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Abstract

The motivation to control and temporarily isolate a single quantum mechanical event like an
electronic transition has driven the quest for ever shorter light pulses. Controlling a highly in-
tense electric field in the visible to infrared wavelength range on a sub-cycle time scale becomes
feasible with the concept of the parametric waveform synthesizer. High harmonic generation
(HHG) is explored as a primary application with the aim to generate isolated attosecond pulses
and high photon energies in the ”Water Window” spectral region from 284 eV to 533 eV.
The tight synchronization of pulses from optical parametric amplifiers (OPAs) spanning from
650 nm to 2200 nm is achieved with long-term synthesized waveform stability. To work out
and monitor the ideal synthesis parameters, a set of characterization methods are developed in
the time and spatial domain.
The ability to control sub-cycle fields is displayed via the large variety of XUV and soft X-ray
continua as generated via HHG covering photon energies starting from 30 eV all the way up
entering the ”Water Window”. The peculiarity of sub-cycle infrared driving pulses allows to
generate isolated attosecond pulses a priori without further gating techniques. The phase-stable
control of the driver pulse allows to shape the harmonic continua in bandwidth and central en-
ergy.
Characterization of both the generated isolated attosecond pulses and the synthesized infrared
driving field is performed in an attosecond streaking experiment yielding reproducible and com-
pressed XUV pulses down to 80 as FWHM, including the retrieval of an ≈ 2 octaves spanning
driver pulse.
A partial redesign of the vacuum apparatus to aim for high-pressure phase-matching conditions
inside the HHG gas nozzle enabled the generation of soft X-ray continua up to 450 eV. The con-
tinuous spectra in neon and helium are investigated as a function of the driving waveform and
macroscopic parameters. A comparison of the pulse energies at soft X-ray bandwidths once
generated with the infrared OPA (two-cycle pulse) and once generated with the synthesized
pulse (sub-cycle), shows an up to 5-fold flux increase. The absolute maximum pulse energy is
measured to 1 pJ integrated from 200 eV onwards.
Finally, the design of an experimental chamber, an updated toroidal mirror and a soft X-Ray
spectrometer prepare for future attosecond transient absorption experiments.





Zusammenfassung

Die Entwicklung ultrakurzer Laserpulse ermöglicht die natürlichen Zeitskalen einzelner quan-
tenmechanischer Zustände wie beispielsweise elektronischer Übergänge abzubilden. Die kohärente
Synthese von ultrakurzen Laserpulsen mit Spektren vom optisch sichtbaren Bereich bis in das
Infrarot ermöglicht es, die elektrischen Felder innerhalb einer Wellenlänge zu manipulieren und
zeitlich bis auf weniger als eine Periode zu begrenzen. Die stabile Synchronisation und Ab-
stimmung von optisch parametrischen Verstärkern (OPA) im Wellenlängenbereich 650 nm bis
2200 nm zu einem synthetisierten Puls wird langfristig als stabil gezeigt. Die dafür notwendigen
Methoden und entsprechenden Charakterisierungen werden in der vorliegenden Arbeit entwick-
elt.
Ihre primäre Anwendung finden die Pulse in der Erzeugung Höherer Harmonischer (HHG).
Die Möglichkeit der Manipulation solcher Sub-Zyklus-Pulse wird durch die große Anzahl der
erzeugten und kontinuierlichen Spektren im XUV- und weichen Röntgenbereich demonstriert.
Dabei werden Photonenenergien von 30 eV bis in das ”Wasserfenster” bei 284− 533 eV er-
reicht. Die Besonderheit der Sub-Zyklus-Infrarotpulse zeigt sich in der direkten Erzeugung
isolierter Attosekundenpulse ohne Verwendung von Gating-Methoden. Durch eine phasensta-
bile Manipulation des Treiberpulses kann das erzeugte harmonische Spektrum geziehlt in Band-
breite und mittlerer Photonenenergie beinflusst werden.
Die Charakterisierung der erzeugten Attosekundenpulse und der synthetisierten Infrarotpulse
erfolgt in einem Streak-Kamera-Experiment. Die Messungen zeigen Attosekundenpulse bis zu
einer minimalen Dauer von 80 as. Auch das annähernd zwei Oktaven umfassende Feld des
Treiberpulses kann bestimmt werden.
Die Ergänzung und Neuausrichtung der Vakuumapparatur ermöglicht durch eine Hochdruck-
Gaszelle die Phasenanpassung hin zu höheren Photonenenergien, wobei bis zu 450 eV im
weichen Röntgenspektrum erreicht werden. In diesem Spektrum wird die Erzeugung wei-
cher Röntgenstrahlung als Funktion des elektrischen Feldes des treibenden Laserpulses und
der makroskopischen Parameter im Prozess der HHG untersucht. Im Falle eines Infrarot OPA
(zwei optische Zyklen) und eines synthetisierten Pulses (Sub-Zyklus) zeigen die durch HHG
erzeugten Pulsenergien im weichen Röntgenbereich eine bis zu 5-fach gesteigerte Konversion-
seffizienz für den synthetisierten Treiberpuls bei ausgewählten Photonenergien. Die maximale
Pulsenergie im weichen Röntgenbereich oberhalb von 200 eV beträgt 1 pJ.
Schlussendlich bereitet die Entwicklung einer neuen Experimentierkammer, des Spektrometers
und die Erneuerung der Röntgenoptiken den Einsatz der parametrischen Synthese von ultra-
kurzen Lichtpulsen in zukünftigen Attosekunden-Pump-Probe-Experimenten vor.





Acknowledgement

In the course of the Ph.D. at DESY, I have met many remarkable and motivated people who are
always ready to discuss, help and support each other.
First of all, I would like to thank Professor Franz X. Kärtner for the long-term level of trust
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∣∣∣∣∣ Broadband Coherent Light Fields

The high peak intensity and broad bandwidth of modern laser sources significantly expanded
scientific applications. Starting from nonlinear spectroscopy [1], as historically pioneered with
dye lasers, the possibilities for light-matter interaction using ultrafast Ti:Sapphire lasers [2] be-
came manifold.
The short duration of such laser pulses enables unpreceded time-resolved light-matter inter-
action. Early experiments with a laser pulse intensity of 1013 W/cm2 at the interaction with
xenon atoms have demonstrated nonlinear above six-photon ionization (ATI) [3] and with the
existence of few- to single-cycle laser pulses Paulus et al. have shown the carrier-envelope
phase (CEP) dependent photoionization as measured in a stereo ATI setup [4] due to the asym-
metry in the electron yield. The attosecond time domain is entered with the generation of high
harmonics (HHG) from a laser and the subsequent isolation of a single isolated attosecond pulse
(IAP). The HHG process is discussed in section 3.1. Broadband laser pulses and subsequently
generated attosecond pulses enable control and observation of ultrafast light-matter interactions
demonstrated in photoionization in molecules [5], atomic relaxation dynamics [6], charge mi-
gration in molecules [7], real-time observation of electronic motion in krypton [8], [9], exciton
dynamics [10], the dynamic AC-Stark effect [11] and even ionization dynamics on a sub-cycle
time scale [12].

1.1 Broadband Laser Sources

From the time when Theodore Maiman confirmed experimentally in 1960 the light amplification
by stimulated emission of radiation (LASER) [13], a major interest of research remained to this
day: How to shorten the laser pulse duration? Maiman’s first laser, a flashlight-pumped Ruby
laser, even was a pulsed laser as defined by the lifetime of the excited state. The motivation to
generate pulses versus continuous-wave (cw) operation stems from (1) the ability to generate
very high peak intensities and (2) the ability to generate the shortest and best-defined man-
made event. Pulses in the time domain require a certain minimum bandwidth in frequency
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domain, since the summation of phase-locked frequencies leads to the isolation of a defined
pulse according to Fourier synthesis.
After the birth of the LASER as a solid-state laser, gas and dye lasers became more popular
in the first decades due to their capabilities in energy and tunable bandwidth [14]. In 1986, P.
Moulton et al. demonstrated the capabilities of the Ti:Sapphire laser [15] as a broadband solid-
state laser with a gain bandwidth from 660 nm to 1180 nm established the Ti:Sapphire laser as
a very popular laser to this day. The concept of mode-locking in a Ti:Sapphire laser oscillator
enabled the generation of sub 10 fs pulses [16]. Incorporating the effect of intracavity nonlinear
broadening while maintaining the dispersion control enabled ≈ 5 fs pulses from a Ti:Sapphire
oscillator [17].
The description of a laser pulse in terms of pulse envelope and carrier electric field oscillating
at the period of the laser frequency and a spatial dependent amplitude A(z) and phase usually
as radial coordinate z. The shorter the pulse, the closer the envelope follows the carrier field in
terms of duration. The carrier-envelope phase (CEP) defines the phase and thus the maxima of
the carrier field with respect to the maximum of the envelope, as shown in figure 1.1

E⃗(z, t) = A(z, t) · ei(kz−ωt+φCE)x̂ (1.1)

Figure 1.1: A few-cycle pulse given with electric field envelope and electric field
for different values of the carrier-envelope phase (CEP).

1.2 Nonlinear Broadband Frequency Conversion

Ultrabroadband, few-cycle Ti:Sapphire oscillators are limited to a pulse energy of a few nJ. The
application of Ti:Sapphire as a laser amplifier at higher energies limits the pulse duration to
≈ 20 fs due to the gain narrowing effect during amplification. Therefore, it is not possible to
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obtain pulses with few or single cycles at mJ energies directly from the laser gain medium.
The high peak intensities > 1014 W/cm2 of such lasers, however, allow to drive nonlinear polar-
izations in various media from solids to gases and thus to generate new frequency components
almost independently of the fundamental laser gain spectrum.
The second-order nonlinear process is exploited for amplification in the Optical Parametric
Amplification (OPA). Common solid media with high nonlinear index are e.g., Lithiumniobat
(LiNbO3), β -Bariumborat (BBO) or potassium dihydrogen phosphate (KDP). Those materials
allow efficient energy conversion from an intense “pump” pulse to a weaker “signal” or ”seed”
pulse that gets amplified. The residual energy between pump and signal photon remains as an
“idler” pulse. Depending on the phase matching between the constituent pulses, the process
can be tuned for the parametric amplification of a longer wavelength signal, an up-conversion
or sum frequency generation (SFG) of two photons and a down-conversion or difference fre-
quency generation (DFG) between two photons. Since the nonlinear crystal does not store any
energy, the achievable energy with the chirped pulse amplification (OPCPA) technique can be
in the range of several 100 mJ before thermal limits are reached. The bandwidth of the para-
metric amplification process is limited by the group velocity mismatch between the constituent
pulses as defined by the refractive index and polarization. OPAs that exploit the good match
of Ti:Sapphire wavelength and the group velocities in BBO have an amplification bandwidth
close to an octave in the near- and infrared ((N)IR) spectrum [18], [19]. Ultrafast sources in the
far-infrared have been realized via DFG [20]. During the amplification process in an OPA, the
CEP is preserved, allowing the generation of CEP-stable pulses with few cycles. Since OPAs
are a central unit of the parametric waveform synthesizer, they are discussed in detail in chapter
2.2.2
Nonlinear third-order processes such as self-phase modulation (SPM) lead to modulation of
the temporal phase of the pulses during propagation, generating new frequencies. At relatively
low energies below the damage threshold, this behavior enables the generation of multi-octave
spanning spectra, so-called white light continua (WLC) when focussing a laser pulse in a solid
media such as Sapphire (SAP) or Yttrium-Aluminium-Garnet (YAG). Depending on the inten-
sity, the Kerr effect as a third-order nonlinearity gives rise to self-focusing, which further in-
creases the intensity until a plasma forms, which is counteracted by the plasma-induced change
in the refractive index. This interplay of various nonlinear effects is discussed in the context of
filamentation [21]. The WLC generation in YAG/Sapphire is a well-established method to gen-
erate broadband seed spectra for the subsequent amplification in an OPA and since the process
conserves the CEP phase [22]–[24], it is well suited for phase stable ultrashort pulse generation.
Apart from low energy spectral broadening, the technique of SPM spectral broadening is em-
ployed in Hollow Core Fiber (HCF) setups [25]. A fiber filled with a noble gas guides the
coupled laser pulse, which undergoes SPM during propagation. A manifold compression of the
initial pulse duration has been demonstrated and technological improvements have driven the
pulse compression and energy scalability [26]. Due to the limited ionization threshold of the
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noble gas, the pulse energy is limited and very high pulse energies (> 0.5 mJ) require very long
(> 1m) fiber setups with well-controlled peak intensities along the propagation.
Recent interest in SPM-based broadening schemes has revived solid-state based broadening.
Precise tuning of the solid material thickness and a manifold propagation through the nonlin-
ear medium, hence called multiplate continuum (MPC), have shown the generation of octave-
spanning spectra at very high conversion rates even for input pulses of ps duration. [27]–[29].

1.3 Control of the Electric Field

To exploit the full potential of broadband light fields, techniques are being developed to pre-
cisely control the frequencies they contain. In the femtosecond regime, the temporal structure
of a light field is controlled via the spectral phase in the frequency domain. Due to the ex-
tremely short time scales, direct access in time domain is technically very limited. The devices
to control the spectral phase are to a large extent targeted to ensure a single arriving time for all
frequency components to compress the pulse in the time domain. The chromatic dispersion of
the optical elements alters the temporal structure of the pulse in the time domain. At optical and
NIR wavelengths, most optical elements i.e. substrates, laser and OPA crystals, exhibit positive
dispersion, with the longer wavelength traveling faster than the shorter wavelength. To coun-
teract the positive dispersion, grating and prism compressors are used to shorten the geometric
path for the shorter wavelength. Higher order dispersion compensation and a custom dispersion
design for large bandwidth is realized with double-chirped mirrors (DCMs) [30]. The DCMs
as the core of the parametric waveform synthesizer dispersion scheme are discussed in section
2.2.3. Adaptive control of the light field is given via pulse shapers. The spatial light modulator
(SLM) modulates the spectral phase in a liquid crystal array that transmits the spectrally dis-
persed pulse in, for example, a grating configuration to disperse the colors on the SLM pixels.
The index of refraction at each liquid crystal pixel is controlled by an applied electric field. The
spectral control with light modulators in a synthesis approach is presented in [31] for a close to
single-cycle pulse.
For very short pulses, the property of CEP defines the amplitudes of the electric field in the
time domain and is the central control parameter for single color few- to single-cycle sources.
Characterization of the CEP via beating of the short wavelength and frequency doubled long
wavelength component was first used in [32] to stabilize the CEP of a broadband Ti:Sapphire
oscillator by controlling of a wedged glass to stabilize the relation between phase and group
delay in the cavity. The measurement of the CEP as a beat signal in frequency, the so-called
f-2f setup, is explained in detail in phase meter in section 2.2.4. In laser amplifiers, the pump
laser intensity can be modulated by the feedback or the phase of the seed pulse to stabilize
the CEP at the output of the laser amplifier. Recently, acousto-optic programmable dispersive
filters (AOPDFs) are employed to control the individual CEPs of spectrally distinct portions in
broadband short-wave-infrared (SWIR) OPA, leading to sub-cycle field control. [33]
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Polarization control adds to the temporal control and allows for shaped ultrashort electric fields
in time and space [34] as applied e.g. for single atom control and the generation of circular po-
larized HHG [35]. Due to the construction of pulse shapers, the bandwidth and/or pulse energy
is limited and the losses are not negligible. Complex single-pulse manipulation is still limited
to sub-octave pulses.





2

∣∣∣∣∣ Synthesized Light Fields

The concept of synthesis is the most versatile approach to sub-cycle optical waveform control.
The idea of synthesizing several pulses can overcome numerous limitations of today’s ultrashort
pulse technologies, not by replacing them, but by coherently combining them. The coherent
synthesis of individual laser sources is demonstrated experimentally for a variety of sources
targeting even more different applications from fiber laser coupling reaching kW powers[36],
for gravitational wave detection [37], or on-chip photonics for frequency metrology [38]. Here,
the subject of pulse synthesis are ultrabroadband sub-cycle pulses with precise control of the
electric field approaching mJ level energies and peak intensities of 1015 W/cm2. The underly-
ing single pulses are designed with a sub-octave bandwidth that allows for efficient generation
and compression. Subsequent synthesis forms multi-octave spanning spectra and allows the
generation of sub-cycle pulses at high pulse energy. The primary application of the synthesized
laser field are strong field processes such as e.g. HHG and the ability to shape the process by
the driving waveform. As shown in figure 2.1, a combination of two short pulses with different
central wavelengths deviates the electric waveform drastically from a sinusoidal modulation.
Two pulses with amplitudes A1(t) and A2(t) with central frequency ω01 and ω02 respectively
are synthesized. The CEPs φCE1 and φCE2 can be individually controlled or, as in our experi-
mental case, jointly. The relative phase φRP between the adjacent fields is the additional control
parameter in synthesized fields.

E(t) = A1(t)cos(ω01t +φCE1)+A2(t)cos(ω02t +φCE2 +φRP) (2.1)

This chapter starts with an overview of the published ideas and realizations of ultrashort syn-
thesized sources before the parallel parametric waveform synthesizer that has been finalized for
long-term stable operation within the frame of this thesis is described in detail.
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Figure 2.1: Synthesis of short pulse electric fields at central wavelength λ and 2 ·λ
and at different relative time delays. The fundamental fields are defined with CEP=
0 except for the field with a CEP flip equals to CEP = π

2.1 Synthesized Sub-cycle Light Fields

Broadband coherent pulses, as described in earlier chapters, are the basis for sub-cycle syn-
thesized light fields. In addition, a precise temporal lock must be maintained to a few 100 as
between the electric fields. One of the first working waveform synthesizers with a pulse energy
high enough to drive HHG is based on a very broadband hollow-core fiber compressor [8]. The
Ti:Sapphire driven HCF generates a bandwidth from 270− 1130 nm [39]. For the temporal
compression and manipulation of the pulse, the bandwidth is split into four spectral channels,
each of which is individually compressed by DCMs and is finally recombined. During the split
and recombination, the source can be seen as a fully parallel synthesizer where the relative
phases can be adjusted independently. The electric field of this four-channel synthesizer has
been measured in an attosecond streaking experiment, demonstrating the stability and control
over the electric waveform. With the recent extension to the fourth channel in the ultraviolet
(UV), the central wavelength is given at λ0 = 530 nm. The advantages of geometrically small
path differences between the point of spectral splitting and recombination are traded off against
the limitations of the HCF in terms of energy at a few ≈ 100 µJ at the output of the HCF synthe-
sizer. The sub-cycle pulse in the visible domain and generated attosecond pulses via HHG are
applied to ultrafast time-resolved measurements [10], [39] giving sub-fs resolution. As a driver
for HHG reaching photon energies in the water window (284−533 eV), an HCF waveform syn-
thesizer with a longer central wavelength is an interesting approach. Recently, a λ0 = 1.7 µm
HCF synthesizer was demonstrated by Ridente et al. [40], albeit with a rather modest energy of
5 µJ.
Based on broadband OPAs, early ideas have considered the parallel amplification of a super
octave spanning WL seed and final combination of such multicolor sources [41]–[43] for sub-
cycle synthesis. The extended geometrical setup and non-common beam path of several meters,
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including amplification stages, has required severe technological development to make this ap-
proach a stable and viable source. Motivated by the recent interest in the water window HHG
by ultrashort infrared laser pulses, the utilization of infrared OPAs is suggested. As presented in
this thesis, we have shown the long-term stable operation of sub-cycle synthesized waveforms
at λ0 = 1.4 µm for the control of HHG and subsequent streaking measurements in [44], [45].
The interest in waveform synthesis for high-energy applications has been likewise followed in
the group of Midorikawa and co-workers in Japan [46]. This group presented a high-energy
multi-cycle synthesizer with a total pulse energy of 50 mJ that consists of phase stabilized com-
bination of pump (800 nm), signal (1350 nm) and idler (2050 nm) of an OPCPA. HHG with that
source yielded a 0.2 µJ XUV pulse at a central photon energy of 60 eV. The authors report an
increase of the efficiency by an order of magnitude compared to single channel (800 nm) driven
HHG. The synthesizer is designed for high-energy but not sub-cycle pulse duration with a pump
of 30 fs, signal 44 fs and idler 88 fs at FWHM. The same group shows a sub-cycle time du-
ration in [33], [47] with µJ energies combining the techniques of pulse shapers (AOPDFs) and
parametric amplification, including spectral splitting and recombination of the bandwidth. As a
result, they obtain a 0.7-cycle pulse at 1.8 µm with 32 µJ of energy. The additional freedom in
shaping the electric field by AOPDFs currently appears to limit the maximum pulse energy.
In order to mitigate the experimental difficulties when splitting, combining and phase-locking
the constituent spectral channels, the concept of a serial synthesizer maintains a common optical
beam path. Several OPA stages in series are tuned and pumped at different wavelengths. Such
concepts are demonstrated in [48] for < 3 fs pulses of 1 µJ energy at 200 kHz repetition rate.
Rivas et al. [49] published a serial synthesis approach intended to generate high peak intensi-
ties 1020 W/cm2. The consecutive noncollinear (N)OPA stages are pumped with second and
third harmonic of an Nd:YAG pump laser and span the bandwidth from 600− 1000 nm. With
the development of broadband OPA schemes for Ytterbium pumped systems, the transfer from
Ti:Sapphire pumped waveform synthesizer becomes feasible. This would increase the overall
power drastically and experiments would benefit from a higher repetition rate [50], [51].

2.2 Presentation of the High-Energy Parametric Waveform
Synthesizer

The parametric waveform synthesizer as currently operated in our lab can be considered as the
second iteration of the Ti:Sapphire driven waveform synthesizer, where to a large extend Dr.
Giulio Maria Rossi and Dr. Roland Mainz implemented various new conceptual, hardware and
electronic developments. The final version of this apparatus has been built and continuously
improved during the course of this work and adapted as a driver for HHG and attosecond exper-
iments, while the previous first version and thus the pump laser was installed back in 2012. In
order to operate the parametric waveform synthesizer as a drive source for HHG at high photon
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energies, the parameters and design criteria are justified in the following.
For the generation of high-energy photons in the process of HHG, the electric field of the laser
must transfer a significant amount of energy to the ionized electron. According to the scaling
laws for HHG [52], the photon energy scales with the driving laser wavelength as Ecuto f f ∼ λ 2.
Experiments with OP(CP)As at ≈ 1.8 µm have shown that a mid-infrared pulse is ideal for the
generation of high-energy photons in the water window spectral region [53]–[55].
In order to limit the HH emission to a single event, the bandwidth of the PWS supports nearly
two octaves to ensure a sub-cycle temporal duration. These parameters allow, for the first
time, the exploration of the water window soft X-ray generation and isolated attosecond pulse
generation without any further gating techniques. Finally, the central wavelength is located at
1.6 µm±200 nm, depending on the relative channels contributions.
The peak intensity necessary to drive HHG is approximately 1013−15 W/cm2 depending on the
gas type and desired cut-off energy, so a pulse energy of a couple of 100 µJ is required if we
assume moderate focusing conditions and very short pulse durations of 3−5 fs as possible with
the PWS.

2.2.1 Ti:Sapphire Pump Laser

The PWS is a large coupled optical system with temporal and spatial dependencies. Any under-
performing element of the system drastically affects the overall performance. Since the pump
laser of the entire system is the first element in the chain (with the exception of the laboratory
infrastructure and environment), a failure or change in laser parameters usually entails a cum-
bersome realignment of the full setup.
A commercial cryogenically cooled Ti:Sapphire laser system serves as pump laser for the PWS.
The Ti:Sapphire laser perfectly suits as a pump laser for white light generation [21], as well as
for pumping OPAs since the pump duration of ≈ 150 fs gives the right balance of peak intensity
vs. energy to drive such nonlinear processes. The energy stability of our laser system is mea-
sured to be around 0.15% RMS on a daily and long-term basis. The beam profile turns out to be
a very critical factor for the stability of all subsequent nonlinear processes. Any deviation from
a reference beam profile changes the nonlinear interaction and beam propagation and would
lead to an undetermined state of the synthesizer. Due to the rhombic geometrical shape of the
Ti:Sapphire crystals and a longitudinal pumping scheme, the beam profile of our laser is close
to a Gaussian mode and ideal for a stable operation of the PWS.
Lastly, the total power that a Ti:Sapphire crystal can handle limits the output energy of Ti:Sapphire
laser systems compared to Yb-based systems. The broad gain bandwidth demand for a certain
quantum defect between the pump photon and the emitted photon. In the case of Ti:Sapphire,
the absorption at around 500 nm and the emission at around 800 nm leads to a quantum defect
of ≈ 0.93 eV and thus a heat load on the crystal of around 35 % of the pump power is unavoid-
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able. With the advantages but also the limitations of a Ti:Sapphire laser system that has to run
in a stable and reliable regime, the total power capabilities are distributed to a pulse repetition
rate of 1 kHz and a pulse energy of ≈ 20 mJ.
The laser system consists of a fully sealed Ti:Sapphire oscillator (Vitesse 800, Coherent) which
has been proven to run for several years without a touch. The central wavelength is around
805 nm, with a pulse duration < 100 fs and a repetition rate of 80 MHz. Subsequent ampli-
fication of the pulses at 1 kHz repetition rate is happening in the first Ti:Sapphire amplifier
(Legend Elite Duo HE+, Coherent), which consists of a regenerative amplifier and a single-pass
amplifier. In both amplification stages, the Ti:Sapphire crystal is cooled down to −10 ◦C by
means of a Peltier element. The pulse energy after amplification reaches ≈ 10 mJ. In a final
amplification stage, the pulse is amplified to ≈ 20 mJ. The last amplifier (Legend Elite Cryo
PA, Coherent) consists of a closed-loop helium cooling system that cools down the Ti:Sapphire
crystal to ≈ 80 K as mounted on a copper cold finger in a 10−8 mbar vacuum environment. The
cryogenic apparatus adds complexity, but the Ti:Sapphire crystal has a better thermal conduc-
tivity at lower temperatures, allowing higher pump power to be used.
The commercial laser system was optimized and equipped with anti-vibration measures, tem-
perature and humidity monitoring and a beam-pointing stabilization system (Aligna, TEM
Messtechnik). Details can be found in the theses of R. E. Mainz [56] and G. M. Rossi [57].
During the course of this thesis a couple of anomalies occured in the laser that led to a down-
time of the PWS and that were initially difficult to identify. A system of CCD cameras (Ethernet
CCD and CMOS, Basler) is used and a python script automatically takes and logs beam profile
images. A graphical user interface displays the beam profiles as live shots, averages and historic
beam profiles. The system currently consists of three cameras distributed at specific points in
the optical setup and mainly serves as a qualitative and long-term observation tool. The signal
on the CCD is derived from mirror leakages. Lenses reduce the beam size to fit the beam onto
cost-effective CCDs with small sensors. These measurements do not intend for absolute beam
characterization but for convenient tracking of relative changes in beam position or beam pro-
file. Figure 2.2 shows a capture of a typical monitoring display from the laboratory. One can
see how the beam profile has changed, possibly due to some diffraction (left panel) and offset
(right panel), even though the active beam-pointing stabilization is active. In addition to the
beam profile, a large area photodiode serves as a relative intensity log with high temporal data
density.
A history of the relative pulse intensity is shown in figure 2.3. The beam profile logging has

shown that in most cases where the PWS pulses are out of reference, the reason is the laser
itself. Slow aging effects in the laser system have occurred over the 6 to 10 year lifetime of the
laser and manifest as slow drifts and slowly decreasing performance.

