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Zusammenfassung

Die Erzeugung hochenergetischer Lichtpulse mit Bandbreiten von mehreren Oktaven ist
zur Zeit Gegenstand intensiver Forschung und von großem Interesse für neuartige Anwen-
dungen in der Attosekunden-Spektroskopie sowie im Bereich der kohärenten Kontrolle von
Molekülen (Coherent Control). Eine der seit langem bestehenden Herausforderungen auf
diesem Gebiet ist die Verfügbarkeit einer phasenstabilen Lichtquelle, welche hochenergetis-
che Pulse mit hoher Durchschnittsleistung und mehreren Oktaven Bandbreite zuverlässig
erzeugt. Im Rahmen dieser Arbeit wird ein phasenstabiles Front-End zur Erzeugung von
Multioktaven-Lichttransienten entwickelt, welches auf der Yb:YAG Dünnscheibenlaser-
Technologie (Thin-Disk Laser) basiert. In diesem Zusammenhang wird die Verstärkung
eines zwei Oktaven breiten Spektrums auf 25µJ Pulsenergie in zwei einstufigen OPCPA-
Stufen (Optical Parametric Chirped Pulse Amplification) sowie die Pulskompression auf
18 fs bei 2µm Wellenlänge (6 fs bei 1µm Wellenlänge) demonstriert. Durch eine inhärente
Kopplung von Seed- und Pumplichtpulsen sowie der beiden Verstärkerkanäle werden die
zeitlichen Fluktuationen in diesem Aufbau hauptsächlich durch Langzeitdrifts verursacht,
was eine stabile Erzeugung der Lichttransienten ermöglicht. Darüberhinaus wird auch
die zeitliche und räumliche Stabilität dieses Synthesizers gezeigt, was die Detektion eines
schnell oszillierenden Feldes bei 0.15PHz in einem 3ps langen Zeitfenster ermöglicht.
Der Synthesizer ist imstande, Lichttransienten mit einer Dauer von weniger als einer
Schwingungsperiode zu erzeugen und ist sowohl in der Spitzenleistung als auch in der
mittleren Leistung skalierbar.

Als erste Anwendung hierfür wird das Konzept der feldaufgelösten Breitband-Nahinfra-
rotspektroskopie vorgestellt. Dabei werden Moleküle durch die Femtosekundenpulse im
Nahinfrarot (NIR) angeregt und das komplexe elektrische Feld der Molekülantwort mit
der Methode des Electro-Optic Sampling (EOS) direkt gemessen. Die oben erwähnten
Few-Cycle-Pulse um 2µm und 1µm Wellenlänge, die von den OPCPA-Stufen erzeugt wer-
den, werden sowohl für die Anregung als auch für das EOS verwendet. Zur Überprüfung der
Anwendbarkeit dieser neuen Technologie wird Wasser in einer Pufferlösung aus Essigsäure
verwendet. Hierbei wird das komplexe elektrische Feld der Kombinationsbande der Wasser-
moleküle bei 1930 nm gemessen. Es ergibt sich bei dieser zeitbereichs-basierten Methode
eine Detektionsgenauigkeit, welche mit konventionellen Methoden im Frequenzbereich ver-
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gleichbar ist. Durch Verwendung eines Lasersystems mit höheren Wiederholraten kann die
Genauigkeit nochmals erheblich gesteigert werden. Dies ist nach bestem Wissen der erste
Nachweis einer komplexen Feldantwort eines Moleküls im Nahinfrarotbereich. Diese neuar-
tige Methode ermöglicht hochauflösende Oberton- und Kombinationsbandenspektroskopie
mit einzigartiger Empfindlichkeit und Spezifität über den gesamten Bereich des moleku-
laren Fingerabdrucks.



Abstract

The development of high-energy, multi-octave light transients is currently the subject of
intense research driven by emerging applications in attosecond spectroscopy and coherent
control. One of the long-standing challenges in this field has been the availability of turn-
key, high-power and high-energy multi-octave sources with carrier-envelope phase stability.
Here, a phase-stable, multi-octave frontend based on Yb:YAG thin-disk amplifier for a light-
transient generation is developed. In this regard, the amplification of a two-octave spectrum
to 25µJ of energy in two single-stage optical parametric chirped-pulse amplifiers and the
temporal compression to 18 fs and 6 fs at 2µm and 1µm, respectively, is demonstrated. In
this scheme, the temporal jitter is dominated only by long-term drift, allowing for a stable
light transient generation. This is due to the intrinsic temporal synchronization between
the seed and pump pulses, and the two amplification channels. Moreover, the temporal and
spatial stability of the synthesizer, allowing for sub-cycle detection of the fast oscillating
electric field at 0.15PHz over a 3 ps time window, is proved. The source is capable of
delivering sub-cycle light transients with 3 fs temporal duration. The presented scheme is
scalable in peak and average power.

To present a first application, the concept of broadband near-infrared (NIR) field-
resolved spectroscopy is introduced. Here, molecules are excited by femtosecond pulses in
NIR region and the complex electric field of their response is directly measured via electro-
optic sampling (EOS). The previously mentioned few-cycle pulses centered at 2µm and
1µm, generated from optical parametric chirped-pulse amplifiers, are utilized for femtosec-
ond excitation and EOS, respectively. Water in a buffer solution of acetic acid is chosen
to demonstrate the first proof of principle measurement with the new technique. The
complex electric field of the combination band of water molecules at 1930 nm at different
molecular concentrations is detected. The detection sensitivity of this time-domain tech-
nique being comparable to conventional spectral-domain techniques is exhibited. Utilizing
a laser frontend with higher repetition rates, the detection sensitivity can be dramatically
improved. To the best of my knowledge, this is the first detection of the complex electric
field of the molecular response in NIR spectral range. The novel method holds promise for
high-resolution overtone and combination bands spectroscopy and microscopy with unique
sensitivity and specificity over the total molecular fingerprint region.
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Chapter 1

Introduction

1.1 Motivation

Controlling, shaping, and measuring the electric field of light at terahertz frequencies
opened new possibilities for a variety of applications from fundamental science to real-
world applications [1]. Their extension to petahertz frequencies has been enhanced the
depth of our insight into microscopic ultrafast dynamics at femtosecond and attosecond
time scale. It was the controlling of the slippage of the electric field of light relative to
its envelope (carrier-envelope phase (CEP)-stability) that paved the way for isolated at-
tosecond pulse generation [2]. Nowadays, attosecond extreme-ultraviolet (XUV) pulses are
generated routinely in laboratories and allow for controlling and observation of electron
dynamics [3–7]. Nevertheless, attosecond metrology and spectroscopy has been confined to
the employment of low-energy attosecond pulses in the XUV spectral region [8]. Pushing
the frontiers of attosecond spectroscopy to new areas like attosecond X-ray diffraction [9] or
XUV-pump/XUV-probe spectroscopy [10, 11] to capture the four-dimensional microscopic
dynamics of electrons outside the atomic core [12] calls for isolated XUV or X-ray attosec-
ond pulses, with sufficient yield. High-energy light transients hold promise for extending
the photon energy of isolated attosecond pulses to a multi-keV regime with a higher photon
flux compared to other conventional drivers [13].

1.2 Concept

In recent times, many strategies have been taken into consideration toward generating high-
energy light transients. Light transients with tens of microjoules of energy have been gener-
ated by spectral shaping, or field synthesis of multi-octave pulses [14–16]. However, increas-
ing their energy to multi-millijoules at several kilohertz repetition rates calls for energy-
and power-scalable scheme [17, 18]. Conceptual combination of temporal field synthesis
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and optical parametric chirped pulse amplification (OPCPA) holds promise for accessing
the desirable light transients, which is proposed and explicated in Ref. [18]. OPCPAs are
capable of delivering few-cycle pulses, scalable in energy and power. As a result, a coherent
combination of few-cycle pulses from several OPCPA channels allows for the generation of
sub-cycle light transients with higher energy and power [17–20].

A proposed waveform synthesizer scheme is shown in Fig. 1.1 [9, 21]. In this approach,
the entire spectrum is split into different spectral regions and each region is amplified in
an associated OPCPA channel. Here, the spectral phase is compensated for each channel
separately. The parallel channels [17, 19, 20] permit superior flexibility concerning disper-
sion management. Eventually, a coherent combination between all channels results in a
synthesized light transient. A relative temporal synchronization between these channels
is significantly important to compensate for any time and phase jitters in the precision of
the half-cycle of the fields at the synthesis point. Various optical light transients can be
generated by adjusting the relative spectral amplitude and the relative phase between the
OPCPA arms.

Realizing such a concept requires high-energy lasers to pump and seed several OPCPA
chains at different carrier frequencies. Based on this concept, the energy of the light
transients was boosted to nearly 1mJ by employing a 20mJ, 1 kHz, 150 fs titanium-doped
sapphire (Ti:Sa) amplifier [23, 24]. However, boosting the energy and average power of
light transients beyond this value calls for a different frontend due to the limitations of
simultaneous energy and power scalability in Ti:Sa amplifiers [25]. The ytterbium-doped
yttrium aluminum garnet (Yb:YAG) laser sources in geometries of slab or thin-disk are
capable of simultaneously providing high-energy and high-power pulses [26–28].

This work reports on the development of an all ytterbium based light field synthesizer
for generating high-energy light transients [29, 30]. To the best of my knowledge, this is
the first proof of principle prototype allowing simultaneous scaling of the energy and the
peak power of light-field synthesizers. Furthermore, the first application of such a source in
molecular spectroscopy is demonstrated. In this proof of principle experiment, the complex
electric field of the molecular response of water in near-infrared (NIR) spectral region is
resolved [31–33]. The setup operates in ambient air, keeping a promise to open new paths
in NIR molecular spectroscopy.

The waveform synthesizer’s prototype is shown in Fig. 1.2 [9, 21]. The synthesizer
consists of: i) an Yb:YAG thin-disk regenerative amplifier, ii) CEP-stable supercontinuum
generation module, iii) OPCPA modules for different spectral regions, and iv) coherent
combination stage to synthesize the output few-cycle pulses of OPCPA channels [18, 34].
Relative temporal synchronization between: i) the seed and the pump pulses of OPCPA,
and ii) different OPCPA channels, is vitally important as it defines the ultimate stability
of the synthesized light transients. In the presented system, the stability of the amplified
spectrum at each OPCPA channel is assured by the direct generation of the multi-octave
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Figure 1.1: Proposed layout of waveform synthesizer for shaping the light transient. It
consists of three channels cover the spectral regions of visible, near-infrared, and mid-
infrared centered at 550 nm, 1000 nm, and 2000 nm, respectively. After the parametric
amplification, each spectrum passes through a delay line to temporally synchronize between
the three channels. Subsequently, each spectral region is individually compressed to its
Fourier transform-limit by utilizing a chirped mirror compressor. A relative delay can be
introduced between the three arms via separately fine-tuning the corresponded pair of glass
wedges. Thereafter, two broadband dichroic beam combiners allow spatially combining the
three beams. The resultant waveform is evaluated by the method of attosecond streaking
[2] or electro-optic sampling [22]. A wide range of light transients can be produced by
applying feedback on the relative spectral amplitude (A1, A2, A3) and the relative phase
(τ1, τ2, τ3) of each channel to achieve the desired light transient. Three examples of light
transients are shown in panels (a), (b), and (c). This figure is adapted from [9].
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plification. The route starts from generating the 2µJ seed pulses from Yb:YAG thin-disk
oscillator. Subsequently, the seed pulses are amplified in the Yb:YAG thin-disk regenera-
tive amplifier to 20mJ of pulse energy at a repetition rate of 5 kHz. A small portion of this
energy is used to directly generate the CEP-stable supercontinuum which then is split into
two spectral regions centered at 1000 nm and 2000 nm to seed the near-infrared (NIR) and
mid-infrared (MIR) OPCPA channels, respectively. Each spectrum is amplified in the cor-
responding channel, thereafter, compressed to their Fourier transform-limit. Afterwards,
the few-cycle pulses generated from the two channels are coherently combined in the op-
tical waveform synthesizer. The resultant waveform spans from 700 nm to 2500 nm and
supports sub-cycle pulses. The shaded areas indicate the outline of this thesis. BS: beam
splitter, SHG: second-harmonic generation.
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seed spectrum from the pump laser, in addition to the temporal synchronization between
the OPCPA channels.

1.3 Thesis outline

The thesis is outlined as following:

Chapter 2: is devoted to the development of the Yb:YAG thin-disk amplifier as the
pump source of the light field synthesizer. The amplifier delivers 1 ps pulses with an
energy of 20mJ at a repetition rate of 5 kHz. The chapter prefaces with an overview
of Yb:YAG gain medium and its advantages when it is applied to thin-disk geometry.
This followed by presenting the generation of the seed pulses, their energy scaling
in the regenerative amplifier, and their dispersion management before and after the
amplification. Eventually, impacts associated with pulse amplification such as chaotic
behavior and gain narrowing is addressed.

Chapter 3: presents the CEP-stable multi-octave seed generation. The chapter be-
gins with some theoretical foundations about nonlinear optics. In the two following
sections, the direct seed generation from a home-built, diode-pumped Yb:YAG thin-
disk regenerative amplifier is discussed. The generated broadband spectrum spans
from 500 nm to 2500 nm. Lastly, an alternative approach with higher optical effi-
ciency to generate few-cycle, microjoule, CEP-stable pulses centered at 2µm from
the Yb:YAG regenerative amplifier is presented. The generated coherent light carries
an energy of 5.4µJ.

Chapter 4: discusses two OPCPA channels of the field synthesizer covering two
spectral regions of comparable bandwidth in the mid-infrared (MIR) and NIR with
central wavelengths at 2µm and 1µm, respectively. The chapter starts with a the-
oretical background of optical parametric amplification (OPA). The channels are
pumped by the Yb:YAG thin-disk regenerative amplifier via its fundamental and
frequency-doubled pulses. Afterwards, the parametric amplification of each channel
to the total energy of 25µJ is demonstrated. Eventually, the ability to scale the
energy of the few-cycle pulses to millijoule-level is numerically demonstrated.

Chapter 5: addresses the prototype waveform synthesizer based-on OPCPA. Tem-
poral drifts and relative timing fluctuations between the two arms of the synthesizer
are discussed. It is shown that the temporal jitter fluctuations are restrained to
long-term drifts.

Chapter 6: introduces the concept of NIR field-resolved spectroscopy and presents
the proof of principle experiment. This chapter provides a theoretical framework
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about the NIR spectroscopy. Besides, I show how this concept allows accessing the
information of the intensity and phase of the electric field of light in a single-shot
measurement.



Chapter 2

Yb:YAG Thin-Disk Regenerative
Amplifier

In the previous chapter, I generally presented the prototype of the high-energy field syn-
thesizer (Fig. 1.2), where its path starts with all-Yb:YAG thin-disk regenerative amplifier
as a pump source for high-energy field synthesis. This chapter considers the development
of the Yb:YAG thin-disk regenerative amplifier seeded by an Yb:YAG thin-disk Kerr-lens
mode-locked oscillator.

The presented work in this chapter is based on the reported results in the two published
articles:

• H. Fattahi, A. Alismail, H. Wang, J. Brons, O. Pronin, T. Buberl, L. Vámos, G.
Arisholm, A. M. Azzeer, and F. Krausz, “High-power, 1-ps, all-Yb:YAG thin-disk
regenerative amplifier,” Optics Letters 41(6), pp. 1126—1129, 2016.

• A. Alismail, H. Wang, J. Brons, and H. Fattahi, “20mJ, 1 ps Yb:YAG thin-disk
regenerative amplifier,” Journal of Visualized Experiments: JoVE (125), 2017.

2.1 Yb:YAG thin-disk

Since the discovery of Peter Moulton in 1986, Ti:Sa crystal has been the workhorse in the
generation of femtosecond pulses, which was formerly dominated by dye lasers [18, 35].
Ultrashort pulses with a pulse duration around 6 fs were directly delivered from Ti:Sa
Kerr-lens mode-locked oscillator [36, 37]. In general, the crystal is pumped at 532 nm
by frequency-doubling of Nd:YAG laser. Nevertheless, the simultaneous scalability of the
average and peak power is restricted in this medium. This drawback calls for a new
generation of femtosecond lasers, where the gain medium is directly pumped by an efficient
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laser source. In the following, I treat the Yb:YAG gain medium that is utilized in the
frontend lasers and I address its use in thin-disk geometry.

2.1.1 Yb:YAG gain medium

Ytterbium-doped materials are capable of delivering picosecond laser pulses with high av-
erage power and high-energy in comparison to a wide variety of laser media. Consequently,
they are superior pump sources for OPCPA. The introduction of ytterbium-doped lasers in
different geometries are about to change the current state of the field [18, 38–43]. Yb:YAG
is a quasi-three-level laser with long upper-state lifetime and it has good thermal conduc-
tivity. It can be pumped by cost-effective diode lasers. Additionally, the quantum defect
is considerably low, which is a great benefit for diminishing the heat load in high-power
lasers and increasing the conversion efficiency [44]. Yb:YAG has two possible pumping
lines: i) broad absorption line around 940 nm with a quantum defect of approximately
9%, ii) narrow zero-phonon line at 969 nm with a lower quantum defect of around 6%.
Figure 2.1 (a) shows the energy level of ytterbium-doped crystals. It has a dominated
emission line at 1030 nm with a bandwidth of approximately 8 nm [45], see Fig. 2.1 (b).
Pumping at a low quantum defect (at 969 nm) is desired, however, the narrow absorption
cross-section requires a costly laser diode with a stabilized emission wavelength [46]. The
absorption band at 940 nm has a sufficient spectral bandwidth, about 18 nm (full width at
half maximum (FWHM)), which is realistic for diode lasers, therefore, it is most commonly
used.
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Figure 2.1: Yb:YAG gain medium. a) Yb:YAG energy level diagram. b) Emission and
absorption cross-section (σ) of Yb:YAG medium [47].

2.1.2 Thin-disk geometry

In solid-state lasers, the geometry of the gain medium plays an important role in thermal
management. Proper geometry has a large ratio between the cooling area and the pumped
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volume. Numerous designs have been developed in this respect. Yb:YAG lasers can be
classified into several categories such as rod, slab, fiber and thin-disk geometries [47].

In the rod geometry, a radial temperature gradient can be observed as the heat is
extracted through the outer surface, which consequently limits the beam quality. Moreover,
at high output power operation, thermal lensing becomes unavoidable [48]. On the other
hand, heat removal becomes more functional in slab geometry through the upper and
lower surfaces, as the temperature gradient is mostly limited to the vertical direction in
the edge-pumping configuration. In this configuration, the slab is pumped via the two side
surfaces resulting in a homogeneous heat distribution along the laser direction. However,
the asymmetry in the geometry and the thermal lensing lead to a strong elliptical laser
mode [49]. Innoslab lasers overcome this drawback with improved beam quality [26, 50].
The pulse energy of 70mJ at a repetition rate of 1 kHz was generated by cryogenically
cooling an Yb:YAG crystal, at the expense of complexity and the associated bandwidth
[51]. By employing a single-mode Yb:YAG fiber laser, high output power with diffraction-
limited beam quality was achieved [52]. Nevertheless, as a result of the nonlinearity of the
fiber, its peak power bounds to gigawatt-level, introducing the demand for a bulk laser
with better geometry.

The performance of Yb:YAG laser in thin-disk geometry is remarkable due to the effi-
cient cooling of the gain medium. Therefore, the average and peak power can be simulta-
neously scaled. Here, the disk is bonded to a high thermal conductivity diamond substrate,
which is attached from the back to a water-cooled heat sink. The thin-disk design is il-
lustrated in Fig. 2.2 (a). In this geometry, heat flows efficiently in one-dimension along the
prorogation direction due to the small ratio of the crystal thickness to the crystal diameter.
Consequently, this allows for energy and average power scaling to joule-level and kilowatt-
level, respectively, while maintaining a decent beam quality via tens of multi-passes through
either one disk or two disks [28, 39, 53]. The amplified spontaneous emission (ASE) limits
the energy scaling as this effect is remarkable in such a quasi-three-level gain medium [54].
In order to inhibit the gain losses via the disk, the front and the back surfaces of the disk
are deposited with anti-reflective (AR) and high-reflective (HR) coatings for the spectral
range of the seed and pump pulses, respectively. To accomplish a high pump absorption in
the gain medium, the thin-disk is placed in a head with a multi-pass arrangement, where
the pump beam is reimaged by a combination of a parabolic mirror and prism retroreflec-
tors allowing for tens of double-passes via the thin-disk, resulting in absorption efficiency
of 90% (Fig. 2.2 (b)). Furthermore, the occurrence of self-focusing inside the gain medium
during the amplification process is restrained due to the slenderness of the thin-disk in con-
trast to other gain medium geometries, resulting in excellent spatial and temporal profiles
of the amplified pulses.



10 2. Yb:YAG Thin-Disk Regenerative Amplifier

Figure 2.2: Thin-disk geometry. a) The thin-disk design. b) The multi-passes pumping
head. AR: anti-reflective coating, HR: high-reflective coating. This figure is adapted from
[18].

2.2 Chirped-pulse amplification

Energy scaling of short pulses is restricted to the accumulated nonlinearity of the amplified
pulses, which leads to the risk of self-focusing. Therefore, the pulse peak intensity exceeds
the damage threshold of the optical components. The peak intensity is mainly governed by
the beam size and pulse duration of the source. The peak intensity of the amplified pulse
is inversely proportional to the square of the beam size, therefore, increasing the beam
diameter potentially benefits overcoming this limitation. Many materials are restricted in
the available aperture. Moreover, large apertures lead to a manufacturing challenge in some
material specifications, in terms of surface quality and homogeneity. In 1985, a technique
invented by Gérard Mourou and Donna Strickland and denominated with chirped pulse
amplification (CPA) [55]. Figure 2.3 illustrates the concept of the CPA technique, which
initiates with a temporal stretching of the laser pulses before the amplification process in
order to reduce the nonlinearity inside the amplifier. Eventually, after the amplification,
the introduced dispersion is compensated in a compressor resulting in short, extreme high-
energy and high peak power pulses. Here, the pulse energy could be boosted to microjoule-
level and its peak power reached terawatt-level.

Implementing Yb:YAG with thin-disk geometry in a CPA configuration paves the way
for generating picosecond pulses with hundreds of watts of average power and hundreds of
millijoules of energy [28, 56]. The first part of this section is devoted to the seed pulses
of such an amplifier delivered by the Yb:YAG thin-disk Kerr-lens mode-locked oscillator.
Other seed strategies can be used to seed the amplifier, such as fiber amplifiers. The
following parts of this section cover the aspects of the CPA starting from the temporal
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Figure 2.3: Concept of chirped-pulse amplification technique. The seed pulses are tempo-
rally chirped prior entering the amplifier, then after the optical gain, they are temporally
compressed to their Fourier transform-limit.

stretching then followed by the pulse amplification and the pulse compression.

2.2.1 Kerr-lens mode-locked Yb:YAG thin-disk oscillator

Reproducible daily performance is essential for an appropriate amplifier source to pump
OPCPAs. To achieve this goal, several parameters should be taken into account in the
design of the frontend oscillator, for instance:

− microjoule-level pulse energy

− sub-picosecond laser pulses

− superb beam pointing stability

− excellent mechanical and thermal stability

Nowadays, short pulses with high average and peak power have been simultaneously
generated from mode-locked oscillators utilizing a gain medium of Yb:YAG in thin-disk
configuration [57–59].

The schematic of the oscillator is depicted in Fig. 2.4. The standing waves are formed
in a linear cavity, confined between a wedge-shaped output coupler (Layertec GmbH)
with transmission of 13%, and a highly reflective flat-shaped end mirror. Optical gain is
achieved with about plane Yb:YAG thin-disk gain medium (TRUMPF Scientific Lasers
GmbH) with a thickness of 100µm, optically pumped by fiber-coupled laser diodes (Di-
las Diodenlaser GmbH, M1F8H12-940.5-500C-IS11.34) at a wavelength of 940 nm. Short
pulses at a wavelength of 1030 nm are obtained by balancing the nonlinear effects and
the dispersion in the resonator (i.e. soliton condition) [62]. Three high-dispersive (HD)
mirrors with a total intra-cavity group delay dispersion (GDD) of -18000 fs2 per round-trip
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Figure 2.4: Schematic layout of Kerr-lens mode-locked Yb:YAG thin-disk oscillator. The
10m linear cavity of the oscillator consists of a 13% transmission output coupler, three
high-dispersive mirrors with a group delay dispersion of -3000 fs2, 1mm sapphire Kerr
medium, and a copper hard aperture. A pulse picker, containing a BBO crystal with a
thickness of 25mm, is utilized to decline the repetition rate to 5 kHz. TFP: thin-film polar-
izer, λ/2: half-wave plate, OC: output coupler, HD: high-dispersive mirror, ROC: radius of
curvature, KM: Kerr medium, HA: hard aperture, EM: end mirror. This figure is adapted
from [60].

facilitate this compensation. A Kerr lensing occurs in a sapphire plate (Meller Optics Inc.)
with a thickness of 1mm placed around the focus of a telescope consists of two concave
mirrors (ROC = −1m). High-intense modes experience a strong focusing in Kerr medium,
which leads to low losses at a copper hard aperture and the soft aperture of the pump spot,
in contrast to the low-intense modes (i.e. continuous wave (CW)). For launching mode-
locking, the mirror on a translation stage (marked in Fig. 2.4) is perturbed by a mechanical
push.

Table 2.1: Cavity parameters of Kerr-lens mode-locked Yb:YAG thin-disk oscillator. The
distance represents the separation from the previous adjacent component. ROC: radius
of curvature, OC: output coupler, TD: thin-disk, M: curved mirror, KM: Kerr medium,
EM: end mirror. This table is adapted from [61].

component OC TD M1 KM M2 EM

ROC (mm) ∞ -17000 -1000 ∞ -1000 ∞
distance (mm) 0 3600 5000 510 510 800

Figure 2.5 shows the calculated mode radius along the oscillator’s cavity, which has a
total length of 10m. A laser cavity simulation software, developed by Dr. M. Ueffing, was
used to simulate the design of the oscillator cavity and the regenerative amplifier cavity in
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Figure 2.5: Cavity design of Kerr-lens mode-locked Yb:YAG thin-disk oscillator. The
propagation distance versus the calculated mode radius. Position of cavity components are
marked in red. OC: output coupler, TD: thin-disk, M: curved mirror, KM: Kerr medium,
EM: end mirror. This figure is adapted from [61].

Sec. 2.2.3. The distance separation between the cavity’s components and their curvature
values are summarized in Table 2.1. The pulse duration of the oscillator is 350 fs (FWHM)
characterized by utilizing a second-harmonic frequency-resolved optical gating (SH-FROG)
containing a beta barium borate (BBO) (BaB2O4) crystal with a thickness of 100µm. Fig-
ure 2.6 (a) and (b) illustrate the retrieved temporal and the spectral profiles. The retrieved
spectrum is in excellent agreement with the measured spectrum. The measured and re-
trieved SH-FROG spectrographs of the oscillator’s pulses are shown in Fig. 2.6 (c) and (d)
with an error of Gerror = 6.8× 10−3.

The oscillator delivers approximately 2µJ pulses, an average power of 30W, at a 15MHz
repetition rate, and a 4 nm spectral bandwidth (FWHM). Its performance shows pulse-
to-pulse stability of 1% (root mean square (RMS)) and beam-pointing fluctuations of less
than 0.4% over a period of 1 h (see Fig. 2.7). The turn-key operation of the oscillator is
attained by the optimum heat management of the laser’s components including the laser
housing. The output of the oscillator is reproducible on a daily basis, with no need for
additional alignment or optimization. Also, the pulse-to-pulse energy stability and spatial
pointing stability of the seed laser fulfills the preconditions to achieve the stable operation
of the regenerative amplifier, which is subsequently demonstrated in Sec. 2.2.3.

The megahertz repetition rate of the seed pulses is necessarily reduced to kilohertz-level
to assist the high-energy amplification in the regenerative amplifier. Thus, the pulse train
emitted from the oscillator is picked to 5 kHz by a electro-optical pulse picker (Bergmann
Messgeräte Entwicklung KG). The functionality of the pulse picker relies on electro-optic
modulation, which is known as the Pockels effect. This effect will be subsequently consid-
ered in Sec. 3.1.1. Here, the pulse picker applies a transverse high voltage, corresponding
to a half-wave polarization switching, on a BBO crystal (CASTECH Inc.) with a thickness
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Figure 2.6: Pulse characterization of Kerr-lens mode-locked Yb:YAG thin-disk oscillator.
(a) The retrieved temporal intensity profile and its temporal phase. (b) The retrieved
and the measured spectrum including the spectral phase. (c) The measured and (d) the
retrieved second-harmonic frequency-resolved optical gating spectrographs of the oscillator
pulses (Gerror = 6.8× 10−3).

of 25mm. The half-wave voltage (Uλ/2) is given by:

Uλ/2 =
λ d

2 γ22(λ) n3
o(λ) L

(2.1)

where λ is laser’s wavelength, d is electrode separation, γ22 is the electro-optic coefficient
for BBO crystal as a function of wavelength, no is refractive index of the ordinary ray as a
function of wavelength, and L is the thickness of the crystal [63]. The required half-wave
voltage at 1030 nm, for BBO’s electro-optic coefficient 2.7 pm/V [64], and d = 10mm, is
about 16.8 kV.

2.2.2 Optical pulse stretcher

In order to avoid the nonlinearity during the amplification process, the peak intensity of
the seed pulses should be held below the damage threshold. Therefore, the seed pulses
should be stretched to several nanoseconds by introducing a large amount of GDD over
the spectrum of the seed pulses. Several options can provide this requirement such as a pair
of diffraction gratings, fiber Bragg gratings, and volume Bragg gratings. For seed pulse
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Figure 2.7: Beam pointing measurement of Kerr-lens mode-locked Yb:YAG thin-disk os-
cillator. (a) The spatial profile of the oscillator’s output. (b) Near-field beam pointing of
the oscillator’s output over a 1 h of measurement.

energy within a microjoule-level, fiber Bragg gratings become an unlikely option because of
its low damage threshold. Volume Bragg gratings are durable for this energy level, however,
the beam quality deteriorates after a double-pass configuration. Consequently, the seed
pulses were initially stretched with a normal dispersion before the amplification process
in a Martinez-type stretcher [65], containing two lenses (f = 2.2m) confined between two
anti-parallel gold gratings (Horiba Jobin Yvon GmbH) with a line density of 1740 lines/mm.
The introduced GDD in a Martinez-type stretcher is governed by:

GDD = X leff
λ0

2 π c2
0

( N λ0

cosβ0

)2

(2.2)

where X is the number of passes of the traveled pulses, leff is the effective distance
between the gratings, λ0 is the central wavelength, c0 is the velocity of light, N is the line
density of the grating, and β0 is the first-order diffraction angle of the central wavelength.

The pulses traveled 5.9m through the stretcher resulting in a - 500 ps/nm of stretching
factor with a total GDD of 2.52×108 fs2 and a pulse duration of 2 ns (see Fig. 2.8 top-block).
The temporal duration of the output pulses (τout) can be calculated from:

τout = τin

√
1 +

( 4 ln 2 GDD

τ 2
in

)2

(2.3)

where τin is the temporal duration of the input pulses.
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Figure 2.8: Schematic layout of chirped-pulse amplification. Top block: the pulse stretcher
setup containing two anti-parallel gold gratings (1740 lines/mm), where the seed pulses are
temporally stretched to about 2 ns. Middle block: the regenerative amplifier, where the
seed pulse is confined in the amplifier cavity for amplification when the high voltage of the
Pockels cell is applied. Bottom block: the pulse compressor containing two parallel dielec-
tric gratings (1740 lines/mm), where the amplified pulses are temporally compressed down
to 1 ps. λ/2: half-wave plate, TFP: thin-film polarizer, λ/4: quarter-wave plate, EM: end
mirror, ROC: radius of curvature. This figure is adapted from [60].

