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Abstract

The largest laboratories on Earth are accelerator-based particle and light sources, generat-
ing EUV, X-ray and high-energy particle beams. These facilities are extremely important
for humankind as sources of treatments for various serious diseases such as cancer [5, 6, 7].
They are also important for fundamental research in different fields, such as molecular,
biophysics [8, 9, 10, 11, 12], and particle physics [13, 14]. An alternative technique for
generation of this ionising radiation is optical harmonic generation (OHG) with carrier-
envelope phase (CEP) stable femtosecond table-top lasers [15, 16]. Using this technology,
coherent ultrashort EUV and X-ray radiation [17, 18] have been generated [19, 20] and
applied to time-resolved (pump-probe) experiments [21, 22]. These table-top sources allow
studies of one of the grand questions of quantum physics: multi-electron dynamics (MED).
This is done using different experimental techniques, such as cold target recoil ion mag-
netic spectroscopy (COLTRIMS) for investigation of non-sequential double ionization [23]
and velocity map imaging (VMI) combined with CEP tagging [24]. With the development
of few-cycle intense femtosecond lasers a new epoch of physics, attosecond science, was
founded [25]. We also note that particle acceleration can be driven by ultrashort laser
pulses [26, 27, 28].

For the applications detailed above, data acquisition time and statistics can be sig-
nificantly improved using higher repetition rates and thus higher average powers. Also,
for free-electron laser facilities, increased repetition rate of laser pulses would be benefi-
cial for laser pump and X-ray probe methodologies [29]. Frequency comb spectroscopy
in EUV [30] would profit from repetition rates at multi-megahertz, because the distance
between the comb lines in a frequency domain are proportional to the repetition rate,
thus the repetition rate should be high enough for comb lines to be well resolved [31].
OHG at multi-megahertz repetition rate opens the door for amazing applications, such as
spectroscopy of hydrogenic systems [32], investigation on variations of fundamental con-
stants [33], and time of flight photoelectron emission microscopy with attosecond pulses
[34]. Additionally, investigations on DNA and other bio-molecules can be performed using
table-top coherent X-ray sources in the water window (4.4 - 2.3 nm) with high contrast
and spatial resolution [35].

Common laser sources for experiments described above are Ti:sapphire chirped pulse
amplifiers with nonlinear pulse compression (NPC) or Ti:sapphire front-end optical para-
metric chirped pulse amplifier (OPCPA). Ti:sapphire chirped pulse amplifiers require com-
plex cooling to reach 10s of watts so this technology can not be scaled further to high
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average powers [36]. In contrast, an OPCPA has the advantage of a low thermal load
on the amplification medium and so is more scalable. However, it requires appropriate
pump lasers emitting average power up to kilowatts [37, 38]. Even if a high average pump
power can cause heating due to absorption of crystals [39], this can be solved by using
high quality nonlinear crystals characterized by a low absorption of the pump radiation
[40, 41]. Previously demonstrated high power OPCPA systems were with a Ti:sapphire
frontend, meaning that a Ti:sapphire oscillator provides a seed for an OPCPA and a seed
for a pump. Even if using the same frontend ensures optical synchronization between
seed and pump, slow temporal drifts and fast jitters in the laser amplifier system are not
compensated completely [42]. Active stabilization has been shown to improve the stability
significantly, however, it is limited to Ti:sapphire amplifiers, since the active stabilization
requires a high power broadband seed [42]. Thus, the reliable and stable generation of a
broadband seed from a narrowband Yb amplifier is very important for the further scaling
of OPCPA systems.

In laser technology, Ytterbium ions (Yb3+) have secured a prominent role as laser-active
dopants in crystals and glasses. Commercially available Yb-doped materials have good
optical and thermo-mechanical properties. Due to the low number of quantum defects it can
be pumped efficiently by high-power diode laser modules and therefore has scalable average
power. This is a significant advantage, since numerous applications, such as attosecond
metrology, demand or at least highly profit from a laser system with high repetition rates
of 100 kHz - 100 MHz. Due to high repetition rates data acquisition time and statistics
can be significantly improved. However, as a gain material Yb has a serious drawback
for ultrashort applications: it is intrinsically narrowband with correspondingly long (in a
range of hundreds of femtoseconds to picoseconds) generating and/or amplifying pulses.
This disadvantage can be partially solved by implementing NPC techniques.

In this thesis, NPC in solid core fibers is investigated in details at different repetition
rates. A reliable and simple NPC setup for µJ-level pulses is demonstrated, wich can be
used as part of a larger system for applications such as time-resolved electron diffraction to
investigate atomic motion during chemical and biological processes. Results show that, for
OPCPA, a broadband seed can also be successfully generated from picosecond Yb-based
laser sources at kHz and MHz repetition rates.

A high power laser at 100 kHz repetition rate, based on Yb laser technology was de-
veloped; its purpose was to pump a broadband OPCPA. Complicated synchronization
schemes between a pump and a seed can be avoided by direct generation of a broadband
seed from a pump laser, which simplifies the overall setup significantly and allows further
scaling in average power.

Finally, extreme ultraviolet (EUV, 10 - 121 nm) generation using an Yb laser at 50 MHz
repetition rate is reported. EUV generation at multimegahertz repetition rate is a rapidly
growing field of high interest, however, because of low efficiency of the process it is necessary
to have a high photon flux. This spectral region is available through OHG techniques such
as low-order harmonic generation (LHG) and high-order harmonic generation (HHG). Two
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different approaches are followed: cavity-assisted OHG [1, 2] and single-pass OHG [3, 4].
There are several advantages of a single-pass OHG compared to a cavity-assisted OHG,
mainly that several experimental conditions can be easily controlled, such as repetition
rate and quasi-phase matching. On the other hand, cavity-assisted OHG can more easily
achieve high intensities, but it is harder to couple light out of the cavity effectively.

Outline of the thesis and the main results

Chapter 1 provides an overview of the generation of femtosecond pulses at high average
powers. Firstly, nonlinear pulse compression (NPC) is described and its impact to the
laser physics is reviewed. The value of a group delay dispersion (GDD) necessary to
compress a broadband continuum is estimated theoretically, with two different regimes
defined depending on the laser input parameters. Secondly, optical parametric amplifiers
are described with a focus on the performance at high average power. The description is
followed by advantages and disadvantages of a Ti:sapphire- and a Yb-frontend. In addition,
different synchronization techniques between pump and seed are discussed. Thirdly, all the
types of high power Yb laser designs, such as fiber, regenerative, and Innoslab lasers, are
presented briefly. Finally, challenges of LHG at high repetition rates are discussed.

Chapter 2 presents the experimental results of NPC at repetition rates from kilohertz to
multi-megahertz. The study concentrates on solid-core large mode area (LMA) photonic-
crystal fibers (PCF). Different properties of the system are investigated in detail, such as
the long-term stability, the maximal compression factor, the polarization extinction ratio,
and the damage threshold. In addition, different realizations of further spectral broadening
and second stage compression are addressed. The results show that a broadband seed for
an OPCPA can be generated from a narrowband Yb-based laser source at kHz and MHz
repetition rates by combining spectral broadening in a fiber and supercontinuum generation
in a bulk material.

Chapter 3 presents the design and the realization of a high average power laser at
100 kHz repetition rate. The purpose of the laser was to pump high power few-cycle
CEP-stable OPCPA. All the state-of-art techniques of high-power Yb-based amplifiers,
described in Chapter 1, were brought together to build a pump laser. The required seed
can be provided by a broadband Ti:sapphire oscillator or generated from a narrowband Yb
laser, as shown in Chapter 2. Both Ti:sapphire- and Yb-frontend OPCPA schemes were
considered regarding their advantages and disadvantages.

Low-harmonic generation using a Yb laser at 50 MHz repetition rate is reported in
Chapter 4. The powers generated in extreme ultraviolet are not comparable to those
produced by cavity-assisted LHG. However, following rapid progress in the amplifier de-
velopment, single-pass LHG may compete with a cavity-assisted multi-MHz LHG sources
for establishing a versatile, easy to operate, table-top, high repetition rate EUV source for
the frequency-comb spectroscopy and other applications in near future.
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The measurements in Chapter 2 at 3 kHz, 50 kHz, and at 11 MHz repetition rates were
performed by me. The measurements of the second spectral broadening stage in a bulk at
11 MHz repetition rate were performed together with Dr. Hanieh Fattahi and Dr. Thomas
Ganz. The measurements at 20 MHz repetition rate were performed together with Thomas
Sartorius and Dr. Johannes Weitenberg at ILT, Aachen. The realization of the stretcher
and compressor in Chapter 3 was completed together with Harald Fuest. The experiments
described in Chapter 4 were performed with Dr. Waldemar Schneider.

In Chapter 1, the formula of GDD due to self-phase modulation was derived by Dr. László
Veisz. The published version of the formula differs from that used in this thesis, because
it was derived in the context of a different investigation [43]. For clarity, the formula is
introduced in the theoretical section of this thesis.

Claims

• The long-term stabilisation of 70 fs pulses derived from 1 ps pulses in a nonlinear
fiber-compressor was demonstrated for the first time [44]. This is significant for
several demanding nonlinear applications.

• A robust chain consisting of Yb-doped fiber amplifiers and an Innoslab laser amplifier
(with 100 kHz repetition rate and 5 mJ pulse energy) was realized for the first time.
It was used for the generation of CEP-phase stable few-cycle pulses by OPCPA and
DFG processes for investigations of ultrafast phenomena in atoms and molecules [45].

• Single-pass generation of low harmonics (LHG) in gas at 50 MHz repetition rate was
demonstrated for the first time, showing that single-pass LHG may compete with
the intracavity LHG technique as an EUV source [46]. A significant advantage of
a single-pass LHG technique compared to an enhancement cavity is the absence of
complex output coupling.
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Chapter 1

Realization of femtosecond pulses at
high average power

In this chapter, different techniques for ultrashort pulse generation at high average power
are reviewed, such as nonlinear pulse compression (section 1.1), optical parametric chirped-
pulse amplification (section 1.2), and ultrafast lasers (section 1.3). Additionally, we discuss
the importance of high power femtosecond Ytterbium lasers as pumps for high power, few-
cycle, optical parametric chirped-pulse amplifiers. Techniques for the EUV generation are
described in section 1.4.

1.1 Nonlinear pulse compression

The concept of nonlinear pulse compression is simple as shown in Fig. 1.1. In the first
step, the optical bandwidth is increased, typically with a nonlinear interaction such as
self-phase modulation (SPM), leading to chirped pulses. Different spectral broadening
platforms (bulk and waveguides) can be used depending on laser input parameters. In the
second step, the pulse duration is strongly reduced by a compressor: a grating compressor,
a prism pair, or chirped mirrors.

Laser
Spectral

broadening

Platforms:
CCBulk;
CCWaveguides:
CCCC-CsolidCcore;
CCCC-ChollowCcore.

Linear
compressor

-CChirped-mirror;
-CGrating;
-CPrism.

Output

Figure 1.1: Concept of nonlinear pulse compression.



8 1. Realization of femtosecond pulses at high average power

1.1.1 Overview

In the history of laser development, nonlinear pulse compression (NPC) has played a sig-
nificant role in reducing the pulse duration, with this technique holding the record value
for pulse duration for a long time (Table 1.1). NPC with a spectral broadening in a single
mode silica fiber was first demonstrated in 1981, when input pulses of 5.5 ps duration were
compressed to 1.5 ps [47]. The paper focused on the temporal profile measurements of
chirped pulses to indicate changes induced by self-phase modulation. NPC swiftly gained
attention when the record for shortest pulses was beaten in 1982 (30 fs) with a reported
compression factor of 3 [48]. One year later, a compression factor of 65 with 2 stages
of NPC was demonstrated [49]; the input pulse duration was 6 ps and the output 90 fs.
Thereafter, shorter and shorter pulses were generated approaching a fundamental limit
of a single wave cycle [50, 51, 52, 53, 54, 55, 56, 57]. Pulse energies did not exceed nJ-
level using solid core fibers (step-index or photonic-crystal fibers with a core diameter of a
few-micrometers) due to the damage threshold of these waveguides.

Table 1.1: Chronological overview of nonlinear pulse compression

Year Input → output pulse duration Remarks Ref.
1981 5.5 ps → 1.5 ps First implementation of fibers [47]
1982 90 fs → 30 fs Shortest pulses [48]
1983 6 ps → 90 fs Compression factor 65, 2 stages [49]
1984 65 fs → 16 fs Shortest pulses [50]
1984 110 fs → 12 fs Shortest pulses [51]
1985 40 fs → 8 fs Shortest pulses [52]
1987 50 fs → 6 fs Shortest pulses [53]
1996 140 fs → 10 fs 240 µJ, 1 kHz [58]
1997 13 fs → 4.9 fs Shortest pulses [54]
1997 20 fs → 4.5 fs Shortest pulses, 20 µJ, 1 kHz [55]
2003 810 fs → 33 fs µJ-level, 34 MHz [60]
2003 9 fs → 4 fs nJ-level, 24 MHz [56]
2009 800 fs → 68 fs µJ-level, 30 kHz [67]
2011 480 fs → 35 fs µJ-level, 50 kHz [68]
2011 6 fs → Shortest pulses, 3.6 fs nJ-level, 76 MHz [57]
2013 340 fs → 26 fs mJ-level, 250 kHz [69]
2015 250 fs → 7.7 fs µJ-level, 38 MHz [70]

NPC with spectral broadening in a gas filled capillary was shown, reaching hundredths
of µJ pulses [58, 55]. Critical self-focusing in gas, as a fundamental limit of a damage
threshold, happens at orders of magnitude higher peak power than in glass. This is because
self-focusing is proportional to the nonlinear refractive index [59], which is significantly
lower in gas compared to glass. This progress was based on a Ti:sapphire chirped pulse
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amplifier approach, which in combination with NPC, enabled extraordinary experiments
and a new field of physics: attosecond science [25]. The technology opened the door to
few-cycle pulses of high intensities. Unfortunately, Ti:sapphire amplifiers require complex
pump lasers and cooling in order to reach tens of watts of average power and are no-longer
scalable [36]. A number of applications would profit from high pulse repetition rates
(and average power), because data acquisition time and statistics could be significantly
improved.

NPC was further extended to high average powers and µJ-level pulse energies by using
Yb:YAG oscillators and new types of waveguides, such as solid-core large-mode area (LMA)
fibers [60, 61, 62] and kagomé fibers [63, 64, 65]. These waveguides belong to the class of
photonic crystal fiber (PCF) and have an advantage over step-index fibers due to the
flexibility of their design, allowing a wide range of important properties to be modified
easily. The core of LMA fibers can be larger by more than a factor of 10 over the core
of a conventional single mode step-index fiber. At core of kagomé fibers, is a hole that
can be filled with gas in a similar way to a capillary. The advantage of a kagomé over
a capillary is that its core can be smaller than that of a capillary whilst maintaining low
transmission losses. Transmission losses of capillary increase rapidly if its core is smaller
than 100 µm [66]. A smaller size of a core is crucially important for working with µJ-level
few-picosecond input pulses, this is especially true for Yb:YAG oscillators.

NPC with a spectral broadening in a kagomé is the newest and the most promising way
to compress pulses at high repetition rates and high pulse energies, derived from Yb:YAG
oscillators and amplifiers. It is important to note that, in order to reach stable operation
while operating with gas pressure of a few bar, one needs to overcome thermal problems.
However, there are still outstanding questions regarding solid core NPC, and there are
applications interested in a reliable and simple NPC setup for µJ-level pulses to be used
within a larger system, for example: OPCPA seed generation and time-resolved electron
diffraction. Due to the development of high power Yb fiber amplifiers, NPC with a spectral
broadening in hollow core fibers has been demonstrated at tenths and hundredths of kHz
repetition rates [67, 68, 69]. Pulses as short as sub-100 fs at µJ-level were reported, however,
these did not reach a few-cycle regime. Reasons for these problems will be discussed in
Chapter 3.

In summary:

• By combining NPC with spectral broadening in a fiber and supercontinuum genera-
tion in a bulk, 250 fs pulses from a Yb:YAG oscillator were compressed to few-cycle
pulses (7.7 fs). In addition, CEP stabilization by means of an intra-cavity acousto-
optic modulator (AOM) was realized. [70].

• A similar approach can be used to generate a broadband seed for an OPCPA from an
Yb amplifier. Since this seed generation setup is a part of a larger and more complex
system, its long-term stability is crucially important.
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• Some questions are unanswered regarding solid core NPC, and there are applications
interested in a reliable and simple NPC setup for µJ-level pulses for use within larger
systems such as OPCPA and time-resolved electron diffraction. The main open
question is the long term stability of NPC.

1.1.2 Theoretical background

A good overview of nonlinear effects in fibers can be found in [59]. The induced polarization
of a medium by light can be written as:

P = ε0(χ(1) · E + χ(2) : E E + χ(3)...E E E + ...) (1.1)

where ε0 is the vacuum permittivity; E – electric field vector; χ(j) is the electrical suscep-
tibility, represented as a tensor of rank j + 1.

The fiber response to light becomes nonlinear for intense electromagnetic fields. Qua-
dratic effects such as second harmonic generation (SHG), sum-frequency generation (SFG),
and difference frequency generation (DFG) are described by χ(2). These quadratic effects
are negligible in glass, because SiO2 is a symmetric molecule. Nonlinear effects such as
self-phase modulation (SPM), four-wave mixing (FWM) can be described by the tensor
χ(3). The polarization extinction ratio of broadened spectra is reduced, because χ(3) is also
responsible for the origin of the nonlinear polarization rotation [59, 71]. The nonlinear
polarization rotation is an intensity-dependent change in the polarization state, it is usu-
ally a change to an elliptical polarization state rather than a simple rotation of a linear
polarization [72].

