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Abstract
The development of a pump laser system for a high power and high repetition rate optical parametric chirped-pulse ampliﬁcation (OPCPA) is presented in this
thesis. The OPCPA system requires pump pulse energies in the range of tens of
millijoules at high repetition rates with sub-picosecond pulse durations. This can
be achieved to some extend with Innoslab ampliﬁer technology. However, scaling to
higher pulse energies at high repetition rates may be problematic. With the thin-disk
ampliﬁer presented in this thesis, output energies of 140 mJ at 100 kHz repetition rate
could be achieved in burst-mode operation, which is a world record for this type of
laser ampliﬁer. Due to its material and spectral properties, ytterbium doped YAG
(Yb:YAG) is used as a gain medium for the high power ampliﬁer stages. The low
quantum defect and the comparatively large emission bandwidth makes this material
the choice for high power operation and sub-picosecond compressed pulse durations.
The output beam proﬁle as well as the shape of the output bursts is ideal to pump
an OPCPA system. An OPCPA output energy in the millijoule range with repetition
rates of 100 kHz to 1 MHz is needed to generate seed pulses for the FEL and for the
application as pump-probe laser at the FEL facility.
Since the development of this laser system needs to meet requirements set by
the Free-Electron Laser in Hamburg (FLASH), the ampliﬁer is conceived for burstmode operation. The main requirement is a high intra-burst pulse repetition rate of
more than 100 kHz and a uniform pulse train (burst) with equal properties for every
pulse. The burst-mode is an operation mode where the laser never reaches a lasing
equilibrium, which means that the behavior of the ampliﬁer is similar to a switch-on of
the laser system for every burst. This makes the development of the ampliﬁer system
diﬃcult. Therefore, an analytical model has been developed to study the ampliﬁcation
process during the burst. This includes the eﬀect of ampliﬁed spontaneous emission
(ASE) in the gain material as well as the operation of the pump laser in a burst-mode.
Burst-mode operation requires a relatively long pre-pumping phase, which increases
ASE related problems.
A very important parameter for a large-scale OPCPA system is the timing between pump and OPCPA seed pulses. A drift would cause a loss in the temporal
overlap within the crystal. Therefore, a method for the synchronization of pump and
seed laser pulses in the OPCPA system by means of a two-crystal balanced optical
cross-correlator has been developed and tested.

v

Zusammenfassung
In dieser Arbeit wird die Entwicklung eines Pumplasersystems für einen
hochrepetitiven optisch parametrischen Verstärker für gechirpte Pulse mit hohen Ausgangspulsenergien vorgestellt. Für das System sind Pumppulsenergien im Bereich
von mehreren 10 Millijoule bei hohen Repetitionsraten und sub-Pikosekunden Pulsdauern erforderlich. Dies wird in gewissem Maße durch den Einsatz eines Innoslab
Verstärkers erreicht. Jedoch ist die Skalierung dieses Konzepts zu hohen Pulsenergien bei hohen Wiederholraten problematisch. Mit dem in dieser Arbeit entwickelten
Scheibenlaser wurde eine Pulsenergie von 140 mJ bei Repetitionsraten von 100 kHz erreicht, was einen Weltrekord für diese Art von Laser darstellt. Durch seine materiellen
und spektroskopischen Eigenschaften wird mit Ytterbium dotiertes YAG (Yb:YAG)
als Verstärkermaterial verwendet. Die vorteilhaften Eigenschaften sind ein geringer
Quantendefekt und eine vergleichsweise hohe verstärkte Bandbreite, wodurch sich
dieses Material besonders für die Verstärkung von Pulsen im Pikosekundenbereich
eignet. Sowohl das Ausgangsstrahlproﬁl als auch die Form des Bursts zeigen eine
sehr hohe Qualität, was einen Nutzen des Verstärkersystems als Pumplasersystem für
das OPCPA System ermöglicht. Dies wird benötigt, um hohe Pulsenergien bei hohen Repetitionsraten für das Seeden und auch als Pump-Probe Laser für FLASH2 zu
erreichen.
Da die Entwicklung des Lasersystems stark mit dem Freie-Elektronen Laser in
Hamburg (FLASH) verknüpft ist, ist der Verstärker für den so genannten ”BurstMode” Betrieb ausgelegt. Dies bedeutet, dass eine festgelegte Anzahl von Pulsen innerhalb eines ”Bursts” vom Lasersystem erzeugt wird. Die Anforderungen an diesen
Betriebsmodus ist die Erzeugung der Pulse mit gleichbleibenden Eigenschaften über
den gesamten Burst. In diesem Betriebsmodus beﬁndet sich der Laser niemals in
einem Gleichgewichtszustand bezüglich der Lasereigenschaften. Um die Eigenschaften
des Lasers in diesem Modus zu untersuchen, wurde ein analytisches Modell entwickelt. Dieses beinhaltet sowohl die Verstärkung von spontaner Emission (ASE) im
Verstärkermedium als auch die Vorpumpzeit, welche benötigt wird, um einen ﬂachen
Burst zu erzeugen. Diese Vorpumpzeit resultiert in einem verstärkten Einﬂuss der
ASE im Verstärker.
Ein sehr wichtiger Parameter für das OPCPA System ist die zeitliche Synchronisierung der Pump- und OPCPA-Seed-Pulse. Ein zeitlicher Drift würde den Verlust des zeitlichen Überlapps im OPCPA Kristall zur Folge haben. Dafür wurde ein
auf zwei Kristallen basierender balancierter optischer Kreuzkorrelator entwickelt und
getestet.
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V. Hilbert, D. Hochhaus, T. Laarmann, H.J. Lee, H. Lemke, K.-H. Meiwes-Broer,
A. Moinard, P. Neumayer, A. Przystawik, H. Redlin, M. Schulz, S. Skruszewicz,
F. Tavella, T. Tschentscher, T. White, U. Zastrau, S. Toleikis, ”Plasma switch as

