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Widmung

„Die richtig guten Ergebnisse kommen erst,
wenn der Leidensdruck groß genug ist.“

Alte Experimentalphysikerweisheit,
tradiert von Reinhard Kienberger

„Aber bei meiner Liebe und Hoffnung beschwöre ich Dich:
wirf den Helden in Deiner Seele nicht weg!
Halte heilig Deine höchste Hoffnung!“ –

Also sprach Zarathustra.
Friedrich Nietzsche





Zusammenfassung
Die Erzeugung ultrakurzer Lichtpulse [1] im Bereich von Femto- und At-

tosekunden (1 as = 10−3 fs = 10−18 s) hat die Tür zur wissenschaftlichen
Erforschung bisher unzugänglicher Gebiete aufgestoßen und ermöglicht die Bo-
bachtung von elekronischen Bewegungen auf deren natürlicher Zeitskala. Die
Umverteilungsdynamik der Elektronen nach einer äußeren Störung oder nach
einem inneren Umstrukturierungsprozess bestimmt die Eigenschaften und das
Verhalten einer Vielzahl von Materialien. Daher gewährt die Fähigkeit, Elek-
tronenbewegungen in Echtzeit zu verfolgen, einen tiefen Einblick in die Na-
tur dieser fundamentalen Phänomene. Diese Methode ist im Prinzip auf so
verschiede Systeme wie atomare Ensembles in der Gasphase, komplexe Mo-
leküle und Festkörper, von Kristallgittern bis hin zu amorphen Materialien,
anwendbar und kann sogar zur Untersuchung ultraschneller Reaktionen in or-
ganischen Strukturen [2] verwendet werden, wie sie z. B. Proteine, lebendige
Viren (sofern Viren überhaupt als “lebendig” betrachtet werden können!) oder
komplette Zellen darstellen.

Im letzten Jahrzehnt wurde eine ganze Menge bahnbrechender Experimen-
te mit Hilfe dieses neuen Messinstruments und -konzepts [3] durchgeführt und
aufregende und unerwartete Ergebnisse in verschiedensten Forschungsberei-
chen zutage gefördert [4]. Dennoch war die Machbarkeit vieler geplanter Stu-
dien gerade zu den interessantesten Untersuchungsgegenständen bisher beein-
trächtigt, hauptsächlich durch zwei Unzulänglichkeiten der derzeit zu Mess-
zwecken verfügbaren ultrakurzen Lichtpulse. Einerseits ist durch mangelnden
Photonenfluss die benötigte hohe optische Intensität nicht gewährleistet, an-
dererseits setzt die Beschränkung der Strahlung auf einen bestimmten Wel-
lenlängenbereich den erreichbaren Photonenenergien eine obere Grenze. Das
Thema der in dieser Arbeit vorgestellten Experimente ist es, Lösungen für
diese Herausforderungen zu finden. Beide Einschränkungen werden betrachtet
und verschiedene Problemlösungsansätze experimentell untersucht.
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Die Erzeugung hoher Harmonischer der Grundwellenlänge eines Lasers ist
eine der beiden Methoden mit denen ultrakurze Pulse im extrem ultravio-
letten (XUV) Spektralbereich erzeugt werden. In einem ersten Experiment
verwendeten wir einen Laser mit 2.1 μm Wellenlänge und Pulsdauern, die nur
wenigen Zyklen der Trägerwelle entsprechen, um die vorhergesagte günstige
Skalierung der Umwandlung zu kürzeren Wellenlängen und damit zu höheren
Photonenenergien zu untersuchen. Das gemessene Photoelektronenspektrum
reicht deutlich über 1 Kiloelektronvolt hinaus [5], was bedeutet, dass ein lang-
welliger Treiberlaser ein vielversprechender Kandidat als künftige hochenerge-
tische, ultrakurze Strahlungsquelle ist.

In einem zweiten Experiment wurde eine lockere Fokussierungsgeometrie in
einem speziell konstruierten Strahlführungsaufbau verwendet, der es erlaubt
mit Fokussierungslängen von 10 – 15 Metern zu arbeiten. Aufbauend auf ei-
nem Hochleistungslasersystem niedriger Repetitionsrate im nahen infraroten
Bereich wurde der Photonenfluss pro Puls im Vergleich zu konventionellen
Harmonischenquellen um Größenordnungen gesteigert. Diese Ergebnisse legen
den Grundstein zur langerwarteten Erforschung der nichtlinearen Optik im
Spektralbereich der extrem ultravioletten und weichen Röntgenstrahlung und
ermöglichen die Durchführung von XUV Anregungs–Abfragemessungen zur
zeitaufgelösten Untersuchung der Dynamik von Übergängen zwischen tieflie-
genden atomaren Schalen und molekularer Zerfallsprozesse.

Schließlich wurden die zur Messung höherer Harmonischer entwickelten Me-
thoden zur Charakterisierung eines neuartigen Freie-Elektronen-Lasers (FEL)
verwandt, der die derzeit brillianteste Quelle ultrakurzer, kohärenter Rönt-
genstrahlung darstellt [6]. Mit dem Verfahren der Attosekunden-Schlieren-
spektroskopie konnten wir die Dauer der kürzesten verfügbaren Röntgenpul-
se an der Linac Coherent Light Source (LCLS) direkt in der Zeitdomäne im
Einzelschussmodus messen und eine Obergrenze für die Pulslängen von nur
wenigen Femtosekunden für einen bestimmten Bereich der FEL-Parameter be-
stätigen. Bei der Analyse der Substruktur dieser Pulse stellt sich heraus, dass
einige der Schüsse nur aus einer einzigen ‘Sub-Spitze’ bestehen, die einer Dauer
von lediglich ∼800 Attosekunden entspricht [7]. Die Kombination der ultraho-
hen Photonenintensitäten dieser Röntgenquelle mit der räumlichen Auflösung
im Nanometer- und der aufgezeigten zeitlichen Auflösung im Attosekunden-
bereich bietet ein ideales Werkzeug zur Erforschung der Wechselwirkungen
zwischen Licht und Materie auf deren natürlicher Zeitskala.
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Abstract
The generation of ultrashort, femtosecond to attosecond duration (1 as =

10−3 fs = 10−18 s) optical pulses [1] has opened the door to previously unattain-
able regions of scientific research, allowing the observation of electronic motion
on its natural temporal scale. Since the redistribution dynamics of electrons
following external perturbations or internal reorganisation processes determine
the behaviour and the properties of all kinds of matter, the ability to follow
the electron movements in real time provides deep insights into the nature
of these fundamental phenomena. This method is in principle applicable to
such diverse systems as ensembles of gaseous atoms, complex molecules and
solid bodies, ranging from crystal lattices to amorphous materials, and even
to the investigation of ultrafast reactions happening in organic structures [2],
like proteins, live viruses or whole biological cells.

A host of pioneering experiments utilizing this novel measurement tool and
concept [3] has been conducted over the last decade and conveyed thrilling and
often unexpected results [4] in a multitude of different research areas. Never-
theless, the practicability of many envisioned studies on the most interesting
experimental subjects has been constrained up to date mainly by two short-
comings of the currently available ultrashort optical measuring pulses, namely
by the lack of a suitably high photon flux and therefore limited intensities and
by the restricted wavelength of the radiation, which sets an upper bound on
the achievable photon energies. These challenges and the possible solutions
are the topic of the experiments presented in this work. Both limitations are
investigated and different ways to overcome them are experimentally tested.
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Using a 2.1 μm-wavelength, few-cycle laser for high-order harmonic gener-
ation (HHG), one of the two methods employed for the creation of ultrashort
pulses in the extreme ultraviolet spectral regime, the predicted favorable scal-
ing of the conversion to shorter wavelengths and therefore higher photon en-
ergies is studied in a first experiment. The measured photoelectron spectra
extend well above 1 kiloelectronvolt [5], making the long-wavelength driving
laser a very promising candidate as a future high-energy, ultrashort-pulse ra-
diation source.

In a second experiment with a loose focusing set-up, based on a high-power,
low-repetition rate near-infrared laser system and a dedicated beamline allow-
ing the implementation of focusing lengths of 10–15 meters, the photon flux
per pulse is enhanced by orders of magnitude compared with conventional har-
monic sources. These results pave the way to the long anticipated investigation
of the regime of nonlinear optics in the XUV and soft X-ray spectral range and
will allow the implementation of XUV pump/probe measurements for time-
resolved studies of atomic inner-shell and molecular dissociation dynamics.

Finally, the methods developed in the measurement of HHG are applied
to the characterization of a novel free-electron laser (FEL), which is currently
the brightest source of ultrashort, coherent X-rays [6]. With the scheme of
attosecond streaking spectroscopy we were able to measure the duration of the
shortest available X-ray pulses at the Linac Coherent Light Source (LCLS)
directly in the time domain on a single-shot basis, yielding an upper limit of
the pulse duration of only a few femtoseconds for a certain FEL parameter
range. Analyzing the substructure of these pulses we find that some of these
shots consist of only one single ‘sub-spike’, with a temporal width in the range
of ∼800 attoseconds [7]. Combining the ultrahigh photon intensities with the
nanoscale spatial resolution and demonstrated attoscale temporal resolution
of these X-ray sources offers an ideal tool for the investigation of light–matter
interactions on their natural time scale.
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Introduction

The penultimate goal of the first historically recorded efforts of classical natural
philosophers was to gain a deeper insight into the workings of the surrounding
world and to be able to better predict the oftentimes greatly arbitrarily seeming
behaviour of nature. This very quest has ultimately led to some of the most
astonishing accomplishments of the human mind, giving rise to discoveries
spanning an ever larger scope of both space and time.

From the very beginnings always the extreme facets of the whole spectrum
of phenomena have been the most intriguing ones for the human mind. In
space, the question of the fabric and extension of the skies and the universe
even beyond, possibly reaching into infinity or the identity of the smallest con-
stituents of the matter surrounding us, down to the ‘impartible’—the atoms.
And, in a parallel, temporal vein, the far away future or the distant past, the
history of the cosmos or its destiny and, on the opposite side of the range, the
tiniest moments, the way motion can happen at all if you look at it at shorter
and shorter intervals of time, like in Zeno’s famous paradox of Achilles and the
tortoise [1].

This last aspect of scientific research has maybe been developed the most
during the past decades, having seen the invention of instruments that can
directly measure time spans first in the picosecond [2], then the femtosecond [3]
and recently in the attosecond [4] temporal region (1 as = 10−3 fs = 10−6 ps =
10−18 s). The accessibility of this new regime of physics relies on the discovery
of two novel methods to pump and probe matter with specially designed laser
pulses and was therefore dubbed ‘ultrafast’ optics. It is remarkable, that the
shortest time intervals and the temporally most distant events can both be
best understood by literally shedding light on them.
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INTRODUCTION

On the one hand so-called ‘free-electron lasers’ (FELs, see section 1.4) nowa-
days provide an ultrabright source of radiation in a wavelength range from
∼ 15 nm to ∼ 0.15 nm and with pulse durations between hundreds of fem-
toseconds down to the sub-10 fs region, delivering peak powers of more than
10 GW.

On the other hand this development was driven by the advent of laser pulses
consisting of only a few oscillations of their underlying electromagnetic field
and their application to generate even shorter optical pulses in the extreme
ultraviolet (XUV) and soft X-ray regime, a process called high-order harmonic
generation (HHG, compare section 1.2.1). Although this technique currently
exhibits some limitations in photon energy and flux, it represents a table-top
tool and has produced the worldwide shortest pulses ever measured up to date
[5].

In chapter 1 a short introduction about the basics of ultrashort optical
pulse generation is given and the two above mentioned current methods of
their generation are discussed in some detail. Chapter 2 reports on the exper-
iments with a few-cycle, mid-infrared laser to extend HHG sources to higher
photon energies in the range of 1 keV and above. The low photon flux, another
restriction of current HHG schemes, is investigated in chapter 3 and a possible
solution provided in form of a set-up with a loose focusing geometry and a
high-power driving laser. Chapter 4 finally demonstrates the capability of a
state-of-the-art FEL to produce ultrabright X-ray pulses with few-femtosecond
and in some cases even sub-femtosecond durations by successfully applying the
attosecond measurement technique of photoelectron streaking spectroscopy to
such a system. A short summary of the findings and an outlook are given at
the end of this work.

2



Chapter 1

Fundamentals of ultrashort,
high-energy electromagnetic
pulse generation

1.1 Overview of high-energy pulse generation

Today the most widely used technique to generate coherent extreme-ultraviolet
(XUV) and soft X-ray radiation is a process called high-order harmonic gen-
eration (HHG). In the usual set-up a high-intensity laser pulse interacts with
a gaseous target inside a vacuum chamber, whereupon part of the energy of
the driver pulse is converted via a highly nonlinear process into light at odd
harmonics of the fundamental laser. The emitted radiation is fully coherent,
has a small divergence, is polarized in the same direction as the generating
laser field and can cover an energy range from a few tens of electronvolts (eV)
up to a few hundred eV, when generated with the conventional ultrashort-
pulse 800-nm Ti:sapphire laser. The highest achieved harmonic energy with a
driving source at this wavelength was reported to extend even beyond 1 keV
[6], reaching well into the X-ray regime. Due to the shorter optical period
below 1 femtosecond (fs, 1 fs = 10−15 s) and the temporal coherence of these
sources, laser pulses with sub-femtosecond durations are made available. These
attosecond (as, 1 as = 10−3 fs = 10−18 s) pulses were first demonstrated in
2001 [4, 7, 8] and have since then been utilized in a number of time-resolved
experiments (e. g. [9–17]). Thus, high-order harmonic generation has been

3



1.2. STRONG FIELD–MATTER INTERACTION

developed to a reliable and indispensable tool, opening a new era of ultrafast
measurements on the natural time-scale of atom and electron dynamics.

The second method currently employed to generate coherent high-energy
radiation was already invented in 1971 [18] in the form of free-electron lasers
(FELs), initially as high-intensity laser sources from the far-infrared through
the visible spectral region [19, 20], which has since been extended to ever higher
photon energies and intensities. However, only with the advent of FELs based
on the principle of self-amplified spontaneous emission (SASE) [21, 22] radia-
tion wavelengths in the extreme ultraviolet and even the soft and hard X-ray
regime have been made accessible [23–26]. At the same time, also the avail-
able pulse durations have steadily become shorter, eventually reaching the few-
femtosecond or even sub-femtosecond level at the Linac Coherent Light Source
(LCLS) [25, 27]. Whereas the above described HH sources readily fit onto a
laboratory table, the FELs of the last generation are large-scale machines, re-
quiring an electron accelerator often extending over more than one kilometer
and another storehouse-sized device called an undulator (see sec. 1.4.1) for
their operation. On the other hand, these novel FELs are distinguished from
every other current X-ray source by their ultrahigh peak brightness, defined as
the photon flux per frequency bandwidth per unit phase space volume, which is
about 10 orders of magnitudes higher than for the former workhorses of X-ray
generation in the form of incoherent synchrotron radiation based on electron
storage rings [28].

1.2 Strong field–matter interaction

The interaction between light and matter has been a topic of investigation from
the very first days of natural science and has never stopped to occupy thinkers
throughout the centuries. The names of the most famous natural philosophers
and researchers are always also connected with breakthrough discoveries in
the field of optics. Not only in a historical sense this area of investigation lies
at the heart of modern physics, exemplary in the form of Einstein’s famous
explanation of the photoelectric effect [29]. Over the last hundred years our
knowledge on electromagnetic (EM) radiation has steadily been extended, and
the invention of the laser, triggered by the success of the maser [30] and first
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demonstrated by Maiman in 1960 [31], has lead to an even increased inter-
est in the fundamental properties of light. Today we are able to investigate
the dynamics of radiation and matter on the natural time scales of the basic
constituents of these processes, namely the time an electron needs to travel
once around the core of the hydrogen atom in Bohr’s model, which is roughly
150 as.

The key to access these ultrafast electronic reactions in matter was the de-
velopment of very powerful and extremely short laser pulses that open the door
to the regime of nonlinear optics. The area of optics that we will deal with
in this chapter is characterized by an electrical field strength of the incident
laser that is comparable to the atom’s binding field of the outer-shell electrons.
If this happens, the electron can escape from the atom by way of tunneling
ionization, and its behaviour is subsequently governed by the electric field of
the laser pulse. Driven by this external field, the electron performs a ‘wig-
gling’ motion with an amplitude that can exceed the Bohr radius by orders of
magnitude, thereby gaining considerable energy. This cycle-averaged kinetic
or ponderomotive energy can be substantially higher than the atom’s binding
energy or, as we will see in chapter 2, even the ionization potential of deeper
bound inner-shell electrons, depending on the lasers intensity and its central
wavelength. For the scope of optical wavelengths, from near-infrared (NIR)
to the mid-infrared region, used in the below described experiments the laser
intensities giving rise to these processes are around ∼ 1 × 1015 W/cm2 and
above and the associated range of parameters is referred to as the strong-field
regime [32].

At moderate, slightly lower intensities, ∼ 1013–1014 W/cm2, the electric
field is not strong enough to allow tunneling ionization from the atom, but
the predominant mechanism of excitation is multiphoton or above-threshold
ionization. A mathematical way to discern these two regimes is provided by
the Keldysh parameter γ [33], a scaling parameter that is given by

1
γ

= eE0

ωL
√

2meWb

= eE0aB
~ωL

, (1.1)

where E0 and ωL are the amplitude and the angular carrier frequency of the
electric field, while me = 9.11 × 10−31 kg and e = −1.6 × 10−19 C are the
electron rest mass and charge, respectively, and Wb � ~ω0 is the ionization
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potential of the atom. ~ = 1.06 × 10−34 Js is the reduced Planck constant
and aB = 0.053 nm is the Bohr radius that are connected with the ionization
potential and the electron mass via aB = ~/

√
2meWb. If γ−1 < 1 we are in the

multiphoton ionization regime, whereas for γ−1 > 1, the laser field strongly
suppresses the atom’s Coulomb potential, so that tunneling ionization may
take place. For a simple picture of these different regimes take a look at
Fig. 1.1, which will be discussed later in more detail.

This behaviour can be further understood, if we make a quick estimation of
the acquired wiggling amplitude aw and the ponderomotive energy Up in the
field of a laser with intensity I = 1015 W/cm2 and at a central wavelength of
λ0 = 1 μm. Under these conditions the evolution of the electron in the laser
field can be calculated clasically [34] (see also the next section) and the respec-
tive values are derived to be aw = 12.4 nm and Up = 93 eV [32]. Therefore,
in the case of γ−1 > 1 the electron is accelerated far away from the mother
ion and acquires a large kinetic energy in a fraction of the lasers’s oscillation
period. This clearly indicates the dominant influence of the intense electric
field over the atom’s Coulomb field and gives rise to the observed phenomena
connected with the strong-field regime of light–matter interaction.

The process of high-order harmonic generation is a special case of strong-
field nonlinear optics in the non-relativistic regime and is described by the
infamous semiclassical three-step model derived by Corkum and others [34,
35]. For an intuitive sketch of the sequence of the three steps see Figure 1.1:
In the first step the intense laser field bends the Coulomb potential of the
atom in a way, that a valence-shell electron can tunnel out of the potential
well and escape into the continuum (1b). In the second step, the electron is
accelerated away in the laser field and gains energy. Since the electric field
oscillates sinusoidally, eventually it reverses its sign, whereupon the electron is
accelerated back again towards the mother ion (2). Finally, the electron can
recombine with the ion, thereby setting free the accumulated ponderomotive
energy in an ultrashort burst of high-energy radiation (3a).

1.2.1 High-order harmonic generation (HHG)

After this qualitative description of the three-step model, the individual steps
involved and the relevant assumptions shall be discussed in more detail. As
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Figure 1.1: Schematic drawing of the interaction of an intense, few-cycle light
field with atomic matter and possible outcomes. A detailed discussion of the
different steps is given in the main text.
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a general synopsis of strong light–matter interactions and for further detailed
discussion, including a quantum mechanical analysis and a host of continuative
references, the review paper by Krausz & Ivanov [36] is to be recommended.

Let’s assume a linearly polarized, few-cycle laser electric field given by

EL(t) = E0f(t) cos(ωLt+ ϕ), (1.2)

where E0 and ωL are again the amplitude and the angular carrier frequency,
f(t) is a real-valued envelope function with the peak normalized to 1 at t =
0 ≡ t0, so that f(t0) = 1 and ϕ is the carrier–envelope (CE) phase, which
determines the timing of the field oscillations with respect to the pulse peak,
∆t0 = ϕ/ωL. Since the suppression of the Coulomb potential, necessary for
the tunnel ionization of the atom, is highly sensitive to the electric field, it
only happens near the extrema of the oscillating field, twice per optical cycle.
Thus the electron emission is confined to a small window, with a duration of
only a fraction of the half-cycle period.

