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A B S T R A C T

The petawatt field synthesizer (PFS) is a high-power optical parametric chirped-pulse
amplification (OPCPA) system under development, which aims at generating few-
cycle pulses with high energies of several Joule. The availability of light pulses with
these unique parameters will enable an efficient generation of even shorter attosec-
ond pulses with significantly higher photon flux than achievable today [1]. Not
only the real-time observation, but also the control of charge transfer in molecular
systems will become feasible for the first time [2].

The technique for realizing the ambitious PFS specifications is short-pulse pumped
OPCPA in mm-thin crystals. The reduced crystal thickness allows for ultra-broadband
amplification. The pump-pulse duration is reduced to a picosecond—compared to
100 ps to nanosecond pump-pulse duration in conventional high power OPCPA sys-
tems. The shortened pulse duration facilitates higher pump intensities whereby an
efficient amplification in the mm-thin crystals is achieved.

The demonstration of this novel scheme in the PFS project will allow its use in
the extreme light infrastructure (ELI)[3]—a pan-European high-power laser project.
Based on the PFS technology for the front end, the ELI will generate exawatt peak-
power pulses and therefore facilitate the study of laser-matter interaction in an un-
precedented intensity range [4].

This work describes the CPA-aspects of a suitable chirped pulse amplification (CPA)
pump laser for the PFS OPCPA system. The diode-pumped Yb:YAG amplifiers up to
an energy of 300 mJ (at 1030 nm) are presented in combination with the dispersion
management. The application of spectral-amplitude shaping in conjunction with
an Yb:glass amplifier with broader bandwidth than Yb:YAG enables an unprece-
dented bandwidth of 3.5 nm in the Yb:YAG amplifier at this energy level. Simula-
tions show that a similar bandwidth can be maintained for the full amplifier system.
The pulses with 200 mJ could be compressed to 900 fs, close to the transform limit.
Later changes in the stretcher increase the bandwidth more and compression down
to 740 fs is demonstrated. To date, these are the highest peak power pulses gener-
ated in Yb:YAG. For the application as OPCPA pump, the so generated pulses are
frequency doubled in a DKDP crystal.

Another key aspect of this work is the synchronization of the OPCPA pump and
signal pulses. In spite of optical synchronization of both pulses, a large timing fluc-
tuation between these pulses is measured at the first OPCPA stage. The high accu-
racy jitter measurement setup and a series of measurements, which showed that the
stretcher/compressor setup is the main source of jitter, are presented. Theoretical
investigations yield that the optical delay in a compressor is orders of magnitude
more sensitive to angle changes compared to free space propagation. This makes the
stretcher and compressor extremely sensitive for timing jitter caused by turbulent
air or mechanical instabilities. This novel insight helped us to significantly reduce
the jitter to 100 fs and to demonstrate the feasibility of the PFS concept with first
broad-band OPCPA experiments.
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Z U S A M M E N FA S S U N G

Das PFS OPCPA System befindet sich zurzeit im Aufbau und zielt darauf ab, ultra-
kurze Lichtpulse mit wenigen optischen Zyklen und einigen Joule Pulsenergie zu
erzeugen. Wenn Lichtpulse mit diesen einzigartigen Parametern verfügbar werden,
können kürzere Attosekundenpulse mit höherer Effizienz und deutlich höherem
Photonenfluss als bisher generiert werden [1]. Die Anwendung der so erzeugten At-
tosekundenpulse könnte erstmalig die Beobachtung in Echtzeit und die Kontrolle
von Ladungsübergängen in Molekularen Systemen ermöglichen [2].

Die Technik, um die PFS Spezifikationen zu erreichen ist OPCPA mit mm dün-
nen Kristallen, gepumpt mit kurzen Pulsen. Die reduzierte Kristalldicke ermöglicht
ultra-breitbandige Verstärkung. Die Pumppulsdauer ist dabei auf eine Pikosekunde
reduziert, im Vergleich zu 100 ps bis Nanosekunden Pulsdauer in konventionellen
Hochleistungs-OPCPA Systemen. Dies ermöglicht höhere Pumpintensitäten, wodurch
eine effiziente Verstärkung in den kurzen Kristallen gewährleistet wird.

Die Demonstration dieses neuartigen Verstärkungsschemas innerhalb des PFS Pro-
jektes erlaubt dessen Nutzung in ELI[3]—einem gesamt-europäische Laser Projekt.
Basierend auf der PFS-Technologie für das Frontend wird ELI Lichtpulse mit Exawatt
Spitzenleistung generieren, wodurch Laser-Materie-Wechselwirkung in einem bis
dahin unerreichten Intensitätsbereich untersucht werden kann [4].

Diese Arbeit beschreibt die Entwicklung eines geeigneten CPA Pumplasers für das
PFS OPCPA-System. Die diodengepumpten YB:YAG Verstärker bis zu einer Energie
von 300 mJ (bei 1030 nm) werden in Kombination mit dem Dispersionsmanagement
präsentiert. Die Anwendung von spektralem Amplitudenformen in Verbindung mit
einem breitbandigen Verstärker ermöglicht eine bis dahin unerreichte Bandbreite
von 3.5 nm in Yb:YAG bei diesem Energieniveau. Simulationen zeigen, dass ähnliche
Bandbreiten für das vollständige Verstärkersystem erreicht werden können. Die
Pulse mit 200 mJ wurden auf 900 fs (nah am Transformlimit) komprimiert. Spätere
Veränderungen im Strecker führen zu einer vergrößerten Bandbreite, wodurch eine
Kompression auf 740 fs ermöglicht wurde. Aktuell ist dies die höchste Pulsspitzen-
leistung, die je in Yb:YAG generiert wurde. Für die Anwendung als OPCPA Pumpe
werden die so generierten Pulse in einem DKDP Kristall frequenzverdoppelt.

Ein weiterer Schwerpunkt dieser Arbeit ist die Synchronisation der OPCPA Pump-
und Signalpulse. Trotz optischer Synchronisation beider Pulse wurde eine große
zeitliche Schwankung zwischen diesen Pulsen am Ort der ersten OPCPA Stufe gemes-
sen. Der Messaufbau wird vorgestellt und eine Reihe von Messungen zeigt, dass der
Strecker/Kompressor des Pumplasers die Hauptursache der zeitlichen Schwankun-
gen von einigen hundert Femtosekunden ist. Theoretische Untersuchungen ergeben,
dass der Strecker und Kompressor extrem sensitiv sind für zeitliche Schwankungen,
die durch Turbulenzen in Luft oder durch instabile mechanische Komponenten her-
vorgerufen werden können. Diese neue Einsicht hat geholfen, diese Schwankungen
auf 100 fs zu reduzieren und die Machbarkeit des PFS Konzeptes mit ersten breit-
bandigen OPCPA Experimenten zu demonstrieren.
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M O T I VAT I O N

1.1 overview of the history of high power lasers

In 1917, Einstein introduced the concept of stimulated emission; the interaction of
a photon with an excited atom or molecule which causes the emission of a second
photon with the same frequency, phase and direction [5, 6]. With this finding the
foundation for the laser was laid—recalling that the acronym LASER stands for
"Light Amplification by Stimulated Emission of Radiation".

Before the first laser was developed, stimulated emission was observed in the mi-
crowave spectral range. In 1958 Schawlow and Townes published a key theoretical
paper suggesting masers in the infrared and optical frequency region [7]. Only two
years later, in 1960, Maiman demonstrated the first laser [8]. In 1964, the invention
of the laser was rewarded with the Nobel Prize in physics. At this point, the huge
potential for technical applications had already been recognized. In the presentation
speech of the Nobel Prize it has been stated, "The invention of the laser has provided
us with a powerful new tool for research in many fields, the exploitation of which
has only just started." [9]

The first laser was operating in a quasi-continuous wave regime, pumped by flash
lamps. Nevertheless, high power densities—which are inaccessible otherwise—can
be obtained in short laser pulses. In this regime the laser opens new possibilities
for studying the nonlinear interaction of light and matter. A further increase in
intensity gives rise to ever new physical phenomena and processes which can be
studied. Thus, increasing the laser peak power and intensity has been one of the
most important challenges for laser science and technology since the invention of
the laser.

1.1.1 Peak power and intensity

Historically, increasing the peak intensity has been achieved by developing methods
to shorten the pulse duration. Q-switching [10, 11] and mode-locking techniques
[12, 13] (developed in the 60s-70s) helped to continuously reduce the pulse length
from nanosecond down to few-ten femtoseconds in the following decade [14]. In
this way, the peak power was pushed to the Megawatt and Gigawatt range and
the intensity reaches beyond 1013 W/cm2 up to 1018 W/cm2, respectively. Along
with this increase of intensity, new physical phenomena could be studied at certain
intermediate intensity levels. At intensities around 1010 W/cm2, the electric field of
the laser becomes comparable to intra-atomic fields and the response of the atom to
the applied laser field becomes dependent non-linearly on the laser intensity. Thus,
the discovery of basic nonlinear optic phenomena such as harmonic generation [15],
nonlinear Raman [16] and Brillouin scattering [17], 4-wave mixing [18, 19] or self-
focusing [20, 21] was enabled.
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The latter phenomena is based on the optical Kerr effect, which makes the refrac-
tive index of a medium linearly dependent on the light intensity [22]. In most mate-
rials, the refractive index becomes larger in the areas where the intensity is higher,
usually at the center of a beam. This creates a focusing density profile, which po-
tentially leads to medium damage [23]. This effect slowed down further progress
in increasing the laser peak power in the 80s and increasing the beam size seemed
to be the only way to overcome the self-focusing intensity limit at that time, which
made high power lasers bulky and expensive.

The major breakthrough was achieved in the late 80s, when Strickland and Mourou
introduced CPA [24, 25]. In CPA a short laser pulse is expanded to a nanosecond
pulse duration before amplification. In this way, the peak power and hence the in-
tensity are drastically reduced and significant amplification is possible well below
the amplifier damage threshold. Subsequently, the pulses are compressed back to
the original pulse width with drastically increased peak power and intensity. In or-
der to handle these high intensities, transmission through material usually has to
be avoided or minimized in the compressor.

The stretching and compression is provided by introduction of a frequency depen-
dent delay. The expanded pulse is therefore chirped (has a varying frequency over
time). There are many different stretcher compressor designs using the dispersion
of gratings [26, 27, 28], prisms [29, 30, 31], grisms [32] (a combination of grating and
prism), high-dispersive mirrors [33, 34] and bulk material [35, 36].

The application of CPA enabled an increase in the peak intensity of laser systems
by several orders of magnitude over the last decades. When the laser intensity is in-
creased above certain thresholds, different physical phenomena are relevant. Above
1012 W/cm2 the laser immediately ionizes all atoms and creates a plasma [37]. At
1018 W/cm2, laser-matter interaction is governed by the electron relativistic behavior
and novel effects occur [38, 39] like: X-ray generation, γ-ray generation, relativistic
self-focusing, high-harmonic generation, electron and proton acceleration as well
as neutron and positron production. This is the limit of current high power laser
systems with few 100 TW up to PW peak power. Nevertheless, there are also large
scale laser projects like ELI [3] which aim at further increasing the intensities to
1025 W/cm2 in order to enter a regime of ultra-relativistic physics, where the rela-
tivistic behavior of protons creates positrons, pions, muons and neutrinos, as well
as high energy photons [40, 4].

1.2 petawatt peak power laser systems

PW level peak power amplification with 660 J of pulse energy at 440 fs pulse du-
ration was first obtained in 1996 at the Lawrence Livermore National Laboratories
using neodymium glass [41, 42]. Similar systems were later developed at the Ruther-
ford Appleton Laboratory (670 J, 500 fs) [43] and Osaka University (420 J, 470 fs) [44].
All these systems are large scale facilities and have a very low repetition rate in
the range of 1 shot per hour. The reason for the low repetition rate is the applied
flash-lamp pumping. This pumping technique is not very efficient and stores an
enormous amount of heat in the system, which has to be dissipated before the next
pumping cycle.
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Another branch of high peak power lasers is based on Ti:sapphire. This material
is almost ideal for CPA lasers, because it supports the largest bandwidth and has
excellent mechanical and thermal properties. A 0.85 PW CPA system (28 J, 33 fs) was
reported in Japan [45]. Lately the repetition rate could be increased to 0.1 Hz (30 J,
30 fs) [46]. One limitation of Ti:sapphire lies in the short lifetime of the upper laser
level (3 µs), which makes laser pumping necessary. Thus, high energy, high repeti-
tion rate Ti:sapphire lasers rely on the development of high energy, high repetition
rate pump lasers. Nd:YAG lasers with an output energy of ca. 14 J at 532 nm and
5 Hz repetition rate are commercially available at present. Higher energies can be
delivered at lower repetition rate or on a single shot basis.

The scaling of these PW systems in repetition rate is achieved amongst others
when the thermal load is minimized. This can be accomplished with more efficient
pumping techniques in the laser (or in the pump laser for Ti:sapphire). The most
promising candidate is laser-diode-pumping which has many advantages over flash-
lamp pumping. Besides the higher wall plug efficiency, the compactness and higher
brightness, the emission of the diodes can be matched to the absorption bands of
the laser material. This dramatically increases the optical to optical efficiency and
reduces the thermal load compared to flash lamps, where only a small spectral
portion of the white light can be absorbed and the remaining energy is stored as heat
in the system. Despite the advantages, the use of laser-diode pumps was limited to
low power applications in the past—mainly due to the relatively high price. Recent
progress in the development of high power diode lasers arrays [47] opened a broad
range of applications. The increased request has allowed for volume production
and a significant cost reduction over the last decades. Nowadays, the price reached
a value where the design of high power diode pumped solid state lasers becomes
reasonable and scalable diode pumped solid state lasers are developed [48].

The reduction of the pulse duration has been the most successful way to increase
the peak power in the past. Thus, further shortening of the pulse duration seems
the natural way for further peak power scaling. Nevertheless, conventional CPA sys-
tems, as described above, suffer from the limited gain bandwidth of the amplifier
material. This limits the shortest achievable pulse length. Existing techniques for
spectral broadening subsequent to amplification [49] are limited to relatively low
pulse energy. Therefore, an ultra-broadband amplification mechanism is needed in
order to produce ultra-short high-power pulses, which will be described in the next
section.

1.3 optical parametric amplification

Optical parametric amplification OPA [50] is a nonlinear χ2 process describing the in-
teraction of three waves at different wavelengths: The pump wave with the highest
intensity and the lowest wavelength transfers energy to the signal wave. At the same
time an idler wave is generated at the difference frequency, so the energy between
the three waves is conserved. For an efficient energy transfer, phase matching must
be accomplished in order to also fulfill momentum conservation. For uni-axial bire-
fringent media, phase matching can be achieved by angle tuning. In a noncollinear
situation an angle is introduced between the pump and the signal beam. Tuning
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of this noncollinear angle and the angle between the pump and crystal axis allows
achieving broadband phase matching in the OPA crystal and the amplified signal
can support few-cycle pulse widths [51, 52]. In combination with the CPA technique,
the OPCPA enables the generation of high-power few-cycle pulses [53].

Apart from the much higher bandwidth, OPCPA is superior to conventional laser
amplification in a number of additional aspects.

a. In the conventional laser process energy is stored in exited atoms or molecules.
After extraction of the energy by the seed pulse, the energy difference between
pump and seed photons ("quantum defect") is stored as heat in the laser ma-
terial, making the thermal management one of the key design issues of high
average power lasers. The OPCPA process is instantaneous: energy is trans-
ferred directly from the pump to the seed and the energy difference is emitted
as idler photons. Given the crystal is transparent for all three waves, the OPCPA

process is inherently free of heat generation in the crystals and therefore suit-
able for high average power applications.

b. In conventional lasers the pump pulse is commonly much longer than the
stretched laser pulse and creates an inversion in the laser medium during
most of its duration. Amplified spontaneous emission ASE originating from
the inverted medium creates a pedestal around the main pulse, limiting the
pulse contrast. The pump and stretched signal beam have comparable pulse
length in optical parametric amplification (OPA) and parametric fluorescence
is also limited to this short time window. This creates an immense potential
for improvement of the pulse contrast if short pump pulses are applied.

c. In OPCPA amplifiers a much higher single-pass gain can be achieved compared
to conventional lasers. Thus a chain of several single-pass OPCPA stages can
substitute a chain of rather complicated multi-pass laser amplifiers, making
the setup more simple and compact.

These features make the OPCPA scheme attractive and first high power amplifica-
tion was shown in [54] (120 fs, 3 J) or [55] (84 fs, 35 J). Several large scale laser sys-
tems which are currently in the development phase are fully based on OPCPA [56]
(30 fs, 30 J) or at least mixed OPCPA with conventional power amplifiers [57] (150 fs,
200 J), [58] (15 fs, 150 J). The probably most important project is the pan-European
ELI project involving more than 40 research institutions from 13 European countries
[3] (200 PW in several beams of 20 fs, 200 J).

1.4 the petawatt field synthesizer- pfs

The main drive for the development of the PFS system is attosecond physics [59, 2].
The potential of this relatively young field of physics could be dramatically en-
hanced, if current limitations in photon flux and photon energy can be overcome.
This would afford a different mechanism for attosecond pulse generation- high har-
monic generation from solid surfaces [60]. In theory, this process has much higher
conversion efficiency than currently achievable and is scalable with laser intensity.
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In order to exploit its full potential, few-cycle pulses with highly relativistic inten-
sity are required, which would allow this technique to extend the photon energy
of attosecond pulses to the extreme ultraviolet and soft-X-ray regime [1]. At the
same time the flux is expected to increase by several orders of magnitude, enabling
attosecond pump/attosecond probe spectroscopy. Therefore real-time observation
and control of charge transfer in molecular systems will become feasible for the first
time.

The PFS is a petawatt OPCPA system, currently developed at the Max-Planck-
Institut für Quantenoptik (MPQ). The goal of this system is to produce few-cycle
pulses with several joule of energy, ideally 5 fs with 5 J (1 petawatt peak power).
This system will rely on the OPCPA technique described above and combine ultra-
broadband amplification with PW-scale peak power. This combination has not been
reached so far and will give the PFS an outstanding position in the current field of
petawatt class laser systems.

1.4.1 PFS strategy

The PFS design is based purely on OPCPA technology in order to achieve the ambi-
tious goals and to combine high energy amplification of several Joules energy with
few-cycle, few-femtosecond pulse durations. The design of this OPCPA system is
therefore challenging in many aspects:

high energy The extraction of several Joules of energy requires large apertures
on the order of 10 cm due to the optical damage threshold of the surface or coating.
In most existing broad-band OPA systems the nonlinear medium used for amplifica-
tion is BBO or LBO due to the extraordinarily large phasematching bandwidth they
can support [61]. Current technology does not allow for BBO or LBO to be grown
in the sizes required for the Joule-level pulses targeted by PFS. The only useful crys-
tal available with large enough apertures are the more narrow-band KDP and the
deuterated KDP (deuterated potassium dihydrogen phosphate (DKDP)) [62].

In high average-power applications, absorption can cause crystal heating (which
influences the phase matching) or even damage of the crystal. Therefore the crystal
must be transparent for the whole bandwidth of both, the broad-band signal and
idler. The DKDP has a larger transmission window than KDP and is therefore chosen
as amplifier crystal in the PFS OPCPA design.

ultra-broad band opcpa In noncollinear OPA, the additional degree of free-
dom (the noncollinear angle) helps to achieve approximate phase matching for a
large spectral range. The bandwidth depends on the remaining phase mismatch and
therefore on the crystal thickness. This fundamental principle of OPA can be used to
design few-cycle OPCPA systems simply by reducing the crystal thickness. The draw-
back of this kind of scaling is that the gain will be reduced as well. Nevertheless,
since the OPA gain depends on the pump intensity, this effect can be compensated
when the pump intensity is increased simultaneously.

High power OPCPA systems are normally working with ns−100 ps pulse duration
and are designed for intensities close to the damage threshold in order to maximize
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the gain. The only way to increase the intensity further is to choose a shorter pulse
length. The damage fluence scales with the square root of the pulse length (τ) [63].
Thus, the damage intensity threshold—fluence divided by time—scales as 1/

√
τ

and is therefore increased for a reduced τ. For pulses shorter than 10 ps this scaling
is even more beneficial.

In the PFS, mm-thin DKDP crystals will be applied together with a 1 ps pulse dura-
tion in order to achieve the ultra-broadband amplification with significant gain per
amplifier stage. The seed bandwidth is given by the pump wavelength of 515 nm
and phase matching and coves the range of 700− 1400 nm. [64] In this case (close to
the degenerate case) the idler covers a wavelength range of 820− 1950 nm.

A direct consequence of the short pump pulse length is the small stretching factor
for the seed pulses, which allows the use of a simple and high throughput com-
pressor consisting of bulk material and/or chirped mirrors. The most important
advantage is that the fluorescence is limited to the 1 ps pump time, which results in
superior pulse contrast outside this time window, which is a requirement for many
high intensity experiments.

However, the pump and seed pulses need to be synchronized on a timescale
much shorter than the pulse duration in order to provide a stable amplification. This
principle is inherent in OPA, but becomes especially severe for the short picosecond
pulse duration in our approach. Therefore, the signal and the pump pulses are
optically synchronized by deriving them from the same master oscillator.

pump laser As described above, the requirements for the pump laser for this
new approach are far from trivial. Following the PFS rationale, in order to achieve
the goal of 5 fs pulses with several Joules energy, a pump laser delivering 4 beams
with 1 ps, 5 J at 515 nm is required. Such a laser is not commercially available and the
design and development of this pump laser constitutes one of the main challenges
of the PFS project. The pump laser is planned at 10 Hz repetition rate and is based
on CPA in diode-pumped Yb:YAG and subsequent frequency doubling. This thesis
treats compression and dispersion management aspects of this pump laser. The
unique combination of bandwidth engineering in natively narrow-band Yb:YAG,
and a large stretching factor to keep the damage fluence low enough makes this a
particularly challenging task.

As the OPCPA system is designed for 1 ps pulses, synchronization between pump
and seed pulses to less than 100 fs is a crucial issue. The characterization of the
synchronization and a theoretical model for additional timing jitter occurring in the
system will be discussed in detail in this thesis.

1.5 thesis outline

After the general introduction and the motivation for the PFS system in this chapter,
the properties of short light pulses are described in Chapter 2. The spatial charac-
teristics and propagation of Gaussian beams are presented in addition to the prop-
agation of short pulses in dispersive media and spatio-temporal couplings. Sub-
sequently, the PFS OPCPA system is described in detail: In Chapter 3 special focus
lies on the design of the OPCPA stages and the generation of the seed pulses for
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the OPCPA signal and the pump laser. Chapter 4 is dedicated to the pump laser.
The amplifiers of the pump laser chain are briefly described in separate sections.
Gain narrowing is simulated and the technique of spectral shaping for preserving
the bandwidth is introduced. The experimental results for the amplification of spec-
trally shaped pulses are compared to simulations. The main focus of this chapter lies
on the dispersion management. The stretcher and compressor design is presented
in combination with ray-tracing analysis. A detailed discussion of aberrations and
alignment sensitivity is given.

The main results of this thesis are presented in the experiments part (Part iii).
In Chapter 5, the compression of the 3.5 nm broad amplified spectrum to sup-
picosecond level is presented. Followed by modifications in the dispersion manage-
ment, which lead to an even broader bandwidth and a shortened compressed pulse
duration on the order of 700 fs. Finally, a redesigned compressor in combination
with a vacuum chamber is proposed and will be installed in the future.

In Chapter 6, fluctuations in the arrival time of the signal and pump pulse in the
OPCPA are investigated. After the description of the measurement setup, different
timing measurements are presented. From these measurements the stretcher/com-
pressor setup is identified as main source for timing jitter. Based on these mea-
surements, in Section 6.3 a novel theory for path-length differences caused by angle
changes in a compressor setup is developed. This theory helps to improve the timing
jitter significantly: Systematic jitter measurements in combination with beam point-
ing measurements are described, which resulted in changes of the grating mount
in the stretcher and the installation of a new air-tight stretcher box. The implemen-
tation of a compressor vacuum chamber will further reduce the timing fluctuations
in future. An active stabilization is applied to remove slow fluctuations and to stabi-
lize the timing to 100 fs. This improved jitter level enabled first OPCPA experiments,
which are summarized briefly.





Part I

T H E O RY





2
D E S C R I P T I O N O F L A S E R P U L S E S

The electric field of a light pulse is described as a vector and can be a complicated
function of space and time in general. In order to simplify things, it is often useful
to consider only one component of the field. The so called scalar approximation [65]
is equivalent to considering linear polarized light and is therefore justified for many
applications. As for all light waves this electric field has to satisfy the wave equation,
which can be derived directly from Maxwell’s equations (i.e. [66]):

∇2E− n2

c2
∂2E
∂2t2 = 0. (2.1)

This is the wave equation for a linear, homogeneous and isotropic medium with
refractive index n. The real wave function, with physical meaning, can be expressed
as a sum of a complex function and its conjugate complex function. Often, the com-
plex conjugate is left out during calculations for convenience and all calculations
are performed with the complex wavefunction instead [67]:

E(r̄, t) = a(z, t)U(r̄)exp(−iφ(t)), (2.2)

where φ(t) = ω0 t is the temporal phase and a(z, t) and U(r̄) are the longitudinal
and transverse envelope, respectively. The real wave function with physical meaning
can be easily obtained as real part of this complex wave function.

This ansatz assumes that the pulse propagates in z-direction with the carrier fre-
quency ν0 = ω0/2π. In order to gain a better understanding, in Section 2.1 the
spatial characteristics of laser beams are discussed separately while the temporal
characteristics are neglected. Thereafter, in Section 2.2 the temporal description of
short pulses will be introduced, neglecting the spatial shape of the pulse. Subse-
quently, spatio-temporal couplings up to the first order are discussed in Section 2.3.

2.1 spatial characteristics of laser beams- gaussian beams

Neglecting the longitudinal envelope in Equation 2.2 i.e a(z, t) = 1, the complex
wavefunction rewrites as

E(r̄, t) = U(r̄)exp(−iω0 t). (2.3)

The separation of variables in this ansatz can be utilized to yield a time-independent
equation by substituting this ansatz in the wave equation (Equation 2.1) one obtains

(∇2 + k2)U(r̄) = 0, (2.4)

the so called Helmholtz equation [68], where k = n ω0/c = 2π n/λ0 is the wavenum-
ber.

11
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Following for example Saleh [67], a wavefront is considered to be paraxial when
its wavefront normals are paraxial rays. This can be achieved when U(r̄) is ex-
pressed as a plane wave with a slowly varying amplitude F(r̄).

U(r̄) = F(r̄)exp(ikz) (2.5)

The variation of F(r) has to be small on the length of a wavelength in order to
approximately maintain the paraxial character of the plane wave. This constraint
can be written as ∆F << F within a distance ∆z = λ. For small quantities it can
be written ∆F/∆z = ∂F/∂z. By replacing ∆F with F and ∆z with λ, it follows that
∂F
∂z << kF and ∂2F

∂z2 << k2F. Applying this to Equation 2.4 and neglecting ∂2F
∂z2 in

comparison with ∂F
∂z , one obtains the paraxial Helmholtz equation

∇2
T F + 2ik

∂F
∂z

= 0, (2.6)

where ∇2
T = ∂2

∂x2 +
∂2

∂y2 is the transverse Laplacian operator. The most important
solution to this paraxial Helmholtz equation is the Gaussian beam which is also the
suitable model to describe the propagation of ideal laser beams [68]:

F(r̄) =
F0

q(z)
exp

(
−ik

x2 + y2

2q(z)

)
, (2.7)

where q(z) = z + iz0 and the parameter z0 is known as Rayleigh length.

2.1.1 Properties of Gaussian beams

The Properties of such Gaussian beams are described in various textbooks, and this
section is based on [69, 68, 70]. Defining two new parameters R(z) and w(z) one can
rewrite 1/q(z)

1
q(z)

=
1

R(z)
− i

λ

πw2(z)
. (2.8)

Using this expression and ρ2 = x2 + y2, the complex amplitude U(r̄) of the Gaussian
beam takes the form:

U(r̄) = F0
w0

w(z)
exp

(
− ρ2

w2(z)

)
exp

(
−ikz− ik

ρ2

2R(z)
+ iζ

)
, (2.9)

where w(z) is the beam width, R(z) is the wavefront radius of curvature and ζ(z)
is the Gouy phase. These functions are plotted in Figure 2.1 and explained in more
detail in the following.

w(z) = w0

√
1 +

(
z
z0

)2

(2.10)

R(z) = z
[

1 +
( z0

z

)2
]

(2.11)

ζ(z) = arctan
z
z0

(2.12)

w0 =

√
λz0

π
(2.13)
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Figure 2.1: a) shows the change of the beam radius w with propagation distance z. Starting
from the minimum w0 at z = 0 the beam increases to

√
2 w0 at the Rayleigh

length z0. For large z the radius increases linearly with θ. In b) The dependence
of the wavefront radius of curvature R on the distance z is shown. At z = 0
the wavefront is plane, at z0 the curvature takes its minimum and converges
asymptotically to the wavefront curvature of a spherical wave (shown as linear
curve). Graph c) illustrates the Gouy phase ζ which shifts the wavefront of a
Gaussian beam compared to a plane wavefront by π

2 for large z.
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beam width Equation 2.10 describes how the beam radius is changing when
the beam is propagating in z-direction. Obviously, w(z) takes its minimum value w0

at z = 0, called beam waist. For z = z0 (Rayleigh range) the beam size is increased
to w(z0) =

√
2w0 leading to a reduction of the intensity by a factor of 2. The double

Rayleigh range 2 z0 is often called the confocal parameter or depth of focus because
the increase of the beam size is moderate in this range. For values z >> z0 the
first term in Eq.2.10 can be neglected and w shows a linear dependence of z with a
half-opening angle of θ.

w(z >> z0) =
w0

z0
z = tan(θ) z (2.14)

wavefront radius of curvature Equation 2.11 describes how the wavefront
radius of curvature changes when the beam propagates in z-direction. At z = 0
(waist position) the curvature is infinite corresponding to a plane wavefront. It de-
creases to a minimum value of 2 z0 at z = z0 and increases again for larger z. For
z >> z0, the first term in Eq.2.11 is negligible and R(z) = z, which describes the
wavefront curvature of a spherical wave.

gouy phase As described in the previous paragraph, the wavefront changes
from planar at the focus position to spherical for large distances. The Gouy phase
(Eq.2.12) introduces a phase shift with increasing z. For large z the phase front on
the optical axis is advanced by π

2 compared to a plane wave with the same origin
leading to an effectively increased local phase velocity.

2.1.2 Gaussian beam propagation through optical systems

A commonly method applied for the propagation through optical systems in parax-
ial ray optics is the ABCD matrix formalism. It is outlined in e.g. [71], and the
following paragraph is based on that treatment. An optical ray is fully described by
its distance x and angle α to the optical axis. A general paraxial optical system is
characterized by its effect on an incoming ray with arbitrary x and α. The interaction
of a ray with an optical system can then be written in Matrix form:

(
x2

α2

)
=

(
A B

C D

)(
x1

α1

)
(2.15)

Since the displacements and angles are assumed to be small, the matrix elements
can be expressed as partial derivatives of the output parameters corresponding to
the input parameters. For example A = ∂xout/∂xin and D = ∂αout/∂αin are the spa-
tial and angular magnification, respectively. C = ∂αout/∂xin is the refraction power
of the system. If B = 0, it follows that xout = A xin and the system is of imaging type.
Matrices for many optical components are known and an optical system consisting
of many different components can be described as matrix multiplications of the cor-
responding component matrices. For example the matrix for free space propagation

over distance d and for a thin lens are F =

(
1 d

0 1

)
and L =

(
1 0

− 1
f 1

)
, respectively.
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In [72] it is shown that the propagation of a Gaussian beam through a paraxial
optical system described by an ABCD matrix can be calculated with a generalized
Huygens’ integral. As a result, a Gaussian beam at the output plane is obtained but
with a transformed q-parameter

1
q2

=
C q1 + D
A q1 + B

. (2.16)

With this transformation law it is possible to extend the well-established ABCD
matrix formalism to Gaussian beams. As a simple example the propagation of a
Gaussian beam through a thin lens is considered. The incident beam has its waist
w0 at the start position and, as follows from Equation 2.8, is fully characterized

by the complex expression q1 = i π w2
0

λ . The beam propagates the distance f to the
lens, then is transmitted through the lens and propagates again over a distance f
to the back focal plane. The matrix for this system can be obtained by the matrix
multiplication F · L · F, with d = f . The result is the system matrix

(
0 f

− 1
f 0

)
(2.17)

Together with Equation 2.16 one obtains:

1
q2

= − 1
f 2 q1 = i

πw2
0

λ f 2 (2.18)

Here, the function 1/q2 has no real part. A vanishing the real part in Eq.2.8 means
R = ∞. A plane wavefront is present in the waist of a laser beam only. Therefore,
the first result of the ABCD analysis of the system is that the laser waist is exactly at
the back focal plane if the incident laser beam has its waist in the front focal plane
of the focusing lens. This is a special feature of Gaussian beams and it should be
noted that the system is not imaging in the classical sense (i.e. B 6= 0). Comparison
of the imaginary part of Eq.2.18 with Eq.2.8 results in the relation for the focused
beam radius w2:

w2 =
λ

π

f
w0

(2.19)

Different cases are included in this example: When f << z0, the input waist is large
and the beam is collimated. In this case the radius of curvature stays infinite for the
propagation to the lens. The lens changes R to − f (according to the well-known
law: 1/Rout = 1/Rin − 1/ f ) and produces a small waist at the back focal length.
This scenario is equivalent to the illumination of a lens with a parallel bundle in ray
optics.