viii

a temporal overlap tool for pump-probe experiments at FEL facilities”, Journal of
Instrumentation 7, P08007, (2012).
A. Przystawik, A. Kickermann, A. Al-Shemmary, S. Düsterer, A.M. Ellis,
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Chapter 1
Introduction
Since the invention of the ﬁrst optical laser in 1960 [1], lasers have become very
important for a number of scientiﬁc ﬁelds. Four main output parameters can be
deﬁned, which are important for the application of the laser systems: First, the laser
wavelength is important. For example, spectroscopy of semiconductors and dielectrics
requires light pulses in the visible to UV spectral range. Shorter wavelengths can be
achieved by frequency doubling [2], tripling [3] and quadrupling [4] common laser
systems. The second parameter in the case of pulsed lasers is the pulse duration.
Ultrashort pulses from common solid-state lasers can be generated by mode-locking
of a laser oscillator [5–7]. With more sophisticated techniques such as high-harmonic
generation [8, 9], pulse durations in the sub-femtosecond regime are within reach [10–
12].
The remaining two parameters of laser systems are the repetition rate of the
laser pulses and the pulse energy. An increase in one of the parameters usually goes
hand in hand with the decrease of the other one, especially in the case of ampliﬁers
for short pulse durations. For example, a high energy laser with pulse energies in the
joule range normally has a repetition rate of only a few Hertz [13]. To increase both
parameters at the same time in solid-state laser ampliﬁers, three main prerequisites
have to be met. The ﬁrst one is the availability of high power laser diodes for pumping
the laser active medium. Secondly, the laser active medium has to have a high damage
threshold and a low quantum defect in order to eﬃciently convert the pump light into
the ampliﬁed laser pulses. The third prerequisite is the thermal management of the
laser active medium. This can be optimized by design or by cryogenical cooling of
the laser ampliﬁer.
To achieve the thermal management by design, three main ampliﬁer techniques
have been developed in the past decades. The ﬁrst is the ampliﬁcation of pulses in
a ﬁber [14]. Due to the large surface to volume ratio, a good heat removal can be
achieved in the laser active medium. Nevertheless, this ampliﬁer technique is limited
in pulse energy due to the small mode ﬁeld diameter in a ﬁber ampliﬁer. This can
1
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be circumvented by coherent combination of several ﬁbers, which is a sophisticated
and complicated technique in terms of phase control of every single ﬁber source [15].
The second technique is Innoslab ampliﬁers [16]. Here, a large surface to volume
ratio is achieved by the slab shaped geometry of the laser medium. In addition, the
thermal properties in terms of thermal lensing of the ampliﬁer during operation are
used for the guiding of the laser pulses through the ampliﬁer medium. This technique
is also limited in pulse energy, because small mode ﬁeld diameters are also used in the
ampliﬁer crystal. However, in burst-mode operation, the onset of the thermal lensing
due to the pulsed pumping of the ampliﬁer, achieving a ﬂat burst shape is diﬃcult.
The third technique uses a thin disk as an active mirror in the ampliﬁer [17]. Due to
the small thickness of the gain medium, eﬃcient heat removal can be achieved at the
back plane of the medium. In addition, the heat ﬂow is one-dimensional and in the
direction of the ampliﬁed pulses, leading to a nearly vanishing thermal lensing. This
technique allows for high pulse energies due to the large mode ﬁeld diameter, which
is used in the active medium. On the other hand, due to the small thickness of the
medium, a large number of passes is needed for an eﬃcient laser operation.
Nevertheless, with the thin-disk ampliﬁer developed in the work presented, pulse
energies of up to 140 mJ could be achieved at reasonable high repetition rates of
100 kHz. This concept can still be scaled to higher pulse energies by implementing additional thin-disk ampliﬁer stages. A potential application for the developed thin-disk
laser is for the pump-probe and seeding laser at the free-electron laser (FEL) FLASH
in Hamburg, Germany. These lasers require a pump ampliﬁer for a high power and
high repetition rate optical parametric chirped-pulse ampliﬁcation (OPCPA) system
in the burst-mode.