Once the electron has tunneled through the Coulomb wall, it emerges in
the continuum with zero velocity v(tb) = 0, where tb is the moment of tunnel
ionization and the instant ‘birth’ of the free electron outside the atom, and
the electron is immediately accelerated away from the ion by the strong laser
field. Thus, in the strong-field approximation (SFA), which is applicable for
the laser intensities we are studying here, the Coulomb field of the ion can
be neglected and the motion of the electron in the electric laser field can be
described classically by

meẍ = −eEL(t); (1.3)

here and in the rest of this section we use the system of Hartree atomic
units [au]: ~ = e = me = 1

4πε0 = 1, with ~, e and me being the reduced Planck
constant and the electron charge and rest mass specified above, and ε0 is the
electric constant with the value ε0 = 8.85 × 10−12 F/m in SI units. Defining
the vector potential AL(t) as

EL(t) = −dAL
dt

, (1.4)
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this equation of motion can be integrated, leading to the time-dependent elec-
tron momentum

p(t) = eAL(t)− eAL(tb). (1.5)

The final momentum of the electron, after the electric field has passed by,
is therefore

pf = eAL

(
lim
t→∞

)
︸ ︷︷ ︸

=0

−eAL(tb) = −eAL(tb), (1.6)

where the acquired momentum is uniquely determined by the electric field at
the moment of ionization of the atom. The instant of release also decides if
an electron will be brought back to the ion upon reversal of the sign of the
electric field at the maximum, which can be shown by integrating equation (1.5)
again, yielding the respective electron trajectories. These electrons can then
recombine with their mother ions and their maximum kinetic energy sets an
upper limit for the photon energy of the emitted high harmonic radiation via
[34, 37, 38]

Ωmax ≈ Ip + 3.17Up. (1.7)

Here Ip is the ionization potential and Up is the cycle-averaged wiggle energy
of the electron in the laser field, given by

Up(t) = E2
0f

2(t)
4ω2

L

= E2
0f

2(t)λ2
L

16π2c2 (1.8)

in atomic units. It is evident from eq. (1.8) that the harmonic cutoff energy
can be extended either by increasing the laser intensity IL, as Up ∝ E2

0 ∼ IL,
or by utilizing lasers with longer wavelengths, which might even be prefer-
able, because of the favorable quadratic scaling Up ∝ λ2

L. This route shall
be described in section 1.3, whereas our experimental results generating high-
energy harmonics with a 2.1 μm-wavelength IR driving laser are presented in
chapter 2.
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1.2.2 Elastic rescattering & inelastic recollision

Very briefly, the other two cases for the third step in the light–matter interac-
tion diagram sketched in Figure 1.1 shall be described.

Elastic rescattering

Panel 3.b of Fig. 1.1 depicts the process of rescattering, where the electron
is not recombining with the ion, but is rather elastically backscattered. The
final energy of these electrons does not only depend on the electric field at
the moment of initial ionization, but also of the time of recollision. It can be
shown that for certain, well defined instances of the electric field the energy of
the backscattered electrons may reach values as high as 10Up [39]. Therefore,
the final energy and the number of backscattered electrons are very sensitive
to the carrier wave evolution, especially for few-cycle pulses. This effect has
been utilized to determine the phase of the carrier with respect to the envelope
without residual ambiguity [40], and just recently we were able to accomplish
these measurements in a single-shot mode [41].

Inelastic recollision

In contrast, panel 3.c of Fig. 1.1 illustrates inelastic recollision of the acceler-
ated electron, which can lead to nonsequential double ionization of the atom
with high efficiency [42, 43]. Of special interest would be the recollision with
high enough energies to excite inner-shell electrons. Since the relevant energies
in rare gases are well above the cutoff energy for the usual 800 nm-harmonics
(∼870 eV for the Ne 1s shell for example), this has not been accomplished so
far. In section 2.4 I will report on the first evidence for direct inner-shell exci-
tation in neon via inelastic recollision driven by a few-cycle, 2.1 μm-wavelength
IR laser.

1.3 HHG with a longer-wavelength driver IR
laser

The typical driver laser for HHG and attosecond pulse generation is provided
by a Ti:sapphire amplifier system, producing few-cycle pulses of a few hundred
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microjoules at ∼800 nm [44–46]. To reproducably generate attosecond pulses
for ultrafast time-resolved measurements the driving laser’s carrier–envelope
phase (CEP) has to be stabilized by a combination of a fast control loop,
regulating the oscillator pumping power, thereby ensuring that every pulse
picked for amplification exhibits the same waveform, and a slower working
compensation of the CE phase drift accumulated in the amplifier [47, 48]. As an
example, the shortest pulse ever measured was an 80-as pulse generated with a
driver of this kind [5]. While such isolated attosecond pulses have been widely
applied in many experiments [49], their photon energies have unfortunately
been limited to ∼ 100 eV and thus the measurements have been restricted to
weakly bound electronic states.

We have seen that the single-atom cutoff energy for HHG can be derived to
be

~Ωmax = Ip + 3.17Up = Ip + 3.17e2

16π2c2me

ILλ
2
L, (1.9)

where Ip is the ionization potential, and the ponderomotive potential Up scales
with the driver laser intensity IL and the square of the laser wavelength λL, and
we have, for the sake of completeness, explicitly written the reduced Planck
constant ~, the elementary charge e and the rest mass of the electron me,
which are set to unity in atomic units.

The possibility of generating soft X-ray photons up to keV with a tabletop
system is a long-standing goal for all fields of spectroscopic research, from
nonlinear optics and quantum chemistry to material science and even biological
research. Especially the efficient generation of intense, coherent radiation in
the spectral range of he so-called ‘water window’ (∼ 280 to 530 eV) is highly
sought after for biomedical imaging, because of the possibility to selectively
image carbon atoms without water absorption.

Scaling the XUV photon energy by increasing the driving laser intensity
leads to ionization depletion of the target atoms, which effectively sets a max-
imum boundary on the applicable fundamental laser intensity at the focus to
IL ≈ 1014–1015 W/cm2. To circumvent this intensity limitation, another pos-
sibility to achieve higher photon energies is to utilize longer driver laser wave-
lengths. This route is also clearly favored by the single-atom cutoff formula
given above, where the ponderomotive potential is proportional to the square
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λ
IR 

= 3 x λ
NIR

Ωmax ∝ λ2

0 0.8 2.1 μm

ΩIR ≈ 10 x ΩNIR

Figure 1.2: Sketch of HHG with an 800-nm and a 2.1-μm-wavelength driver
laser. Intuitively it can be understood, that the electron gains more kinetic en-
ergy during the longer sojourn in the IR laser’s electric field, which is indicated
in the graphic by the violet colour of the emitted XUV pulse. The intensity of
the HH radiation from the 2.1-μm-laser is overrepresented by this figure, since
the single-atom efficiency for harmonic generation drops significantly with the
wavelength, as is mentioned in the text.
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of the driver laser wavelength (see Fig. 1.2). To quantify this wavelength de-
pendence, eq. (1.9) predicts a HH cutoff energy of considerably above one keV
for a 2.1-μm driver laser with 1 PW/cm2 laser intensity, compared to 205 eV
with a 800-nm laser at the same intensity.

Theoretical studies [50] confirm this intuitive behavior of the cutoff energy,
although a strong decrease of the harmonic intensity with longer driver wave-
lengths is predicted in the single-atom picture, indicating a harmonic yield
scaling like ≈ λ−5.5±0.5 [51, 52]. Nevertheless, simulations taking into account
propagation effects of the fundamental laser and the generated harmonic beam
in the interaction medium imply a trade-off of this detrimental intensity scaling
due to the occurrence of tunable (e. g. by changing the gas density or the fo-
cusing geometry) spectral regions of ‘perfect phase-matching’ [53]. Pioneering
scaling experiments corroborate these predictions [54–57].

However, generating intense few-cycle pulses in the mid-infrared requires
a different laser technology than the conventionally used Ti:sapphire, due to
the lack of a broadband laser medium in the mid-infrared wavelength regime.
Therefore, one has to resort to a different mechanism for the amplification of
intense, few-cycle IR pulses, namely to optical parametric chirped-pulse ampli-
fication (OPCPA), which is currently the only technique capable of delivering
the desired output parameters. The LWS 1 system at the MPQ is based on
this technique, and will be the subject of discussion in section 2.1.

1.4 Free-Electron Lasers

In the following the fundamental principles of undulator radiation generation
and some general properties of the SASE process and high-gain FELs are
briefly summarized. For an in-depth treatment of these topics and the full
derivations of the following equations refer to the extensive review paper by
Z. Huang and K.-W. Kim [28] and references therein.

1.4.1 Undulator radiation

The basics mechanism of FELs is the periodic generation of bremsstrahlung
from high-energy electrons. This is achieved by accelerating the electrons in
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tions, leading to significant timing jitter in the X-ray
pulse arrival, with respect to the master clock. At present,
RF signals from the electron beam measure the arrival
time of the electrons at a point located about 30 min from
the experiment station, which in turn gives timing for
each X-ray pulse. Techniques are being developed for di-
rect measurement, shot-by-shot and in real time, of the
arrival of the X-ray pulse as compared to the pump laser.
The wavelength of the X-rays and the duration of the
X-ray pulse are adjusted at the request of the experiment-

ers; generally, such changes require less than 30 min.
X-ray pulse lengths under 10 fs can be provided on re-
quest, but the set-up time for these extremely short
pulses is about 2 h. The facility should be capable of pro-
ducing even shorter electron bunches [5], but present
electron pulse duration measurements cannot resolve less
than 10 fs [6]. A scheme for producing X-ray pulses as
short as 1 fs has been tested with promising results [7].
Current performance parameters for LCLS are listed in
Table 1.

3. SCIENCE OPPORTUNITIES
Generally, X-ray FEL experimental techniques and in-
strumentation are very similar to the diffraction and
spectroscopy methods employed at synchrotron radiation
facilities. The special characteristics of X-ray FEL radia-
tion allow the standard X-ray techniques to be extended
into new realms of intensity and time space. Insight into
the temporal evolution and atomic properties measured
by these techniques comes from knowledge of peak power,
time structure, and arrival time of the X-ray pulses and
associated pump pulses from synchronized optical lasers
brought to bear on the samples under study.

X-ray diffraction is commonly used to determine the pe-
riodic arrangements of atoms in complex molecules. Dif-
fraction techniques are also used to study the nanoscale
structures of non-crystalline materials through analysis
of diffuse scattering and statistical analysis of speckle
patterns. One of the most common applications of syn-
chrotron radiation is the analysis of diffraction peak in-
tensities to determine the structures of proteins and other
biomolecules. These experiments depend on the ability to
coerce the biomolecules into forming large single crystals
so that the diffraction signal (a coherent sum of scattering
from the molecules) can be measured before the crystal
succumbs to radiation damage (distributed incoherently
among the molecules). Modern synchrotron sources are
capable of producing an informative diffraction pattern
with about one second of exposure time. Special strobo-
scopic techniques give time-resolved diffraction patterns
with picosecond resolution, but the limited peak bright-
ness of synchrotron sources generally makes these experi-
ments somewhat heroic.

Fig. 1. The SLAC National Accelerator Laboratory Site, show-
ing the location of LCLS subsystems and facilities. The LCLS
presently makes use of 1 km of the 3 km long linear accelerator
(linac). Plans for expansion of the facility may ultimately make
use of the full linac, which can be operated as up to three inde-
pendent accelerators.

Fig. 2. Typical pulse-to-pulse stability of the FEL pulse energy
during LCLS operation.

Table 1. Typical LCLS Operating
Parameters

Typical LCLS Operating Parameters

X-ray tuning range 500–10,000 eV
Peak power up to 40 GW

Power bandwidth, 8,000 eV 0.2 typical % FWHM
Power bandwidth, 800 eV 0.5 typical % FWHM

X-ray pulse duration 50–500 fs
Beam size at waist, 800 eV 20, typical µm, RMS
Beam divergence, 800 eV 20, typical µrad FWHM

Beam size at waist, 8,000 eV 15, typical µm, RMS
Beam divergence, 8,000 eV 3, typical µrad FWHM

Energy/Pulse !2 typical, 4.5 max mJ
Pulse energy stability 5 typical %
Pulse repetition rate 120 Hz

Galayda et al. Vol. 27, No. 11 /November 2010 /J. Opt. Soc. Am. B B107

Figure 1.3: The LCLS site at the Stanford Linear Accelerator (SLAC). De-
picted are the locations of the ‘old’ 3 km-long electron accelerator and the
newly built electron beam transport tunnel and the undulator hall. Also shown
are the near and far experimental areas. (Figure reproduced from reference
[58].)
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a linear accelerator and coupling the resulting bright electron beam into a
periodic magnetic device called an ‘undulator’ (see Figures 1.3 and 1.4).

s

λu

λr

Figure 1.4: Undulator radiation. The alternating magnetic north and south
poles are depicted, together with the electron bunch trajectory (red) and the
generated light pulse (red).∗

The undulator consists of a succession of magnetic north and south poles,
so that the electron bunch moving with relativistic velocity along its center in
z-direction is deflected via the Lorentz force on an approximately sinusoidal
trajectory, thereby emitting electromagnetic radiation in a small cone in for-
ward direction at each period. This light field is polarized along the electron’s
acceleration vector (x-direction in Fig. 1.4) perpendicular to the propagation
direction.

The resonant wavelength of this undulator radiation λr is defined by the
relativistic electron energy We and properties of the undulator device, namely
the magnetic pole field B0 and the undulator wavelength λu, via

λr = λu
2γ2

(
1 + K2

2

)
. (1.10)

Here, γ = We/mec
2 is the electron energy in units of the rest energy and K

∗Figure adapted from the website: Centre Laser Infrarouge d’Orsay, Université Paris-Sud
11, France (http://clio.lcp.u-psud.fr/clio_eng/FELrad.html).
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is the dimensionless undulator strength parameter

K = eB0

mecku
≈ 0.93×B0[T]× λu[cm], (1.11)

with ku = 2π/λu, and B0 is the peak magnetic field on the electron propagation
axis.

Initially, the sinusoidal motion of the individual electrons is not correlated
and the emitted radiation is incoherent so that the generated X-ray power is
directly proportional to the number of electrons PX−ray ∝ Ne.

1.4.2 Self-amplified spontaneous emission (SASE)

As the emitted electromagnetic wave in the forward direction and the elec-
tron bunch co-propagate through the undulator, they can interact with each
other and exchange energy. This self-interaction is made advantage of for the
coherent exponential growth of the X-ray radiation in FELs based on the prin-
ciple of self-amplified spontaneous emission (SASE) [21, 59]. If the X-ray field
is defined by Ex(z, t) = E0 cos(kX−rayz − ωX−rayt + φ0), the energy transfer
between the electron beam and the undulator radiation can be calculated to

dWe

dt
= ~v · ~F = −evx(t)Ex(t). (1.12)

From eq. (1.12) it follows immediately that the X-rays gain energy from
the electrons (dWe

dt
< 0) every time the electron propagation vector and the

electric field point into the same direction. Since the electrons move with an
average speed v̄z = c

(
1− 2+K2

4γ2

)
into the forward direction, they are overtaken

by the X-ray field moving along with the speed of light c, so that the interac-
tion cannot be sustained in free space. In the undulator, this dephasing can
be circumvented, if the X-rays overtake the electrons by exactly one optical
wavelength per undulator period, so that the same alignment of the transverse
electron velocity component vx with the emitted electric field Ex is repeated
periodically (see Figure 1.5).

This behaviour is ensured by the resonance condition for the undulator,
equating the difference of the propagation distance λs between the X-ray field
and the electrons in one undulator period, the so-called ‘slippage length’, with
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λr

λu

Figure 1.5: Electron–X-ray self-interaction inside the undulator. If the dif-
ference of the propagation distance λs between the X-ray field (red) and the
electron bunch (blue) in one undulator period, the so-called ‘slippage length’,
equals the radiation wavelength λr, the energy transfer from the electron bunch
to the X-ray beam can be sustained over an extended interaction length. (Fig-
ure adapted from reference [58].)

the aforementioned undulator radiation wavelength λr (compare eq. (1.10)):

λs = λr = λu
2γ2

(
1 + K2

2

)
. (1.13)

As one can see from Fig. 1.5, while some electrons will loose energy to the
undulator radiation others will always gain energy, depending on the relative
phase of the electrons to the plane electromagnetic wave. When the self-
interaction is sustained over sufficiently many undulator periods, this leads to
a periodic modulation of the electron bunch energy at the wavelength λr of
the emitted radiation. Thus, accelerated high-energy parts and slowed down
low-energy parts of the electron bunch are squeezed together and a periodic
electron density modulation starts to develop in the undulator. This process
is known as ‘microbunching’ and is evident as a longitudinal distribution of
thin, high-density slices of electrons inside the longer electron bunch, shown
in Figure 1.6.

In this way, more and more electrons are radiating in phase at the expense
of electron beam kinetic energy, giving rise to a coherent interference of the
emitted X-ray radiation and hence to a quadratic dependence of the radiation
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(2)

is the dimensionless scaling parameter (5), I
is the peak current of the electron bunch,
IA ' 17,045 A is the Alfvén current, J0,1 are
Bessel functions, and %trans is the electron
bunch transverse root-mean-square (rms)
size. The scaling parameter is typically of the
order of 0.001 for visible wavelengths and
shorter; therefore, the gain length is of the
order of 100 undulator periods.

By including the effects of energy spread,
angular divergence, and transverse beam size
of the electron beam, and also the diffraction
of the EM wave, the gain length is increased
by a factor ( ) 1; that is, LG ' (LG

0 . The
degradation factor ( is small if the electron
beam transverse phase space area (the beam
size times the angular divergence, called the
“emittance”) is smaller than the radiation
beam phase space area (#r/4$), the electron
bunch relative energy spread is less than !,
and if the gain length is less than the radiation
Rayleigh length. This degradation factor has
been computed for general cases (24–26),
and the results are summarized in a conve-
nient interpolating formula (27).

The phase of the density modulation rel-
ative to the radiation field during the expo-
nential growth is such that electrons primarily
lose kinetic energy. As the electrons lose
energy, however, the phase of the electron
motion relative to the EM field changes con-
tinuously, and eventually, the phase is such
that the electrons start to gain energy back
from the EM field. At this point, the growth
of the radiation power stops; that is, it satu-
rates (Fig. 2). The radiation power at satura-
tion is roughly given by !Pb, where Pb is the
kinetic power of the electron beam. With
degradation effects, it is found empirically

(28) that the power at saturation is given by
Ps * 1.6!Pb/(2. The number of undulator
periods required to reach saturation is rough-
ly Ns * (/!.

The spectral, and thus temporal, charac-
teristics are somewhat more complicated. If
there is monochromatic coherent input radi-
ation with wavelength #r (i.e., a seed signal),
then the monochromaticity will be preserved
(as long as the input signal power is higher
than the initial undulator spontaneous radia-
tion power), and the system acts as a coherent
amplifier of the seed radiation. In the absence
of an input seed signal, the miniscule coher-
ent part of the spontaneous synchrotron radi-
ation is amplified, thus the name “self-ampli-
fied spontaneous emission.” The noisy start-
up has a sizable impact on the spectral and
temporal characteristics of the output radia-
tion, and these output characteristics will
vary from shot to shot.

In SASE, before saturation, the radiation
spectrum undergoes a gain-narrowing pro-
cess in which the spectral width is roughly
given by +#/#r * (!/Nu)1/2, where Nu is the
number of the undulator periods traversed.
Temporally, the radiation is a superposition
of wave trains of coherence length lc ' #r

2/
+#, randomly distributed over the length of
the electron beam. The relative bandwidth of
the radiation at saturation is therefore about !,
corresponding to a coherence length of about
#r/!. Because of the finite number of distinct
longitudinal coherence regions within the EM
pulse, there will be an inherent shot-to-shot
intensity fluctuation of 1/,M, where M is the
number of coherence regions in the radiation
pulse.

Experiment and Analysis
In the LEUTL, there are nine undulators in-
stalled along the path of the beam. The un-
dulator period #u is 3.3 cm, and the peak
on-axis field is 1 T, giving an undulator
parameter K of 3.1. Each undulator is 2.4 m
in length, and they are separated longitudi-

nally by -38 cm in order to maintain proper
phase matching between undulators while al-
lowing room for diagnostics, a quadrupole
magnet, and steering corrector magnets.

Electron beam and optical diagnostics sta-
tions are located before the first undulator
and after each undulator, for a total of 10
stations. Each station is equipped with elec-
tron beam position monitors, charge-coupled
device (CCD) cameras, remote filter wheels,
and actuators to insert various flags, metallic
foils, and mirrors into the bore of the undu-
lator line. A mirror at each station can also
direct the SASE light toward a fixed-position
high-resolution spectrometer located outside
of the tunnel. At the last diagnostics station,
following the ninth undulator, an additional
mirror can further direct the photon beam to
an in-tunnel spectrometer. With this diagnos-
tics suite, we can characterize the signatures
of the SASE process—optical power buildup,
mode size, radiation spectrum, particle beam
microbunching, etc.—as a function of dis-
tance along the undulator. Details of the full
electron beam and optical measurement suite
can be found in (17).

