Chapter 6

Experimental generation of
few-cycle intense pulses via laser
amplification

Chirped pulse amplification is now the conventional approach to the generation of
intense ultrashort pulses. Despite tremendous progress in CPAs in terms of energy, the
shortest pulses generated from such a source have only reached 15 fs in duration [78].
With CPAs supplying multi-mJ pulses with durations in the range of 30-50 fs readily
available, energy upscaling of pulse compressors became a highly topical issue in the
development of laser sources for strong field physics. As published in [21] the design,
development and implementation of such a system is the subject of the following section.
As most high field physics lab have a CPA system the focus of the current system is
on 1) excellent CEP stability and 2) the ability to compress the high energy pulse to
the few-cycle regime. The CEP stabilization used in this work is based on the feed-
back method discussed in section 3. The feed forward technique of CEP stabilization,
discussed in chapter 3 could now be implemented for future systems. Some of the work
in the following chapter is reproduced from the self-authored reference [21].

6.1 Laser Amplifier
An experimental setup of the CEP-stable CPA with HFC can be seen in figure 6.1.
The Ti:Sapphire oscillator is a broadband all chirped mirror based oscillator generating
sub-6 fs pulses at 800 nm with an ultrabroad spectral width of more than 300 nm. It is
pumped with a continuous wave diode pumped solid state (DPSS) laser (Verdi V5 Uno,
Coherent Inc.) which operates at 3.3W. This seed source is CEP stabilized through the
feed-back technique. The fCE is measured using a monolithic setup in which both the
necessary spectral broadening and difference frequency generation (DFG) is achieved
using a periodically poled lithium niobate crystal (PPLN). This techniques was devel-
oped by Fuji et. al, [46] and has been shown to be more robust, less sensitive to beam
pointing drifts, and easier to operate than f -to-2f interferometry with fiber spectral
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Figure 6.1: Schematic of laser amplification and HFC compression of broad-
band laser pulses - Conceptual schematic of the experimental setup. See text for de-
scription and discussion

broadening. After the DFG stage an isolator (broadband, Electro-optics technology,
Inc.) is used in order to protect the oscillator from unwanted back reflections. Using
the leakage through one of the directional mirrors from oscillator to amplifier a signal
is acquired by a photodiode. This photodiode signal then is used for triggering the
amplifier to allow one to pick out the target seed pulses to be amplified. The target
frequency is generated by dividing the measured repetition rate, frep, of the oscillator
by a factor of 4 in a divider (BME, Bergmann Messgeräte Entwicklung KG). After the
divider a phase detector of the CEP fast-locking electronics (XPS 800, MenloSystems
GmbH) measures the frequency difference between fCE and 1/4frep providing the error
signal for the oscillator CEP locking. Locking fCE is achieved by feedback-controlling
the power of the oscillator pump laser by means of an acousto-optic modulator (AOM).
Setting fCE = 1/4frep results in a constant phase slip of π/2 between two consecu-
tive pulses, therefore, each forth pulse of the oscillator train has identical CEP. The
ultrafast amplifier (FEMTOPOWER V PRO CEP, Femtolasers Produktions GmbH)
used here is a two stage multipass amplifier. One pump laser provides up to 60W of
527 nm in 100 ns pulses at 1 kHz (DM60-527, Photonics Industries, Inc.). The pulse
energy is split to provide between 10 to 12W of pump power to the seed-amplifier and
the remainder is used for the booster amplifier. Conventionally, the oscillator CEP
stabilization loop is simultaneously employed for the compensation of additional drift
arising in the amplification stages. However, the CEP stabilization of the oscillator
(fast loop) and amplifier (slow loop) can be controlled independently, which has been
shown to improve long term performance [52]. The slow loop locking electronics are run
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from the signal at the output of the amplifier after the grating compressor measured
with the f -to-2f interferometer (APS 800, MenloSystems GmbH). The independent
slow loop compensation is done through a monolithic stretcher. The stretcher is nearly
CEP drift free, and can provide the stretching factor of ∼ 80,000 fs2 that the amplifier
was designed to support.

The CEP drift is also reduced as the two Ti:Sapphire amplifier crystals are cooled
with low vibration cooling techniques. Namely, a Peltier element and an immersion
chiller are used for the seed and booster amplifiers respectively. The immersion chiller
can reach temperatures of 170-185K (TC100, Huber Kältmachineinbau GmbH). Nei-
ther of the cooling units introduce additional CEP fluctuations or drifts.

The seed-amplifier consists of a pre-amplification stage in which ∼75mW from the
oscillator (after reflection losses) is passed through the Ti:Sapphire four times before
sent through a RTP Pockels cell (BME, Bergmann Messgeräte Entwicklung KG) in
order to reduce the repetition rate to 1 kHz. The Pockels cell is controlled by the same
electronics as the divider in order to insure every fourth pulse, those with identical
CEP, is selected for amplification. At this point spectral shaping to counter the gain
narrowing effect, and compensate third and fourth order dispersion from the grating
compressor is done using a commercial pulse shaper (Dazzler, Fastlite) (not shown).

Further amplification is then achieved through the same crystal, in the “1st stage”
(see figure 6.1). At this point the remainder of the nine passes are realized at the
final repetition rate. The output from the seed-amplifier is 1 mJ with a pulse to
pulse fluctuation of 1.0% rms. A λ/2 plate in combination with a polarizer is used
to adapt the pulse energy to 700 µJ for the booster amplifier stage. Feedback from
the booster to the preamplifier and vice versa is prevented using a Faraday isolator
(broadband, Electro-optics technology, Inc.). The total pulse energy at the output of
the booster amplification stage is 7.5mJ, with a beam diameter of 2.5 cm. At this
point the pulse to pulse fluctuation is 0.7% rms. The low stretching factor allows for a
compact transmission grating compressor. Using 1280 l/mm transmission gratings, a
grating separation of a few cm is sufficient to compensate for the material dispersion of
the stretcher/amplifier. The overall transmission through the compressor is 80% which
results in 6 mJ pulses after the compressor with a pulse duration of 25 fs.

The CEP drift of the amplifier is measured by diverting 0.7% of the output energy
into a collinear f -to-2f interferometer (APS 800, Menlo Systems GmbH), as discussed
above. The CCD (charge coupled device) camera collects the spectrum in single shot
operation, with a frame rate on the order of 150 frames/s allowing for the interference
spectrogram of every seventh laser shot from the 1 kHz pulse train to be measured. A
software-simulated PI-control provides the error signal for the slow locking electronics
which controls the position of the piezo-actuated prism integrated in the monolithic
stretcher. The cutoff frequency of the piezo prism displacement loop is sufficiently
fast enough to compensate the slow CEP drift of the amplifier and a CEP noise of
190mrad rms over a time period longer than 7 hours is routinely achieved as presented
in figure 6.5.

Figure 6.1 also shows the subsequent recompression by HFC wherein 5mJ is intro-
duced into a hollow core fiber in a pressurized gas chamber after adjusting the input
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parameters as discussed in section 6.2. The output after the final dispersive mirror com-
pression is 1.9mJ, 5.7 fs pulses at 1 kHz. The details of the hollow fiber compression
will be discussed in the following section.

6.2 Hollow fiber compression
The theory of HFC was discussed in chapter 5. As was addressed in that chapter, several
phenomena affect the performance of HFC when the pulse energy is increased beyond
1mJ: ionization of the propagation media, self-phase modulation and self-focusing in
front of the fiber, as well as damage of the fiber entrance. Ionization can easily be
avoided by replacing Argon-a propagation medium commonly used at lower energies-
with Neon or Helium, both of which have higher ionization potentials, and by increasing
the fiber diameter. Temporal and spatial nonlinear beam distortions prior to fiber
coupling can be minimized by evacuating the chamber section in front of the fiber
using a differentially pumped setup [82, 94, 95]. Nonlinear effects originating between
the focusing optics and the chamber entrance (and in the entrance window) can be
minimized by employing soft focusing [82, 83] and/or slightly positively chirped input
pulses [82, 95]. Pulses of 3.7 fs duration with energies of 1.2mJ have already been
generated by employing a differentially-pumped chamber with a 1m long hollow fiber
seeded with positively chirped 33 fs pulses [95]. Energies as high as 5mJ with a pulse
duration of 5 fs were obtained using a differentially-pumped chamber in conjunction
with soft focusing and a large fiber core size diameter (inner diameter = 500 µm) [82].
However, in the latter case the HFC chamber has to be approximately 4m in length,
thus exceeding the size of a typical table-top setup. Adverse nonlinear effects prior to
fiber coupling can also be reduced by seeding the compressor with circularly (rather
than linearly) polarized pulses [81, 94]. This approach was successfully implemented
for the generation of 1.2mJ, 3.7 fs pulses from a constant-pressure, compact HFC [81].

Combining some techniques summarized above, we employed circularly-polarized,
slightly positively chirped 5mJ pulses for seeding a constant-pressure compact HFC
(chamber length ∼ 1.5m), equipped with a tapered hollow fiber. The concept of which
can be seen in figure 6.2.

After the grating compressor the 35 fs 5mJ pulses from the amplifier are directed to
the slightly modified version of the, commercially available, Kaleidoscope compressor
(Femtolasers Produktions GmbH). Near-normal incidence AR-coated chamber entry
windows were used in place of the commonly used Brewster angle counterparts. This
allowed for loss-free coupling of the circularly polarized input pulses. The pulses are
directed through an air-spaced achromatic quarter-wave retardation plate and subse-
quently coupled into the hollow fiber by means of a curved mirror (f = 125 cm). Given
the cleanliness of the polarization at the output of the amplifier (99:1), and the ac-
curacy of the waveplate retardation (±0.007 orders in the range from 600-950 nm) we
can safely assume that the deviation of the beam from the circularly polarized state is
negligible. This is essential in order to avoid nonlinear instabilities of the polarization
in the hollow fiber [94]. In order to minimize self-focusing and inhomogeneous spectral
broadening in the entrance window and in the air-propagation section in front of the
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Figure 6.2: Concept of HFC after laser amplification - Conceptual schematic of
the energy upscaled hollow fiber compressor. See text for description and discussion

fiber-chamber, the transmission grating compressor was slightly detuned to introduce
a positive chirp, resulting in a pulse duration of 35 fs at the entrance of the chamber.
In agreement with [95], we found that this pulse duration provided a good compromise
between spectral broadening and coupling efficiency. The fiber has a length of 1m
and an inner diameter of 260 µm and is tapered such that over the first 10 cm of the
fiber the inner diameter increases linearly to 320 µm. This tapered fiber is encased in a
1.5m long chamber filled with Neon at a constant pressure of 400mbar. The chamber
is equipped with ultra-thin AR-coated windows mounted under a small angle (30") in
order to avoid back-reflections. After exiting the fiber chamber the beam is recollimated
with a curved mirror (f = 125 cm) and the linear polarization was restored using the
developed reflective phase retarders discussed below, and finally coupled into a mirror
compressor consisting of eight ultra-broadband dispersive mirrors.

6.3 Reflective wave retarders

Achromatic, transmissive waveplates (e.g., using Magnesium fluoride and quartz) are
standard components used for polarization management in the visible and near-infrared
spectral ranges. However, in order to minimize dispersion-related pulse broadening as
well as distortions caused by the Kerr effect, air-spaced achromatic waveplates have to
be used. Given the sub-mm thickness of these plates their aperture cannot be arbitrarily
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Figure 6.3: Performance of the dispersion-free reflective phase retarders used.
- Left: Reflection vs. wavelength for both s-(red curve)and p-(blue curve)polarized input
light ensure nearly loss free behavior. Right: Retardation vs wavelength in the spectral
region of interest, showing the quarter-wave behavior

scaled, thus limiting the maximum amount of energy that can be manipulated with such
components.

Reflective phase retarders hold the potential to overcome this drawback. They are
nearly dispersion free, and can be almost arbitrarily scaled in size. It is well known
that the reflectance at metallic surfaces, under oblique incidence, is inextricably linked
to phase retardation. Drawing on this phenomenon, reflective phase retardation plates
were developed for the infrared [96] and ultraviolet [97] spectral ranges.