If f = z0, the radius of curvature is 2 f at the lens position. The effect of the lens
is a change of R to −2 f and the propagation to the back focal length is symmetric.
According to 2.19, the waist in the output plane is identical to the waist in the input
plane for this special case.

When f >> z0, the propagation is inverse to the case with f << z0: the input
waist is small and R = f after propagation to the lens. The lens changes R to ∞ and
produces a large waist in the back focal plane.
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As example a focal length of f = 100 mm is considered with light of λ = 1030 nm.
For an input beam with w0 = 10 mm, the Rayleigh length is z0 = 305 m ( f << z0)
and the output waist w2 is 3.3 µm small. The case f = z0 is valid for an input waist
of w0 = 181 µm and the output waist has the same size as the input. As example for
the f >> z0 case, a w0 = 10 µm waist with z0 = 305 µm can be considered, which is
converted to a w2 = 3.3 mm waist at the output.

This example shows the power of the ABCD matrix formalism for the propaga-
tion through optical systems. The formalism can also be used for more complex
systems and is especially important for analyzing resonator cavities and modes [73].
The matrix for a full cavity round trip is obtained by multiplying the matrices for
all individual components in the cavity including free-space propagation matrices.
The constraint for a stable cavity eigensolution (mode) is that the laser beam is re-
produced after a full round trip i.e. 1/q1 = 1/q2 in Equation 2.16. Rearranging of
this equation leads to a quadratic equation which can be solved by [73]:

1
q1/2

=
A− D

2B
±
√(

A− D
4B

)2

+
C
B

(2.20)

In order to find a statement for the stability of a certain eigensolution, a calculation
with a small perturbation of the mode can be performed [74]. As a result the mode
is considered to be stable when:

−1 <
A + D

2
< 1 (2.21)

If there are asymmetries in the system like tilted curved mirrors or uncollimated
beams on Brewster windows, the calculation has to be performed separately on the
meridional (plane which contains the chief ray and the optical axis) and sagittal
plane (perpendicular to the meridional plane). For example, a tilted curved mirror
with the radius of curvature R will have a modified curvature Rm = R cos(θ) and
Rs = R/cos(θ) in the meridional and sagittal plane, respectively.

2.2 propagation of short laser pulses in dispersive media

This section is based on the book by Trebino [65]. In this section, the transverse
envelope of the electric field (Equation 2.2) is ignored and the temporal dependence
of the pulse is again written as a complex field in order to facilitate the calculations:

Ẽ(t) =
√

I(t)e−iφ(t)e iω0t = E(t) e iω0t, (2.22)

where I(t) and φ(t) are the time-dependent intensity and phase of the pulse. These
quantities can be separated from the e−iω0t term—an oscillation with the carrier
frequency ω0.

This term shifts the center of the spectrum from zero to ω0, as can be seen by
performing the Fourier transform from time to frequency domain:

E(ω) =
∫

dt Ẽ(t)e−iωt =
∫

dt
√

I(t)e iφ(t) e−i(ω−ω0)t (2.23)
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The e−iω0t term is often omitted when describing pulses in the time domain (be-
cause especially for long pulses with a large number of optical cycles it does not
make sense to plot the fast oscillations) but at the same time the spectrum is still
centered around ω0 which would correspond to the full field in Eq.2.22. This is an
inconsistency one has to keep in mind.

Figure 2.2: Representation of an ultra-short (Gaussian) laser pulse with λ0 = 1030nm and
10 fs pulse length (FWHM). The electric field (blue) has a CEO phase of π/2. The
intensity (green) of a Gaussian pulse is factor

√
2 shorter than the envelope (red).

Figure 2.2 illustrates the intensity, the envelope (i.e.
√

I(t) term) and the complete
field for a few cycle pulse.

As in the time domain, an intensity and phase function can be defined in the
frequency domain.

E(ω) =
√

S(ω) e iϕ(ω) (2.24)

The quantity S(ω) is the measurable spectrum and ϕ(ω) is the spectral phase. When
a pulse propagates through a medium with length L, the spectral phase is changed
due to the dispersion of the medium (the frequency dependent refractive index
n(ω)). Also, constant or frequency-dependent absorption α(ω) will change the spec-
trum.

Sout(ω) = Sin(ω)e−α(ω)L (2.25)

ϕout(ω) = ϕin(ω) + i n(ω)
ω

c
L (2.26)

Absorption (or the frequency-dependent gain- in the case of laser amplification)
can alter the spectrum but more importantly change the phase. For an approximate
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mathematical description, it is common to write the temporal and the spectral phase
as Taylor series expanded around t = 0 and ω = ω0 , respectively

φ(t) = φ0 + φ1 t +
φ2

2
t2 + . . . (2.27)

ϕ(ω) = ϕ0 + (ω−ω0)ϕ1 + (ω−ω0)
2 ϕ2

2
+ . . . , (2.28)

where the index stands for the n-th derivative carried out at the expansion point. The
advantage is that higher orders are usually less pronounced and can be neglected.
Additionally, it is possible to look at the effects of the different orders separately. It
can be shown [65] that the instantaneous angular frequency is

ωinst = ω0 − dφ/dt. (2.29)

A direct consequence is for example that the zeroth order temporal phase does not
change the frequency. In the following, the meaning of the individual orders of the
temporal and spectral phase (i.e. Equation 2.27 and 2.28) are discussed in detail.

2.2.1 The zeroth-order phase- CEO phase

The constant terms in Eqs. 2.27 and 2.28 are identical, i.e. φ0(t) = ϕ0(ω). The reason
is the linear character of the Fourier transform. The zeroth-order phase is often
called carrier-envelope-offset phase (CEO phase) and describes the relative offset of
the maximum of the electric field compared to the maximum of the envelope as
depicted in Figure 2.2. The CEO phase is very important for ultra-short pulses with
few optical cycles, because the peak electric field can vary drastically with the CEO

phase. For longer pulses this effect is minor and the CEO phase is often neglected in
this case.

2.2.2 First-order phase

In Equation 2.23 it was already discussed that a linear temporal phase term (ω0 t)
results in a spectral shift. The analog behavior is observed for a linear spectral phase
ϕ1 which results in a temporal shift. Hence, ϕ1 is also called group delay (GD).

2.2.3 Second order phase- linear chirp

The second order temporal phase (a non-zero value of φ2) is the lowest order term
which creates a variation of the instantaneous frequency over time. Considering a
pulse with Gaussian amplitude and quadratic temporal phase φ(t) = −bt2, one
obtains [65]:

E(t) = E0 e−at2
e ibt2

= E0 e−(a−ib)t2
, (2.30)

where E0 is a constant and b is the chirp parameter. The Fourier transform of this
field is (see Section A.4):

E(ω) =
E0
√

π√
a− ib

exp
[
− ω2

4(a− ib)

]
(2.31)
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Separating this in spectrum and phase, a Gaussian spectrum and a quadratic spec-
tral phase are obtained.

S(ω) =
E2

0π√
a2 + b2

exp
[
− aω2

2(a2 + b2)

]
(2.32)

ϕ(ω) =
b

(a2 + b2)
ω2 (2.33)

As a result, a Gaussian amplitude in time corresponds to a Gaussian amplitude
in the frequency domain and a quadratic phase φ(t) corresponds to a quadratic
spectral phase ϕ(ω). The second order spectral phase is also called group delay
dispersion (GDD).

Propagation through materials usually causes positive linear chirp (positive GDD).
This means, the high frequency components will move to the rear of the pulse and
the low frequency components will lead.

2.2.4 Higher order phase- TOD, FOD

Material or dispersive elements (chirped mirrors, gratings, prisms) introduce higher
order spectral phase, as well. Often ϕ3 or third order dispersion (TOD) and ϕ4 or
forth order dispersion (FOD) are also considered. Usually one talks about the spectral
phase, because the spectrum is easily measurable and thus a full description of the
pulse can be given. Contrastingly, it is more difficult to measure the intensity vs.
time to achieve the same in the time domain.

In Figure 2.3 the effects of the different dispersion terms are shown. In order to
gain a feeling for the magnitude of relevant dispersion in the PFS pump laser, the
calculations are carried out for pulses with λ0 = 1030 nm and τ = 1 ps, roughly
corresponding to the ones produced by the PFS pump laser described in Chapter 4.
Figure 2.3(b)-(d) show the magnitude of the GDD, TOD, or FOD which increase the
initial full width at half maximum (FWHM) pulse length by 10%.

The effect of the different orders of dispersion on the pulse shape is more pro-
nounced on a logarithmic scale (see right side in Fig.2.3). While GDD and FOD

broaden the pulse symmetrically, TOD introduces prepulses (or postpulses depend-
ing on the sign of ϕ3). Generally higher order phase terms decrease the peak inten-
sity and the pulse contrast: energy from the main peak is transferred to the wings.

In a real world application of a CPA system it is difficult to compensate all higher
orders exactly. If designed and set up properly, the compressor can completely can-
cel out the dispersion of the stretcher (as will be discussed in Chapter 4), but the
material dispersion of the laser chain (air, transmission optics, amplifier media etc.)
usually prevents full dispersion compensation.
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Figure 2.3: Comparison of different dispersion terms. A Gaussian-intensity pulse with con-
stant phase ϕ = 0 (a), GDD= 1.7e5 fs2 (b), TOD= 2e8 fs3 (c), FOD= 1.3e11 fs4 (d),
and with all phase terms from b-d combined (e) are shown on a linear scale (left)
and on a logarithmic scale (right). The individual phase terms are chosen in a
way to increase the FWHM by 10%. The effect of the different phase terms on the
pulse wings are more pronounced on the logarithmic scale.
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With the two degrees of freedom in the compressor (angle and grating separation)
it is in principle possible to correct up to third order exactly but the higher orders
can be large for this case. In order to get a feeling which order of magnitude in
the different dispersion orders is tolerable, some example values are combined in
Table 2.1.

increase in

τFWHM GDD [fs2] TOD [fs3] FOD [fs4]

10% 1.7 · 105

10% 2 · 108

10% 1.3 · 1011

20% 1.7 · 105 2 · 108 1.3 · 1011

< 0.1% 1.7 · 104

< 0.1% 2 · 107

< 0.1% 1.3 · 1010

< 0.4% 1.7 · 104 2 · 107 1.3 · 1010

Table 2.1: Effect of different dispersion orders on the FWHM pulse length of a 1 ps pulse at
1030 nm.

The different dispersion orders from Fig.2.3 which still enable compression to 10%
above the Fourier limit are summarized in the upper part of Table 2.1. As seen in
the right hand side of Figure 2.3, these values for the dispersion terms distort the
temporal wings a lot and reduce the pulse contrast significantly. In the lower part
of Table 2.1 it is suggested that a factor 10 less dispersion will already be so close to
perfect compression, that it cannot be distinguished by a pulse length measurement.
These values for the dispersion terms have also a minor influence on the contrast,
as shown in Figure 2.4.

Here, the contrast for a pulse with Gaussian spectrum and flat phase is compared
to a pulse with identical spectrum, but with a phase consisting of the dispersion
terms from the last row of Table 2.1. It shows that this phase does not significantly
change the pulse contrast. Therefore, it can be concluded that it is enough to com-
pensate the dispersion terms to the mentioned order of magnitude (last row of
Table 2.1) to compress the narrow-band PFS pump pulses at 1030 nm to 1 ps.
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Figure 2.4: Comparison of the contrast for a Fourier-limited pulse and a pulse with the
dispersion terms from the last row of Table 2.1. The remaining noise level on the
order of 10−16 is caused by the numerical calculation on a discrete spectrum on
a truncated wavelength range.

2.2.5 The time-bandwidth product

A direct consequence of the Fourier principle is that the widths in the time domain
∆τ and in the frequency domain ∆ω are related (this can also be seen in Eqs.2.30

and2.32). In order to synthesize a short pulse from individual monochromatic waves,
a broad spectrum of wavelengths is needed. This fact is usually expressed as time-
bandwidth product ∆τ∆ω. It can be shown [75] that for any spectrum the shortest
pulse (and also the smallest time-bandwidth product) occurs for a flat temporal
phase.

∆τ ∆ω ≥ O(1) (2.34)

The exact form of Equation 2.34 depends on the shape of the pulse envelope and
on the definition of the width. For example the FWHM time-bandwidth product for
a Gaussian and sech2 temporal profile are 2.77 and 1.98, respectively.

2.3 spatio-temporal coupling

In the previous sections, the spatial and temporal dependencies of the electric field
were discussed separately. This formalism implies that the spatial dependence of
a pulse is completely separable from its time or frequency dependence. However,
especially for the generation of ultra-short pulses spatio-temporal couplings are
used in stretcher and compressor setups.

Considering a typical compressor setup several of such couplings are involved.
A dispersive element (prism or grating) introduces angular dispersion (coupling of
spatial frequency and frequency) and at the same time pulse-front tilt (the arrival
time of the intensity maximum varies over the transverse direction). Propagation of
an angularly dispersed beam introduces spatial chirp (frequency varies over posi-
tion). These effects are used to create different optical paths for different wavelength
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and therefore the necessary different delay (temporal chirp). A second identical and
parallel dispersive element removes the angular dispersion but the spatial chirp re-
mains. In order to remove the unwanted spatial chirp, two more dispersive elements
(or a retro reflector) are necessary. If these dispersive elements are not exactly paral-
lel, some spatio-temporal coupling will remain. A pulse with strong distortions of
this kind will be useless for certain applications. Therefore it is important to math-
ematically describe these couplings. Following the line of [76], a general theory for
first order spatio-temporal distortions is presented for Gaussian pulses in space and
time.

2.3.1 Matrix formalism for combined temporal and spatial effects

Kostenbauder [77] extended the previously mentioned matrix formalism (see Sec-
tion 2.1.2) to 4x4 matrices in order to treat temporal and spatial dependencies of
pulses at the same time. The propagation matrix (or Kostenbauder matrix) has the
form:




xout

αout

tout

νout




=




A B 0 E

C D 0 F

G H 1 I

0 0 0 1







xin

αin

tin

νin




, (2.35)

where t is the time (group delay) and ν is the frequency. The matrix elements A, B,
C, D are the same as previously mentioned for 2× 2 matrices. The other elements
are again the partial derivatives of the output parameters with respect to the input
parameters. For example E = ∂xout/∂νin describes, how the output position de-
pends on the frequency and therefore corresponds to a spatial chirp. F = ∂αout/∂νin
describes angular dispersion and I = ∂tout/∂νin is the system GDD. In the static
systems considered here, the position, angle and frequency do not depend on the
timing and the frequency stays constant during propagation. Therefore, several ma-
trix elements are zero. As simple example propagation in a dispersive medium is
expressed by the following matrix.




xin + L/n αin

αin

tin + 2 π ϕ2 νin

νin




=




1 L/n 0 0

0 1 0 0

0 0 1 2πϕ2

0 0 0 1







xin

αin

tin

νin




(2.36)

The only new term here is the GDD with a factor of 2π, since these matrices are
defined for ν instead of ω. The angle and frequency stay the same and the position
varies in the usual way. The group delay becomes frequency dependent and changes
with ωin ϕ2 and the pulse is therefore chirped. Matrices for many components like
gratings and prisms are known [77] and complex systems can be described as matrix
multiplication. At this point the propagation of rays through optical systems can be
treated. Analogous to Section 2.1.2, an extension of this formalism for Gaussian
beams [77] will be discussed in the following section.
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2.3.2 Extended matrix formalism for Gaussian pulses

A Gaussian pulse in space and time (without coupling terms) can be written in the
usual way:

E(x, t) ∝ exp
[
−i

π

λ

(
x2

qx
− t2

qt

)]
, (2.37)

with the complex q-parameters:

1
qx

=
1

R(z)
− i

λ

π w2(z)
(2.38)

1
qt

=
λ

π

(
β +

i
τ2

)
, (2.39)

where R is the radius of curvature of the wavefront, w is the beam radius, β is the
chirp parameter and τ is the pulse length. In order to introduce coupling terms (i.e.
terms proportional to x and t) and to use the 4 × 4 matrices, the electric field is
written in a more generalized form with a Q matrix [77]:

E(x, t) ∝ exp


−i

π

λ





(
x

−t

)T

Q−1

(
x

t

)



 (2.40)

= exp
[
−i

π

λ

{
Q−1

11 x2 + 2Q−1
12 xt−Q−1

22 t2
}]

(2.41)

In this notation, Q−1 means the inverse of the matrix Q with the matrix elements
Q−1

ij of the inverse matrix and the constraint Q−1
12 = −Q−1

21 [77]. It is obvious that

Q−1
11 = 1/qx and Q−1

22 = 1/qt. For a Gaussian beam without coupling, the matrix Q
is therefore

Q =

(
qx 0

0 qt

)
(2.42)

The propagation of such an Gaussian beam through the system described by a
Kostenbauder-matrix (Equation 2.35) can be calculated with a generalized transfor-
mation law [77] with a similar form as Eq.2.16:

Qout =

[(
A 0

G 1

)
Qin +

(
B E

λ

H I
λ

)]
·
[(

C 0

0 0

)
Qin +

(
D F

λ

0 1

)]−1

(2.43)

As an example, a grating can be described with the system matrix M:

M =




1/α 0 0 0

0 α 0 λγ

γ/α 0 1 0

0 0 0 1




, (2.44)
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where α = cosθi/cosθd and γ = (sinθi + sinθd)/(c cosθd) with the diffraction angle
θd and the incidence angle θi. The transformation law (Equation 2.43) can then be
written:

Qout =

(
1/α 0

γ/α 1

)
Qin ·

(
α γ

0 1

)−1

(2.45)

Q−1
out =

(
α γ

0 1

)
·
[(

1/α 0

γ/α 1

)
Qin

]−1

(2.46)

In absence of couplings for the input beam (i.e. Qin equals Q from Equation 2.42) it
follows:

Q−1
out =

(
α γ

0 1

)
·
(

qx/α 0

γ qx/α qt

)−1

(2.47)

=

(
α γ

0 1

)
·
(

α/qx 0

−γ/qt 1/qt

)
(2.48)

=

(
α2/qx − γ2/qt γ/qt

−γ/qt 1/qt

)
(2.49)

The first element to discuss is the off-diagonal element Q−1
12 , which describes the

coupling term. This term is complex in general and with the definition of the field
(Equation 2.41), the real part causes a space and time dependent phase (Wave-front
rotation) whereas the imaginary part yields a position-time coupling in the Intensity.
The latter one is called pulse front tilt (PFT).

PFT =
Im{Q−1

12 }
Im{Q−1

22 }
= γ =

sinθi + sinθd

c cosθd
=

∂θ

∂λ
λ/c (2.50)

Here, the fact was used that the parameter γ is actually the angular dispersion for a
grating [78] (obtained by differentiation of the grating equation) multiplied by λ/c,
where c is the speed of light. The pulse front tilt angle (ψ) i.e. the angle between the
pulse front and the phase front can be expressed as tanψ = PFT · c:

tanψ = λ
∂θ

∂λ
, (2.51)

which is the well-known connection between pulse front tilt and angular dispersion
as derived for example by Hebling [79].

The diagonal elements of Equation 2.49 Q−1
11 and Q−1

22 represent 1/qout
x and 1/qout

t ,
respectively. It can be seen that 1/qt is not altered by the diffraction off the grating
i.e. that the pulse length and chirp stay constant. Nevertheless, the spatial properties
are changed as 1/qout

x = α2/qx − γ2/qt. Comparison with Equation 2.38 shows
1/w2

out = α2/w2
in + γ2/τ2 and 1/Rout = α2/R2

in + γ2 λ β/π.
It should be noted that the situation becomes much more complicated when prop-

agation after the grating is considered. Nevertheless, it is possible with this formal-
ism to calculate the propagation of Gaussian beams for very general systems. The
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space time coupling is included so that pulse-front tilt and the so called wave front
rotation can be calculated. The latter coupling is not commonly known and is diffi-
cult to measure (since it is a phase distortion) but other well-known couplings like
spatial dispersion and angular dispersion were not calculated so far.

Akturk [76] presents a very general theory for first order spatio-temporal cou-
plings. This theory is summarized in Section A.5 and reveals all possible couplings
and the connections between them. For example, the useful relation:

PFT ∝ SPC× FCH + AGD, (2.52)

can be obtained, which means in words that there are two different sources of a
pulse-front tilt: Firstly, an angular chirp (as already discussed in Section 2.3.2) and
secondly a combination of spatial chirp and frequency chirp (or temporal chirp).
The latter was also described in [76]. In the application of a pulse compressor this
means that the pulse front tilt introduced by a residual angular chirp could be
canceled out by a certain combination of spatial and temporal chirp.

The conclusion of this theory is that there exist 8 different coupling terms (of first
order), from which two have to be measured. The rest is not independent and can
be calculated from these by Fourier transforms. In general 6 quantities have to be
measured (from which two are coupling terms); all others can be calculated from
these.

In [76] it is suggested to use the following quantities: The beam spot size, the
wavefront curvature, the temporal pulse width, the temporal chirp, the pulse front
tilt (which are all in the (x,t) domain) and the spatial chirp (x, ω). This selection is
made, because measurement techniques exist for all these quantities: the beam size
can be measured with a CCD camera, and the wavefront for example with a Shack-
Hartman sensor [80]. FROG [65], GRENOUILLE [81] or SPIDER [82] are common
techniques to measure the temporal pulse width and phase. The pulse front tilt
can be measured with an inverted field autocorrelator [83], by spectrally resolved
interferometry [84] or again with the GRENOUILLE [85]. The spectral chirp can
be measured with an imaging spectrometer [86]. It is also useful to measure the
spectral bandwidth in order to normalize the different quantities.

2.4 dispersion management- stretcher and compressor

The CPA technique is a requirement for high-power short-pulse lasers. The pulses
are temporally stretched before amplification in order to avoid high intensities and
nonlinear effects in the material during amplification. Subsequent to the amplifica-
tion, the pulses are compressed back to the minimum pulse length and thus reach
high intensities inside the compressor. The ideal compressor therefore consists of
reflective components only and transmission through material is avoided.

As the perhaps most widely-used compressor, a typical Treacy-type compressor
setup is shown in Figure 2.5. The compressor consists of two parallel gratings with
identical line density and a folding mirror. The diffraction off the first grating dis-
perses the beam, after the second grating all wavelengths propagate parallel but are
spatially separated. The fold mirror sends the beam back through the whole setup
and in the exiting beam all wavelength are overlapping again. (Instead of a fold
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Figure 2.5: Sketch of a Treacy-type grating compressor [26] with reflection gratings. The
beam path for an angle of incidence α and a refraction angle β(λ) is drawn for
different wavelengths.

mirror, two more gratings can be used, alternatively) This kind of pulse compressor
was first studied by Treacy [26]. The spectral phase (relative to the center frequency
ω0) of a complete round trip in such a system can be written as:

ϕ(ω) = 2
ω

c
D cos(β0 − β(ω)), (2.53)

where D is the Grating separation, c is the speed of light and β0 and β are the
diffraction angles for the center frequency and general frequencies. The grating
equation relates the angle of incidence α, the wavelength λ and the refraction angle
β for the refraction on a grating with a line density N at the m-th diffraction order.

sin(α) + sin(β) = mNλ (2.54)

Equation 2.53 and Equation 2.54 can be used to obtain analytical expressions for the
dispersion orders [87] for GDD, TOD and FOD.

ϕ2 =
−2D λ3 N2

2π c2 cos2 β0
(2.55)

ϕ3 =
6D λ4 N2

4π2 c3 cos2 β0

(
1 +

λ N sin β0

cos2 β0

)
(2.56)

ϕ4 =
−6D λ5 N2

8π3 c4 cos2 β0

[
4
(

1 +
λ N sin β0

cos2 β0

)2

+

(
λ N

cos2 β0

)2
]

(2.57)

The knowledge of the dispersion terms is important in order to optimize a com-
pressor for a certain application. In general, the material of the laser chain and the
stretcher should ideally have the same dispersion terms with the opposite sign as
the compressor. In 1987, Martines [27] found a configuration including gratings and
an imaging system, where the dispersion terms are the exact negative of a matching
Treacy compressor. This concept is also illustrated in Figure 2.6.

The Martinez stretcher uses a 4f-imaging system together with two anti-parallel
gratings. When the gratings are placed exactly in the focal planes, no net dispersion
is introduced. The displacement of the gratings from the focal plane can introduce
positive or negative dispersion- depending on the direction of the displacement.
The version with positive dispersion is more relevant in praxis, since the Treacy
compressor has negative dispersion. As shown in Figure 2.6, the gratings are placed
inside the focal distance of the respective lenses. In this case, a virtual image of the
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Figure 2.6: Principle setup of a Martinez stretcher [27]. Two anti-parallel gratings are used to-
gether with a 4f- imaging system. (The focal planes are connected by the dashed,
gray lines.) The displacement of the gratings from the focal plane creates net dis-
persion. The virtual image of the first grating together with the second grating
act as a Treacy compressor with negative grating separation and therefore pro-
duce the same dispersion as a matching Treacy compressor, but with opposite
sign.

first grating is created. Since the distance to the focal point has to be equal for both
gratings, in practice a folding mirror is placed at exactly the middle between the
two lenses, which also saves one lens and one grating. The second grating together
with the virtual image of the first grating is acting as a Treacy compressor- but with
negative distance D. Consequently, the dispersion terms from Equation 2.55-2.57

will also have the opposite sign. The Treacy compressor and the Martinez stretcher
are a perfect combination in a CPA system since their dispersion can cancel out
exactly, apart from aberrations of the imaging telescope. In a real application the
situation is more complex, since the material dispersion accumulated in the CPA

chain can have a significant effect.

2.4.1 Material dispersion

The dispersion of a material n(ω) is usually expressed by a Sellmeier equation, e.g.
of the following type:

n(λ) =

√√√√1 +
3

∑
i=1

Ai · λ2

λ2 − λ2
i

(2.58)

The material constants Ai and λ2
i can be found in glass catalogs [88] or special optics

books, i.e. [89]. The phase is given as ϕ(ω) = x/c · ω · n(ω) and can be differenti-
ated analytically (with mathematical tools like Mathematica) in order to obtain the
dispersion orders. In Table 2.2, the Sellmeier coefficients and the corresponding dis-
persion orders at 1030 nm are summarized for a path length of 1 cm in different
materials.

From Table 2.1 it can be seen that a certain dispersion in the different orders can
be tolerated without a significant effect on a 1 ps pulse at 1030 nm. These values are:
D2 = 1.7 · 104 fs2, D3 = 2.0 · 107 fs3, D2 = 1.3 · 1010 fs4. Together with the dispersion
values for 1 cm material from Table 2.2 it can be seen that the GDD value can be
reached in less than 1 m material, whereas for the TOD and FOD more than 300 m
or 300 km material would be necessary before the pulse is affected. Consequently,
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N BK7 Fused silica YAG

A1 1.03961212 0.6961663 2.28200

A2 0.231792344 0.40792426 3.27644

A3 1.01046945 0.8974794 0

λ2
1 [µm2] 0.00600069867 0.00467914826 0.01185

λ2
2 [µm2] 0.0200179144 0.0135120631 282.734

λ2
3 [µm2] 103.560653 97.9340025 -

D2 [ f s2] 251 189 665

D3 [ f s3] 454 410 672

D4 [ f s4] −504 −503 −429

Table 2.2: The Sellmeier coefficients Ai and λ2
i for a selection of materials were found in

[89, 88]. The dispersion orders are computed at a center wavelength of 1030 nm,
for 1 cm Material

the second order material dispersion has to be considered in the design for the
dispersion management in a CPA system for 1 ps pulses at 1030 nm. In contrast, the
higher order dispersion is negligible as long as the amount of material is kept below
few hundreds of meters.

In the previous section, the grating stretcher and compressor were introduced in
a very general and compact manner. The detailed layout and the design considera-
tions for the PFS pump stretcher and compressor are presented in Chapter 4.
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3
P F S L AY O U T

The PFS project was started with funding from the Max-Planck Society in 2006. Its
aim is to build a light source for with few-cycle (5 fs) pulses and high pulse energies
around 5 J in order to reach relativistic intensities [64]. As already mentioned in
Chapter 1, the amplification of the broad bandwidth needed for few cycle pulses is
achieved via OPCPA in thin crystals, pumped by high intensity picosecond pulses.
The layout of the PFS system is sketched in Figure 3.1.

The PFS is a large scale OPCPA system which is based on new technologies in
several of its aspects. Consequentially, the work in this project is divided in sub-
fields (as indicated by different colors in Figure 3.1). An OPCPA system in general can
in most cases be divided into three different fields of activity: the seed generation,
the pump laser, and the OPCPA itself. These fields naturally divide the PFS project
into several functional blocks.

Figure 3.1: The broadband amplification is achieved in several OPCPA stages (blue box). The
OPCPA seed is generated via a double stage hollow-core fiber pumped by a com-
mercial Ti:sapphire oscillator and amplifier system (green box). The pump laser
is a frequency doubled CPA amplifier chain based on Yb:YAG (red box). A de-
tailed explanation can be found in the text. Adapted from [64]

These areas are the subject of work for a number of PhD students in addition
to this work: The front end and seed generation was built by Izhar Ahmad [90]
and is currently being developed further by Alexander Kessel. Christoph Skrobol is
responsible for the modeling, building and optimization of the OPCPA stages.

The pump laser is developed by Christoph Wandt and myself and the first ampli-
fier stages up to 300 mJ were developed in close collaboration. Additionally, Christoph

33
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is developing and implementing the high energy amplifiers up to 10 J. The CPA prin-
ciple has to be applied in the pump laser system in order to generate picosecond
pulses at the necessary energies. The dispersion management in this system is also
challenging, because it is difficult to stretch the narrow bandwidth of Yb:YAG to
nanosecond pulse duration. One main part of this work has been the implementa-
tion of the stretcher/compressor system.

In the following, the different parts of the PFS layout are described in more detail.
At first, the design of the OPCPA stages (from the design phase of the PFS project)
will be presented, followed by a description of the front end and seed generation.
The latter constitutes to be the major component of Izhar Ahmad’s PhD-thesis [90]
and is summarized here, in order to give a full description of the PFS system. The
pump laser is described in more detail in a separate chapter.

3.1 design of the opcpa chain

As discussed in Section 1.4.1, the only feasible crystal choice for the last OPCPA

stages is DKDP, due to the necessary apertures for high energy extraction. In the
design phase of the PFS system, the amplification was simulated with a simple 1D
model of the parametric amplification including pump depletion [64]. Eight OPCPA

stages with thin (mm scale) DKDP crystals were modeled with 1 ps pump pulses at
515 nm. In the simulation the phase-matching angle and the noncollinear angle had
a value of 37◦ and 0.91◦, respectively. For these settings, broad bandwidth amplifi-
cation is achieved in the range 700− 1400 nm. The simulated spectra are presented
in Figure 3.2 and the design parameters of the individual OPCPA stages are summa-
rized in Table 3.1.

Figure 3.2: Simulated amplified spectra in eight consecutive OPCPA stages, based on DKDP

pumped at 515 nm. The parameters used for the simulation are summarized in
Table 3.1. Reprinted from [64]

These simulations suggest that pulses with an energy of 3.8 J can be generated
with a Fourier-limited pulse duration of sub 5 fs and a total pump energy of 20 J.
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This design was found in order to use 4 pump beams with identical energy, where
the first pump beam is split in order to pump the first 5 stages. The last three stages
are pumped with an identical pump energy of 5 J. The simulation predicts that the
final stages are saturated and have a high efficiency of up to 20%.

OPCPA crystal beam pump amplified

Stage thickness size energy energy

1 3.8 mm 1.5 mm 2.5 mJ 500 µJ

2 3.8 mm 5.0 mm 20 mJ 3.5 mJ

3 3.5 mm 1.4 cm 200 mJ 40 mJ

4 3.0 mm 6.5 cm 1 J 169 mJ

5 2.8 mm 9.0 cm 3 J 0.7 J

6 2.4 mm 9.0 cm 5 J 1.7 J

7 1.7 mm 9.0 cm 5 J 2.8 J

8 1.5 mm 10.0 cm 5 J 3.8 J

Table 3.1: Design parameters of the DKDP based OPCPA stages, based on 1D simulations with
a phase-matching angle and the noncollinear angle of 37◦ and 0.91◦, respectively.