Our initial measurements focus on the
basic characteristics to confirm saturated
SASE operation, e.g., power as a function of
distance down the undulator (Fig. 3A). The
measured and simulated power gain curves
for the beam parameters listed in Table 1
(column A) are plotted. The electron beam
energy was 217 MeV, giving an output wave-
length of 530 nm. The measured data are
normalized to the intensity at the end of the

Fig. 1. Schematic of the LEUTL system. The particle accumulator ring (PAR) and booster synchro-
tron are shown only for reference.

Fig. 2. Schematic representation of the longi-
tudinal microbunching within the colored elec-
tron bunch (dark blue, low electron density; red,
high electron density) and the exponential
growth of the optical signal (solid line) as a
function of distance along the undulator. Sat-
uration of the SASE process occurs after -20
power-gain lengths.
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Figure 1.6: Microbunching and exponential gain of the SASE process. The self-
interaction of the electrons via the generated X-ray beam leads to a periodic
modulation of the electron energy and thus to a periodic density distribution of
the electron bunch on the scale of the slippage length λs along the propagation
direction, a process that is called ‘microbunching’. Only the electrons in the
same microbunch are emitting X-rays coherently to each other. In this regime
the X-ray power grows exponentially until the resonance condition (1.13) is
no longer fulfilled and the FEL reaches saturation. (Figure reproduced from
reference [22].)
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power on the number of electrons PX−ray ∝ N2
e . As illustrated in Fig. 1.6,

in this high-gain regime the power of the FEL grows exponentially along the
propagation distance in the undulator according to

PX−ray(z) ∝ exp
(

z

LG0

)
, (1.14)

until the electron beam has been depleted so much that the resonance condition
(1.13) is no longer fulfilled and both the X-ray power and the microbunching
reach a maximum saturation level. In equation (1.14 LG0) is the monoenergetic
power gain length of the FEL, which can be expressed in terms of the undulator
wavelength λu and the important Pierce parameter ρ:

LG0 = λu

4π
√

3ρ
. (1.15)

The dimensionless Pierce parameter is a characteristic scaling parameter for
a high-gain FEL and typically lies in the range of ρ ∼ 10−3 for short-wavelength
FELs using high-energy electron beams.

1.4.3 Characteristics of SASE FEL X-ray pulses

Although FELs share some of their characteristics with conventional opti-
cal lasers, like their high intensity, their small spectral bandwidth and their
large spatial and expected temporal coherence, there also exist significant dif-
ferences. The most obvious one is probably the reachable very short wave-
lengths—down to ∼ 1.5 Å at the LCLS— in combination with the ability to
easily tune this wavelength and the pulse duration over a broad range according
to the experimental requirements. On the other hand, due to the generation
principle from self-amplified spontaneous emission, the spectral components of
these X-ray pulses can fluctuate from shot to shot constraining measurements
sensitive to these changes. For the same reasons, also the pulse duration and
the temporal sub-structure of the FEL pulses stemming from the process of
microbunching described above vary like the properties of chaotic light [60].
In the following a few FEL properties that are of special interest for the later
discussion are briefly described.
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1.4. FREE-ELECTRON LASERS

Pulse duration & temporal structure

Employing statistical methods one can derive the so-called coherence time tc, a
measure for the duration of the FEL radiation emitted by a single microbunch
and thus a coherent ensemble of electrons

tc =
√
π

σω
, (1.16)

which is inversely proportional to the rms SASE bandwidth σω and generally
decreases to about σω ∼ ρωX−ray at the FEL saturation point. For hard X-ray
wavelengths, where the coherence time determined by eq. (1.16) can be in the
range of only a few hundred attoseconds, this is much shorter than the flattop
SASE pulse duration T , usually on the same order as the typical electron bunch
of tens of femtoseconds, so that T � tc is fulfilled. Then the M parameter,
characterizing the temporal mode of the SASE pulse, is defined as

M = 1
σ2
W

= T

tc
, (1.17)

and the shot-to-shot pulse energy distribution is approximately given by a
Gaussian with a relative rms fluctuation σW ∼ 1/

√
M . These ultrashort, co-

herent intensity spikes are also roughly spaced by the same interval tc, which
is corroborated by a statistical analysis estimating the average number of in-
tensity spikes per SASE pulse to about 0.7×M (see Figure 1.7) [61].

Saturation power & saturation length

We have seen that the exponential growth of the FEL power must stop, when
the electron beam energy has decreased so much, that the resonance condi-
tion (1.13) is no longer valid. Another effect that leads to saturation is the
beam energy spread that increases during the electron propagation and even-
tually inhibits further X-ray amplification. These nonlinear interactions can
be studied by a quasilinear theory (see e. g. [62]) and the maximum power be
calculated numerically as a function of the initial relative rms energy spread
ση of the electron beam. An analytic expression for the saturation power of
the SASE FEL is provided in the form of a simulation fitting formula [63]

Psat ≈ 1.6
(
LG0

LG

)2

ρPbeam = 1.6
(1 + Λ)2ρPbeam, (1.18)
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Figure 1.7: Intensity spiking in the time domain. The width and the spacing
of the individual peaks is characterized by the SASE coherence time tc (see
equation (1.16)), while the length of the complete SASE pulse is best described
by a flattop distribution with duration T, related to the electron bunch length.
(Figure adapted from reference [61].)

where the power gain length of the fundamental mode LG ≡ LG0(1+Λ) and the
total electron beam power Pbeam[GW] = (γmec

2/e)[GV]Ie[A], with Ie being the
electron peak current. Λ quantifies the various degrading effects of the electron
beam during propagation along the undulator axis, like diffraction, frequency
detuning, beam energy spread and angular spread.

Finally, the saturation distance is given as a multiple of the power gain
length of the fundamental mode LG by

zsat
LG
≈ ln

(
20Ietc
e

)
, (1.19)

with a numerical factor that depends logarithmically on the number of elec-
trons per coherence time, Nc = Ietc/e, and typically is close to 20. Setting
LG ≈ LG0 and taking into account that 4π

√
3 ≈ 20, we can substitute equa-

tion (1.15) and the saturation length can simply be expressed by zsat ≈ λu/ρ.
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Chapter 2

Scaling the energy of HHG
towards the keV regime

As already mentioned in section 1.3, one way to extend the energy range of
high harmonic generation is to use lasers with longer wavelengths as a driving
source. A system that provides these longer-wavelength pulses was built up at
the Max-Planck-Institute of Quantum Optics (MPQ) in Garching, Germany
and will be described in the next section (2.1). This section is based on a
condensed version of material to be published as a book chapter by X. Gu
et. al. [64]. In section 2.2 the set-up of the experiment will be outlined in some
detail and in section 2.3 the measurement results will be presented. Section 2.4
deals with a peculiar feature in the measured high-energy spectra and gives an
explanation in terms of direct inner-shell electron excitation, an effect theoret-
ically expected but to our knowledge never previously demonstrated in HHG.
The conclusion (sec. 2.5) provides a short summary of the findings, which have
been published in Phys. Rev. Lett. by G. Marcus, W. Helml et. al. [65]. Parts
of this paper are reused for the presentation of the results in this thesis.

2.1 The LWS 1 OPCPA system

Optical parametric amplification (OPA) is physically the same process as
difference-frequency generation (DFG), whereby one photon gets divided into
two photons carrying the same total energy in a second-order nonlinear op-
tical crystal. In OPA, the initial condition is that a strong pump beam of
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shorter wavelength and a weak signal beam of longer wavelength interact in a
nonlinear crystal. Through the OPA process, pump photons are continuously
converted into pairs of signal photons and difference-frequency ‘idler’ photons.
As a result, the pump energy flows into the signal beam and a new idler beam,
whereby the weak signal can be amplified by many orders of magnitudes.

Figure 2.1: Principle of OPCPA. The seed pulse, coming from the lefthand
side, is stretched before amplification in one ore more OPA stages. Only after
the last amplifier stage the pulse is compressed to reach its final peak power,
thereby avoiding deteriorating effects along the beam path due to laser self-
interaction in the gain medium or in air. (Reproduced from reference [66].)

OPA can be very efficient. Combined with a temporal stretching of the sig-
nal pulse, a technique used in chirped-pulse amplification (CPA), the technol-
ogy known as OPCPA [67–69] has in recent years become the most promising
technique for the amplification of high-energy ultrashort laser pulses, and is so
far the only method by which multi-mJ few-cycle pulses are generated [70–73].
Compared to traditional laser amplification, the advantages of OPA/OPCPA
include:

• Gain bandwidth: One of the most remarkable properties of parametric
amplification is broad amplification bandwidth without substantial gain
narrowing.

• Single-pass gain: The single-pass gain achievable in OPA is extremely
high, possible to reach even six orders of magnitude.
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• Thermal load: The thermal load in OPA is almost negligible. The energy
conversion from the pump into the signal and the idler is an instantaneous
process. No excess energy is produced or stored in the crystal, which is
different from laser amplification.

• Efficiency: High efficiencies can be reached with OPA, up to 25 % in
many cases.

• Scalability to high energies: OPA can be scaled to very high pulse en-
ergies. With a broader amplification bandwidth, hence a shorter com-
pressed pulse duration, the achievable pulse peak power can be much
higher than in a conventional CPA amplifier.

• Versatility to achieve phase-matching: There are several degrees of free-
dom that can be exploited to achieve broadband phase-matching, includ-
ing crystal orientation, the noncollinear angle between the pump and the
signal, and the spatio-temporal properties of the beams.

• Idler wave: The idler wave can sometimes also be useful, for example, to
generate a signal in spectral regions difficult to reach with conventional
techniques or to use the idler wave to stabilize the CEP [74–77].

On the other hand, new challenges and disadvantages of OPA compared to
the conventional laser amplification include:

• Pump-to-signal synchronization: Amplification takes place only when
the pump and the signal are both present. Therefore precise synchro-
nization is required.

• Stretching and compression: Stretching the seed pulse to a fraction of
the pump pulse duration is required for efficient energy conversion. In
case of a long pump pulse, recompression with a ratio of many orders of
magnitude can be difficult to achieve.

• Strict phase matching conditions: Alignment of a parametric amplifier
involves numerous factors including the geometry of interaction, pointing
stability, pump energy fluctuations, beam collimation, etc.
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• Background superfluorescence: The background emission in OPA has
a different mechanism compared to the amplified spontaneous emission
(ASE) in a solid-state laser amplifier. The background emission in an
OPA is created by optical parametric superfluorescence due to sponta-
neous decay of a pump photon into an idler and a signal photon which
is further parametrically amplified.

• Demanding pump beam requirements: The pump beam must have high
peak power, a relatively short pulse duration (.100 ps) with a high
intensity contrast and a good beam quality.

In the first section, we are going to review some basic factors affecting the
amplification gain bandwidth of the OPA process, which is critical for few-cycle
pulses. Particularly, two phase-matching configurations will be covered.

2.1.1 Principles of broadband OPA systems

We assume a type I configuration in a uniaxial birefringent crystal, in which the
pump is an e(xtraordinary)-wave, and the signal and the idler are o(rdinary)-
waves. This is the most common phase-matching situation for OPA applica-
tions.

The basic OPA gain formula can be derived from the coupled-wave equations
between the pump, signal and idler waves. Neglecting pump depletion, and
assuming plane waves and the slowly-varying-envelope approximation [32, 66],
we get for the intensity of the signal wave IS(L) as a function of the interaction
length in the gain medium L

Is(L)
Is(0) = 1 + (gL)2 sinh2 a

a2 , (2.1)

where the parametric gain factor g is

g = 4πdeff

√
Ip(0)

2ε0npnsnicλsλi
, (2.2)

with a =
√

(gL)2 − (∆kL/2)2 (2.3)

and
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∆k(ωp, ωs) = ke(ωp)− ko(ωs)− ko(ωp − ωs)

= ke(ωp)− ko(ωs)− ko(ωi). (2.4)

Here, the deff is the effective nonlinear coefficient and λp,s,i, np,s,i and ωp,s,i

are the wavelength, the refractive index and the angular frequency of the pump,
signal or idler wave, respectively. Clearly, the spectral dependence of the gain,
i. e. the gain bandwidth, is mostly determined by the spectral dispersion of the
phase mismatch factor. While the pump frequency ωp is basically fixed, the
seed frequency ωs varies over a large range for broadband pulses, and hence
∆k can also vary. The maximum amplification is achieved at signal frequency
ωs where ∆k(ωp, ωs) = 0, and the OPA gain will remain high only in the
region around ωs where ∆k stays small enough. Therefore, for broadband
amplification to occur, we need both

∆k(ωp, ωs) = 0 (2.5)

and ∂∆k(ωp, ωs)
∂ωs

= 0. (2.6)

The first condition can be easily satisfied by choosing an appropriate crystal
angle θ, which affects the e-wave kp. The satisfaction of the second condition
at the same time is little bit more complicated and depends on the exact
interaction geometry of the signal, idler and pump beams.

In a collinear geometry, in which the signal, idler and pump beams propa-
gate along the same direction, eq. (2.6) implies

(∂ko

∂ω

)
ωs
−
(∂ko

∂ω

)
ωp−ωs

= 0. (2.7)

Obviously, this can be satisfied at ωs = ωp − ωs = ωi, or ωp = 2ωs. In this
case, the signal and the idler have the same wavelength, polarization and prop-
agation; therefore, they are, in principle, indistinguishable. This configuration
is called degenerate OPA, and it ensures broadband amplification.

If the desired signal center wavelength is not half of the pump wavelength,
obviously, eq. (2.6) cannot be satisfied in a collinear geometry, and the ampli-
fication bandwidth would be narrow. An additional degree of freedom can be
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introduced, however, if we allow the pump and the signal beams to cross with
a certain angle. In this case, ∆k is defined as the vector difference between
the k-vectors of the three waves, and is dependent on both the propagation
direction of the pump beam θ and the signal–pump noncollinear angle α.

Differentiating ∆k against ωs in a similar fashion will lead to

(∂ko

∂ω

)
ωs

cos(α + β)−
(∂ko

∂ω

)
ωi

= 0, (2.8)

where β is the angle between the idler and the pump, and can be calculated
from α using the relation ko(ωs) sinα = ko(ωi) sin β.
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crystal

Figure 2.2: Sketch of the noncollinear OPA geometry. (Adapted from reference
[78].)

Therefore, by choosing appropriate angles θ and α, one can also achieve a
broad OPA bandwidth. This configuration is called noncollinear OPA (NOPA),
which is widely used in the design of many OPCPA systems [70–73].

For the LWS 1 system to be discussed in this section [79, 80], it was chosen
to build a 1053-nm Nd:YLF pump laser [81]. Twice the pump wavelength is
2.1 μm, which is an ideal center wavelength for the infrared OPCPA system.
The design slightly deviates from the true degenerate configuration, in that
the signal and the pump are not perfectly collinear, but cross at a very small
angle. The angle difference allows to easily separate the signal and the pump
beams after the OPA crystals, and avoid signal-idler interference which might
disturb the signal pulse profile. The deviation from the degenerate condition
is small, and the broad bandwidth is therefore not affected.
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2.1.2 Infrared seed & and high-energy pump pulse gen-
eration

To achieve the necessary high-precision and reliable synchronization between
the seed and the pump pulse in the OPCPA, in this system we rely on the
scheme of all-optical seeding, using the same Ti:sapphire laser source as the
front end for both the seed and the pump pulse generation. The schematic of
the LWS 1 OPCPA system is shown in Fig. 2.3. The design and performance
of the system will be discussed in the following sections.

The broadband infrared seed pulse

The creation of the broadband infrared seed pulse for the OPCPA system is
accomplished by means of intrapulse difference-frequency generation (DFG) or
optical rectification in a periodically poled lithium niobate (PPLN). This de-
sign automatically ensures CEP stability, which is further on preserved in the
OPA process, and is of vital importance for many applications which rely on
few-cycle pulses, especially for the efficient generation of high-energy, broad-
band cutoff harmonics, which can support attosecond pulses.

The front end of our system consists of a commercial 1-mJ, 25-fs 3-kHz
Ti:sapphire multipass amplifier (Femtolasers Femtopower Pro). Five percent
of the Femtopower system output are first spatially clipped by an iris, reduc-
ing and fixing the pulse energy to 12.3 μJ, and then focused into a gas cell
filled with 17 bar of krypton, where the pulse creates a single filament and
its spectrum is broadened by self-phase-modulation (SPM) to cover a spectral
range from ∼ 600 to ∼ 950 nm. The pulse energy and the iris size are chosen
such that the filament’s output spectrum is as broad and smooth as possible
without breaking into unstable multiple filaments. The white-light beam is
then reflected four times on home-made bandstop mirrors, which are designed
to remove the strong components between 750 and 850 nm from the reflected
beam and have flat dispersion and uniform reflectivity in the spectral regions
below 750 nm and above 850 nm (see Fig. 2.4). The pulse after the band-
stop mirrors are then temporally compressed by a set of home-made chirped
mirrors. The pulse is afterwards focused into a 1-mm-long 11.21-μm-period
MgO-doped periodically poled LiNbO3 crystal (MgO:PPLN), where the long-
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Figure 2.3: Schematic of the LWS 1 mid-IR OPCPA system. A description of
the system is given in the text.
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Figure 2.4: Spectra of the Femtopower Pro laser system output pulse (red),
the spectrally broadened pulse after the krypton cell (blue), and the pulse after
the bandstop and chirped mirrors (black).

and short-wavelength components are mixed, generating a difference-frequency
signal extending from 1.7 to 2.6 μm.

This mechanism satisfies two important requirements for an OPCPA seed
source. First, with an appropriate nonlinear crystal, 2-μm radiation can be
acquired even more easily than 1.4 μm, because it requires less bandwidth from
the fundamental radiation. Secondly, the CEP of the infrared signal generated
by intrapulse DFG is automatically stabilized, regardless of the CEP stability
of the fundamental pulse [74–77]. The mechanism can be easily understood by
recognizing the fact that all the components in the fundamental pulse carry
the same CEP, and the infrared DFG pulse has a CEP which is the difference
between the long- and short-wavelength components in the same fundamental
pulse. Therefore, even though the fundamental pulse’s CEP may be random
from shot to shot, the DFG pulse’s CEP does not change, and is only defined
by the envelope of the fundamental pulse. The stable CEP of the infrared seed
pulse will in principle also be preserved in the OPA processes, regardless of
the CEP stability of the pump pulse. This is very important for the use of
few-cycle laser pulses as a driver for HHG or other highly nonlinear processes,
where CEP plays a central role in determining the electric field of the pulse.
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The resulting nJ-level, CEP-stable broadband infrared seed is then used as the
seed for our OPCPA system.

The Nd:YLF high-energy pump laser

To achieve mJ-level infrared output pulses from the OPCPA system, one prin-
cipal challenge is the design and build-up of a picosecond pulse pump laser
capable of delivering pulse energies of tens of mJ at kHz repetition rates. For
the LWS 1 IR system these pump pulses are generated by a 49-ps, 13-mJ
Nd:YLF amplifier chain, consisting of a regenerative amplifier and three linear
post-amplifiers, all developed in house [81].

The regenerative amplifier is seeded by the Ti:sapphire oscillator (Fem-
tolasers Rainbow) contained in the Femtopower front end described in the
previous section, and is operated at 1 kHz. The oscillator spectrum is spe-
cially tuned so that its spectrum extends just beyond ∼ 1060 nm [44]. The
infrared part of the oscillator output, measuring ∼ 10 pJ within the fluores-
cence bandwidth, is split off by a dichroic mirror, and sent as the seed into
the Nd:YLF regen amplifier, which features a Northrop-Grumman laser mod-
ule containing a 80-mm-long 4-mm-diameter a-cut Nd:YLF rod. This optical
seeding scheme ensures that excellent synchronization is maintained between
the seed and pump pulses of the OPA, which is of great importance for the
stability and reliability of the system [82]. The infrared pulse is amplified up
to 3.5 mJ after ∼40 round trips in the cavity, at which point it is ejected out
of the cavity by Pockels cell switching.

Three single-pass Nd:YLF amplifier modules are used to further amplify the
regen output. These amplifiers each contain a 120-mm-long a-cut Nd:YLF rod
crystal, with 4 or 5 mm diameter, and are continuously pumped by laser diode
arrays. The design with alternating orthogonal polarization of the amplified
beam is chosen specifically to compensate for the elliptical thermal lensing of
the Nd:YLF crystal. Most importantly, delicate balance must be achieved be-
tween thermal lensing and self-focusing in these crystals, in order to extract
maximum amplification without damaging the crystals. To this end, appro-
priate lenses are placed between the stages to optimize the beam size and
divergence in these amplifiers and maintain a high-quality beam profile. Af-
ter the three post-amplifiers, an output energy of 13 mJ with a pulse energy
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stability of 1.2 % rms is obtained. The FWHM pulse duration, assuming a
Gaussian pulse shape, is 49 ps, with an intensity contrast ratio between the
peak of the amplified pulse and the ASE floor determined to be ∼103. These
pulses are therefore ideal for pumping the IR OPCPA system.

