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Chapter 1

Introduction

The Natural sciences strive to teach people about life and the inner workings of nature that
govern life’s existence. To improve the understanding of biology, chemistry and physics
powerful tools to explore life on the smallest possible length and time scales inevitably
are required. Many approaches exist that lead to the discovery of new phenomena, but
perhaps recently, one of the most promising and exciting is the field of ultrashort optics
that has arisen not long after the invention of the laser in 1960 [1], [2].
Ever since this invention, tremendous effort has been made to push the output of this
unique coherent light source to shorter pulse durations, higher output energies, larger
tuning ranges and higher peak powers. State-of-the-art laser systems can provide peak
powers up to the Petawatt level, opening the way for the completely new field of high
field physics [3], [4]. Acceleration of particles, e.g. protons [5], [6], or the generation of
high temperature states of matter [7] have been key aspects of research in this field.
However, pulses on the femtosecond (10−15 s) time scale, allow researchers to study or
even manipulate chemical reactions [8], while the large tuning ranges greatly benefits bi-
ology by enabling techniques such as fluorescence lifetime imaging (FLIM, [9]).
To explore new wavelength ranges, nonlinear frequency conversion can be applied. Shortly
after the demonstration of the ruby laser [2], second harmonic generation (frequency dou-
bling) was observed by Franken et. al [10]. Today, sum and difference frequency con-
version are routinely used nonlinear processes to convert high intensity coherent laser
radiation to new wavelengths.
A unique conversion technique is the extreme nonlinear phenomenon of high harmonic
generation (HHG) observed for the first time in 1987 [11] and 1988 [12]. For intensities
high enough to ionize an atom, an oscillating laser field can induce recombination pro-
cesses that lead to the radiation of photons with a frequency that is an odd multiple of the
fundamental. In this way, harmonic orders well above 100 can be generated [13], [14].
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Introduction 7

Maybe most exciting is the capability of this technique to provide enough bandwidth for
the generation of attosecond pulses (10−18 s) that allow previously inaccessible phenom-
ena to be studied [15]. Commonly, high harmonics are generated by focusing ultrashort
high-peak-power pulses onto a gas jet, hence, generating intensities of the order of 1013

- 1015 W/cm2. However, a modified approach takes advantage of a hollow-core gas-filled
waveguide geometry and has demonstrated improved conversion efficiencies [16]. This
technique allows for the generation of spatially and temporally coherent radiation in the
sub-100 nm wavelength range. For microscopy purposes, this radiation holds great inter-
est, since the smallest features that can be observed are (theoretically) of the order of the
wavelength used to image. At synchrotron facilities imaging techniques making use of
spatially-coherent short-wavelength light have been demonstrated [17] and can be adapted
to HHG [18].
Today’s laser systems used to generate the high harmonics are based on Ti:Sapphire os-
cillators and amplifiers that are limited by thermo-optical effects such as thermal lensing.
These effects restrict the repetition rates to several kilohertz even with techniques like
cryogenic cooling [19].
In contrast, fiber laser systems are nearly immune to thermal problems, since the large ra-
tio of surface to active volume leads to excellent heat dissipation [20]. Based on chirped
pulse amplification (CPA), the output of fiber lasers and amplifiers can be pushed to more
than 100 W average power in the femtosecond range [21], [22] while pulse energies of
1 mJ can be achieved [23]. Unfortunately, they can not provide pulse durations of a few-
10 fs [24].
A sophisticated technique to combine ultrashort pulse generation and amplification with
high average powers are optical parametric amplifiers (OPA). These devices do not suf-
fer from thermal problems, since no energy is stored in the crystal. Additionally, they
offer a large amplification bandwidth, when nonlinear crystals such as BBO or LBO are
used. High gain factors (104 to 106) and short crystal lengths (only a few mm) makes
OPA suitable to generate pulses as short as 4 fs [25]. Owing to this outstanding charac-
teristics, ultrashort pulse sources based on parametric amplification provide an attractive
pump source for high-harmonic generation.
Fiber lasers constitute an excellent pump source for a high repetition rate OPA, due to
their average power scalability. However, to generate and amplify ultrashort pulses a
broadband seed signal is required. Continuum radiation can be generated by using a
small portion (<10%) of the fiber laser system for filamentation in bulk substrates [26],
e.g. Sapphire. Another technique relies on supercontinuum generation in highly nonlin-
ear photonic crystal fibers [27], which has been used to demonstrate a broadband tunable
(700 nm - 1500 nm) source [28].
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Introduction 8

A different approach for providing continuum radiation is presented in this thesis. The
optical parametric amplifier is directly seeded with Ti:Sapphire oscillator pulses. Ad-
vantageously, these pulses promise a good compressibility, since they do not suffer from
nonlinear phase terms. Additionally, the system works without an external pump laser for
the OPA, and therefore, provides inherent synchronization. Overall, a detailed study of
optical parametric chirped pulse amplification systems (OPCPA) based on fiber amplifier
technique is unveiled. The feasibility of generating high-energy ultrashort pulses is inves-
tigated and possible applications for imaging techniques are discussed and emphasized
by experiments using high-harmonic radiation.

The goal of the work is the amplification of a cavity dumped Ti:Sapphire oscillator at
repetition rates as high as 2 MHz and with pulse durations shorter than 30 fs. Splitting the
oscillator output to use it both as pump and seed source for an (OPCPA) system ensures
synchronization.
Nonlinear frequency conversion in photonic crystal fibers is used to convert the 800 nm -
850 nm output of the oscillator to the amplification bandwidth of Ytterbium by generating
a pulse at 1030 nm. Subsequent amplification is realized in a classical fiber based CPA
system. The pulses are stretched to more than 300 ps to reduce nonlinear effects during
amplification and later compressed by two gold-coated reflection gratings. The frequency
doubled output is used to amplify the Ti:Sapphire pulses in a Beta Barium Borate (BBO)
crystal. Finally, they are compressed in a fused silica prism compressor. Shorter pulses
are obtained by increasing the signal bandwidth by self phase modulation (SPM) in a
photonic crystal fiber.
Lensless imaging with coherent high-harmonic radiation is realized so as to investigate
the requirements of pump sources for high-harmonic generation, which is of great interest
for possible applications of the OPCPA system. A cryogenically cooled Ti:Sapphire am-
plifier output is focused into an Argon filled hollow-core waveguide producing spatially-
coherent radiation at 29 nm that is slightly focused onto a sample. The far field diffraction
pattern is recorded with an x-ray CCD camera, and a genetic iterative phase-retrieval al-
gorithm is used to reconstruct the sample structure from the diffraction pattern.

The work is structured as follows: In chapter 2 the basics of high-harmonic generation are
described and the results of the lensless imaging experiment are presented. The theoretical
elements necessary to understand the fiber laser pumped optical parametric amplification
presented here are provided in chapters 3, 4 and 5. A detailed characterization of the
OPCPA system, including all experimental requirements, setups and results, can be found
in chapter 6. The thesis concludes with a summary and also gives an outlook to future
experiments and possibilities.
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Chapter 2

High harmonic generation and lensless
imaging

Since the first observation of High Harmonics in 1987 [11],[12], tremendous effort has
been applied in this field of research, both theoretically and experimentally. One of the
most interesting qualities of the generation of high harmonics is their capability of pro-
viding enough bandwidth to generate single attosecond pulses. Such pulses provide a
unique tool for studies of electron motion, evolution of molecules in highly excited states
and the evolution of molecular hydrogen, a system well described in theory, but still not
accessible to experiments validating this theory [29].
Chapter 5 describes how the material responds to high intensity laser fields. When elec-
trons move in a non-parabolic potential, the polarization is a nonlinear quantity that leads
to interesting effects. Thinking of even more intense laser fields with intensities high
enough to ionize the atom, it is imaginable that there will be exciting new phenomena to
explore.
This chapter gives a short introduction to high-harmonic generation (HHG), one of the
most intense research fields in the current decade. After introducing a semi-classical
model a lensless imaging technique is discussed as application.

2.1 High Harmonic Generation
By focusing ultrashort pulses onto a gas medium, intensities high enough to ionize the gas
(1013 to 1015 W/cm2) can be generated. The nonlinear interaction of the highly intense
laser light with atoms can lead to the generation of odd harmonics. A schematic spectrum
with certain characteristic features for this process is shown in figure (fig. 2.1).

9



High harmonic generation and lensless imaging 10

Figure 2.1: Schematic spectrum for High Harmonic Generation.

The spectrum consists of evenly spaced lines that are separated by twice the fundamental
laser frequency, and therefore, provides odd harmonics with frequencies ωq = q ·ω0 =
(2n + 1)ω0. The efficiency decreases very quickly over the first harmonic orders. The
higher-order harmonics form a broad plateau over which the efficiency is roughly the
same and then immediately disappears for frequencies higher than ωc. The cutoff fre-
quency ωc depends sensitively on the gas medium and the fundamental laser properties,
such as frequency ω0, pulse duration τ , intensity I and polarization state (eq. 2.7).

2.1.1 Semiclassical Picture of High Harmonic Generation
Full quantum mechanical models can only be solved numerically, but consideration of
a semiclassical model proves quite instructive [30], [31]. This model describes most
of the experimental effects and also gives an explanation for the cutoff frequency. The
semiclassical approach is only valid in the so-called tunnel regime

h̄ω0 � Ip �Up, (2.1)

where Ip is the ionization potential of the atom, Up is the ponderomotive energy (eq. 2.5)
corresponding to the average kinetic energy of a free electron oscillating in the laser field,
and ω0 is the frequency of the driving laser field.
To fully understand the semiclassical approach to high-harmonic generation, some basic
considerations relating to atomic ionization should be taken into account.

10
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Ionizing an atom in the Tunnel Regime

Necessarily, equation 2.1 implies that an atom can only be ionized after absorbing mul-
tiple photons. In this simple model, the photonic character of the light can be partly
neglected.
The easiest way to describe this system is to consider the atom as an ionic core with a
single electron. The former creates a Coulomb potential the electron is evolving and the
intense laser field is described as a slowly oscillating electric field E(t) = E0(t)cos(ω0t).
Once the atom is irradiated by the strong laser field, the total potential seen by the electron
is the sum of the Coulomb potential and the electric interaction potential

Utotal = UC︸︷︷︸
Coulomb potential

+ q ·~E ·~r︸ ︷︷ ︸
electric interaction potential

, (2.2)

where q is the electric charge, ~E the applied electrical field and ~r the distance of the
electrical charge to the electrical field.

Figure 2.2: Schematic of the Potential seen by the electron without (black) and with (red)
an intense laser field.

The behavior of the potential when an intense laser field is applied to the atoms Coulomb
potential is shown in figure 2.2. There is a potential barrier in direction of the driving field
(red potential in fig. 2.2) through which the electron can tunnel with a probability that is
derived in [32]. This probability depends on the initial energy level and the width of the
barrier, which is defined by the field strength.

Free electrons in electrical fields

To ionize the atom, the electron has to be released in the strong electric field of the driving
laser light, implying that its motion is strongly determined by the electric force. For
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that reason, the core attraction can be neglected and the motion of a free electron has to
be investigated. Note that the time of ionization ti has a great influence on the motion.
Speaking classically, the equation of motion for an electron with mass m is

m
∂ 2x
∂ t2 = qE cos(ω0t) (2.3)

for a field linearly polarized in x direction.
The electron velocity in the slowly varying envelope approximation is derived by a simple
integration of 2.3 and can be written as

v(t) =
qE

mω0
· (sin(ω0t)− sin(ω0ti))+ v0, (2.4)

where v0 is the initial velocity. Assuming that the electron is released without kinetic
energy (v0 = 0), the average kinetic energy, termed ponderomotive energy, is

Ekin =
m
2

v2 = Up =
q2E2

4mω02 . (2.5)

The energy that is provided by the laser field to the electron is on the order of Up. A
further integration of 2.4 provides the trajectory

x(t) =
qE

mω0

[
1

ω0
(cos(ω0ti)− cos(ω0t))− sin(ω0ti)(t− ti)

]
(2.6)

of the electron after being ionized. Equation 2.6 shows that the electron is ripped off the
atom (x = 0) at the time ti and can bounce back to its parent ion after a certain return time
tr that is determined by 2.6.
The kinetic energy an electron gains until it recombines can be calculated with the help
of 2.4 and 2.6 as a function of the ionization phase ϕi = ω0ti.
Figure 2.3 shows the dependence of the kinetic energy with respect to the ionization
phase. For an ionization phase of ω0ti = 18◦ the electron has a maximum kinetic energy
of Ekin = 3.17 ·Up. Hence, this simple approach provides the well-known cutoff law for
high harmonic generation

h̄ωc = Ip +3.17 ·Up, (2.7)

where h̄ωc, Ip and Up are the maximum photon energy, the ionization potential, and the
ponderomotive energy, respectively. Since Up ∝ E2(∝ I) (see Eq. (2.5)) the order of
emitted harmonics can be increased by applying high-intensity laser radiation to atoms
with high ionization energies, such as noble gases.

12
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Figure 2.3: Kinetic Energy of the electron at its first return to the parent ion as a function
of the ionization phase. The electron is released with no kinetic energy at the initial
position (x=0).

Three Step Model

Finally, the insights of the preceding discussion can be summarized in a “simple man
model” known as three step model:

1. An atom is ionized at a time ti by an intense laser field. A parent ion and a free
electron with no initial kinetic energy are created.