Before the PFS was built, various aspects of the short-pulse OPCPA scheme, includ-
ing the high gain when high pump intensities are used, the ultra-broadband am-
plification in noncollinear geometry, pulse-front matching between seed and pump
pulses, compressibility of the pulses and their preserved focusability could be veri-
fied in a proof of principle experiment [91].

3.2 seed pulse generation

In this section the front end and the seed generation of the PFS (green box in Fig-
ure 3.1) will be described in more detail. As depicted in Figure 3.3, the front end
of the PFS system is a commercial CEO-phase stabilized Ti:sapphire oscillator (Fem-
tolasers Rainbow) with 70 MHz repetition rate, 250 mW output power and a spectral
range of 620− 950 nm. The output of this oscillator is split in two parts in order to
seed the pump chain and the OPCPA chain with synchronized pulses.

3.2.1 OPCPA seed generation

For the OPCPA seed generation, one part of the oscillator output is amplified up to
2 mJ in a commercial Ti:Sa CPA amplifier system (Femtopower pro). The stretcher of
this system contains of a SF57 glass block and a programmable acousto-optical dis-
persive filter (Dazzler, Fastlite) in order to stretch the pulses to 10 ps and to fine-tune
the spectral phase. The amplification is accomplished in a Ti:sapphire multi-pass am-
plifier, where the FWHM bandwidth is reduced from approximately 230 nm down to
60 nm due to gain narrowing. The subsequent compression to approximately 23 fs
is done in a hybrid prism and high dispersive mirror compressor [92] (compare
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Figure 3.3: Detailed layout for the front end, the generation of the broadband seed pulses
and the seed pulses for the pump laser chain. (Detailed description in [90].) PCF:
photonic-crystal fiber

Figure 3.3 highlighted in red). This approach has the advantage that the pulse is
not fully compressed in the last prism, which would cause self-phase modulation
and spectral narrowing in high power systems. The output pulses of this amplifier
have an energy of 1.5 mJ with 23 fs pulse length at 1 kHz repetition rate and are
used to generate the broadband OPCPA seed. Since the bandwidth of the Ti:sapphire
laser is insufficient for supporting 5 fs pulses that can be amplified further in the
DKDP OPCPA chain, its output has to be dramatically broadened. Not only is the cen-
tral wavelength of the OPCPA chain shifted to the infrared, but also its bandwidth
amounts to one octave.

The generation of supercontinua spanning over multiple octaves has been shown
with different cascaded broadening techniques based on nonlinear propagation of
short pulses and intermediate compression [93, 94, 95]. Nevertheless, self-steepening
caused by the slower phase velocity of the pulse maximum as compared with the
weaker wings causes an abrupt slope of the pulse tail after some propagation [96].
This gives rise to a strong UV shift and thus, broadening to the UV has a consid-
erable advantage over the infrared spectral region. In order to generate the seed
pulses for the PFS system in the spectral region from 700− 1400 nm, different new
broad band seed generation schemes were investigated and characterized [92]. The
double hollow-core fiber (HCF) scheme turns out to be the most suitable approach
for PFS [90].

The amplified 1.5 mJ pulses are focused into the first HCF filled with neon gas.
An overall throughput of 650 µJ was obtained with the central mode containing
more than 85% of the energy. The output spectrum of the first HCF is shown in
Figure 3.4 in black. The pulses are compressed to 5 fs using negatively chirped
mirrors (compare Figure 3.3, highlighted orange). These pulses are focused into the
second HCF, filled with Ne. At the output of this double stage HCF setup, a total
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Figure 3.4: Broadband seed spectrum generated in the first hollow-core fiber (black) with
300 µm core, 1 m length filled with 1.5 bar of Neon. Output spectrum after the sec-
ond HCF (red) with 250 µm core, 1 m length filled with 3.3 bar of Neon. Reprinted
from [90]

energy of 200 µJ is obtained with a spectrum that spans over nearly three octaves
(260 − 1500 nm), as depicted in Figure 3.4 in red. About 25% of the total energy
is contained in the desired spectral range from 700 − 1400 nm. A more detailed
description can be found in [90].

The generated broadband pulses have a pulse duration on the order of 10 fs. For
the amplification in the OPCPA stages, these pulses have to be stretched to approx-
imately the pump pulse length (i.e. 1 ps). This is achieved with a double prism
stretcher utilizing fused silica prisms and a separation of ca. 10 cm (compare Fig-
ure 3.3 highlighted in violet). After the final amplification the pulses are compressed
mainly by bulk material. In order to match the higher order dispersion, broadband
chirped mirrors will also be designed and used in future.

3.2.2 Seed generation for the pump laser chain

The short pulse length in the OPCPA stages (1 ps) calls for a high accuracy in the
timing synchronization of the pump and seed pulses. Therefore, the pump pulses
and the seed pulses are derived from the same oscillator.

As indicated in Figure 3.3, a part from the master oscillator output (ca. 100 mW,
1.4 nJ) is split off with a broad-band beam splitter. The seed pulses at 1030 nm are
generated via soliton self-frequency shift in a photonic-crystal fiber (PCF) [97, 98].
The input and output spectra of the PCF (NL-PM-750, Crystal Fibre LTD) are shown
in Figure 3.5. The peak at 1030 nm in the output spectrum is strongly increased,
compared to the input spectrum. An interference filter selects a Gaussian spectrum
with a bandwidth of ∆λ = 10 nm centered around 1030 nm, as indicated yellow in
Figure 3.5. The filtered pulses have an energy 3.4 pJ and are further amplified in a
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two-stage Yb-doped fiber amplifier. The fiber amplifier would allow amplification
in a much larger bandwidth, but later the bandwidth is limited to ca. 4 nm in the
stretcher. Therefore, it makes sense to limit the bandwidth before the fiber ampli-
fier in order to optimize the amplification in the desired bandwidth range of 4 nm
around 1030 nm.

Figure 3.5: Generation of synchronized seed pulses at 1030 nm for the OPCPA pump laser
chain, utilizing soliton self-frequency shift in a PCF. The output spectrum shows
a peak at 1030 nm. The interference filter selects a bandwidth of 10 nm at 1030 nm
for further use (yellow). Adapted from [90]

In this chapter, the PFS layout is introduced and based on this, the initial PFS

OPCPA design is presented. The generation of broad-band seed pulses is summarized
together with the generation of optically synchronized seed pulses for the pump
laser chain. The following chapter will focus on the current status of the pump
laser chain including the detailed description of its building blocks and the design
considerations for the dispersion management.



4
P U M P L A S E R

The pump laser development is the key aspects of this thesis. The planned pump
laser chain was highlighted in red in the PFS layout (Figure 3.1). In this chapter, the
current status of the pump laser chain is presented. Its individual building blocks
are illustrated in Figure 4.1 and will be discussed in detail.

Figure 4.1: Detailed layout of the pump laser setup. The individual building blocks-the fiber
amplifier, the stretcher, the regenerative amplifier, the multi-pass amplifier and
the compressor are discussed in the following. PCF: photonic crystal fiber, SLM:
spatial light modulator, TFP: thin film polarizer, QWP: quater wave plate, SHG:
second harmonic generation. (modified from [99])

The main emphasis in this chapter lies on the dispersion management in the
stretcher and compressor setup and the spectral amplitude shaping, which helps
to suppress gain narrowing and allows for an unprecedented amplified bandwidth.
The results of the amplification of shaped spectra and the corresponding compres-
sion results (Section 4.4 and Section 4.5.2) are published in [99], which is appended
in Appendix A.5 as an electronic reprint with the permission of OSA.

4.1 double-stage fiber amplifier

The double-stage Yb-doped fiber amplifier was built by the Institute of Applied
Physics of the Friedrich Schiller-Universität Jena. The first fiber amplifier consists
of a single-mode, polarization-maintaining, Yb-doped fiber where the single-mode
fiber-coupled pump diode with 180 mW at 980 nm is coupled via wavelength-divi-
sion multiplexing.

The output of the first amplifier is spliced directly to the second stage and de-
coupled from back reflections with a fiber coupled Faraday isolator. The second
amplifier consists of a 1.3 m fiber with 10 µm core directly spliced to the 30 cm long
active double-clad fiber (20/125 µm). This amplifier is pumped by a free-space cou-
pled 5 W diode laser. In this double stage amplifier, the input signal is amplified to

39
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Figure 4.2: Layout of the double-stage Yb-doped fiber amplifier. The seed pulses generated
from the Ti:sapphire front end are amplified to 14 nJ at 70 MHz repetition rate.
This amplifier was built by the fiber laser group of the Friedrich-Schiller Univer-
sity, Jena.

1 W of output power- corresponding to 14 nJ pulse energy at the repetition rate of
70 MHz.

4.1.0.1 Characterization of the seed pulses

The fact that both fiber amplifiers are spliced together results in an unwanted side
effect: The amplified spontaneous emission (ASE) of the first amplifier seeds the
second amplifier. On the one hand, this limits the signal-to-noise ratio to 26 dB for
the amplification of pulsed signals, because ASE builds up between the pulses. On
the other hand, the output power is independent of the seeding level, because the
ASE of the first amplifier can saturate the second amplifier.

Therefore, the usual way of measuring the output power to optimize the input
coupling is not applicable in this case and a different measurement procedure is
applied: the auto-correlation trace of the fiber amplifier output is measured with a
second-order scanning autocorrelator (APE GmbH, Berlin). In this way one can dis-
tinguish the seeded and the unseeded case. A constant autocorrelation signal (no
pulse) is observed for an unseeded amplifier, whereas the contrast of the autocor-
relation signal can be optimized with the coupling of the signal to the first fiber
(compare Figure 4.3).

Optimizing the input coupling means firstly so-called mode matching, where the
input-beam waist—with a size matched to the fiber—is created at the fiber end facet
with an appropriate telescope. Secondly, the beam has to hit the fiber at the correct
position under the correct angle. The latter can be achieved with a direction and
position scan with two mirrors (beam walk). For the best input-coupling, the peak
of the autocorrelation signal is a factor 500 above the noise level, as depicted in
Figure 4.3 on the left.

The measured autocorrelation trace has a FWHM of 4.8 ps. The factor for the con-
version from autocorrelation width to pulse width can be obtained from the calcu-
lated Fourier-limited pulse duration and autocorrelation width. For the measured
output spectrum (see Figure 4.3 right), this factor is 1.48. Together with the mea-
sured autocorrelation width this gives a FWHM pulse duration of 3.24 ps. This pulse
duration is caused by the introduced dispersion from the two fiber amplifiers. (The
Fourier limited pulse duration for our spectrum (FWHM= 10 nm at 1030 nm) would
be approximately 150 fs.)
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Figure 4.3: (Left) The measurement of the autocorrelation of the seed pulses after the double-
stage Yb-doped fiber amplifier indicates a FWHM of 4.8 ps. The autocorrelation
measurement is also used for optimization of the coupling to the fiber. Bad cou-
pling (i.e. beam pointing or wrong mode size) cause a decreased contrast in the
autocorrelation trace (red). If the amplifier is not seeded at all, a constant auto-
correlation signal (blue) can be detected with a factor 500 lower signal compared
to the optimized case. (Right) Spectrum after the double stage fiber amplifier.

As a summary, the fiber amplifier provides pulses with 14 nJ energy, 3.24 ps pulse
duration at 1030± 5 nm, with 70 MHz repetition rate for further amplification in the
pump laser chain.

4.2 the stretcher

The next component in the pump laser chain is the stretcher, which stretches the
pulse duration to few nanoseconds for damage-free amplification in the following
amplifiers. The initial dispersion design was conducted by Izhar Ahmad during
his work as PhD [90]. In this work, the detailed analysis of the spatio-temporal
couplings and the effects of aberrations on the dispersion was performed with
ray-tracing methods. Additionally, the stretcher and compressor setup were imple-
mented in the laser (including the development of a reliable alignment procedure
for both setups). Furthermore, an online monitoring for the laser beam alignment
was established. These actions are crucial for a reliable and stable alignment of
stretcher and compressor since the pulse compression depends strongly on the cor-
rect alignment of the input angles and the parallelism of the gratings.

The basic stretcher design was done before the amplifiers were built and therefore
is based on some assumptions regarding the amplified bandwidth. The amplifier
chain is based on Yb:YAG as gain material. Other sources (e.g. [100]) report that
the amplified bandwidth can be expected to be ∆λ = 1.5 nm at a center wavelength
of 1030 nm for amplification in Yb:YAG at room temperature. The Fourier-limited
FWHM pulse length τ0 can be calculated for a Gaussian spectrum from the time
bandwidth product as

τ0 =
2 ln2
π c

λ2
0

∆λ
. (4.1)

For ∆λ = 1.5 nm at 1030 nm, it follows τ0 = 1 ps.
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The amount of GDD which stretches a Gaussian transform-limited pulse to a de-
sired pulse length τ can be calculated with formula 4.2 (in absence of higher order
dispersion) [87].

GDD =
τ0

4ln2

√
τ2 − τ2

0 (4.2)

Figure 4.4: (a) The grating separation D is plotted as function of the angle of incidence α,
for N = 1740 lines/mm, 1030 nm and a fixed GDD = 6.14 · 108 fs2. (b) shows the
measured diffraction efficiency. Reprinted from [90]

The pulses should be stretched to few ns in the PFS pump laser, in order to avoid
nonlinear effects. With the given parameters a chirp of GDD = 6.14 · 108 fs2 is
needed to achieve the stretching to approximately two nanoseconds.

The gratings which are used in the stretcher (as well as in the compressor) have
a line density of 1740 l/mm. Rearranging of Equation 2.55 gives a relation for the
distance D in dependence of the diffraction angle β for a given ϕ2 (or GDD). The
grating equation (Equation 2.54) relates the angle of incidence α to the diffraction
angle β. In Figure 4.4 (a) the grating separation D is plotted as a function of the
incidence angle α for a constant target GDD of 6.14 · 108 fs2.

Figure 4.4 helps to find a useful parameter range for the stretcher. The left plot
indicates that smaller angles of incidence are beneficial for a compact stretcher and
compressor design (i.e. small grating separation D). Unfortunately, the right plot dic-
tates angles around 60◦ in order to maximize the diffraction efficiency. As a tradeoff
between compactness and efficiency, an angle of incidence of α = 58.5◦ was chosen,
according to D = 6.14 m grating separation.

4.2.1 Stretcher layout and ray-tracing

The stretcher design is based on the Martinez stretcher [27], which was briefly intro-
duced in Section 2.4. In contrast to Figure 2.6 where two lenses are used as imaging
system, here a spherical mirror in combination with a flat folding mirror are applied.
This has the advantage that a single grating can be used with multiple reflections,
as well. Since the grating separation for a single pass through the stretcher is quite
large at 6.14 m, two complete round trips (i.e. 8 diffractions off the grating) are used
in order to half the length of the stretcher setup.
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The stretcher setup including the beam path is shown in Figure 4.5. Since the
beam path is rather complicated, in (a) and (b) the side- and the top- view of the
setup are shown for a single round trip. The position and the dispersion on the
grating and on the focusing mirror are also illustrated with corresponding numbers.

The input beam is sent to the grating (1740 lines/mm) at the uppermost position
(1) at an angle of 58.5◦ from normal, parallel to the x-z plane. From there the beam
is diffracted (and dispersed) at a center angle of 69.97◦ to the uppermost position
(1) of the focusing mirror ( f = 2700 mm). The focusing mirror is tilted around the
x-axis by 1.5◦ and sends the beam above the grating to the fold mirror. The fold
mirror sends the beam back to the lowest position on the focusing mirror from
where the beam goes back to the grating (2). From there the beam is diffracted
parallel, but vertically offset to the input beam. At this position, the beam is spatially
chirped—all wavelengths propagate parallel but are spatially separated, which can
be compensated when the beam is send back through the whole stretcher setup.
This is done by a vertical roof mirror, in order to separate the input and output
beam in height. Up to now, one complete round trip in the stretcher is described.

Since a second round trip should be implemented, the output of the first round
trip is retro-reflected horizontally by an additional prism, as shown in Figure 4.5 (c).
The horizontal offset of the input from the center line (dashed gray in Figure 4.5 (d))
is introduced to make the beam path symmetric with respect to the optical axis.

For two round trips in the stretcher, the distance between grating and folding
mirror is D/4, which is 1.535 m for the design GDD. Ray-tracing was used, in order
to find the beam size inside the stretcher and to properly dimension the optical
components. Additionally, ray-tracing helps to find an optimum focal length for the
spherical mirror.

The design considerations start by choosing an appropriate beam size in the
stretcher. The beam size should be small in order to minimize the needed aperture,
but at the same time the Rayleigh length should be large enough to maintain the ap-
proximate beam size for propagation over few meters. As a compromise, w = 1 mm
(z0 = 3 m) is chosen in this case, together with a vertical beam separation of 10 mm
in order to avoid diffraction losses. Since there are 4 beams stacked in the stretcher,
the highest beam should hit the focusing mirror 20 mm above its center in order to
provide a symmetrical beam path.

After the vertical separation is set, the tip angle of the focusing mirror and the
beam sizes are simulated via ray tracing with the software extension Lambdaspect
for Autodesk inventor. Imaging with a spherical mirror is fraught with spherical
aberration- the beams hitting the mirror off-center are focused more strongly than
paraxial beams. When the spherical mirror is tilted, another aberration- so-called
coma- appears: light from different positions on the mirror is focused on different
positions in the tilt direction (height). These kinds of aberrations in the imaging sys-
tem of a stretcher can introduce unwanted spatio-temporal couplings and deviations
from the calculated dispersion. In order to minimize spatio-temporal couplings, the
tip angle of the focusing mirror should be minimized. This angle can be minimized
by using larger focal lengths in the imaging but this makes the setup impractically
large. As a compromise, a focal length of f = 2700 mm for the focusing mirror is
used according to a 1.5◦ vertical tilt angle for the focusing mirror. Aberrations cause
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spatio-temporal couplings, which can change the dispersion of the setup. These
effects are discussed in the following

Figure 4.6: The effect of coma in the stretcher introduced by a 1.5◦ tilted spherical mirror
( f = 2700 mm) is shown. The spatial distribution of the wavelength on the fold-
ing mirror (in the focal plane) is shown for the tilt direction (vertical), for four
reflections (i.e. two complete stretcher round-trips).

The effect of coma is shown in Figure 4.6. The wavelengths are dispersed in the
horizontal dimension to approximately 57 mm on the folding mirror. Instead of a
straight line, which would be expected for an aberration-free imaging, a bending
in the vertical direction is observed due to coma. The vertical beam position on
the folding mirror (in the focal plane) is shown as function of the wavelength for
four reflections on the folding mirror (i.e. 2 complete compressor round-trips). The
vertical spatial chirp on the folding mirror is on the order of 1 µm/nm for the first
and third reflection and 4 µm/nm for the second and fourth reflection. The coma
is more pronounced for the second and fourth reflection at the end mirror, because
the beam is more dispersed at the corresponding reflections on the focusing mirror
in these cases.

Figure 4.7 (a) shows the spatial chirp of the output beam after two complete round
trips in the stretcher. The position of the fold mirror was varied in order to find the
optimum position, which minimizes the horizontal spatial chirp. The resulting spa-
tial chirp is on the order of 1 µm/nm and 3 µm/nm for the horizontal and vertical
axes, respectively. In addition to that, there is a residual angular dispersion in the
horizontal direction of 0.03 µrad/nm. The residual spatio-temporal couplings are
much smaller than the beam diameter or divergence and can be neglected. Due to
the narrow bandwidth in the PFS pump laser, the total displacement or angle differ-
ence for the extreme wavelengths is still small, whereas for systems operating with
few tens of femtosecond pulses (or 100 nm bandwidth) these kind of aberrations
become severe and have to be avoided. More complex aberration-free stretcher de-
signs were developed for these cases [28]. Figure 4.7 (b) shows a dramatic increase
in the horizontal spatial chirp when the folding mirror is displaced by 2 mm from
the ideal position. The displacement of the fold mirror de-tunes the telescope from
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Figure 4.7: In (a), the spatial chirp at the stretcher output is shown for optimum alignment.
The remaining spatio-temporal couplings arise from aberrations in the stretcher.
(b) Shows the spatial chirp when the folding mirror is displaced by 2 mm from
the focal plane.(Note the changed scale for the horizontal position)

exact 1:1 imaging and thus the virtual image of the grating is no longer parallel to
the original. This shows the sensitivity for the alignment of the stretcher setup.

Theory Ray-tracing Difference

GDD [ f s2] 6.2226 · 108 6.2227 · 108 1 · 104

TOD [ f s3] −1.5684 · 1010 −1.5763 · 1010 8 · 107

FOD [ f s4] 6.57552 · 1011 6.8301 · 1011 1.5 · 1010

Table 4.1: Comparison of the dispersion terms for the stretcher from the ray-tracing with the
dispersion obtained from Eqs. 2.55, 2.56, 2.57 using α = 58.5◦ and D = 6.2255 m.

The effect of the aberrations on the dispersion is shown in Table 4.1, where the
calculated values and the simulated values using ray-tracing are compared. The dif-
ference is caused by the aberrations and also represents the difference between the
stretcher and the compressor dispersion. Therefore, these values can be compared
to the values from Table 2.1, resulting in a good fit of the second and forth order
dispersion terms between stretcher and compressor. In contrast, the difference in
the third order will decrease the compression fidelity and increase the compressed
pulse width by a few percent, if not compensated. This issue will be discussed in
more detail in Section 4.6 where the compressor design is discussed.

In the following, the beam size in the stretcher and the size of optical components
are discussed. In the stretcher, a grating with a size of 200 x 100 mm is used. Ray-
tracing shows that the size of 200 mm in the dispersion plane limits the spectrum
to approximately 1028− 1032 nm for a stretcher with sufficient GDD. The horizontal
spread of the spectral components between 1028 and 1032 nm on the different optics
of the stretcher are summarized in Table 4.2. The values from Table 4.2 are the mini-
mum optics size for 4 nm transmission of the stretcher. In the actual setup (compare
Figure 4.8), larger optics are applied: the focusing mirror and the folding mirror
have a size of 6 and 4 inch in diameter, respectively. The mirrors in the roof mirror
have an aperture of 14 x 140 mm. The grating with 200 mm horizontal dimension is
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Position Reflection Nr. Beam size [mm]

Grating 1,4,5,8 2

Focusing mirror 1,4,5,8 32

Folding mirror 1-4 57

Focusing mirror 2,3,6,7 92

Grating 2,3,6,7 68 (199)

Roof mirror 1-4 98

Table 4.2: Beam size in the dispersion direction for a wavelength range of 1028− 1032 nm
on the different stretcher components. For the grating, the beam size projected on
the grating surface (at 70◦) is given in braces.

the limiting factor in our stretcher setup. Photographs of the individual components
of the stretcher setup are shown in Figure 4.8.

Figure 4.8: Photographs of the stretcher components. (a) The in-coupling mirror, the verti-
cal roof mirror, the prism for the horizontal offset and the concave mirror are
shown.(compare Figure 4.5) (b) shows the stretcher grating in the mount with
three rotation degrees of freedom and a translation stage. In (c) the end-mirror
is shown on a translation stage for exact tuning of the stretcher telescope magni-
fication.

Generally, the spectral window of the stretcher could be increased by larger op-
tics. Each additional 50 mm grating width increases the bandwidth by 1 nm. At
approximately 7 nm the other optics start clipping and would have to be increased
in dimension, too. A redesign of the stretcher would make sense if amplification
experiments indicate a larger effective-gain bandwidth. In this case less dispersion
would be needed in order to reach the same stretched pulse length, which could
make both stretcher and compressor more compact. However, this does not seem
to be the case with Yb:YAG as gain material but might be an option for one of the
sesquioxides [101] or Yb:CaF2 [102, 103, 104].
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4.2.2 Stretcher alignment tolerances

The crucial element for the alignment of the stretcher is the grating. The grating has
to be aligned with very high accuracy in three rotational degrees of freedom. The
rotation angles are defined in Figure 4.9, where the grating in its mount is shown.

Figure 4.9: 3D model of the grating in its mount with ability of alignment in 3 rotation
directions and one translation. The Rotation angles are defined in the axes plot.

The tilt angle γ is the angle of incidence for the input beam measured to the
grating normal (58.5◦ in our case). The groove orientation and tip angles α and β

should be zero in an ideal stretcher or compressor.
Minimizing of the angles α and β is usually done in an iterative alignment process.

The first step is to align the angles γ and β perpendicular to the incoming beam by
precisely retro-reflecting the zeroth order. Then γ is adjusted to retro-reflect the first
or minus-first order, and α chosen such that the height of that reflex matches the
incoming beam. If all axes are precisely orthogonal, this concludes the alignment
process, otherwise an iterative procedure ensures a high accuracy. An angle accu-
racy of 50 µrad can be easily achieved in the lab and even higher accuracy is possible
when advanced techniques are used [105, 106].

In Figure 4.10, the effect of angular misalignment of the tip (β) and the groove-
orientation angle (α) are shown. The spatial chirp in the horizontal (and vertical)
direction is increased but still small for angles of 200 µrad. For these angle devi-
ations, the dispersion is not altered in a significant way. This analysis shows that
the alignment of the tip (β) and groove-orientation (α) angles of the gratings in the
stretcher (or compressor) is possible with high enough accuracy in the lab.
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Figure 4.10: The effect of alignment errors for the tip and groove-orientation angle on the
spatial chirp in the horizontal direction after the stretcher.

The measurement of the angle γ is done in two steps: Firstly, the angle is read
from the scale of the respective rotation stage at the working position of the grating.
Secondly, the grating is rotated to be normal to the input beam, so that the zeroth
order is retro-reflected to the input beam and this angle is read from the scale of the
rotation stage. The grating angle is the difference of both values. This measurement
process is fraught with measurement errors. Reading values from a scale has an
error of half a scale gradation. The applied rotation stage (M-UTR80, Newport Inc.)
has a scale graduation of 1 arc minute. Since two measurements are necessary in
order to determine the angle, the uncertainty of this angle is estimated as 1 arc
minute or 290 µrad. This error is important to set up the compressor at the same
angle as the stretcher. The gratings inside the compressor can be made parallel to
few ten µrad with pulse-front tilt measurements like [83, 85, 106].

In the following, the effects of small AOI deviations and changes in the grating
separation on the dispersion are analyzed. For Figure 4.11 (a) the influence of the
angle γ on the dispersion terms is calculated with a constant grating separation of
D = 6.2255 m with Equation 2.55-2.57. Even small variations of 0.02◦ (or ≈ 340 µrad)
cause significant differences of 2 · 106 fs2 in the GDD and 1 · 108 fs3in the TOD (com-
pare Table 2.1). As a consequence, the compressor AOI has to be set up with very
high accuracy in order to match the stretcher dispersion.

In Figure 4.11 (b), the dispersion terms are plotted as function of the grating
separation for a fixed compressor angle γ = 58.5◦. In this length scan, 10 mm change
cause 1 · 106 fs2 in the GDD and 3 · 107 fs3 in the TOD. Thus, the angle and the grating
separation provide two degrees of freedom to tune GDD and TOD. Nevertheless,
these dispersion terms are not changing independently and an iterative approach
with alternating angle scan and length scan is needed in order to optimize the
compression.

The discussed configuration, where the grating AOI α is smaller than the diffrac-
tion angle β, is chosen due to the higher dispersion provided (compare Figure 4.4
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Figure 4.11: Variation of the GDD and TOD in the stretcher with (a) the angle of incidence γ
(D = 6.2255 m) and (b) the grating separation D (γ = 58.5◦).

(a)). Nevertheless, this configuration is inverse to the usual arrangement in stretcher
and compressor designs. For the normal geometry i.e. α = 69.97◦, β = 58.5◦ the
same GDD as discussed above can be obtained with approximately 14 m grating
separation (instead of 6 m). Nevertheless, the introduced TOD and FOD are approx-
imately a factor two (respectively 5.5) smaller. The sensitivity to angle changes is
smaller as well: 0.02◦ angle change cause a factor 4 less change in GDD, factor 9
less in TOD and factor 2 less in FOD. Therefore, the normal configuration grating
compressor and stretcher are less sensitive to dispersion fluctuations caused by an-
gle changes, compared to the inverted configuration, which is probably the reason
why this configuration is used more often. Nevertheless, in the PFS project the more
compact configuration was preferred due to space constraints in the lab.

4.2.3 Conclusion

As a conclusion of this section, a Martinez stretcher design [27] was optimized
for our parameters in order to provide a GDD of 6 · 108 fs2 with a rather compact
footprint of 0.5 x 3.1 m. Ray tracing is performed in order to optimize the setup,
to verify its feasibility and to investigate this setup regarding its aberrations. The
spatio-temporal couplings in the stretcher are negligible. Nevertheless, the aberra-
tions cause changes in the dispersion, which have to be considered for the compres-
sion. The alignment of the grating angles can be done with high enough accuracy
in order to avoid additional spatio-temporal couplings. Nevertheless, the angle of
incidence on the grating (γ) has a strong effect on the dispersion and has to be kept
constant in very strict limits in order to provide stable compression. The compressor
dispersion has to be matched to the stretcher via angle scan and length scan, which
is discussed in more detail in Section 4.6, where the compressor is discussed.

4.3 the regenerative amplifier

The stretched pulses (4 ns, 4 nm, 0.5 nJ) are amplified in the regenerative amplifier
up to 200 µJ pulse energy. The gain medium in this amplifier is an Yb:glass rod
with 8 mm length and NYb = 6 · 1020cm−3 doping concentration. The layout of this
amplifier is shown in Figure 4.12.
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Figure 4.12: Layout of the regenerative amplifier. DM: dicroic mirror, CM: concave mirror,
TFP: thin-film polarizer, QWP: quarter-wave plate.

The amplifier is pumped by a fiber-coupled diode laser with up to 5 W output
power at 976 nm center wavelength. The pump light is focused to a spot diameter
of 100 µm FWHM in the gain medium, through a dichroic mirror. The gain material
is not cooled because the pump duration of 1.5ms and the repetition rate of 10 Hz
result in a low enough average power to allow sufficient heat dissipation.

The cavity consists of two plane end mirrors and a concave mirror with a focal
length of f = 100 mm. The dichroic end mirror is located in the focal plane of the
concave mirror and the other end mirror is placed in 1.35 m distance of the concave
mirror. The setup is folded by a thin-film polarizer (TFP), which works under an
angle of incidence of 65◦. The cavity mode is modeled with the matrix method (see
Section 2.1.2). The result is a cavity mode with two waists at the end mirrors. The
waist on the dichroic end mirror has a radius of 50 µm. The gain material is located
in this focus region in order to reach sufficient pump intensity. The waist on the
other end mirror has a radius of 1.2 mm. Therefore, the beam is large in the long
arm of the cavity, where the Pockels cell is located, and nonlinearities are minimized
and damage is prevented. The exact beam size depends strongly on the alignment
of the distance of the dichroic mirror from the concave mirror. This alignment is
used to match the cavity mode to the pump beam. The angle of incidence on the
concave mirror causes astigmatism and is therefore minimized to 4◦. In this case,
the beam size differs by ±10% in the sagittal and meridional plane.

The seed is p-polarized and is transmitted through the TFP. After passing the
quarter-wave plate twice (the Pockels cell is turned off at this time) the polarization
is rotated by 90 degrees and the pulse is now reflected by the TFP. The Pockels cell
has to be switched on with the quarter-wave voltage before the pulse passes the
next time. In this way, the pulse is kept in the cavity. As soon as the Pockels cell is
turned off again, the pulse is cavity-dumped and transmitted through the TFP. The
in- and output pulses are separated by an optical isolator.

In Figure 4.13 (a) the pulse build up in the regenerative amplifier cavity is shown.
The data is measured with a fast photodiode (DET10A, Thorlabs ). It is shown that the
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Figure 4.13: (a) The pulse build-up in the regenerative amplifier is observed with a photo
diode. The pulse is amplified above the detection noise level after approxi-
mately 600 ns and runs in saturation for 950 ns round-trip time (i.e. 120 round
trips). (b) The comparison of input and output spectra for the regenerative am-
plifier shows a red-shift for the amplified spectrum. The gain narrowing effect
reduces the bandwidth from 3.9 nm FWHM to 2.3 nm.

amplifier runs in saturation at a cavity round-trip time of 950 ns which corresponds
to approximately 120 round trips and an output energy of 200 µJ. At this working
point, energy fluctuations in the output are minimized and account for less than 1%
standard deviation. For longer round-trip times, the energy decreases again.