The deterioration of the beam profile due to freeze over on the cryogenically cooled crystal
was attributed to faster contamination of the cryo chamber with moisture due to porous rub-
ber gaskets at the entrance and exit windows and flanges. The amount of water in the vacuum
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Figure 2.2: Capture of the monitoring display as developed for constant beam pro-
file recording and visual feedback. The Screenshot was taken on October 27, 2022
and thus displays the beam deviations over a period of ≈ two months with respect
to the defined reference day. The top row displays a live view, the second row is
the daily average and the third row is the average of the reference day. The last
two rows display the deviations with the daily deviations (subtraction of live frame
- today’s average) in the fourth row and long-term deviations (live frame - reference
day average) in the bottom row. The three columns represent three different cam-
eras positioned at the compressed laser output, the uncompressed output and after
the external compressor. The positions are indicated in figure 2.5 as (CAM1-3).

Figure 2.3: Relative log of the Laser intensity. The permanent log is recorded sin-
gle shot and shown for a period of ≈ 2 months. The data is shown with a moving
average over 100 samples. A deactivated beam-pointing stabilization explains the
drops in intensity between October 6, 2022 and October 16, 2022. The long-term
decreasing slope shows the effect of freeze over on the crystal due to the accumu-
lation of water in the vacuum chamber. The recovery (temperature cycling) shows
the intensity increase on November 8, 2022.
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chamber can be observed when temperature cycling the chamber. At around 210 K, the subli-
mation point is reached and the pressure increases drastically up to the mbar regime. The more
water has accumulated in the chamber, the more the pressure increases. Even with new sealings
on the cryo chamber, a regular temperature cycling ≈ once a month is necessary to guarantee
long-term stable pulse energy and beam profile. Figure 2.3 shows the effect of a temperature
cycle on November 8, 2022, where the laser intensity had previously decreased by ≈ 7 % over
≈ 1.5 month.
In addition, the diodes of the Coherent Evolution Nd:YLF pump lasers had to be replaced, the
Pockels cell and high-voltage driver of the regenerative amplifier were replaced, and the mem-
brane of the dry air pump (ECU unit, Coherent) caused problems that led to freeze over and
water accumulation in the Peltier cooled crystal containers of the Coherent Legend Elite Duo
HE+.
The pump laser is designed with two output channels realized by splitting the amplified ≈ 20 mJ
beam by means of a thin film polarizer (TFP). One beam ≈ 4 mJ is compressed right at the laser
and used to pump the seeding front end and the first two OPA stages of the PWS, while the sec-
ond beam ≈ 16 mJ is guided and imaged with an evacuated 1 : 1 lens telescope to an external
compressor located close to the third stages of the OPAs. The pulse splitting, beam routing and
pulse compressors are included in figure 2.5.

2.2.2 Broadband CEP stable Seed and Parametric Amplification

The generation of multi-octave spanning pulses by means of parametric amplification in one
or multiple OP(CP)A relies on the existence of a same-wise multi-octave spanning seed spec-
trum. The characteristics of the amplified pulse in terms of bandwidth, energy fluctuation, and
well behaved compressible spectral phase depend on the initial seed pulse. Furthermore, as the
nonlinear processes preserve the CEP, the final CEP and pulse-to-pulse CEP fluctuation of the
ultrashort amplified pulses are inherited and can be controlled by the initial seed pulse. Starting
from a non phase-stable multi-cycle laser, the following section covers in detail the generation
and amplification of few-cycle CEP stable pulses.
At first, a CEP stable seed is generated in a parametric process. First experimentally demon-
strated in [58], the so-called self-referenced or passive CEP stabilization relies on the difference
frequency generation between two coherent pulses that originate from the same pulse and hav-
ing a fixed absolute phase relation. The subtraction of the phases in the DFG process cancels
the variation of the CEP. It should be emphasized that this method allows to cancel out the
CEP shot-to-shot fluctuations, but not to define the CEP precisely to zero. Similar to the mea-
surement of the (relative) CEP with an interferometric setup between fundamental and second
harmonic as will be described later, only the phases of the electric fields are referenced to each
other. The electric field is not referenced against the pulse envelope, which would give an ab-
solute measurement of the CEP in the spirit of the CEP definition.
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The third-order SPM effect as a case of four-wave mixing is described for the generation of
new frequency component ω4 and adjacent phase φ4 out of existing frequency components
ω1,ω2,ω3 in the laser pulse.

ω4 = ω1 +ω2 −ω3

φ4 = π/2+φ1 +φ2 −φ3
(2.2)

In the process of DFG, the frequency and phases are linked as

ωi = ωp −ωs

φi =−π/2+φp −φs
(2.3)

Once the signal pulse inherited the phase from the pump pulse (φP) up to a constant factor
(−π/2), the idler pulse phase φI is constant and leaves only with a phase shift of −π . The
passive CEP stabilization method relies on the seed and pump pulses having equal and stable
path lengths. Any jitter due to beam-pointing of air fluctuations results in a imperfect phase
subtraction and according pulse-to-pulse CEP jitter.
As one of the first system components, the CEP stable seed generation benefits massively from
a custom breadboard and opto-mechanics hardware that allows a rigid positioning of the optics,
thermal stabilization and a very dense layout to avoid distortions due to beam propagation. The
details on the hardware can be found in [59] figure 11.
Apart from mechanical rigidity, the quality of the CEP stable seed pulse is elaborated by ex-
ploiting some properties of the nonlinear interactions. After the initial splitting of the 800 nm
Ti:Sapphire pulse and WLG via SPM in a plate of YAG, the WL continuum is amplified in a
first OPA stage. The phase-matching is tuned to amplify the 1300 nm component, which is the
zero dispersion wavelength of fused silica; therefore, the dispersion in optical components such
as lenses and dichroic beam combiners is low. The time structure of the pulses and the thickness
of the BBO crystals are choosen such that pump depletion occurs. In this regime, the ampli-
fication and therefore pulse energy of signal and idler is clamped to the intensity of the pump
beam. Now, the energy fluctuations of signal and idler depend on the fluctuations of the pump
beam that are usually lower compared to the fluctuations of the white light. Since idler and
signal pulses are located left and right from the pump spectrum in frequency domain, the group
velocity mismatch due to the frequency-dependent refractive index leading to a walk-off and
separation of the pulses. Since the idle pulse exists only because of the interaction between the
pump and the signal, the pulses still overlap because of the amplification process, even though
they would be separated by the pulse splitting length because of the different group velocities.
To maintain a long pump-seed interaction in a relatively thick BBO (4 mm), the 1.3 µm seed
pulse is transmitted through a narrowband filter (12 nm) in order to ensure a longer pulse du-
ration compared to the pump. The DFG process in the second BBO gives the idler at 2.08 µm
that is passively CEP stable. For subsequent seeding of the other WLG stages in the OPAs at
the right wavelength, the pulse is frequency doubled to 1.04 µm.
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The measurement of the CEP in a f-2f configuration similarly relies on the conservation of the
CEP in the nonlinear process of second harmonic generation (SHG). The phase information of
the fundamental (F) in a (SHG) process is conserved such as

ωSH = 2 ·ωF

φSH = π/2+2 ·φF
(2.4)

A portion of the CEP stable 1.04 µm pulse is split and guided to the f-2f measurement. A
WL stage broadens the 1.04 µm pulse to an octave-spanning spectrum and a BBO allows for
the second harmonic generation of the long wavelength part. The second harmonic of the long
wavelength part beats with the short wavelength part. A spectral filter and polarizer are used
to match the relative intensities and polarizations. The resulting interference and especially the
phase of the fringes in frequency domain are sensitive to CEP changes. Extraction of the phase
value at the position of the beating frequency gives quantitative measurements for the pulse-to-
pulse CEP fluctuation.
The narrowband CEP stable pulse at 1.04 µm is the driver for the WLG stages which serve as
the seed pulse in the OPA stages. For parallel amplification channels as in the PWS, the seed
has to cover above two octaves of bandwidth. Figure 2.4, adapted from [43] shows a WLG in
3 mm YAG split by custom dichroic mirrors to the three subsequent channels for amplification.
Intuitively, this approach is most straightforward to minimize any non-common WL fluctuations

Figure 2.4: Scheme of dispersion and spectral management of the first-generation
synthesizer. A CEP stable 1.06µm pulse drives an initial white light (WL) in 3 mm
YAG. The WL is split and partially recompressed by intermediate double-chirped
mirrors (DCMs). Three channels are shown with three amplification stages each. A
final beam combination via dichroic mirror (DM) optics and synchronization via a
balanced optical cross-correlator (BOC) is shown on the right side. The feedback
signal is derived from DM leakage with the main beam ending at a vacuum chamber,
indicating the intended application for HHG. From [43]

among the spectral channels. The drawback is the extreme bandwidth that the single WL needs
to cover. The intensity required to drive a severe SPM is very close to the crystal’s damage
threshold. Any fluctuation in the driving laser or local hotspots in the beam profile would re-
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quire a replacement of the WL crystal and realignment. On top of abrupt damage to the crystal,
an octave-spanning WLG unavoidable leads to aging of the crystal and long-term performance
degradation the harder the process is driven. Even for the moderately driven WL in the CEP
stable seeding frontend, the WL crystal is shifted regularly to a new position every few months.
R. E. Mainz et al. [23] have shown that splitting the seed pulse and driving two WLs in differ-
ent crystals can fulfill the required stability constraints. The phase jitter between the WLs was
measured to be well below 20 mrad at 550 nm. The phase jitter increases slightly once the WL
crystals differ in material (YAG/Sapphire) and thickness, but the increase in long-term stability
when matching the WL crystal for each spectral band pays off. The current scheme of the DFG
OPA for CEP stable seed generation is shown on the left side of the figure 2.5, with a subsequent
splitting of the seed pulse (sketched in green color) for separate WL generation in each spectral
channel. One recognizes the interferometric layout of the beam path for the OPAs and beam
transport. This ensures that any occurring geometrical drifts are mostly common drifts of the
interacting beams.
The central part of figure 2.5 shows the OPAs. After completion of the NIR (650− 950 nm)

and the IR (1200−2200 nm) spectral channels and successful coherent synthesis, the systems’s
capabilities to generate IAPs and control the HHG properties were very promising, so the de-
velopment of the attosecond beamline to fully exploit the PWS as a HHG driving source is
focussed. The visible channel, as grayed out, is under construction but is not addressed in this
work.
All OPAs are designed as three-stage amplification to ensure low superfluorescence and >

100 µJ output energy. The spectral gap (950− 1200 nm) results from the fact that the WL
driver is located at 1040 nm and the spectral phase around that region is strongly modulated and
difficult to compress. In addition, the phase-matching conditions of those broad bandwidths in
BBO define the wavelength as such. The employed OPAs follow the concepts presented by C.
Manzoni and G. Cerullo in [19]. The phase-matching conditions for efficient energy conserva-
tion from pump to signal pulses must be satisfied.

∆k = kp − ks − ki
!
= 0 (2.5)

For narrowband pulses, the wavevector k can be treated as a single value, while for broadband
pulses, the frequency dependence comes into play. The mismatch of the wavevector are ex-
panded in a Taylor series where the first partial derivative describes the group velocity and the
second partial derivation the group velocity dispersion.

∆k =
(

1
vgi

− 1
vgs

)
∆ω − 1

2
(GV Di +GV Ds)∆ω

2 !
= 0 (2.6)

The condition for phase-matching depends on the velocity of signal and idler pulse in the non-
linear medium. The velocity of signal and idler pulse can be matched by introducing an angle
on one of the beams so that the projected velocity on the straight is reduced. This is referred
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Figure 2.5: Scheme of the current implementation of the PWS adapted from [44].
The pump laser is shown on the top left with Compressor C1 located closely and
compressor C2 located to the right side. The CEP-stab. seeder to the bottom left
with the first f-2f characterization on the 1040 nm seed beam. Delay management of
pump and seed prior to the OPA channels is located in the center. The VIS-Channel
is grayed out as it is currently not integrated. Beam combination via dichroic mir-
rors (DM) and feedbacks are located on the right side. Pointing stabilization (PS),
including position-sensitive detectors (PSD) for each spectral channel. Second f-
2f and integrated f-f spectrometer and 2DSI setup for temporal and spectral phase
control. Spatial f-2f setup with CCD camera and beam profile characterization right
before the HHG chamber on top. The camera positions (CAM1-3) indicate the
beam profile monitoring system.

to as a non-collinear OPA (NOPA). In a NOPA, the intersection of the beams under an angle
usually leads to spatial chirp, as the beam profiles do not overlap in a constant manner while
propagating through the crystal and additional optimizations such as pulse front tilt have to be
implemented. A rather convinient way to match signal and idler group velocities is introduced
with the degenerate OPA (DOPA). The signal and idler have the same frequencies with a pump
pulse of twice the photon energy.
So far we have neglected the polarization of the constituent pulses. As a birefringent crystal,
BBO has a different refractive index on the extraordinary axis than on the ordinary axis. In
the case of a DOPA, the signal and idler pulses are polarized along the ordinary axis while
the extraordinary axis is matched to satisfy the phase-matching condition with the pump pulse.
By slightly detuning the perfect phase-matching angle, the phase-matching conditions on both
sides of the spectrum are optimized and very broadband amplification is realized in a DOPA.
The combination of the Ti:Sapphire laser wavelength and the β -BBO crystal properties al-
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lows to design the IR and NIR channel as a DOPA pumped with the Ti:Sapphire and its SH
(≈ 400 nm) in regard. The first amplification stage amplifies the WL from a few nJ to ≈ 1.5 µJ.
Due to the small energy, the size of the focal spot in the first stage must be very small and
requires perfect mechanical stability. The second stage amplifies to ≈ 15 µJ. The energy of
the NIR and IR channels, including partially the losses due to compression and beam combina-
tions, is measured to ≈ 100 µJ and ≈ 500 µJ, respectively after the third stage amplification.
The energy stability is about 1 %. Due to the need for extended feedback signals and beam
routing compared to a single channel source, the energy of the pulses that arrive in the HHG at
the point of HHG is reduced to ≈ half of the initial OPA output energy.
The spectra for each stage and channel are shown in figure 2.6.

Figure 2.6: Spectra of the PWS. WL generated seed, first, second and third ampli-
fication stage for NIR and IR channel. Spectra taken with Ocean Optics Flame (Si
detector) and Ocean Optics NirQuest (InGaAs detector). The first and second stage
is measured via fiber coupling (FG105LCA, Thorlabs).

2.2.3 Spectral Phase Control and Characterization

The spectral phase defines the chirp and temporal duration of the pulse, which must be con-
sidered in each section of the PWS. Before we end at the final pulse compression to meet the
shortest possible pulse duration at the point of the experiment, the peculiarities of the temporal
structure in the whole PWS are discussed. In the previous sections, the importance of matching
the pulses’ time duration to fulfill stable and broadband amplification is explained, e.g. in the
seeding frontend and amplification stages. A severe distortion by higher order phase compo-
nents would result in temporary local intensity spikes in the pulse and a strong response to the
nonlinear interactions.
The beam manipulation and nonlinear interactions require a minimum amount of transparent
materials such as BBO and fused silica for lenses exhibiting a chromatic dispersion on the
pulse. In the scheme of the parallel WS, additional optics are introduced for beam splitting
and recombination. The larger the bandwidth, the harder is to find optical materials whose dis-
persion cancels and to design dispersive optics. Here, the parallel approach benefits from an
independent handling of the dispersion in each spectral channel.
The spectral phase of the pulse, while propagating through the PWS, is kept well-shaped by
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alternating normal and anomalous dispersing elements. A flip of the spectral phase due to un-
controlled anomalous dispersion between the amplification stages would be detrimental for a
smooth spectral shape. Figure 2.7 plots the dispersion of common materials used in the PWS.
While the transparent materials consistently exhibit normal (positive) dispersion for the band-

Figure 2.7: Group delay (GD) characteristics of optical elements as transmitted in
the PWS (red-ish colors) and group delay of custom double-chirped mirror (DCM
1-3) and dichroic mirror (DM 1,2) (blue-ish colors). The DCM group delay is plot-
ted as the average of a DCM pair. The GD of the DMs is given for the reflection.
The transmission mainly exhibits a linear phase and is not plotted. The linear delay
offset is removed for better overlap and visibility. The spectral location of the syn-
thesizer channels are indicated. DCM and DM Data from [60], other data from [61]
and references therein.

width of the NIR channel, that is accounted for by negative dispersion introduced by the DCM,
the handling of the infrared wavelength for the IR channel is more complex. Most optical ma-
terials have their zero dispersion point at 1.2−1.5 µm, so that part of the IR channel undergoes
positive dispersion while the long wavelength part sees a negative dispersion in a single mate-
rial. The positive dispersion for the IR channel is introduced by zinc selenid (ZnSe) wedges.
Since it is a rather soft material that is difficult to polish and detoxify (and toxic), the minimum
thickness of the ZnSe wedges is limited. Together with high dispersion, the flexible placement
of that material along the beam path is restricted. Reverse calculations from the final measured
spectral phase and manual tuning based on the amplification characteristics of the OPA stages
have led to the current placing of wedges and DCMs for dispersion control. Table 2.1 lists the
current elements and thicknesses of optics in correct order as propagated by the NIR and IR
channel and can be seen as an update to the proposed dispersion scheme from figure 2.4
The overall optimization of the dispersion is possible due to a custom design of the dielectric

optics by former colleague Dr. Shih-Hsuan Chia [60]. In addition to DCMs and optical ma-
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NIR channel IR channel
location materials amount material amount
WLG SAP 3mm SAP 3mm

FS 2mm
1st OPA BBO 1mm 2mm

SDCM2 2+2
2nd OPA BBO 2mm 2mm

SDCM2 2+2 SDCM1 3+3
FS 1.5 mm ZnSe 3.4 mm

BC pumped FS 3.43 mm 3.43 mm
3rd OPA BBO 2mm 3mm
BS pumped FS 3.43 mm 3.43 mm

FS 2.5 mm
SDCM2 8+8 SDCM1 3+3

FS 1 mm ZnSe 2.4 mm
BC DM2 3.43 mm DM1 3.43 mm

FS 3 mm
CaF2 1.5 mm 1.5 mm

chamber window CaF2 3 mm 3 mm
SDCM0 1+1 1+1

BS CaF2 5.2 mm 5.2 mm

Table 2.1: A listing of optical elements as propagated by NIR and IR channel start-
ing from the white-light generation (WLG) to the point of HHG in the vacuum
chamber. SAP:sapphire, FS: fused silica, SDCM#: custom double-chirped mir-
ror, BBO: β -Bariumborat, BC: beam combiner, BS: beam splitter, DM#: custom
dichroic mirror

terials whose dispersion is fixed once manufactured, a few publications show the use of pulse
shapers (SLM, AOPDF) in a synthesizer concept [33], [47], [62], as discussed previously. Due
to the high losses and low damage threshold, the use is usually limited to the seed pulse or low
energy stages of the synthesizer upstream. As mentioned, the intermediate dispersion control
between amplification stages downstream is crucial, here the deployment of DCMs, having a
low loss per reflection (< 1 %) and high damage threshold, gives more flexibility in positioning
them.
Since the DCM takes a central role in our and several published synthesizer concepts [39],
[63], the physics will be explained in detail. Developed for the compression of visible to NIR
pulses, DCMs are designed to raise anomalous dispersion, meaning that the longer wavelengths
travel the structure for a longer time. The penetration depth of a specific wavelength is tuned
based on thin layers with a tuned thickness of alternating dielectric coatings. The basic con-
cept of Gires-Tournois interferometer (GTI) [64] leads to a group delay dispersion due to the
interference between the partially reflecting front surface and reflecting back surface of such
an interferometer. Adding multiple layers with an optical path equal to a quarter wavelength, a
so-called Bragg stack increases the amount of interfering waves and thus the reflectivity. The
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design criteria of a simple Bragg stack is given as

λB = 2(nHdH +nLdL) (2.7)

with n the refractive index of high (H) and low (L) index material and d the corresponding
thickness. A variation, the chirp, of the Bragg condition with thinner layers at the front surface
reflecting short wavelengths and thicker layers in the back reflecting longer wavelengths only
after a certain propagation in the mirror, generates the anomalous dispersion. In such a mirror,
the GTI effect between the front and back surface is still present and generates an oscillation in
the group delay for broadband pulses. As proposed by Kärtner et al. [30], [65] an additional
chirp (the double in DCM) only on the high index material layers matches the impedance to free
air and therefore minimizes the reflections leading to the GTI effect. Further reduction of GD
oscillations is achieved by using pairs of DCMs. Either by adding λ/4 beam path thickness to
one of the mirrors on the first layer [66] or by using pairs of chirped mirrors at a specific angle
[67] leads to a 180◦ phase shift of the GD oscillations and thus to their cancellation.
Not only the pulse compression has been considered in the dispersion scheme, but also the beam
splitting and combination is designed in [60]. Here, the dual-adiabatic-matching (DAM) struc-
ture introduces a second matching of the impedance towards the backside of the mirror on the
side of the substrate again by varying the high index layer. This ensures a well-behaved group
delay of the transmitted long wavelengths. The details on the layer design is given in figure
2.8. The overall dispersion scheme involves custom dielectric optics for (1) dichroic splitting

Figure 2.8: Comparison of dielectric chirped coating design for ultrabroadband op-
tics. The newly developed DAM structure on the lower panel as used for the PWS.
Adapted from [60]

and combination following the DAM approach, (2) DCM for each spectral channel with a band-
width of nearly one octave and reflectivity > 98% and (3) DCM for the final compression in
vacuum spanning above 2 octaves with a reflectivity > 90%.
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With a bandwidth covering almost two octaves and a precisely tuned dispersion scheme, the
pulse duration is expected to read < 5 femtoseconds. State of the Art characterization of ultra-
short laser pulses employs second or third-order nonlinear effects with a more recent addition of
strong-field based techniques. Namely FROG [68], SPIDER [69], ptychography [70], D-scan
[71], strong-field sampling methods [72] and a plethora of their variants have been developed
in the last decades and a review is presented in [73].
As for PWS, an appropriate characterization technique must capture the fundamental spectrum
and the spectrum of the generated signal of the nonlinear interaction, e.g. SFG or second har-
monic. Common Si or InGaAs detectors cover either the NIR or IR spectral range. The method
of Two-dimensional spectral shearing interferometry (2DSI) [74] that has been developed in the
group is prooven to cover the bandwidth of both NIR and IR channel in a single setup and is
chosen as a standard technique for measuring the spectral phase. Closely related to the interfero-
metric technique of SPIDER, 2DSI relaxes the constraints of spectral resolution and calibration
at the cost of single-shot capability. The idea of 2DSI is sketched in figure 2.9. The ancillae

Figure 2.9: Scheme of a Two-dimensional spectral shearing interferometry (2DSI)
setup for pulse characterization. The pulse under test is only reflected by silver mir-
rors before the focus in the BBO crystal exploits the χ(2) nonlinearity. A second
”ancillae” pulse pair is prepared in a Michelson interferometer equipped with two
narrowband bandpass interference filters (IF) slightly sheared in frequency. The
combination of narrowband IF allows for ≈ 1 nm bandwidth. The central wave-
length of the ancillae are separated by ≈ 5 nm. One arm of the interferometer is
modulated as indicated by the arrow to introduce a time delay. The signal from the
2DSI is collimated and focused in a spectrometer. The control of delay and syn-
chronized recording of the spectra is computer controlled.

pulses are narrowband pulses, slightly sheared in frequency and in this implementation prepared
with narrowband bandpass filters (LL01-808 and LL01-810, Semrock). A sum frequency with
the pulse under test in a χ(2) medium produces two broadband pulses with the upshifted band-
width of the pulse under test. Due to the bandwidth, the upconverted pulses have a large overlap
in frequency while being slightly sheared by the offset given from the sheared ancillae pulses.
The collinear propagation allows for interference between the upconverted signal that carries
the spectral phase information of the pulse under test as phase difference between neighboring
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frequency components.
The optical setup of the 2DSI allows for rather independent preparation of the ancillae pulses
that only have to be temporally linked to the pulse under test. A strong ancillae can enhance
the SNR for a weak pulse under test. Furthermore, the SFG with a narrowband and broadband
pulse allows a very large bandwidth in a phase-matched condition in BBO. Here, we utilize type
II phase-matching with the broadband signal polarized along the ordinary axis and the ancillae
along the extraordinary axis of the crystal.
The SFG process depends on the intensity of the electric field, and the 2DSI measurement is
not sensitive to the carrier electric field i.e. CEP effects. The upconverted pulse under test with
spectral amplitudes A(ω) and A(ω −Ω) as slightly sheared. The measurable spectral intensity
(I(ω,φdelay)) is described by the squarred amplitudes and the interference is modulated by the
linear phase of delay τ .