In the spectral range of interest for Ti:sapphire based femtosecond laser applica-
tions (∼ 600–1000 nm) Ag exhibits excellent reflectance. With the proper choice of
incident angle Ag-layers introduce a phase retardation closely approaching a quarter-
wave. Under an angle of incidence of 68◦ the phase retardation amounts to approxi-
mately 0.27waves for wavelengths in the range of 560–960 nm. A dielectric over-coating
was designed to fulfill two functions: to prevent oxidation of the Ag and correct phase
retardation of the under-coating in order to achieve a value as close to 90◦ as possible
over the widest available wavelength range. Aluminum oxide and silicon dioxide were
employed for the dielectric over-coating. Additionally, higher order phase terms were
minimized in order to prevent pulse distortion upon reflectance. In order to demon-
strate the capability of this reflector to transform the polarization of few-cycle pulses
with energies in excess of 1 mJ, we have employed it for restoring the linear polariza-
tion of the pulses at the output of the HFC. The results are shown in figure 6.3. The
polarization was subsequently determined to be 98.5:1.5 by analysis with a broadband
polarizer.

6.4 Results
Using the above detailed experimental setup, we generated 1.9mJ, 5.7 fs pulses after
the HFC. The pulses were subsequently polarization controlled using novel reflective
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Figure 6.4: Generation of high energy few-cycle pulses after HFC - Left: Broad-
ened spectrum before dispersive mirror compression. Right: Measured autocorrelation
trace of compressed 1.9mJ, 5.7 fs pulses with a Neon pressure of 400mbar.

phase retarders. The throughput of the evacuated chamber equipped with the tapered
fiber was 42%, corresponding to 2.1mJ directly after the hollow fiber chamber. Addi-
tional losses in the recollimation optics and pulse compressor reduced the pulse energy
to 1.9mJ, resulting in an overall throughput of 38%. A second order interferometric
autocorrelator (Femtometer, Femtolasers Produktions GmbH) was employed for char-
acterizing the pulse duration. From the autocorrelation trace depicted in figure 6.4, a
pulse duration of 5.7 fs was determined, corresponding to less than three optical cycles
at 800 nm. In order to retrieve the pulse duration as accurately as possible we deter-
mined and employed a deconvolution factor for the measured spectrum by calculating
the ratio between the duration of the corresponding bandwidth limited autocorrelation
and the duration of the bandwidth limited pulse.

The excellent CEP stability of the whole amplifier system is depicted in figure 6.5.
The right panel shows the results of the off-loop measurement, where the slow loop CEP
stabilization is not active. The low CEP slip of 160mrad, averaged over evaluations on
minute timescales, indicates (i) the superior performance of the CEP stabilization of
the seed oscillator,(ii) the robustness of the compact transmission grating compressor,
and (iii) that the effects of random pulse to pulse energy fluctuations are minimal.
Maintaining this performance over day long time scales is possible due to the separa-
tion of the fast and slow CEP stabilization loops. In other words, the amplifier displays
excellent passive stability. Additionally, the data show a much slower drift in the CEP
over minutes, which is easily compensated for by the active slow-loop stabilization elec-
tronics. With both oscillator and amplifier stabilization loops active, a CEP fluctuation
of only 190 mrad over a time period of longer than seven hours at the output of the
amplifier was measured (Fig. 6.5, left panel). This is on the same order of magnitude as
observed from stabilizing only the seed pulses, reinforcing the claim of inherent stability
of the amplifier design.

Limitations of the current experimental setup prevented us from performing a quan-
titative analysis of the CEP drift introduced by the HFC. Nevertheless, due to the
nature of HFC, the CEP stability is expected to be maintained, as discussed in [7].
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Figure 6.5: CEP slip vs. time measured after the amplifier - Left: Long term
measurement, with both slow and fast loop stabilization loops active. A CEP slip of
190mrad rms over > 7 hours is determined. Right: Slow loop stabilization loop inactive.
A fast CEP slip of 160mrad over a minute is determined, with a slow drift on the order of
minutes present, but easily accountable for by activating the slow-loop stabilization.

It becomes clear by combining HFC with a laser CPA system generation of multi-
mJ few-cycle pulses is possible. It was seen in section 6.2 pulse energies as high as
5mJ at 1 kHz have been accomplished with 5 fs durations [82]. However the system
was not CEP stabilized and as the pulses coupled into the 4m long fiber are from
a chain of amplifiers more than one optical table would be necessary for the setup
[98]. Using a 1m long fiber and a single amplifier 1.2mJ pulses at 1 kHz with 3.7 fs
durations have been demonstrated [95] with no mention of CEP stabilization of the
system. Recent experiments have shown CEP stable systems with pulse energies of
1.6mJ at 1 kHz with pulse durations of 4.8 fs [80]. In reference [80] the Ti:Sapphire
oscillator was CEP stabilized using the feed-back method and the slow drift of the
system was measured after the HFC, this error signal was used to compensate the CEP
drift of the combination CPA and HFC. Using the post compression CEP compensation
CEP jitter of 250mrad over minutes was observed [80]. Compactness and quality of
the CEP stabilization of such systems continues to be of interest as the development
of the combination HFC, CPA systems becomes more commercially interesting.
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Chapter 7

ps Pump design and initial
considerations

In 1997 Ross et. al, proposed using optical parametric amplification as a means to sur-
pass powers and shorten the pulse durations available from the laser amplifiers available
at that time. The need for remaining below the damage thresholds of the nonlinear
crystals was already recognized and given the popularity of CPA the concept of opti-
cal parametric chirped pulse amplification was discussed in detail in reference [99]. In
terms of bandwidth the advantage to laser amplification comes in that the available
bandwidth for OPA is determined by phase matching conditions. As a consequence of
the phase matching conditions and index curves of materials, a combination of a short
nonlinear crystal length and high intensity pump increases the gain bandwidth of an
OPA [99].

The gain achievable in a single pass in OPA was shown in chapter 5 to be exponen-
tial with respect to the length of the nonlinear crystal and the intensity of the pump
beam 5.12–5.13. However, the index of refraction of the nonlinear crystal is wavelength
dependent so clearly through propagation the pump and signal beams will experience a
walk-off along the length of the crystal. This in addition to the necessity of pump and
signal overlap for amplification to occur highlights the need to use a short nonlinear
crystal with a high intensity pump source to achieve maximum gain. These arguments
show the clear bottleneck of an OPCPA aimed at the generation of few-cycle intense
pulses is in fact the pump laser.

A concept of OPCPA adopted for the current work can be seen in figure 7.1. By
using the same seed source for seeding the OPA and for seeding the regenerative am-
plifier, that is the pump laser the timing overlap between the signal and pump beam
is addressed (see chapter 5). The seed source was discussed in detail in chapter 2 The
CEP stabilization of the signal of the OPA is determined by that of the seed and there-
fore by stabilizing this seed, as was developed in chapter 3, the output pulses maintain
the oscillator stabiliy. Incorporation of a simple stretcher/compressor scheme allows
us to stretch the seed to the duration of the pump laser to ensure temporal overlap of
the seed and pump beams (see chapter 5). The remaining challenge, addressed in the
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following chapters, is centered around the development of a suitable pump source for
the OPCPA.

Specifically, the pump laser is designed for i) high intensity output ii) short pulse
durations of a few ps to minimize the necessary stretching/compression and use pump
power efficiently and iii) good beam quality as the pump signal and idler beams are
transferring energy and spatial pump imperfections are adopted by the signal beam.
The design considerations of the pump laser to fit these criteria are the subject of the
following chapter.

Figure 7.1: Concept of optical parametric chirped pulse amplification setup - A
seed source is used to seed the OPA and the regenerative amplifier that is the pump source
of the OPA. A simple stretcher and compressor scheme and a second harmonic generation
stage are all that is needed in addition to the pump laser.

7.1 Thin disk technology
Yb:YAG has proven to exhibit a long list of desirable properties for high-power diode
pumping, including but not limited to:

• very low fractional heating

• broad absorption bands allowing for ps pulse durations

• high doping possible without quenching

• high thermal conductivity and strength

• pump wavelength (940 nm) where reliable diodes are readily available

However, it was seen in chapter 5 that quasi-three level structure demands high pump-
power densities to overcome the thermal population of the lower laser level. High pump
power densities result in high thermal loads on the crystal, the management of which
is of critical importance not only for basic operation, but also the overall stability of an
amplifier. In 1994 a novel idea to overcome this limitation was proposed wherein the
gain medium has been shrunk in one direction until it is effectively a two-dimensional
structure [23]. This thin crystal, termed the “disk” is then contacted with a heat
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sink where water cooling along the contacted side gives a one-dimensional heat flow.
Removal of heat from the disk in such a manner allows for effective, uniform cooling,
minimizing the thermal load and increasing the pump power densities that can be
imparted before detrimental effects are encountered.

In such a rear cooling geometry the disk must be pumped axially from the front
face. The pseudo two-dimensional structure is on the order of hundreds of µm thick
and according to equation 5.2 the full pump radiation cannot be absorbed on a single
pass. As a means to increase pump absorption a multiple pass pump geometry has
been shown to be effective [23, 100].

Figure 7.2 shows a schematic representation, adapted from reference [100], of the
multi-pass pumping scheme. Initially the pump beam is adapted in either a magnifi-
cation or imaging system by a series of lenses, and then focused onto the disk via a
parabolic mirror. The unabsorbed pump is reflected from the back side of the disk by
means of a reflective coating for the pump wavelength to the parabolic mirror. This is
then redirected to another position on the parabolic mirror and back to the disk. This
is continued for multiple passes over the disk. Figure 7.2 represents this scheme using
eight virtual spots, whereas the actual number of passes can be increased within the
limit of size of the parabolic mirror. A reflector is used to redirect the final pass of
the pump radiation back along the original path, doubling the number of pump passes,
therefore figure 7.2 represents a multiple pass configuration with 16 passes over the
disk.

Figure 7.2: Schematic representation of the multiple pass pump geometry. -
Adapted from reference[100]. The fiber delivered pump beam is first adapted via a system
of lenses and then directed to the thin disk (TD) via the parabolic mirror (PM). The
pump radiation is redirected 16 times over the disk with a combination of 8 spots on
the parabolic mirror (inset) and a reflector for the reverse path (HR), doubling the total
number of passes.

While proper pump absorption is managed via the multi-pass pump geometry the
pulse to be amplified must also be passed through the disk multiple times to reach
the desired output energy. Specifically, to overcome the low gain per pass that is
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achievable with such a thin gain medium a regenerative amplifier scheme is employed.
As was discussed in chapter 5 a regenerative amplifier is essentially a multiple pass laser
amplifier with hundred(s) of passes. The cavity is beneficial to the beam profile, as the
mode of the beam is selected by what the cavity can support. However, the cavity
must be designed in order to support ps pulse durations, at high intracavity powers.
In order to avoid detrimental nonlinearities the short pulse durations need large beam
diameters throughout the cavity, and hard focusing should be avoided. This requires
conscientious design in order to maintain stability with such large beam diameters,
which is the subject of the following sections.

7.2 Design considerations
It was our goal to develop a cavity wherein easy transitioning between CW and pulsed
operations could be achieved. The ability to transition between the two modes of oper-
ation simplifies the optimization procedure, allows for direct comparison, and increases
the value of the setup for future commercial ventures. Chapter 5 showed the pump

Figure 7.3: Output pulse duration versus input pulse duration for the ps pump
- The final pulse duration is used for determining the necessary pulse diameters at the
transmissive element

pulse duration should not be significantly longer, if at all, than the stretched duration of
the seed beam. This pulse duration restriction is due to the parametric process in which
the seed and pump must be temporally, and spatially overlapped for amplification to
occur.
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In addition, it was seen that compression of a stretched pulse is a limitation in
terms of final pulse duration, energy attainable, and CEP stability. To stretch the fs
seed beam to a few ps needs only a few mm of glass. Such a simple stretcher allows for
a compact, inherently stable recompression. To this end the pump laser was designed
with a target output pulse duration of 3 ps.

From the desired output pulse duration the input pulse duration considering gain
narrowing was determined according to equation 5.5 as seen in figure 7.3. For an
output pulse duration of 3 ps an input pulse, from the Ti:Sapphire seed, of 2 ps is
ideal. It is important to determine the minimum and maximum pulse durations in
the regenerative amplifier cavity in order to determine the beam diameters necessary
to avoid detrimental effects. Therefore, the design of the cavity must support 2-3 ps
pulses.