This amplifier utilizes Yb:glass as gain medium. Yb:glass has a much larger gain
bandwidth compared to Yb:YAG, which helps to reduce gain narrowing effects in
this amplifier. In Figure 4.13 (b) the effect of gain narrowing is illustrated. The FWHM

bandwidth is significantly reduced from 3.9 nm to 2.3 nm due to the high amplifi-
cation factor of 4 · 105. The following amplifiers will be based on Yb:YAG and have
to provide a similar total gain. This leads to the expectation that gain narrowing in
these amplifiers will be even more severe. Since the pulses are stretched, gain nar-
rowing also reduces the stretched pulse length. Due to the reduction of the threshold
fluence for laser-induced damage at shorter pulse durations, gain narrowing effects
in CPA systems therefore greatly increase the risk of damage in the main amplifiers.
Spectral shaping can help to to pre-compensate for the gain narrowing, as will be
explained in the following section.

4.4 spectral amplitude shaping

The wavelength dependent emission cross section of laser media leads to a wave-
length dependent gain. Since the emission cross section is (more or less) peaked,
so-called gain narrowing occurs for broad seed spectra (the amplified bandwidth
decreases with high amplification factors). In order to pre-compensate this effect,
the spectral shape of the input spectrum can be changed in a way that the output
spectrum maintains a broader bandwidth. In this section simulations of gain nar-
rowing and spectral amplitude shaping as well as an experimental setup for the
spectral amplitude shaping are introduced. The results in this section are published
in [99].
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4.4.1 Simulation of gain narrowing in Yb:YAG

The effect of gain narrowing in the Yb:YAG amplification stages, where the signal
will be amplified from 200 µJ to 4× 10 J (i.e. by a factor of 2 · 105), will be modeled
in the following.

In order to do so, the amplification in Yb:YAG is simulated for different spectral
components. These calculations are performed with a simple numeric model based
on the rate equations.1 Based on data for the emission and absorption cross section
(see for example [107]), the inversion and spectral gain are calculated. In order to
simulate CPA with normally dispersed beams, the different wavelength components
are calculated iteratively, in descending order.

Figure 4.14: The emission cross section for Yb:YAG at room temperature is shown in black.
The consequence of the peak-like structure is a reduction of bandwidth during
amplification. In red the simulated spectrum for an initially 4 nm broad spec-
trum, amplified by a factor of 2.5 · 104 is shown as an example.[99]

In Figure 4.14, the emission cross section for Yb:YAG at room temperature is plot-
ted along with a simulated spectrum for an initially 4 nm FWHM broad Supergaus-
sian spectrum, amplified by a factor of 2.5 · 104. In this case, gain narrowing reduces
the bandwidth to 1.4 nm FWHM. For higher amplification or lower starting band-
width gain narrowing results in even narrower spectra. The reduced bandwidth will
increase the minimum achievable pulse duration and could lead to optical damage
in the amplifiers due to the reduced chirped pulse length.

The outcome of this simulation is the spectral gain curve for a certain total gain
factor. This information can be used for the compensation of gain narrowing: If
a certain amplified spectrum is divided by the spectral gain curve, the suitable
input spectrum for the desired output spectrum under the specific amplification
conditions is obtained.

This is not exactly true for chirped pulses. In this case the exact shape of the spec-
tral gain curve depends on the spectral distribution of the input spectrum, because

1 Details about this code can be found in the PhD thesis of Christoph Wandt
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the different spectral components are amplified consecutively and the amplification
of the first wavelength components decrease the inversion and thus the gain for the
remaining wavelengths. Therefore, the described calculation has to be applied in an
iterative way in order to obtain correct predictions for the input spectrum, as shown
in Figure 4.15.

Figure 4.15: Simulation algorithm for spectral amplitude shaping. The amplification for a
flat input spectrum is calculated and the spectral gain curve is obtained. Divi-
sion of the desired output spectrum by the spectral gain curve gives an estima-
tion of a needed input spectrum for the next iteration. After a few iterations,
the algorithm converges and the amplitude shape of the input spectrum for the
chosen output spectrum is obtained.

After a few iterations- usually less than six- the algorithm is converging. In this
way, an intuitive and very general rule for the desired changes in the input spectrum
is obtained: The input spectral amplitude has to be reduced for wavelengths were
the gain is higher. The amount of this reduction depends on the total gain factor.

Figure 4.16: The effect of spectral shaping of the input spectrum on gain narrowing is shown.
(a) The evolution of the pre-shaped input spectrum with increasing gain is
shown. The input spectrum is optimized for an 3.2 nm amplified fourth-order
super-Gaussian output spectrum at an amplification of 2.5 · 105. (b) Comparison
between the gain-dependent FWHM bandwidth of an initially super-Gaussian
spectrum with the pre-shaped spectrum. [99]

In Figure 4.16 (a), the calculated input spectrum is shown which results in a
fourth-order super-Gaussian spectrum of 3.2 nm FWHM after amplification by a fac-
tor of 2.5 · 105 in Yb:YAG . During the amplification, the introduced hole around
1030 nm reduces its depth and finally a smooth spectrum is obtained. Figure 4.16

(b) shows the gain dependent FWHM bandwidth for the pre-shaped spectrum in
comparison to a super-Gaussian input spectrum of same initial width. It is evident
that the spectrally shaped spectrum can maintain a threefold increase in bandwidth
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during this amplification compared to the super-Gaussian input spectrum. This tech-
nique helps to minimize the compressed pulse duration and increases the chirped
pulse duration which reduces the risk of damage. The application of spectral am-
plitude shaping is therefore a key technique in order to obtain shortest pulses in
combination with high pulse energy.

4.4.2 Experimental setup for spectral shaping

A spectral amplitude shaping stage is implemented in the experimental setup im-
mediately before the regenerative amplifier. The main component of this spectral
shaping stage is a spatial light modulator (SLM). An SLM is a linear array of ne-
matic liquid crystals where an independent voltage can be applied. The refractive
index for extra-ordinary polarized light varies with the applied voltage while the
refractive index for ordinary polarized light stays constant. Therefore, this device
can alter the phase or the polarization state if the light is polarized parallel to the
crystal optical axes or under 45◦, respectively. The latter effect can be used together
with polarizers for attenuation. When an SLM is used for spectral amplitude shaping,
the individual pixels have to be illuminated with different wavelength components.
This is usually achieved in the focal plane of a zero-dispersion stretcher. As men-
tioned in Section 2.4, the net-dispersion is zero in a stretcher with the grating in the
focal plane of the imaging lens. Figure 4.17 shows the setup for spectral amplitude
shaping.

Figure 4.17: Layout of the spectral amplitude shaping stage. The SLM is placed in the focal
plane of a zero-dispersion stretcher in order to attenuate different wavelength
components individually. A HWP rotates the polarization of the linear polarized
light 45◦ to the crystal axes. In this way the SLM can change the polarization
state for the individual wavelengths. A polarizer after the stretcher selects the
needed polarization for the output beam.

The SLM (SLM-128-A-NM, CRI), used in this setup, has 128 pixels and an aperture
of 12.8× 5 mm. The grating in the zero dispersion stretcher has a line density of
1740 l/mm and is used under an angle of incidence of 58.5◦. The focal length of
the lens is f = 400 mm in order to illuminate the full aperture of the SLM with the
available 4 nm bandwidth.2

2 The results in this chapter were obtained with the SLM shaping setup. Nevertheless, later it was
replaced by an acousto-optic programmable dispersive filter (Dazzler HR-45-1053-board-V5-rev5,
Fastlite). This device is more easy to use and has the benefit that both amplitude and phase can
be shaped individually. All experiments results were reproduced after this replacement.
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The drawback of spectral shaping is that a large amount of energy is wasted. In
the PFS system, approximately 70% of the energy has to be cut away before the am-
plification (see also Figure 4.18 (b)). Nevertheless, since spectral shaping is applied
before the regenerative amplifier, the energy loss can be easily compensated by a
few more amplification passes.

Figure 4.18: This measurement is performed with a spectrally shaped input spectrum and
can be directly compared to Figure 4.13, where the input was unshaped. (a)
For shaped pulses, the amplification is saturated after 140 amplification passes
(i.e. 1040 ns round-trip time) instead of 100 passes for the unshaped case. The
slower pulse built-up can be explained by the reduced input energy and the
reduced overall gain for the broader spectrum. The photo diode can resolve
the temporal shape of the pulse, which indicates the spectral shape due to the
spectral chirp. (b) The input spectrum for the regenerative amplifier (black) is
shaped in order to pre-compensate the redshift. The output spectrum (red) has
the desired shape for further amplification in Yb:YAG (compare Figure 4.16).

As shown in Figure 4.18 (a), the shaped input pulse with reduced energy leads
to saturation in the regenerative amplifier at 1040 ns (instead of 950 ns compare
Figure 4.13). Output energies around 170 µJ, similar to the unshaped case, can be
obtained with the shaped spectrum. This is possible due to the combination of the
spectral shaping with an amplifier supporting a larger bandwidth (Yb:glass) than
the rest of the amplifier chain (Yb:YAG). In other applications, where shaping is
applied inside the cavity of a regenerative amplifier, the resulting spectral cavity
loss reduces the achievable saturated output energy. Thus, the approach applied
here has advantages in cases where the pump power in the regenerative amplifier
is limited and the seed energy is sufficiently high.

Due to the lack of data for the emission cross section for the Yb:glass applied
in the regenerative amplifier its gain narrowing cannot be modeled at the moment.
Nevertheless, the measurements show that a spectrum with the desired shape (com-
pare Figure 4.16) can be generated after the regenerative amplifier. The amplification
of the shaped spectra in Yb:YAG is discussed in the following chapter.

4.5 the 0 .3 j multi-pass amplifier

In this section, the Yb:YAG multipass amplifier stage is introduced. Experimental
results for the amplification of shaped spectra are presented in addition to a discus-
sion for the limitations of spectral amplitude shaping.
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4.5.1 Amplifier setup

The multi-pass amplifier, depicted in Figure 4.19, amplifies the input signal by a
factor of 1500, up to 300 mJ output energy. For reaching this level, an 8-pass, diode-
pumped, Yb:YAG amplifier is employed.

Figure 4.19: Layout of the multi-pass amplifier. The spectrally shaped output of the regen-
erative amplifier (180 µJ) with the beam profile shown in (a) is amplified in
eight amplification passes to 300 mJ pulse energy. A high gain factor of 1500

is achieved by strong focusing of the pump light at 940 nm to an intensity of
35 kW/cm2. The output beam profile, shown in (b), is slightly distorted mainly
due to pump spot inhomogeneity. The spectral shaping of the input allows for
a large bandwidth in the output beam.

The crystal in the Yb:YAG multi-pass amplifier is 8 mm long and 3 at.% doped.
The 6 mm diameter rod is AR-coated on both faces and connected to a copper heat
sink with indium foil via its circumference. As shown in Figure 4.20, the crystal is
pumped (through a dichroic mirror) by a quasi-cw diode-laser stack (Jenoptik Laser
Diode) with 3 kW average power (4.5 J, 1.5 ms, 10 Hz) at 940 nm central wavelength.
This pump power is focused on a spot of 0.086 cm2, leading to a pump fluence of
35 kW/cm2 and a small-signal single-pass gain of approximately 3. The pump setup
is identical to the amplifier presented in [108]. Nevertheless, two more amplification
passes were added and the path lengths were changed in order to increase the
output energy to 300 mJ.

The thermal management in the crystal is not optimized. Therefore, the crystal is
heating up and thermal lensing is observed. The amplification passes are aligned
successively: the seed is send to the crystal, amplified once and reflected from the
dichroic mirror before the second amplification pass. After the double pass amplifi-
cation, the beam profile is observed with propagation distance and the path length
of the next pass is chosen such that a beam diameter is 2.5 mm on the crystal is
reached by diffraction. In this way, an eight-pass amplifier is realized which boosts
the input from 180 µJ up to 300 mJ with 3% standard deviation (amplification factor
of 1500).

The drawback of this setup is that the pump power cannot be varied, because
the thermal properties and the corresponding thermal lensing in the crystal would
change in this case - causing different beam propagation through the system and
focusing on optics. Another problem is the reduced beam quality of the output
compared to the input beam. The main reason for this is a non-homogenous pump
profile. These two problems, the thermal properties and pump homogeneity and the
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Figure 4.20: Pump setup for the multi-pass amplifier. The pump light from the 3 kW pump
diode stack is collimated with a toric lens and focused with an achromatic lens
through a dichroic mirror. The crystal is mounted in a water-cooled copper-heat
sink.

resulting decrease of beam quality are to be avoided and therefore are key design is-
sues of the subsequent amplifier stages, currently under development by Christoph
Wandt.

4.5.2 Amplification of shaped spectra

The amplification of the original spectrum, without shaping, was limited to approx-
imately 60 mJ due to optical damage resulting from gain narrowing and stretched
pulse shortening in the multi-pass amplifier. Therefore, the previously mentioned
spectral amplitude shaping technique was employed Spectral changes are intro-
duced very carefully in small steps and for slowly increasing amplification factors
because small changes in the input spectrum are transferred non-linearly to the
output after amplification. In a first step, the output spectrum of the regenerative
amplifier is shaped in order to fit to the calculated spectrum for further amplifica-
tion in Yb:YAG. This input spectrum is then amplified in the Yb:YAG multi-pass
amplifier after a stepwise increase of the input energy. Small corrections in the spec-
tral shape can be applied during this procedure. For the full input energy of 180 µJ,
the shaped input (shown in red in Figure 4.21 (b)) is amplified to 300 mJ with the
spectrum shown in black.

For comparison, the input spectrum for 3.5 nm FWHM top-hat output profile was
calculated, as shown in Figure 4.21 (a). Its major feature is a dip at 1030 nm. Com-
pared to the spectrum predicted by our model, the real input spectrum (Figure 4.21

(b)) has narrower wings due to clipping in the stretcher. Additionally, a broader dip
was chosen—in such a way that the output spectrum is still suppressed in the center
and further amplification without significant gain narrowing is possible. This fact
can also be seen in Figure 4.16 (a). Hence, the applied technique is applicable for
higher energies and for the full amplification in the PFS system.
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Figure 4.21: Comparison of the calculated spectral shaping and measured spectra. (a) The
input spectrum (red, dashed) which supports a broad flattop spectrum (black,
solid) after amplification is calculated. In (b) the measured spectra for the max-
imum amplification are shown. The amplified spectrum (black, solid) is still
suppressed in the center, showing that further amplification is possible without
significant gain narrowing. [99]

4.5.3 Limitations of the spectral shaping technique

The limitations of the spectral shaping technique for the bandwidth can be inferred
from the spectral gain curve. In Figure 4.22 (a) the normalized spectral gain is plot-
ted for an overall amplification factor of 3× 105 in Yb:YAG at room temperature.

Figure 4.22: (a) Spectral gain curve for an amplification factor of 3× 105 in Yb:YAG at room
temperature. The currently achieved bandwidth is marked in green. The dotted
green line shows that a broader bandwidth is achievable theoretically. Neverthe-
less, this is prevented by clipping in the current stretcher setup (with 58.5◦ AOI).
The wavelengths with a factor 200 less amplification compared to the peak are
marked in red and are considered as achievable bandwidth for the simulations
in (b). (b) Simulated maximum obtainable spectral width for spectral shaping
at an amplification factor of 3× 105 in Yb:YAG at room temperature under the
assumption that a suppression to 0.5% is still feasible.

Figure 4.22 (a) shows the difference in gain for the individual spectral components
for the desired total gain level in the PFS system. For lower total gain, the differences
in the spectral gain will be decreased. As marked in green a bandwidth of 3.5 nm
(i.e. between 1028.25 and 1031.75 nm) is preserved at a gain factor of 1500, and from
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simulations (compare Figure 4.16) it can be expected that a similar bandwidth can
be preserved for the full laser system. Theoretically, an even broader bandwidth
would be achievable in the current amplification experiment (green, dashed) but is
prevented by clipping in the stretcher.

For an even larger bandwidth, higher suppression is necessary. This raises tech-
nical challenges: the polarization rotation has to be applied with extremely high
accuracy and the polarizers have to have high extinction ratio. Apart from this, the
signal to noise ratio will become a problem for suppressed wavelength components
because of amplified spontaneous emission during the amplification. This could
also lead to poor contrast in the compressed pulse. Due to these reasons, a suppres-
sion to less than 0.5% seems impractical. When this limitation is considered, the
maximum attainable spectral width at a gain of 3× 105 is about 6 nm FWHM, as can
be inferred from the red marks in Figure 4.22 (a).

Due to the asymmetric shape of the spectral gain curve (Figure 4.22(a)), it is prefer-
able to center the spectrum around 1029 nm for the use of extreme bandwidths. The
calculated amplified spectrum and the shaped input spectrum for extreme suppres-
sion down to 0.5% are shown in Figure 4.22 (b). The amplified spectrum in this case
is a super-Gaussian of order 4 with 6 nm bandwidth. This spectrum would support
Fourier-limited pulses with 460 fs pulse duration.

These large bandwidths cannot be verified in the PFS pump laser setup at the mo-
ment, since the spectrum is limited to 4.2 nm by clipping in the stretcher. For a larger
bandwidth, a redesign in the stretcher would be necessary to provide a bandwidth
of at least 8 nm without clipping. Additionally the much shorter compressed pulses
are not beneficial for the application in short-pulse pumped OPCPA, since timing
jitter and B-integral problems are enhanced. These issues will be discussed in more
detail later.

4.5.4 Conclusion

In this section, experimental results for amplification in Yb:YAG at a repetition rate
of 10 Hz up to 300 mJ with an unprecedented spectral bandwidth of 3.5 nm were
presented. An essential ingredient to reach this result is spectral amplitude shaping.
This is a well-known technique but is usually not applied to this extent because
the loss modulation significantly reduces the input energy before the amplification.
Thus, a higher gain (accompanied with higher gain narrowing) is needed for the
shaped spectrum which limits the useful extent of spectral amplitude shaping. The
combination of spectral shaping followed by a broad-band amplification stage (the
regenerative amplifier) compensates for this major drawback in our case.

A significant bandwidth increase from 1.3 nm to 3.5 nm could be demonstrated.
This does not only reduce the Fourier-limited pulse length but also helps to increase
the efficiency in the Yb:YAG amplifier system. In Yb:YAG, the saturation fluence (
10 J/cm2) lies above the damage threshold fluence for short pulses, but efficient
energy extraction is not possible below the saturation fluence. In this context, the
increased bandwidth also increases the chirped pulse duration and at the same time
the damage threshold. Therefore, a more efficient energy extraction can be expected.
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The drawback of the extended spectrum is that the gain in the Yb:YAG amplifiers
is reduced compared to the narrow spectrum. Therefore, more amplification passes
have to be applied in order to reach the same output energy. This is probably ac-
ceptable in many cases, when a shorter pulse duration is needed, but could be a
limiting factor for large scale systems.

4.6 the compressor

The first compressor layout was developed by Izhar Ahmad in his PhD thesis. The
design is presented here for completeness. In this work, a ray-tracing analysis is per-
formed and design-related problems for the experimental realization and alignment
of the compressor are pointed out.

The compressor design is of the Treacy type [26]. The same gratings as in the
stretcher (N = 1740 lines/mm) are used under an identical angle of incidence
(α = 58.5◦) and grating separation (D = 6.2255 m). The special feature of the PFS

pump compressor is the requirement to compress two (and later maybe up to four)
identical beams in a single setup.

This is achieved using a common large-size second grating with 800 mm× 400 mm
in combination with individual first gratings for each beam and a common tilted
folding mirror. The setup is illustrated in Figure 4.23 for a top and side view, where
the path of a single beam is illustrated to avoid confusion.

Figure 4.23: Setup for the four beam Treacy compressor. The gratings have a line density
of N = 1740 lines/mm and are used under an angle of incidence of α = 58.5◦,
with a grating separation of D = 6.2255 m. The beam path for a single beam
is illustrated. The vertical separation of the incoming and outgoing beam is
achieved with a small tip angle of the folding mirror. The 4 beams are stacked
in a 2× 2 array.

Due to the long stretched pulse duration of 3− 4 ns, the compressor has to pro-
vide the necessary delay between opposite ends of the relatively narrow laser pulse
spectrum. This necessitates the use of large gratings in the dispersion plane, which
in addition have to have high diffraction efficiency and damage thresholds. All these
requirements can be fulfilled by multilayer dielectric gratings [109]. The big advan-
tage of this kind of gratings compared to conventional metallic gratings is the en-
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hanced damage threshold. In [110] it is shown that the damage threshold of these
kind of gratings can exceed 3.5 J/cm2 for 500 fs pulses at 72.5◦ where gold gratings
have 0.67 J/cm2 under the same conditions. Due to this fivefold increase in the dam-
age threshold, the beam size in the compressor can be decreased. Together with a
grating size of 800 mm× 400 mm, this enables the stacking of four individual beams
in a single compressor in the PFS compressor system.

The necessary beam size depends on the pulse parameters. For the PFS system,
the final beams will have an energy of 10 J in ∆t = 1 ps. At this stage, it is not yet
clear whether the beam will be Gaussian or super-Gaussian of some higher order.
A top-hat (I = const f orr < R) profile is ideal for pumping OPCPA stages because of
the constant intensity (and therefore constant gain) over the transverse position. The
disadvantage of the top-hat is that the steep edges will create diffraction patterns
with local intensity peaks during propagation. More realistically, the beam profile
could be described by a super-Gaussian profile of low order. Nevertheless, the top-
hat profile will be considered as limiting case. The peak intensity and fluence is
calculated for top-hat and for Gaussian profiles of different sizes with formulas
from Section A.2. The results are summarized in Table 4.3.

Gaussian

FWHM w0 I0 [ W
cm2 ] F0 [ J

cm2 ]

2 cm 1.69 cm 2.1 · 1012 2.20

3 cm 2.56 cm 9.2 · 1011 0.98

4 cm 3.41 cm 5.2 · 1011 0.55

5 cm 4.27 cm 3.3 · 1011 0.35

6 cm 5.12 cm 2.1 · 1011 0.22

top-hat

diameter I0 [ W
cm2 ] F0 [ J

cm2 ]

3 cm 1.4 · 1012 1.41

4 cm 7.4 · 1011 0.79

5 cm 4.8 · 1011 0.51

6 cm 3.3 · 1011 0.35

Table 4.3: Peak intensity and fluence for different beam sizes of a Gaussian and a top-hat
profile for pulses with 10 J energy in ∆t = 1 ps.

The previously mentioned damage fluence of 3.5 J/cm2 is the highest fluence
with zero damage probability. In the design of a laser system one should keep a
certain safety margin in order to prevent damage even in cases of locally enhanced
intensities like from beam clipping.

Another constraint is the size of the first grating (200× 100 mm). These gratings
were purchased at a very early stage of the project planning, before the start of
this PhD work. Under an AOI of 58.5◦, the aperture is approximately 10× 10 cm.
Moreover, two beams have to fit onto a single grating: the input beam and the
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output beam which are vertically offset due to a small angle at the folding mirror
(9 m away). For example, an vertical angle of 0.11◦ corresponds to a vertical offset of
2 cm. This offset should be large in order to avoid an additional long propagation
to separate the in- and out-going beam.

Siegman [69], shows that Gaussian beams transmitted through circular aperture
with diameter π w0 cause 1% power loss, but ±17% intensity ripples in the near
field according to 17% intensity reduction on axis in the far field. An aperture of
4.6 w0 reduces these effects to less than 1%. Two Gaussian beams on a single grating
with 2 cm vertical separation, can fulfill this constraint up to a size of 2 cm FWHM

(w0 = 1.69 cm). Together with the envisioned pulse energy of 10 J, the peak fluence
of 2.2 J/cm2 (compare Table 4.3) is only a factor 1.6 below the damage fluence.
A lower fluence can be realized with a spatial super-Gaussian beam with a more
flat profile in the center and less wings. A reasonable compromise for this kind
of beam profile would be a diameter of approximately 4 cm, which corresponds
to a fluence 4.4 times below the damage threshold. A vertical offset of 2 cm on
the grating (i.e. 0.11◦ tip angle between the in and out-coupled beam) is possible
without clipping. Nevertheless, a long propagation after the compressor is necessary
in order to separate both beams spatially.

The horizontal spread of the beam inside the compressor is determined via ray
tracing. For wavelength of 1030± 2 nm, the size is 41 cm and 24 cm on the large grat-
ing and on the folding mirror, respectively. The tip angle of 0.11◦ on the end mirror
introduces a vertical spatial chirp 0.3 mm/nm in the output beam. This spatial chirp
is tolerable for the 4 nm bandwidth. In effect the extreme wavelengths are vertically
separated by 1.2 mm (in a 4 cm large beam) which results in a narrower bandwidth
and longer pulse length in the outermost beam positions. Another aspect should
be considered for the alignment of the compressor: as mentioned in Section 2.3,
a pulse-front tilt introduced by an angular chirp (misaligned grating parallelism)
could be inadvertently compensated by a combination of the spatial chirp and a cer-
tain temporal chirp. Therefore, special care should be taken in the characterization
of the compressed pulse.

Fitting of four beams in this compressor is done by stacking four small gratings,
as shown in Figure 4.23. The horizontal distance is 22 cm and the vertical distance
20 cm. This ensures enough separation to individually align the four beams and is
small enough to prevent clipping in the compressor if the folding mirror has a di-
ameter of 50 cm. There are alignment constraints for the PFS compressor due to the
fact that four beams are using a common second grating and folding mirror. The
four compressors have to be aligned individually i.e. second grating and folding
mirror always stay fixed. Photographs of the compressor components are shown in
Figure 4.24. The mounts for the large optical components (second grating, end mir-
ror) were build in the institute workshop. Due to reasons of robustness, simplicity
and cost, these mounts lack provisions for translatory motion and only feature tip
and rotation control. The alignment of the compressor length is therefore performed
with the small grating. For accurate grating parallelism, the pulse-front tilt or angu-
lar chirp in the output beam have to be measured and removed with fine alignment
of the first grating after each grating movement. In order to find the shortest com-
pressed pulse, fine angle tuning with few 100 µrad is necessary. These small angles
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can be changed when the input beam is steered with the last turning mirror before
the grating. At the same time the angle has to be observed with high resolution
(for the zero order reflection) in order to make the angle scan reproducible. The
compressor can then be aligned with an iterative angle and length scan.

Figure 4.24: Photographs of the compressor components (compare Figure 4.23). (a) The
plane end-mirror with 500 mm diameter and the first grating are shown. (b)
Shows the 400× 800 mm large grating.

At the current state, the compressor is set up and aligned for a single beam (i.e.
with a single small grating). For the first compression experiment, the beam size
in the compressor is chosen to be 2 cm (Gaussian profile). This is large enough to
compress the available pulses with an energy of 300 mJ without the risk of damage.

4.6.1 Simulation of the compression

Simulations are carried out in order to find the sensibility of the compressor align-
ment for the pulse compression under consideration of a certain stretcher setting.
The stretcher dispersion terms are obtained from ray-tracing (compare Table 4.1)
for an AOI of 58.5◦ and a grating separation of 6.2255 m. The dispersion orders
calculated by the ray-tracing include effects from aberrations in the stretcher. The
dispersion terms for the compressor are calculated with Eqs. 2.55-2.57. The effect of
the remaining spectral phase after stretching and compression is evaluated for the
measured spectrum with 3.5 nm FWHM (compare Figure 4.21). The pulse width in
the following graphs is normalized to the Fourier limited pulse width of 890 fs.

In Figure 4.25 the calculated compressed pulse length is shown as function of the
compressor grating dispersion for different fixed angles. This situation represents a
compressor length scan, as is typically performed in the lab. If the compressor angle
is 0.1◦ smaller than the stretcher angle, the needed compressor grating separation is
10 cm shorter than expected for compression (see Figure 4.25(b)) and the minimum
pulse length is 10% above the transform limit. Additionally, in this misaligned case
the pulse length is less sensitive to a few mm length de-tuning around the pulse
length minimum. Without changing the compressor length, a slightly different com-
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Figure 4.25: The effect of a compressor lengths scan on the pulse length is shown for the
optimum angle (a) and for a slightly misaligned angle (b).

pressor angle setting of ±0.01◦ (including the perpendicular fold mirror) can cause
a ±10 % pulse-length increase due to the changed dispersion.

Figure 4.26: Dependence of the minimum pulse length on the compressor angle. In this
graph, the compressor grating separation is varied for each angle.

Curves like in Figure 4.25 are calculated for a variety of angles. The minimum
pulse length is extracted for each curve and the the dependence of the minimum
pulse length on the compressor angle is shown in Figure 4.26. The ripples in the
curve around the minimum are artifacts caused by the discrete gridsize of 0.5 mm
and 5 · 10−4degree. The absolute minimum of this curve is close to the design angle
of 58.5◦. The small deviation from this value comes from the aberrations in the
stretcher. This curve gives some hints for the practical alignment: if the shortest
pulse length (obtained with a length scan and constant angle) is 10 % above the
transform limit, then the compressor angle is de-tuned by 0.1◦. The direction can be
found by the measured compressor grating separation: if larger than expected- the
angle was to large.
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In order to find the optimum compression conditions and the sensitivity of the an-
gle and length alignment, the dispersion terms and the corresponding pulse length
are shown in Figure 4.27 for a range of ±0.02◦ and ±2 cm. The remaining disper-
sion for a stretched and re-compressed pulse is calculated for this range of angles
and grating separations (compare Figure 4.27 (b)-(d)). The effect of these dispersion
terms on the pulse length is shown in Figure 4.27 (a).

Figure 4.27: The difference of the dispersion terms for a certain stretcher (α = 58.5◦,
D = 6.2255 m, dispersion terms obtained by ray tracing including aberration
effects) and a range of compressor angles and grating separations is shown
in (b)- (d). The effect of these dispersion terms on a pulse with the amplified
spectrum (compare Figure 4.21) is shown in (a). The pulse width is normalized
by the Fourier limited pulse width. The region of negligible dispersion (com-
pare Table 2.1) is marked in the pictures: red for GDD, gray for TOD, the FOD is
negligible for the FWHM pulse width in the range displayed here.

In Section 2.2, the effect of the different dispersion orders on the pulse shape was
discussed. A simulation showed the magnitude of the dispersion orders, which have
negligible effect on the pulse FWHM. These values were summarized inTable 2.1. In
Figure 4.27 this negligible GDD and TOD is marked in red and gray, respectively. The
effect of the forth order in Figure 4.27 (d) is negligible for the pulse FWHM duration
in the whole plotted range. In Figure 4.27 (a) the regions with low GDD and TOD

are marked, as well. In the region, where both GDD and TOD are small the pulse can
be considered to be compressed. If the compressor angle is set correctly in a range
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of 58.495± 0.012◦, the beam can be compressed easily with a compressor grating
separation scan without a need of an additional angle scan.

In the previous passage it is assumed that the fold mirror is tuned to be perpen-
dicular when the AOI is changed. The situation is different when the effect of beam
pointing at the compressor input on the dispersion is considered. In this case, the
fold mirror is aligned to be perpendicular for the design angle. A slightly larger
input angle (i.e. from pointing fluctuations) will be reflected at the fixed fold mirror
under non-perpendicular incidence and cause a slightly smaller angle on the back
propagation through the compressor. Therefore, the sensitivity of the compressor
setup with fold mirror on beam pointing is reduced. Even ±0.2◦ (or ±3.5 mrad)
AOI fluctuations (with fixed separation and fold mirror) cause only ±10 % pulse-
length fluctuations.

As a conclusion of this section, the design for a compressor with four individual
beams is presented. The introduced spatial chirp introduced by the tip angle of
the folding mirror can be considered to be small. Alignment sensitivities for the
angle and grating separation are calculated. For the angle alignment, a rotation scale
gradation with 1/60 degree is sufficient to get a reasonable compression result. The
compressor length has to be exact to less than a mm.





Part III

E X P E R I M E N T S





5
P U L S E C O M P R E S S I O N

5.1 beam pointing monitoring

An accurate online beam angle monitor with data analysis at the stretcher and com-
pressor input is a necessary tool for the alignment of the compression. The relative
angle change of a laser-beam direction can be measured as focus position in the
focal plane of a lens and the angle in µrad is then the difference in the focus posi-
tion divided by the focal length. A Labview program was developed, which reads
out cameras and determines the beam centroid. In the stretcher, this program is
used together with a Basler ACE640-100gm camera and a lens with 1 m focal length.
The camera pixel size is 5.6 µm which results in a resolution of at least 5.6 µrad. The
determination of the beam centroid can be done with sub-pixel resolution which fur-
ther improves the measurement accuracy. For the camera setup used in the stretcher,
the error due to pixel noise is around 2 µm (2 µrad) standard deviation.

Figure 5.1: The beam pointing direction is measured at the stretcher input for 1000 mea-
surements on a shot-to-shot basis (a) and as a fluctuation over several hours
(b). Each point in this graph represents the mean of 100 measurements with the
corresponding standard deviation as error-bar.