2.2.3 Regenerative amplifier

The stretched pulses were guided to the resonator of the regenerative amplifier passing
through a coupling path (see Fig. 2.8 middle-block). This path consists of two optical
isolators, where the first (confined between two half-wave plates) was used to prevent the
oscillator from any back reflection, and the second is a combination of a Faraday rota-
tor (Electro-Optics Technology Inc.) and a thin-film polarizer (TFP), which was utilized
to separate the seed and amplified pulses. Here, the p-polarized seed pulse was trans-
mitted through the TFP2 (see Fig. 2.8) inside the amplifier’s cavity with an unchanged
polarization. After the pulse was double passed through the unoperated Pockels cell (PC)
(Bergmann Messgeräte Entwicklung KG) and a quarter-wave plate, its polarization was
rotated to s-polarization. This ensures that the pulse enters the cavity when reflecting from
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the back surface of the TFP2. Polarization maintaining of the pulse at s-polarized state
guarantees trapping the pulse into the cavity. Applying a high voltage on the crystal of the
PC corresponds to a quarter-wave rotation allowing for compensating of any polarization
rotation induced by the quarter-wave plate, i.e. the pulse circulates into the cavity. PC
employs a BBO crystal (CASTECH Inc.) with thickness of 20mm and a clear aperture of
10×10mm2. The estimated quarter-wave voltage (Uλ/4), expressed from Eq. 2.1 divided by
factor of 2 is about 10.5 kV. The time window of the applied voltage controls the number of
round-trips of the pulse inside the cavity. This window should guarantee the interning of
the pulse and starts before the second round-trip. For ideal stable operation, a round-trip
number was selected to allow for energy built-up of the pulse to saturation. Afterwards,
the amplified pulse was ejected outside the cavity through the TFP2 by switching off the
applied voltage of the PC. Strictly speaking, the amplified pulse transmits through the
TFP2 due to its p-polarization. In this situation, both the PC and the TFP2 function as
either 0% or 100% output coupler. The output pulses were reflected from the back surface
of the TFP1 and got separated from the incoming seed pulses.

The cavity design of the amplifier is depicted in Fig. 2.9, including the calculated beam
radius along a 6m cavity length. Table 2.2 summarizes the position of the cavity’s com-
ponents and their curvature values. An Yb:YAG thin-disk (TRUMPF Scientific Lasers
GmbH) was placed inside the cavity as a gain medium with a thickness of 100µm and an
approximately 7% doping rate. The disk has a clear aperture of 9mm and a radius of
curvature (ROC) of - 2000mm. The seed pulses were amplified in the regenerative ampli-
fier after 106 round-trips, corresponding to a time window of applying a voltage of 4µs, to
an average power of 125W, while being pumped by a CW fiber-coupled diode (Laserline
GmbH, LDM1000-500) with a 280W at a wavelength of 940 nm, corresponding to approx-
imately 48% of optical-to-optical efficiency. The pump spot on the disk has a flat-top
spatial profile and a 3.5mm of the beam diameter.

The amplifier was placed in an airtight housing and operated at room temperature.
Operating the amplifier in saturation-level after 106 round-trips results in stable amplified
pulses. The pulse-to-pulse stability of the amplifier is less than 1% (RMS) within a time
window of 2 s. The amplifier exhibits excellent long-term power stability after 10 h of
continuous operation (Fig. 2.10 (a)). Inset of Fig. 2.10 (a) demonstrates the power stability
over a time period of 30min by normalizing the power to its average. The amplified
beam has an excellent spatial profile, with a M2 of 1 (M2

x = 1.08 and M2
y = 1.09) (see

Fig. 2.10 (b)). The beam quality evaluation was done by using a laser M2 measuring system
(Ophir Optronics Solutions Ltd., M2-200s). The transverse intensity profile of the amplified
beam is demonstrated in the inset of Fig. 2.10 (b). In addition to the operation of the
regenerative amplifier in saturation, careful optimization of the cooling systems and the
power supply of the diodes plays a major role in the achieved stability of the amplifier.
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Figure 2.9: Cavity design of Yb:YAG thin-disk regenerative amplifier. The propagation
distance versus the calculated mode radius. Position of cavity components are marked in
red. EM: end mirror, PC: Pockels cell, M: curved mirror, TD: thin-disk. This figure is
adapted from [61].

Table 2.2: Cavity parameters of Yb:YAG thin-disk regenerative amplifier. The distance
represents the separation from the previous adjacent component. ROC: radius of curvature,
EM: end mirror, PC: Pockels cell, M: curved mirror, TD: thin-disk. This table is adapted
from [61].

component EM1 PC M1 M2 TD EM2

ROC (mm) ∞ ∞ -5000 1500 -2000 -2000

distance (mm) 0 200 525 1500 1050 2350

2.2.4 Amplified pulse compression

After amplification, the output pulses were sent to a Treacy-type pulse compressor [66],
consists of two parallel dielectric gratings (Plymouth Grating Laboratory Inc.), with a
line density of 1740 lines/mm (see Fig. 2.8 bottom-block). The compressor introduces an
anomalous dispersion to the amplified pulses. Using identical dispersion in the stretcher
and the compressor allows for excellent dispersion compensation. Figure 2.11 illustrations
the temporal and the spectral details of the compressed pulses, which were characterized
by using a SH-FROG employing a BBO crystal with a thickness of 100µm resulting in a
1 ps (FWHM) of pulse duration, where the Fourier transform-limit is 0.98 ps. Considering
an output efficiency of 80% of the compressor, the compressed pulses have 20mJ of pulse
energy at a wavelength of 1030 nm, and 1.5 nm spectral bandwidth (FWHM) operating at
5 kHz repetition rate.
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Figure 2.10: Characterization of Yb:YAG thin-disk regenerative amplifier. (a) The power
stability of the regenerative amplifier after 10 h of continuous operation. Inset: normalized
average power to its mean value in a time window of 0.5 h. (b) M2 measurement of the
output beam of the amplifier. Inset: output spatial profile of the regenerative amplifier.
Figure (a) is adapted from [60].

2.3 Various considerations about the amplification pro-
cess

As seen in the previous section, the seed pulses were successfully amplified in the regen-
erative amplifier and their temporal duration was compressed to 1 ps. However, there
are several issues that can be observed during the operation of the regenerative amplifier.
Therefore, effects such as chaotic behavior and gain narrowing are addressed in the current
section.

2.3.1 Chaotic energy behavior

Unpredictable output pulse energies from a regenerative amplifier can be observed when
its repetition rate is in the same order as the inverse of the upper-level lifetime of the
gain medium. A chaotic energy behavior has been reported in Ref.s [67, 68] when Yb:YAG
regenerative amplifiers were operated at a multi-kilohertz level while being pumped by a
continuous-wave light source. Here, the population inversion of the gain medium does not
entirely recover for the next extracting pulse, resulting in unstable operation. Amplified
pulses experience different stored energies in the laser medium, which lead to a variation
of energy extraction and random pulsing. This chaotic behavior has been numerically and
experimentally presented in Ref. [67]. Moreover, a detailed study in Ref. [69] has underlined
that pre-amplification of the seed pulse energy enhances the system’s stability. Stable laser
operation of period-doubling following this regime has been identified in Ref. [68]. The effect
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Figure 2.11: Pulse compression of Yb:YAG thin-disk regenerative amplifier. (a) The re-
trieved temporal intensity and (b) the retrieved spectral intensity, and the amplifier output
spectrum of the laser pulses at an average power of 100W after the gratings compres-
sor. (c) The measured and (d) the constructed spectrographs of the compressed pulse
(Gerror = 4× 10−3).

of the pump power and the round-trip number on of the bifurcation regime has been studied
in Ref. [70], showing that high seed pulse energy allows shifting the bifurcation regime to
lower pump power or lower round-trips. Seeding the regenerative amplifier with the energy
of microjoule-level from the thin-disk Kerr-lens mode-locked oscillator ensures surpassing
the bifurcation regime and running the amplifier at a stable point. Additionally, the use of
a 2µJ Yb:YAG thin-disk Kerr-lens mode-locked oscillator assists the amplification of the
regenerative amplifier by decreasing the growth of the accumulated nonlinear phases, as
the required round-trip number is diminished for higher input seed energy.

2.3.2 Gain narrowing

The seed pulses can experience a reduction in their bandwidth during the amplification,
since the gain bandwidth of the laser medium is limited. This effect is known as gain
narrowing. This is a consequence of the frequency components in the center of the spectrum
encountering higher gain compared to the frequency components in the wings.

Fortunately, higher seed energy influences the amplification process and reduces the
gain narrowing effect. In this respect, I experimentally investigated the impact of seed
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energy on the gain narrowing. In this experiment, neutral density filters were utilized to
attenuate the seed energy at different energy levels and the spectrum of the amplified pulses
for each seed energy level with constant pump power was recorded. In low seed energy cases,
the round-trip numbers were increased to reach maximum output power. The measured
spectral bandwidth (FWHM) of the amplified pulses for different seed energies at a fixed
pump power is shown in Fig. 2.12. It can be seen clearly that amplified spectral bandwidth
decreases for lower seed energies due to gain narrowing. For 10 pJ seed energy, the laser
operates in the period-doubling [68, 70], and it is not possible to reach stable operation,
even by increasing the number of round-trips.
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Figure 2.12: Gain narrowing effect. Seed energy versus the spectral bandwidth (FWHM)
of the amplifier output and the required number of round-trips for the same output average
power at 300W of pump power. This figure is adapted from [60].

2.4 Conclusion

To conclude, I have reported on an Yb:YAG regenerative amplifier. A homemade thin-
disk Kerr-lens mode-locked oscillator with a turn-key performance and pulse energy of
microjoule-scale was utilized to seed the thin-disk regenerative amplifier. Microjoule seed
level allows a significant reduction in the required number of round-trips for amplification
in comparison to the announced results in Ref. [68], consequently, leading to a less gain
narrowing effect in the spectrum of the amplified pulses. This easily facilitates overtaking
the bifurcation to operate the amplifier at a very stable regime. Moreover, high-energy seed
pulses assist declining the growth of the accumulated nonlinear phases, thus the amplified
pulses inherit an improved temporal profile [70].

The system provides compressed pulses with a 1 ps of pulse duration (FWHM) and
pulse energy of 20mJ at a repetition rate of 5 kHz. The stability of the regenerative
amplifier in combination with its turn-key performance are necessary for the generation
of multi-octave, CEP-stable seed, which is treated in the next chapter. Moreover, the
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performance mentioned earlier makes this amplifier an attractive pump source for OPCPA
system, which is addressed in Chapter 4.



Chapter 3

CEP-Stable Supercontinuum
Generation

Previously, Chapter 1 introduced the essential ingredients of the optical waveform synthe-
sizer. Among these ingredients, I listed the CEP-stable supercontinuum generation. Today,
Yb:YAG lasers are mature technology, and offer such a possibility for CEP-stable super-
continuum generation [18, 71–83]. CEP-stable, multi-octave supercontinuum generated
directly from sub-picosecond Yb:YAG oscillators or picosecond amplifiers has two promi-
nent applications: i) it can be used to seed broadband OPAs or subcycle field synthesizers
pumped by high-energy, kilohertz, Yb:YAG amplifiers [17, 18, 84]; or, ii) it can be used for
field- and time-resolved spectroscopy when it is driven from high average power, megahertz
oscillators. However, the second application is beyond the scope of this work.

As the first application agrees with the overall subject of this work, the current chap-
ter is devoted to the development of a compact source delivering a CEP-stable, coherent,
super-octave continua spanning from visible (VIS) to MIR spectral ranges, containing
more than nanojoule energy, and at kilohertz repetition rate. For a better understanding
of some general terms, I initially provide a theoretical background about nonlinear op-
tics. Thereafter, two different methods of the generation of a CEP-stable, multi-octave
supercontinuum from 1ps output pulses of an Yb:YAG thin-disk regenerative amplifier
with arbitrary varying phase for seeding a high-energy field synthesis based-on OPCPA
are discussed.

3.1 Theoretical foundations of nonlinear optics

In this section, I explain phenomena in nonlinear optics that happen when a nonlinear
medium is irradiated with an intense light, such as a laser beam. A wide variety of superb
textbooks covering the topic of nonlinear optics, such as Ref.s [85–87]. This section is
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mainly adapted from Ref [85]. Starting from Maxwell’s equations, the wave equation in a
nonlinear medium can be derived as:

∇2Ẽ − 1

c2
0

∂2Ẽ

∂t2
= µ0

∂2P̃

∂t2
(3.1)

where Ẽ is the electric field of light, c0 is the velocity of light of free space, µ0 is the
permeability in a vacuum, and P̃ is the polarization. Here, the induced polarization is
not linearly proportional to the applied electric field of light. This relationship can be
expressed by a Taylor expansion:

P̃ (t) = ε0 χ
(1) Ẽ(t) + ε0 χ

(2) Ẽ2(t) + ε0 χ
(3) Ẽ3(t) + . . . (3.2)

where ε0 is the permittivity of free space, χ(1) is the linear susceptibility of the material,
and χ(2) and χ(3) are the second-order and third-order nonlinear susceptibilities of the
material, respectively. The right-hand side of Eq. 3.2 can be rewritten into two terms:

P̃ (t) = P̃L + P̃NL (3.3)

where the liner component of the polarization (P̃L) is given as:

P̃L(t) =

P̃ (1)(t)︷ ︸︸ ︷
ε0 χ

(1) Ẽ(t) (3.4)

Also, non-linear component of the polarization (P̃NL) is defined as:

P̃NL(t) =

P̃ (2)(t)︷ ︸︸ ︷
ε0 χ

(2) Ẽ2(t) +

P̃ (3)(t)︷ ︸︸ ︷
ε0 χ

(3) Ẽ3(t) + . . . (3.5)

The wave equation in a nonlinear medium can be rewritten by substituting Eq. 3.3 into
Eq. 3.1:

∇2Ẽ − n2

c2
0

∂2Ẽ

∂t2
= µ0

∂2P̃NL

∂t2
(3.6)

where n is the refractive index of the material. The first and the second terms in Eq. 3.5
associate to the second-order (P̃ (2)(t)) and third-order (P̃ (3)(t)) polarization, respectively.
The effects related to these terms are described in details in Sec. 3.1.1 and Sec. 3.1.2.

3.1.1 Second-order nonlinearity

In this section, I treat some phenomena related to the second-order polarization and neglect
the higher-order polarization for simplicity. Second-order nonlinearity can only rise in



3.1 Theoretical foundations of nonlinear optics 25

media with a non-centrosymmetric structure. As realized from Eq. 3.5, the corresponding
nonlinear polarization is given as:

P̃ (2)(t) = ε0 χ
(2) Ẽ2(t) (3.7)

Second-harmonic generation: It is one of the most common nonlinear processes
and is also known as frequency-doubling. Here, two identical photons interact with a non-
zero χ(2) material to produce a new photon at double frequency of the involved photons.
Suppose this material is irradiated by a single beam at a frequency of ω and its electric
field can be written as:

Ẽ(t) = E e−iωt + c.c. (3.8)

where E is the complex amplitude. Replacing the electric field in Eq. 3.7 with its
expression in Eq. 3.8 obtains:

P̃ (2)(t) = [

P (2ω) (SHG)︷ ︸︸ ︷
ε0 χ

(2) E2 e−2iωt + c.c. ] +

P (0) (OR)︷ ︸︸ ︷
2 ε0 χ

(2) E E∗ (3.9)

As realized from Eq. 3.9, the first term of the second-order polarization leads to the
second-harmonic generation (SHG) at frequency 2ω.

Optical rectification and Pockels effect: The second term is known as DC polar-
ization at zero frequency and associates to the optical rectification (OR) process, which
results in a change of average location of the dipole. An inverse process to the optical
rectification is called Pockels effect when an external electric field (Eext) is applied to a
non-centrosymmetric medium. The applied electric field induces a change in the birefrin-
gence of the medium, proportional to the applied electric field. One possible application
of this effect is electro-optic modulation which was previously introduced in Sec. 2.2.1 and
Sec. 2.2.3, where the polarization of the incident beam is modulated by applying an external
DC voltage (U) in a non-centrosymmetric crystal.

Three-wave mixing: It is a general case of second-order nonlinearity, in which two
incident waves at frequencies ω1 and ω2 interact with a non-centrosymmetric medium,
where ω1 > ω2. The corresponding electric field can be written as:

Ẽ(t) = E1 e
−iω1t + E2 e

−iω2t + c.c. (3.10)
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Substituting Eq. 3.10 in Eq. 3.7 gains:

P̃ (2)(t) = [

P (2ω1) (SHG1)︷ ︸︸ ︷
ε0 χ

(2) E2
1 e
−2iω1t +

P (2ω2) (SHG2)︷ ︸︸ ︷
ε0 χ

(2) E2
2 e
−2iω2t

+

P (ω1+ω2) (SFG)︷ ︸︸ ︷
2 ε0 χ

(2) E1 E2 e
−i(ω1+ω2)t +

P (ω1−ω2) (DFG)︷ ︸︸ ︷
2 ε0 χ

(2) E1 E
∗
2 e
−i(ω1−ω2)t + c.c. ]

+

P (0) (OR1)︷ ︸︸ ︷
2 ε0 χ

(2) E1 E
∗
1 +

P (0) (OR2)︷ ︸︸ ︷
2 ε0 χ

(2) E2 E
∗
2

(3.11)

The first two terms (P (2ω1) and P (2ω2)) in Eq. 3.11 associate to the SHG of frequency
waves at ω1 and ω2, respectively. The third term (P (ω1 + ω2)) shows the polarization
component of sum-frequency generation (SFG) at frequency ω1 + ω2. SFG is a general
case of SHG, where two photons involve in this process at different frequencies to generate
more energetic photon.

The following term (P (ω1−ω2)) represents difference-frequency generation (DFG) pro-
cess at wave frequency ω1 − ω2. DFG is mainly used to generate a new photon at lower
frequency ω3 = ω1 − ω2. The weaker photon at frequency ω2 in DFG process is amplified
by the higher frequency photon (ω1). Therefore, this process is also denominated as OPA
as the process is stimulated by the presence of ω2 photon. In OPA, the input ω1, ω2, and
generated ω3 frequencies are called pump, signal, and idler frequencies, respectively.

Generally, the contributions of the second-order polarization can be written as a sum-
mation form like:

P̃ (2)(t) =
∑
n

P (ωn) e−iωnt (3.12)

3.1.2 Third-order nonlinearity

In this section, I describe some nonlinear processes as a consequence of the third-order
polarization. The nonlinearity is dominated by third-order processes in a medium that has
an inversion symmetry while the second-order susceptibility vanishes here. For simplicity,
the exposed materials in this section are assumed to have an inversion symmetry structure.
As seen earlier in Eq. 3.5, the third-order polarization can be expressed by:

P̃ (3)(t) = ε0 χ
(3) Ẽ3(t) (3.13)

Third-harmonic generation: By considering a single beam at frequency ω propa-
gates in a centrosymmetric medium, the induced third-order polarization can be explicated
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in the same manner of the SHG by substituting Eq. 3.8 in Eq. 3.13 to obtain:

P̃ (3)(t) =

P (3ω) (THG)︷ ︸︸ ︷
ε0 χ

(3) E3 e−3iωt +

P (ω) (SPM)︷ ︸︸ ︷
3 ε0 χ

(3) E2 E∗ e−iωt + c.c. (3.14)

The first term (P (3ω)) in Eq. 3.14 associates to the polarization component of the third-
harmonic generation (THG). In this process, three photons at frequency of ω involve to
create a new photon at frequency of 3ω.

Self-phase modulation: The second term in Eq. 3.14 is the intensity-dependent re-
fractive index term, which represents the polarization component corresponding to the
self-phase modulation (SPM). In SPM, the pulse experiences a change in its phase due to
the refractive index dependency on the pulse intensity (I). The nonlinear refractive index
(n) is defined as:

n(t) = n0 + n2 I(t) (3.15)

where n0 is the linear refractive index, and n2 is the Kerr coefficient, which defines the
nonlinearity strength. The coefficient n2 is expressed as:

n2 =
3 χ(3)

2 ε0 c0 n2
0

(3.16)

As the pulse intensity is time-dependent, the phase change of the pulse varies with the
time. As a consequence, the optical spectrum is modulated and this gives rise to a spectral
broadening.

Self-focusing: Assuming that the pulse propagates in nonlinear medium with a posi-
tive value of n2. The center of the beam experiences a higher refractive index comparing to
its wings due to the spatial distribution of the beam intensity. Under these circumstances,
the medium acts as a focusing lens. This phenomenon is known as a self-focusing effect.
This effect is undesirable as it could cause severe damage to the optical components. Such
an event would occur when the beam carries a peak power exceeding the critical power
(Pcri), which is expressed as:

Pcri =
0.146 λ2

n0 n2

(3.17)

Cross-phase modulation: In the presence of two different beams at a frequency of
ω1 and ω2, respectively, their interference in a centrosymmetric medium can give rise to
cross-phase modulation (XPM) effect. The polarization component associated with XPM
is given by:

P (ω1) = 3 ε0 χ
(3) E2 E

∗
2 E1 e

−iωt (3.18)



28 3. CEP-Stable Supercontinuum Generation

Here, the phase of the pulse (at frequency ω1) experiences a variation due to the inter-
action with another pulse (at frequency ω2) in the medium. This effect is called as optical
Kerr effect. In a pump-probe experiment, this effect can be utilized as a method for trans-
forming the information of a pump pulse to a probe pulse by altering the phase of the probe
pulse during their interaction in a proper nonlinear material. Such as this experiment is
presented in Chapter 5 and Chapter 6 when introducing the electro-optic sampling (EOS)
technique.

Four-wave mixing: In the general case, the third-order polarization in a centrosym-
metric medium can be induced by an incident electric field consists of three different fre-
quencies (ω1, ω2, and ω3). The total electric field is given as:

Ẽ(t) = E1 e
−iω1t + E2 e

−iω2t + E3 e
−iω3t + c.c. (3.19)

By replacing the corresponding value of the electric field in Eq. 3.19 into Eq. 3.13, the
third-order polarization becomes more complicated and contains 22 components as listed:

P (ω1) , P (ω2) , P (ω3) , P (3ω1) , P (3ω2) , P (3ω3)

P (ω1 + ω2 + ω3) , P (ω1 + ω2 − ω3) , P (ω1 + ω3 − ω2) , P (ω2 + ω3 − ω1)

P (2ω1 + ω2) , P (2ω1 + ω3) , P (2ω1 − ω2) , P (2ω1 − ω3)

P (2ω2 + ω1) , P (2ω2 + ω3) , P (2ω2 − ω1) , P (2ω2 − ω3)

P (2ω3 + ω1) , P (2ω3 + ω2) , P (2ω3 − ω1) , P (2ω3 − ω2)

(3.20)

These components can be represented in a summation form as:

P̃ (3)(t) =
∑
n

P (ωn) e−iωnt (3.21)

Cross-polarized wave generation: The generation of the cross-polarized pulses is
a special case of four-wave mixing process which occurs at the degenerate frequency (ω)
in a cubic crystal possessing an anisotropic third-order nonlinearity, for instance barium
fluoride (BaF2) crystal. This process leads to the generation of a new wave at the same
frequency (ω) and it is perpendicularly polarized to the driving waves, as:

w⊥ = w‖ + w‖ − w‖ (3.22)

In this process, the phase-matching between the input waves and the generated cross-
polarized wave (XPW) is guaranteed due to the isotropy of the cubic crystal. The intensity
of the converted wave is cubically proportional to the intensity of the driving wave. This
allows for enhancing the temporal and spatial shape of the generated pulse and smoothing
its spectrum. Moreover, the generated XPW pulse is compressed by a factor of

√
3 and
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also its spectrum is broadened by a factor of
√

3. In the following section, the conven-
tional methods of seed generation for OPCPAs are considered and some challenges of these
methods are highlighted.

3.2 Direct seed generation from OPCPA pump source

The most common method to provide broadband seed pulses for OPCPA has been driven
by low-energy lasers, such as Ti:Sa oscillators. In OPCPA, the seed pulses are amplified by
high-energy pulses from a different source at higher frequencies. This imposes a need for
suppressing the time jitter between the interaction pulses at the parametric stage, which
can be achieved via an active temporal synchronization between the seed and pump pluses
[88, 89].

In the seed generation, energy scaling of the seed pulses is prior demanded in order
to enhance the conversion efficiency and minimize the superfluorescence at the OPCPA
channels. Furthermore, the restricted carrier wavelength of the seed pulses can be converted
to longer wavelength in MIR region [90–92]. Therefore, the complexity of this approach
reduces the capability of the time synchronization system and leads to a deterioration in
the CEP [93].

A substantial temporal synchronization can be attained between the seed and the pump
sources of the OPCPA once the CEP-stable broadband seed pulses are directly generated
from the pump pulses. This approach suppresses the mentioned drawbacks and simplifies
the entire setup.

3.3 Phase-stable, multi-octave continuum

In the following, I treat the generation of a phase-stable multi-octave supercontinuum,
while its implementation as a seed source in the entire system (see Fig. 1.2) is addressed
in the next chapter.

The presented work in this section is based on the main Ph.D. work of Haochuan Wang
and the reported results in the published article:

• H. Fattahi, H. Wang, A. Alismail, G. Arisholm, V. Pervak, A. M. Azzeer, and
F. Krausz, “Near-PHz-bandwidth, phase-stable continua generated from a Yb:YAG
thin-disk amplifier,” Optics Express 24(21), pp. 24337–24346, 2016.

Therefore, this work is briefly summarized in this section with a view to support the
entire framework of this thesis.
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Figure 3.1: Setup layout of multi-octave, phase-stable supercontinuum. The supercontin-
uum is directly generated from the thin-disk Yb:YAG regenerative amplifier by utilizing
a small fraction of the output energy about 1.8mJ. In the beginning, the 1 ps pulse du-
ration of the input pulses is reduced by a factor of

√
3 into a 4mm-thick BaF2 crystal

(cross-polarized wave generation) (panel 1). Next, the separated cross-polarized waves are
tightly focused into a YAG crystal with a thickness of 4mm (panel 2) for supercontinuum
generation. Second-harmonic pulses at 515 nm, generated in panel 3, are used to boost
the energy of supercontinuum in a non-collinear parametric amplification stage (panel 4).
Subsequently, both the bandwidth of the amplified signal is shifted to longer wavelengths
and the carrier-envelope phase is stabilized in a collinear difference-frequency generation
stage (panel 5). Eventually, after compressing the generated pulses, second YAG crys-
tal is used to generate another supercontinuum in order to cover the VIS spectral range
(panel 6). The compact setup occupies an area of 70×50 cm2. BS: beam splitter, λ/2: half-
wave plate, TFP: thin-film polarizer, NP: nanoparticle film polarizer, F: spectral filter,
Si: silicon plate, FS: fused silica plate. This figure is adapted from [82].

As mentioned earlier, the direct seed generation from the pump source is an attractive
approach since this configuration eliminates the requirement of a complex temporal syn-
chronization system between the seed and the pump at the OPA stage [88, 89]. Direct
CEP-stable, multi-octave continuum seed was generated from an Yb:YAG regenerative
amplifier [82]. Scheme of the experiment setup is demonstrated in Fig. 3.1. 1.8mJ of the
output energy of the regenerative amplifier (Sec. 2.2.4) was used as the input of this setup.

The 1 ps pulses of the Yb:YAG regenerative amplifier were shortened to 650 fs via
XPW to obtain a stable supercontinuum in bulk. This stage is necessary as the critical
peak power of 1 ps pulses for filamentation in bulk is of the same order of magnitude as the
damage threshold of the bulk [94, 95]. 140µJ, 1 ps pulses were focused into a BaF2 crystal
with a thickness of 4mm to generate perpendicularly polarized pulses relative to the pump
pulses (see Fig. 3.1 panel 1). The XPW pulses are shortened by a factor of

√
3 with an

enhancement of both temporal and spatial profiles. After collimating the XPW beam, a
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TFP was utilized to reflect and separate the XPW from the fundamental beam. Next, the
4µJ reflected signal was focused into a YAG crystal with a 4mm of thickness to generate a
steady filament (Fig. 3.1 panel 2) yielding a continuum spectrum covering between 550 nm
to 1400 nm.

Afterwards, the supercontinuum spectrum was amplified in a saturated non-collinear
optical parametric amplification (NOPA) stage utilizing a BBO type-I crystal with a thick-
ness of 3mm (panel 4 in Fig. 3.1). The phase-matching angle was 24.5◦ and the non-
collinear angle was set to 2.5◦. The reader is referred to Sec. 4.1 for more information
about the OPA interactions. For optimum temporal overlap between the seed and pump
pulses at the non-collinear parametric stage, a 4mm-thick SF57 plate was used in the seed
path. The pulse energy was scaled to 100µJ by pumping the NOPA stage with the second-
harmonic (SH) of the fundamental pulses, which was generated prior in panel 3 (Fig. 3.1).
Fundamental pulse with an energy of 1.6mJ was frequency-doubled into a BBO type-I
crystal with a thickness of 1mm (θ = 23◦), leading to a 515 nm pulses with approximately
1mJ of energy. More details about the SHG characterization are provided in Sec. 4.3.

Thereafter, the amplified pulses interacted with the residual of 1030 nm pulses from
panel 1 in a collinear DFG stage (Fig. 3.1 panel 5) to stabilized the CEP and shift the
spectral bandwidth to MIR range. A type-I BBO crystal with a thickness of 2mm was
used for the DFG at a phase-matching angle of 20◦. The generated DFG beam was filtered
from the other beams by a silicon plate. The DFG pulses inherit a negative dispersion,
which was compensated by using a combination of SF57 and FS glasses with the lengths of
20mm and 10mm, respectively. This led to a pulse duration of 32 fs. Pulse characterization
was carried out by using SH-FROG employing a 100µm-thick type-I BBO crystal.
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Figure 3.2: Spectrum of phase-stable multi-octave supercontinuum. The spectrum contains
a pulse energy of 6µJ and covers around 0.45PHz of spectral bandwidth. This figure is
adapted from [82].

Ultimately, the spectrum bandwidth was further extended to higher frequencies in
a second YAG crystal with a thickness of 8mm (see Fig. 3.1 panel 6). The spectrum is
shown in Fig. 3.2, which was recorded by a silicon-based VIS spectrometer (Ocean Optics
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a) b)

Figure 3.3: CEP stability of multi-octave supercontinuum. (a) The measured spectrogram
of the interference fringes in f-2f interferometer and (b) the retrieved CEP fluctuations over
a time window of 600 s. This figure is adapted from [82].