2. The free electron is accelerated by the electrical field of the laser light. When this
changes its sign there is a certain probability that the electron can be found in the
vicinity of its parent ion.

3. In the event of a collision with the parent ion the electron recombines and releases
its energy, i.e. its kinetic energy and the binding energy of the atom, by emitting a
photon of energy h̄ω = Ekin + Ip.

The emission of such a EUV photon strongly depends on the probability to ionize the
atom. This probability is largest when the electric field has a maximum, and therefore, has
a periodicity of half an optical cycle of the fundamental. In a more detailed investigation
the electron, of course, must be considered as quantum wave packet with its own phase.
Initially, there is a transition of the wave function (atomic ground state) to the continuum,
then an evolution of the wave packet in the continuum and finally a transition back to the
ground state associated with the emission of radiation (fig. 2.4).
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Figure 2.4: Three step model: The atom is irradiated by the intense laser field (h̄ω0) and
ionized (1). The free electron wave packet evolves in the electrical field (2) and can make
a transition back to the initial state linked with the emission of x-ray radiation (3).

This point of view reveals a very important feature of this process. Due to the fact that the
phase of the radiation is imposed by the evolution of the wave packet it is also locked to the
phase of the fundamental driving laser field, resulting in a coherent process. Furthermore,
the spatial coherence of the laser field is transferred to the high-harmonic beam, making
it suitable for lensless-imaging techniques.
The emission of a macroscopic medium can be obtained by summing all amplitudes of
the particular atoms. The total intensity is the square of the total amplitude and reveals
that collective effects, such as phase matching and reabsorption, also play an important
role in that radiation process.
A deeper insight to high harmonic generation necessarily requires a complete quantum
mechanical analysis that can be found in several publications, e.g. [33].

2.2 Phase matching techniques for the Generation of High
Harmonics

The investigation of nonlinear phenomena in chapter 5 reveals that for efficient conversion
processes in bulk media, i.e. an ensemble of atoms and/or molecules, the fundamental
and generated frequencies have to travel with the same velocity. Common techniques
include phase matching via the birefringence of crystals or the temperature dependence
of the index of refraction. Unfortunately, bulk materials are highly absorptive for extreme
ultraviolet (EUV) radiation and gases, in which the harmonics are generated, are not
birefringent. In the late 1990’s a new approach to phase match high-harmonic generation
in hollow waveguides was found [16]. The basic idea is to use a gas-filled hollow-core
fiber that maintains a high intensity of the driving laser field and, furthermore, allows the

14
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dispersion of the gas to be tailored by the means of the pressure. The phase mismatch ∆~k
for the qth harmonic

∆~k =~kq−q ·~k0, (2.8)

in a gas filled waveguide can be written as [34]

∆k ≈
qλ0µ2

11
4πa2 +P

[
ηNatomre(qλ0−λq)−

2π(1−η)∆(δ )
λq

]
, (2.9)

where ∆(δ ) = δ (λ0)−δ (λq) is a function corresponding to the dispersive characteristics
of the gas, µ11 is the first root of the Bessel function of zeroth kind J0, a the waveguide di-
ameter, P is the gas pressure, η the ionized fraction, Natom is the number density of atoms
at atmospheric pressure, and re is the classical electron radius, respectively. Equation 2.9
shows, that phase matching, i.e. ∆k = 0, can be achieved for low levels of ionization by
tuning the pressure [35]. Pressure tuning works well for ionization levels η <5%, since
for higher levels of ionization the second term in equation 2.9 has the same sign as the
first one. For efficient generation of the highest order harmonics (that correspond to high
ionization levels) the limitations of pressure tuned phase matching have to be overcome.
A very promising approach was introduced by Christov et. al. [36], [37]. They adapted an
approach also known in “conventionial” nonlinear optics, namely quasi phase matching
(QPM). In chapter 5 it is shown that for a phase difference, i.e. ∆k 6= 0, energy can transfer
back to the fundamental after propagating more than a coherence length. The QPM idea
suggests to periodically alter the nonlinearity either by changing its strength, reversing its
sign or eliminating it after each coherence length to enhance the output signal.
For HHG in hollow-core fibers a periodically modulation of the waveguides inner di-
ameter (upper left corner in fig. 2.5) provides QPM and can be achieved by an unique
glass-blowing setup (developed by A. Paul at JILA, Boulder). Assuming that the laser
mode adiabatically follows the modulation results in a periodicity of the intensity distri-
bution along the propagation direction. Naturally, the intensity is highest for the smallest
spot size, i.e. for a shrunk part of the waveguide. Equation 2.7 says that the highest har-
monic orders belong to the highest intensities, since Up ∝ I. Therefore the highest order
harmonics are only generated in specific parts of the waveguide that are denoted by a “+”
in figure 2.5. If the periodicity of the modulation is chosen to be a coherence length then
a signal will only be generated over every other coherence length. So , the signal can add
coherently and lead to enhanced conversion efficiencies for the highest order harmonics
(fig. 2.5).

15
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Figure 2.5: a) Schematic of the QPM process itself. The picture in the upper left cor-
ner shows a microscope picture of a waveguide with a modulation period of 0.25mm
(from [38]). b) Experimental results for enhanced HHG with QPM (from [39]).

2.3 Lensless imaging with coherent EUV light
The preceding sections described some basics concerning HHG, especially in hollow-core
waveguides. Since this process generates spatially coherent radiation, some interesting
applications can be conceived.
Resolution of light microscopy is fundamentally limited by the wavelength of the illumi-
nation light, and therefore, the much shorter wavelength of the high-harmonic radiation
appears very promising. Other imaging techniques, e.g. scanning electron microscopy
(SEM) or scanning tunneling microscopy (STM), have shown resolution even on atomic
scales, but are limited to thin samples or surfaces. EUV light can be used to image thick
samples while maintaining a high resolution. Eminently important is the inherent image
contrast due to various core-level absorption edges and widely varying elemental absorp-
tion cross sections. The “water window” (300 eV-500 eV) is especially interesting, since
carbon is 10 times more absorbing than water in this region. Generally, imaging tech-
niques in the soft-x-ray region rely on diffractive or reflective optics, e.g. Fresnel zone
plates or multilayer mirrors, to image an object. However, lensless imaging is a relatively
new coherent imaging technique that replaces the optical elements with a computerized
algorithm, and was first demonstrated in 1999 [17].

16
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2.3.1 Idea of lensless imaging and the phase problem
The idea of lensless imaging is very simple. A spatially coherent x-ray beam illuminates
an object. Due to the coherence a diffraction pattern is generated in the far field of the
object that is collected with a CCD camera and subsequently analyzed by the phase-
retrieval algorithm to reconstruct the spatial structure of the specimen (fig. 2.6).

Figure 2.6: Lensless imaging. An object is illuminated by a coherent high harmonic beam
and the far field diffraction pattern is collected with an x-ray CCD.

Since only the intensity (∝ |E|2) is detected, a main issue of this experiment is to retrieve
the phase without which it is impossible to find a reconstruction.

2.3.2 Phase retrieval algorithm and experimental requirements
J. Miao et. al. have found a way to solve the phase problem by oversampling the diffrac-
tion pattern, i.e. the diffraction peaks have to be sampled at a higher rate than the Nyquist
frequency [40], [41]. Since a detailed discussion of this algorithm is far beyond the scope
of this work only a sketch will be given. Figure 2.7 shows the basic idea of the phase-
retrieval algorithm. Initially, a set of random phases is added to the square root of the
collected diffraction pattern, resulting in a function with both amplitude and phase and
then an inverse Fourier transform is applied.
The knowledge of the oversampling ratio1 allows the application of constraints. Basi-
cally, a no density region surrounding the object exits in real space, corresponding to the
oversampling ratio. After carefully setting the surrounding to zero a Fourier transform

1The oversampling ratio is the ratio of sampling to Nyquist frequency.

17
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Figure 2.7: Scheme of the phase retrieval algorithm.

is performed to retrieve a diffraction pattern and a new set of phase functions. An error
analysis selects the diffraction pattern that is closest to the collected one, and uses the
corresponding phase function to run the algorithm again until the deviation is suitably
small. Finally, the genetic algorithm yields a phase set that leads to the reconstruction of
the sample.
There are several experimental parameters that have to be considered, e.g. the place-
ment of the sample with respect to the detector, the parameters of the illuminating light,
et cetera. To obtain a diffraction pattern, the sample has to be illuminated with a plane
wave, which means that the sample aperture should be smaller than the radius of curvature
of the wavefront. The distance z between sample and detector must also be chosen so as
to fulfill

z� D2

λ
, (2.10)

where D is the sample diameter and λ the wavelength of the illuminating light. Equation
2.10 is known as Fraunhofer criterion. Additionally, z has to be chosen in such a way
that an appropriate oversampling ratio (O > 5) can be obtained, since this ratio can be
expressed in terms of experimental parameters

O =
zλ

Dp
, (2.11)

where p is the pixel size of the camera. In the reconstructed image the pixel size r (not to

18
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be confused with a CCD pixel) is

r =
OD
N

=
zλ

pN
, (2.12)

where N is the linear number of pixels. The value of r gives a limit of resolution, since
one pixel is the ultimate feature size that can be discerned. Another limit is given by the
nature of diffraction itself, since the smallest structures d diffract the incident light in an
angle θ given by

d sinθ = λ . (2.13)

Finally, the finite spectral bandwidth of the illuminating EUV source gives rise to another
limitation. Miao et. al. [42] have found the requirements to be

λ

∆λ
≥ OD

d
. (2.14)

To find a suitable geometry for lensless imaging equations 2.10 to 2.14 have to be bal-
anced.

2.3.3 Experimental setup and results
Recently tabletop lensless imaging has been demonstrated with spatially-coherent light
from HHG in hollow-core waveguides [18].

Figure 2.8: Experimental setup for tabletop lensless imaging.

The experimental setup is shown in figure 2.8. To generate the high harmonics a Ti:Sapphire
amplifier system (KMLabs Dragon™) based on a multipass amplification in a cryogeni-
cally cooled crystal is used [43]. The amplifier runs at a repetition rate of 3 kHz and
produces pulses centered at 780 nm with 25 fs pulse duration and an average power of
4.2 W, resulting in a pulse energy of 1.4 mJ. The entire setup is isolated against air cur-
rents and the waveguide and subsequent chamber are held under vacuum, since EUV
light is highly absorbed by materials and air. For the purpose of HHG, the laser beams are
focused into a 150 µm inner diameter capillary filled with Argon at 87 mbar (∼65 torr)
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Figure 2.9: Measured EUV mode at an Argon pressure of 87 mbar (∼65 torr)

producing approximately five harmonics centered at the 27th harmonic (29 nm, 45 eV), in
a near Gaussian EUV mode (fig.2.9).
Two 200 nm thick Aluminum filters are used to block the fundamental photons while
transmitting the EUV photons. To select a single harmonic a pair of narrowband Mo/Si
multilayer mirrors is used. The first one has a radius of curvature of 50 cm to slightly
focus the EUV beam onto the sample while the second one is flat. All mirrors and the
sample are mounted with small piezo actuators, giving the ability to perform alignment
in vacuum. The diffraction pattern is collected with an Andor DO436 x-ray CCD camera
containing a chip of 2048×2048 pixels each with a size of 13.5 µm×13.5 µm.
Before running the experiment, amplified spontaneous emission (ASE) is used to align
both the coupling to the waveguide and the beam path in the vacuum chamber. Next, the
system is pumped down and the EUV flux and mode are optimized with the amplified ul-
tra short Ti:Sapphire pulse by waveguide alignment and tuning the gas pressure. Finally,
the piezo motors on the mirrors allow the EUV beam to be steered on the center of the
camera. After venting the system, the sample is put in place and its aperture is aligned
to transmit the beam emerging from the waveguide end (again ASE is used to align). To
obtain the brightest diffraction pattern, minor tweaks to the sample translation stage are
again necessary after evacuating the chamber. For high-quality reconstructions it is es-
sential to use the full dynamic range of the camera. Unfortunately, the bright center of the
diffraction pattern leads to a fast saturation of the camera, and therefore, the high spatial
frequency information (that belong to the smallest structures) cannot be captured. To in-
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crease the dynamic range, beam blocks of various size are used and mounted on a movable
ring. They block the central part of the diffraction pattern and allow for longer integration
times. So, a set of diffraction patterns is collected and ultimately stitched together and
reconstructed by the group of John Miao (University of California, Los Angeles).

J-Slit aperture

A first simple specimen is used in order to learn about the limitations and capabilities of
the system before the resolution is pushed. An aperture in form of a “J” about 80 µm tall
is placed at a distance of z=33 cm, giving an oversampling ratio of O=9 (eq. 2.11) and an
image pixel size of 0.35 µm (eq. 2.12).

Figure 2.10: a)Microscope image of the J-Slit showing the dimensions. b) Stitched
diffraction pattern. c) Final reconstruction of the J-Slit.

Results for this sample are shown in figure 2.10. Figure 2.10 b) was obtained by stitching
3 diffraction pattern together. The first one was taken without a beamblock, the second
with a 200 µm block in 10 minutes and the last one with a 3 mm diameter beam block in
120 minutes. Finally, the reconstruction (fig.2.10 c)) clearly shows the “J” while main-
taining the aspect ratio.