In Figure 5.1 the measured relative beam pointing direction into the stretcher is
shown on a short time scale (a) and over one day (b). In the former case (1000 mea-
surements), the standard deviation of the angle is below 3 µrad in the vertical and
horizontal direction. These values are close to the resolution limit of the used cam-
era setup. During a four-hours warm-up period, the pointing changes by less than
20 µrad and stays constant within a few µrad afterwards. For the compressor, these
beam pointing fluctuations are even smaller, since the beam profile is magnified
(by factor 50) compared to the stretcher which demagnifies the angles by the same
amount. With two of these cameras, the beam position (near field) and the direction
(far field) are observed for the zeroth order diffraction of the input beam off the
grating. In the previous chapter it was discussed that 3.5 mrad pointing fluctuation
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cause 10% pulse length fluctuations. This 20 µrad long-term drift is therefore negli-
gible and does not change the compressed pulse length significantly. In the future,
the cameras may be used to control motorized mirrors for automatic alignment and
compensation of the slow drift.

5.2 compression results

The compressor was aligned using the strategy outlined in Section 4.6. The grat-
ings are aligned parallel by minimizing the pulse-front tilt in both dimensions in a
interferometric inverted field autocorrelator (compare [83]).

As shown in Figure 4.1, an acousto-optic programmable dispersive filter (Dazzler
HR-45-1053-board-V5-rev5, Fastlite) is implemented for shaping the spectral phase
[111]. In this device an acoustic wave with time dependent frequency is generated
in a crystal. The incident (ordinary) light wave is scattered into the extraordinary
wave by acousto-optic coupling. Locally there is only one acoustic frequency present
forming an acoustic grating. Thus, only one light frequency is scattered at the cor-
responding position, while the intensity of the acoustic wave determines the scatter
efficiency. In this way, the device can shape both the spectral amplitude and phase
in a very simple setup. (The spectral amplitude shaping stage, described earlier, was
replaced by the Dazzler in the final compression experiments, which allows control
over both spectral amplitude and phase.)

The Dazzler used in the experiment has a 45 mm crystal and can alter the spectral
phase to an amount that corresponds to a time window of 14 ps. For 4 nm band-
width, this translates to a maximum change of either the GDD = ±6 · 105 fs2, the
TOD = ±2.5 · 108 fs3 or the FOD = ±4 · 1010 fs4.

In a first attempt, compression to 115% of the Fourier limit was achieved. In
order to improve the compression, a parameter-scan for a non-shaped (1.5 nm) broad
spectrum at low power) was performed. In a first step, the expected width of the
autocorrelation trace was calculated for different values of the GDD and TOD. The
results are illustrated in Figure 5.2.

Figure 5.2: The auto-correlation width is plotted color-coded as function of GDD and TOD.
The red lines mark the line-outs that best match the measured curves in Fig-
ure 5.3 a) and b).



5.2 compression results 73

The goal is to find the remaining GDD and TOD values for a given setting of the
stretcher and compressor in order to improve the compression. When the pulse-
length is minimized with a compressor length scan, the GDD is close to zero and the
remaining TOD has to be determined. When the TOD value is known, the compressor
angle and length can be changed in a straight -forward way.

In order to determine the TOD, two different length scans in the compressor are
performed for a TOD of either +2 · 108 fs3 or −2 · 108 fs3 introduced by the Dazzler.
In both cases, the compressor length is scanned by 13 mm with a 10 µm-resolution
delay stage. The difference in GDD and TOD is calculated for each length. Since the
TOD is slowly changing for a length scan of few mm, the two measured curves cor-
respond to (nearly) horizontal line-outs in Figure 5.2. The measured line-outs have
a known offset of 4 · 108 fs3 in TOD direction, but the absolute position is unknown.
The remaining TOD value can be found, by shifting both measured line-outs simul-
taneously (in the TOD direction) to fit to the calculated surface. Two measurements
are used, because the sign of the TOD cannot be obtained by a single measurement
since Figure 5.2 is symmetric.

Figure 5.3: Estimation of the remaining TOD in the compressor. Data from compressor length
scans with a known amount of TOD introduced by the DAZZLLER is compared
with the calculated values of Figure 5.2. The remaining TOD in the compressor is
obtained from this comparison.

In Figure 5.3, the measured autocorrelation widths are shown for both cases in
comparison to the best fitting curves from the calculation. The TOD values of the
calculated curves are −5.76 · 108 fs3 and −1.76 · 108 fs3. Hence, the remaining TOD

of the compressor without adding TOD with the Dazzler was −3.76 · 108 fs3. This
value cannot be compensated by the Dazzler but can be compensated by an angle
reduction about 0.1◦ in combination with a length reduction about 12 cm. With
this procedure, it was possible to obtain nearly optimum compression. Once this
alignment is found, small changes can be also compensated by the Dazzler settings.

As shown in Figure 5.4, the spectrally shaped amplified pulses were compressed
to 900 fs, close to transform limit (884 fs) with 200 mJ [99]. The transmission effi-
ciency of 66% includes the losses of a spatial filter after the compressor. Spatial
filtering of the beam is performed in order to remove high-frequency modulations
of the beam profile imprinted by the gratings.
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The compressed pulse duration is measured by a home-built single-shot second-
order autocorrelator with a tuning window of 6 ps and a pixel resolution of 22 fs.
This device is designed to measure 700 fs pulses with 6% accuracy. The measured
autocorrelation trace is shown in Figure 5.4.

Figure 5.4: (a) The calculated autocorrelation trace for the Fourier-limited pulse (black) and
measured autocorrelation trace (red) [99]. The measured trace is normalized to
enclose the same area as the calculated autocorrelation trace. The corresponding
pulse length is 884 fs and 895 fs, respectively. (b) The corresponding spectrum.

The autocorrelation traces are averaged over 1000 shots, resulting in a mean width
is 1.21 ps with a standard deviation of 0.04 ps. The Fourier limited pulse shape and
the corresponding autocorrelation trace are calculated from the measured spectrum.
From this, a deconvolution factor between the pulse duration and the width of
the autocorrelation trace of 1.3518 can be inferred for this particular case. Using
this factor, an estimate for the compressed pulse duration of 895 fs (transform limit
884 fs) with a measurement uncertainty of 40 fs was obtained. The existence of side
wings in the Fourier-limited trace results from the steep edges in the spectrum
(compare Figure 5.4(b)), which are caused by clipping in the stretcher. As can be
seen in Figure 5.4 (a) the autocorrelation trace is slightly asymmetric, which is most
likely caused by an imperfect beam profile in the autocorrelator. Although the main
pulse is close to the Fourier-limited FWHM, there are large side wings which could
be explained by uncompensated higher order dispersion. Another possibility could
be spatio-temporal coupling caused by B-integral issues when the compressed pulse
propagates in several meters air after the last grating. In the latter case, the problem
will be solved by a vacuum chamber for the compressor, which is currently under
construction.

5.3 refined dispersion management

During the experimental realization of the CPA pump laser, it was shown that a
significantly broader bandwidth (3.5 nm top-hat) than the initially assumed 1.5 nm
Gaussian spectrum can be amplified. The modifications in the dispersion manage-
ment in order to respond to the different situation are described in the following.
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5.3.1 Stretcher modifications

As explained in more detail in Chapter 6, the stretcher had to be rebuilt on a new
breadboard and inside an air-tight box in order to provide a better timing jitter
stability. During this reconstruction, the stretcher AOI was changed from 58.5◦ to
60◦ due to the following reasons:

A broader amplified spectrum than initially considered was observed in the ex-
periment—leading to a shorter compressed pulse duration and a longer stretched
pulse duration than estimated in Section 2.4. Therefore, the stretcher dispersion can
be reduced while the stretched pulse duration stays constant. For example for 700 fs
compressed pulse duration (instead of 1 ps) the needed GDD reduces from 6 · 108 fs2

to 5 · 108 fs2. The reduced dispersion in the stretcher can be achieved for example by
reducing the grating separation from approximately 6 m to 5 m (with a fixed angle of
58.5◦) or by increasing the angle from 58.5◦ to 60◦ (with a fixed grating separation
of 6 m). The latter one was preferred because of the higher diffraction efficiency
of the gratings for the increased angle (compare Figure 4.4) which increases the
compressor transmission by approximately 4 %.

Figure 5.5: The transmitted bandwidth for the old stretcher with 58.5◦ is compared to the
new stretcher 60◦. The bandwidth is increased by 0.6nm allowing for a shorter
pulse length after compression.

Increasing the angle also increases the transmitted spectral bandwidth in the
stretcher (compare Figure 5.5), because of the decreased grating dispersion and
the increased effective grating aperture in dispersion direction. The Fourier-limited
pulse duration of the thereby broadened stretcher output spectrum (compare Fig-
ure 5.5 green) is reduced to 660 fs and fits to the bandwidth theoretically predicted
in Figure 4.22. Together with the increased bandwidth, the sensitivity of the com-
pression on dispersion orders is increased, as shown in Table 5.1 for the current case
with 700 fs and the extreme case (predicted in Figure 4.22) with 500 fs.

For the current case with 700 fs, the stretcher angle was increased to 60◦ from 58.5◦

which decreased the total dispersion. Simultaneously, the sensitivity of the disper-
sion terms on small angle changes is reduced (e.g. 0.2◦ angle fluctuation cause a
change of 3 · 105 instead of 6 · 105fs2 in the GDD) while the pulse duration reacts
more sensitive on dispersion changes (compare Table 2.1 andTable 5.1). Therefore,
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∆τFWHM GDD [fs2] TOD [fs3] FOD [fs4]

+10% 8 · 104

τ = 700fs +10% 7 · 107

+10% 3 · 1010

+20% 8 · 104 7 · 107 3 · 1010

∆τFWHM GDD [fs2] TOD [fs3] FOD [fs4]

+10% 4.5 · 104

τ = 500fs +10% 3 · 107

+10% 1 · 1010

+20% 4.5 · 104 3 · 107 1 · 1010

Table 5.1: Effect of different dispersion orders on the FWHM pulse length for 700 fs and 500 fs
pulses at 1030 nm. The values can be compared to Table 2.1, where the same
analysis was performed for 1 ps pulse duration.

the alignment sensitivities discussed in previous chapters are the same for 700 fs
pulses as for 1 ps pulses. Nevertheless, the higher order dispersion introduced by
aberrations in the stretcher starts to affect the pulse shape for the broadened spec-
trum and full compression cannot be achieved with the stretcher and compressor
alone. The implemented Dazzler provides the freedom of freely adjusting the spec-
tral phase (inside a time window of 10 ps) in order to optimize the compression. The
500 fs pulses cannot be shown in the current setup. A larger grating with 300 mm
aperture in the dispersion direction is necessary in combination with an aberration
free stretcher design [28] in order to prevent spatio-temporal couplings.

The same angle change as in the stretcher has to be accomplished in the com-
pressor in order to match stretcher and compressor dispersion. Apart from this, the
timing jitter analysis (Chapter 6) shows that the full compressor has to be enclosed
in a vacuum chamber- in contrast to the original plan where only the last grating
should have been put in a considerably smaller vacuum chamber. The current com-
pressor would need a chamber of the size of 6.20× 1.50× 0.9 m3. Vacuum chambers
of this size are expensive and have considerable weight. Hence a redesign for the
compressor is done in order to minimize the compressor chamber size, weight, and
cost. In the following section, the modified design of the final compressor and the
corresponding vacuum chamber are presented, which will be realized in future.

5.3.2 Final compressor and vacuum chamber design

The original compressor design (Figure 4.23) is modified in order to fit in a rather
compact and light-weight vacuum chamber. Instead of two parallel gratings in com-
bination with a plane fold mirror, a single grating is applied with two roof mirrors-
one for a horizontal offset and one for a vertical offset [112]. The new setup is shown
in Figure 5.6.
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After the first diffraction off the grating, the beam is horizontally offset by the
first roof mirror and redirected to the grating. In this way, the compressor is folded
and the width of the grating is effectively used. Subsequently, the beam is offset ver-
tically by the second roof mirror and performs the third diffraction off the grating,
the second reflection of the horizontal roof mirror and the fourth diffraction on the
grating. The output beam is parallel to the input, but vertically offset. In this way,
the problem of the separation of input and output beam and the remaining spatial
chirp from the angled fold mirror is removed (compare Section 4.6). Additionally,
the use of a single grating will significantly simplify the compressor alignment.

The components of the compressor will be shifted in such a way that two identical
(relative small) compressor chambers (ca. 1 m3) and a connecting vacuum tube can
be used instead of a large chamber. The increased AOI (from 58.5◦ to 60◦) helps to
decrease the angle between incident and diffracted beam and therefore allows for a
compact design with only 800 mm inner diameter for the tube.

The implementation of the tube saves weight and costs and the total setup has a
footprint of only 4× 1 m2. Compared to the original design with 6.5× 1.5 m2 the size
will be significantly reduced, but only two beams can be used in the new compressor
setup instead of up to four beams in the original design. Nevertheless, in the new
design the aperture of 10 cm (from stacking 2× 2 passes on 40 cm aperture of the
large grating) is used by a single beam (instead of two beams in the former design)
which enables the use of a larger beam size and pulse energy. Alternatively, the
compressor has to be duplicated for the use of 4 beams. The chamber is ordered and
will be delivered in the next months. In the development phase of this compressor
chamber, intermediate compressor design modifications were performed in order
to achieve further progress in the PFS project.

5.3.3 Intermediate compressor design and latest compression results

The OPCPA stages require a high pump intensity (above 100 GW/cm2) which leads
to nonlinear effects like self-focusing in the several meter propagation in air. The
so called B-integral is frequently used to estimate when nonlinear effects become
important. When the B-integral is kept below 1, nonlinearities are considered to be
marginal (see Section A.3). In the described case, the B-integral for the (frequency
doubled) OPCPA pump is on the order of 0.3 per meter air or per mm fused silica
(the nonlinear refractive index of fused silica is well known and can be used as
estimate for optical materials). Therefore, the whole OPCPA system has to be built in
vacuum.

This requires some changes in the compressor, as well. In the intermediate solu-
tion, the compressor should be used with a single beam with up to 1 J pulse energy
without a vacuum chamber. In order to minimize the B-integral, the beam size is
chosen to fill the maximum single-beam aperture in the compressor of 3 cm FWHM.
Additionally, the vacuum should start as close as possible to the compressor output.
These requirements cannot be met with the initial compressor design (compare Fig-
ure 4.23) where the separation of the input and output beam was realized with a
small tip angle of a plane fold mirror. Both the input and the output beam were us-
ing a single small grating (with 10 cm vertical aperture). Therefore, the beams were
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partly overlapping on the first grating and had to propagate several meters more in
order to be separable.

Figure 5.7: Intermediate compressor design. Compared to the original design (see Fig-
ure 4.23), two small gratings are used instead of a single one in order to create
enough vertical separation between the in and out-coupled beam. A roof mirror
replaces the plane fold mirror. This removes the vertical angle between in and
out going beam and makes the compressor design spatial-chirp free.

In the new, intermediate compressor design, two parallel small gratings are used
for in- and out coupling and the plane fold mirror is replaced by a roof mirror as
shown in Figure 5.7. In this way, it is possible to start the vacuum tubing approxi-
mately 1 m after the last grating. The described changes decrease the B-integral to
less than 1 ( 0.1 per m air or mm material- compare Section A.3).

The intermediate compressor design includes three gratings and is therefore more
difficult to align. Special care has to be taken in order to align the roof mirror and
the small gratings accurately. The angular chirp in the compressor was minimized
by pulse-front tilt measurements with an inverted field autocorrelator [83].

The compressed pulse is analyzed by a home-built single shot frog [65]. The ob-
servation window is set to approximately 20 ps with a resolution of 45 fs per camera
pixel. A double pulse with a given pulse separation can be set in the Dazzler. The so
generated spectral fringes were used to obtain the spectral resolution of the frog of
0.205 nm per pixel. After this calibration, the frog-trace could be measured and the
pulse could be compressed with fine adjustments of the Dazzler phase.

The measured and the retrieved frog trace are shown in Figure 5.8. The measured
frog trace was obtained at compressed 200 mJ pulse energy and was rescaled with
the spectral marginal in order to correct systematic measurement errors and to im-
prove the pulse measurement [65].

Figure 5.8: Comparison of the measured (left) and retrieved (right) frog trace. Shown are
details of the 256 × 256 points traces. The measured trace is rescaled by the
frequency marginal in order to improve the pulse measurement.
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The retrieved spectrum and temporal pulse shape are compared to the measured
data in Figure 5.9. The frog measurement shows that the pulse is compressed to

Figure 5.9: The retrieved spectrum is compared to the measured spectrum (left). The spec-
tral width is recovered quite accurately, while the spectral shape differs consid-
erably. The modulation in the retrieved spectrum also causes modulations in the
spectral phase. On the right, the retrieved temporal pulse is compared to the
Fourier limited pulse. The retrieved FWHM pulse length is 740 fs and very close
to the Fourier limit 720 fs. The retrieved trace shows a pre- (or post-) pulse at
5.3 ps.

740 fs which is very close (3 %) to the Fourier limit. Both the spectrum and the phase
are shaped with the Dazzler in order to optimize the compression for the shortest
pulses.

The pedestal around the main pulse arises from the steep edges in the spectrum,
which are obtained from clipping in the stretcher. The pre- (or post) pulse at 5.3 ps
is present in the measured trace as well as in the retrieved trace. Its origin is unclear
and a detailed investigation of the whole amplifier chain is necessary in order to
eliminate this undesirable feature.

During the frog measurements it was observed that the spectrum and the phase
cannot be changed independently with the Dazzler. This means if the phase is
changed, the spectrum will change a bit as well and an iterative approach has to be
applied in order to optimize the compression. In CPA it is common, that amplitude-
phase coupling is present in presence of refractive index nonlinearity or saturated
(nonlinear) amplification [113, 114]. This effect might explain the mentioned effect
and also the presence of pre-and post pulses. Similar phenomena could also occur
in the Dazzler RF amplifier. Although the Dazzler electronics are factory-set to run
in a linear regime, there may be some saturation when operating with RF power
close to the maximum (H. Jousselin [Fastlite inc.], personal communication, Febru-
ary 18, 2013). These kind of effects have to be investigated in more detail in order to
improve the contrast of the compressed pulse.

5.4 conclusion

In this chapter, the experimental implementation of the stretcher/compressor sys-
tem for the PFS pump laser is described. A high-accuracy angle measurement is
implemented for daily alignment. A compressed duration of 900 fs at an energy of
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200 mJ was demonstrated in a Yb:YAG CPA system [99], which in its combination
is unprecedented so far. One key ingredient for this result is the spectral ampli-
tude shaping implemented in the pump laser front-end. With this technique it was
possible to show an amplified bandwidth of 3.5 nm at this energy level where the
unshaped amplification would reduce the bandwidth to less than 1.3 nm due to
gain-narrowing. Simulations show that our shaping technique is efficient enough to
maintain this bandwidth all the way up to the projected final pump laser energy. A
modification of the stretcher (and compressor) angle resulted in a larger transmitted
bandwidth in the stretcher which could also be amplified and compressed to 740 fs.
Generally, a larger stretcher grating would be beneficial in order to avoid spectral
clipping and the connected reduced pulse contrast. A detailed investigation of the
origin of pre and post pulses on a few-ps timescale will lead to an improved contrast
in future.

As summary of the dispersion management, the total amount of material in the
pump laser chain is estimated: The fiber amplifier has a length of approximately
6 m (fused silica). All optics between the amplifiers i.e. lenses, polarizer cubes and
vacuum windows amount to 2 m (fused silica or BK7). The Yb:glass and the Pock-
els cell (DKDP) in the regenerative amplifier are passed 140 times and count for
6 m material. The last components are the Yb:Yag crystals in the existing and all of
the planned booster amplifiers which amount to 3 m. In total this amounts to 17 m
material in the pump laser chain which results in an GDD of 5 · 105fs2, an TOD of
8 · 105fs3 and an FOD of 8 · 105fs4. The higher order Dispersion terms are negligible
even for the shortest considered pulse duration of 500 fs pulses at 1030 nm (com-
pare Table 5.1). The GDD has an significant effect, but a few-millimeter change of
the grating separation in the compressor can easily compensate for this amount of
GDD, simultaneously creating TOD and FOD on the order of 1 · 107fs3 and 4 · 108fs4,
respectively. Generally, the compressor angle and grating separation can be used to
match the second and third order dispersion, since the fourth order dispersion term
is orders of magnitude below significance. Alternatively, the dispersion which can
be introduced by the Dazzler (max. values: GDD = ±6 · 105 fs2, TOD = ±2.5 · 108 fs3,
FOD = ±4 · 1010 fs4) can be used to compensate unmatched phase terms in order to
optimize the compression.
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T I M I N G J I T T E R

Conventional OPCPA systems work with pulse durations of several nanoseconds
down to 100 picoseconds, which does not require CPA technology in the pump
laser. In contrast to this, the approach applied here relies on a much shorter pulse
width on the order of 1 ps. Therefore, the temporal synchronization of the pump
and seed pulses also has to be accurate on orders of magnitude shorter timescales
and becomes a crucial issue in the PFS system. In this chapter, measurements for
the pump-seed synchronization along with actions for reducing the timing jitter
are presented. These experiments are supplemented with a theoretical analysis for
group delay fluctuations caused by air turbulence in a Treacy-compressor, which
explains the main fraction of the measured timing jitter. This chapter is published
in [115] in a modified form. An electronic reprint is appended in Appendix A.5 with
the permission of OSA.

Figure 6.1: Setup of the jitter measurement. The pump and seed pulses are generated from a
common oscillator in order to obtain optical synchronization between the OPCPA

pump and seed pulses. In the CPA pump chain, the pulses are amplified and
compressed down to 1 ps. These pulses are frequency doubled before they are
used as OPCPA pump. The seed pulses are spectrally broadened to a range of
700− 1400 nm and stretched to approximately 1 ps. In the timing jitter stabiliza-
tion stage, the timing jitter is measured and can be controlled by an optical delay
stage in order to actively stabilize slow timing fluctuations.[115]

In order to recap the PFS setup, Figure 6.1 shows an overview over the system, ex-
tended by a jitter stabilization stage. The path through the CPA pump chain would
result in a total optical delay of approximately 1 µs between the pump and the seed
at the position of the first OPCPA stage. In order to compensate for this delay, both
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pulses are selected from the master oscillator at different times. In this scheme, the
sources of possible timing fluctuation between the two pulses can be the finite sta-
bility of the repetition rate of the master oscillator, temperature drifts, air turbulence
and mechanical vibrations of optical components over the long optical path of the
pump pulse.

All optical tables are equipped with flow boxes and are enclosed by a housing.
Inside this housing, subunits such as the stretcher, regenerative amplifier, and mul-
tipass amplifier are covered in separate boxes which are not completely air-tight
but provide isolation from the air turbulence caused by the flow boxes to some ex-
tent. Due to its size (6.5× 1.5× 0.7 m3), the compressor is currently not separately
covered.

During the first OPCPA experiments, large fluctuations in the amplified signal
intensity were observed which could only be explained by timing jitter between
the signal and pump pulses. Hence, a stabilization stage was implemented, which
measures the timing jitter and moves a delay stage accordingly. It will be described
in the following:

6.1 the timing jitter measurement scheme

In order to quantify the level of synchronization in the setup described above, for
each shot the relative timing between the pump and the seed pulses measured using
a modified cross-correlation technique, first proposed by Miura [116]. It determines
the relative timing between a compressed pulse and a linearly chirped pulse with
fs resolution via sum-frequency generation (SFG), as shown in Figure 6.2. For this
measurement, the compressed 1 ps long pump pulse (at 1030 nm) is used as a signal.
The reference pulse is split off from the Femtopower amplifier before compression
and hence has a chirped duration of 10 ps and a bandwidth of 60 nm. If the relative
delay between these pulses is changing, the signal pulse creates a sum frequency
signal with different parts of the chirped reference, and the centroid wavelength of
the SFG signal changes accordingly.

The spectrum of the SFG signal is measured using a high-resolution spectrometer
(Avantes AvaSpec-2048). The accuracy of the measurement is determined by the
resolution of the spectrometer (0.06 nm) and by the chirp of the reference pulse.
How the measured spectral centroid is related to the relative timing of both pulses
is found with a calibration measurement, where different known delays between the
pulses were introduced by a delay stage in the signal path and the corresponding
centroid of the spectrum was measured. In Figure 6.2 (b), this calibration curve is
shown. Each point is the mean value of 100 shots with a standard deviation on the
order of 20 fs (too small to resolve the error bars in the plot). For delays larger than
1 ps one can observe a deviation from the linear fit which mirrors the higher order
dispersion terms in the chirped pulse. A linear fit is applied and the calibration
factor of 533 fs/nm is used in all of the following measurements for the calculation
of the timing jitter from the measured spectral centroid. Nevertheless, a higher order
fit would be more accurate and will be implemented in the measurement software
in the future.
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Figure 6.2: (a) Illustration of the modified cross-correlation technique for the measurement
of the timing jitter. The spectrum of the sum frequency signal between the short
pump pulse and a long, chirped reference pulse is measured. The relative arrival
time of the pulses is transformed into a frequency change of the sum frequency
signal. (b) shows the calibration curve, where the centroid of the sum frequency
signal is measured at different relative delays averaged for 100 shots with a
standard deviation of approx 20 fs (too small to resolve the error bars in the plot)
[115]

Using this calibration factor, the resolution of the spectrometer can be translated
in time resolution to 32 fs. Nevertheless, the estimation of a centroid can be done
with sub-pixel resolution (e.g. [117]) but the exact improvement in accuracy depends
on the width of the spectral distribution, the signal-to noise ratio and the region of
interest used for the calculation. An estimation gives an accuracy of approximately
10 fs.

6.2 sources of timing jitter

The first jitter characterization was made for the laser system in its original state,
The pump beam was stretched, fully amplified in the regenerative and multipass
amplifiers and subsequently compressed. All flow boxes were running. The fluctu-
ation of the relative timing between pump and seed is shown in Figure 6.3 a). It
amounts to 400 fs rms and > 2 ps peak to peak which is unacceptable for ps OPCPA

experiments.
These large temporal fluctuations between the pump and the seed pulses were

not expected, since both pulses are originating from the same oscillator and thus are
optically synchronized. The most probable source of these fluctuations is the long



86 timing jitter

Figure 6.3: Results of timing jitter measurements with a measurement accuracy of ca. 10 fs.
a) Pump pulse passes through the entire CPA chain: ±400 fs timing jitter. b) Tim-
ing jitter when stretcher/compressor are bypassed: ±14 fs when identical pulses
from the master oscillator seed the signal and reference chain; ±33 fs with 1 µs
delay. [115]
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optical path in the pump chain (corresponds to approximately 1 µs delay) which
could be fraught with jitter. Another source may be the repetition rate stability of
the oscillator pulse train since the pulses for the pump and seed chain are selected
at different instances in time in order to compensate for the long optical path in the
pump chain.

In order to determine the source of this unexpectedly large temporal jitter and to
exclude the influence of mechanical stability of in the pump chain, the timing jitter
was studied with a reduced pump-laser chain. To this end, the stretcher-compressor
setup was bypassed and attenuated, unstretched pulses (ca. 4 ps) were amplified in
the regenerative amplifier to a low power level. The relative timing was then mea-
sured between the reference and the pulses amplified in the regenerative amplifier.
In this scheme, two different measurements were performed:

Firstly, the same pulse is selected from the oscillator for the pump and seed chain.
In this case the delay in the regenerative amplifier is minimized by reducing the am-
plification passes and the temporal overlap is found with a delay stage. As depicted
in Figure 6.3 b) (red curve), the timing jitter then is measured with a standard devi-
ation as low as 14 fs. This jitter is hardly above the resolution of the measurement
system, but it leads to the following conclusion: when the optical delay is minimized
and both pulses are selected at the same time, the optical synchronization scheme
works and the timing jitter is minimized.

In a second measurement (Figure 6.3 b) (black curve), an optical delay of 1 µs is
introduced in the regenerative amplifier by increasing the number of round trips.
The pulses for the pump chain are selected from the master oscillator 1 µs later
than the seed pulses in order to find the temporal overlap. The 1 µs delay in the
regen is the same as for the full pump chain including stretcher, compressor and
booster amplifier. In this case (black curve) one expects different sources of jitter:
On one hand, the repetition rate instability of the master oscillator may introduce a
jitter between the two pulses selected at different times. On the other hand, also the
regenerative amplifier introduces optical delay fraught with jitter. Although both
sources cannot be distinguished by this technique, together they account for a few-
10 femtosecond jitter. This is close to the resolution limit of the measurement setup,
and is clearly well below the tolerable limit for the short-pulse pumped OPCPA.
This means that the optical delay inside the regenerative amplifier has much less
influence on the timing fluctuations compared to the same optical delay generated
inside the full system including the stretcher-compressor setup. It can therefore be
concluded that the large timing oscillations, shown in Figure 6.3 a) arise from the
stretcher-compressor setup. Most likely, mechanical vibrations of opto-mechanical
components and air fluctuations along the long propagation distance dominante
this timing instability. This assumption is supported by a theoretical investigation
of the influence of angular deviations on the timing inside a compressor setup which
is presented in the following section.



88 timing jitter

6.3 theoretical investigation of timing jitter in a treacy compres-
sor .

The experiments indicate that the optical delay inside the stretcher/compressor
setup is fraught with a much larger timing jitter than expected. In this section, the
effect of turbulent air flow on optical path length differences will be discussed theo-
retically. In the following, turbulent air flow is represented by small angular devia-
tions in the beam pointing. Turbulent air means a statistical distribution of pockets
of air with slightly different temperature (and therefore different refractive index)
over the propagation distance. Whenever a light beam hits a boundary layer be-
tween air with different temperatures under non-zero incidence, it will be refracted
with a slightly different angle.

This effect can be calculated: from [118], the refractive index of dry air can be
obtained as function of temperature and pressure. In Figure 6.4 (left) the refractive-
index change is calculated for small temperature changes around 22 ◦C at norm
pressure.

Figure 6.4: (Left) Angle change from refraction on a boundary of air with 22 ◦C and in-
creased temperature ∆T. Even for ∆T=0.1 ◦C, the beam is diffracted by 1 · 10−6rad
for gracing incidence. (Right) Refraction for air with different pressure caused by
acoustic waves (with reference pressure 20 · 10−6Pa. The refraction from acoustic-
wave induced refractive index changes in air is negligible.

It shows that refraction about 1µrad occurs for ∆T=0.1◦C at large angles. For
higher temperature differences, the refraction angle is increased. In Figure 6.4 (right),
the dependence of the refraction on the sound pressure level of acoustic waves is
shown for a constant temperature. The sound pressure level in dB is calculated rela-
tive to the reference pressure of 20µPa, which is usually considered as threshold of
human hearing. Even the effect of sound pressure levels of 100 dB can be neglected.

This short estimate shows that a single refraction event on air with different tem-
peratures can reach magnitudes of 1µrad. In a realistic situation, many such events
are randomly distributed over the propagation path. For simplicity only a single
(mean) refraction event at an average position will be considered for the whole path
through turbulent air in the following.
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Figure 6.5: Schematic picture for calculating the timing difference of light traveling along
the paths x and x1. [115]

6.3.1 Timing jitter from angle deviations in free space propagation

The timing difference for a free-space propagation with the speed of light c over the
distance x compared to a distance x1 with a small angle ∆α (compare Figure 6.5)
can be calculated as:

∆τ =
x1 − x

c
=

x
c

(
1

cos(∆α)
− 1
)
≈ x · ∆α2

2c
(6.1)

For values x = 100 m and ∆α = 10 µrad one obtains ∆τ = 0.017 fs and can therefore
neglect this timing change for probably all experimentally relevant cases in the
laboratory. This estimation is also true when turning mirrors are included in the
optical pass as in optical amplifiers.

6.3.2 Timing jitter from angle deviations in a compressor setup

In the following, the influence of beam pointing fluctuations on the optical path
length inside a compressor is discussed. An analytical expression is derived for the
path length difference as a function of the angle deviation ∆β and the distance d,
relative to the first grating of this angle change inside the compressor. Additionally,
the special case of an angle deviation of few µrad before the compressor input is
discussed. These findings were made in close collaboration with Izhar Ahmad and
a first treatment of the effect can be found in his thesis [90]. In the current work, his
results haven been refined and the equations have been rearranged and approxima-
tions were introduced, where useful, in order to provide the compact formulae for
the timing jitter in its current form. Additionally, terms for angle deviations on the
back propagation were added in order to describe a physically relevant situation.

In most ultra-short pulse laser systems, the compressor is located in vacuum in
order to avoid nonlinearities in air. (For PFS, due to the comparatively long 1 ps
pulses it was not clear whether a vacuum vessel would be necessary. However, ex-
perience with first experiments shows that this cannot be avoided in the future.)
Therefore, the stretcher will be the most likely source of perturbations by air fluc-
tuations. Nevertheless, in the following a compressor will be analyzed, because the
optical path is easier to explain. These considerations are also valid for the stretcher
setup, as the stretcher provides the same amount of dispersion but with opposite
sign. However, the additional imaging system increases the optical path compared
to the compressor, making the stretcher even more sensitive to air turbulence.

