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Zusammenfassung

Eine Vielzahl physikalischer und chemischer Phéanomene wird durch die Dy-
namik von Atomen und Elektronen in Molekiilen und Festkorpern bestimmt.
Aus diesem Grund ist das Verstdndnis dieser Prozesse, folgend aus der Beob-
achtung der Atom- und Elektronenbewegung, ein Schliisselelement auf dem
Weg zu deren Manipulation und Kontrolle. Zeitaufgeloste ultraschnelle Elek-
tronenbeugung bietet atomare rdumliche Auflésung und ist besonders gut
fiir diese Aufgabe geeignet. Um die relevanten, fundamentalen Bewegun-
gen auch zeitlich aufzulosen, wird jedoch eine Elektronenpulsdauer in der
Groflenordnung von wenigen Femtosekunden und darunter benotigt.

Um solch kurze Pulse zu erzeugen, muss zunéchst eine Methode gefun-
den werden, sie zu messen. Diese Dissertation berichtet iiber die Realisierung
einer neuen Herangehensweise zu diesem Zweck. Sie basiert auf der Wechsel-
wirkung von Elektronenpulsen und Terahertzfeldern mit einer Wechselwir-
kungsdauer von weniger als einer Schwingungsperiode an der Oberflache von
diinnen Metallfilmen.

Zur Erzeugung der bendtigten intensiven Terahertzpulse wurde ein multi-
kHz regenerativer Laserverstéirker entwickelt. Das System nutzt die Scheiben-
lasertechnologie und nimmt damit Teil am kiirzlich begonnenen Paradigmen-
wechsel von den oft verwendeten Titan-Saphir-Systemen hin zu Ytterbium-
basierten Anlagen. Das System wurde fiir eine unkonventionelle Repetitions-
rate zwischen 50 kHz und 300 kHz ausgelegt und bietet damit eine optimale
Ausgewogenheit zwischen Pulsenergie und Durchschnittsleistung, wodurch es
speziell fiir ultraschnelle Elektronenbeugung mit Elektronenpulsen und deren
Charakterisierung zugeschnitten ist.

Intensive Terahertzpulse mit einer Dauer von einer einzigen Schwingung
wurden durch optische Gleichrichtung in einem Lithium-Niobat-Kristall er-
zeugt. Das Verkippen der Pulsfront der generierenden Pulse erméglicht eine
optimale Konversionseffizienz. Im Vergleich zu anderen Experimenten wird
sie in dieser Arbeit bei deutlich hoherer Repetitionsrate (x 50) erreicht.

Diese THz-Quelle wurde zum Nachweis eines Impulsaustausches zwischen
dem elektromagnetischen Feld und dem Elektronenpuls an diinnen Metallfil-
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men genutzt, indem die transversale Elektronenablenkung beobachtet wurde.
Dieser Effekt ermoglicht die Charakterisierung der vorhandenen (= 800 fs)
und der zukiinftig bereitgestellten (wenige Femtosekunden) Elektronenpulse
unter Verwendung des Streaking-Prinzips, welches ohne Abtasten der Zeit-
verzogerung funktioniert. Die Auswertung der erhaltenen Resultate und de-
ren Vergleich mit Modellen und Simulationen offenbart die zugrundeliegen-
den physikalischen Phdnomene.

Zum Ersten bestétigt die lineare Beziehung zwischen der Terahertz-Feld-
amplitude und der beobachteten Ablenkung eine direkte Elektronen-Feld-
Wechselwirkung, die nicht auf ponderomotorischer Kraft basiert. Zweitens
wird die relevante elektromagnetische Wechselwirkung am Metallfilm von ei-
ner propagierenden Interferenzwelle dominiert, die durch Superposition des
einfallenden und des reflektierten Teils des Terahertzpulses erzeugt wird.
Drittens lief§ sich zeigen, dass die magnetische Feldkomponente einen bedeu-
tenden Beitrag zum Wechselwirkungsprozess leistet, welcher abhéngig von
der entsprechenden Geometrie ist. Viertens resultiert die Relativbewegung
zwischen der Interferenzwelle und den Elektronen in einer Wechselwirkung
innerhalb der Dauer einer Schwingungsperiode. Diese Wechselwirkung stellt
die physikalische Grundlage fiir die beobachtete feldabhéngige, seitwérts ge-
richtete Ablenkung dar.

Nach unserem Wissen ist dieses Experiment die erste Realisierung ei-
ner von Terahertzfeldern getriebenen Streak-Kamera fiir frei propagieren-
de Elektronenpulse. Die aufgrund der optischen Synchronisation fast ver-
nachlissigbare zeitliche Fluktuation und die vollstédndig vernachlédssigbare
Ablenkungsdispersion stellen zwei bedeutende Vorteile des innovativen THz-
Konzepts gegeniiber der konventionellen, bei GHz-Frequenzen operierenden
Technik dar. Das Streaken mit elektromagnetischen Terahertzpulsen ermog-
licht die Uberwindung der durch Vakuum-Durchschlagsspannung gesetzten
Begrenzungen und birgt damit ein hohes Skalierungspotential.

Elektronenablenkung durch THz-Felder bietet nun die benotigte Methode
zur Charakterisierung von Femtosekunden-Elektronenpulsen. Sie wird damit
zur Grundlage fiir den Nachweis und die Erzeugung dieser Pulse und damit zu
einem wichtigen Baustein fiir die Beobachtung von fundamentalen atomaren
und elektronischen Bewegungen in Licht-Materie-Wechselwirkungen.



Abstract

Electron dynamics in atoms, molecules and solids determine a vast range of
physical and chemical phenomena. The observation and understanding of
electron motion on the atomic scale is therefore a key element towards ma-
nipulation and control of these processes. Time-resolved ultrafast electron
diffraction provides atomic-scale spatial resolution and is therefore an excel-
lent method for this task. However, electron pulse durations on the order of
few femtoseconds or below are required to resolve the relevant fundamental
motions in time.

Before such pulses can be generated, a method has to be found for their
temporal characterization. This thesis reports a novel approach and its real-
ization. The method is based on sub-cycle interaction of electron pulses with
THz electric fields in vicinity of a thin metal-film. For generating the neces-
sary intense THz pulses, a regenerative multi-kHz laser amplifier system has
been devised and implemented. The system uses the thin-disk technology and
thus participates towards the recently initiated paradigm change from widely
used titanium-sapphire setups towards ytterbium based devices. Design for
an unconventional repetition rate between 50 kHz and 300 kHz provides an
optimal balance between pulse energy and average power, making the sys-
tem especially suitable for ultrafast electron diffraction with single-electron
pulses and their characterization.

Intense, single-cycle THz pulses were generated by optical rectification
in a lithium niobate crystal. Tilting the front of the driving pulse was used
to achieve state-of-the-art conversion efficiency, but at significantly higher
(x 50) repetition rates.

This THz source was used to demonstrate the momentum exchange be-
tween the electromagnetic field and the electron pulse at a thin metal-film
by observing the transversal electron deflection. The effect allows for the
streaking characterization of currently available (/= 800 fs) and future (few-
femtosecond) electron pulses without scanning a time delay. The analysis
of the obtained results and comparison to models and simulations reveal the
underlying physical mechanisms: Firstly, the linear relation between the THz
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field amplitude and the observed deflection confirms a direct electron-field in-
teraction, not of ponderomotive type. Secondly, the relevant electromagnetic
interaction at the film is found to be dominated by a propagating interfer-
ence wave which originates from the superposition of incident and reflected
parts of the single-cycle THz pulse. Proper choice of the involved angles
provides velocity matching for extended laser and electron beams. Thirdly,
the magnetic field components were discovered to have significant contribu-
tions in the interaction process, depending on the geometry angles. Fourthly,
the relative motion between the interference wave and the electron results in
a sub-cycle interaction, providing the physical basis for the observed field-
dependent sideways deflection.

To our knowledge, this experiment represents the first realization of a
THz-driven streak camera for freely propagating electron pulses. The al-
most negligible timing jitter due to the all-optical synchronization and the
fully negligible deflection dispersion constitute two significant advantages of
the innovative THz concept over conventional devices operated at GHz fre-
quencies. Streaking with electromagnetic THz pulses allows to overcome the
electrical breakthrough limit and thus offers high scalability potential.

In summary, electron deflection by THz fields provides the required meth-
od for characterization of few-femtosecond electron pulses and will enable
their realization, in order to observe the fundamental atomic and electronic
motions in light-matter interaction.
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Chapter 1

Introduction

At the first emergence of cathode rays [1], discovered by J. W. Hittorf in 1869,
no one was imagining their extraordinary impact in science and technology
up to day. In 1897, J. J. Thomson showed the particle-like character of
the cathode rays and estimated the mass of the constituents to be three
orders of magnitude lighter than that of a hydrogen atom [2], thereby having
discovered the first subatomic particle, the electron.

Invented by K. F. Braun in 1897, the cathode-ray tube [3] became the
core component in oscilloscopes and screen technologies for about a century.
Closely connected to cathode-ray tubes are the triode and the X-ray tube.
The triode was invented by Lee De Forest in 1906 [4]. Enabling the ampli-
fication of electronic signals for the first time, it created the foundation of
electronics until its replacement by the transistor in the 1960s. The X-ray
tubes [5, 6] opened up the field of radiography, where they are used up to
the present days.

Free electron beams are also routinely employed in material science, e.g.
in electron diffraction, electron microscopes, electron lithography, electron
beam melting and electron-beam induced deposition. They are used at linacs
and synchrotrons, directly and in combination with free electron lasers, to
generate electromagnetic radiation spanning from the THz range up to x-ray
radiation [7-9].

1.1 Overview

Owing to the picometer-scale de Broglie wavelength, electron microscopy and
diffraction methods offer subatomic spatial resolutions, which have enabled
an ever deeper insight into the atomic structure of crystals, molecules and
even proteins [10-14]. However the methods provide only static information



2 1. Introduction

about the final state of a studied sample. Motivated by the envisioned control
of chemical reactions with laser light, observing the atomic motion as it
evolves during molecular rearrangements and condensed matter transitions
became of central interest [15-17]. Resolving atomic motion requires not
only sub-atomic spatial but also femtosecond temporal resolution [18, 19].

These time resolutions are readily achievable in all-optical pump-probe
setups, since the advent of femtosecond laser sources [20-22]. In this ap-
proach, the dynamic process of interest is excited by a pump-pulse, which is
significantly shorter than the investigated dynamics, and subsequently sam-
pled with the probe pulse, which must be short enough to capture an instant
of motion. Recording the signal at different delays results in the characteriza-
tion of the entire dynamic process. With the creation of isolated attosecond
pulses, the temporal resolution was extended even into the regime of elec-
tronic motion [23]. This milestone in the field of time-resolved spectroscopy
greatly expanded the knowledge of ultrafast electronic processes in atoms,
molecules and condensed matter [24-34].

Concepts like ultrafast electron microscopy and ultrafast electron diffrac-
tion [35, 36] combine atomic-scale imaging with the pump-probe approach.
Provided an electron pulse duration on the order of tens femtoseconds or
below, these methods offer sub-atomic spatial and femtosecond temporal
resolution at the same time.

However, achieving the required electron pulse durations is not trivial.
The electron charge causes repelling Coulomb forces between the particles,
which broaden a multi-electron pulse [37]. Furthermore, the electron rest
mass is responsible for an energy-dependent propagation velocity of the par-
ticles in vacuum, which causes pulse broadening as it travels to the sample.
While space charge forces can be avoided in single-electron pulses [18], the
dispersion compensation demands elaborate measures. Typically, pulse com-
pression is achieved in actively controlled microwave cavities by accelerat-
ing slower and decelerating faster electrons with electric fields [38-40]. An
alternative or complimentary approach could result from recently observed
THz-assisted spectral narrowing of electron pulses generated by nanotip pho-
toemission [41].

Compression of electron pulses requires a reliable method of their charac-
terization. A standard approach is implemented in the conventional streak
camera, where an electron pulse enters and transverses a volume with con-
trolled, time-dependent electric field oriented transversally or longitudinally
to the electron propagation direction. The transient electric field causes a
time-dependent transversal or longitudinal momentum transfer to the prop-
agating electrons and thus maps temporal information into spatial or energy
domain. Streak cameras utilizing synchronized microwave-cavities or based
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on laser-triggered deflection have been realized, still their temporal resolu-
tion is limited by achievable magnitude of the field gradient as well as by the
pulse-to-pulse jitter and do not achieve values below 150 fs. A recently sug-
gested THz-driven split ring resonator [42] constitutes a promising approach
to overcome this limit.

In another approach, electron pulses are spatially as well as temporally
overlapped with intense laser pulses, such that the ponderomotive force can
be used to deflect the electrons towards regions of lower optical intensity
[43, 44]. By implementing a standing wave configuration of this method, the
required laser pulse energy has been reduced from mJ to uJ levels [45, 46].
The signal obtained in both cases can be interpreted as a cross-correlation
between the electron pulse and laser’s intensity envelope, so that the ultimate
temporal resolution of this concept is limited by the duration of optical pulse
and velocity mismatch in the overlap region.

Recently, a different approach was demonstrated in our group [47]. In
this concept, 25 keV free electron pulses were longitudinally accelerated and
decelerated within a near infra-red, optical field oscillating at a thin metal-
foil. The method is employable with nJ optical pulse energies and allows
to determine the duration of the electron pulses that are shorter than half
the optical cycle or approximately as long as the optical pulse or longer.
Measuring pulse durations in between is impossible. Furthermore the concept
makes use of an energy analyzer that is not readily available for electron
energies approaching the relativistic regime.

Related is photo-induced near-field electron microscopy (PINEM) [48,
49]. Here, evanescent near-fields at a nano-structure are excited by an op-
tical pulse and mediate quantized energy transfer to the probing electron
pulse. The electron-photon interaction can be imaged on the femtosecond
timescale, which facilitates the retrieval of the electron’s pulse duration. As
in previous concept, this method requires an elaborated detection scheme
(electron microscope).

1.2 Motivation and Scope of This Work

All available methods for fs electron pulse characterization are either lim-
ited in resolution (streak camera), restricted to high optical pulse intensities
(ponderomotive force), are not applicable in an important range (optical
streaking), or require an sophisticated detection method (optical streaking
and PINEM). Therefore the goal of presented work is to investigate a novel
pulse characterization concept, which allows to overcome these obstacles and
thus offers the scalability for characterization of few-femtosecond electron
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pulses.

The method is based on two central innovations (see figure 1.1). Firstly,
the concept utilizes a thin metal foil to transfer momentum from a laser-
generated electromagnetic field to the traversing electron pulses, as it hap-
pens in optical streaking. But instead of detecting the longitudinal accel-
eration/deceleration of electrons with a time-of-flight spectrometer, their
transversal deflection is recorded on a screen. This combination of opti-
cal streaking method with conventional streak camera allows to circumvent
the need of a complicated detector, and simultaneously to exceed the streak-
ing fields typically obtained in conventional streak cameras. Secondly, the
streaking field’s spectral range is shifted into the THz domain. The increase
in wavelength by three orders of magnitude as compared to near-infrared
wavelength [47] allows to streak femtosecond electron pulses within the sub-
cycle regime.