7.3 Cavity to support ps pulse durations
A schematic of the regenerative amplifier cavity can be seen in figure 7.5. The disk
pump module is represented as a grey box and will be discussed in detail in chapter 9.
A pump spot size at the Yb:YAG disk is predetermined in the commercially available
diode pump module. It is critical for efficient energy extraction and promotion of
fundamental mode (TEM00) operation that the cavity mode be 80% the size of the
pump spot size [29, 101]. The other critical beamwaist is at the position of the BBO
Pockels cell which is responsible for the timing control of the amplifier, which will be
outlined in section 7.4.

To keep the B-integral to a level to avoid damaging nonlinearities equation 5.6
was used in a simplified form seen in equation 7.1. Due the thin disk design the
buildup in the gain medium is negligible, and the nonlinearities are for the overwhelming
majority accumulated in the only transmissive element in the cavity the BBO Pockels
cell. Therefore, the B integral can be simplified to:

B =
x=xtot?

x=1

4n2LgRTE0
r2λτ

(7.1)

where x is the number of round trips, n2 is the nonlinear index of refraction and L
the length of the Pockels cell crystal. Gain per round trip gRT was initially estimated
to be about 2% per pass and the gain per round trip is calculated using the laser
gain equation 5.2. The initial seed energy E0 was determined to be ∼2 pJ from the
spectral intensity of a spectrum of the commercial Ti:Sapphire oscillator (rainbowTM,
Femtolasers GmbH) obtained with an intensity calibrated spectrometer. Assuming a
pulse duration (τ ) of 2 ps and a beam diameter at the BBO crystal of 5mm an estimate
of the output energy achievable versus round trip in comparison to the build up of the
B-Integral can be seen in figure 7.4. It can be seen that by keeping the diameter
of the beam at the BBO to 5mm allows for extraction of 16mJ before a B-Integral
value of more than 3 is reached. This is the commonly accepted value of cumulative
nonlinearity build-up that is acceptable in amplifier design as discussed in chapter 5.
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Figure 7.4: B-Integral for initial regenerative amplifier design - Using the simpli-
fied B-Integral (equation 7.1) the cumulative B-Integral as a function of number of round
trips is plotted (left axis) and the final output energy of the amplified pulse versus number
of round trips is also seen (right axis).

The radius of curvature (ROC) of each disk is determined empirically via a simple
reflection experiment where a HeNe laser is reflected from the disk, and the focal length
is measured. All the disks used throughout this work have convex curvature between
ranging from 4000mm to 10,000mm. It has been shown that this convex curvature
can be accounted for by the stress related to different thermal expansion in the radial
direction of the front and back surfaces of the disk [102]. This thermal expansion
difference will clearly change under changing lasing conditions, i.e, switching from CW
to pulsed operation. The minimization of the change of thermal stress in the disk under
various conditions is critical when we desire to run a cavity in both CW and pulsed
operation.

Figure 7.5 shows the final design where in combination with the convex disk concave
mirrors are used for a concave, convex telescopic arrangement. This combination has
been shown to have a wider stability range than that with isolated concave or convex
mirrors [29]. For the initial design it is enough to determine beam sizes at the two
critical positions in the cavity i.e, the disk and the Pockels cell crystal. The cavity design
was performed using Gaussian beam techniques shown in Appendix A and throughout
chapter 2 .

Figure 7.6 shows the beam radius of both tangential and sagital propagations plotted
as equal and opposite as there are no Brewster elements in the cavity, this allows for
easy visualization of the beam diameter as a function of cavity position. The first
meter of the propagation the beam is collimated with a beam diameter of 5mm, this will
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Figure 7.5: Regenerative amplifier cavity schematic - Schematic of the regenerative
amplifier cavity seen in figure 7.6, built around the commercial thin disk pump module. In
continuous wave operation the Pockels cell is either not present or has no voltage applied.

Figure 7.6: Regenerative amplifier cavity beamwaist propagation - Theoretical
beamwaist parameter as a function of cavity distance for the regenerative amplifier cavity.
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be the position of the BBO Pockels cell. The position of the disk is marked (Yb:YAG)
in figure 7.6 and has the desired beam diameter of nearly 3mm.

7.4 Timing control
Control of the seed input, and the output of the amplified pulse after the correct number
of round trips is done through the combination of three polarizing elements in the cavity
the λ/4 plate, the Pockels cell and the thin film polarizer (TFP) as the input/output
coupler seen in figure 7.5. This polarization control is done by 1) determining the angle
of the TFP with the least amount of loss 2) adjusting the λ/4 plate for full quarter
wave behavior and 3) controlling the electro-optic switching using the inserted BBO
Pockels cell. The timing of the Pockels cell controls the introduction of the seed, the
number of round trips, and moment of ejection of the amplified pulse. A schematic of
the polarization control can be seen in figure 7.7.

Figure 7.7: Polarization control for timing of the cavity in regenerative ampli-
fication mode - Polarization control for timing of the cavity in regenerative amplification
mode. See text for polarization convention and discussion.

Here ‘p’- polarization versus ‘s’- means the field is polarized parallel versus per-
pendicular to the optical table. The input seed pulse is p-polarized and propagated
through an isolation stage comprised of a TFP (transmissive for p-, reflective for s-
polarization), and a rotator. The seed pulse is then introduced to the cavity through
the second TFP which also functions as the output coupler of the cavity. Through a
double pass of the λ/4 waveplate the resultant s-polarized pulse is reflected from the
output TFP into the cavity. The BBO Pockels cell remains off while the pulse travels
one round trip. At this point a voltage is applied, trapping the pulse by maintaining
s-polarization. When the desired number of round trips has been reached the voltage
to the BBO is switched off resulting in one more round trip, and subsequent ejection of
the pulse through the output coupler TFP. Wherein, for isolation the pulse is rotated
to 45◦ with a λ/2 waveplate and further to s-polarization with backward propagation
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through the rotator. The isolation stage TFP then reflects the amplified pulse to what
is designated as the output of the amplifier.
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Chapter 8

Regenerative amplifier using a
commercial thin disk pump
module

Initially the regenerative amplifier was developed using a commercially available pump
module. The theoretical cavity discussed in chapter 7 was built and tested in both CW
and pulsed operations. This chapter will develop the experimental methods used for
CW operation of the cavity, followed by the experimental methods used for timing con-
trol in order to switch to pulsed operation. The subsequent switch to pulsed operation
was unsuccessful, and this serves as insight in order to develop the new pump module
presented in chapter 9.

8.1 Dausinger and Giesen pump module
An image of the commercially available thin disk pump module from D+G (TDM 1.0
Lab, Dausinger +Giesen GmbH), hereon out referred to as the ‘TDM’ can be seen
in figure 8.1. Up to 500W of pump power (Diode laser module, LDM 1000-500,
Laserline) is delivered via fiber. The fiber input coupling is adjustable through pitch
and yaw control of the fiber holder. The pump beam is highly divergent and is aligned
through a system of lenses which initially essentially collimates, and then focuses the
beam down at an imaging plane. This beam is then incident on a parabolic mirror
with a measured effective focal length of 44mm. From the parabolic mirror the pump
is directed for the first pass to the disk. Through an unspecified magnification system
the pump spot size at the disk is specified to be 3mm.

Adjustment of the distance between the parabolic mirror and the disk is used in
order to fine tune the sharpness of the individual pump spots as well as the overlap
between the 24 passes. Redirection of the pump spot to various positions on the
parabolic mirror is done using four large prism shaped high reflectors at 939 nm at a
pre-determined and fixed angle. The lasing direction is in the forward z direction as
depicted in figure 8.1.
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Figure 8.1: Commercially available thin disk diode pump module - Image of the
TDM provided by Dausinger+Giesen. The pump is delivered via fiber. The pump beam
is sent through a system of lenses to compensate for the pump divergence, and to adapt
the beam size on the Yb:YAG disk. The input coupling is adjustable in pitch and yaw,
and the distance between the disk and the parabolic mirror is adjustable.

Effective cooling of the heat sink must be achieved, and this through flowing water.
In the TDM several water jets with diameters on the order of millimeters are directed
at the back of the copper surface where the disk is soldered to. The overall specified
flow rate of the water through this system needs to be maintained at 2.5 L/min. To
reach the proper flow rate a standard water chiller used for Ti:Sapphire oscillators was
insufficient and an old chiller for an outdated Spectra-physics pump laser was used.
When the water cooling is below this level pumping, even below the damage threshold
of the crystal, results in complete destruction of the disk as seen in figure 8.2. The
image shown in figure 8.2 was taken after improper flow rate of the heat removal water
with a fluence on the disk of 2.5 kW/cm2, well below the specified damage threshold of
4.5 kW/cm2. Once proper cooling was achieved the theoretical cavity shown in chapter 7
was built.

8.2 CW results
Optimization of the cavity was done first in CW operation, and only after was pulsed
operation attempted. In order to set up the cavity an alignment laser providing a few
hundred mW at 1030 nm (LC96A1030, OCLARO) was employed as all the cavity optics
are coated to be highly reflective at 1030 nm and other wavelengths are lost within a
couple of reflections. For the purposes of this section the cavity depicted in figure 7.5
can be referenced.

A first guess seed path, as described in section 8.3 is set-up in order to introduce the
alignment laser into the cavity through the CW output TFP. Care is not taken at this
point to adjust beam diameters of the alignment laser given the divergence is not poor
enough to hinder visibility of the beam. The cavity is put on the table according the the
theoretical parameters, i.e, distances between curved mirrors, and all intracavity optics
are placed as close to 0◦ reflection as possible. Once the alignment laser is adjusted up
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Figure 8.2: Damage from improper cooling of the disk - Photo of the destruction
of a disk in the TDM after improper cooling. The remaining Yb:YAG is scattered on the
copper heat sink which is usually cooled from the back side with several water jets.

to the last end mirror the back reflection from this mirror is aligned by monitoring a
CCD camera (IDS, USB uEye SE) focused on the disk and looking for an interference
pattern on the disk. Careful overlap of the incoming alignment laser with the back
reflection is done for meters along the input seed path in order to ease the initial lasing
procedure.

The variable output coupler is initially set to an empirically determined ∼ 4◦ rota-
tional displacement of the intracavity λ/4 plate from the maximized output setting at
a given input polarization. To initiate lasing the pump beam is increased to nearly two
times the anticipated threshold level and as the pump beam fluorescence is spatially
too large to be useful one mirror is rastered across two directions until lasing occurs.
The cavity is then optimized using the well known technique of beam “walking” the
two end mirrors for maximum output powers.

All regenerative amplifier cavities were investigated in CW operation for stability,
slope efficiency1, and beam profile quality. Several theoretical cavity designs were
attempted in order to find the balance between stability and ease of operation of a
cavity and maximum output powers. From cavities using the D+G TDM the maximum
output power in CW operation achieved was 73W while pumping with 245W, a slope
efficiency of 44% is a typical result. As the CW cavity was intended to be switched
to pulsed operation cavity optimization was generally done at lower output powers
corresponding to the desired pulsed energy.

The design to be used in CW and pulsed operations was presented in chapter 7
figure 7.5 which corresponds to the beam propagation shown in figure 7.6. This cavity
was optimized at a pump power of 115W for an output of 11.2W corresponding to
∼11mJ at 1 kHz for the initial desired pulsed operation. Care was taken in order to

1the slope of the line of input pump power versus output CW power
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Figure 8.3: M2 measurement and spectrum of CW output - Left: M2 measurement,
Wx(z) versus z through focus of the output of a CW cavity running at 30W output power
build with the TDM M2 value of 1.15 and 1.12 in the u and v directions. Inset: beam
profile at the output. Right: Spectrum at the output centered at 1030 nm.
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achieve a high quality beam profile (ideally TEM00). To determine the beam quality
of the CW cavity the M2 method was used. Typical results with M2 values below 1.5
were obtained using a commercial M2 measurement setup (M2DU Wincam, Dataray
Inc.). An example of the measured spot size versus propagation distance, z can be seen
in figure 8.3, where the inset is the beamprofile. An M2 value of 1.15 and 1.12 in the x
and y directions were determined respectively. The iterative fitting procedure is done
within the provided software (M2DU Wincam, Dataray Inc.) A typical normalized CW
spectrum obtained with an NIR spectrometer (NIR-512, Ocean optics) centered about
1030 nm with a FWHM of 3 nm is seen in figure 8.3. The results of the CW cavity were
promising enough to justify further investigation into a pulsed operation.