I(ω,φdelay) = |A(ω)+A(ω −Ω)eφdelay |2

= |A(ω)|+ |A(ω −Ω)|+2|A(ω)A(ω −Ω)|cos(φdelay +Φ(ω)−Φ(ω −Ω)).
(2.8)

Note that ω corresponds to the frequency range after upconversion and Ω usually reads a few
nm in wavelength shift (≈ 2 Thz). The phase delay φdelay is introduced to one of the ancillae
via a piezo actuator and corresponds to φdelay = ω · τ . The spectral phase φ(ω) information is
captured in the argument of the cosine function. Deviding the argument of the cosine by the
shear frequency Ω expresses by definition as the group delay:

Tg =
dφ(ω)

dω
≈ Φ(ω)−Φ(ω −Ω)

Ω
. (2.9)

The shear frequency defines the resolution of the measurement and, according to the Shannon
Sampling Theorem, the maximum time window ∆T that can be captured correctly without
aliasing effects with a 2DSI measurement.

∆T ≤ 2π

Ω
(2.10)

Note that the temporal window needs to be much larger than a FWHM duration of the pulse. A
time window that is too small aliases the remained energy excluded from the window into the
calculation and leads to a false characterization [75].
For a reliable and convenient pulse measurement, the 2DSI setup is placed close to the vacuum
chamber at the point of the experiment in order to pay attention to the dispersion of air in the
measurement. The ancillae pulses are derived from a portion of the 150 fs Ti:Sapphire pump
laser at 800 nm and 805 nm that is time delayed to match the timing at the output of the PWS. A
copy of the synthesized pulse, which is directed to the experiment, is derived from a reflection
on a thin glass plate. Optics that are added inside the vacuum chamber, including the entrance
windows, are copied into the beam path of the pulse copy. Unavoidable discrepancies of the
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beam path in air are numerically accounted for after the measurement.
Figure 2.10 (a1, b1) displays the measured spectrogram with the delay axis along the y-direction
and the wavelength along the x-direction. Due to the upconversion, the spectrogram is measured
at 350− 450 nm for the NIR channel and 480− 590 nm for the IR channel. Afterwards the
spectrogram is shifted back to the fundamental wavelength numerically. The spectral intensity
and phase are plotted in (a2, b2). The compression of both pulses is ideal, leaving only tiny
oscillations within [−π,π]. Accordingly, the time domain intensity is close to the Fourier limit.
The side lobes of such broadband M-shaped spectra are unavoidable, as can already be seen
from the transform-limited pulses in the time domain.

The broad bandwidth of the 2DSI technique is exploited in a single measurement with both

Figure 2.10: Characterization of the NIR and IR pulse by means of 2DSI. (a1,b1)
shows the recorded spectrogram with the time delay between the ancillae pulses
τCW . (a2,b2) displays the measured spectral phase and the spectrum. (a3,b3) shows
the pulses in time domain measured to 6 fs FWHM (6 fs TL) for the NIR and 8.1 fs
FWHM (7.2 fs TL) for the IR channel.

channels of the PWS, shown in figure 2.11. Since the 2DSI does not give an absolute arrival
time of the pulses, the measurement with both pulses is not a complete characterization in itelf
and merely serves as a demonstration of the bandwidth. An absolute characterization of the
absolute electric field waveform is presented later in an attosecond streaking experiment, see
chapter 3.5.

The independently measured traces can be synthesized numerically and a first look at the
resulting waveforms is shown in figure 2.12. A numerical delay scan gives a glimpse of possible
waveforms around time zero. The synthesis leads to partial suppression of the wings and an
intense central cycle. Plotted is the electric field. The FHWM of the intensity is simulated
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Figure 2.11: Characterization of the NIR and IR pulse simultaneously by 2DSI. The
bandwidth in a single measurement spans from 670 nm to 2200 nm. The measure-
ment is taken with the ancillae at 804 nm and 808 nm and a BBO of 10 µm in type
II phase-matching.

down to 3.8 fs, corresponding to 0.6 cycles at a central wavelength of 1.4 µm. The CEP of
the pulses is set to 0 since the χ(2) based 2DSI is insensitive to CEP variations. The numeric
modeling of the waveforms based on the measurements allows us to vary the CEP as shown for
some cases in figure 2.12 (c). An insight of how much these waveforms differ from a sinusoidal
waveform is given by the calculation of the first left- and right-sided intersection of the electric
field with the abscissa at E(t) = 0 as given in panel (b). The time of the zero node is given as
the distance between the central peak and the first left- and right-hand intersection points, with
the mean value plotted as a continuous line. At the point of temporal overlap, the durations
of left and right quarter cycles begin to vary up to a factor of ≈ 2. Taking the average cycle
duration (4× average zero node time), the expected central wavelength in a classical definition
is plotted on the top x-axes of panel (b). Out of time zero, the central wavelength of 1.6 µm
corresponds to the single IR channel central wavelength. At time zero overlap, the waveform
is compressed to a smaller cycle duration and accordingly lower central wavelength of ≈ 1µm.
Depending on the absolute electric field strength at the adjacent cycles, the dynamic structure
of advancing long or advancing short half cycles gives a control over strong-field light-matter
interaction. Furthermore, it is observed that the central wavelength, as we derive it from the
temporal domain for these non-sinusoidal fields drops below the estimated central wavelength
of 1.4 µm when only the center of mass and energy of the channels are considered. For our
fields, it is demonstrated for the process of HHG in [45], figure 5, that depending on the non-
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sinusoidal shape of left or right half-cycle, the ionization and excursion of the electron wave
paket is influenced.
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Figure 2.12: Numerical delay scan based on 2DSI measurements of NIR and IR
channel. The electric fields of the synthesizer, depending on the delay are plotted as
a colormap (a). The location of the zero nodes (E(t)= 0) with respect to the peak for
left and right first node is indicated by cyan and magenta dots is plotted in panel (b)
with the average in black. The average temporal distance of the first zero nodes (left
to right zero crossing) is taken as a half-cycle duration and the wavelength scale is
plotted accordingly to estimate the central wavelength locally for the central cycle.
Out of time zero, the central wavelength corresponds to the single IR channel one
(1.6 µm) whereas around time zero, the calculated half-cycle durations dynamically
modulate the central wavelength of the synthesized pulse. CEP variation of the field
at t = 0 shown in panel (c) and lineouts from the delay scan around time zero given
in panel (d). In panel (d) the nodes are marked exemplarily.
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2.2.4 Coherent Synthesis

The passive phase stability of individual generated WLs is proven in [76], stating an excellent
temporal and spatial coherence. The PWS in this thesis demonstrates its capabilities of free
space coherent combination, maintaining both sub-cycle temporal duration and high-energy in
the mJ regime. The techniques enabling this performance are presented.
First principle interference between laser pulses sharing same frequencies contains the infor-
mation whether the electric fields are spatially and temporally stable with respect to each other.
However, the information about the temporal direction between the two pulses is only given
within a single cycle. The frequency of the interference signal depends on the arrival time dif-
ference (ATD) but especially close to the overlap is only measurable with low resolution due
to very low frequency. Moreover, the interferometric technique fails a priori if the pulses to be
compared have different spectra. A versatile technique for the ATD of dissimilar pulses is the
balanced optical cross-correlator (BOC) [77]. To determine the ATD between pulse A and B in
a BOC setup, two pairs of a pulse copy are prepared. Each copy of pulse A and B is overlapped
collinearly and undergoes a nonlinear interaction. A delay, e.g., via a chromatic dispersion
element, is introduced before the nonlinear interaction for pair #1, while twice the inverse dis-
persion is introduced for pair #2. Due to the chromatic dispersion, the signal after nonlinear
interaction is equal, but at negative or positive ATD, the convolution signal is time-shifted. The
signals are detected with a photodiode and a subtraction of the signal represents the ATD.
A discussion starting from the conventional BOC is given in [78], testing the capabilities for the
use in the PWS. In the first generation of the PWS, G. M. Rossi and R. E. Mainz investigated
the use of a BOC for locking the ATD of the IR and VIS channels. Since the BOC utilizes the
χ(2) nonlinear polarization, it is inherently sensitive only to the pulse envelopes. A comparison
of the BOC signal with an interference signal realized by overlapping a second harmonic of
the IR with the VIS channel showed severe jitter of the interference fringes even the pulses are
locked to the BOC signal. The definition and measurement of the ATD of a sub-cycle waveform
via the pulse envelope evidently hides important information. The ATD measurement by the
BOC has to be accompanied by individual CEP stabilization, e.g., by f-2f measurements for
each spectral channel. The current implementation of the PWS does not employ the BOC and
relies on interference to derive the feedback signals, as explained below.
Starting from the beginning of the experimental setup, the CEP stable seed generation contains
a f-2f setup for the measurement of the CEP and a piezo actuator on the pump pulse of the
second OPA, as sketched in figure 2.5 on the left side to control the CEP. During the paramet-
ric amplification in each spectral channel, pump and signal pulses are not actively stabilized in
time. The relative phase (RP) between NIR and IR channel and the CEP of the final synthe-
sized pulse is measured just before the experimental vacuum chamber. The multi-phase meter
for the detection of RP and CEP is shown in figure 2.13, which is taken from [44]. As an
interferometric method, the phase meter is sensitive to any changes of the electric field, i.e.,
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RP and CEP. Stabilization of the electric field in this layout allows to drive field-dependent
strong-field processes with long-term stabilized sub-cycle waveforms. The stabilization of the
RP in an interferometric manner in the context of waveform synthesis was recently published in
[79], where the authors called it relative timing (RT). However, they evaluate the f-2f trace in a
different way. While the authors evaluate a change in frequency of the Fourier component and
counting the number of interference fringes, our system evaluates the phase at the frequency
of interference in the Fourier domain. Comparing the measured residual phase noise, the eval-
uation of the phase allows for the improvement of the RMS jitter by ≈ 2. Important for the
measurement with the multi-phase meter is dynamic range of the piezo acting on the relative
phase. A phase jump by 2π would result in the same RP when measured with the multi-phase
meter, thus a good passive stability ob the setup must be ensured and the system of fast, short
range and long range piezo must follow the phase change without latency to avoid undetected
phase slips.

The predefined leakage of the dichroic mirror (≈ 5%) serves as a signal for the multi-phase

Figure 2.13: In-line multi-phase meter as developed for the measurement of relative
phase (RP) and CEP in a PWS. The individual pulses are combined at the dichroic
mirror (DM1) and a leakage of the mirrors drives the phase meter. A first delay
(DL1) between the pulses via chromatic dispersion is introduced before the long
wavelength pulse (IR) undergoes SPM in a bulk crystal. A second delay (DL1) re-
arranges the pulses in time before the SHG of the broadened IR channel. A polarizer
(Pol.) projects the polarizations on the same plane. Panel (b) plots the measured sig-
nal of the optical multichannel analyzer (OMA) vs. time. The retrieved measured
CEP and RP is plotted in (c) with the feedback signal controlling the piezo (PZT)
delay stages in (d). The measured RMS noise (d) reads 70 mrad RMS for the RP
and of 233 mrad RMS for the CEP (both single-shot every-shot, calculated over
900,000 consecutive pulses). From [44]

meter. In order to generate an interference signal between IR and NIR channel, the conceptual
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spectral gap between the channels has to be closed. This is done via spectral broadening in
a bulk SAP/YAG. To control the spectral broadening, the NIR channel is attenuated to allow
SPM preferably on the IR pulse. A bulk of glass introduces some delay between the IR and
NIR channel via chromatic dispersion in order to generate the interference fringes at a conve-
nient frequency to detect. This signal contains information of the relative phase between the
channels. The RP is stabilized by a fast but short-range piezo at the NIR channel location be-
tween the 2nd and 3rd amplification stage, see figure 2.5 “PZT-DL” and a long-range stick-slip
piezo (N-565, PI) is located after the 3rd stage in the NIR channel. The second part of the
multi-phase meter consists of a second bulk of glass to separate the fringe’s frequency on the
spectrogram and basically describes an f-2f setup where part of the long wavelength spectrum
is frequency doubled and beats with the short wavelength component. The f-2f for the syn-
thesized beam contains the f from NIR channel and the 2f from the IR channel. The raw f-2f
signal contains the combination of CEP and RP while the RP is measured isolated via the f-f
interference and can be subtracted in post-processing. A third signal on the spectrometer of the
multi-phase meter originates from a second f-2f, where the f relates to the broadened IR channel
short wavelength portion and the 2f from the frequency doubled IR channel long wavelength
portion. When only the IR channel of the synthesizer is used for experiments, the multi-phase
meter works just as a conventional f-2f and allows to stabilize the CEP of the IR channel. The
performance of the system can be seen on the right panel of figure 2.13 with distinct control of
the RP during the first six seconds, two seconds of stabilization and distinct cycling of the CEP
starting from second eight. Long-term phase measurements on time scales of half an hour have
given 70 mrad RMS for the RP noise and 233 mrad RMS for the CEP noise.
An out-of-loop measurement and evidence that the multi-phase meter is capable to stabilize
sub-cycle synthesized waveforms is derived from a spatially resolved f-2f setup for a qualitative
judgment of the synthesized beam stability, as shown in figure 2.14. A small portion of the
synthesizer pulse is split from the main beam with a thin quartz window. The IR channel under-
goes SHG in a phase-matched BBO crystal and the focus is imaged on a CCD camera. Here, the
imaging spherical mirrors are chosen to provide a magnification at the same time to have a good
resolution of the focus on the CCD chip. A wire grid polarizer adjusts the relative intensity of
NIR and SH or IR channel. A bandpass filter enhances the contrast by selecting only the inter-
fering wavelength components. The camera (ace acA640-750um, Basler) is triggered with the
laser frequency and by selecting a region of interest, the camera is able to run at > 1000 frames
per second (fps). The setup allows observing any shortcomings in spatial stability as well as in
phase stability due to the f-2f nature of the signal. As mentioned ealier, the CEP is measured at
the front end of the phase-stable seed pulse and a second time after amplification and synthesis
of the final pulse. The feedback system can be freely programmed and can take either of the two
CEP measurements as input source for the feedback to drive the piezo and stabilize the CEP.
In all cases, the action on the CEP is happening with the piezo in the front end. Figure 2.15
plots the data of the RP and CEP measurement in conjunction with the stability of the spatial
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Figure 2.14: Experimental setup (a) of a spatially resolved f-2f measurement. A
weak copy of the main beam is guided to a spherical mirror. The second harmonic
generation (SHG) in BBO is tuned for the IR channel. The resulting spectra are
shown in (b). A spectral overlap of fundamental NIR and second harmonic IR is
selected by a bandpass filter and projected on the same polarization by a wire grid
polarizer (Pol.) The second spherical mirror images the focus on a CCD camera.

fringe. The signal from the CCD is integrated to get a one-dimensional graph. A stable synthe-
sis would result in stable interference and thus stable intensity on the CCD, optimized here for
constructive interference. The destructive interference lowers the intensity as can be seen on the
1D trace as a drop of the signal. The insets in the left plot of figure 2.15 shows the CCD signal
for constructive and destructive interference. The pulses are locked for ≈ 2.5×105shots = half
a minute, and the measured phases are stable, as confirmed by stable constructive interference
of the spatial f-2f setup. The zoomed area of the plot shows a sinusoidal modulation of the CEP
and two frequencies, followed by a modulation of the RP at two frequencies. The interference
signal from the CCD is closely following the phase modulation of the waveform. Finally, the
long-term stable synthesis is accomplished, the synthesis parameters in terms of RP and CEP
can be tuned precisely and the out-of-loop single-shot CCD recording gives a good reference
for the synthesized pulse at focus.
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Figure 2.15: Measurement and control of CEP and RP parallel to the recording
of the spatial interference between the NIR channel and second harmonic of the
IR channel at focus. A measure of the interference is given as integral of a detector
signal. The insets display the signal for constructive (left) and deconstructive (right)
interference. First, the phases are stabilized and a constant constructive interference
is observed. The zoomed region shows the modulated signal. First, the CEP is
modulated at low and high frequencies and second, the RP is modulated at low and
high frequencies. The interference signals follow the modulated phases.

2.2.5 Spatial Characterization and Stabilization

The previous section already anticipated the use of a CCD and the recording of beam profiles
as part of the stability measurements. Here we will take a step back and guide through the rig-
orous measurements of the beam profiles in near and far field for both the NIR and IR channel.
Starting from the seed pulse, the beam sizes in the OPAs are matched to the pump beam and
the right intensity for parametric amplification. After the channels are output, the IR channel
is subject to the constraint that the intensity in the ZnSe wedges must be minimized for pulse
compression to avoid phase fluctuations due to the B-integral of ZnSe. After the last stage of
amplification, both channels contain a mirror telescope to match the beam sizes. We follow
the consideration from [43], [80]–[82] and match the beam sizes for a “constant waist width”.
With a factor of two between the central wavelength of IR and NIR channel, the beam size of
the IR channel is adjusted to match ≈ 2× the NIR beam size. The beam profiles are displayed
in 2.16. The profiles are measured with a silicon-based CCD detector (SP620, Spiricon, pixel
pitch 4.4 µm) for the NIR and a pyroelectric detector array (Pyrocam 4, Spiricon, pixel pitch
80 µm) for the IR channel. The beam sizes differ slightly from time to time due to unavoidable
realignments of the pump laser or the PWS. Nevertheless, the pulse profiles shown measure
4.7 mm for NIR and 10.9 mm for IR channel, measured in 4σ which is a typical average size.
The quality of the focus is measured directly at the point of the experiment using a CCD PCB
chip camera (daA1920-30um bare, Basler, pixel pitch 2.2 µm). A photo of the measurement
setup is shown in figure 2.17. The stage of the HHG gas cell also scans the CCD camera
through the focus. For the IR channel, the silicon-based CCD detects the two-photon absorp-
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Figure 2.16: Beam profile of the seed beam (a) NIR channel (b) and IR channel (c).
The diameters are measured to 5.8 mm for the seed, 4.7 mm for NIR and 10.9 mm
for IR at 4σ (1/e2).

tion and the calculated beam sizes are corrected by
√

2. Due to the lack of high resolution,
small pixel detectors, the two-photon absorption or an upconversion to wavelength < 1 µm are
the only methods for near-field characterization. The upconversion, i.e. via SHG in BBO re-
quires the nonlinear conversion. To get consistent measurements, the phase-matching angle of
the crystal has to be optimized and ideally cross-checked with a spectrometer. The efficiency of
the two-photon absorption is most likely not homogeneous across the full bandwidth of the IR
channel but at least it stays constant with the fixed mounting and orientation of the PCB CCD.
In addition, measuring both channels with the same referenced detector allows the precise point
of caustics to be measured even in the z-direction along the beam. This is crucial to ensure a
synthesized field with a defined intensity in the focus. Since the measurement is done with the
same remote-controlled stage as the HHG gas cell is mounted on, the measurement also reveals
at which position of the gas cell with respect to the focus, the HHG emission is maximized.
The measurement routine automatically moves the stage at a predefined array of positions and
adjusts the exposure time of the CCD at each posititon to ensure a good dynamic range while
avoiding saturation. If necessary, the background is taken with exactly the same parameters
once the beam is blocked.
An attempt to scan the focus with the pyroelectric detector that is used for the far field beam

profile characterization (Pyrocam 3 and 4, Spiricon, pixel pitch 80 µm) is shown in figure 2.18
(b) and (c), as this is the only available beam camera specified at the IR channels wavelengths.
At least an upper limit of the beam size of ≈ 2 times the pixel size can be ensured from that
measurement. The solution to conveniently detect the IR channel at high resolution by the use
of two-photon absorption in the silicon CCD is investigated also in [83], [84]. To estimate the
beam size correctly, the square root scaling of the two-photon effect has to be taken into account.
To verify the absolute accuracy of the two-photon based measurement, a knife edge measure-
ment was performed systematically along the focus is recorded. The knife edge measurement
was only taken along the horizontal dimension of the beam profile. The measured caustic is
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Figure 2.17: Analysis of the focus for NIR and IR channel with a PCB board CCD
camera mounted on the stage of the HHG gas cell. The gas cell is removed from
the focus positions and seen to the left. The beam profile characterization happens
in-situ in the vacuum chamber but at atmospheric conditions.

shown on the right panel of figure 2.18 (a, violet and green curve) and the insets show the data
quality at selected posititions. In comparison with the

√
2 corrected two-photon absorption data

from the CCD, the measured beam diameter match fairly well. As shown in figure 2.18 (a), the
measured beam waists at each position (black data points) and the Gaussian fits (red,blue,black
curve) at positions close to the focus differ. The narrowing effect, as entitled in [84] close to the
focus and fading intensity at distances far from focus results in a non-Gaussian beam caustic
when characterized by two-photon absorption. The valid region for the fit has to be defined
carefully to obtain an accurate result for the IR channel waist. Due to the good agreement and
practicability, the in-situ two-photon absorption measurements with the PCB CCD chip camera
is routinely used to optimize the beam profile after change of the focussing mirrors or realign-
ment of the Laser/PWS.
A complete characterization of the focus is displayed in figure 2.19 for the NIR channel (left)

and IR channel (right). The beam waist w at the focus reads on average 44 µm and 47 µm
for NIR, respectively IR channel. The measurements are taken when an OAP with f = 4 inch
was installed in the beamline under exactly the same conditions for NIR and IR measurements.
The challenge is to optimize both beams simultaneously. Depending on the quality of the input
beam, the alignment of the OAP to one channel, probably accounting for some abberations, usu-
ally does notmatch the best alignment for the other channel. Compared to a single source driven
HHG beamline, the arguments on the spatial beam profile optimization visualize the complexity
of the HHG generation with the PWS. A solid performance of the Laser and OPAs upstream has
to be ensured in order to realize the desired effect of the synthesized waveform at the point of
HHG and motivates the large efforts in tracking the beam profiles along the entire system. The
resulting peak intensity are calculated based on the waist and pulse duration. When assuming a
Gaussian pulse profile in time and space, the intensity reads

I(r, t) = Ipeake−2( r
w)

2

e−4ln2( t
τ
)2

(2.11)
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Figure 2.18: Comparison of focus measurements of the IR channel. Panel (a) plots
the waist along the focus as measured by the two-photon CCD absorption

√
2 cor-

rected compared to a knife edge measurements. The knife edge data at two positions
are displayed by the insets. Gaussian fits are plotted for CCD and knife edge data.
Panel (b) and (c) display a measurement of the focus with an pyroelectric-based
detector (Pyrocam 4, Spiricon, pixel pitch 80 µm) which pixel pitch is too large for
precise detection. At least an upper limit can be given.

Integrating along time and space using the solution
∫ inf
− inf e−ax2

dx =
√

π

a yields the total pulse
energy W

W = Ipeak
π
√

π

4
√

ln2
τw2 (2.12)

Solving that for the Ipeak allows for an estimation of the peak intensity based on beam waist,
pulse duration and total pulse energy that is conveniently accessible with a energy meter.

Ipeak =
4
√

ln2
π
√

π

W
τw2 (2.13)

Typical beam parameters when characterized with f = 6 inch focusing are given in the following
table including the extimated peak intensities. The measurements on HHG as presented in the
following chapters are taken with changing focusing mirrors from f = 6 inch to f = 500 mm.
The Rayleigh range zR as defined for a Gaussian beam defines the distance from the point of
focus along the laser propagation to which the cross section has doubled.

zR =
πw2

λ
(2.14)

The confocal parameter b = 2zR defines the region symmetric around the focus where the in-
tensity reaches ≥ half of the maximum intensity.
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Figure 2.19: Beam profile scan along the laser focus for NIR channel (left) and IR
channel (right). The waist at focus is measured to 44 µm and 47 µm, respectively
defined at 4σ = 1/e2. The insets display the beam profiles at selected positions
as marked by the arrows. The laser direction is from right to left, given by the
positioning of the stage. The x axis “distance” are absolute positions.

beam waist Energy FWHM pulse duration peak intensity Rayleigh range
w (µm) W (µJ) τ (fs) Ipeak (W/cm2) zR (mm)

NIR channel 44 50 6 2.5×1014 7.6
IR channel 47 150 8 5.0×1014 4.3
Synth 46 200 2.7 1.5×1015 4.7

Table 2.2: Peak intensity and rayleigh range for NIR, IR channel and synthesized
pulse as calculated for the focus measurements with a f = 6 inch off-axis parabola
mirror.