Quantifoil® Sample

The second sample is an electron microscope test grid manufactured by Quantifoil Mi-
cro Tools GmbH (Jena, [44]). The sample itself is coated with 20 nm-30 nm of gold to
increase the opacity and a 15 µm aperture is put on top of it. Placing this sample 10 cm
before the CCD camera gives an oversampling ratio of 14.5 and an image pixel size of
106 nm.
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Figure 2.11: Experimental results for the Quantifoil®. a) SEM image of the test sample.
b) Stitched diffraction pattern. c) Final reconstruction. d) Line scan taken at the blue line
in c).

Figure 2.11 a) shows a scanning electron microscopy (SEM) image of the Quantifoil
taken in the Keck Lab at JILA. The final diffraction pattern (fig.2.11 b) ) is made up of
3 single patterns, and an analysis of the speckles near the edges leads to an estimated
λ/∆λ ≈ 200 nm. This estimate agrees with measurements taken under the same exper-
imental conditions, i.e. laser parameters, pressure and Argon gas. The reconstructed
image (fig. 2.11 c)) with the corresponding line scan (fig. 2.11 d)) gives a resolution of
214 nm. The slight displacement of the aperture in the SEM and reconstructed image
results merely from parallax, because the sample and aperture are separated by approxi-
mately 50 µm. Considering this fact, it is amazing that the aperture outline can be seen
clearly in the reconstructed image, thus, the depth of field is large.
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2.4 Summary
A tabletop lensless imaging system based on HHG in gas-filled hollow-core waveguides
has been realized, and impressive and encouraging results have been obtained. The pulse
parameters of the pump source for high-harmonic generation have to be adequate to
achieve sufficient intensities, that enable this extreme nonlinear process. For this par-
ticular experiment the intensity is roughly 1014 W/cm2 and represents a good estimate for
the required pulse parameters necessary to run this experiment.
To make this technique even more interesting to metrology, nanoscience, biological imag-
ing and the next-generation lithography, the overall performance has to be pushed further,
especially the resolution. Larger detectors would be capable of capturing higher spatial
frequencies. A similar effect can be obtained with a smaller pixel size camera and, at
the same time, a reduced sample to CCD distance. A second possibility is to use shorter
wavelength sources. A third approach is to reduce the spectral bandwidth using either
narrower band mirrors or by decreasing the harmonic bandwidth, e.g. with pulse shaping
techniques.

However, even pushing the resolution does not help to solve a severe issue of this pro-
cess, the low conversion efficiency inherent in HHG. Since the integration time for the
diffraction pattern depends on both the conversion efficiency and the repetition rate of
the driving laser source an increased repetition rate would have astonishing effects. In
this experiment the longest integration time with a 3 kHz source is 2 hours, so already
a factor of 10 would result in a 12 minute measurement. Unfortunately, state-of-the-art
Ti:Sapphire amplifiers are limited to tens of kHz, because of thermo-optical issues.
The second part of this work gives a detailed investigation of an OPCPA system that
could help to solve this problem in the future (chapter 6) subject to the condition that the
required intensities for HHG can be achieved.
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Chapter 3

Fiber laser and amplifier

First investigated by Shawlow and Townes in 1958 [1] and demonstrated by Maiman in
1960 [2] the Laser opened the door for a completely new scientific field. A lot of applica-
tions have been found to date that also affect our daily life in an impressive manner, such
as laser scanner in stores, CD and DVD drives, telephone and internet, just to mention
some.
As early as 1964 Koester and Snitzer [45] demonstrated the first fiber laser, but it did not
draw a lot of attention. With the rapid development in optical telecommunication technol-
ogy especially Erbium-doped fiber lasers and amplifiers were issues of intense research
and engineering. Due to the immense progress in fiber design, the availability of pump
lasers and the outstanding thermo-optical properties of fibers, the efforts in this research
area were rising since the beginning of the 1990s.
This section provides a brief outline of the development of fiber design, lasers and am-
plifiers, while emphasis is put on Ytterbium-doped amplifiers, since they are extensively
used in this work.

3.1 Design and advantages of fiber lasers
Most solid-state lasers suffer from thermal problems arising from thermal lensing or ther-
mal birefringence in the laser medium, which considerably affect the beam quality. Due
to the large ratio of surface-to-active volume of a fiber the heat load is distributed over a
long length [20]. Thats why they are almost immune against thermo-optical problems so
that the beam quality basically depends on the design of the fiber itself.
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3.1.1 Optical Fibers as waveguides
The simplest fiber design one can imagine is a core surrounded by a cladding whose
refractive index is lower (Step Index Fiber, fig. 3.1). To protect the fiber there is a polymer
jacket.

Figure 3.1: Fiber Designs. Left Side: Architecture of a simple Step Index Fiber (SIF).
The core is surrounded by a lower index cladding and a protective coating (jacket). Right
Side: Architecture of a Double Clad Fiber. The singlemode active core is surrounded by
a multimode D-shaped pump core providing efficient pump light incoupling.

The light is guided in the core by total internal reflection. To build a laser, the core is
doped by rare-earth ions, e.g. Yb3+, Nd3+ or Er3+, and dieletric mirrors are put on the
ends of the fiber making the whole setup very compact and stable.
The waveguide structure of a fiber not just guides the laser radiation, but also the pump
light. So a high gain can be achieved due to the long interaction length, resulting in a low
pump threshold. The transverse mode structure is basically determined by the refractive
index profile of a fiber. For a simple Step Index Fiber (SIF) the V Parameter describes the
mode-guiding properties of a fiber. It is found to be [46]

V =
2π

λ
a
√

n2
core−n2

cladding, (3.1)

where λ is the wavelength, a is the core radius, ncore is the refractive index of the core
and ncladding is the refractive index of the cladding, respectively. For V < 2.405 the fiber
is said to be singlemode only guiding the LP01-Mode. Naturally, this condition also limits
the wavelength range for single mode operation, since the fiber design (ncore, ncladding,
a) is fixed. Some mode profiles can be seen in figure 3.2 simulated for a slightly multi-
mode fiber (V = 2.38) with a simple finite difference approximation to solve the scalar
Helmholtz equation [48].
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(a) LP01 mode of SIF with V=2.38. (b) LP11 mode of SIF with V=2.38.

Figure 3.2: Modes of a fiber simulated with the help of a simple finite difference approx-
imation of the Scalar Helmoltz equation.

Fiber lasers based on single cladding fibers are limited in output power due to the avail-
ability of singlemode pump diodes. The laser has to be operated in a singlemode regime in
order to suppress energy transfer to higher order modes, but the pump diodes are limited to
a few Watts of output power in singlemode operation. This drawback could be overcome
by modifying the fiber design. Adding a multimode pumpcore around the singlemode
core has the capability to couple low brightness high power diode lasers. Additionally,
breaking the cylindrical symmetry (fig. 3.1) leads to more efficient pump light absorp-
tion [47]. The performance of this fiber concept is mainly limited by nonlinear effects,
such as Self Phase Modulation (SPM), Stimulated Raman Scattering (SRS) or Stimulated
Brillouin Scattering (SBS). They arise due to the long interaction length and strong con-
finement in fibers and are significant for pulsed and CW operation as well. Large Mode
Area (LMA) fibers helped to push the output powers even higher, but the accuracy of
∆n = ncore−ncladding can only be ensured within 10−3, and therefore, limits the core di-
mensions in single mode operation.
To further increase the active core size while maintaining singlemode operation, a com-
pletely new approach of microstructuring optical fibers has been proposed. The simplest
“one missing hole” design consists of a triangular array of air holes with diameter d and
pitch Λ forming the cladding (fig. 3.3). Obviously, the air holes and the glass matrix form
a kind of average refractive index in the cladding that is lower than the core refractive
index leading to the waveguide properties already discussed above. Due to their structure
these fibers are called Photonic Crystal Fibers (PCF). Variation of the quantities λ/Λ and
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d/Λ determines the properties, such as number of guided modes, dispersion or birefrin-
gence [49]. For d/Λ < 0.45 “one missing hole” PCF are said to be endlessly single mode,
theoretically making it possible to create arbitrarily large cores. Mode-field-diameters of
more than 20 µm became possible, but naturally the core size is limited by other mech-
anisms, i.e. higher propagation losses. Further improvements include new arrangements
of the air holes and also increasing the number of missing holes to 3,7 and 19 resulting
in even larger cores (up to 100 µm in so called Rod-type fibers, [50]). The double clad
concept has been adapted to photonic crystal fibers as well. High NA pump cores can be
fabricated with the “air-clad” technology [51]. An additional ring of air holes around the
pump core is used to guide light with a high beam parameter product (BPP)1.

Figure 3.3: Transverse profile of a “one missing hole” design Photonic Crystal Fiber with
air-clad (middle) and corresponding transversal mode-fields LP01 (left) and LP11 (right)
for a fiber with d/λ = 0.5 and λ /Λ = 0.15.

3.2 Amplifiers based on Ytterbium-doped fibers
The first laser operation in Ytterbium-activated silicate glass was observed by Etzel et.
al [52] in 1962. But due to the rapid progress in Nd3+ doped laser materials it attracted
only little interest for a while [53]. Even fiber technology was dominated by Erbium-
doped fiber amplifiers, because of their extensive use in optical communication technique.
Ytterbium itself attracted attention with growing interest in the amplification of pulses to
provide a source of very high peak powers [24].
Ytterbium based fiber amplifiers offer some advantageous characteristics, i.e. a broad
absorption (860 nm - 1064 nm) and emission bandwidth (975 nm - 1200 nm) (fig. 3.4) and

1The BPP is the product of the beams divergence half-angle (in mrad) and the spot size (in mm).
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excellent conversion efficiency due to the low quantum defect and high gain owing to the
possibility of high doping levels.

Figure 3.4: Absorption (red dashed line)
and emission (blue line) cross-section of
Ytterbium in silicate glass (from [24]).

Figure 3.5: Energy level structure of Yb3+

in silica with the corresponding energies
and transitions [53].

The electronic structure of the Yb3+-ion provides only three level and quasi-three level
transitions. The energy level structure consists of two manifolds, the 2F7/2 ground state
with four Stark levels and the 2F5/2 excited state with three Stark levels (fig.3.5). Ad-
vantageously, there is no Excited State Absorption (ESA)2 and due to the large gap no
nonradiative decays via multiphonon emission and concentration quenching occur [53].
Fiber amplifier systems, based on Ytterbium doping, presented in this work were operated
with 975 nm pump wavelength and 1030 nm signal wavelength. A look at the emission-
and absorption cross sections in figure 3.4 shows an absorption (and also an emission)
peak at 975 nm and an emission peak at 1030 nm. The peak at 975 nm corresponds to tran-
sitions between the lowest Stark levels in each manifold while the emission at 1030 nm is
linked with the transitions from level e to b (fig. 3.5). A more detailed analysis of spec-
troscopic properties, gain calculation and laser regimes can be found in [53] and [24] and
is beyond the scope of this work.

2ESA: the phenomenon that light is absorbed by ions or atoms in an excited state, rather than in the
electronic ground state [54]
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Chapter 4

Pulse propagation in fibers

The preceding section described guiding properties of fibers as optical waveguides. Nat-
urally, these characteristics will depend on the wavelength of the propagating light wave,
and therefore, can be an severe issue for short light pulses. They are composed of a broad
frequency spectrum, since their time and frequency domain are connected via Fourier
transform and obey an uncertainty relation

∆τ ·∆ν ≥ const., (4.1)

where ∆τ is the pulse duration (FWHM), ∆ν the spectral width (FWHM) and the equal
sign belongs to a transform limited pulse. Propagating through materials seriously changes
properties of light pulses owing to an effect called dispersion. Due to the strong confine-
ment, fibers suffer from another limitation, namely nonlinear effects (see also 5). Inter-
estingly the interplay of dispersion and nonlinearity can lead to great variety of effects
that can be beneficial. The generation of a fundamental soliton that does not change its
temporal shape during propagation is one of these effects investigated in this work.
This chapter is supposed to introduce the phenomenon of dispersion and how it affects
propagation. Furthermore it is shown what can be done to effectively use dispersion and
nonlinearity to control the propagation of short light pulses by the means of soliton gen-
eration.

4.1 Dispersion
When light travels through an arbitrary medium it will see the frequency dependent sus-
ceptibility, refractive index and speed of light, what is referred to as dispersion [59]. A
short pulse (with a broad frequency spectrum, eq. 4.1) will change its temporal shape due
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to the resulting frequency dependence of the phase and group velocity. For the duration
∆t of an optical pulse the following expression can be found [56]

∆t2 =
∫ ∣∣∣∣∂ρ(ω)

∂ω

∣∣∣∣2 dω +
∫ ∣∣∣∣ρ(ω)

∂Φ

∂ω

∣∣∣∣2 dω, (4.2)

where the electrical field is described by E(ω) = ρ(ω)eiΦ0(ω) and Φ(ω) = Φ0(ω)+ω〈t〉.
This expression shows that only pulses with a flat phase (∂Φ/∂ω = 0 over the entire
spectrum) have the shortest duration and are considered as transform limited. To describe
basic dispersive properties of materials the spectral phase is approximated by a Taylor
expansion

Φ(ω) =
∑

n

1
n!