The grating compressor has the remarkable property that the group delay equals
the phase delay [119]. Thus, it is justified to calculate the delay in a compressor as the
optical path divided by the speed of light. In general systems including dispersive
material, this simple rule cannot be applied.
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In the following, the influence of a perturbation of the angle inside the compressor
is analyzed. Figure 6.6 shows a double-grating double-pass Treacy compressor setup
with a grating separation L1, aligned for an angle of incidence (AOI) α. The optical
path of a ray with wavelength λ0 and AOI of α is shown in red. The diffraction angle
from the first grating is given by the grating equation

β = arcsin(mNλ0 − sinα), (6.2)

where N is the line density, λ0 is the center wavelength and m is the diffraction order.
As the AOI on the second, parallel and identical grating is β, the beam diffracts at
an angle α and impinges perpendicularly on the end mirror from where it takes the
same path back through the compressor.

Figure 6.6: Ray diagram illustrating the change in the optical path inside the grating com-
pressor for the center wavelength λ0. The red ray shows the undisturbed case
with an AOI of α. The green curve depicts the beam path of the pulse for the
case when it is distorted at an angle β+∆β1 at a distance d from the first grating.
The blue, dotted and the gray, dashed traces show the extreme cases d = 0 and
d = L1, respectively. The case d = 0 corresponds to a different AOI of α− ∆α at
the compressor input. For detailed explanation see main text. [115]

A shot-to-shot pointing fluctuation inside the dispersion plane of the compressor
can be described as a deviation ∆β1 from the design angle β which leads to a non-
zero AOI on the end mirror of ∆α. This in turn results in a different path (and
angle) for the first pass (β + ∆β1) and the return pass through the compressor (β−
∆β2), as shown in Figure 6.6 (green). The location where the angle change takes
place is parameterized with the parameter d. The extreme case d = 0 represents a
beam pointing deviation at the compressor input O (or a pointing deviation with
∆α outside the compressor), and d = L1 stands for fluctuations at the position
of the second grating. The angle change represents air fluctuations, which can be
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considered static on the time scale of a propagating light pulse. In Figure 6.6 the
angle deviations are magnified to better distinguish the different paths. In reality the
points P′ and P′′ are closely adjacent. Therefore, the same deviation as on point P′

is present on the way back through the system at point P′′. (In the case when d = 0,
P′′ is on the first grating and would result in a small angle change of the outgoing
beam. As described in Section 6.3.1, this effect is not relevant for the timing and is
therefore neglected.)

The optical path lengths between point O and plane YS for the reference and the
slightly perturbed case are given by

p(β) = L1 + L2 + L2 + L1 + L3 + L4 + L5 , and (6.3)

p(β + ∆β1) = d + d1 + d2 + d3 + d4 + d5 + d6 + d7 , respectively. (6.4)

The timing difference can then be calculated by ∆τ = (p(β)− p(β + ∆β1))/c. The
paths L1 and L2 are given by the compressor design, d is a parameter and the other
path lengths can be obtained from general trigonometric relations in Figure 6.6:

d1 = (L1 − d)
cos β

cos(β + ∆β1)
(6.5)

d2 = (L1 − d)
sin(∆β1)

cos(β + ∆β1)

sin α

cos(∆α)
= a1

sin α

cos(∆α)
(6.6)

d3 = d4 =
L2

cos(∆α)
(6.7)

d5 = (d2 + d3)
cos(α− ∆α)

cos(α + ∆α)
− d4 (6.8)

d6 = (L1 − d)
cos β

cos(β− ∆β2)
(6.9)

d7 = d
cos β

cos(β− ∆β1 − ∆β2)
(6.10)

L3 = d5 cos(∆α) (6.11)

L4 = L1
sin(∆β2)

cos(β− ∆β2)
sin α = a2 sin α (6.12)

L5 = d
cos β

cos(β− ∆β)
· sin(∆β1)

cos(β− ∆β1 − ∆β2)
sin α (6.13)

The contribution to the timing difference from 2L2− d3− d4 has the same form as
in the free space case, discussed above (Equation 6.1), and can therefore be neglected.
In this approximation, the timing difference is independent of the distance of the
end mirror to the second grating L2. For the same reason L3− d5, which accounts for
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a parallel offset of plane OP and WZ, has a negligible effect on the timing difference.
The total timing difference can then be written:

∆τ =
1
c
(2L1 − d− d1 − d6 + L4 − d2 + L5 − d7) (6.14)

=
L1

c

(
2− cos β + sin(∆β1)sin α

cos(β + ∆β1)
− cos β− sin(∆β2)sin α

cos(β− ∆β2)

)

+
d
c

(
cos β + sin(∆β1)sin α

cos(β + ∆β1)
− 1
)

+
d
c

(
cos β

cos(β− ∆β2)

[
1− cos(β− ∆β2)− sin(∆β1)sin α

cos(β− ∆β1 − ∆β2)

])
(6.15)

With the help of the grating equation (Equation 6.2), sinα can be expressed in terms
of sinβ. For small angles ∆β, the approximations sin(∆β) ≈ ∆β and cos(∆β) ≈ 1 are
justified. Under this approximation it follows that cos(β± ∆β) ≈ cos β∓ ∆β sin β.
Equation 6.15 can then be approximated as

∆τ ≈ L1 m N λ0

c

(
∆β2

cos(β− ∆β2)
− ∆β1

cos(β + ∆β1)

)

+
d m N λ0

c

(
∆β1

cos(β + ∆β1)

)

+
d m N λ0

c
cos β

cos(β− ∆β2)

(
∆β1

cos(β− ∆β1 − ∆β2)

)
. (6.16)

The following calculations are done for the approximated expression (Eq. 6.16) as
well as for the formula without approximations (Equation 6.15) with the following
parameters: N = 1740lines/mm, λ0 = 1030 nm, m = 1, L1 = 6 m, L2 = 3 m and
α = 58.5◦, as in the experimental setup. It should be noted that only small angle
changes (few µrad) are considered which may affect the optical path length but do
not change the pulse length or angular chirp [83] in a significant way.

In these formulae all terms are proportional to 1/cosβ (β ± ∆β ≈ β for large β

and small ∆β) and it can be seen that smaller angles β are favorable in terms of
timing difference. Nevertheless, in order to compare the jitter for different angles
one has to take into account that the dispersion is also decreasing with decreasing
β. Hence, the compressor length must be adapted to compare compressors with the
same dispersion. Additionally, the choice of angles is restricted to some extent by
the grating reflectivity.

For example, the PFS pump compressor is designed in a reverse configuration
where α < β (α = 58.5◦, β = 69.98◦) because in this case the necessary dispersion
can be achieved with only L1 = 6 m grating separation. Another option would be
the normal configuration with α = 69.98◦, β = 58.5◦ where a grating separation
of L1 = 14 m is needed. Therefore, both configurations will be compared in the
following sections.

6.3.3 Angle fluctuations at the compressor input

The special case d = 0 corresponds to the situation with a certain beam pointing
fluctuation ∆α at the compressor input. This change translates to a fluctuation ∆β1
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to the diffracted beam at point O on the first grating. No source of angle fluctuation
inside the compressor is considered. For d = 0, the last two terms in Equation 6.15

and Equation 6.16 vanish and Equation 6.16 takes the form

∆τ =
1
c
(2L1 − d1 − d6 + L4 − d2) (6.17)

=
L1 m N λ0

c

(
∆β2

cos(β− ∆β2)
− ∆β1

cos(β + ∆β1)

)
(6.18)

The effect of angular deviation outside the compressor on the timing is very small
because d1 is a bit longer than L1 but d6 is a bit shorter and together they nearly
cancel out each other, i.e. d1 + d6 ≈ 2L1. Additionally d2 and L4 compensate each
other, i.e. d2 ≈ L4 (compare Figure 6.6, Equation 6.5-6.13). From Equation 6.18 it can
be seen that the remaining difference occurs because ∆β1 6= ∆β2. This is due to the
fact that the angle β + ∆β is transferred to β− ∆β after reflection off the end mirror.

Figure 6.7: Timing difference for a small change ∆α of the AOI α at the compressor input
(d=0). The correct (black) formula (Equation 6.15) is compared to the approxi-
mated (red) formula (Equation 6.18). The approximation is well justified for the
PFS parameters. Larger angle α (smaller angle β) is advantageous in terms of jit-
ter (green, dashed) even though the grating separation is more than doubled to
achieve the same dispersion. [115]

In Figure 6.7 the calculated timing jitter due to pointing fluctuations at the com-
pressor input is shown. For pointing fluctuations up to 10 µrad the timing jitter is
less than 0.25 fs which was also confirmed by ray tracing. The beam pointing at the
compressor input was measured to be less than 1 µrad which corresponds to a neg-
ligible jitter of 0.0025 fs. Nevertheless, it should be noted that this timing jitter from
angular deviations outside the compressor is two orders of magnitude larger than
the effect of the same angle deviation in a freely propagating beam over the same
distance (compare Equation 6.1) and that the compressor configuration with α > β

would have advantages in terms of jitter, even though the grating separation is 14 m
(instead of 6 m for the reverse configuration) to achieve the same dispersion.
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6.3.4 Angle fluctuations inside the grating compressor

In the previous paragraph it was shown that angle fluctuations at the compressor
input are negligible because all path length differences almost completely compen-
sate each other. In this section, the influence of angle fluctuations originating inside
the compressor will be investigated. From Figure 6.6 it can be understood what
happens when d is increased, the distances on the way to the end mirror (d1, d2) are
decreasing and cannot compensate for the distances during the back propagation
(d7, L4, L5) and the timing difference is drastically increased compared to the case
with d = 0.

In Equations 6.15 and 6.16, the first term can be neglected as shown in the previ-
ous paragraph. It turns out that the second and the third term in Equation 6.16 both
have the same weight. When approximating cos(β + ∆β) ≈ cos β, Equation 6.16 can
further be simplified to:

∆τ ≈ 2 m N λ0

c cos β
∆β1 · d (6.19)

Figure 6.8 shows that the approximations for Equation 6.19 are well justified,
because deviations from the non-approximated curve are negligible. As predicted
by Equation 6.19, the linear character in d and ∆β shows clearly in the graphs.
Compared to the case with d = 0, the jitter is up to 4 orders of magnitude higher
(for d = L1). Corresponding to Equation 2.55, the grating separation scales ∼ cos2 β

for constant GDD. Therefore, ∆τ scales ∼ cos β and the configuration with smaller
β (larger α) and constant GDD is more sensitive to jitter.1

Figure 6.8: a) Timing difference for d = L1: the approximations in Equation 6.19 are well
justified in the considered range. The configuration with increased AOI α (or
decreased β) shows reduced timing differences. b) Timing difference for different
values of d. [115]

This calculation shows the effect of beam pointing fluctuations, introduced by air
turbulence or mechanical instabilities. Generally a larger angle β is preferable in

1 Note, that the graphs with α = 58.5◦ and α = 69.9◦ in Figure 6.8 (a) were erroneously switched in
[115].
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terms of jitter. As mentioned earlier the effect of turbulent air is modeled by as-
suming an average angular deviation at an intermediate position. Since the mean
position is most likely located at d = 0.5 L1, the corresponding curve in Figure 6.8
(b) is most suitable to reflect the effect of air turbulence. As a result of this analysis it
can be stated that a Treacy-type compressor introduces a timing jitter when a beam
pointing fluctuation is considered. Beam pointing fluctuations at the compressor in-
put are orders of magnitude less critical than those occurring inside the compressor,
especially close to the second grating.

6.4 timing jitter measurements with reduced air turbulence

Figure 6.9: Results of timing jitter measurements a) Pump pulse passes through the entire
CPA chain: ±400 fs timing jitter with no precautions to reduce air turbulence. b)
Same path but with reduced air turbulence (stretcher box sealed, beam tubes
in the compressor and flow-box turned off): Improved timing jitter consists of
±70 fs shot-to-shot fluctuation and ±200 fs slow oscillations.

In order to support the theoretical findings, the jitter measurement from Sec-
tion 6.2 is repeated but this time with precautions taken to reduce air turbulence
(see Figure 6.9 b): the flow boxes are turned off, the stretcher box is sealed more
carefully and beam tubes are installed inside the compressor. This measurement can
be directly compared to Figure 6.9 a) (which was presented earlier in Section 6.2)
and shows a significantly improved timing jitter. The reduced jitter uncovers two
separate components to the remaining timing jitter: an rms shot-to-shot variation of
±70 fs superimposed on a slow temporal drift of ±200 fs rms.
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Figure 6.10: Active stabilization of slow timing fluctuations. With the improved timing jitter,
it is possible to remove the slow timing fluctuations from Figure 6.9 b) with an
active stabilization system. When the active stabilization is activated, the timing
jitter can be reduced to 100 fs std. [115]

An active stabilization system can easily correct for this large amplitude, slow
fluctuation. In the active stabilization scheme, the centroid wavelength of the SFG

spectra is taken on every shot, the difference to a reference wavelength is calculated
and a delay stage (in the pump-chain cf. Figure 6.1) is moved to return to the ref-
erence position in cases when the difference exceeds a certain value. This threshold
is a parameter to optimize the active stabilization. If the threshold is too close to
the shot-to-shot noise level, the delay stage will move on nearly every shot and
the feedback loop will become unstable. In the experiment, it was shown that the
stabilization currently works best with this limit set to 100 fs. In this case the jitter
was stabilized to 105 fs std, as shown in Figure 6.10). This level of timing jitter is
sufficiently low for carrying out the first proof-of-principle OPCPA experiments, but
has to be further reduced for the final PFS system.

6.5 beam pointing measurements in the stretcher and compressor

As described in Section 6.3, small angle changes in the stretcher/compressor can
lead to timing jitter. In order to find sources for such angle changes (i.e. air tur-
bulence or unstable mechanical components) beam pointing measurements were
conducted at different positions in the laser system.

The beam pointing fluctuation is measured with a lens ( f = 750 mm) and a cam-
era (Basler ACE acA640-100gm with 5.6 µm pixel size) in the focal plane of the lens.
Additionally, a folding mirror is used in order to fit this setup on a 40 cm square
breadboard. The centroid of the beam profile in the Fourier plane of the lens is cal-
culated for each shot and can be transformed to the beam pointing deviation for a
known focal length of the lens. Measurement errors are minimized when the noise
background is recorded and subtracted, the region of interest is minimized and the
laser beam is attenuated in such a way that the full dynamic range of the CCD is
used.

The setup is tested with a laser pointer where a beam pointing in horizontal
and vertical direction of 1.4± 0.25 µrad can be measured. This number represents
the accuracy of the measurement where the instability of the optical assembly and
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noise of the camera are the limiting factors. In each of the following measurements,
the beam pointing fluctuation is determined for 1000 shots and the mean and error
are determined as rms of five of such measurements. The results are summarized
in Table 6.1.

position horizontal [µrad] vertical [µrad]

Stretcher input 1.73± 0.31 1.55± 0.30

Stretcher output 1.40± 0.29 3.84± 0.31

Stretcher output box open 1.95± 0.32 5.62± 0.33

Compressor input 2.35± 0.33 3.85± 0.36

Compressor output 4.10± 0.37 4.72± 0.44

Table 6.1: Beam pointing measurements for the stretcher and compressor. The measured
beam pointing error at the stretcher input is in the range of the measurement
accuracy and therefore cannot be used for further conclusions. The output beam
of the stretcher has an increased pointing error, predominantly in vertical direc-
tion. The compressor output, shows an increased beam pointing error in both
directions.

When several contributions to a measurement have a statistical distribution with
mean and standard deviation and are independent (in this case: input pointing
fluctuation, mechanical instability, air turbulence, camera noise, etc.), the expected
measured value is obtained by the root of the squared sum of the individual contri-
butions. The difference between two measurements is thus obtained by the root of
the difference of the squared contributions. Hence, the input beam to the stretcher
has a 1.02± 0.18 µrad and 0.66± 0.16 µrad larger beam pointing error than the test
laser pointer (1.4± 0.25 µrad) in the horizontal and vertical direction, respectively.
This first measurement is not significantly above the measurement accuracy.

From the measurements at the stretcher output with the closed and opened
stretcher box, important information can be extracted: Firstly, the beam pointing
fluctuation is increased more in vertical direction, than in horizontal direction. This
asymmetry points to a mechanical vibration mode, since air turbulence is expected
to cause an increased beam pointing fluctuation in both directions. Nevertheless,
only a horizontal beam pointing fluctuation has to be considered for the timing jitter,
since the gratings work as a mirror in the vertical direction and the corresponding
effect of a beam pointing change on timing jitter is negligible.

Secondly, the beam pointing error for the open compared to the closed box in-
creases by 1.36 ± 0.11 µrad in the horizontal direction at the stretcher output. In
both situations (box open, box closed) the timing jitter was measured, as well. The
additional timing jitter caused by opening the stretcher box is determined to be
256± 56 fs. This data set can be compared to the theory presented in Section 6.3.
The additional pointing error in the stretcher from opening the box and the corre-
sponding measured timing jitter fits best to the theoretical curve with d = L1 i.e.
to the theoretical case where the angle fluctuation occurs on the second grating
(compare Figure 6.8 (b)). This is reasonable, since the stretcher grating is situated
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approximately in the center of the box where the average beam pointing change due
to air turbulence takes place.

Measurements in the grating compressor show that the beam pointing error is
increased by 3.35± 0.17 µrad or 2.73± 0.25 µrad in the horizontal and vertical direc-
tion, respectively. The nearly isotropic increase in beam pointing error is a hint that
turbulent air is the dominant factor in the compressor. A ventilator was installed
close to the second grating in order to measure the increase in the beam pointing
fluctuation along with the timing jitter. An increased timing jitter by 100 fs was mea-
sured, but the increase in the beam pointing error could not be measured. From the
theory it can be predicted that 100 fs timing jitter is introduced by approx. 0.5 µrad
beam pointing fluctuation at the second grating. This small value is not measurable
in the presence of a 3 µrad beam pointing fluctuation, because in that case the total
pointing error is 3.04(=

√
32 + 0.52) which is indistinguishable from 3 µrad within

the error of the measurement.
In order to find mechanical instabilities in the compressor, the different compo-

nents (first grating, second grating, fold mirror) were tested individually: on each
component, the beam pointing fluctuation of a laser pointer was compared to the
beam pointing fluctuation of the laser pointer when reflected on the optical com-
ponent under test. For the second grating and the fold mirror, both input and out-
put pointing deviation were not distinguishable (approx. 1.4± 0.2 µrad) within the
measurement error. This leads to the conclusion that both components increase the
pointing error less than 0.7 µrad. Nevertheless, for the first grating (also used in the
stretcher) an increase of 1.67± 0.29 µrad and 2.01± 0.25 µrad in the horizontal and
vertical direction were measured, respectively. With this measurement, the unstable
mechanical mount was identified and replaced. In the compressor, the unstable op-
tical component is the first grating and thus instabilities cause no significant timing
jitter, as shown in theory (Section 6.3.3). Nevertheless, an identical grating mount is
used in the stretcher and since the beam hits this particular optic 8 times and the
grating acts also as second grating, the theory predicts an influence for the timing
jitter in this case. Therefore, the stretcher grating mount was replaced.

The initial design and the new design of the grating mount are compared in Fig-
ure 6.11. The tip angle in the initial grating mount design is aligned based on a
commercial gimbal mirror mount with an adapter for the grating. In this design, a
large weight load is hanging outside the rotation center and therefore puts load on
the springs of the mirror mount. This is suboptimal and causes instabilities mainly
in the vertical direction. This mirror mount is replaced in the new design by a tilt-
ing platform, which provides higher stability for the tip angle. Additionally, the
previously used mirror mount had an unused degree of freedom for the tilt an-
gle. Therefore, a source of vibration in the horizontal direction is removed by the
replacement of this mirror mount.

In a next step, an completely air-tight box was built around the stretcher in order
to minimize air turbulence, as depicted in Figure 6.12. If this action proves to be
insufficient in future, enclosing the stretcher in vacuum for ultimate timing stability
is considered.

For the installation of the box, the stretcher had to be dismantled and rebuilt on
a new breadboard. In conjunction with this construction work, the stretcher angle
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Figure 6.11: Redesigned stretcher grating mount (right side) in comparison with the initial
design (left side). In the initial design, a commercial mirror mount (blue) is
used to realize the alignment degree of freedom for the tip angle. The heavy
frame and the grating were mounted to the front of this mirror mount. This
puts load on the springs of the mirror mount and causes instabilities. In the
new design (right), this mirror mount is replaced by a tilt-stage which provides
higher stability.

Figure 6.12: The new, air-tight box for the stretcher has all windows sealed with o-rings and
is 320× 60× 50 cm3 in size.

was changed from 58.5◦ to 60◦. This has some advantages for the grating reflectivity
(compare Figure 4.4 (b)) and increases the compressor transmission by 4 %. Addi-
tionally, the larger input angle corresponds to a smaller diffraction angle, which
helps to reduce the timing jitter by 5% (compare Equation 6.19).

The timing fluctuations in the modified setup are compared to the previous mea-
surements in Figure 6.13. In the free-running mode, the peak-to-peak and rms fluc-
tuations are reduced for the modified setup. Nevertheless, the average shot-to-shot
timing change is increased (from 75 fs to 130 fs rms) and therefore the improvement
in the stabilized timing jitter is small.

The changed grating angle in the stretcher requires the same change in the com-
pressor. For this, the previously installed beam tubes in the compressor had to be
removed, which could explain the increased shot-to-shot fluctuations. Nevertheless,
even without these tubing in the compressor the synchronization could be stabilized
to 99.8 fs standard deviation. This may seem a minor improvement compared to the
previous value of 105 fs at first, but even with increased air turbulence in the com-
pressor an improvement for the stabilization was possible due to the improvements
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Figure 6.13: Comparison the timing jitter before (a) and after the stretcher modifications
(b). In the improved setup, the slow fluctuations in the free-running mode are
reduced. Nevertheless, the shot-to-shot fluctuations are increased, resulting in
minor improvements for the stabilized timing jitter.

in the stretcher. This gives reason to assume that the installation of the compres-
sor vacuum chamber (compare Section 5.3.2) leads to a major improvement for the
timing fluctuations.

6.6 conclusion

In this section, the pump-seed timing fluctuations for the OPCPA system are inves-
tigated in detail. An accurate timing measurement is applied and a series of mea-
surements leads to the conclusion that the stretcher/compressor setup in the pump
laser chain is the main source of timing fluctuations. This was not expected in the
beginning, but could be explained by a novel theory about group delay fluctuations
in a compressor introduced by small angle changes. Finally, it was shown by mea-
surements that indeed the beam pointing fluctuation in the stretcher/compressor is
increased by few µrad accompanied by an increased timing jitter. It was found that
the grating mount of the stretcher grating is mechanically unstable. This mount was
replaced by a more stable one and additionally the stretcher box was replaced by a
completely air tight box. These actions help to further reduce the timing jitter in the
stretcher and the timing could be stabilized to 100 fs rms. This level of timing jitter
is sufficiently low for carrying out the first proof-of-principle OPCPA experiments.
Nevertheless, further jitter improvement is expected when the vacuum compressor
introduced in Section 5.3.2 will be implemented.
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As a proof of the functionality of this new pump laser concept, this chapter illus-
trates the first use of the pump pulses to drive a dual-stage OPCPA chain.

7.1 second harmonic generation

Figure 7.1: The SHG energy and efficiency as function of the input energy. The simulation
shows that higher efficiency is expected. The deviation from the theory increases
with higher energy which could be a hint that B-integral issues start to distort
the wavefront. The inset shows the beam profile at the first OPCPA stage.

In order to be used as pump beam for the PFS OPCPA stages, the output of the
compressor (200 mJ, 900 fs at 1030 nm) has to be frequency doubled to 515 nm. The
second harmonic generation is performed in a 5 mm thick type-2 DKDP crystal with
a transverse size of 28× 28 mm. Figure 7.1 shows the efficiency and the frequency
doubled output pulse energy for different input energies. The theoretical curves
in Figure 7.1 are generated with SNLO—a freeware for nonlinear modeling from
Sandia National Laboratories. Gaussian pulses with a radius of w = 16 mm and a tem-
poral width of 900 fs are modeled in a 5 mm tick type-2 DKDP crystal. The phase
and group velocities and walk-off angles are obtained from the software and a non-
linear index of 3 · 10−16 cm2/W is assumed for both wavelengths. The deviation of
the measured data from the theoretical curve increases with increasing energy. The
overall efficiency is strongly dependent on the exact beam profile and deviations
from the modeled Gaussian beam profile could explain this discrepancy. Another
reason might arise from nonlinearities before the doubling crystal (in 1 m air and
a few-mm vacuum window of the spatial filter) which can distort the wavefront
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and therefore reduce the doubling efficiency. A maximum efficiency of 59% was
achieved resulting in pulses with 58 mJ at a wavelength of 515 nm.

The limited aperture of the available doubling crystal (28× 28mm) in this exper-
iment limits the applicable pulse energy. A beam size of w = 16 mm is necessary
in order to optimize the doubling at high energies, approximately 15% of the input
beam energy is clipped by the limited aperture of the crystal (28× 28mm). The in-
put energy in Figure 7.1 is calibrated accordingly. Nonlinear effects in the doubling
crystal and during the propagation through air to the OPCPA stage result in local
filamentation for a smaller beam size or higher input energies. The beam profile for
the frequency doubled beam at the position of the first OPCPA stage is shown as inset
in Figure 7.1. The beam size (2 w) for the main axes is 2 and 2.5 mm respectively. Up
to 50 mJ, no filamentation is observed and the energy for the first OPCPA experiment
was limited to this energy level.

For the application as OPCPA pump, the second-harmonic generation (SHG) signal
with up to 50 mJ is separated from the fundamental beam by dichroic beam splitters
and split into two beams by a 70/30 beam splitter. All-reflective telescopes scale the
beam size down for the individual OPCPA stages. In this way, pump beams for a
two-stage OPCPA test are provided.

7.1.1 Optimization of the SHG

The doubling efficiency is generally increasing for higher intensities because shorter
crystals can be used—minimizing the phase-matching error. This behavior is also
shown in Figure 7.2 (left), where the maximum doubling efficiency is simulated for
a 10 mm Gaussian beam with 900 fs duration in type-2 DKDP. For each data point,
the energy is scaled and the optimum crystal thickness was found. It shows that the
consideration of the nonlinear refractive index (gray) in the simulation with SNLO
has a significant effect: The expected maximum efficiency is reduced compared to
the case without nonlinearities (black). The nonlinearities in the crystal for high
intensities are large enough to affect the phase on the length scale of the crystal,
which reduces the efficiency. The B-integral (red) is calculated under the assumption
of a constant beam diameter and increases above 1 for intensities above 50 GW/cm2.

The B-integral has to be minimized in a reliable doubling stage design. The B-
integral generally scales linear with the length and intensity (I) and the question
arises, how the thickness of the doubling crystal scales with the applied intensity.
Or in other words, is it beneficial, in therms of B-integral, to use a thicker doubling
crystal with less Intensity or a thinner crystal with higher Intensity. Figure 7.2 (right)
is dedicated to this question.

In Figure 7.2 (right), the minimum crystal length for a fixed doubling efficiency
of 62.4% is simulated, including nonlinear effects. This particular value is the maxi-
mum achievable efficiency for the lowest intensity simulated. The minimum length
to achieve this efficiency (black) scales slower as 1/I (green). Therefore, the B-integral
increases for high intensities. As tradeoff between high efficiency and low B-integral,
intensities around 50 GW/cm2 will be used. Lower intensities will give less effi-
ciency but less nonlinearity, as well.
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Figure 7.2: (Left) The maximum doubling efficiency is plotted for various pump intensities,
taking into account the optimum crystal thickness at each intensity. When the
nonlinear refractive index is included in the simulation, the efficiency drops for
high intensities where the B-integral (shown in red) becomes greater than unity.
(Right) The crystal thickness is modeled for a constant doubling efficiency. The
B-integral increases for high intensities because the minimum crystal length does
not scale as 1/I (green curve).

The future doubling stages will work with approximately 70% efficiency at an
intensity of 50 GW/cm2. For the final doubling stages for infrared pulses with 10 J
with 1 ps duration, a Gaussian beam profile will result in impractical large aper-
tures for the doubling crystal. Therefore, beam shaping and imaging has to be im-
plemented in the high energy amplifiers in order to provide a super-Gaussian beam
profile. This kind of profile will also help to further increase the doubling efficiency.

7.2 proof of principle opcpa experiments

The OPCPA experiments are conducted by Christoph Skrobol and a detailed descrip-
tion will be found in his PhD-thesis. He developed a Fourier-split-step, pseudo-3D
simulation code, which includes dispersion effects and spatial walk off. This code
enables a more realistic modeling compared to the initial 1D approach (see Chap-
ter 3). A comparison of the simulation with first OPCPA experiments in DKDP [120]
shows good agreement and the new simulation largely confirms the 1D simulation
results.

An improved PFS design is proposed based on these simulations (compared to
Figure 3.2), where the number of OPCPA stages can be decreased from 8 to 5 due to
the use of LBO as nonlinear medium for the first stages.

In a first OPCPA experiment with LBO, a total pump energy of 50 mJ (at 515 nm) was
used in a double stage OPCPA experiment with a 4 and 2 mm thick LBO crystal in the
first and second stage, respectively. The seed and the amplified spectra are shown
in Figure 7.4 a). At the maximum amplified energy of 3 mJ, the amplified spectrum
supports a Fourier-limited pulse duration of 5.4 fs, as shown in Figure 7.4 b). First
attempts of compression in bulk calcium fluorite lead to approximately 10 fs pulses
for the spectral parts from 900− 1300 nm but the spectral parts from 700− 900 nm
had a remaining group delay which could not be compressed at this time. A new
design of chirped mirrors is necessary in order to compress the full spectrum.
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Figure 7.3: Based on simulations, an improved design for the OPCPA stages is proposed (com-
pared to Figure 3.2). The number of amplifier stages can be reduced to 5 due to
the use of LBO in the first stages. (by courtesy of C. Skrbol)

Figure 7.4: Results of the first OPCPA experiments. (a) Shows the seed spectrum and the
amplified spectrum at both amplifier stages. In the seed spectrum, the red part
(around 1150 nm) has orders of magnitude less energy compared to the blue part
(around 800 nm). In the amplified spectra, this energy difference can be reduced
and the bandwidth would support a Fourier limited pulse length of 5.4 fs.(by
courtesy of C. Skrbol)
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7.3 conclusion

Currently, up to 50 mJ are available as pump for the first two OPCPA stages, lim-
ited by B-integral problems in the air compressor and beam transport line. For
the achievement of higher pump energies, major modifications to the compressor
are necessary: The compressor has to be placed in vacuum in order to reduce the
B-integral. This will be also beneficial for further reduction of the timing jitter. Fur-
thermore, all OPCPA stages work with high pump intensities above 100 GW/cm2 and
therefore have to be enclosed in vacuum, as well. This requires additional two vac-
uum chambers of (6.5× 1.5× 1 m) for the full system. The first OPCPA experiments
were not optimized for efficiency, but the first results for the amplified bandwidth
and compression are very promising for the future high energy OPCPA stages and
demonstrate the feasibility of the PFS scheme. The vacuum design for the OPCPA

stages is ongoing, as well as the development of the Joule class pump laser ampli-
fiers. The implementation of both will enable high energy broad-band OPCPA in the
near future.
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Over the last decade, OPCPA gained increased interest for the generation of short
pulses due to the broad amplification bandwidth. The OPCPA process is intrinsically
free of heat generation and can provide high single-pass gain. These properties
make OPCPA the preferred choice for high average power and high energy applica-
tions. So far, broad-band amplification (to low energy) and amplification to several
Joules energy (with ≈ 100 fs pulse duration) could be demonstrated independently.
The PFS aims at combining these achievements in order to produce few-cycle pulses
with several Joule of energy. The high-power pan-European project ELI [3] relies on
the PFS technique as prototype for its front end, because these unique pulse param-
eters have the potential to trigger a major advance in attosecond physics. It allows
the generation of XUV attosecond pulses via the relativistic oscillating mirror mech-
anism. In contrast to the current gas harmonic generation, it has no limitation to the
input intensity and is expected to yield a two to three orders of magnitude higher
efficiency.