This project, initiated in February 2012, started with the customization
of the laboratory for high average-power laser applications. The essential
experimental parts include the laser source, the vacuum setup, the electron
generation setup, the THz generation setup and the electron deflection setup.
Figure 1.1 gives a first overview of the experimental scheme for THz driven
streaking of free electron pulses. A high-repetition-rate regenerative ampli-
fier, described in chapter 2, provides near infrared, picosecond pulses. Most
of the output power is used for generation of THz-pulses by optical rectifica-
tion in a doped lithium niobate crystal (LiNbO3), described in chapter 3. A
small fraction of the power is split to generate second-harmonic pulses and
subsequently the free electron pulses in a photoemission process. This task,
as well as the control of electron pulses, is described in detail in the thesis
of Daniel Kreier [50], appendix A of present thesis summarizes the most im-
portant results. Chapter 4 describes the concept of the electron deflection
by THz-fields, whereas in chapter 5 the experimental implementation, the
obtained results and their discussion is presented.
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Figure 1.1: First overview of the THz-driven electron deflection setup. Near-
infrared optical pulses are mainly used for the generation of THz-pulses by
optical rectification. A small fraction is split to generate second harmonic
pulses, which subsequently produce free electron pulses. A solenoid and
coils focus and steer the electron beam onto the screen. The THz-pulses
are tightly focused on a thin metal-foil. Spatial and temporal overlap of
THz- and electron-pulses enables the deflection of the free electrons, which
is registered on a screen.
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Chapter 2

High-Repetition-Rate
Femtosecond Laser Amplifier

Realizing an experiment on deflecting of few-electron pulses by THz fields
implies two contrary specifications on the laser source. On the one hand, few-
electron pulses generate low signal amplitudes and require relatively high
repetition rates of at least tens to hundreds of kHz to restrict acquisition
times to reasonable durations. On the other hand, efficient THz generation
by optical rectification demands pump pulse energies on the scale of few
hundred microjoules. To meet these conditions, a high repetition rate, high-
power laser amplifier was build within this work [51]. The system was derived
from a preliminary device [52].

2.1 Modifications on Laboratory Infrastruc-
ture

The combination of pulse repetition rates of hundreds of kHz with micro-
joule pulse energies implies average output powers on the order of hundred
watts. Such uncommonly high average powers impose special requirements
on the laboratory infrastructure. Modifications improving the cleanliness of
ambient air, as well as concerning the laser safety were made in this work.
Figure 2.1 shows the home-build clean-room cell equipped with four flow-
boxes (ap-systems GmbH) to reach clean-room class ISO 5, according to
the norm ISO 14644-1. High-power laser curtains (Kentek Corp., EVER-
GUARD) were installed, to separate the laboratory into two subspaces, one
for the laser and one for the electron beam line.
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Figure 2.1: Additionally installed infrastructure for high power laser appli-
cations: clean-room cell, flow-boxes and metal laser protection curtains.

2.2 High-Repetition-Rate Yb:YAG Amplifier

Here the laser system is described; this chapter is a reprint of my publication
"800-fs, 330-uJ pulses from a 100-W regenerative Yb: YAG thin-disk amplifier
at 300 kHz and THz generation in LiNbO3” in Optics Letters, 2014 [51]. The
original work is attached in appendix B.

Yb:YAG thin-disk lasers offer extraordinary output power, but systems
delivering femtosecond pulses at a repetition rate of hundreds of kHz are
scarce, even though this regime is ideal for ultrafast electron diffraction, coin-
cidence imaging, attosecond science and THz spectroscopy. Here we describe
a regenerative Yb:YAG amplifier based on thin-disk technology, producing
800-fs pulses at a repetition rate adjustable between 50 and 400 kHz. The
key design elements are a short regenerative cavity and fast-switching Pockels
cell. The average output power is 130 W before the compressor and 100 W
after compression, which at 300 kHz corresponds to pulse energies of 430 u.J
and 330 uJ, respectively. This is sufficient for a wide range of nonlinear con-
versions and broadening/compression schemes. As a first application, we use
optical rectification in LiNbOj3 to produce 30-nJ single-cycle THz pulses with
6 W pump power. The electric field exceeds 10kV /cm at a central frequency
of 0.3 THz, suitable for driving structural dynamics or controlling electron
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beams.

Femtosecond lasers are indispensable in many fields of science and tech-
nology. While Ti:sapphire-based sources typically produce the shortest pulses,
there is a recent paradigm shift to Yb:YAG technology [53], offering signif-
icantly higher output power and scalability, especially in geometries with
thin-disks, slabs or fibers. Reported Yb:YAG-based lasers producing fem-
tosecond pulses (< 1ps) can be sorted into mode-locked oscillators [54, 55],
fiber lasers [56, 57], long-cavity oscillators [58-60], slab amplifiers [61, 62],
disk amplifiers [63, 64], or cascaded laser chains for pulses in the multi-mJ
regime [65-70].

Many applications require repetition rates between 100 kHz and 1 MHz.
This intermediate regime between oscillators and conventional amplifiers is
unusual, but beneficial in pump-probe spectroscopy, material processing, at-
tosecond science or coincidence imaging, for improving the signal-to-noise
ratio, enhancing the total flux or reducing acquisition times. Our particular
case is ultrafast electron diffraction with single-electron pulses [18, 36] for
probing structural dynamics with atomic resolution in space and time [19].
An optimum repetition rate is 200-300 kHz [71]; yet the laser pulses should
be powerful enough (hundreds of pJ) for effective nonlinear optical frequency
conversions to the ultraviolet/visible/infrared [72, 73] and THz domains [74,
75], in order to initiate and control atomic-scale dynamics.

None of the Yb:YAG-based laser systems demonstrated so far (fiber, slab,
crystal, disk) [53], provide sufficiently intense and stable femtosecond pulses
at hundreds of kHz for these diffraction applications, which require maxi-
mum simplicity of the laser system. Hence, we describe here the design and
operation of a regenerative Yb:YAG amplifier based on thin-disk technol-
ogy, producing 800-fs pulses at an adjustable repetition rate between 50 and
400 kHz.

Figure 2.2 depicts the experiment, based on a preliminary attempt [52].
The seed (t-Pulse 50, Amplitude Systemes) is a mode-locked Yb:YAG oscil-
lator with a repetition rate of 50 MHz at a central wavelength of 1030 nm,
delivering fs pulses with an energy of ~ 40nJ and a spectral bandwidth of
2.7nm. These pulses propagate through transmission gratings with 1400
lines per mm and f = 1m lenses, producing a group-velocity dispersion of
27 ps? and ~ 160-ps pulses for chirped-pulse amplification.

The desired high repetition rate in the multi-hundred-kHz regime together
with the thin-disk’s limited gain per reflection of ~ 10% puts some significant
constraints on the regenerative cavity. Each amplified pulse must leave the
cavity before the next seed pulse can enter. For a design at 14, = 400 kHz and
10% gain, we estimate that Ng.n ~ 200 round trips are required. Hence the
maximum cavity length is ¢/(204epNgain) & 1.9m and the switching time for
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Figure 2.2: Experimental setup and optical layout of the regenerative ampli-
fier. TFP, thin-film polarizer; FR, Faraday rotator; HWP, half-wave plate;
BBO, Pockels cell; QWP, quarter-wave plate; M1-M4, dielectric mirrors. The
regenerative amplifier cavity is marked with a dashed line. Arrows denote
the polarization state.

coupling the pulses in and out must be shorter than 1/ (yepNgain) & 12ns.
This necessitates a small Pockels cell crystal to minimize the high-voltage
required for switching. In turn, the cavity mode must be designed small
enough to avoid clipping and damage, but also large enough to minimize
B-integral accumulation.

Our design is depicted in Fig. 2.2 within the dashed outline. The disk
module (TRUMPF) employs a ~ 1/10mm thick, ~ 10%-doped Yb:YAG
thin-disk on a water-cooled heat sink, pumped by laser diodes at ~ 940 nm
(LDM 500, Laserline GmbH). The disk has a radius of curvature of r =
2m (M2). In order to comply with the considerations above, we use two
convex mirrors (M3, M4) and a total cavity length of 1670 mm. The cavity’s
stability is calculated using ray transfer matrices (see Fig. 2.2). The beam
diameter in the Pockels cell is < 1.5mm (full-width at half maximum) and
the accumulated B-integral is ~ 0.05. The Pockels cell is an anti-reflection-
coated BBO crystal with a size of 6 x 6 x 25 mm?, driven with a rise time of
~ 6ns by a pulsed high-voltage supply (Bergmann KG). Hence we conform
to all considerations outlined above.

A mode-matching telescope is to couple in the seed pulses with a typi-
cal switching sequence [76]: A thin-film polarizer (TFP-1), Faraday rotator
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Figure 2.3: Design of the length-limited amplifier cavity (dashed area in
figure 2.2) for operation at high repetition rates up to 400 kHz. Solid, beam
diameter along the cavity mode; dashed, position of mirrors M2 and M3.
FWHM, full width at half maximum.

(FR) and half-wave plate (HWP) form an isolator. P-polarized incoming
pulses enter the amplifier cavity through a thin-film polarizer (TFP-2). The
Pockels cell (BBO) is in its "off” switching state and a double-pass through a
quarter-wave plate (QWP) produces back-propagating pulses with spolariza-
tion, which are reflected by TPF-2. Before their return from mirror M4, the
Pockels cell is switched "on”, rotating polarization by 45 deg and rendering
the QWP ineffective. S-polarized pulses are therefore captured in the ampli-
fier cavity until the Pockels cell is switched ”off” again. The QWP produces
p-polarization and the pulses leave the cavity through TFP-2. The Faraday
isolator directs them towards compression and applications.

In the following, we applied 120 round trips at 300 kHz before coupling
the final pulse out of the amplifier cavity. More round trips could destroy
the Pockels cell, as described in more detail below. Figure 2.2(a) shows the
increase of output power with increasing pump power. Ellipticity, observed
after the end mirror M1, increases slightly from 0.95 at low power up to 0.8 at
above 100 W of output. Nevertheless, the cavity is always stable. At 370 W
of pump power, we achieve an output power of 130 W before the compressor.
This corresponds to a pulse energy of 430 uJ. Figures 2.2(b-c) show the beam
profiles at 130 W measured after the focus and in the focus of an f = 450 mm
lens, respectively. The measured M2 value at an output of 130 W is 1.30 and
1.35 for the horizontal and the vertical directions, respectively.

Compression of the 130-W output pulses is achieved using two reflec-
tive gratings with 1400 lines per mm at a separation of 1.76 m; the angle
of incidence is 47 deg. The throughput of this compressor amounts to 77%;
~ 100 W are emitted for applications. Figure 2.2 shows the spectrum and
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Figure 2.4: Output performance. (a) Output power in dependence of the
pump power. (b) Beam profile after a focus. (c¢) Shape of a focused spot.
Intensity of the beam profiles is normalized.

autocorrelation trace (pulseCheck, APE GmbH). With respect to the seed
spectrum with a width of 2.7 nm, the amplified spectrum shows signs of gain
narrowing and a width of 2.3 nm. Still, the Fourier limit calculated from the
measured spectrum is 740fs. There is no evidence for self-phase modula-
tion or any other nonlinear processes; the slight wiggles are interferences at
the spectrometer’s fiber entrance. The autocorrelation trace indicates com-
pressed pulses of 790fs duration, assuming a sech? shape. This is within
7% of the Fourier limit and indicates a good match between stretcher, intra-
cavity dispersion and compressor in our system. Higher-order chirp, as can
occur from self-phase modulation, is negligible.

The output power is stable to about 1% rms on the subminute time scale.
On longer time scales, there are some systematic oscillations of +2% (peak-
to-peak) caused by the disk’s chiller system, which is currently only stable
to £1K. The laser reliably runs over several days without alignment; no
significant drifts of output power are observable (< 0.8% over a day, < 0.05%
per hour).

We note in Fig. 2.2(a) the almost linear relation; we do not reach satu-
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Figure 2.5: Regenerative amplifier performance in the time-bandwidth do-
main. (a) Output spectrum. (b) Autocorrelation trace (black dots), fitted
assuming a sech?-shaped temporal pulse profile (blue line). The pulse dura-
tion (790fs) is close to the measured spectrum’s Fourier limit (740 fs).

ration. This suggests that we could further increase the pump power or the
number of round trips and achieve even higher output and stability. In prac-
tice, however, this is limited by Pockels cell damage, occurring either at the
front or back surface as an extended dark region around the center, where
the beam passes through. We attribute this damage to the effects of average
intracavity power in conjunction with coating imperfections. One solution
would be to obtain better-coated crystals, which is technologically challeng-
ing. An alternative would be to redesign the cavity for a slightly larger mode
at the Pockels cell crystal, accepting some minor clipping. There is also room
for moderate lengthening of the cavity, especially if more intense seed pulses
are applied at a reduced number of round trips. In view of these options,
and potentially others, it might be possible to further scale our 300-kHz re-
generative disk amplifier concept towards higher output powers, in case this
should be desirable.

2.3 Beam Stabilization System

As explained in section 2.1, the laboratory’s experimental area is separated
from the laser source by a distance of approximately 10 m. When bridging
this distance, the beam passes several, possibly drifting, optical components
and is exposed to fluctuations of ambient air. The disturbances result in
significant beam pointing fluctuations at the experimental area. To compen-
sate these effects, an active beam stabilization system (Aligna 4d BeamLock,
TEM Messtechnik GmbH) has been integrated into the optical setup. The
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device monitors position and direction of the optical beam by two position-
sensitive detectors and compensates the deviations from the set point with
two motorized mirror mounts equipped with piezo actuators.

Figure 2.6 (a) depicts the performance of the beam pointing stabilization
system, indicating an improvement in angular spread by a factor of 10 when
the stabilization system is deployed. Figure 2.6 (b) shows the transversal
beam mode at the experimental area, indicating a beam size of 2mm (full
width of half maximum) and a mode ellipticity of about 0.9. Both measure-
ments were taken with a beam profiler (WinCamD, UCD12-1/2") located
approximately 10 m from the amplifier’s cavity thin-film polarizer.

As a concluding remark, one can state that this laser system meets the
conditions for THz generation, generation of femtosecond electron pulses and
other future applications.
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Figure 2.6: (a) Angular beam pointing with deactivated (red) and activated
(green) beam stabilization system; (b) transversal mode of the regenerative
amplifier (1 pixel = 4.65um); both at a distance of about 10 m from outcou-
pling thin-film polarizer.



Chapter 3

Generation of High-Energy
THz Pulses

Efficient deflection of sub-relativistic free electron pulses by THz radiation
requires high peak electric fields, which imply tight focussing and high pulse
energy. From the variety of different THz generation methods [77-82], optical
rectification in a nonlinear medium combines high output pulse energies [83,
84] and simplicity together with a table-top design.

Several materials are suitable for optical rectification, see e.g. [85-87] and
table 3.1. The large bandgap of lithium niobate (LiNbO3) excludes two- and
three-photon-absorption of 1030-nm pump pulses [88] and makes this crystal
especially useful for high power applications when doped with magnesium.*
It has also one of the highest effective nonlinear coefficients [86, 89] and its
relatively high linear absorption coefficient reduces significantly at cryogenic
temperatures [90], which gives this material potential for further scalability.

However, the efficiency of optical rectification significantly depends on
velocity matching between the group velocity of the generating infrared pump
pulse v}, and the phase velocity of the generated THz field vgﬁiz. As indicated
in table 3.1, the refractive index of lithium niobate is more than two times
larger in the THz spectral range (np, = 4.96) than the group index in the
near infrared (ng ~ 2.2) [80, 90], thus inside the crystal the pump pulse
group velocity is more than two times larger than the THz phase velocity.
Therefore additional effort has to be spend on velocity matching, whereby
tilting the front of the pump pulses proved to be an effective approach [87,
91].