2.1.3 Stretcher & compressor design

OPA being an instantaneous nonlinear process, energy transfer from the pump
pulse to the seed pulse can occur only when and where both pulses overlap.
Since the pump pulse is much longer than the seed pulse, the seed pulse must be
first temporally stretched to a significant fraction of the pump pulse duration,
in order to achieve maximum amplification efficiency. After amplification it has
to be recompressed back to its Fourier limit as closely as possible. Therefore,
the design of the stretcher and the compressor must allow, first of all, the
required stretched pulse duration, and secondly, the cancellation of not only
the GDD but also the high-order phases in the final compressed pulse.
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Figure 2.5: Calculated GD curves for the grating pair (red), silicon compressor
(blue) and the target GD to be realized by the Dazzler (black). The gray
shaded area represents the tuning range of the Dazzler.

Traditional CPA systems typically use a positively dispersive bulk material
as the stretcher, and a prism/grating pair as the compressor. For the LWS 1

33



2.1. THE LWS 1 OPCPA SYSTEM

system positively dispersive AR-coated bulk silicon substrates are used as the
compressor, which has a higher transmission throughput and faciltates easier
alignment than a grating compressor. For the stretcher, we use a pair of
300 lines/mm gratings separated by 75 mm, and a Fastlite Dazzler specially
designed for the infrared spectral range. The use of the Dazzler, an acousto-
optic pulse shaper, allows for fine compensation of arbitrary phase profiles
within its tuning range.

The design group delay (GD) curves of the grating pair and the silicon
compressor, the phase to be compensated and the Dazzler tuning range are all
shown in Fig. 2.5. As one can conclude from the GD presented in the figure,
the infrared seed pulse between 1.8 and 2.7 μm is stretched to 26 ps after the
grating pair and the Dazzler (which corresponds to a dispersion of roughly
the same amount, but with opposite sign, as that introduced by the silicon
blocks), and the phase to be compensated by the Dazzler falls well within its
tuning range. Fine tuning of the dispersion can be achieved by measuring the
phase of the compressed pulse, and feeding back the opposite of the measured
phase to the Dazzler, accordingly.

2.1.4 OPA design & parametric superfluorescence

For our system pumped by 1037-nm pulses, degenerate OPA provides a broad
bandwidth around 2.1 μm. Experimentally, the signal and the pump beams
are arranged to cross with a small angle (∼ 3°) in the OPA crystals, to allow
for easy separation of the beams and to avoid signal-idler interference.

OPA design

The best crystal transparent in the whole spectral range of interest and provid-
ing the highest second-order nonlinear coefficient is lithium niobate (LiNbO3).
Pumped at 5 GW/cm2, a 6.5-mm-thick MgO-doped LiNbO3 crystal cut at
42.9◦ can support a small-signal-amplification bandwidth from 1.8 to 2.5 μm,
sufficient for a sub-3-cycle pulse. Even better, periodically poled LiNbO3
(PPLN) crystals can provide the same amplification with a shorter crystal
length, and therefore a broader amplification bandwidth.

The phase mismatch in a PPLN can be calculated by adding a quasi-phase-
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matching (QPM) term to the usual definition

∆k = kp − ks − ki −
2π
Λ , (2.9)

where Λ is the poling period. The OPA gain calculation is the same as de-
scribed in eq. (2.1).
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Figure 2.6: Calculated small-signal OPA gains for a 6.5-mm-long LiNbO3 cut
at 42.9°(red), and a 1.9-mm-long 30.3-μm-period PPLN (blue), both pumped
at 5 GW/cm2.

The calculated small-signal OPA gain curves are shown in Fig. 2.6. Clearly,
PPLN supports a broader amplification bandwidth than bulk LiNbO3, and
therefore is the crystal of choice for our broadband IR OPCPA system. How-
ever, a practical problem with PPLN is its limited available size. Therefore,
for the OPCPA system, a 3-mm 30.2-μm poling period PPLN is chosen for the
first OPA stage, where a nJ infrared seed pulse is amplified to ∼3 μJ. In the
second and third OPA stage, 4-mm-thick bulk LiNbO3 crystals are used.

The first and the second OPA stages are pumped by 3 % and 97 % of the
13-mJ 1053-nm pulses, and the pump beam after the second OPA stage is
reused for pumping the third OPA stage. The amplified signal beam is finally
sent through a 100-mm-long silicon block for compression. The OPA system
output, including possible superfluorescence, is 6 μJ after the first stage, 200 μJ
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after the second stage, and 920 μJ after the third stage. The energy stability
of the third-stage output is 9 % rms.

Parametric superfluorescence

In general, high-gain OPA systems have an inherent problem of background
superfluorescence, and our system is no exception. To resolve this important
but difficult issue, we have employed a novel method of spectral shaping of the
seed pulse. In the absence of superfluorescence, any shaping of the IR seed
spectrum by the Dazzler will be directly transferred to the amplified signal.
In particular, if we annihilate a narrow region in the seed spectrum (or cre-
ate a zero-reaching spectral ‘hole’) using the Dazzler, the real amplified seed
will preserve the spectral hole with a 100 % modulation depth. Broadband
parametric superfluorescence, on the other hand, is not shaped and its level
unchanged if the hole is narrow enough. Therefore, in the combined spectrum,
the spectral hole will be partially refilled by the superfluorescence. By measur-
ing the depth of the spectral hole at different wavelengths across the spectrum,
we can trace out the superfluorescence spectral distribution relative to the full
OPA output and determine how much energy is in the superfluorescence and
in the amplified signal, respectively.

We have used this simple method to measure the superfluorescence in our
OPA system output, and the result is presented in Fig. 2.7. From this mea-
surement, it is clear that out of the total 920 μJ third-stage OPA output,
740 μJ (80 %) belongs to the amplified seed and the rest (20 %) belongs to
the superfluorescence. In comparison, the superfluorescence is negligible in
the first-stage OPA output, and accounts for 2.5 % of the second-stage OPA
output.

2.1.5 OPCPA system output & pulse characterization

The final compressed output pulse of the OPCPA system is characterized by a
third-harmonic-generation (THG) frequency-resolved optical gating (FROG)
apparatus [83]. The third-harmonic signal is generated on an air–CaF2 inter-
face, which possesses a large bandwidth sufficient to cover the full spectrum
of the amplified IR signal. A home-written FROG retrieval code is used to
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Figure 2.7: Spectra of the full third-stage OPA output (black), the OPA out-
put with a 50-nm-wide Dazzler-imposed spectral hole at 2150 nm (red), the
superfluorescence profile traced out by hole depths at different wavelengths
(magenta), and the true amplified signal (blue, the full OPA output minus the
superfluorescence). The black square denotes the measured level of superfluo-
rescence at 2150 nm by the spectral hole technique.
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retrieve the pulse intensity and phase from the measured THG FROG trace.
Several iterations are employed to make fine spectral phase corrections with
the Dazzler using the result of the FROG retrieval algorithm, ultimately bring-
ing the compressed pulse to approach the Fourier-transform limit as closely as
possible. The THG FROG measurement results of the final compressed pulse
are presented in Fig. 2.8. The temporal intensity profile of the compressed
pulse measures a FWHM of 15.2 fs, which is very close to the Fourier limit of
14.6 fs. At 2.1 μm, this pulse duration corresponds to merely 2 optical cycles.
This is, to our knowledge, the shortest sub-mJ-level pulse ever generated at
this wavelength.

 15 

 

 

(c) 

(a) (b) 

(d) 

Figure 2.8: THG FROG measurement results of the compressed 15-fs pulse.
(a) Measured FROG trace, (b) retrieved FROG trace, (c) temporal intensity
and phase, (d) spectral intensity and phase. The black and the red curves in
(c) are the measured and the ideal Fourier-limit intensity profiles, respectively.

The compression ratio of 25 ps to 15.2 fs and the amplified signal to super-
fluorescence energy ratio of ∼2 : 1 means that the intensity contrast between
the compressed amplified signal pulse and the parametric superfluorescence is
larger than 103, which should be sufficient for a high-quality HHG experiment.

The CEP stability of the final output of the OPCPA system has been further
verified in an f -to-3f nonlinear interferometer measurement [80] (see Fig. 2.9).
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The spectrally broadened fundamental 2.1-μm light and its third harmonic are
interfered in a spectrometer in a spectral region near 700 nm, resulting in
spectral fringes whose positions indicate twice the CEP of the fundamental
2.1-μm light. This measurement experimentally confirms the preservation of
the CEP stability of the infrared laser system output, which is very important
for CEP-sensitive experiments.

Figure 2.9: CEP measurement of the OPCPA output pulse. Left: a single-
shot f -to-3f interferogram; right: Interferograms measured in 1000 consecutive
shots.

The LWS 1 IR system generates CEP-stable 2.1-μm ∼ 700-μJ, 15-fs pulses
at 1 kHz [79, 80]. With pulses spanning only about two optical cycles, this
laser is unique in the world, providing the shortest sub-mJ pulses in the mid-
infrared. This OPCPA system is therefore a perfectly suited driver for keV
HHG and a range of other exciting experiments.

2.2 Experimental set-up—the beamline AS 4

2.2.1 The high harmonic generation set-up

To make work on the measurements as independent as possible from any align-
ment procedures of the laser system, there are two distinct areas in our lab-
oratories dedicated to either experimental or laser related activities. As it is,
the laser laboratories are located on the first floor of the building, while all of
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our experiments with the IR laser source described above were conducted on
the ground floor level. This layout makes it necessary to construct an optical
guiding from the output of the OPCPA to the area where the actual measure-
ments take place. Since we are using very short pulses and dispersion in air is
not to be neglected, even for the long wavelength we are working at (1 m in
air amounts to about 8 fs2 GDD), all of this beam transport has to be done in-
side vacuum tubes. Therefore, a prerequisite for a successful experiment is the
build-up of a suitable beamline. Figure 2.10 shows an outline of the so-called
beamline AS 4 (AttoSecond 4).

Inside the HHG chamber the IR laser is temporarily compressed in a block
of silicon with AR coated entrance and exit surfaces and subsequently focused
into the gas target by a commercially available CaF2 lens into the gas target.
The pulse length can be determined in situ by way of a home-built THG FROG
[83]. The measured dispersion (up to the fourth order) is fed back into the
settings for a DAZZLER to precompensate for the detected chirp. This process
is then run through for several times, with every feedback loop compressing
the IR pulse yet further, until the shortest pulse duration reachable with the
given laser spectrum is accomplished.

In our experiments, ensembles of neon atoms (Ne) and nitrogen molecules
(N2) were exposed to 17 fs, 350 μJ, few-cycle laser pulses carried at a wave-
length of 2.1 μm from the LWS 1 system described in the previous section.
At the wavelength of 2.1 μm this corresponds to roughly two full cycles of
the optical carrier field with a period of ∼ 7 fs. Since the kinetic energy of
the recolliding electron is proportional to the ponderomotive energy Up ∝ Iλ2

(compare section 1.3), the long carrier wavelength together with the short IR
pulse consisting only of a few oscillation periods allow the production of recol-
liding electrons with kinetic energies at the 1-kiloelectronvolt-level and above,
easily exceeding the K-shell binding energy of Ne (∼870 eV) without excessive
ionization of the gas [51, 84].

The laser beam was focused with a f = 250 mm CaF2 lens to a spot size of
≈ 35 μm FWHM, measured by a knife-edge scan. The interaction between the
laser beam and the gas takes place within a nickel tube with an inner diameter
of ∼2 mm. The best harmonic yield was achieved when the laser was focused
∼ 350 μm before the center of the tube, in agreement with previous HHG
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Figure 2.10: Outline of the beamline AS 4 at the MPQ. The laser enters
through cube 1 (marked as ‘from LWS 1’) from above and is guided to the
switch box, where it can be further deflected into multiple vacuum chambers for
different experiments. In the case of the described measurement, the IR laser
was sent to the HHG chamber to the right, where the high harmonic process
took place. For the characterization of the pulse duration of the fundamental
a THG FROG was set up, the generated soft X-ray radiation was detected
with an energy-resolving camera at the chamber exit to the far right.
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experiments [85]. The laser drills transverse holes into the thin tube walls, the
diameters of which are precisely matched to that of the beam, minimizing gas
load to the surrounding vacuum. The tube is fed continuously with the target
gas and mounted on a three-axis translation stage.

2.2.2 High harmonic detection with the pnCCD camera

To measure the energy spectrum of the soft-X-ray emission from both the
coherent HHG process and the incoherent spontaneous decay of the excited
atoms the generated radiation is recorded by a specially designed pnCCD
camera (PNSensor GmbH) [86, 87] consisting of 264 × 264 pixels, each being
an independent energy-resolving X-ray detector. Since the resolution of this
kind of cameras is low at sub-keV photon energies, it is the first time that
such a detector has been used for the characterization of HHG. The layout of
the pnCCD is illustrated in Figure 2.11. The whole chip is divided into an
image area (in the centre) and an X-ray opaque frame storage area (split in
two parts on both sides of the chip). This architecture allows to shift the signal
accumulated on the image area during the measurement very fast (. 30 μs) to
the two outer storage parts, where it can be processed while the cleared image
area is already recording the data for the next measurement cycle.

Each storage area is again split up into two independent parts of 132 rows,
that are read out one by one and are then amplified by a dedicated CAMEX
(CMOS Amplifier and MultiplEX) chip in parallel before the data is sent to the
analog-to-digital converters. In this way the chip read-out is very fast while at
the same time maintaining a high signal-to-noise ratio, in principle facilitating
measurements with kHz acquisition rates. Since for our experiments the flux
of high harmonics with keV energies is expected to drop quite dramatically,
we always integrated the recorded signal for at least some seconds, so that this
ultrafast read-out feature of the pnCCD camera was not relevant for the data
acquisition at the current settings.

The energy resolution of the pnCCD camera is about 12 %, limited by the
Fano factor of silicon. Usually, energy resolving detectors are working in a
single photon detection mode, but in the case of this array of detectors this
limitation is relaxed and is limited to about 5× 103 photons/pulse hitting the
entire area of the CCD. To this end, metal filters were inserted into the high
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Figure 2.11: Layout of the pnCCD camera chip. The whole chip is divided
into an image area and a frame storage area. This architecture allows data
acquisition with kHz repetition rates, while simultaneously maintaining a high
signal-to-noise ratio.

harmonic beam to suppress the fundamental laser light and to reduce the X-
ray photon number to an appropriate level for the detector. The principle of
operation of the pnCCD camera is similar to that of gas ionization chambers or
silicon drift detectors (SDDs), where the number of electrons generated in the
device is linearly proportional to the energy of the X-ray photon. Assuming
that only a single photon hits the detector at a given time, one can deduce the
photon energy by counting the number of generated electrons. The pnCCD
is a back-illuminated CCD which uses a fully depleted substrate where each
pixel serves as an energy-resolving detector, thereby providing the ability to
measure both the energetic and spatial distribution of the radiation at the
same time. When an IR or visible photon hits the pnCCD chip, it generates
just one electron per photon, but at wavelengths below 300 nm the number of
created electrons in the silicon bulk becomes proportional to the photon energy
(see [87]). Therefore, below this wavelength the pnCCD works as an energy-
resolving detector. At wavelengths above 1100 nm silicon becomes transparent
and the camera is practically blind in this spectral range [88, 89].

In addition this architecture allows to work at higher photon fluxes than
with a single-element SSD. As was mentioned before, with energy resolving
devices one has to make sure that only one photon hits the detector for ev-
ery read-out cycle. That means that the photon flux should be lower then
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1/(detector area × integration time). In the pnCCD camera this limitation
is mitigated by reducing the detector area to the size of about 3 x 3 pixels,
whereas at the same time the number of detectors is increased. In this way,
it is possible to expose the detector to higher fluxes without sacrificing the
photons collection efficiency.

Another advantage is the ability to reduce noise and data-interpretation
errors by using events statistics and events correlations. Figure 2.12 is a
schematic drawing showing typical recorded events on the pnCCD chip. Be-
cause the pixel size is small (compared to a SDD for example), a portion of
the charge that is created in one pixel may in some instances diffuse to the
neighbouring pixels. So a single photon may appear sometimes as a single pixel
(circles A and B) and sometimes cover two (C), three (D) or even four pixels
(E). Accordingly, these events should be counted as stemming from one single
photon and the respective electron currents should be added up to correctly
determine its energy. I will show in the next section with the help of a mea-
sured spectrum how often these kind of multi-pixels events are detected and
how to cope with them so as not to unduly distort the deduced photon energy
distribution. Events (F) and (G) in figure 2.12 are rejected and not considered
as a single-photon event, as it is unlikely to get such a charge distribution if
the charge diffuses from one pixel to its neighbours. Events such as (G) are
usually created by cosmic-ray particles. Events like (F) might be caused by
two photons hitting the detector near to each other. In the case of events like
(F) it is easy to reject these events and not include them in the spectrum.

2.3 HHG in the keV regime

An image of the generated high harmonic beam can be seen in Fig. 2.13. The
camera was situated ∼60 cm away from the gas target and was shielded from
the IR fundamental laser by 500-nm-thick metal filters to avoid damage of the
CCD. The alignment with a ‘real’ IR laser (as compared to the widely used
800 nm NIR driver lasers) is a meticulous task, since the beam position and
shape can only be seen by the human eye with the help of slowly-responding
thermo-responsive sheets or the cumbersome set-up of IR cameras in the beam
path, so that is is hard to center the generated XUV beam perfectly on the

44



CHAPTER 2. SCALING THE ENERGY OF HHG TOWARDS THE KEV
REGIME

2 4 6 8 10 12 14

2

4

6

8

10

12

14

0

2

4

6

8

10

12

C

F E

A

B

D

G

Figure 2.12: Schematic drawing of recorded events on the pnCCD sensor. A
detailed description of the contributions of the different sketched pixel forma-
tions to the accumulated spectrum is given in the text.

CCD.
Figures 2.14(a) and 2.14(d) show typical spectra obtained with Ne through

a 500 nm aluminum filter and with N2 through a 500 nm magnesium filter,
respectively, under identical conditions of laser irradiation. For the calibration
of the spectrometer we inserted thin vanadium and iron filters (see Figs. 2.14(b)
and (c)). Compared to the spectrum transmitted only through the aluminum
filter (Fig. 2.14(a)), a clear cut at the L-edges of vanadium and iron in the
filtered spectra can be observed.

Qualitatively, the spectra for Ne and N2 look similar: both exhibit a plateau,
extending up to the K-edge of the target atom (∼ 870 eV for Ne, ∼ 410 eV
for N2), followed by a long tail after a sharp drop at the K-edge. For Ne
exposed to a laser peak intensity of ∼1.2× 1015 W/cm2, this tail extends up
to approximately 1600 eV, in agreement with the theoretically predicted cutoff
harmonic energy Ec = Ip + 3.17Up [38], where Ip is the ionization potential of
the target gas. Thus, we have demonstrated the scalability the of achievable
photon energy for HHG with the driver wavelength, increasing the cutoff by
roughly an order of magnitude when using a 2.1 μm-laser compared to the
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Figure 2.13: Image of the high harmonic beam generated by a 2.1-μm-driver
laser recorded by a conventional XUV CCD (PIXIS-XO, Princeton Instru-
ments). The hamonics were generated in neon gas at a pressure of ∼840 mbar
and the beam was filtered by a 500-nm-thick zircon foil to get rid of the co-
propagating fundamental IR pulse.

typical cutoff of . 150 eV, reported with driving fields at 800 nm fundamental
wavelength and with the same intensities on target.

Interestingly, in spite of negligible absorption, the HH spectrum of N2 does
not extend up to the predicted cutoff, possibly due to the increased ionization
implied by the lower ionization potential of nitrogen [53, 90]. In both cases
we observed a distinctive peak around the K-edge, whereas the other peak
at the lower end of the spectrum is an artifact due to the high absorption of
the aluminum/magnesium filters below 200 eV. The independent occurrence
of pronounced peaks around the K-edge, both in Ne and N2, strongly suggests
that we observe the result of some inner-shell dynamics in addition to the
expected process of HHG, which will be analyzed in the next section.

Before we discuss different aspects of these spectra in more detail, let’s have
a look at the above mentioned error correction method for the case of multi-
pixels events in the recorded data. Figure 2.15 shows the recorded spectrum
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Figure 2.14: High harmonic spectra generated with Ne (a–c) and N2 (d). (b)
and (c) show the HHG spectra of Ne through additional 500 nm of vanadium
and iron filters, respectively. Comparing the spectra in (b) and (c) to the spec-
trum in (a), a clear cut can be seen at the vanadium and iron L-edges. The
transmission curves of the vanadium and iron filters are presented as well as
green and pink lines. The inset figure in (a) shows the averaged absolute pho-
ton count rate in a 10 % bandwidth, after taking into account the transmission
of the filters and the spectrometer efficiency

.
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Figure 2.15: Spectral contributions from multi-pixels events. In the upper
frame a recorded spectrum from the Ne target is presented, while the different
contribuitions to the above spectrum coming from one-pixel events (blue), two-
pixels events (green), three-pixels events (red) and four-pixels events (light
blue) are shown in lower frame.

from a neon gas target (black) and the different contributions to this spectrum
from single-pixel events (blue), two-pixels events (green), three-pixels events
(red) and four-pixels events (light blue). It can be seen that at lower energies
only single-pixel and two-pixels events are contributing to the spectrum. At
higher photon energies more charge is generated and it tends to spread more,
therefore generating also three-pixels and four-pixels events. Nevertheless, in
the spectral range we are working at the one-pixel and two-pixels events are
still dominating.