1.1

Free-Electron Lasers

Free-electron lasers (FEL) are fourth generation sources of coherent XUV light [18, 19].
In a FEL, electrons are accelerated to relativistic energies in a linear particle accelerator and then steered through an undulator section. An undulator is a conﬁguration
of magnets with an alternating magnetic ﬁeld. The electrons are forced to follow a
sinusoidal trajectory where they emit incoherent spontaneous radiation. Depending
on the undulator and electron beam properties, the wavelength of the emitted photons can range from the infrared down to the hard X-ray region. Due to the lack of
adequate optics for wavelengths in the VUV and soft X-ray region, high gain FELs
are necessary, where the radiation has to be created by a single pass of the electrons
through the undulator structure. These FEL sources are operating in the so called
self-ampliﬁed spontaneous emission (SASE) mode. The emitted light of the electron
bunch interacts with the bunch itself, leading to a microbunching with a separation
of the order of one wavelength of the emitted radiation. This leads to a coherent
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emission of radiation of the individual microbunches.
In the past decades, several FEL facilities have been developed at diﬀerent research institutes. Facilities operating in the SASE operation mode include the Linac
Coherent Light Source (LCLS, operating in the nm to Å range [18, 19]), the SPring8 Angstrom Compact free electron LAser (SACLA, operating at wavelengths below
1 Å) and FLASH (see below). Facilities under development include the SwissFEL, the
European X-FEL and FLASH2 (see below). These facilities oﬀer special experimental
conditions for studying the structure of matter and biological samples with outstanding resolution. In addition, pump-probe experiments can be performed in the XUV
and X-ray range.
A major problem of FELs operating in SASE mode is the lack of temporal coherence of the generated radiation. This originates from the start of the ampliﬁcation
of light from shot noise. To overcome these problems, several methods of seeding can
be implemented. Seeding dramatically improves the properties of the radiation since
the start of the ampliﬁcation process occurs with pulses with well deﬁned properties. The most straightforward approach for seeding a FEL is direct seeding with a
high-harmonic generated seed laser pulse. This has been performed at the SPring-8
compact SASE Source (SCSS) [20]. Another method for seeding has been implemented at the FERMI@Elettra Free-Electron Laser. Cascaded seeding via High Gain
Harmonic Generation (HGHG) has been implemented to generate output wavelengths
in the range of 20 down to 4 nm with well deﬁned output pulse characteristics [21].
Compared to direct seeding, this method has the advantage that the constraints on
the seed source are less stringent in terms of the generated wavelength. Another advantage of seeding with an external laser is that the seed laser can be synchronized
with a pump-probe laser, making high temporal resolution pump-probe experiments
feasible. At LCLS, self-seeded operation of the FEL could be achieved by modeﬁltering of the generated radiation in a diamond monochromator [22]. This ﬁltered
radiation is then ampliﬁed further in the subsequent undulator sections, leading to
high quality temporal coherence. Thus, no seed laser is needed at all in this scheme.
The Free-Electron Laser in Hamburg (FLASH) is a soft X-ray light source [23]. It
delivers pulse energies in the microjoule range at wavelengths from 60 down to 4.45 nm.
The goal of the current research on the machine is to improve the spatial and temporal
coherence of this radiation. Due to the self-ampliﬁed spontaneous emission (SASE)
process, these properties are poor compared to light generated in a classical laser. The
approach to overcome this limitation is the direct or cascaded seeding of the FEL.
Therefore, an extension of the existing FLASH facility is currently under construction,
which is the FLASH2 project [24]. Seeding is foreseen with the HGHG concept. The
planned parameters of the FEL with this seeding method are a wavelength range from
40 down to less than 10 nm and output pulse energies in the range of 30 to 200 µJ.
The output pulse duration will be in the range of 15 to 80 fs. Laser pulses in the UV
range are needed. The generation is performed with frequency tripling of an 800 nm
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pulse with tunable center wavelength of 700 to 950 nm.