SPM refers to the self-induced phase shift during propagation in a medium and can be
described by the intensity and time dependent refractive index:

n(t) = n0 + n2I(t), (1.2)

where n0 – linear refractive index; n2 – nonlinear refractive index; I(t) – optical intensity.
As pulses propagate, the intensity at any one point in the medium changes, thus pro-

ducing a time-varying refractive index:

dn(I)

dt
= n2

dI

dt
(1.3)

Let us consider a Gaussian pulse with the complex temporal electric field Ẽ(t):

Ẽ(t) = E(t)eiΦ(t), (1.4)

where E(t) is the amplitude function of the electric field and Φ(t) is the phase function:
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Φ(t) = ω0t− k(t)L, (1.5)

where k – wave vector and L is fiber length. The wave vector is defined as following:

k(t) =
2πn(t)

λ
, (1.6)

where n is given by Eq. 1.2 and λ is the central wavelength of a laser.
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Figure 1.2: A pulse with a Gaussian and a non-Gaussian shape (blue curves) undergoes
a self-frequency shift due to SPM. Pulses are shifted to lower and higher frequencies (red
curves). The instantaneous frequency peaks once (repeatedly) within the pulse duration
for a pulse with a Gaussian (non-Gaussian) shape. In the center of a Gaussian pulse the
frequency shift is approximately linear (black line).

The variation in refractive index produces a shift in the temporal phase of the pulse
Φ(t). This phase shift results in a frequency shift of the pulse. The instantaneous frequency
is given by:

ν(t) =
1

2π

dΦ

dt
∝ dn(I)

dt
= n2

dI

dt
. (1.7)

In Fig. 1.2 pulses with a Gaussian and a non-Gaussian shape (blue curves) are shown
undergoing a self-frequency shift due to SPM (red curves). Pulses are shifted to lower
and higher frequencies as shown in the red curves. For a Gaussian pulse, instantaneous
frequency has a single maximum and a single minimum. Each instantaneous frequency
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is repeated twice. The frequency shift is approximately linear in the center of the pulse
(black line). For a non-Gaussian pulse, the same spectral components are generated, but
with a different time dependency, meaning that the frequency peaks multiple times. This
results in a complex spectral phase, which is hard to compensate.

To the best of our knowledge, a systematic investigation of compressor dispersion has
not yet been performed. We apply the term dispersion to a compressor (and materials),
whereas chirp is used to describe the pulse. A pulse is characterised by temporal amplitude
and phase. The lower limit of the pulse duration for a given optical spectrum is called
the transform limit (or Fourier limit), this is achieved when spectral phase is frequency
independent. To understand this, let us consider the intensity of a Gaussian pulse (as given
by Eq. 1.4) at the 1/e2 beam radius:

I(t) = I0e
−4(ln2) t

2

τ2p ≈ I0(1− 4(ln2)
t2

τ 2
p

), (1.8)

where I0 is the average intensity and τp is the full-width-half-maximum (FWHM) pulse
duration. When using fibers the beam radius equals half of the mode field diameter (MFD)
of the fiber. Here we approximate the Gaussian function with a parabola by Taylor expan-
sion in order to simplify the derivatives required. For a Gaussian beam with peak power
P and a 1/e2 radius of w, the average intensity on the beam axis is:

I0 =
P

πw2
(1.9)

The peak power P is found from τp and the pulse energy Ep:

P ≈ 0.94Ep

τp
(1.10)

The spectrum Ẽ(ω) is calculated via Fourier transformation:

Ẽ(ω) = E(ω)eiϕ(ω)

=

∫ ∞
−∞

Ẽ(t)e−iωtdt

=

∫ ∞
−∞

E0e
−at2+i(ω0t+bt2+c)e−iωtdt

= E0e
ic

√
π

a− ib
e−

(ω−ω0)
2

4(a−ib)

= E0e
ic

√
π(a+ ib)

a2 + b2
e
− (ω−ω0)

2

4(a2+b2)
(a+ib)

. (1.11)
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a =
2(ln2)

τ 2
p

b =
8π(ln2)n2I0L

λτ 2
p

=
4πn2I0L

λ
a

c =
2πL

λ
(n0 + n2I0)

where ω denotes circular frequency, ω0 is the carrier frequency, and ϕ is the spectral phase.
The spectral phase can be expanded in Taylor series around the carrier frequency ω0, if

it varies slowly with the frequency ω, allowing each derivative to be compensated separately
using materials or a compressor, such that the derivatives of phase are equal to zero.

ϕ(ω) = ϕ0 +
∂ϕ

∂ω
|ω0(ω − ω0) +

1

2

∂2ϕ

∂ω2
|ω0(ω − ω0)2 + ..., (1.12)

where ϕ0 is the absolute phase of the pulse.
Group delay dispersion (GDD) and third order dispersion (TOD) are first and second

order approximations of the compensation which can be applied using materials and com-
pressors. The GDD is given by the second partial derivative of ϕ with respect to ω. This
means that Eq. 1.11 can be used to calculate the GDD contribution to SPM:

GDDSPM =
∂2ϕ

∂ω2
|ω0 = − b

2(a2 + b2)
(1.13)

Since b >> a, we can reduce this to:

GDDSPM ≈ −
1

2b
(1.14)

Finally, we can combine equations 1.11 and 1.14 to give:

GDDSPM = −
λτ 2

p

16π(ln2)n2I0L
(1.15)

The total GDD of a linear dispersion compressor is calculated by summing the contri-
butions from chromatic dispersion and SPM. Chromatic dispersion means that the phase
velocity and the group velocity (also described by the linear refractive index) is different
for different wavelengths. The dependence of the linear refractive index on wavelength is
given by an empirical relationship, known as the Sellmeier equation. Coefficients of the
Sellmeier equation for fused silica can be found in [73, 74]. The value of the GDD from
chromatic dispersion is given by [59]:
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GDDchromatic =
λ3L

2πc2

d2n(λ)

dλ2
(1.16)

Two different regimes can be defined, because the SPM GDD is proportional to
the square of the input pulse duration (Eq. 1.15):

1. For long input pulses (around 1 ps available from Yb lasers), the SPM GDD can be
significantly larger than the chromatic dispersion GDD.

2. For short input pulses (sub-100 fs, available, for example, from Ti:Sapphire systems),
the SPM GDD can be neglected. This may explain the lack of literature addresing
in SPM GDD.

SPM is a dominant nonlinear effect responsible for the increase of the optical bandwidth.
However, especially for a supercontinuum generation, different nonlinear effects still play
a role, for example: FWM [75] and cross polarized wave generation (XPW) [76].

1.2 Optical parametric chirped pulse amplifiers

Optical parametric amplifiers allow generating high-energy pulses in the spectral ranges
where no lasers exist. The principle of an optical parametric amplifier (OPA) can be de-
scribed as follows: in an appropriate nonlinear crystal energy is transferred from a higher
frequency and intensity laser beam (pump) to a lower frequency and intensity laser beam
(seed). In addition, a third beam (idler) is generated. For a broadband seed (> octave) am-
plification, noncollinear optical parametric amplifier (NOPA) was developed. Noncollinear
geometry leads to the highest gain bandwidths for an OPA. Phase matching conditions in
noncolinear geometry result in an angularly dispersed idler wave. It is illustrated by the
phase-matching wave-vector triangle in Fig. 1.3.

Pump

Seed

Amplified seed

Idler
Crystal

kp

ks ki

signal
bandwidth{

Figure 1.3: Concept of noncollinear optical parametric amplification (left) with phase-
matching wave-vector triangle (right).

Phase matching is a key requirement for an efficient energy transfer from a pump to
a signal and an idler. An OPA can satisfy the phase matching condition over a very
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broad frequency range. Thus, the efficient energy transfer from an intense narrowband
pump laser to a weak broadband seed laser is feasible. This technique became especially
powerful after a combination with a chirp pulse amplification of a seed [77, 78]. The
idea enabled generation of peak power reaching petawatts. Besides a very high and a
broadband gain, a thermal load on a nonlinear crystal is negligible, because the parametric
process deposits no energy in the nonlinear medium. That is why, an OPCPA is a suitable
technique to generate ultrashort pulses at mJ-level pulse energies and hundreds of kHz and
MHz repetition rates.

It is important to note, that the gain of an OPA depends not only on the crystal
length, but also on the pump intensity. A large bandwidth and a high gain in the OPA
can be achieved by using high pump intensity and a short crystal. Since the limits of
intensity resulting from either the nonlinear processes or damage should not be exceeded,
short pump pulses (<10 ps) are preferable [79]. The length of the pump pulse should be
shorter than the thickness of the nonlinear crystal in the OPA to avoid parasitic oscillation
and amplification of post-pulses due to reflections of the amplified seed pulses from the
crystal surfaces [80]. The condition is well fulfilled by 1 ps pulses, since their spatial
length is significantly less than 1 mm in a crystal. A high average power few-cycle OPCPA
reaching petawatt peak powers requires a robust, ultrashort, and high power pump source.
Luckily, the second and third harmonic of Yb lasers (described in section 1.3) fulfill these
requirements.

1.2.1 Pump-seed synchronization

Pump-seed synchronization is crucially important for a stable output of an OPCPA. The
synchronization is especially aggravated with short pump pulses (fs to ps). In general, a
passive synchronization technique, also known as optical synchronization, is used, which is
obtained by deriving a seed and a pump from the same laser source (Fig. 1.4).

Regarding the optical synchronization two different front-ends can be considered:

• Ti:sapphire - frontend (broadband);

• Yb - frontend (narrowband).

The advantage of a Ti:Sapphire front-end is a broadband seed. An octave-spanning
Ti:sapphire oscillator can deliver enough power to seed an OPCPA and its pump [81]. In
addition, the use of a broadband Ti:sapphire oscillator with CEP stabilization [82] permits
further straightforward amplification of CEP-controlled pulses [83, 84]. A Ti:Sapphire
front-end OPCPA system with a passive synchronization was demonstrated in [85]. Since
enough power was not available directly from a Ti:Sapphire oscillator at 1030 nm, a small
part of the Ti:sapphire oscillator was coupled in a photonic crystal fiber to generate a
soliton centered at a pump wavelength similar to [86]. This type of passive synchronization
is called the soliton self-frequency shift (SSFS) synchronization. A detailed theoretical and
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Figure 1.4: Concept of pump-seed synchronization: a) Passive synchronization with active
stabilization commonly required for Ti:sapphire front-end OPCPA; Pump-to-seed delay
indicator can be obtained by: 1) cross-correlation between pump and seed; 2) adjusting
the spectral center of gravity of OPCPA output; b) Passive synchronization of Yb-frontend
OPCPA. SHG – second harmonic generation; WLG – white light generation.

experimental investigation revealed an optimal type of a photonic crystal fiber [87]. The
stability of the SSFS synchronization was significantly improved by using photonic crystal
fibers with zero order dispersion wavelength (ZDW) at 850 nm instead of previously used
fibers with ZDW at 750 nm. The system was used for the generation of isolated attosecond
pulses showing its reliability and readiness for the applications. Isolated attosecond pulses
at 600 kHz were demonstrated implementing SSFS synchronization [88].

The main disadvantage of a Ti:Sapphire front-end is its complexity. Some systems use
additional active stabilization to compensate for temporal drifts in an OPCPA introduced
by thermal changes in the path length of pump amplifiers [42, 89]. As a result, pump and
seed overlap was stabilized and fluctuations of a few-cycle pulse duration was minimized.
For the active stabilization, an indicator proportional to the pump-to-seed delay (∆t) is
established (Fig. 1.4a). The indicator can be (1) a signal of a balanced optical cross-
correlator between a pump and a seed or (2) the spectral center of gravity of the amplified
OPCPA output. Thereafter, a pump delay is controlled according to the indicator’s signal.

The advantage of a Yb front-end OPCPA is the stable optical synchronization. A
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broadband seed can be generated by white light generation (WLG) from a part of a pump
laser, reducing the path length between the seed and the pump significantly, so that no
additional stabilization is required (Fig. 1.4b). This makes an OPCPA system significantly
simpler and easier to scale [89]. Yb-frontend OPCPA systems based on a seed generation
by 300 fs to 1 ps pulses were demonstrated in [90, 89, 91, 92, 40]. However, shorter pulses
have clear advantages for generating powerful and stable white-light supercontinuum [93].

Last but not least, Yb-frontend OPCPAs are more efficient due to diode-pumped Yb
lasers. Ti:Sapphire lasers are commonly pump with SHG of Yb:YAG lasers.

1.2.2 Carrier-envelope phase stabilization

When laser pulses reached the few-cycle barrier, the importance of the carrier-envelope
phase (CEP) and its influence on light-matter interactions was realized for the first time
[15]. Few-cycle radiation allows atom-field interaction in the strong-field regime, because
the rise-time of the electromagnetic field determines the maximum field strength atoms
can be exposed to before the ionization [19]. Experimentally the CEP preservation in
OPCPAs was demonstrated [83]. The CEP control allows one to vary the strength of
the electric field in highly nonlinear experiments. The CEP control is also important in
EUV and X-ray generation in a reproducible manner. A year later, a CEP-stable terawatt
class OPCPA system was reported [94]. The first few-cycle Ti:Sapphire-frontend OPCPA
system at MHz repetition rate was shown in 2012 [85]. With the same system, however at
0.6 MHz repetition rate, generation of isolated attosecond pulses were reported [88].

Figure 1.5: Setup of Yb-frontend few-cycle CEP-stable OPCPA. SCG – supercontinuum
generation; NOPA – noncollinear optical parametric amplifier; PC – prism compressor;
DFG – difference frequency generation. Courtesy of C. Homann [91].

Yb-frontend OPCPAs can also be CEP-stabilized. The first method is based on the
CEP-stabilized Yb laser by the feed-forward method [95, 96, 70]. The second concept is
based on the broadband DFG between the output of an OPCPA and the narrow-band
pump laser [91]. The setup of an Yb-frontend few-cycle CEP-stable OPCPA is shown in
Fig. 1.5 [91]. A commercial Yb:KYW laser was used as a frontend. A small part of the
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laser (5 %) was used for the WLG in an YAG crystal to obtain a seed for the OPCPA. The
rest was frequency doubled to generate a pump. After optical parametric amplification
in a BBO crystal, the OPCPA output and the pump were mixed by using a difference
generation process. The IR output was measured to be CEP stable, as expected from
[97, 98]. A pair of wedges in a pump beam path was used to control the CEP.

1.3 High power Yb pulse laser designs

Improvements in brightness and power of laser diodes paved the way to new solid-state
kW-class femtosecond laser designs. The temperature management of a gain material is
crucially important for all of these designs, such as:

• Fiber (Fig. 1.6a);

• Thin-disk (Fig. 1.6b);

• Innoslab (Fig. 1.6c).

The technology of fiber amplifiers was scaled-up due to the development of LMA
fibers [100, 101, 102]. The high average power can be obtained due to the high surface-to-
volume ratio of a fiber, which enables efficient air-cooling. For kW-class lasers, a water-
cooling is required [38]. The advantage of the fiber amplifiers, besides temperature man-
agement, is high amplification gain. The gain of the preamplifiers can be as high as 60 dB,
however amplified spontaneous emission should be kept under control [103]. In fiber am-
plifier systems consisting of a chain of fiber ampifiers, the gain of the main amplifier is still
as high as >> 10 dB [38, 105]. By combining chirped-pulse amplification (CPA) and LMA
PCF fibers, 640 fs pulses with 830 W average power at 76 MHz repetition rate have been
demonstrated [38]. The disadvantage of the fiber technology is the fundamental limitation
of the peak power by self-focusing to 6 MW (circular polarization) [104].

Thin-disks provide a low single-pass gain in the range of 10 %. Beside oscillators
[106, 107, 108, 70], thin-disks are also used in regenerative amplifiers [81] and multipass
amplifiers [109]. A typical setup of a regenerative amplifier is shown in Fig. 1.6b.
The gain medium is commonly a Yb:YAG crystal, pumped from the back side by a diode
laser. The gain medium is placed in an optical resonator realized by mirrors M1−4 and a
thin-film polarizer (TFP2). An optical switch is obtained with a Pockels cell (PC) and a
polarizer. A pulse is coupled through an optical isolator consisting of a thin-film polarizer
(TFP1), Faraday-rotator (FR) and a half-wave plate (HWP). The optical isolator is used to
couple-out pulses after a desired number of cavity round-trips. Also, the isolator protects
an oscillator from any back reflections. Pulses in p polarization propagate through the
thin-film polarizer (TFP2), the Pockels cell (PC) and the quarter-wave plate (QWP).
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Figure 1.6: Different designs of high power Yb amplifiers: a) Fiber; b) Thin-disk regenera-
tive; c) Innoslab. Md,d1−2 – dichroic mirrors; TFP1−2 – thin-film polarizers; FR – Faraday
rotator; HWP – half-wave plate; PC – Pockels cell; QWP – quarter-wave plate; M1−4 –
cavity mirrors. Part c) is adopted from [99] with courtesy of P. Russbueldt.
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The required voltage to turn the polarization by 45◦ in a crystal of the Pockels cell can
be calculated by [110]:

V1/4 =
λd

4n2
0r22L

, (1.17)

where λ is laser wavelength; d – crystal thickness for applied voltage; n0 – linear refractive
index; r22 – electro-optic coefficient, which is 2.2 pm/V for a BBO crystal; L – crystal
length for optical pulses.