However, if two photons would hit the detector very close to each other
this could in principle also create an event which looks similar to (C) or (D) in
Figure 2.12 or even like a single event, if the photons hit exactly the same pixel.
In that case this might cause an error in the construction of the spectrum. To
demonstrate that this kind of miscounts does not unduly influence our spectra
we made the following test: The probability that two photons hit the detector
directly beside each other and therefore appear as a two-pixels event in our
spectrum is equal to the probability to detect a single-pixel event and find
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Figure 2.16: Comparison of spectra caused by real and ‘pseudo’ events. The
blue curve represents spectra derived from all single-pixel and two-pixels
events, while the green curve is constructed by adding up the detected pseudo
single-pixel and two-pixels events.

another single-pixel event at one of four different fixed distances from this
pixel. Therefore, if we detect a single pixel event, we check the positions three
pixels to the left, three pixels to the right, three pixels above and three pixels
below on the CCD. If we find another event there, we consider this as a pseudo
two-pixels event and we count how many such pseudo two-pixels events we have
for the whole chip. To take into account also the case that the second photon
might hit exactly the same pixel as the first one, we check a fifth position in the
neighbourhood of each single-pixel event to test for pseudo single-pixel events.

Figure 2.16 presents the results of this test. The blue line is the sum of the
single-pixel and two-pixels events (see figure 2.15) and the green line is the sum
of all the pseudo single-pixel and two-pixels events. Comparing these curves
we conclude that the error caused by pseudo events in our spectrum is much
smaller than the real signal and can be neglected, especially in the spectral
region of the Ne K-edge and even at the range above 1 keV, where the signal
is significantly lower.

To get a better picture of the parameter space for this new regime of HHG
with a 2.1 μm driving laser, we measured XUV spectra at a broad range of
different target gas pressures. In Figure 2.17 the soft-X-ray photon yield is
plotted as a function of the gas pressure. With Ne, at the higher end of
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Figure 2.17: The photon yield as a function of the gas pressure at a few
representative photon energies. The upper frame shows the results from the
neon target while the lower frame shows the results from the N2 gas target.
The photon yields are normalized to the maximum photon yield at a given
photon energy.
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the spectrum (∼ 500–1000 eV) we observed continuous growth of the photon
yield up to a pressure of 3150 mbar, which was the upper limit for our vacuum
pumping system. At the lower end of the spectrum (∼150–250 eV) exactly the
opposite behaviour was discernible: the photon yield drops continuously with
the gas pressure, whereas for photon energies in a range in between (∼ 360–
450 eV) the harmonic yield grows up to a saturation pressure of about 2.8 bar,
after which it starts to decrease again. A similar dependence was observed
with N2 at slightly lower pressures. The behaviour at the lower end of the
spectrum matches our experience with high harmonics in the range of 50–
150 eV, generated by an 800 nm driving pulse (compare for example [91]).
For energies above 250 eV, the applied pressures we used in our measurements
were much higher than the saturation pressure usually observed for low-energy
harmonics driven by an 800 nm laser, but are in good agreement with other
experimental data and theoretical work on HHG driven by IR fields with longer
wavelengths [90, 92].

2.4 Bonus: Detection of direct inner-shell elec-
tron excitation

To understand the observed peaks around the K-edges in the measured spectra
for Ne and N2 we take a closer look on the theoretical conditions that can
lead to a high yield of the XUV radiation. There are, in principle, several
parameters that can influence the HHG efficiency. They can be classified
as ones affecting the single-atom response and other ones determining the
collective behaviour of the generating medium. In the former category, main
factors include the atomic dipole moment and the ionization potential, neither
of which is dependent on the presence of neighbouring atoms.

By contrast, collective emission heavily depends on the different contribu-
tions from all the atoms in the sample and hence on the pressure of the target
gas. For example, if radiation from each target atom adds constructively, the
harmonic yield grows quadratically with the number of emitters. Such a coher-
ent build-up occurs in HHG provided the phase-matching condition is satisfied,
i. e. the phase velocity of the harmonics matches that of the fundamental laser
pulse. In mathematical form, it requires that ∆kq = (kq − qk0) = 0, where k0
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is the wave vector of the driving laser and kq is the qth harmonic wave vector.

To exclude the possibility that merely favorable phase-matching conditions,
caused by the sharp change in the index of refraction at the K-absorption
edge, give rise to the observed spectral enhancement we calculated the differ-
ent contributions of the phase mismatch ∆kq. The latter is composed of the
sum of the dispersion difference stemming from the neutral gas atoms, the
dispersion difference induced by the plasma created by the laser and a purely
geometrical factor, known as the Gouy phase shift [93, 94]. It can be written
as ∆kq = qk0(δnatom + δnplasma − 1/k0zR), where δnatom/plasma = nq − n0 is
the difference between the respective refraction indices at the qth harmonic
and the fundamental wavelength and zR = w2

0k0/2 is the Rayleigh range, with
the IR beam waist w0. Under our experimental conditions and for harmonics
around 870 eV, we can estimate these contributions (neglecting for the moment
possible resonance effects in the X-ray regime) as: ∆katom ≈ −3.5× 103 cm−1,
∆kplasma ≈ 5 × 105 cm−1, ∆kGouy ≈ −7.3 × 103 cm−1. Here we find that
the plasma dispersion dominates over the other contributions by two orders of
magnitude, thus allowing only for a low efficiency of HHG.

Next we investigate whether the influence of a nearby resonant transition
can improve the phase-matching. Around a resonance line, the index of refrac-
tion may be written as n2 = 1 + A(ω2

0 − ω2 − iωγ0)−1 and the radiation wave
vector can be approximated as k = β + iα/2 ≈ 1 + (A/2)(ω2

0 − ω2 − iωγ0)−1,
where A is proportional to the oscillator strength, ω0 and γ0 are the frequency
and the natural width of the resonance transition, β is the real part of the
wave-vector and α is the absorption coefficient. By substituting the values
for α, ω0 and γ0 [95] we calculated that the maximum value for (1 − natom)
in the XUV around the resonance is about 10−6, which is still two orders of
magnitude lower than the value of (1−natom) in the near-IR regime. Therefore
we conclude that the resonance transition around the K-edge can not account
for a dramatic change in the phase-matching conditions.

The other possibility to explain the enhanced photon emission around the
Ne K-edge is that once the recolliding electrons have enough energy to excite
inner-shell electrons in their parent ions, the excited ions may subsequently
decay via Auger electron emission or X-ray fluorescence. This process has long
been predicted to happen for light–matter interactions with sufficiently intense
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electric fields (compare also Fig. 1.1, panel 3 c and section 1.2.2), but has never
been directly measured due to the high binding energies involved. Nevertheless,
this incoherent X-ray photon emission would explain the enhanced feature we
observe around the K-edge regions.

Beam profile in the 

spectral range 200−400 eV
Beam profile in the

spectral range 750−950 eV

Figure 2.18: Energy-resolved XUV radiation profiles for two different spectral
ranges. The uniform radiation distribution at photon energies of 750–950 eV is
an indication that it comes from a fluorescence process and not from harmonic
generation. The detector size is ∼ 1 × 1 cm2 and it was placed 60 cm away
from the gas target. The rounded upper right corner is due to the aluminum
filter.

Support for this hypothesis is gained by analyzing the XUV beam profile
as a function of the photon energy. It is well known that the harmonics beam,
due to their spatial coherence, has a very low divergence and well defined
beam shape. The fluorescent radiation on the other hand is going into all
directions and is expected to cover the detector uniformly. The ability of
our custom-built detector to resolve both the position and the energy of the
XUV photons at the same time, allows us to observe the shape of the emitted
radiation as a function of the photon energy. Fig. 2.18 shows the energy-
resolved XUV radiation profiles at two different spectral ranges. The first
profile is taken at the spectral range between 200–400 eV, where the XUV
radiation is expected to come from the harmonic process, while the second
profile is set in the spectral range between 750–950 eV, around the K-edge of
Ne, where we assume that the radiation is coming mainly from fluorescence.
Although not perfectly adjusted through the aluminum filter and on the CCD
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chip, due to the inherent difficulties with alignment of a 2.1-μm-wavelength
driver laser mentioned above, we clearly see that the radiation between 200–
400 eV is spatially confined as we can expect from high harmonic radiation. On
the other hand, the radiation distribution in the spectral range between 750–
950 eV is uniform, supporting the assumption that it stems from a fluorescence
process.

To further verify whether this assumption is correct, we scrutinized the
pressure dependence of the photon yield particularly around the K-edge. The
probability per unit time for an electron detached at t = ti to excite an inner-
shell electron of its parent ion is given by

dpex(ti) =
(
σie/πW

2)η(ti) dt, (2.10)

where σie is the cross section for excitation of the inner-shell electron through
inelastic collision [96], W is the radius of the electron wave packet at the
recollision time and η is the ionization rate calculated with the Ammosov-
Delone-Krainov (ADK) tunnel ionization theory [97]. The density of the inner-
shell excited ions is accordingly:

ρex =
∫
ρ0 dpex = ρ0

σie
πW 2R, (2.11)

with the gas density ρ0 and R =
∫
η(t) dt is the total degree of ionization.

Including also the self-absorption in the gas, we can write the differential equa-
tion for the emitted photons as dN/dz = ρexS − (Rρ0σa)N , where N is the
number of photons, z is the spatial coordinate in the direction of the laser
propagation, S is the effective beam area in which the local intensity is high
enough to generate electrons with energies above the K-edge and σa is the
absorption cross-section. By solving this equation we finally get the averaged
photon count rate on the CCD:

Φav = ρex
Rρ0

S

σa

[
1− exp

(
− (Rρ0σa)Lmed

)]Γrad
ΓAu

fR
dΩ
4π . (2.12)

Here Lmed is the length of the interaction medium, ΓAu and Γrad are the
Auger and the X-ray radiation decay rate of the excited state, respectively, fR
is the laser repetition rate and dΩ is the solid angle subtended by the CCD.
Since ρex ∝ ρ0, equation (2.12) predicts a linear growth of the photon yield
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with the pressure, followed by a saturation when (ρ0σa)Lmed � 1 (compare
the inset of Fig. 2.19). By substituting the absorption cross-section and the
gas density relevant to our experiment (see Table 2.1 for numerical values of
all mentioned parameters under our experimental conditions), we find that the
predicted photon yield should already be saturated, though our experimental
data still show a linear growth, as can be seen from Fig. 2.19.
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Figure 2.19: Comparison of electron recollision models. The photon yield
around the Ne K-edge as a function of the backing pressure of the target gas.
The red lines in the main figure and in the inset show the predicted incoherent
photon yield according to the model of recollision with the parent ion, the blue
line represents the prediction of the expanded calculation, taking into account
the collisions with neighbouring atoms. The yellow circles mark the measured
photon yield at a 10 % bandwidth around 870 eV (resulting from both coherent
and incoherent radiation).

In an attempt to elucidate this behaviour further, we have to expand our
model to include electron collisions with neighbouring atoms, on account of
the fact that due to the long driver wavelength the liberated electron’s excur-
sion amounts to a few tens of nanometers, making the probability of collision
with neighbouring atoms at high pressures significant. This can be taken into
account by replacing (2.10) with

dpex(ti) =
(
η(ti) dt

)∫ ∞
ti

ρ0σie(v)v(t′) dt′ (2.13)

and accordingly rewriting the differential equation for the photon emission
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dN/dz = ρexS − [(1−R)ρ0σa]N , where v(t) is the velocity of the electron in
the laser field and ρex =

∫
ρ0dpex is obtained by substituting the new excita-

tion probability dpex. Using the experimental parameters given in Table 2.1,
we obtain a theoretical prediction in excellent agreement with the experimen-
tal data (see Fig. 2.19). σie is the only parameter we used to fit our model to
the experimental data, which was chosen due to the large uncertainty in the
literature about its value. Regardless, a change in any of the less well-defined
parameters (σie, η(t), Γrad and S) would cause merely an overall rescaling,
thus not compromising our general argument. We further note, that we have
neglected the contribution of the coherent radiation in all of the above cal-
culations. This is justified, considering the observed decrease of the coherent
photon yield by an order of magnitude in the range between 500–700 eV (see
Fig. 2.14(a)) and because of our previous calculation that we cannot expect
better phase-matching conditions in this energy range.

These findings strongly suggest, that inner-shell ionization by recolliding
electrons and subsequent X-ray fluorescence is indeed a very likely explana-
tion for the observed spectral peak near the K-edge in our experiment. In
addition, our theoretical results (comparison of the blue and red curves in
Figure 2.19) reveal that for pressures of the order of 1 bar and higher, col-
lisions with neighbouring atoms become the dominant inner-shell excitation
mechanism.

2.5 Conclusion

In conclusion, I have shown the extension of laser-induced recollision phenom-
ena, a process vital for attosecond science, high-order harmonic generation
and inner-shell excitation, into the kiloelectronvolt regime by using a few-cycle
mid-infrared driving field. The enhanced peak and the isotropicity of the XUV
radiation at the spectral range around the K-edge are evidences for inner-shell
excitation by the laser induced electron re-collision. Owing to the highly non-
linear scaling of the tunneling probability with laser intensity and the pulse
duration comparable to the wave period, the excitation can be substantially
confined to a single, isolated recollision event and hence to a tiny fraction of
the laser oscillation period. The resultant sub-femtosecond trigger window
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Symbol Value Comments
W 0.63 nm
ρ0 P ×

(
3× 1019) cm−3 P is the pressure in bar

Lmed 0.2 cm
S 4.3× 10−6 cm2

fR 1000 s−1

ΓAu 4× 1014 s−1

Γrad ≈ 2.2× 1012 s−1 ref. [98]
dΩ 1/3600
η(t) calculated with the ADK theory [97]
σie ≈ 0.25× 10−19 cm2 ref. [96]
σa ≈ 2.2× 10−19 cm2 ref. [99]

Table 2.1: Parameters for the theoretical model of electron recollision

and the orders of magnitude enhanced excitation probability (as compared to
the use of current generation high harmonic sources) opens the prospect for
studying atomic and molecular inner-shell excitation and relaxation processes
directly in the time domain.
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Chapter 3

Scaling the intensity of XUV
pulses for high-flux experiments

It has been a longstanding goal of ultrafast physics to utilize the recently
developed table-top sub-femtosecond XUV and soft X-ray sources (compare
chapter 2; an overview can be found e. g. in [45] and [100]) for the time-
resolved measurement of a vast scope of phenomena happening on an atomic
time scale. A number of experiments have been conducted with these sources
over the last decade, reporting on attosecond (1 as = 10−18 s) measurements of
the coupled electronic and nuclear processes in photochemical reactions [101],
photoemission in atoms [12, 16, 17], molecular photoionization and dissociation
[14] and electron dynamics in solids [44].

Despite these breakthrough achievements, all of the experiments with HHG
sources so far are severely limited by the relatively low conversion efficiency
from long-wavelength infrared to the XUV wavelength, resulting in a total
XUV flux of the order of 106 photons per isolated attosecond pulse that can be
utilized for experiments [102]. Therefore, up to now these measurements have
been restricted mainly to single-XUV-photon ionization processes and time-
resolved pump/probe schemes relying on cross correlation techniques between
the XUV pulse and the high harmonic-driving IR field.

On the contrary, many of the most intriguing research areas potentially
accessible with the help of these XUV sources require high optical intensities, as
has been demonstrated by pioneering studies in the field of nanoscale imaging,
like time-resolved soft X-ray microscopy [103], coherent diffraction imaging
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[104] or single-shot nanocrystallography [105], or for the envisioned real-time
observation of ultrafast atomic reaction dynamics via XUV-pump/XUV-probe
spectroscopy.

Different attempts to develop XUV sources with higher photon flux have
been made over the past years, but have been confined to comparably low
(. 50 eV) XUV photon energies [106–108]. In this chapter I will present our
results concerning the buildup of a ∼ 100 eV photon source, driven by a high-
power, few-cycle NIR laser system and delivering XUV radiation with orders
of magnitude higher power than obtained in previous HHG set-ups at these
photon energies (e. g. [109]). Note, that the term ‘flux’ in the following dis-
cussion is defined as the number of photons per pulse, to facilitate meaningful
comparisons between sources with different repetition rates.

3.1 LWS 20: A high-energy, few-cycle OPCPA
system

The laser system delivering the necessary high-power, few-cycle NIR pulses for
the efficient generation of XUV radiation with ultrahigh flux was developed at
the Max-Planck-Institute of Quantum Optics and dubbed LWS 20, for Light
Wave Synthesizer (with a power of) ∼ 20 TW. To reach the aimed for terawatt
level of output power, the LWS 20 is making use of the principle of OPCPA,
as described for the IR laser in section 2.1, and hence takes advantage of the
broadband, high-gain amplification that such a set-up can provide. Never-
theless, the target specifications are obviously fundamentally different from
the ones for the IR system, necessitating a completely different layout of the
OPCPA. The whole laser system was developed in a series of a few distinctive
steps, each comprising a novel demonstration of an ultrashort, high-power NIR
source in its own right [70, 110–112]. Here I will give a very brief summary of
the system in its current status and the delivered output characteristics dur-
ing our measurements [71]. A thorough analysis of the design principles for a
high-power noncollinear OPCPA can be found in [78].

The front end for the OPCPA (see Fig. 3.1) is a broadband Ti:sapphire
oscillator delivering pulses with an energy of 4 nJ and a duration of 5.5 fs.
For all-optical synchronization between the seed and the pump pulses in the
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Figure 3.1: Set-up of the high-power OPCPA LWS 20. A detailed de-
scription of the system is given in the text. (Figure reproduced from reference
[71].)
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OPCPA stages the output from the oscillator is split at the rate of 60 to
40%, respectively. The seed arm is further amplified in a multipass CPA
system and subsequently focused into a hollow-core fiber (HCF) filled with
neon gas at a pressure of ∼ 2 bar, where the seed is spectrally broadened
via self-phase modulation [113, 114]. After the HCF the spectrum ranges
from 500 to nearly 1000 nm, which corresponds to a transform limited pulse
duration of 5.5 fs at 805 nm central wavelength. The pulses are then temporally
stretched by introducing negative dispersion with the help of a pair of ‘grisms’,
a combination of a prism and a grating [115, 116], in reflection geometry and
an acousto-optical modulator (DAZZLER, Fastlite). In a grism (from grating
+ prism = ‘grism’) the prism selects a central wavelength that passes straight
through on the optical axis of the arrangement, while the grating, with its
much higher dispersive properties than glass, introduces the required negative
dispersion. After the stretching the seed pulses for the noncollinear OPCPA
have a duration of 25 ps and a pulse energy of 3 μJ and are synchronized to
the pump pulses at a repetition rate of 10 Hz.

This pump pulse is built on the remaining 40% of the oscillator output,
which is converted to a central wavelength of 1064 nm by soliton-based self-
frequency shifting in a photonic crystal fiber [82, 117] and then coupled into a
Nd:YAG regenerative amplifier. Subsequently, these pulse are guided through
two parallel flash-light pumped Nd:YAG amplifier chains (EKSPLA) that are
brought together again in a Dueterated Potassium Dihydrogen Phosphate
(DKDP) crystal to generate a single pump beam at 532 nm central wave-
length via noncollinear type II second-harmonic generation (SHG) with a final
energy of 1 J and a pulse duration of 78 ps.

The seed and the pump pulse are noncollinearly overlapped in two successive
OPCPA stages, consisting of two type I Beta Barium Borate (BBO) crystals,
which are pumped by 15 mJ pulses with a peak intensity of 13 GW/cm2 (first
stage, BBO front surface 5×5 mm2) and by 780 mJ pulses with a peak intensity
of 8.2 GW/cm2 (second stage, BBO front surface 23× 23 mm2), respectively.
The amplified signal pulse energy after the second OPCPA stage amounts to
∼ 170 mJ with energy fluctuations below 3 % rms. Since the seed pulse en-
ergy is comparatively high (some microjoules), the parasitic process of optical
parametric fluorescence in the OPCPA crystals can successfully be suppressed
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to a minimum and the second stage can be operated in saturation, leading
to a good pulse energy stability and a high pulse contrast, both necessary
prerequisites for efficient HHG.

Figure 3.2: FROG measurement of the pulse duration (a) and spectrum (b)
of the amplified output from LWS 20. Panel (a) shows the retrieved tem-
poral pulse intensity envelope (black solid curve), the residual phase (green
crosses) and the Fourier-limited pulse duration (red dashed curve). In Panel
(b) the corresponding measured spectrum (black solid) is depicted, together
with the retrieved spectral phase (green triangles) and the spectrum of the
stretched seed pulse before amplification (red dashed) for comparison. (Figure
reproduced from reference [71].)