∂ nΦ

∂ωn

∣∣∣∣
ω0

(ω−ω0)
n. (4.3)

The n-th derivative of the phase function with respect to the frequency is often specified
in units of [fsn] and has a particular physical meaning. The zeroth order Φ0(ω0) is called
absolute phase, i.e. the phase accumulated by the reference frequency ω0. The time
Φ1(ω0) for a wave packet centered at the reference frequency to propagate between two
reference planes is called group delay. Both of them are not considered in the analysis of
dispersive systems, since they do not affect the pulse duration. The first important term
is the group delay dispersion (GDD) Φ2(ω0) that directly leads to pulse broadening and a
time dependent instantaneous frequency, termed “chirp”. For the propagation in fibers it
is more common to speak of propagation constants β (ω) connected with the phase via

Φ(ω) = β (ω) ·L, (4.4)

where L is the propagation length in the fiber. The second order dispersion is then read as
β2 = Φ2(ω0)

L . In fiber optics the more common D-Parameter is

D(λ ) =−2πc
λ 2 β2, (4.5)

specified in [D] = 1ps/(nm · km). For normal dispersion (β2 > 0) the parameter D is
negative while it is positive for anomalous dispersion (β2 < 0).
For ultrashort pulses even higher order dispersion, e.g. Φ3(ω0) or Φ4(ω0), has to be
considered. For the generation of the shortest pulses a very careful dispersion analysis
and compensation is inevitable.
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4.1.1 Chirped Pulse Amplification - CPA
Despite the detrimental effects of dispersion to ultrashort pulses it can be a very useful
tool for amplifying them. Originally established in radar Strickland and Mourou [57]
demonstrated the technique of Chirped Pulse Amplification (CPA) in the optical regime.
A short, low-energy pulse is temporally stretched by the means of a dispersive element,
therefore reducing the peak power. Consequently, distortions due to nonlinear effects are
reduced and damage of the medium is prevented. Due to the lowered peak power, these
pulses can be amplified to much higher energy levels. Finally, a second dispersive element
with contrarily characteristics re-compresses the pulse resulting in a high energy pulse
with a short pulse duration (fig. 4.1). Even though new techniques have been investigated
CPA is a widely used state-of-the-art technology.

Figure 4.1: CPA: After stretching a pulse temporally it is amplified and re-compressed by
a dispersive element with opposite dispersion characteristics.

4.1.2 Stretcher and Compressor
For the realization of a CPA system materials or setups that provide certain dispersion
properties are necessary. Since there are three major physical origins of dispersion [56],
namely material dispersion (refractive index depends on frequency), interference and ge-
ometrical dispersion (different optical path lengths for every frequency component), one
can think of a great variety of possibilities how to disperse optical pulses. The easiest way
to stretch an unchirped pulse is to propagate it through a material, e.g. a block of fused
silica glass. More sophisticated tools are prism or grating compressors and grating stretch-
ers that are the basic tools in today’s CPA systems. Especially combinations of grating
stretcher and compressor are very interesting since their dispersion properties match per-
fectly. More recently a new type of mirror, called Chirped Multilayer Mirror [58], relying
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on interference has attracted attention due to tailorable dispersion characteristics.

4.2 Soliton generation
Even though nonlinear effects are discussed in chapter 5 some are mentioned here in or-
der to describe soliton effects in fibers. Equation 5.1 describes the nonlinear response of
some media exposed to electrical fields. Since χ(2) vanishes for materials with inversion
symmetry, the lowest order nonlinear effects in fused silica fibers are the third order ones
induced by χ(3). Without efforts to enhance processes like third-harmonic generation and
four-wave-mixing the most dominant effects arise from the intensity dependence of the
refractive index. Others, not discussed in detail, are cross-phase modulation (XPM), stim-
ulated Raman scattering (SRS) and stimulated Brillouin Scattering (SBS).

4.2.1 Self-Phase-Modulation - SPM
The intensity dependent refractive index can be found to be [46]

ñ = n+n2 · |E|2 , (4.6)

where n is the linear index and the nonlinear-index coefficient is related to χ(3) via

n2 =
3
8n

ℜ(χ
3
xxxx) (4.7)

for a linearly polarized field, where ℜ(χ3
xxxx) is the contributing component of the χ(3)-

tensor. It is more common to write the intensity I instead of |E|2 in equation 4.6, so that
n2 is given in [m2/W ] with typical values of 2.2...3.4·10−2 m2/W in silica glass [46]. This
nonlinear index of refraction induces a intensity-dependent phase shift ΦNL referred to as
self-phase modulation (SPM). A normalized amplitude U(z,T) changes after propagating
through a fiber of length L by [46]

U(L,T) = U(0,T) · exp(i ·ΦNL(L,T )), (4.8)

where ΦNL(L,T ) = |U(0,T)|2 (Le f f )/LNL) is the nonlinear phase shift. The nonlinear
length LNL is given by LNL = (γP0)−1, where P0 is the peak power and γ the nonlinear
parameter related to n2 by

γ =
n2 ·ω0

c ·Ae f f
(4.9)
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with the effective mode field area Ae f f
1. Le f f = [1− exp(−αL)]/α is the effective

length for a pulse that also accounts for fiber losses (α<0) or gain (α>0). Speaking of
short pulses, it is clear that the intensity and, hence, the nonlinear phase (eq. 4.8) is a
function of time resulting in a spectral broadening. The instantaneous frequency differs
across the pulse from its central frequency ω0 by

δω(T ) =−∂ΦNL

∂T
=−

(
Le f f

LNL

)
∂

∂T
|U(0,T)|2 (4.10)

inducing a chirp. As the pulse propagates through the fiber new frequency components
are continuously added depending on its temporal pulse shape.

4.2.2 Combined effects of dispersion and SPM
The preceding sections described the effects of dispersion and SPM on short pulses inde-
pendently. A consideration of both leads to a new phenomenon known as soliton, a wave
packet that does not change its shape during propagation.
Mathematically the pulse propagation in fibers is described by the nonlinear Schrödinger
equation (NLSE) that accounts for dispersion, nonlinearity, losses and gain. A simple
approximation just considering second order dispersion and SPM reads as

∂A
∂ z

=−i
β2

2
∂ 2

∂T 2 A+ iγ|A|2A, (4.11)

where A is the slowly varying envelope [59]. For different signs of β2 and γ , namely in
the anomalous dispersion region (since γ > 0), a special soliton solution is found to be
[46]

A(z,T ) =
√

P0 · sech
(

T
T0

)
· ei z

2LD , (4.12)

where P0 is the initial peak power, T0 the 1/e intensity width and LD = T 2
0 / |β2| the dis-

persion length, respectively. The soliton order N is determined by

N2 =
LD

LNL
=

γ ·P0 ·T 2
0

|β2|
. (4.13)

Descriptively, the soliton effect can be understood as follows: In the anomalous dispersion
regime the blue spectral components travel faster than the red ones, while it is vice versa

1The effective mode field area is basically determined by the guiding and design properties of the fiber,
since it can be found to be

(∫ ∫
∞

−∞
|F(x,y)|2dxdy

)2
/
∫ ∫

∞

−∞
|F(x,y)|4dxdy for the transverse mode structure

F(x,y).
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for SPM, resulting in a stable solution.
Only the fundamental soliton with N=1 will propagate without spectral and temporal
changes. The jth order solitons (N=j) consist of j fundamental solitons with peak powers
Pj and pulse durations Tj [60]

Pj =
(2N−2 j +1)2

N2 P0 and Tj =
T0

2N−2 j +1
. (4.14)

In the absence of perturbations they travel with the same group velocity and, hence, they
interfere with each other so that they have a periodical spectral and temporal evolution
(fig. 4.2).

Figure 4.2: Temporal evolution of a soliton with order N=1 (a) and N=2 (b) over two
soliton periods.

After a period of z0 = π/2 ·LD they are reshaped. The presence of perturbations, though,
can disturb the propagation of solitons, e.g. third order dispersion leads to the generation
of resonant dispersive waves. Also nonlinear effects like self-steepening (soliton decays
into its constituents) and Raman scattering (soliton self-frequency-shift) have to be taken
into account.
Self-Steepening originates from the intensity dependence of the group velocity and leads
to an asymmetry in the SPM-broadened spectra, especially of ultrashort pulses. Since the
peak is evolving slower than the wings, it shifts toward the trailing edge.
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The Raman scattering is an inelastic and non-instantaneous scattering process caused by
vibrations of the glass molecules, which are associated with optical phonons. An incident
photon can be annihilated and a phonon and a new photon at lower frequency can be
created. Therefore, energy is transferred to longer wavelengths and becomes apparent
as a wavelength shift in the spectrum which is maximized for a shift of 13 THz in fused
silica. The Raman threshold for a fiber with the effective length Le f f and the mode field
area A is found to be [46]

PRa
T h ≈ 16

A
gRLe f f

, (4.15)

where gR is the Raman gain coefficient.
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Chapter 5

Parametric frequency conversion

Almost simultaneous with the invention of the laser [2] nonlinear optical effects have
been discovered [10] and investigated [61]. Phenomena in nature that we can observe
in our daily life are dictated by linear optics, where optical properties do not depend on
the intensity of illumination. However, if sufficiently high intensities of light propagate
through materials extraordinary effects arise due to the fact that waves start to interact
with others, e.g. the generation of the second harmonic, sum- or difference frequency
generation and self focussing.
The intention of the following chapter is to give a brief introduction to nonlinear optics
and its phenomena. After describing the basics the most important nonlinear effects that
are investigated or used in this work are introduced while emphasis is put on the process
of parametric amplification.

5.1 Optical Nonlinearities
To understand nonlinear optical effects it is necessary to study the interaction of light
waves with matter. Since every medium consists of charged particles, i.e. electrons and
ion cores, an applied field results in an acceleration of these particles and induces a col-
lection of electrical dipoles, in other words a polarization [62]. Due to the high optical
frequencies (1013 Hz to 1017 Hz) these dipoles oscillate and the core movement can be
neglected so that just the electrons have to be considered. A simple mechanical analog is
to think of an electron attached to the core by a spring. For weak fields the displacement
of the electron will be small resulting in a linear response, because the electron moves
in a parabolic potential, hence, behaving like a harmonic oscillator. With increasing field
strength the electron moves further away from its ionic core so that it sees a non-parabolic
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potential. The main consequence is that the response gets nonlinear and the dipoles can
start oscillating at frequencies of 2ω , 3ω and so on. Since oscillating dipoles radiate, new
frequency components are created.
To develop a pratical model it turned out to be useful to expand the polarization in a power
series

P = ε0(χ
(1)E + χ

(2)E2 + χ
(3)E3 + ...), (5.1)

where χ(1) is the linear and χ(2) and χ(3) are the nonlinear susceptibilities, respectively
[62]. According to the power of the electrical field in equation 5.1 nonlinear effects are
classified. Effects arising from χ(2) are called second order nonlinear effects, e.g. second
harmonic generation, while third order nonlinear effects such as self phase modulation
arise from χ(3) (see chapter 4).

5.1.1 Coupled Waves
The polarization in equation 5.1 is the driving quantity for nonlinear phenomena. The
governing wave equation for propagating vector electrical fields is directly derived from
Maxwell’s equations [63], [64][

∇× (∇×)+
1
c2

∂ 2

∂ t2

]
~E(~r, t) =− 1

ε0c2
∂ 2

∂ t2
~P(~r, t), (5.2)

where c is the speed of light, ε0 the dielectric constant of vacuum, ~E(~r, t) the electrical
field and ~P(~r, t) the polarization, respectively. A decomposition of the vector fields into a
set of plane waves and the transformation of the wave equation 5.2 into frequency domain
reveals a set of coupled wave equations[

∇× (∇×)− ω2

c2 εεε·
]
~E(~km,w) =

ω2

ε0c2
~PNL(~km,ωm = ω). (5.3)

For n interacting waves there are (n+1) differential equations describing the interaction
coupled by the nonlinear polarization. For practical purposes the propagating electrical
field is written as

~E(ω,z) = ℜ(A(z)ei(kz−ωt)), (5.4)

with the envelope A(z). For a significant energy transfer the wave has to travel a distance
much longer than its wavelength, thus,∣∣∣∣∂ 2A

∂ z2

∣∣∣∣� ∣∣∣∣k∂A
∂ z

∣∣∣∣ (5.5)
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is valid and called slowly varying envelope approximation (SVEA). With the help of
equation 5.5 a set of coupled wave equations for the envelopes can be found (see next
section).
For all nonlinear interactions the energy is conserved

d
dz

m+1∑
µ=1

Iµ = 0 (5.6)

and remains in the form of electromagnetic energy, while energy can flow between the
particular waves, thus, this process is called parametric 1. Additionally, for each frequency
ωµ the condition

d
dz

(
Im+1

ωm+1
±

Iµ

ωµ

)
= 0 (5.7)

holds, where the sign corresponds to that of ωµ in the susceptibility tensor 2. Equation 5.7
says that for the creation of a photon at ωm+1 a photon at ωµ is created (-) or destroyed
(+). The relations 5.6 and 5.7 are known as Manley-Rowe relations [66]. For the most
efficient energy transfer also the momentum conservation has to be fulfilled. This situa-
tion is referred to as phase matching and will play an important role in all the nonlinear
phenomena investigated in this work.