In order to achieve the broad bandwidth and the high gain in the PFS system, thin
OPCPA crystals are used in combination with high intensity pumping. The latter
one is achieved by a one picosecond pulse duration, which is significantly reduced
compared to typically applied 100 ps or nanosecond pulses. The described scaling
theoretically allows the amplification of octave-spanning spectra to high energies
and the task of the PFS project is to demonstrate the generation of few-cycle pulses
with relativistic intensities for the first time. The main challenges—besides the op-
timization of the OPCPA chain—are the generation of the broad-band signal pulses,
the generation of suitable pump pulses and the synchronization of both. In particu-
lar, the two latter issues are in the focus of this thesis.

pump laser The design of the full PFS OPCPA chain requires 1 ps pump pulses
at 515 nm delivered in four beams with 5 J each. The green wavelength is obtained
by frequency doubling of four individual infrared laser beams with 10 J pulse en-
ergy (for a conservative conversion efficiency of 50%). The pump laser described in
Chapter 4 therefore aims at becoming a 10 TW laser system based on CPA in Yb:YAG.
Such systems are not commercially available and a large part of the work for the
PFS development is absorbed by the development of this pump laser system. In the
past, high energy infrared lasers were mostly based on Neodymium-doped gain
materials. Nevertheless, Neodymium is not applicable in the PFS system, because it
does not provide sufficient bandwidth for 1 ps pulse duration. Instead, this work
was focused on Yb-doped materials with broader bandwidth, their longer upper
state lifetime and low quantum defect. In particular, Yb:YAG offers a good combi-
nation of its lasing parameters and its thermal and mechanical properties [121] and
therefore was chosen for this work. Yb-doped materials can be efficiently pumped
by diode lasers at 940 nm or 980 nm. Thus, the development of Yb:YAG oscillators
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[100] and amplifiers [122] was closely connected to the development of high power
diode lasers arrays [47]. Nevertheless, high energy amplification above 50 mJ [123]
was not demonstrated when the PFS project started.

Within the PFS project, a record amplification up to 300 mJ in the first Yb:YAG
multi-pass amplifier could be shown. The weak points in this particular amplifier
showed that an advanced thermal management and superior pump laser homogene-
ity are crucial for building amplification stages with high beam quality. Currently,
work is ongoing on the 1 J amplification stage in order to provide a scalable de-
sign for the final 10 J amplifier. The design and characterization of this amplifier
will be presented by Christoph Wandt in his PhD thesis. In close collaboration with
industry partners, a prototype pump source with a very homogenous profile was
developed. The crystal of this amplifier will be used as active mirror and glued on
a heat sink for improved thermal management.

The dispersion management for this pump laser system is the main aspect of this
thesis and the design of a compact double-pass pulse stretcher and a compressor are
presented in Chapter 4. The narrow bandwidth of Yb:YAG requires a dispersion two
orders of magnitude larger compared to commonly used Ti:sapphire CPA systems.
A large grating separation is necessary in order to meet the design parameters.
Compression of 200 mJ pulses from 4 ns down to to 900 fs [99] was demonstrated in
Chapter 5, which has been the most powerful pulse created in Yb:YAG at the time
published. This record was possible due to the use of spectral shaping (Section 4.4),
where the input spectrum of a broad-band amplification stage (Yb:glass regenerative
amplifier) is manipulated to pre-compensate the wavelength-dependent gain curve.
Therefore, a broader spectral bandwidth and thus shorter pulses are obtained.

Later changes in the stretcher setup reduced spectral clipping and increased the
supported bandwidth. Thus, the compressed pulse duration was further reduced to
740 fs. An estimate for the limits of this spectral shaping technique shows that sub-
500 fs pulse duration are theoretically feasible in a Yb:YAG CPA system with several
Joule pulse energy. Nevertheless, these pulse durations cannot be demonstrated in
our current setup because changed stretcher design with larger optics would be
necessary for the experimental realization.

Such kind of lasers are interesting also for other applications, especially for the
highly efficient generation of high energy THz pulses. Fülöp [124] predicts that an
optimum efficiency (> 10%) for THz generation by optical rectification is achieved
at a fourier limited pulse duration of 500 fs and at cryogenic temperatures, which
could enable efficient THz pulse generation on the 10 mJ-level. An Yb:YAG CPA

system would therefore be an ideal source for this application and diode-pumping
in principle allows for high repetition rate operation. The pulses of the PFS pump
laser (with 70 mJ and 1.3 ps at that time) were used in [125] in order to support
this theory and a record pulse energy of 125 µJ and efficiency (0.25%) for THz pulse
generation was demonstrated.

synchronization In the very first OPCPA trials for PFS, a huge instability in
the amplified signal was observed and identified as fluctuation of the relative ar-
rival time of the pump and signal pulses. This jitter was unexpected, since both
the signal and the pump pulse are generated from the same oscillator and are thus
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supposed to be optically synchronized. The realization of a jitter measurement with
10 fs accurracy based on sum frequency generation enabled tracing the source of
this jitter as explained in Chapter 6. Experiments showed that the stretcher/com-
pressor setup is the main source of timing jitter. A theoretical analysis revealed that
the optical path length in a stretcher or compressor setup is much more fraught
with jitter than a comparable optical path in an amplifier. The detailed analysis of
this effect led to a quantitative model for timing jitter in stretcher/compressor se-
tups originating from small angle changes. These angle changes may be caused by
air turbulence or mechanical instability of optical components. A simple analytic ex-
pression for the jitter is obtained in approximation. The jitter increases linearly with
the introduced angle change and with the position where the angle change occurs:
If the angle change is introduced at the position of the first grating, the symmetry
of the parallel grating setup compensates the additional optical path and the timing
difference is negligible. When the angle change takes place at the second grating,
this compensation is not working anymore and a large additional optical delay is
introduced—resulting in a delayed pulse arrival time. In between these extreme
positions, the jitter increases linearly with distance from the first grating.

Attempts to reduce the air turbulence without implementing a full vacuum box
around the stretcher supports this theory. For removing the remaining slow fluctua-
tions, an active stabilization system was successfully applied and stabilized the jitter
to 100 fs rms. This jitter level is sufficiently low for first OPCPA experiments. Never-
theless, the output energy and spectrum will still exhibit noticeable fluctuations
originating from the remaining jitter. Therefore, more work is necessary in order
to further reduce the jitter. First steps in this direction were taken: an improved
stretcher box, the replaced stretcher-grating mount and the increased stretcher in-
put angle. Due to these efforts in the stretcher only, the jitter for the otherwise
open system could be reduced to a level where the both compressor and stretcher
were boxed. Further improvement in the jitter is expected when the compressor is
enclosed in a vacuum box, as proposed in Section 5.3.2.

frequency doubling In Chapter 4, the development of a novel multi-100 mJ
CPA laser with sub-ps pulse duration at 1030 nm was described. For the application
as OPCPA pump in PFS, these pulses have to be frequency doubled. Currently, up
to 100 mJ of the available output energy were frequency doubled with up to 60%
efficiency and 60 mJ at 515 nm can be used in the first OPCPA experiments. The
output energy was limited so far by the crystal size (28 mm) and by nonlinearities in
the crystal and air. Simulations for the final doubling stage show that a low intensity
(i.e 50 GW/cm2) in combination with 7 mm long crystals should be preferred over
higher intensities with shorter doubling crystals in order to minimize the B-integral.
In the future, larger aperture crystals will be used and the doubling stage and all
OPCPA stages will be built in vacuum in order to apply a higher pump energy.

opcpa experiments The pump-seed synchronization was stabilized to 100 fs
due to the efforts described in this thesis. This enabled us to conduct first OPCPA ex-
periments in DKDP [120] and lately with two LBO OPCPA stages (see Section 7.2). By
these experiments, an amplified bandwidth supporting 5.4 fs Fourier-limited pulses
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was verified. In the very first compression experiments with CaF2 bulk material, the
spectral part from 900 − 1400 nm was compressed to approximately 10 fs. The spec-
tral components below 900 nm were not compressed at this time but the group delay
curve for the full spectrum was measured and chirped mirrors are designed in or-
der to compensate the remaining dispersion. These proof-of-principle experiments
therefore show the feasibility of the PFS strategy for the generation of few-cycle
pulses with relativistic intensity.

8.1 outlook

Further progress in the PFS project will be made when higher pump energy for the
OPCPA is available. As mentioned earlier, the application of higher pump energy re-
quires all OPCPA stages to be built in vacuum. Similar to the compressor of the pump
laser, these chambers will have to be large and the design and ordering delays the
project. Therefore, Christoph Skrobol developed an intermediate vacuum setup for
two OPCPA stages, consisting of available smaller chambers and standard vacuum
tubes. This setup is currently set up in the lab and is ready for operation. Together
with the intermediate compressor (Section 5.3.3), a pump energy of up to 1 J (at
1030 nm) can be applied as soon as it is available in two consecutive OPCPA stages.
Simultaneously, the vacuum chamber and the setup for the final OPCPA stages are
planned.

Christoph Wandt has designed and built the 1 J amplifier for the pump laser. Cur-
rently he is aligning and optimizing this amplifier- especially the crystal cooling. So
far, up to 1.2 J of pulse energy could be shown at 1 Hz repetition rate. At higher rep-
etition rates, the crystal cooling has to be optimized in order to handle the increased
heat load.

In the middle of 2013 the PFS project will be working in the described mode and
amplified pulses in the range of 50 mJ can be expected with a spectrum supporting
5 fs pulse duration. The compression of these pulses will be achieved with bulk
material (CaF2) and higher order dispersion is compensated with a matched design
of chirped mirrors. Once these pulses are compressed, the PFS system will be a
high power light source with unique properties: multi-TW peak power in a CEO-
phase stabilized few-cycle pulse. At this stage in the project, the first experiments
for single-attosecond-pulse generation may become possible, testing the expected
high temporal contrast of the PFS concept.

After this first step, the pump laser will be upgraded in energy. The next amplifier
stage will deliver 10 J and is an up-scaled version of the well-designed 1 J stage.
Simultaneously, the compressor chamber and the chamber for the third OPCPA stage
will be installed. When the third OPCPA stage is in operation, the energy of the few
cycle pulses can be boosted to the J-level and the jitter is expected to remain at the
few-ten femtosecond level. An option for the last amplifier is cryogenic cooling of
the Yb:YAG crystal in order to increases the efficiency, because Yb:YAG changes
from a quasi-three-level to a four-level system. In this case, the bandwidth of the
emission cross section will be reduced [126], resulting in pulse durations of 1− 2 ps.
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In a final step, the main amplifiers of the pump laser will be multiplexed together
with further OPCPA stages, which will further increase the energy to the final energy
of several Joule.

The work presented in this thesis addresses major issues in the framework of
the PFS project on the way towards Joule-scale few-cycle pulse generation with the
short-pulse pumped OPCPA scheme. After the completion of the PFS laser, the unique
pulses will be used to study new regimes of relativistic light-electron interactions
and to scale attosecond pulses to higher pulse and photon energy into the hard
X-ray regime.

The inherent advantages of the PFS concept (energy-scalable, high-contrast, few-
cycle pulses) have sparked widespread interest in the laser community and led to
a number of similar projects using the same principle, even though PFS itself is
not yet operational. At MPQ, a follow-up project dubbed PFS-pro aims to combine
multi-kHz, picosecond CPA thin-disk pump laser technology with the PFS-OPCPA
ansatz. It makes use of the low absorption in nonlinear crystals to scale the average
power of a PFS-like system to 100′s of Watts. On an international level, PFS/PFS-pro
has had a major impact on the Extreme Light Infrastructure (ELI), a pan-European
initiative to construct 3 major research laser facilities in , Romania, Czech Republic
and Hungary. The latter two installations will use PFS technology to power their
frontend laser systems up to the kHz and Joule level. According to its website, one
important aspect of ELI "is the possibility to produce ultra-short pulses of high en-
ergy photons, electrons, protons, neutrons, muons and neutrinos in the attosecond
and possibly zeptosecond (10−21 sec.) regimes on demand."[3] Therefore, the pre-
sented work might also affect the broad range of fundamental and applied research
planned for ELI.
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A
U S E F U L C A L C U L AT I O N S

a.1 transformation from frequency to wavelength

Since calculations (including the Fourier transform) use the frequency but experi-
mental devices (spectrometers) usually use the wavelength, it is important to trans-
form these quantities between wavelength and frequency.

ϕλ(λ) = ϕω(2πc/λ) (A.1)

Sλ(λ) = Sω(2πc/λ)
2πc
λ2 (A.2)

Transformation from frequency to wavelength is not linear (i.e. ω = 2πc/λ). There-
fore the phase looks different when plotted over the different domains. The spec-
trum has to be rescaled by ω = 2πc/λ2 because the spectral energy (i.e. the integral
over the spectrum) should be independent of the choice of variables. The conse-
quence is, that a symmetric spectrum or a linear phase in frequency space look
deformed in the wavelength space, as illustrated in Figure A.1.

Figure A.1: A Gaussian spectrum with linear phase (as function of ω) (left) is transformed
to wavelength space (right). The rescaling during this transformation changes
the shape of the spectrum and phase.

a.2 peak intensity of a gaussian function

A laser pulse is often described by a Gaussian intensity distribution.

I = I0 e−4 ln2( x−x0
∆x )

2

(A.3)

Where I0 is the peak intensity and ∆x is the full-width half maximum (FWHM) of
the distribution. The integration of A.3 gives:

∫ ∞

∞
I0e−4 ln2( x−x0

∆x )
2

= I0 ∆x
√

π

4 ln2
(A.4)
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A laser pulse is usually described as Gaussian function in the transverse space di-
mensions and in time. The pulse energy can then be expressed as:

E =

∞∫

−∞

∞∫

−∞

∞∫

−∞

I dx dy dt = I0 ∆x ∆y ∆t
( π

4 ln2

) 3
2

(A.5)

Similar relations follow for the Fluence F =
∫

I dt and the Power P =
∫ ∫

I dx dy.
The measured variable in the lab is usually the energy. The peak intensity, peak
fluence or the peak power have to be calculated for different applications. When
∆x = ∆y is used, the important equations can be written:

I0 =
E

∆x2 ∆t

(
4 ln2

π

) 3
2

(A.6)

F0 =
E

∆x2
4 ln2

π
(A.7)

P0 =
E

∆t

(
4 ln2

π

) 1
2

(A.8)

a.3 b-integral

The B integral describes the accumulated nonlinear phase shift on the optical axes
(z) and is defined as:

B =
2π

λ

∫
dz n2 I0(z) (A.9)

where I(z) is the optical intensity along the beam axis, and n2 the nonlinear
index. For fused silica, the n2 = 3 · 10−20 m2

W and for air a factor of thousand less. A
simple estimation (considering I0 =constant) for the pumping of the OPCPA stages
(λ = 515 nm, I0 = 100 GW/cm2) gives a B-integral of 0.38 for a propagation of 1 mm
in fused silica (or 1 m in air). An other example (for the intermediate compressor)
with λ = 1030 nm, E = 1 J, τ = 1 ps, FWHM = 4 cm gives an intensity of I0 =

5.2 · 1014 W/m2.The resulting B-integral is 0.093 per mm fused silica or per meter
air.

a.4 fourier transform of a linearly chirped pulse

A pulse with Gaussian amplitude and quadratic temporal phase φ(t) = −bt2 has
the form:

E(t) = E0 e−at2
e ibt2

= E0 e−(a−ib)t2
, (A.10)

where E0 is a constant and b is the chirp parameter. The spectrum of this pulse can
be found via Fourier transform:

Ẽ(ω) =
∫ ∞

−∞
dt E(t) e−iω t (A.11)

=
∫ ∞

−∞
dt E0 e−[(a−ib)t2+iω t] (A.12)
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The integral is simplified by completing the square in the exponent, so that:

(a− ib)t2 + iω t + β2 − β2 = α2t2 + 2αβ t + β2 = (α t + β)2 − β2, (A.13)

where the coefficients are α =
√

a− ib and β = iω/(2
√

a− ib). Equation A.12 can
be rewritten:

Ẽ(ω) = E0 e−ω2/4(a−ib)
∫ ∞

−∞
dt e−[

√
a−ibt+iω/(2

√
a−ib)]2 . (A.14)

The change of variables in the integral u =
√

a− ibt + iω/(2
√

a− ib) gives du/dt =√
a− ib and

Ẽ(ω) = E0 e−ω2/(4(a−ib)
∫ ∞−Im[ω/(2

√
a−ib)]

−∞−Im[ω/(2
√

a−ib)]
e−u2 du√

a− ib
. (A.15)

Cauchy’s theorem (e.g. [127]) states that the integral of a complex, analytic function
over a closed contour C is 0:

∮
C f (z)dz = 0. Since e−u2

is analytic, Cauchy’s theorem
can be applied and we can trace a box:

∮

C
du e−u2

=
∫ p

−p
du e−u2

+
∫ p+iq

p
du e−u2

+
∫ −p+iq

p+iq
du e−u2

+
∫ −p

−p+iq
du e−u2

= 0,

(A.16)

where p and q are real. Applying the substitution u = p + iz and du/dz = i, the
second integral becomes

∫ p+iq

p
du e−u2

=
∫ q

0
dz ie−(p+iz)2

= i
∫ q

0
dz e−p2

e−2ipzez2
(A.17)

The limit as p goes to infinity of the integrand is

lim
p→∞

e−p2
e−2ipzez2

= 0, (A.18)

because the first term goes to zero, while the second and third term are finite. Simi-
larly, it can be shown that lim

p→∞

∫ −p+iq
p+iq du e−u2

= 0. Therefore, Equation A.16 simpli-

fies to
∫ ∞+iq

−∞+iq
du e−u2

=
∫ ∞

−∞
du e−u2

(A.19)

and the Integral in Equation A.15 can be substituted by the integral on the real axis∫ ∞
−∞ du e−u2

. It can be shown that the integral of a Gaussian function from −∞ to ∞
is
√

π. Therefore, the electric field spectrum (Equation A.15) can be rewritten

Ẽ(ω) =

√
π E0√

a− ib
exp

[
− ω2

4(a− ib)

]
. (A.20)
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a.5 general theory for first order spatio-temporal distortions

Following Akturk [76], this theory is presented as overview rather than exact cal-
culations in order to demonstrate the ideas and to find all possible spatio-temporal
couplings. The E field is in the following written as

E(x, t) ∝ exp
[
Qxx x2 + 2Qxt xt−Qtt t2] , (A.21)

where the transformation to the previously used form in Equation 2.41 can be made
with:

Q = i
λ

π

(
Qxx Qxt

−Qxt Qtt

)−1

(A.22)

The pulse-front tilt in this notation is:

PFT =
Re{Qxt}
Re{Qtt}

. (A.23)

The beam is fully described by 6 different quantities: In the (x, t)-domain these
are the real and imaginary part of Qxx, Qxt and Qtt. The diagonal elements describe
the Gaussian beam parameters in space and time, whereas the off diagonal element
describes the coupling terms. The real part of the coupling term Qxt yields a position
time coupling of the intensity. The arrival time of the maximum intensity varies
across the transversal coordinate. This effect is called pulse-front tilt. The imaginary
part of Qxt is a phase term, which is time and space dependent. This phase distortion
causes the wave front of the pulse to rotate in time and is therefore called wave-front
rotation. This distortion is not commonly known and was first considered by Akturk
[76].

In order to find all possible coupling terms, the electric field (Eq.2.41) can be
Fourier-transformed in 4 different domains. A Fourier transform to the (x, ω)-domain
yields

E(x, ω) ∝ exp
[
Rxx x2 + 2Rxω xω− Rωω ω2] , (A.24)

with a R matrix which is related to the Q matrix by:

Rxx = Qxx +
Q2

xt
Qtt

Rxω = − i
2

Qxt

Qtt
Rωω =

1
4Qtt

. (A.25)

The real part of the coupling term Rxω is connected to a space-frequency coupling
in the intensity—the so called spatial chirp (SPC), which is given by:

SPC =
Re[Rxω]

Re[Rxx]
(A.26)

The phase coupling in this domain is related to the imaginary part and is called
wave-front-tilt dispersion.

An analog approach gives for the (k, ω) domain:

E(k, ω) ∝ exp
[
Skk x2 + 2Skω kω− Sωω ω2] , (A.27)



A.5 general theory for first order spatio-temporal distortions 121

with

Skk =
1

4Rxx
Skω =

i
2

Rxω

Rxx
Sωω = Rωω +

R2
xω

Rxx
(A.28)

and for the (k, t) domain:

E(k, t) ∝ exp
[
Pkk x2 + 2Pkt kt− Ptt t2] , (A.29)

with

Pkk = Skk +
S2

kω

Sωω
Pkω =

i
2

Skω

Sωω
Pωω =

1
4Sωω

. (A.30)

The corresponding couplings are angular dispersion

AGD =
∂θ

∂ω
=

k∂θ

k∂ω
=

∂k
k∂ω

=
λ

2π

Re[Skω]

Re[Skk]
(A.31)

and angular spectral chirp (→ Im[Skω]) in the (k, ω)-domain. Furthermore, time
versus angle (TVA)

TVA =
∂θ

∂t
=

∂k
k∂t

=
λ

2π

Re[Pkt]

Re[Ptt]
(A.32)

and angular temporal chirp (→ Im[Pkt]) in the (k, t)-domain.
In each of these domains there exists a different matrix with a coupling term, i.e. 8

couplings over all. Fortunately, all these terms are connected via Fourier transforms
and are therefore not independent. This is one reason, why the phase couplings are
not calculated explicitly: It is enough to know two couplings (and four parameters
of Gaussian beams) in order to fully characterize a pulse. All other terms can be
calculated from these values. Since phase couplings are not very intuitive and hard
to measure it is more useful to calculate two of the known couplings: PFT, AGD,
SPC or the less known TVA.

The connection between coupling terms can be easily calculated. Similar to Equa-
tion A.25 it can be shown that

Qxt = −
i
2

Rxt

Rωω
(A.33)

The pulse-front tilt (proportional to Re[Qxt] normalized by the local pulse width) is
then:

PFT ∝ Re[Qxt] = Re[
i
2

Rxω

Rωω
] (A.34)

=
1

2 |Rωω|2
(Re[Rxω]Im[Rωω]− Im[Rxω]Re[Rωω]) , (A.35)

where the frequency chirp is FCH ∝ Im[Rωω], the spatial chirp is SPC ∝ Re[Rxω]

and the spectral bandwidth ∝ Re[Rωω]. One can then write:

PFT ∝ SPC× FCH + Im[Rxω]∆ω. (A.36)
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Similar it follows that

AGD ∝ Re[Skω] = Re[
i
2

Rxω

Rxx
] (A.37)

=
1

2 |Rωω|2
(Re[Rxω]Im[Rxx]− Im[Rxω]Re[Rxx]) (A.38)

For a collimated beam i.e. Re[Rxx] = 0, the angular dispersion can be connected
with Im[Rxω]

Im[Rxω] ∝ AGD. (A.39)

The combination of Equation A.36 and Equation A.39 results in the useful rela-
tion:

PFT ∝ SPC× FCH + AGD, (A.40)
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Abstract: We present a chirped pulse amplification (CPA) system based
on diode-pumped Yb:YAG. The stretched ns-pulses are amplified and
have been compressed to less than 900fs with an energy of 200mJ and
a repetition rate of 10Hz. This system is optically synchronized with a
broadband seed laser and therefore ideally suited for pumping optical
parametric chirped pulse amplification (OPCPA) stages on a ps-timescale.
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1. Introduction

High-power, few-cycle light pulses are of great interest for studying laser-matter interactions
at extreme conditions. Several applications such as the generation of mono-energetic electron
beams by laser-wakefield acceleration in the “bubble” regime or higher-harmonic generation
from solid surfaces have been demonstrated [1, 2] and theoretical predictions call for light
sources delivering ever shorter and more powerful pulses in order to drive these processes more
efficiently [3, 4]. The generation of Joule-class pulse energies combined with the few-cycle
duration has yet to be demonstrated.

The PFS project aims at developing a light source delivering Petawatt-scale carrier-envelope
phase controlled [5] pulses with pulse energies > 3J in the few-cycle regime (< 5fs,
700...1400nm) at a repetition rate of 10 Hz [6, 7]. The concept for reaching the ambitious
parameters of PFS is based on the optical parametric chirped pulse amplification (OPCPA)
technology, using a modified scheme as compared to existing facilities. In the PFS design
short pulses are used to pump the OPA stages, i.e. on the order of 1 ps, in contrast to 100
ps−ns pulse durations in previous systems (e.g. in [8–10]). The short-pulse-pumped OPCPA
approach improves the conditions for high-power few-cycle-pulse generation as compared to
long-pulse-pumped OPCPA in several ways. Firstly, the significantly increased pump power
permits the use of thinner OPA crystals while keeping the same level of gain, which implies an
increase of amplification bandwidth as compared with OPA driven by longer pulses. Secondly,
the short pump-pulse duration reduces the necessary stretching factor for the broadband-seed
pulse, thereby increasing stretching and compression fidelity and allowing the use of simple,
high-throughput stretcher-compressor systems, consisting of bulk glass and chirped multilayer
mirrors. Finally, the short pump-pulse duration results in a short amplification time window
and hence dramatically enhanced temporal pulse contrast outside this window. However, the
drawback of ps-pumped OPCPA is that it requires a very accurate and stable synchronization
between the pump and seed pulses. Therefore a special, synchronized pump delivering 1-2ps
pulses with 4×5J pulse energy (frequency doubled at 515 nm) i.e. 4×12J in the fundamental
beam (1030nm) at 10Hz repetition rate is required. Such a system is not commercially available
and therefore a challenge for development in its own right.

Recently Yb:YAG based CPA systems delivering sub-2ps pulses with energies as high as
125mJ at 100Hz [11], and 25mJ at 3kHz [12] have been demonstrated. For the PFS pump
laser we aim for higher pulse energies but limit our repetition rate to 10Hz. We have developed
Yb:YAG amplifiers and have shown up to 3J pulse energy with ns-pulses at 1Hz repetition
rate [13], and for 200mJ pulses we raised the repetition rate to 10Hz [14]. In this paper we
present a full characterization of a high energy CPA system generating the shortest high energy
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pulses in Yb:YAG and show its potential for OPCPA pumping. We implemented a spatial
light modulator (SLM) for spectral amplitude shaping which counteracts gain narrowing and
therefore pushes the limit for the compressed pulse length below 900fs. Simulations show, that
similar values can be reached for 50 J pulse energy.

2. Experimental setup

telescope isolator

Pump

Yb:YAG multipass

grating

pulse picker

pockles
cell

QWP

Yb:glass regenerative amplifier
Pum

p

TFP

0.5nJ, 3ns, 4nm, 70MHz

180µJ, , 10Hz3ns, 3.5nm

300mJ, 3ns, 3.5nm, 10Hz

fiber amplifiers

Ti:Sa oscillator

PCF

�

�

Grating compressor 200mJ 1ps, 10Hz,

Grating stretcher

zero dispersion
stretcher with SLM Dazzler

amplitude & phase shaping

Fig. 1. Experimental setup: The seed pulses from the Ti:Sa oscillator are spectrally shifted
to 1030 nm in a photonic crystal fiber (PCF), pre amplified in a double stage fiber amplifier,
stretched to 3ns and their spectral amplitude is shaped by an SLM in a zero-dispersion
stretcher. The subsequent Dazzler shapes the spectral phase to improve the compression.
The amplifier chain consists of a Yb:glass regenerative amplifier and a Yb:YAG multipass.
After the main amplification compression is realized in a Treacy type compressor.
TFP:thin film polarizer,QWP: quarter wave plate, SLM: Spatial Light Modulator.

As shown in Fig. 1(a) Ti:sapphire fs oscillator (Femtolaser rainbow) is used as front-end. The
advantage of this approach is that the broadband OPCPA seed can be derived from the same
oscillator and therefore will be optically synchronized. For the OPCPA pump a fraction of the
oscillator output is spectrally shifted to 1030nm in a photonic-crystal fiber. An interference
filter selects a ∆λ = 10 nm band centered at 1030 nm from the frequency spectrum with 3.4 pJ
pulse energy. This output is then amplified in a two-stage Yb-doped fiber amplifier (designed
by the Institute for Applied Physics, Jena, Germany) to 14 nJ pulse energy (70 MHz, 4.4 ps).

The seed pulses are temporally stretched in a compact all-reflective grating stretcher [15] to
a FWHM pulse-duration of 3ns with a spectral bandwidth of 4nm centered at 1030nm. It has
been constructed using a 1740 lines/mm multilayer-dielectric reflection grating with an angle of
incidence of 59◦, a f= 2.5m concave mirror, a flat mirror in the focal plane of the curved one,
and two retroreflectors. This geometry provides a 4-times folded optical path, i.e. 8 reflections
off the grating.

In Yb:YAG the bandwidth is normally limited by strong gain narrowing therefore we incor-
porated a spatial light modulator (SLM) which allows spectral amplitude shaping by changing
the transmission for each wavelength. The SLM (CRI corporation) is located in the Fourier
plane of an additional zero-dispersion stretcher, which is adapted to the aperture of the used
SLM (12.8mm×5mm). The losses of this setup are easily compensated by a few more round
trips in the subsequent regenerative amplifier. Recently, a Dazzler (Fastlite Inc.) was imple-
mented with the capability of simultaneously shaping the spectral phase and amplitude. Never-
theless the presented results were achieved using the SLM for spectral amplitude shaping.
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The Yb:glass regenerative amplifier boosts the pulse energy to the 200 µJ-level without sig-
nificant gain narrowing. The Yb:glass gain medium (8mm long, 12mm diameter, doping level
NYb = 6 ·1020 cm−3) is pumped by a fiber-coupled laser diode (5W, 1.5 ms, 10 Hz, 976nm) fo-
cused to a pump spot of 100 µm. Owing to the low average power, no cooling is needed and the
glass is mounted in a standard mirror mount. The cavity is 1.6m long and consists of two plane
end mirrors and a focusing mirror with 200mm focal length, which generates a focus of 100 µm
diameter next to the amplifying medium on one of the end mirrors. A thin film polarizer, a quar-
ter wave plate and a Pockels-cell are used for coupling the beam in and out of the cavity. After
approximately 100 round trips this amplifier reaches saturation. Seed-energy fluctuations cause
only a small variation in output energy and lead to a very stable output (1% standard deviation)
with a nearly diffraction limited beam profile (M2 = 1.2) as shown in Fig. 2(a).

For reaching the final output energy, we apply an 8-pass, diode-pumped, Yb:YAG amplifier,
which is an upgraded version of the amplifier presented in [14]. The AR-coated Yb:YAG crystal
rod (8mm long, 6mm diameter, 3 at.% -doped) is connected to a copper heat sink with indium
foil over its lateral area and is pumped by a diode-laser stack (Jenoptik Laserdiode GmbH)
with an output power of 3 kW (1.5 ms, 10 Hz) at a center wavelength of 940 nm. In order to
provide a small signal single pass gain of approximately 3 a pump intensity of 35kW/cm2 is
needed and the pump is focused to an area of 0.086cm2. For a fixed pump power, the length
of the individual passes in this non-imaging amplifier setup can be chosen in such a way that
the beam size on the crystal stays 2.5mm for all passes. This amplifier boosts the energy from
180 µJ to 300mJ (3% standard deviation) with the beam profile shown in Fig. 2(b). In order
to quantify the beam quality, we measured the strehl ratio of the compressed 1030nm beam.
The beam profile is measured in the near- and far field. Additionally the far field distribution
for a perfect gaussian beam with the same size in the near field is simulated. Thereafter, the
encircled energy on the area of πω2

0 was calculated for the calculated focus and compared to
the encircled energy on the same area for the measured focus. With this method the strehl ratio
was measured to be 0.82±0.05.

a) b) c)

1 mm1 mm1 mm

Fig. 2. Measured beam profiles: a) output beam profile of the regenerative amplifier (2.5mm
diameter), b) output beam profile of the 8-pass amplifier (2.5mm diameter) and c) beam
profile of the frequency doubled beam down collimated to 1.3 mm diameter at the position
of the first OPA stage. The diffraction rings originate from dust on the filters in front of the
camera.

3. Results and discussion

The high gain of 1500 in the main amplifier would lead to a gain-narrowed bandwidth of 1.5nm
(cf. Figure 4 a) and thus to a shortened pulse duration for stretched pulses which would increase
the risk of optical damage significantly. In order to counteract this effect and to preserve the
maximum bandwidth we applied spectral amplitude shaping. The final output spectrum and the
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corresponding shaped input spectrum are shown in Fig. 3(b).
We also investigated the effect of gain narrowing numerically. The calculations used a simple

model based on the rate equations as described in [14]. There it was shown, that the simulation
of the amplification in Yb:YAG fits well to the experimental data. For spectral shaping we carry
out the reverse calculation, in order to find a suitable input spectrum for the desired output
spectrum.

a) b)

Fig. 3. (a) The input spectrum (red, dashed) which supports a broad flattop spectrum (black,
solid) after amplification is calculated. In b) measured spectra for the maximum amplifi-
cation are shown. The amplified spectrum (black, solid) is still suppressed in the center,
showing that further amplification is possible without significant gain narrowing.