IFree carriers created by multi-photon-absorption strongly absorb the generated THz
radiation.
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Material degt Eq O'THz Ngr Nph

(pm/V) (eV) (ecm™') (800nm) (1THz)

CdTe 81.8 1.43 4.8 3.24

GaAs 65.6 1.43 0.5 4.18 3.59

GaP 248  227(1) 0.2 3.67 3.34
2.48(d)

ZnTe 68.5 2.26 1.3 3.13 3.17

GaSe 28.0 2.02 0.5 3.13 3.27

LiNbO; 168 3.8 17 2.25 4.96

Table 3.1: Properties of typical materials used for THz generation by opti-
cal rectification [80, 85]. The absorption coefficient is given for 1 THz, the
indicated effective nonlinear coefficients are given for 800 nm.

3.1 Pulse Front Tilting

Inside a nonlinear crystal, the infrared pump pulse excites the THz radiation
in form of a phonon-polariton. In accordance with Huygens’ principle, the
phonon-polariton propagates perpendicular to the pump pulse front with the
velocity vgﬁ{z = ¢/ntm,. Is the pulse front tilted with respect to the phase
front by an angle 7, so is this angle also enclosed between the propagation
direction of the THz radiation and the propagation direction of the pump
pulse. This allows to compensate the significant velocity mismatch by satis-

fying the equation:

THz ir
v n
_-ph _ TPgr
COSY = 5 = T (3.1)
gr ph

In case of lithium niobate and a central wavelength of 1030 nm, the required
tilt angle v amounts to 63° inside the crystal. This implies an even larger
tilt angle 4 of about 77° outside of the medium, since the intensity front tilt
angle decreases due to refraction when the pulse enters the crystal according
to: 1
tany = — tan¥y (3.2)
g,
Typically, such large tilt angles are achieved by introducing angular disper-
sion by means of a grating and subsequently imaging the grating into the
crystal. Thereby, the tilted pulse front has to coincide with the grating im-
age over the pump beam transversal mode. Fiilop et al. derived in [85] the
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relations for setup optimization using paraxial ray optics, which are summa-
rized below. More elaborated theoretical consideration can be found in [92,
93]. Figure 3.1, reproduced from [85], illustrates the corresponding scheme.
The infrared beam falls at the incidence angle #; onto the grating with the
period length p and is diffracted at the angle 64, which is also the tilt angle of
the grating. The lens with an focal length f, placed at the distance s; to the
grating, images the grating into the crystal and determines the magnification
factor. The lithium niobate crystal is located at a distance sy with respect
to the lens. The depth of the image s inside the crystal is chosen such that
the image is not truncated, the fluence at the entrance face is minimized and
self-focusing is avoided.

grating

image of
grating

2 LN crystal

Figure 3.1: Pulse-front tilting scheme. The figure is reproduced from [85].
The pulse-front of an incident optical pulse is tilted due to angular dispersion
at the grating. The grating is located in the object plane of a focussing lens,
which images the diffracted pulse into the nonlinear crystal.

For a given nonlinear material with refractive index n (\.), group index
ng (Ac), grating period p, focal length f, image distance s and auxiliary pa-
rameter a the geometry of the setup is determined by the equations 3.3 to
3.7
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: A
sinfly = " O, (Ac)pa (3.4)
sinf; = % —sin (3.5)
s1=f (\/a + 1) (3.6)
_ Is1 S
S9 = 5 — f — n()\c) (37)

Setup analysis based on paraxial ray optics, as presented above, does not
take into account effects like geometrical and chromatic aberrations. These
effects can induce distorted THz beam profile and phase fronts, when used in
connection with extended transversal beam profiles and significant angular
dispersion. In femtosecond systems the mismatch between grating’s surface
and object plane of the imaging lens was shown to cause temporal distortions
over the pump beam profile [94]. These influences are neglected here, because
of narrow bandwidth and long durations of the infrared pump pulses, but
needs to be taken into account in next generation setups.

3.2 Experimental Setup

3.2.1 Geometry

Figure 3.2 illustrates the experimental setup, implemented based on these
considerations. About 1ps, 360 uJ pulses at 50kHz at a central wavelength
of 1030 nm are available for pumping the THz setup (see chapter 2.2). The
combination of a half-wave-plate with a 45° thin-film polarizer allows for
power adjustment of the p-polarized transmitted beam. The beam is ex-
panded and collimated in a telescope (Edmund Optics, SN: 68481) to about
6 mm (FWHM) to avoid damage on the 400 lines/mm gold grating (Richard-
son Gratings Inc.). The grating is placed at an angle of 4.6° with respect
to the surface normal. After being diffracted, the first-order beam is steered
into the crystal by two flat 27-alluminium mirrors. A plane-convex, 17-lens
with a focal length of 150 mm is used to image the grating into the crystal.
The lens is placed at the distance of 1750 mm to the grating. Using a wedge
placed behind the imaging lens, a small portion of the beam has been sent
onto a beam profiler (DataRay Inc., WinCamD) located at the image plane
of the lens and indicating an beam size of 710 x 670 um?. A half-wave plate,
following the lens, aligns the pump beam polarization along the z-axis of the
0.6% MgO-doped stoichiometric lithium niobate (LiNbOj) prism to become
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parallel to the axis of pulse-front tilt. The front face of the LiNbOj3 crystal
is located 166 mm after the imaging lens. THz radiation leaves the crystal
at the exit face, cut at 63°. It is collimated by a 2”7, 90° off-axis aluminium
parabola with a focal length of 50 mm. The remaining pump beam is directed
to a beam dump.

In total, a rather large demagnification ratio of about 1:10 was realized
in the setup. This is necessary to compensate for the significantly different
damage thresholds of the gold grating and the lithium niobate crystal. At
a laser repetition rate of 300 kHz, damages were found to occur at the peak
intensity of about 0.7 GW /cm? and 110 GW/cm? for grating and crystal,
respectively. Regarding imaging distortions, the optimal demagnification
would be about 1:2 [85]. However, the large demagnification factor in this
setup is considered to be not critical to imaging distortions, since a relatively
small illuminated area at LiNbOj is pumped with rather long pulses (about
1ps). Furthermore, small incidence and diffraction angles at the grating
approximate the ideal condition for minimized temporal distortions at 0°
diffraction angle [94].

3.2.2 Optimization of Pulse-Front-Tilt

Careful alignment of the pulse front tilt in the pump beam is a decisive step
for efficient THz generation with the presented method. The pulse front tilt
within the crystal is experimentally not accessible. Therefore the tilt in the
image plane outside the crystal was determined to verify and optimize the
setup alignment.

This is accomplished with a Mach-Zehnder interferometer using the beam-
splitter BS1 to create a reference beam, marked with a dashed line in figure
3.2. Another beamsplitter BS2 provides spatial recombination. The pulse
front tilt differs in both arms: whereas the grating introduces a tilt in the
one arm, the pulse front remains not tilted in the other. Introducing a wedge
after the imaging lens, the recombined beams were sent onto a beam profiler
placed in the image plane of the lens. Temporal overlay was achieved varying
the length of the second arm by means of a delay stage.

Figure 3.3 (a) illustrates the transversal profile of the combined beam in
the image plane. Clearly visible is a vertically oriented interference strip. Its
horizontal position depends on the delay between the pulses in both arms.
Figure 3.3(b) reveals a linear dependence between the interference position
on the delay within the measurement accuracy. The slope of the inverse
function corresponds directly to the pulse front tilt and has been determined
to about 77.5°, which is in a good agreement with in section 3.1 calculated
value of 77°.



20 3. Generation of High-Energy THz Pulses

= 7 telescope G
BS1

ps pulse
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Figure 3.2: Optical layout of the THz setup. HWP, half-wave plate; TFP,
thin-film polarizer; BS1 and BS2, beam splitter; G: gold grating; M, plane
mirror; L, imaging lens; LN, lithium niobate crystal; P, collimating off-axis
parabola. The reference arm for measuring the pulse front tilt is marked
with a dashed line.

3.2.3 Results

Power and efficiency: In a first investigation, the power of the emitted
THz radiation as a function of infrared pump power was recorded with a
pyroelectric detector (Gentec-EQO). Figure 3.4 (a) shows the observed rela-
tion, where the input power is understood as the optical power transmitted
into the LiNbO3.2 The indicated THz power is corrected by the transmission
of a 4mm Si-filter (about 54 %), which was used to attenuate the scattered
infrared radiation. Each data point represents a mean value over 200 mea-
surements taken within about 20 seconds, the relative standard deviation
is below 5 %. The measurement reveals an approximately quadratic output
dependence for low input energies, which gradually turns into linear depen-
dence with increasing input powers. This indicates the onset of saturation

2The power delivered into the crystal is reduced by the efficiency of the optical system,
which amounts to about 0.76 with main loss contributions originating from the grating
efficiency (0.86) and the Fresnel reflections (0.14) at the crystal’s entrance face.
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Figure 3.3: Measuring the pulse front tilt. (a) Interference pattern observed
by overlapping a tilted and an untilted pulse in space and time. (b) Horizon-
tal displacement of the interference pattern as a function of the delay stage
position.

that is probably caused by increased multi-photon absorption. Crystal dam-
age was once found to occur at about 6.5 W of transmitted average power
(sending about 8.5 W into the setup), which corresponds to a pulse energy
of 130wJ and a peak intensity of about 22 GW/cm?. The damage occurred
in form of breaking off the crystal rearward corner, probably caused by ex-
cessive internal tensions due to temperature gradients. Below the threshold,
the highest measured THz output power was 1.6 mW corresponding to 30 nJ
pulse energy. Figure 3.4 (b) depicts the obtained energy efficiency. It in-
creases linearly with input energy for powers of up to about 2 W with a slope
of approximately 3.75 x 107% uJ~!. In the range between 2W and 4 W the
slopes magnitude gradually reduces, thus the conversion efficiency becomes
constant for pump powers above 4 W. The maximum reached pump-to-THz
conversion efficiency amounts to about 2.8 x 10~* corresponding to 27 % of
quantum efficiency. These values come close to state-of-the-art [88] but here
were obtained with significantly longer pulses®.

3In [88] 300 fs-pulses at 1035 nm were used to pump the LiNbO3 crystal.
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Figure 3.4: Performance of THz generation with tilted pulses in LiNbOj.
(a) Output power and THz pulse energy in dependence of the input power
and pulse energy. (b) Energy conversion ratio and quantum efficiency.

THz beam parameters: The THz beam parameters like beam divergence
and spot size at the source have essential influence on further system design.
The spot size at the source influences smallest achievable focus when no
magnifying telescopes can be used and the beam divergence affects the size
of the collimated beam. Therefore both parameters have been experimentally
determined.

To estimate the beam divergence the THz output radiation from the
prism’s exit face was observed with a pyroelectric detector (Gentec-EO).
Scanning the beam-profile at different distances from the exit face, the hori-
zontal and vertical THz beam divergence was determined to about 18° and
40° (total angular spread), respectively.

To estimate the source size, the infrared pump spot outside the crystal
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and in grating image plane, was measured to 710 x 670 um? (horizontal x
vertical, full-width at half maximum). Taking into account a tilt angle of 63°
this results in a THz-emitting area® of 1560x 670 pm?. Furthermore, the THz
radiation was collimated and refocused to a spot size of about 1.4 x 0.74 mm?,
using two 27, 90° off-axis parabolic mirrors with a focal length of 50 mm. The
size of the collimated beam was found to be about 2cm (full-width at half
maximum). Thus the generated THz radiation can be collected to the most
part and tightly focused with still reasonable efforts, which makes the optical
rectification in a tilted pulse-front configuration a valuable method for further
applications.

Electro-optic sampling: Information about temporal characteristics of
the electric field is required to estimate the deflection of electron pulses.
Electro-optical sampling (EOS) is a well established method [95, 96] to de-
termine the time-structure of a THz pulse and it was used to analyse the
output from our setup. Figure 3.5 (a) shows the time-dependent electric
field recorded in an EOS measurement” using a 300 um thick GaP crystal.
With electro-optical coefficients of GaP, given in [97], the field amplitude was
determined to about 11 kV /em. The duration of the close to single-cycle field
oscillation is around 3.3 ps. The Fourier-transformation of the electric field
amplitude reveals the output’s spectral amplitude centred at 0.3 THz, as il-
lustrated in figure 3.5 (b). The observed field shape, as well as the values for
its amplitude and period are used in section 4.2.6 to predict the dependence
of the electron deflection on its relative delay to the THz pulse.

3.3 Possibilities for Further Scaling

For the here intended THz-electron control experiments, the achieved nJ-
pulses at 50 kHz are well sufficient, see chapter 5.4. Still, further scaling up
the THz-pulse energy would result in higher streaking fields and is therefore
preferable. There are several options for increasing the THz output power
from a lithium niobate crystal.

One approach could be the reduction of thermally induced internal ten-
sions in the LiNbOj crystal, which depend on the size of the heat source
(pumped volume), on crystal’s geometry, on cooling scheme and mounting
design. Assuming that the internal tensions can be kept below the damage
threshold by suitable measures and the regime of constant efficiency extends

4If a more symmetrical and uniformly divergent output is required, cylindrical optics
could be used to shape pump beam’s cross section.
SEOS measurements have been carried out together with Andrey Ryabov.
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Figure 3.5: Characterization of the THz pulses. (a) Time-dependent electric
field of the THz pulses with peak strength of about 11kV/cm and (b) the
normalized THz spectrum at full output power (spectral amplitude).

beyond pump pulse energies of 120 uJ, one could expect a THz output pulse
energy of about 90nJ when pumping the crystal with available 330 pJ-pulse.
This would correspond to an average power of about 4.5 mW at the repetition
rate of 50 kHz or even 27mW at 300 kHz.

Another approach could be the cryogenic cooling of the LiNbO3 crystal.
This would significantly reduce materials absorption coefficient for THz ra-
diation from 17cm™! at 300K to 4.8cm™! at 100K [90] and thus result in
higher conversion efficiency. Experimentally, an conversion efficiency close to
4% was reached at about 150 K [98].

Furthermore, the conversion efficiency can be increased using optimized
pulse duration [85], which is at room temperature around 500 fs, and by in-
creasing the pumped interaction area [99], where different geometry concepts
might be advantageous [100, 101].



Chapter 4

Concept for THz-Driven
Electron Deflection

4.1 Overview and Motivation

The characterization of ultrashort electron pulses for time-resolved diffraction
is, besides their generation, a precondition for advancing ultrafast electron
imaging towards ever higher resolutions. One possible approach for electron
pulse characterization is realized in the so called image-tube streak camera
[102, 103]. The device maps the temporal profile of a bunch of photoelectrons
into a spatial dimension by deflecting them in a rapidly varying electric field.
The invention of the atomic transient recorder (ATR) allowed to surpass
the resolution of a conventional image-tube streak camera by three orders of
magnitude and thus to achieve a sub-femtosecond resolution [104, 105]. The
concept of ATR consists in mapping the temporal electron structure into the
energy domain instead of spatial domain by using the cycles of a laser field.
Together with the production of attosecond pulses by means of high-harmonic
generation [106, 107], the ATR contributed to open up the field of attosecond
physics [32]. The concept was used for characterisation of attosecond light
pulses [107], sampling the electric field of light [108], gaining information
about the electronic properties of atoms [23] and the photoemission process
[25]. At DESY (Deutsches Elektronen-Synchrotron), the method was trans-
ferred towards longer wavelengths to realize a terahertz-field-driven X-ray
streak camera [109] that was used for single-shot characterisation of 50 fs soft
X-ray pulses delivered from FLASH (Freie-Elektronen-Laser in Hamburg).
Recently, an optical-field-driven streak camera for characterisation of ul-
trashort free electron pulses at 25 keV was demonstrated [47]. The apparatus
was used for characterization of a microwave-compressed free electron pulses
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[40] and offers field-induced cross-correlation in contrast to ponderomotive
approaches [43-46].