At this point, the synthesized waveform is characterized and stabilized for its time duration,
spatial beam profiles and temporal phases such as CE and relative phase. The following chapter
introduces to the primary application of HHG and will show that the methods for characterizing
and controlling the PWS waveform are capable to drive and control strong-field processes such
as HHG.
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∣∣∣∣∣ High Harmonic Generation with Syn-

thesized Infrared Fields

3.1 Introduction to High Harmonic Generation

High Harmonic Generation (HHG) as a somewhat generic term, is mostly interpreted as a tech-
nique to generate XUV to soft X-ray radiation from visible to IR laser pulses. At UV wave-
lengths and below, the spectral coverage of classical lasers, OPAs and nonlinear broadening
schemes fade out. A strong-field light-matter interaction leads to the process of HHG and the
emission of harmonics of the fundamental laser frequency up to an order of several hundreds
and even up to the 5000th order when driven with IR wavelengths [85]. Early experimental
results on the XUV radiation based on HHG can be found in [86], [87] documenting the obser-
vation of up to the seventeenth order (14.6nm) in neon from a UV laser.
HHG has been established as a major technique for observing ultrafast femto- to attosecond
processes. Usually involving a noble gas and a laser pulse of 1014 − 1015 W/cm2, this tech-
nique enables to generate XUV to soft X-ray (SXR) pulses with attosecond time scales. The
process will be discussed in the following paragraphs.
The harmonics generated by HHG preserve the attributes of the laser, such as temporal and spa-
tial coherence [88], [89] and a defined repetition rate and timing with respect to the fundamental
laser. The timing and temporal duration of a single SXR pulse emitted via HHG is a peculiarity
of HHG when compared to soft X-ray pulses as generated via Free Electron Lasers (FEL) [90],
[91]. While the (seeded) FEL pulse jitter is on the order of a few femtoseconds [92], the jitter
can be actively reduced to a few attoseconds in an attosecond pump-probe scheme using HHG
[93]–[95]. In contrast, the conversion efficiency of HHG and thus the maximum pulse energy
of the emitted harmonics is a major limitation, and pulse energies in the range of pJ are many
orders of magnitude lower compared to FEL pulse energies above µJ.
But HHG is not only a source for attosecond soft X-ray pulses and enables the field of attosec-
ond science, since the process of HHG is intrinsically sensitive to the light-matter interaction,
the emitted radiation is itself a probe. HHG from small molecules is used as a probe in the field
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of high harmonic spectroscopy and reveals electron/ion dynamics [96]–[98] and the imaging of
orbitals [99], where the amplitude and phase of the emitted harmonics allow the tomographic
reconstruction of the orbitals of nitrogen. The HHG spectra from solids reveal the phonon dy-
namics [100] and the band structure [101].
The limitations in the process of HHG with ordinary sinusoidal few-cycle laser pulses are a
motivation to construct the PWS as a driver for HHG. A sub-cycle time duration allows to con-
centrate most of the pulse energy to a single HHG event. A single XUV/SXR pulse emission per
laser pulse, called an isolated attosecond pulse (IAP), is desirable for attosecond resolved ex-
periments to precisely define the pulse arrival time and duration of light-matter interaction. To
date, the generation of IAPs has been based on the concept of gating, i.e. limiting the emission
of the harmonics to a single-cycle of the laser pulse even though the pulse comprises multi-
ple cycles. Apart from the unmatched time duration, the concept of synthesized waveforms
produces electric fields other than sinusoidal-shaped, as shown previously in figure 2.12. This
allows for the control of the HHG process, namely the tunnel ionization of the electron, accel-
eration and recombination. Numerous theoretical studies [102]–[104] predict an enhancement
of yield and/or photon cut-off energy when using non-sinusoidal fields.
The work in this thesis exploits the capabilities of the PWS in HHG, and the following sections
guide through the theoretical description of HHG, the generation of higher harmonics with the
PWS at medium photon energies, the characterization in time domain by means of attosecond
streaking experiments and the results from “Water Window” high harmonics at high photon
energies.

3.1.1 Theory of High Harmonic Generation

The strong-field process of HHG is formulated in a quantum mechanical model by M. Lewen-
stein [105] and in a semi-classical model by P. Corkum [106]. The semi-classical model, also
known as the three-step model, describes the process as (i) tunnel ionization of an electron from
an atom (ii) acceleration of the freed electron in the electric field of the laser and (iii) recombi-
nation with the parent ion that leads to the emission of a high-energy photon.
The first step of ionization is crucial for the distribution of the ionized electrons in time. At the
recombination, the temporal distribution of the electron wave packet defines the temporal shape
of the emitted XUV/soft X-ray pulse. A model for the ionization rate of an atom under high
intense optical pulses has been derived by Keldysh [107], [108]. For a laser field with photon
energiesh̄ ·ωL small compared to the ionization potential IP of the atom, the Keldysh parameter
is given as

γ =
ωL

√
2IP

E
(3.1)

with E the electric field amplitude. The Keldysh parameter sets the inverse tunneling time, as a
frequency and the frequency of the (laser) field in relation. Involving the ponderomotive energy
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of the optical field, that is the cycle averaged kinetic energy

Up =

(
E

2ωL

)2

(atomic units)

Up =
(eE)2

4meω2
L

(SI units)

(3.2)

the Keldysh Parameter can be expressed as

γ =

√
IP

2Up
(3.3)

Depending on the laser wavelength and the electric field amplitude, the Keldysh parameter
defines the regime of

γ ≫ 1 tunnel regime

γ ≫ 1 multiphoton ionization
(3.4)

where in the tunneling regime, the strong electric field lowers the Coulomb barrier of the atom
and the electron can tunnel from the parent ion as shown in figure 3.1 Typical values for the

Figure 3.1: Multiphoton (left) vs. tunnel ionization (right). In multiphoton ioniza-
tion, the potential is reached by absorbing several photons ob energy hν . Tunnel
ionization describes the passage through the Coulomb barrier that is lowered in the
field of an intense laser. from [109]

keldysh parameter are γ ≈ 0.8, γ ≈ 0.3, γ ≈ 0.2 for NIR, IR and synthesized pulse. The time-
dependent fraction of electrons from ionization are expressed as an ionization rate given by
the PPT (Perelomov, Popov and Terent’ev [110]) model and the ADK (Ammosov, Delone and
Krainov [111]) model. A comparison of these theories measured against experimental data is
found in [112] and explains that the PPT model generally gives correct modeling at pulse in-
tensities used for HHG. The ADK model diverges in the deep tunneling regime at lower peak
intensities, especially for short wavelength driver pulses.
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The second step (ii) of the semi-classical model is the propagation and acceleration of the tun-
neled electron in the field of the laser. Approximately, we can neglect the influence of the
Coulomb force from the ion since the laser field becomes dominant once the electron is ionized.
The equation of motion of the electron under pure influence of the electric field is

a(t) =
dx(t)2

d2t
= E cosωt

v(t) =
dx(t)

dt
=

E
ω

sinωt − E
ω

sinωt0

x(t) =− E
ω2 cosωt − (t − t0)

E
ω

sinωt0 +
E

ω2 cosωt0

(3.5)

Figure 3.2 presents a couple of solutions to equation 3.5. The ionization probability is calculated
quasi-static related to the field at that point in time and the electron are assumed to start from
zero velocity after ionization. The electron trajectories are plotted for a laser wavelength of
800 nm and 1600 nm. Note that for the wavelength twice as long, the excursion of the electron

Figure 3.2: Electron trajectories for 800 nm driving laser (left) and 1600 nm driving
laser (right). The driving field is plotted in black, and the electron trajectories in
color. Note the drastically increased electron excursion for the 1600 nm driving
laser.

increases drastically. It can be also seen that depending on the time of ionization with respect
to the driving field, the excursion and the time of recombination (zero crossing) vary. Some
electron trajectories do not return and will never generate HH. Calculating the kinetic energy of
the returning electrons, as plotted in figure 3.3, each kinetic energy is generated from electrons
starting at different ionization times. There are so-called short trajectories (shaded in green) and
long trajectories (shaded in red) of the electrons giving rise to equivalent electron energies and
thus photon energies at the point of recombination.
At the point of recombination, the emitted photon takes the kinetic energy of the electron and
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Figure 3.3: Kinetic energy of the returning electrons. Separated in short (green)
and long (red) trajectories. Note the increased kinetic energy by almost an order
of magnitude for a two-fold increase of the driving laser wavelength. Based on
calculations for laser wavelength of 800 nm (left) and 1600 nm (right).

the potential energy from the ionization step.

h̄ωHHG(t) =
1
2

mv2(t)+ IP = 2Up (sinωt − sinωt0)
2 + IP (3.6)

Already from the classical picture, the trajectories and temporal structure in short and long tra-
jectories can be understood and that the short trajectories come with a positive chirp while the
long trajectories carry an increased negative chirp. Now, for the calculation of the photon en-
ergy, the time the electron spent in the laser field from ionization to recombination is important.
A plot is given in figure 3.4 showing the recombination time vs. the time of ionization. An
analytical solution is not given but fitting the curve in figure 3.4 to a function as followed from
[109]

ωt =
π

2
−3sin−1

(
2
π

ωt0 −1
)

(3.7)

allows to solve equation 3.6 by replacing ωt to

Ekin(ωt0)
Up

= 2
(

cos
(

3sin−1
(

2
π

ωt0 −1
))

− sinωt0

)2

(3.8)

Linking the maximum energy to the emission time from plot in figure 3.3, the maximum kinetic
energy at the recombination time tr is

h̄ωHHG,max(tr) = IP +3.17Up (3.9)
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Figure 3.4: Ionization vs. recombination time of the tunnel ionized electrons in the
classical trajectory picture of HHG.

This maximum energy of the emitted harmonics as linked to Up is valid for the numerical
solution as based on the sinusoidal field. A closer look at Up

Up =
Ie2λ 2

2πε0c2me
∝ λ

2
∝ I (3.10)

allows stating the basic principles of HHG in the frame of a single atom. The cut-off energy
of the harmonics increases quadratically with the driving lasers wavelength and scales linearly
with increasing intensity of the laser pulse. Furthermore, a high ionization potential increases
the energy of the recollision, too. In practice, the scaling is limited. First of all, the natural
selection of noble gas atoms with given IP, where an exception are experiments on multiply
ionized atoms, thereby increasing the IP [113]–[115]. Typical cut-off energies as calculated
with the equation 3.9 from the values in table 2.2 are 70 eV (NIR), 400 eV (IR) and 900 eV
(synth) with the IP of helium. For the single NIR and IR channel, these cut-off energies are ob-
served experimentally while the peak intensity of the synthesized beam > 1015 W/cm2 violates
the macroscopic phase-matching constraint and a cut-off energy of 900 eV is not observed in
the experiment. So far, the intensity of the laser pulse is limited by the maximum ionization
fraction that allows to fulfill the macroscopic phase-matching condition, as will be discussed
later. Increasing the driving laser wavelength is coupled not only to the increase of photon en-
ergy but more drastically to a decrease in efficiency of the HHG process scaling with ∝ λ−5...−6.
Speaking in the quantum mechanical picture, a longer excursion time and larger distance from
the electron to the parent ion reduces the wave function overlap with the ground state [116],
[117].
A quantum mechanical description of the HHG was presented in 1994 by M. Lewenstein at
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al. [105] in the frame of a strong-field approximation (SFA) as a solution to the Schrödinger
equation. The central approximation is the assumption that the laser’s electric field is strong
compared to the potential of the ion that can be neglected; therefore, the electron trajectory in
the continuum is dominated by the intense laser pulse. Furthermore, the single active electron
(SAE) approximation is included. Multiple reviews [119], comparisons and extensions [120]
has been published.

So far, the description is limited to a single atom or even a single active electron in the atom.
The typical light-matter interaction takes place in a gas jet of a certain diameter or even a ge-
ometrically shaped interaction region [121], [122], and therefore millions of atoms contribute
to the emission of radiation and propagation properties. As introduced for nonlinear optics,
phase-matching has to be considered in the macroscopic picture of the strong-field interaction
as well to drive HHG efficiently. Most prominent are four factors that have to be taken into
account to fulfill an efficient built up of HH along the longitudinal direction. Namely, there is
the geometric phase of a focussed laser pulse described by the Gouy phase ∆kGouy, the neutral
dispersion of the medium/gas ∆kN , the dispersion of the ionized gas respectively electrons so-
called plasma dispersion ∆kP and the dipole phase ∆kdipoleoriginating directly from the single
atom picture.

∆k = ∆kGouy +∆kN +∆kp +∆kdipole (3.11)

The gouy phase [123], [124] describes a 180◦ flip of the geometrical phase of a gaussian beam
compared to a plane wave when going through a focus. One explanation of the origin of this
phase flip is a visualization of the differences in propagation between different points in the
focussed gaussian beam caustic compared to a plane wave.

∆kGouy = q
∂

∂ z

(
−arctan

(
z
z0

))
(3.12)

Here, z is the coordinate in the propagation direction.
The phase mismatch due to dispersion simply results from different group velocities for vastly
separated frequencies of fundamental and generated HH.

∆kmedium = q
2π

λ0
(n(λHHG)−n(λ0)) (3.13)

where λHHG is q ·λ0 when speaking of precise harmonics of order q. The contribution of the
neutral gas is:

∆kN = q
2π

λ0

P
Patm

δn(1−η) (3.14)

The refractive index n(λ ) is given as δ (λ ) = n(λ )−1 and scaled from the atmospheric pressure
Patm from any pressure P. Since the laser pulse partially ionizes the neutral gas, the contribution
is reduced by η , the ionized fraction of the gas atoms.
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The contribution from the plasma is similarly derived starting from the refractive index defined
from the plasma frequency.

np(t) =

√
1−

ω2
p(t)
ω2 ≈ 1−

ω2
p(t)

2ω2 for ω
2 ≫ ω

2
p with ωp =

√
Nee2

ε0m
(3.15)

Inserting the plasma refractive index np(t) in equation 3.13 yields the phase contribution of the
ionized gas:

∆kp = η

(
λ0

2πc

)2 Natm P e2

2 Patm ε m
1−q2

q
(3.16)

where the free electron density Ne(t) is given as an ionization fraction from the atmospheric
number of atoms Ne = η(t)NatmP/Patm with η(t) the fraction of ionization. In general, the for-
mation of the plasma happens dynamically according to the time-dependent intensity of the ul-
trashort laser pulse, therefore the phase-matching condition changes from cycle to cycle. Lastly,
the contribution of the dipole phase [125], [126], that varies depending on the laser intensity,
describes the phase accumulated during the excursion of the electron until recombination.

∆kdipole =−α
∂ I
∂β

(3.17)

For short trajectories, this accumulated phase is less pronounced compared to long trajectories
and shows a negative contribution when the generation medium is placed before the focus of
the laser and vice versa.
Summing the contributions of each component to the phase mismatch (equation 3.11), a phase-
matched situation is usually achieved by balancing the positive contribution of the neutral gas
against the negative contribution of the plasma and Gouy phase. Since the Gouy phase is less dy-
namic with increased distance from the focus, a macroscopic volume for stable optimal phase-
matching is usually found shortly after the geometric focus.
In the single atom picture, the fixed relation between the recombination time and kinetic energy
of the electron imprints a temporal structure on the attosecond pulse, the attochirp. [127] As
can be seen from figure 3.5, the short trajectories show a positive chirp (low energies advance),
while long trajectories show a negative chirp. From the slope (marked in blue, figure 3.5), the
chirp of the attosecond pulse can be derived and it decreases with increasing intensity and drive
laser wavelength in the case of short trajectories. The interest in chirp-compensated HHG ac-
celerated with the possibility of generating isolated attosecond pulses [128]. The interaction of
intense pulses and high-pressure gas media becomes very dynamic and especially the contri-
bution of ∆kp changes upon propagation of the driving pulse through the generation medium.
To counteract the decreasing efficiency for long-wavelength drivers, one attempt is to extend
the interaction distance as proposed by T. Popmintchev et al. in a hollow fiber geometry [129].
The physics of filamentation as discussed in chapter 1.2 apply and pronounce as well in dense
gas media and defocusing of the laser pulse by the plasma leads to lower peak intensities and
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Figure 3.5: Kinetic energy of the electrons with respect to their recombination time.
Short trajectories in red, long trajectories in green. Driving laser wavelength of
800 nm (left) and 1600 nm (right)

subsequent HHG with lower cut-off energies. This behavior is experimentally verified in [130]
for multi-cycle driver pulses. A measure of the maximum distance over which HHG builds up
constructively is the coherence length lcoh = π/∆k. A typical coherence length is on the order of
sub- to a few millimeters, depending on greatly changing beamline and laser pulse parameters
[130]–[132]. The limited coherence length indicates that increasing the laser pulse energy or
generation medium volume and pressure can not overcome the efficiency limits of HHG. Lai
et al. [133] have argued on the plasma defocusing as a major limitation, as it leads to a signif-
icant drop in peak intensity and reshaping of the pulse profile in time domain, that recursively
changes the phase-matching parameters kGouy and kdipole. The authors define an enhancement
factor ξ that is proportional to the high harmonic pulse energy and comprises the propagation
effects. The enhancement factor is plotted in figure 3.6 for the case of helium and neon. Already
at modest pressures of > 50 mbar, the effect of plasma defocusing becomes severe and the high
harmonic yield drops.
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Figure 3.6: Effect of plasma defocusing on the HHG yield. Plotted is the enhance-
ment factor that is proportional to the HH energy and comprises the propagation
effects of HHG. The dotted line is calculated without propagation effects. The solid
line includes propagation effects. From [133]

3.1.2 Multicolor driven HHG

Early ideas suggested that a combination of a primary laser pulse at central frequency ω with a
(usually weaker) pulse at 2ω or 3ω can influence the trajectory of the electron with the aim to
achieve (1) higher yield and/or cut-off energy [102] or (2) isolation of the harmonic emission
to generate an IAP [134]–[136]. Several authors have doubted this technique as a “temporal
gate” [137], [138] within a multi-cycle pulse. The relative ease of these experiments based on
multi-cycle (tens of fs) pulses and their second or third harmonic have enabled many studies
investigating the effect of multicolor fields on HHG. A couple of these experiments are sum-
marized in the following. Due to the multi-cycle pulse duration and a limited precision in the
control of the relative phase and CEP of such multicolor fields as shown in most of the experi-
ments, a clear separation has to be made with respect to single to sub-cycle sources as the HCF
WS [8] and the PWS [44] as featured in this thesis. Nevertheless, the inter-cycle shaping of the
electric field as intended with synthesis of multi-cycle driver to control the electron trajectory
holds for multi-cycle and sub-cycle pulses.
In general, it is hard to state a fair comparison between single-color-driven and multicolor-
driven HHG results since the phase-matching parameters alter drastically between single and
multichannel operation and also change depending on the temporal overlap. We will have a
closer look into that comparison on later chapters containing the results of the PWS-driven
HHG. For the case of multi-cycle, multicolor driven experiments, Schütte et al. [139] report
on a cut-off extension from 100 eV to 150 eV in neon using a 800 nm and 1300 nm two-color
laser field while the yield only drops by a factor of 2 up to the cut-off, whereas Siegel et al.

[140] mainly report on the yield enhancement of factor ×4 while observing similar cut-off en-
ergy. Experimentally it can be observed that the trade-off between cut-off extension or yield
enhancement is associated with the ratio of adjacent pulse intensities. A weak perturbation by a
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short wavelength field to a long wavelength field enhances the yield. The majority of multicolor
driven HHG experiments show a continuous spectrum around the time overlap. As explained in
[137], the multicolor field increases the effective periodicity to ≈ 2 times the laser frequency,
that would limit the emission possibilities. A continuum of up to 200 eV was reported by Cale-
gari et al. in [141] for the case of neon gas. T. Kroh at al. [142] report a yield enhancement of
×8 at cut-off energies of ≈ 70 eV but only ×2 at cut-off energies of ≈ 200 eV. Takahashi at

al. [143] reported on the generation of an IAP by multicolor laser fields, as proven by the CEP
dependence of the HH yield even for multi-cycle (≈ 10 cycle) pulses. An attosecond streaking
experiment with a few-cycle (≈ 2) pulse consisting of a 800 nm pulse and its 2nd harmonic
shows the generation of an isolated attosecond pulse at 90 eV central photon energy [144] as
measured via attosecond streaking.

3.1.3 The Isolated Attosecond Pulse

The quest for ever shorter pulses of light is motivated by the natural time scales of electrons and
according processes, and have put HHG in a prominent position. Ultrabroadband sources in
the optical regime are mostly limited to fs timescales since the bandwidth necessary to signif-
icantly surpass the cycle duration of an optical pulse is technologically very challenging. The
evolution of historical pulse durations is presented in a recent review [145] by Orfanos at al..
Depending on the definition of a pulse duration, the HCF WS has reported sub fs optical pulses
[39]. The HHG emission at short wavelength happening within an optical cycle is temporarily
very defined by default but a repetition at every half-cycle leads to a train of XUV pulses for
multi-cycle driving pulses. The availabilty of intense few-cycle pulses, mostly from HCF com-
pressors has led to the development of techniques that limit the HH emission from a few-cycle
to only a single-cycle, therefore transforming the attosecond pulse train as generated by a few-
cycle driver pulse to an isolated attosecond pulse (IAP). Such techniques, doubted gating, are
(1) polarization gating [146]–[150], (2) double optical gating (DOG) [151], [152], (3) ionization
gating [153], [154] and (4) the previously mentioned temporal gating. At high photon energies,
several groups have reported on pulses below 100 as FWHM duration with the current record
hold at 43 as [90], [155], [156].
In contrast to gating few-cycle pulses, the interest in high-energy waveform synthesis is driven
by its sub-cycle temporal duration and the ability to generate IAP without the need of additional
gating techniques. Numerical simulations based on an IR waveform synthesizer predicting 55 as
SXR pulses are presented in [157]. Experimental evidence of IAP generated by the PWS is pi-
oneered in this thesis for various bandwidth. The reader is referred to the experimental section
3.6 with a vast demonstration of SXR continua as generated directly with the PWS.
As mentioned, the attochirp becomes interesting for IAP [127], [158]–[160]. The positive chirp
of an attosecond pulse, as generated by short trajectories, can be counteracted by material dis-
persion [161]–[163]. Metal filters, commonly used for spectral filtering and blocking of the
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driving laser pulse, exhibit negative dispersion. The flexibility of a dispersion scheme at XUV
and SXR photon energies is limited to the available metals, their spectral transmission properties
and the technical possibility of fabricating thin films. An overview of the most common metal
filters, including their transmission and dispersion, is given in the figure 3.7. The refractive
index and resulting group delay as derived from the complex refractive index:

n(ω) = 1−δ (ω)+ iβ (ω) (3.18)

GD(ω) =
z
vg

with vg =
dk(ω)

dω
with k(ω) =

n(ω)ω

c
(3.19)

with ω the frequency of the XUV/SXR pulse and z the material thickness. The chirp of the IAP

Figure 3.7: Transmission properties of metal filters (top) and GDD properties (bot-
tom) with a thickness of 200 nm. For greater visibility, the low dispersion at high
energies is multiplied by ×100. The XUV/soft X-ray data is downloaded from [164]

scales inversely with the driver wavelength ∝ 1/λ and therefore high-energy continua inher-
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ently show less chirp [165]. Contrary, the lack of metal foils with convenient transmission and
negative dispersion for high-energy photons prevent IAPs with pulse durations close to their
transform-limit. To raise negative dispersion in the water window range, Z. Chang et al. have
proposed the use of gases and their linear refractive index [166] or of ionized hydrogen [167].
Coming back to a synthesized infrared driving field for the generation of IAP, the ability to
control the electron trajectory can be used to not only optimize cut-off or yield, but can affect
the chirp of the IAP. Simulations based on experimentally available sources [157], [168] have
shown that with a control of ionization and recombination, the adjacent time window of re-
combination can be controlled and minimized to a certain extent. In a purely theoretical paper
without the bound of experimental parameters, Kohler et al. [169] have shown the possibility for
chirp-free IAP due to synthesized driving fields, where eight sinusoidal fields are synthesized
to generate HHG in a He+ or Li2+ gas. Qualitatively similar fields approximating a DC field
during the time of ionization is presented by Chipperfield et al. [102] with the goal to maximize
the recollision energy but no further analysis on the temporal structure. The measured IAPs of
this work are presented in the experimental section and show durations very close to the trans-
form limit where only the propagation in the generation gas is assumed to help reducing the
attochirp [45].