When the voltage is applied, pulses are circulating in the cavity, when the voltage is
off - pulses are coupled-out. A BBO crystal is commonly used for a Pockels cell because of
the negligible piezoelectric ringing and the high optical damage threshold. However, the
disadvantage of a BBO material is relatively low electro-optic coefficient r22. In addition,
the quarter-wave voltage (Eq. 1.17) is unfavorably directly proportional to the thickness
of the crystal and indirectly proportional to its length. Thus, one chooses an aperture as
small as possible and a length as high as possible for the BBO crystal in order to keep
voltage practically manageable. However, the exact opposite is preferable in order to keep
the nonlinear effects under control: as short as possible crystals with as high as possible
aperture. The Pockels cell is the main limiting factor for the scaling-up regenerative am-
plifiers in terms of the output power and the pulse energy, since a BBO crystal is a single
bulk material in the cavity. Due to a BBO crystal as a Pockels cell, the average power is
limited to approximately 100 W for these type of amplifiers [111].

Innoslab lasers are single-pass amplifiers. A scheme of an Innoslab amplifier is shown
in Fig. 1.6c [99]. A slab crystal Yb:YAG with dimensions of 1 mm x 10 mm x 10 mm is
pumped from both sides by a laser diode stack. The water-cooled crystal is braced in a
metal mount with an indium foil in between for good thermal conduction. A homogeneous
pump line in the middle of the crystal is crucially important for the quality of the output
beam. The output beam is elliptical, because it expands mainly in one axis in the crystal.
The beam does not exceed the dimensions of the pump line, because of the gain-guiding.
The ellipticity can be corrected to a certain optimal value with an optimized cylindrical
telescope. The exclusive feature of the Innoslab amplifier are different values of M2 param-
eter in horizontal- and vertical-, respectively x- and y-axis. Since the beam in the x-axis
is guided by the gain, its M2 value is almost diffraction limited with a common value of <
1.1. This value is almost output power independent. The beam expansion in the other axis
is advantageous: it balances the increase of the power, avoids optical damage and keeps
the B-integral small [112]. However, inhomogeneity of a crystal, which might be due to
thermal load, influences a spatial wave-front of a beam. As a result, the M2 value in y-axis
increases with the output power. The optimized M2 value at 600 W in y-axis is commonly
between 1.3 and 1.4.
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As a gain material Yb has a serious drawback for ultrashort applications: it is intrin-
sically narrowband in comparison to Ti:sapphire, with correspondingly long generating
and/or amplifying pulses (commonly between 250 fs - 1 ps). However, Yb lasers are per-
fectly suitable for the OPCPA pumping, as described in section 1.2.

1.4 Extreme ultraviolet generation at megahertz re-

petition rate

The extreme ultraviolet (EUV, 10 - 121 nm) region receives attention both in microscopy
and spectroscopy. It is still a rather unexplored range due to the lack of suitable direct laser
sources. Frequency comb spectroscopy in EUV [30] profits from repetition rates at multi-
megahertz, because the distance between the comb lines are proportional to the repetition
rate. The repetition rate should be high enough, so that the lines of the comb can be
well resolved [31]. EUV at multimegahertz repetition rate opens the door for the amazing
applications, such as spectroscopy of hydrogenic systems [32], investigation on variations
of fundamental constants [33], and time of flight photoelectron emission microscopy with
attosecond pulses [34]. Investigations on DNA and other bio-molecules can be performed
using table-top coherent X-ray sources in the water window (4.4 - 2.3 nm) with high
contrast and spatial resolution [35]. For applications in microscopy high repetition rate of
an EUV source not only reduces the exposure time, but also makes real-time microscopy
with short wavelength radiation feasible [113].

The EUV spectral region is available by optical harmonic generation (OHG) and lamps.
Low-order harmonic generation (LHG) is produced with an efficiency that rapidly decreases
with the harmonic order. LHG can be explained by a perturbative solution of Maxwells
equations [114]. EUV at MHz repetition rates can be generated in an enhancement cavity
[1] or in a conventional single-pass geometry, as used originally at low repetition rates.

a) b)
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Figure 1.7: Concept of optical harmonic generation at MHz repetition rate: a) Cavity-
assisted; b) Single-pass. MIC – input coupler; M1−5 – cavity mirrors; G – gas supply; N –
gas nozzle; L – lens; P – pinhole.

A concept of the enhancement cavity is presented in Fig. 1.7a. Ultrashort pulses can
be coherently overlapped in an optical resonator. A gas target is placed, where the laser
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intensity is the highest in the resonator. The generated EUV radiation can be coupled-out
by a fused silica plate placed at the Brewster-angle for the fundamental radiation, because
the losses in the cavity should be negligible. A feedback system can be used to stabilize
the cavity length, for example by phase lock loop (PLL) synchronization. Timing jitter of
20 fs was obtained using this type of synchronization [115]. However, this is a very complex
system and its long-term stability is challenging.

The development of Yb laser systems makes LHG generation possible without field
enhancements in so called single-pass geometry, because such laser systems can provide
direct access to high field processes at multi-MHz repetition rates [116]. In this case, laser
pulses are simply focused into a gas target (Fig. 1.7b). The output power of the fundamen-
tal can be reduced by placing a pinhole (P), since the divergence of harmonics is smaller
than the divergence of the fundamental. The rest of the fundamental radiation on the
optical axis can be separated from the harmonic radiation by diffraction gratings, dichroic
mirrors or other EUV optics. The setup of single-pass LHG is significantly easier com-
pared to cavity-assisted LHG. Moreover, quasi-phase-matching techniques [117, 118, 119]
can be implemented to increase the efficiency of LHG, which is impossible in enhancement
cavities.



Chapter 2

Nonlinear pulse compression

Many experiments in high field science benefit from sub-100 fs µJ-level pulses, stable
on a time scale of hours. Some experiments require optically synchronized sub-100 fs
to ps pulses. One example is time-resolved electron diffraction for the investigation of
atomic motions during chemical and biological processes with sub-atomic spatial resolution
[121, 122, 123]. For this experiment, electron pulse characterization is very important. It
can be performed by streaking electron pulses in THz fields, generated from the same laser
source [124]. For THz pulse generation, picosecond pulses emitted by Yb:YAG amplifiers
are optimal [125, 126]. For generating fs electron pulses, pulse compression combined with
the second or the third harmonic generation is required depending on the cathode material,
after which, electron pulses can be compressed with a microwave cavity [127, 128].

Another example use high-energy Yb-frontend OPCPA. High repetition rates and pulse
energies can be achieved by this technique, due to a low thermal load during the parametric
process. As Yb amplifiers can deliver up to kW average powers [37, 38], they are useful for
pumping high-power OPCPAs. An OPCPA system seeded by WLG from a 1 ps Yb:YAG
laser was demonstrated in [90], alongside a detail discussion of why 1 ps pulses are un-
favorable for WLG. In later work more complicated systems have been implemented in
which one part of an Yb oscillator (pulse duration 400 fs) was used to generate a seed for
an OPCPA and the other part was amplified in a chain of Yb amplifiers until sufficient
energies were achieved for an OPCPA pumping [89, 92, 40]. Unfortunately, this more com-
plex set-up is disadvantageous for pump-seed synchronization due to thermal path length
drifts affecting temporal pump-seed overlap (for more information, see 1.2.1). An elegant
design of a few-cycle OPCPA with a 300 fs 40 W Yb:YAG amplifier front-end was demon-
strated at 100 kHz repetition rate [91]. However, when scaling an OPCPA from nJ to
mJ, as required for many ultrafast applications (such as COLTRIMS and EUV), higher
pump powers are needed. We note that, on further amplification, the pulse duration of any
amplifier output increases because of the gain-narrowing effect [129]. However, sub-100 fs
pulses have a clear advantage for generating a broader, more coherent and stable white-
light supercontinuum [93]. We can conclude from this brief review on existing work, that
long-term stable pulse compression of a part of an Yb:YAG amplifier output combined
with WLG is very important for the scaling-up OPCPA systems.
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The NPC experiments were performed with different Yb:YAG laser systems, whose
parameters are listed in Table 2.1.

Table 2.1: List of Yb:YAG laser systems for nonlinear pulse compression experiments

Laser Repetition Pulse duration Pulse Ref.
rate duration, ps energy

Regenerative thin-disk amplifier 3 kHz 1.6 25 mJ [81]
Regenerative thin-disk amplifier 50 kHz 1.1 400 µJ [111]
Thin-disk oscillator 11 MHz 1.0 4.5 µJ [120]
Innoslab amplifier 20 MHz 0.7 30 µJ [112]

Firstly, experiments at 50 kHz repetition rate with an LMA-35 fiber are described in
this chapter. Secondly, results regarding the use of LMA-15, LMA-25 and LMA-35 fibers at
11 MHz repetition rate and thus significantly higher average power are presented. Finally,
a description of measurements with an LMA-100 fiber will be given at both low and high
average powers, corresponding to 3 kHz and 20 MHz pulse repetition rates.

2.1 Experiments at 50 kHz repetition rate

2.1.1 First stage

An experiment was driven by an Yb:YAG regenerative amplifier described in [111]. The
amplification factor of the device was 40 dB, corresponding to input pulses of 100s pJ
and output of 10s nJ. The repetition rate was adjusted from 50 kHz to 300 kHz, resulting
into measured pulse durations of 1.1 ps and 0.8 ps respectively. As this was a chirped
pulse amplifier, the introduced chirp was compensated by a linear dispersion compressor
optimized at 300 kHz repetition rate. The dependence of pulse duration on the repetition
rate was not investigated in detail, but we presume that, it can be explained by the
thermal expansion of the air-cooled fused silica transmission gratings in the compressor
when operating at high average power. The average powers were 20 W and 100 W at
50 kHz and 300 kHz, respectively. For the NPC experiments, a repetition rate of 50 kHz
was selected due to its applicability to electric diffraction experiments, in which a balance
is needed between the speed of data acquisition and thermal effects of the thin films being
studied.

The experimental setup is shown in Fig. 2.1a. A small part of the output of the
amplifier (a maximum of 2 % due to the critical self-focusing limit of a fiber) was focused
into a LMA-35 fiber (NKT Photonics). The remaining power was used for experiments
described in [111]. In order to avoid stress-induced birefringence due to mounting, the fiber
was laid (without a fixative) in a V-groove aluminium mount, which was then mounted on
a XYZ translation stage (Thorlabs NanoMax) (Fig. 2.1b). Commercially available solid
core passive LMA PCFs are limited to a mode field diameter of 26 µm [130], thus defining
our choice of fiber and the range of pulse energies. A cross-section of the fiber is shown in
Fig. 2.1c.
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Figure 2.1: a) Nonlinear pulse compression setup at 50 kHz repetition rate. Comprising
of a Yb:YAG thin-disk regenerative amplifier, a synthesized coupling-lens (focal length
75 mm, beam diameter 4 mm at 1/e2 level), a LMA-35 fiber (NKT Photonics, mode field
diameter 26 µm), a collimating lens (focal length 18 mm), and a chirped mirror compressor
(average value of GDD -540 fs2/reflection in the spectral range from 980 nm to 1060 nm,
22 reflections). b) Photo of fiber holder, coupling and collimating lenses. c) Fiber cross-
section. d) Near-field image of the fiber end-facet. e) Mode in far-field.

For fiber mode-matching, the complex q parameter of the laser beam was evaluated
by measuring the beam diameter (at 1/e2 level) with a beam profiling camera within a
distance of 2 m. This allowed both the beam diameter at the fiber input-facet and the
beam divergence angle to be evaluated. The required focal length and numerical aperture
(NA) of the coupling lens were calculated using an ABCD matrix to match the fiber mode,
so that the MFD equaled the focus diameter and the NA of the fiber equaled the NA of
the lens. The laser beam (4 mm in diameter at 1/e2 level) was coupled in by a 75 mm AR-
coated N-BK7 lens. The end-facet of the fiber was imaged by an aspheric lens (focal length
f ≈ 18.4 mm) onto a beam profiling camera to optimize the coupling. The near-field image
of coupled light in the fiber core is shown in Fig. 2.1d. To optimize the throughput we
coupled the light using two spherical lenses separated by a variable distance, giving us the
advantage (over a single lens) of an adjustable effective focal length, modified by changing
the separation of the lenses. We note that the distance between the second lens and the fiber
should be also changed when changing the lens separation. The estimated optimal coupling
efficiency into the fiber core was 77 %. For these measurements, a pinhole was placed at
the near-field image of the fiber end-facet, this meant that cladding modes were blocked by
the pinhole and only the power coupled into the fiber core was measured. The result agreed
well with an additional measurement in the far-field without a pinhole, when the cladding-
modes were blocked by an iris diaphragm. We also wished to couple circularly polarized
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a)

b)

Figure 2.2: a) Transform-limited pulse duration of spectra with linear (LP) and circular
(CP) polarization; b) Long-term stability of input, output, and transform-limited pulse
duration of spectra. Peak power 3.6 MW; Fiber length 35 mm; LP.

light, because it is well known that the critical self-focusing limit is higher for circularly than
linearly polarized light [131, 104]. In order to do this, an achromatic quarter-wave plate
was placed before the coupling lens as an optional element in the setup for transforming
the laser polarization from linear to circular. The polarization was transformed back by
another achromatic quarter-wave plate after the collimating lens. Pulses were compressed
with a chirped mirror compressor built for a linear polarization with the average GDD
value of -540 fs2/reflection in the spectral range from 980 nm to 1060 nm.

The aim of the experiment was to generate pulses that are the shortest possible, with
the highest pulse energy possible, whilst also maintaining stable operation for hours, as is
important for applications described above. We used a value of a transform-limited pulse
duration to characterize broadened spectra. This value plotted versus a pulse energy and
a peak power in the fiber core is shown in Fig. 2.2a for linear and circular polarization.

According to literature, the critical self-focusing peak power is approximately 4 MW
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Figure 2.3: Long-term stability with different fiber lengths: 50 mm; 80 mm linear polar-
ization (LP); 100 mm, LP and circular polarization (CP). Spectral broadening supports
66 fs.

for linear and 6 MW for circular polarization, with the latter value higher due to a lower
effective electrical field strength [104]. Experimentally, with an LMA-35 fiber we have
reached the critical self-focusing peak power both with linear and circular polarization
(fiber was 35 mm long). The MDF of an LMA-35 fiber is 26 µm. To our knowledge, the
critical self-focusing peak power was reached before in fibers of a significantly larger MFD:
60 µm [61, 62] and 75 µm [132]. Published numerical simulations have estimated that the
peak power, close to the critical self-focusing limit, can be achieved only in LMA fibers
with an MFD of more than 40 µm [104], whereas in fibers of smaller diameter, damage
occurs due to other fundamental mechanisms occuring at lower values. We pressume, that
we have reached the critical self-focusing peak power in an LMA-35 fiber due to low average
power. At high average powers, this type of fiber became damaged at lower peak powers
(see summary in Table 2.4).

We have not observed any abrupt fiber damage at critical self-focusing limit, but rather
degradation of the output power and generation of additional spectral components with a
visual clue of “red light” in the output of the fiber, as will be discussed in detail later. At
a slightly lower level (3.6 MW) than the critical-self focusing peak power, the output pulse
energy decayed with a significant rate of 8 nJ per minute (Fig. 2.2b). As a result, after
75 minutes the output dropped by 15 % from 3.8 µJ to 3.2 µJ. Unsurprisingly, the spectra
narrowed with time, which can be seen from the increased value of the transform-limited
pulse duration. For the long-term stability characterization, the input power reference, the
output power and the spectra were simultaneously measured. Some fluctuations within
a 2-minute period are visible as the result of a laser cooling system [111]. Such a quick
degradation of the output was not induced by mechanical instabilities of the setup, because
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the coupling into the fiber was stable within days as monitored by the near-field imaging
due to an integrated active beam stabilization system (Aligna, TEM Messtechnik). The
measured beam pointing of the collimated input beam was < 0.04 % of root-mean-square
(rms) versus the beam diameter at the position of the lens. The measurement was per-
formed with a CCD camera using DataRay software. Any thermal drifts can be excluded
in this setup, because the input average power of the laser was low, maximally only 250
mW.

Long-term stability measurements were conducted with lower pulse energies and longer
fiber pieces for the same spectral bandwidth to find out the optimal conditions (Fig. 2.3).
Reduction of the pulse energy for better stability results in reduced spectral bandwidth.
Thus, we reduced the pulse energy and increased the fiber length correspondingly to main-
tain the bandwidth. The output stability was recorded both with 50 mm and 80 mm long
fibers. The decay was almost negligible with a 80 mm long fiber: the output pulse energy
reduced only by 2 % in the first 30 minutes and stayed almost steady thereafter, reducing
however additionally by 5 % in the following 16 hours. Working with a 100 mm long fiber,
no decay was observed both with linear and circular polarization. The output pulse energy
with a 100 mm fiber and circular polarization was as high as with a 80 mm fiber and linear
polarization.

The pulse-to-pulse stability within 10 ms was 1.1 % rms for input pulses and 1.2 %
for the output with a 100 mm long fiber both with linear and circular polarizations. The
pulse-to-pulse stability was additionally measured with a photo-diode and an oscilloscope.

We calculated the necessary GDD for the pulse compression by summing up the GDD
by the chromatic dispersion (Eq. 1.16) and the SPM GDD (Eq. 1.15). The validity of the
Eq. 1.15 was experimentally verified.

Compressed pulses were characterized by a second harmonic generation frequency re-
solved optical gating (SHG FROG) technique, which is a spectrally resolved autocorre-
lation [133]. Pulses were split into two variably delayed replicas and combined again by
non-polarizing beamsplitter cubes (N-BK7 glass, 50 mm total thickness). The two pulse
replicas were crossed in a BBO crystal. The nonlinear mixing was spectrally resolved as a
function of the time delay between two beams. The GDD by chromatic dispersion has two
contributions: 1900 fs2 in a 100 mm fiber and 1620 fs2 in two non-polarizing beamsplitter
cubes (N-BK7 glass, 50 mm total thickness) mounted in the SHG FROG device. The
average intensity inside the fiber core for 1.5 µJ pulses was 2.4×1015W/m2. The nonlinear
refractive index of a silica-core fiber without dopants inside the core is 2.36 · 10−20 m2/W
[134]. The SPM GDD was estimated as 6278 fs2. The total calculated dispersion value
reached 9798 fs2. The shortest pulses were measured with 22 bounces on the chirped mir-
rors with -540 fs2 GDD per reflection in the spectral range from 980 nm to 1060 nm. The
experimentally found value of the introduced GDD for realizing the shortest pulses was
11880 fs2, which deviates by 18 % from the calculated value in equations 1.15 and 1.16.
This simple estimation can be used for evaluating the required compressor GDD, making
the first compressor design steps significantly easier. For 1 ps input pulses, the SPM GDD
made 64% of its total GDD.