The pulses are temporally pre-compressed with bulk material (160 mm of
SF57-Schott glass and 100 mm of fused silica) and undergo wavefront correc-
tion on an adaptive mirror working in a closed-loop configuration utilizing a
Shack-Hartmann sensor [118, 119]. Finally, the beam is coupled into a vacuum
chamber and compressed by reflection on positive dispersive mirrors. This is
done to avoid self-focusing of the short pulse due to an increase of the B in-
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tegral along the beam path above 1 [120], where B = 2π
λL

∫
n2IL(z) dz, IL and

λL are the laser intensity and wavelength, respectively, and n2 is the nonlinear
refractive index in the traversed medium, defined by the change of the index
of refraction n in proportion to the optical intensity, ∆n = n2IL. The achieved
pulse duration is measured with the help of a home-built single-shot SHG
frequency-resolved optical gating (FROG) device to be 7.9 fs FWHM and is
shown along with the residual phase in Fig. 3.2. Taking into account the energy
losses in the compression part of the laser set-up, under optimal conditions the
LWS 20 system provides an output of 130 mJ pulses with 7.9 fs duration, and
therefore am peak power of 16 TW, at a central wavelength of 805 nm and a
repetition rate of 10 Hz. Due to the high complexity of the whole laser system
and the very sensitive dependence of the actual compressed pulse duration on
the spectral phase of the seed after the HCF, these parameters can only be
reached by a meticulous and rather time-consuming alignment procedure, so
that for our experiments on a day by day basis we used the compromise of a
slightly less powerful but easier manageable OPCPA output performance.

3.2 Experimental set-up—the beamline AS 6

To utilize the described OPCPA system (section 3.1) for high harmonic gen-
eration, the usual set-up of the interaction region between the intense light
field and the gas atoms has to be adapted to the application of a high-power
driving laser. Essentially the whole experimental design for the convention-
ally employed sources providing pulse energies in the sub-mJ regime has to
be scaled according to the needs of a ∼100 mJ, few-cycle near-infrared (NIR)
laser pulse. The specific working conditions for efficient HHG are determined
by the choice of the type and the density of the target gas on the one hand
and, on the other hand, by the wavelength and the peak intensity IL of the
laser field on target, which is given by

IL = WL

τLw2π
, (3.1)

where WL is the pulse energy, τL is the pulse duration, measured as the full
width at half maximum (FWHM) of the intensity envelope, and w is the beam
radius, defined as the distance from the beam axis at which the intensity drops
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to 1/e2 ≈ 13.5 % of the value on axis. For the generation of XUV radiation
around 100 eV with an 800 nm, few-cycle pulse the optimal laser intensity
IL ∼ 5 × 1014 W/cm2. Keeping the gas density, the driving laser wavelength
and the pulse duration approximately unchanged, the requirement to work in
the same intensity regime means that a factor hundred more in pulse energy
WL corresponds to a ten times bigger beam radius w—and therefore a factor
100 more with regard to the interaction area w2 —in the focus. It follows,
that for efficient HHG with the LWS 20 the beam radius on target must be
ten times bigger than for the usual sub-mJ driver lasers (compare for example
[102]), yielding a beam radius of ∼ 500 μm in a realistic set-up.

To achieve those large spot sizes and big enough beam diameters on the
optics in an experiment, the focusing geometry has to be chosen in a manner
which requires optics with focal lengths in the order 7 to 15 meters. In addition,
the increasing intensity of the focused beam due to the convergence along the
axis surpasses the damage threshold of most optical components already ∼ 5 m
in front of the focus, preventing a space saving set-up by folding the beam with
a suitable arrangement of high-reflective mirrors.

A special vacuum beamline was set up at the MPQ, situated on a robust
steel bridge above the LWS 20 OPCPA system, and accommodating four vac-
uum chambers connected by metal tubes, to comply with these extraordinary
demands. More vivid material concerning the construction of this beamline
can be found in the appendix. The first part of the beamline is schematically
depicted in Figure 3.3. In the first chamber the high-power beam is focused
by an assembly of a plane backreflecting and a spherical focusing mirror under
a small angle to avoid astigmatism. From there, the beam travels conver-
gently to the folding chamber, the last accessible point along the beam path,
where reflective optics can be introduced into the laser beam without destroy-
ing them. Alternatively, for smaller focal sizes in the third chamber and hence
even higher intensities, the first chamber can just be passed through and the
laser can be focused in the second chamber by optics with shorter focal lengths
(still ∼ 8 m!). In the third chamber the laser is interacting with rare gas atoms
streaming from a nozzle and HHG takes place. For the details of the involved
process compare section 1.2. Since the interaction area is hundredfold larger
than in the case of the usual Ti:Sapphire-amplified laser sources, the number of
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Figure 3.3: First part of the AS 6 Beamline at the MPQ. The scaffold for the
vacuum beamline was built above the existing laser system LWS 20 to gain the
necessary space for the implementation of the loose focusing geometry. Some
distances are also denoted in the sketch.

generated XUV photons per pulse is expected to scale accordingly. This would
enable the generation of coherent, ultrashort XUV pulses with intensities high
enough for pump/probe or other nonlinear experiments. In section 3.3, I will
report on the accomplished HH spectra and the measured intensities of the
XUV radiation.

After HHG in the third chamber shown in the sketch in Fig. 3.3, the NIR and
the XUV beam are propagating collinearly towards the experimental chamber.
For the first proof-of-principle test of this high-intensity XUV beamline this
part was composed of a simple XUV detection and characterization set-up,
illustrated in Figure 3.4. It incorporates interchangeable metal filters, a home-
built XUV spectrometer and a special XUV photodiode (not shown in the
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Figure 3.4: XUV detection and characterization assembly at the AS 6 Beam-
line. The drawing illustrates the XUV detection area with the metal filter
wheel, the removable transmission grating and the XUV CCD, that can also
be used as a spectrometer in combination with the grating. The photodiode
for measuring the total XUV flux is not shown.

figure). The metal filter, usually zircon (Zr), is used for spectral filtering by
completely blocking the fundamental laser, while still transmitting a substan-
tial percentage of the XUV radiation, and is also important for the energy
calibration of the spectrometer. The XUV spectrometer consists of a trans-
mission grating with 5000 lines/mm and a XUV CCD (PIXIS-XO, Princeton
Instruments) for the detection of the dispersed harmonics. Finally, the XUV
photodiode (AXUV-100, IRD, Inc.) is used for the measurement of the XUV
intensity. It is a special diode with directly deposited filters: 200 nm Zr as
a filter for the fundamental laser combined with a carbon layer as protection
against oxidation. These photodiodes are especially sensitive for the spectral
range between 6–16 nm, corresponding to XUV photon energies of∼80–200 eV.

3.3 High-flux harmonics at 100 eV

For the most efficient generation of high-intensity XUV radiation we used the
output of the OPCPA system LWS 20, after transport through the beamline
and reflection on a number of mirrors amounting to a pulse energy on target of
∼40 mJ with a pulse duration of ∼12 fs, and focused the beam into a gas cell
with variable length between 1 and 10 cm. The beam radius in the focus after
optimization of the adaptive mirror was ∼400 μm, leading to an intensity on
target of roughly 7× 1014 W/cm2 (see Fig. 3.5).
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Figure 3.5: LWS 20 beam at the focus in the HHG chamber measured with a
commercial beam profiling system (WinCam, DataRay Inc.). The beam pro-
file was optimized depending on the high harmonic intensity with the adaptive
mirror in the OPCPA system. The 1/e2-beam diameter in the focus is mea-
sured to be ∼ 800 μm.

The cell has a 1-mm hole on the frontside and on the backside, so that the
laser and the generated harmonic beam can pass through unhindered without
completely opening the interaction volume to the rest of the chamber. This
way, the gas load on the surrounding vacuum system was minimized, avoid-
ing excessive absorption of the generated XUV radiation due to an increased
background pressure. For the best high harmonic yield, the constant backing
pressure on the gas inlet of the cell was set to 45 mbar, corresponding to an
actual pressure in the laser focal area inside the cell that was estimated to
∼ 11 mbar. This pressure difference is due to the nonnegligible loss of gas
through the entrance and exit holes in the cell.

We also tried a supersonic gas nozzle as a target. A Laval design was
chosen to achieve a small spread of the emitted gas packet with a diameter of ∼
1.5 mm, and hence provides a high gradient of the gas density [121]. The nozzle
was pulsed at the laser repetition rate of 10 Hz to restrict the generated gas
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flow to the vacuum chamber. But even when increasing the backing pressure to
3 bar and more, essentially reaching the limit of the tolerable gas load for our
vacuum pumping system, we could not achieve the same HH output as from
the longer gas cell. It is important to note, that because of the Laval geometry
the actual gas pressure at the nozzle exit is severely reduced from the value
of the backing pressure and was determined experimentally (by way of XUV
absorption measurements) and theoretically (by comparison to simulations, see
[121]) to lie between 100 and 200 mbar. In Figure 3.6 you can see the bright
plasma in the focus for the supersonic nozzle with high backing pressure.

Figure 3.6: Plasma in the HHG focus at the beamline AS 6. Rare gas is
streaming with a pressure of ∼ 150 mbar from the pulsed nozzle and ionized
by the high-power laser. The large focal size in the employed focusing geometry
is evident with the naked eye. The bluish colour of the plasma points towards
argon as the interaction medium in this photograph.

The observed behaviour complies with the expectation from previous mea-
surements [92, 106, 107, 122] and theoretical calculations [123], that for the
loose focusing employed in our set-up good phase-matching conditions can
be sustained over a distance defined by the Rayleigh range, zR ≡ w2π

λL
for a

Gaussian beam. In the employed experimental geometry the Rayleigh range is
substantially extended and amounts to some tens of centimeters. Hence har-
monic radiation emitted all along the laser beam path through the gas cell is
interfering constructively and contributions from the whole volume add up to
the total XUV yield, resulting in a significantly enhanced conversion rate from
the fundamental to the higher harmonic wavelength. Accordingly, the XUV
flux was not very sensitive to changes of the gas cell length in the range of a
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few centimeters. For the backing pressure of 45 mbar used in the experiment
the highest XUV flux was achieved with an interaction length set to ∼4 cm.

A CCD image of the direct harmonic beam is shown in Figure 3.7. Inserting
the transmission grating into the beam, the XUV radiation gets energetically
dispersed and the spectrum can be spatially resolved on the CCD chip, which
is demonstrated separately for the lower (Fig. 3.8a) and the higher (Fig. 3.8b)
energy range.

Figure 3.7: CCD image of harmonic beam from LWS 20. The visible grid
structure is produced by the mesh supporting the 1000 nm-thick Zr filter, that
blocks the fundamental laser.

In the lower energy spectrum, generated in argon, (Fig. 3.8a) the different
harmonics are easily discernible, as well as the the Al edge from the filter that
was used for the calibration of the spectrum. For the higher energies, pre-
sented in Fig. 3.8b, we used neon as a the interaction medium. The individual
harmonics lie much closer together for these shorter wavelengths and cannot
be distinguished anymore due to the limited resolution of our home-built spec-
trometer.

Nevertheless, the usual plateau (in the middle) and the cutoff region (to
the right) typical for HHG are manifest in the spectrum, which extends well
above 120 eV. Thus it has been proven that high harmonic generation under
the condition of very gentle focusing is working as expected and the spectral
structure is similar to that achieved with a much tighter focus with less intense
laser sources.

However, the XUV flux should be much higher in the case of the high-
power OPCPA system. Indeed, this was clearly confirmed by the investigation
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Figure 3.8: Harmonic spectra generated by the high-power OPCPA LWS 20.
In the upper panel the high harmonic spectrum generated in Ar is presented,
which ranges from around 55 eV up to the Al filter absorption edge at ∼73 eV.
The lower panel shows the spectrum obtained from neon gas, starting at ∼
70 eV, where the Zr filter becomes transmissive, with a plateau spanning from
90–110 eV and a high-energy cutoff extending to more than 130 eV.
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of the harmonic intensity with the AXUV-100 photodiode described above.
Figure 3.9 shows the trace of a measurement for a single XUV pulse with this
device, recorded by a digital oscilloscope (DPO/DSA/MSO70000, Tektronix).
To evaluate this voltage signal one has to integrate over the area below the
curve and divide by the amplifier gain to get the total charge Qtot that corre-
sponds to the measured XUV intensity.

Figure 3.9: Determination of the XUV intensity. The Figure shows the trace
of the amplified high harmonic signal, detected by the XUV photodiode and
measured with the help of a digital oscilloscope.

The integrated signal amounts to Sint ≈ 3.75 Vμs = 3.75× 10−6 Vs and the
amplifier gain was set to gamp = 103 V/A, so that

Qtot = Sint/gamp = 3.75× 10−9 C (3.2)

or, expressed by the elementary charge e ≈ 1.6022× 10−19 C,

Qe = 2.3435× 1010 e. (3.3)

Taking into account the detection quantum efficiency of the photodiode (the
number of electrons produced per incident photon Reff ≈ Eph/3.7, with Eph =
100 eV being the relevant central XUV photon energy) and the transmission
through the Zr filter with a thickness of 700 nm, Tfilter ≈ 0.07 in the spectral
range 70–120 eV, the number of photons per XUV pulse is given by

Nph = Qe

ReffTfilter
≈ 1.24× 1010. (3.4)
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As the XUV spectrum with Zr filter inserted is centered around 100 eV (see
Fig. 3.8b), the total XUV pulse energy can be approximated to

100×Nph [eV] ≈ 2× 10−7 J = 0.2 μJ. (3.5)

In comparison with recently reported state-of-the-art XUV generation at
similar photon energies around 100 eV (for example refs. [5, 102]), these results
mark an improvement of the total XUV flux per pulse by at least two orders
of magnitude.

Another common measure for the efficiency of harmonic generation is the
ratio of the produced XUV energy per shot to the pulse energy of the driving
laser. Inserting the above numbers one gets ∼ 5 × 10−6, a very reasonable
scaling factor for this type of highly nonlinear conversion process and exceeding
earlier measurements with mJ-energy driving lasers by more than an order of
magnitude [109].

3.4 Conclusion

In this chapter I have presented the first results of multi-mJ-driven HHG at
the high-flux XUV beamline AS 6 for ultrafast nonlinear and pump/probe
studies in the photon energy range around 100 eV. The home-built few-cycle,
high-power driving laser together with the employed loose focusing geometry
and accordingly large interaction volume for the process of HHG lead to an
increase in XUV radiation intensity by 2 orders of magnitude compared to
similar sources at these wavelengths.

We can make a simple estimation of the XUV intensity, that could already
be reached with this set-up for a potential experiment. Since we measured
a pulse energy of ∼ 0.2 μJ in a mostly flat spectral region from about 80 to
120 eV, we can calculate the energy that is contained in a 10 % bandwidth
around the spectral centre at 100 eV. The whole spectrum covers a range of
120 − 80 = 40 eV, while 10 % at 100 eV are 10 eV, so that approximately
10/40 or a quarter of the measured energy is contained in this bandwidth,
amounting to ∼0.2/4 ≈ 0.05 μJ. Assuming a pulse duration of ∼1 fs, which is
easily supported by the 10 % spectral bandwidth, and a spot size of ∼2 μm in
the focus we may derive the available XUV intensity on target. Similar spot
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sizes have already been achieved by focusing a 30-nm-wavelength XUV beam
with the help of an off-axis parabolic mirror [124] and can be improved much
further by more sophisticated focusing techniques, e. g. like the ones proposed
in [125, 126].

If we substitute the above numbers into the formula for the averaged opti-
cal intensity we obtain a value of IXUV ≈ 4 × 1014 W/cm2, on par with the
intensities used for first pump/probe experiments with XUV radiation in the
slightly lower spectral region from ∼ 80–50 nm [127]. Still, more systematic
tests of the optimum length and the density of the target gas medium to-
gether with possible quasi-phase-matching schemes [128–130] and a spectrally
resolved characterization method of the generated high harmonic radiation will
be necessary to further improve the XUV flux to the μJ-level. Nevertheless, the
enhanced XUV yield demonstrated above shows that we successfully entered
the intensity regime in which nonlinear optics takes place. Thus, the way to the
reliable implementation of long anticipated XUV-pump/XUV-probe schemes
for the investigation of inner-shell dynamics on the natural atomic time scale
has been paved.
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Chapter 4

Temporal characterization of a
high-intensity X-ray source

Pulse duration measurement of
the FEL beam at the LCLS
(Stanford)∗

Over the past few years, short-wavelength free-electron lasers (FELs) have
established themselves as essential and unrivalled sources of ultrabright and
tunable coherent X-ray radiation [23–26]. One of the key characteristics of
these X-ray pulses is their expected ultrashort duration [60, 61, 132]. Combin-
ing the high spatial resolution and the ultrashort duration of X-ray pulses for a
full four-dimensional characterization of the sample under scrutiny in a single
shot has been a long-standing goal of material and biological science. These
properties open the door to the highly anticipated investigation of a plethora
of phenomena of considerable importance with nanoscale spatial and attoscale
temporal resolution. Proposed areas of interest range from single-atom pro-
cesses such as inner-shell multiple ionization, all the way to biological systems,
such as four-dimensional studies of viral genomes, diffraction tomography of
whole cells, scattering-based imaging of organic samples and the dynamics of
photosynthetic reactions to the basic research of the properties of novel and
exciting materials like graphene. However, so far no measuring technique has

∗This chapter was built on the manuscript Helml et. al. [131] reporting these measure-
ments and currently under review for publication in Nature Photonics.
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been able to directly and precisely determine the structure or even the duration
of these ultrashort pulses.

4.1 The Linac Coherent Light Source at the
SLAC National Accelerator Laboratory

Since 2009 the Linac Coherent Light Source (LCLS) at the Stanford Linear
Accelerator Center (SLAC National Accelerator Laboratory) is generating the
worldwide first FEL radiation in the soft and hard X-ray regime [25]. Fig-
ure 4.1 shows the LCLS machine layout from the electron injector gun, with
two electron bunch compressor chicanes, BC1 and BC2, up to the 132-m-long
undulator. The whole electron acceleration distance is roughly one kilometer
long.

©!2010!Macmillan Publishers Limited.  All rights reserved.!

The LCLS electron accelerator is based on the last kilometre of
the SLAC 3-km-long linac. This remarkable 42-year-old
machine22 uses radiofrequency (RF) fields at 2,856 MHz (S-band)
to accelerate electrons up to 50 GeV, most prominently for high-
energy physics research. The final kilometre of this linac is now
being used to drive the FEL. To create the LCLS, the linac was modi-
fied to include a new high-brightness electron injector at the 2 km
point, and two magnetic bunch compressor chicanes (BC1 and
BC2) were added to increase the peak current of the electron
beam in stages, commensurate with the increasing beam energy.
A new 350-m-long transport line was built at the end of the linac
to deliver the 3.5–15 GeV electrons to the 132-m-long undulator
line, after which the electrons are dumped and the X-ray beam is
transported to the X-ray diagnostics, or one of several experimental
stations. The facility has been designed to allow future expansion
with up to eight undulators and separate X-ray beamlines. The
LCLS layout is shown in Fig. 1.

The new injector23 must produce a very bright electron beam in a
single bunch generated at a rate of up to 120 Hz with a charge of
0.25 nC (an empirically improved operating point that performs
better than the 1-nC design), a peak current of 35 A, and an
r.m.s. energy-normalized emittance of ,1 mm in each transverse
plane. The injector begins with a photocathode RF gun with a
copper cathode illuminated by UV light from a frequency tripled
pulse from an amplified Ti:Sapphire laser system. Uniform spatial
UV shaping is important to generate the low emittance and is
accomplished with a 1.2-mm-diameter over-filled aperture imaged
to the cathode. The (less critical) uniform temporal shaping is
accomplished by stacking two 3-ps-long (FWHM) Gaussian
beams separated by 3 ps.

The pair of new bunch compressors shortens the electron bunch
and thereby magnifies the peak current from the injector by a factor
of !100, for a final peak current of up to 3.5 kA at the end of the
linac. The high peak current is required to efficiently generate and
saturate the shortest X-ray wavelengths. The compressors were
designed to minimize the effects of coherent synchrotron radiation24

(CSR), a process that can degrade the electron beam brightness
during the compression process as the very short electron bunch
begins to radiate coherently in the chicane bend magnets. The
effects of CSR have been measured in both compressors and show
reasonably good agreement with available computer modelling
codes25. The electron bunch length is measured using a transverse
RF S-band deflecting cavity26 (‘TCAV3’ in Fig. 1), which works
like a femtosecond-resolution streak camera for electrons and is
capable of resolving bunch lengths as short as 25 fs FWHM.

A special ‘laser heater’27,28 is located in the injector at 135 MeV
(‘Heater’ in Fig. 1). This unique component adds a small level of
energy spread (!20 keV r.m.s. before bunch compression) to the
electron beam to ‘Landau damp’ a micro-bunching instability
before it potentially breaks up the high-brightness electron beam.
The system modulates the energy of the electron bunch using a
co-propagating IR-laser (758 nm) in a short undulator (0.5 m),
which is enclosed within a four-dipole magnetic chicane. The
energy modulation is immediately smeared by the last two
magnets of the chicane into an uncorrelated energy spread, which
continues to smooth the temporal distribution of the bunch as it
passes through the downstream bunch compressors. The heater is
the first of its kind in a linac-based FEL and has been shown to
be quite effective in suppressing this instability and improving
FEL performance29.