3.2 Waveform Dependent Strong-Field Control and Attosec-
ond Science

The ability to generate ever shorter laser pulses goes along with a direct control of the elec-
tric field. While the control of pulse envelope to ever shorter temporal durations and control
of the spectral phase has been subject for many decades, the transition to single-cycle optics
can be seen as a transition from the envelope description to a direct electric field description.
In the past, waveform control is mostly realized via two-color (multi-cycle) waveforms or the
CEP control. HHG is a dominant application, as discussed in chapter 3.1.2, and shaping of
the XUV continuum by CEP and polarization control is demonstrated in [170], [171]. Fur-
thermore, waveform control enabled sub-fs timing of emission for short and long trajectory
harmonics [172], dissociation dynamics in molecules [173] and charge migration in molecules
[174]. Innercycle-resolved ionization dynamics of a laser pulse are measured in time domain
with sub-cycle synthesized pulses as realized in an early version of the HCF WS [8].
A second version of the HCF WS [39] demonstrated the charge control by sub-cycle optical
waveforms in SiO2 [175]. The experiment disentangled the contribution of inter- and intraband
currents leading to the emission of harmonics from the solid in the XUV. Inter- and intraband
currents are controlled by the driving waveform and, moreover the characterization of the gen-
erated harmonics via attosecond streaking even allowed to disentangle a negative contribution
to the chirp by intraband generated harmonics and vice versa for interband. A control of the
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chirp from HH generated in a solid is found similar in theoretical work from Nourbakhsh et al.

[176] modeling the emission of a MgO crystal pumped by two-color IR waveforms.

3.3 The Attosecond Beamline

The experimental realization of the science motivated in earlier chapters requires an elabo-
rate infrastructure to generate, manipulate, detect and apply the XUV/SXR radiation. Vacuum
chambers are required because of the absorption of the shortwave radiation in air. In addition,
the guiding of SXR radiation solely by grazing incidence optics limits the flexibility and leads to
rather extended experimental layouts. Parts of the beamline are inherited from the former Ph.D.
student Y. Yang, see [177] for additional details. Ongoing modifications to the beamline for the
experiments presented, has led to several changes that are covered in this chapter, starting from
the initial setup. The details of the hardware are discussed first, and finally the procedures for
data acquisition and calibration of XUV/SXR spectra are described.

3.3.1 Experimental Setup

The beamline consists of two large “main” chambers and smaller auxiliary chambers. The two
main chambers are conveniently designed to provide sufficient space for all possible beam ma-
nipulation optics and remotely controllable stages, and have numerous ports for pumps, view-
ing windows, or feedthroughs. A computer-aided design (CAD) drawing of the full beam-
line is shown in figure 3.8. The first chamber takes the PWS as an input beam and contains
the final pair of DCM, a beam-splitting assembly and the focusing optics to focus the PWS
beam onto the HHG gas target. A mirror on a remote controlled stage serves as kick-out to
inspect the beam through a viewport after transmission through the gas cell. The focusing op-
tics are adapted to the experiments ranging from a f = 4 inch off-axis parabolic (OAP) to a
f = 375 , 400 or 500 mm spherical mirror. The gas inlet to the gas cell is controlled by a
programmable electronic valve (El-Press, Bronkhorst) that covers sub 100 mbar to 10 bar of
backing pressure. The second chamber contains the XUV optic, namely a toroidal mirror to
image the generated harmonics, a motorized iris on a three-axis stage to mark the reference
beam position, and a glass plate on a linear stage to block the XUV/SXR light when acquiring
the background. As for the streaking experiment, the delay stage and beam recombination are
positioned in the second chamber as well. The first two chambers are designed with an inner
breadboard that is mounted on the floating optical table below the chambers, while the main
chamber body rests on an aluminum frame. The geometric flexibility and vacuum-tight sealing
is ensured by metal bellows. Superbly designed to isolate the heavy chambers and connected
vibrating vacuum pumps from the optical setup, this concept has pros and cons as will be dis-
cussed. For historical reasons, the toroidal mirror has an imaging distance that hardly matches
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the dimensions of the chambers and is applied differently from a 1 : 1 imaging while a second
toroidal mirror was received at some point and is used in later experiments. The parameters of
the toroidal mirrors used are given in table 3.1 From the curvatures of the toroidal mirror, the

Mirrors R (mm) r (mm) S (mm) α (◦)
Toroidal Mirror # 1 (short) 8000 39 558.06 86
Toroidal Mirror # 2 (long) 10700 52.07 746.39 86

Table 3.1: Parameters of toroidal mirrors as used in the beamline

incident angle α and imaging distance S is calculated by

S = 2 fsag = 2 ftag
!
= S′ (3.20)

fsag =
r

2cosα

ftan =
Rcosα

2

(3.21)

α =

√
r
R

(3.22)

Placing the toroidal mirror with unequal incident arm length (S) and exit arm length (S′) dis-
tance leads to aberrations since the focal lengths of saggital and tangential plane only overlaps
at the designed imaging distance S of the toroidal mirror. The positioning of the toroidal mirror
# 1 is realized with S = 760 mm and S′ = 440 mm that minimizes the ratio S/S′ as much as
possible for the given geometry of the vacuum chambers. An electron time of flight (TOF) spec-
trometer is mounted closely to the second chamber resting on the frame and is not referenced
to the optical table.
For the XUV HHG and attosecond streaking experiments (see section 3.5) the TOF spectrom-
eter mounted on the small experimental cube chamber is located at the focus of the toroidal
mirror. A motorized mount and a goniometer allow to optimize the imaging of the toroidal
while the chambers are evacuated. The height of the toroidal mirror is fixed and aligned to the
height of the driving laser beam. The focus of the NIR channel is imaged and captured on a
CCD camera after the toroidal mirror via the kick-out mirror (dashed line in the figure 3.8) on a
CCD camera. This configuration allows to fine-tune the angles of the toroidal mirror in vacuum.
The optimization of the toroidal with the optical beam of the NIR channel is observed to be re-
liable with only minor optimization once the HHG beam is observed on the XUV CCD camera
(Newton 940 CCD, Andor). The inset in figure 3.5 shows the imaged focus of the NIR channel
exactly 3 mm in front of the TOF spectrometer. The grating spectrometer (251MX, McPherson)
with an XUV CCD camera is located behind the TOF spectrometer. The spectrometer is resting
on the optical table and therefore referenced with the optical and HHG beam.
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3.3.2 High-Pressure Gas Cell

The necessity to reach high pressures (couple of bars) in the gas cell to fulfill phase-matching
conditions for the generation of high photon energies required an update of the generation con-
dition in the first chamber. The concept of recent beamlines to employ a very compact genera-
tion chamber and to isolate the experimental chambers with several differential pumping stages
[178], [179] stays in contrast to the concept of two central big chambers as in our beamline.
In addition, the toroidal’s fixed geometry does not allow separating the chambers arbitrarily to
insert differential pumping stages. The working solution is a chamber-in-chamber design as
shown in figure 3.10, basically a single-stage differential pumping concept. A direct connection
to a vacuum pump allows to pump most of the gas load before it reaches the turbo pump of the
main chamber. The high-pressure gas cell is designed with big exchangeable screws as in- and
outlet hole for the laser, they are pictured in figure 3.9 (e) made out of brass and the nuts hold
them in position. Towards the tip, the outer diameter is machined as well to fit the stage below.
The Screws allow for a flexible exchange of the hole diameter and hole-to-focus distance with-
out the need to remanufacture the full chamber. The screws have a central stepped conical hole
with 1 mm diameter at the tip. The adjustment of the screws as far from gas cell as the laser
transmission allows, optimizes the efficiency of differential pumping to the big chamber. The
larger the distance between screw tip and gas needle, the less gas transmits to the surrounding
chamber and the more gas turbulently disperses in the high-pressure gas chamber. This design
allows the backing pressure to be increased from ≈ 500 mbar with a free-standing gas nozzle
to ≈ 10 bar. Still, the pumps of the beamline are working at their limits and the pressure in
the first big chamber around the high-pressure gas cell reaches up to 0.1 mbar. The pressure at
the high-pressure gas cell is measured in the tens of mbar regime. In this regime, the available
turbo pumps are inefficient because the pressure is too high and the available scroll pumps are
inefficient because the pressure is too low. A solution yet to be tested is presented in section 4
with larger roots and multistage roots pump directly attached to the high-pressure gas cell.
The most efficient way to limit the complexity of high-power vacuum pumps is a precise ma-
chining of the gas nozzle itself. The smallest possible diameter in the gas nozzle that still
ensures the laser transmission allows (1) high backing pressure and (2) limits the consumption
of noble gases. The gas nozzle preparation is done in-house with the typical lab tools in an em-
pirical manner. With laser micromachining and printing becoming more popular and cheaper,
this is probably a good try in the future. The nozzles used throughout this thesis are semi-infinite
designs in glass and metal. A few photographs are given in figure 3.9.
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Figure 3.9: Semi-infinite gas nozzles for the generation of HHG. Glass capillaries
from hollow core fibers are glued to metallic tubes (a). Tapering of the thick walls
(c) allowed for well-shaped conical holes. A metal gas cell (d) is shown in detail
and mounted with the Luer-lock system in the high-pressure gas cell (e).

3.3.3 Beamline Modification

The experimental setup, as shown in the previous sections, has been optimized throughout of
this thesis which led to minor, detailed and major structural changes. Following the descrip-
tion of the beamline, this section introduces to the modifications made while transferring from
attosecond streaking measurements to purely SXR generation and characterization. The CAD
drawing including the modifications is shown in figure 3.10.
The toroidal mirror #2 with S = 746.39 mm allows to place the gas needle and the input slit

of the spectrometer close to an ideal 1 : 1 imaging condition. With the aim to detect the high-
energy photons that unavoidably come with lower flux, the entrance slit of the spectrometer
should be located close to the toroidal imaging. In this way, the spectrometer slit does not need
to be reduced and the spectra can be taken with maximum flux and resolution. Furthermore, the
beam dimensions are covered by the XUV CCD camera, and it is possible to record the spatial
beam profile of the XUV/SXR via the zero-order reflection from the grating.
The transition to high backing pressures makes the precise machining of the gas nozzle im-
portant. The gas nozzles are displayed in figure 3.9, with the transition from glass to metal
nozzles for the following reason. The homemade glass nozzles are laser drilled with ≈ 4 mJ
of a Ti:sapphire laser, with the benefit that they are robust against the PWS pulse and survive
any misalignments or beam-pointing deviations. At high backing pressures, the exact (small-
est) hole size becomes most important and it became clear that the hole drilled by another laser
never fits perfectly to the PWS focus. Metallic gas cells, on the other hand, can be drilled in the
focus with the PWS in the exact position of the HHG. That makes a perfect fit but any vibration
on the beamline or beam-pointing makes it necessary to replace the gas cell. To operate the
beamline efficiently, a day-to-day long-term geometric stability between the vacuum chamber
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and the gas needle monted therein with the PWS beam of less than a few µm is desirable.
The optical setup is based on large connected floating optical tables, that extend to the vacuum
beamline and the breadboards inside the vacuum chambers are linked to the big optical tables.
Flexible metal bellows isolate the vacuum. It was already observed during the streak measure-
ments that the evacuated and vented vacuum chambers lead to an irreversible height change
with respect to the PWS beam. To quantify this motion, a small laser diode (LD) is fixed to the
TOF that is resting on the frame and pointing on a CCD camera that is mounted on the optical
table close to the PWS beam combination optics, as sketched in 3.12. The CCD camera data
is recorded at 1 fps while the vacuum chambers are being evacuated, resulting in a shift of the
laser diode beam profile on the CCD camera (inset of figure 3.11). As each CCD image is ana-
lyzed, the center of the beam profile is determined, and a plot of the X-Y coordinates is shown
in figure 3.11. The CCD camera (ace acA640-750um, Basler) has a pixel size of 4.8 µm. The
left panel of the figure 3.11 shows some manual excitation of the table. The position in vertical
and horizontal directions does not recover. The right panel shows the measurement while the
vacuum chambers are evacuated (pumped) repeatedly two times. Again, especially the vertical
positions stays with an offset and the corresponding linear fits do not suggest a recovery of the
position in an acceptable time span. The pressure-controlled floating of the optical tables is
realized with a lever-actuated valve that shows a limited precision with a measured hysteresis
of ≈ 100 µm.
An imaging system based on kick-out mirrors, vacuum apertures and CCD cameras is installed

to make a full beam alignment in the vacuum chambers possible even under evacuated con-
ditions. That is helpful and enables a precise alignment but is time consuming. Finally, the
optical table of the vacuum beamline is detached from the optical table of the PWS setup, and
the floating behavior of the beamline breadboards is currently prevented by fixing the floating
table to the stable, ground-referenced frame. A sketch of the table and vacuum infrastructure is
given in figure 3.12 with the initial situation (left) and the current situation (right). In this way,
the beamline is operated much more efficiently and the passive stability is sufficient to operate
the precise metal gas nozzle for several weeks without damage (proper beam point stabilization
for the PWS provided). Furthermore, the detachment between the laser/PWS setup and vacuum
beamline increased the long-term stability of the OPAs as part of the synthesizer because the
”T” connected table does not act as a big lever anymore (sketched as angle α in figure 3.12). It
has to be investigated if fixing the optical setup in the beamline to the frame and therefore cou-
pling the vibrations of the vacuum pumps tighter to the optics might be disadvantageous once
time resolved, attosecond measurements will be continue. The turbopumps that are connected
directly to the sensitive TOF and experimental chamber are magnetic levitation pumps (HiPace
300 M, Pfeiffer) and should limit any mechanical vibration to the minimum possible.
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Figure 3.11: Measurements of the movement between TOF spectrometer as
mounted on a solid frame and the floating optical table. Data retrieved by ana-
lyzing the beam position on a CCD camera with a temporal resolution of 1 s. The
positioning of laser diode and CCD camera is shown in figure 3.12. The left plot
shows some manual excitation of the table. The position in vertical and horizontal
direction does not recover. Four exemplary frames of the CCD camera recorded
beam profile at characteristic times. The right panel shows the measurement while
the vacuum chambers are evacuated (pumped) repeatedly two times. Again, espe-
cially the vertical positions stay with an offset.

Figure 3.12: Infrastructure of the laser system and attosecond beamline with a spe-
cial focus between ground floor referenced and floating optical tables referenced
setups as marked by the colors (see legend) Left panel displays the initial setup
with the “T” connected optical tables and floating breadboards. The force raised by
the vacuum leads to a vertical tilting (indicated by α). The right setup shows the
disconnected tables and the optical table of the beamline fixed to the frame.
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3.3.4 Experimental Data Recording and Processing

Having covered the extensive beamline infrastructure in the previous sections, the following
sections address the characterization of the generated XUV/SXR pulses. The spectrum of the
HH signal is recorded with a grating spectrometer (251MX, McPherson) and a cooled XUV
CCD (Newton 940, Andor) camera. Three different gratings are available, two of which can
be installed simultaneously in the vacuum chamber and adjusted for a suitable shift in spectral
acquisition bandwidth. The details of the gratings are summarized in the table 3.2.
The geometry of the grating spectrometer is sketched in figure 3.13 based on the details given

Grating selection (grooves/mm) 300 1200 2400
Angle of incidence (degrees) 87 87 88.65
Deviation angle degrees 170 170 174.4
Focal plane width (mm) 25 25 20
Spectral range (eV) 15-65 62-248 248-1240
image distance r to input (mm) 237 237 237

Table 3.2: Details of XUV/SXR gratings as used with the McPherson 251MX spec-
trometer. The gratings are blazed aberration-corrected concave gratings for a flat-
field image plane. See figure 7.3 in appendix.

in figure 7.3, see appendix. All dimensions are in mm. The 2400 gr/mm grating, designated
“high-energy” grating, requires a different angle of the internal mounting and tuning of the
entire spectrometer angle to the beam with respect to the “low-” and ”mid energy” gratings.
In the plane of the detector, the dimensions are given that the CCD detector has to cover re-
spectively to be positioned at. The photons are spectrally dispersed in the shaded area while
the dashed line indicates the zero-order reflections. The displacement of ≈ 40 mm is realized
with a linear micrometer stage and a flexible bellow connects the CCD camera to the grating
chamber. The energy calibration of the HHG spectra is done in two different ways depending
on the energy range. Usually for the photon energies < 100 eV, the NIR channel is used to
generate a harmonic comb. From the distinct harmonic peaks, the 1st and 2nd diffraction order
of the grating can be identified. With the following grating equations and the known geometry
of the grating (figure 3.13), an absolute spacing of the harmonics in the plane of the detector is
calculated. The relation between incident angle α and wavelength-dependent diffraction angle
β for a given order m depends on the groove spacing Λ

mλq = Λ
(
sinα + sinβ

m
q
)

(3.23)

indicating the q-th harmonic wavelength and diffraction angle. Setting up the relation between
1st and 2nd order for the q-th harmonic

2
(
sinα + sinβ

m=1
q

)
=

2
Λ

λq =
(
sinα + sinβ

m=2
q

)
(3.24)
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Figure 3.13: Geometry of the gratings as used in the grating spectrometer. The high
photon energy grating (2400 gr/mm) requires different angles compared to the low
photon energy gratings (300 gr/mm, 1200 gr/mm)

yields
sinα +2sinβ

m=1
q = sinβ

m=2
q (3.25)

The distance on the detector plane from the horizontal plane to the transverse position is given
by

ym
q = R0 cotβ

m
q (3.26)

with R0 defined as horizontal grating to detector distance as defined by the manufacturer to be
R0 = 235 mm. The distance ym

q is calculated for at least two harmonics and their 1st and 2nd

diffraction order. The distance on the detector plane is then compared to the measured distance
as can be measured absolutely by converting the pixel location of the harmonics via the pixel
size (pixel= 13.5µm for Andor Newton). Due to imperfections on the precise adjustment of the
spectrometer apparatus to the incident angle of the XUV/SXR beam, the calculated distances
for harmonic q and q+1 may not match the measured distances on the detector. A slight modifi-
cation of the incident angle α in the calculation allows to minimize the error between calculated
and measured distance. Finally, the conversion from the linear wavelength array to linear energy
array need to take into account the Jacobian factor [180] so that for the signal S, the integration
S(E)dE = S(λ )dλ are equal. The result of the calibration is shown in figure 3.14 for a spectrum
generated with the NIR channel only in argon. After the background subtraction, a pair of cor-
responding harmonics in 1st and 2nd order are selected as indicated by the dashed lines in figure
3.14 (b) and the resulting pixel to energy (in eV) curve is calculated. The calibrated spectrum
is shown on the right. The harmonics are generated with the single NIR channel in argon at
a backing pressure of 250 mbar focusing with a spherical mirror f = 375 mm. The spectra in
this energy range are taken with grating # 1 of 300 gr/mm The residual NIR light is blocked
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with a 300 nm Al filter. Due to the pulse parameters of the synthesizer, only the NIR channel

Figure 3.14: Calibration procedure of HHG spectra based on harmonic peaks. The
raw data are background corrected (a) and a pair of neighboring harmonic peaks in
first and second diffraction order are manually selected as indicated by dashed lines
(b). Based on the grating equation and known grating geometry, the calibrating
spectra including the Jacobi correction is plotted in (c).

generates distinct harmonic combs that do not extend beyond ≈ 100 eV. An extrapolation of
the calibrated energy axis well beyond the calibrated range would lead to significant error due
to the exponential dependency between pixel position and photon energy. At higher photon
energy, such as those produced by the IR channel or synthetic pulses, the continuous spectra
are calibrated using the known absorption edges of thin metal foils. In this case, the photon
energies corresponding to the absorption edges are known from literature [164]. A calculation
of the expected distance of the edges on the detector plane based on the diffraction angles β is
compared to the measured distance based on the pixel size. Similar to the previous calibration
method, a slight variation of the incident angle α allows to optimize the calibration procedure.
Analog to figure 3.14, the calibration procedure for XUV/SXR continua is shown in figure 3.15.
The continua are generated with the single IR channel in helium at a backing pressure of 10 bar
focusing with an OAP of f = 4 inch. The spectra in this energy range are taken with grating
# 3 of 2400 gr/mm. A 200 nm titanium filter blocks the residual IR light and a 500 nm mylar
filter is used to exhibit the Carbon edge (284 eV) and a 400 nm Boron filter cuts the spectrum
at 188 eV.

The calibration along the spectral intensity axes involves the transfer functions of the XUV
optics and the quantum efficiency of the XUV CCD camera as supplied by the manufacturer.
The measured spectrum defined as Smeas and the generated spectrum at the source as Ssource are
related by the transfer functions h.

Smeas = hfilter ×htoroidal ×hgrating ×hQE,CCD ×heh,CCD ×Ssource (3.27)

The filter transmission h f ilter is given in figure 3.7. The reflection of a (as in our case) gold-
coated toroidal mirror at an incident angle of 4◦ is given from the X-Ray database [164] for
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Figure 3.15: Calibration procedure for HHG spectra based on absorption edges of
metallic filters for broadband continuous spectra. The raw data are background
corrected (a) and two spectra transmitted through different metallic filters are over-
layed. The absorption edges are identified as indicated by dashed lines (b). Based
on the known energy from literature of the absorption edges, the calibrating spectra,
including the Jacobian correction, is plotted in (c). Filters used in this calibration
are Boron (188 eV) and Mylar (C-edge, 284 eV).

htoroidal . The manufacturer-specified grating transfer function hgrating as given by the manu-
facturer and quantum efficiency QE of the XUV CCD hQE,CCD is plotted in figure 3.16. On
top of the QE, the number of generated electron-hole pairs in the CCD scales linearly with
the photon energy and is accounted for by heh,CCD. The photon energy required to generate an
electron-hole pair is 3.65 eV, e.g. a 10 eV photon generates 10

3.65 ≈ 2.73 photoelectrons per XUV
photon [181], [182] In addition to the XUV/SXR characterization, this thesis will investigate

Figure 3.16: The reflectivity of XUV optics and quantum efficiency (QE) of XUV
CCD camera as used in the beamline and applied for intensity calibrations. The
reflectivity of the gratings is plotted for the 1st diffraction order. The reflectivity of
gold (Au) at given incident angle of 4◦ degree is taken for the toroidal mirror. The
reflectivity of Nickel (Ni) plotted for comparison.

the tight dependence between PWS waveform and the generated harmonics. Once the macro-
scopic parameters such as pulse energy, spatial beam overlap and focusing conditions are fixed,



62 3.3. THE ATTOSECOND BEAMLINE

the waveform at the point of HHG is controlled by the RP and CEP of the PWS. A synchronous
recording of the relative and carrier envelope phase values that arrive at the laser repetition rate
(1 kHz) from the PWS feedback system and recording of the XUV CCD data is necessary to link
the generated XUV/SXR to the phase settings of the PWS. The XUV CCD camera is operated
with 0.2−0.5 s integration time at lower photon energies and 1−2 s at higher photon energies
around der C-edge. Historically, the PWS feedback control and the HHG data processing ran on
separate PCs. Therefore, early measurements presented in section 3.4 and 3.5 are synchronized
using short flashes of an LED as a timestamp. The LED is triggered by the feedback system at
defined times and positioned at a viewport of the XUV spectrometer. The LED flashes saturate
the detector for a single integration period that marks as time stamp. At low integration times,
the synchronization is sufficient and the loss of HHG spectral data due to the saturation of the
detector is negligible. With an update of the PC hardware, it is now possible to run the data
streaming from the feedback system and from the XUV CCD camera on the same machine,
giving both measurements the same time reference for rough synchronization. In order to pre-
cisely time align both processes, which are run in different scripts, the “fire” output of the XUV
CCD camera is used. The fire output provides a signal in a TTL format for the time that the
CCD detector is recording. The signal from the fire output is recorded by the feedback system
synchronously with the RP and CEP values. This ensures a tight lock between the phase data
from the PWS and the recorded XUV/SXR spectra. A synchronized set of data from the phase
lock system and XUV spectrometer is presented in figure 3.17. The CEP and RP as measured
by the feedback system are plotted synchronized with the HHG spectra. The phases are modu-
lated in random sequences with a sawtooth-like modulation. The synchronized data show a tight
dependence on the recorded phase values. Already here, various spectral shapes are observed
that will be presented in greater detail in section 3.4. More Details on the synchronization and
another set of data is given in figure 7.1 of the appendix.
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Figure 3.17: The representation of a synchronized RP-CEP scan. The top panel (a)
plots the measured RP and CEP data. The two curves for the CEP correspond to
the measured CEP at the CEP stable front-end “CEP seed” (blue) and to the CEP
measured with the multi-phase meter at the PWS output (green). The central panel
(b) shows the spectrogram of the recorded HHG spectra in argon and the bottom
panel (c) plots the integral of the spectra in arb. units. The plots show several
sections of CEP and/or RP sawtooth like modulation and short sections of stabilized
conditions. A tight dependence of the HH spectra on the phase values is observed.