In the next step, we experimentally found that the amount of the necessary GDD for
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a)

b)

Figure 2.4: SHG FROG traces of the compressed pulses: a) Measured and retrieved spec-
trograms, grid size 256x256; b) Measured and retrieved spectra, transform limit (TL),
retrieved temporal intensity and temporal phase of the shortest pulses.

linear and circular polarization was the same for a similar spectral broadening. Fig. 2.4a
shows spectrograms of the measured and the retrieved SHG FROG of the shortest pulse.
The reconstructed pulse has a duration of 70 fs (FWHM), whereas the transform-limited
pulse duration calculated from the measured spectrum is equal to 66 fs (Fig. 2.4b). One
can see, that the distances between the peaks in the red side are larger than in the blue side
of the measured spectrum. The spectral broadening is larger on the blue side than on the
red side due to self-steepening. Self-steepening results from the intensity dependence on
the group velocity. As a result, the peak of a pulse moves slower than the wing [59]. Such
a situation is possible for intense input pulses, since we are working with pulse energies
close to the self-focusing limit. The main peak contains about 57 % of the pulse energy.
The total pulse energy was 1.4 µJ after the compressor and some optics (5 silver mirrors, 2
AR-coated lenses of a telescope, and a thin-film-polarizer) in a linear s-polarization. The
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Table 2.2: Summary of one-stage NPC at 50 kHz

Input duration 1.1 ps
Output duration (fs) 70
Compression factor 15.7

Input peak power (MW) 1.6
Fiber damage Output degradation, if

peak power > 2 MW,
pulse energy in the fiber core:

> 1.5 µJ linear pol.
> 2.1 µJ circular pol.

Compressed peak power (MW) 20

total compressor efficiency was 67 %, since the reflection per bounce slightly exceeded 98 %.
The summary of the results of the first stage is given in Table 2.2. The peak power of

the compressed pulses was higher than that of the initial pulses. This suggested that it
should be possible to obtain additional compression by passing the pulses through a second
compressor similar to [49].

2.1.2 Second stage

The two-stage NPC was first demonstrated in 1983. The final pulse duration of 90 fs was
achieved with 12 nJ 6 ps input pulses with a total compression factor of 65 by using a 3 m
long single mode polarization preserving optical fiber for the spectral broadening in the first
stage and a 55 cm long fiber in the second stage [49]. For Yb amplifiers, the two-stage NPC
was also reported. Two stages of hollow-core fibers were implemented to achieve 35 fs from
480 fs input pulses at a repetition rate of 50 kHz [68]. However, few-cycle (sub-10 fs) pulses
are important for many applications in ultrafast science. An octave-approaching spectral
broadening in a single-stage NPC with further compression down to sub-10-fs pulses is a
well known technique used in many Ti:sapphire laser-based experiments. However, those
input pulses are significantly shorter compared to 1 ps (see Table 1.1). In this subsection,
we investigate the compression to sub-10-fs pulses in the two-stage NPC with 1 ps input
pulses.

Spectra generated in the second piece of the LMA-35 fiber are shown in Fig. 2.5. The
measurements were performed with different fiber lengths: 25 mm, 40 mm and 100 mm.
Input pulses were transform-limited with a measured pulse duration of 70 fs, as described
in subsection 2.1.1. The input polarization was linear. With a 25 mm long fiber, the
shortest transform limit of a broadened spectrum was 16 fs with the corresponding pulse
energy of 0.5 µJ in the fiber core. The further increase in the pulse energy resulted in a
narrower spectra, as indicated by the increased transform-limited pulse duration in Fig.
2.5. The fiber became damaged at 0.7 µJ. The value of the critical self-focusing peak
power corresponds to 0.3 µJ pulse energy. Practically, this value was higher because of
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a) b)

c)

100 mm fiber

100 mm fiber

Figure 2.5: Two-stage NPC in LMA PCF: a) Transform-limited pulse duration versus
pulse energy in the fiber core for different fiber lengths; b) Spectra after the second stage
with a 100 mm long fiber and linear polarization at 0.4 µJ, 70 fs pulse energy in the fiber
core (3 consequent measurements with a period of 1 s); c) Long-term stability of input,
output and transform-limited pulse duration of the spectra. Fiber length 100 mm, linear
polarization.

the chromatic dispersion in the fiber. With a 40 mm long fiber, the shortest transform
limit was 12 fs with 0.4 µJ pulse energy in the fiber core. With a 100 mm long fiber, a
spectral bandwidth supporting sub-10 fs pulses was reached. It is worth mentioning that
the 100 mm long fiber had end-caps. As a result, the intensity was lower at the input
facet of the fiber and it could withstand higher input pulse energies resulting in a broader
spectrum. The spectral bandwidth extended over more than one octave (Fig. 2.5b). The
spectra above 1600 nm was not measured, because of the limits of the spectrum analyser.
The bandwidth of the output spectra was about 350 nm at 1 % level. Transform-limited
pulse duration of the spectra was 8 fs. In the picture, three consequent spectra with a
period of 1 s are shown, indicating a good short-term stability. Additional measurements
of the pulse-to-pulse stability were performed with an oscilloscope and a photo-diode. The
output pulse-to-pulse stability, within 10 ms, was 1.9 % rms, whereas the input pulse-
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Figure 2.6: a) Calculated spectrum and spectral phase after the second NPC stage with
transform-limited input pulses (left hand side); Temporal intensity of transform-limited
and compressed by GDD compensation pulses (right hand side); b) Same as (a), but with
chirped input pulses; c) Comparison of the measured and the calculated spectra with a
40 mm long fiber and transform-limited 0.4 µJ input pulses; d) Input temporal profiles
used for the simulations: Black curve corresponds to the optimal 22 reflections on the
chirped mirrors (used in simulations (a), blue curve – to 6 reflections (used in simulations
(b).
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to-pulse stability was 1.2 % rms. The long-term stability of the corresponding spectra is
shown in Fig. 2.5c. The output and the transform limit of the measured spectra indicates
an excellent long-term stability for hours (Fig. 2.5c).

The results of the theoretical simulations of the second stage with transform-limited
and chirped input pulses are shown in Fig. 2.6. The numerical simulations were per-
formed by solving a nonlinear Schrödinger equation by the split-step Fourier method, as
described in [59]. The calculated spectrum coincided well with the measured spectrum and
its transform-limit of 12 fs with the 40 mm fiber and a pulse duration of 0.4 µJ (Fig. 2.6c).
Fine oscillations were not resolved in the measurement, because the spectral resolution of
the spectrometer was 1.7 nm, while the spectral resolution of the simulations was 0.3 nm.
The calculations indicate, that the spectral phase is very complex and pulses are hardly
compressible (Fig. 2.6a). On the right side, a transform-limited pulse is depicted if the
chirp of the pulse can be fully compensated. Similarly, a partially compressed pulse is
shown only if the quadratic term of the spectral phase is compensated with the compres-
sor GDD. As a result, the pulse energy in a main peak was significantly lower (< 50 %)
compared to its transform limit.

The results of the theoretical simulations with chirped input pulses are shown in Fig.
2.6b. The advantage of chirped-pulse approach is the higher pulse energy in the fiber core
compared to transform-limited input pulses. This approach is widely used for OPCPA.
The input pulses after the first stage was chirped up to 300 fs. The obtained spectra in a
6 cm long fiber with 1 µJ pulses supported 18 fs. Pulses can be compressed only to 26 fs,
only if the quadratic term of the spectral phase is compensated with the compressor GDD.
The pulse energy in a main peak was low.

In Fig. 2.6d the temporal pulse intensity of the compressed and partially compressed
pulses are shown, corresponding to 22 and 6 reflections on the chirped mirrors, respectively.
For a non-Gaussian pulse, the instantaneous frequency peaks multiple times (see Fig. 1.2),
resulting in a complex spectral phase, which is hard to compensate. The situation is
similar both with the compressed and partially compressed input pulses after the first
NPC stage (Fig. 2.6). An alternative and promising approach for achieving an octave-
spanning spectrum and few-cycle pulses with 1 ps input pulses is WLG in crystals with
compressed pulses out of the first NPC stage.

2.2 Experiments at 11 MHz repetition rate

2.2.1 First stage

The experimental setup is shown in Fig. 2.7a. The experiments were performed with an
Yb:YAG mode-locked oscillator emitting 1 ps pulses with an average power of 52 W at a
repetition rate of 11 MHz [120].

An optical isolator (I), designed for the maximal average power of 100 W (JENOPTIK
FS-1-P100-1030), was used to protect the oscillator from back-reflections. The mode-
locking of the oscillator was totally disturbed without the isolator due to the Fresnel
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Figure 2.7: a) Nonlinear pulse compression setup at 11 MHz repetition rate. I – isolator;
T – variable magnification telescope; H – half-wave plate; P – thin film polarizer; B –
beam block; L1−2 – lenses; F – fiber LMA-25 and LMA-35 (NKT Photonics); M1−2 –
silver mirrors; C1−4 – chirped mirrors, the same as in 50 kHz experiment, see Fig 2.1a; b)
Transform-limited pulse duration versus pulse energy in the fiber core for different fibers
and fiber lengths; c) “Red-light” observation in a 100 mm LMA-25 fiber at 1.58 µJ pulse
energy in the fiber core.
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reflections on the fiber end-facet. A telescope (T) with a variable magnification was used
to optimize the coupling. For the attenuation of the input, a half-wave plate (H) and a
thin film polarizer (P) were used. The rest of the beam was blocked in a water-cooled
beam block (B). The fiber was freely lying in a water-cooled V-groove, which was fixed
on a XYZ translation stage (Thorlabs NanoMax). Pulses were compressed with a chirped
mirror compressor with an average GDD value of -540 fs2/reflection in the spectral range
from 980 nm to 1060 nm. The total compressor dispersion was between 6480 fs2 and
12960 fs2 (12 to 24 reflections, respectively) depending on the intensity in the fiber core.

Table 2.3: Damage threshold of different LMA PCF fibers at 11 MHz repetition rate

Fiber Transform-limited Damage peak irradiance, Damage pulse energy,
pulse duration, fs 1011 W/cm2 µJ

LMA-15 37 9.2 1.2
LMA-25 41 4.3 1.6
LMA-35 51 3.9 2.2

We studied spectral broadening in fibers with different mode field diameters of 13 µm
(LMA-15 [135]), 21 µm (LMA-25 [136]) and 26 µm (LMA-35 [130]) (Fig 2.7b). The broad-
est spectrum supporting 37 fs was achieved with an LMA-15 fiber at 1 µJ pulse energy in
the fiber core with a 65 mm long piece. A smaller core fiber, LMA-15, tolerated higher
peak irradiance than LMA-25 and LMA-35 (Table 2.3). This relation can not be explained
by [104] and needs to be further investigated. However, the smaller core fibers exhibited
only slightly broader spectra, because SPM spectrum saturates (quicker for an LMA-15
than for an LMA-25 fiber). The broadest spectra with a 100 mm LMA-25 fiber supported
41 fs pulse similar as with a 100 mm long LMA-15 fiber. The broadest spectra with a
100 mm LMA-35 fiber supported 51 fs pulses. However, with a 500 mm LMA-35 fiber a
similar spectral broadening as with a LMA-15 fiber was obtained. However, the spectra
quickly saturated at a spectral broadening supporting 40 fs pulses. The LMA-15 fiber got
damaged at 1.2 µJ pulse energy in the fiber core, whereas the LMA-25 and the LMA-35
were damaged at pulse energies of 1.6 µJ and 2.2 µJ respectively. We conclude that, the
broadening factor can not practically exceed 25 in a single NPC stage with 1 ps input
pulses, which means that the shortest pulses obtained after ideal compression, can be 40
fs long.

The dependence of the transform-limited pulse duration versus the pulse energy was
similar at 11 MHz and 50 kHz repetition rates for the same fiber and the same fiber
length. This is expectable, since the nonlinear effects depend on the laser intensity, not
on the average power. However, the main difference observed comparing the NPC at
kHz and MHz repetition rates was the damage threshold. The damage was abrupt at
11 MHz repetition rate, when a certain energy was coupled into the fiber. There were
three differences at kHz compared to MHz repetition rate: Firstly, the fiber did not get
damaged when the same pulse energies were achieved (see 2.6). Secondly, the increase in
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Table 2.4: Damage threshold of LMA-35 fiber at different repetition rates

Rep. rate Pulse duration, ps Damage peak power, MW Reference
50 kHz 1.1 4 MW; output degradation,

if peak power > 2 MW
11 MHz 1.0 2.0
20 MHz 0.6 1.7 [116]
38 MHz 0.3 2.5 [70]
50 MHz 0.6 0.8 (SHG) Chapter 4

the transmission losses through the scattering into the higher order modes was observed
prior to the damage. That is why, the fiber did not get abruptly damaged at all, because of
this self-regulation of the intensity in the fiber core. Thirdly, the output power degradation
was measured significantly prior to the damage threshold. Unfortunately, the long-term
stability was not determined at 11 MHz repetition rate, because of the thermal-drifts at
high average power and unstabilized beam pointing of the laser output. The damage
threshold of the LMA-35 fiber at different repetition rates are summarized in Table 2.4.
The damage of the LMA-35 fiber was reported in the literature working with the Yb:YAG
Innoslab amplifier at 20 MHz ([116]) and the Yb:YAG oscillator at 38 MHz repetition rate
([70]). The fiber length was comparable: 100 mm at repetition rates of 50 kHz and 11
MHz and 80 mm at repetition rates of 20 MHz and 38 MHz. The input pulse duration was
however different: 680 fs and 250 fs respectively. The damage threshold was about 2 MW
peak power at MHz repetition rates, whereas at kHz repetition rates, higher peak powers
reaching 4 MW were achieved.

2.2.2 Second stage

The spectra supporting sub-10 fs can be obtained in two fiber NPC stages, however it
can not be compressed to the transform-limit, because of a complex spectral phase, as
discussed in 2.1.2. If experiments require only a broadband spectrum, this can be easily
obtained from two stages in a single fiber.

A setup with two NPC stages in a single fiber is shown in Fig. 2.8a. The setup is
similar to the setup shown in Fig. 2.7a, however a quarter-wave plate (Q) is placed before
the coupling lens (L1). The polarization was circular at the input of the fiber. The GDD of
the mirrors was almost the same for s- and p-polarizations. After the mirror compressor,
a high-reflective mirror at 0◦ angle of incidence was placed sending the beam back into
the fiber. After the second path in the fiber, the polarization state was changed to p by
a quarter-wave plate and separated from the input by a thin-film polarizer. The output
spectrum is shown in Fig. 2.8b. Its transform-limited pulse duration was 7 fs. The
spectrum was obtained using an 85 mm piece of the LMA-25 fiber. The total compressor
GDD was 6480 fs2 realized with 12 reflections on chirped mirrors. The output was 4 W
(0.4 µJ). The total efficiency was 22 %, whereas the efficiency of the first stage was 67 %
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Figure 2.8: a) Two nonlinear pulse compression stages. Additionally to Fig. 2.7a: Q –
quarter-wave plate; F – fiber LMA-25, length 85 mm; total compressor dispersion 6480 fs2,
12 reflections on chirped mirrors; b) Spectrum after the second stage, transform-limit: 7 fs,
pulse energy: 0.4 µJ; c) Setup of nonlinear pulse compression combined with WLG in bulk.
L3−4 – achromatic lenses; Y – 4 mm thick YAG crystal; d) Spectrum after the crystal.

and of the second – 33 %. Both lenses used in the setup were achromatic.
The setup with the single NPC stage and WLG in a crystal is shown in Fig. 2.8c. A

thin-film polarizer (P) was used in a transmission instead of the reflection one in Fig. 2.7a,
because maximally 13 % of the laser output was coupled into the fiber to leave enough
power for the OPCPA pump. That is why, the LMA-15 fiber with a length of 65 mm
was used for the NPC stage. The output of the fiber was 4.8 W. The transform-limit of
the spectrum was 56 fs. The pulses were compressed down to 70 fs. The supercontinuum
measurements were performed by focusing the beam of 4 W average power into a 4 mm
YAG crystal. The measured spectrum is shown in Fig. 2.8d. The output power after
the filter separating the continuum from the fundamental was 50 mW (the pulse energy
– 4.5 nJ). The transmission of the filter is depicted by a grey curve in Fig. 2.8d. The
results of an extended study of the supercontinuum generation in different crystals, also
the application of the similar broadband seed to seed an OPCPA is given in [137].

2.3 Experiments at 3 kHz repetition rate

The experiments at 3 kHz repetition rate were performed with LMA-100 fiber. The cross-
section of the fiber is shown in Fig. 2.9a in comparison with the cross-section of the
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LMA-35 fiber (b). Both figures are in scale with each other. The flat-to-flat diameter of
the core of the LMA-100 fiber is about 100 µm, whereas of the LMA-35 – 35 µm. The
outer diameter of the LMA-35 fiber is 335 µm [130] partly visible in the picture (Fig. 2.9a).
The outer diameter of the LMA-100 fiber is 2 mm. It is a rod-type fiber [100]. The larger
outer diameter improves the heat dissipation capabilities of the fiber [138] and reduces the
propagation losses of weakly guided mode, because the fiber cannot be bent. It is visible
from the picture, that the size of the holes (black round areas) and the distance between
them are different for the LMA-100 and the LMA-35 fibers. This is expectable, because the
hole diameter-to-pitch ratio is an important parameter for realizing large single-transverse
mode waveguides and should be optimized for different core dimensions [139, 140].