Despite of these great achievements however, the latter concept is not
directly applicable to the conditions faced in this work, for two reasons.
Firstly, its working principle is based on the cross-correlation between an op-
tical pulse and the electron pulse. The method is therefore only practicable
for electron pulses with durations clearly different from that of the used op-
tical pulse. Secondly, the concept makes use of a time-of-flight spectrometer
for analysis of electron’s kinetic energy, which has been scaled up to 90 keV
in the present setup. However, a time-of-flight spectrometer in this energy
bandwidth is currently not available

Therefore, the new concept here is, first, to move with the optical pulse
into a spectral domain where the electron pulse is shorter than half the optical
cycle that means into the terahertz (THz) domain and, second, to map the
temporal structure of the electron pulse into a spatial domain. Thus the
approach combines the concept of the streaking with electric field of light
and the simplicity of an image-tube streak camera.

4.2 Physical Background

The success of the attosecond streak camera! is mainly based on two physical
preconditions that the device fulfils in a natural way:.

Firstly, the electron wave-packet is released from a bound atomic state
at location and instant within an already oscillating streaking field. This
way the released electron abruptly enters a region of space with present
field, without having to transverse regions of steadily increasing amplitude.
This enables an efficient momentum exchange of a free electron with an
electromagnetic field of an optical pulse. For low intensity optical pulses,
this condition represents a fundamental prerequisite, since the spectrum of an
electromagnetic pulse contains no de-component and therefore an interaction
of a charged particle over complete pulse duration results into an absence of
net momentum transfer.?

Secondly, the release is triggered by a colinearly propagating sub-laser-
cycle extreme ultraviolet pulse that was previously generated by the same
streaking pulse, thereby avoiding any considerable timing jitter of the re-
lease time with respect to the phase of the laser pulse. The consequence is,

!The terms ”attosecond streak camera” and ”atomic transient recorder” are used syn-
onymously in this thesis.

2The pondermotive force is neglected here, since the intensity of optical pulses is rather
low.
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firstly, that the electrons are released at the same phase of the streaking field
(in particular independently of the release location), and secondly that the
reproducibility of the process from pulse to pulse is ensured.

Thus two conditions need to be met for a successful transfer of the ATR-
concept. Section 4.2.1 describes the method to provide an abrupt start or
stop of field-electron interaction. Whereas 4.2.2 deals with the spatial phase
synchronization of this interaction process.

4.2.1 Condition 1 - Abrupt Interaction Stop

Single-electron pulses for ultrafast electron deflection are generated in a
photo-emission process at a distant location. To create a condition where
the electron wave packet can enter abruptly the streaking field, like it does
for the attosecond streak camera, one has to resort to a trick. The concept
is to reflect the laser pulse off a mirror in order to, create a situation where
space is separated into an area with electromagnetic field and a field-free
area. The propagating electron wave packet will abruptly enter or leave the
optical field (depending on whether the reflection takes place on the backside
or the front side of the mirror).

The mirror itself has to fulfil two contrary, essential requirements. On the
one hand it must have a sufficiently high electron transmission, on the other
hand it has to provide high reflectivity for the optical pulse. An ultra-thin
metal film, ideally of a material with low atomic mass, with a thickness in
the range of several tens of nanometers offers transmission values of a few
tens of percent for sub-relativistic electrons.?

To estimate the field reflectivity of a metal film, one has to take into
account that its high conductivity generates high internal absorption, so
that a complex refractive index has to be used to describe correctly the
optical properties of a real metal at optical frequencies. Thereby the real-
valued Fresnel equations, which are often used to describe the reflectance and
transmittance of an approximately lossless medium, have to be replaced by
its complex valued counterparts. Introducing the complex refractive index
as n = n (14 ik) with real refractive index n and extinction coefficient k&,
and defining the complex angle ©; using the incidence angle 6,

1
sin ©y = — sin 6, (4.1)
n

it has been shown [110, 111], that the Fresnel equations describing the field
reflectance r as well as the field transmittance ¢ at the interface between

3In the present work about 30% of 90keV electrons were transmitted by aluminium
foils of about 70 nm in thickness.
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vacuum and an absorbing medium for p-polarization are given by

ES  ncost; — cos O,

"p EL fcos; 4 cos O, (4.2)
E 2 cos b;
g, — b =% (4.3)
EL ncost; + cos Oy
(4.4)
Similarly, for the incidence of an s-polarized beam it was obtained
£ 0; —n ©
no= B cOS 7?cos ¢ (4.5)
Ei cost; + ncosOy
EY 2 0;
t, = === cos (4.6)

Ei  cos®; + ncos O

These complex valued reflectance and transmittance coefficients contain in-
formation about the amplitude and the phase of the reflected and transmitted
wave. The coordinate systems used with the Fresnel equations given above
can be found in [110, 111].

Empirical values for the refractive index in the frequency range from
0.1 THz to 1 THz are hardly available, even if values of n ~ nx ~ 1000
for 0.3 THz were reported [112, 113]. Alternatively, the THz spectral range
satisfies the limit of low frequencies wr < 1 < w,7 and therefore the optical
constants of a metal can be approximated by [114]

S (4.7)
n=nkK = 2w .

where w, stands for plasma frequency and 7 is the average time between
two electron collisions. With a plasma frequency w, = 1.6 x 10'% s7! and a
relaxation time 7 & 20 fs the equation 4.7 gives refractive indexes between
1160 and 640 at 0.3 THz and 1 THz, respectively. Using Fresnel equations
with these values the field reflectance of an interface between vacuum and a
metal can be approximated to be higher than 99.5 % for incidence angles of
up to 70°. These high reflectance values ensure an abrupt transition between
field free and field oscillating regions over the thickness of the foil.

An upper limit for the transition duration can be given by considering
the thickness of the foil and the propagation velocity of the free electrons.
An electron propagating at 0.5 ¢ passes the 70nm thick foil within 470 as,
so that the transition duration is about three orders in magnitude shorter
than the optical cycle of the THz wave and can therefore be considered as
quasi-instantaneous. This confirms that a thin metal foil provides a suitable
method for an abrupt start or stop of field-electron interaction.
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4.2.2 Condition 2 - Velocity Matching

The rather low dependence of the field reflectance on the incidence angle in
the THz domain offers in the first instance a large degree of freedom for the
experiment, limited only by the divergence of the THz beam. However, one
should note that the case of close-to-normal incidence has to be excluded
here, since it would require a colinear propagation of the electron beam with
the THz beam.

Considering the situation classically, in a colinear configuration at the in-
stant when an electron wave-packet reaches the foil, it would have interacted
with the leading edge of the incident pulse and with the reflection of this
leading edge, see figure 4.1 (a). Since the reflected field undergoes a phase
shift of 180°, the contributions to the momentum transfer from incident field
and the reflected field are of same magnitude but of opposite sign. This re-
sults in no net momentum transfer. Here one should note that the classical
explanation might be insufficient for electrons approaching relativistic kinetic
energies.

In opposite to the colinear configuration, for oblique incidence of the THz
beam an electron wave packet will interact only partially with the reflected
pulse allowing for a more efficient momentum transfer, but requires additional
measures to ensure a spatially uniform electron deflection.

In the plane wave approximation an oblique incidence implies that the
velocity of the THz phase front at the metal film vl is given by the com-
ponent of the phase velocity along the film and is therefore higher then the
vacuum speed of light ¢, see figure 4.1 (b). The electron beam has a typical
transverse extent of a few to several hundreds of micrometer, depending on
whether it’s collimated or focused on the screen. The electron pulse front
propagates with the velocity v©! along the film. To ensure the electron gains
the same momentum independently of its transversal position in the beam
requires that it leaves or enters the interaction area at the same phase of
the propagating THz field. This requirement is fulfilled, if the electron pulse
front and the THz phase front move with the same velocity along the film.
It couples the electron incidence angle o, to the THz incidence angle ary,
for a given electron velocity u,. according to the following equation

Ue ¢ foil

foil __ _ _
e T == = UTHg (4.8)
S111 Qe S111 'THy

()
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Electron

Figure 4.1: Scheme for velocity matching at a metal foil. (a) A configuration
with collinear propagation and perpendicular incidence of electrons and THz
pulse on the metal foil. The electron interacts with incident part of the
THz-pulse twice, first time when the THz wave-packet propagates towards
the foil (dashed area behind the foil) and a second time when it is reflected
(dashed area in front of the foil). (b) This double interaction is avoided in
a configuration with oblique incidence for the THz beam. Velocity matching
condition (see text) results in a noncollinear propagation of the THz beam
and the electron beam. (c) Velocity difference in components along the foil
results in relative motion of the THz phase front with respect to the electron.

4.2.3 Effects of Spatiotemporal Trajectories

Matching the velocities of the THz phase-front and the electron pulse-front
at the thin foil does not mean that the velocity component of an individual
electron along the foil is equal to that of the THz phase-front. According
to the equation 4.8, in the velocity-matched case the velocity of the THz
pulse-front at the foil can be given in terms of the electron beam parameter
as Ue/ sin . The velocity component of an individual electron along the foil
is given by uf = wuesina,, see figure 4.1 (¢). This results in the following
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velocity difference

Ue

vl — P = — — U SIN e (4.9)
sin o
u
=—° (1—sina, 4.10
sin o ( S ) ( )
= v cos? a, (4.11)

which creates a relative motion of the THz phase-front with respect to the
electron wave-packet as it approaches the foil. This means, even if the elec-
tron arrives at the foil at some specific THz phase, it does not interact with
the THz field of this phase only, but it interacts over a time-interval of the
THz field oscillation. In opposite to the attosecond streak camera, where the
interaction takes place from the precise moment of electron release until the
very end of the streaking pulse, the interaction period here is determined by
the incidence angles a., aTy,, the electron velocity u, and electron travelling
distance in the field, see also 4.2.4.

As a reference value one can estimate the time needed for the interaction
with exactly one THz cycle at the foil. Note that one cycle at the foil surface
is given by the component of the THz wavelength A along the film: AP =
A/ sinary,. Assume the electron initially to overlap with the THz phase-
front, then the velocity difference 4.11 will cause a spatial separation equal
to AP after the time

AP Atan o,

ot = : 5 = . (4.12)
VPN — Ve Ue SIN ATz COS (g

For experimentally implemented parameters ary, = 60°, aty, = 27°, A =
1mm and u, = 0.52 ¢ one obtains the interaction time of dt = 4.2 ps, which
corresponds to a electron propagation distance of about ds = 0.66 mm =
0.66 \. For propagation times smaller than this reference value the interaction
will be of sub-cycle type, whereas for larger times the electron would interact
with more than one field oscillation.

4.2.4 Field Distribution at Perfect Conductor

In the section 4.2.3 it was implicitly assumed that the reflection of a THz
pulse results in a localized electromagnetic field at the foil which propagates
along this foil. Here the justification for this assumption is provided.

To estimate the spatial extent of the THz field the formation of the elec-
tric field at the thin metal film reflecting an incident few-cycle THz-pulse
was investigated in a two-dimensional finite-element simulation. Model ge-
ometry was implemented as a half-circle with 10 mm radius which contains a
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cutout as shown in the inset of figure 4.2. The geometry is encircled by five
boundaries in total. The boundary given by circles diameter (blue in inset of
figure 4.2) represents the metal foil, which encloses an angle of 30° with the
THz propagation direction. It was set to be a perfect conductor fulfilling the
equation n X E = 0, where E and n stand for the electric field vector and
boundary normal vector, respectively. Lower circle segment and the bound-
aries originated from the cutout were defined as perfectly matched layer,
which fully absorb incident electromagnetic radiation. Left circle segment
(red in inset of figure 4.2) was used to couple in a tightly focussed few-cycle,
p-polarized Gaussian pulse by defining the electric field at this boundary as

W 2
E<C7€7t) = EO w (2) exp (_wfé_)g)
koé?

ceos (wnt = haC (O - 15 ) g

2R ()’
X exp <_ ¢ ;t§0> )

The real-valued equation 4.13 is a product of a Gaussian envelope in time
and a two-dimensional Gaussian beam [115]. The latter deviates from the
standard, three-dimensional definition in amplitude by the square root of
spot-to-radius ratio and in the Gouy-phase defined with a factor 1/2

n(¢) = 1eurctan (E) (4.14)
2 Co

The spot radius wy and wavelength \ were set to 0.85 mm and 1 mm, respec-

tively, which corresponds to 1 mm (FWHM) and a frequency of 0.3 THz.
The geometry was meshed with quadrilateral elements of 0.1 mm maximal

edge size to sufficiently resolve the electromagnetic wave. Pulse propagation

was simulated by numerically solving the governing wave equation for time-

dependent vector potential A

0A 0 0A 1
PJDUE + Moﬁoa (€r§> +V X (EV x A) =0, (4.15)

with permittivity of free space ¢y, relative permittivity e,, permeability of
free space g, and electrical conductivity o.

Figure 4.2 illustrates the simulation result at the time when the THz
pulse is reflected off the foil. It shows the field component perpendicular
to the electron propagation direction, which is relevant for transversal elec-
tron deflection. The simulation indicates a build up of an interference wave
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Figure 4.2: Electric field interference pattern at the boundary of a perfect
conductor for an instant during the reflection of a few-cycle optical pulse.
Here, the field component perpendicular to the electron propagation direction
is shown (y-component). Inset shows the complete simulation geometry with
the field incoupling boundary (red) and the foil boundary as a perfect electric
conductor (blue).

propagating along the film until the pulse is completely reflected. The in-
terference field extends approximately A/2 into the free space resulting in a
localized, moving interaction region. An electron wave-packet propagates in
a non-colinear direction with respect to interference wave. It therefore gradu-
ally enters the interference wave at a phase determined by the delay between
the THz pulse and the electron pulse and interacts with this wave until it
reaches the foil leaving the interaction region. Within the travelling time
the interference field passes the electron, so that the interaction takes place
over some interval of the wave. As was shown in section 4.2.3, this interval
is determined by the velocity difference between the interference wave and
the electron velocity parallel to the foil. In the same section a required inter-
action length of 0.66 A was estimated for the implemented configuration to
provide an interaction with one THz cycle. Here, the limitation of the inter-
ference wave to A/2 in front of the metal foil induces an interaction length of
A/ (2c0s27°) = 0.56\ and therefore implicates a sub-cycle type interaction.
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The sub-cycle interaction in case of free electron deflection at a foil con-
stitutes a significant difference compared to the attosecond streak camera.
As will be shown in chapter 4.2.6, the interaction interval shorter as the cy-
cle of the streaking field results in a different deflection trace than would be
expected from a simple consideration of vector potential only.

4.2.5 Estimation of Effective Field Amplitude

In case of an attosecond streaking camera, the momentum change is gener-
ated by the electric field of a freely propagating light pulse. The contribution
from the magnetic field can be neglected to a good approximation, since the
electron bunches having kinetic energies of about 100eV do not reach rela-
tivistic velocities. This is not the case for free electron pulses propagating
at velocities around 0.5 c, where the magnetic fields need to be taken into
account. Moreover, the formation of the interference wave considered above
results from the superposition of incident and reflected fields. The amplitude
of this wave depends on the amplitudes of individual fields as well as on the
relative phase-shift between them.

In general, both amplitude and phase of the reflected field is determined
by wavelength and angle dependent complex field reflectivity of the metal
film. Additionally, the reflected field acquires an phase-shift due to extra
propagated path length. In a first approximation, the metal film is con-
sidered as a perfect conductor which results in no amplitude change and a
phase-shift of exactly 7 for the reflected beam. This is in a good agreement
with the results obtained in section 4.2.1. The phase-shift due to path dif-
ference is neglected here, thus giving an upper limit for the amplitude of the
interference wave.