8.3 Uncoupled seed input
To be independent of the progress of the Ti:Sapphire seed source an economic CW
diode laser was used. The CW seed provided up to 400mW of CW power at 1030 nm
(LC96A1030, OCLARO) through a fiber coupled output. The electronics needed in
order to isolate, drive, and temperature stabilize the diode were purchased from ILX
Lightwave (LDM4984, LDX3545, LDT5525B). In order to obtain pulses from the CW
source ns pulses were cut out with the use of a Rubidium Titanyl Phosphate (RTP)
crystal Pockels cell (BME Bergmann Messgeräte Entwicklung KG). RTP has become
a standard crystal in use with small diameter Pockels cells due to its high damage
threshold and low “ringing” [103]. The RTP Pockels cell works as a timed λ/2 plate,
a voltage is applied across the crystal which changes the index of refraction, rotating
the polarization that transmits efficiently. In combination with an isolator the correct
polarization can only travel through the input path when the voltage is applied to the
crystal. These types of Pockels cells are generally used for reducing repetition rates
of oscillators in preparation for amplification, or pulse burst selection for spectroscopy
applications [104]. In the current incarnation the rise and fall time of the Pockels cell
was determined by the oscilloscope trace from a fast rise time photodiode (Femtolasers
GmbH) the combination of which is the shortest pulse that could be achieved, 5 ns.

The maximum available seed input energy that can be obtained in this manner is
2 nJ before losses through input path optics. Given the thorough investigation of the
losses after each optical component in the input path in CW operation the maximum
seed power that can be introduced into the cavity is ∼150mW corresponding to less
than 0.8 nJ of seed power when selecting the minimum 5ns pulse duration.

Figure 8.4 shows the input path of the seed as well as the cavity, which is identical
to that used in the previously discussed CW results. The CW seed polarization is first
cleaned with a λ/2 plate and a thin film polarizer (TFP1030, Layertec) transmissive in
p-polarization as defined according to convention in chapter 7. The RTP Pockels cell
is used to isolate nanosecond pulses after polarization optimization with another λ/2
plate. An isolator optimized for 1030 nm with an input aperture of 8mm (Electro-optics
technologies, Inc.) is used to prevent back-reflections to the seed laser. At this stage
mode matching between the seed beam to the CW cavity beam is accomplished through
a series of lenses (not shown for clarity). It is critical for efficient amplification that the
seed beam have the same beam diameters as the CW cavity supports throughout the
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Figure 8.4: Input/Output seed path and regenerative amplifier - A ns pulse is
cut from the CW seed source using the RTP Pockels cell. After an isolator as a precaution
against back reflections the pulse is sent through an isolation stage consisting of a rotator
and two TFPs, the second of which is the cavity input/output TFP. Within this path
a series of lenses is placed in order to adapt the seed mode to match the cavity mode
(not shown). After amplification, the pulse is rerouted via a change in polarization in the
rotator sending the beam along to the amplifier output.

propagation. The pulse is then p-polarized and transmitted through another TFP. This
begins the isolation stage of the amplified pulses (section 7.4), and also serves as the
amplifier output as seen in figure 8.4. A rotator with an aperture of 10mm for 1030 nm
(Electro-optics technologies, Inc.) in combination with one more λ/2 plate controls
the input polarization for maximum seed input, and maximum amplifier output. The
final TFP is the output of the CW cavity and introduces the seed into the regenerative
amplifier.

8.4 Regenerative amplification timing control
The timing unit for the regenerative amplifier is based on the BBO Pockels cell. The
BBO Pockels cell is controlled through purchased Pockels cell driver electronics (BME
Bergmann Messgeräte Entwicklung KG) with the corresponding high voltage (20 kV at
0.5 kHz) power supply. The quarter wave voltage is:

V1/4 = λd

4n30rT
22L

, (8.1)

where d is the distance in the direction of voltage applied, L is the length of the
crystal in the lasing propagation direction, n0 is the linear index of refraction and rT

22
is the electro-optic coefficient for the z-cut BBO with a value of 2.2 pm/V [22]. For
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the 12 × 12 × 20 mm BBO crystal (GWU-Lasertechnik) a voltage of 15.4 kV must be
applied across the gold coated BBO crystal.

To avoid sparking which could result in damage of the crystal, the electronics, or
user, a minimum distance of 5mm between all metallic components of the holder must
be maintained taking the dielectric strength of air to be 3 kV/mm [105]. This was
achieved with a custom design of the BBO crystal holder, and image of which can be
seen in 8.5. The BBO crystal is coated with gold on the top and bottom surfaces from

Figure 8.5: Custom holder for BBO Pockels cell crystal - The holder for the BBO
Pockels cell crystal where no two metallic surfaces are within 5 mm of each other. Full
control of the alignment of the BBO crystal is obtained through the 3 axis stage and the
full optical surface is exposed.

the manufacturer. These are pressure contacted with the brass electrodes through
sandwiching them between the ceramic isolation blocks with nylon through screws.
The brass electrodes are contacted to the driving electronics through metallic contacts
screwed into the brass. It can be seen in figure 8.5 there is an option to water cool the
BBO holder, this was incorporated in order to have the capability to run the system
over 10 kHz, which has not been realized to this day.

The driver electronics are a run off an anti-symmetric push-pull “optical-head”, the
principle of which is shown in figure 8.6. This is a simplified push-pull driver in where
the signals sent to Aon = Bon is the time delay from the trigger of the input of the pulse
and Aoff = Boff is the time after Aon = Bon corresponding to the duration the voltage
is applied. The signals applied to the four inputs can be seen in figure 8.7. The trigger
is obtained from the extra-cavity RTP Pockels cell that was used in order to artificially
obtain seed pulses (section 8.3). From the trigger there is a delay corresponding to the
optical path length of the input seed path plus the time it takes the trailing edge of the
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Figure 8.6: BBO high voltage switching circuit - Anti-symmetric push-pull opti-
cal head for switching the high voltage across the BBO crystal. Image comes from the
Bergmann manual model PCD_dpp2v.
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Figure 8.7: BBO Trigger signal - Timing scheme for the BBO Pockels cell. Aon and
Bon are run synchronously with a repetition rate frep. This incurs a voltage across the BBO
crystal, which is active until Aoff and Boff are applied defining the number of round trips
XRT the pulse is trapped. The red shows the combination of the four triggers resulting in
the applied timing.
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pulse to pass the BBO Pockels cell on the first round trip which is empirically verified
after each reiteration of the system. At this time a voltage is applied to the BBO
Pockels cell and is on for the number of round trips needed for the pulse amplification
to build up until saturation, which is monitored with a photodiode from the leakage
of an end mirror. The voltage is removed by triggering Aoff and Boff simultaneously,
wherein the pulse travels one more round trip and is then ejected from the cavity.
Precise timing of the round trip time of the cavity was determined through monitoring
the timing delay between a seed pulse that traveled one round trip through the cavity
and a pulse that was immediately rejected from the cavity. This varied from cavity
to cavity, but the following discussion of pulsed operation was obtained with a cavity
round trip time of 38 ns.

8.5 Regenerative amplifier with the commercial TDM

The cavity in figure 8.4 pumped with 170W corresponding to a CW output power of
39W was used for initial amplification. At full optimization this corresponds to 39mJ
at 1 kHz, well above the desired 15mJ. However, due to the seed pulse duration of 5 ns
the B-Integral is well below the detrimental level (below 3, as discussed in chapter 5) at
these powers. The higher energy optimization was done to circumvent insufficient seed
power. For precise timing control, and empirical determination of the small signal gain
the output from the cavity was monitored with an amplified photodiode (Femtolasers,
GmbH) at the amplifier output position. Figure 8.8 shows the output pulse as a
function of time from triggering. The time from trigger refers to the zero time from
which the pulse travels through the input path and fully into the cavity. The black
curve shows the output pulse with the λ/4 plate set to a position where the pulse enters
the cavity and is ejected after one round trip without a voltage applied to the BBO.
The red shows the pulse after 3 round trips by trapping the pulse in the cavity for a
short time of 114 ns, also 5 and 8 round trips are shown in blue and green. This allows
for precise determination of the length of the cavity, and also gives an empirical way
to determine the small signal gain. From this the small signal gain at this pump level
was determined to be ∼3% per round trip, which agrees reasonably well with the initial
assumption of 2% used for B-Integral calculations for the cavity design.

When increasing the number of round trips to reach the stable regime of gain sat-
uration instability and complete failure of the system was repeatedly observed. The
maximum output power achievable was 3W with 139 round trips at a nominal pump
power of 170W at which point when increasing the round trip number a gradual and
unstoppable decline in output power was observed. However by monitoring the buildup
of the pulse within the cavity by focusing the leakage from one end mirror into a pho-
todiode (Femtolasers,GmbH) it was observed that gain saturation was never reached as
a plateau in the curve was never observed. Increasing the pump powers, even at lower
numbers of round trips repeatedly resulted in complete failure of the cavity. When
failure of the cavity was observed it always resulted in severe misalignment of the cav-
ity and the need to return to CW operation for re-optimization. Stable and efficient
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Figure 8.8: Small signal gain determination - Small signal gain monitored directly
at the amplifier output. Black line direct ejection of the seed pulse, red line after 3 round
trips, blue and green lines after 5 and 8 round trips respectively.
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operation has not been accomplished with this pump module in regenerative amplifi-
cation mode. Therefore, to investigate the cavity in pulsed operation Q-switching was
attempted.

For Q-switching there is no seed pulse required. The BBO Pockels cell, rather than
trapping a pulse is used to keep the intracavity power high (minimize losses) until
the intracavity intensity is sufficiently large, then significant losses are introduced into
the cavity by rotation of the polarization to a high degree of output coupling. The
maximum output power achieved was 13W at 1 kHz with a maximum slope efficiency
of 21% . However, a stable (on the order of minutes) Q-switched operation at any
one output power was not achieved. In addition, repeated damage of the BBO crystal
hindered the progress of running the cavity in this mode of operation.

To understand the repeated failure an extra cavity beam was reflected from the disk
and focused onto a CCD camera (WincamD-UCD12, Dataray Inc.) when the cavity
was not pumped, in CW operation, and in Q-switched operation. The resultant beam
profile measurements give a qualitative idea of how the ROC of the disk changes under
different lasing conditions. While CW lasing at various output powers has no significant
influence on the ROC of the disk a change of 50mm in the focal length of the system
is observed when going from CW operation to Q-switched operation. The ROC of
various disks has been measured in the range of -10,000 to -4,000mm and a change of
50mm seems not significant. However, depending on the stability range of the cavity,
this change in ROC can throw the cavity out of the stable operating regime. Lack of
stable results in both pulsed operations are due to a significant change in thermal load
on the disk under different lasing conditions. The change in the thermal load on the
disk results in an intolerable change in the ROC of the disk resulting in the cavity no
longer being within the stability range. Moreover, it has been observed that once pulsed
operation is lost reestablishing maximum CW output power requires realignment.

The conclusion being the thermal management of the disk in the TDM is insufficient
for smooth transition from CW to pulsed mode operations. This makes optimization of
the cavity in CW operation irrelevant for stable pulsed operation using the commercially
available pump module. Therefore the development of a new pump module became the
major focus as will be seen in chapter 9.
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Chapter 9

Homebuilt thin disk pump
module

In chapter 8.5 the issue of non-optimal thermal management in the currently available
commercial thin disk pump module was introduced. In order to have the ability to
smoothly transition from CW to pulsed operations of the regenerative amplifier cavity
the pump module needed to be improved in terms of cooling, while maintaining proper
pump energy absorption. To answer these issues a new thin disk pump module was
designed and tested, the discussion of which is the topic of the current section.

9.1 Yb:YAG disk and mounting
The inability to switch between different lasing conditions with the commercially avail-
able pump module proved the thermal management to be insufficient for our purposes.
As the pump module from D+G includes pre-mounted Yb:YAG disks in order to
develop the homemade pump module the raw Yb:YAG and the subsequent thermal
management had to be established.