We have measured, that the mode field diameter of the fiber is 85 µm. For this mea-
surement we coupled the beam with different lenses into the fiber until the coupling was op-
timized. The focus size was measured with a CCD camera (DataRay WinCamD-UCD15).
The intensity in the LMA-100 fiber is > 10 times lower than the intensity in the LMA-35
fiber at the same level of the coupled energy. The passive LMA-100 fiber was a prototype
of the Yb-doped LMA-100 active fiber from NKT Photonics. Only Yb-doped LMA-100
fibers are commercially available for high power Yb-amplifier applications. In addition,
commercial Yb-doped LMA-100 fibers have end-caps, which is a big advantage, since the
cleaving of these rod-type fibers is complicated and is commonly irreproducible. A high
power Yb fiber amplifier and NPC in the same fiber was published using the Yb-doped
LMA-100 [132]. The pulse duration of 65 fs and the final pulse energy of 3.2 µJ were
demonstrated.

The setup of the experiment is shown in Fig 2.9c. An Yb:YAG thin-disk regenerative
amplifier emitting 25 mJ energy pulses at 3 kHz repetition rate with a pulse duration of
1.6 ps [81] was used as the input. We used 1 % of the mJ-level amplifier’s output, the rest
was used for other experiments [141, 42].

We performed the measurements with two different fiber lengths: 75 mm and 150 mm,
and linear polarization of the laser beam. The maximal coupled pulse energy with linear
polarization was kept at 7 µJ. The spectra at this level are shown in Fig. 2.9e and 2.9f.
The transform-limited pulse duration was 85 fs and 60 fs respectively. Saturation of the
spectral broadening was already achieved with the 150 mm fiber. The transform-limited
pulse duration was 60 fs both with 6 µJ and 7 µJ coupled pulse energy. Also, the transform-
limited pulse duration distinguished less than two times, even if the fiber length was two
times different. This indicates that the shortest transform-limited pulse duration is 60 fs,
which can be obtained with LMA-100 and 1.6 ps input pulses. The peak power was already
4 MW at this pulse energy. The peak power as high as 4 MW and transform-limited pulse
duration of 60 fs were also achieved with 1 ps input pulses in [132]. Long-term stability was
not measured, because the measurements require a high degree of beam-pointing stability.
The measured beam pointing in the focus of lens L1 of the focus was 10 % rms over the
focus diameter. The measurements were performed after a laser warming-up with a CCD
camera and DataRay software. The beam pointing is significantly larger compared with
the laser system at 50 kHz, because the amplifier output was not stabilized by a beam
stabilization system.
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Figure 2.9: Cross-section of LMA-100 (a) and LMA-35 fibers (b). Both fibers are depicted
in the same scale; c) Setup of nonlinear pulse compression experiment at 3 kHz repetition
rate. Additionally to Fig. 2.7a: BS – beam splitter; d) Coupled-mode of LMA-100 fiber in
far-field; e) and f) Input (blue) and output (black) spectra with 75 mm fiber and 150 mm
fiber, respectively. The coupled pulse energy is 7 µJ (4 MW peak power) in both cases.
A linear laser polarization. Transform-limited pulse duration: 85 fs and 60 fs, input pulse
energy: 9 µJ and 10 µJ, respectively.
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In addition, WLG was observed in both fibers at 9 µJ pulse energy. This corresponds
to 5.5 MW peak power. The output of the white light was highly unstable. After the
WLG, the coupling efficiency was lower and the mode shape degraded. The efficiency and
the mode could not be optimized indicating the permanent changes of the waveguide after
WLG.

2.4 Experiments at 20 MHz repetition rate

The NPC experiments with the LMA-100 fiber were performed both at 3 kHz and at
20 MHz repetition rates. The setup at 20 MHz repetition rate is depicted in Fig. 2.10a.
An Innoslab amplifier providing 680 fs pulses with the output power of 600 W was used
as the input. The beam was attenuated by a half-wave plate (H) and a thin-film-polarizer
(TFP). The rest of the power was blocked by a water-cooled beam block (B). Coupling
into the fiber was optimized with a variable magnification telescope (T). A quarter-wave
plate (Q1) mounted in a motorized rotation holder was placed before the coupling lens
(L1), so that the polarization of the laser beam was easily changed from linear to circular.
In case of circular polarization of the input, the output polarization of the laser beam was
transformed back by another quarter-wave plate (Q2) after a lens (L2). A spatial filter
(S) was placed at the image position of the lens L2 to clean the output radiation due to
cladding modes. The beam was collimated then by another fused silica plano-convex lens
(L3) and sent to a chirped mirror compressor composed of the mirrors C1−4, described in
section 2.1.

Optical components made of fused silica glass were chosen for the experiments. As a
result of the low thermal-expansion coefficient of the material, thermal distortions of the
beam were kept low. This choice also played a role in the relatively short warm-up time
of the system.

In the setup, both the input and the output facets of the fiber were imaged on CCD
cameras (CCD1 and CCD2) to simplify the coupling. A part of the incident light (4 % due
Fresnel reflection) is always reflected from the input facet of the fiber. This reflection was
used to image the beam position of the input facet of the fiber. Since the beam transmitted
twice the quarter-wave plate (Q1), its polarization was altered from p to s. A thin film
polarizer (P2) separated the backward propagating Fresnel reflection from the input beam.
The front-surface of the fiber was imaged by the lens (L4) on the CCD camera. A part
of the output of the fiber was reflected from an uncoated fused silica wedge (W). For the
coupling optimization the CCD camera (CCD2) was placed at the image position of a
lens (L2) to observe the mode in the near-field. A spatial filter (S) was used to clean the
radiation of the fundamental mode from the radiation of cladding modes. In addition, it
helped to estimate the coupling efficiency equal to 77 % into the fiber core.

A special fiber holder was made from fused silica glass. Its design relied on the assump-
tion, that the fiber heats up mainly because of its metal holder, which absorbs scattered
light from the fiber’s cladding. Since the fiber itself is made from fused silica, which has a
low absorption, it should not be heated up by light. The ends of the fiber were lying on
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Figure 2.10: a) Nonlinear pulse compression setup at 20 MHz repetition rate. CCD1−2 –
CCD cameras; W – wedge; S – spatial filter (rest abbreviations are the same as in Fig.
2.8a); b) Transform-limited pulse duration for different fiber lengths with linear and circular
polarizations. For comparison: Damage threshold of LMA-35 (red diamonds); LMA-35
with 1.1 ps input pulses at 50 kHz repetition rate, linear polarization (grey squares); c)
Measured spectra, autocorrelation and transform-limited pulse intensity with LMA-100
fiber. Fiber length 120 mm, 47 W output power, circular polarization in the fiber.
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the V-groove holders made from fused silica, whereas its central part was lying freely in
air. The coupling lens (L1) was fixed on the XYZ translation stage instead of the fiber’s
holder.

In Fig. 2.10b the transform-limited pulse durations of the measured spectra are plotted
versus the pulse energy in the fiber core. The measurements were performed with different
fiber lengths: 100 mm, 150 mm and 300 mm. Red diamonds show the damage threshold
of LMA-35 fiber at 20 MHz repetition rate and 680 fs input pulses for linear and circu-
lar polarization [116]. Grey squares depict the measurements with the 100 mm LMA-35
fiber and the pulse duration of 1.1 ps at 50 kHz repetition rate (see section 2.1) for the
comparison. The shortest transform-limited pulse duration was 35 fs. A similar spectral
broadening was achieved with 150 mm and 300 mm fiber, indicating the saturation of the
spectral broadening. With a linear polarization, the fiber became damaged on average at
2.3 µJ pulse energy in the fiber core. The damage threshold values represent slightly differ-
ent pieces of fibers used. Similarly, the quality of the cleave might play a role. Compared
to LMA-35 fiber with similar input pulses (red diamonds), the same transform limited
pulse duration was achieved with the LMA-100 fiber, however twice as high pulse energies
were coupled before the fiber damage. The output pulse energies were similar compared
to LMA-35 with 1.1 ps input pulses at 50 kHz repetition rate. The fiber got damaged at
the peak power close to the critical self-focusing peak power. The fiber got damaged at
3.2 MW peak power for linear and 4.4 MW for circular polarization.

An autocorrelator (Pulse-Check, APE) was used to characterize compressed pulses.
We compressed pulses with a chirped mirror compressor. Its mirrors had -540 fs2 group
delay dispersion (GDD) per reflection in the spectral range from 980 nm to 1060 nm. Fig.
2.10c shows the measured autocorrelation trace in comparison to the transform-limited
pulse duration (right-hand side) and the measured spectra (left-hand side), where both
the input and the output spectra are shown. The reconstructed pulse duration was 79 fs
(FWHM), whereas the transform-limited pulse duration calculated from the measured
spectrum equals to 70 fs. The light was circularly polarized in the 120 mm long fiber. The
output power reached 47 W. Shorter pulses can be achieved with the longer piece of fiber,
however a longer piece of fiber was not available for the pulse duration measurements.

The damage of the fiber occurred within about 10 minutes of the irradiation. A quasi-
periodic destruction and a crack in the fiber core were visible with the help of an optical
microscope (Fig. 2.11a). The observed damages were similar to the periodic damages
induced by the fiber fuse effect (Fig. 2.11b [143]). The fuse effect was observed at low
continuous-wave powers, when a fiber end-facet was contacted with a high absorbing ma-
terial ([143, 142]). A quasi-periodic damage pattern can also be generated by thermal
heating to 700 – 1000 ◦C in the absence of laser radiation [144]. The investigation of the
thermal damage suggests an exothermic chemical reaction that ignites near 1000◦C to in-
crease the local temperature till 1700◦C for the “bubble” formation. In our experiment,
micro fused-silica particles, which remained on the surface after a cleaving procedure might
have induced the fuse effect. In addition, the fiber was only air-cooled, thus high temper-
atures could be reached within a short time. A special preparation of the fiber ends with
the end-caps for a good surface quality and proper cooling may help avoid the fuse induced
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Figure 2.11: a) LMA-100 fiber damages at 20 MHz repetition rate; b) Fiber core destruction
by the fuse-effect [142].

damage when operating at high average powers.

2.5 Polarization extinction ratio

The polarization extinction ratio (PER) of the broadened spectra is commonly lower than
of the input, because SPM also results in nonlinear polarization rotation. Additionally, the
total impact of several nonlinear processes occurring during the pulse propagation, play
a role [59, 71]. The PER is an important parameter, because a low PER value leads to
energy loss in an experiment containing polarization-sensitive optical elements. Usually,
lasers provide PER on the level of more than 20 dB whereas the fiber output suffers from
its decrease by to 10 dB [132].

The power was measured separately in p and s polarization states using a polarizer for
the estimation of the PER . The value of the PER was calculated from the ratio of the power
in the input polarization state and the power in the other polarization state. The PER
measurements versus pulse energy in the fiber core and transform-limited pulse duration of
the spectra are shown in Fig. 2.12 for different fibers and lasers: a) LMA-35 fiber, 100 mm
length, 1.1 ps input pulses at 50 kHz repetition rate; b) LMA-100 fiber, 150 mm length,
1.6 ps input pulses at 3 kHz repetition rate. Both laser beams were linear polarized. At
50 kHz repetition rate, the PER of the input beam was 31 dB, whereas the output beam
continuously degraded with energy, down to 12 dB, when the “red-light” generation was
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a) b)

Figure 2.12: Polarization extinction ratio (PER) versus pulse energy in the fiber core and
transform-limited pulse durations corresponding to the spectra: a) LMA-35 fiber, 100 mm
length, 1.1 ps input pulses at 50 kHz repetition rate; b) LMA-100 fiber, 150 mm length,
1.6 ps input pulses at 3 kHz repetition rate. Linear polarization.

observed with a 100 mm fiber. No significant spectral difference in s and p polarization
was measured. For the experimental conditions marked by a blue circle, the PER was
improved by 3 dB with a quarter wave plate rotated by 10 degrees from its initial position.
A half wave plate additionally added a slight improvement of 0.6 dB. For the experimental
conditions at higher output energy (marked by a red cycle), the PER was also slightly
improved (2 dB) by a quarter wave plate rotated by 13 degrees. No improvement by a half
wave plate was detected. The zero-order retardation plates supported the bandwidth of
the output. These additional measurements let us to conclude, that depolarization occured
in the fiber. No difference in the PER value was measured achieving the same spectral
bandwidth with linear and circular polarization in the fiber.

The tendency was the same with the LMA-100 fiber and input pulses at 3 kHz repetition
rate. The PER degrades with the increased pulse in the fiber core, because stronger
nonlinearities are accumulated (Fig. 2.12b). In both cases, the PER is still good enough
so that the beam can be used further without significant losses in polarization-sensitive
optics.

2.6 Four-wave-mixing

“Red-light” output was observed at 3 kHz, 50 kHz and 11 MHz repetition rates with 1.1 ps
and 1.6 ps input pulses in LMA-35 and LMA-25 fibers. Its investigation was performed
at 50 kHz repetition rate. Spectral measurements indicate that not only light in visible,
but also additional spectral components in infrared were generated (Fig. 2.13a). Following
[145], degenerate four-wave-mixing (DFWM) in the fiber could be the reason, because
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LMA-35 can provide phase matching for signal and idler wavelengths with more than two
octaves of separation in the spectrum, since chromatic dispersion of the fiber with such a
large core almost equals dispersion of bulk [59]. Additionally, a short fiber length and long
input pulses are advantageous for a good overlap of the modes of the interacting waves.

a)

b)

Figure 2.13: a) Spectra of SPM and FWM at 2.0 µJ and at 2.3 µJ output pulse energy; b)
Long-term stability of input, output and transform-limit of the spectra. The fiber length
100 mm.

A clear indication of degenerated four-wave mixing (DFWM) are the peaks at 854 nm
and 1251 nm (Fig. 2.13a, blue line), which can be explained by 1015nm + 1015nm →
854nm+1251nm process. With a 35 mm piece of fiber “red-light” was observed at 4.1 MW
peak power for linear and at 5.8 MW peak power for circular polarization, whereas with a
100 mm fiber – at 1.9 MW for linear polarization. This process is hard to quantify, because
the generation is not stable in the observed “red-light” output, spectra, and the mode. The
generated mode turned out to be less symmetric in the near-field image. Also, part of the
power from the core leaked into the cladding producing a complicated diffraction pattern.
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After about 30 minutes after its appearance, the “red-light” disappears. The long-term
stability measurements indicate total output degradation preventing many applications
(Fig. 2.13b). The measurements shown in Fig.2.13 were performed with bare fibers.
However, we also tried a 100 mm fiber with end-caps. For the fiber with end-caps, “red-
light” generation was observed at the same threshold indicating that the process happens
in the fiber but not on its facets. Also, the long-term stability was not improved by using
a 100 mm long fiber with the end-caps.

2.7 Summary and conclusions

Nonlinear pulse compression experiments with the spectral broadening in different large-
mode-area photonic-crystal-fibers (LMA-15, LMA-25, LMA-35 and LMA-100) were per-
formed with Yb:YAG laser systems (pulse duration: 1.6 ps, 1.1 ps, 1.0 ps, and 680 fs)
operating at different repetition rates: 3 kHz, 50 kHz, 11 MHz, and 20 MHz, respectively.
Different properties of the NPC systems were investigated in detail, such as the maximal
compression factor, the polarization extinction ratio, the optimal compressor GDD, the
long-term stability and the damage threshold.

Spectral broadening by SPM saturates with intensity, because the intensity of elec-
tromagnetic radiation decreases during propagation due to chromatic dispersion in the
medium. The maximal compression factor (the ratio between input pulse duration and the
transform limit of the broadest spectrum) was investigated experimentally using different
fibers and laser input pulse durations. With 1 ps input pulses the shortest transform-limited
pulse was approximately 40 fs using LMA-15 and LMA-25 fibers, with a compression fac-
tor of 25. Experiments with LMA-100 fiber were performed with two different input pulse
durations: 1.6 ps and 680 fs. For 1.6 ps input pulses the transform-limited pulse duration
of the broadened spectra was 60 fs, which indicates the largest possible compression factor
is approximately 27. For 680 fs input pulses, the duration of the shortest transform-limited
pulse was 35 fs, with a compression factor of 19.

Input pulses of 1.1 ps were compressed to 70 fs (compression factor of 16) with a
chirped mirror compressor achieving an average GDD value of -540 fs2/reflection and total
GDD of 11880 fs2 in the spectral range of 980 nm to 1060 nm. A compromise in the
compressed pulse duration was made taking into account the long-term stability and the
pulse energy. Input pulses of 680 fs were compressed close to the transform limit of 77 fs
(compression factor of 9) with a chirped mirror compressor composed of the same mirrors.
A compromise here was made taking into account pulse energy.

The required compressor GDD was theoretically estimated and verified experimentally,
with agreement to within 18 %. In the case of long input pulses (≈ 1 ps), the largest
contribution to the GDD is of SPM, which corresponds to 64 % of total compression
needed. This can be explained by the quadratic dependence of the SPM GDD on the
input pulse duration (Eq. 1.15).
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The polarization extinction ratio (PER) of the spectral broadened output was lower
than that of the input, because SPM results in a nonlinear polarization rotation [59, 71].
The PER was only slightly improved by the addition of a quarter- and a half-wave plate,
leading us to conclude that depolarization occured in the fiber.