Generally, the momentum change of a particle carrying the elementary
charge —e and moving at velocity u in an electromagnetic field with electric
field E (r,¢) and magnetic field B (r, ) is described by the Lorentz force:

d
Ep
In case of a reflection from a metal film, the electric and magnetic field
components are a superposition of incident E™ (r,¢), B™ (r,t) and reflected
E™ (r,t), B* (r,t) fields, causing an interference field as was shown in figure
4.2. With approximations described above one can estimate the effective field
amplitudes contributing to transversal and longitudinal momentum change.
Figure 4.3, (a) illustrates the conditions for oblique incidence of a p-
polarized beam. The drawing plane represents the plane of incidence of the
THz-wave. The electron propagates within this plane under an angle of

(r,t) = —e(E(r,t) + u x B(r,1)) (4.16)
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d = arh, — o with respect to the wave vector k™. The amplitude vector
of the electric field E™ lies in the plane of incidence and the amplitude of
the magnetic field B™ points normal out of it. The figure 4.3 (b) shows the
conditions for the reflected beam, thereby the wave vector k™! encloses an
angle of 180° — (an, + a,) with the electron velocity vector u. The orienta-
tion of the electric field vector E* was obtained from Fresnel equations 4.2.
The amplitude vector of the magnetic field B™ is then defined by the wave
vector k™ and the electric field vector E*f.

\Ein
Y
Vg=V3

Bin(

A

(a) \

Figure 4.3: Orientations of the electric and magnetic field amplitudes at a
foil for (a) the incident beam and (b) the reflected beam. Phase-shift due to
reflection at the thin film is taken into account.

As illustrated in figure 4.3 the B-field vector points perpendicular to the
electron velocity direction u for both the incident and reflected beams, so that
they both contribute to the transversal momentum change only. Moreover
the B-field does not change its direction upon reflection and therefore the
contributions from incident and reflected magnetic fields will add up. The
E-fields contribute to the transversal and longitudinal momentum change
with their respective projections. A contribution to momentum change out
of plane of incidence does not exist, since only p-polarized waves are con-
sidered. Defining a coordinate system such that the x-axis points along the
electron propagation direction and the y-axis shows perpendicular to it, the
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components of the momentum change can be written as:

p Dy E}l{n + E;ef
e | = e | B+ B e B — e B (4.17)
j2 0

The Fresnel equations show that for wavelength used in this work the field
reflectance of a metal film is higher than 0.99 for incidence angles of up
to about 70°, which justifies the approximation |E™| ~ |E™|. The B-field
of an electromagnetic wave in vacuum propagates in phase to the E-field
and is proportional to it as |B| = ¢ !|E|. With projections given by E" =
[E™|sin (arn, — ae), BT = [E*|sin (arm, — oe), By = [E™| cos (ara, — o)

and Er*f = —|E™f| cos (arrm, + ) the equation 4.17 becomes
4 (P sin (9) + sin (6) .
g | Py | = —e|cos (0) —cos (0) — 26 | |E™| (4.18)
22 0

where the abbreviations 6 = arp, — ae, 0 = Ty, + @ and § = u/c are used.
The equation 4.18 defines an effective field amplitude Ef according to:

sin (0) + sin () _
ET = | cos (0) — cos (0) — 26 | [E™| (4.19)
0

Equation 4.19 is useful to answer the question about the optimum com-
bination of incidence angles ary, and «, that maximize the effective field
amplitude E°F for transversal deflection or for longitudinal acceleration of
an electron. The maximum transversal effective field amplitude is approxi-
mately obtained when the magnitude of the expression

Eeff

y

B

= cos (arp, — ) — cos (arp, + a.) — 20 (4.20)

is maximized. In this expression the first and the second cosine term orig-
inate from the incident and reflected waves, respectively. The third term,
depending on the electron velocity only, originates from the sum of the in-
cident and reflected magnetic fields. The two cosine terms in equation 4.20
compensate each other at normal incidence angle of at least one of the beams.
At such a point the electric field contributions from the incident and reflected
wave cancel out, which results in a deflection generated purely by the sum
of magnetic fields. Furthermore the superposition of electric fields is posi-
tive and increases monotonically with increasing incidence angles reaching
its maximum value at the virtual value of apy, = ae = 90°.
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Figure 4.4 illustrates the expression 4.20 for 5 = 0.52 and THz- and elec-
tron incidence angles between 0° and 90°. Not all of these angle combinations
are of practical interest, but only those that fulfil the velocity matching con-
dition 4.8, shown in the figure as a blue curve. The set of useful angle
combinations is further limited by the divergence of the THz-beam that re-
duces the maximum incidence angle ary, and by the minimum required angle
difference ¢ of approximately 30°.* In the particular velocity-matched case,
where § = 33°, § = 87° and 3 = 0.52, the effective field becomes —0.2 |[E™|;
because |cos (0) — cos (0) | < |20, the contribution from the magnetic field
is effectively larger and therefore predominantly responsible for transversal
momentum change.

Similarly, maximum longitudinal acceleration is approximately obtained
for maximized magnitude of the effective field in electrons propagation di-
rection that is the case when the magnitude of the expression

Eeff

X

B

= sin (ah, — ) + sin (arH, + e) (4.21)

takes its maximum value. As in the case of transversal deflection, the first
and the second sine term originate from the incident and the reflected waves,
respectively. They compensate each other for normal incidence of the THz-
wave and for grazing incidence of the electron beam. In turn, the maximum
value of the equation 4.21 is reached when the THz beam falls at 90° onto the
foil and simultaneously the electron beam propagates at 0° towards the foil.
In opposite to transversal deflection there is no magnetic field contribution.
The contour plot in figure 4.4 (b) shows the value of expression 4.21 at
incidence angles of up to 90°. As before, the set of useful angle combinations
is reduced by velocity matching condition 4.8, indicated by the blue line in
figure 4.4 (b), as well as by the finite size of the focusing mirror and the
divergence of the THz beam.

4.2.6 Estimation of Electron Deflection

In section 4.2.3 it was pointed out that electron velocity component along
the foil differs from the phase-velocity of the THz field at the foil. Further,
it was shown in section 4.2.4 that the electron interacts with a propagating
streaking wave formed by the superposition of incident and reflected THz-
fields at the foil. With these results it was found that due to the non-collinear
motion of the resulting interference wave with respect to the electron pulse,
the interaction process can start at any phase of the streaking field and the

4 A minimum angle difference is required to allow the electron beam to pass the mirror.
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Figure 4.4: The approximated electric and magnetic field amplitudes are
combined in an effective field amplitude E*®. The contour plots show its
transversally deflecting (a) and longitudinally accelerating (b) components,
both normalized to the incident electric field, as a function of the THz and
electron incidence angle ary, and a,. The electrons kinetic energy was set
to 90keV. The meaningful angle combinations are restricted by velocity
matching condition 4.8, here represented by the blue curve.

interaction duration is shorter than one cycle of the streaking field. In section
4.2.5 the deflecting field amplitude was found to reduce significantly, mainly
due to the non-negligible contribution of the magnetic field. These special
conditions, compared with the attosecond streaking technique, need to be
taken into account when predicting the deflection of an electron pulse at a
thin metal-film.

According to figure 3.5 (a), the incident THz-field is a sine-shaped, close-
to single cycle oscillation, therefore the time-dependency of the interference
wave at the foil is approximated as a sine carrier-wave with the period T
modulated by a Gaussian pulse envelope with an amplitude A and a pulse

duration 7g:
EM = A exp [ —- 2 sin (27 ¢ (4.22)
= X 111 .
Y P\ % 1

The period T and the pulse duration 7g are chosen such that the function
4.22 approximates the electric field obtained by electro-optical sampling. The
amplitude A in 4.22 is reduced firstly by the losses at the silicon window and
secondly by a factor estimated with 4.20 for the effective field amplitude in
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case of transversal deflection. Figure 4.5 (a) illustrates the obtained function.
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Figure 4.5: The interference wave at the foil was approximated by an effective
field, which was modelled as a sine-wave with period T modulated by a
Gaussian envelope, to obtain a few-cycle pulse (a). The deflection amplitude
and shape at the screen depend on the interaction time-interval, here in units
of T' (b). Deflection amplitude and streaking speed attain maximum values
for time-intervals close to half the oscillation cycle 0.57 (c).

The transversal momentum change Apy is then obtained from 4.18 as

Apy (t) = —e / W EST (t) dt, (4.23)

where the integral is taken starting from the time ¢ (when the electron enters
the streaking field) over a finite time-interval 7 (interaction period until it
reaches the foil).

After the propagation of 680 mm long distance between foil and screen
at the velocity 0.52 ¢ the finite transversal momentum results in a deflec-
tion shown in figure 4.5 (b). Note, that the deflection trace shows similar
shapes as the effective field for interactions shorter than the streaking cycle.
Only for intervals several times longer then the field-cycle the trace turns
towards a shape shifted by 7/2 as expected from attosecond streaking cam-
era. The deflection amplitude reaches its maximum peak-to-peak value of
10 pixels (corresponding to 156 um) for an interaction interval of half the
streaking cycle and drops for both longer and shorter intervals, see figure
4.5 (c¢). Accordingly, the maximum streaking speed given by the gradient of
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the deflection is reached for an interaction interval around half the streaking
cycle.

In the previous chapter an interaction interval larger than half the streak-
ing cycle was estimated, so that a peak-to-peak deflection of about 8 pixel
(around 125um) would be expected. As will be shown in the next chapter,
a peak-to-peak deflection of 6 pixel has been experimentally demonstrated,
which is only 20 % smaller than the predicted value. Here one should note
that the predicted value represents an upper limit for the maximum deflec-
tion signal, since the phase shift due to path difference between incident and
reflected beam was neglected and therefore the amplitude of the streaking
field was overestimated. Furthermore, dependence of the streaking field for-
mation on the spatial coordinate has been not included, so that areas with
steadily increasing fields where approximated by the time-dependent maxi-
mum effective field.

It is illustrative to compare the deflection amplitude estimated above
to that obtained by estimating the deflection according to the attosecond
streaking theory. Here the magnetic field would be negligible and the electric
field of the THz pulse would contribute to the electrons momentum change.
The integration would be taken from the time ¢ over an infinite time-interval
as

Apy (t) = —e / VB () dt (4.24)
= —ecos (arH, — Qo) /OO E(t)dt (4.25)

With otherwise same parameters one obtains an approximately four times
larger deflection of 30 pixels (or around 470 um). Furthermore, from a sine-
shaped streaking field one would expect a cosine-shaped deflection.

4.3 Summary

In this chapter the concept of an attosecond streak camera was transferred to
the freely propagating sub-relativistic electron pulses. The novel technique
exploits the reflection of an obliquely incident THz pulse from a thin metal-
film that is transparent to the electrons. The angle of incidence for streaking
beam and electron beam are chosen to fulfil the velocity matching condition,
by which the electron pulse front and the streaking field phase front prop-
agate with the same velocity along the film. The optical reflection causes
an interference between incident and reflected parts, forming an interference
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pattern close to the foil that moves along it. The momentum transfers to the
freely propagating electron by interaction with this wave.

In contrast to the attosecond streak camera, several effects have to be
taken into account. Firstly, the electron-field-interaction interval is typically
shorter than the period of the streaking interference wave. Secondly, the am-
plitude of the streaking wave is a superposition of incident and reflected fields.
Thirdly, magnetic fields have significant contributions in the interaction pro-
cess. These effects have been implemented in a simple analytical model that
predicts the shape and the strength of the deflection signal. Comparing the
calculated values with experimental results show a good agreement.
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4. Concept for THz-Driven Electron Deflection




Chapter 5

Experiments on Electron
Deflection by THz Fields

Considerations discussed in the previous chapter 5 indicate the feasibility of
deflection of sub-relativistic electron pulses by THz fields at a thin metal
foil. The present chapter describes the implementation of this concept and
demonstrates the transversal electron deflection experimentally.

Starting with a general discussion of possible realizations, one certain im-
plementation is motivated in section 5.1 and described in section 5.2. The
essential alignment steps are then outlined in section 5.3. Section 5.4 demon-
strates the deflection of free electron pulses by THz fields and contains the
discussion of obtained results. Based on these results the duration of free
electron pulses at the thin metal foil is determined. This is considered as
the first realization of a THz driven streak camera. From this point of view,
section 5.4.7 provides the conclusion of this chapter by firstly comparing the
temporal resolution of the set-up in detail with the state of the art image-tube
camera and secondly giving an outlook for further development.

5.1 Preliminary Remarks

The uniform deflection of free electrons at a thin metal foil requires an oblique
incidence of both the THz beam and the electron beam. In the process, the
incidence angles are not equal but coupled by equation 4.8, satisfying the ve-
locity matching condition. The resulting non-collinear propagation of both
beams can be practically implemented in a configuration horizontal or ver-
tical to the optical table. In this work the rather unconventional vertical
configuration has been realized which is illustrated in figure 5.1 and is ex-
plained in the following paragraphs.
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The conventional way of an horizontal alignment would have the advan-
tage of the full 360 deg range available for foil rotation around the z-axis
with the existing 6-axis goniometer. In contrast, this option has also several
disadvantages. Firstly, the focussing parabola would be placed above the
goniometer sample plate that would limit the positioning range of the foil in
its height. Secondly, a precise angle alignment usually requires long beam
propagation distances for reference, which are not available within a vacuum
chamber. Thirdly, the rotary positioner located on the top of the available
goniometer would partially clip the incident THz-beam because of its large
divergence.

The disadvantages listed above can be circumvented when implementing
a vertical configuration, see figure 5.1. Here the THz beam propagates di-
rectly above the horizontally travelling electron beam. The angle between
the beams is determined by the rotation of the focussing parabolic mirror
around its optical axis and is conveniently adjusted by positioning the focal
spot height relative to the height of the parabolic mirror. The foil position-
ing range along the z-axis is not limited by the focussing mirror, since it is
placed even above the electron beam. Also the THz beam is not clipped by
the rotary positioner, since it falls from above onto the foil.

Achieving the smallest possible spot size requires additional measures
when parabolic mirrors are used for beam collimation and focusing. The
transversal mode of a beam collimated by a parabolic mirror is not rotation-
symmetric. For optimal focussing the orientation of the focussing parabolic
mirror has to match the orientation of the transversal mode. Rotating the
parabolic mirror around its optical axis requires a corresponding rotation of
the transversal mode of the collimated beam. This is accomplished by oblique
incidence of the collimated THz beam on the two flat steering mirrors. The
corresponding incidence angles are conveniently determined with the help of
an algebra system (Mathematica 10.0) using reflection matrices.

An oblique incidence onto a mirror would generally result in an elliptical
polarization, since the field reflectance and phase shift are generally different
for s- and p-polarized beams. This effect is negligible for reflections from
aluminium mirrors and the spectral range used in this work, since the Fresnel
equations 4.2 and 4.5 show that the field reflectance coefficients as well as the
phase shifts for p- and s-polarization are in a good approximation equal as
expected for a perfect metal. This ensures the incidence of an approximately
linearly, p-polarized beam on the foil.
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5.2 Setup

The collimated vertically polarized THz pulse, centered at 0.3 THz, is coupled
into the chamber through a 6 mm thick silicon window of 60 mm in diameter
at an angle of about 7.2° to the horizontal plane. Two planar three-inch
mirrors steer the THz beam onto the off-axis parabolic mirror, such that
the projection of the THz beam onto the horizontal plane describes a 45°
reflection on both steering mirrors. The normal of the first and the second
steering mirror enclose an angle of 13.8° and 8.8° with the horizontal plane,
respectively. After the second steering mirror the THz beam propagates in
a horizontal plane and falls under 45° onto the parabolic mirror. The 90°
off-axis parabolic mirror (EdmundOptics, 47-107) with an diameter of two
inch has a focal length f of about 50 mm and focuses the THz beam to an
estimated spot size of 2.3 x 1.1mm (FWHM) and simultaneously reflects it
downwards to overlap with the electron beam propagating in the horizontal
plane an angle of 33°. All reflective components are coated with an alu-
minium layer and have a protective coating.