B.V, USB2000+) and two InGaAs NIR spectrometers (Ocean Optics B.V, NIRQuest-
512-1.7 and NIRQuest-256-2.5). The measured spectrum, ranges from 550 nm to beyond
2500 nm, covering a spectral bandwidth of 0.45PHz, and contains the energy of 6µJ.
The available spectrometers restricted the spectrum detection to 2520 nm, however, the
retrieved spectrum of the SH-FROG measurement indicates that the seed spectrum stops
at 2800 nm. The verification of the CEP stability of the generated broadband spectrum
was conducted in a collinear f-2f interferometer [82]. Figure 3.3 (a) illustrates the measured
trace of the CEP fluctuations of the entire spectrum over a time window of 600 s. The
measurement shows an outstanding pulse-to-pulse reproducibility where the CEP jitter
was approximately 144mrad (Fig. 3.3 (b)).

3.4 Few-cycle idler generation from an angularly dis-
persed signal

In the current section, I propose an alternative method for generating CEP-stable MIR
pulses. In the previous section, the supercontinuum pulses (Fig. 3.1 panel 2) were sent
through two nonlinear stages: first, to amplify and stabilize the pulse energy via a NOPA,
and, second, to CEP stabilize and shift the central frequency to the MIR in a collinear
DFG. The MIR pulse generation setup in this section, the nonlinear processes were reduced
by combining these stages into a single, saturated NOPA stage. However, in a NOPA
due to the required non-collinear geometry for a broadband and efficient amplification, the
generated idler inherits an angular dispersion, which must be compensated for. It has been
shown that the angular dispersion can be compensated by using a telescope-grating after
the NOPA stage [96, 97]. Alternatively, the angular dispersion can be pre-compensated
by angularly dispersing the seed pulses prior to amplification [98]. I chose to compensate
for the angular chirp by pre-chirping the input signal pulses to the NOPA by means of a
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grating pair, motivated by the higher efficiency of grating pairs for VIS frequencies.
The presented work in this section is based on the reported results in the published

article:

• A. Alismail, H. Wang, N. Altwaijry, and H. Fattahi, “Carrier-envelope phase stable,
5.4µJ, broadband, mid-infrared pulse generation from a 1-ps, Yb:YAG thin-disk
laser,” Applied Optics 56(17), pp. 4990–4994, 2017.

3.4.1 Experimental setup

The experimental layout is demonstrated in Fig. 3.4. 400µJ of the total energy of the thin-
disk Yb:YAG regenerative amplifier [60] was separated by using an attenuator, comprised
of a TFP and a half-wave plate, which was then frequency-doubled in a BBO type-I crystal
with a thickness of 1.5mm at a phase-matching angle of 23◦ (Fig. 3.4 block 1).

The beam size on the crystal was adjusted to attain a peak intensity of 80GW/cm2.
260µJ of energy at 515 nm was acquired, corresponding to 65% optical-to-optical conver-
sion efficiency. The frequency-doubling of the input pulses is necessary to ensure intrinsic
CEP stability of the generated MIR pulses in the last nonlinear stage of the setup, which
contains a NOPA [99].

The SH pulses are temporally shortened compared to the fundamental laser pulses at
1030 nm, due to pulse shortening based on the χ2 effect (see Sec. 4.3.2 and Ref. [60] for
more details). Afterwards, the SH beam was focused into a BaF2 crystal with a 4mm of
thickness for XPW generation and an additional pulse shortening (see Fig. 3.4 block 2). The
466-fs-long XPW pulses were separated from the residual SH pulses by a TFP and focused
in a bulk for supercontinuum generation in VIS frequencies (block 3 in Fig. 3.4) [100]. This
step is necessary to achieve a stable and reproducible supercontinuum [82, 94]. Finally,
the Stokes wing (lower frequencies) of the generated supercontinuum and the residual SH
pulses were focused into a NOPA stage to generate broadband, CEP-stable pulses in the
MIR, as shown in Fig. 3.4 block 4. More detailed discussion of each block of the setup is
presented in the following sections.

3.4.2 XPW and supercontinuum driven by high-energy photons

It has been challenging to generate a supercontinuum using high-energy photons [101, 102].
As the energy of the driving photons approaches the bandgap of transparent materials, the
probability of the damage due to nonlinear absorption increases. In addition, the damage
threshold of transparent media is proportional to the inverse square root of the pulse-width,
as a subject to the impact-ionization dynamics.

Therefore, the XPW process was used to temporally shorten the driving pulses prior
to the supercontinuum generation stage due to its simplicity and self-compression, which
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Figure 3.4: Schematic layout of a few-cycle, carrier-envelope phase-stable, idler genera-
tion. 400µJ of a 1 ps, 20mJ Yb:YAG, thin-disk amplifier is converted to carrier-envelope
phase-stable, broadband, 5.4µJ pulses centered at 2.1µm. At the first, the 1 ps pulses
are frequency-doubled in a BBO crystal with a 1.5mm of a thickness (block 1). Then
the 260µJ second-harmonic beam is tightly focused into a 4-mm-thick BaF2 crystal for
cross-polarized wave generation (block 2). The 466-fs-long cross-polarized wave pulses are
separated from the residual energy by means of a thin-film polarizer (block 2) and focused
into a 10-mm-thick window of YAG for supercontinuum generation (block 3). The Stokes
wing of the supercontinuum, centered at 680 nm, is filtered by using a 600 nm long-pass
filter to serve as a signal for a NOPA. The signal pulses are sent through a grating pair
and a 115-mm-thick F2 to adjust their angular chirp and temporal duration. Finally, the
signal and pump pulses are sent to a NOPA containing a 6-mm-thick BBO crystal (block 4)
to generate broadband idler pulses centered at 2.1µm. BS: beam splitter, λ/2: half-wave
plate, TFP: thin-film polarizer, FL: spectral filter. This figure is adapted from [83].
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Figure 3.5: Cross-polarized waves driven by high-energy photons. (a) Optical-to-optical
efficiency of the generated cross-polarized waves as a function of the power of the driving
pulses (second-harmonic pulses). (b) Normalized spectra of the fundamental (red curve),
the second-harmonic (light green curve), and the generated cross-polarized (dark green
curve) pulses with a spectral bandwidth of 0.62THz, 1.26THz, and 1.64THz (FWHM),
respectively. This figure is adapted from [83].

obviates the need for any additional pulse compressor. It is known that the conversion
efficiency of an XPW process is proportional to the input frequency of the driving pulses,
due to the increase in the nonlinearity of materials when interacting with higher-energy
photons [103]. However, for driving pulses with higher photon energies saturation occurs
earlier, due to the dephasing between the driving pulses and the XPWs, limiting the
conversion efficiency.

260µJ pulses at 515 nm were used to generate XPW in a 4-mm-thick BaF2 crystal with
a holographic cut. A f = 150mm convex lens was used to focus the beam, while the crystal
was placed slightly after the focus. The beam size at the crystal was 260µm at FWHM.
Figure 3.5 (a) shows the optical-to-optical conversion efficiency for XPW generation. A
maximum efficiency of 2%, corresponding to 5µJ, was achieved. Higher peak intensities
on the crystal led to its optical damage. The generated XPW pulses and the residual SH
pulses were both collimated by a f = 150mm convex lens. A TFP was used to separate
them afterward, as the XPW and SH beams have a crossed polarization. A half-wave
plate before the focusing lens was used to flip the input beam polarization and to have
XPW pulses reflecting from TFP. The evolution of the measured spectra at different
nonlinear stages is illustrated in Fig. 3.5 (b). XPW pulses were evaluated by using a cross-
correlation frequency-resolved optical gating (XFROG) employing a 100-µm-thick BBO
type-I crystal. The Fourier transform-limit pulses of the Yb:YAG amplifier were used as a
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Figure 3.6: Pulse characterization of the generated cross-polarized waves. (a) Measured
and (b) retrieved cross-correlation frequency-resolved optical gating spectrograms. (c)
Retrieved temporal profile and the temporal phase of the cross-polarized waves with 466 fs
pulse duration at FWHM. (d) Retrieved spectral intensity and the spectral phase of the
cross-polarized waves (Gerror = 0.01544). This figure is adapted from [83].

reference pulse for the XFROG measurement. Figure 3.6 shows the measured and retrieved
XFROG spectrograms, as well as the retrieved temporal and spectral profiles of the XPW
pulses with a 466 fs temporal duration (FWHM).

Thereafter, XPW pulses were focused by a f = 125mm convex lens into a nonlinear
medium for supercontinuum generation. I tried several nonlinear media and could achieve
a stable filament only in a YAG plate with a thickness of 2mm due to its lower critical
power. This study is summarized in Table 3.1. In the final setup, I chose a 10-mm-thick
plate of YAG due to the better daily reproducibility.

Figure 3.7 illustrates the spectrum and the transverse beam profiles of the generated
supercontinuum in 10-mm-thick YAG. The spectra and the beam profiles of the anti-Stokes
(left) and Stokes (right) wings were measured behind a 500 nm short-pass filter (Thorlabs
GmbH, FES0500) and a 550 nm long-pass filter (Thorlabs GmbH, FEL0550), respectively.
Both spectra were normalized to one separately. With a tighter focusing, a stable filament
could be generated by using only 0.7µJ energy and an f = 40mm convex lens. However, I
opted for generating a stable, single filament with the maximum pulse energy, by a careful
balance between the beam size and the energy of the driving pulses. The Stokes wing of the
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Table 3.1: Supercontinuum generation in different materials. The performance of different
materials for supercontinuum generation driven by 466 fs pulses at 515 nm. TGG: terbium
gallium garnet, ZnS: zinc sulfide. This table is adapted from [83].

crystal thickness critical power band gap filament
(mm) (MW) (eV)

YAG 2 0.22 6.3 Yes
Sapphire 2 0.68 9.9 No
TGG 4 0.12 — No
ZnS 5 0.32 3.911 No
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Figure 3.7: Supercontinuum driven by high-energy photons. Normalized spectrum of the
generated supercontinuum in 10-mm-thick YAG. Inset: transverse beam profiles of the
anti-Stokes (left) and Stokes (right) wings of the supercontinuum. This figure is adapted
from [83].

supercontinuum was filtered out by a 600 nm long-pass filter (Thorlabs GmbH, FEL0600)
and was collimated by a f = 125mm convex lens and used to seed the NOPA stage.

3.4.3 Idler generation

To generate broadband MIR pulses, the unconverted portion of SH pulses after the XPW
process (Fig. 3.4 block 2) was mixed with the Stokes wing of the supercontinuum in a NOPA.
As described earlier, the generated idler in the non-collinear geometry has an angular chirp
that can be pre-compensated by matching the signal pulse-front to the idler pulse-front or
the propagation direction of the idler. For picosecond pump pulses, the influence of the
pulse-front is insignificant and can be ignored. I chose to pre-compensate for this angular
chirp by angularly dispersing the signal pulses of the NOPA, using an aluminum-coated
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Figure 3.8: Angular dispersion of the signal beam. A spatial chirped beam is performed
when the two gratings satisfy the condition γ1 = γ2. An achromatic lens focuses the
frequency components of the signal at its focal plane and introduces an angular chirp in
the signal’s beam with a total angle of ϕ.

reflective grating pair, with 300 groves/mm and 8.6◦ blaze angle (Thorlabs GmbH, GR50-
0310) [97, 98]. I avoided using a Brewster prism pair due to its undesired higher-order
dispersion.

The ruled reflective diffraction grating pair produced a spatial chirp in the signal beam
while ensuring the two gratings are parallel, as shown in Fig. 3.8. An achromatic lens
with a focal length of 400mm was utilized to form an angular chirp in the signal beam by
focusing the different wavelengths of the signal on the same plane into the DFG crystal.
For a lens with a fixed focal length, the separation between the gratings determines the
applied angular dispersion to the signal. Therefore, one of the gratings was clamped on a
mechanical translation stage for adjusting the distance. Increasing the distance between the
grating led to the more spatial separation between the spectral components. In other words,
it led to a bigger beam size on the lens and a greater angular chirp ratio (dϕ

dλ
). Afterwards,

the angularly chirped signal pulses were amplified in a 6-mm-thick BBO type-I crystal
with a phase-matching angle of 23.4◦ and an internal non-collinear angle of 2.4◦. The
pump and signal beams were focused down to 650µm (FWHM) and overlapped spatially
and temporally in the BBO crystal.

Fig. 3.9 (a) and (b) show the signal and the respective idler spectra for different cases
of arrangement. In the case 1 (red curves), an angular chirp ratio of dϕ

dλ
= 240µrad/nm

was pre-introduced to the signal. It is clear to distinguish that corresponding idler beam
profile inherits an angular dispersion (Fig. 3.9 (c)). In addition to the angular chirp, the
grating pair also temporally disperses the signal pulses. The GDD, induced by the grating
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pair on the signal pulses, is calculated from:

GDDg = − N2 λ3

2 π c2
0

b

cos3β
(3.23)

where N , λ, b, c0, and β are grating’s line density, the wavelength of the incident pulse,
grating separation, velocity of light, and diffraction angle from the grating of the relevant
wavelength, respectively.

As a result, the signal pulses become longer than the pump pulses in the NOPA and
the amplified spectral bandwidth decreases. Therefore, an additional glass plate should be
added in the signal path to compensate for the introduced dispersion. The GDD given by
a transmissive material can be determined by the expression:

GDDm =
λ3

2 π c2
0

d2n

dλ2
(3.24)

where n medium’s refractive index of the material.
When the optimum angular chirp of the signal (220µrad/nm) was met as case 2 (see

Fig. 3.9 black curves), by adjusting the separation between the gratings precisely, the an-
gular chirp in the idler was canceled and a nearly Gaussian beam profile was achieved (see
Fig. 3.9 (d)). In this case, the decrease of the gratings separation introduces less negative
GDD in the signal pulses, thus, it requires less transmissive materials for compensating
the total dispersion. In the two cases, the amplification phase-matched for less bandwidth
due to the residual dispersion, resulting in narrow signal and idler bandwidth.

To generate a non-angular chirp idler with a broad bandwidth, the angular chirp on the
signal and its GDD need to be simultaneously controlled. Therefore, the distance of the
grating pair was set to 155mm, corresponding to a 220µrad/nm angular chirp. In addition,
a 115-mm-thick plate of flint (F2) glass was placed in the signal beam path in order to
compensate for the calculated negative chirp of the signal pulses and to adjust the temporal
duration of the signal pulses within the temporal window of pump pulses at the NOPA
stage. The entire GDD of the signal was estimated to be around +300 fs2. This control
led to the generation of an angular-chirp-free idler, and the broadest idler bandwidth from
1.8µm to 2.4µm as exhibited in case 3 Fig. 3.9 (blue curves). The generated chirp-free idler
pulses have similar temporal duration to the signal pulses, as their generation occurs only in
the region that pump and signal pulses are temporally overlapped. The transverse spatial
profile of the 5.4µJ, broadband chirp-free idler in the far-field are shown in Fig. 3.9 (e).
Table 3.2 summarizes the parameters of the three cases mentioned earlier.

The careful design of the system led to 1.35% optical-to-optical efficiency, which is
the ratio of the output pulse energy of the system to the input pulse energy. To the best
of my knowledge, this is the highest reported efficiency for similar systems reported in
Ref.s [82, 97, 98, 104]. Details about the comparison of these systems are summarized
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Figure 3.9: Idler generation from an angularly dispersed signal. (a) Normalized spectra of
the amplified signal pulses at the NOPA containing a 6-mm-thick BBO crystal for three
different cases. (b) Normalized spectra of the generated idler for three different cases.
In case 3, idler’s spectrum supports 37 fs (FWHM) Fourier transform-limited pulses. The
transverse spatial profile of the generated idler at the focus for (c) case 1, (d) case 2, and
(e) case 3. This figure is adapted from [83].

in Table 3.3. The demonstrated method in this section was motivated by scaling the ef-
ficiency of the supercontinuum generation compared to the system discussed in Sec. 3.3.
However, its implantation as a seed source is beyond the scope of this thesis, since the full
characterizations of this source have not been accomplished.

3.5 Conclusion

I demonstrated two compact and efficient designs to generate broadband, CEP-stable pulses
driven from a 1 ps, thin-disk Yb:YAG amplifier. The first design delivers a supercontinuum
with 0.45PHz bandwidth from 550 nm to 2500 nm and 6µJ of energy. In the second design,
the broadband MIR spectrum spans from 1.83µm to 2.36µm and contains 5.4µJ of energy.
It is expected that the delivered pulses from this design show a similar long-term, CEP
stability like the first design reported in Ref. [82].

The reported optical-to-optical conversion efficiency of the second design about 1.35%.
The microjoule, MIR pulses can be used for CEP-stable, supercontinuum generation in bulk
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Table 3.2: Detailed parameters and performance of the three cases of setting reported in
Fig. 3.9.

case dϕ
dλ

GDDnet idler’s bandwidth idler’s energy
(µrad/nm) (fs2) (µm) (µJ)

1 240 -1300 1.7-2.1 1.4
2 220 -1700 1.7-2.0 1.6
3 220 +300 1.8-2.4 5.4

Table 3.3: Efficiency comparison of several supercontinuum generation systems.

system input energy output energy bandwidth efficiency
(mJ) (µJ) (nm) (%)

Ref. [97] 1.40 3.00 700-1400 0.22
Ref. [98] 0.17 0.20 1800-2400 0.12
Ref. [104] 0.65 2.40 550-1900 0.37
Ref. [104] 0.65 7.00 510-1600 1.08
Sec. 3.3 [82] 1.70 6.00 1700-2500 0.38
Sec. 3.4 [83] 0.40 5.40 1800-2400 1.35

[82, 104, 105], or hollow-core photonic crystal fibers [106], and ideal seed for broadband
OPAs or waveform synthesizers, facilitating the state of the art and obviating the need for
complicated optical temporal synchronization between pump and signal pulses [88, 89].

As discussed in Sec. 3.4.2, the energy threshold for generating a supercontinuum driven
by 466-fs-long, 515 nm pulses is 0.7µJ. Therefore, the required input energy to the system
can be scaled down to tens of microjoules. Considering this margin, it can be simply
calculated that the required input peak power to achieve a CEP-stable supercontinuum at
the output of the setup is compatible with the peak power delivered by high average power
oscillators such as a source reported in Ref. [57].

The opportunity of generating a super-octave, CEP-stable continuum directly from
high average power, low peak power sources paves the way for a new generation of lasers,
suitable for femtosecond field- and time-resolved spectroscopy in the MIR spectral range.





Chapter 4

Few-Cycle Optical Parametric Chirped
Pulse Amplification Systems

The generation of few-cycle light pulses with a pulse energy of multi-millijoule is a highly
focused field for a variety of applications in attosecond physics [2, 18, 107, 108] and high-
field science [109, 110]. OPCPA offers few-cycle pulses that yield high pulse energies
[18]. To date, OPCPA allows for broadband amplification of few-cycle pulses [111–114].
However, a modified implementation of the OPCPA scheme, which uses short pump pulses
on the picosecond scale, holds promise for making this approach scalable for even higher
pulse energies and average powers in the few-cycle regime [18, 91, 115]. Due to the high
pump intensity in short pulse pumped OPCPA, the high single-pass gain offers for utilizing
very short crystals to support broad amplification bandwidths. Despite the many benefits
of pumping OPCPA with short pulses, the realizability of the mentioned approach is subject
to the supply of sources that are specially tailored for this purpose. Such a pump source
fulfilling these requirements have been described earlier in Chapter 2.

In the earlier chapters, the generation of the high-energy pump pulses, and the CEP-
stable, multi-octave seed pulses for the OPCPA chains have been described. The current
chapter focuses on the development of a few-cycle OPCPA system, consisting of NIR
and MIR channels, for generating a high-energy light transient. Moreover, this chapter
addresses some important considerations associated with OPA process, for instance, phase-
matching condition and optical parametric gain.

The presented work in this chapter is based on the reported results in the two published
articles:

• H. Fattahi, A. Alismail, H. Wang, J. Brons, O. Pronin, T. Buberl, L. Vámos, G.
Arisholm, A. M. Azzeer, and F. Krausz, “High-power, 1-ps, all-Yb:YAG thin-disk
regenerative amplifier,” Optics Letters 41(6), pp. 1126—1129, 2016.

• A. Alismail*, H. Wang*, G. Barbiero, N. Altwaijry, S. A. Hussain, V. Pervak, W.
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Schweinberger, A. M. Azzeer, F. Krausz, and H. Fattahi, “Multi-octave, CEP-stable
source for high-energy field synthesis,” Science Advances 6, p. aax4308, 2020.

4.1 Theoretical foundations of optical parametric am-
plification

This section studies the nonlinear interactions of OPA which was briefly described ear-
lier in Sec. 3.1.1. There are several excellent textbooks and review articles covering the
topic of OPA, such as Ref.s [85, 116–118]. This section is mainly adapted from Ref.s [85,
116]. In this process, signal and pump beams propagate in non-zero χ(2) crystal (non-
centrosymmetric structure). The photon energy of the pump converts to the signal photon
and a new photon called idler photon. As the converted energy is conserved, the frequency
components are represented as:

ωs + ωi = ωp (4.1)

where s, i, and p indices denote for signal, idler, and pump photons, respectively.

4.1.1 Coupled-wave equations of optical parametric amplification

The physics behind the OPA process can be realized by deriving a solution of the wave
equation, which was presented in Eq. 3.6. The electric field of the three waves involve in
the nonlinear interaction and propagate through non-centrosymmetric crystal at z-direction
describes as:

Ẽs(z, t) = As e
i(ksz−ωst) + c.c.

Ẽi(z, t) = Ai e
i(kiz−ωit) + c.c.

Ẽp(z, t) = Ap e
i(kpz−ωpt) + c.c.

(4.2)

where A is the field amplitude of the wave at a frequency of ω, and k is the wavenumber.
The total electric field can be written as:

Ẽ(z, t) = Ẽs(z, t) + Ẽi(z, t) + Ẽp(z, t) (4.3)

The polarization components of these photons can be derived from Eq. 3.7 and Eq. 4.3
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as:

P̃NL
s = 4 ε0 deff Ap A

∗
i e

i(kp−ki)z−iωst + c.c.

P̃NL
i = 4 ε0 deff Ap A

∗
s e

i(kp−ks)z−iωit + c.c.

P̃NL
p = 4 ε0 deff As Ai e

i(ks+ki)z−iωpt + c.c.

(4.4)

where deff = χ(2)

2
is the effective nonlinear coefficient. In order to introduce the signal

wave equation in one-dimension, Eq. 4.3 and Eq. 4.4 are substituted into Eq. 3.6 to obtain:

[
d2As
dz2

+ 2 i ks
dAs
dz

− k2
s As +

n2
s ω

2
s

c2
0

As ] eiksz e−iωst + c.c.

= − 4 ε0 µ0 deff ω
2
s Ap A

∗
i e

i(kp−ki)z e−iωst + c.c.

(4.5)

The second derivative of the complex amplitude can be neglected in this equation by
assuming a slowly varying amplitude approximation, where |d2As

dz2 | � |ks dAsdz |. Further
simplification can be made since ks = nsωs

c0
and c0 = 1√

ε0µ0
, to gain the coupled-wave

equation for signal wave:

dAs
dz

=
2 i deff ω

2
s

c2
0 ks

Ap A
∗
i e

i∆kz (4.6)

where ∆k = kp − (ks + ki) is the wavenumber mismatch. In the same manner, the
coupled-wave equations of the idler and pump waves can be found as:

dAi
dz

=
2 i deff ω

2
i

c2
0 ki

Ap A
∗
s e

i∆kz

dAp
dz

=
2 i deff ω

2
p

c2
0 kp

As Ai e
−i∆kz

(4.7)

4.1.2 phase-matching

The nonlinear effects are dramatically low for a nonlinear medium under general conditions.
These effects can be enhanced by decreasing the value of ∆k. The amplitude of the
signal wave after propagation distance of L into a nonlinear crystal can be estimated by
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Figure 4.1: Phase-matching condition. (a) The wavenumber mismatch versus the signal in-
tensity. (b) The evolution of the signal intensity along the crystal for different wavenumber
mismatch values.

integrating Eq. 4.6 along the crystal thickness as:

As(L) =
2 i deff ω

2
s

c2
0 ks

Ap A
∗
i

∫ L

0

ei∆kz dz

=
2 deff ω

2
s

c2
0 ks

Ap A
∗
i [

ei∆k L − 1

∆k
]

(4.8)

Since the intensity of the wave at frequency ωj is Ij = 2ε0c0nj|Aj|2, the intensity of the
signal wave can be evaluated as:

Is =
2 d2

eff ω
2
s

ε0 c3
0 ns ni np

Ip Ii L
2 sinc2(

∆k L

2
) (4.9)

As seen in Eq. 4.9, it is clear that the signal’s intensity has a maximum value when
∆k = 0 (see Fig. 4.1 (a)). Figure 4.1 (b) shows the intensity evolution along the crystal
length. It can be observed that the intensity dramatically increases when ∆k = 0. In
other words, the signal’s intensity can be maximized by satisfying the following:

ks + ki = kp (4.10)

This equation is known as the phase-matching condition. Therefore, the efficiency of
the parametric amplification of the signal can be increased by fulfilling this condition.
Moreover, the phase-matching condition can be also written in the form:

ns ws + ni wi = np wp (4.11)



4.1 Theoretical foundations of optical parametric amplification 47

However, this condition is difficult to achieve in usual circumstances. There are many
approaches which can be used to achieve the phase-matching condition, for instance an-
gle phase-matching, quasi-phase-matching, and temperature phase-matching. In the angle
phase-matching approach, the condition satisfaction calls for the use of birefringence crys-
tals. In these crystals, the refractive index relies on the polarization of the incident beam,
its propagation direction, and the type of the crystal. The nonlinear crystals can be clas-
sified into two types: i) uniaxial crystals, and ii) biaxial crystals.

In a uniaxial crystal, an extraordinary beam, polarized along the principal plane of
the crystal (contains k-vector of the propagated beam and optical axis of the crystal),
faces a different refractive index compared to the ordinary beam polarized perpendicular
to the principal plane. This difference can be varied by changing the angle (θ) of the
incident beam with respect to the optical axis of the crystal. Therefore, the wavenumber
mismatching can be minimized by controlling this variation. The refractive index as a
function of the angle θ in a uniaxial crystal can be expressed as:

ne(θ) =
no ne√

(no)2 sin2θ + (ne)2 cos2θ
(4.12)

where no and ne are the refractive indices of the ordinary and extraordinary beams,
respectively. The uniaxial crystals are classified into positive crystals (where no > ne) and
negative crystals (where no < ne). There are three configurations of beam interactions
in the uniaxial crystal to satisfy the phase-matching condition of the OPA process. In
the case of a negative uniaxial crystal (for instance BBO crystal), these configurations are
listed as:

nos ws + noi wi = nep(θ) wp (type− I, ooe− interaction)

nos ws + nei (θ) wi = nep(θ) wp (type− II, oee− interaction)

nes(θ) ws + noi wi = nep(θ) wp (type− II, eoe− interaction)

(4.13)

where θ is defined as a phase-matching angle confined between the optical axis of the
crystal and the pump beam.

In biaxial crystals, such as lithium triborate (LBO) (LiB3O5) crystal, the three principal
axes possess different refractive indices, therefore, the refractive index dependency becomes
increasingly complicated comparing to uniaxial crystals. A detailed description of this
dependency can be found in Ref. [119]

In the case mentioned above, all the wave-vectors of the interaction beams were sup-
posed to have the same direction, which is denominated as collinear configuration (see
Fig. 4.2 (a)). However, the signal and idler pulses temporally separate from each other
after a short propagation distance (temporal walk-off) as a consequence of the disper-
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Figure 4.2: Phase-matching configuration. (a) Collinear and (b) non-collinear configura-
tions. The angle Ω defines the angle between the signal and idler beams.
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Figure 4.3: Numerical evaluation of phase-mismatch of the signal wave in an LBO crys-
tal. The signal wavelength versus the phase-mismatch for: (a) different phase-matching
angles and fixed non-collinear angle, and (b) different non-collinear angles and fixed phase-
matching angle. The 4mm LBO crystal was pumped with pulses at wavelength of 515 nm.

sion of the crystal. Therefore, this results in a limited phase-matching bandwidth. In a
non-collinear configuration as shown in Fig. 4.2 (b), an internal non-collinear angle (α) is
introduced between the signal and pump wave vectors which allows compensating for the
temporal walk-off and supports a broader bandwidth amplification. The phase-matching
condition of the NOPA can be determined as:

(ni ωi)
2 = (np ωp)

2 + (ns ωs)
2 − 2 ns np ωs ωp cos α (4.14)

Figure 4.3 shows the phase-mismatching (∆k L) as a function of the signal wavelength
in an LBO crystal by utilizing a non-collinear configuration. The phase-mismatch was
numerically evaluated by using Simulation System for Optical Science (SISYFOS) code
[120] by assuming the use of 4mm LBO type-I crystal pumped with 515 nm pulses. In
Fig. 4.3 (a), the phase-mismatch was calculated for different phase-matching angles and an
arbitrary non-collinear angle. While in Fig. 4.3 (b), the phase-mismatch was calculated by
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varying the non-collinear angle at a fixed phase-matching angle. A broadband signal spec-
trum spanning from 700 nm to 1400 nm can be obtained at the optimum phase-matching
angle (θ = 15◦) and non-collinear angle (α = 1.1◦).

4.1.3 Optical parametric gain

In this section, I treat the evolution of the optical parametric amplification along the
crystal. By starting from the derivative of the coupled-wave equations of the signal (Eq. 4.6)
and assuming the approximation of the undepleted pump to obtain:

d2As
dz2

= Γ2 As + i ∆k
dAs
dz

(4.15)

where the quantity Γ2 is expressed as:

Γ2 =
4 d2

eff ω
2
s ω

2
i

c4
0 ks ki

|Ap|2 =
2 d2

eff ωs ωi

ε0 c3
0 ns ni np

Ip (4.16)

The solution of this partial differential equation (Eq. 4.16) by applying the boundary
condition (Ai(0) = 0) can be derived as:

As(z) = As(0) e
i∆kz

2 [ cosh(gz)− i ∆k

2 g
sinh(gz) ] (4.17)

where the small gain (g) is expressed as:

g =

√
Γ2 −

( ∆k

2

)2 (4.18)

The pump power threshold (u(th)
p ) for signal amplification can be estimated from the

small gain, when Γ2 =
(

∆k
2

)2, as:

u(th)
p =

π ε0 c
3
0 ns ni np wp

4 d2
eff ωs ωi

( ∆k

2

)2 (4.19)

where wp is the pump beam radius. The intensity gain of the signal wave can be derived
from the ratio of signal’s intensity after the crystal (Is(L)) and the initial signal’s intensity
(Is(0)) as:

G(L) =
Is(L)

Is(0)
= 1 +

Γ2

g2
sinh2(gL) (4.20)

Figure 4.4 (a) shows the numerical simulation of the gain bandwidth of the seed pulses
by using SISYFOS code [120]. Here, the seed spectrum (shown earlier in Fig. 4.3) was
amplified in a single amplification stage pumped at 515 nm. The pump’s beam size was
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Figure 4.4: Simulated parametric gain of the signal wave in an LBO crystal. (a) The
amplified signal’s spectrum in an LBO crystal with a thickness of 3mm pumped with
pulses at wavelength of 515 nm. (b) The amplified pulse energy as a function of the crystal
thickness. The gray-shaded area indicates the saturation zone.

adjusted to the peak intensity of 100 GW/cm2. The parametric amplification was formed
in a 3mm LBO crystal with a phase-matching angle of 15.5◦, an internal non-collinear
angle of 1.05◦, and deff = 0.82 pm/V. As can be seen in Fig. 4.4 (b), the amplified pulse
energy reaches the saturation after a certain propagation length (gray-shaded area). The
following sections is devoted to the experimental results.