The Yb:YAG raw material was chosen to be doped to 15% in order to minimize
the thickness necessary for pump absorption [101]. While the dopant level is high it
has been shown that up to 20% dopant levels can be used without quenching [23, 101].
The final thickness of 150 µm was determined to be a good trade off between material
manageability and approaching a two-dimensional structure with one-dimensional heat
flow. A schematic of the Yb:YAG disk including the mounting and cooling concept
can be seen in figure 9.1. The Yb:YAG thin disk edges were beveled to 45% in or-
der to reduce parasitic lasing and to overcome the etalon effect that can reduce the
bandwidth of the amplified pulses the disk un-contacted (front) surface was wedged
0.1% from plane parallel [22]. The unbonded (front) surface of the Yb:YAG is anti-
reflective coated for the pump and lasing radiations at 940 and 1040 nm and a high
reflective coating is on the bonded (back) surface for the same wavelengths. The coat-
ings were done by an unknown source through the bonding company, so the quality of
the coatings were tested with simple reflectivity tests at the two relevant wavelengths.
The reflectivity results showed the new disks had a mere 80% reflectivity at 1030 nm
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Figure 9.1: Schematic of the Yb:YAG disk, mounting and cooling - Schematic of
the Yb:YAG disk including the mounting and cooling concept (not to scale). The lasing
direction surface of the Yb:YAG disk is 0.1◦ from plane parallel in order to spatially isolate
the front and back reflections. The disk is also beveled on the edges at 45◦ to reduce
parasitic lasing (not shown). The disk is anti-reflective coated (AR) for 940 and 1030 nm
on the unmounted (front) surface and high reflective coated (HR) for the same wavelengths
on the bonded (back) side. The disk is adhered to a diamond (C) heat sink via Van der
Waals forces via a process of adhesion free bonding®. The diamond heat sink is then cooled
from the back side with flowing water.

compared to the 85% determined at the same wavelength from the disks used in the
TDM. These measurements can only be assumed approximate as they were not done at
threshold pumping and the Yb:YAG absorbs at the lasing wavelength unless pumped
to transparency as seen in chapter 5.

In the commercial TDM the disks are adhered to the copper heat sink via a patented
process (EU Patent 0632551) of soldering the Yb:YAG disk to a heat sink with a metallic
paste i.e, Indium. The first step at improving the thermal management was to change
the heat sink to a material with a higher thermal conductivity. Table 9.1 lists some
common materials used for thermal management and their respective conductivities, it
becomes clear that diamond is far superior a material than the traditional copper as a
heat sink. In addition the established technique of soldering involves a layer between the
disk and the heat sink. This hinders the removal of heat not only due to the comparably
low thermal conductivity of Indium (81.8 W/mK) but also due to a inhomogeneity in
the surface contact. In order to increase the effectiveness of heat removal from the
disk a technique of adhesion free bonding (AFB®, Onyx Optics Inc.) was employed.
Specifically the Yb:YAG disks were directly bonded to CVD diamond. Bonding of
two materials with similar crystal structures can be accomplished by induced Van der
Waals forces at very high temperatures. The difficulty is with the difference in crystal
structure between CVD diamond and YAG (table 9.1). This was overcome by Onyx
Optics, and they supplied anti-reflective/reflective coated Yb:YAG bonded directly to
CVD diamond to be used in our home built pump module. It has been reported
that proper contact to a heat sink can be hindered by the anti-reflective coating on
the Yb:YAG [106] however experimental evidence shows nothing to suggest insufficient
bonding of the two materials. Assuming the two dissimilar materials are bonded via Van
der Waals forces, the heat transfer should be improved due to a consistent uninhibited
contact, and warping and bending of the disk at higher thermal loads are minimized.
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Thermal conductivity [W/m K] Crystal structure
Au 318 FCC
In 81.8 tetragonal
Cu 401 FCC
YAG 14 cubic

CVD diamond 2000 FCC

Table 9.1: Thermal conductivity and crystal structure
Comparison of various materials’ thermal conductivity used for determining a proper
material for thermal management of the Yb:YAG disk. Crystal structure of materials
which is critical for the adhesive free bonding technique. FCC: face-centered cubic.
See standard inorganic chemistry textbooks, i.e, [107] for symmetry considerations

and material properties.

9.2 Pump module: Version I
An overview of the homebuilt thin disk pump module version I (PMI) is seen in fig-
ure 9.2. Initially, a spot size of the pump on the disk must be pre-established for
the optical design. A pump spot size in the focus at the disk of 3mm was deter-
mined to be the optimum size. The spot size is a compromise between available pump
power and damage threshold (4.5 kW/cm2) of similar commercially available disks used
in the TDM. Pumping with 300W, 60% of the available pump power, a spot size of
3mm gives a fluence of 4.24 kW/cm2 within the safe operating range even when no
energy is extracted by lasing. By reducing the pump diameter to 2.2mm the maximum
power that can be used while still remaining under the damage threshold is 170W,
a mere 34% of the available pump power. The determined diameter can be realized
via a magnification system between the collimating lens and the parabolic mirror. For
the correct magnification the design restriction of the ratio of the focal lengths of the
parabolic mirror (fPM) and the collimating optics (fcol) was determined to be close to
0.3, −fPM/fcol = 0.2609 given the distance between the two is the sum of the focal
lengths (dfcol−fPM = fcol + fPM).

The pump beam is highly divergent, specified at 110mm mrad with a 1mm fiber
aperture, measured to have an M2 value of 317. Therefore, the theoretical beam waists
must be adjusted from an ideal Gaussian beam. Given that, a real beam propagates,
and has the same radii of curvature as an ideal Gaussian beam in the far field, a simple
adjustment of the spot size Wx(z) larger by a factor of Mx(z) than the ideal beam wx(z)
at every point z in the propagation was taken into account for the pump module optical
path [33]. The calculated spot size of the real beam Wx(z) is seen in figure 9.3. Where
the sagital and tangential directions are equal, due to a lack of Brewster elements, and
plotted opposite in order to easily visualize the beam diameter 2W(z).

The distance between the pump beam and the first optic must be very short when
standard 1" diameter optics are used to reduce losses by the beam exceeding the dimen-
sions of the optics. Therefore, in order to collimate a short focal length (f = 25mm)
lens was chosen. Standard optics at this short focal length for such high powers are
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Figure 9.2: Overview of the new pump module version one. - The pump radiation
is passed over the water cooled disk 30 times. All optic mounts are Copper and water
cooled for removal of excess heat loads from the high pump powers necessary. See text for
mechanical and optical considerations.
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Figure 9.3: Beam propagation the PMI. - The divergent pump beam is nearly col-
limated with a 25mm focal length lens and incident on the parabolic mirror (PM) then
focused to the Yb:YAG with a diameter of 3 mm. The schematic is represented above
where the repeating imaging system is emphasized in the dashed box. The periodic fo-
cusing onto the disk is repeated for a total of 30 passes. Two passes are shown here for
clarity.
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not readily available therefore a custom lens was developed by Optilab KFT. From the
first lens the nearly collimated beam is incident on a parabolic mirror with an effective
focal length of 75mm (fPM = 75mm, Laser components). The parabolic mirror is also
a custom part due to the large center portion being removed in order to allow the lasing
to propagate in the forward z direction, a drawing of which can be seen in figure 9.4.
This mirror is mounted on copper which is water cooled to manage the heat imparted
at high pump powers. The position of the parabolic mirror in the z direction is ad-
justable in three ranges of 40mm to allow for optimization of the pump spot sharpness
and overlap on the disk.

From the parabolic mirror the pump beam is focused onto the disk for the first pass
of the pump radiation, where the unabsorbed portion is reflected back to the parabolic
mirror. From the pass on the parabolic mirror the beam is directed to the first pair of
prism shaped high reflectors as seen in the theoretical beam propagation in figure 9.3.
These reflectors redirect the pump to a different position on the parabolic mirror,
wherein the beam is once more focused onto the disk. This pattern is continued for a
total of 15 passes, figure 9.3 shows two passes for clarity. The number of passes over the
disk is at the current maximum. This limitation is given by the size of the parabolic
mirror and the number of reflectors that can be mounted within the physical dimensions
of the pump module. The arrangement of the reflector pairs, as seen in figure 9.5 is
such that any initial polarization is maintained throughout the multiple reflections.
This is not critical for the pump radiation as it is unpolarized, however in future work
a slightly modified version of the pump module can be used as a multiple pass scheme
for the seed beam in the final regenerative amplifier setup where polarization control
is critical (see discussion in chapter 10).

After 15 passes over the disk a final high reflector is used to send the pump radiation
back along the original path resulting in a total of 30 passes of pump radiation over
the disk. The theoretical pump absorption can be calculated using [29] ,

ηabs = 1 exp(−Nptcσabs(λp)NdotfB) (9.1)

where Np is the number of pump passes through the crystal of thickness tc with an
absorbance cross section σabs and fB accounts for bleaching of the lower energy which
is dependent on the reabsorption of the lasing wavelength. We assume pumping to
transparency and with a dopant concentration of 15% and 30 passes over the 150µm
crystal a total theoretical absorption of 99% was determined. This is in comparison
to 92% calculated for the parameters of the TDM. Therefore, higher slope efficiencies
from a simple CW cavity are expected to be achievable.

Due to the initial design of the pump input to the parabolic mirror as a magnification
system the overall pump module alignment could not be separated into input coupling
and overlapping of pump spots. This meant that once the first pump spot was optimized
for size and position on the disk further overlapping of the pump spots had to be done
individually through fine adjustment of each prism reflector pair. However, this was
not accounted for in the original mechanical design, meaning each prism pair had to
be adhered to the copper backing individually in situ. This resulted in a less than
ideal overlap of the 30 pump spots with no remaining degrees of freedom after each
prism reflector was permanently placed. In the final alignment there is an unavoidable
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Figure 9.4: Dimensions for the custom parabolic mirror - The parabolic mirror
has an effective focal length of 75mm. A circular central portion with a diameter of 35mm
is removed in order to allow for the forward lasing direction from the disk.
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Figure 9.5: Arrangement of prisms in PMI. - Arrangement of the multiple high
reflectors used for redirection of the pump beam to various virtual positions on the parabolic
mirror. This arrangement maintains any established polarization.

Figure 9.6: Pump radiation alignment in PMI - Image of the disk after 3, 5, and
14 passes of the pump radiation over the disk. Each pump spot was aligned in situ and
cannot be adjusted after initial alignment.
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leakage of 3% of the pump power resulting in a theoretical pump absorption of 96%.
An image of the disk, taken with a CCD camera (IDS, USB uEye SE) after 3, 5 and
14 passes of pump radiation can be seen in figure 9.6.

Figure 9.7: Mechanical components for new water supply in PMI - Top left, the
nozzle supplying one jet directly to the back of the diamond heat sink, top right casing
around the nozzle when in combination with the piece in the bottom creates the reservoir
from which the water is removed. The flow rate of this system has reached 2.3 L/min.

The first concept of heat removal from the diamond bonded disk in PMI, is alluded
to in figure 9.6. The diamond adhered disk was vacuum sealed to a copper heat sink,
and a safety retainer ring was used for when the vacuum was removed. The holes for
applying the vacuum are visible in figure 9.6. As the dimensions and distances of these
holes and the retainer ring are well known this made for easy calibration of the actual
pump spot size on the disk. While 3mm was the desired size the actual pump spot
was measured to be elliptical with maximums of 6.5 and 5.8mm in the vertical and
horizontal directions respectively. The improper pump spot size could not be further
optimized due to the lack of degrees of freedom in the alignment procedure. Initial tests
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of this cooling technique showed the necessary flow rate of water was not achievable
due to the minimal diameters of the multiple water input hoses. Therefore, a second
version of cooling the disk was developed and implemented without changing the optical
alignment of the pump. The second cooling is obtained by mechanically holding the
diamond with a retainer ring and flushing the back surface of the diamond directly
with a single large water jet. The water jet was established by designing a nozzle and
reservoir system seen in figure 9.7. With the additional space achieved by removing
the copper heat sink the hose diameters were increased and a sufficient 2.3 L/min flow
was obtained.

9.3 CW results with PMI

For ease of testing the PMI a simple CW cavity without the beam diameter restrictions
in the Pockels cell position was investigated. The theoretical cavity can be seen in figure
9.8 where the beam waist is plotted as a function of propagation distance. The cavity
is designed to focus towards both end mirrors, which increases the stability and ease of
alignment. This is not a suitable cavity for pulsed operation tests as there is no point
where the beam diameter is sufficient to insert the BBO Pockels cell without damage.

A schematic of the experimental cavity can be seen in figure 9.9. Pumping with
271W corresponding to a fluence of 1 kW/cm2 or 2.2 times above threshold a maximum
output power of 35.4W was observed. The intracavity beam profiles taken from the
leakage of a cavity mirror (WincamD-UCD12, Dataray Inc.) show evidence of higher
mode propagation as a clear node in the profile seen in figure 9.10. This agrees with
the M2 values of 1.95 and 1.45 in the x and y directions taken at the CW output.