Table 1 | Design and typical measured parameters for both hard (8.3 keV) and soft (0.8–2.0 keV) X-rays. The ‘design’ and
‘hard’ values are shown only at 8.3 keV. Stability levels are measured over a few minutes.

Parameter Design Hard Soft Unit
Electrons
Charge per bunch 1 0.25 0.25 nC
Single bunch repetition rate 120 30 30 Hz
Final linac e2 energy 13.6 13.6 3.5–6.7 GeV
Slice† emittance (injected) 1.2 0.4 0.4 mm
Final projected† emittance 1.5 0.5–1.2 0.5–1.6 mm
Final peak current 3.4 2.5–3.5 0.5–3.5 kA
Timing stability (r.m.s.) 120 50 50 fs
Peak current stability (r.m.s.) 12 8–12 5–10 %

X-rays
FEL gain length 4.4 3.5 !1.5 m
Radiation wavelength 1.5 1.5 6–22 Å
Photons per pulse 2.0 1.0–2.3 10–20 1012

Energy in X-ray pulse 1.5 1.5–3.0 1–2.5 mJ
Peak X-ray power 10 15–40 3–35 GW
Pulse length (FWHM) 200 70–100 70–500 fs
Bandwidth (FWHM) 0.1 0.2–0.5 0.2–1.0 %
Peak brightness (estimated) 8 20 0.3 1032 *
Wavelength stability (r.m.s.) 0.2 0.1 0.2 %
Power stability (r.m.s.) 20 5–12 3–10 %

*Brightness is photons per phase space volume, or photons s21 mm22 mrad22 per 0.1% spectral bandwidth.
†‘Slice’ refers to femtosecond-scale time slices and ‘projected’ to the full time-projected (that is, integrated) emittance of the bunch.
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Figure 1 | LCLS machine layout. Layout from the electron gun to the main dump, with two bunch compressors, BC1 and BC2, and a 132-m-long undulator.
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Figure 4.1: LCLS machine layout. (Figure reproduced from reference [25].)

This novel X-ray source has the additional advantage of being easily tunable
both in photon energy—ranging from some hundreds of electronvolts (eV) up
to nearly 10 keV—as well as in pulse duration. The achieved pulse duration is
dependent on a number of parameters, that can be independently changed to
compress the X-ray pulse from 500 fs to an expected shortest length of less than
10 fs. As one can see from table 4.1, there are two main modes that can be used
for the operation of the FEL: a routine setting with an electron bunch charge of
250 pC and a so-called ‘low-charge mode’ with a much reduced bunch charge of
only 20 pC. The higher bunch charge leads to an overall higher photon number
in the generated FEL pulse, but due to the longer pulse duration compared
to the FEL pulse expected from the low-charge mode the corresponding peak
power is even higher for the 20 pC electron bunch charge. Be aware that these
numbers for the ultrashort FEL pulse lengths are all derived from simulations.
Since we were most interested in measuring the shortest possible X-ray pulses,
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we performed our measurements in this low-charge mode.

Parametera 20 pC 250 pC Unit

Injector bunch length (rms) 1.3 2.5 ps
Initial peak current 5 30 A
Final bunch length (rms) ∼3 ∼30 fs
Final peak current ∼3 ∼3 kA
FEL pulse duration (FWHM)b ∼2 ∼60 fs
FEL peak powerb ∼400 ∼20 GW
a FWHM stands for full width at half maximum, rms stands for

root mean square
b Based on simulations with the genesis 1.3 [133] FEL code.

Table 4.1: LCLS machine parameters for the low bunch
charge mode (20 pC) and a more routine setting with a
higher bunch charge (250 pC), according to reference [134].

To reduce the pulse duration even further we made use of the so-called
‘slotted spoiler’ [27]. The working principle of this scheme is illustrated in Fig-
ure 4.2. A thin foil with a narrow vertical slit is introduced into the electron
beam path in one of the magnetic bunch compressor chicanes and basically
spoils the largest part of the electron bunch via Coulomb scattering. Only
the small central slice of the bunch passes the foil unhindered through the slit
and will subsequently experience efficient FEL amplification in the undulator.
This method, in combination with the above described low-charge mode, is pre-
dicted to produce pulses with sub-femtosecond duration, consisting of only one
single coherent X-ray spike stemming from a residual unspoiled electron bunch
length on the order of the undulator slippage length (compare section 1.4.3).

As with any signal based on the self-amplified spontaneous emission (SASE)
process (see section 1.4.2) the underlying temporal shape of each subsequent
single FEL pulse at the LCLS is implicitly different from the previous one,
demanding a single-shot measurement technique for its investigation. The at-
tosecond streaking technique [135, 136] has been successfully employed for the
temporal characterization of longer (∼ 40 fs) FEL pulses in the spectral re-
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Figure 4.2: Sketch of the working principle of the slotted spoiler. (a) shows the
electron bunch at the center of the compressor chicane and with a marked tilt
with respect to the direction of propagation. In (b) the slotted foil is depicted,
that leaves only a narrow central region of the bunch pass unspoiled. (Figure
reproduced from reference [27].)
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gion of the extreme ultraviolett (XUV) [137], utilizing inherently synchronized
terahertz (THz) radiation as a streaking field at the Free-Electron Laser in
Hamburg (FLASH) facility [23]. Recently, other measurements on soft X-ray
pulses of similar pulse length have been conducted at the LCLS, again relying
on the concept of streaking spectroscopy, but with an external NIR laser at a
wavelength around 800 nm as a streaking field [138, 139].

Neither of these set-ups is capable of measuring the ultrashort X-ray pulse
durations (< 10 fs) predicted in the above described low-charge operating
mode in combination with the slotted spoiler at the LCLS, because of lack of
temporal resolution in the case of the THz streaking and due to the breakdown
of the streaking regime for the case of the NIR laser, when the X-ray pulse
duration is longer than half the oscillation period of the streaking field (> 1.3 fs
for a central carrier wavelength of 800 nm, compare section 4.2).

On the other hand, SASE FEL pulse durations have also been indirectly
inferred from measurements on the electron bunch length before the undulator
[134] or from statistical analysis on the spectral coherence properties of the
ultrashort X-ray pulses [140]. Nevertheless, these characterization techniques
cannot provide single-shot information on the temporal structure of the X-
ray pulses and only statistically averaged quantities for possible pulse length
predictions can be derived from these measurements. Furthermore, recent
studies of fundamental ionization processes and measurements for longer X-
ray pulses (> 40 fs) have revealed a substantial deviation of the actual X-ray
pulse duration from the one inferred from electron bunch length measurements
[138, 141].

Thus, no direct experimental determination of the structure of these X-
ray pulses in the time domain has yet been feasible. However, for many of
the planned or future envisioned experiments at LCLS and other FELs, exact
knowledge of the peak intensities of individual ultrashort X-ray pulses in the
interaction region is of utmost importance, a prerequisite for which is precise
information about the pulse duration. This fact holds especially true for any
kind of time-resolved measurements that could give insight into the dynamics
of reaction processes on the fundamental electronic time scale of only hundreds
of attoseconds.
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4.2 Basic principles of streaking spectroscopy

The method of choice to directly measure the ultrashort FEL pulse dura-
tion is the concept of streaking photoelectron (PE) spectroscopy, which is a
well established technique for temporal characterization of attosecond pulses
in the XUV spectral region. This scheme has been theoretically described
in [135, 142] and been successfully demonstrated in numerous time-resolved
measurements, e. g. [4, 136, 143]. The essential parts of the theory for the
purpose of the temporal FEL pulse characterization shall be briefly discussed
in the following section. Throughout this discussion for the rest of the chapter
atomic units [au] are used (see section 1.2.1).

In the streaking spectroscopy set-up the FEL X-ray pulse is focused into an
interaction volume filled with a rare gas, where it is temporally and spatially
overlapped with an IR pulse, both horizontally polarized. The X-ray pulse
ionizes a small fraction of the gaseous atoms, thereby liberating the generated
photoelectrons with a kinetic energy εc = ~ωX−ray − Ip, with ωX−ray being
the angular frequency corresponding to the X-ray photon energy and Ip the
ionization potential of the atom’s electronic state. Ignoring the IR field for the
moment and on the condition of ~ωX−ray � Ip, the electron is rapidly moving
away from the ion with velocity vc =

√
2εc /me, so that the Coulomb potential

can be neglected.
If the photoelectron is born into the presence of a strong IR laser field

(subsequently referred to as a streaking field), it feels the influence of the
corresponding electric field and suffers a change in its final velocity. The final
electron velocity under this circumstances can be expressed most conveniently
with the help of the vector potential (compare section 1.2.1) by

v(tb) = vc − eAIR(tb), (4.1)

where AIR(tb) is the IR vector potential at the time tb of the birth of the
electron.

Since there is a monotonous slope of the vector potential between neighbor-
ing extrema for any half-cycle period of the streaking field, there is a direct
mapping of the temporal profile of the ionizing FEL pulse to the velocity dis-
tribution of the generated photoelectrons. Obviously, this scheme works only,
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when the duration of the X-ray pulses becomes comparable to or is ideally
shorter than the IR laser half-cycle period. In this case, electrons generated
at different delays between the FEL and the IR pulse ‘feel’ a well-defined and
time-dependent variation of the amplitude and the slope of the laser’s vector
potential, so that some photoelectrons are decelerated while some are acceler-
ated.

On the contrary, if the ionizing X-ray pulse is longer than the streaking laser
period, this modulation of the photoelectron spectrum is repeated identically
every optical cycle, destroying the one-to-one temporal mapping and leading
to the emergence of spectral sidebands spaced by ~ωIR [138, 144, 145].

The overall shift ∆ε(t) of the photoelectron spectrum can be calculated
using the approximation formula [135, 146]

∆ε(t) = −pcAIR(t) + 1
2A

2
IR(t), (4.2)

where pc =
√

2εc is the momentum corresponding to the central energy of the
unstreaked photoelectrons. When the peak vector potential of the employed
streaking field is much smaller than the initial momentum of the generated
electrons, Apeak � pc, then the second term in eq. (4.2) can be neglected and
the equation is further simplified to

∆ε(t) ≈ −pcAIR(t). (4.3)

Since this condition is easily met by our experiment, where the peak vector
potential Apeak ' 0.18 au and the initial photoelectron momentum pc ∼ 5.8 au,
equation (4.3) is applicable to our experiment. This way, the electrons become
strongly redistributed in kinetic energy, resulting in a significant change in their
final energy spread and central energy with respect to the unstreaked spectrum
(see Fig. 4.3), thus providing direct, single-shot time-domain information on
the X-ray pulse duration.
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Figure 4.3: Basic concept of streaking measurements on few-femtosecond FEL
pulses. Depicted is the temporal overlap of a 4 fs FEL pulse (blue filled area,
representing the X-ray pulse intensity envelope) and a longer (∼ 50 fs) IR pulse
with a central wavelength of 2.4 μm, i. e. an optical cycle-period of 8 fs. In
the interaction region photoelectrons from a rare gas are liberated by the FEL
X-ray pulse with a certain excess kinetic energy εc. Subsequently the electron
is treated as a free particle in the continuum and only ‘feels’ the influence of
the IR streaking field. If the photoelectron bunch coincides with a maximum
of the IR vector potential AIR(t), the electrons are mainly shifted to higher
or lower energies, but the whole distribution is only slightly broadened (upper
panel). On the other hand, if the overlap happens during a zero-crossing of
the vector potential, the photoelectrons are redistributed over a broad spectral
range, while the central energy is not changed at all (lower panel).
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4.3 The instrumentation at the AMO hutch

We performed the measurements at the atomic, molecular and optical science
(AMO) instrumental end-station at the LCLS [147]. It comprises a vacuum
chamber inside which an optical laser co-propagates with the FEL. Both beams
are focused into the same interaction region where a nozzle emits a jet of
neon gas. In addition, the instrumentation incorporates a magnetic bottle
electron spectrometer (MBES) [148], a high collection efficiency spectrometer
that operates over a broad energy range capable of detecting the photoelectron
spectra for every single shot.

4.3.1 Experimental set-up and alignment

Figure 4.4 shows a sketch of the experimental set-up and illustrates the basic
principle of streaking. The X-rays eject electrons from the gas atoms via the
photoelectric effect, and set them free with a kinetic energy equal to the X-ray
photon energy minus the specific electron binding energy of the atom. These
photoelectrons can be described as free electron wave packets for our exper-
imental conditions. The temporal structure of the generated photoelectron
wave packet mimics that of the incoming FEL pulse and its width is directly
related to the X-ray pulse duration [149].

The streaking laser was based on an optical parametric amplifier (TOPAS-
C, Light Conversion). We used the idler wave tuned to 2.4 μm central wave-
length, with horizontal polarization of the electric field, a pulse energy of
∼ 30 μJ and a compressed pulse duration of ∼ 50 fs full width at half maxi-
mum (FWHM), measured by a custom-built second-order autocorrelator. The
output beam of the IR laser was suitably enlarged by a telescope, then trans-
ported to the experimental chamber by reflection on silver mirrors and subse-
quently focused through a 2 inch CaF2 lens to a beam diameter of ∼ 450 μm
in the interaction region, yielding an optical intensity on target of roughly
4×1011 W/cm2 or a corresponding peak vector potential of the streaking field
of Apeak ' 0.18 au. The coupling into the FEL vacuum beamline was accom-
plished by passing the beam through a CaF2 window, glued to a flange cut
at Brewster’s angle to minimize reflective losses, and reflection off a mirror
mounted at 45 degrees with respect to the X-ray propagation direction with
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Figure 4.4: Experimental set-up and measurement principle. The picture
shows the experimental set-up in the AMO hutch at the LCLS. The X-ray
laser and the IR streaking laser are coupled into the vacuum chamber and are
co-linearly focused onto a Ne gas target. The generated photoelectrons are
then energy resolved with a magnetic bottle electron spectrometer (MBES).
The inset on the left depicts two distinctive cases of temporal overlap of the
FEL with respect to the streaking field, one at the zero crossing and one at
a maximum of the IR vector potential. The respective photoelectron (PE)
spectra are also shown. More details are given in the text and in Fig. 4.3.

84



CHAPTER 4. TEMPORAL CHARACTERIZATION OF A
HIGH-INTENSITY X-RAY SOURCE

a hole in the middle, through which the FEL beam passed. As a target for
photoexcitation we used neon gas streaming from a nozzle with a background
pressure in the experimental chamber of ∼ 1 × 10−7 mbar and the photoelec-
trons were detected with the MBES.

For our streaking experiment we had to carefully overlap the FEL pulse
with the IR laser spatially and temporally. Separately looking at the images
on a YAG screen in the interaction region and then aligning the two beams to
the same spot provided us with the spatial overlap position. Rough temporal
overlap was then achieved by synchronizing the arrival times according to
the signal from a fast photodiode in the beam path. Then we did a fine-
scan by changing the length of the path of the optical laser in small steps
and integrating the electron detection signal in an energy region close to the
photoline. The better the FEL and the IR laser are synchronized, the more
electrons see the IR field and the detected electron spectrum deviates from a
pure photoline. This signal can be used to find the maximum temporal overlap.

4.3.2 FEL settings

The LCLS was working in the so-called ‘low-charge mode’, with an electron
bunch charge of 20 pC around the point of maximum compression at ∼10 kA,
producing FEL pulses expected to be of sub-10 femtosecond duration and
with photon energies tuneable from 800 eV to 2000 eV at a repetition rate of
up to 120 Hz [25]. In order to further minimize the FEL pulse duration, a
‘slotted spoiler’ [27] was inserted into the electron beam at the second bunch-
compressor chicane along the SLAC Linac ahead of X-ray generation in the
undulator. We measured various characteristics of the FEL: That the X-ray
central energy varies slightly from shot to shot is manifest as an energy shift
of the photoline peak that we detected in the MBES. With an FEL photon
energy of Eγ = 1790 eV and a binding energy of EB = 870 eV for the 1s
electron shell in neon, the central energy of the photoelectrons is distributed
around the mean value of 920 eV with a standard deviation of ∼ 2 eV root
mean square (rms). The bandwidth of the photoline, corresponding to the
energy spread of the X-ray pulse, was measured to be ∼3.3 eV rms.
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4.3.3 Magnetic bottle electron spectrometer (MBES)

The magnetic bottle electron spectrometer consists of a 1 m-long drift tube
surrounded by a solenoid creating a constant low magnetic field, and a strong
0.5 T permanent magnet. Together, they create a magnetic field capable of
collecting and guiding a large portion of the photoelectrons and Auger electrons
created in the interaction region. Since every electron with the same initial
energy arrives at the end of the drift tube at the same time, a simple time of
flight treatment yields the electron energy spectrum. An electrostatic retarding
potential is used to slow down the electrons and improve the energy resolution
that ends up being limited by the time response of the micro channel plate
detector. The final resolution corresponds to around 0.5% of the initial energy,
e. g. around 4 eV FWHM when operating the FEL at 1800 eV. A small aperture
is used to limit the acceptance solid angle (∼ 30° at the energies used in the
experiment). Combined with the sharply peaked angular distribution of the
1s photoelectrons that are used in the measurement, this ensures that the
streaking method can be used without loss of resolution due to integration
over a large range of angle and thus streaking strengths.

4.4 Direct time domain measurement of ultra-
short X-ray pulses

Here, we apply this technique for the first time to hard X-ray pulses. In this
approach, an externally synchronized IR laser field is overlapped with the X-
ray pulses and both beams are subsequently focused into a gas target. One of
the major challenges for these types of correlation measurements is the arrival
time jitter of each single FEL pulse with respect to the IR laser. With our
scheme and following analysis we overcome this issue and derive an upper limit
of the X-ray pulse duration for each single shot in a manner that is decoupled
from all machine parameters and can be used simultaneously with any ongoing
measurement.

Before presenting the details of our evaluation it is an important prerequi-
site for the following analysis to make an estimate of the X-ray pulse duration
compared to the streaking laser period. Following the previous reasoning, for
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Figure 4.5: Streaked X-ray photoelectron spectra (top: Simulation, bottom:
Experiment). Six colour-coded intensity plots for photoelectron spectra of 50
consecutive shots, for two different X-ray pulse durations (τX−ray ≈ 25 fs and
τX−ray ≈ 4 fs) streaked by optical lasers with two different central wavelengths
(λ = 2 μm and λ = 2.4 μm). Fig. 4.5 a to c are simulations, while d to f are
constructed from the corresponding measurements taken at the LCLS during
our experiment. The long 25 fs X-ray pulses (panels a and d) exhibit nearly no
spectral shift but rather uniform smearing of the PE spectra, revealing that for
these long pulses our measurement method breaks down. A similar behaviour
can also be observed for the short X-ray pulses (< 5 fs) when streaked with
the 2 μm IR field, shown in the middle in panels b and e: the ratio of the
period of one optical cycle at this wavelength to the X-ray pulse duration is
still not optimal, resulting in a high probability to find the spectral centre near
the unstreaked value. In contrast, for the 2.4 μm streaking field, right panels c
and f, the whole spectrum is hugely shifted away from the mean, as is expected
when the PEs ‘see’ only part of the IR vector potential, a clear demonstration
of the onset of the streaking regime. Note that the overall shift of the central
energy in panels e and f from 930 eV to 920 eV is due to an accordingly lower
X-ray photon energy (1790 eV instead of 1800 eV) for this measurement and
is not a streaking effect.
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longer X-ray pulses (enclosing one or more cycles of the streaking field) the
energy shift of the streaked photoelectron spectrum is negligible, thereby re-
sulting in uniformly larger streaked spectral widths. This is evident when
looking at the spectra presented in Fig. 4.5 a and d, which show 50 simulated
(a) and measured (d) streaked spectra obtained with X-ray pulses stretched
to around 25 fs (by changing the compression of the electron bunch) and a
streaking field with a wavelength of 2 μm. For the X-ray pulses at optimized
compression and inserting the spoiler [27], we can see in Fig. 4.5 b and e that
when employing the same 2 μm streaking laser, the situation is globally un-
changed, whereas when using a 2.4 μm wavelength IR laser, we observe the
apparition of a clear streaking regime [9, 136] (Fig. 4.5 c and f). Thus we have
demonstrated that the FEL pulses under these experimental conditions are at
least shorter than 8 fs (one period at 2.4 μm wavelength) and we can apply
the streaking concept for the X-ray pulse duration acquisition.

4.4.1 Single-shot X-ray pulse duration measurement

The FEL and the streaking laser were externally synchronized with a timing
jitter that we determined by a cross-correlation measurement between the two
lasers (see Figure 4.6). By changing the delay between the two pulses and
integrating the measured signal over an area of the PE spectrum that lies just
beside the main unstreaked photoline we get a time-dependent measure of the
strength of the overlap. With this method we found an arrival time jitter of
∼ 90 fs rms for our set-up (Fig. 4.6 c). Since the arrival time jitter between
FEL and IR is of the same order as the IR pulse duration, it is not possible
to assign a definite delay and corresponding value of the vector potential with
respect to the streaking field to each single FEL pulse.