4.2 Experimental setup

A layout of the OPCPA channels is depicted in Fig. 1.2. A broadband dielectric beam split-
ter [121] was used to divide the seed spectrum reported in Sec. 3.3 into two portions: i) NIR
region from 700 nm to 1400 nm, and ii) MIR region with spectral coverage from 1600 nm
to 2500 nm. The remaining energy of the Yb:YAG amplifier was frequency-doubled in a
0.5mm-thick type-I, BBO crystal at 80GW/cm2 peak intensity. The SH module delivers
9mJ pulses at 515 nm. Thereafter, the SH pulses were separated from the fundamental
pulses by a dielectric beam splitter. The generation of the SH is described in sufficient
detail in the next section. The spectrum in the NIR region was amplified in the NIR
channel pumped by the SH pulses, while the energy of the second portion of the spectrum
was boosted in the MIR channel by the fundamental pulses. An individual description of
each channel is provided in Sec. 4.4 and Sec. 4.5.
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4.3 Second-harmonic generation

As seen earlier, each spectral region of the broadband seed spectrum is parametrically
amplified by the fundamental or lower harmonics of the pump pulses. Specifically in NIR
channel, due to the condition of energy conservation, the parametric amplification calls for
higher pump frequency (SHG of the Yb:YAG amplifier) compared to the seed frequencies.
In the following, I deal with the SHG prior to the amplification in the NIR channel.
This includes the consideration of the candidate crystals and the characterization of the
conversion efficiency.

4.3.1 Crystal selection

Amongst a wide variety of nonlinear crystals for SHG, BBO and LBO were adopted as
the best selections, as they offer a high nonlinear coefficient and damage threshold. The
nonlinearity in BBO is greater than LBO, however, it has a larger spatial walk-off. In
addition, the available aperture is limited in the case of BBO.

The performances of both crystals were analyzed and compared in a designed SHG stage
by using the SISYFOS code [120]. In this code, optical parametric frequency conversions in
nonlinear media are simulated in three-dimensions by utilizing a split-step Fourier method.
SISYFOS code solves the coupled differential equations for the slowly varying amplitudes.
This model can take into account most of the relevant physical effects in the frequency con-
version such as propagation effects, second- and third-order nonlinearities, thermal effects,
two-photon absorption, and non-collinear interactions. In this numerical simulation, I ne-
glected the thermal effects, third-order nonlinear processes, and two-photon absorption. In
the same fashion of the experiment, I considered the pump pulses with temporal and spatial
Gaussian profiles. For BBO, phase-matching angle θ = 23.4◦ and a deff value of 2 pm/V
were considered. For LBO, phase-matching angle of 13.7◦ and deff = 0.819pm/V were also
considered. The Sellmeier coefficients of these crystals were obtained from Ref.s [122, 123].
1 ps (FWHM), 20mJ pulses at 1030 nm were considered as the input of the simulation.
The beam’s size was adjusted for 100GW/cm2 peak intensity.

Figure 4.5 depicts the energy of SHG at wavelength of 515 nm versus a type-I, 3mm-
thick BBO and a type-I, 6mm-thick LBO crystals. A similar maximum conversion effi-
ciency can be attained in both crystals. The maximum is reached after longer propagation
in LBO. This is the result of the smaller spatial walk-off between the fundamental and the
SH beams in LBO crystal. The saturation of the SHG energy occurs at crystal thickness of
1.5mm in BBO, and 3mm in LBO crystal. After these lengths, an energy back conversion
from the SH pulses to the fundamental pulses was observed. As the nonlinear coefficient of
BBO is almost twice of the LBO, a shorter BBO crystal is sufficient to reach the saturation
for SHG. Therefore, BBO is the more suitable choice, as the accumulated nonlinear phase
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Figure 4.5: Second-harmonic generation crystals. The simulated energy of the second-
harmonic generation in BBO and LBO crystals with a thickness of 3mm and 6mm, re-
spectively. This figure is adapted from [60].

4.3.2 Spectral phase in saturated second-harmonic generating

High conversion efficiency has an impact on the SHG. Such impact has been numerically
and experimentally investigated in Ref. [125]. A back conversion of SH photons into fun-
damental photons can occur at the saturation regime. This leads to pump depletion and
limits the use of the unconverted pump pulses. Moreover, it is accompanied by a phase
modulation on the spectral components of the SHG. These phenomena were referred to
as the contribution of the cascaded second-order nonlinearity in the SHG process. In
what follows, SHG characterization in BBO crystal is carried out for different conversion
efficiencies.

Based on the earlier simulation, I opted for a BBO crystal with a thickness of 1.5mm
for the frequency-doubling of the output of the amplifier. 1.6mJ at 1030 nm was sent
to 1.5-mm-thick, type-I, BBO crystal (CASTECH Inc.) to generate SH pulses at 515 nm
resulting in a maximum 70% of conversion efficiency. A lens telescope was utilized before
the nonlinear crystal to reduce the beam size to the peak intensity of 80GW/cm2. The
SHG conversion efficiency is depicted in Fig. 4.6. An XFROG employing a BBO crystal
with a thickness of 100µm was used to estimate the temporal duration of the SH pulses,
gated by the fundamental pulses (1 ps). SH pulse gets shorter compared to the fundamental
pulse due to the second-order nonlinearity by a factor of

√
2. The measured pulse duration

was 0.74 ps in case A (at conversion efficiency of 50%) (see Fig. 4.7).
In order to define the ideal regime of operation, three different cases of conversion

efficiency, corresponding to points A, B, and C in Fig. 4.6 were characterized. Figure 4.8 (a)
illustrates the retrieved spectral intensity of the SH pulses in the three cases. It was
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Figure 4.6: Conversion efficiency of the second-harmonic generation (SHG). The input
pump peak intensity versus the experimental second-harmonic efficiency in a BBO crystal
with a thickness of 1.5mm utilizing 1.6mJ of the amplifier output. This figure is adapted
from [60].

observed that at high conversion efficiencies, the SHG spectrum is broadened and a higher-
order spectral phase appears. Figure 4.8 (b) shows the group delay as a function of the
wavelength for both cases. In case C, the spectrum was modulated with a central dip due
to the energy back conversion. Therefore, case B with a peak intensity of 80GW/cm2 was
chosen where the SH and the unconverted fundamental beams maintain excellent quality.
Further reduction in the crystal thickness to 0.5mm was made to equally distribute the
pulse energy between the fundamental and SH pulses. Thereafter, as the two beams are
orthogonally polarized, the second harmonic beam was separated from the fundamental
by a harmonic beam splitter (Eksma Optics, 045-5135). In addition, the thermal effects in
the SHG setup were monitored by using the total energy (20mJ) of the amplifier, resulting
in a SH pulse energy of 9mJ at 515 nm, and no thermal load on the crystal was detected.

4.4 Near-infrared optical parametric chirped pulse am-
plification channel

As seen earlier in Sec. 4.2, the spectrum in the NIR region (700 nm-1400 nm) was separated
from the remaining spectrum by a broadband dielectric beam splitter [121]. In this section,
the amplification of this spectrum portion in the NIR channel by the SH pulses at 515 nm
is discussed.

In NIR channel, the SH pump at 515 nm with energy of 0.8mJ was temporally and
spatially overlapped with the NIR spectral region of the seed in a single-stage NOPA,
containing a 4-mm-thick LBO crystal at a non-collinear internal seed-pump angle of 1.05◦,
and a phase-matching angle of φ = 15◦ in type-I configuration. The crystal length was
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Figure 4.7: Pulse characterization of the second-harmonic generation at conversion effi-
ciency of 50%. (a) The retrieved temporal intensity profile and its temporal phase. (b) The
retrieved spectrum including the spectral phase. (c) The measured and (d) the retrieved
cross-correlation frequency-resolved optical gating spectrographs of the second-harmonic
pulses (Gerror = 0.0138).

chosen to reach saturation before the back conversion of signal photons into pump photons
starts. The crystal was placed after the focus of the SH pump beam to diminish the
influence of self-focusing. The beam size of the pump at the nonlinear crystal was 850µm
(FWHM), corresponding to a peak intensity of 130GW/cm2. The seed beam profile was
focused by a concave spherical mirror (R = 900mm) to a spot size of 650µm (FWHM)
matching approximately 80% of the pump beam. Figure 4.9 shows the amplification gain
and efficiency versus the pump energy. After the parametric gain, the amplified signal
beam was collimated by another concave spherical mirror (R = 900mm) and sent to a
custom-designed chirped mirrors compressor. The residual pump component was removed
by a 700 nm long-pass filter (Thorlabs GmbH, FEL0700) from the amplified signal.

The amplified spectrum is shown in Fig. 4.10 (orange curve). It exhibits a bandwidth
of 230THz and the amplified signal pulses yield 20µJ of energy. The amplified pulses
were initially sent to a SH-FROG, containing a 10-µm-thick BBO crystal, in order to
evaluate their spectral phase. Solid curves in Fig. 4.11 (a) show the retrieved spectral
phase (blue) and the group delay (GD) (red) over the entire bandwidth. This evaluation
was taken into account for designing the double-angle chirped mirrors compressor. The
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Figure 4.8: Retrieved spectrum of different second-harmonic generation efficiencies. (a)
The retrieved spectral intensity and (b) the group delay of cross-correlation frequency-
resolved optical gating measurements for different second-harmonic efficiencies correspond-
ing to points A, B, and C in Fig. 4.6. This figure is adapted from [60].

design considers i) introducing smooth and negative value of GDD, ii) high-order dispersion
compensation, and iii) high reflectivity along the desired wavelength range. The analytic
design of double-angle chirped mirrors (UltraFast Innovations GmbH, PC132) is shown in
Fig. 4.12 for two incident angles at 5◦ and 18◦. Red and blue curves illustrate the calculated
spectral oscillations and the reflectivity at incident angles of 5◦ and 18◦, respectively. The
black curve shows averaged GDD with -30 fs2 per bounce.

Thereafter, the amplified signal pulses were compressed in a compressor setup consisting
of 16 bounces. A fine compensation of the residual spectral dispersion was performed by
a pair of thin fused-silica wedges inserted after the compressor at a Brewster angle. A
SH-FROG containing a 10-µm-thick BBO crystal was used to characterize the compressed
pulses. Figure 4.13 (a) and (b) illustrate the measured and retrieved spectrograms of the
compressed pulses. The retrieved temporal intensity profile and spectral intensity of the
compressed pulses are shown in Fig. 4.13 (c) and (d). A compressed pulse duration of 6 fs
(FWHM) was obtained, corresponding to 1.35 cycles of the 1µm carrier wavelength. The
residual spectral phase and GD of the compressed pulses are shown in Fig. 4.11 (a) (dashed
curves) and with zoom in Fig. 4.11 (b). Afterwards, the compressed signal was only guided
by reflective optics to avoid introducing an additional dispersion within its propagation
path.
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Figure 4.9: Parametric gain evaluation of the first stage of near-infrared optical parametric
chirped pulse amplification channel. Gain curve and amplification efficiency as a function
of the pump energy.
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Figure 4.10: Amplified spectra in the optical parametric chirped pulse amplification chan-
nels. CEP-stable, multi-octave spectrum of seed pulses (red). Amplified spectra of near-
infrared (orange) and mid-infrared (brown) optical parametric chirped-pulse amplification
channels [29].
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Figure 4.11: Spectral characterization of the amplified pulses in the first stage of near-
infrared channel. (a) Wavelength versus the spectral phase and the group delay of the
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Figure 4.12: Design of the custom double-angle chirped mirrors (PC132) utilized in the
first stage of near-infrared channel for temporal compression. Theoretical curves of group
delay dispersion (GDD) and reflectivity (R) of the double angle chirped mirrors at incident
angles of 5◦ (red) and 18◦ (blue) as function of the wavelength. The black line illustrates
the average of the group delay dispersion oscillations.
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Figure 4.13: Pulse characterization of the near-infrared channel. (a) Measured and (b)
retrieved second-harmonic frequency-resolved optical gating spectrograms. (c) Retrieved
temporal profile and the temporal phase of the compressed near-infrared pulses with 6 fs
pulse duration at FWHM. (d) Retrieved spectral intensity and the spectral phase of the
compressed near-infrared pulses (Gerror = 0.0262) [29].
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Figure 4.14: Pulse characterization of the mid-infrared channel. (a) Measured and (b)
retrieved frequency-resolved optical gating spectrograms. (c) Retrieved temporal profile
and the temporal phase of the compressed mid-infrared pulses with 18 fs pulse duration at
FWHM. (d) Retrieved spectral intensity and the spectral phase of the compressed mid-
infrared pulses (Gerror = 7.9× 10−3) [29].

4.5 Mid-infrared optical parametric chirped pulse am-
plification channel

The present section considers the parametric amplification of the spectrum portion in
MIR region (1600 nm-2500 nm) as shown in Sec. 4.2. This spectrum was amplified by the
unconverted fundamental pulses at 1030 nm after getting separated from the SH pulses
(see Sec. 4.3).

The presented work in this section is based on the main Ph.D. work of Haochuan Wang.
Therefore, this work is briefly summarized in this section with a view to support the entire
framework of this thesis.

After the spectral separation by the dielectric beam splitter, the MIR seed pulses passed
through an acousto-optic programmable dispersive filter (AOPDF) (Fastlite, Dazzler) and
were amplified in a single-stage degenerate OPCPA containing a 2mm-thick periodically
poled lithium niobate (PPLN) crystal with a polling period of 30.64µm. 180µJ pulses at
1030 nm with the peak intensity of 70GW/cm2 were used to pump the MIR OPCPA stage.
A 1◦ angle between the signal and pump beams was introduced to facilitate the separation
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of the signal beam after amplification. The brown curve in Fig. 4.10 shows the spectrum of
the amplified MIR pulses. The amplified spectrum covers a bandwidth of 70THz and yields
an energy of 5µJ. The residual of the pump after the parametric amplification was filtered
by a 1550 nm long-pass filter (Thorlabs GmbH, FELH1550). The amplified pulses were
compressed to 18 fs by using an additional 2.5-mm-thick silicon plate in combination with
the introduced phase feedback by Dazzler. Figure 4.14 (a) and (b) show the measured and
retrieved spectrograms of the compressed MIR pulse. The associated retrieved temporal
and spectral intensities are depicted in Fig. 4.14 (c) and (d). These measurements were
done by a SH-FROG containing a 100-µm-thick BBO crystal.

4.6 Energy scaling of the few-cycle pulses

This section predicts the capability for energy scaling of the few-cycle pulses generated
in both channels. Therefore, I performed three-dimensional numerical simulations by
SISYFOS code [120]. Here, the energy of each OPCPA channel was individually boosted
within two additional OPCPA stages by using the available pump energy. The available
pump energy was equally divided between the two channels. In this numerical simula-
tion, the thermal effects, third-order nonlinear processes, and two-photon absorption were
neglected. The Sellmeier coefficients these crystals were obtained from Ref.s [123, 126].

For simulating the NIR channel, the amplified spectrum in the first stage (orange curve
in Fig. 4.10) was further amplified into two additional amplification stages. The remaining
energy (8.3mJ) from the SH module at 515 nm was used to pump the second stage and
recycled at the third amplification stage. The pump’s beam size was adjusted to keep
its peak intensity at 100 GW/cm2. The parametric amplification was formed in an LBO
crystal with a phase-matching angle of 15.5◦, an internal non-collinear angle of 1.05◦, and
deff = 0.82 pm/V resulting in the amplified pulse energy of 1.8mJ. The detailed parameters
of the NIR chain are summarized in Table 4.1.

For simulating the amplified spectrum of the MIR channel (brown curve in Fig. 4.10),
8.9mJ of pump energy at 1030 nm was used to pump two additional OPCPA stages, while
the pump energy was recycled at the last stage. The pump intensity in all stages was set to
70 GW/cm2. The signal energy was boosted to 2.2mJ in the MIR chain by using a type-I,
lithium niobate (LiNbO3) crystal with a phase-matching angle θ = 42.9◦ and assumed deff
value of 3.96 pm/V. Table 4.2 summarizes the simulation parameters of the MIR channel.

The amplified spectra of both channels after the third stage are presented in Fig. 4.15 (a)
and (b). Figure 4.15 (c) and (b) show the retrieved electric fields after applying the Fourier
transformation of these spectra. The simulation results show the energy of the resultant
waveforms of the NIR and MIR channels can be scaled to 1.8mJ and 2.2mJ, respectively,
by applying the available pump energy in additional amplification stages.
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Figure 4.15: Simulated multi-millijoules, few-cycle pulses. The simulated amplified spec-
tra in (a) near-infrared and (b) mid-infrared channels with 1.8mJ and 2.2mJ of energy,
respectively. The associated waveforms of (c) near-infrared and (d) mid-infrared channels
[29].
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Table 4.1: Simulation parameters of the near-infrared channel. L: crystal thickness,
Ep: input pump energy, Es: amplified signal energy, ωp: pump beam radius (FWHM),
ωs: signal beam radius (FWHM) [29].

stage L Ep Es ωp ωs efficiency
(mm) (mJ) (mJ) (mm) (mm) (%)

2nd 2.5 8.3 1.3 1.46 1.16 15.1

3rd 1.0 6.0 1.8 1.28 1.02 9.8

Table 4.2: Simulation parameters of the mid-infrared channel. L: crystal thickness,
Ep: input pump energy, Es: amplified signal energy, ωp: pump beam radius (FWHM),
ωs: signal beam radius (FWHM) [29].

stage L Ep Es ωp ωs efficiency
(mm) (mJ) (mJ) (mm) (mm) (%)

2nd 2.0 8.9 1.3 1.63 1.50 14.9

3rd 1.0 6.2 2.2 1.42 1.34 13.9

4.7 Conclusion

In summary, a few-cycle OPCPA source consisting of two channels for a high-energy light
transient generation was demonstrated. The frontend covers a spectral range of 700 nm to
2500 nm as stated in Sec. 3.3. The spectrum was divided prior to the parametric amplifica-
tion into two spectral regions of comparable bandwidth in NIR (700 nm-1400 nm) and MIR
(1600 nm-2500 nm). A 0.8mJ, 515 nm pulses from the SHG module were used to amplify
the NIR region in a 4mm LBO crystal. 2mm-thick PPLN was used to amplify the MIR
channel pumped by 180µJ pulses at 1030 nm. Both channels were amplified to 25µJ, at
5 kHz repetition rates and were temporally compressed to 6 fs (NIR) and 18 fs (MIR). The
simulation results show that the few-cycle pulses from both channels are further amplified
in two additional subsequent OPCPA stages to the millijoule-level.



Chapter 5

Sub-Cycle, Multi-Octave Waveform
Synthesizer

It has been suggested that the energy of light transients can be scaled by employing sev-
eral parallel OPCPAs at different carrier frequencies prior to the temporal field synthesis
[18, 34]. Before further amplification of the generated few-cycle pulses, proving the ability
to synthesize the two pulses is required. In this regard, the synthesized sub-cycle light tran-
sient can be measured via attosecond streaking [2]. However, this approach is unattainable
as the few-cycle pulses are limited to the sub-millijoule of energy. Therefore, an alternative
approach is conducted where the electric field of the few-cycle pulses generated in MIR
channel is resolved by the NIR few-cycle pulses. This approach proves the feasibility of
such synthesized light transient.

In the current chapter, the generation of the sub-cycle optical transients via the OPCPA-
based waveform synthesizer is addressed. Temporal drifts and relative timing fluctuations
between the synthesizer’s arms are discussed.

The presented work in this chapter is based on the reported results in the submitted
article:

• A. Alismail*, H. Wang*, G. Barbiero, N. Altwaijry, S. A. Hussain, V. Pervak, W.
Schweinberger, A. M. Azzeer, F. Krausz, and H. Fattahi, “Multi-octave, CEP-stable
source for high-energy field synthesis,” Science Advances 6, p. aax4308, 2020.

5.1 Temporal and phase jitters

In this section, I address some vital effects that can lead to instability in the synthesized
light transients such as temporal drifts and relative timing fluctuations between the syn-
thesized pulses. In a few-cycle coherent synthesis, the relative temporal overlap between
the few-cycle pulses results in a great variety of light transients [13]. Therefore, as with
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any kind of interferometer, relative phase and relative timing between the two arms of
the synthesizer define the ultimate stability of the generated light transient [127, 128]. In
the presented scheme, the CEP stability of the seed pulses results in the stability of the
absolute phase of both OPCPA channel outputs. Moreover, the direct multi-octave seed
generation from the pump laser assures the intrinsic temporal synchronization and restricts
the temporal jitter only to long-term drift caused by the optical path of the synthesizer. To
avoid any temporal instability caused by fluctuations in the arrival of pump pulses in each
OPCPA channel, the seed pulse duration was kept shorter than the pump pulse duration.
This approach allows for decoupling the nonlinear amplification process from the linear
temporal jitter between the pump and seed pulses.

As the few-cycle pulses from both OPCPA channels contain only two-three cycles of the
electric field, the temporal jitter between the two channels has to be lower than a fraction
of their half-field cycle. To prove the intrinsic synchronization between the two channels,
I conducted a measurement in which the electric field of the MIR pulses is resolved in an
EOS setup [22]. The 6 fs NIR pulses are utilized as probe pulses in EOS and are required
to have a temporal jitter below the sub-cycle duration of the MIR pulses over the entire
scanning range to allow for resolving the fast oscillating electric field of the MIR pulses.
The experimental setup and results are presented in detail in the following section.

On the other hand, the residual temporal jitter concerning the long-term drift can be
fairly compensated via an active optical synchronization. By using an optical technique
known as balanced optical cross-correlation (BOC), a temporal stabilization with a pre-
cision of sub-100 as can be realized [19, 127, 129, 130]. This technique uses an optical
cross-correlator to distinguish the time delay between the two synthesized pulses with the
aid of a balanced photodiode. The BOC setup is ideally placed after coherently combining
the two OPCPA channels. The detected signal from the balanced photodiode is extremely
sensitive to the relative time delay and scaled with the time jitter. Unbalanced detected
signal triggers a feedback loop to compensate for the temporal drift. The balanced detec-
tion allows suppressing the noise associated with the amplitude fluctuations of the OPCPA
channels. An elaborate explanation of this technique can be found in Ref. [127].

5.2 Direct electric field sampling

In the current section, I represent an experiment for quantifying the temporal jitter that
occurred between the two arms of the synthesizer. The experimental setup of the EOS
is depicted in Fig. 5.1 (a). First, the NIR probe beam was collinearly combined with the
MIR beam by using an ultra-broadband wire grid polarizer (Thorlabs GmbH, WP25L-
UB). Subsequently, both beams were focused by a 2 inch focal length off-axis parabolic
mirror into a 50µm-thick BBO (type-II) crystal (CASTECH Inc.) at the phase-matching
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Figure 5.1: Electro-optic sampling of the mid-infrared (MIR) pulses. (a) Schematic of
the electro-optic sampling setup. (b) Electro-optic sampling concept. The electro-optic
sampling setup contains a 50µm-thick BBO (type-II) crystal and an ellipsometer. The
mid-infrared pulses are chopped at 2.5 kHz. The near-infrared (NIR) beam after the de-
lay line is collinearly combined with the mid-infrared beam and both are focused in the
electro-optic sampling crystal for sum-frequency generation. The generated sum-frequency
signal spectrally overlaps and temporally interferes with the high-frequency components
of the probe beam. Appropriate spectral filtering is used to enhance the electro-optic
sampling signal. The polarization rotation as a function of time delay is detected by an
ellipsometer and read out by a lock-in amplifier. WGP: wire grid polarizer, LP: long-pass
filter, SP: short-pass filter, λ/4: quarter-wave plate [29]. Figure (a) is adapted from [31].

angle of θ = 25◦. The probe and the MIR beams are orthogonally polarized along the
ordinary (o) and extraordinary (e) axes of the nonlinear crystal, respectively, as shown
in Fig. 5.1 (b). By temporal and spatial overlap of the two pulses in the crystal, sum-
frequency signal centered at 670 nm was generated. The sum-frequency signal is polarized
along the extraordinary (e) axis of the nonlinear crystal and spectrally overlaps with the
high-frequency components of the ordinary polarized probe pulses.

In order to enhance the detection sensitivity, the spectral region between 650 nm and
750 nm was filtered out by using a 650 nm long-pass (Thorlabs GmbH, FEL0650) and a
750 nm short-pass (Edmund Optics Ltd., 64-324) filters [131]. The interference between
the NIR probe pulses and the sum frequency signal is assured by a quarter-wave plate
(Thorlabs GmbH, AQWP05M-600). The resulted polarization rotation was read out by an
ellipsometer consisting of a Wollaston prism (Thorlabs GmbH, WP10) and a home-built
balanced detector as a function of the relative timing of the NIR and MIR pulses.

In the absence of the MIR beam, the ellipsometer was aligned to equally split and
balance the power of the probe pulses at the pair of photodiodes. Therefore, the difference
between the photocurrents of the two detectors is equal to zero. In the presence of the MIR
pulses, the difference was imbalanced and varied relative to the temporal delay of the probe
pulses. The electronic data from the balanced detector was recorded by using a lock-in
amplifier (Stanford Research Systems, SR830-DSP) while the MIR pulses were modulated
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Figure 5.2: Sampled mid-infrared pulses. (a) Retrieved electric field of the few-cycle mid-
infrared pulses in electro-optic sampling and (b) its retrieved spectrum.

at 2.5 kHz (half of the laser’s repetition rate) with a mechanical chopper (Thorlabs GmbH,
MC2000B-EC).

In parallel, for a precise temporal delay scan, the mechanical delay stage (Physik In-
strumente Ltd., V-528.1AA) was tracked by a Mach-Zehnder-type interferometric delay
tracking setup (SmarAct GmbH, PicoScale). The setup employs a beam of a 1.55µm
continuous-wave distributed-feedback laser diode, propagating along the MIR and NIR
probe beam-paths [132].

To probe the MIR pulses, the delay stage in the probe channel was scanned over 300µm
with a speed of 1.7µm/s, corresponding to a single shot detection at each delay posi-
tion. The retrieved electric field of the MIR pulses with sub-cycle precision is shown in
Fig. 5.2 (a). The retrieved spectrum was obtained by Fourier transformation of the mea-
sured electric field (Fig. 5.2 (b)). Figure 5.3 shows the actual data points measured in
Fig. 5.2 over two cycles of the MIR pulses. As can be seen, there are approximately 1500
measured data points during one cycle of the MIR pulse. Assuming 6 fs pulse duration for
a period, this corresponds to 4 as temporal resolution in Fig. 5.2, which was assisted by
the PicoScale setup. Resolving the electric field of the MIR pulses with sub-cycle precision
in the absence of active stabilization, demonstrates the short-term spatial and temporal
stability of the synthesizer. As a result of the limitation of the synthesizer’s stability by
the long-term drift, I observed a drift after several minutes of a single EOS scan, which
also degraded the equality of the following scan.
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Figure 5.3: Measured data points of the sampled electric field over two cycles of the mid-
infrared pulses.

5.3 Conclusion

I have demonstrated the development of OPCPA-based field synthesizer driving by all-
ytterbium laser. The source is capable of delivering sub-cycle light transients. The stable
CEP was ensured by generating passively CEP-stable multi-octave seed pulses directly
from the Yb:YAG amplifier. The temporal jitter between the NIR and MIR pulses in this
scheme is only dominated by long-term drift. This allowed for the sampling of the electric
field of the MIR channel with sub-cycle resolution.





Chapter 6

Field-Resolved Spectroscopy

The current chapter is devoted to the exhibition of the concept of NIR field-resolved spec-
troscopy as a potential application of the few-cycle source reported in Chapter 4. This
chapter is split into four sections. Initially, I address the molecular vibrations occurred
in the infrared spectral range. Thereafter, I introduce a novel method of field-resolved
spectroscopy in NIR region and highlight some limitations of the conventional instruments
applied in NIR spectroscopy. The third section presents an overview of the theoretical
model explicated the NIR spectroscopy. The last section illustrates the detection of NIR
molecular response of a variety of water concentrations.

The presented work in this chapter is based on the reported results in the proceeding
article:

• A. Alismail, H. Wang, G. Barbiero, S. A. Hussain, W. Schweinberger, F. Krausz, and
H. Fattahi, “Near-infrared molecular fieldoscopy of water,” inMultiphoton Microscopy
in the Biomedical Sciences XIX, 10882, p. 1088231, International Society for Optics
and Photonics, 2019.

6.1 Vibrational spectroscopy

Figure 6.1 shows the electromagnetic spectrum including the transition processes at dif-
ferent spectral regions. Specifically, infrared spectroscopy studies the interaction between
molecules and the electromagnetic radiation in the infrared region spanning from 400 cm−1

to 14000 cm−1. Infrared radiation can trigger the molecular vibrations at their resonance
frequencies. Molecules that comprise polar bonds (consisted of different atoms, such as
water (H2O), and carbon dioxide (CO2)) are infrared-active as they experience a change
in their dipole moment during the vibration. On the other hand, homonuclear diatomic
molecules (composed one type of atoms, such as H2, and O2) are not infrared-active.
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Figure 6.1: Electromagnetic spectral regions and their associated transition processes.

Fundamental vibrations (such as symmetric stretching, antisymmetric stretching, scissor-
ing, rocking, wagging, and twisting) occur in the mid- and far-infrared ranges (400 cm−1

to 4000 cm−1). While overtones (at integers of the fundamental vibrational frequency)
and combination transitions (group of vibrations) take place in NIR range (4000 cm−1 to
14000 cm−1).

Linear spectroscopy in NIR spectral range provides information on the molecular com-
position, structure, and conformation, affording tremendous potential for high-resolution,
in-depth, label-free biological spectro-microscopy [133]. In NIR spectroscopy, similar infor-
mation to infrared spectroscopy is obtained by exciting the first overtone of infrared-active
vibrational modes. The intensity and vibrational period of these harmonics depend on the
quantity and types of the present molecules in the sample. Quantitative analysis is possi-
ble when the changes in the transmitted spectrum are proportional to the concentration of
chemical components of the sample under scrutiny. Therefore, NIR spectroscopy has been
a popular technique for identification, quantitative and qualitative analysis, and studying
structure-correlation of molecular compositions. In particular, it is routinely used for the
detection of overtone and combination bands of the O-H, C-H, and N-H compositions [134].
Additionally, as the electric field in NIR spectral region supports a smaller diffraction limit
than infrared, molecular information with higher spatial resolution can be obtained. More-
over, the lower cross-section of the overtone excitation allows for deeper penetration of the
injected field to the sample, allowing for in-depth spectral imaging [135].
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6.2 Near-infrared field-resolved spectroscopy

Previously in Chapter 4, I reported on the synchronized few-cycle pulses in the OPCPA
chains composed of NIR and MIR channels. These few-cycle pulses, with bandwidths lo-
cated in the NIR region, can be utilized to trigger the overtone and combination transitions
when their frequencies match the resonance frequencies of the molecules. The denotation
of the MIR channel can give rise to confusion, therefore, I avoid, in the following text,
referring the associated pulses of this channel as MIR spectral region.

In order to quantify the electric field of light containing the molecular response, one
needs to access its entire information including the intensity and phase information, where
the complex electric field is defined as:

Ẽ(ω) ∝
√

S(ω) e−iϕ(ω)

FT

⇀↽
IFT

Ẽ(t) ∝
√

I(t) e−iφ(t) (6.1)

where Ẽ(ω) and Ẽ(t) are the complex electric fields in frequency-domain and time-
domain, respectively, S(ω) is the spectral intensity, I(t) is the temporal intensity, and
ϕ(ω) and φ(t) are the spectral and the temporal phases, respectively.