As an example, we calculated the input spectrum for 3.5nm FWHM top-hat output profile,
as shown in Fig. 3(a). The major feature is the dip at 1030nm. Compared to the spectrum
predicted by our model, the real input spectrum (Fig. 3(b) has narrower wings due to clipping
in the stretcher, and we choose it in such a way, that the output spectrum is still suppressed in
the center to enable further amplification without significant gain narrowing.
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Fig. 4. Results of the simulation: a) gain narrowing for a top-hat input spectrum (red),
and the reduced effect for the spectrally shaped spectrum (black). Figure b) shows the
normalized spectra at different amplification levels for shaped pulses and illustrates, how
the input spectrum with a dip in the center evolves to a tophat spectrum during amplification
while the bandwidth is preserved large.

Furthermore the bandwidth for our final gain factor of 2.5 · 105 was simulated by subse-
quently raising the pump power. The results are shown in Fig. 4(a), which illustrates the change
of the FWHM bandwidth of the shaped input spectrum with overall gain. Compared to a top-
hat shaped input spectrum our calculation predicts a threefold increase in bandwidth. Fig. 4(b)
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shows the calculated spectral shape and illustrates how this shape evolves into a smooth top-hat
spectrum with increasing gain.

We succeeded in compressing these spectrally shaped, amplified pulses with 66% efficiency
to 900fs with 200mJ. In a Treacy type grating compressor [16] with 6m grating separation,
gratings with the same grating period as in the stretcher are utilized. As shown in Fig. 1 we
use a reverse configuration, meaning that the incident beam has a smaller angle to the grating
normal than the diffracted one. The grating angles were optimized for shortest pulses and the
implemented Dazzler enables us to correct for higher order phases.

The compressed pulse duration is measured by a home-built single-shot second-order auto-
correlator with a tuning window of 6ps and a pixel resolution of 22fs. This device is designed to
measure 700fs pulses with 6% accuracy. For 1000 shots the autocorrelation traces are measured
the mean width is 1.21ps with a standard deviation of 0.04ps. The measured autocorrelation
trace is shown in Fig. 5.

Fig. 5. Calculated autocorrelation trace for the Fourier-limited pulse (black) and measured
autocorrelation trace (red). The latter one is normalized to to enclose the same area as
the calculated autocorrelation trace. The corresponding pulse length is 884 fs and 895 ps,
respectively.

The fourier limited pulse shape and the corresponding autocorrelation trace are calculated
from the measured spectrum. From this we have inferred a deconvolution factor between the
pulse duration and the width of the autocorrelation trace of 1.3518 for this particular case. Using
this factor we can obtain a realistic estimate for our compressed pulse duration which turns out
to be 895fs (transform limit 884fs) with a measurement uncertainty of 40fs. As can be seen
in Fig. 5 the autocorrelation trace is slightly asymmetric, which is most likely caused by an
imperfect beam profile in the autocorrelator. Although the main pulse is close to fourier limited
FWHM, there are large side wings which could be explained by uncompensated higher order
dispersion. Another possibility could be spatio-temporal coupling caused by B-integral issues
when the compressed pulse propagates in several meters air after the last grating. This problem
will be solved by a vacuum chamber for the compressor, which is currently under construction.

In a 5mm type 2 DKDP crystal frequency doubling with 40% conversion efficiency is
achieved so far. We therefore have 80mJ pulse energy in the green, which is sufficient for
pumping the first two to three OPA stages. The beam profile of the frequency doubled beam at
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the position of the first OPA stage is shown in Fig. 2(c).
Another important aspect for short pulse pumped OPCPA is the timing jitter between pump

and seed pulses. In our case the pulse length is 1ps and therefore a timing jitter at least 100fs is
desired for reliable operation of the OPCPA process. We measured the timing jitter in a single-
shot cross-correlation experiment between the 30fs, 800nm pulse (representing the timing of
the OPCPA seed) and the compressed pulses (1030nm) in a 1mm BBO crystal. The relative
position of the correlation traces on the camera can be converted to a relative timing between
the pulses. On a 10s timescale, a jitter of 273fs standard deviation was measured. We believe,
these timing fluctuations mainly originate from air turbulences, and the mechanical instability
of different optical components in the pump laser chain. A more extensive analysis of the jitter
is under way in order to find out where exactly this jitter originates from. Preliminary results
show, that active stabilization allows for a timing jitter of less than 100fs.

4. Summary

In summary we showed amplification in Yb:YAG up to 300mJ pulse energy at 10Hz repetition
rate with an unprecedented spectral bandwidth of 3.5nm. This was realized by spectral
amplitude shaping using a SLM to counteract gain narrowing. In our system we demonstrated
the operation of a sub-ps CPA laser system based on Yb:YAG at an energy level of up to 200 mJ
for the first time. We have therefore demonstrated, to our knowledge, the highest-peakpower
pulses (≈160GW) generated in a Yb:YAG laser to date. From a gain-narrowing point-of-view,
these results can be scaled to the 50J-level, as predicted by our simulations. In order to obtain
the best possible efficiency for the frequency doubling stage and therefore the highest possible
pulse energy in the green, some additional optimization will have to be performed. The laser
system described in this manuscript fulfills the requirements and is currently being used to
drive the next important step in the PFS-project, namely the development of the first OPA-stage.
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Abstract: In an optically synchronized short-pulse optical-parametric
chirped-pulse amplification (OPCPA) system, we observe a few-100
fs-scale timing jitter. With an active timing stabilization system slow
fluctuations are removed and the timing jitter can be reduced to 100 fs
standard deviation (Std). As the main source for the timing fluctuations
we could identify air turbulence in the stretcher-compressor setup inside
the chirped pulse amplification (CPA) pump chain. This observation is
supported by theoretical investigation of group delay changes for angular
deviations occurring between the parallel gratings of a compressor or
stretcher, as they can be introduced by air turbulence.
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1. Introduction

State-of-the-art high-energy optical parametric chirped pulse amplification (OPCPA) systems
are usually operated with stretched pulse durations in the range of 100ps - ns (cf. Ref. [1–3]).
In contrast to that the short-pulse OPCPA scheme uses much shorter pulses on the order of 1ps.
This significantly increases the pump power and permits the use of thinner OPA crystals while
keeping the same level of gain, which implies an increase of amplification bandwidth as com-
pared with OPA driven by longer pulses. Additionally the short pump-pulse duration reduces
the necessary stretching factor for the broadband-seed pulse, thereby increasing stretching and
compression fidelity and allowing the use of simple, high-throughput stretcher-compressor sys-
tems, consisting of bulk glass and chirped multilayer mirrors. Furthermore, the technique of
few-ps OPCPA possesses immense potential for generating high contrast pulses due to the short,
ps-scale time window for the parametric fluorescence. Nevertheless the high-energy pump laser
is not commercially available and therefore needs to be developed.

The Petawatt Field Synthesizer (PFS) is based on the above introduced short-pulse OPCPA
scheme. The PFS project aims at developing a petawatt-scale carrier-envelope phase [4] con-
trolled light source to deliver pulses with energies of > 3J in the few-cycle regime (< 5fs,
700−1400nm) at a repetition rate of 10Hz [5–7]. The PFS design with several OPCPA stages
requires a special, synchronized pump delivering 1−2ps pulses with 4×5J pulse energy (fre-
quency doubled at 515 nm), i.e. 4 × 12Joule in the fundamental beam (1030 nm) at 10 Hz
repetition rate. The pump source with these specifications is based on the chirped-pulse ampli-
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fication (CPA) principle [8] using Yb:YAG as the amplification medium pumped by high power
laser diodes. At present, this source is capable of delivering 200 mJ pulses at 1030 nm with a
compressed pulse duration of ≈ 1ps [9].

Precise synchronization between pump and seed pulse is a prerequisite for stable amplifi-
cation in the OPCPA stages, since the pulses are only 1ps long. Simulations of the OPCPA
amplification show, that 150fs timing jitter could result in significant spectral changes in the
amplified signal, while the Fourier-limited pulse length changes only by 4%. Therefore we
consider 150fs as a tolerable upper limit for the timing jitter in a 1ps OPCPA stage.

Different active, e.g Ref. [10], and passive optical synchronization schemes such as di-
rect seeding [11], injection seeding [12] and frequency shifting using a photonic crystal fiber
(PCF) [13] have already been developed, which allow for few-fs jitter between different ampli-
fier chains. We apply the latter technique to derive both pump and seed pulses from the same
oscillator. The initially synchronized pump beam has to be amplified prior to the OPCPA stage.
In these amplifiers the pulse propagates along a significantly longer path than the seed pulses.
This additional optical path amounts to several 100m in our case and makes the setup highly
sensitive to mechanical vibrations and air fluctuations as sources of timing jitter. Therefore it is
important to check the temporal synchronization at the position of the OPCPA stages.

In this paper we present the results of single-shot measurements of the relative timing be-
tween the pump and the seed pulses at 10Hz repetition rate in order to quantify the level of syn-
chronization in our experimental setup. Additionally we applied an active stabilization stage to
reduce the jitter to 100fs. We could identify air turbulence inside the stretcher-compressor setup
of the CPA pump laser as the main source of the timing jitter by performing several measure-
ments at different stages in the CPA pump laser chain. In order to investigate the influence of
air fluctuations inside the stretcher/compressor on the timing of the pulse theoretically, we per-
formed calculations for the optical path length with a small perturbation of the beam pointing
inside a Treacy-type compressor [14].

2. Experimental setup

The schematic layout of our system is shown in Fig. 1. In order to achieve optical synchroniza-
tion, both seed and pump pulses are derived from a common Ti:sapphire oscillator (Rainbow,
Femtolasers GmbH), which serves as the master oscillator. For the generation of the OPCPA
seed, a fraction of the oscillator output is amplified in a commercial Ti:sa amplifier (Fem-
topower Compact-Pro, Femtolasers GmbH) and subsequentially compressed in a hybrid pulse
compressor (HPC). The output of the HPC is used for generating a broadband supercontin-
uum by a two-stage spectral broadening technique. Details about the OPCPA seed generation
are described in [7, 15]. The near-infrared spectral part (700nm to 1400nm) of this supercon-
tinuum is then stretched to approximately 1ps for seeding the first stage of the main OPCPA
chain, which is under construction. For the OPCPA pump generation, a part of the oscillator
output is spectrally shifted to 1030nm in a PCF and amplified in a two-stage fiber amplifier to
1W. In order to stretch the narrow bandwidth (ca. 4nm) pulses to 3ns we apply an all reflective
stretcher [16] in a double-pass configuration (i.e. 8 reflections off the grating). After stretch-
ing, the amplification takes place in an Yb:glass regenerative amplifier (regen) followed by a
multi-pass amplifier based on Yb:YAG, both of which are diode-pumped. The compression is
realized with a Treacy-type compressor [14] with a large grating separation of 6 m, using the
same gratings as in the stretcher (1740 lines/mm). After compression an energy of 200 mJ is
delivered within 1ps pulse duration. A more detailed description of the setup can be found
in [9].

The path through the CPA pump chain would result in a total optical delay of ≈ 1 µs between
the OPCPA pump and the seed at the position of the first OPCPA stage. In order to compensate
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Fig. 1. (Color online) Schematic layout for the generation of the broadband seed and the
synchronized pump for the broadband short-pulse OPCPA. PCF: photonic crystal fiber;
SHG: second harmonic generation; SFG: sum frequency generation; Femtopower: Ti:sa
amplifier (Femtolasers GmbH).

for this delay, the pulses for the pump and the seed chains are selected from the master oscillator
at different times. In this scheme, the sources of possible timing fluctuation between the two
pulses can be the finite stability of the repetition rate of the master oscillator, temperature drifts,
air turbulences and mechanical vibrations of optical components over this rather long optical
path of the pump pulse.

It should be noted, that all our optical tables are equipped with flow boxes and are enclosed
by a housing. Inside this housing subunits such as the stretcher, regen, multipass amplifier are
covered in separate boxes, which are not air-tight, but provide isolation from the ambient air
turbulences to some extent. Due to its size (6.5×1.5×0.7 m3), the compressor is currently not
separately covered.

3. Measurement of the timing jitter

In order to quantify the level of synchronization in the above described setup we performed
single-shot measurements of the relative timing between the pump and the seed pulses. For this
purpose we apply a modified cross-correlation technique (cf.2 a), first proposed by Miura [17].
Using this technique, the relative timing between a compressed pulse and a linearly chirped
pulse can be measured with fs resolution via sum frequency generation (SFG). For this we
use the compressed 1ps long pump pulse before it is frequency doubled, i.e. at 1030nm. The
reference pulse is split off from the Femtopower amplifier before compression and hence has a
duration of 10ps and a bandwidth of 60nm (cf. Fig 1).

The spectrum of the SFG signal is measured using a high-resolution spectrometer (Avantes
AvaSpec-2048). The accuracy of the measurement is determined by the resolution of the spec-
trometer (0.06nm) and by the chirp of the reference pulse. Determination of the centroid wave-
length can be done with sub-pixel resolution resulting in an improved accuracy of approxi-
mately 10fs in our case. In order to calibrate the measurement, we set different known delays
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Fig. 2. a) Schematic picture of the modified cross-correlation technique [17]. The spectrum
of the sum frequency signal between the short pump pulse and a long, chirped reference
pulse is measured. The relative arrival time of the pulses is transformed into a frequency
change of the sum frequency signal. b) Calibration curve for the used setup. The centroid
of the sum frequency signal is measured at different relative delays.

between the pulses and measured the centroid of the spectrum. In Fig. 2(b) the calibration curve
for the lowest jitter pulses (compare Fig. 3(b)) is shown. Each point is the mean value of 100
shots and the standard deviation is too small to resolve the error bars in the plot. For delays
larger than 1ps one can observe a deviation from the linear fit, which could be explained by
higher order dispersion in the chirped pulse. In this delay range, a higher order fit would be
more accurate. Nevertheless in the central part (±1ps), where we work, the linear fit is suffi-
ciently accurate and no correction is needed. The calibration factor of 533fs/nm of the linear fit
is used for all of the following measurements.

4. Experimental results and discussion

Our findings are summarized in Fig. 3. The measured fluctuation of the relative timing between
pump and seed are shown in Fig. 3(a). Here the pump pulse is stretched, fully amplified in the
regenerative and multipass amplifiers and subsequently compressed. For this measurement no
precautions were taken to reduce air fluctuations, i.e. the flowboxes were running. We find that
the timing jitter has a standard deviation of 400fs, which would be unacceptable for proceeding
with the short-pulse pumped OPCPA experiments.

In order to determine the source of this measured rather large temporal oscillation, we stud-
ied the effect of the different components of the CPA pump-laser chain. First, we bypassed the
stretcher-compressor setup and amplified the unstretched pulses (ca. 4 ps) in the regen to a low
power level. The relative timing was then measured between the reference and the pulses am-
plified in the regen in case when i) the same pulses, and ii) different pulses with approximately
1 µs delay (this delay is expected for the full amplifier chain including stretcher and compres-
sor) were selected from the master oscillator for both chains. The appropriate optical delay is
achieved by adjusting the number of round trips in the regen.

As depicted in Fig. 3(b), when the same pulses were selected for amplification in pump- and
seed-chains (red curve), the jitter is hardly above the resolution of our measurement system.
In the case with 1 µs delay (black curve) one could expect different sources of jitter. On the
one hand the repetition rate instability of the master oscillator introduces a jitter between the
two selected pulses. Although the oscillator repetition rate is not stabilized, a low temporal
jitter can be expected on a s timescale since the main causes for the change of the repetition
rate, acoustic noise (1kHz-100Hz) and thermal fluctuations (1 Hz and below) act on a much
slower timescale. On the other hand also the regen introduces optical delay fraught with jitter.
Although both sources can not be distinguished by the described measurement, together they
account for a few-10 femtosecond jitter. This is close to the resolution limit of our measurement
setup, and is clearly well below our tolerable limit for the short-pulse pumped OPCPA. This
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b)

c)

a)full system

without stretcher-compressor

full system, reduced air turbulence

d) free running

Fig. 3. Results of timing jitter measurements a) Pump pulse passes through the entire
CPA chain: ±400fs timing jitter. b) Timing jitter when stretcher/compressor are bypassed:
±14fs when the same pulses are used from the master oscillator; ±33fs with 1 µs delay.
c) Pump pulse passes through entire CPA chain with precautions to reduce air turbulence:
timing jitter consists of ±70fs shot-to-shot fluctuation and ±200fs slow oscillations. d)
comparison between free running (left) and actively stabilized timing jitter (right).
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means that the optical delay inside the regenerative amplifier has much less influence on the
timing fluctuations compared to the same optical delay generated inside a stretcher-compressor
setup. We can therefore conclude that the large timing oscillations, shown in Fig. 3(a) arise
from the stretcher-compressor setup. We believe that the mechanical instabilities of different
optomechanical components and air fluctuations along the long propagation distance contribute
strongly to this timing instability. This argument is supported by Fig. 3(c), which shows again
the pass through the whole pump-laser chain. But this time with precautions taken to reduce
air turbulences: the flowboxes are turned off, the stretcher box is sealed more carefully and
beam tubes are installed inside the compressor. This measurement can be directly compared
to Fig. 3(a) and shows a significantly improved timing jitter. The reduced jitter enables us to
see two separate components to the remaining timing jitter: a shot-to-shot variation of ±70fs
superimposed on a slow temporal drift of ±200fs.

An active stabilization system can easily correct for this large amplitude, slow fluctuation.
In our active stabilization scheme we take the centroid wavelength of the SFG spectra on every
shot, calculate the difference to a reference wavelength and move a delay stage (in the pump-
chain cf. Fig. 1) to return to the reference position in cases, when the difference exceeds a
certain value. This threshold is a parameter to optimize the active stabilization. If the threshold
is too close to the shot to shot noise level, the delay stage will move on nearly every shot and
the stabilization will become unstable. In the experiment, it was shown that the stabilization
currently works best with this limit set to 100 fs. In this case we can stabilize the jitter to 105 fs
Std, as shown in Fig. 3(d). This is sufficiently low for carrying out the first OPCPA experiments.

5. Theoretical considerations for optical path length inside a stretcher/compressor

The experiments indicated that the optical delay inside the stretcher-compressor setup is fraught
with a much larger timing jitter compared to the same optical delay inside the regenerative
amplifier. Furthermore it was shown that reducing the air turbulence resulted in a significant
decrease of the timing jitter. In this section we will discuss the effect of turbulent air flow on
the optical path length differences theoretically. The main feature of turbulent air is an inho-
mogeneous density which causes local refractive index gradients. A passing light beam will be
refracted on such a refractive index step and is slightly deflected. For example a simulation for
dry air at constant pressure shows, that a temperature change of 0.1K at room temperature can
cause deflections in the range of µrad, if grazing incidence is considered. As many of these
inhomogeneities are distributed randomly over the entire path length, we model the effect of
turbulent air by assuming a mean angular deviation occurring at a mean position throughout the
following analysis

At first let us consider a free-space propagation with the speed of light c over the distance x
and a distance x1 with a small angle difference ∆α (compare Fig. 4). The timing difference can
be calculated as

∆τ =
x1 − x

c
=

x
c

(
1

cos(∆α)
−1

)
≈ x ·∆α2

2c
(1)

For relatively large values x= 100m and ∆α = 10 µrad one obtains ∆τ = 0.017fs and can there-
fore neglect this timing change for probably all experimentally relevant cases in the laboratory.

��

x

x1

Fig. 4. Schematic picture for calculating the timing difference of light traveling along the
paths x and x1.
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In the following we will discuss the influence of beam pointing fluctuations on the optical
path length inside a compressor. We derive the analytical expression for the path length differ-
ence as a function of the angle deviation ∆β and the location of this angle change d for the
general case, with a few µrad angle deviation originating inside the compressor. Additionally,
the special case of beam pointing of few µrad at the compressor input is discussed.

In most systems, the compressor is located in vacuum in order to avoid nonlinearities in air
(our compressor is not vacuum sealed, yet). Therefore, the stretcher will be the most likely
source of perturbations by air fluctuations. Nevertheless, we will analyze a compressor because
the optical path is more easy to explain. These considerations are also valid for the stretcher
setup, as the stretcher provides the same amount of dispersion but with opposite sign. However,
the additional imaging system increases the optical path compared to the compressor, making
the stretcher even more sensitive to air turbulence.

In the following we investigate the influence of a perturbation of the angle inside the com-
pressor. Fig. 5 shows a double-grating double-pass Treacy compressor setup with a grating
separation L1, aligned for an angle of incidence (AOI) α . The optical path of a ray with wave-
length λ0 and AOI of α is shown in red. The diffraction from the first grating is given by the
grating equation

β = arcsin(mNλ0 − sinα). (2)

where N is the line density, λ0 is the center wavelength and m is the diffraction order. As the
AOI on the second grating is β the beam diffracts at an angle α and impinges perpendicular on
the end mirror from where it takes the same path back through the compressor.

d4

Δβ2

L1

grating2

end mirror

d1

d6

d

d7Δβ1

P’’

Δβ1

lim d2 =0
1d L→

P’
d 0→ d L→ 1

d2

P

d
L→

1
W d L→ 1

α

O

β

L4

L5

Y

S

X

Z

grating1

d5

L3

Δα

L2

d3

Fig. 5. Ray diagram illustrating the change in the optical path inside the grating compressor
for the center wavelength λ0. The red ray shows the undisturbed case with an AOI of α .
The green curve depicts the beam path of the pulse for the case when it is distorted at an
angle β +∆β1 at a distance d from the first grating. The blue, dotted and the gray, dashed
traces show the extreme cases d = 0 and d = L1, respectively. The case d = 0 corresponds
to a different AOI of α − ∆α at the compressor input. For detailed explanation see main
text.
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A shot-to-shot pointing fluctuation inside the dispersion plane of the compressor can be
described as a deviation ∆β1 from the design angle β which leads to a non-zero AOI on the
end mirror of ∆α . This in turn results in a different path (and angle) for the first pass (β +
∆β1) and the return pass through the compressor (β − ∆β2), as shown in Fig. 5 (green). The
location where the angle change takes place is parametrized with the parameter d. The extreme
case d = 0 represents beam pointing at the compressor input O (or pointing with ∆α outside
the compressor), and d = L1 stands for fluctuations at the position of the second grating. The
angle change represents air fluctuations, which can be considered static on the time scale of
a propagating light pulse. In Fig. 5 the angle deviations are magnified to better distinguish
the different paths. In reality the points P′ and P′′ are closely adjacent. Therefore the same
deviation as on point P′ is present on the way back through the system at point P′′. (In the case
when d = 0, P′′ is on the first grating and would result in a small angle change of the outgoing
beam. This effect is not relevant for the timing and is therefore neglected.)

The optical path lengths between point O and plane Y S for the aligned and the slightly per-
turbed case are given by

p(β ) = L1 +L2 +L2 +L1 +L3 +L4 +L5 , and (3)

p(β +∆β1) = d +d1 +d2 +d3 +d4 +d5 +d6 +d7 , respectively. (4)

The timing difference can then be calculated by ∆τ = (p(β )− p(β +∆β1))/c. The paths L1

and L2 are given by the compressor design, d is a parameter and the other path lengths can be
obtained from general trigonometric relations in Fig. 5:

d1 = (L1 −d)
cosβ

cos(β +∆β1)
(5)

d2 = (L1 −d)
sin(∆β1)

cos(β +∆β1)

sinα
cos(∆α)

(6)

d3 = d4 =
L2

cos(∆α)
(7)

d5 = (d2 +d3)
cos(α −∆α)

cos(α +∆α)
−d4 (8)

d6 = (L1 −d)
cosβ

cos(β −∆β2)
(9)

d7 = d
cosβ

cos(β −∆β1 −∆β2)
(10)

L3 = d5 cos(∆α) (11)

L4 = L1
sin(∆β2)

cos(β −∆β2)
sinα (12)

L5 = d
cosβ

cos(β −∆β2)
· sin(∆β1)

cos(β −∆β1 −∆β2)
sinα (13)

The contribution to the timing difference from 2L2 −d3 −d4 has the same form as in the free
space case, discussed above (Eq. (1)), and can therefore be neglected. In this approximation,
the timing difference is independent of the distance of the end mirror to the second grating L2.
For the same reason L3 − d5, which accounts for a parallel offset of plane OP and WZ, has a
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negligible effect on the timing difference. The total timing difference can then be written:

∆τ =
1
c
(2L1 −d −d1 −d6 +L4 −d2 +L5 −d7) (14)

=
L1

c

(
2− cosβ + sin(∆β1)sinα

cos(β +∆β1)
− cosβ − sin(∆β2)sinα

cos(β −∆β2)

)

+
d
c

(
cosβ + sin(∆β1)sinα

cos(β +∆β1)
−1

)

+
d
c

(
cosβ

cos(β −∆β2)

[
1− cos(β −∆β2)− sin(∆β1)sinα

cos(β −∆β1 −∆β2)

])
(15)

With the help of the grating equation (Eq. (2)) we can write sinα in terms of sinβ . For small
angles ∆β we can approximate sin(∆β ) ≈ ∆β and cos(∆β ) ≈ 1. Under this approximation it
follows that cos(β ±∆β ) ≈ cosβ ∓∆β sinβ . Equation (15) can then be approximated as

∆τ ≈ L1 mN λ0

c

(
∆β2

cos(β −∆β2)
− ∆β1

cos(β +∆β1)

)

+
d mN λ0

c

(
∆β1

cos(β +∆β1)

)

+
d mN λ0

c
cosβ

cos(β −∆β2)

(
∆β1

cos(β −∆β1 −∆β2)

)
. (16)

The following calculations are done for the approximated expression (Eq. (16)) as well
as for the formula without approximations (Eq. (15)) with the following parameters: N =
1740lines/mm, λ0 = 1030nm, m = 1, L1 = 6m, L2 = 3m and α = 58.5◦, as in the experimen-
tal setup. It should be noted, that we are interested in small angle changes (few µrad) which
may affect the optical path length, but do not change the pulse length or angular chirp [18] in a
significant way.

In these formulae it can be seen, that smaller angles β are favorable in terms of timing differ-
ence. Nevertheless, in order to compare the jitter for different angles one has to take into account
that the dispersion is also decreasing with decreasing β . Therefore the compressor length should
be adapted to compare compressors with the same dispersion. For example our compressor is
designed in a reverse configuration where α < β (α = 58.5◦, β = 69.98◦) because in this case
the necessary dispersion can be achieved with only L1 = 6m grating separation. Another option
would be the normal configuration with α = 69.98◦, β = 58.5◦ where a grating separation of
L1 = 14m is needed. This configuration is also considered in the following paragraphs.

5.1. Angle fluctuations at the compressor input

The special case d = 0 corresponds to the situation, when there is a certain beam pointing fluc-
tuation ∆α at the compressor input. This change translates to a fluctuation ∆β1 to the diffracted
beam at point O on the first grating. No source of angle fluctuation inside the compressor is
considered. For d = 0, the last two terms in Eq. (15) and Eq. (16) vanish and Eq. (16) takes the
form

∆τ =
1
c
(2L1 −d1 −d6 +L4 −d2) (17)

=
L1 mN λ0

c

(
∆β2

cos(β −∆β2)
− ∆β1

cos(β +∆β1)

)
(18)

The effect of angular deviation outside the compressor on the timing is very small because d1

is a bit longer than L1 but d6 is a bit shorter and together they nearly cancel out each other,
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i.e. d1 +d6 ≈ 2L1. Additionally d2 and L4 compensate each other, i.e. d2 ≈ L4 (compare Fig. 5,
Eqs. (5)–(13)). From Eq. (18) it can be seen that the remaining difference occurs because ∆β1 �=
∆β2. This is due to the fact, that the angle β +∆β is transfered to β − ∆β after reflection off
the end mirror. Thus the effect of angular deviation taking place outside the compressor on the
timing is very small.

Fig. 6. Timing difference for a small change ∆α of the AOI α at the compressor input
(d=0). Larger angle α (smaller angle β ) is advantageous in terms of jitter.

In Fig. 6 the calculated timing jitter due to pointing fluctuations at the compressor input is
shown. For pointing fluctuations up to 10 µrad the timing jitter is less than 0.25fs, which was
also checked via ray tracing. We measured the beam pointing at the compressor input to be less
than 1 µrad which corresponds to 0.0025fs jitter. This jitter is negligible in our case. Neverthe-
less, it should be noted that this timing jitter from angular deviations outside the compressor is
two orders of magnitude larger than the effect of the same angle deviation in a freely propagat-
ing beam over the same distance (compare Eq. (1)) and that the compressor configuration with
α > β would have advantages in terms of jitter, even though the grating separation is more than
doubled to achieve the same dispersion.

5.2. Angle fluctuations inside the grating compressor

In the previous paragraph we have shown, that angle fluctuations at the compressor input are
negligible because all path lengths compensate each other to a large extent. So we will have a
look at the influence of angle fluctuations originating inside the compressor. From Fig. 5 one
can understand what happens when d is increased, the distances on the way to the end mirror
(d1, d2) are decreasing and can not compensate for the distances during the back propagation
(d7, L4, L5) and the timing difference is drastically increased.

In Eqs. (15) and (16) we can neglect the first term as shown in the previous paragraph. It
turns out, that the second and the third term in Eq. (16) both have the same weight. When
approximating cos(β +∆β ) ≈ cosβ we can further simplify Eq. (16) to:

∆τ ≈ 2mN λ0

c cosβ
∆β1 ·d (19)

Figure 7(a) shows that the approximations for Eq. (19) are well justified, because deviations
from the non-approximated curve are negligible. As predicted by Eq. (19), the linear character
in d and ∆β shows clearly in the graphs. Compared to the case with d = 0 the jitter is up to 4 or-
ders of magnitude higher (for d = L1) and again the normal configuration with smaller β (larger
α) has advantages in terms of sensitivity to timing jitter. Figure 7(b) shows the timing jitter for
different positions d. As mentioned earlier the effect of turbulent air is modeled by assuming
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a) b)

Fig. 7. a) Timing difference for d = L1: the approximations in Eq. (19) are well justified
in the considered range. The configuration with increased AOI α (or decreased β ) shows
reduced timing differences. b) Timing difference for different values of d.

a mean angular deviation at a mean position. Since the mean position is most likely located at
d = 0.5L1, the corresponding curve in most suitable to reflect the effect of air turbulence.

As a result of this analysis we can state that a Treacy-type compressor introduces a timing
jitter, when a beam pointing is considered. Beam pointing fluctuations at the compressor input
are orders of magnitude less critical than those occurring inside the compressor, especially
close to the second grating. With this calculation we can explain the effect of beam pointing
fluctuations, as could be introduced by air turbulence or mechanical instabilities of optical
elements like gratings, mirror or imaging optics (in case of a stretcher). Generally a smaller
angle β is preferable in terms of jitter even if a longer path is needed to get the necessary
dispersion.

6. Summary

In conclusion, we have quantitatively investigated the level of timing synchronization between
the pump and seed pulses of the PFS system, which is currently under development. Addition-
ally an active stabilization system is applied which eliminates the slow drift and reduces the
jitter to 100 fs Std. This will enable the first short-pulse pumped OPCPA experiments with our
system.

Using the spectral gating technique we succeeded in demonstrating experimentally that the
air fluctuations inside the stretcher-compressor setup are the main source of the pump-seed
timing jitter. In addition we have provided a theory on timing difference due to angular devi-
ations inside a stretcher/compressor. As the main result the beam pointing fluctuation at the
stretcher/compressor input accounts only for less than 0.2fs jitter whereas angle fluctuations of
the same magnitude originating inside the stretcher/compressor can result in up to four orders
of magnitude larger jitter, depending on where this perturbation is located inside the compres-
sor. This theory provides a simple formula (Eq. (19)) and can perfectly explain the experimental
observations. Although the grating stretcher and compressor were extensively investigated in
the past (e.g. [14,16,18,19]), to the best of our knowledge a sensitivity of these components for
absolute timing jitter has not been reported up to now. Most probably because timing sensitive
applications such as our CPA pumped ps OPCPA have been emerging in the past few years
(c.f.: [12, 20, 21]). All these systems are quite different, but have one thing in common: An
increased timing jitter after compression at the final stage is measured, compared to an early
stage of the setup. With the presented theory it is now possible to explain a major part of the
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observed increase in the timing jitter.
Air fluctuations inside a compressor are not relevant in most CPA systems, since usually

compressors are situated in vacuum in order to avoid nonlinearities in air. Nevertheless the cal-
culations are also valid for the stretcher. Therefore any air fluctuations or vibrations inside the
stretcher should be avoided, if low temporal jitter is required. This means, ideally the stretcher
would also be in a vacuum environment for such cases.

As a consequence of our findings we plan to enclose the stretcher in an air-tight container.
If this proves to be insufficient in the future, we might even go to vacuum. For the compres-
sor a large vacuum tank will be constructed (ca. 4.5 × 1.5 × 1 m3), in contrast to the original
plan, where only the last grating should be placed in a considerably smaller chamber. These im-
provements will help in eliminating the air fluctuations and hence the large timing instabilities
altogether.
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