It was seen that the target pump spot size of 3mm was unattainable in the PMI. The
unavoidably large pump diameter in combination with a small laser beam diameter at
the position of the disk reduces the selectivity for TEM00 transverse mode propagation
[29]. In order to encourage TEM00 operation the beam diameter of the laser should be
80% of that of the pump spot size at the disk[23]. Cavity designs with beam diameters
larger than 3mm at the position of the disk need lengths on the order of 20 meters in
order to be stable. Such lengths create cavities that are very sensitive to misalignment,
and the air fluctuations over such lengths cannot be tolerated. Investigations of the
intracavity beam profile were done by focusing the leakage from an intracavity mirror
into a beam profiler (WinCam-USD23, Dataray Inc.) The resultant beam profiles at
various output powers from the cavity have shown by moving through one stability
range of this cavity, clear TEM11 modes can be encouraged to propagate even at low
output powers of 6W. Therefore a simple justification of high output power is not
enough to explain the degraded beam profile.

With the PMI even through various cavity designs, the maximum slope efficiencies
obtainable were 20%. This efficiency is on the order of half that attained with the
commercial pump module. This meant that much of the pump energy is not absorbed.
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Figure 9.8: Beam propagation of the cavity for testing PMI - The beam diameter
of the disk is 2.5mm. Note the beam is focusing at both end mirrors, this allows for a
more robust, simpler to build cavity.

Figure 9.9: Schematic of the cavity for testing PMI - The cavity focuses at both end
mirrors as it was built only for efficiency testing of the PMI and no transmissive element
is present.
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Figure 9.10: Beam profile of the CW cavity built around PMI - The beam profile
was taken from the leakage of an end mirror from the CW cavity. M2 values of nearly two
support the visible multiple mode behavior. The pump spot on the disk was to large and
amorphous to allow for a cavity design where TEM00 is the dominating mode.

9.4 Loss determination
The unacceptably low efficiencies observed in CW operation around the PMI launched
a full investigation of the losses from each of the optical components inside the module.
The diode stack fiber coupled pump source (LDM 1000-500, Laserline) input voltage
versus output powers were recorded using a wavelength corrected and intensity cali-
brated thermopile power detector (UP55G-500F-H12, Gentec EO) over the full range
of the available power. It was determined that below 70W the output from the LDM
is not reliably stable. Therefore all measurements were done above 100W necessitating
the use of the thermopile power detector for all power measurements.

The loss determination started by measuring the power before and after the colli-
mating lens, over a range of pump powers (100-400W) a 99% transmission was deter-
mined. Next the reflectance from the parabolic mirror was investigated, and a large
dependence on the incident angle was determined. A reflectance as low as 59% at an
incident angle over 20 ◦ could be induced, however once the incident angle was reduced
to under 10 ◦ over 84% reflection was obtained. Due to the huge variance in the per-
centage of reflection over various angles of reflection, and the mechanical inaccessibility
of the setup an experimental reflectance value of the parabolic mirror was undeter-
minable. Therefore the specified reflectance value of > 99% is a reasonable estimate
of the reflectance from the parabolic mirror. The reflectance of the prisms was also
determined to be above 99% given the full pump beam could be contained on the
reflective surface. A simple test was then performed wherein the pump module was
fully assembled sans the retroreflector, i.e, the number of pump passes over the disk
was reduced to half of that expected. The slope of the CW output with only 15 passes
of the pump radiation also reached 16%, identical to that obtained with 30 passes.
Therefore, the only possible explanation for the loss is optical alignment.
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Due to the static nature of all the prism reflectors in the module, each of the prisms
was aligned in situ with the pump laser in place and monitoring the spot position on
the disk with a real time CCD camera (uEye USB2.0, IDS). Images were taken after
each set of prism was aligned and as can be seen in figure 9.6 the alignment is quite
accurate.

While the pump radiation that was reaching the disk was aligned properly it was
determined that the losses were occurring due to leakage of the pump radiation over
each prism reflector. The nature of the input coupling is magnification, where the
beam diameters throughout the propagation are determined by the magnification factor
between the parabolic mirror and the collimating lens, and with the lack of degrees of
freedom of the input coupling of pump there was no way to adjust the beam diameters
at independent points in the propagation. This means that adjustment of the pump
beam diameter at the position of each prism reflector was dependent on the fiber input
coupling and the precision of the previous prism pair alignment. This was further
complicated by the permanent manor in which the reflecting prisms had to be mounted.
As mentioned without the separation between pump input coupling and the alignment
of the reflective surfaces the degrees of freedom are too few to adjust for minor errors.
The total propagation of the pump beam over the 30 passes over the disk is nearly
9m wherein small initial alignment errors can become catastrophic. In order to adjust
all the parameters necessary an iterative approach of optimizing the pump input and
each successive prism pair would have been necessary. This overall lack of degrees of
freedom required a full redesign of the pump module.

In addition a series of measurements was taken to determine the mechanical sta-
bility of the Yb:YAG disk. An extracavity beam was reflected from both the disk and
the mechanical retainer ring while pumping without extraction of energy through las-
ing. The reflection from the back side of the disk shows a displacement of 1mm in
x and 2.5mm in the y direction when increasing the pump power from 50 to 260W
at a distance of 1068mm from the disk. This suggests significant displacement of the
physical position of the disk when under thermal load from pumping. The same sort of
behavior, while less dramatic, can be seen when lasing with at different output powers.
Specifically, from outputs of 5 to 25W the position of the reflected extracavity beam
changes by 42µm in the x direction and 100µm in the y direction.

To rule out the displacement of the beam due to changes in ROC of the disk the
focal length of the disk was determined under different lasing conditions and has been
shown to be consistant within the error of margin of the measurement in the output
power range from 5W to 25W. Therefore, a new pump module with more degrees
of freedom for the input pump was developed, and care was taken to improve the
mechanical stability of the disk.

9.5 Pump module: Version II
A new optical design of the pump module successfully decoupled the input coupling of
the fiber from the alignment of the reflective prism surfaces. Moreover, in comparison
the the previously reported complications with the commercially available pump mod-
ule, we have achieved mechanical stability over various thermal loads on the disk. These
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improvements have allowed us to have reached the point where amplification in the sta-
ble region of saturation is possible. An overview of the final pump module (PMII) can

Figure 9.11: Overview of the pump module version two - The pump radiation is
passed over the water cooled disk 24 times. Most of the critical components from the first
version pump module were reused. The input coupling of the pump beam was improved
using a system of lens, which is separable from the alignment of the parabolic mirror to
Yb:YAG imaging system.

be seen in figure 9.11. The pump beam is introduced with a system of lenses, and then
focused onto the disk 24 times using a combination of the reflecting prisms for redi-
recting the beam to virtual spots on the parabolic mirror which focuses onto the disk.
Adjustment of the distance between the disk image plane and the parabolic mirror can
be done using the translation stage where the parabolic mirror is mounted. As in the
PMI, the lasing direction is in the forward z direction as depicted in figure 9.11. A
majority of the optical components were reused, e.g, the custom parabolic mirror and
f=25mm collimating lens, but the optical design was redone as an imaging system.

9.5.1 Pump input coupling
The top panel of figure 9.12 shows the fiber input telescope, consisting of two lenses
decoupled from the rest of the alignment, which allows for setting the desired beam
diameter at the image plane. The two custom lenses with anti-reflective coating at
940 nm (Optilab, Kft.) with focal lengths of 25mm and 250mm are placed a distance
Lf from one another. When the Lf = 60mm a minimum beam waist of 8mm is
achieved at a distance of 150mm from the lens system. Both the minimum diameter
and the position with respect to the lens system can be adjusted through adjusting Lf .
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Figure 9.12: Pump input and optical path after the image plane in PMII - The
decoupled imaging system where a diameter and at an image plane is determined by the
system of lenses for the fiber input coupling. From the image plane correct beam diameters
at the disk and at the high reflectors can be established for 24 passes of the pump radiation
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This lens system is adjustable separately to the imaging path as long as the imaging
plane is correctly placed.

The minimum of the input section is set at the imaging plane which is a distance
from the parabolic mirror equal to the focal length of the parabolic mirror fPM = 75mm.
The disk is placed in the image plane, and therefore is repeatedly in the position of the
minimum beam waist. Also, by placing the prism reflectors such that beam path for
redirection of the beam to a new spot on the parabolic mirror is fPM an f -to-f imaging
system is achieved. The bottom panel of figure 9.12 shows the beam path for this
imaging system wherein the imaging plane has a diameter of 4mm. This configuration
creates a 4mm pump spot at the disk which is a good compromise between increased
threshold pump powers (∼200W) and minimizing the chance of clipping the pump
beam on the 12mm prism reflector surfaces.

9.5.2 Reflective prism adjustability
In addition to separating the pump input coupling from the alignment of the pump
module the ability to align the prism reflectors in operation was a critical upgrade in
PMII. As in PMI the prisms are arranged in order to maintain any set polarization of
the system. However every other prism, or one of each prism pair, is adjustable within
the built system.

Figure 9.13: Adjustable prisms for PMII - Three degrees of freedom allow for full
adjustment of on prism of the prism pair. The pitch and translation can be done in situ,
only the course adjustment of rotation must be done before locking the prism into place
on the base plate.

The prisms are used for redirecting the beam to virtual spots on the parabolic
mirror, the size of which is predetermined from the custom mirror used in PMI. This
means in order to include the mechanics necessary for an adjustable prism per pair we
had to reduce the overall number of prism pairs in the system. The result is after final
alignment there are 24 passes of the pump radiation over the disk, 6 less than in PMI,
but identical to the number used in the commercial TDM.

The ability to fully adjust the prism pair alignment is critical for alignment of the
various pump passes on the disk. Figure 9.13 illustrates the mechanisms used in order
to adjust the prisms. The initial ‘rough’ alignment is achieved by rotating the prism
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Figure 9.14: Pictures of adjustable prisms in PMII - Left panel: an assembled
prism holder and a 1 cent Euro piece for size comparison. Right panel: assembled prism
holders, with reflectors and water cooling.
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Figure 9.15: Water cooled prism holder for the PMII - Left panel shows the
placement for the adjustable prism mounts, as well as the separate cooling of the base
plate itself. Right panel show the front of the copper prism base with the adjustable prisms
inserted. The large hole in the middle is part of the new water cooling scheme, where the
diamond heat sink is mounted with a retainer ring and water is directly imparted on the
back side via one large nozzle jet.
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holder within the prism base plate, and once a fairly good position is determined the
rotation is locked out by two screws attaching the prism holder to the prism base plate.
Then minor adjustments can be made by translating the prism forward and back via a
large screw in the rear of the prism holder, and two set screws which control the pitch
of the prism within the prism holder. Each adjustable prism has two set screws one
rough and one fine threaded which provides varying degrees of pitch adjustment when
used in combination. The left side of figure 9.14 shows an assembled prism holder in
comparison to a 1 cent Euro for size comparison. Due to the shear amount of heat that
is imparted on the system with pump powers up to 500W all optomechanics must be
made of a material that has a good thermal conductance, and must be water cooled.
Therefore the prism holders are cooled in series as seen in the right panel of figure 9.14
where a section of prism holders with the reflectors, attached through water cooling
2mm hoses is shown. The copper prism base plate also must be cooled separately. The
prism base plate can be seen in figure 9.15.

Figure 9.16: Image of the disk after alignment of PMII - Left panel: Image of the
disk after 24 passes of the pump radiation. Right panel: Beam diameters were determined
at various stages of the alignment in order to check the agreement of the physical beam
dimensions to the theoretically calculated ones seen in figure 9.12.

Once the module was assembled the optical alignment was performed. The left
panel of figure 9.16 shows an image of the disk with all 24 passes of the pump radiation
taken with the diagnostic CCD camera placed above the parabolic mirror in PMII
(uEye USB2.0, Imaging Development Systems). The right panel shows the process of
determining the beam diameters at various stages of alignment, where a card with pre-
marked dimensions was placed within the beam path and an image was taken with the
CCD camera. This gives a more accurate measurement of beam diameters than can
be estimated using the sensor cards that are used in alignment of the beam position.
Unfortunately with the new cooling technique there are not enough points of reference
in the disk image to accurately calibrate the final pump spot size. However, care was
taken throughout the propagation to compare the experimental beamwaists with the
theoretically predicted diameters in figure 9.12. The right panel of figure 9.16 shows
an image taken at a position where a 12mm spot size was expected. Within the error
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of margin of the divergence of the beam, and the measurement the experimental pump
beam diameter matches with that which theory predicts.