Broadband measurements in the NIR spectral region have been carried out mainly in
the frequency-domain [136]. Conventional instruments used in NIR spectroscopy, such
as dispersive spectrometers and Fourier transform near-infrared (FT-NIR) spectrometers,
can only detect the spectral intensity. Therefore, this approach fails to provide complete
information about the complex electric field. Moreover, this approach suffers from two
limitations: i) the detection of small absorption is limited to the intensity noise of the
source, and ii) the low detection dynamic range.

To mitigate the above-mentioned constraints, I introduce the concept of NIR field-
resolved spectroscopy, as can be seen in Fig. 6.2. In NIR field-resolved spectroscopy, an
ultrashort, phase-coherent pulse (in brown) is used for molecular excitation and afterward
the transmitted complex electric field that contains the molecular response is directly
measured by the EOS. Here, the electric field is detected in a background-free manner,
eliminating the effect of the intensity noise of the source. In addition to the intensity in-
formation, measuring the complex electric field allows for extracting the full spectral phase
information of the molecular response, adding a new dimension to the gained spectroscopic
data.

It is well known that the interaction of broadband ultrashort pulses with an ensemble
of molecules at their resonance frequencies results in coherent scattering. The delayed
response of the medium, known as free-induction decay (FID) [137], can be explained by
the Kramers-Kronig relation. During the interaction, photons at the resonance frequencies
are slowed down compared to the other photons and appear at the trailing edge of the
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Figure 6.2: Concept of near-infrared field-resolved spectroscopy. The molecules in the
sample are excited by a broadband femtosecond pulse (in brown). The electric field of the
transmitted pulse contained the molecular response is detected by short sampling probe
pulse (in orange) in electro-optic sampling setup. This response represents in the frequency-
domain by the dips in the right spectrum due to the absorption at resonance frequencies
ω1, ω2, and ω3.



6.3 Theoretical foundation of near-infrared spectroscopy 73

excitation pulse, due to the increase of the group refractive index of the medium at the
vicinity of the resonance frequencies. The delayed response lasts for hundreds of picosec-
onds for molecules in the gas-phase and down to several picoseconds in liquid-phase. The
FID carries information about the molecular composition and concentration. Therefore,
by temporal detection of the coherent response, valuable spectroscopic information can be
gained. Additionally, by using ultrashort pulses, the excitation pulse is confined to a time
window of tens of femtosecond, which is significantly shorter than FID of the molecular
sample under scrutiny. Here, the response emerging from the sample is separated tem-
porally from the ultrashort excitation pulse, enabling for a background-free detection. As
FID after the excitation pulse decreases exponentially, its earlier temporal detection results
in a higher signal-to-noise ratio and therefore sensitivity.

Terahertz time-domain spectroscopy based-on EOS has been a powerful method for the
direct measurement of the electric field in MIR and terahertz spectral region [1]. However,
its extension to NIR has been shown just recently, due to difficulties in the generation of
short, phase-stable excitation pulses that are temporally synchronized with short sampling
probe pulses [22]. In the following section, I provide a theoretical basis which is relevant
for the vibrational transactions.

6.3 Theoretical foundation of near-infrared spectroscopy

This section treats the physics behind the vibrational spectroscopy when molecules are
irradiated by electromagnetic waves (such as laser pulses) in the NIR spectral region. There
are several excellent textbooks and review articles covering the topic of NIR spectroscopy,
such as Ref.s [136, 138–140]. This section is mainly adapted from Ref.s [136, 139].

Absorption can be observed once the electromagnetic wave energy meets certain energy
of a chemical bond in the molecule. This absorption transfers as kinetic energy resulting in
the displacement in the position of the atoms joined by the chemical bond. The absorption
in a sample under scrutiny is governed by Beer’s law as:

A = εcd = log(
I0

I
) (6.2)

where ε is the absorptivity of the sample, c is the sample’s concentration, d is the
sample’s thickness, I0 is the incident intensity, and I is the transmitted intensity.

In order to understand the molecular vibrations, for simplicity, suppose a molecular
vibration taking place in a diatomic molecule, in which the two atoms possess masses of
m1 and m2. The classical model treats the chemical bond as a spring between two masses
(atoms) and explains the molecular vibration as a simple harmonic oscillator. The total
displacement (q) of the atoms from the equilibrium position can be derived by means of
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Hooke’s law as:

F = µ
d2q

dt2
= − K q (6.3)

where F is the restoring force, µ is the reduced mass, and K is the force constant. The
reduced mass is defined as:

µ =
m1 m2

m1 + m2

(6.4)

The general solution of Eq. 6.3 can be expressed as:

q = q0 sin(2πvt+ φ) (6.5)

where q0 is the maximum displacement, v is the vibrational frequency, and φ is the
phase. The vibrational frequency (v) and the vibrational wavenumber (ṽ) are given as:

v =
1

2 π

√
K

µ

ṽ =
1

2 π c

√
K

µ

(6.6)

The potential energy (V ) of the harmonic oscillator is determined as:

V =
1

2
K q2 (6.7)

According to Eq. 6.7, the classical approach predicts the vibrational energy as a contin-
uous profile. However, this prediction fails in a microscopic scale. In quantum mechanics,
discrete energy levels are only allowed in the quantum harmonic oscillator. The system is
better described by the Schrodinger equation as the following:

d2ψ

dq2
=

8 π2 µ

h2
(

1

2
K q2 − E ) ψ (6.8)

where ψ is the wavefunction, h is the Planck’s constant, and E is the energy level. The
proposed solution of this differential equation (Eq. 6.8) can be written as:

ψ(q) = C e−
α q2

2 (6.9)

Substituting Eq. 6.9 into Eq. 6.8 and applying the boundary conditions results in the
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Figure 6.3: Quantum harmonic (orange) and anharmonic (blue) oscillators for a diatomic
molecule.

minimum energy for the the harmonic potential:

E0 =
1

2
h v =

1

2
h c ṽ (6.10)

where E0 denotes the ground state energy. The vibrational frequency (v) is expressed in
the same fashion as the classical model shown in Eq. 6.6. Due to Heisenberg’s uncertainty
principle, this energy does not go to zero as seen earlier in the classical model. The generally
normalized eigenfunctions are given as:

ψn(q) =
1√

2n n!

( α

π

) 1
4
e−

α q2

2 Hn(
√
α q) (6.11)

where n is a positive integer number known as the vibrational quantum number, the
coefficient α = 4π2µv

h
, and H is the Hermite polynomial. The associated eigenvalues (energy

levels) are given as:

En = ( n +
1

2
) h v = ( n +

1

2
) h c ṽ (6.12)

As seen from Eq. 6.12, the energy levels are equally spaced (see harmonic potential
in Fig. 6.3). The quantum model is beneficial for describing the fundamental molecular
vibrations of the diatomic molecules happening in the infrared spectral region, however, it
is restricted by the molecular vibrations that occurred between the adjacent energy levels.
Therefore, it fails in term of explaining molecular vibrations happening in the NIR spectral
region such as overtones, where ∆n > 1.

In an actual diatomic molecule, the energy levels are not evenly separated and its
potential energy (V ) is approximated by the Morse function as:

V = De ( 1 − e−β(q−qe) )2 (6.13)
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Figure 6.4: Chemical structure of (a) water and (b) acetic acid.

where De is the dissociation energy, β is a constant related to the curvature of the
anharmonic potential, and qe is the atomic separation in the molecule in equilibrium. The
corresponding energy levels for an anharmonic potential are given by:

En = ( n +
1

2
) h v − ( n +

1

2
)2 h xe v + ( n +

1

2
)3 h ye v + . . . (6.14)

where xe and ye are the first-order and second-order anharmonicity constants. Blue
curve in Fig. 6.3 shows the energy levels for the anharmonic model, where their separation
decrease with n. Here, the vibrations are not independent compared to the harmonic
model. Therefore, the anharmonic model can successfully predict vibrations associated to
combination bands in addition to the overtone bands.

6.4 Near-infrared molecular response detection

Water plays a prominent role in biological interactions and life. Figure 6.4 (a) exhibits
its chemical structure. It has three fundamental vibrations in the infrared region, which
are depicted in Fig. 6.5 and their parameters are summarized in Table 6.1. In the NIR
region, its first overtone, in the form of a symmetric stretch vibration, appears at 1450 nm
(6900 cm−1). It also has a strong v2 + v3 combination band near 1930 nm (5180 cm−1), as
can be seen from its absorption spectrum in Fig. 6.6. Table 6.2 summarizes the parameters
of its lower-order overtones and combination band. I aimed for the field detection of the
water’s molecular response at its combination band for various molecular concentrations. I
chose acetic acid (CH3COOH) as a background solvent due to its sparse spectral response
at this range (around 1930 nm). The measured absorption spectrum of acetic acid is shown
in Fig. 6.7 as a difference between the transmitted spectra of the empty cell and the 100%
acetic acid sample. The atomic structure of the acetic acid is illustrated in Fig. 6.4 (b).
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Figure 6.5: Fundamental vibrations of water.

Table 6.1: Fundamental vibrations of water in liquid-phase.

vibration wavenumber frequency wavelength
(cm−1) (THz) (nm)

v1 3277 98 3052
v2 1645 49 6079
v3 3490 105 2865
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Figure 6.6: Absorption spectrum of water in near-infrared region [141].
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Table 6.2: Overtone and combination transitions of water in liquid-phase in near-infrared
region.

wavenumber frequency wavelength assignment
(cm−1) (THz) (nm)
5260 158 1901 av1 + v2 + bv3, a+ b = 1

6800 204 1471 av1 + bv3, a+ b = 2

8330 250 1200 av1 + v2 + bv3, a+ b = 2

10310 309 970 av1 + bv3, a+ b = 3

11960 359 836 av1 + v2 + bv3, a+ b = 3
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Figure 6.7: Absorption spectrum of acetic acid. (a) Measured spectra of the transmitted
pulses in the absence of any sample (red) and 100% acetic acid sample (blue). The ob-
tained spectra were normalized then calibrated to the transmitted power. (b) Absorption
spectrum in acetic acid sample by means of the difference between the two curves in (a).
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Figure 6.8: Direct electric field detection of the free-induction decay of water molecules.
WGP: wire grid polarizer, LP: long-pass filter, SP: short-pass filter, λ/4: quarter-wave
plate. This figure is adapted from [31].

6.4.1 Experimental setup

The experimental setup of the molecular response detection is exhibited in Fig. 6.8. It is
based on the proposed experiment in Fig. 5.1, which was used for verifying the short-term
stability of the synthesis, with some modification. In the modified setup, the 18 fs few-
cycle pulses centered at 2µm (depicted in Sec. 4.5) were used to excite the water molecules,
focused by a 4 inch focal length off-axis parabolic mirror into the sample under scrutiny.
The sample was placed slightly after the focus to avoid filamentation in the sample. The
beam size on the sample was 200µm (FWHM). Afterwards, the transmitted beam was
collimated by another 4 inch focal length off-axis parabolic mirror. After collimation, the
transmitted pulses, including the molecular response, were sampled and detected in a EOS
setup (see Fig. 6.8), where the 6 fs few-cycle pulses centered at 1µm (represented in Sec. 4.4)
were used as a probe. The EOS concept and the data acquisition from the lock-in amplifier
were also fairly described in Sec. 5.2. In what follows, before presenting the results of the
sampled molecular response for different water concentrations, I evaluate the limit of EOS
detection (dynamic range) in the absence of the sample.

6.4.2 Dynamic range of the detection

A series of measurements were performed to estimate the detection dynamic range of the
EOS setup in the absence of the liquid sample. First, the energy of the NIR pulses was
attenuated by using a series of neutral density filters with different optical densities (ODs)
and afterward their electric fields were measured by EOS. Figure 6.9 (a) illustrates the
sampled waveforms for different attenuations. The black curve shows the electric field
of the unattenuated NIR pulses. The red curve exhibits the detectable NIR pulses by
EOS with the average power of 650 nanowatts (power attenuation by filters at the OD of
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Figure 6.9: Dynamic range of the detection. (a) Measured electric field of the transmitted
pulses in the absence of any sample for three different attenuations (0, 2.2, and 3.1OD).
(b) The retrieved near-infrared spectrum in the absence of any sample for five different
attenuations (0, 0.8, 1.5, 2.2, and 3.1OD). The obtained spectra were normalized then
calibrated to the transmitted power. This figure is adapted from [31].

3.1). The corresponding spectra of EOS traces for five different attenuations (OD of 0,
0.8, 1.5, 2.2, and 3.1) are shown in Fig. 6.9 (b). The spectra were obtained by the Fourier
transformation of the measured electric field. As can be seen, at the highest attenuation,
the bandwidth of the retrieved spectrum is limited to spectral components with the highest
spectral intensity. The EOS can detect the sampled waveforms with a retrievable spectrum
at minimum detectable power in the level of nanowatt, corresponding to a dynamic range
of 3.1OD.

6.4.3 Sample preparation

Acetic acid (Sigma-Aldrich Inc., ReagentPlus R©, ≥ 99%, A6283) and deionized water were
used to create solution samples at six different concentrations between 0Molar to 55.6Molar
(0% - 100%). Afterwards, different mixtures were injected into a sample holder (Harrick
Scientific Products Inc., DLC-M25) consisting of two sapphire windows with a thickness
of 2.3mm. The sample’s thickness for all the measurements was 500µm.
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6.4.4 Free-induction decay for different concentrations

To detect the FID of water molecules, the mixture of acetic acid and water with different
concentrations was placed in the sample holder and the transmitted electric field was
measured by EOS. The data of the EOS trace was gathered over 450µm with a scanning
speed of 1.7µm/s. This corresponds to a single shot detection at each delay position
by considering a 2.5 kHz as the chopped frequency of the data acquisition. Background
measurements were taken with an empty sample holder and pure acetic acid serving as
a blank (see Fig. 6.10 (a)). As can be seen from the inset, the electric field oscillations of
the excitation pulses vanish after a temporal delay of 200 fs. By adding the sample, the
molecular FID is formed and can be detected free of background at temporal delays beyond
200 fs. Figure 6.10 (b) shows the measured transmitted electric field for the mixture of water
and acetic acid at two high concentrations. At high water concentrations, the transmitted
main pulse is chirped. The NIR response of water molecules is clearly distinguished from
acetic acid at 50%, and 100%. To evaluate the sensitivity of the system, measurements of
lower water concentrations (10%, 5%, and 3%) were carried out. As shown in Fig. 6.10 (c),
the molecular response is detectable by naked eye for water concentration as low as 3%.

A similar study [142] was reported in the frequency-domain on water molecules in
methanol solvent by using a Guided Wave NIR-OTM process, fiber-coupled, NIR spectrom-
etry with the core diameter of 500µm. In this experiment, the water molecules in the
methanol solvent were placed in a 10mm-thick sample holder. The combination band
of water molecules could be detected down to 0.1% water concentration. Calibrating
my measurements with a 500µm sample thickness and a 200µm laser beam size (shown
in Fig. 6.10 (c)), to 10mm of sample thickness and 500µm of beam diameter, results in
0.075% equivalent detectable water concentration by EOS.

In order to evaluate the absorption spectrum of water, the Fourier transform of the FID
of 100% water’s concentration was performed for two different temporal delays, shaded
in Fig. 6.11 (a). From the associated spectra, the absorption occurs near 1900 nm corre-
sponding to the resonance combination band of water (Fig. 6.11 (b)). As can be seen the
absorption dip over the entire scan stays at the same wavelength proofing the temporal
stability of the detection. At longer time-domain the signal-to-noise ratio decreases and
therefore the quality of the Fourier transform data degrades. Additionally, the observed
modulations on the spectra are caused by a back reflection from the EOS crystal. However,
the overtone excitation could not be detected, probably due to its very weak intensity and
faster decay.
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Figure 6.10: Electric field sampling of the transmitted pulses for different concentrations.
(a) Measured electric field of the transmitted pulses in the absence of any sample (red)
and 100% acetic acid sample (blue). Inset: zoomed plot for the temporal delays above
100 fs. (b) Measured electric field of the transmitted pulses for the mixture of water and
acetic acid for three different water’s concentrations 0%, 50%, and 100%. Inset: zoomed
plot for the temporal delays above 100 fs. (c) Zoomed plot for the measured electric field
of the transmitted pulses for water concentrations 0% (dark blue), and 3% (light blue).
This figure is adapted from [31].
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Figure 6.11: Free induction decay evaluation of 100% water’s concentration. (a) Two
different temporally gated regions shaded in green and red, respectively. (b) The associ-
ated spectra, obtained from the Fourier transform, shown with the same color code. The
absorption dip at 1900 nm stays at the same position for both areas demonstrating the
quality of the scans.

6.5 Conclusion

I presented a novel approach, which I dubbed NIR field-resolved spectroscopy, for detection
of the complex electric field of molecular response in NIR spectral range. Here, exciting
molecules with ultrashort pulses allows for background-free detection of the molecular
response. By employing broadband excitation pulses in combination with EOS, entire
molecular vibrations can be simultaneously excited and detected.

In this regard, I demonstrated the first proof of principle field-detection of water
molecule’s vibration at 1.9µm at various molecular concentrations. The achieved detection
sensitivity is comparable to the conventional spectroscopy techniques and limited to the
stability of the interferometer and the repetition rate of the laser. However, employing
a frontend at megahertz repetition rates [18] holds promise for enhancing the detection
sensitivity to unparalleled values.





Chapter 7

Conclusion and Outlook

Multi-millijoules, light transients hold promise for advancing attosecond pulse generation
to higher power level and higher photon energies. Combining the concept of a lightwave
synthesizer with OPCPA offers potential for the generation of multi-millijoule, watt-level
light transients. In this work, a prototype based on an all ytterbium towards this potential
has been reported.

In this regard, a diode-pumped Yb:YAG thin-disk regenerative amplifier based on CPA
was developed. It was seeded by 2µJ, 360 fs pulses at 1030 nm from a homemade Yb:YAG
thin-disk, Kerr-lens mode-locked oscillator. Seeding the amplifier with microjoule pulses
reduces the spectral narrowing effect that occurred during the amplification process. More-
over, this assists in exceeding the bifurcation regime with a smaller number of round-trips
and thus shrinking the accumulated nonlinear phases. As a result, the regenerative ampli-
fier exhibits stable operation with pulse-to-pulse stability of less than 1%. It delivers 20mJ,
1 ps pulses at a repetition rate of 5 kHz. The achieved performance of the amplifier makes
it an appropriate source for generating the CEP-stable supercontinuum and pumping the
OPCPA channels.

In Chapter 3, the generation of phase-stable, multi-octave continuum pulses directly
from the regenerative amplifier with a randomly varying phase was presented. The seed
spectrum spans from 0.7µm to 2.5µm and supports a bandwidth of a 0.45PHz, carrying
an energy of 25µJ. The method is ideally suited for seeding field synthesizers based-on
multi-channel broadband parametric amplifiers.

A further method with higher optical efficiency to generate CEP-stable broadband
MIR pulses, yielding 5.4µJ of energy, is discussed. To the best of my knowledge, this
approach has the highest optical-to-optical efficiency of converting 1 ps, 1µm pulses to
the CEP-stable, few-cycle, 2µm pulses. Alternatively, this method can be combined with
high-power oscillators with tens of millijoules energy to generate CEP stable, multi-octave
supercontinua, suitable for field-resolved and time-resolved spectroscopy.

The parametric amplification of the phase-stable, multi-octave continuum was reported.
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Figure 7.1: Multi-millijoules waveform synthesizer. (a) Calculated spectrum of the synthe-
sized waveform and (b) its retrieved light transient [29].

The spectrum was split between NIR and MIR channels, then each spectral region was
amplified in the respective OPCPA channel, consisting of a single amplification stage.
The generated few-cycle pulses were temporally compressed to 6 fs (NIR) and 18 fs (MIR),
carrying in a total energy of 25µJ. Delivering the seed and pump pulses of the OPCPA
from the same source excludes the request for active temporal synchronization between the
overlapped pulses.

In order to prove the temporal and spatial stability of the coherent synthesized few-
cycle pulses, the electric field of the MIR pulses was resolved with sub-cycle resolution in
the absence of active stabilization via the EOS technique in the petahertz spectral region.
Moreover, a numerical simulation was performed to show the source capability for scaling
the few-cycle pulses, generated in the OPCPA chains, at a millijoule-level. Here, the
available pump energy was used in additional amplifier stages. Based on the simulation
results, the energy of the synthesized light transient can be scaled to 4mJ. Figure 7.1 (a)
shows the spectrum of the synthesized pulses. The spectrum was calculated by coherently
combining the spectra reported in Fig. 4.15 (a) and (b). Each spectrum was calibrated
to its energy. The associated light transient is depicted in Fig. 7.1 (b) with a temporal
duration of 3 fs. Higher energy and average power can be achieved by employing a 1 kW,
200mJ Yb:YAG amplifier [28] as the driving laser.

As a first application, a new method denominated as NIR field-resolved spectroscopy
was demonstrated, where the near-infrared response of the molecules was detected by EOS.
The linear absorption of the excitation pulses by molecules forms a FID at the trailing edge
of the excitation pulses that lasts for several picoseconds. Therefore, the detection of the
molecular response is preformed in a background-free manner, as the FID of the molecules
is temporally separated from the excitation pulses. Moreover, the FID of the combination
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band of water at 1.9µm for different concentrations was measured, with an equivalent
sensitivity to the FT-NIR technique. However, the detection sensitivity is restricted to the
long-term stability of the EOS and the frontend’s repetition rate. Utilizing a megahertz
frontend has the potential for improving the detection sensitivity to a remarkable level.

In addition, combining the concept of NIR field-resolved spectroscopy with excitation
nonlinear techniques such as two-dimensional spectroscopy holds promise to increase our
understanding of molecular dynamics, for example in water. Water in liquid-phase, con-
sists of a molecular network with molecular dynamics at various time scales, from several
picoseconds to tens of femtoseconds. The intermolecular OH-bond stretching and bending
have the shortest vibrational period at 10 fs and 20 fs, respectively. On a time scale of
several hundreds of femtoseconds, liberational motions, and the H-bonds stretching and
bending occur. Last but not least the exchange of hydrogen-bond partners via breaking
and reforming of stable H-bonds occurs in a time range between 1-5 ps [143]. Femtosecond
field-resolved spectroscopy is capable of detecting the complex electric field of the water re-
sponse at all above-mentioned time scales with high sensitivity and may allow for resolving
many unknown aspects of water’s molecular dynamic.





Appendix A

Consideration of Peak Beam Intensity

The peak intensity of the laser beam is an essential factor in designing the stage of the non-
linear interaction. The second-order nonlinearity can be triggered in non-centrosymmetric
medium with a peak beam intensity around 100GW/cm2, while the third-order process
occurs at a peak beam intensity approximately 1TW/cm2. The peak intensity (Ip) of the
Gaussian beam can be calculated as:

Ip =
0.5987 Pav
w2

0 τ f
(A.1)

where Pav is the average power, w0 is the beam waist (1/e2), τ is the pulse duration
(FWHM), and f is the repetition rate of the system. Here, the beam waist is measured
from the spatial intensity distribution at 13.5% of the maximum. This measurement can
lead to a underestimation in the peak beam intensity as the spatial intensity decays slowly
in some beam profiles. Therefore, the peak beam intensity can be properly calculated from
the FWHM beam diameter as:

Ip =
0.8297 Pav

(FWHM)2 τ f
(A.2)

where the two measurement methods of the beam profile is linked as:

FWHM =
√

2 ln2 w0 (A.3)





Appendix B

Consideration of Kramers-Kronig Relations

The refractive index of transparent material is a complex quantity, where the real and
imaginary parts represent the dispersion and the absorption, respectively. Under the radi-
ation of electromagnetic wave, the material is highly absorbent at a resonance frequency.
The resonance mechanism can be characterized by Lorentz model. Figure. B.1 shows the
the change of the real and imaginary part of the refractive index as a function of the
frequency.

The red curve indicates that the propagation wave faces three dispersion zones. Zones
shaded in red show a normal dispersion, while blue zone exhibits an anomalous dispersion.
For frequencies in the vicinity of the resonance frequency, the refractive index experiences
a strong variation, resulting in an increase of the group refractive index. This explains the
delayed response of the molecule under scrutiny attached to the excitation wave. Moreover,
the molecule response is attenuated due to the positive imaginary part of the refractive
index [144, 145].

From the linear system theory, the real and imaginary parts of the refractive index are
not independent. They can linked by the Kramers-Kronig relations as:

Re (n(ω)) = 1 +
2

π
P

∞∫
0

Ω Im (n(Ω))

Ω2 − ω2
dΩ

Im (n(ω)) = − 2 ω

π
P

∞∫
0

Re (n(Ω)) − 1

Ω2 − ω2
dΩ

(B.1)

where P is the Cauchy principal value. Analytically, the real part of the susceptibility
can be expressed from the imaginary part and vice versa via the Kramers-Kronig relations.
Experimentally, it is significantly easier to measure the absorption spectrum of material,
which gives the imaginary part of the refractive index, and then applying the Kramers-
Kronig relations to attain the real part.
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Figure B.1: Refractive index components in Lorentz model. Normal and anomalous dis-
persion zones are shaded in red and blue, respectively.
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We report a 100 W, 20 mJ, 1-ps, all-Yb:YAG thin-disk re-
generative amplifier seeded by a microjoule-level Yb:YAG
thin-disk Kerr-lens mode-locked oscillator. The regenera-
tive amplifier is implemented in a chirped pulse amplifica-
tion system and operates at an ambient temperature in air,
delivering ultrastable output pulses at a 5 kHz repetition
rate and with a root mean square power noise value of less
than 0.5%. Second harmonic generation of the amplifier’s
output in a 1.5 mm-thick BBO crystal results in more than
70 W at 515 nm, making the system an attractive source for
pumping optical parametric chirped pulse amplifiers in the
visible and near-infrared spectral ranges. © 2016 Optical
Society of America
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Attosecond technology has provided direct time-domain access
to the motion of electrons on the atomic time scale [1].
However, there are many exciting phenomena with significant
technological and scientific implications waiting to be observed
and controlled once attosecond pulses with higher flux and en-
ergy become available. Few-cycle pulses of Ti:Sa-based chirped
pulse amplification (CPA) systems have been the workhorse
for the generation of attosecond pulses for more than a decade
[2], but their peak and average powers for few-cycle pulses are
limited. As the cutoff frequency in high harmonic generation
(HHG) is proportional to the energy and square of the wave-
length of the driving pulses [3,4], HHGs can be dramatically
changed if short pulses at a higher energy and a longer wave-
length are available. Unlike CPA lasers, optical parametric
chirped pulse amplifiers (OPCPA) are scalable in average and

peak power and flexible in terms of the central frequency of the
amplified spectrum [5,6], but their realization demands high
peak-power pump lasers.

Among the currently available laser media, Yb-doped mate-
rials are most promising for scaling the average and/or peak
power of few-picosecond pulses [7–11], and are therefore un-
rivaled pump sources for OPCPA. The medium can be
pumped with cost-effective diode lasers and because of the ab-
sence of excited-state absorption, good thermal conductivity,
and cubic crystal structure, they show superior performance
in thin-disk geometry. Here, efficient heat transfer takes place
through a heat sink attached to the laser gain medium. Due to
this cooling concept, the crystal size in thin-disk amplifiers can
be scaled easily, which holds promise to reach pulses with
joule-level energy and kilowatt-scale average power [12,13].
However, the amplified energy is limited by amplified
spontaneous emission [14].

Combining the Yb:YAG gain medium in thin-disk
geometry with a CPA allows the scaling of the energy of
near-1 ps pulses while keeping the B-integral in the amplifier
low. This results in pulses with excellent temporal and spatial
profiles, which are important to achieving high efficiency and
good beam and pulse quality in an OPCPA.

In this work, we show an all-Yb:YAG thin-disk regenerative
amplifier seeded with a Yb:YAG thin-disk Kerr-lens mode-
locked (KLM) oscillator delivering 20 mJ, 1 ps pulses at
100 W of average power with excellent short- and long-term
stability. Figure 1 outlines the scheme of the system. As
described in [15], a higher seed energy results in less accumu-
lated nonlinear phases in regenerative amplifiers. Therefore, a
Yb:YAG thin-disk KLM oscillator was developed to provide a
high input seed energy for the regenerative amplifier.

The front-end oscillator was designed to meet certain
parameters that are critical in reaching the optimum
day-to-day performance of the attached amplifier system.
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Among them are microjoule-level pulse energy, sub-picosecond
pulse duration, and low beam-pointing fluctuations, as well as
good thermal and mechanical stability. Today, the highest
pulse energy directly from mode-locked oscillators has been
generated with thin-disk technology, mainly by employing
Yb:YAG as a gain material [16–18].

The cavity setup of the oscillator is shown in Fig. 1(a). The
linear cavity is bounded by a wedged output coupler with 13%
transmission and a highly reflective end plane mirror, and has a
total length of about 13 m. Light amplification is performed by
a flat Yb:YAG thin disk that works in reflection and is pumped
by fiber-coupled laser diodes at a 940 nm wavelength. Solitonic
pulse shaping is supported by a net intra-cavity group-delay
dispersion (GDD) of −18; 000 fs2 per round trip, introduced
by three high-dispersion mirrors. The necessary loss modula-
tion for stable pulse generation is provided by a 1 mm-thick
sapphire Kerr medium placed between two concave focusing
mirrors (−1 m radius of curvature) in combination with a cop-
per aperture and the soft aperture of the gain. Mode locking is
initiated by perturbing a concave mirror on a translation stage.

Frequency-resolved optical gating based on second har-
monic generation (SHG-FROG) employing a 100 μm BBO
crystal is used to characterize the oscillator pulses. The output
pulses are transform limited with a duration of 350 fs at the

FWHM, each carrying about 2 μJ of energy (Fig. 2).
During the course of a workday, the average output power
is 25 W, while the root mean square (rms) intensity noise
on a photodiode is less than 1% in a 1 Hz–13 MHz spectral
window. The rms of the beam pointing fluctuations of the os-
cillator is less than 0.6% of the beam size over a measurement
time window of one hour. The thermal stability of the system is
sufficient for near turn-key operation such that alignment of
the oscillator is not required on consecutive workdays. The
most important parameters of the oscillator, such as the spectral
intensity, transverse spatial intensity, and temporal intensity
profile, are shown in Fig. 2.

The repetition rate of the pulse train delivered by the
oscillator is reduced to 5 kHz before seeding the regenerative am-
plifier using a pulse picker containing a 25 mm-thick BBO crys-
tal. A pair of gold gratings is used to stretch the high-energy seed
pulses. The grating setup provides a GDD of −500 ps∕nm.
After the stretcher, the seed pulses have 1 μJ of energy and a
2.92 nm spectral bandwidth (FWHM). The stretched pulses
are sent to the cavity of the regenerative amplifier, which con-
tains a Faraday rotator to separate the incoming and outgoing
pulses, and a Pockels cell with a 20 mm-thick BBO crystal and a
clear aperture of 10 mm × 10 mm to couple out pulses from the
amplifier.

An approximately 100 μm-thick Yb:YAG thin disk provided
by TRUMPF Laser GmbH is used as the gain medium. The
9 mm-diameter disk has a radius of curvature of −2 m and is
doped about 7%. The disk module is thermally back-contacted
to a water-cooled diamond heat sink, which is connected to a
chiller and is pumped with continuous-wave (cw) fiber-coupled
diodes at a wavelength of 940 nm with a near-flat-top beam
profile with a diameter of 3.5 mm.