The electron pulses, accelerated to approximately 0.52 ¢ and thus gaining
a kinetic energy of about 90 keV, propagate in a horizontal plane across the
experimental chamber towards the CMOS camera (Tietz Video and Image
Processing Systems GmbH, TemCam-F416) with a pixel size of 15.6 um. At
the distance of about 680 mm in front of the camera the electron pulses hit
the thin metal film and are attenuated to approximately 30 % of its original
intensity by scattering and absorption in the metal foil.

A 70nm thick aluminium film with a free aperture of approximately
10 mm is supported by a (25 x 12 x 0.2) mm aluminium frame. It is mounted
on an aluminium holder having a tilt angle of about 27° with respect to hori-
zontal plane (electron beam incidence angle), resulting in an incidence angle
close to 60° for the THz beam. The mount is placed on a non-magnetic
six-axis goniometer (SmarAct GmbH, SmarPod 110.45) equipped with an
additional rotary positioner (SmarAct GmbH, SR-5714-S-UHVT-NM), thus
all six degrees of freedom in space are available for positioning and orientating
the foil in the focus of the THz beam.

5.3 Alignment Procedure

The alignment procedure consists essentially of in total five steps. Firstly, the
focussing parabolic mirror has to be aligned. Secondly, the electron beam
needs to be focused on the camera. In the third step the spatial overlap
between the THz and electron beam is established at the foil. The fourth
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Figure 5.1: 3D-CAD-Model of the experimental chamber configuration for
electron deflection. The THz beam is coupled through a Si-window (at en-
trace port P1) into the vacuum chamber and is steered by two flat 3in-Al-
mirrors (M1 and M2) onto the off-axis parabolic mirror M3. The parabolic
mirror focusses the THz beam at the thin aluminium foil F. Electron pulses
enter the chamber through the port P2 and propagate towards the camera
at port P3. The goniometer G allows to displace the foil in all six degrees of
freedom.

step deals with the temporal overlap between the THz- and electron pulses.
The last, fifth step consists of fine adjustment for velocity matching. In the
following these steps are explained in more detail.

Step 1: Alignment of the focussing parabolic mirror To reach maxi-
mum field strength with a given pulse energy and pulse duration requires the
tightest possible focus. Using an off-axis parabolic mirror avoids the problem
of spherical aberration but demands precise alignment to prevent aberrations.
Unfortunately, at present, suitable 2D imaging devices in the THz domain
are still under development or are just in the beginning of their introduc-
tion on the market. Therefore the focusing parabolic mirror was aligned
indirectly by means of a green alignment laser (Thorlabs GmbH, CPS532).
The procedure consists of two tasks, collinear orientation of the parabolic
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mirror with respect to the THz optical axis and mirror rotation around the
optical axis to adjust the angle between THz- and electron beams. For this
purpose, the alignment laser was placed into the THz beam path after the
collimating parabolic mirror and oriented along the THz propagation direc-
tion. This defines the optical axis of the focusing parabolic mirror after the
reflection at the second steering mirror, allowing for direction adjustment
of the focusing mirror. Periodic shifting of the alignment laser along the
transversal direction of the THz beam in the horizontal plane results in a
displacement of the laser spot at the focusing mirror, indicating the required
major axis orientation. This allows for rotation adjustment of the parabolic
mirror, thereby determining the relative angle of the THz beam with respect
to the electron beam. The same shifting of the alignment laser also causes
a laser spot displacement in the focal plane, which stops when the optical
axis of the parabolic mirror and its azimuthal angle are properly adjusted.
The optimum angle of § = 33° between the THz beam and the horizontally
propagating electron beam is reached, if the focal spot is by h = f sin d lower
than the optical axis of the parabolic mirror.

Step 2: Electron beam focusing onto the camera The previous step
had ensured the maximum deflection of free electron pulses, resulting in a
maximized displacement of the electron spot at the camera. Optimal detec-
tion of this displacement is achieved, if the ratio between displacement and
spot size is maximized, which implies the smallest possible electron spot at
the camera. Generally, this can be realized by introducing an aperture into
the electron beam to clip it to the desired spot size or by focusing the whole
electron beam onto the camera with a magnetic lens. The first option reduces
the number of electron counts, thus deteriorating the signal-to-noise ratio.
Therefore, the second approach was pursued in this work. The alignment pro-
cedure of the magnetic solenoid lens that is used to focus the electron beam
is described in [50]. A current of 5.713 A was applied to reach the minimum
spot size of about 125 ym (corresponding to 8 pixel) at the camera.

Step 3: Spatial overlap of THz beam and electron beam at the
foil To achieve this task, a distinctive structure (e.g. the corner of thin-
film frame) is first moved into the focus of THz beam to mark its position.
Subsequently, the electron beam is steered to this corner by means of mag-
netic deflection coils. In the present work, currents of 0.238 A and —0.527 A
were applied to shift the electron beam in horizontal and vertical direction
respectively.
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Step 4: Temporal overlap of THz and electron pulses To obtain
the temporal overlap between the pulses the optical path lengths in the THz
and the electron arm were matched with sub-centimeter precision, thereby
taking into account the slower electron propagation velocity and the reduced
speed of light in transmitting components. The remaining mismatch is then
fine-adjusted by a delay line (LS110, PI miCos GmbH) implemented into
the second harmonic path of the electron beam arm. To find the deflection
signal, this delay line is scanned in 200-fs steps while recording images with
an integration time of one second. Subsequently, the obtained electron beam
profile was fitted with a Gaussian, providing position and size (FWHM) of
the electron spot.

Figure 5.2 shows the obtained vertical displacement component of the
electron spot within a delay range from —45ps to 170 ps. Increasing delay
times correspond to a shorter electron arm and therefore earlier electron
generation. Thus the deflection at about 126 ps represents the first occurence
of electron deflection!. This signal is followed by a second one with a relative
delay of about 40 ps, originating from the electron interaction with the back-
reflected pulse at the metallic sample mount?. A third signal is identified at
the relative delay of 115 ps, caused by a copy of the first THz pulse that is
generated at the double reflection in the silicon window. A fourth signal at
—25 ps corresponds again to the pulse reflected from the sample mount.

Figure 5.2 indicates a stronger deflection for the second, back reflected
pulse than for the original counterpart. This is the consequence of an insuf-
ficient velocity matching between the electron pulse and the THz streaking
pulse at the foil. The resulting non-uniform deflection leads to spot distor-
tions during the deflection process that produce incorrect, overestimating
fitting parameters.

Step 5: Velocity matching A matched electron pulse front propagation
to the propagation of the THz phase front along the foil requires the match-
ing of the corresponding velocities. It ensures an electron-field interaction
that is independent of transversal electron position in the beam, and thus a
synchronous deflection of the entire electron beam.

Based on this insight, the following approach for experimental velocity
matching has been realized. A collimated electron beam was partitioned into
several individual electron beams. These beams were imaged on the camera
and their displacements were traced for varying delays. The relative delay
between individual deflections was used as a measure for velocity matching

!Scanning larger delays, from 175 ps to 500 ps, did not reveal another deflection signal.
2This signal is suppressed for a wedged mount surface.
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Figure 5.2: Delay scan over 225 ps showing four vertical deflection signals.
Only the signal at 127 ps arises from the interaction with the original THz
pulse, other signals are spurious interactions with reflections.

and was minimized to a sufficiently low magnitude by tuning the foils tilt
angles.

To generate these parallel-propagating electron beams a home-made mask
was placed into the expanded, collimated electron beam before the foil. The
electron beam’s full-width-of-half-maximum was about 600 um. The mask
was produced by drilling an array of holes with diameter and separation of
200um into a 25 ym-thick foil using laser machining. Thereby a pulse energy
of 100uJ at 1030 nm was required, which was provided by the regenerative
amplifier described in chapter 2. Figure 5.3 (a) shows an image of the mask,
taken with a reflected-light microscope. Figure 5.3 (b) shows the correspond-
ing image of electron beams detected at the screen.

The vertical displacement of individual spots was sampled with a step
size of 50fs as a function of the delay between the electron pulse and the
THz pulse. Figure 5.4 shows several time-traces taken at velocity-matched
condition.

Figure 5.4 (a) depicts vertical displacement traces of two spots separated
by 44 pixel or 686 um in vertical direction. The delay between those traces
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Figure 5.3: Experimental equipment for verification of velocity matching. A
home-made mask (a) was placed into the collimated electron beam to obtain
an array of individual electron beams (b). The relative deflection timing of
individual beams allowed to verify the velocity matching.

amounts to about 600 fs. The comparatively large delay is a consequence of
residual mismatch and the rather large beam size at the foil when the beam
is collimated. In all relevant measurements the electron beam was focused
onto the camera, which results in a smaller electron beam size at the foil by
a factor of two. In this case the delay is estimated to reduce by the same
factor to around 300 fs corresponding to a tenth part of the period of the
THz streaking field.

Figure 5.4 (b) illustrates the relative delay in vertical displacement, but
between spots separated in horizontal direction. Thereby a separation dis-
tance of about 450 ym revealed a relative delay of about 200fs, in analogy
to the upper case this results in a delay of less then 100 fs when the beam is
focused onto the screen.

Effectively, this procedure represents an experimental method for a quan-
titative analysis of the residual velocity mismatch in both directions and thus
provides reliable feedback for alignment.
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Figure 5.4: Verification of velocity matching. Tracing vertically (a) and hori-
zontally (b) separated beam parts provides an indication about synchronism
of the deflection process.
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5.4 Experimental Results on Electron Deflec-
tion

After the alignment process described in the previous section, the setup was
prepared for streaking deflection, in order to retrieve the duration of the
electron pulses.

5.4.1 Displacement on Camera

Figure 5.5 illustrates the displacement of the electron spot at the camera due
to THz-induced transversal momentum transfer at the foil. The upper row
shows normalized images taken with an integration time of 1s. The lower
row pictures difference images obtained by subtracting an average image of
a non-displaced beam. It is useful for identification of areas with surplus
and deficit of electrons counts due to the deflection process. Bright and dark
areas indicate increased and reduced count rates, respectively.

The THz-electron delay was scanned in 50-fs steps over a total range of
about 13 ps. To combine an overall view with meaningful step size, the figure
shows a scan interval of 7.2 ps containing the complete displacement signal.
Delay-zero was set to the point, where the displacement crosses the zero
line defined by the position of the unaffected electron beam. In the interval
from —400 fs to +400 fs, the spot position underwent most significant change,
therefore this interval is illustrated with a reduced step size of 200 fs.

The scan revealed a sine-shaped single-cycle displacement signal, see also
figure 5.6. The non-displaced electron spot at —3.6 ps started gradually to
shift from its original position, indicated by a dashed white line, into the
upper half of the image and towards its maximum displacement of approx-
imately 5 pixel (78 ym) at about —400 fs, while showing only moderate dis-
tortion of its shape. This distortion arose from the relatively long electron
pulse duration with respect to the period of the THz streaking field. In the
delay range from —400fs to +400fs, the spot underwent its maximum shift
from its most upper position towards its lowest position in the lower half of
the image, thereby showing strongest profile distortion at zero delay. The
significant shape distortion originated from the sign change of the displace-
ment signal at zero delay, so that the leading and trailing parts of the electron
pulse were deflected in opposite directions. Within the interval from 0.9 ps to
3.6 ps the displacement reduced and the electron spot returns to its original
position.

Considering the difference images in the second row of figure 5.5 one can
clearly notice a surplus of electron counts at the delay of —400 fs in the upper
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half of the image and simultaneously deficit of electron counts at the original,
non-displaced beam position. Especially, no deflection into the lower part of
the image is registered here. The situation changes into the opposite for the
delay of +400 fs, showing no surplus of electron counts in the upper half of
the image. At zero delay an surplus is detected in both the upper and the
lower part of the image. This behaviour indicates that the complete electron
pulse crosses over the displacement zero transition within the delay of 800 fs,
estimating an electron pulse duration of approximately 800 fs.

5.4.2 Vertical Deflection Trace

For a more quantitative analysis, each image of the measurement series was
integrated in rows or columns of the image array to obtain vertical or hori-
zontal electron beam profiles, which were afterwards fitted with a Gaussian
function. This way obtained fit parameters, center position and full-width-of-
half-maximum diameter, were plotted versus the delay. Figure 5.6 and figure
5.7 display these traces in vertical and horizontal direction, respectively.

Figure 5.6 shows a sine-shaped displacement trace in vertical direction.
The peak-to-peak amplitude of about 6 pixel (93.6 um) is only two pix-
els smaller then the calculated value in section 4.2.6. Main deflection is
accompanied with two minor lobes with significantly reduced amplitude of
about 0.5pixel (7.8 ym) in front and on the back of the signal. The de-
flection extrema are separated by approximately 1ps in time. At the de-
lay of zero picoseconds, the displacement signal attains its maximal slope
of about —10.6 pixel/ps, which represents the maximum achieved streaking
speed. Within a delay range of +500fs its deviation from linear relation is
only about 2.3 x 1072, The beam width doubles from the original value of
about 8 pixel (125 um) to approximately 16 pixel (250 ym) when the electron
pulse is maximally streaked at zero delay.

The propagation distance of 680 mm between the thin film and the de-
tector is passed within about 4.4ns. Within this time, the 90-keV electrons
cover a distance of about 47 um in transversal direction, thereby propagating
at a velocity of 11km/s, which corresponds to a transversal momentum of
9.81072"N -s.

5.4.3 Horizontal Deflection Trace

Figure 5.7 illustrates the displacement signal in horizontal direction. It shows
approximately two oscillations with a peak-to-peak deflection of about one
pixel (corresponding to 15.6um) and a transversal mode growth of about
1.2 pixel from 6.8 pixel to 8 pixel. The comparison with the vertical deflection
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Figure 5.5: Electron beam displacement caused by THz-field. Deflection of the electron beam detected on the
camera (upper row) and the corresponding difference image (lower row). Bright and dark areas indicate increased
and reduced count rates, respectively. From -400 fs to +400 fs the deflection changes its sign, indicating an electron
pulse duration of approximately 800 fs.
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Figure 5.6: Sampled vertical deflection trace (center of a Gaussian fit) and
the vertical width (FWHM) of an electron beam focused at the screen. A
peak-to-peak deflection of about 6 pixels (94pm) was obtained, the beam
width was stretched from about 8 pixels (125um) to 16 pixels (250 ym).

amplitude shows that the signal is only 0.17 times as large as the vertical
deflection.

This displacement is not expected, since the deflection set-up was de-
signed to provide a p-polarized THz streaking field at the thin-film, which
would contribute to vertical deflection only. The horizontal deflection can
originate from: slight misalignment of the THz beam leading to a small s-
component at the foil; slightly elliptical THz pulse already generated in the
LiNbOj3 crystal or due to oblique reflections.

Vertical and horizontal deflection components are decoupled from each
other and can therefore be analysed independently. Furthermore, the hor-
izontal component is considerably smaller in amplitude than the vertical
component, so that it is negligible in following discussions.

5.4.4 Deflection Amplitude vs. THz Pulse Energy

The sideways momentum transferred to the electron depends linear on am-
plitude of the streaking field. The THz pulse energy depends quadratically
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Figure 5.7: Sampled horizontal deflection trace (center of a Gaussian fit) and
the horizontal width (FWHM) of an electron beam focused at the screen. A
peak-to-peak deflection of about 1pixel (15.6um) was observed, the beam
width was stretched from 6.8 pixels (106 um) to 8 pixels (125 um).

on electric field amplitude. Therefore, the displacement amplitude should
follow a square root function when increasing the THz pulse energy.