5.2 Second Harmonic Generation
A particular second order nonlinear process is the second harmonic generation, which
was the first ever to be observed [10]. It is the degeneration of sum frequency generation
(SFG) where two incident photons with ω1 and ω2 create a photon with ω3 = ω1 + ω2,
for ω1 = ω2 we speak of second harmonic generation. The coupled wave equations can
be found to be [64]

dAω

dz
= i

2ω

nωc
de f f A∗ωA2ωe−i∆kz

dA2ω

dz
= i

2ω

n2ωc
de f f A2

ωei∆kz, (5.8)

1Iµ is the intensity of the wave µ = 1 . . .m+1
2A more detailed study of the polarization reveals the properties of the susceptibility tensor χ and how

frequencies can be mixed. Basically negative frequencies belong to difference frequency generation [65]
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where de f f is the effective nonlinear coefficient that accounts for direction of propagation,
polarization and crystal orientation, nω and n2ω are the refractive indices of the funda-
mental and second harmonic, ∆k = 2kω − k2ω is the phase mismatch, respectively. For
the undepleted-pump approximation and perfect phase matching, i.e. ∆k = 0, an analytic
solution can be found [67], [61]

Iω(z) = Iω(0)sech(z/l) (5.9)

I2ω(z) = Iω(0) tanh2(z/l) (5.10)

l =
1

4πde f f

√
2ε0n2

ωn2ωcλ 2
ω

Iω(0)
. (5.11)

For high conversion efficiencies the pump depletion can not be neglected any more, so
that numerical approaches have to be performed in order to find solutions of the coupled
wave equations.
Naturally, the energy transfer gets less efficient for ∆k 6= 0, because this phase mismatch
means that the microscopic dipoles radiating at ω and 2ω are dephased and, hence, the
signal can not build up coherently. For ∆k ·L = 2π they are completely out of phase. The
corresponding length Lc = 2π/∆k is called coherent buildup length of interaction [67].
Hence, to efficiently convert energy from the fundamental to the second harmonic wave
phase matching has to be achieved. For second harmonic generation the condition 2kω =
k2ω can be expressed as

n(ω) = n(2ω). (5.12)

Normal dispersive media do not provide a possibility for phase matching, but birefrin-
gent media do, because the index of refraction depends on the polarization of the light
waves. Generally, there are two types of phase matching. TypeI is the case were the lower
frequencies have the same polarization while TypeII is achieved when the two lower fre-
quency waves are orthogonally polarized 3.
For an ordinary polarized fundamental and an extraordinary polarized second harmonic
wave phase matching can be achieved for a specific angle θpm with respect to the optical
axis (fig. 5.1). For uniaxial crystals with ordinary index no and extraordinary index neo

the phase matching angle θpm for the above mentioned polarization is [64]

θpm = arcsin

[
ne

2ω

no
ω

√[
(no

2ω
)2− (no

ω)2

(no
2ω

)2− (ne
2ω

)2

]]
. (5.13)

3Note that SHG is the degeneration of sum frequency generation (SFG) so that the lower frequencies
are the two photons of the fundamental wave
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Figure 5.1: Phase matching for second har-
monic generation.

Figure 5.2: Schematic illustration of the
spatial walk off. The extraordinary and
ordinary beams separate after a walk-off
length lwo.

A main drawback of this approach is the walk off. Since the Poynting vector and the prop-
agation vector are not parallel for extraordinary polarized waves (except for θ = 0◦,90◦)
ordinary and extraordinary wave diverge from each other while propagating through the
crystal (fig.5.2). The walk off angle ρ for uniaxial crystals is given by [64]

tan(ρ) =
[ne(θ)]2

2

[
1

(ne)2 −
1

(no)2

]
sin(2θ) (5.14)

leading to a spatial walk-off length of

lwo =
d

tan(ρ)
(5.15)

for beams with diameter d. Other possibilities of phase matching are tuning the temper-
ature of the crystal or periodically poling it, what is referred to as quasi phase matching
(QPM).

5.3 Parametric amplification
In section 5.2 the process of SHG was already described as degenerated sum frequency
generation. Another process, well known in nonlinear optics, is the difference frequency
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generation (DFG) where a strong pump beam with ωp can amplify a weak signal beam
with ωs (ωs<ωp). Energy conservation h̄ωp = h̄ωs + h̄ωi predicts the creation of an idler
beam with ωi = ωp−ωi, so that ωi < ωs < ωp. For efficient energy transfer, of course, the
conservation of momentum h̄~kp = h̄~ks + h̄~ki is essential. To observe this effect intensities
on the order of tens of GW/cm2 are required [68], while parametric frequency conversion
can also be obtained in CW operation with the help of quasi phase matching (QPM), that
for example can be obtained in periodically poled Lithium Niobate (PPLN) [69].
There are two ways to exploit this nonlinear process. Enclosing the crystal in a cavity
can lead to an optical parametric oscillator (OPO) when the parametric gain exceeds the
losses. Output energies of these devices are typically low (few nJ) and the cavity length
has to be matched with the pump laser quite excatly (≈ µm). Another approach is to am-
plify a weak “seed” beam, what is referred to as optical parametric amplification (OPA)
and can provide high output energy and broad frequency tunability (UV - mid IR). The
shortest pulses in the visible with a duration of 4 fs have been created with an OPA [25].

5.3.1 Optical parametric amplifier - OPA
For parametric amplification a set of coupled wave equations can be found for the slowly
varying envelopes as well

dAi

dz
= i

ωide f f

nic
A∗s Apei∆kz,

dAs

dz
= i

ωsde f f

nsc
A∗i Apei∆kz,

dAp

dz
= i

ωpde f f

npc
AiAse−i∆kz, (5.16)

where ∆k = kp − ki − ks is the collinear wave-number mismatch. For negligible pump
depletion (Ap ≈ const.) an analytical solution for a crystal of length L is

Is(L) = Is0

[
1+

Γ2

g2 sinh2(gL)
]
, (5.17)

Ii(L) = Is0
ωi

ωs

Γ2

g2 sinh2(gL), (5.18)
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where the gain g and the parameter Γ can be expressed as

g =

√
Γ2−

(
∆k
2

)2

, (5.19)

Γ
2 =

2ωiωsd2
e f f Ip

ninsnpε0c3
0

. (5.20)

As was the case for SHG, the condition of phase matching can be expressed in terms of
the refractive indices as follows

np =
niωi +nsωs

ωp
. (5.21)

Again it can be met with a birefringent negative uniaxial crystal (neo < no) in TypeI (os +
oi → eop) or TypeII (eos +oi → eop or os +eoi → eop) phase matching while temperature
tuning still remains an alternative. The phase matching angle θpm can be calculated by

θpm = arcsin

[
neo

p

neo
p (θm)

√
(no

p)2− (neo
p (θm))2

(no
p)2− (neo

p )2

]
. (5.22)

The preceding discussion always dealt with monochromatic, i.e. cw, beams interacting
in a nonlinear crystal. For this work the amplification of ultrashort pulses is of great
interest and needs to be considered as well. A main issue for ultrashort pulses is their
different group velocity vg = dω/dk arising from dispersion in materials (section 4.1).
If pulse broadening due to dispersion and third order nonlinear effects are neglected the
differential equations 5.16 transform to

∂Ai

∂ z
+
(

1
vgi
− 1

vgp

)
∂Ai

∂τ
= i

ωide f f

nic0
A∗s Ape−i∆kz,

∂As

∂ z
+
(

1
vgs

− 1
vgp

)
∂As

∂τ
= i

ωsde f f

nsc0
A∗i Ape−i∆kz,

∂Ap

∂ z
= i

ωpde f f

npc0
AsAiei∆kz, (5.23)

where τ = t−z/vgp is the reference time frame moving with the pump pulse. The coupled
equations 5.23 show that there is a temporal walk-off due to group velocity mismatch
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(GVM) between signal and pump (or idler and pump) limiting the interaction length to

l jp =
τp

δ jp
, j = s, i, (5.24)

where τp is the pump pulse duration and δ jp = 1/vg j−1/vgp is the GVM between pump
and signal/idler, respectively. GVM, and therefore, the interaction length are determined
by the crystal type, pump wavelength and type of phase matching. The walk-off effect
becomes more important for δspδip > 0, since idler and signal move away from the pump
in the same direction while they tend to stay localized under the pump pulse for δspδip < 0.
The GVM also affects the phase matching bandwidth ∆ν

∆ν ∼=
2(2ln2)1/2

π

(
Γ

L

)1/2 1∣∣1/vgs−1/vgi
∣∣ , (5.25)

where phase matching was assumed to be perfect for a given signal frequency. Above
equation shows that GVM tends to decrease the bandwidth, that can be large for degen-
eracy (ωs → ωi). Generally, the TypeI phase matching bandwidth is larger than it is for
TypeII processes. The following section will describe how to increase the bandwidth
further.

5.3.2 Advanced OPA design: NOPA and OPCPA systems
The quest for the shortest pulse generated by OPA systems was basically limited by the
phase matching bandwidth. New setups have contributed in an impressive manner and
made possible the generation of pulses in the sub-10 fs range.
An additional degree of freedom can be added by using a non-collinear geometry, where
signal and pump form an angle α , while signal and idler form an angle Ω (fig.5.3). This
setup is called non-collinear optical parametric amplifier (NOPA). For this geometry the
phase matching condition becomes a vector equation that can be split into parallel and
perpendicular components

∆kpar = kp cos(α)− ks− ki cosΩ = 0. (5.26)
∆kperp = kp sin(α)− ki sin(Ω) = 0. (5.27)

A straightforward algebraic calculation reveals the condition for broadband phase match-
ing

vgs = vgi cos(Ω), (5.28)
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Figure 5.3: Illustration of NOPA geometry. (a) Interaction geometry for the wave vectors
and corresponding angles. (b) Walk-off for signal (orange) and idler (green) in a collinear
interaction geometry. (c) Walk-off for signal (orange) and idler (green) in non-collinear
interaction geometry.

which shows that the signal group velocity has to equal the projection of the idler group
velocity onto the signal direction. Figure 5.3 shows an intuitive understanding: For
collinear interaction the signal and idler pulse start to separate quickly while they re-
main effectively overlapped in the phase matched non-collinear geometry. For commonly
used TypeI phase matching equation 5.28 can always be met, since for negative uniaxial
crystals vgi > vgs. For experimental purposes, of course, it is convenient to know the angle
of the signal with respect to the pump, given by

α = arcsin

(
1− v2

gs/v2
gi

1+2vgsnsλi/vginiλs +n2
s λ 2

i /n2
i λ 2

s

)1/2

. (5.29)

For nonlinear crystals, e.g. BBO or LBO, very broad amplification bandwidths can be
achieved, when the right angle α is chosen. Figure 5.4 shows TypeI phase matching from
700 nm to 900 nm in a BBO for a pump wavelength of 518 nm and α=2.5◦.
Common CPA techniques already achieved peak powers in the PW range that can only be
further increased by shortening the pulses. Thus, an increased amplification bandwidth
is needed, but can not be provided due to gain narrowing. To overcome this limit the
NOPA seems a promising alternative and even more so when the CPA principle is adapted
to parametric amplification schemes. This technique referred to as optical parametric
chirped pulse amplification (OPCPA, fig. 5.5) has first been demonstrated in 1992 [70] and
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Figure 5.4: Type I phase matching in BBO. The pump wavelength is 518 nm and the
internal angle between signal and pump is 2.5◦.

has attracted a lot of attention over the last decade. A high energy quasimonochromatic
pump pulse is coupled to a chirped low energy broadband seed pulse in a nonlinear crystal,
therefore, achieving parametric gain. For sufficient stretching a high conversion over the
whole bandwidth is possible resulting in very high peak power ultrashort pulses. The
advantages of the OPCPA technique are high gain in short length crystals, minimal linear
and nonlinear phase distortions, good temporal and spatial pulse quality and low levels of
amplified spontaneous emission. Due to the energy conservation the amplification process
is almost immune against thermo-optical problems, even though residual absorption can
cause some thermal load, practically [68].

Figure 5.5: Schematic of an OPCPA system. For simplicity the idler wave is not shown.
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Chapter 6

Generation of ultrashort pulses with a
fiber laser pumped OPCPA system

Today’s laser systems are capable of providing ultra-short and high-peak-power optical
pulses igniting a stunning development ranging from industrial to scientific applications.
State-of-the-art technology is based on Ti:Sapphire and limited in repetition rate to the
kHz range due to thermo optical problems [71], even with advanced cooling technolo-
gies, e.g. cryogenic cooling. A main issue during the investigation of processes, initiated
by high-peak-power pulses, is that they are characterized by low conversion efficiencies,
e.g. high harmonic generation (chapter 2), and therefore, the detection systems have to be
very sensitive. This, of course, makes real world applications almost impossible.
Diode-pumped fiber lasers offer reduced thermo-optical distortions and are therefore av-
erage power scalable while maintaining a high efficiency. Unfortunately they are not
capable of providing pulses with a few 10 fs duration, since their bandwidth does not sup-
port this [24].
However, a large amplification bandwidth can be offered in optical parametric amplifica-
tion, that constitutes a sophisticated technique to combine ultrashort pulse generation and
amplification with high average powers. Using nonlinear crystals such as BBO or LBO
and running the OPA either in a non-collinear geometry or at degeneracy provides a large
amplification bandwidth (section 5.3). High gain factors (104 to 106) and short crystal
lengths (only a few mm) make them suitable to generate fs pulses, since nonlinear phase
distortions can be neglected. Another advantage is the already mentioned immunity to
thermo-optical problems as a result of the energy conservation (chapter 5).
Femtosecond fiber laser amplification systems have been demonstrated with average power
above 100 W and pulse energies of up to 1 mJ [21], [22], [23], making them a suitable
pump for OPCPA systems (section 5.3).
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Traditional approaches use fiber laser systems as pump and seed source for parametric
amplifiers as well. A part (commonly more than 90%) of the output is frequency doubled
in order to pump the device and the remainder is used to generate a continuum. With
a pump radiation at approximately 515 nm the seed signal has to match the gain band-
width (700 nm - 900 nm) of the NOPA. Common techniques to generate the white light
continuum are based on two approaches: First, filamentation in bulk substrates, e.g. silica
glass or Sapphire plates [26] can be used, but for a stable operation short (<100 fs) intense
pulses are necessary. Second, supercontinuum generation in highly nonlinear photonic
crystal fibers [27] is a stable approach. Unfortunately, both approaches, especially the
fiber based technique, suffer from phase offsets inherent to the broadening process that
lead to limited compressibility [72].
In this chapter a detailed investigation is presented that combines the unique properties
of a Ti:Sapphire oscillator with the average power scalability of fiber amplifier systems
by the means of a non-collinear optical parametric chirped pulse amplifier. The system
will be described in detail and all experimental results will be presented. The front end
of the presented OPCPA system is a Ti:Sapphire oscillator providing pulses at variable
repetition rates. The output of this oscillator is split in order to generate seed pulses for
the parametric amplification and the fiber amplifier stages as well.