Furthermore, due to the statistical nature of the SASE process (compare
section 1.4.2) the actual pulse shape and thus the duration of consecutive FEL
pulses also varies from shot to shot, necessitating a single-shot measurement
technique for its determination. That means that we have to adopt a different
method to extract the X-ray pulse duration from the measured spectra than
what is conventionally used in streaking experiments with precisely synchro-
nized gas-phase high harmonic sources. As the relative phase between the
X-ray pulse and the streaking field is not known a priori, we have, in a first
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Figure 4.6: Determination of FEL–IR arrival time jitter. Figure 4.6 panels
a and b show the simulation of X-ray pulses (blue, black, purple & yellow)
overlapping with the IR streaking field (red) at different relative delays and
the corresponding photoelectron spectra. Panel c depicts the measured cross-
correlation obtained by integrating the signal over a small region of the spec-
trum at a point 4σ away from the unstreaked photoline for different delay
settings. In the case of very poor overlap (the situation depicted as the yel-
low FEL pulse in panel a) there is nearly no streaking effect: the measured
photoline stays narrow and the signal in the region of interest is small. As
the X-ray pulse overlaps more and more with a vector potential of higher am-
plitude (the cases of the blue, purple and black pulse, in ascending order of
streaking potential amplitude), the generated PE spectra become ever more
broadened and the integrated signal rises accordingly. Therefore, the detected
width of this cross-correlation can be interpreted as a measure of the average
effective arrival time jitter between the FEL and the streaking field, which
amounts to ∼93 fs rms in our case.

89



4.4. DIRECT TIME DOMAIN MEASUREMENT OF ULTRASHORT
X-RAY PULSES

step, to determine the value of the streaking vector potential for each single
FEL pulse. This fact is critical for our analysis and leads to the determina-
tion of an upper limit of the X-ray pulse duration. In the second step we use
this vector potential as a calibration factor to convert the measured spectral
width of each streaked photoelectron wave packet into the duration of the
corresponding X-ray pulse.

For the first step of our evaluation we assume that the detected peak of the
spectrum that is pushed farthest away from the unstreaked centre stems from
an overlap of the X-ray pulse with a local maximum of the vector potential.
This way, we will on average underestimate the gradient of the vector potential,
thereby overestimating the underlying FEL pulse length and deriving an upper
limit for the associated pulse duration. To illustrate the principle of evaluation
let’s have a look at an example from our data, sketched in blue in Figure 4.7 a.
In this case we have measured a streaked spectrum ranging from 915 to 945 eV,
corresponding to a width of the streaked spectrum of δs = 30 eV and a maximal
energetic shift in relation to the unstreaked photoline at 920 eV of ∆ε =
945 − 920 = 25 eV. Following ref. [146], we estimate the vector potential
AIR(t) of the streaking field as approximately linear in time,

AIR(t) ≈ −Epeak × (t− tpeak), (4.4)

with a slope given by the peak electric field Epeak = E(tpeak) of the half-cycle
that the photoelectrons are overlapping with, which occurs at the moment
tpeak. The period of the streaking laser was tperiod = 8 fs, setting the time
interval for the vector potential to rise from a zero-crossing to a maximum
(a quarter period) to 8 fs/ 4 = 2 fs. This value corresponds to the above
calculated maximum shift ∆ε = 25 eV in the energy domain. Now we can use
the measured width of the streaked spectrum, δs = 30 eV, as a ruler for the
pulse length, resulting in an upper limit for the X-ray pulse duration:

τX−ray = δs
∆ε ×

tperiod
4 . (4.5)

This gives (30/25) × (8/4) = 2.4 fs in our case, represented by the blue
X-ray pulse on the left in Fig. 4.7 a. There is, in addition, a residual ambiguity
in our analysis method that we have to consider. Figure 4.7 a shows schemati-
cally a second FEL pulse (green, in the middle) with a different duration that
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Figure 4.7: Streaking of few-femtosecond X-ray pulses. The top panel,
Fig. 4.7 a, shows the principle of the X-ray pulse duration evaluation: the
maximal shifted peak of the measured PE spectrum is associated with an
overlap of the X-ray pulse with a local maximum of the streaking field (blue
pulse on the left). This energy shift ∆ε defines the gradient of the energy-to-
time conversion and the overall width δs of the streaked spectrum is used for
the determination of the FEL pulse duration. The green X-ray pulse, twice
as long and depicted in the middle, gives rise to a very similar PE spectrum,
leading to a residual ambiguity of the FEL pulse length measurement. Pan-
els 4.7 b–e show four different streaked photoelectron spectra as measured in
our experiment (blue solid lines) at different values of the IR vector potential
and the respective linear streaking ramp (orange dashed lines) derived from
the maximum shifted peak of the spectrum. In panel b we infer an maximal
shift ∆ε = | − 32| eV from this peak, i. e. the laser half-cycle of 4 fs is mapped
onto an energy range of 2 ×∆ε = 64 eV. The complete spectrum spans from
−32 eV to 27 eV, setting the overall width to δs = 59 eV and corresponding
to a pulse duration of 3.7 fs. In a similar manner we derive upper limits for
the other pulse durations of 3.4 fs (panel c), 2.6 fs (panel d) and 2.8 fs (panel
e), respectively. Considering the ambiguity of the energy-to-time mapping all
those shots are in principle also compatible with the doubled pulse length (see
text).
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nevertheless leads to the same measured width of the streaked spectrum. Since
we assumed that the X-ray pulse partly overlaps with a local maximum of the
vector potential, we cannot discern streaking effects caused by the right or the
left edge of this vector potential curve. To get a correct upper limit for the
possible X-ray pulse duration, we therefore must double the above calculated
value to 4.8 fs. All pulse lengths between 2.4 fs and 4.8 fs are compatible with
our measurement.

Owing to the statistical nature of the SASE generated FEL pulses originat-
ing from noise, the x-ray pulse profile differs greatly from shot to shot. For
the first time, we are able to show this variation and demonstrate the intensity
substructure of the FEL pulses directly in the time domain, with a resolution
better than the coherence length. Figure 4.7, panels b–e, show the comparison
of the unstreaked photoline (dashed blue) with measured X-ray pulse profiles
(red). In Fig. 4.7 b an FEL pulse consisting of only one single peak overlaps
with the zero crossing of the vector potential and is broadened compared to
the photoline. Different arrival times of the FEL pulse relative to the streaking
laser lead to an overall shift of the whole spectrum as depicted in Fig. 4.7 c and
d, where the FEL pulse overlaps with the positive or negative part of the vec-
tor potential and the resulting spectrum is shifted accordingly. An individual
peak followed by a tail (c) can be distinguished from a pulse containing two
well separated spikes (d) or even three individual spikes as shown in Fig. 4.7 e.

If we repeat this analysis for each single shot and plot the number of shots
versus the respective pulse durations they are in agreement with, we get an
estimation of the average X-ray duration (Figure 4.8). We find that the average
pulse duration of the FEL is best fitted by a gaussian distribution with a mean
value of 4.7 fs and a standard deviation of 1.7 fs. We emphasise here that this
is obviously a very conservative upper limit and that the actual pulse duration
is likely to be considerably shorter for the vast majority of LCLS pulses in this
mode of operation.

4.4.2 Measurement of sub-femtosecond X-ray pulses

Due to pulse-to-pulse fluctuations there are some pulses that are considerably
shorter than the average duration. FEL theory predicts a temporal pulse sub-
structure composed of a train of ultrashort spikes [61] with a typical width
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Figure 4.8: Average FEL pulse duration. A histogram of the possible pulse
duration values in agreement with our measurement (blue) for the parameter
range we were working with at LCLS (20 pC low-charge mode, 1790 eV X-ray
photon energy, electron bunch nearly fully compressed at 10 kA, slotted spoiler
inserted into the electron beam path). The red solid line shows a Gaussian
fit to the distribution, indicating an upper limit for the average X-ray pulse
duration of ∼4.5 fs.
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corresponding to the coherence time, characterized by the X-ray photon en-
ergy bandwidth and machine specific parameters (see section 1.4.3). For the
parameter range we were working at during our measurements at the LCLS,
spike durations of about one femtosecond and even below are expected to oc-
cur (compare for example ref. [134]). The average number of spikes per FEL
pulse can be estimated, but it will also be subject to shot-to-shot variations.
Occasionally, an X-ray pulse consisting of just one single isolated spike will
occur.

A closer analysis of our data has confirmed the existence of such ultrashort
‘single-spike’ pulses, constituting about 5% of the total number of shots for the
run we analysed. By sorting and collating the streaked spectra with just one
peak and determining their centres we can identify the energy shift ∆ε and the
spectral width δs for each of these shots. Figure 4.9 shows the measurement
principle for attosecond X-ray pulses: For the evaluation of these single-spike
pulses we assume that due to simple statistical considerations the predominant
number of FEL shots overlaps with a part of the ramp of the vector potential
and hence again equation (4.4) is valid. Then we can employ a reasoning
similar to that described above to assess an upper limit for the pulse duration.
In order to not overestimate the actual value of the vector potential for the
conversion into the time domain we use the minimum possible value of the
vector potential, that is the value that corresponds to the observed shift of
the central photoelectron energy for each of these single-spike pulses. This is
a very conservative approach and will again result in the determination of an
upper limit for the respective pulse duration.

In the case of one shot I have selected from our data (Fig. 4.9) this energetic
shift amounts to ∆ε = 17.4 eV and is marked as the bigger light blue dot
in panel b. Following deconvolution of the initial unstreaked X-ray photon
energy bandwidth, which was determined by separate measurements, from the
measured signal and using ∆ε as a calibration factor the spectral bandwidth
of this single peak corresponds to an X-ray pulse with a duration of maximum
∼800 attoseconds FWHM. In general, the derived upper limits for the duration
of X-ray single-spike pulses are mainly in a range of 750 to 1500 as FWHM
(marked by the green oval in Fig. 4.9 b), which is in good agreement with the
predictions based on equations for the SASE process under the conditions of
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Figure 4.9: Measurement of an attosecond X-ray pulse. Panel a on the right-
hand side shows a measured spectrum of a single FEL intensity spike (solid
dark blue line) and the corresponding Gaussian fit (dashed red line). The
shift of the peak from the unstreaked central energy at 920 eV (green dotted
line) defines the energy-to-time ramp (top left), with the help of which the
width of the deconvoluted spectrum (yellow dashed-dotted line) can be con-
verted into a pulse duration upper limit of ∼ 800 as, depicted as the light
blue line on the bottom left. Panel b at the bottom right shows the derived
upper limits for the pulse duration of all single-spike shots in one run that
we analysed as a function of the spectral energy shift of the peak. The very
short pulse described in panel a is marked as the bigger light blue dot. The
outliers towards longer pulse durations are all associated with small energy
shifts (≤ 5 eV), and therefore potentially stemming from an underestimation
of the actual streaking vector potential by our method. Nevertheless, most
of the measured single-spike X-ray pulse durations are in the region of one
femtosecond and below, highlighted by the green oval.
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the LCLS machine parameters [134].

4.5 Conclusion

In conclusion, we have experimentally demonstrated that the FEL X-ray source
at LCLS is capable of producing high-energy, ultrabright pulses with an aver-
age duration of only a few femtoseconds. Our method of streaking spectroscopy
allows us, for the first time, to conduct consecutive single-shot measurements
of these ultrashort X-ray pulses directly in the time domain with attosecond
resolution and independent of the photon energy. We determined an upper
limit for the pulse duration of each single FEL shot and showed that a sta-
tistical evaluation yields a characterization of the average pulse duration for
a given setting of the machine parameters of the FEL. In addition, we were
able to investigate the substructure of these pulses and confirm the expected
behaviour of an underlying train of ultrashort single-spikes for these SASE
FEL pulses. The duration of these single X-ray pulses was measured to be
in the order of hundreds of attoseconds, in good agreement with theoretical
predictions.

The set-up as described above only requires a tiny portion of the available
FEL power and is therefore suitable as a real-time diagnostic that can be used
online and parasitically in parallel with an active experiment. Streaking spec-
troscopy therefore is an ideal technique for tagging the pulse duration of each
subsequent FEL pulse during an ongoing measurement, with the potential of
providing complete information on the X-ray pulse structure for future pump-
prope and all other intensity dependent experiments. This would enable the
development of a versatile, ultrabright X-ray instrument with tunable photon
energies and pulse durations for the investigation of a wide range of physical
and biological systems and molecular reaction dynamics with nanoscale spatial
and attoscale temporal resolution.
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Summary & Outlook

The new and exciting field of attosecond science is developing rapidly to be one
of the main research areas for time-resolved measurements on the dynamics
of such diverse systems as inter-shell electronic motion of single atoms, dis-
sociation and charge transfer of complex molecules, formation and change of
electronic band structure and collective excitations like plasmons in solid-state
matter and even intricate reactions of live biological samples, such as proteins,
viruses and whole cells. The instruments necessary for the scientific inves-
tigation of all these subjects are provided by novel laser sources, generating
ultrashort pulses in the femtosecond and attosecond range with wavelengths
from the near-infrared down to the hard X-ray regime, corresponding to photon
energies of a few electronvolts to a few kiloelectronvolts.

Since these topics represent scientifically uncharted territory, the involved
methods still face some serious challenges and limitations and are thus sub-
ject to ongoing improvement. In this thesis I have studied two distinctive
schemes for a future broader applicability of ultrafast laser spectroscopy as a
reliable and multifunctional tool for attosecond time-resolved investigations.
Both techniques are applicable on few-cycle laser pulse based set-ups, that are
comparably cheap and space-saving in contrast to large-scale FEL facilities
and provide so-far-unrivalled temporal resolution:

• The first approach discussed in chapter 2 was concerned with the increase
of the achievable photon energies by pushing the efficient conversion
to shorter wavelengths corresponding to energies in the water window
(∼ 284–535 eV) or even beyond into the keV regime. This was accom-
plished by utilizing a few-cycle, longer-wavelength 2.1 μm mid-infrared
laser as the driver for the process of high-order harmonic generation,
thereby taking advantage of the favorable scaling of the generated high-
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est harmonic energy with the square of the driving laser wavelength.
We demonstrate the extension of the high-energy cutoff up to 1.6 keV,
in good agreement with theoretical predictions. In addition we could,
for the first time, experimentally observe direct inner-shell ionization in
neon by the recolliding electron, temporally confined to the ultrashort
time window of a small interval around one extremum of the fundamental
driving field. This ultrafast excitation in combination with the precisely
synchronized fundamental laser as a ‘trigger’ pulse opens the door to
the investigation of electronic motion between inner shells of atoms with
attosecond resolution.

• The second project dealt with the enhancement of the available XUV flux
as a fundamental prerequisite for pump/probe experiments and other
nonlinear optical studies that require high photon intensities and was
presented in chapter 3. By building a dedicated beamline for the im-
plementation of a lose-focusing geometry with a high-power ∼ 100 mJ,
few-cycle laser system as a front end we were able to achieve the inten-
sity necessary for efficient HHG in neon over a focal region approximately
100 times as large as the area used with conventional Ti:sapphire-based
∼100 μJ driving lasers. We managed to amplify the XUV flux per pulse
in the region around 100 eV by roughly two orders of magnitude, already
providing a potential intensity on target of IXUV ≈ 4× 1014 W/cm2 and
thus enough power for highly anticipated nonlinear measurements in the
XUV spectral range.

The brightest coherent X-ray sources to date are free-electron lasers based
on the SASE principle that provide orders of magnitude more photons per
pulse than any current HHG set-ups. To demonstrate that these FELs can
also deliver the ultrashort pulses necessary for time-resolved measurements
or experiments depending on high peak powers, we characterized the pulses
from the LCLS when it was operated in the so-called low-bunch mode and
with the ‘slotted spoiler’ inserted into the electron beam path. The technique
of attosecond streaking spectroscopy allowed us to measure the structure of
these FEL pulses directly in the time domain on a single-shot basis, which
is important since the pulse durations change from shot to shot due to the
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generating process by self-amplified spontaneous emission. We found out that
the average pulse duration in this mode of operation at LCLS has an upper
limit of ∼ 4.7 fs and that some of the pulses, consisting of only one intensity
sub-peak, are even considerably shorter. Among these single-spike pulses, that
make up approximately 5% of all shots for the run during which we did our
experiments, are a few with an upper limit on the pulse duration that lies
even below one femtosecond, comprising, to our knowledge, the first directly
measured attosecond FEL pulses.

These results broach a multitude of interesting prospects for future research
activities. On the one hand the demonstrated scalability of the high-energy
cutoff of high harmonic radiation with driver laser wavelength and the possibil-
ity to enhance the photon flux per pulse with recently developed high-power,
few-cycle OPCPA systems in a loose-focusing geometry set-up pave the way
to utilize HHG as a tool for the investigation of hitherto inaccessible scientific
subjects at comparably low costs and space requirements. This list includes
the study of organic samples with ultrashort soft X-ray pulses in the water
window, XUV pump/probe measurements, experiments on amorphous mate-
rials that recover the complete structural information about an object under
scrutiny in a single-shot before radiation damage takes place and a host of
other highly intensity-dependent nonlinear measurements in the spectral re-
gion beyond 100 eV.

On the other hand, with the presently available SASE FELs and even more
so with the new facilities under construction or in the planning stage all over
the world there already exist unique instruments for ultrafast time-resolved X-
ray spectroscopy. In combination with a precisely synchronized trigger pulse
and the shot-to-shot knowledge of the FEL pulse duration gained by the meth-
ods described in chapter 4 of this thesis these machines permit pump/probe
measurements with unprecedented X-ray intensities and corresponding high
signal-to-noise ratio.

It is therefore a natural coarse of action to go a step further and put this
scheme to a test. In the frame of a Marie Curie Fellowship I will conduct a
proof-of-principle experiment at the LCLS. In this project a few-cycle UV pulse
initiates a reaction in an ensemble of aligned oxygen-containing molecules and
the synchronized X-ray pulse is used as a probe, in effect sampling the cor-
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related dynamics of the oxygen valence electrons in real-time. The proposed
measurement will be able to determine these reactions on a 10-femtosecond-
scale and would be a first step in the development of a completely new field
of ultrafast X-ray pump/probe physics. Future examples encompass time-
resolved studies of the optical response of graphene to high-intensity X-rays,
the real-time observation of the electronic dynamics involved in the process of
photosynthesis or the investigation of the structural evolution of living cells,
thereby promoting such diverse fields of research as materials science, chem-
istry and biology to a level of examination with nanoscale spatial resolution
and femtoscale temporal resolution.
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Build-up of the beamline AS 6

Figure A.1: The crane is ready to install the beamline in the cleanroom.
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Figure A.2: Lifting a few hundred kilogram of steel frame above a sensitive
high-power laser system.
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Figure A.3: The first part is resting safely on the laser housing. Prof. Kien-
berger supervises the progress and has everything safely under control.
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Figure A.4: To stabilize the bridge above the laser huge steel pillars are needed.

Figure A.5: During the construction laser work has to stop, so speed is of the
essence.
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Figure A.6: The bridge seems stable enough for a first static load test.

Figure A.7: Everything holds, although not all screws are tightened yet.
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Figure A.8: Now that the bridge is safely installed, the vacuum chambers need
to be put into place.

Figure A.9: There is still a lot of work left, but at least the basic fundament
for the new high-flux XUV beamline AS 6 has been laid!
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Figure A.10: AS 6 beamline at large.
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Appendix B

List of Acronyms

AMO atomic, molecular and optical science
AS 4 AttoSecond 4
AS 6 AttoSecond 6
ASE amplified spontaneous emission
BC bunch compressor chicane
CCD charge-coupled device
CEP carrier–envelope phase
CPA chirped-pulse amplification
DFG difference-frequency generation
FEL free-electron laser
FLASH Free-Electron Laser in Hamburg
FROG frequency-resolved optical gating
FWHM full width at half maximum
GD group delay
GDD group delay dispersion
HCF hollow-core fiber
HH high harmonic
HHG high-order harmonic generation
IR infrared
LCLS Linac Coherent Light Source
LWS 1 Light Wave Synthesizer 1
LWS 20 Light Wave Synthesizer 20
MBES magnetic bottle electron spectrometer
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MPQ Max-Planck-Institute of Quantum Optics
NIR near-infrared
OPA optical parametric amplification
OPCPA optical parametric chirped-pulse amplification
PE photoelectron
pnCCD positive–negative-junction charge-coupled device
PPLN periodically poled lithium niobate
QPM quasi-phase-matching
rms root mean square
SASE self-amplified spontaneous emission
SDD silicon drift detector
SFA strong-field approximation
SHG second harmonic generation
SLAC Stanford Linear Accelerator Center
SPM self-phase-modulaton
THG third harmonic generation
THz terahertz
XUV extreme ultraviolet
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