3.3.5 XUV Photodiode

One of the motivations to drive HHG with complex non-sinusoidal waveforms are the theo-
retical predictions on yield enhancement [102]–[104], as discussed previously. The question
of what is a fair comparison between synthesized driven HHG and single-color-driven HHG
at which energies and central wavelength shifts to the following chapters, while the details on
the measurement routine of the absolute photon flux are presented here. The measurements
are acquired with a calibrated XUV photodiode and finally compared to the calculated photon
numbers as retrieved from the XUV CCD camera measurements. The photodiode measure-
ments are taken as reference and the XUV spectrometer data, which usually underestimates the
photon number by a factor 2-3, are upscaled to match the reading of the photo diode. From the
side of the photodiode, the main difficulty is the suppression of the background light, primarily
the residual optical laser that propagates collinearly. The photodiode is sensitive to wavelength
< 1 µm and thus sensitive to the NIR channel. Metal filters are supposed to block the residual
laser light, but possible tiny holes in the thin foils permit the laser light to transmit. High quality
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filters (Luxel corp.) are visibly hole-free, but still do not solve the background issue in our case.
When the NIR channel is added to the IR channel, a significant signal on the photodiode is
measured. An estimation of the photon numbers based on data from [61] gives a transmission
of 10−11 − 10−13 for a 200 nm metal foil at visible wavelengths. The number of photons per
second in the NIR channel of 20 µJ calculates to ≈ 8× 1016 ph/s. Applying the transmission
of a metal filter, the photon number after a 200 nm metal filter still reads 105 ph/s, which is on
the order of the expected HHG photon flux in the water window. Furthermore, a very dynamic
visible change in the visible light emitted from the plasma in the HHG gas cell is observed when
the RP between NIR and IR is modified. This means that there is no constant background to
subtract when performing scans of the RP.
On the other hand, the uncertainties of the XUV CCD camera are manifold, with possible er-
rors in the transfer functions due to oxidation or carbon contamination of the filter and surfaces,
“lost” photons due to scattering from imperfect surfaces or simply due to the tight apertures
such as the slit of the grating spectrometer.
The XUV photodiode (SXUV100, Opto Diode) is mounted in a ceramic PCB with a tran-
simpedance amplifier 10 GΩ directly in the vacuum. The voltage is measured with an oscillo-
scope or digital-to-analog converter (DAC). The response of the XUV photodiode is confirmed
in a beamtime at P04, PETRA3. The XUV beamline P04 allows for relatively low photon ener-
gies that match the range of typical HHG spectra and a small bandpass of the beamline ensures a
precise tuning of different photon energies to take spectrally resolved reference measurements.
The benchmark for our photodiode (denoted UFOX-PD) is the measured flux of the beamline
hard- and software. The beamline photodiode (denoted P04-PD) is regularly calibrated at the
Physikalisch-Technische Bundesanstalt (PTB), Braunschweig and the photo current is measured
with an electrometer (6517A, Keithley). The measurement spans from 100−600 eV while the
data from 100−250 eV might contain contributions of other than the specified wavelength since
the undulator had to be detuned drastically to reach such low photon energies. For each photon
energy, the P04-PD and the UFOX-PD are positioned alternately in the beam including a back-
ground measurement for every data point. Furthermore, the P04 beamline delivers 1012 photons
per second, that is well above the expected photon flux from a HHG source. The photon flux of
the beamline is reduced by several filters in order to establish similar conditions compared to
the HHG beamline. The absolute voltage measured from the transimpedance amplifier reads a
few volts, that is still an order of magnitude higher compared to the measurements at the HHG
beamline but sufficiently lower than the saturation voltage of the transimpedance amplifier at
≈ 15 V. The raw data are given in amperes for the P04-PD from the electrometer and in volts
for the UFOX-PD from the transimpedance amplifier. The voltage-to-current translation is cal-
culated via the 10 GΩ resistor.
The power [W] is calculated from the PD current [A] via the response curve given by the man-
ufacturer

P[W] =
PD current[A]

responsitivity[A/W]
(3.28)
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The resulting photon flux (1/s) is calculated to

NPh [1/s] =
P[W]

E[eV]
·1.6 ·10−19 (3.29)

Figure 3.18 displays in (a) the responsitivity and in (b) the XUV photodiode with an active
surface of 10× 10 mm (b). The measured currents and calculated power and photon numbers
vs. the photon energy is plotted in panels (c-e). For the P04-PD, the beamline software outputs

Figure 3.18: Calibration measurements of an XUV photodiode (SXUV100, Opto
Diode) at P04, PETRA III beamline. The responsitivity curve (a) as provided by the
manufacturer for the photodiode of 10×10 mm active area. The measurements of
our photodiode “UFOX” compared to the calibrated photodiode from P04 beamline
ón the undulator beam (c) and calculated power (d). The resulting photon flux (e) is
plotted including the photon flux as displayed by the beamline software.

the raw PD current and the photon flux. How the conversion is done was not accessible. Based
on the raw data, the photon flux is calculated via equation 3.29 and plotted in panel (e) of figure
3.18 together with the photon flux of the beamline software. The calculation seem to differ
with a linearly increasing offset to smaller photon energies but from 250 eV onwards, where the
beam should only contain the specified wavelength, the raw PD current and power are in good
agreement with ≈ 6 % error.
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3.3.6 Electron Time-of-Flight Spectrometer

The streaking spectrograms are measured with an electron time-of-flight spectrometer (eTOF).
Since only this single electron TOF, no ion TOF etc. is used throughout this thesis, it is refered
as TOF. As a rather simple instrument with a single detector, it allows electron spectra to be
measured over a large bandwidth with high efficiency because of the collection of all electron
energies on a single detector. The energy resolution is obtained by high-speed read out elec-
tronics detecting the electrons on a microchannel plate (MCP). The TOF used throughout the
experiments (ETF11, Kaesdorff) consists of an electrostatic lens, a µ-metal shielded drift tube
of L = 294mm, an acceleration or deceleration stage and the MCP. The distance between en-
trance aperture and the electrons to be measured (= focus of the laser in a streaking experiment)
is designed to be 3 mm. An MCP detector follows the design of the chevron geometry with two
MCP plates and slightly oppositely angled channels of 5 µm diameter. The overall diameter is
given to 40 mm. A high voltage applied to the MCP allows an impinging electron to generate
an avalanche of secondary electrons that is measured as current at the anode. The electrostatic
lens allows to increase the acceptance angle but increases the spectral selectivity and is not used
for the measurements in this thesis. The minimum electron energy is given to 20 eV The energy
of electrons is measured via the time-of-flight according to

E =
me

2

(
L
T

)2

(3.30)

with me the electron mass, T the time-of-flight and L the drift length.
The MCP is read out with a fast oscilloscope (WaveRunner 640Zi, Teledyne LeCroy) specified
with a bandwidth of 4 GHz and 20 GS/s. The oscilloscope is triggered by the laser pulse with
a fast photodiode (ET4000, EOT). With the triggered time windows set correctly, a couple of
hundred sweeps are summed until a defined spectrum is obtained.
The photoelectrons measured for the streaking spectrograms are measured down to 10eV due
to the large bandwidth of the generated HHG continuum. Optimization of the collection effi-
ciencies while keeping up a minimum resolution, especially for low energy electrons, is done
qualitatively with electrons generated via static above threshold ionization (ATI) spectra.
Finally, a calibration of the TOF spectra is done by comparing the TOF spectrum to correspond-
ing calibrated spectrum from the grating spectrometer. To conserve the integral, the spectral
intensity I(E) in photo energy domain is corrected according to:

I(E) = I(t)
dt
dE

(3.31)
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3.4 Waveform-Controlled HHG in Argon and Neon

The previous chapters were devoted to the realization of a phase-stable, synthesized sub-cycle
IR waveform with long-term stability and the preparation of the infrastructure for HHG and
its characterization. This chapter is the onset of an endeavor to fully exploit the tunability of
synthesized waveforms in the application of HHG.
The first observed HHG signal as generated with the PWS was from an argon gas jet. The
beamline was previously used with a Ti:sapphire driven HCF pulse as the driver for HHG [177]
and it was straightforward to test the single NIR channel for first HHG experiences because of
the matching spectral regime and pulse duration compared to the HCF pulse. The harmonics
are generated at 200 mbar backing pressure of argon with a focusing geometry of f = 375 mm
spherical mirror. The NIR channel as a few-cycle driver generates clearly distinguishable har-
monics as plotted in figure 3.19. At low backing pressures in argon, the NIR channel is the
primary driver of the harmonics and the macroscopic parameters such as focusing and backing
pressure are adjusted for an optimized HHG signal from the NIR channel. The IR channel on
its own does not show a HH signal under these conditions. Launching both, the NIR and IR
channel, a variety of XUV continua are observed once the temporal and spatial overlap is en-
sured. As is displayed in figure 3.19, the spectra can be tuned from narrowband to broadband
continua spanning almost an octave.
To exploit the full landscape of possible waveforms, the “tuning knobs” of the waveform are

Figure 3.19: HHG spectra generated with the PWS. Signal generated with the NIR
channel only (red) and XUV continua as generated with NIR and IR channel at
different phase settings. All spectra generated with argon.

systematically scanned. A typical scan routine consists of a slow scan (ramp) of the relative
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phase while the CEP is repeatedly cycled by at least 3π . The scanning routine is referred to as
“RP-CEP” scan while a one-dimensional scan of the delay between NIR and IR channel would
correspond to an “RP” scan. The resulting HHG spectra are recorded synchronously in order
to relate an RP and CEP value to each single XUV spectrum as plotted in figure 3.20. The
phases as plotted are not absolute phases, i.e. RP = 0 does not necessarily correspond to the
absolute time zero overlap between the channels. The position of time zero between the two
channels is judged by their maximum nonlinear interaction. Likewise, the CEP is measured
via the f-2f phase meter as described previously and represents no absolute CEP. Nevertheless,
the phase lock is maintained during the entire phase scan to relate the phases precisely for all
CEP and RP values. Since RP and CEP are modulated simultaneously during the experimental
scan, a resorting of the HHG data is necessary to plot the data for a single RP or CEP value as
done for selected phase values in figure 3.20. The measurement is done in argon at 300 mbar
backing pressure with a f = 375 mm spherical mirror and the driving laser beam is separated
from the XUV with a 500 nm beryllium metallic filter (LeBow). The pulse energies are mea-
sured to 70 µJ (NIR) and 170 µJ (IR) at the point of HHG that results in a peak intensity of
2−3×1015 W/cm2 at perfect time overlap. The resolution of the RP step is defined to 0.8 rad
at 940 nm. The gas target is a ≈ 2 mm thick semi-infinite gas nozzle.

The HH yield at photon energies < 100 eV allows for short integration times (200 ms) of
the XUV spectrometer resulting in a total measurement time of ≈ 40 minutes for a full RP-
CEP scan. The data from argon demonstrate the capability of the sub-cycle synthesized wave-
form to control the process of HHG. Spectra of sub-10 eV bandwidth to over octave-spanning
bandwidth are generated. Interestingly, all spectra appear to be continuous from low energy,
narrowband cases to broadband spectra. These spectra seem to deviate significantly from the
traditional HHG spectra with a single defined cut-off energy. The top rows of figure 3.20 (a,b)
display a scan of the RP at a single CEP. This would correspond to a delay scan with fixed
CEP as familiar from previous two-color experiments summarized in section 3.1.2, where neg-
ative delay/RP means that the IR channel is advancing. The Scan is repeated twice to observe
the low-energy content (left panels of figure 3.20) with the 300 gr/mm grating installed in the
spectrometer and with the 1200 gr/mm grating to cover the high-energy part of the spectrum
(right panels of figure 3.20). Plots (c,e) display a section of the RP scan for CEP shifted by
π/2 with respect to the CEP of plots (a,b). Since the data set consists of HHG photon energy,
spectral intensity, RP and CEP, it is plotted either for fixed CEP or fixed RP. The plots along
the CEP (d,f-j) represent the familiar CEP scan. The CEP dependency is clearly visible, even
at low photon energies. The tilt angle of the fringes and the contrast changes among the CEP
scans giving rise to the ability to generate broadband and narrowband continua by dialing in the
corresponding phase settings.
The interaction lasts for ≈ 50 fs that, regarding the FWHM duration of ≈ 8 fs for NIR and IR
pulse, seems to be a rather long time window. Taking into account the wings of the NIR and IR
pulses in time domain as plotted in 2.12, which are unavoidable for complex spectral shapes,
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Figure 3.20: Generation of HH continua in argon with the PWS as function of the
RP and CEP. The spectra are recorded in the low energy range with the 300 gr/mm
grating (a,c,d,g,h) and in the higher energy range with the 1200 gr/mm grating.
The top panels (a,b) display a RP scan at a fixed CEP showing the formation of
various broadband spectra. The higher energy spectra indicate an increase of yield
and cut-off energy around the time zero interaction region. The direction of the RP
is given with the IR channel advancing towards negative RP values. A π/2 CEP
shift changes the spectra across the RP axis (c,e). The RP-CEP maps are plotted as
a function of the CEP in (d,f,g,h,i,j) for fixed RP values as indicated at the plots. All
continua show a CEP dependence with an increased contrast close to RP ≈ 0 and
a moderate slope outside the time overlap. The spectra are recorded with 200 ms
integration time and a 500 nm Beryllium filter is applied to block the driving laser
beam. Taken from [45]

it is most likely that an overlap of the central portion from the IR channel with the wings of
the NIR channel and vice versa can lead to HH emission. Especially in argon, the necessary
peak intensity for HHG can easily be generated by other cycle then the central one at time
zero. With the argument similar to the ones of the publications summarized in section 3.1.2, the
non-sinusoidal shapes for several of the waveform cycles during the scan allow the emission
of continua and IAP. A confirmation for the IAP will be given in a later section via attosecond
streaking measurements.
The systematic scan is repeated for neon while resolving the HHG with the mid-energy grating
(1200 gr/mm) to observe higher photon energies. To optimize the generation of higher photon
energies, a higher peak intensity is reached by moving the gas cell closer to the focus in order
to optimize the HHG yield. All other parameters (300 mbar backing pressure, f = 375 mm) are
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kept the same as for previous argon and neon scans. The RP scan for neon is plotted in figure
3.21.

In neon, the temporal window of delay in which HH continua are observed is much more

Figure 3.21: Record of the HHG spectra for a RP-CEP scan in neon. The PWS
waveform is focused by an f = 375 mm spherical mirrors on a 300 mbar back-
ing pressure neon gas nozzle of 2 mm length. The spectra are resolved with the
mid-energy (1200 gr/mm) grating. According to an RP = 0.7 rad, the CEP scan is
plotted on the right panel.

defined. Only at specific delays, a waveform is formed that ionizes the neon atoms. The band-
width of the continua are remarkable, with almost 2 octaves reaching from 50 eV to 200 eV
feet-to-feet with an almost flat intensity distribution. The CEP scan shown in the right panel of
figure 3.21 at the given RP, as indicated by the black marker line in the left panel of figure 3.21,
states a CEP dependency across the full XUV spectrum. Despite a very small signal at low
energies, no harmonics are observed out of the temporal overlap region, meaning that neither
the IR nor the NIR channel are generating harmonics on their own under the given macroscopic
conditions. Interestingly, the spectra taken at high photon energies (figure 3.21) are recorded
with the same integration times as the spectra in argon (200 ms). The RP scans for argon and
especially for neon indicate an increased yield at time overlap based on the comparison to the
spectra generated with the single channels. The claim of “yield enhancement” yet is not proven
with this single RP-CEP scan, which is measured in first place to explore shaping possibilities
and stability of the emitted harmonic continua. Due to the vastly changing peak intensities
for synthesized pulses compared to the single channels, a parameter scan of the macroscopic
conditions like gas pressure, overall peak intensity e.g. via change of focal length and the
ratio of pulse energy has to be covered. Nevertheless, the photon numbers are measured to
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≈ 108 ph/pulse for narrowband continua in argon and about an order of magnitude lower for
broadband spectra in argon. The continua in neon at ≈ 70 eV are measured to ≈ 106 ph/pulse.
Due to the sensitivity of the XUV PD to the NIR channel, as explained in section 3.3.5, the
photon numbers are derived from the XUV CCD camera that are referenced with a comparison
measurement of the single IR channel on the XUV PD. The photon flux of the single IR channel
generating broadband spectra at photon energies of ≈ 60 eV at 200 mbar backing pressure is
measured to ≈ 5× 104 ph/pulse. Now one could anticipate an enhancement of 3-4 orders of
magnitude, but that misses some interpretation. Regarding the HHG photon energies, one would
probably not choose a λc = 1.6 µm pulse to generate these photon energies. A measurement of
the single NIR channel is not reliable due to the strong background contribution in the current
beamline configuration. Nevertheless, a comparison with published photon fluxes [90], [154],
[183], [184] shows that the stated photon numbers are at least in good company with recently
stated high-performance sources. A global optimization of the macroscopic for the generation
in argon and neon at lower backing pressures is not done.
On top of the well-reproducible and periodic CEP scans, a continuous recording of the HHG
signal for a stabilized waveform proves the stability of the PWS. Figure 3.22 displays four
different XUV continua recorded over a time span of 20-30 minutes for four different phase
settings RP and CEP of the PWS. Long-term operation of the PWS on the order of months is
possible when no active components fail. Nevertheless, drifts as seen partially in figure 3.22
are due to passive drifts, which are mainly identified as temperature changes that the PWS
feedback system is not designed to account for. As one of the last components that is not
actively stabilized, the external compressor, which is not permanently irradiated due to laser
shutter/lab safety, drifts continuously during the day. Only an extended warm-up time of ≈ 8
hours ensured very stable conditions. The temperature of the grating compressor, due to energy
deposition from the laser, changes the distances and mostly affects the delay of the third stage
OPA pump pulses. This again slowly changes the spectra of the OPAs and usually results in a
shift of central wavelength of the amplified pulses. An active feedback control integrating delay
stages and a controlled stage for the grating compressor using reference spectra as setpoint is
under construction.
In the spatial domain, the synthesized waveform has been shown to be identical to a single pulse
driving the HHG. Future experiments depend not only on a suitable spectrum and flux, but also
on consistent behavior of the HHG pulse in the spatial domain. Since the spatial characteriza-
tion, as discussed in section 2.2.5, is technically limited to the resolution of the detectors and
a wavefront measurement is not done, the HHG driven from the IR and NIR portion of the
synthesized beam could very well point slightly differently. The spatial domain i.e., the beam
profile of the HHG, is measured with the XUV CCD camera. In the configuration of the grating
chamber, the zero-order reflection of the grating allows to capture the beam profile without ma-
jor changes on the beamline. A second way observe the spectro-spatial evolution of the XUV
beam is to use the spectrally resolving 1st order of the grating and making use of the vertical
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Figure 3.22: Long-term stability measurements of generated HHG continua by the
PWS waveform. From top to bottom: Plots (a)-(c) show HHG generated in ar-
gon at 300 mbar backing pressure and plot (d) showing HHG generated in neon at
550 mbar backing pressure, all with f = 375 mm focusing.
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resolution of the XUV CCD camera. The vertical binning of the XUV CCD camera is usually
integrated to take single spectra at best SNR. The beam profiles are taken with the XUV CCD
camera at its current position and do not correspond to the beams right at the toroidal mirror
imaging point. Furthermore, during the change from toroidal mirror # 1 to # 2, a flat gold
mirror was installed to guide the beam towards the XUV CCD camera without distortion. The
HHG spatial profiles in figure 3.23 (c,d) correspond to measurements with the flat gold mirror
(Thorlabs, PFSQ20-03-M03) and a distance of ≈ 1.7 m from the point of generation. An esti-
mation based on the driving laser waist gives a source size of ≈ 100 µm in diamater resulting
in a divergence of 1.8±0.15mrad. The beam profile on the XUV CCD camera is measured to
4.3 mm (1/e2) The divergence angle Θ is defined as

Θ = 2arctan
(

Dz −Di

2L

)
(3.32)

with Di the beam diameter (4σ ) at some initial position of the beam and Dz the diameter at
a later position of distance L. The measurements in figure 3.23 resemble the photon energies
as shown in previous spectra. The macroscopic conditions are given with 90 mbar backing
pressure for the single NIR channel and 600 mbar for the PWS pulse driven HHG, both with
f = 375 mm spherical focusing mirror and ≈ 2 mm gas target. Remarkable is the formation
of a single XUV pulse also in the spatial domain. Once the pressure is tuned for ideal phase-
matching, the XUV continuum quality in spatial domain is close to the single channel-driven
HHG. The PWS-driven continuum appears qualitatively to be brighter on the image recorded
from zero-order reflection. A little offset in center position is on the order of the single channel
driven HHG pointing. The beam profile of the PWS-driven HHG is measured while locking
the CEP and RP. A series of images similar to the ones shown are recorded and show a similar
stability in shape, position and spectrum compared to the single channel driven HHG.
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Figure 3.23: HHG spatial profiles recorded with the XUV CCD camera. Panel (a,b)
is measured spectrally resolved from the 1st diffraction order and vertically resolved
in spatial dimension. (a) shows distinct harmonics when driven with the single NIR
channel, while (b) shows a continuous spectrum when driven with the synthesized
PWS as input pulse. The XUV continuum conserves a single coherent profile of the
HHG continuum. On the path from the source to the spectrometer apparatus, the
HHG beam is deflected from a flat gold mirror at 4◦ grazing incidence. Panel (c,d)
show the adjacent zero-order reflection from the grating, therefore imaging the x
and y spatial dimension on the XUV CCD camera for single NIR channel (c) and
synthesized PWS (d). The hard cuts on the imaging is the limitation by the entrance
slit opening, that the HHG at the given distance of 1.7 m from the source is clipping.
Measurements are taken at 0.2 s and with the 300 gr/mm grating installed.

3.5 Attosecond Streaking

The principle of the “streak camera” [185] and initial experiments [186] utilize the sub-cycle
duration of the HHG XUV pulse with respect to the NIR laser field to characterize the attosec-
ond pulse in duration. Tight temporal synchronization of the laser pulse and attosecond XUV
pulse on a sub-cycle time scale allows to ”dress” or “streak” the photoelectron emission by the
laser field. The photoelectron spectra recorded as a function of time delay τ between laser and
attosecond pulse essentially transfers the laser pulses’ vector potential to a measurable shift in
the photoelectron energies. The vector potential A(τ) is defined as the integrated electric field
starting at time τ , which in the case of attosecond streaking is equivalent to the time at which
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the XUV pulses ionizes the electron with respect to the lasers electric field.

A⃗(τ) =
∫ inf

τ

dt E⃗laser(τ) (3.33)

The observed momentum p⃗, as measured with the TOF apparatus, consists of the initial mo-
mentum p⃗i of the electron given by XUV photon energy, reduced by the ionization potential
IP, that depends on the atomic species being ionized. With linear polarization of the laser and
attosecond pulse, the vectors turn to scalar values as measured by the one dimensional MCP
detector of the TOF apparatus. Noble gases are commonly used for attosecond experiments
to characterize the laser and attosecond pulse with the IP given as: But not only are attosec-

IP (eV)
Xenon 12.13
Argon 15.76
Neon 21.56
Helium 24.59

Table 3.3: Ionization potential IP of noble gases

ond streaking experiments applied for pulse characterization. The attosecond resolution allows
measuring relative time delays of photoionization processes. The delays are measured as phase
shifts of the streaked laser vector potential. The relative delay in ionization between 2p and 2s
states in neon e.g. can be measured down to 21 as [187]. The experimental scheme of a generic
streaking measurement is shown in figure 3.24 for two distinct time delays τ .
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Figure 3.24: Schematic of an attosecond streaking experiment. The laser ((N)IR)
overlaps with the attosecond pulse (XUV) in a noble gas. The photoionized elec-
trons are streaked by the laser field and recorded by a time-of-flight (TOF) spec-
trometer. The modulated electron momenta as shown in the simulated streaking
spectrograms resemble the vector potential A(t) of the laser pulse recorded as a
function of τ (+T). The polarization of the laser field in the simple case is linear, so
that the electric field and the TOF apparatus are in plane.

3.5.1 The Attosecond Streaking Experiment

The synchronized data from RP-CEP scans and HHG spectra show a tight dependence of the
HHG continua and the phase parameters of the PWS. A CEP dependence of the generated
continua can be seen as a good hint for IAP. To measure the temporal structure of the IAP quan-
titatively, attosecond streaking measurements are presented in this chapter. The interest in an
attosecond streaking experiment is not only motivated by the IAP, since the streaking apparatus
can reveal both the IAP and the streaking field, which in this case is a copy of the synthesized
waveform generating the IAP. Ideally, the streaking experiment gives a direct link between the
driving waveform as adjusted by the phase control and the generated IAP. Furthermore, the ex-
periment relies on a stable streaking field and a successful measurement proves the long-term
stability of the PWS. The experimental setup, the retrieval algorithm and finally, the results of
different IAPs as generated in argon and neon are presented.
The experimental setup is part of figure 3.8 on the right side of the toroidal mirror. The
XUV/SXR pulse is refocused by the toroidal mirror. Collinearly, the streaking field derived
from the synthesized waveform is overlapped and focused on the same spot. At the focal point,
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a gas jet injects a noble gas at moderate pressure. The XUV/soft X-ray pulse ionizes the gas
atoms and the released electron is accelerated in the streaking field. Depending on the temporal
overlap between XUV and streaking field, the electron is released at different times within the
frame of the streaking field that results in a varying electron momentum. The electron momen-
tum is recorded using the TOF spectrometer.
The preparation of the streaking field as a weak replica of the synthesized waveform should ide-
ally be dispersion-free in order to measure the exact waveform that generates the IAP. Since the
dispersion scheme of the PWS is rather defined, it was chosen to reduce the 6 mm thick CaF2

input window to the vacuum chamber to 3 mm and use a second CaF2 plate as beam splitter to
conserve the dispersion. A 2 inch CaF2 plate is mounted with an angle of 55◦ in S-Polarization
to derive ≈ 12 % of the input energy as pulse copy. The Fresnel reflection shows an almost flat
wavelength response across the bandwidth of the PWS. Experimental setup and reflectivity is
shown in figure 3.25. After a delay line (SLC stage, Smaract), the streaking field is recombined
with the XUV/soft X-ray by means of a holey mirror.
The TOF spectra as function of delay are recorded with an oscilloscope (Waverunner 640Zi,

Figure 3.25: Reflectivity of a CaF2 plate as function of incident angle for S- and
P-polarization for the central wavelength of 1.4 µm (a) and reflectivity as function
of wavelength for incident angles as given in the legend (a). The beam splitting
assembly is shown in (s) with the dotted line being the reflection for the pulse copy.