At 280 W of cw pumping and after 87 round trips, 130 W
of average power is achieved corresponding to an optical-to-
optical efficiency of 47%. The M2 measurement indicates that
M2

x � 1.08 and M 2y � 1.07 for the amplified beam. The
beam profile and the spectrum of the amplified pulses are

(a)

(b)

Fig. 1. Schematic layout of the Yb:YAG thin-disk regenerative am-
plifier. (a) The fiber-coupled diode-pumped KLM thin-disk Yb:YAG
oscillator delivers 350 fs pulse at an 11 MHz repetition rate and 2 μJ of
energy. A pulse picker is used to reduce the repetition rate to 5 kHz at
the input of the amplifier. (b) The input seed pulses are temporally
stretched before entering the regenerative amplifier. The amplifier
cavity contains a fiber-coupled, diode-pumped, Yb:YAG thin-disk gain
medium. The amplified pulses are coupled out using a Pockels cell and
subsequently compressed in a reflective dielectric grating compressor.
ROC: radius of curvature.

(a)

(b)

Fig. 2. (a) Oscillator’s output spectrum at 25 W of average power
(red) along with the retrieved temporal intensity (blue). Inset: trans-
verse intensity profile of the oscillator. (b) Measured and retrieved
SHG-FROG spectrograph of the oscillator. Gerror: 6.8 × 10−3.
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shown in Figs. 3(a) and 3(b). The amplifier is operated in sat-
uration and delivers pulses with high stability: the rms of the
peak-to-peak energy fluctuations is measured to be less than
1% over a period of 2 s, while the amplifier shows outstanding
average power stability over 10 h of uninterrupted operation
[Fig. 3(a)]. The keys to this performance include aggressive gain
saturation and optimization of the power supply of the laser
diodes and the cooling system for the most stable operation.

The amplified pulses are sent to a reflective multilayer di-
electric grating pair (line density of 1740 l/mm) for temporal
compression with an overall throughput efficiency of 80%.
Figure 3(b) shows the retrieved temporal intensity profile of
the amplifier pulses, measured by using an SHG-FROG and
yielding a pulse duration of 1 ps at the FWHM, which is near
the 0.98 ps transform limit.

We also measured the spectral bandwidth of the amplified
pulses versus the seed energy while the pump energy was fixed
and the number of round trips in the amplifier was adjusted to
obtain the highest output energy for each seed energy. The seed
energy was reduced by neutral density filters. Figure 3(c) shows
spectral bandwidth of the amplified pulse (FWHM) and the
required number of round trips versus the seed energy. It is
clearly seen that gain narrowing reduces the bandwidth of
the amplified pulses when the seed energy is reduced. For seed
energy below 10 pJ, the amplifier was unstable and it was not

possible to overcome period doubling by increasing the round
trip time in the cavity.

The performance reported above renders this system an
ideal candidate for pumping OPCPA systems in the near-
infrared and (after frequency upconversion) visible spectral
ranges. Fulfilling the conservation of energy in the visible
OPCPA requires the generation of low-order harmonics of the
amplifier. Among the numerous available materials for SHG,
critically phase-matched LBOs and BBOs are the best candi-
dates due to their fairly high nonlinear coefficients and damage
thresholds. BBO has a higher nonlinearity than LBO, but a
larger spatial walk-off and it is limited in the available aperture.

The SHG stage was designed by simulating SHG in BBO
and LBO using the SISYFOS code [19]. As the measured
pump pulses in space and time have a near-Gaussian profile,
we assumed a Gaussian spatiotemporal structure for the pump
pulses. In the LBO, the phase-matching angle (θ) was 13.7° and
d eff was 0.819 pm/V, and in the BBO, they were θ � 23.4°
and 2 pm/V, respectively. The Sellmeier coefficients were taken
from [20,21].

Figure 4(a) shows the simulated energy of the SHG versus
the crystal length for 1 ps pulses (FWHM) centered at
1030 nm with a pulse energy of 20 mJ and a peak intensity
of 100 GW∕cm2 in type-I BBO and LBO crystals. In the case
of the BBO crystal, the SHG reaches saturation in a 1.5 mm-
thick crystal because a longer crystal back conversion from the
second harmonic to the fundamental pulse takes place. It can be
seen that because of the lower nonlinearity of the LBO as
compared to the BBO, the saturation of the SHG in the
LBO occurs at twice the thickness of the BBO. However,
due to the smaller spatial walk-off between the second har-
monic beam and the fundamental beam in the LBO, a conver-
sion efficiency similar to the BBO can be achieved [22].

To find the optimum operation regime, SHG-XFROG
measurements of pulses at 515 nm and different efficiencies
were performed, where the 1 ps pulses of the amplifier were
used as the gate pulse. For simplicity, this measurement was
conducted in a test SHG stage, containing a 1.5 mm-thick
BBO crystal, but with using only 0.5 mJ pulse energy from
the amplifier. The peak intensity on the crystal was adjusted
to operate the SHG stage in saturation [Fig. 4(b), black curve].

Figure 4(c) compares the retrieved spectral intensity of the
experimental second harmonic pulses at different efficiency
points indicated on the black efficiency curve of Fig. 4(b) as
A, B, and C. For 50% conversion efficiency, the second har-
monic pulses have a pulse duration of 0.89 ps, due to pulse
shortening based on the χ2 effect. At higher efficiencies,
higher-order spectral phase and spectral broadening is observed.
As is shown in Fig. 4(c), at point C, the spectrum is modulated
and a dip appears, owing to the back conversion of energy from
second harmonic pulses to fundamental pulses. Nevertheless,
these chirped second harmonic pulses still maintain a good
spatial and temporal quality.

Equipped with this information, the accumulation of the
nonlinear phase in the experimental SHG stage was minimized
by using a 1.5 mm-thick BBO crystal for the frequency dou-
bling of the full output of the amplifier. The pump beam size
was adjusted to reach the peak intensity of 80 GW∕cm2, which
resulted in SHG efficiency of 70%, maintaining an excellent
beam quality in both space and time [Fig. 4(b), green curve].
The second harmonic pulses have 70 W of average power, and

(a)

(b)

(c)

Fig. 3. (a) Average power of the Yb:YAG thin-disk laser over 10 h of
continuous operation, measured with an OPHIR powermeter head
(L1500W-BB-50-V2). Inset: (a-1): power normalized to its mean value
in a half an hour time window. (a-2): Beam profile of the amplified
pulses. (b) Output spectrum (green) and the retrieved temporal profile
(blue) of the laser pulses at 100 W average power after the grating com-
pressor. (c) Spectral bandwidth (FWHM) of the amplified pulses, and
the required round trips at 300 W of pump energy versus seed energy.
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no phase mismatch due to the thermal effect or the degradation
of the crystal is observed.

In conclusion, we have demonstrated an all-Yb:YAG-thin-
disk laser system. By using a microjoule-scale, sub-400 fs KLM
oscillator as the front end of the Yb:YAG thin-disk regenerative
amplifier, the required number of round trips in the amplifier,
and hence the spectral narrowing of the amplified pulses, is
greatly reduced as compared to previous experiments [23].
This allows the amplification of each pulse seeded into the
amplifier (as opposed to the reported period doubling [24]),
and substantially improves the stability of the output pulses.
As our previous study showed, higher seed energy also reduces
the accumulated nonlinear phase and therefore improves the
temporal phase of the amplified pulses [15].

The system delivers 1 ps pulses (FWHM) with 20 mJ energy
at a 5 kHz repetition rate after the grating compressor.
Frequency doubling of the amplified pulses in a simple
SHG stage consisting of a 1.5 mm-thick BBO crystal results
in more than 70 W of average power at 515 nm with the op-
tical-to-optical efficiency of 70%. The turn-key performance of
the amplifier combined with the demonstrated outstanding
stability enables the generation of a stable, broadband super-
continuum from the same laser that pumps an OPCPA.
This eliminates the need for temporal synchronization of seed
and pump pulses, and together with passive carrier-envelope
phase stability [24–26], it can lead to a new generation of
high-energy, few-cycle OPCPA systems for exploration of
new regimes in HHG and attosecond science.

Acknowledgment. We would like to thank Roswitha
Graf, Martin Gorjan, Zsuzsanna Major, Moritz Ueffing, and
Thomas Nubbemeyer at the Laboratory of Extreme Photonics
(LEX) and Thomas Metzger and Dirk Sutter from TRUMPF
Laser GmbH for their support.

REFERENCES

1. M. Hentschel, R. Kienberger, C. Spielmann, G. A. Reider, N.
Milosevic, T. Brabec, P. Corkum, U. Heinzmann, M. Drescher, and
F. Krausz, Nature 414, 509 (2001).

2. A. L. Cavalieri, E. Goulielmakis, B. Horvath, W. Helml, M. Schultze, M.
Fieß, V. Pervak, L. Veisz, V. S. Yakovlev, M. Uiberacker, A. Apolonski,
F. Krausz, and R. Kienberger, New J. Phys. 9, 242 (2007).

3. W. Schweinberger, A. Sommer, E. Bothschafter, J. Li, F. Krausz, R.
Kienberger, and M. Schultze, Opt. Lett. 37, 3573 (2012).

4. T. Popmintchev, M.-C. Chen, D. Popmintchev, P. Arpin, S. Brown, S.
Alisauskas, G. Andriukaitis, T. Balciunas, O. D. Mücke, A. Pugzlys, A.
Baltuska, B. Shim, S. E. Schrauth, A. Gaeta, C. Hernández-García, L.
Plaja, A. Becker, A. Jaron-Becker, M. M. Murnane, and H. C. Kapteyn,
Science 336, 1287 (2012).

5. S. L. Cousin, F. Silva, S. Teichmann, M. Hemmer, B. Buades, and J.
Biegert, Opt. Lett. 39, 5383 (2014).

6. E. Seres, J. Seres, and C. Spielmann, Appl. Phys. Lett. 89, 181919
(2006).

7. H. Fattahi, H. G. Barros, M. Gorjan, T. Nubbemeyer, B. Alsaif, C. Y.
Teisset, M. Schultze, S. Prinz, M. Haefner, M. Ueffing, A. Alismail, L.
Vámos, A. Schwarz, O. Pronin, J. Brons, X. T. Geng, G. Arisholm, M.
Ciappina, V. S. Yakovlev, D.-E. Kim, A. M. Azzeer, N. Karpowicz, D.
Sutter, Z. Major, T. Metzger, and F. Krausz, Optica 1, 45 (2014).

8. O. H. Heckl, J. Kleinbauer, D. Bauer, S. Weiler, T. Metzger, and D. H.
Sutter, Ultrafast Thin-Disk Lasers (Springer, 2016), pp. 93–115.

9. R. Fleischhaker, R. Gebs, A. Budnicki, M. Wolf, J. Kleinbauer, and
D. H. Sutter, Conference on Lasers & Electro-Optics Europe &
International Quantum Electronics Conference (CLEO, 2013), p. 1.

10. F. Röser, T. Eidam, J. Rothhardt, O. Schmidt, D. N. Schimpf, J.
Limpert, and A. Tünnermann, Opt. Lett. 32, 3495 (2007).

11. P. Russbueldt, T. Mans, G. Rotarius, J. Weitenberg, H. D. Hoffmann,
and R. Poprawe, Opt. Express 17, 12230 (2009).

12. C. Teisset, M. Schultze, R. Bessing, M. Häfner, J. Rauschenberger,
D. Sutter, and T. Metzger, Picosecond Thin-Disk Regenerative
Amplifier with High Average Power for Pumping Optical Parametric
Amplifiers (OSA, 2013), paper CTh5C.6.

13. L. E. Zapata, H. Lin, A.-L. Calendron, H. Cankaya, M. Hemmer, F.
Reichert, W. R. Huang, E. Granados, K.-H. Hong, and F. X.
Kärtner, Opt. Lett. 40, 2610 (2015).

14. J. Speiser, J. Opt. Soc. Am. B 26, 26 (2009).
15. H. Fattahi, A. Schwarz, X. T. Geng, S. Keiber, D. E. Kim, F. Krausz,

and N. Karpowicz, Opt. Express 22, 31440 (2014).
16. C. J. Saraceno, F. Emaury, C. Schriber, M. Hoffmann, M. Golling, T.

Südmeyer, and U. Keller, Opt. Lett. 39, 9 (2014).
17. J. Brons, V. Pervak, E. Fedulova, D. Bauer, D. Sutter, V. Kalashnikov,

A. Apolonskiy, O. Pronin, and F. Krausz, Opt. Lett. 39, 6442 (2014).
18. D. Bauer, I. Zawischa, D. H. Sutter, A. Killi, and T. Dekorsy, Opt.

Express 20, 9698 (2012).
19. G. Arisholm, J. Opt. Soc. Am. B 14, 2543 (1997).
20. D. Zhang, Y. Kong, and J.-Y. Zhang, Opt. Commun. 184, 485

(2000).
21. K. Kato, IEEE J. Quantum Electron. 30, 2950 (1994).
22. H. Fattahi, Third-Generation Femtosecond Technology (Springer,

2015).
23. T. Metzger, A. Schwarz, C. Y. Teisset, D. Sutter, A. Killi, R.

Kienberger, and F. Krausz, Opt. Lett. 34, 2123 (2009).
24. J. Fischer, A.-C. Heinrich, S. Maier, J. Jungwirth, D. Brida, and A.

Leitenstorfer, Opt. Lett. 41, 246 (2016).
25. H. Fattahi, A. Schwarz, S. Keiber, and N. Karpowicz, Opt. Lett. 38,

4216 (2013).
26. A. Baltuška, T. Fuji, and T. Kobayashi, Phys. Rev. Lett. 88, 133901

(2002).

(a)

(b)

(c) (d)

Fig. 4. (a) Simulated SHG efficiency versus crystal length in a
3 mm-thick BBO and 6 mm-thick LBO crystal. (b) Experimental
SHG energy versus input pump energy in a 1.5 mm BBO crystal using
0.5 mJ (black curve) and 20 mJ (green curve) of the amplifier’s energy.
(c) Retrieved spectral intensity and (d) group delay of XFROG mea-
surements of SHG at different efficiencies. Red, orange, and blue
curves correspond to points A, B, and C on SHG efficiency curve
(black curve in part b).
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Abstract

This is a report on a 100 W, 20 mJ, 1 ps Yb:YAG thin-disk regenerative amplifier. A homemade Yb:YAG thin-disk, Kerr-lens mode-locked
oscillator with turn-key performance and microjoule-level pulse energy is used to seed the regenerative chirped-pulse amplifier. The amplifier is
placed in airtight housing. It operates at room temperature and exhibits stable operation at a 5 kHz repetition rate, with a pulse-to-pulse stability
less than 1%. By employing a 1.5 mm-thick beta barium borate crystal, the frequency of the laser output is doubled to 515 nm, with an average
power of 70 W, which corresponds to an optical-to-optical efficiency of 70%. This superior performance makes the system an attractive pump
source for optical parametric chirped-pulse amplifiers in the near-infrared and mid-infrared spectral range. Combining the turn-key performance
and the superior stability of the regenerative amplifier, the system facilitates the generation of a broadband, CEP-stable seed. Providing the
seed and pump of the optical parametric chirped-pulse amplification (OPCPA) from one laser source eliminates the demand of active temporal
synchronization between these pulses. This work presents a detailed guide to set up and operate a Yb:YAG thin-disk regenerative amplifier,
based on chirped-pulse amplification (CPA), as a pump source for an optical parametric chirped-pulse amplifier.

Video Link

The video component of this article can be found at https://www.jove.com/video/55717/

Introduction

The generation of high-energy, few-cycle laser pulses at a high repetition rate is of great interest to applied fields, such as attosecond
science1,2,3,4 and high-field physics5,6, which stand to directly benefit from the availability of such sources. OPCPA represents the most promising
route to achieving high pulse energies and large amplification bandwidths that simultaneously support few-cycle pulses1. To date, OPCPA allows
for ultra-broadband amplification, which generates few-cycle pulses7,8,9,10. However, a modified implementation of the OPCPA scheme, which
uses short pump pulses on the picosecond scale, holds promise for making this approach scalable for even higher pulse energies and average
powers in the few-cycle regime1,11,12. Due to the high pump intensity in short-pulse pumped OPCPA, the high single-pass gain allows for the use
of very thin crystals to support large amplification bandwidths. Although the short-pulse pumped OPCPA has many advantages, the realizability
of this approach is subject to the availability of lasers that are specially tailored for this purpose. Such pump lasers are required to deliver high-
energy picosecond pulses with near-diffraction limited beam quality at repetition rates in the kHz to MHz range13,14,15.

The introduction of ytterbium-doped lasers at different geometries, capable of delivering picosecond laser pulses with high energy and high
average power, are about to change the current state of the field1,13,14,15,16,17,18. Yb:YAG has good thermal conductivity and a long upper-state
lifetime, and it can be pumped by cost-effective diode lasers. Its performance when used in thin-disk geometry is outstanding due to the efficient
cooling of the gain medium to simultaneously scale the peak and average power. Moreover, the occurrence of self-focusing inside the gain
medium during the amplification process is suppressed due to the slenderness of the thin-disk in comparison to other gain medium geometries,
resulting in excellent temporal and spatial profiles of the amplified pulses. Combining this concept with CPA holds promise for generating
picosecond pulses with hundreds of millijoules of energy and hundreds of watts of average power19,20.

The aim of this work is to demonstrate a turn-key Yb:YAG thin-disk regenerative amplifier with outstanding daily performance as a suitable
source for pumping OPCPAs21. To achieve this goal, this study employs a Yb:YAG thin-disk oscillator22 with several microjoules of pulse energy
to seed the amplifier to minimize the accumulated nonlinear phase during the amplification process. This protocol provides the recipe for building
and operating the laser system, which is described elsewhere21. Details about component implementation and control software are presented,
and the alignment process of the system is described.
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Protocol

Caution: Please be aware of all safety regulations that are relevant to lasers before using this equipment. Avoid exposure of the eyes or skin to
direct or scattered laser beams. Please wear appropriate laser safety goggles throughout the process.

 

Figure 1: Schematic layout of the Yb:YAG thin-disk regenerative amplifier. (a) Yb:YAG thin-disk Kerr-lens mode-locked oscillator. The
13 m linear cavity of the oscillator consists of a 13% transmission output coupler, three high-dispersion mirrors with GDD of -3,000 fs2, 1 mm
sapphire Kerr medium, and a copper hard aperture. A pulse picker, containing a 25 mm-thick BBO crystal, is used to reduce the repetition rate
to 5 kHz. (b) CPA. First block: the pulse stretcher setup containing two antiparallel gold gratings (1,740 lines/mm), where the seed pulses are
temporally stretched to approximately 2 ns. Second block: the regenerative amplifier, where the seed pulse is confined in the amplifier cavity for
amplification when the high voltage of the Pockels cell, which contains a BBO crystal with a thickness of 20 mm, is applied. Third block: the pulse
compressor containing two parallel dielectric gratings (1,740 lines/mm), where the amplified pulses are temporally compressed down to 1 ps.
This figure has been modified from Fattahi et al., with permission from reference21. Please click here to view a larger version of this figure.

ROC DistanceComponent

(mm) (mm)

OC ∞ 0

TD -17000 600

M1 -1000 5000

BP ∞ 510

M2 -1000 510

EM ∞ 800

Table 1: Cavity design of the oscillator. ROC: radius of curvature, OC: output coupler, TD: thin-disk, M: mirror, BP: Brewster plate, EM: end
mirror.
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Figure 2: Oscillator cavity design. Calculated mode radius on the cavity components. OC: output coupler, TD: thin-disk, M: mirror, BP:
Brewster plate, EM: end mirror. Please click here to view a larger version of this figure.

ROC DistanceComponent

(mm) (mm)

EM1 ∞ 0

PC ∞ 200

M1 -5000 525

M2 1500 1500

TD -2000 1050

EM2 -2000 2350

Table 2: Cavity design of the regenerative amplifier. ROC: radius of curvature, EM: end mirror, PC: Pockels cell, M: mirror, TD: thin-disk.

 

Figure 3: Regenerative amplifier cavity design. Calculated mode radius on the cavity components. EM: end mirror, PC: Pockels cell, M:
mirror, TD: thin-disk. Please click here to view a larger version of this figure.

1. Oscillator

1. Turn on the cooling water for the oscillator (Figure 1a).
2. Switch on the cooling chillers to cool down the pump diodes, the thin-disk head, and the breadboard. Set the temperature on both chillers to

20 °C.
3. Switch on the power supply for the pump diode unit (see the Table of Materials, No. 1) and click the "OUTPUT ON/OFF" button.

 

NOTE: A laser cavity simulation software (see the Table of Materials, No. 113) was used to simulate and design the oscillator and
regenerative amplifier cavity ( Table 1 and Table 2; Figure 2 and Figure 3)23.

4. Pump the thin-disk (see the Table of Materials, No. 14) via the coupled fiber at a wavelength of 940 nm by setting the "current" knob on the
power supply to 26.2 A, corresponding to the 210-W output, to start the lasing in the oscillator in the continuous wave (CW) mode.

5. To observe the output spectrum of the CW mode, connect a fiber to the spectrometer and place it before the pulse picker after
using an appropriate attenuation.

1. In spectrometer software, select the "Spectrometer" tab and then click "Rescan Devices."
2. Right-click on the spectrometer name and select "Spectrum Graph."
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3. Click the "Accept" button on the "Choose Target" window.
4. After blocking the laser beam, click the "Store Dark Spectrum" button on the tool bar and click the "Scope Minus Dark" button to

subtract the background spectrum.
5. Unblock the laser beam to observe the spectrum.

6. Observe the output power of the CW mode on the power meter before the pulse picker.
7. To operate the oscillator in pulsed mode and to initiate mode-locking, perturb the high-reflectivity mirror inside the laser cavity (on a

translation stage) by mechanically pushing the stage from the back  Figure 1a).
 

NOTE: High-reflectivity mirrors with a high damage threshold were used in the oscillator and regenerative amplifier cavity (see the Table of
Materials, No. 24 and 28).

8. Observe the spectrum and the output power of the pulsed mode before the pulse picker using a spectrometer and a power meter,
respectively.
 

NOTE: The oscillator output has 25 W of average power at a wavelength of 1,030 nm, an 11-MHz repetition rate, and a 4-nm spectral
bandwidth (FWHM). If oscillator optimization is not required, skip steps 1.9-1.14.

9. Slightly increase the current on the power supply until a CW spike appears in the spectrum measured by the spectrometer.
10. Align the hard aperture in the oscillator (see Figure 1a) by tuning its micrometer screws vertically and horizontally to maximize the CW spike.
11. Observe the depletion of the pump beam profile on the thin-disk.

1. Run disk camera program and select "Monochrome" from the "choose mode" window.
2. Click the "Open camera" button on the tool bar to observe the beam spot on the thin-disk.

12. Tune the piezo linear actuators of the end mirror (motorized knobs) by pushing the "+" or "-" button on the vertical or horizontal motor from the
hand-control pad in order to align this depletion to the center of the pump beam profile.

13. Slightly reduce the current on the power supply until the CW spike vanishes in the spectrum.
14. Repeat steps in 1.9-1.13 until a spectrum and an output power similar to the obtained reference levels are achieved (see the measured

spectrum in Figure 4a (red curve) at 25 W of average power).
15. To observe the output pulse train and to determine the pulse-to-pulse stability, connect a fast photodiode to an oscilloscope and

place it before the pulse picker (after using an appropriate attenuation).
1. Select an appropriate trigger level by tuning the "trigger level" knob on the oscilloscope to stabilize the repeating waveforms and

observe the output pulse train on the oscilloscope screen.
2. From the "Measure" menu, select "Peak to Peak Amplitude" to determine the pulse-to-pulse stability.

16. Observe the output beam profile before the pulse picker and determine the beam-pointing fluctuations.
1. Run the beam profiler software and click the "Go, start capture" button from the tool bar to observe the beam profile.
2. From the tool bar, open the "beam wander" dialog and then click the "clear" button to start new beam-pointing stability measurement.

 

NOTE: Fluctuations in the beam or a distorted beam profile (caused by optical damage, beam clipping, etc.) can deteriorate system
stability.

17. Measure the pulse duration using frequency-resolved optical gating based on second harmonic generation (SHG-FROG)21,24.

2. Pulse Picker and Pulse Stretcher

NOTE: Caution, be aware of all relevant electrical safety regulations before applying the high voltage on the pulse picker. Use appropriate high-
voltage isolation. Remove the diagnostics from the beam path before proceeding with this section. If aligning the pulse picker and its setting is
not required, skip steps 2.1, 2.3-2.6, 2.8-2.9, and 2.11.

1. Use two mirrors before the pulse picker setup to align the output beam from the oscillator through the pulse picker unit (see the Table of
Materials, No. 5 and 7) and its 25 mm-thick beta barium borate (BBO) crystal (see the Table of Materials, No. 12) with the aid of the infrared
viewer and the laser viewing card ( Figure 1a).

2. Run the pulse picker program on the oscillator computer.
3. Observe the switching signal of the pulse picker and the pulse train of the oscillator on the oscilloscope (see step 1.15) with the assistance of

a fast photodiode.
4. In the pulse picker program, set the delay time (delay A) from the "define delay parameters" dialog to synchronize the switching signal and

the pulse train at the pulse picker crystal.
5. Set the switching time window (delay B) from the "define delay parameters" dialog box to select one pulse from the pulse train.
6. Set the internal trigger time (inhibit) from the "define delay parameters" dialog box to 200 µs to pick one pulse every 5 kHz.
7. Reduce the repetition rate of the oscillator from 11 MHz to 5 kHz by switching the power supply of the pulse picker driver to "on" to apply high

voltage to the crystal.
8. Select the picked pulses from the pulse train by using a thin-film polarizer (TFP) (see the Table of Materials, No. 31) after the pulse picker

and dump the remaining pulses into a beam dump.
9. Improve the contrast of the picked pulses by adjusting the half-wave plate (see the Table of Materials, No. 32) before the pulse picker.
10. Reduce the peak power of the laser pulse by passing the picked pulses through the stretcher setup to stretch the pulses to a duration of 2 ns

(see Figure 1a-b).
11. Use two mirrors after the pulse picker setup to align the picked pulses through the stretcher setup, if required.

 

NOTE: The stretcher contains two antiparallel gold gratings (see the Table of Materials, No. 20 and 21) with a line density of 1,740 lines/mm
to stretch the pulses to a duration of 2 ns to avoid damaging the optics during the amplification process in the regenerative amplifier due to a
high peak intensity. These pulses are used to seed the regenerative amplifier, as described in the next section (Figure 1b, top).
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3. Regenerative Amplifier

Caution; Be aware of all relevant electrical safety regulations before applying the high voltage to the Pockels cell. Use appropriate high-voltage
isolation. Remove the diagnostics from the beam path before proceeding with this section. Seed pulses are delivered from the Yb:YAG thin-disk
Kerr-lens mode-locked oscillator. Other seed strategies can be used to seed the amplifier, such as fiber amplifiers.

1. Turn on the cooling water for the regenerative amplifier ( Figure 1b, middle).
2. Switch on the cooling chillers to cool down the pump diodes, the thin-disk, the laser head, and the Pockels cell. Set the temperature of the

chillers to 28 °C, 17 °C, and 18 °C and then activate the interlock system.
 

NOTE: Misaligned seed beam can deteriorate the amplifier stability. If aligning the regenerative amplifier is not required, skip steps 3.3-3.13
and 3.25.

3. Switch on the power supply of the pump diode unit (see the Table of Materials, No. 2) and then click the "OUTPUT ON/OFF" button.
4. Pump the thin-disk via the coupled fiber at a wavelength of 940 nm by setting the "current" knob on the power supply to the threshold.
5. Observe the pump beam profile on the disk by using the disk camera (see step 1.11) and select "Circle Geometry" on the "Draw" menu on

the disk camera program to mark the position of the beam in the camera program.
6. Reduce the power supply current to zero and then click the "OUTPUT ON/OFF" button. Switch off the power supply of the pump diode unit.
7. Use two mirrors before the regenerative amplifier to align the output beam from the stretcher (seed pulses) through the incoupling optics

in the regenerative amplifier to reach the first-end mirror (behind the Pockels cell). Use the beam profiler, the infrared viewer, and the laser
viewing card to help with this.

8. Close the amplifier cavity by turning the quarter-wave plate (see the Table of Materials, No. 33), behind the Pockels cell, eliminating the
laser beam inside the cavity.

9. Tune the motorized knobs of the first-end mirror by pushing the "+" or "-" button on the vertical or horizontal motor (driver 1) from the hand-
control pad to align the outcoupling beam.

10. Open the amplifier cavity by turning the quarter-wave plate (behind the Pockels cell) until maximum laser beam intensity is attained inside the
cavity. Block the back-reflected beam from the second end mirror.

11. Observe the beam profile of the seed pulses on the disk camera program and overlap the beam with the marked position by tuning the knobs
of one of the cavity mirrors before the thin-disk.

12. Unblock the back-reflected beam and observe its spot on the disk camera program.
13. Tune the motorized knobs of the second end mirror by pushing the "+" or "-" button for the vertical or horizontal motor (driver 2) on the hand-

control pad to overlap the back reflection with the marked position.
14. From Pockels cell computer, run the Pockels cell program.

 

NOTE: If the setting of the Pockels cell is not required, skip steps 3.15-3.18.
15. Observe the switching signal of the Pockels cell (see the Table of Materials, No. 6 and 8) and the seed pulses on the oscilloscope (see step

1.15) with the aid of a fast photodiode ( Figure 1b, middle).
16. In the Pockels cell program, set the delay time (delay A) from the "define delay parameters" dialog box to synchronize the switching of the

Pockels cell and the seed pulses at the Pockels cell crystal.
17. Set the switching time window (delay B) from the "define delay parameters" dialog box to confine one pulse inside the cavity of the

regenerative amplifier to 4 µs, corresponding to 87 round trips of the pulse.
18. Set the internal trigger time (inhibit) from the "define delay parameters" dialog to "200 µs" to confine the rate to one pulse every 5 kHz.
19. Switch on the power supply of the Pockels cell driver to apply the high voltage on the crystal.
20. Switch on the power supply of the pump diode unit and click the "OUTPUT ON/OFF" button.
21. To amplify the seed pulses in the regenerative amplifier, pump the thin-disk by setting the "current" knob on the power supply to 57.7 A,

corresponding to 280 W.
 

NOTE: The amplified beam is separated from the seed beam by the combination of a Faraday rotator (see the Table of Materials, No. 19)
and a TFP. The Yb:YAG oscillator is protected from the back reflection of the amplified beam by an isolator (see the Table of Materials, No.
18).
 

NOTE: Keep the operation of the Pockels cell and the pump diode unit in the order mentioned above to avoid damaging the optics by Q-
switching.

22. Observe the spectrum and the output power (see steps 1.5 and 1.6) before the compressor.
 

NOTE: The amplifier output has 125 W of average power at a wavelength of 1,030 nm, a 5-kHz repetition rate, and a 1-nm spectral
bandwidth (FWHM).

23. Observe the output pulse train before the compressor on the oscilloscope screen and determine the pulse-to-pulse stability with the aid of a
fast photodiode (see step 1.15).