The challenges from the divergent pump beam to the incredibly limited physical
space within the homebuilt pump module limit the accuracy in which performance can
be expected. In order to properly test if the efficiency of the PMII was increased a CW
cavity was investigated. To determine if the cooling technique was in fact improved in
comparison to that in the commercially available TDM a cavity was built in order to
test the transition from CW to pulsed operations. Both efficiency, and thermal loads
will be investigated in the chapter 10.
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Chapter 10

Regenerative amplifier using a
homebuilt thin disk pump
module

The homebuilt pump module was completed and optimized as seen in chapter 9. Final
tests of pump absorption efficiency are done by comparing the CW operation of a cavity
built around the commercial pump module and the two homebuilt pump modules. To
test the thermal management of the disk smooth transitioning between CW and pulsed
operations of the same cavity is attempted.

Slope efficiencies of ∼40% have been achieved in a simplified CW cavity, which is
comparable to those obtained using the commercially available pump module. More-
over, one cavity was run in both CW and pulsed operations where the amplifier has
reached gain saturation. The final results and a summary of the ps pump laser are the
subject of the following chapter.

10.1 CW results with PMII
For direct comparison the slope efficiencies between PMI and PMII were compared by
building the same cavity around each module. The schematic of the cavity is once more
seen in figure 10.1. A slope efficiency of 16% was the maximum achieved when this
cavity was built around PMI and a near double efficiency of 38% was achieved with the
improved PMII. This is regardless of the fact that there was a decrease from 30 to 24
passes of the pump radiation between PMI and PMII. The number of pump radiation
passes in PMII is identical to that in the commercial TDM, and the slope efficiencies
achieved using the commercial TDM were generally ∼40% as well. This means the
first goal of proper pump absorption in the homebuilt pump module was achieved. The
CW cavity to test this showed a maximum output power of 82W at 1030 nm, pumping
with 300W of 940 nm, the spectrum of which is seen in figure 10.6.

As was the case in chapter 9, multi-transverse mode propagation was prominent
in this cavity, even at low output powers. The beam profiles were acquired using a
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Figure 10.1: Schematic of the simple cavity for testing PMII - The cavity focuses
at both end mirrors as it was built only for efficiency testing of the PMII and no transmissive
element is present.

CCD camera (WinCam-USD23, Dataray Inc.) after two reflections from glass wedges
to attenuate the beam followed by various neutral density filters (dependent on output
power). Care was taken to avoid beam clipping, and that the front reflections from the
wedges were imaged.

Figure 10.2: Beam profiles at various CW output powers - From left to right
increasing higher order modes are propagating in the CW cavity. At low powers of 1W a
clear TEM01 mode is present, and by 82W multi-mode operation is clearly dominating.

Figure 10.2 shows beam profiles at output powers of 1, 8, 27 and 82W. It can be
seen that the fundamental TEM00 mode is not present even at very low output powers
of 1W. This agrees with what was seen in chapter 9 with the same cavity, same disk,
and different pump modules.

In PMII the amorphousness of the pump spot was reduced so we do not believe
that the disk is being pumped asymmetrically. This does not necessarily mean that the
gain in the crystal is uniform throughout. It has been shown specifically with thin disk
Yb:YAG by controlling the distribution of gain across the medium various transverse
modes can be selected for [108]. However, several cavities did show M2 values close to
1. This in addition to the persistence of this particular cavity design supporting higher
order modes (figure 9.10) regardless of the pump module used it is more likely that
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the cavity design is not optimized for fundamental mode operation. The fundamental
mode can be encouraged by inserting an aperture, at the cost of severe power loss
[29]. Regardless, the main purpose of running the regenerative amplifier cavity in CW
operation was to optimize for pulsed operation. Therefore, this CW cavity was not
further investigated, and rather a suitable cavity for pulsed operation was built.

10.2 Regenerative amplifier pulsed operation
The cavity discussed in the previous section is unsuitable for pulsed operation of the
regenerative amplifier as there is no place where the beam diameter is large enough to
support ps pulse durations through the BBO Pockels cell without incurring a B integral
above the accepted level (∼3). A schematic of the input coupling of the seed, and the
cavity which does supports ps pulse durations is seen in figure 10.3. The cavity design

Figure 10.3: Input/Output seed path and regenerative amplifier - The CW seed
source is sliced into ns pulses with the RTP Pockels cell, and after mode adaptation (not
shown) and an isolator, plus and isolation stage consisting of two TFPs and a rotator
the seed in introduced into the cavity. The amplified pulse is rejected after an emperical
number of round trips and ejected along the input path until the isolation stage sends the
amplified pulse along the amplifier output path.

is such that the beam diameter at the disk is 3mm, and at the BBO Pockels cell 5mm.
It would have been interesting to directly build the same cavity as was seen in chapter 8
however the radius of curvature of the current disk was measured to be nearly twice
that as was seen in the commercial disks and the previously investigated cavity cannot
be supported.

The input coupling, including isolation of ns pulses was previously presented in
section 8.3, and small signal gain and cavity length determinations were accomplished
following the same procedure as seen in section 8.5. Prior to amplification the cavity
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was optimized in CW operation about 10W output, pumping with 130W. At this point
amplification was attempted.

The leakage from an intracavity mirror is focused into a photodiode in order to
monitor the pulse build-up inside the cavity. The build-up trace is not visible until
well into the the amplification, as the leakage from the mirrors is under 1%. There
is also a monitoring photodiode which is placed after two glass wedge reflections after
the input/output TFP. The reflections from the glass wedges are the most efficient
way to reduce the powers to the photodiode to a reasonable level. As each reflection
is only ∼2% the transmission through the first wedge contains nearly the full power.
The transmission through the first wedge then follows the pulse output path seen in
figure 10.3 and the power meter is placed at the amplifier output, after the isolation
stage. At this point the number of round trips for which the pulse is trapped is in-
creased stepwise until a signal at the power meter and/or output monitor photodiode
is obtained.

Once a reasonably stable output power of the amplifier is obtained the build-up
trace and the output pulse are recorded directly from the oscilloscope (LeCroy) using
the a software that communicated directly with the oscilloscope via a RS-232 connec-
tion (LeCroy ScopeExplorer, freeware). Figure 10.4 shows the build up trace and the
output trace of the highest stable output powers attained with the current system. The
intensity is plotted as a function of time from the trigger which is obtained from the
RTP Pockels cell used to isolate ns pulses as described in section 8.3. The output trace
shows a clear shoulder further supporting the incomplete isolation of a pulse for either
amplification, or extraction. As there is uncertainty, discussed below, in both extrac-
tion and amplification of isolated pulses the duration of the pulse cannot be accurately
determined, while a qualitative fit gives ∼10 ns without the shoulder peak.

Figure 10.4: Build and output of amplifier using PMII - Left: build-up of cavity
captured from the leakage of an intracavity mirror. Right: Output trace from the attenu-
ated amplifier output path at an output power of 6.5W, seeded with 8 ns pulses cut from
the CW diode seed source.

An output power of 6.5W was observed, however due to the unusual build up trace
one cannot exclusively say the output pulse contains the full 6.5mJ. The build-up
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trace shows the cavity always contains residual energy. Rather than the intensity of
the build-up going to zero between round trips as expected there is a “background”
intensity with the characteristic build up shape present throughout the entire pulse
trapping time. Initially this was believed to be some sort of Q-switching behavior due
to the lack of energy available in the initial seed pulse. However, when the seed pulse
is blocked during operation all output power is lost, and both the build-up and output
traces drop to the base-line value.

A fairly intuitive explanation for the residual energy is the unreasonably long dura-
tion of the seed pulse. Figure 10.5 shows a linear representation of the isolated cavity
schematically represented in 10.3. The method of round trip time determination is

Figure 10.5: Seed pulse timing within the regenerative amplifier - A representa-
tion of the regenerative amplifier cavity wherein the propagation time is denoted between
each optical component. T = 0 is the time of arrival of the leading edge of the optical pulse.
A 7 ns input pulse is depicted where the leading edge and the trailing edge of the pulse
are both overlapped with the gain medium simultaneously. This results in there being no
time in which an isolated pulse is being amplified in one direction across the medium.

to record the time difference from a pulse that is immediately rejected from the cavity,
to one that travels though one round trip. This assumes a zero time (T= 0) at the
position of the input/output TFP as marked in figure 10.5. The lengths of each arm
are accurately determined when building the cavity to correspond to the theoretical
values. From this information the percentage of the time the pulse needs in order to
travel through each section of the cavity can easily be calculated. The corresponding
times of this experimental cavity are annotated in figure 10.5.

As was determined in section 8.3 the minimum pulse duration for this seed source
is 5 ns FWHM, and by the definition of FWHM there is clearly energy in the pulse
for longer durations. Even assuming a pulse that contains energy for durations of only
10 ns it can be seen by the 6 ns propagation time from gain medium to end mirror,
that the leading edge of the pulse upon reflection from the cavity end mirror will be
overlapped with the gain medium before the trailing edge of the pulse is past the gain
medium in the forward direction. For visual clarification, figure 10.5 shows a Gaussian
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pulse that is 7 ns FWHM overlaid on the linear representation of the cavity, in both
forward and return paths to/from the last end mirror.

The conclusion is, with the current seed source, there is no time in which amplifi-
cation occurs on an isolated pulse within this cavity. This effect is terminating to the
development of the ps pulse laser as the pulse durations currently used for the seed are
three order of magnitude longer than anticipated. Moreover, the development of a cav-
ity that supports both ps pulses and ns pulses is unreasonable in both dimension, and
scope. Therefore, due to limitations in the development and availability of a suitable
seed source there is no way to run the setup in a true regenerative amplification mode.
We attempted Q-switching as an alternative test for the cavity in a pulsed operation,
but due to repeated damage of the BBO crystal in such operation this was abandoned.

Regardless, a full characterization was performed and a spectrum of the amplified
output can be seen in figure 10.6. The same leakage of the pump radiation as was
observed in CW operation is present but the relative intensity is so low it is likely due
to nothing more than a lack of casing over the pump module. In addition, beam

Figure 10.6: Spectrum from CW and pulsed operation using PMII - Left: Leak-
age from the pump at 940 nm and spectrum of CW operation. Spectrum taken at 40W
output but no variation of the spectra was observed over the range of 7-82W. Right: Char-
acteristic spectrum from the regenerative amplifier with an output power of 6.5W at 1 kHz.
Some pump leakage at 940 nm is observed, most likely due to improper casing.

profiles of the cavity in various modes of operation were measured with a CCD camera
(WinCamDTM UCD23, Dataray). The leftmost of figure 10.7 shows a beam profile from
the cavity in the optimized CW operation at 10W output power. The center shows
a beam profile at the output when the amplifier has an output of 2.2W versus the
rightmost panel with an output of 6.5W. It can be seen that there is not a significant
jump in beam profile from CW to pulsed operations which shows the superior thermal
management, however at higher pulsed operations evidence of parasitic lasing can be
observed.

From the feasible experiments, we can still gain information about the improvements
obtained with the homebuilt pump module. The pump absorption was shown to be
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Figure 10.7: Beam profiles - Profiles of the cavity at CW 10 W output, amplified 2.2
mJ and 6.5 mJ output energies. At higher output powers there appears to be parasitic
lasing.

on the same order as that obtained using the commercial multiple pass pump module
(∼40%). In addition, the thermal management has been managed insofar as to allow
the characteristic saturation regime in amplification mode to be reached, with the
same cavity that shows stable CW operation. Various cavities were tested using the
commercial TDM, none of which could be run to the stable amplification regime of
saturation. As was the initial goal, the cavity design will support ps pulses based on
beam diameters at the critical positions. Therefore with further, decoupled, work into
the seed source ps pulsed regenerative amplification should be easily achieved.