LeCroy) and result in the spectrogram as plotted in figure 3.27 top panel.
The evaluation of the spectrogram includes the calibration before the data is hand over to an
iterative algorithm to retrieve the attosecond pulse and the streaked waveform. The energy cali-
bration is inferred from a simultaneous taken XUV CCD spectrum. With the single NIR channel
driven HHG, an XUV comb is generated and measured via the TOF and the XUV CCD camera.
By shifting the TOF spectrum by the ionization potential of the generation gas and matching of
the harmonic combs, the energy axis for the TOF data is generated. The broad bandwidth of
the XUV continua at relatively low photon energy leads to a deviation of the spectral intensity
between TOF and XUV CCD camera. Background subtraction and the Jacobi factor are applied
when calibrating the spectrogram on an energy axis, but an intensity transfer function to fit the
TOF spectral shape to the XUV CCD data is not applied for most measurements. Figure 3.26
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shows the basic step of energy calibration starting from a calibrated XUV CCD spectrum (left)
and the final calibrated spectrogram (right).

Comparable to pulse retrieval algorithms in the optical domain, a variety are available for

Figure 3.26: Energy calibration of the TOF apparatus. The TOF data is calibrated
by matching the XUV comb peaks (b) to a calibrated spectrum from the XUV CCD
camera(a). The dipole moment of the streaking gas (neon) is given in the right scale
of (a). Cross sections taken from [188]. The energy calibrated spectra is compared
in (c) with the XUV spectrum shifted by the ionization potential and corrected by
the dipole moment.

streaking experiments. The following paragraph briefly summarizes the available methods with
an emphasis on the Volkov transform generalized projection algorithm (VTGPA) [189] as used
to retrieve the streaking traces measured in the course of this thesis.
An extension to the well-established frequency-resolved optical gating (FROG) algorithm from
the optical regime includes the strong-field description of the ionization process by the opti-
cal/IR field to FROG for complete retrieval of attosecond bursts (FROG-CRAB). [190], [191].
FROG-CRAB uses the phase modulation of the ionized electrons by the dressing optical field.
The essential gate of the FROG method is represented as a phase gate defined by the time of
ionization by the attosecond pulse. The iterative algorithm is capable to retrieve both, IAP and
attosecond pulse trains. The temporal resolution for the attosecond burst is given by the max-
imum momentum transfer on the streaked electrons and therefore the FROG-CRAB method
usually works with rather strong IR fields. To achieve the time resolution down to 10s of as,
the streaking field would need to be increased into the multiphoton regime and interfere with
the streaking spectrogram. Another limitation is the Fourier Transform as part of the iterative
algorithm to calculate the spectrogram relies on the central momentum approximation (CMA)
for the electrons, that for broadband attosecond pulses is a major limitation. As for the HHG
continua shown in the following chapters, the CMA cannot be fulfilled when the bandwidth of
the continuum exceeds their central energy.
A retrieval for high temporal resolution was developed in the group of Z. Zhang with a method
called phase retrieval by omega oscillation filtering (PROOF) [192]. The PROOF method is
experimentally very similar to the FROG-CRAB with a delay scan between IR streaking field
and XUV/soft X-ray pulse in a gas jet while measuring the electron kinetic energy. The spectral
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Figure 3.27: First attosecond streaking measurement with a PWS. Measured (a) and
calibrated (b) streaking spectrogram and retrieved, calculated spectrogram as with
VTGPA (c).

phase information for the XUV field (ωHHG) nevertheless is obtained from interference. Sim-
ilar to the first interferometric characterization technique, as was introduced with RABBITT
(= reconstruction of attosecond beating by interference of two-photon transitions) [193], [194]
where the photoelectrons are generated from a gas jet with an harmonic comb dressed by an
IR laser field that results in beating sidebands at the frequencies of even harmonics depending
on the delay between XUV train and IR pulse, PROOF retrieves the spectral phase informa-
tion from interference. A beating signal of the dressed states (ωHHG +ωL and ωHHG −ωL) is
filtered from the spectrogram by the frequency of the streaking field (ωL). At a given photoelec-
tron energy, the interference pattern is filtered by the frequency of the streaking field and the
phase difference of neighboring frequency components is given as a function of delay between
XUV and IR pulse. The dressing requires only a single photon of the streaking field, therefore
the streaking field intensities are reported to be around 1011 W/cm2 [192]. Furthermore, the
phase retrieval from interference mitigates the CMA and much broader, non-Gaussian like con-
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tinua can be retrieved from the streaking spectrogram. An extension to RABITT and PROOF
is presented with improved PROOF (iPROOF), adressing the capabilities for arbitrary spectra
and taking into acount atomic physics for the ionization process [195]. However, the definition
of the dressing laser frequency limits the retrievals to IR pulses satisfying the slowly varying
envelope approximation (SVEA) and inaccurately describes the situation with sub-cycle non-
sinusoidal streaking fields. Also, the retrieval of PROOF only targets the SXR pulse and does
not retrieve the streaking field.
The streaking measurements presented in this thesis are retrieved with the method of Volkov
transform generalized projections algorithm (VTGPA) [189]. The methodology is more related
to the FROG-CRAB procedure than to the interferometric methods. Therefore, the inherent
limitations of PROOF, the SVEA and first-order perturbation intensity of the streaking field,
do not apply for VTGPA. The bottleneck of the FROG-CRAB algorithm, i.e., the switching
between time and frequency domain using the FFT to fit the constraints, is mitigated in VTGPA
by a figure of merit soleley in the frequency domain that is minimized in a least squares (LS)
approach. As taken from [189], the figure of merit for LS minimization is defined as:

M =
NW−1

∑
l=0

∆Wl
Nτ−1

∑
m=0

∆τ|ã[l,m]− ã′[l,m]|2 (3.34)

The matrix ã[l,m] describes the probability of the ground state to continuum transition in the
frame of SFA, including the action by the vector potential of the streaking field. The measured
signal is represented in ã′[l,m] incorporating the measured photoelectron spectrum and the cal-
culated phase arg(ã[l,m]). The figure of merit numerically integrates over the delay step ∆τ

and the energy resolution ∆W [l]. The VTGPA contains the description of the vector potential
as an envelope with cubic spline of J points and the carrier field parameterized by coefficients
α cos(α0 +α1t + . . .+αK−1tK−1) instead of an array. It has been seen during the retrieval of
our complex synthesized waveform from the streaking trace, that the amount of J points have
to be increased significantly in order to describe the non-sinusoidal waveform adequately and
successful conversion of the retrieval. Thus, the retrieval process for waveforms with large
bandwidth generating a very dynamic spectrogram with a rather large total time window takes a
multiple of the originally stated 1.5 hours of CPU time. Nevertheless, all of the streaking mea-
surements are successfully retrieved with the method of VTGPA judging the similarity between
calculated and measured spectrogram. For completeness, the work of Gaumnitz et al. [156]
should be mentioned as an extension to the VTGPA by including multiple photoelectron bands.
Very broadband SXR pulses cover the ionization energies of various electronic shells, whose
photoelectrons end up at the same measured energy due to the large SXR bandwidth.
For the streaking experiment, an XUV continuum is generated in argon at modest backing pres-
sures of ≈ 300 mbar and a central photon energy of 42 eV. The streaking gas is neon with an
(IP) of 21.56 eV. The streaking measurement from figure 3.27 is fully retrieved with the VT-
GPA method and the result is shown with the retrieved spectrogram on the lower panel. It can
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be observed that the spectrogram shows major deviations compared to a sinusoidal modulation
as can be found for example in [196], [197]. Referring to the temporal delay axes in figure
3.27, the maximum of the vector potential occures at ≈ 38 fs during the central main cycle of
the field, with strongly varying electric field amplitudes to the right side as well as kind of a
sawtooth-like cycle at ≈ 52 fs that correspond to a rather long local oscillation period.
As the synthesized stabilized IR waveform is the first of its kind, a primary interest of the
streaking measurement is the waveform of the synthesized IR waveform itself, plotted in figure
3.28. The FWHM duration of the pulse as indicated by the arrows read τFWHM(A) = 3.5 fs
measured from the intensity envelope A(t) and τFWHM(I) = 2.3 fs for the instantaneous inten-
sity I(t). The right panel of figure 3.28 represents the spectral composition as calculated from
the retrieved time domain electric field via FFT that serves as a good sanity check and feed-
back for the interaction of streaking and XUV field in front of the TOF. The complete spectral
bandwidth of the PWS is preserved in this measurement; nevertheless, a lower intensity of the
IR channel than expected is observed. Most probably, the focusing and geometrical beam syn-
thesis at the focus in front of the TOF may have lowered the peak intensity of the IR channel
component. The retrieved attosecond pulse is displayed in figure 3.29 with a FWHM pulse

Figure 3.28: Retrieved streaking field E(t) and corresponding instantaneous inten-
sity I(t) and intensity envelope A(t) (left panel). Spectral intensity of the retrieved
streaking field (right panel) as calculated directly from E(t) via FFT.

duration of τFWHM = 240 as. The stability of the PWS waveform and the streaking apparatus
is proven in consecutive streaking measurements. The phase lock of the feedback system was
maintained for > 2 hours, guaranteeing a stable waveform and HHG continua. Four streaking
measurements are plotted in figure 3.30 in the first two rows. All fields are retrieved to very
similar electric fields, as shown in the lower right plot. The lower left plot shows a streaking
trace with the CEP flip of the PWS waveform as controlled by the interactive phase control. The
PWS waveform is evaluated from the streaking traces by means of the center of mass (COM)
[198] of the photoelectron spectra along the delay axis.
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Figure 3.29: Retrieved attosecond pulse from streaking measurement (figure 3.27).
Plotted is the intensity and phase in time domain. The FWHM duration is measured
as τFWHM = 240as

Figure 3.30: Consecutive streaking measurements over a time span of ≈ 2 hours to
demonstrate a long-term stable operation of the synthesizer phase-locked waveform
and HHG beamline. First two rows show streaking traces at constant phase settings
of the waveform. Bottom left plot shows the CEP flipped waveform and bottom
right panel plots the evaluated electric field of the IR waveform.

3.5.2 Shaping the Attosecond Pulse

A variety of XUV continua are already shown in chapter 3.4, whereas in the following a se-
lection of continua are characterized via attosecond streaking to show the isolated nature of
the XUV pulses and gain insight into the temporal structure of these pulses. The measure-
ments are displayed in figure 3.31 for four different waveforms. The continua are generated
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Figure 3.31: Attosecond streaking measurements of various HH continua as gener-
ated with the PWS. The XUV continua are tuned in bandwidth and central photon
energy. XUV continua are generated from argon (a,b) and neon (c,d). The mea-
sured photoelectron spectra as measured (i) and reconstructed (ii) with the retrieved
attosecond pulse in time (iii) and photon energy (iv) domain. The transform-limited
pulse envelope and FWHM duration is given in black. The XUV spectrum is mea-
sured independently from the XUV CCD camera and plotted in black for compari-
son. from [45]

by focusing the PWS pulse with a f = 375 mm spherical mirror into the gas target of ≈ 2 mm
length. Rows (a) and (b) represent an XUV pulse as generated in argon with a backing pressure
of ≈ 300 mbar. The waveform is tuned for a narrowband continuum (figure 3.31 (a)) and a
broadband continuum (figure 3.31 (b)). The retrieved spectrograms in column (ii) resemble the
measured spectrograms in column (i) and testify a solid reconstruction. Only the experimental
data at low kinetic energy of the electrons appears to be noisy and the detection of very broad-
band XUV spectra in argon is limited by the TOF capabilities to > 10 eV. The XUV pulse
in the time domain is plotted in column (iii) and shows FWHM time durations close to the
Fourier limit with 241 as FWHM for narrowband and 82 as FWHM for broadband continua.
The XUV continua are plotted in column (iv) where the calibrated spectra, as recorded with
the XUV CCD camera, are compared to the spectra as recorded via the photoelectrons with the
TOF. Especially for broadband spectra, a deviation at lower energies is observed. The spectra
recorded by the XUV CCD camera are corrected back to the point of the TOF, meaning that the
transfer function of the XUV CCD camera, grating and transmitted metal filters are accounted
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for. Those transfer functions can add up and contribute to the error between XUV CCD and
TOF spectral data. But, more likely is a lower collection efficiency of low kinetic energy elec-
trons in the TOF. In order to collect the full bandwidth, the TOF was operated without applying
a lens voltage. The lower two rows of 3.31 present the XUV pulses as generated in neon at
≈ 500 mbar of backing pressure. The focusing geometry is kept fix and the switch between all
the presented spectra can be dialed in within minutes. In neon, the pulses appear to be close to
the Fourier limit again with the shortest pulse of τ = 80 as.
Including the streaking spectrogram shown in the previous section, it can be observed that the
intensity of the streaking trace in the rising and falling half cycles is visually very similar.
As discussed in detail by L. Gagnon et al. in [198], the width and contrast of the photoelec-
tron spectrogram is related to the chirp of the attosecond pulse. In our case, the results of the
VTGPA reconstronstruction with low chirp match the appearance of the spectrograms. Further-
more, single atom simulations as presented in [45] including the dispersion of the ≈ 2 mm long
gas jet, confirm the integrity of the streaking measurements and show similar low-chirp IAPs.

3.6 Waveform Controlled HHG in Neon and Helium

The application of the PWS waveform to HHG with high photon energies (> 200 eV) is the
topic of the following sections. The general strategy to take a single channel of the PWS for ini-
tial alignment and phase-matching optimization, which is later optimized in RP-CEP scans for
synthesized waveforms, has shown good reproducibility and is a deterministic way to charac-
terize the advantage of synthesized waveforms. In contrast to previous chapters where the NIR
channel was used as primary beam, for the generation of high photon energies the IR channel
is the primary pulse. A high-pressure generation gas cell to obtain phase-matching is a central
prerequisite to achieve high photon energies. In order to prepare the beamline for convenient
operation at high photon energies, some modifications were made from the experimental setup
in previous chapters, where the focus was on the streaking apparatus and TOF spectrometer.
The technical drawing in figure 3.10 shows the current state of the beamline. The TOF spec-
trometer is removed for the benefit to move the spectrometer closer to the imaging point of the
toroidal mirror. The technical details on the beamline modifications are covered in section 3.3.3.

3.6.1 Generation of “Water Window” Soft X-Rays

The IR channel at its wavelength of λ0 = 1.6 µm is used to find a regime of macroscopic para-
maters for the generation of high-energy photons. In order to exploit the full energy of the
PWS, the peak intensity is varied by changing the focusing mirror. Experimental data for a
f = 4 inch OAP, f = 400 mm and f = 500 mm spherical mirror are shown. Each case involves
an optimization of the gas pressure and gas cell position. Once, the ideal parameters are found
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for the IR channel, several RP-CEP scans are repeated in order to fine-tune the macroscopic
parameters to the ever-changing waveforms depending on the RP and CEP.
A pressure scan displayed in figure 3.32 shows photon energies up to the carbon edge, while
higher energy photons got absorbed by carbon contamination of the XUV optics. The carbon
contamination is reduced in future measurements by cleaning the chambers with UV lamps.
The measurements are taken with a pixel binning of 4, resulting in an energy resolution of

Figure 3.32: Backing pressure scan for neon (a) and helium (b) gas target. The
spectra are generated in a metallic gas nozzle with ≈ 0.5 mm inner diameter and
the single IR channel. The position of the nozzle is optimized with a difference of
250 µm between the neon and helium measurements. A 200 nm Ti filter blocks
the IR light. The beams are focussed with f = 6 inch leading to a peak intensity of
Ipeak ≈ 2.5×1014 for the IR channel.

≈ 0.7 eV at ≈ 200 eV photon energies. Firstly, it is seen that the single IR channel presumably
can generate broadband continua on its own. This would be explained due to the short ≈ 1.5-
cycle duration and the assistance of ionization gating arguments. In neon, the flux optimizes at
4.5 bar with a cut-off at 250 eV. The measurements are taken with a focal length of 6 inch that,
especially for neon increased the ionization above the critical level, therefore the input iris to
the HHG chamber is used to lower the peak intensity. For helium, the optimum pressure is not
yet reached and the capabilities of the vacuum pumps are the limiting factor.
A scan of the gas nozzle at fixed pressure is given in figure 3.33. With the input iris partially
closed, the HHG cut-off seems to show some linear behavior on the gas nozzle position. This
is not observed when the input iris is fully opened. The gas nozzle scan in helium shows a
significant portion of the spectrum above the C-edge. The spectra are intensity calibrated with
the transfer function. The gas cell position z is the absolute position of the motorized stage but
not referenced to the laser focus. The harmonic yield optimizes at positions ≈ 1 mm apart from
each other. The scan of pressure and gas nozzle position is done at a defined and stabilized CEP
of the IR channel and optimized for flux and cut-off to serve as a reference.
Next, the synthesized waveform is exploited in helium and neon at similar conditions as we

optimized for with the single IR channel. The possibility to scan the RP and CEP at mrad reso-
lution enlarges the data space significantly. A scan of the RP usually consists of 150 steps with
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Figure 3.33: Gas nozzle scan for neon (left) and helium (right) gas target. The
spectra are generated in a metallic gas nozzle with ≈ 0.5 mm inner diameter and
the single IR channel as driving pulse. A 200nm Ti filter blocks the IR light. Both
measurements are taken with a backing pressure of 4 bar. The beams are focussed
with f = 6 inch leading to a peak intensity of Ipeak ≈ 2.5×1014 W/cm2 for the IR
channel.

400 mrad resolution to observe a full passage between NIR and IR channel. An additional CEP
scan for each RP step with a resolution of 200 mrad results in 150×30 = 4500 samples, which
in turn results in ≈ 2.5 hours with an integration time of 2 s for each spectrum. The technical
details on the synchronization of a CEP-RP scan with the XUV spectra is given in figure 7.1 in
the appendix. Here, a comparison is given for RP scans at a single stabilized CEP recorded as
a function of the gas nozzle position. This aims to optimize the generation condition for every
possible waveform of the PWS. The yield of the single IR channel can be estimated from posi-
tions far from time overlap qualitatively. The scans of the phase and the gas cell positions show
that the yield and shape of the generated continuum strongly depends on the CEP and RP prop-
erties, but less on the macroscopic conditions, when comparing the patterns from figure 3.34 (b)
to (c). On top of the single IR channel pressure and gas nozzle scans, a CEP scan is presented in
figure 3.35 (a) to identify the maximum possible flux and cut-off for the single IR channel. For
this measurement, the gas cell position is again optimized for the single IR channel, but instead
of estimating the photon flux for a single or averaged CEP, the value is given CEP-dependent.
For better visibility of the cut-off region, the spectra are plotted without the transfer function on
the colormap. The adjacent lineouts represent in dotted lines the spectra from the spectrogram
and in solid lines the transfer function corrected spectra. The total input pulse energies for these
scans are ≈ 180 µJ of the IR channel and ≈ 20 µJ of the NIR channel, that makes an increase
of ≈ 10 % for the synthesized waveform against the single IR channel. To account for an in-
crease of the peak intensity, which is affected more by shortening of the pulse duration than by
the increase of pulse energy, RP scans at different gas nozzle positions are repeated in order to
optimize the phase-matching for different waveforms. Throughout the scans of the PWS-driven
HHG, an enhancement of the overall yield can be observed. The enhancement can be judged by
comparing the photon numbers given in figures 3.34 and 3.35. From these numbers one could
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Figure 3.34: HHG results of RP scans of the PWS waveform in neon and helium.
The CEP is optimized qualitatively for highest cut-off HHG for the spectra around
time zero and stabilized during a scan. The IR channel is advancing to the left side
of the x-axis. Scan (a) is recorded with neon at 4 bar backing pressure. Due du
ionization at time zero and onwards, the harmonic emission is suppressed. Panels
(b-d) are recorded with helium as generation gas at a backing pressure of 10 bar. To
the right, the adjacent lineouts are plotted for two spectra from the scan and for case
with transfer function (W/ tr. func.) including XUV CCD QE, grating response,
filter transmission and for the case without transfer function (w/o tr. func.). Mainly
due to the high slope of the XUV CCD in the range from 100−200 eV, the spectra
are heavily altered. The colormap plots show the spectra without transfer function.
The scans in helium are taken at various positions of the gas nozzle as indicated by
∆z. A 300 µm Ti filter is used to block the residual IR light with exception to panel
(d) where 2×100 µm Al is used.
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Figure 3.35: HHG dependency on the CEP of single IR channel (a) and PWS wave-
form (b). The RP of the PWS is fixed around time zero. The measurements are
taken with helium at 10 bar backing pressure and the residual IR light is blocked by
2×100 nm Al filter.

state roughly a factor of 5 higher photon flux compared to the single IR channel driven case. On
the other hand, the photon flux is integrated along the full spectrum that the 2400 gr/mm grating
allows to observe. From the spectral lineouts, it becomes obvious that the cut-off downshifts for
the PWS-driven HHG, so the comparison purely on photon numbers lacks this import detail.
Nevertheless, for measurements around the C-edge and below, the enhancement as observed is
beneficial. The arguments are valid for the case of helium as generation gas. The parameter
scans in neon at the same focusing conditions plotted in figure 3.34 (a) reveal a counteracting
signature of the PWS waveform. The decrease of the signal around time zero is assumed to
result from a peak intensity well above the critical ionization that suppresses most of the emis-
sion. To the left of plot (a) in figure 3.34, the IR channel is advances and gives rise to HHG
continua that are slightly modulated by the wings of the NIR channel and therefore represent
close to single IR channel driven HHG but at time overlap and beyond, the signal disappears.
The CEP scans in figure 3.35 state a comparison for maximum possible photon yield for single
IR channel driven HHG (a) and PWS-driven HHG (b) with the total flux increased by a factor
of 5, as given by (a3,b3). Furthermore, the contrast of the CEP scan improves greatly with the
PWS driven continua. But again, similar as observed in the RP scans, the continua downshift
and barely reach the C-edge.
The recorded spectrograms give a complete picture of the phase-sensitive generation of har-
monic continua, all collected in a single focusing geometry ( f = 6 inch). The strong ionization
in neon and the non-optimal signature of yield enhancement in helium motivates to repeat sim-
ilar scans in helium and neon at a lower peak intensity. Since a reduction of the single channels
pulse energy is not straightforward, as mentioned, due to the dependency of feedbacks i.e. phase
meter and pointing stabilizer, the measurements are repeated with a spherical mirror of longer
focal length ( f = 400 mm).
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The reference measurements of the single IR channel are presented in figure 3.36 for helium
(a) and neon (b). The spectrograms are displayed without transfer function while the corrected
spectra are given at the lineout (solid lines in (a2,b2)). An analysis of the photon flux in 1%
bandwidth around the given photon energies is plotted in panel (a3,b3). The peak intensity
at f = 400 mm is characterized to 1.2× 1014 W/cm2 and 0.2× 1014 W/cm2 for IR and NIR
channel, respectively. The gas nozzle maps show the emission of harmonics at similar posi-
tions for the cases of helium and neon as generation gas. The total photon flux maximizes at
3×106 ph/s and 5×106 ph/s photons for helium respectively neon. At the given focal length,

Figure 3.36: Optimization of the gas cell position for the single IR driven HHG in
helium at 8 bar (a) and neon at 2 bar (b) backing pressure. The spectrogram displays
the data without transfer function. Panel (a2,b2) plot the lineouts in dotted lines and
the transfer function corrected spectra in solid lines. The residual IR light is filtered
by 100 nm Al and 100 nm Cu filter.