6.1 Concept of high repetition rate OPCPA
The main issue of this experiment is to generate a signal pulse for the Ytterbium-doped
fiber amplification stage, that has to be centered around 1030 nm. In principle, state-of-
the-art broadband Ti:Sapphire oscillators based on chirped mirrors have enough band-
width [73], but do not provide pJ energy levels (around 1030 nm) required to efficiently
compete with amplified spontaneous emission. To provide the required seed, nonlin-
ear dynamics in photonic crystal fibers are exploited. Since bulk parametric frequency
converters are inefficient when directly seeded with the oscillator output, this approach
provides a convenient way. The input parameters are chosen in such a way that pulses are
generated at 1030 nm. These are amplified in a fiber CPA system, frequency doubled and
then used as pump for the parametric amplification. The Ti:Sapphire pulses are paramet-
rically amplified, either directly or after additional spectral broadening.
Finally, the concept is as follows: The cavity dumped Ti:Sapphire pulses are split. One
portion is used to generate a pulse in the Ytterbium amplification bandwidth that is subse-
quently amplified, frequency doubled and used as pump source for the NOPA, while the
remainder is the seed for the NOPA stage. The amplified pulses are compressed with a
fused silica prism compressor to obtain ultra-short pulses.
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6.2 Ti:Sapphire oscillator as front end
First demonstrated in CW operation in 1982 [74] and in ultrashort pulse operation in 1991
[75] the Ti:Sapphire oscillator has been one of the most important tools for spectroscopic
purposes and a lot of other research areas in the last two decades.
The laser medium is an Al2O3 sapphire crystal, where a Titanium atom replaces an Alu-
minum atom. The Ti3+ ion is located in the center of a octahedron with oxygen atoms in
the vertices. Due to the crystals fields the five times degenerated ground state of Ti3+ is
split into a three times degenerated ground state 2T and a twice degenerated excited state
2E [76]. The Ti:Sapphire laser is considered as four level laser.
The most prominent characteristics of this type of laser are its enormous absorption
(490 nm - 600 nm) and emission (670 nm - 1070 nm) bandwidths making it capable of ei-
ther producing short pulses or tune it over a wide wavelength range [77]. The generation
of ultrashort pulses is achieved with Kerr-Lens Modelocking (KLM).

6.2.1 Cavity-dumped Ti:Al2O3 laser
A cost effective alternative to Ti:Sapphire amplifier techniques has been demonstrated in
1993 by Ramaswamy et. al [78], while maintaining the advantages of the Ti:Sapphire
oscillator, i.e. stability, tunability and pulse duration. The process of Cavity-dumping
uses an accousto optical modulator to couple out a significant fraction of the intracavity
energy (fig.6.1).

Figure 6.1: Pulse train displayed with an analog oscilloscope showing the cavity dumped
operation.

The dumper (AOM) placed at Brewster’s angle is electronically synchronized to the in-
tracavity pulse train providing variable repetition rates depending on the AOM’s driving
electronics. The dumping process does not induce any pulse broadening or spectral filter-
ing, thus, making it interesting for a wide range of applications.
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A commercially available cavity dumped Ti:Al2O3 laser (KMLabs Cascade ™, [79]) is
the seed source for the OPCPA system presented in this work. It provides up to 30 nJ of
pulse energy with bandwidths of 50 nm or even more running at repetition rates of 40 kHz,
80 kHz, 200 kHz, 400 kHz, 800 kHz or 2 MHz. With an external fused silica prism com-
pressor (see fig. 6.30) the direct oscillator output (fig. 6.2) can be compressed down to
19 fs (fig. 6.3).

Figure 6.2: Spectrum of the cavity
dumped output of the Ti:Sapphire oscil-
lator owing a bandwidth of 90 nm.

Figure 6.3: Autocorrelation trace of
the pulse compressed to 19 fs (black
squares) obtained with the spectrum in
figure 6.2 and the AC of a correspond-
ing sech2 pulse (red).

6.3 Generation of a seed signal in the Ytterbium
amplification bandwidth

In section 3.1 photonic crystal fibers are introduced as useful tool to exploit nonlinear
effects, since the dispersion is tailorable. For this particular experiment the highly non-
linear photonic crystal fiber NL-3.7-975 (Crystal Fibre) is used. It has a core diameter
of 3.7 µm, a mode field diameter of 2.9 µm and a zero dispersion wavelength of 975 nm
(fig.6.4). Due to its strong confinement this fiber is suitable to frequency shift the spectrum
via nonlinear dynamics. Figure 6.5 shows the spectra, that are experimentally obtained,
when the fiber is seeded with a fixed spectrum (dotted blue line) and a pulse energy of

49



Generation of ultrashort pulses with a fiber laser pumped OPCPA system 50

1.1 nJ (solid red line) or 8 nJ (dotted black line). The red curve shows a spectrally sepa-
rated part that is within the amplification bandwidth of Ytterbium. For the purpose of this
experiment it is important to investigate, if a separated compressible pulse is generated.
To validate this, numerical simulations based on a split-step fourier method (fiberdesk,
[80]) have been performed and experimentally a simple amplification stage has been set
up with subsequent compression (fig. 6.7).

Figure 6.4: Dispersion parameter D for
the PCF NL-3.7-975 with a zero disper-
sion at 975 nm. The parameters are ex-
tracted from fiberdesk [80].

Figure 6.5: PCF NL-3.7-975 seeded
with a cavity dumped Ti:Sapphire oscil-
lator (dotted blue line). The black curve
shows the spectrum for launching 8 nJ
pulses that does not have spectrally iso-
lated features while the red curve does.

The numerical simulations give an insight into the process of the pulse generation and can
be understood as follows:
Since the Ti:Sapphire oscillator is running at center wavelengths of 800 nm - 850 nm,
the pulses are launched to the fiber in the normal dispersion regime. The parameter N
(eq. 4.13) can also be used as general propagation parameter and is referred to as soliton
order in case of pumping in the anomalous dispersion regime. The typical values for the
Ti:Sapphire pulses are N≥6. In the normal dispersion regime SPM dominates over disper-
sion for N�1. So the spectrum of the pulse is broadened very fast, since SPM generates
new frequency components that are red shifted on the leading edges and blue shifted on
the trailing edges. The additional effects of normal dispersion (red travels faster than
blue) lead to enhanced broadening compared with that expected from GVD alone. How-
ever, due to the large amount of SPM-induced frequency chirp the effects of dispersion
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are significant and lead to a phenomenon called optical wave breaking. The generated red
components travel faster than the unshifted components and pass them leading to inter-
ference at the edges of the pulse. The opposite happens with the blue components. As a
results sidelobes and a fine structure near the edges (temporal domain) appear. This effect
is particularly present at the initial propagation and can be clearly seen in the simulation.
At a particular point the broadening process will start to be antisymmetric. This is due
to stimulated Raman scattering that shifts the spectrum toward longer wavelengths. Fi-
nally, some photons in the anomalous dispersion region will be generated. The amount of
photons will grow with ongoing SPM and Raman scattering. The spectral components,
that are now available in the anomalous dispersion region, are separated spectrally and
slow down during their propagation, so that they are also separated temporally (fig. 6.6).
During their propagation they will gain energy from SPM and Raman scattering, while
the latter one is also shifting the peak wavelength. Finally, the gain of energy will stop as
soon as the peak power of the input pulse is too low for nonlinear dynamics.

Figure 6.6: Spectrogram yielded by a numerical simulation. A sech-pulse centered at
810 nm with 1.1 nJ energy propagates through 1 m of the PCF NL-3.7-975 (see also
fig. 6.9).

The center wavelength of this pulse can be fine tuned either by adjusting the length of
the fiber or the input power. From an experimentalists point of view this provides a very
convenient way to generate a pump pulse in the Ytterbium wavelength.
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Since the generated pulse is located in the anomalous dispersion regime, it is obvious to
think about the generation of a soliton (section 4.2). However, further numerical simula-
tion revealed that this pulse broadens (temporally) during propagation and, thus, can not
be considered as fundamental soliton.
A first proof-of-principle experiment (fig. 6.7) is to simply couple the cavity dumped
Ti:Sapphire output to the nonlinear fiber and investigate the pulse dynamics. More than
50% of the input power can be coupled into the fiber with an aspheric lens (f=4 mm, Thor-
labs, C230 TM-B). After carefully optimizing the coupling there are two parameters left
to affect the nonlinear dynamics in the fiber, i.e. the input power and spectrum.

Figure 6.7: Experimental setup for the investigation of the generation of an isolated pulse.
On the right side the autocorrelation trace of the amplified and compressed output is
shown.

The numerical simulation predicts the generation of a pulse within the amplification band-
width of Ytterbium and indeed it is possible experimentally, too. With this setup a pulse
is generated, amplified and compressed down to 172 fs pulse duration (253 fs autocorre-
lation width).
Finally, experimental and numerical results are compared in figures 6.8 and 6.9, which
show the dynamics of the pulse generation. A good agreement can be observed for the
output spectra (fig. 6.8). In figure 6.9 the spectral evolution during propagation is shown.
First the spectrum is SPM broadened and Raman shifted until overlap with the anomalous
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Figure 6.8: Measured output spectrum
(red) of 1.1 nJ pulses coupled into 1 m
PCF NL-3.7-975 and corresponding nu-
merical simulation (blue).

Figure 6.9: Numerical simulation:
Spectral evolution of a 1.1 nJ pulse dur-
ing propagation in 1 m PCF NL-3.7-975.

dispersion region is obtained that eventually leads to the generation of a isolated pulse
(see preceding discussion). An estimation of the pulse energy within the amplification
bandwidth of Ytterbium (centered at 1030 nm) can be performed numerically and yields
a pulse energy of a few picojoule (the exact value depends on the input parameters), which
is sufficient for subsequent amplification.
Further numerical and experimental investigations have shown that the pulse energy nec-
essary to generate the pulse for the fiber amplifier depends on the center wavelength of the
input spectrum. Naturally, less energy is needed when λ0 is closer to the zero dispersion
wavelength, since the spectrum does not need to be spectrally broadened so much by SPM
and there is less GVD that leads to less temporal broadening resulting in a higher peak
power. Measurements have shown that for a center wavelength of 845 nm only 0.6 nJ of
pulse energy are needed.
To illustrate this, experimental and numerical results with the input spectra from figure
6.10 and 6.11 are presented.
Experimentally it is observed that a more stable amplification of the pulse can be obtained
for a cut spectrum (fig. 6.11), particularly for center wavelengths of 840 nm or higher. The
necessary input pulse energy to create a signal centered at 1030 nm does not change, since
the peak is at the same wavelength both for cut and uncut spectrum. Consequently, it can
be concluded that the nonlinear dynamic is basically the same for both spectra, which is

53



Generation of ultrashort pulses with a fiber laser pumped OPCPA system 54

Figure 6.10: Measured spectrum before
cutting it with a spectral filter.

Figure 6.11: Spectrum from fig. 6.10 after
cutting it with a spectral filter.

Figure 6.12: Measured output spectrum
(red) of 0.6 nJ pulses with a cut spectrum
(fig. 6.11) coupled into 1 m PCF NL-3.7-
975 and corresponding simulation (blue).

Figure 6.13: Numerical simulation: Spec-
tral evolution of 0.6 nJ pulses during prop-
agation in 1 m PCF NL-3.7-975 with the
spectrum in fig. 6.11 and 0.6 nJ of pulse en-
ergy.
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Figure 6.14: Measured output spectrum
(red) after 0.6 nJ pulses with a cut spec-
trum (fig. 6.11) propagated through 1 m
PCF NL-3.7-975. Simulation (blue) with
the uncut spectrum (fig. 6.10) as seed.

Figure 6.15: Numerical simulation: Spec-
tral evolution of 0.6 nJ pulses with uncut
spectrum (fig. 6.10) during propagation in
1 m PCF NL-3.7-975.

validated by the numerical simulations in figures 6.13 - 6.15.
So far numerical simulations could not reveal the reason for the more stable operation
with the cut spectrum. A lot of parameters, e.g. input pulse energy, spectral shape, peak
power, dispersion, polarization or energy fluctuations affect the propagation in the fiber.
Further investigations are subject of future work.