Experiments were performed with linearly and circularly polarized input. It was found
experimentally that the amount of GDD compensation needed was the same for both
linear and circular polarization inputs to the fiber. Additionally, the output PER value
was similar using both linear and circular polarization as the fiber input. This is particular
interesting as the critical self-focusing limit is higher for circularly polarized fiber inputs.
The achieved PER value (14 dB) in the output beam is sufficient to avoid significant losses
at polarization-sensitive optics.

The main difference observed between NPC at kHz and MHz repetition rates was the
damage threshold. Experimentally, we reached the critical self-focusing peak power for
both linear and circular polarization in an LMA-35 fiber at low (50 kHz) repetition rate.
Owing to the ultra-stable beam pointing of the 50 kHz laser system, the long-term stability
was measured for up to 8 hours. The damage at low average power was not well defined,
instead output pulse energy degradation and scattering into higher order modes (close to
the critical self-focusing) were observed. Additionally, no damage was observed on input
and output facets or inside the fiber after this. This indicates that the output power
degradation happened due to a change of the refractive index of the fiber material. The
output power degradation observed in our experiments was similar to the Type I damage of
a dielectric material, it is associated with a permanent change of refractive index without
structural damage due to generated electron-hole plasma produced by multiphoton band-
to-band transitions [146]. The observed degradation of the output is also reminiscent of
other laser systems based on the Kerr-effect, such as Kerr-lens mode locked oscillators.
These observations indicate that when the Kerr-effect is implemented in a laser system
(such as Kerr-lens mode locking, self-phase modulation), the structure of the medium is
altered by light, reducing the performance of the system with time.

The damage threshold of an LMA-35 fiber for linear polarization was about 2 MW peak
power at MHz repetition rate with 1 ps pulses.

“Red-light” output was observed at 3 kHz, 50 kHz and 11 MHz repetition rates with
1.1 ps and 1.6 ps input pulses in the LMA-35 and LMA-25 fibers. Spectral measurements
indicated that not only light in the visible range was generated, but also additional spec-
tral components in the infrared range. This is a clear indication of degenerate four-wave
mixing (DFWM), were the peaks at 854 nm and 1251 nm, which can be explained by
1015nm+ 1015nm→ 854nm+ 1251nm parametric process. The generation was unstable
in the output power, spectra, and the mode, because the threshold of DFWM was close to
the critical self-focusing peak power. Long-term stability measurements indicated a total
output degradation preventing many applications, and was not improved by using a fiber
with the end-caps.
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A clear advantage of LMA-100 over LMA-35 fibers was indicated for MHz repetition
rate. With 680 fs input pulses, comparable transform limited pulse durations were achieved,
however pulses of double the energy could be coupled into the LMA-100 fiber without
damage. The damage threshold of the fiber was reached close to the critical self-focusing
peak power. The LMA-100 fiber was damaged at 3.2 MW peak power for linear and
4.4 MW for circular polarization at 20 MHz repetition rate. A special fused silica glass
fiber holder was designed to avoid heating of the fiber due to absorption of scattered light
from the fibre’s cladding, as would be assumed to happen for a metal holder. Since the
fiber itself is made from the fused silica, which has a low absorption, it should not be
heated by light, however, the observed fuse-effect indicated the opposite. The fuse-effect
can be observed when a fiber is heated to 700 - 1000 ◦C with or without laser radiation
[143, 144, 142]. Due to impurities in the fiber, exothermic chemical reaction can ignite near
1000◦C increasing the temperature to 1700◦C resulting in “bubble” formation. The fuse-
effect might be avoided by the end-caps (the heating-up of the surface can be avoided by a
better quality of a surface: a polished surface of an end-cap is better than a cleaved facet)
and proper cooling of the fiber. In addition, the observation of the fuse-effect indicated
that the purity of a fused silica used in a production of LMA PCF fibers may not be high
enough for a higher damage threshold at MHz repetition rate.

The investigation of a double-stage NPC with 1 ps input pulses was also performed.
Due to the critical self-focusing peak power, only a fraction of the first NPC stage output
(30 %) could be used. To utilize the whole laser power, a combination of NPC with chirped
pulses was considered. We found that pulses were hardly compressible. For a Gausian
pulse, instantaneous frequency has a single maximum and a single minimum. For a non-
Gaussian pulse, the same spectral components are generated, but with a different time
dependency, meaning that the instantaneous frequency peaks multiple times (Fig. 1.2).
This results in a complex spectral phase, which is hard to compensate. A similar situation
was predicted by simulations of transform-limited input pulses, because pulses become
chirped when propagating in the second piece of the fiber (Fig. 2.6a). An alternative
approach for achieving an octave-spanning spectrum and few-cycle pulses with 1 ps input
pulses could be white light generation in crystals with compressed pulses out of the first
NPC stage.



Chapter 3

High power 100 kHz repetition rate
laser

In this chapter, a design and a realization of a high power laser is described based on
Yb:glass and Yb:YAG amplifiers. The aim of the project was to develop a pump for a
broadband OPCPA supporting few cycle CEP-stable pulses of a central wavelength of
2 µm and a repetition rate of 100 kHz. The spectral range and the repetition rate of the
OPCPA is interesting for different applications, such as investigations of MED and OHG
generation. Higher photon energies reaching a water window between 4.4 - 2.3 nm can be
achieved by an OHG driven by laser pulses in mid-infrared compared to visible and near-
infrared spectral ranges, because the cut-off of an OHG depends on the wavelength of the
fundamental radiation. Investigations on DNA and other bio-molecules can be performed
using such a table-top coherent X-ray source. For some applications, a pulse repetition
rate of 100 kHz is optimal, because it should be low enough compared to the speed of
acquisition electronics used in experiments like COLTRIMS.

3.1 Innoslab booster requirements

The laser source consists of different types of high power Yb amplifiers. The design of the
Innoslab amplifier, described in Chapter 1, is optimized for the maximal average power of
600 W independent of a pulse repetition rate.

The seed of the Innoslab amplifier should meet several requirements to obtain the target
parameters of 6 mJ at 100 kHz (600 W):

(i) Average input power 5 W;

(ii) Spectral bandwidth 1.5 - 3 nm;

(iii) Central wavelength 1030 nm;

(iv) Tolerable beam quality factor: M2 < 1.2; Optimal: M2 < 1.1;
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(v) Beam pointing < 1/10 beam diameter for the frequency of > 0.1 Hz; beam pointing
uncritical for the < 0.1 Hz frequencies.

(vi) Long-term stability of a beam diameter and a beam divergence (< 10 %).

(vii) Stretched pulse duration ≥ 500 ps for < 2 nm spectral bandwidth.

(viii) Interlocks monitoring power and the bandwidth of the oscillator and the seed.

3.2 Ti:Sapphire front-end

The layout of the high power Ti:Sapphire front-end OPCPA is shown in Fig. 3.1. The
output of the Ti:Sapphire oscillator is split into two parts. One part is used to seed
the pump laser of the OPCPA. The pump consists of a chain of Yb:glass and Yb:YAG
amplifiers. The other part is used to seed the OPCPA. Pulses are stretched in bulk to
prepare for the first OPCPA stages. The pulses are then compressed by a chirped mirror
compressor and are used for DFG, stretched again and amplified further in mid-infrared
OPCPA stages with the following compression. The target parameters of the OPCPA
output are: 100 kHz, 200 µJ, < 10 fs at 2 µm central wavelength. The realization of the
OPCPA is in the scope of the PhD work of Harald Fuest and is described in his thesis.

Ti:Sapphire
oscillator

Yb-amplifier stages
(including stretcher and compressor)

7 fs, 7 nJ, 76 MHz

1 ps, 4 mJ, 100 kHz

Target parameters:
10 fs, 0.2 mJ, 

100 kHz 

SHG

OPA

Several
nIR

OPCPA
stages

CM
compressor DFG OPA

Several
mIR

OPCPA
stages

CM
compressor

Bulk glass
stretcher

Bulk glass
stretcher

Figure 3.1: Setup of Ti:Sapphire front-end OPCPA system.
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As a master oscillator the Ti:sapphire laser (FEMTOSOURCE Rainbow, Femtolasers
GmbH) was used, delivering 575 mW of average power in <7 fs pulses at a repetition rate
of 77 MHz [96]. The setup of the CPA pump chain is shown in Fig. 3.2. It consists of:

• Ti:Sapphire oscillator;

• Soliton self-frequency shifter (SSFS) in a highly nonlinear photonic crystal fiber;

• Fiber pre-amplifier;

• Stretcher;

• 50 dB gain amplifier (regenerative or fiber amplifier);

• Innoslab;

• Compressor.

The average power of the Ti:Sapphire oscillator was 143 µW (1.8 pJ pulse energy) at a
central wavelength of 1030 nm and a FWHM bandwidth of 4 nm. The mode of the laser is
shown in Fig. 3.3a. The mode of the laser at 1030 nm central wavelength and 4 nm FWHM
spectral bandwidth is shown in Fig. 3.3b. The power was measured with a germanium
photo diode filtering the output with a laser line filter. The output was unfortunately
too low to avoid the amplified spontaneous emission in the fiber pre-amplifier significantly
reducing the temporal contrast of amplified pulses [149]. In addition, the mode profile
of the Ti:Sapphire oscillator at 1030 nm central wavelength resulted in a low coupling
efficiency in the fiber pre-amplifier.

An SSFS was employed in a highly nonlinear photonic crystal fiber (HNLF) to obtain
a higher pulse energy and a better mode profile to seed the pump laser. The schematic
representation of the setup is shown in Fig. 3.4a. Part of the oscillator output (31 mW,
0.4 nJ, 5 % of the total output) was focused by an aspheric lens (focal length 7.5 mm)
into a 1.6 µm core diameter 25 cm long HNLF (NKT Photonics, NL-PM-750 PCF). The
output beam was collimated by another aspheric lens (focal length 7.5 mm). For the power
measurements, the output of the HNLF was filtered by a longpass filter (F1) with a cut-off
wavelength at 950 nm and additionally by a laser line filter (F2) with a bandwidth of 4 nm
at FWHM. The spectrum of the Ti:Sapphire oscillator (orange) and a spectrum after the
HNLF (blue) are shown in a logarithmic scale in Fig. 3.4b. The spectra were measured
with an Ocean Optics spectrometer HR4000CG-UV-NIR. Under optimum conditions the
coupling efficiency into the fiber was 30 %. The central wavelength of the red-shifted
spectrum was fine tuned to match 1030 nm by carefully adjusting the input pulse energy.
The peak of the soliton became shifted further in the infrared and the peak of the soliton
decreased with the higher input pulse energy. As a result, it was not possible to generate
higher spectral power density at 1030 nm. The soliton contained 3 mW in 38 nm FWHM
bandwidth, as it was measured with the longpass filter F1. Using the laser line filter F2,
0.3 mW was measured in the 4 nm bandwidth FWHM centered at 1030 nm. The resulted
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Figure 3.2: Setup of OPCPA pump laser.
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Figure 3.3: The mode of Ti:sapphire oscillator in visible (a) and in infrared at central
wavelength of 1030 nm and 4 nm bandwidth (b).
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Ti:Sapphire
oscillator

M1

M2 L1

L2

F

F2
F1

a) b)

c) d)

Figure 3.4: a) Seed generation for the OPA pump by soliton self-frequency shifting. M1−2

– silver mirrors, L1 – achromatic coupling lens, focal length 7.5 mm; F – highly nonlinear
polarization maintaining PCF, core diameter 1.6 µm, 25 cm length, FC-PC connectors at
both ends, NKT Photonics, NL-PM-750; L2 – achromatic collimating lens, focal length
8.0 mm; F1 - longpass filter, cut-off wavelength at 950 nm; F2 – laser line filter, bandwidth
4 nm FWHM; b) Ti:sapphire spectrum (orange) in comparison with a spectrum after the
highly-nonlinear fiber (blue) in a logarithmic scale; c) Soliton spectra measured after filters
F1 and F2; d) Monitoring of coupling stability by measuring the reflected spectra after filter
F2.
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output power was 2 times higher than the power directly available from the Ti:Sapphire
oscillator. The power was measured using a Germanium photo diode. Additionally, the
mode profile was excellent, as one can expect from the fiber output. The soliton spectra
after the filters are shown in Fig. 3.4c. The spectra were measured with a high resolution
IR spectrometer Ocean Optics HR4000. The fiber and the collimating lens were mounted
on a 3-axis translation stage (Thorlabs ManoMax). The coupling lens was fixed on an
extension platform (Thorlabs AMA007/M) making the setup very compact and easy to
align. No active stabilization was used, because as shown in Fig. 3.4d, the coupling was
perfectly stable over a period of 8 hours. The reflected light from the F2 filter was used to
monitor the long-term stability of the soliton. A slight alignment was only required if the
oscillator was switched off and on.

Output
F
iber
am
plifierInput

a) b)

Figure 3.5: a) Output spectrum of the fiber amplifier, total average power 100 mW; b)
Autocorrelation of the output of the fiber amplifier, autocorrelation pulse duration 4.9 ps,
pulse duration 3.5 ps.

The output of the HNLF was amplified in the fiber pre-amplifier. The pre-amplifier,
designed in the Institute of Applied Physics, Jena, Germany, delivered 100 mW (1.3 nJ
pulse energy) average power in a spectral bandwidth of 9 nm FHWM centered at 1030 nm.
The gain of the pre-amplifier was 22 dB. The spectrum of the amplifier output is shown
in Fig. 3.5a. The narrow peak is the rest of the pump at 976 nm. The autocorrelation
of the output was measured with the Femtochrome autocorrelator FR-103PD (Fig. 3.5b).
Pulses were temporally stretched to 3.5 ps FWHM due to the material dispersion in the
fiber pre-amplifier. Pre-amplified pulses were stretched further in a grating stretcher to
fulfill the requirements for the Innoslab amplifier ((vii)).
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The result of the beam quality factor M2 measurements of the Innoslab amplifier at
the highest output power of 600 W is shown in Fig. 3.6. The measured M2 values were
M2

x = 1.09, M2
y = 1.43. The measurements were performed with a beam propagation

analyzer (Spiricon M2-200-FW-SCOR). Different values of M2 in two orthogonal directions
are typical for the innoslab design, as described in section 1.3. The Innoslab also contains
a water cooled isolator designed for high power applications (Amphos).

M2 1.43
1.09

M² X
M² Y

10 %

90 %

Figure 3.6: M2 factor measurements of the Innoslab output at the highest output power
of 600 W: M2

x = 1.09, M2
y = 1.43; Beam profile in the focus.
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3.3 Chirped pulse amplification

3.3.1 Stretcher design and realization

A chirped pulse amplification (CPA) [151] is used to reduce the peak power in amplifiers.
Otherwise, the output pulse energy is limited by the optical damage or pulse distortions
due to nonlinearities in optical components. Prior to the amplification, pulses are tempo-
rally stretched with a dispersive delay line introducing different path lengths to different
frequency components of pulses. Following the amplification, pulses are recompressed by
another delay line introducing the opposite dispersion of the initial stretcher.

The designed stretcher is based on a conventional Martinez-type grating stretcher
scheme [152]. Assuming a Gaussian spectrum of input pulses, a required GDD for stretch-
ing nearly transform limited pulses (FWHM pulse duration τ0) to the desired FWHM pulse
duration τout can be calculated by the equation [153]:

GDD =
τ0

4 ln 2

√
τ 2
out − τ 2

0 (3.1)

where

τ0 =
2 ln 2

πc

λ2
0

∆λ
(3.2)

λ0 is a central wavelength; ∆λ - spectral bandwidth; c - speed of light.
The length of the stretcher can be calculated by the equation [154]:

Lstretcher = −GDD · c
2ω0D2

+ 4f (3.3)

D = − 2πcN

ω2
0cosβ

β = arcsin(sinα−Nλ0)

where ω0 is the angular frequency at the central wavelength, ω0 = 2πc/λ0; D – angular
dispersion; f – focal length of a lens, f = 1.2 m; N – line density (lines/mm) of a diffraction
grating; β – first-order diffraction angle; α - angle of incidence on a diffraction grating.

The distance from the grating to the lens is an important parameter when building a
stretcher. The adjustment of its precise value plays a role in the correct imaging and thus
a good beam profile after the stretcher. It can be seen from the scheme in Fig. 3.7a, that
the distance is equal to:

b =
Lstretcher − 2f

2
(3.4)

Following the Innoslab seed requirements, we can estimate the GDD of the stretcher.
Since the expected spectral bandwidth of the Innoslab is 1.5 nm [155] due to the gain
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Figure 3.7: a) Stretcher design with two gratings (top-view). G – transmission refrac-
tion grating, 1740 lines/mm, CMN Optics, Jena IOF; L – plano-convex lens, focal length
1.2 mm; M – dielectric end-mirror, dimensions: 120 mm × 30 mm. Stretcher supports
6 nm bandwidth. Red and blue lines mark the longest and the shortest wavelengths of the
supported spectral bandwidth. Size of optics and distances are in scale; b) Stretcher design
with a single grating (top-view). M1−4 - dielectric mirrors. Size of optics and distances are
in scale; c) Beam way in single-grating stretcher (side-view). Dashed line marks center of
the optics (grating, lens and mirror M4). Off-set of the input beam from the center of the
grating and the lens: 7 mm. Only size of optics is in scale.
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narrowing, the chirped pulse duration should be 500 ps per 1.5 nm bandwidth (vii). In
order to stretch seed pulses from τ0 = 1 ps, as calculated assuming a FWHM of 1.5 nm,
to the desired pulse duration of 500 ps, the GDD induced by the stretcher should be
+1.88× 108 fs2.