the HHG yield is optimal with the input iris fully open and the gas nozzle scans appear to be
almost symmetric. For the case of helium, the C-edge is clearly visible.
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The results of the PWS-generated HHG in helium are given in figure 3.37 as RP-CEP scan. All
data shown in this figure were recorded at a gas nozzle position of z = −1200 µm that corre-
sponds to the optimum position as derived from figure 3.36, and this time is referenced to the
focus of the laser pulse. Since the stage is encoded oposite to the laser propagation direction,
z =−1200 µm corresponds to the gas nozzle position after the focus of the beam. Panel (a) cor-
responds to an RP scan at a single CEP. The solid markers indicate the RPs for which the CEP
scans are plotted in panels (b,c). Due to the large data space, only two CEP scans are plotted.
Panel (d) correspond to a CEP scan of the single IR channel. The total photo flux read up to
1.5×107 ph/s for the PWS-driven HHG that is again a factor 5 increase compared to single IR
channel in terms of overall yield. Different to the last scan that was measured with f = 6 inch,
this scan does not show a significant downshift in photon energies. A cut-off up to 400 eV is
observed, also for synthesized driver fields. At the RP positions −10rad, −1rad and +10rad,
one can observe the shaping of the XUV continua towards higher and lower photon energies
and redistribution of the spectral yield. The analysis given in panel (a3) shows an increase in
the photon energy band around 250 eV, while the yellow curve shows a decrease at 300 eV and
vice versa, demonstrating that the PWS waveform can control the spectral yield. The dotted
markers indicate the lineouts plotted in panel (e). Again, the spectrograms are plotted without
transfer function but the pulse energy and photon flux include all transfer function and repre-
sent numbers at the source. The cyan and magenta curves in panel (e) show the increased flux
around the C-edge of ×4 compared to the single IR channel (red curve). The RP-CEP scan is
plotted with an extended RP axis in figure 7.2 of the appendix. From the measurements pre-
sented and many more that were conducted during the course of this thesis, the possibility to
shape the XUV continua are observed for photon energies below the cut-off energy as given
by the longer wavelength IR channel. As the structure of the thesis is basically split into two
regimes, the generation of lower photon energy continua with the NIR channel as guiding pulse
and the generation of higher photon energy continua with the IR channel as guiding pulse, it
can be stated that the ease to generate a large variety of continua seems to be given much more
for the lower photon energy continua. An extension of the cut-off is barely observed when the
shorter wavelength NIR channel is added to the IR channel. Chipperfield et al. have observed
similar trends in [102] and figure 2 therein. The two-color field simulation (800+ 1600 nm)
shows a decrease of cut-off energy by ≈ 20 % and yield enhancement of ×5− 10 around the
reduced cut-off. Their simulation are performed for neon as generation gas. We observe the
same trend for neon and helium as shown for the case of helium in figure 3.37. The decrease in
the cut-off follows the scaling law from single atom calculation as was also confirmed experi-
mentally in [199], [200]. Assuming an increase of the peak intensity by a factor of 2, mainly
due to the shortening of the temporal duration, exceeding the linear dependency of HHG yield
and driving laser intensity regarding the observed factor of ×5 yield increase. An explanation
involves the single atom picture and macroscopic phase-matching considerations. The “perfect”
design of a waveform allows to increase the electric field at times of ionization and recombi-
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Figure 3.37: Presentation of the RP-CEP scan in helium at 8 bar backing pressure
and a focusing condition of f = 400 mm. The recorded XUV spectra are presented
as a function of the RP (a1) and a single CEP. (b,c) correspond to CEP scans at a
specific RP indicated by the solid markers in (a1). (d) corresponds to a CEP scan
measurement of the single IR channel. All measurements are taken with the same
position of the gas nozzle. The spectrograms do not contain the transfer function
while the pulse energies and photon flux given in rows 2 and 3 include the transfer
function and correspond to photon numbers at the source. The photon flux is given
in a 1% bandwidth (BW) given by the legend. The lineouts indicated by the dotted
lines and marked (1-4) are plotted in (e), showcasing various continua as generated
with the PWS compared to the single IR channel in red color (5).

nation compared to a sinusoidal field, see [104] and figure 1 therein. Considering the time the
electron spends in the continuum as a measure of the HHG efficiency [201], the “perfect” wave-
form would allow higher recollision energies at same traveling times. If the traveling time is
not fixed, the “perfect” waveform would allow higher recollision energies at the same traveling
times, therefore increasing the single atom yield.
An extension to the description of macroscopic phase-matching, as given in section 3.1, is dis-
cussed by I. P. Christov et al. [202] for the case of short laser pulses. For pulse durations on the
order of the classical tunneling times, the response of the atomic dipole becomes nonadiabatic
and at high peak intensities the ionization becomes dependent on the pulse duration of the driv-
ing laser. As a consequence, a higher field can be applied that still fulfills the phase-matching
condition. A comparison with the experiment confirms the yield increase with decreasing pulse
durations down to a pulse duration of 25 fs as, it was available at the times of that publication.
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As a summary, the photon numbers as measured for various macroscopic conditions are given
in table 3.4. The first section of the table contains the numbers for driving conditions at low
phase-matching pressures and photon energies at a central energy of 40−70 eV. The IR channel
flux measurement is taken to calibrate the absolute numbers of the XUV CCD based calculation
and do not correspond to optimized HHG in the given energy regime. Here, the maximum pulse
energy of the XUV continuum of 585 pJ is comparable to the stated pulse energy of 0.5nJ as
published in [183] for the HCF WS. Nevertheless, the central wavelength of the synthesized
driver pulses differ by a factor of 2, limiting a direct comparisson of these sources
The photon numbers given for high-pressure phase-matching represent a valid comparison be-
tween the single IR channel driven HHG and the PWS-driven HHG. For each given focal length,
the total flux is increased by a factor of 2− 5. The comparison of single bands (1 % BW)
can also show greater enhancements. Nevertheless, a comparison of the case of neon gas and
f = 400/500 nm disclose that the relative enhancement is advantageous for f = 500 nm but the
absolute yield is higher for f = 400 nm where the enhancement is lower (×2) but still observ-
able. This is an important fact since we aim for a global optimization of the absolute yield and
not only for a local comparisson at a single macroscopic phase-matching condition. In order to
place the given photon numbers for the WW in relation with other laboratories, the photon flux
of the beamline at Imperial College [54] is given with 4.0×106 ph/s across the WW for helium
and 4.0× 107 for neon. Their source is described to drive HHG in the ”overdriven” regime
where the generated plasma spatiotemporally reshapes the driving laser beneficially and opti-
mizes the HH yield. Their input pulse energy of the IR driver (λ0 = 1.8 µm) is given as 550 µJ
that is ≈×2 our energy. In addition, published measurements of the HH yield from the Biegert
lab [203], Kapteyn-Murnane lab [204] and Leone lab [205] are given in table 3.4. A compari-
son of the fluxes show, that the total yield in the WW is higher for sources with a 1.8− 2 µm
driving laser, where the cut-off reaches to higher photon energies. The 1.3 µm driving laser of
the Leone lab has the most similar central wavelength compared to the PWS and is reportet with
2.5×104 ph/s/1 % BW @ 300 eV for a 1 mm long gas cell. At similar conditions, the flux with
the PWS can be scaled by almost an order of magnitude to 1.6×105 ph/s/1 % BW @ 300 eV
at only a fifth of the driver pulse energy as stated in [205]. For completeness, the authors report
on a study of the gas cell where a different macroscopic generation condition with 7.5 cm long
cells improved the flux by almost two orders of magnitude. The use of geometrically extended
gas cells is in preparation but still has to be investigated with the PWS driven HHG.
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∣∣∣∣∣ A Beamline for Future Pump-Probe

Experiments

The PWS synthesizer is proven as a reliable source for HHG. The large spectrum of photon en-
ergies and the possibility to generate IAP right from the source is hard to beat with conventional
sources. The observation of strong field control of the generated XUV and SXR continua, in-
cluding a first sign of yield enhancement, motivates to extend the PWS by an additional channel
to increase the bandwidth and the possibility for a wealth of additional sub-cycle waveforms.
The HHG yield is expected to further increase while the cut-off stays constant when a third field
is added [104]. The dispersion scheme and pump laser energy are designed to support a third
visible (VIS) channel as sketched in figure 2.5. The spectrum of the visible channel is located
around the 3rd harmonic of the IR channel, which is reported as an ideal composition for yield
enhancement [104], [142].

From the point of applications, the set of methods developed in this work to routinely generate
sub-cycle waveforms and characterize the PWS and the generated XUV continua prepares for
future experiments. A redesign of the vacuum apparatus serves both a new chamber to host ex-
periments in liquid-, solid- or gas-phase and to remove existing limitations in the generation of
harmonics that we encountered during the course of this thesis. It is mostly the tight design of
XUV imaging optics, that prevented a convenient installation of additional hardware for beam
characterization. Furthermore, the installation of the high-pressure gas cell allowed for “water
window” HHG generation, but the background pressure in the surrounding chamber as high as
10−1 mbar is incompatible with pump-probe experiments. The technical drawing of the beam-
line as planned and partially set up is given in figure 4.1. The differential pumping of the gas
jet chamber is updated with a combination of roots pump (booster pump) and multistage roots
pump (Ruvac WH700 and ecodry 65 plus, Leybold). Compared to the previously used scroll
pumps (xds35i, Edwards), the pumping capabilities should increase by two orders of magni-
tude.
A toroidal mirror with an imaging distance S = 1000 mm and nickel coating is planned to place
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the focus of the HHG beam right in the center of the experimental chamber. The recombina-
tion chamber between the second and experimental chamber allows to vary the focus of the IR
pump beam in order to adjust the peak intensity. All reflecting XUV optics are designed with
an incidence angle of 3◦.
The newly designed spectrometer obeys an arm length of 650 mm and is planned to host curved
aberration-corrected gratings or reflecting zone plates (RZP) that image the point of the exper-
iment on the detector. This configuration avoids the use of an input slit that would lower the
throughput, and avoid the use of a second toroidal mirror that is often used to refocus the light
from the experiment to the spectrometer. RZP have gained increasing interest in recent years
[206], [207]. The matured technology of electron and ion etching allows for a flexible design
of the structure and the possibility for two-dimensional variation of the periodic line spacing.
Customized zone plates have shown great improvements concerning the efficiency while keep-
ing the bandwidth and energy resolution comparable to gratings (at least for gratings that are
available of the shelf). The offer to fabricate custom RZPs at reasonable costs compared to
custom SXR gratings gives the possibility to implement experiment-specific RZPs. Currently,
we are investigating the option for broadband (200− 600 nm) RZPs at a resolving power of
E/∆E ≈ 600 and RZP with E/∆E > 1000 for specific absorption edges and smaller total band-
width.
The experimental chamber itself is designed to host the existing TOF, but likewise is designed
to mount various samples. A central port in the bottom allows to mount a catcher and pump for
experiments in liquid phase. The outgoing ports in addition to the central port in direction of
the laser are arranged for 45◦±4◦ and 30◦±8◦ to allow reflection measurements on solids.
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∣∣∣∣∣ Summary

The concept of parametric waveform synthesis (PWS) for the generation of sub-cycle IR pulses
is proven as key technology to break the barrier for multi-octave spanning, highly intense pulses.
A phase jitter of < 70 mrad relative phase and < 250 mrad carrier-envelope phase presents the
synthesized pulses no different to conventional phase stabilized single channel sources. The
synthesis in spatial domain is pioneered and shown to result in stable wavefronts as observed
via spatially resolved interference. For the first time, synthesized IR waveforms with a cen-
tral wavelength of λ0 = 1.4 µm and sub-cycle durations at an energy of ≈ 200 µJ are ap-
plied extensively to the generation of high harmonics in gases. Due to the sub-cycle nature
(3.8 fs,0.6 cycles) of the driving waveform, XUV and soft X-ray spectra are observed almost
exclusively as continous spectra. The spatial profile of the continua appears as Gaussian as
the single source driven HHG. The generated continua in argon, neon and helium show a tight
correlation with the driving waveform that is parametrized via the relative and CE phase. Wave-
form control is shown to shape the XUV and soft X-ray continua in bandwidth up to a factor
of 3 and the central photon energy by a factor of 2 in a single macroscopic condition. The
stability of the source allowed long-term parameter scans involving the relative and CE phase
and macroscopic phase-matching on a time scale of several hours.
The experiment of attosecond streaking and evaluation with the Volkov transform generalized
projection algorithm proved the consistency of waveform control and stability. Consecutive
streaking measurements revealed isolated attosecond pulses down to 80 as at 70 eV central
photon energy with very low attochirp. The low attochirp is observed for narrow- and broad-
band continua.
An expansion of the vacuum apparatus involving a high-pressure gas cell, new toroidal mirror
and update of the vacuum pumps allowed to establish the high-pressure phase-matching con-
dition for HHG in the “Water Window”. Photon energies of up to 450 eV are observed with
PWS driven HHG. Within the error bars of slightly changing beam parameters from the PWS
channels on the long term, the yield of generated harmonics by the synthesized waveform in-
creases by a factor of 2− 5 depending on the observed photon energy range compared to the
single IR channel driven HHG. The addition of the NIR channel with only 10 % of the IR chan-
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nel energy and an optimization of RP and CEP multiplies the yield. At optimized macroscopic
conditions, the yield increases for specific stabilized phases and is explained to originate from
the overall reduction in pulse duration and increase of peak intensity ones the pulses are syn-
thesized, together with the control of the electric field waveform to optimize for the ionization
and recombination of the electron wave packet.
The final design of the attosecond beamline includes an experimental chamber for transient ab-
sorption experiments in gas, liquid and solid phase to prepare for future attosecond pump probe
experiments.
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[149] I. J. Sola, E. Mével, L. Elouga, E. Constant, V. Strelkov, L. Poletto, P. Villoresi, E.
Benedetti, J.-P. Caumes, S. Stagira, C. Vozzi, G. Sansone, and M. Nisoli, “Controlling

https://doi.org/10.1364/JOSAB.35.000A32
https://doi.org/10.1364/PRJ.7.001407
https://doi.org/10.1364/OE.23.033947
https://doi.org/10.1364/OE.18.006853
https://doi.org/10.1364/OE.18.006853
https://doi.org/10.1364/OL.34.003125
https://doi.org/10.1364/OE.26.016955
https://doi.org/10.1103/PhysRevLett.104.233901
https://doi.org/10.1103/PhysRevLett.104.233901
https://doi.org/10.1364/OE.396927
https://doi.org/10.1063/1.5086773
https://doi.org/10.1364/OL.19.001870
https://doi.org/10.1364/OL.19.001870
https://doi.org/10.1103/PhysRevA.70.043802
https://doi.org/10.1103/PhysRevA.70.043802
https://doi.org/10.1080/09500340410001729573


BIBLIOGRAPHY 113

attosecond electron dynamics by phase-stabilized polarization gating,” Nature Physics,
vol. 2, no. 5, pp. 319–322, May 2006, ISSN: 1745-2481. DOI: 10.1038/nphys281.

[150] G. Sansone, E. Benedetti, F. Calegari, C. Vozzi, L. Avaldi, R. Flammini, L. Poletto, P.
Villoresi, C. Altucci, R. Velotta, S. Stagira, S. De Silvestri, and M. Nisoli, “Isolated
Single-Cycle Attosecond Pulses,” Science, vol. 314, no. 5798, pp. 443–446, Oct. 2006.
DOI: 10.1126/science.1132838.

[151] H. Mashiko, S. Gilbertson, M. Chini, X. Feng, C. Yun, H. Wang, S. D. Khan, S. Chen,
and Z. Chang, “Extreme ultraviolet supercontinua supporting pulse durations of less
than one atomic unit of time,” Optics Letters, vol. 34, no. 21, pp. 3337–3339, Nov.
2009, ISSN: 1539-4794. DOI: 10.1364/OL.34.003337.

[152] K. Zhao, Q. Zhang, M. Chini, Y. Wu, X. Wang, and Z. Chang, “Tailoring a 67 attosecond
pulse through advantageous phase-mismatch,” Optics Letters, vol. 37, no. 18, pp. 3891–
3893, Sep. 2012, ISSN: 1539-4794. DOI: 10.1364/OL.37.003891.

[153] M. J. Abel, T. Pfeifer, P. M. Nagel, W. Boutu, M. J. Bell, C. P. Steiner, D. M. Neumark,
and S. R. Leone, “Isolated attosecond pulses from ionization gating of high-harmonic
emission,” Chemical Physics, Attosecond Molecular Dynamics, vol. 366, no. 1, pp. 9–
14, Dec. 2009, ISSN: 0301-0104. DOI: 10.1016/j.chemphys.2009.09.016.

[154] F. Ferrari, F. Calegari, M. Lucchini, C. Vozzi, S. Stagira, G. Sansone, and M. Nisoli,
“High-energy isolated attosecond pulses generated by above-saturation few-cycle fields,”
Nature Photonics, vol. 4, no. 12, pp. 875–879, Dec. 2010, ISSN: 1749-4893. DOI: 10.
1038/nphoton.2010.250.

[155] S. L. Cousin, N. Di Palo, B. Buades, S. M. Teichmann, M. Reduzzi, M. Devetta, A.
Kheifets, G. Sansone, and J. Biegert, “Attosecond Streaking in the Water Window: A
New Regime of Attosecond Pulse Characterization,” Physical Review X, vol. 7, no. 4,
p. 041 030, Nov. 2017. DOI: 10.1103/PhysRevX.7.041030.

[156] T. Gaumnitz, A. Jain, Y. Pertot, M. Huppert, I. Jordan, F. Ardana-Lamas, and H. J.
Wörner, “Streaking of 43-attosecond soft-X-ray pulses generated by a passively CEP-
stable mid-infrared driver,” Optics Express, vol. 25, no. 22, pp. 27 506–27 518, Oct.
2017, ISSN: 1094-4087. DOI: 10.1364/OE.25.027506.

[157] Y. Fu, H. Yuan, K. Midorikawa, P. Lan, and E. J. Takahashi, “Towards GW-Scale Iso-
lated Attosecond Pulse Far beyond Carbon K-Edge Driven by Mid-Infrared Waveform
Synthesizer,” Applied Sciences, vol. 8, no. 12, p. 2451, Dec. 2018, ISSN: 2076-3417.
DOI: 10.3390/app8122451.

[158] S. Kazamias and P. Balcou, “Intrinsic chirp of attosecond pulses: Single-atom model
versus experiment,” Physical Review A, vol. 69, no. 6, p. 063 416, Jun. 2004. DOI: 10.
1103/PhysRevA.69.063416.

[159] M. Mero, F. Frassetto, P. Villoresi, L. Poletto, and K. Varjú, “Compression methods for
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and F. X. Kärtner, “Attosecond streaking of parametrically amplified and synthesized wave-
forms.,” in Conference on Lasers and Electro-Optics (2020), Paper FW3D.6, Optica Publish-
ing Group, May 2020, FW3D.6. DOI: 10.1364/CLEO_QELS.2020.FW3D.6.

G. Cirmi, R. E. Mainz, M. A. Silva-Toledo, F. Scheiba, H. Cankaya, M. Kubullek, G. M. Rossi,
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7.1 Feedback Synchronization

An additional plot to demonstrate the concept and precision of the synchronization between
HHG spectra and phase parameters of the PWS is presented in figure 7.1. The Data originates
from a RP-CEP scan where both, the RP and CEP are scanned. The spectra and phases are
already synchronized and plotted on an index as counted by the FPGA based feedback (FB)
system. The system is triggered from the laser and each index corresponds to a laser shot. With
a repetition rate of 1 kHz and ≈ 1×107 samples, the measurements corresponds to 2 hours and
40 minutes.
To synchronize the data sets with high resolution, the method does not rely on any absolute time
or CPU time. The synchronization happens on different layers for coarse and fine alignment of
the phase axes. To establich an absolute link free of misinterpretation, the LED flashes are trig-
gered by the FPGA based feedback system. The flashes ensure the coarse alignment as can be
seen in plot (d) with the status of the LED as amplitude 1 or 0. The zoomed area (a1) shows the
signal on the XUV CCD where all pixels are equally exposed. The LED is simply mounted on
a viewport at the grating chamber. The duration and frequency of the flashes are randomized
to give a unique pattern. One can see how the XUV CCD follows the duration of the flashes
exactly.
The phase values of RP and CEP are saved at 1 kHz and they are saved to a .csv file with the
start of the XUV CCD cameras integration time. The communication between different PC
and/or processes that record the phase values and the spectra is established via a local network
and the User Datagram Protocol (UDP). This ensures that each spectrum is tagged with a single
phase vaule for RP and CEP, so-called UDP stream. These low resolution phase data are plotted
in red. As can be seen on the zoomed areas (a2,a3,a4), we are finally able to perfectly match
the low resolution data with the high resolution data as plotted with the blue markers, so-called
FB data. Plotted is the RP in first row and CEP in second row. Also visually resolved is the
standard routine of the scans. The RP is changed continously in one directed in steps. For each
step, the CEP is cycled repeatedly.
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In this way, each spectrum gets assigned a CEP and RP. The assigend CEP and RP values are
averaged from the high resolution data for the integration time of each spectrum. In addition,
the time of expose is recorded from the Andor XUV CCD via the “fire” output. The time of
the CEP downramp (steep edge in the sawtooth-like CEP modulation) is indicated by the FB
system itself and spectra falling into these index are not considered in post processing.
The data as presented are fully synchronized but plotted ”unsorted” just along the index. Al-
ready here, one can identify certain islands corresponding to a range of RP where the HHG
yield is higher. The spectra are not calibrated and just plotted as raw data with pixel no., but
nevertheless, a change in cut-off is observed when comparing (a2) with (a4).
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Figure 7.1: Procedure in synching the RP and CEP as stabilized and recorded with
the feedback system at 1 kHz (FB data) with the HHG spectra. The lower resolu-
tion data (UDP stream) are exchanged between FB system process and XUV CCD
recording by means of the User Datagram Protocol (UDP). For details, see main
text.
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7.2 RP-CEP Scan for f=400 mm

For better visibility, the large range RP-CEP scan from figure 3.37 is plotted on its full RP axes
for the same CEP. Out of time zero (RP = 0 rad) the continua is still modulated for an extended
range. To the right at RP > 60 rad, the modulated decreaes and the harmonic continuum orig-
inates mainly from the single IR channel. At RP = −60 rad, one can observe a small cut-off
extension by 25 eV

Figure 7.2: Data of figure 3.37 plotted with an extended RP axes. Out of time zero,
the single IR channel contribution becomes visible.
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7.3 XUV grating

   Hitachi Aberration-Corrected Concave Gratings for Flat-Field Spectrographs

Grazing-Incidence Type

Grazing-incidence soft X-ray spectrograph
with flat-field image focusing 
The spectra of the soft X-ray region can be observed on
a flat photographic plate when the grating is mounted  
at an incidence angle of 87°(001-0437, 001-0266).

Part No. GroovesRadius of Blaze Blank size Blaze α ｒ β1 β2 ｒ’ WL Rang L Material
per mm curvature WL H×W×T angle (degree) (mm) (degree)(degree) (mm) λ1 to λ2 (mm)

(mm) (nm) (mm) (degree) (nm)
001-0437 *1,2 1200 5649 10 30×50×10 3.2 87 237 -83.04 -77.07 235.3 5~20 25.3 Pyrex
001-0266 *1,2 1200 5649 10 30×50×10 3.2 87 237 -83.04 -77.07 235.3 5~20 25.3 Zero Dur
001-0450 *2 2400 15920 1.5 30×50×10 1.9 88.7 237 -85.81 -81.01 235.3 1~5 19.99 Pyrex
001-0471 *2 2400 15920 1.5 30×50×10 1.9 88.7 237 -85.81 -81.01 235.3 1~5 19.99 Zero Dur
001-0639 600 5649 31 30×50×10 3.7 85.3 350 -79.56 -67.26 469 22~124 110.16 Pyrex
001-0640 1200 5649 16 30×50×10 3.7 85.3 350 -79.56 -67.26 469 11~62 110.16 Pyrex
001-0659 *3 2400 57680 3 40×70×12 3 89 564 -85.91 -80.21 563.2 1~6 56.83 BK7
001-0660 *3 1200 13450 9 40×70×12 3 87 564 -83.04 -75.61 563.2 5~25 75.73 BK7

References
    1. T. Kita, T. Harada , N. Nakano and H. Kuroda, ”Mechanically ruled aberration-corrected concave gratings
       for a flat-field grazing-incidence spectrograph”, Appl. Opt. 22, 512-513（1983）
    2. N. Nakano, H. Kuroda, T. Kita and T. Harada,  ”Development of a flat-field grazing-incidence XUV spectrometer
       and its application in picosecond XUV spectroscopy”, Appl. Opt. 23, 2386-2392（1984）
    3. T. Harada, K. Takahashi, H. Sakuma and A. Osyczka, ”Optimum design of a grazing-incidence flat-field
      spectrograph with a spherical varied-line-space grating”, Appl. Opt. 38, 2743-2748(1999)

Hitachi High Technologies America, Inc.
phone: 800-548-9001 (toll free)  email: Sales-LS@hitachi-hta.com 

web site: www.hitachi-hta.com/LSHome

Figure 7.3: Specification of XUV to SXR gratings as mounted in the grating spec-
trometer (251MX, McPherson).
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7.4 Toroidal Mirror

Figure 7.4: Specification of the toroidal mirror #2 with S = 746 mm.


	List of Abbreviations
	Broadband Coherent Light Fields
	Broadband Laser Sources
	Nonlinear Broadband Frequency Conversion
	Control of the Electric Field

	Synthesized Light Fields
	Synthesized Sub-cycle Light Fields
	Presentation of the High-Energy Parametric Waveform Synthesizer
	Ti:Sapphire Pump Laser
	Broadband CEP stable Seed and Parametric Amplification
	Spectral Phase Control and Characterization
	Coherent Synthesis
	Spatial Characterization and Stabilization


	High Harmonic Generation with Synthesized Infrared Fields
	Introduction to High Harmonic Generation
	Theory of High Harmonic Generation
	Multicolor driven HHG
	The Isolated Attosecond Pulse

	Waveform Dependent Strong-Field Control and Attosecond Science
	The Attosecond Beamline
	Experimental Setup
	High-Pressure Gas Cell
	Beamline Modification
	Experimental Data Recording and Processing
	XUV Photodiode
	Electron Time-of-Flight Spectrometer

	Waveform-Controlled HHG in Argon and Neon
	Attosecond Streaking
	The Attosecond Streaking Experiment
	Shaping the Attosecond Pulse

	Waveform Controlled HHG in Neon and Helium
	Generation of ``Water Window'' Soft X-Rays


	A Beamline for Future Pump-Probe Experiments
	Summary
	List of Publications
	Appendix
	Feedback Synchronization
	RP-CEP Scan for f=400 mm
	 XUV grating
	Toroidal Mirror