6.4 Fiber CPA system for NOPA pump pulse generation
After creating an isolated pulse at 1030 nm (see preceding section) a monolithic fiber
pre-amplifier generates enough signal for a chirped pulse fiber amplifier. A detailed ex-
perimental setup of this device is shown in figure 6.16.
The PCF NL-3.7-975 is directly spliced to a passive polarization maintaining (PM) fiber.
For alignment purposes this piece of fiber contains a FC plug with angle polished end
facets to suppress lasing. It can directly be coupled into a spectrometer in order to moni-
tor the pulse generation. The other end of the PM fiber is spliced to the pre-amplifier that
consists of several stages (fig. 6.16). A fiber optical circulator is used to build a double
pass amplifier. The reason for setting up this device is to saturate the amplifier and, hence,
effectively suppress ASE. Signals entering this device at port 1 propagate through 30 cm
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Figure 6.16: Setup of the pre-amplifier. PZ - polarizer

of Ytterbium-doped 6 µm core fiber (port 2), that is pumped by a fiber coupled Bookham
Diode running at 300 mW CW-power and a center wavelength of 975 nm. The pump
source is coupled to the active fiber via a wavelength division multiplexer (WDM). 40 m
of passive polarization maintaining fiber are added in order to ensure the temporal overlap
in the NOPA-stage and to stretch the pulses for the purpose of reduced nonlinearity in the
pre-amplifier.

Figure 6.17: Spectrum after the pre-amplifier.

The signal is reflected on a mirror after passing a polarizer (PZ), that is used to suppress
ASE, and recoupled after passing the polarizer (PZ) again. Finally, the signal is amplified
for the second time and leaves the circulator at port 3 with approximately 1 nJ of pulse
energy and a pulse duration of 80 ps. 2.2 m of Ytterbium-doped double clad fiber is used
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to boost the average power up to 1.2 W. The fiber has a 125 µm pump core, a 10 µm active
core and is pumped with a fiber coupled DILAS laser diode (200 µm core, NA=0.2) that
is emitting at 975 nm. To keep the nonlinearity low, the pre-amplifier runs in such a way
that the average output power is 360 mW corresponding to a B-Integral of B=2.6 (eq. 6.1).
The output spectrum after the pre-amplifier is shown in figure 6.17.

6.4.1 Chirped pulse fiber amplifier
For efficient conversion, both in the SHG and the parametric amplification, the peak power
of the pulses needs to be high enough and the temporal shape needs to be clean and
without pre-pulses.
A main limitation for fiber based amplifier systems are pulse distortions due to nonlinear
effects [21]. A severe issue is the phase imposed by SPM that can lead to a nonlinear
chirp, which can not be compensated by common compressor setups since they introduce,
or remove, a linear chirp. To quantify the effects of SPM a parameter B, the B-integral, is
introduced. It is found to be [81]

B =
2π

λ
·
∫ L

0
n2 · I(z) ·dz, (6.1)

where I(z) is the pulse intensity varying over the fiber length L. For B≤1 the propagation
is considered as linear, while for higher values of B, SPM leads to pulse broadening and
the formation of sidelobes that can contain a significant amount of energy.

Figure 6.18: Autocorrelation at 400 kHz, 16 µJ and a B-Integral >25.
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To avoid nonlinear distortions a fiber based CPA system is used for the presented exper-
iment consisting of the parts described in figure 4.1. To stretch the pulses, either a fiber
stretcher or a bulk grating stretcher can be used. A first test revealed, that stretching the
pulse in approximately 100 m passive fiber leads to wings in the amplified and compressed
pulse (fig. 6.18) that cause very poor conversion efficiencies (<10%) in the SHG process,
so that the NOPA stage can not be operated. The autocorrelation trace shows a pedestal,
that is due to nonlinear phase offset and third order dispersion. The main amplifier is
operated at a B-Integral of B > 25 (400 kHz,10.5 W output power), which indicates a huge
nonlinear distortion that can not be compensated. Therefore a grating stretcher is set up
as shown in figure 6.19 in order to increase the stretching factor and, hence, reduce the
B-Integral.

Figure 6.19: Setup of the grating stretcher. In the experiment the plane silver mirror (M) is
at the position of the dotted line and is moved in this sketch for a better illustration. PbM
- parabolic mirror, RG - reflection grating (gold, 1740 g/mm), M - plane silver mirror, n -
grating normal

The basic idea of a stretcher is to slightly displace the grating (RG) from the focal point
of the imaging optic, a parabolic mirror (PbM) used to reduce chromatic aberrations that
arise from focusing with lenses. If the grating is placed at the focal point, i.e. where
the plane silver mirror (M) is positioned, all spectral components travel the same optical
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path length. By moving the grating inside the focal length stretching is achieved. For
a displacement g the second derivative of the phase Φ(ω) with respect to the frequency
reads as

Φ
2(ω) =

d2Φ(ω)
dω2 =−2 ·g ·

m2λ 3
0

πc2Λ2 cos(β0)
, (6.2)

where m is the order of diffraction, c the speed of light, λ0 the center wavelength of the
pulse, Λ the grating period and β0 the diffraction angle of the center wavelength. In this
setup the input beam is reflected by a mirror onto the gold coated reflection grating with
1740 grooves per mm, which is equal to a grating period of Λ = 0.57 µm. Depending on
the angle of incidence α0 and the wavelength λ the spectral components are diffracted in
an angle β determined by [82]

β = arcsin
(

m ·λ
Λ

− sin(α0)
)

. (6.3)

The parabolic mirror slightly focuses the spectrum onto the plane silver mirror that reflects
it back to PbM and from there on the grating. Now it is parallel to the input beam, but
the spectral components are spatially separated, what is referred to as spatial chirp. To
remove the spatial chirp the spectrum has to pass the same setup vice versa. The size of the
stretcher can be reduced by using a roof mirror. It reverses the beam while it also changes
its height. So the reflected beam is down steered without any spherical aberrations that
would arise from a plane mirror that is slightly misaligned. After passing the setup again
all spectral components are located in one beam and leave the stretcher slightly lower than
the input beam. In order to obtain a good temporal pulse quality, it turned out to be useful
to cut the spectrum in the stretcher setup. For this purpose two beam blocks are put in
front of the plane silver mirror that are slowly shifted inwards until the autocorrelation of
the amplified and compressed pulse is sufficient.
The spectrum is cut to about 6 nm (fig. 6.20) and the pulse duration is measured with a
fast photodiode and a sampling oscilloscope to be 320 ps ± 20 ps (fig. 6.21). A simple
calculation of the second order dispersion can be performed with the help of equation 6.2.
For m = 1, λ0 = 1036 nm, Λ = 0.57 µm, g = 25 cm and β0 = (69.5± 0.5)◦ the dispersion is
Φ2(ω) = -39.7 ps/nm. The 80 ps input pulse with a bandwidth of 6 nm is therefore addi-
tionally stretched resulting in a pulse duration of 318 ps± 34 ps. This agrees very well
with the experimental results.
Due to the large stretching the spectral and temporal shape are equal. Hence, the spectral
cutting results in a nearly rectangular temporal pulse profile (fig. 6.21). So the effective
peak power is lower at the same energy compared to a gaussian shape, and therefore, non-
linear distortions are reduced [83]. This explains why the temporal pulse quality of the
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Figure 6.20: Cut spectrum after the
stretcher. The FWHM is estimated to be
6 nm.

Figure 6.21: Stretched pulse. The FWHM
duration, measured with a fast photodiode
and a sampling oscilloscope, is 320 ps.

amplified and compressed pulses is better with spectral cutting.
Of course, cutting the spectrum results in a very poor throughput of the stretcher. More
than half of the power is lost due to the cutting process and almost another factor of two
due to the mirrors (especially the poor quality of the silver mirror and the diffraction effi-
ciency of the gold gratings affects the throughput). Finally, an average power throughput
of 170 mW (50 mW) was measured for an output of the pre-amplifier of 1.2 W (360 mW).
The main amplifier is a 1.7 m long polarizing double clad Ytterbium-doped photonic crys-
tal fiber (DC - 200/40 - PZ - Yb - 01, Crystal Fibre). It has a signal core diameter of
40 µm, a mode field diameter (MFD) of 29 µm ± 2 µm and an inner cladding diameter
of 200 µm with a NA of 0.55±0.05 [84].

Figure 6.22: Setup of the main amplifier.
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Figure 6.22 shows the setup for the main amplifier. The beam emerging from the stretcher
passes two isolators that suppress lasing, but also decrease the power a bit, so that approx-
imately 60 mW of seed power are available for 170 mW compressor output. The power is
lost at the isolators due to ASE underground and wrong polarization.
The amplifier fiber is pumped by a CW multimode laser diode emitting at 975 nm in the
opposite direction. The amplified signal is sent to the compressor via a dichroic mirror
that is highly reflective for 1030 nm, but highly transmissive for the pump radiation.

Figure 6.23: Output power of the main am-
plifier with respect to the pump power for
60 mW seed.

Figure 6.24: Output power of the main am-
plifier with respect to the see power for a
pump power of 15 W.

A slope efficiency of 70% and average output powers well above 30 W at 2 MHz repetition
rate are obtained (fig. 6.23). The efficiency of pump light coupling is measured1 to be 75%
so that the launched pump power can be calculated. For a launched pump power of 58 W
the average output power is 31 W resulting in a pulse energy of 15.5 µJ. The B-Integral
for this amplifier is calculated to be 3.4 (for 60 mW of seed power) and, hence, some
distortions due to nonlinear phase offset can be expected after compression. Figure 6.24
shows the output power with respect to the seed power for a fixed pump power of 15 W.
A small seed saturation effect can be observed, but full saturation is not achieved so far.
To dechirp the pulses a simple grating compressor consisting of two gold coated gratings
with 1740 grooves/mm is used (fig. 6.25). In order to compensate even the third order
dispersion that is imposed by the long fiber lengths in the pre-amplifier the diffraction

1A short piece of fiber (≈ 2 cm) is used to neglect absorption. Input and output power are measured,
while a pinhole is used at the output side to measure only the light in the pump core.

61



Generation of ultrashort pulses with a fiber laser pumped OPCPA system 62

Figure 6.25: Setup of the grating compressor.

angle is slightly increased compared to the stretcher. Thermal damage is avoided by
increasing the beam diameter to 20 mm by a telescope (fig. 6.25). The efficiency of the
compressor is measured to be more than 65% resulting in a compressed pulse energy of
10 µJ (20 W average power). After optimizing the grating distance and the diffraction
angles pulse durations below 1 ps are easily obtained as can be seen in figure 6.26.
For a compressed pulse energy of 0.6 µJ (B=0.4) a very clean pulse shape is obtained
while for 10 µJ of compressed output energy wings become apparent. The autocorrelation
width of the high energy output is measured to be 1.2 ps. Fourier transforming the output
spectrum of the main amplifier (fig. 6.27) and subsequent addition of dispersion leads to
a deconvolution factor of 1.64 and, therefore, a pulse duration of approximately 730 fs.
Note that the real pulse duration might differ a little bit from this value. A simulation
yields a peak power of 10 MW with approximately 20% pulse energy in the wings, caused
by nonlinear phase distortions due to the value of B=3.4.
Finally, to generate the pump signal, the compressed output has to be frequency doubled
in a nonlinear crystal. The process of SHG has already been investigated in section 5.2.
For Type I phase matching purposes the crystal is cut in the right angle to the optical axis.
It is fixed in a rotatable mount in order to optimize the SHG signal. Different crystals, e.g.
BBO, KDP and LBO, have been used with varying lengths. Most efficiently for frequency
doubling turns out to be a 2 mm LBO (Lithium Triborate) crystal cut with θ = 13.8◦, an
anti reflection coating and a damage threshold >10 GW/cm2 for 10 ns pulses [85]. The
compressed infrared beam is focused to 80 µm spot size in the crystal resulting in an
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Figure 6.26: Autocorrelation trace for a
compressed pulse energy of 0.6 µJ (blue)
and 20 µJ (red).

Figure 6.27: Output spectrum of the main
amplifier.

intensity as high as 50 GW/cm2 whereas no crystal damage occurs.
The spectrum (fig. 6.29) of the second harmonic generation has a FWHM bandwidth of
1 nm. In 6.28 the second harmonic power and the conversion efficiency are shown with
respect to the compressed output power. Interestingly the highest conversion efficiency of
49% belongs to a compressed output power of 9 W (4.5 µJ). For this experimental param-
eters the B-Integral of the main amplifier is 1.2, so that only a small amount of energy is
located in the wings of the pulse. With increasing output power more and more energy is
shifted to the wings and can not be frequency doubled, therefore, reducing the conversion
efficiency. The decreasing conversion efficiencies for output powers smaller than 9 W are
due to the lower intensities that do not allow for efficient nonlinear processes.
A maximum pump power of 8.3 W can be obtained for the NOPA stage with a com-
pressed output power of 20 W. An estimation of the pulse duration for the SHG beam
can be performed with the split-step integration method based freeware SNLO [86] and
yields 620 fs resulting in a peak power of 6.7 MW. Parametric amplification in the NOPA
stage requires intensities of the order of 20 GW/cm2 that can be reached by focusing to
diameters of 100 µm or smaller.
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Figure 6.28: Obtained SHG power (red)
and corresponding conversion efficiencies
with respect to the compressed output
power.

Figure 6.29: Spectrum of the second har-
monic signal.

6.5 Non-collinear optical parametric amplification
In section 5.3.2 advanced parametric amplification designs are discussed. It is well known
that these devices can offer a large amplification bandwidth [68], [87] that is required for
the generation and amplification of ultrashort light pulses. Particularly favorable for the
amplification of Ti:Sapphire pulses is BBO (Beta Barium Borate), that provides ampli-
fication for signal wavelengths of 700 nm to 900 nm when a non-collinear geometry is
used, the pump wavelength is 518 nm and the angle of signal and pump is set to be 2.5◦

(fig. 5.4). According to the phase matching curve in figure 5.4, the BBO crystal used for
this experiment is cut at an angle of 22◦.
With enough peak power available in the pump beam the low energy Ti:Sapphire pulse
can be amplified in the BBO crystal. If spatial and temporal overlap is achieved, sufficient
amplification is expected.