The design of the stretcher with two gratings is shown in Fig. 3.7a. The size of the
optics and the distances between them are in scale. By putting a folding mirror (M2) in
the center, a simpler way of building the stretcher with a single grating can be achieved
(Fig. 3.7b). The advantage of the stretcher with one grating is not only compactness, but
also alignment. The grating-based stretcher and compressor pairs are very sensitive to the
alignment. In a two-grating stretcher, the gratings have to be aligned precisely so that
the lines of both gratings are parallel to each other. This issue is solved completely for
one-grating stretcher and compressor, because angles of different wavelengths are imaged
correctly on the same grating, if the positions M2 and L are adjusted correctly.

An inch flat mirror (M1) steered the incoming beam having a 1/e2 diameter of 2 mm
to the grating (G). The grating diffracted the beam towards a 3-inch plano-convex lens (L)
with a focal length of 1.2 m, AR-coated. The beam passed the lens with a slight (7 mm)
offset from the center down. The side-view of the stretcher is depicted in Fig. 3.7c. Dashed
line marks the center of the optics (gratings, lens and mirror M4). The solid violet line
shows an incoming beam and the dashed line - the reflected beam from the end-mirror
M2. The output beam was slightly lower than the input. As a result, it was possible to
separated the output from the input by the mirror M4, which was placed lower in order not
to disturbed the input. Mirror M2 is placed in the focus position of lens L. The stretcher
was designed for angle of incidence of 59.5◦, bearing in mind both the compactness and the
efficiency. The stretcher supported a 6 nm spectral bandwidth limited by the dimensions
of the optics. The red and the blue lines mark the longest and the shortest wavelengths of
the supported spectral bandwidth.

We have used fused silica transmission gratings with 1740 lines/mm from CMN Optics,
Jena IOF for the stretcher and the compressor. The photo of the grating is shown in
Fig. 3.8a. The gratings are of high diffraction efficiency and uniformity (Fig. 3.8b and
Fig. 3.8c). The highest efficiency at a 63◦ angle of incidence was 95.5 % (Fig. 3.8b).
The gratings are manufactured from high-purity fused silica and exhibit a higher damage
threshold and lifetime compared with metal diffraction gratings. Thermal distortions are
also low because of the low thermal expansion coefficient of the material.

The pulse duration after the stretcher was measured with an ultrafast photo diode
(ALPHALAS UPD-200-SP, specified rise time < 175 ps) together with a GHz oscilloscope
(Agilent Technologies, InfiniiVision DSO-X 4104A, 1 GHz, sampling rate 5 GSa/s). We
measured the response function of the diode and the oscilloscope by measuring 1 ps pulses
of a fiber oscillator (Fig. 3.9b). The measured rise-time (204 ps) and fall-time (436 ps)
indicates that the devices are suitable for the characterization of the stretched pulses with
the pulse duration of 2 ns in 6 nm FWHM bandwidth (Fig. 3.9a). The spectra of the
fiber pre-amplifier and the stretcher are shown in Fig. 3.9c. The stretcher efficiency was
50 %. The stretcher efficiency in 4 nm bandwidth was 62 %, which is expected from the
efficiency of the grating, the lens and the mirrors. The reflection efficiency of the folding
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a)

b)

c)

Figure 3.8: a) Photo of a transmission fused silica diffraction grating in a specially designed
mount, grating dimensions: 205 mm × 30 mm; b) Theoretical diffraction efficiency versus
the angle of incidence [150]; c) Measured efficiency along the surface of the grating at an
incidence angle of 63◦ [150].
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Figure 3.9: a) Pulse duration after stretcher, 2 nm FWHM for 6 nm spectral bandwidth
FWHM; b) Photo-diode response function; c) Input (blue) and output (black) spectra of
the stretcher. Spectral power density is calibrated to the output power.
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mirror was only 98 %. The efficiency of anti-reflection coating of the lens also played a role,
because the beam passed the lens surface 8 times. The output power was 33 mW (0.4 nJ
pulse energy). In the following subsection, a design of the pulse compressor is presented
to re-compress the amplified stretched pulses.

For the laser safety, interlocks were installed in the stretcher, as listed in the Innoslab
requirements. The red and the blue spectral components, which did not fit on the folding
mirror M2 were focused onto two photo-diodes. The interlock signal was necessary for the
safe operation of the Innoslab. The Innoslab amplifier could get damaged, if the mode-
locking of the Ti:Sapphire is disturbed. In case of the abrupt loss of the seed signal, the
Innoslab amplifier would start lasing even with a small feedback in the laser system [155].

3.3.2 Compressor design and realization

A Treacy-type parallel grating pair [156] can provide a dispersion matched with that of the
Martinez-type stretcher. The length of the compressor can be calculated by the equation:

Lcompressor =
2πGDD(c · cosβ)2

Xλ3
0N

2
(3.5)

where X is the number of passes. The GDD is the same as that of the stretcher, not taking
into account the GDD of the amplifiers.

The third order dispersion (TOD) of the compressor is −3.5 · 109 fs3, as calculated by
the equation given in [154]. The TOD plays a role, if TOD > τ 3

0 [157], which is the case
for 1 ps pulses. However, a system of a Martinez-type grating stretcher and a Treacy-type
compressor allows compensation of all orders of dispersion coefficients, since the optical
path length of all spectral components is the same in the stretcher and the compressor
[158]. However, even with the exact design, the material dispersion of the in-between laser
amplifiers restricts the exact compensation of all orders of dispersion coefficients. In order
to correct the residual TOD, a simultaneous tuning of both the grating separation as well as
the angle of incidence is required for getting close to the transform-limited pulse duration
after the compressor [159].

The design of the compressor with a calculated distance between the gratings (Lcompressor

= 2.2 m) is shown in Fig. 3.10a. The design with the one grating is shown in Fig. 3.10b. In
the compressor setup, the folding mirror is made up of two high-reflector mirrors mounted
at 90◦ to each other. The compressor was designed for a 5 mm beam diameter keeping the
intensity on the grating of 30 mJ/cm2, which is well below the damage threshold of the
gratings 1 J/cm2 [150].

For pre-alignment, we sent stretched pulses directly into the compressor without the
amplification in between. We have measured a compressor through-put efficiency of 77 %
indicating, as expected, a 94 % efficiency of the grating per pass. The autocorrelation of
the compressed pulse duration was measured with an autocorrelator (APE, PulseCheck).
The autocorrelator detected a weak signal and measured about 600 fs pulse duration. The
expected autocorrelation pulse duration is 550 fs from 400 fs transform limited pulses. The
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Figure 3.10: a) Compressor design with two gratings (top-view). G – transmission refrac-
tion grating, 1740 lines/mm, CMN Optics, Jena IOF; M – dielectric end-mirror, dimentions:
120 mm × 30 mm. Compressor supports 3 nm bandwidth. Red and the blue lines mark the
longest and the shortest wavelengths of the supported spectral bandwidth. Size of optics
and distances are in scale; b) Compressor design with a single grating (top-view). M1−3 –
dielectric mirrors; M1−2 dimensions: 60 mm × 30 mm; M3 dimensions: 80 mm × 30 mm.
Size of optics and distances are in scale.

photo of the realization of the SSFS, the stretcher and the compressor is shown in Fig.
3.11.

Additionally, a 50 dB gain amplifier was necessary to reach the average power of 5 W
required for the Innoslab seeding, as specified in (i). Both an Yb regenerative amplifier
and a fiber amplifier were considered. In Fig. 3.12 the output power of the regenerative
amplifier versus pump power for different seed input powers is shown. Even with the lowest
power of 20 mW, required average power can be easily reached.

3.4 Yb front-end

The development of a broadband seed generation from a narrowband Yb amplifier led to
a change of concept from a Ti:Sapphire front-end OPCPA to a Yb front-end OPCPA.

The pump laser system is significantly easier with a Yb master oscillator. The setup of
the realized pump laser (in scale) is shown in Fig. 3.13. The Ti:Sapphire amplifier together
with the setup of the soliton self-frequency shifting and the fiber pre-amplifier was replaced
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Figure 3.12: Regenerative amplifier output power versus pump power for different seed
input powers.

by a fiber oscillator (Active fiber systems) emitting 1 ps pulses of an average power of
100 mW at 77 MHz repetition rate. The stretcher and the compressor were the same as
in the Ti:Sapphire front-end setup, because a similar amount of the GDD was applied
to stretch pulses for the Innoslab amplifier. After the stretcher (described in subsection
3.3.1), pulses were amplified in the fiber amplifier with an integrated pre-amplifier and a
pulse picker (Active fiber systems). The average power after the fiber amplification was
10 W at a 100 kHz repetition rate. The output was used to seed the Innoslab amplifier.
The output of the Innoslab amplifier was sent into the compressor described in details in
subsection 3.3.2. The total output of the pump laser after the compressor was 4 mJ at a
100 kHz with a 1 ps pulse duration.

A scheme of the Yb front-end OPCPA is shown in Fig. 3.14. The configuration is
similar to the one described in [91, 160]. A part of the output was separated to generate
a broadband seed by white light generation. An SHG of the fundamental was used for the
OPCPA pump. The amplified broadband spectrum was compressed with a chirped mirror
compressor. The IR pulses were then generated in a DFG process, by mixing the visible
pulses with the fundamental 1030 nm pulses. The mid-IR pulses were characterized by a
novel discrete dispersion scanning technique by which the spectral phase was determined
as described in [45]. By the discrete dispersion scanning technique the smoothness of the
spectral phase was verified and the spectral phase was quantitatively defined for the design
of the chirped mirror compressor.
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Figure 3.13: Setup of Yb front-end OPCPA pump laser.
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Figure 3.14: Setup of an Yb front-end OPCPA system.

The realization of the Yb front-end OPCPA lies within the scope of the PhD work of
Harald Fuest and is described in detail in his thesis.
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3.5 Summary and conclusions

The aim of the project discussed in this chapter was to develop a pump for a broadband
OPCPA supporting few cycle CEP-stable pulses with a central wavelength of about 2 µm
and a repetition rate of 100 kHz. The target parameters of the high power OPCPA pump
laser were: 4 mJ pulse energy at 100 kHz repetition rate and 400 W average power. The
laser source consisted of different types of high power Yb amplifiers: fiber and Innoslab.
The seed for the Innoslab amplifier was required to several conditions regarding the average
power, central wavelength, and pulse duration.

A Ti:sapphire laser was used as a master oscillator, however, the output power and the
mode at 1030 nm and 4 nm FWHM bandwidth was insufficient for the direct seeding of
the Yb fiber pre-amplifier. Soliton self-frequency shifting (SSFS) [86] was employed in a
highly-nonlinear photonic-crystal-fiber (HNLF) to obtain higher pulse energy and a better
mode profile to seed the pump chain using 5 % of the total Ti:Sapphire output. The output
power within 4 nm bandwidth (FWHM) centered at 1030 nm was two times higher than
the power directly available from the Ti:Sapphire oscillator. In addition, the mode profile
was excellent, as one can expect from a fiber output. Coupling into the HNLF was perfectly
stable within an explicit measured period of 8 hours without any active stabilization. The
output of the HNLF was amplified in a fiber pre-amplifier characterized by 22 dB gain.
The pre-amplified pulses were stretched then to 500 ps per 1.5 nm bandwidth in a grating
stretcher to fulfill the requirements of the Innoslab amplifier. We have implemented a
design of a stretcher and a compressor with a single grating, which was more compact
than conventional two-grating stretchers and compressors. In addition, the alignment of
the both components was significant easier, which simplified the whole setup of the pump
laser. Amplification of 50 dB was necessary to reach the average power of 5 W required for
the Innoslab seeding, a requirement that could be met by both a fiber and a regenerative
amplifier.

Owing to the development of broadband seed generation from narrowband Yb ampli-
fiers, the Ti:Sapphire front-end OPCPA was changed into an Yb front-end OPCPA. The
advantage of an Yb front-end OPCPA is stable optical synchronization, meaning that no
additional stabilization is required, and making an OPCPA system significantly simpler
and easier to scale [89]. An output consisting of CEP-stable pulses at a central wavelength
of about 2 µm was obtained by DFG between a broadband amplified seed and the rest
of the narrowband fundamental at 1030 nm in a similar method to refs. [91, 160]. The
resulting mid-IR pulses were characterized by the discrete dispersion scanning as described
in [45].



Chapter 4

Extreme ultraviolet generation at
50 MHz repetition rate

In this chapter, the experiment of the harmonic generation at 50 MHz repetition is de-
scribed. EUV radiation was generated by a frequency doubled (515 nm) high power
(240 W) Yb:YAG Innoslab amplifier in a single-pass geometry, without the driving field
enhancement in an enhancement cavity. We have used the second harmonic of the laser for
the experiment, because the efficiency of the OHG depends on the wavelength of the driv-
ing field proportionally to λ−6.5 [161, 162]. It has several advantages: the wavelength range
of optical harmonics available from a single-pass geometry is not limited by the output cou-
pling method. In addition, the same single-pass LHG setup works at different repetition
rates without major modifications. Also, the CEP can be independently adjusted driving
LHG with few-cycle pulses.

4.1 Setup and Results

A scheme of the experiment is shown in Fig. 4.1a. A passively mode-locked Yb:KGW
oscillator (Amplitude Systèmes) was used to seed a Yb:YAG Innoslab amplifier. The
oscillator delivered 300 fs pulses at a center wavelength of 1030 nm with an average power
of 2 W at a 50 MHz repetition rate. The output of the Innoslab amplifier, with an average
power of 500 W, was used to generate SHG delivering 600 fs pulses at a central wavelength
of 515 nm with an average power of 250 W. The beam diameter was 2 mm at a 1/e2

intensity level. The pulse energy of the amplifier was 5 µJ. To reach a peak intensity of
1013 W/cm2 level required for LHG, a beam was focused to a spot of 10 µm in diameter at
a 1/e2 intensity level. In order to achieve the required focus size, we magnified the beam
with a 1:3 telescope to a beam diameter of 6 mm (1/e2 intensity level). The telescope lenses
L1 (focal length -168 mm) and L2 (focal length +672 mm) are shown in Fig. 4.1. The
lenses were made of fused silica glass because of its low thermal expansion coefficient. An
attenuator made of a half-wave plate (HWP) and a thin-film-polarizer (Laser Components)
was installed behind the telescope. The installation of an attenuator before the telescope
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Figure 4.1: a) LHG setup. D1−4 – high reflective mirrors; L1−2 – telescope lenses; H – half-
wave plate; P – thin film polarizer; B1−2 – beam blocks; L3 – lens focusing into gas jet; N
– nozzle; G – Xe gas supply; P1−2 – water-cooled pinholes blocking fundamental radiation;
Gr – grating for EUV radiation; CEM – channel electron multiplier; b) Attenuator. S –
fused silica substrate; c) Beam profile in focus.

failed, because of the degradation of the HWP due to high intensity of the laser beam.
After removing the HWP from the setup and carrying out a visual inspection, a thin metal-
like coating of the same size and the shape as the laser beam was observed. The coating
was permanent and could not be removed by cleaning, as experienced in other experiments
[163]. This degradation of the beam diameter of 2 mm at 1/e2 intensity level was observed
only for the HWP, but not for dielectric mirrors and the telescope lenses. However, a
similar degradation of an AR-coating was observed on a lens (focal length 30 mm, radius
of curvature 13.6 mm, Laser Components), when attempting to focus a beam into a gas
jet for the LHG experiment. The degradation was only on the one surface of the lens
where the beam diameter was slightly smaller than 2 mm. A similar degradation of AR-
coating was observed in an enhancement cavity in the visible [163]. One possible reason
could be that residual organic compounds are dissociated by the intense laser radiation
to form a carbon layer on the mirror surface. An established technique to restore the
mirror reflectivity is a treatment with O2 that chemically removes the carbon compounds
[164, 165]. The degradation could be prevented completely by operating the enhancement
cavity at 1.5 mbar of O2 pressure. However, we observed the degradation not in a vacuum,
but at normal air pressure. The pulse energy of the Innoslab laser was 4 times higher than
the pulse energy circulating in the enhancement cavity [163]. The higher intensity of the
laser beam compared with that in the enhancement cavity might be the main culprit. No
degradation of optics was observed after the diameter of the beam was increased with the
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Figure 4.2: LHG spectra of 5th and 7th harmonic at different Xe gas backing pressures.

telescope to 6 mm.

The alignment of the beam through the setup was challending due to high average
power. The position of the beam was slightly different at different output powers. An
attenuator composed of a half-wave plate and a polarizer turned out to be a temporary
solution, because of the mentioned degradation of the half-wave plate due to high average
power. The half-wave plate turned to reflect increasingly higher amounts of the laser
power. The pre-alignment was performed with an alignment laser at a center wavelength
of 532 nm, so that the first elements of the setup (high-reflective mirrors and the beam
blocks) could be placed. However, this alignment was not sensitive enough for the final
alignment of the telescope. We have used a special attenuator composed of a high-reflective
mirror (D4) and a substrate of the same thickness (S) for the telescope alignment (Fig.
4.1b). The substrate corrected the change in the beam path, whereas the leakage after
the mirror was used to align the optical system. Both components were fixed on a small
breadboard. The attenuator was aligned precisely with the alignment laser. The alignment
was reproducible after taking the breadboard in and out of the beam path.