To proof this relation the deflection amplitude was recorded while the
power of the infrared beam driving the THz generation process was varied.
The energy of the generated THz pulses was then determined from the char-
acteristic curve for THz generation, shown in figure 3.4.

Figure 5.8 illustrates the relation between measured peak-to-peak electron
deflection and the applied THz pulse energy. The data was fitted with a
square-root function, where the offset and shift were set to zero. It reveals
the expected relation between the two quantities and thus confirms that the
deflection purely originates from the THz field (and not from ponderomotive
force or other envelope effects).

5.4.5 Experimental Stability of the Deflection Signal

The position of an electron beam spot is affected by a diversity of potential
disturbances.
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Figure 5.8: Peak-to-peak vertical deflection amplitude is plotted for different
THz pulse energies. The continuous line is a least-square fit to the data
with the function f(x) = ax®. The obtained value b = 0.57 confirms the
deflection to originate from the electromagnetic field.

Timing jitter On a short time scale, vibrations of optical components at
acoustic frequencies can lead to a relative timing jitter between the streaking
THz pulse and the electron pulse, which transfers into a deflection jitter.
In the presented setup, both the THz pulse and the electron pulse are gen-
erated by the same source and are therefore optically synchronized. The
relative timing jitter between them is estimated to be below 10fs and thus
significantly smaller than the period of the streaking pulse. Its influence is
therefore negligible here.

Amplitude jitter Another source for jitter on a short time scale is the
energy fluctuation of the laser pulses, which drive the optical rectification
process for THz pulse generation. The relative peak-to-peak energy fluctu-
ations of the laser pulses are below 5%?. Since the optical rectification is
a nonlinear process of second order, the THz field amplitude depends lin-
early on laser intensity or pulse energy. The maximum relative fluctuation

3This corresponds to fluctuations in field amplitude of less than 2.5%.
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of the THz streaking field is therefore estimated to about 5%, which could
be transferred into fluctuation of the deflection amplitude.

Figure 5.9 addresses the question about the jitter of the displacement
signal occurring in the measurement. Several deflection traces were taken
subsequently with identical conditions. The traces were sampled with a res-
olution of 50fs over a total delay range of about 15ps, so that each trace
consists of in total 300 points. The peak-to-peak deflection amplitude was
here reduced to 4 pixel as a consequence of reduced infrared pump power
used for THz generation in this experiment. The integration time of one
second led to a recording time of about five seconds, so that approximately
25 minutes were required to record one trace.

The deflection signal of individual scans jittered in amplitude by less
than 0.5 pixel, corresponding to a relative deviation of about 12%. The
beam width showed a jitter of about 0.5 pixel, corresponding to a relative
deviation of about 6 %. The jitter was observed for the non-displaced elec-
tron beam as well, indicating a predominant contribution from the electron
beam. The signal jitter can be improved by increasing statistics on the mea-
surement. However, for the here intended electron pulse characterization the
jitter amplitude is negligible.

On a longer time scale temperature drifts, accumulating electrostatic
charges or fluctuations in external electric and magnetic fields can also cause
some beam displacements. These effects are not considered here, because
they take place on a longer time scale compared to the experiment (tem-
perature drifts, electrostatic charges) or can be actively compensated for
(external fields).

5.4.6 Deflectogram and Electron Pulse Characteriza-
tion

Andrey Ryabov and Peter Baum implemented a procedure intended for the
temporal and spatial analysis of electromagnetic fields enhanced in micro-
structures. It is based on comparison of experimentally obtained and cal-
culated deflectograms. This code is used here to analyse the deflection at a
thin metal film.

A deflectogram is a time-resolved plot of the normalized vertical electron
beam profile (total counts registered in each row of the cameras pixel array)
versus THz-electron delay time. An experimental deflectogram is shown in
the upper plot of figure 5.10.

The deflectogram simulation takes place in several steps. The starting
point is a guess of a time-dependent momentum-change function, resembling
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Figure 5.9: Stability of the deflection signal. Vertical deflection signal taken
in three subsequent scans under the same conditions. An amplitude fluctu-
ation of less than 0.5 pixel (7.8 um) was observed. The fluctuation in beam
width was below 1 pixel (15.6 ym)

the THz field shape. For that purpose, the experimentally sampled beam
position (defined by the center of mass or the center of a Gaussian fit) is
interpolated by a B-spline function. For each delay step, the resulting dis-
placement function is convoluted with a Gaussian function, which describes
the electron pulse in time. The result can be interpreted as a displacement
weighted with temporal electron probability. This weighted displacement is
then convoluted with the unaffected measured, vertical electron beam profile
over the full duration of the electron pulse and is subsequently normalized.
The result is a predicted position and shape of the vertical beam profile
for each delay step. The deflectogram is then constructed by plotting this
transversal mode over the delay. The last step is a numerical optimaza-
tion with respect to the experimentally obtained deflectogram solving the
nonlinear least- squares problem with a Levenberg-Marquardt algorithm, by
using the spline points and the electron pulse duration as parameters . The
simulated deflectogram is shown in the lower plot of figure 5.10.

By comparison of experimental and simulated deflectrograms an electron
pulse duration of about 800 fs was obtained. Visible differences between the
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Figure 5.10: Deflectograms for electron pulse characterization. The compar-
ison of experimental (a) and simulated (b) deflectogram allowed to estimate
the electron pulse duration, which was determined to 800 fs (&£ 200 fs).

deflectograms were observed for simulated 600-fs and 1000-fs pulses. Repeat-
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ing the analysis with five different data sets showed comparable results, so
that it is experimentally proven the electron pulse duration to be certainly
within this interval. This result is also in agreement with the estimated value
of 830 fs, see chapter A.

5.4.7 Temporal Resolution of the THz Streak Camera

This measurement represents, to our best knowledge, the first THz-driven
streak camera. Having successfully determined the electron pulse duration,
the question arises about the factors, which influence the temporal resolution.
This section points out the relevant parameters and compares their values to
those of conventional streak cameras.

Usually, the resolution of a conventional streak camera is analysed with
respect to the measured optical pulse. In this point of view, several factors
influence the temporal resolution of the device. In general, they can be
assigned to the ability of the system to replicate and maintain the temporal
structure of the measured pulse (i.e. how well matches the photo-electron
pulse shape that of the original optical pulse) and the spatial resolution of
the imaging system. The former is determined by the transit time dispersion
7. and the deflection dispersion 74, whereas the latter are influenced by the
timing jitter 7; and the technical resolution 7.

Transit time dispersion: Originating from the initial energy spread of
released electrons at the cathode, the transit time dispersion broadens the
pulse during the propagation towards the interaction region, especially at
the acceleration section between the cathode and the anode. It thus deter-
mines the smallest time-separation of two electron pulses which still can be
resolved. However, it has no influence on the measurement of the electron
pulse duration itself. The transit time dispersion is estimated to reach about
136 fs in a conventional streak camera [116].

As specified in subsection 5.4.6, the electron pulse duration at the foil
is around 800 fs. The comparatively long duration is caused by rather long
optical pulse duration of about 700 fs with not optimized spectral bandwidth
and the currently limited acceleration field. Both parameter can be improved
by appropriate technical measures. Using optimized optical excitation pulses
at the cathode [117] current energy spread of about 0.3eV (full width at half
maximum) would reduce to approximately 0.1eV. And scaling up the accel-
eration field, currently limited by occurrence of breakthroughs to 4kV /mm,
towards the achievable 13kV /mm [116] would further reduce the dispersion.
With these improvements the transit time dispersion is estimated to reach
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140 fs being well comparable to the value achieved in the conventional streak
camera.

Deflection dispersion: Deflection dispersion 7, originates from finite trans-
verse size of the electron beam and the transverse variation of the streaking
field. The field inhomogeneity at the ends of the deflection plates produces
transversally varying field components in propagation direction. The result-
ing longitudinal electron acceleration causes tilted electron pulses, and thus
effectively a longer pulse duration. The deflection dispersion of a conven-
tional streak camera amounts to about 50 fs [116]. In case of the THz-streak
camera, the velocity matching condition ensures in a good approximation a
transversally independent electron-field-interaction. The effective deflection
length is about half THz-wavelength (Arg, = 1mm) in contrast to the de-
flection length of about 5cm in conventional streak cameras. The deflection
dispersion is therefore negligible in the THz driven setup.

Timing jitter: The timing jitter 7; between the electron pulse and the
streaking field transfers into a jittering of the electron spot on the camera.
At signal accumulation over many pulses, the timing jitter effectively blurs
the electron image. To our best knowledge, the smallest timing jitter specified
in the literature for a conventional streak camera is about 50fs [118]. The
timing jitter of the THz streak camera is estimated to be at least one order
of magnitude smaller, thanks to the all-optical synchronization of the THz
and electron generation processes.

Technical resolution: The entrance-slit limited resolution 7;, also called
the technical resolution, is determined by the streaking speed V and the
static image width AX as 7, = AX/V, where the image width usually is
specified as full-width-of-half-maximum. To resolve two electron pulses at
the imaging detector they need to be separated by a distance of at least one
beam width on the screen. Technical resolution can therefore be interpreted
as the shortest temporal separation of two pulses that still can be resolved on
the imaging detector. For a given streaking speed, this value can be improved
by minimizing the image width on the detector, ideally until it matches
the resolution of the camera. Conventional streak cameras incorporate an
entrance slit in front of the focusing lens to minimize aberrations in the
beam and to reduce the image size on the camera. With a slit width of 5 ym
a static image width of 77 um was achieved [116]. Thus providing a streaking
speed of about 0.84 um/fs, the technical resolution of a conventional streak
camera was estimated to be close to 92fs [116].



5.5 Perspectives 63

Currently, the THz-driven streak camera has a streaking speed of ap-
proximately 0.16 um/fs and a beam width of around 120 um, resulting in a
technical resolution of about 750 fs. With an entrance slit a beam width of
about 15 um is feasible, which would directly improve the technical resolution
to about 94fs, a value well comparable to that of a state-of-the-art streak
camera.

Summarizing the analysis one can state, that the THz-driven streak cam-
era represents a qualitative advancement of the streaking technique by sig-
nificantly reducing the timing jitter and virtually eliminating the deflection
dispersion. However, the genuine advantage of the THz streak camera over
conventional streak cameras lies in its huge potential for further scalabil-
ity. The incident THz field can be enhanced by micro-structures, resulting
in a two orders of magnitude larger deflection. Additionally, THz incident
fields can be increased by three orders of magnitude [119] and electron beams
at 90keV can have diameters of a few micrometers [50]. Provided shorter
electron pulses, the concept could be directly transferred towards higher fre-
quencies where more powerful laser sources are available. With this multitude
of options, it is reasonable to expect an increase of the streaking speed by
orders-of-magnitude in the near future.

5.5 Perspectives

The present work has demonstrated the feasibility of electron deflection by
optically generated THz fields. The effect is based on momentum exchange
between the electromagnetic field and the electron pulse at a thin metal film.
Further investigations revealed a direct electron-field interaction, in opposite
to the interaction based on the ponderomotive force. Simulations showed
the interaction to be dominated by a propagating interference wave which is
created at the film due to superposition of incident and reflected parts of the
single-cycle THz pulse. The magnetic field components were found to have
significant contributions in the interaction process. The relative motion of
the interference wave with respect to the propagating electron pulse leads to
a sub-cycle interaction.

The investigated effect has allowed for characterization of currently avail-
able electron pulses (~ 800 fs) and is suitable for few-femtosecond pulses as
well, which could so far not be easily measured. Its application in an electron
compression setup will therefore enable the realization of few-femtosecond
single electron pulses and thus pave the way for the implementation of an
ultrafast electron diffraction experiment with few-femtosecond temporal and
atomic-scale spatial resolution at the same time. Ultrafast electron diffrac-
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tion will thus provide a four-dimensional visualization of the fastest possible
atomic motion in space and time, in order to illuminate fundamental physics
of light-matter interaction.



Appendix A

Dispersion of Single-Electron
Pulses

Electron pulses analyzed in this work are generated with an electron gun
[117] designed by Peter Baum and Daniel Kreier. A detailed description of
this apparatus is given in the thesis [50]. A simplified scheme of the electron
gun is depicted in figure A.1. Frequency doubled laser pulses hit the 20-nm
thin gold layer deposited on the back side of a transparent substrate (fused
silica or sapphire) and release free electrons by photo-electric effect. A static
electric field E,.. applied between the cathode (gold layer) and an anode
accelerates the electrons to a kinetic energy of 90keV, which corresponds
to approximately half the vacuum speed of light. This chapter gives a brief
overview and presents important results needed to estimate the duration of
free electron pulses.

The intensity of the laser beam is adjusted to generate approximately
one electron each time an optical pulse hits the cathode and thus to avoid
Coulomb repulsion between electrons within a pulse. The time when an
electron is generated is not exactly determined but has a certain statistical
distribution around the arriving time of the exciting laser pulse. This statis-
tical distribution is termed electron pulse duration. It is determined by two
effects [120]. Firstly, the electron generation takes place within the duration
of the exciting laser pulse envelope Tjaser. Secondly, the initial kinetic energy
of the electrons exhibits a statistical distribution AFE originating from the
mismatch between the cathode’s work function and the energy of exciting
photons. This energy distribution is causing beam divergence and temporal
pulse broadening during the acceleration process T.... Quantitatively, the
final electron pulse duration Tgectron 18 considered as a convolution of these
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two parameters [120]

~ 2
Telectron ~ \/ Tlager + Ta?cc (Al)

where the duration of the (Gaussian-shaped) laser pulse and the temporal
pulse broadening during acceleration are given by:

2
Tiaser & 0.44Aig and (A.2)

1/2
Tace &2 (\/SEL)\/ AFE, (A.3)

with e and m representing elementary charge and electron mass, respectively.

cathode S Lo |:| anode
[
I

515 nm
fs-pulses

Figure A.1: Schematic representation of an electron gun. Optical pulses
centred at 515 nm release electron pulses from a gold cathode by the photo-
electric effect. Electron pulses are subsequently accelerated towards the an-
ode in the constant electric field. Initial energy spread causes spatial diver-
gence and temporal dispersion of the propagating electrons.

In the experiment, the full-width-of-half-maximum spread in kinetic en-
ergy amounts to 0.3 eV !. The free electron excitation duration reduces due to
two subsequent two-photon processes (second-harmonic generation and two-
photon photo-emission) approximately to the half of the fundamental laser
pulse duration and is therefore approximately 500 fs. Using these values the
final electron pulse duration after the acceleration process is approximated
by equations A.1 - A.3 to about 830fs. In the absence of space-charge, this
pulse duration is preserved for the rest of the beam propagation.

by private communications with Katherine Kealhofer
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The duration of free single-electron pulses can be significantly shortened
by reducing the energy mismatch between the exciting photons and the cath-
ode’s work function, by using shorter excitation pulses and by increasing the
acceleration field strength. The latter is technologically challenging, but the
remaining two options can be implemented using a broadband, tunable laser
source like the noncolinear optical parametric amplifier [117]. Here, however,
for the sake of simplicity the electron generation process has been restricted
to the 1030-nm four-photon process.
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Yb:YAG thin-disk lasers offer extraordinary output power, but systems delivering femtosecond pulses at a repetition
rate of hundreds of kilohertz are scarce, even though this regime is ideal for ultrafast electron diffraction, coinci-
dence imaging, attosecond science, and terahertz (THz) spectroscopy. Here we describe a regenerative Yb:YAG
amplifier based on thin-disk technology, producing 800-fs pulses at a repetition rate adjustable between 50 and
400 kHz. The key design elements are a short regenerative cavity and fast-switching Pockels cell. The average output
power is 130 W before the compressor and 100 W after compression, which at 300 kHz corresponds to pulse energies
of 430 and 330 pJ, respectively. This is sufficient for a wide range of nonlinear conversions and broadening/
compression schemes. As a first application, we use optical rectification in LiNbO; to produce 30-nJ single-cycle
THz pulses with 6 W pump power. The electric field exceeds 10 kV/cm at a central frequency of 0.3 THz, suitable for

driving structural dynamics or controlling electron beams.