24. Observe the output beam profile before the compressor and determine the beam-pointing fluctuations (see step 1.16).
25. Finely tune the motorized knobs of the second end mirror by pushing the "+" or "-" button on the vertical or horizontal motor (driver 2) from the

hand-control pad to improve the operation of the regenerative amplifier, if required.
26. Characterize the gain-narrowing effect.

1. Consider the amplification for different seed energy levels by adjusting the seed energy with neutral-density filters.
2. Change the number of round trips to obtain the highest output power for a fixed pump power of 300 W.
3. Observe the output spectrum for each case.

4. Pulse Compressor, Beam Alignment, and Stabilization System

NOTE: Remove the diagnostics from the beam path before proceeding with this section. If aligning the compressor and the beam stabilizer unit
is not required, skip steps 4.3 and 4.6.

1. Turn the motorized rotation mount of the half-wave plate (in the output path) by pushing the "+" or "-" button on motor A (driver 5) from the
hand-control pad to send a few watts of the amplifier output to the compressor (Figure 1b, bottom).
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2. Compress the laser pulse down to 1 ps by passing the amplified beam through the compressor setup.
3. Use two mirrors after the regenerative amplifier setup to align the amplified pulses through the compressor setup, if required.

 

NOTE: The compressor contains two parallel dielectric gratings (see the Table of Materials, No. 22 and 23), with a line density of 1,740
lines/mm.

4. Switch on the power supply of the beam stabilizer unit (see the Table of Materials, No. 98). Run the beam stabilizer program on the beam
stabilizer computer.

5. Use two mirrors before the detector setup of the beam stabilizer to align the zero-order diffraction from the first grating in the compressor to
the beam stabilizer detectors.

6. Push the "regulation" button on the beam stabilizer program to lock the laser beam to avoid beam-drift after the compressor. Turn the
motorized half-wave plate again to pass the full output power of the amplifier through the compressor. Adjust the gain of the beam stabilizer
detectors with the aid of a neutral-density filter.

7. Characterize the time duration of the compressed pulses using SHG-FROG21,24.

5. Pump Source of the OPCPA System

NOTE: Remove the diagnostics from the beam path before proceeding with this section.

1. From the OPCPA computer, run the program of the beam profiler.
2. Collimate and adjust the laser beam size after the compressor, using an appropriate telescope to reach the peak intensity of 80 GW/cm2. Use

the beam profiler, infrared viewer, and laser viewing card.
 

NOTE: A 1.5 mm-thick BBO crystal was selected for SHG based on the results of the simulation done on the Simulation System for Optical
Science (SISYFOS) code25.

3. Guide the fundamental beam (1,030 nm) through a nonlinear crystal (1.5 mm-thick BBO; see the Table of Materials, No. 54) to generate the
second harmonic (SH) at 515 nm.

4. Separate the SH beam from the unconverted fundamental beam by placing a harmonic separator at 45o (see the Table of Materials, No. 56)
after the crystal.
 

NOTE: The SH beam is reflected from the harmonic separator, while the unconverted fundamental beam is transmitted through.
5. Precisely optimize the phase-matching angle of the SH by tuning the knob of the crystal mount to reach the highest conversion efficiency of

the SH (70%, corresponding to 70 W).
6. Observe the power of the SH and the unconverted fundamental beams on the power meters (see step 1.6).
7. Observe the Gaussian beam profile of the SH and the unconverted fundamental beams (see step 1.16).
8. Characterize the temporal shape of the SH pulses using cross-correlation frequency resolved optical gating (XFROG)21,24.

Representative Results

The oscillator delivers 350 fs, 2 µJ, 25-W pulses at 11 MHz repetition rate, with a pulse-to-pulse stability of 1% (rms) and beam-pointing
fluctuations of less than 0.6% over 1 h of measurement (Figure 4).

 

Figure 4: Yb:YAG thin-disk, Kerr-lens mode-locked oscillator. (a) The spectrum (red), the retrieved temporal intensity profile (blue), and
the spatial profile (inset) of the oscillator pulses. (b) Measured and retrieved SHG-FROG spectrograph of the oscillator. This figure has been
modified from Fattahi et al., with permission from reference21. Please click here to view a larger version of this figure.

The seed pulses are amplified in the regenerative amplifier to 125 W while being pumped with a CW fiber-coupled diode at a wavelength of
940 nm at 280 W, corresponding to an optical-to optical efficiency of 47%. The pulse-to-pulse stability of the amplifier is less than 1%, and the
amplifier exhibits excellent long-term stability after 10 h of continuous operation. The amplified beam has an excellent spatial profile, with a M2 of
1 (M2

x = 1.08 and M2
y = 1.07) and an excellent temporal profile after compression to 1 ps (at FWHM) (Figure 5).
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Figure 5: Characterization of the regenerative amplifier output and the gain-narrowing effect. (a) The stability of the regenerative amplifier
average power after 10 h of continuous operation. Inset: (a-1) Normalized power to its mean value in a time window of 0.5 h; (a-2) Output beam
profile of the regenerative amplifier. (b) Amplifier output spectrum (green) and the retrieved temporal intensity (blue) of the laser pulses at 100
W average power after the grating compressor. (c) Seed energy versus spectral bandwidth (FWHM) of the amplifier output and the required
round trips for the same output average power at 300 W of pump power. This figure has been modified from Fattahi et al., with permission from
reference21. Please click here to view a larger version of this figure.

The SHG was analyzed using the SISYFOS code25. Two different crystals with the following parameters were considered: 1) a type-I, 6 mm-
thick lithium triborate (LBO), with a phase-matching angle of 13.7° and a nonlinear coefficient of 0.819 pm/V, and 2) a type-I, 3 mm-thick BBO
with a phase-matching angle of 23.4° and a nonlinear coefficient of 2 pm/V26,27. 1-ps, 20-mJ pulses at 1,030 nm and a peak intensity of 100 GW/
cm2 were considered as the input of the simulation. The simulation results showed that the BBO performance was superior to that of the LBO for
SHG (Figure 6).
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Figure 6: Second harmonic generation. (a) Simulated SHG energy for a 6 mm-thick LBO crystal and a 3 mm-thick BBO crystal. (b)
Experimental SHG efficiency versus input pump peak intensity in a 1.5 mm-thick BBO crystal using 0.5 mJ (black) and 20 mJ (green) of
the amplifier output. (c) The retrieved spectral intensity and (d) the group delay of XFROG measurements for different SHG efficiencies
corresponding to points A, B, and C in (b). This figure has been modified from Fattahi et al., with permission from reference21. Please click here
to view a larger version of this figure.

Discussion

The turn-key operation of the oscillator is achieved by the optimum heat management of the different components of the laser. The output of the
oscillator is reproducible on a daily basis, with no need for extra alignment or optimization. In addition, the pulse-to-pulse energy stability and
spatial pointing stability of the seed laser fulfills the preconditions to achieving the stable operation of the regenerative amplifier.

Other low-energy seed sources, such as fiber amplifiers, can be used to seed the amplifier. In this study, a 2 µJ Yb:YAG thin-disk KLM oscillator
was used to assist the amplification of the regenerative amplifier by reducing the growth of the accumulated nonlinear phases, since the required
number of round trips is reduced for higher-input seed energy. Additionally, the higher seed energy influences the amplification process and
reduces the gain narrowing. The measured spectral bandwidth of the amplified pulses for different seed energies at a fixed pump power is shown
in Figure 5c. Amplified spectral bandwidth decreases for lower seed energies because of gain narrowing. For 10 pJ seed energy, the laser
operates in the period doubling, and it is not possible to reach stable operation, even by increasing the number of round trips. In addition to the
careful optimization of the cooling systems and the power supply of the diodes, the operation of the regenerative amplifier at saturation plays a
major role in the achieved stability of the amplifier.

The fundamental or second harmonic of the laser can be used to pump an OPCPA system. For SHG, the performances of an LBO and a BBO
crystal were compared, as they offer a high nonlinear coefficient and damage threshold, in spite of the larger spatial walk-off and the limited
available aperture in the case of BBO. As the nonlinear coefficient of BBO is almost twice that of the LBO, a shorter crystal is sufficient to reach
the saturation limit for SHG (Figure 6a). Therefore, BBO is the more suitable choice, as the accumulated nonlinear phase is smaller28.

The pulse durations of the SH pulses are characterized experimentally at different conversion efficiencies. It was observed that at high
conversion efficiencies, the SHG spectrum is broadened and a higher-order spectral phase appears (Figure 6). Therefore, case B, with the
conversion efficiency of 70%, is chosen where the SH and the unconverted fundamental beams maintain excellent quality.
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Abstract: We report on the generation of a multi-octave, phase-stable continuum from the
output of a Yb:YAG regenerative amplifier delivering 1-ps pulses with randomly varying carrier-
envelope phase (CEP). The intrinsically CEP-stable spectral continuum spans from 450 nm to
beyond 2500 nm, covering a spectral range of about 0.6 PHz. The generated coherent broadband
light carries an energy of 4 µJ, which can be scaled to higher values if required. The system
has been designed and is ideally suited for seeding broadband parametric amplifiers and multi-
channel synthesizers pumped by picosecond Yb:YAG amplifiers, obviating the need for active
timing synchronization required in previous approaches. The presented concept paves the way to
cost-effective, reliable all-Yb:YAG single-cycle sources with terawatt peak-power and tens-of-
Watts average power.
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1. Introduction

Femtosecond technology enabled tracking nuclear dynamics in molecules and gave birth to
the novel discipline of femtochemistry [1]. Attosecond metrology and spectroscopy, in turn,
opened the door for real-time observation of atomic-scale electronic motions [2]. So far, it has
been restricted to the use of low-energy attosecond XUV pulses in combination with strong
few-cycle near-infrared fields controlled on an attosecond time scale [3]. Exploring electron
phenomena would largely benefit from attosecond pulses of higher flux and, in particular, of
higher photon energy, permitting attosecond-pump, attosecond-probe spectroscopy [4] and direct
access to dynamic rearrangement of atomic-scale electron distributions by diffraction imaging [5],
respectively.

The cutoff energy in high-order harmonic generation (HHG) scales linearly with the peak
intensity and quadratically with the wavelength of the driving pulse. Hence, two routes can be
considered to extend attosecond pulses to the X-ray regime: (i) increasing the carrier wavelength
of the driving laser and accepting a reduction in conversion efficiency due to its unfavorable
scaling with wavelength [6, 7] or (ii) boosting its peak power whilst simultaneously temporally
confining it, preferably to a single cycle or less [8], to avoid preionization of the atoms on the pulse
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front. Preionization depletes the ground state of the medium and deteriorates phasematching,
compromising thereby the efficiency of the HHG process.

We propose to take advantage of both approaches: (i) add longer wavelengths to the driving
fields for being able to furnish the recolliding electron with more energy, (ii) confine the multi-
octave field to a single field cycle at multi-terawatt peak power level, preferably at multi-kHz
repetition rates, and (iii) tailoring the spectral chirp of the light transient for better control
of tunneling ionization, releasing the electrons and of their subsequent sub-cycle trajectories.
This demands a new femtosecond technology based on the phase-coherent superposition of
few-cycle pulses from multiple broadband optical parametric amplifiers (OPAs) operated in
different spectral ranges [9–13].

OPAs have the potential to boost the energy and average power of few-cycle pulses simul-
taneously, due to their broad amplification bandwidth, high amplification gain, and low heat
dissipation [14]. Combined with chirped-pulse amplification (OPCPA), they have been reported
to deliver few-cycle pulses with energies ranged from millijoule to the Joule level at low average-
power [15–20], or with microjoule energies at high, tens-of-Watts, average power levels [21–25].
Achieving simultaneously high peak- and average powers has been hampered by the lack of
(i) powerful, cost-effective pump lasers, and (ii) ultra-broadband, CEP-stable seed sources of
sufficient power. The former requirement is now being met by Yb-doped lasers in fiber [26],
slab [27–29], or thin-disk [11, 30, 31] geometries. The unsatisfactory state of affairs in terms of
broadband seed generation (briefly reviewed in the following section) provided the motivation of
the current work.

2. Seed generation for broadband OPAs

So far, the input signal for broadband OPAs has been mostly derived from low-energy broadband
oscillators. In this approach the seed pulse has to be temporally synchronized with the pump pulse
relying on active optical synchronization to suppress the temporal jitter accumulating through
the pump amplification stages [32, 33]. Furthermore, low-energy seed pulses from oscillators
cause undesirable superflourescence and low conversion efficiency in the OPCPA chain. Also,
the carrier frequency of the amplified pulses is mostly restricted to the carrier frequency of the
available broadband oscillators [34–36].

The energy of the oscillator’s pulses could be scaled further in a separate amplifier [15] and
their central frequency can be converted in nonlinear stages [18, 19, 37]. However, these schemes
contain at least three laser systems and several nonlinear stages in addition to the temporal
synchronization, making them complex and not robust. In addition, the residual temporal jitter
between pump and seed pulses degrades the carrier-envelope-phase and energy stability of the
amplified pulses [38].

Generation of multi-octave seed pulses directly from the output of the OPCPA pump source
could overcome these problems and reduces the complexity and cost of the system, as here pump
and seed pulses are generated from the same laser source and are intrinsically synchronized.

The architecture of a field synthesizer based on Yb:YAG thin-disk lasers is studied theoretically
in [11,39]. The apparatus consists of (i) an Yb:YAG thin-disk regenerative amplifier, followed by
(ii) phase-stable multi-octave seed generation, (iii) amplification of three complementary spectral
portions of the supercontinuum (SC) in OPCPA channels, and (iv) coherent recombination of the
output of these channels.

CEP-stable continuum generation from narrow-band, picosecond pulses has been found to be
challenging so far. Spectral broadening of picosecond pulses in waveguides has been shown to
be unstable [40] or limited to energies of the order of 1-µJ [41, 42]. Filamentation in bulk does
not offer a viable alternative because the critical peak power required by 1-ps-scale pulses for
filamentation approaches the material’s damage threshold [43, 44]. In this paper we report on the
stable, reproducible generation of a multi-octave, CEP-stable continuum from 1-ps pulses for the
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Fig. 1. Schematic layout of the setup. 1.6 mJ of the output of a 1-ps, Yb:YAG amplifier was
used to generate a phase-stable multi-octave supercontinuum directly from the amplifier.
At first a small portion of the 1 ps pulses was shortened to 650 fs in a cross-polarized
wave generator (XPW) (block 1). Afterwards these pulses were focused into a YAG crystal
to generate a supercontinuum (block 2). The rest of the energy containing 1.4 mJ was
frequency doubled in a BBO crystal (block 3) and later used to amplify a small portion of
the continuum in an optical parametric chirped pulse amplifier (OPCPA) stage (block 4).
Later on the amplified pulses were mixed with residual energy of the XPW stage in a BBO
crystal for difference frequency generation (block 5). The generated pulses were compressed
to 32 fs using several fused silica plates and later on were focused into a YAG crystal for
generation of a CEP-stable, multi-octave spectrum. The footprint of the setup is 70×50 cm2.
BS: beam splitter; TFP: thin film polarizer; NP: nanoparticle polarizer; F: filter; Si:silicon;
FS: fused silica.

first time.

3. Experimental setup

Our experiment for the generation and characterization of the multi-octave continuum is schemat-
ically illustrated in Fig. 1. Pulses with an energy of 1.6 mJ are split off from the output of an
Yb:YAG, thin-disk regenerative amplifier delivering 1-ps, 1030-nm pulses with an energy of
20 mJ at a repetition rate of 5 kHz (for more details see Ref. [31]). They drive seed generation
for OPCPA chains being pumped with the remaining portion of the picosecond pulses [13].

For the stable, reproducible continuum generation, the 1-ps pulses need to be shortened, as
discussed in Section 1. To this end, we compressed them to a duration of 650 fs (full width at half
maximum, FWHM) in a cross-polarized wave generation (XPW) stage (block 1 in Fig. 1). XPW
generates a pulse polarized perpendicularly to the input pulse, and if the process is not driven
into saturation the generated pulse is shorter by a factor of 0.65 and does not carry additional
chirp. In addition, the nonlinear intensity gating inherent in XPW cleans the generated pulses
both temporally and spatially, resulting in improved contrast in both respects [45].

An AR-coated convex lens with a focal length of f= 75 mm was used to focus 140-µJ, 1-ps
pulses into a 4-mm-thick, holographic-cut, BaF2 crystal for XPW generation. The crystal was
placed slightly behind the focus to balance the beam divergence and self-focusing, allowing a
higher conversion efficiency to be achieved [45]. An additional nanoparticle-linear-film polarizer
(Thorlabs) was placed before the convex lens to enhance the polarization contrast of the input
beam to the XPW stage. An AR-coated convex lens (f=75 mm) was used to collimate the beam
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and the 650-fs XPW pulses, containing 5 µJ of energy were separated from the fundamental
beam using an AR-coated thin film polarizer (TFP).

The shortened pulses were then focused into a 4-mm-long YAG crystal using a convex lens
(f=75 mm) and a stable filament with a spectrum spanning from 550 nm to 1400 nm was achieved
(block 2 in Fig. 1).

A wavepacket with spectral components between 600-750 nm was separated from the rest
of the continuum by using a custom-designed dichroic mirror and sent to an OPCPA stage
(block 4 in Fig. 1) in order to boost its energy to 120 µJ in a 4-mm-thick BBO crystal (phase
matching angle (θ)= 24.5o , noncollinear angle (α)= 2.5o) (Fig. 2(a)). The seed pulses were
temporally stretched by using a 4 mm SF57 glass plate prior to the OPCPA stage in order to
optimize the temporal overlap between the pump and seed pulses. The pump of the OPCPA stage
was generated by frequency doubling of the Yb:YAG pulses with 1.4 mJ energy in a 1-mm-thick
BBO crystal (type I, θ=32o), resulting in 860 µJ pulses at 515 nm (block 3 in Fig. 1).

Saturated amplification in this stage provides not only the pulse energy required for subse-
quent spectral broadening stage but also suppresses the energy fluctuations accumulated in the
preceding nonlinear stages to less than 2% (peak-to-peak).

The 120 µJ unconverted energy of the XPW stage was reused and mixed with the amplified
pulses from the OPCPA in a difference frequency generation (DFG) stage, containing a 2-mm-
thick BBO crystal (θ= 20o) with type I phase matching in a collinear geometry (block 5 in Fig. 1).
This geometry is necessary to avoid angular chirp of the generated difference frequency pulses.
As shown in Fig. 2(b) the spectrum of the generated 4-µJ, intrinsically CEP-stable pulses, spans
from 1700-2500 nm. The resultant red-shifted pulses are negatively chirped. Figure 2(c) shows
the spectrum of the 720 nm-centered pulses prior and after the DFG. The difference between the
input and transmitted pump spectra reflects the converted wavelength range.

The 1030 nm, high-energy pulses used for the DFG have a crucial role in achieving high
conversion efficiency and broad spectral bandwidth simultaneously. For brevity, henceforth we
refer to the 1030-nm and 720-nm pulses used at the DFG stage as a seed and a pump, respectively.
Figure 2(d) shows the simulated difference frequency bandwidth for different seed to pump
energy ratio. The SISYFOS code [46, 47] is used to perform the three-dimensional simulation.
In all simulations a type-I BBO crystal is used, where the angle between the optical axis and
the (collinear) pump and signal beams is 20 o. The pump was taken to have a Gaussian beam
and super-Gaussian spectrum of order 4, ranging from 650 to 800 nm and linearly chirped to
1 ps. The seed was taken to have Gaussian beam and pulse shape, centered at 1030 nm and 1 ps
duration at full width at half maximum.

The de f f of the BBO crystal is taken to be 2.1 pm/V and the sellmeier coefficient are taken
from [48]. The coefficient for linear absorption were taken from [49]. The width of the pump
beam is adjusted to provide 100 GW/cm2 on-axis peak intensity on the crystal. The same width
is used for the seed beam. The pump energy is fixed at 80 µJ, and the simulation is repeated for
0.006, 0.125, 0.625, 1, 1.25 seed to pump energy ratio. The pulse fronts of the pump and signal
beams are both perpendicular to the the propagation direction of signal beam.

The crystal thickness for each seed-to-pump energy ratio is adjusted to maximize the DFG
conversion efficiency. It was observed that higher seed energies result in higher conversion
efficiency and a broader difference frequency spectrum. In this case the nonlinear system reaches
saturation in a shorter nonlinear medium, which reduces the effect of group velocity mismatch
between the interacting pulses. Conversely, low seed energies tend to narrow the spectrum of
the difference frequency pulse while increasing the spectral bandwidth of the amplified seed
pulses due to the broad bandwidth of the pump. As the pump pulses are not depleted in this case,
their group velocity slippage with the seed pulses result in enhanced amplification of the spectral
wings.
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Fig. 2. a) Amplified spectrum in the OPCPA stage. b) The difference frequency generation
between the OPCPA and the regenerative amplifier pulses in a 2-mm-thick BBO crystal
results in a broadband spectrum centered at 2 µm. The generated pulses are intrinsically
CEP-stable. c) The pump spectrum before (blue) and after (red) DFG. While the spectrum of
the seed pulses stays unchanged, a hole appears in the pump’s spectrum, as the signature of
energy saturation. d) The simulated spectral bandwidth of the generated difference frequency
pulses for different seed to pump energy ratio.

4. CEP-stable supercontinuum

The generated difference-frequency pulses were separated from the driving pulses by using a
specially tailored broadband dielectric filter, and - in a preliminary study - partially compressed.
The resultant 32-fs (FWHM) pulses compressed in a 20-mm-thick uncoated SF57 and a 10-
mm-thick uncoated fused silica glass plates were characterized by using a frequency-resolved
optical gating device (SH-FROG) containing a 200-µm-thick BBO crystal. Figure 3(a) shows the
measured SH-FROG trace, its retrieved counterpart and the temporal profile of the compressed
pulses. The evaluated spectral phase is well behaved and will permit the development of chirped
multilayers tailored for the compression of the difference-frequency signal to its bandwidth limit.

The 32-fs pulses were then focused into a 6-mm-thick uncoated YAG crystal by using a coated
CaF2 lens (f=75 mm) for filamentation (block 6 in Fig. 1). Two grating spectrometers with silicon
(USB2000+, Ocean Optics) and InGaAs detectors (NIRQuest256-2.5, Ocean Optics) were used
to characterize the spectrum of the generated filament. The measured spectrum is shown in Fig.
3(b), its short-wavelength tail extends to 450 nm. The detection of wavelengths beyond 2500 nm
was not possible with the available spectrometers. However our SH-FROG measurement of the
generated continuum resolves spectral components up to 2800 nm.

Figure 3(b) (inset) shows the measured transverse spatial profiles of the SC after a specially
designed beamsplitter for 670-1700 nm (inset-(i)) and 1700-2500 nm (inset-(ii)). The measure-
ment for both spectral ranges is performed with a silicon charged-coupled device (CCD) camera
(Dataray Wincam), making use of the two-photon absorption in silicon for detection of the spatial
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Fig. 3. a) Measured (left) and retrieved (middle) SH-FROG spectrograph and retrieved
temporal intensity (right) of the difference frequency pulses. Gerror = 7.8 × 10−3. The
pulse is compressed to 32 fs using bulk material. b) Spectrum of the multi-octave continuum
containing 4 µJ generated in a 6 mm YAG crystal. Inset: transverse intensity profile of the
supercontinuum after a beamsplitter for 670-1700 nm (i) and 1700-2500 nm (ii). c) Spectral
bandwidth, obtained energy, and CEP-stability at each stage of the setup. λ0 shows the
central wavelength of the generated pulses. XPW: cross-polarized wave generation; SC:
supercontinuum; OPCPA: optical parametric chirped pulse amplification; DFG: difference
frequency generation.

profile shown in inset (ii) of Fig. 3(b).
The SC inherits the intrinsic CEP stability of the DFG stage. To verify the pulse-to-pulse

reproducibility and CEP stability of the generated multi-octave spectrum, we performed an f-2f
interferometry measurement. Figure 4(a) shows the layout of the f-2f setup. A specially-designed
beam splitter is used to split the SC spectrum at 1700 nm. The reflected spectral components
centered at 2 µm, were frequency doubled in a 2 mm LiNbO3 crystal and later interferometrically
combined with the transmitted spectral components centered at 1 µm. Figure 4(b) shows the
measured spectrogram of the CEP fluctuations of the SC over 10 minutes. The CEP reconstructed
from this measurement, see Fig. 4(c), yields a drift of 144 mrad (detector integration time: 4 ms).
The fluctuation of the CEP phase over 6000 ms and for 30 ms detector integration time yields
90 mrad jitter (Fig. 4(d)).

The spectrum of the continuum was measured for 120 s in order to study the spectral repro-
ducibility of the continuum, particularly at the low frequency edge. The Fourier transform limit
of the measured spectra shows less than 0.7 % (rms) deviation over 120 s measurement time
(detector integration time: 1 ms) and excellent reproducibility.
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Fig. 4. a) Layout of the f-2f interferometer for monitoring the intensity and phase stability
of the supercontinuum. The fundamental and its orthogonally polarized second harmonic,
produced in a LiNbO3 crystal are interferometrically overlapped by projecting them onto
the same polarization state using a beamsplitter cube. b) The resolved fringes in the f-2f
interferometer (left) and variation of the f-2f interference pattern over 600 s (right). c) His-
togram (left) and reconstructed CEP fluctuations obtained from the f-2f measurement. The
retrieved fluctuations yield a 144 mrad CEP jitter over 600 s measurement time (detector’s
integration time: 4 ms). d) reconstructed CEP fluctuations over 6000 s yielding 90 mrad jitter
(detector’s integration time: 30 ms). BC: beam combiner; BS: beam splitter.

5. Conclusion

We demonstrated the direct generation of CEP-stable pulses from a 1-ps, Yb:YAG thin-disk
amplifier. The generated supercontinuum spans from 450 nm to beyond 2500 nm and contains
4 µJ energy. The concept demonstrated in this work is scalable to higher average and peak power,
by using a gas-filled hollow waveguide for the final broadening to avoid optical breakdown and/or
thermal effects [50]. The generated supercontinuum can be divided into several sub-spectral
regions by using a broadband dielectric beamsplitter [51], and compressed to few-cycle pulses
subsequently.

The presented compact source with a 50 × 70 cm2 footprint will serve as an ideal front end for
OPCPAs or field-synthesizers, simplifying the current state of the art which requires a broadband
seed oscillator and complex temporal synchronization between pump and seed sources [9,32,33].

In broadband OPCPAs, higher seed energy reduces the amplification of superflourescence and
helps the simultaneous saturation of individual frequencies of the seed pulses at the same length
of the nonlinear medium [39]. On the other hand, the total optical efficiency of OPCPA is higher
than the efficiency of the super-octave generator, containing cascaded nonlinear processes. As
the demonstrated scheme is scalable in energy, the final output energy of the supercontinuum can
be designed by taking into account the required seed energy for OPCPAs and the total efficiency
of the system.
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In addition to the mentioned applications, the generated microjoul-energy, CEP-stable multi-
octave pulses are also directly applicable to femtosecond time-resolved spectroscopy. A prelimi-
nary study has revealed that the generated spectrum can be extended to a wavelength of 5 µm, by
using the red wing of the first supercontinuum in a similar set up.

Advances in the Ytterbium laser technology over the last decade combined with OPCPAs
present a new perspective for reaching higher peak- and average-powers. Coherent combination of
several OPCPA channels hold promise for synthesizing, multi-octave waveforms and generating
sub-cycle pulses [13, 52, 53] with unprecedented peak and average power. The seed generation
scheme presented in this paper provides an essential step towards this goal.
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1. INTRODUCTION

In femtosecond spectroscopy, the effect of a pump pulse on the
envelope of a delayed probe pulse is measured, leaving effects
occurring in response to the oscillating electric field unresolved
[1]. On longer time scales, the polarization of a medium, in
both amplitude and phase, could be retrieved from a measure-
ment of the oscillating electric field of picosecond terahertz
pulses that propagate through the medium. Access to this full
polarization response, however, does rely on a gate pulse much
shorter than the field cycle. This requirement had prevented the
extension of the technique into the optical regime, due to the
absence of sampling pulses shorter than the oscillation period of
visible (VIS) or near-infrared light.

In the last decade, Ti:Sa laser technology enabled generation
of coherent extreme-ultraviolet (XUV) pulses with attosecond
duration and changed this scenario. Scanning the synchronized
XUV pulses relative to their VIS driver pulses allowed the mea-
surement of the light’s electric field at petahertz frequencies [2].
Following recent advancement of Yb:YAG-pumped optical
parametric amplifiers, field-resolved detection at kilohertz rep-
etition rates has been extended to mid-infrared (MIR) by em-
ploying electro-optic sampling, wherein VIS, few-cycle pulses

were used as a probe [3]. Field detection based on electro-optic
sampling can provide a better understanding of extremely fast
dynamics in solid-state materials [4] and benefits from few-
cycle pulses in MIR and VIS spectral range, with carrier-
envelope-phase (CEP) stability and at high repetition rates.

These applications call for compact sources, delivering CEP
stable, coherent, superoctave continua spanning from VIS to
MIR spectral range, beyond nanojoule energy, and at kilohertz
to megahertz repetition rates. Today, Yb:YAG lasers are
mature, turnkey, and cost-effective technology, and offer such
a possibility [5–12].

Specifically, a CEP stable, multioctave supercontinuum gen-
erated directly from Yb:YAG, sub-ps oscillators or ps amplifiers
has two prominent applications: (I) it can be used to seed
broadband optical parametric amplifiers (OPAs) or subcycle
field synthesizers pumped by high-energy, kHz, Yb:YAG am-
plifiers [5,13,14], obviating the need for complex temporal syn-
chronization systems between two independent lasers [15,16];
or, it can be used for (II) field- and time-resolved spectroscopy
when it is driven from high average-power, MHz oscillators.

MIR superoctave continua have been generated from ran-
domly phased Yb:YAG lasers, by combining supercontinuum
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generation in bulk and difference frequency generation [17,18],
or by using high-energy, CEP stable MIR pulses from an OPA
[19–21] and spectrally broaden them in bulk, gas, or a gas-filled
hollow-core fiber [22–24]. Such supercontinua are generated in
systems with very low conversion efficiency, containing several
nonlinear stages and mostly with a need for an additional com-
plex temporal synchronization stage.

In this paper, we demonstrate an efficient scheme to gener-
ate broadband, CEP stable, MIR pulses directly from a ps-long
Yb:YAG, thin-disk laser at 5 kHz repetition rate. To the best of
our knowledge, this system has the highest reported optical-to-
optical efficiency for converting ps-long pulses at 1030 nm with
randomly varying phase, to broadband, CEP stable pulses at
2.1 μm. This critical property makes this setup compatible to
the output parameters of high-power, low-energy, Yb:YAG os-
cillators [25,26] keeping the promise to generate a CEP stable,
VIS-MIR supercontinuum at MHz repetition rates to extend
the filed-resolved spectroscopy [4] to a MIR spectral range.

2. EXPERIMENTAL SETUP

The experimental setup is illustrated in Fig. 1. A Yb:YAG thin-
disk regenerative amplifier delivering 20 mJ, 1-ps pulses at
5 kHz repetition rate [27] is used as the front end of the system.
400 μJ of the total energy of the amplifier is separated by using
an attenuator consisting of a thin-film polarizer (TFP) and a
λ∕2-plate, and are then frequency doubled in a 1.5-mm-thick,
type-I, beta barium borate (BBO) crystal at the phase matching
angle of 23°.