10.3 ps Pump laser summary
While thin disk technology has become ubiquitously linked to the term power scal-
ing there are still some fundamental issues with increasing output powers. As we saw
multi-mode operation of a thin disk based CW oscillator is feasible. Given the two
restrictions of high enough pump power absorption, and correct thermal load manage-
ment of the disk it is possible to obtain high output powers (> 80W) and sufficient
slope efficiencies ∼40% from fairly simple cavities. Theoretically, slope efficiencies of
∼60% from systems similar to the one presented in this work should be attainable[32].
However, this is not directly relevant when beam quality is of concern. The degrada-
tion in beam quality in a simple cavity is due to i) larger beam diameters throughout
the cavity discouraging isolation of the fundamental transversal mode, and ii) thermal
management is a delicate balance between heat removal and isolation of the system.

The evidence between the commercially available TDM which easily provided
TEM00 beam profiles with slope efficiencies on the order of 40% show thermal iso-
lation of the gain medium through the patented soldering technique is excellent if one
desires to build a CW cavity. In fact up to ∼500W output with M2 values of 1.55 have
been shown [109] by optimizing the cavity design for the desired power and anticipating
the thermal lens induced in the disk at this point.

However, this exemplifies a major challenge faced by the current work, namely the
inability to transition from CW to pulsed operations. This transition was not possible
in the current work with the commercially available TDM, and has been shown to
be troublesome in other works [22]. This is due to the fact that the change in the
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10. REGENERATIVE AMPLIFIER USING A HOMEBUILT THIN
DISK PUMP MODULE

radius of curvature of the disk is just too large to account for with the current thermal
management used in the TDM. This was solved in terms of a new homebuilt thin disk
pump module.

Initial results showed not every CW cavity supported fundamental mode propaga-
tion. Since a high quality beam profile, robust CW cavity was not the overarching
goal of the current research the multi-mode operation of this test CW cavity was not
fully resolved. However, we were able to smoothly transition between CW and pulsed
operation of a single cavity built around the home built thin disk pump module. This
allows predictable results from a regenerative amplifier that is designed using straight
forward linear propagation techniques.

With this approach, the restrictions of the cavity design can be determined by
the desired output parameters of the subsequent parametric amplification. From the
desired amplifier output, one can set the restrictions in the pump laser, which is a
major limiting component in OPA. The pump laser can then be developed to support
the desired parameters, i.e, ps pulses at 10mJ, and optimized in CW operation.
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Chapter 11

Summary

The work presented here addressed the critical components that allow for the generation
of ultrafast, waveform-controlled, intense laser pulses. This “roadmap” depicted in fig-

Figure 11.1: Summary - A diagram toward the generation of few-cycle intense carrier
envelope phase stabilized laser pulses. Components/systems discussed in detail in this
work are highlighted in red.

ure 11.1 started with a Kerr lens mode-locked seed source, which can provide few-cycle
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11. SUMMARY

pulses, centered at 800 nm. The focus of this component was to increase the pulse ener-
gies directly from the oscillator while maintaining the broad bandwidth. Initially, a full
investigation of the adjustable parameters in a fairly standard geometry Ti:Sapphire os-
cillator was presented, and it was determined in this configuration a significant increase
in output power is not possible. This led to a new geometry of Ti:sapphire oscillator,
incorporating an intracavity telescope, which allowed for increased mode-locked output
powers from ∼300mW at 80MHz to >1W, at 60MHz.

Then, the waveform control was concentrated on. In terms of the oscillator, a
new approach towards the stabilization of the carrier-envelope phase slip was pre-
sented. This new “feed-forward” approach was shown to increase the stability of the
carrier-envelope phase slip by more than a factor of four compared to more traditional
“feed-back” stabilization techniques. The waveform control was also discussed in terms
of maintaining the carrier-envelope phase slip stability of the oscillator through the
process of laser amplification. Moreover, the measurement of the carrier envelope fre-
quency, which is used in the first step towards stabilization, can also be used in order to
determine intracavity power fluctuations of the oscillator to an unprecedented sub-shot
noise level. Possible theoretical origins of the observed sub-Possonian statistics were ad-
dressed, and compared using experimental verification of intracavity power fluctuation
dependence on pump power fluctuations.

At this junction the roadmap takes two paths through methods of amplification in
order to achieve the desired intensities of the final pulses. First, laser amplification
was presented as a way to increase final pulse energy. In this context a chirped pulse
multiple-pass laser amplifier was presented. There were two major foci addressed in
context of laser amplification specifically:

• to maintain the carrier-envelope phase slip stability and compensate for slow time
drifts in the amplifier

• to compress the amplified pulses to few-cycle as it was necessary to temporally
stretch the seed pulse prior to amplification to achieve the desired multi-mJ en-
ergy.

To this end the carrier-envelope phase stabilized Ti:Sapphire seed source was used to
seed the laser amplifier which was designed in order to be passively stable. In addition a
decoupled “slow loop” was used in order to compensate for the longer timescale carrier-
envelope phase slip drifts. It was shown that residual carrier-envelope phase slip noise
could be held to the order of that directly from the oscillator for hours of operation time.
Furthermore, through the energy upscaling of the hollow fiber compression technique
the high energy pulses (1.9mJ) at the output of the amplifier were compressed to 5.7 fs,
corresponding to just over 2 cycles at 800 nm.

The second path of our roadmap is to amplify the seed pulses through the process of
optical parametric amplification. Due to the different nature of parametric amplifica-
tion compared to laser amplification the component which is most often the bottleneck
is the pump source. In order to achieve both maximum gain, and bandwidth it was
shown that a high intensity pump source with short pulse durations (a few picoseconds)
is required. Therefore the focus of the current pathway is the design, development and
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implementation of a high intensity, picosecond pump laser. In order to achieve high
output powers a thin disk regenerative amplifier was identified as the ideal technology
for the picosecond pump, due to the thermal management benefits and power scala-
bility. To this end a regenerative amplifier was designed which supports picosecond
pulse durations without accumulating nonlinearities at detrimental levels even at high
energies (∼15mJ).

Investigation into the picosecond pump laser revealed that a major limiting factor in
thin disk technology is the multiple-pass pump module which pumps the thin disk gain
medium. The restrictions of this multiple-pass pump module are the thermal manage-
ment and efficient pump absorption of the thin disk. Initial testing of the picosecond
pump laser built around a commercially available multiple-pass pump module showed
further development was required for the latter. At this point a homebuilt multiple-
pass pump module was designed, built and implemented in a cavity which supports
picosecond pulse durations at high intensities. Due to the parallel development of the
picosecond pump and the increased energy ultrafast seed source the picosecond pump
laser was only tested down to nanosecond pulse durations. However, the presented
work gives the details into the limiting components which when combined allows for
the generation of multi-mJ, broadband pulses via optical parametric chirped pulse am-
plification.

Ongoing research should provide increased utility of each of the individual com-
ponents, and of the overall systems presented herein. The presented oscillator with
an intracavity telescope allows for higher output energy pulses compared to that of a
commercial Ti:Sapphire oscillator. Once the group-delay dispersion from this design is
optimized a broadband seed oscillator with up to five times mode-locked output power
is feasible, without a significant increase in the footprint. This is industrially signifi-
cant not only in terms of broadband pulse energies, but also spectral energies at longer
wavelength are of commercial interest from sources that are not of limited bandwidth.
Specifically, a broad bandwidth source with five times the energy at 1030 nm could
alleviate the need for pre-amplification of this wavelength when used to seed an optical
parametric amplifier pump laser.

The carrier-envelope phase stability achievable from the oscillator has seen a break-
through, and current work is focused on the ability to use such a stabilized source in
order to seed laser amplifiers. Work in this direction is promising since laser amplifiers
can maintain the same order of carrier-envelope phase slip stabilization as that directly
from the oscillator as was shown in chapter 6. The commercial realization of a laser
amplifier seeded by an oscillator stabilized using the revolutionary feed-forward carrier-
envelope stabilization technique presented in this work is right around the corner at
Femtolasers.

It was also seen a full system, i.e, oscillator, carrier-envelope phase stabilization,
amplification and hollow fiber compression can be held on a single optical table. The
compactness is not only critical in terms of overall stability, but this increases the
usability in standard laboratories. Meaning, more laboratories will soon have access to
commercially available sources of few-cycle, carrier-envelope stabilized, multi-mJ laser
pulses.

111



11. SUMMARY

In the course of this work, the ability to smoothly transition between continuous
wave and pulsed operations of the picosecond pump laser cavity proves to be an eco-
nomic asset, in that one standard cavity can support various types of operation. In
addition, the unique design of the thin disk pump module wherein the polarization
of the beam is maintained allows for extrapolation to a multiple pass design of the
seed within a regenerative amplifier. If the seed beam travels multiple passes through
the gain medium for every one pass through the polarization controlling Pockels cell,
the build up of nonlinearities can be drastically reduced. This should allow for even
higher intensities from a thin disk regenerative amplifier which supports picosecond
pulse energies.

Through the course of this work multiple pathways were investigated towards gen-
eration of laser pulses that can be used as driving sources by the attosecond scientific
community. The successful development of such sources depends on multiple pieces
from the front end oscillator through subsequent amplification of the waveform con-
trolled pulses. Within the overall work, both fundamental physical questions were
explored and basic design limitations were addressed providing insight into channels
towards few-cycle intense carrier-envelope stabilized laser pulses.
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Appendix A

For most laser designs linear Gaussian beam propagation within the paraxial approx-
imation is sufficient. A brief discussion about the validity of a purely linear technique
was addressed in section 2.1.

The paraxial approximation says a laser beam varies much faster in the direction of
propagation, z than in either of the transverse directions (x, y). In this approximation
any arbitrary beam can be propagated using the paraxial wave equation of the form

∂ũ(?s, z)
∂z

= − j

2k∇2
t ũ(?s, z), (A.1)

where ?s is the position vector, and k the angular wave number1. Assuming the low-
est order Gaussian, the field pattern can then be described at any point along the
propagation z by standard notation [30]

ũ(x, y, z) = 1
q̃(z) exp

?
−jkx

2 + y2

2q̃(z)

?

≡ 1
q̃(z) exp

?
−jkx

2 + y2

2R(z) − x2 + y2

w2(z)

?
(A.2)

where the complex radials of curvature q̃(z)

1
q̃(z) ≡ 1

R(z) − j
λ

πw2(z) (A.3)

relates the beam radius 2 w(z) and the real radius of curvature R(z), with the initial
value q̃0, at the minimum beam waist w0, of

q̃0 = j
πw20
λ

, (A.4)

where λ is the wavelength of the light in the propagating medium. This so called q
parameter allows one to spatially characterize the Gaussian beam at any position in the

1k = 2π/λ
2w(z) is commonly referred to as spotsize, and confusingly is assumed as either a diameter or a

radius throughout various literature. For clarity throughout this work w(z) is the radius value and is
referred to as either beamsize or beamwaist.
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propagation. Moreover, Gaussian beam propagation and ray optics, purely geometric
optics, are related using the eikonal function

ρ(x1, x2) = L0 − 1
2B (Ax21 − 2x1x2 + Dx22). (A.5)

Which says the optical path length ρ(x1.x2) is equal to the on axis distance L0 plus a
quadratric displacment of x1 and x2 related through matrix

M =
?
A B
C D

?
. (A.6)

Through the derivation of equation A.5 one finds a fundamental property of ray op-
tics. Specifically, any point can be described by propagation through an overall system
matrix and any system matrix can be constructed through matrix multiplication of
matrices which represent single optical elements. Relevant matrices are seen in ta-
ble A.1, as taken from reference [30]. The implication being, in ray optics, the radius
of curvature of at any point in propagation can be described by

R2 = AR1 + B
CR1 + D , (A.7)

and due to the same quadratic dependence of the geometric propagation and that of
the Gaussian beam the complex radius of curvature, or q parameter, for a Gaussian
beam can be determined at any point in z by the relationship

q̃2
n2

= A(q̃1/n1) + B
C(q̃1/n1) + D (A.8)

Allowing one to fully characterize the Gaussian beam at any point through propagation
using simple linear “ABCD” matrix propagation techniques [30].
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Free space propagation
?
1 L/no

0 1

?

Thin lens
?

1 0
−1/f 1

?

Curved mirror (normal incidence)
?

1 0
−2/R 1

?

Curved mirror (arbitrary incidence)
?

1 0
−2/Re 1

?

Radially varying index and gain
?

cos γz (n0γ)−1 sin γz
−(n0γ) sin γz cos γz

?

Table A.1: Ray matrices in the paraxial approximation
Matrices from reference[30]. Re = R cos θ in the incidence plane, Re = R/ cos θ ⊥ to

incidence plane. γ2 ≡ n2/no.
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