We focused the beam with a plano-convex lens (radius of curvature 33.7 mm; focal
length 73 mm) into a noble gas jet (Xe or Kr) inside a vacuum chamber. The beam profile
in the focus is shown in Fig. 4.1c. The focus diameter was 10 µm. The measurement was
performed with a CCD camera and 1:10 magnifying telescope (DataRay). The intensity in
the focus was calculated as 2 ·1013 W/cm2. For the LHG experiment, the vacuum chamber
was evacuated and a noble gas jet was produced in the vicinity of the focus by a glass
nozzle (open diameter about 100 µm). The diameter of the nozzle was approximately the
same as a Rayleigh length (150 µm) of the focus. The nozzle was placed on a motorized
vacuum-compliant XYZ translation stage allowing a fine adjustment of the nozzle position.
We also tried out a metal nozzle, but it heated up abruptly in the vicinity of the focus
thus complicating the optimization of the alignment. Between the vacuum chamber and
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Figure 4.3: LHG spectra of 5th (a) and 7th (b) harmonic at different Xe gas backing
pressures; Total flux versus backing pressure for 5th (c) and 7th (d) harmonic.

an EUV grating, two water-cooled pinholes of a diameter of 3 mm were mounted. The first
pinhole was 210 mm away from the focus. Since the divergence of the harmonic radiation
is smaller compared to the fundamental, the pinholes were used to reduce the power of
the fundamental by a factor of 200. The pinholes were water-cooled due to high average
power. The harmonic radiation propagated further into a differentially pumped grazing in-
cidence EUV monochromator (McPherson 248/310) equipped with an EUV grating (133.6
grooves/mm) and a solar blind channel electron multiplier (channeltron). An adjustable
micrometer slit in-front of the grating reduced the rest of the fundamental radiation to a
minimum.

The resulting spectra of 5th and 7th harmonics are shown in Fig. 4.2 for two different
Xe backing pressures (the pressure at the exhaust port). Photon number is calculated
from the raw data taking into account divergence of the harmonics, pinholes, and the
efficiency of the EUV detection. In the instrument data-sheet the efficiency was indicated
as 10 % of the EUV grating and 10 % of the channeltron. The photon conversion efficiency
was 10−13 and 10−14 for the 5th and 7th harmonic, respectively. We then optimized each
of the harmonics separately and explored the flux dependence on the backing pressure
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(Fig. 4.3). By altering the backing pressure, the number of emitters can be changed for
the optimal phase matching conditions. The experimental result plotted on Fig. 4.3 was
fitted using the function aP b, where a and b were variable parameters, and P – backing
pressure. The yield versus pressure of 5th harmonic was fitted with parameters a = 1.65,
b = 2.63 until the backing pressure of 390 mbar. The parameters of the fit of the 7th

harmonic were 51.5 and 3.00 respectively, until the backing pressure of 390 mbar. If the
LHG process is perfectly phase matched, the harmonic emission should scale quadratically
with the pressure [162, 166, 167]. When the backing pressure was greater than 390 mbar,
the efficiency dropped, which might be due to ionization and reabsorption [162]. The
quadratic dependence is well pronounced for the 5th harmonic, however for the 7th the
dependence is almost linear, indicating that ionization and reabsorption play a significant
role. In addition, the estimated value of the Keldysh parameter, γ = 3.5, supports the
idea of the dominance of ionization.

In Table 4.1 a summary of the experimental results and their comparison with the LHG
in the enhancement cavity of a similar central wavelength are given. We did not detect the
9th harmonic, which might be due to the strong background induced by the ionization.

Table 4.1: Summary of LHG experiment and comparison with literature

Parameter Enhancement cavity High power laser
[163]

Central wavelength (nm) 520 515
Repetition rate (MHz) 128 50

Power (W) 161 250
Peak power (MW) 7 7
Pulse duration (fs) 166 700
Fifth harmonic

Power 4 µW 5 nW
Efficiency 10−8 10−11

Seventh harmonic
Power 150 nW 20 pW

Efficiency 10−10 10−14

Ninth harmonic
Power 5 nW -

Efficiency 10−11 -

4.2 Discussion

The 5th harmonic coincides with the ionization potential of Xenon at 103 nm. However,
the detection of the 7th harmonic assures the observation of the 5th harmonic rather than
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the line of a Xenon ionization. In addition, following [1], the observation of this line was
impossible due to the strong ionization of such long input pulses.

The low efficiency of the process is not surprising, because the pulse duration of 600 fs
was unfavorably long for LHG due to the ionization of the medium [19]. The Keldysh
parameter γ was 3.5, indicating that the intensity of the driving field was too low. For
efficient harmonic generation, the Keldysh parameter should be smaller than 1 [168]. The
value of the Keldysh parameter also indicates that the multi-photon ionization was dominat
over the tunnel ionization, which is the first step in the high harmonic generation process
[169].

However, the experiment shows, that a state-of-the-art high-energy amplifier system
without chirped pulse amplification can be utilized for the generation of extreme ultraviolet.
The photon flux is rather low primarily due to long pulses of the driving field.

The experiment of an NPC with a solid core PCF (LMA-35) was unsuccessful, because
the fiber got damaged at the average input power of 25 W (500 nJ pulse energy, 0.8 MW
peak power). We used LMA-35 fibers with the end-caps lying in a water-cooled V-groove
made from copper. With shorter input pulses (for example using gas filled kagomé fibers
for the spectral broadening) direct high harmonic generation might become an alternative
to high harmonic generation within an enhancement cavity, significantly simplifying the
overall setup.

4.3 Summary and conclusions

In conclusion, harmonic-generation up to the 7th order (74 nm) was observed using Xenon
gas. To the best of our knowledge, this is the highest repetition rate for harmonics genera-
tion a in single-pass geometry. The estimated average power was 20 pW at 74 nm (17 eV)
and 5 nW at 103 nm (12 eV). In Krypton gas the 5th harmonic was detected, the estimated
average power was 2 nW, and the photon conversion efficiency was 10−13 and 10−14 for the
5th and 7th harmonics, respectively.

In addition, the flux dependence on the backing pressure was explored. A pronounced
quadratic dependence was observed for the 5th harmonic, however, for the 7th harmonic,
the dependence was not quadratic, indicating a weak phase-matching. Furthermore, the
estimated value of the Keldysh parameter, γ = 3.5, evidenced the dominance of the strong
multi-photon ionization, which would significantly reduce the efficiency of the LHG. We
could not detect the 9th harmonic, which may be due to the strong background induced
by the ionization.

The generated powers in extreme ultraviolet were not comparable to those produced by
the cavity-assisted LHG. Nevertheless, the efficiency of single-pass LHG can be improved
by using shorter driving pulses and specially designed gas targets together with quasi-
phase-matching techniques [117, 118].
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Data Archiving

The experimental raw data, evaluation files, and original figures can be found on the Data
Archive Server of the Laboratory for Attosecond Physics at the Max Planck Institute of
Quantum Optics:
/afs/rzg/mpq/lap/

The list below contains paths to all the relevant files given with respect to the root folder
of the thesis.

Figure 2.1
c) Fiber cross-section. d) Near-field image of the fiber end-facet. e) Mode in far-field.
I images chapter2_figures/50kHz/setup/microscope image LMA35.jpeg

chapter2_figures/50kHz/setup/near field_after6days.bmp

chapter2_figures/50kHz/setup/near field.bmp

I Inkscape file chapter2_figures/50kHz/setup/setup.svg

I plot chapter2_figures/50kHz/setup.pdf

Figure 2.2
a) Transform-limited pulse duration of spectra with linear (LP) and circular (CP) polarization;
b) Long-term stability of input, output, and transform-limited pulse duration of spectra. Peak
power 3.6 MW; Fiber length 35 mm; LP.

I raw data chapter2_figures/50kHz/data/35mm_spectra raw

chapter2_figures/50kHz/data/35mm_long-term-stability raw

I LabVIEW chapter2_figures/50kHz/data/transform limit analysis

I Origin file chapter2_figures/50kHz/data/fig3p2a.opj

chapter2_figures/50kHz/data/fig3p2b.opj

I plot chapter2_figures/50kHz/fiber35mm.pdf

Figure 2.3
Long-term stability with different fiber lengths: 50 mm; 80 mm linear polarization (LP); 100 mm,
LP and circular polarization (CP). Spectral broadening supports 66 fs.
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I raw data chapter2_figures/50kHz/data/fig3p3.opj

I Origin file chapter2_figures/50kHz/data/fig3p3.opj

I plot chapter2_figures/50kHz/fiber_length.pdf

Figure 2.4
SHG FROG traces of compressed pulses: a) Measured and retrieved spectrograms, grid size
256x256; b) Measured and retrieved spectra, transform limit (TL), retrieved temporal intensity
and temporal phase of shortest pulses.

I raw data chapter2_figures/50kHz/data/frog

I Origin file chapter2_figures/50kHz/data/fig3p4.opj

I plot chapter2_figures/50kHz/frog.pdf

Figure 2.5
Two-stage NPC in LMA PCF: a) Transform-limited pulse duration versus pulse energy in the
fiber core for different fiber lengths; b) Spectra after the second stage with a 100 mm fiber and
linear polarization at 0.4 µJ pulse energy in the fiber core (3 consequent measurements with a
period of 1 s); c) Long-term stability of input, output and transform-limited pulse duration of
spectra. Fiber length 100 mm, linear polarization.

I raw data chapter2_figures/50kHz/2stage/different fiber lengths raw

I Origin file chapter2_figures/50kHz/2stage/different fiber lengths.opj

chapter2_figures/50kHz/2stage/spectra.opj

chapter2_figures/50kHz/2stage/stability.opj

I plot chapter2_figures/50kHz/2stage/spectra_stability.pdf

Figure 2.6
a) Calculated spectrum and spectral phase after the second NPC stage with transform-limited
input pulses (left hand side); Temporal intensity of transform-limited and compressed only by
GDD compensation pulses (right hand side); b) Same as (a), but with chirped input pulses; c)
Input temporal profiles used for the simulations: Black curve corresponds to the optimal 22 re-
flections on the chirped mirrors (used in simulations (a), blue curve – to 6 reflections (used in
simulations (b).
I Origin file chapter2_figures/50kHz/2stage/simulation results.opj

chapter2_figures/50kHz/2stage/temporal.opj

I plot chapter2_figures/50kHz/2stage/2stage.pdf

Figure 2.7
b) Transform-limited pulse duration versus pulse energy in the fiber core for different fibers and
fiber lengths.
I Origin file chapter2_figures/11MHz/TL versus energy different rep rates.opj

I plot chapter2_figures/11MHz/setup.pdf



75

Figure 2.8
Two nonlinear pulse compression stages. b) Spectrum after the second stage, transform-limit: 7
fs, pulse energy: 0.4 µJ; d) Spectrum after the crystal.

I raw data chapter2_figures/11MHz/2stage/wlg

I Origin file chapter2_figures/11MHz/2stage/lma25.opj

chapter2_figures/11MHz/2stage/wlg.opj

I plot chapter2_figures/11MHz/2stage/2stage.pdf

Figure 2.9
d) Coupled-mode of LMA-100 fiber in far-field; e) and f) Input (blue) and output (black) spectra
with 75 mm fiber and 150 mm fiber, respectively. Coupled pulse energy 7 µJ (4 MW peak power)
in both cases. Linear laser polarization. Transform-limited pulse duration: 85 fs and 60 fs, input
pulse energy: 9 µJ and 10 µJ, respectively.

I raw data chapter2_figures/3kHz/spectra raw

I plot chapter2_figures/3kHz/setup/setup.pdf

Figure 2.10
b) Transform-limited pulse duration for different fiber lengths with linear and circular polariza-
tion. For comparison: Damage threshold of LMA-35 (red diamonds); LMA-35 with 1.1 ps input
pulses at 50 kHz repetition rate, linear polarization (grey squares); c) Measured spectra, auto-
correlation and transform-limited pulse intensity with LMA-100 fiber. Fiber length 120 mm, 47
W output power, circular polarization in the fiber.

I raw data chapter2_figures/20MHz/raw data

I Origin file chapter2_figures/20MHz/TL with comparison.opj

chapter2_figures/20MHz/100521AC.opj

I plot chapter2_figures/3kHz/setup/setup.pdf

Figure 2.12
Polarization extinction ratio (PER) versus pulse energy in the fiber core and transform-limited
pulse duration of the spectra: a) LMA-35 fiber, 100 mm length, 1.1 ps input pulses at 50 kHz
repetition rate; b) LMA-100 fiber, 150 mm length, 1.6 ps input pulses at 3 kHz repetition rate.
Linear polarization.
I Origin file chapter2_figures/PER_3kHz_50kHz.opj

I plot chapter2_figures/PER.pdf

Figure 2.13
a) Spectra of SPM and FWM at 2.0 µJ and at 2.3 µJ output pulse energy; b) Long-term stability
of input, output and transform-limit of the spectra. Fiber length 100 mm.

I raw data chapter2_figures/50kHz/data/red raw

I Origin file chapter2_figures/50kHz/data/red stability.opj

I plot chapter2_figures/50kHz/red.pdf
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Figure 3.4
b) Ti:sapphire spectrum (orange) in comparison with a spectrum after the highly-nonlinear fiber
(blue) in a logarithmic scale; c) Soliton spectra measured after filters F1 and F2; d) Monitoring
of coupling stability by measuring reflected spectra after filter F2.

I raw data chapter3_figures/spectrumTiSa_NLF/data raw

I Origin file chapter3_figures/spectrum_TiSa_NLF/spectrum_TiSa_NLF.opj

chapter3_figures/soliton stability.opj

I plot chapter3_figures/spectrum_TiSa_NLF.pdf

Figure 3.5
a) Output spectrum of the fiber amplifier, total average power 100 mW; b) Autocorrelation of
the output of the fiber amplifier, autocorrelation pulse duration 4.9 ps, pulse duration 3.5 ps.

I raw data chapter3_figures/Fiber Amplifier/data raw

I Origin file chapter3_figures/Fiber Amplifier/Stretcher.opj

chapter3_figures/Fiber Amplifier/FiberAmp_autocorrelation.opj

I plot chapter3_figures/fiber_amplifier.pdf

Figure 3.8
b) Theoretical refractive efficiency versus angle of incidence.

I raw data chapter3_figures/Grating/efficiency.txt

I Origin file chapter3_figures/Grating/efficiency.opj

I plot chapter3_figures/grating.pdf

Figure 3.9
a) Pulse duration after stretcher, 2 nm FWHM for 6 nm spectral bandwidth FWHM; b) Photo-
diode response function; c) Input (blue) and output (black) spectra of the stretcher. Spectral
power density is calibrated to the output power.

I raw data chapter3_figures/Stretcher/1ps_ultrafast_diode.dat

chapter3_figures/Stretcher/Spectrum_stretcher/spectrum_stretcher_raw.txt

I Origin file chapter3_figures/Stretcher/pulse_duration.opj

chapter3_figures/Stretcher/Spectrum_stretcher/spectrum_stretcher.opj

I plot chapter3_figures/stretcher_pulse.pdf

chapter3_figures/1ps_diode.pdf

chapter3_figures/stretcher_amp_cal.pdf

Figure 3.11
Regenerative amplifier output power versus pump power for different seed input powers.
I Origin file chapter3_figures/seedRegen/seedRegen.opj

I plot chapter3_figures/seedRegen.pdf
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Figure 4.2
LHG spectra of 5th and 7th harmonic at different Xe gas backing pressures.

I raw data chapter4_figures/spectra/raw

I Origin file chapter4_figures/spectra.opj

I Math. script chapter4_figures/spectra/efficiency estimation

I plot chapter4_figures/spectra1.pdf

Figure 4.3
LHG spectra of 5th (a) and 7th (b) harmonic at different Xe gas backing pressures; Total flux
versus backing pressure for 5th (c) and 7th (d) harmonic.

I raw data chapter4_figures/spectra/raw

I Origin file chapter4_figures/spectra.opj

I Math. script chapter4_figures/spectra/efficiency estimation

I plot chapter4_figures/spectra2.pdf
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C. Graf, E. Rühl, G. Paulus, et al., “Single-shot velocity-map imaging of attosecond light-
field control at kilohertz rate,” Rev. Sci. Instrum., vol. 82, no. 9, p. 093109, 2011.

[25] P. Corkum and F. Krausz, “Attosecond science,” Nat. Phys., vol. 3, no. 6, pp. 381–387,
2007.

[26] T. Tajima and J. M. Dawson, “Laser electron accelerator,” Phys. Rev. Lett., vol. 43,
pp. 267–270, 1979.

[27] K. Nakajima, T. Kawakubo, H. Nakanishi, A. Ogata, Y. Kato, Y. Kitagawa, R. Kodama,
K. Mima, H. Shiraga, K. Suzuki, T. Zhang, Y. Sakawa, T. Shoji, Y. Nishida, N. Yugami,
M. Downer, D. Fisher, B. Newberger, and T. Tajima, “A proof-of-principle experiment of
laser wakefield acceleration,” Physica Scripta, vol. 1994, no. T52, p. 61, 1994.

[28] T. Fujii, Y. Oishi, T. Nayuki, Y. Takizawa, K. Nemoto, T. Kayoiji, K. Horioka, Y. Okano,
Y. Hironaka, K. G. Nakamura, and K.-i. Kondo, “MeV-order proton and carbon ion ac-
celeration by irradiation of 60 fs TW laser pulses on thin copper tape,” Appl. Phys. Lett.,
vol. 83, no. 8, 2003.

[29] A. M. March, A. Stickrath, G. Doumy, E. P. Kanter, B. Krässig, S. H. Southworth, K. At-
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and A. Tünnermann, “Generation of high quality, 1.3 cycle pulses by active phase control
of an octave spanning supercontinuum,” Opt. Express, vol. 19, no. 21, pp. 20151–20158,
2011.



84 BIBLIOGRAPHY

[58] M. Nisoli, S. De Silvestri, and O. Svelto, “Generation of high energy 10 fs pulses by a new
pulse compression technique,” Appl. Phys. Lett., vol. 68, no. 20, 1996.

[59] G. P. Agrawal, Nonlinear Fiber Optics. Academic Press, 2012.
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[67] S. Hädrich, J. Rothhardt, T. Eidam, J. Limpert, and A. Tünnermann, “High energy ul-
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[68] S. Hädrich, H. Carstens, J. Rothhardt, J. Limpert, and A. Tünnermann, “Multi-gigawatt
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