The beam size on the crystal is adjusted to reach a peak in-
tensity of 80 GW∕cm2, and an energy of 260 μJ at 515 nm,
corresponding to 65% optical-to-optical conversion efficiency,
is achieved. The frequency doubling of the input pulses is nec-
essary to ensure intrinsic CEP stability of the generated MIR
pulses in the last nonlinear stage of the setup, which contains a
noncollinear optical parametric amplifier (NOPA) [28].

The second harmonic (SH) pulses are temporally shortened
compared to the fundamental laser pulses at 1030 nm, due to
pulse shortening based on the χ2 effect (see Ref. [27] for de-
tails). Afterward, the SH beam is focused into a 4-mm-thick
BaF2 crystal for cross-polarized wave generation (XPW) and
additional pulse shortening. The 466-fs-long XPW pulses are
separated from the residual SH pulses by a thin-film polarizer
and focused in a bulk for supercontinuum generation in VIS
frequencies [29]. This step is necessary to achieve a stable and
reproducible supercontinuum [17,30]. Finally, the Stokes wing
of the generated supercontinuum and the residual SH pulses
are focused into a NOPA stage to generate broadband, CEP
stable pulses in the MIR.

In our previous report for generating CEP stable MIR pulses
[17], the supercontinuum signal was sent through two optical
parametric amplifier stages: first, to amplify and stabilize the
signal energy via a NOPA, and, second, to CEP stabilize and
shift the idler’s central frequency to the MIR in a collinear
OPA. In the current MIR pulse generation setup, the nonlinear
processes are reduced by combining these two parametric am-
plification stages into a single, saturated NOPA stage. However,
in a NOPA due to the required noncollinear geometry for a
broadband and efficient amplification, the generated idler in-
herits an angular dispersion, which must be compensated for.
We chose to compensate for this angular chirp by prechirping
the input seed pulses to the NOPA by means of a grating pair,
motivated by the higher efficiency of grating pairs in VIS
frequencies.

In what follows, detailed discussion of each block of the
setup is presented.

A. XPW and Supercontinuum Driven by High-Energy
Photons
It has been challenging to generate a supercontinuum using
high-energy photons [31,32]. As the energy of the driving
photons approaches the bandgap of transparent materials the
probability of damage due to nonlinear absorption increases.
In addition, the damage threshold intensity for transparent
materials increases in proportion to the inverse of the square
root of the pulse duration for pulsed lasers, following the dy-
namics of impact ionization.

Therefore, we used the XPW process to temporally shorten
the driving pulses prior to the supercontinuum generation stage
due to its simplicity and self-compression, which obviates the
need for any additional pulse compressor. It is known that
the conversion efficiency of an XPW process is proportional
to the input frequency of the driving pulses, due to the increase
in nonlinearity of materials when interacting with higher-
energy photons [33]. However, for driving pulses with higher
photon energies saturation occurs earlier, due to the dephasing
between the driving pulses and the XPWs, limiting the conver-
sion efficiency.

Fig. 1. Schematic of the setup to convert 400 μJ of a 1-ps, 20 mJ
Yb:YAG, thin-disk amplifier to carrier-envelope phase stable, broad-
band, 5.4 μJ pulses centered at 2.1 μm. At first, the 1-ps pulses are
frequency doubled in a 1.5-mm-thick BBO crystal (block 1). Then the
260 μJ second harmonic beam is focused into a 4-mm-thick BaF2
crystal for cross-polarized wave generation (XPW) (block 2). The
466-fs-long XPW pulses are separated from the residual energy by
means of a thin-film polarizer (block 2) and focused into a 10-mm-
thick plate of YAG for supercontinuum generation (block 3). The
Stokes wing of the supercontinuum, centered at 680 nm, is filtered
by using a 600 nm longpass filter to serve as a seed for a noncollinear
optical parametric amplifier (NOPA). The seed pulses are sent through
a grating pair and a 115-mm-thick F2 to adjust their angular chirp and
temporal duration. Finally the seed and pump pulses are sent to a
NOPA containing a 6-mm-thick BBO crystal (block 4) to generate
broadband idler pulses at 2.1 μm. BS, beam splitter; TFP, thin-film
polarizer; FL, filter.
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260 μJ pulses at 515 nm are used to generate XPW in a
4-mm-thick BaF2 crystal with a holographic cut. An f �
150 mm convex lens is used to focus the beam, while the crys-
tal is placed after the focus. The beam size at the crystal is
260 μm at FWHM. Figure 2 shows the optical-to-optical con-
version efficiency and the spectrum of the converted SH pulses
to XPW pulses. Maximum efficiency of 2%, corresponding to
5 μJ, is achieved. Higher peak intensity on the crystal leads to
its optical damage. The generated XPW pulses and the residual
SH pulses are both collimated by using an f � 150 mm con-
vex lens. ATFP is used to separate them afterward, as the XPW
and SH beams have a crossed polarization. XPW pulses were
characterized by using a cross-correlation frequency-resolved
optical gating (XFROG) employing a 100-μm-thick BBO crys-
tal. The Fourier transform limited pulses of the Yb:YAG
amplifier were used as a reference pulse for the XFROG mea-
surement. Figure 3 shows the measured and retrieved XFROG
spectrograms, and the retrieved temporal profile of the XPW
pulses with a 466 fs temporal duration (FWHM).

Thereafter, XPW pulses are focused by an f � 125 mm
convex lens into a nonlinear medium for supercontinuum gen-
eration. We tried several nonlinear media and could achieve a
stable filament only in a 2-mm-thick plate of YAG due to its
lower critical power. This study is summarized in Table 1. In
the final setup we chose a 10-mm-thick plate of YAG due to the
better daily reproducibility.

Figure 4 shows the spectrum and the transverse beam profile
of the generated supercontinuum in 10-mm-thick YAG. The
anti-Stokes and Stokes wings of the supercontinuum are mea-
sured behind a 500 nm shortpass filter (FES0500, Thorlabs
GmbH) and a 550 nm longpass filter (FEL0550, Thorlabs
GmbH), respectively. Both wings are normalized to one sepa-
rately. With a tighter focusing, a stable filament could be gen-
erated by using only 0.7 μJ energy and an f � 40 mm convex
lens. However, we opt for generating a stable, single filament
with the maximum pulse energy, by a careful balance between
the beam size and the energy of the driving pulses. The Stokes
wing of the supercontinuum is filtered out by a 600 nm long-
pass filter (FEL0600, Thorlabs GmbH) and is collimated by an
f � 125 mm convex lens and used to seed the NOPA stage.

B. Idler Generation
To generate broadband MIR pulses, the unconverted portion
of SH pulses after the XPW process are mixed with the Stokes
wing of the supercontinuum in a NOPA. As described earlier,
the generated idler in the noncollinear geometry has an angular
chirp that can be compensated by matching the seed pulse-
front to the idler pulse-front or to the propagation direction

Fig. 2. (a) Optical-to-optical efficiency of the generated cross-
polarized wave versus the power of the driving pulses (second har-
monic pulses). (b) Normalized spectra of the fundamental (red curve),
second harmonic (light green curve), and the generated cross-polarized
(dark green curve) pulses with the spectral bandwidth of 0.62 THz,
1.26 THz, and 1.64 THz (FWHM), respectively.

Fig. 3. Temporal profile of the generated XPW pulses at 515 nm.
(a) Measured and retrieved XFROG spectrograms. (b) Retrieved tem-
poral profile of the XPW pulses with 466 fs pulse duration at FWHM
(Gerror � 0.01544).

Table 1. Performance of Different Materials for
Supercontinuum Generation Driven by 466 fs, 515 nm
Pulses

Crystal
Thickness
(mm)

Critical Power
(MW)

Band Gap
(eV) Filament

YAG 2 0.22 6.3 Yes
Sapphire 2 0.68 9.9 No
TGG 4 0.12 — No
ZnS 5 0.32 3.911 No

Fig. 4. Normalized spectrum and transverse beam profiles (inset)
of the generated supercontinuum in 10-mm-thick YAG. The spec-
trum and the beam profile of the anti-Stokes and Stokes wings are
measured behind a 500 nm shortpass filter and a 550 nm longpass
filter, respectively.
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of the idler. For ps-long pump pulses the effect of the pulse-
front is negligible and can be ignored. We chose to precompen-
sate for this angular chirp by angularly dispersing the seed
pulses of the NOPA, using an aluminum-coated reflective gra-
ting pair with 300 groves∕mm (GR50-0310, Thorlabs GmbH)
[34,35]. We avoided using a Brewster prism pair due to its un-
desired higher-order dispersion.

The separation between the gratings determines the applied
angular dispersion to the seed. Therefore, one of the gratings is
mounted on a translation stage for adjusting the distance.
Afterward the angularly chirped seed pulses are amplified in
a 6-mm-thick, type-I, BBO crystal with an internal noncollin-
ear angle of 2.4° and the phase matching angle of 23.4°. The
pump and seed beams are focused down to 650 μm (FWHM)
and overlapped spatially and temporally in the BBO crystal.

When the distance of the grating pair is set to 175 mm,
220 μrad∕nm angular chirp is introduced to the seed pulses
and an angular-chirp-free idler is generated. However, in addi-
tion to the angular chirp, the grating pair also temporally chirps
the seed pulses. As a result, the seed pulses become longer than
the pump pulses in the NOPA and the amplified spectral band-
width decreases. The group delay dispersion (GDD), induced
by the grating pair on the seed pulses, is calculated from Eq. (1):

GDD � −
λ3b

2πc2d 2 cos3�β� ; (1)

where λ, c, d , b, and β are the central wavelength of the pulse,
velocity of light, grating’s line density, grating separation, and
diffraction angle of the grating, respectively.

Therefore, a 115-mm-thick plate of F2 is placed in the seed
beam path to compensate for the calculated, negative chirp on
the seed pulses and to adjust the temporal duration of the seed
pulses within the temporal window of pump pulses at the
NOPA stage. The generated chirp-free idler pulses have similar
temporal duration to the seed pulses, as their generation occurs
only in the region that pump and seed pulses are temporally

overlapped. The amplified spectrum, the idler spectrum, and
the transverse spatial profile of the 5.4 μJ generated broadband
chirp-free idler in the far-field are shown in Fig. 5.

3. CONCLUSION AND OUTLOOK

We demonstrated a compact and efficient scheme to generate
broadband, CEP stable pulses at 2.1 μm, driven from a 1-ps,
Yb:YAG thin-disk amplifier. The broadband MIR pulses span
from 1.83 μm to 2.36 μm and contain 5.4 μJ energy. It is expected
that the delivered pulses from the current system show a similar
long-term, CEP stability like the previously reported work [17].

Careful design of the system led to 1.35% optical-to-optical
efficiency, which is defined as the ratio of the total output pulse
energy of the system to the total input pulse energy to the sys-
tem. To the best of our knowledge, this is the highest reported
efficiency for similar systems [17,18,34,35].

The μJ, MIR pulses can be used for CEP stable, supercon-
tinuum generation in bulk [17,18,36], or hollow-core photonic
crystal fibers [37], and can serve as an ideal front end for broad-
band OPAs or field synthesizers, simplifying the state of the art
and obviating the need for complex temporal synchronization
between pump and seed sources [15,16].

As discussed in Section 2.A, the energy threshold for gen-
erating a supercontinuum driven by 466-fs-long, 515 nm
pulses is 0.7 μJ. Therefore, the required input energy to the
system can be scaled down to tens of μJ. Considering this mar-
gin, it can be simply calculated that the required input peak
power to achieve a CEP stable supercontinuum at the output
of the setup is compatible to the peak power delivered by high
average-power oscillators such as [25].

The opportunity of generating a superoctave, CEP stable
continuum directly from high average-power, low peak-power
sources paves the way for a new generation of lasers, suitable for
femtosecond field- and time-resolved spectroscopy in the MIR
spectral range.
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ABSTRACT

We introduce the concept of broadband near-infrared molecular fieldoscopy. In this scheme, molecules are excited
by femtosecond pulses in near-infrared spectral range and the complex electric field of their free induction decay is
directly measured by means of electro-optic sampling. Few-cycle pulses centered at 2µm and 1µm are generated
from a 5 kHz, Yb:YAG regenerative amplifier and employed for femtosecond excitation and electro-optic sampling,
respectively. We chose water in an acetic acid solvent to demonstrate the first proof of principle measurement
with the novel technique. The complex electric field of the combination bond of water molecules at 1930 nm
at different molecular concentrations is detected and presented. We show the detection sensitivity of our time-
domain technique is comparable to conventional specral-domain techniques. However, by employing a laser
frontend with higher repetition rates, the detection sensitivity can be drastically enhanced. To the best of our
knowledge, this is the first detection of the complex electric field of the molecular response in near-infrared
spectral range. The new method holds promise for high-resolution overtone spectroscopy and microscopy with
unparalleled sensitivity and specificity over the entire molecular fingerprint region.

Keywords: time-domain spectroscopy, femtosecond fieldoscopy, near-infrared spectroscopy, Yb:YAG lasers,
femtosecond spectroscopy, water, overtone excitation, background-free detection, femtosecond laser sources.

1. INTRODUCTION

Linear spectroscopy in near-infrared (NIR) spectral range provides information on the molecular composition,
structure, and conformation, affording tremendous potential for high-resolution, in-depth, label-free biological
spectro-microscopy.1 In NIR spectroscopy, similar information to infrared spectroscopy is obtained by exciting
the first overtone of infrared-active vibrational modes. The intensity and vibrational period of these harmonics
depend on the quantity and types of the present molecules in the sample. Quantitative analysis is possible when
the changes in the transmitted spectrum are proportional to the concentration of chemical components of the
sample under scrutiny. Therefore, NIR spectroscopy has been a popular technique for identification, quantitative
and qualitative analysis, and structure-correlation of molecular compositions. In particular, it is routinely used
for the detection of the overtone and combination bands of the C-H, O-H, and N-H compositions.2 Additionally,
as the electric filed in NIR spectral region supports a smaller diffraction limit than infrared, molecular information
with higher spatial resolution can be obtained. Moreover, the lower cross-section of the overtone excitation allows
for deeper penetration of the injected field to the sample, allowing for in-depth spectral imaging.3

Broadband measurements in this spectral region have been carried out mainly in the frequency domain.4

This approach suffers from two limitations: I) the detection of small absorption is limited to the intensity noise
of the source, and II) the low detection dynamic range. To mitigate above-mentioned constraints, we introduce
the concept of molecular fieldoscopy. In molecular fieldoscopy, an ultrashort, phase-coherent pulse is used for
molecular excitation and afterwards the transmitted complex electric field that contains the molecular response
is directly measured. Here, the electric field is detected in a background-free manner, eliminating the effect of
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the intensity noise of the source. Furthermore, measuring the complex electric field allows for extracting the full
spectral phase information of the molecular response, adding a new dimension to the gained spectroscopic data.

It is well known that the interaction of broadband ultrashort pulses with an ensemble of molecules at their
resonance frequencies, results in a coherent scattering. The delayed response of the medium, known as free-
induction decay (FID), can be explained by the Kramers-Kronig relation. During the interaction, photons at
the resonance frequencies are slowed down compared to the other photons and appear at the trailing edge of
the excitation pulse, due to the increase of the group refractive index of the medium at the vicinity of the
resonance frequencies. The delayed response lasts for hundreds of picoseconds for molecules in the gas phase and
down to several picoseconds in liquid phase. The FID carries information about the molecular composition and
concentration. Therefore, by temporal detection of the coherent response, valuable spectroscopic information
can be gained. Additionally, by using ultrashort pulses, the excitation pulse is confined to a time window of
tens of femtosecond, which is significantly shorter than FID of the molecular sample under scrutiny. Here, the
response emerging from the sample is separated temporally from the ultrashort excitation pulse, enabling for
a background-free detection. As FID after the excitation pulse decreases exponentially, its earlier temporal
detection results in a higher detection’s signal-to-noise ratio and therefore, sensitivity.

Terahertz time-domain spectroscopy based on electro-optic sampling (EOS) has been a powerful method for
the direct measurement of the electric field in mid-infrared and terahertz spectral region.5 However, its extension
to NIR has been shown just recently, due to difficulties in the generation of short, phase-stable excitation pulses
that are temporally synchronized with short sampling probe pulses.6

In what follows we report, to the best of our knowledge, the first measurement of the complex electric field
of the water’s molecular response by using EOS in NIR spectral range.

2. EXPERIMENTAL SETUP

Water plays a prominent role in biological interactions and life, with its first overtone of the symmetric stretch
vibration appearing at 1450 nm (6900 cm−1) and a strong ν2 + ν3 combination band near 1930 nm (5180 cm−1).
We aimed for the field detection of the water’s molecular response at its combination band for various molecular
concentration. We chose acetic acid as the background solvent due to its sparse spectral response at this range.

2.1 Near-infrared electro-optic sampling

A home-built, diode-pumped Yb:YAG thin-disk regenerative amplifier operating at 5 kHz repetition rates was
used as the frontend.7 1.8 mJ of the output energy of the laser was used to generate a carrier-to-envelope phase-
stable, multi-octave, broadband spectrum spanning from 500 nm to 2500 nm.8 The broadband spectrum was
divided into two portions: i) spectral region covering from 700 nm to 1400 nm, and ii) NIR region with spectral
coverage from 1600 nm to 2500 nm. The two portions of the spectrum were amplified to the total energy of 25µJ
in two parallel single-stage optical parametric amplifiers. After amplification each channel was compressed to its
Fourier transform limit, resulting in 5 fs pulses centered at 1µm and 18 fs pulses centered at 2µm.9 The 18 fs,
NIR pulses were used for excitation of combination bond of water molecules, while the 5 fs pulses at 1µm were
used as a probe in the EOS setup.

The experimental setup of the EOS is depicted in Fig. 1. First, the NIR beam was focused by a 4 inch focal
length off-axis parabolic mirror into the sample. Afterwards, the transmitted beam was collimated by another
4 inch focal length off-axis parabolic mirror. The sample was placed slightly after the focus to avoid filamentation
of the NIR pulses. The beam size on the sample was 200µm full width at half maximum (FWHM). The probe
pulses were collinearly combined with the transmitted light from the sample by using an ultra-broadband wire
grid polarizer (Thorlabs, WP25L-UB). Subsequently, both beams were focused by a 2 inch focal length off-axis
parabolic mirror into a 50µm-thick BBO (Type II) crystal (CASTECH) at the phase matching angle of θ = 25◦.
The probe and NIR beams were orthogonally polarized along the ordinary (o) and extraordinary (e) axes of the
nonlinear crystal, respectively. By temporal and spatial overlap of the two pulses in the crystal, sum-frequency
signal centered at 670 nm was generated. The sum-frequency signal was polarized along the extraordinary (e) axis
of the nonlinear crystal and spectrally overlaps with the high-frequency components of the ordinarily polarized
probe pulses.
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Figure 1. EOS setup consists of a 50µm-thick BBO (Type II) crystal and an ellipsometer. The NIR beam is chopped at
2.5 KHz and transmits through a 500µm-thick sample. The sampling beam after the delay line is collinearly combined
with the transmitted NIR beam. Thereafter, they are focused in the EOS crystal for sum-frequency generation. The
generated sum-frequency signal spectrally overlaps and temporally interferes with the high-frequency components of the
probe beam. Appropriate spectral filtering is used to enhance the EOS signal. The polarization rotation of the probe
beam as a function of temporal delay is detected by an ellipsometer and read out by lock-in amplifier. WGP: wire
grid polarizer, λ/4: quarter-wave plate, FEL: longpass filter, FES: shortpass filter, WP: Wollaston prism, BP: balanced
photodetector.

In order to enhance the EOS signal at the detectors, spectral region between 650 nm and 750 nm was filtered
out by using a 650 nm long-pass (Thorlabs, FEL0650) and a 750 nm short-pass (Edmund Optics, 64-324) filters.10

The generated nonlinear signal induces polarization rotation in the probe pulses as a function of the relative timing
of the probe and NIR pulses. The induced electro-optic signal was detected with an ellipsometer consisting of a
quarter-wave plate (Thorlabs, AQWP05M-600), Wollaston prism (Thorlabs, WP10), and a home-built balanced
detector. In the absence of the NIR beam, the ellipsometer is aligned to equally split and balance the power
of the probe pulses at the pair of photodiodes. Therefore, the difference between the photocurrents of the two
detectors is equal to zero. In the presence of the NIR pulses, the difference is imbalanced and varies relative
to the temporal delay of the probe pulses. The electronic data from the balanced detector is recorded by using
a lock-in amplifier (Stanford Research Systems, SR830-DSP) while the NIR pulses were modulated at 2.5 kHz
(half of the laser’s repetition rate) with a mechanical chopper (Thorlabs, MC2000B-EC).

In parallel for a precise temporal delay scan, the mechanical delay stage (Physik Instrumente, V-528.1AA)
was tracked with a Mach-Zehnder-type interferometric delay tracking setup (SmarAct GmbH, PicoScale). The
setup employs the beam of a 1.55µm continuous-wave distributed-feedback laser diode, propagating along the
NIR and probe beam-paths.11

A series of measurements were performed to estimate the detection dynamic range of the EOS setup in the
absence of the liquid sample. First, the energy of the NIR pulses was attenuated by using a series of neutral
density filters with different optical densities (ODs) and afterwards their electric field were measured by EOS.
Figure 2 a) illustrates the sampled waveforms for different attenuations. The black curve shows the electric field
of the unatenuated NIR pulses. The red curve shows the detectable NIR pulses by EOS with the average power
of 650 nanowatts (power attenuation by filters at the OD of 3.1). The corresponding spectra of EOS traces for
five different attenuations (OD of 0, 0.8, 1.5, 2.2, and 3.1) are shown in Fig. 2 b). The spectra were obtained by
Fourier transformation of the measured electric filed. As can be seen, at the highest attenuation the bandwidth
of the retrieved spectrum is limited to spectral components with the highest spectral intensity.

2.2 Sample preparation

Acetic acid (Sigma-Aldrich, ReagentPlus, 99%, A6283) and deionized water were used to create solution samples
at six different concentrations between 0 Molar to 55.6 Molar (0% - 100%). Afterwards, different mixtures were
injected to a sample holder (Harrick Scientific, DLC-M25) consisting of two sapphire windows with a thickness
of 2.3 mm. The sample’s thickness for all the measurements was 500µm.
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Figure 2. a) Measured electric field of the transmitted pulses in the absence of any sample for three different attenuations
(0, 2.2, and 3.1 OD). b) The retrieved NIR spectrum in the absence of any sample for five different attenuations (0, 0.8,
1.5, 2.2, and 3.1 OD). The obtained spectra were normalized then calibrated to the transmitted power.

3. RESULTS AND DISCUSSION

To detect the FID of water molecules, the mixture of acetic acid and water with different concentrations was
placed in the sample holder and the transmitted electric field was measured by EOS. The delay stage was
scanned over 450µm with the speed of 1.7µm/s, corresponding to a single shot detection at each delay position.
Background measurements were taken with an empty sample holder and pure acetic acid serving as blank (see
Fig. 3 a)). As can be seen in the inset, the amplitude of the excitation pulses goes to zero at temporal delays
above 200 fs. By adding the sample, the molecular FID is formed and can be detected free of background at
temporal delays beyond 200 fs. Figure 3 b) shows the measured transmitted electric field for the mixture of water
and acetic acid at two high concentrations. At high water concentrations the transmitted main pulse is chirped.
The NIR response of water molecules is clearly distinguished from acetic acid at 50%, and 100%,. To evaluate
the sensitivity of the system, measurements of lower water’s concentrations (10%, 5%, and 3%) were carried out.
As is shown in Fig. 3 c), the molecular response is detectable by naked eye for water concentration as low as 3%.

A similar study12 was reported in the frequency domain on water molecules in methanol solvent by using a
Guided Wave NIR-O Process, fiber-coupled, NIR Spectrometry with the core diameter of 500µm. In this exper-
iment, the water molecules in methanol solvent were placed in a 10 mm-thick sample holder. The combination
bond of water molecules could be detected down to 0.1% water concentration. Calibrating our measurements
with a 500µm sample thickness and a 200µm laser beam size (shown in Fig.3 c)), to 10 mm of sample thickness
and 500µm of beam diameter, results in 0.075% equivalent detectable water concentration by EOS.

4. CONCLUSION AND OUTLOOK

We presented a novel approach, which we dubbed molecular fieldoscopy, for detection of the complex electric
field of molecular response in NIR spectral range. Here, exciting molecules with ultrashort pulses allows for
background-free detection of the molecular response. By employing broadband excitation pulses in combination
with EOS, the entire molecular vibrations in the fingerprint region can be simultaneously excited and detected.

In this regards, we showed the potential of Yb:YAG thin-disk lasers for generating the required multi-octave
spectrum and demonstrated the first proof of principle field-detection of water molecule’s vibration at 1.9µm
at different molecular concentrations. Our current detection sensitivity is comparable to the conventional spec-
troscopy techniques and limited to the stability of the interferometer and the repetition rate of the laser. However,
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Figure 3. a) Measured electric field of the transmitted pulses in the absence of any sample (red) and 100% acetic acid
sample (blue). Inset: zoomed plot for the temporal delays above 100 fs. b) Measured electric field of the transmitted
pulses for the mixture of water and acetic acid for three different water’s concentrations 0%, 50%, and 100%. Inset:
zoomed plot for the temporal delays above 100 fs. c) Measured electric field of the transmitted pulses for the mixture of
water and acetic acid for water concentrations 0% (blue), and 3% (red). Inset: zoomed plot for the temporal delays above
100 fs.

employing a frontend at megahertz repetition rates13 holds promise for enhancing the detection sensitivity to
unparalleled values.

Moreover, combining the concept of molecular fieldoscopy with exciting nonlinear techniques such as two-
dimensional spectroscopy, holds promise to increase our understanding of molecular dynamics, for example
in water. Water in liquid phase, consists of a molecular network with molecular dynamics at various time
scales, from several picoseconds to tens of femtoseconds. The intermolecular OH-bond stretching and bending
has the shortest vibrational period at 10 fs and 20 fs, respectively. On a time scale of several hundreds of
femtoseconds, liberational motions, and the H-bonds stretching and bending occur. Last but not least the
exchange of hydrogen-bond partners via breaking and reforming of stable H-bonds occurs in a time range between
1-5 ps.14 Femtosecond molecular fieldoscopy is capable of detecting the complex electric field of the water response
at all above-mentioned time scales with high sensitivity, and may allow for resolving many unknown aspects of
water’s molecular dynamic.
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A. M., and Krausz, F., “High-power, 1-ps, all-Yb:YAG thin-disk regenerative amplifier,” Optics Letters 41,
1126–1129 (mar 2016).

[8] Fattahi, H., Wang, H., Alismail, A., Arisholm, G., Pervak, V., Azzeer, A. M., and Krausz, F., “Near-
PHz-bandwidth, phase-stable continua generated from a Yb:YAG thin-disk amplifier,” Optics Express 24,
24337–24346 (oct 2016).

[9] Fattahi, H., Wang, H., Alismail, A., and Krausz, F., “Towards high-power, multi-TW light transients,” in
[Conference on Lasers and Electro-Optics ], SM1M.6, OSA, Washington, D.C. (2016).

[10] Porer, M., Ménard, J.-M., and Huber, R., “Shot noise reduced terahertz detection via spectrally postfiltered
electro-optic sampling.,” Optics letters 39(8), 2435–2438 (2014).

[11] Schweinberger, W., Vamos, L., Xu, J., Hussain, S. A., Baune, C., Rode, S., and Pupeza, I., “Interferometric
delay tracking for low-noise Mach-Zehnder-type scanning measurements,” Accepted in Optics Express .

[12] Wave, G., “Measuring Water Concentration in Solvents with NIR Spectroscopy.”

[13] Fattahi, H., Barros, H. G., Gorjan, M., Nubbemeyer, T., Alsaif, B., Teisset, C. Y., Schultze, M., Prinz,
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Data Archiving

The measured raw data, the data processing files, and the original figure files utilized in
this thesis can be reached via the Data Archive Server (DAS) of the Laboratory for At-
tosecond Physics (LAP) at the Max Planck Institute of Quantum Optics (MPQ): //AFS/
ipp-garching.mpg.de/mpq/lap/publication_archive. According to the thesis struc-
ture, the archive materials are divided in several folders corresponding to each chapter.
Under each folder, there are subfolders, which are devoted to all figures presented in the
chapter. This contains all of the relevant files such as: the raw data, MATLAB scripts in
.m format, Origin projects in .opj format, drawing files in .ai format, and the figure in .pdf
format. The structure of the archive materials is summarized in the following table as:

folder subfolder raw data simulation .m .opj .ai .pdf
Ch. 1 Fig. 1.1 - - - - 1 1

Fig. 1.2 - - - - 1 1
Ch. 2 Fig. 2.1 - - - 1 1 2

Fig. 2.2 - - - - 1 1
Fig. 2.3 - - - - 1 1
Fig. 2.4 - - - - 1 1
Fig. 2.5 1 1 - 1 - 1
Fig. 2.6 7 - 1 1 1 5
Fig. 2.7 3 - - 1 1 2
Fig. 2.8 - - - - 1 1
Fig. 2.9 1 1 - 1 - 1
Fig. 2.10 5 - 1 1 1 3
Fig. 2.11 7 - 1 1 1 5
Fig. 2.12 5 - - 1 - 1

Ch. 3 Fig. 3.1 - - - - 1 1
Fig. 3.2 9 - - 1 - 1
Fig. 3.3 - - - - 1 1
Fig. 3.4 - - - - 1 1
Fig. 3.5 3 - - 1 1 3
Fig. 3.6 6 - 1 1 1 5

//AFS/ipp-garching.mpg.de/mpq/lap/publication_archive
//AFS/ipp-garching.mpg.de/mpq/lap/publication_archive
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Fig. 3.7 8 - - 1 1 1
Fig. 3.8 - - - - 1 1
Fig. 3.9 24 - - 1 1 6

Ch. 4 Fig. 4.1 5 - 2 1 1 3
Fig. 4.2 - - - - 1 1
Fig. 4.3 2 1 2 1 1 3
Fig. 4.4 3 4 1 1 1 3
Fig. 4.5 - - - - 1 1
Fig. 4.6 - - - 1 - 1
Fig. 4.7 7 - 1 1 1 5
Fig. 4.8 19 - - - 1 1
Fig. 4.9 - - - 1 - 1
Fig. 4.10 20 - - 1 - 1
Fig. 4.11 6 - - 1 1 3
Fig. 4.12 - - - - 1 1
Fig. 4.13 6 - 1 1 1 5
Fig. 4.14 6 - 1 1 1 5
Fig. 4.15 10 8 3 1 1 5

Ch. 5 Fig. 5.1 - - - 1 1 1
Fig. 5.2 5 - 1 1 1 3
Fig. 5.3 2 - 1 1 - 1

Ch. 6 Fig. 6.1 - - 1 - 1 1
Fig. 6.2 - - 1 1 1 3
Fig. 6.3 - - - 1 1 1
Fig. 6.4 - - - - 1 1
Fig. 6.5 - - - - 1 1
Fig. 6.6 1 - - 1 - 1
Fig. 6.7 2 - - 1 1 3
Fig. 6.8 - - - - 1 1
Fig. 6.9 15 - 1 1 1 3
Fig. 6.10 10 - 1 1 1 4
Fig. 6.11 8 - 1 1 1 3

Ch. 7 Fig. 7.1 4 - 2 1 1 3
Appx. B Fig. B.1 1 - 1 1 - 1
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