© 2014 Optical Society of America
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Femtosecond lasers are indispensable in many fields of
science and technology. While Ti:sapphire-based sources
typically produce the shortest pulses, there is a recent
paradigm shift to Yb:YAG technology [1], offering signifi-
cantly higher output power and scalability, especially in
geometries with thin disks, slabs, or fibers. Reported
Yb:YAG-based lasers producing femtosecond pulses
(<1 ps) can be sorted into mode-locked oscillators [2,3],
fiber lasers [4,5], long-cavity oscillators [6-8], slab ampli-
fiers [9,10], disk amplifiers [11,12], or cascaded laser
chains for pulses in the multi-mJ regime [13-18].

Many applications require repetition rates between
100 kHz and 1 MHz. This intermediate regime between
oscillators and conventional amplifiers is unusual, but
beneficial in pump-probe spectroscopy, material
processing, attosecond science, or coincidence imaging,
for improving the signal-to-noise ratio, enhancing the to-
tal flux or reducing acquisition times. Our particular case
is ultrafast electron diffraction with single-electron
pulses [19,20] for probing structural dynamics with
atomic resolution in space and time [21]. An optimum
repetition rate is 200-300 kHz [22]; yet the laser pulses
should be powerful enough (hundreds of pJ) for effective
nonlinear optical frequency conversions to the ultravio-
let/visible/infrared [23,24] and THz domains [25,26], in
order to initiate and control atomic-scale dynamics.

None of the Yb:YAG-based laser systems demonstrated
so far (fiber, slab, crystal, disk) [1], provide sufficiently
intense and stable femtosecond pulses at hundreds of
kHz for these diffraction applications, which require
maximum simplicity of the laser system. Hence, we de-
scribe here the design and operation of a regenerative
Yb:YAG amplifier based on thin-disk technology,

0146-9592/14/236604-04$15.00/0

producing 800-fs pulses at an adjustable repetition rate
between 50 and 400 kHz.

Figure 1 depicts the experiment, based on a prelimi-
nary attempt [27]. The seed (t-Pulse 50, Amplitude
Systémes) is a mode-locked Yb:YAG oscillator with a rep-
etition rate of 50 MHz at a central wavelength of 1030 nm,
delivering fs pulses with an energy of ~40 nJ and a spec-
tral bandwidth of 2.7 nm. These pulses propagate
through transmission gratings with 1,400 lines per
mm and f = 1m lenses, producing a group-velocity
dispersion of 27 ps? and ~160-ps pulses for chirped-pulse
amplification.

The desired high repetition rate in the multi-hundred-
kHz regime together with the thin-disk’s limited gain per
reflection of ~10% puts some significant constraints on

Yb:YAG
oscillator

= Stretcher

Faraday isolator

f=-125m| |Compressor jmm=p-
Fig. 1. Experimental setup and optical layout of the regener-
ative amplifier. TFP, thin-film polarizer; FR, Faraday rotator;
HWP, half-wave plate; BBO, Pockels cell, QWP, quarter-wave
plate; M1-M4, mirrors. The regenerative amplifier cavity is
marked with a dashed line. Arrows denote the polarization
state.

© 2014 Optical Society of America



the regenerative cavity. Each amplified pulse must leave
the cavity before the next seed pulse can enter. For a de-
sign at vy, = 400 kHz and 10% gain, we estimate that
Ngain ~# 200 round trips are required. Hence the maxi-
mum cavity length is ¢/(2vyepNgain) # 1.9 m and the
switching time for coupling the pulses in and out must
be shorter than 1/(vyepNgain) ~ 12 ns. This necessitates
a small Pockels cell crystal to minimize the high voltage
required for switching. In turn, the cavity mode must be
designed small enough to avoid clipping and damage, but
also large enough to minimize B-integral accumulation.

Our design is depicted in Fig. 1 within the dashed out-
line. The disk module (TRUMPF) employs a ~1/10-mm-
thick, ~10%-doped Yb:YAG thin-disk on a water-cooled
heat sink, pumped by laser diodes at ~940 nm (LDM
500, Laserline GmbH). The disk has a radius of curvature
of r 2 m (M2). In order to comply with the considera-
tions above, we use two convex mirrors (M3, M4) and a
total cavity length of 1670 mm. The cavity’s stability is
calculated using ray transfer matrices (see Fig. 2). The
beam diameter in the Pockels cell is <1.5 mm (full width
at half-maximum), and the accumulated B-integral is
~0.05. The Pockels cell is an anti-reflection-coated
BBO crystal with a size of 6 mm x 6 mm x 25 mm, driven
with a rise time of ~6 ns by a pulsed high-voltage supply
(Bergmann KG). Hence we conform to all considerations
outlined above.

A mode-matching telescope is used to couple in the
seed pulses with a typical switching sequence [28]: a
thin-film polarizer (TFP-1), Faraday rotator (FR), and
half-wave plate (HWP) form an isolator. P-polarized in-
coming pulses enter the amplifier cavity through a
thin-film polarizer (TFP-2). The Pockels cell (BBO) is
in its “off” switching state, and a double-pass through
a quarter-wave plate (QWP) produces back-propagating
pulses with s-polarization, which are reflected by TPF-2.
Before their return from mirror M4, the Pockels cell is
switched “on”, rotating polarization by 45° and rendering
the QWP ineffective. S-polarized pulses are therefore
captured in the amplifier cavity until the Pockels cell
is switched “off” again. The QWP produces p-polariza-
tion, and the pulses leave the cavity through TFP-2.
The Faraday isolator directs them toward compression
and applications.

In the following, we applied 120 round trips at 300 kHz
before coupling the final pulse out of the amplifier cavity.
More round trips could destroy the Pockels cell, as de-
scribed in more detail below. Figure 3(a) shows the in-
crease of output power with increasing pump power.
Ellipticity, observed after the end mirror M1, increases

’g i M3 I p L ] 1 B2 g
\E/ 1 . : M2 M1 _ 1=
2 ! ] disk (plane| =
S : gz mirror)] T
=0 it ] ; HE| ; ] 0 3
0 500 ~ 1000 1500

- Position (mm)

Fig. 2. Design of the length-limited amplifier cavity (dashed
area in Fig. 1) for operation at high repetition rates up to
400 kHz. Solid, beam diameter along the cavity mode; dashed,
position of mirrors M2 and M3. FWHM, full width at half-
maximum.
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Fig. 3. Output performance. (a) Output power in dependence
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slightly from 0.95 at low power up to 0.8 at above
100 W of output. Nevertheless, the cavity is always stable.
At 370 W of pump power, we achieve an output power of
130 W before the compressor. This corresponds to a
pulse energy of 430 pJ. Figures 3(b) and 3(c) show the
beam profiles at 130 W measured after the focus and in
the focus of an f = 450 mm lens, respectively. The mea-
sured M? value at an output of 130 W is 1.30 and 1.35 for
the horizontal and the vertical directions, respectively.

Compression of the 130-W output pulses is achieved
using two reflective gratings with 1400 lines per mm at
a separation of 1.76 m; the angle of incidence is 47°.
The throughput of this compressor amounts to 77%;
~100 W are emitted for applications. Figure 4 shows
the spectrum and autocorrelation trace (pulseCheck,
APE GmbH). With respect to the seed spectrum with a
width of 2.7 nm, the amplified spectrum shows signs
of gain narrowing and a width of 2.3 nm. Still, the Fourier
limit calculated from the measured spectrum is 740 fs.
There is no evidence for self-phase modulation or any
other nonlinear processes; the slight wiggles are interfer-
ences at the spectrometer’s fiber entrance. The autocor-
relation trace indicates compressed pulses of 790 fs
duration, assuming a sech? shape. This is within 7% of
the Fourier limit and indicates a good match between
stretcher, intra-cavity dispersion, and compressor in
our system. Higher order chirp, as can occur from
self-phase modulation, is negligible.

The output power is stable to about 1% rms on the sub-
minute time scale. On longer time scales, there are some
systematic oscillations of +2% (peak-to-peak) caused by

Jfe 1.
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€ limit: =
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Fig. 4. Regenerative amplifier performance in the frequency
and time domains. (a) Output spectrum. (b) Autocorrelation
trace (black dots), fitted assuming a sech?-shaped temporal
pulse profile (blue line). The pulse duration (790 fs) is close
to the measured spectrum’s Fourier limit (740 fs).
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the disk’s chiller system, which is currently only stable to
+1 K. The laser reliably runs over several days without
alignment; no significant drifts of output power are
observable (<0.8% over a day, <0.05% per hour).

We note in Fig. 3(a) the almost linear relation; we do
not reach saturation. This suggests that we could further
increase the pump power or the number of round trips
and achieve even higher output and stability. In practice,
however, this is limited by Pockels cell damage, occur-
ring either at the front or back surface as an extended
dark region around the center, where the beam passes
through. We attribute this damage to the effects of aver-
age intra-cavity power in conjunction with coating imper-
fections. One solution would be to obtain better-coated
crystals, which is technologically challenging. An alterna-
tive would be to redesign the cavity for a slightly larger
mode at the Pockels cell crystal, accepting some minor
clipping. There is also room for moderate lengthening of
the cavity, especially if more intense seed pulses are ap-
plied at a reduced number of round trips. In view of these
options, and potentially others, it might be possible to
further scale our 300-kHz regenerative disk amplifier
concept toward higher output powers, in case this should
be desirable.

As a first application, we produced THz radiation by
optical rectification in 0.6% MgO-doped stoichiometric
lithium niobate (LiNbOs) using tilted-pulse-front pump-
ing [29]. For safety, in order to avoid excessive average
powers, we reduced the laser’s repetition rate to 50 kHz
for these experiments. Tilted pulses were generated with
a 400-lines-per-mm gold grating and an imaging lens with
f ~ 150 mm placed at a distance of 1750 mm after the
grating. The front surface of the LiNbOs crystal was
placed 166 mm after the imaging lens. This produced a
large demagnification ratio of about 1: 10, which was nec-
essary to compensate for the significantly different dam-
age thresholds of the grating and the LiNbOj crystal,
measured with our system at 300 kHz as ~0.7 GW/cm?
and ~110 GW/cm? peak intensity, respectively. Crystal
damage was probably due to heating and the related
thermo-optic effect. We note that a demagnification of
about 1:2 would have been ideal to minimize the imaging
distortions [30], but this was not critical for our small ex-
cited area at the LiNbO5 crystal (see below). Incidence
and exit angles at the grating approximated the ideal
case, minimizing temporal distortions [31].

The pump spot size at the position of the LiNbOs prism
was 710 pm x 670 pm (horizontal x vertical, full width at
half-maximum). Laser polarization was set with a half-
wave plate along LiNbOj’s z-axis, parallel to the axis
of pulse-front tilt. The THz radiation from the prism’s exit
face, cut at 63°, was observed with a pyroelectric detec-
tor (Gentec-EO). With knife-edge scans, we determined
the effective size of the THz-emitting area as 1560 pm x
670 pm (horizontal x vertical, full width at half-
maximum). This is close to the expected value, consid-
ering the 63° emission angle. Using beam-profile scans
at different distances, we determined the divergence of
the THz radiation to 18° horizontally and 40° vertically
(full width at half-maximum). This asymmetry and mag-
nitude are expected from the elongated emission area
with dimensions close to the THz wavelength. The input
beam’s cross-section could be shaped with cylindrical
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Fig. 5. Performance of the THz generation with tilted pulses in
LiNDbOs. (a) Output power and THz pulse energy in dependence
of the input power and pulse energy. (b) Quantum efficiency
and energy-conversion efficiency.

optics if a more round and uniformly divergent THz beam
is required.

The power of the emitted THz radiation (outside of
LiNbOs) versus the laser power (transmitted into
LiNbOs) is depicted in Fig. 5(a). At low energy, there is
an almost quadratic dependence; at higher energy a more
linear relation indicates the onset of saturation. We
stopped this study at ~6 W pump power or 120 pJ pulse
energy, in order not to risk damage of the LiNbOg prism,
which was not cooled or specially mounted. Never-
theless, the measured THz output power was 1.6 mW.
This corresponds to 30 nJ pulse energy, 2.8x 1074
pump-to-THz conversion efficiency and close to 30%
quantum efficiency. This efficiency, similar to earlier re-
sults [32], can be increased further by increasing the
beam diameter in the horizontal direction to enable
larger interaction length or by using shorter pump pulses
[30,33], but pump-THz walk-off must be considered.

Electro-optical sampling in a 300-um-thick GaP crystal
revealed the time-dependent electric field of the THz
pulses; see Fig. 6(a). The single-cycle pulse had a peak
field strength of about 11 kV/cm, determined from the
electro-optical coefficients of GaP [34]. The correspond-
ing spectral amplitude is depicted in Fig. 6(b), revealing a
center at 0.3 THz. These pulses have an attractive com-
bination of repetition rate, field strengths and central
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Fig. 6. Characterization of the THz pulses. (a) Time-dependent
electric field of the THz pulses with peak strength of
~11 kV/cm. (b) THz spectrum at full output power (spectral
amplitude).



frequency for driving structural motion in materials or for
accelerating/controlling electron beams.

Assuming that the thermal load on the LiNbOs prism
can be handled by appropriate cooling and mounting,
which remains to be proven in the experiment, we can
extrapolate our results to a scenario where our laser’s
full output power at 300 kHz is applied for THz genera-
tion. Referring to Fig. 5(b), we assume that the regime of
constant quantum efficiency, i.e., linear energy scaling,
continues beyond the 120 pJ applied so far. Using the full
330 pJ available at 300 kHz and 100 W, we would then
obtain a THz output power of about 25 mW and about
85 nJ per pulse. Electric fields could be increased by
tighter focusing or field enhancement at microstructures.

In conclusion, the here reported high-power Yb:YAG
laser source produces femtosecond pulses with hun-
dreds-of-uJ energy at an adjustable repetition rate of
50-300 kHz, probably up to 400 kHz if desirable. The
peak power of the cycle-averaged intensity distribution
of the 800-fs pulses is 400 MW. The pulses could be fur-
ther shortened by driving the amplifier in the regime of
self-phase modulation [11], by shaping the seed spectrum
[15], by controlling the gain spectrum [28], or by nonlin-
ear broadening/compression [35-37]. The ability to effi-
ciently produce intense THz radiation at 50 kHz
demonstrates the suitability of our thin-disk laser for ad-
vanced nonlinear frequency conversions at optimum rep-
etition rates for ultrafast electron diffraction, attosecond/
femtosecond spectroscopy, or coincidence imaging of
molecular dynamics.
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Appendix C

Data Archiving

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

The data is organized with respect to the chapters and sub-chapters in
the thesis. All original figures are named fig_xx-xx-text where xx-xx cor-
responds to the figure number in the thesis and -text gives a short figure
description. The editable figures and the corresponding evaluations or sim-
ulations are also provided. The file names or folders have the same number
xx-xx as the figure. Supplementary information about data aquisition, pro-
cessing, evaluation or simulation can be found in added text files.
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