6.5.1 Direct amplification of Ti:Sapphire pulses
Figure 6.30 shows the setup for the amplification stage that is used for both experiments
presented in the following sections.
The temporal overlap of signal and pump can be fine tuned with a delay stage, while a
good approximation can be obtained with a fast photodiode. For this purpose the diode is
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Figure 6.30: Setup of the NOPA setup with subsequent fold prism compressor.
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put at the spatial overlap point (after the crystal is removed). The next step is to watch the
signal and pump pulses at the oscilloscope and determine their temporal distance. With
the help of this fast photodiode the (temporal) mismatch can be specified to an accuracy
of a few 100 ps (≈ 3 cm-12 cm). To compensate the mismatch, a certain length of fiber
at the end of the double pass preamplifier (fig. 6.16) can be added or removed in a very
convenient way. This also offers the possibility to change the repetition rate without
changing much of the setup.
For OPCPA systems the signal pulse duration with respect to the pump pulse duration is
important [88]. Understandably, for a short signal pulse (<1/4 of the pump pulse duration)
the whole bandwidth is amplified, but energy can not be extracted efficiently from the
pump pulse, while for a long signal pulse (>1/2 of the pump pulse duration) only a part of
the signal spectrum is amplified due to low intensities in the wings of the pump. Finally, it
has to be traded off between conversion efficiency and amplification bandwidth (fig. 6.31).

Figure 6.31: Simulation showing the conversion efficiency and transform limit of seed
pulses with different durations for 60 ps Gaussian pump pulses (figure from [88]). The
right side shows a schematic illustration of the seed to pump ratio. The optimum is found
to be τs ≈ 0.2−0.3 · τp.

In [88] numerical simulations have been performed to yield the optimum seed pulse dura-
tion for a given pump pulse duration. For Gaussian pump pulses the signal duration should
be about 0.2 - 0.3 times the pump pulse duration. More efficient conversion would be ob-
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tained for a top hat pump pulse profile as depicted in figure 6.31 (bottom right side). In
the presented NOPA setup the SHG signal is estimated to have a duration of 620 fs result-
ing in a required seed pulse duration of 124 fs-186 fs. Experimentally different stretching
factors have been investigated, which can be seen in table 6.1. They validate the results of
the numerical simulation, since a good conversion efficiency has been obtained for a seed
duration of 0.3 times the pump pulse duration. Finally, 25 mm of fused silica are used to
run the experiment resulting in a pulse duration of about 186 fs.

Amount of glass τseed [fs] τseed/τpump Pout

3 mm 70 0.11 600 mW
50 mm 324 0.45 400 mW
25 mm 186 0.30 1000 mW

Table 6.1: Output power of the NOPA system for different seed pulse durations validating
the results of [88].

To align the crystals θ angle, only the pump is applied. For high intensities, parametric
fluorescence, a quantum phenomenon, can be observed. Due to zero-point vacuum fluc-
tuations that interact with the pump, a nonlinear polarization is produced that radiates at
all frequencies [64]. Of course, radiation is only present if the phase matching condition
is satisfied. Advantageously, the parametric fluorescence can be used to align the crystal
position.

Figure 6.32: Superfluorescence spectrum of a 5 mm BBO.
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Assuming to have spatial overlap in the crystal and the right pump - seed angle (α), the
pump radiation is blocked while a spectrometer is put in the signal beam after the crystal.
Next, the seed is blocked and the pump radiation is applied. Now the crystal can be ro-
tated (θ ) until the superfluorescence can be seen on the spectrometer (fig. 6.32), meaning
that amplification is supposed to occur in the signal direction. With both seed and pump
applied, only the delay needs to be fine tuned until amplification can be observed.
The amplified Ti:Sapphire pulses are finally compressed with a fused silica prism com-
pressor and monitored with a spectrometer and/or an autocorrelator. A computation of
the amount of dispersion for the signal shows that the prism distance needs to be of the
order of a few meters, so that two mirrors are used to fold the compressor.
The first experiment that is performed with this setup is the direct amplification of the
Ti:Sapphire oscillator output. The alignment has been done in the way described above
and the geometry, the spatial and temporal overlap have been optimized for the best re-
sults.

Figure 6.33: Normalized spectrum of the
seed pulse (red) and amplified pulse (blue).

Figure 6.34: Autocorrelation trace (black
squares) and a sech2 fit (red).

The amplified bandwidth is estimated to be 59 nm (fig.6.33). Note that the spectral shape
improves during amplification. Subsequent compression with the prism compressor (fig.
6.30) yields an autocorrelation width of 31 fs resulting in 20.1 fs pulse duration assuming
sech2 pulse shape (6.34). The maximum output power of 1.1 W (550 nJ) is achieved by
focusing the pump beam to 80 µm diameter (≈ 100 GW/cm2). This equals a conversion
efficiency of 13 %. Indeed, the beam profile is strongly elliptical, but can be improved
by moving the focus slightly behind the crystal. For 1 W avergage power (500 nJ pulse
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energy, 12 % conversion efficiency) a decent beam profile is measured that could be im-
proved to the account of conversion efficiency (fig. 6.35).

Figure 6.35: Beam profiles of the NOPA for conversion efficiencies of 7 % (300 nJ) and
12 % (500 nJ).

The overall performance is characterized, either with a varying pump power for a fixed
seed or a varying seed power for a fixed pump power. Figure 6.36 shows that a gain
factor of ≈55 can be achieved for this particular experiment with 15 mW of seed power.
Normally, higher gain factors are expected for these intensities, but the Gaussian like
spatial and temporal profiles only permit efficient conversion in the high intense parts.

Figure 6.36: Gain with respect to the pump
power for a fixed seed power of 15 mW
(7.5 nJ).

Figure 6.37: Amplified signal power with
respect to the seed power for a pump power
of 7 W (3.5 µJ).

69



Generation of ultrashort pulses with a fiber laser pumped OPCPA system 70

The curve in figure 6.37 indicates that the NOPA’s amplification tends to saturate. In this
particular case one would expect the amplified spectrum to be top-hat-shaped. Indeed,
the wings of the amplified spectrum in figure 6.33 rise, but do not form a plateau with
the peak at all. In conclusion it is to say, that full saturation is not achieved so far, but
effects of saturation can already be observed. Further investigations require numerical
simulations.

6.5.2 Spectrally broadened Ti:Sapphire and generation of sub 20 fs
pulses

To benefit even more from the enormous bandwidth of parametric amplification, a highly
nonlinear photonic crystal fiber is used to broaden the Ti:Sapphire spectrum via self phase
modulation (sect. 4.2.1). For broadening purposes the PCF NL-4.7-1030 fiber (crystal
fibre) has been used. Its zero dispersion wavelength is at 1030 nm making it suitable
for this experiment, since broadening into the anomalous dispersion regime can lead to
soliton formation and break up, that adds phase terms that can not be compensated for.

Figure 6.38: Spectrum of the Ti:Sapphire (green), the SPM spectrum (red) and the ampli-
fied spectrum (blue).

By coupling 5 nJ of pulse energy into the fiber the width of the spectrum is increased from
39 nm to 124 nm (fig. 6.38). Note that the spectral bandwidth of the Ti:Sapphire oscillator
is lower, because a more stable operation is obtained for dumping 30 nJ of pulse energy.
To obtain a seed pulse duration of about 180 fs, the broadened pulses need to pass a
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chirped mirror pair (-35 fs2/bounce) five times (10 bounces), before being applied to the
BBO crystal. Finally, amplification lowers the “batty” structure (fig. 6.38), because the
center parts of the spectrum meet the more intense center of the pump pulse.
The whole spectrum can be amplified, but the output power was just 600 mW (300 nJ)
due to the fact that the average signal power was lower than in the preceding experiment.

Figure 6.39: Autocorrelation of the compressed NOPA output (red squares) and transform
limit (green).

Compressing the output with the prism compressor yields pulses with an autocorrelation
width of 21 fs (fig. 6.39). Fourier transforming the spectrum gives a deconvolution factor
of 1.35. So the pulse duration is 15.6 fs which is only slightly above the transform limit
(13.2 fs). Due to spectral structure, nonlinear phase and uncompensated higher order
dispersion small wings become apparent in the autocorrelation trace (fig. 6.39).
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6.6 Summary
The presented experiments show a novel approach for the amplification of broadband
Ti:Sapphire pulses at high repetition rates. It has been proven that a self-synchronized
high average power Ytterbium-doped fiber amplifier system can be used to transfer its
energy to the oscillator pulses in a nonlinear crystal. So the unique properties of a
Ti:Sapphire are combined with the average power scalability of fiber based chirped pulse
amplification systems. The experimental conditions for the generation of a stable fiber
amplifier signal via nonlinear dynamics in a photonic crystal fiber are investigated in
detail. Efficient parametric amplification is achieved by pumping the NOPA with the fre-
quency doubled output of the fiber CPA system. Finally, amplified pulse energies of up to
500 nJ can be obtained and subsequent compression with a fused silica prism compressor
produces pulses as short as 20.1 fs leading to a peak power of 20 MW.
Additional spectral broadening in a 1.5 cm PCF NL-3.7-1030 increases the bandwidth to
124 nm. Amplification of the SPM broadened spectrum leads to 300 nJ pulse energy and
a compressed pulse duration of 15.6 fs. The whole setup is operated at a repetition rate of
2 MHz.
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Chapter 7

Summary and outlook

A detailed investigation of the capability of fiber amplifier based optical parametric chirped
pulse amplification systems (OPCPA) for the generation of high-energy ultrashort pulses
is provided by this thesis. Additionally, the required pulse parameters for high-harmonic
generation are investigated in order to evaluate possible applications of the OPCPA sys-
tem, e.g. lensless imaging.
Limited to synchrotron facilities before, a tabletop lensless imaging experiment has been
performed. Of course, it can not compete with the overall flux of these, but due to the
compact size (the microscope setup has a footprint of just 1.5 m× 0.5 m without the HHG
source), it is of great interest for a variety of applications concerning biology, material
science or lithography. A resolution down to 214 nm has been obtained making it al-
ready competitive to state-of-the-art “conventional” microscopy techniques. The ease of
alignment and handling is a great advantage compared to synchrotron sources. Future
improvements will basically focus on pushing the resolution, hence, making it possible
to see even smaller structures. This can be achieved by using higher order harmonics or
advanced detector designs. Improved imaging technologies such as multiple reference
Fourier transform holography could help to work with a low number of photons [89]. Ad-
ditionally the raising speed of computers can help to make the reconstruction faster. Still,
there remains a drawback that can not be overcome with todays Ti:Sapphire laser tech-
nology: The poor conversion efficiencies of high-harmonic generation combined with the
low repetition rate of the driving laser system lead to long integration times and can only
be overcome by up-scaling the laser average power.
The second part of this work shows an alternative to common Ti:Sapphire amplifier tech-
nology , not only to make the HHG, and hence, the lensless imaging faster, but also to
enhance other processes initiated by high-intensity laser pulses and suffering from low
conversion efficiencies. Increasing the repetition rate would substantially improve the ap-
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plicability of these processes.
The unique properties of a Ti:Sapphire oscillator are combined with the average power,
and therefore, repetition rate scalability of a fiber amplifier by the means of a non-collinear
optical parametric chirped pulse amplifier. The system is operated with 2 MHz producing
pulses with energies up to 500 nJ and pulse durations down to 15 fs with very clean pulse
shape. As previously mentioned (section 2.4), high-harmonic generation and its applica-
tion to lensless imaging requires intensities of the order of 1014 W/cm2. So far the para-
metric amplification can provide roughly 1011 W/cm2 (500 nJ, 20 fs, 100 µm spotsize).
Consequently, the possible experimental improvements must be capable of increasing the
intensity by a factor of 103.
Fortunately, there are promising approaches. For example, fiber technology, in principle,
is capable of producing average power in the kW range. Latest experiments have shown
a fiber CPA system operating at 1 mJ pulse energy and 100 kHz repetition rate [23]. The
combination of kW average power and mJ pulse energy seems to be achievable with state-
of-the-art fiber technology. Furthermore, advanced experimental designs can help to tune
up the performance of the system. If intense nanosecond pump pulses would be available,
the seed pulse could be stretched to longer pulse durations than in the presented exper-
iment making the energy transfer more efficient. Another possibility to power scale the
output is an amplifier chain, i.e. several nonlinear amplifier crystals. Detailed numerical
simulations might help to improve the output parameters as well, but are not accessible to
date. Finally, cavity enhancement is an option that can be considered. To sum up, the lat-
est experimental results [23] and scaling possibilities show that the intensities to generate
high harmonics might be accessible in the near future with high repetition rates.
In conclusion, both experiments presented here are of great interest, for both research
purposes and applications in the “real” world. Lensless imaging is presented as appli-
cation of high-harmonic radiation. The generation of the spatially-coherent radiation in
the EUV region is studied to estimate the required pulse parameters of the driving laser
source. Today’s sources suffer from low repetition rate and long integration times. An
approach that might help to solve this problem and provide faster HHG pump sources is
presented and investigated in detail.
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