1.2

The special challenge: Burst-mode amplifiers

The FLASH FEL operates in a burst-mode, which is a challenge for the laser system
in terms of the adaption of the high laser repetition rate in this special operation
mode. The burst-mode laser is never operated in equilibrium, concerning the laser
operation given by the rate equations. For 10 Hz burst repetition rate, the laser is
not amplifying pulses for most of the time. This leads to a switch-on like behavior of
the laser for every ampliﬁed burst of pulses. For the application at the Free-Electron
Laser FLASH, existing burst-mode lasers are operated as photo-injector laser [25] and
also as pump-probe laser for experiments [26].
Thermal issues are less problematic in the case of burst-mode operation in contrast to a continuously operating laser system. A ﬁxed repetition rate would be
beneﬁcial regarding the dynamics of the laser itself. However, the burst-mode requires low cooling for the entire laser system. In addition, the overall operation time
of the pump diodes for the individual ampliﬁer stages is much smaller than in continuous operation. It needs to be stated that the inﬂuence of the burst-mode operation
on the lifetime of the laser diodes still needs to be investigated. The challenge of
the burst-mode operation is the generation of a ﬂat pulse train. The pulse train in
our case consists of 80 pulses with an intra-burst repetition rate of 100 kHz. The
burst repetition rate is 10 Hz with a temporal separation of the bursts of ca. 99 ms,
which is well above the upper state lifetimes of common laser media. In the case of
ytterbium-YAG as a laser active medium, which is used for the ampliﬁers presented
in this thesis, the upper state lifetime is smaller than one millisecond. For every pulse
train, the laser gain medium of each individual ampliﬁer stage has to be pumped prior
to the ampliﬁcation of the pulses. This triggers problems with ampliﬁed spontaneous
emission (ASE).
The burst operation mode of the ampliﬁer system can also be used for materials
processing applications. A high repetition rate laser system is interesting for a high
processing speed. For high pulse energies, on the other hand, this comes hand in hand
with a high average power of the laser output, leading to a strong thermal inﬂuence
on the sample. Using a burst-mode ampliﬁer, the beneﬁcial properties of both types
of system can be combined: The high intra-burst repetition rate for high processing
speed and the low total average power due to the burst operation mode of the laser
system [27].
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OPCPA system development for applications
at FLASH

For the application at the free-electron laser FLASH, an OPCPA system with output
parameters matching the operation characteristics of the FEL is developed ([28, 29]).
These parameters are, as already stated previously, a burst operation mode with a
burst repetition rate of 10 Hz and an intra-burst repetition rate of 100 kHz. The output
pulse energy of the OPCPA system is planned to be in the millijoule range with a
spectral bandwidth supporting compression of the pulses to sub-7 to 20 femtosecond
pulse durations for pump-probe experiments. For seeding applications at FLASH,
a tunable OPCPA is foreseen with a wavelength range of 700 to 950 nm and pulse
durations of 30 or 100 fs. A schematic of the planned setup is displayed in ﬁgure 1.1.
Pump amplifier chain
SHG
Fiber

Innoslab

Thin-disk

Frontend

n-OPCPA stages
Figure 1.1: Planned setup of the OPCPA system. The seed light from
the frontend is split for OPCPA and pump ampliﬁer seeding. The latter
is used as pump pulses for the OPCPA system after frequency doubling.

The frontend of the laser system is a titanium sapphire (Ti:Sa) oscillator. The
output of this oscillator is used to seed both pump ampliﬁer chain and OPCPA system. Thus, an intrinsic optical synchronization of both systems is provided. The
pump ampliﬁer is chirped-pulse ampliﬁcation (CPA) system with a ﬁber ampliﬁer
system and further booster ampliﬁers. The booster system can be either an Innoslab
ampliﬁer, a thin-disk ampliﬁer or a combination of both. The performance study of
both systems and the development of the thin-disk ampliﬁer is the main focus of this
thesis. The compressed pulses are frequency doubled in a nonlinear crystal and used
as pump pulses for the OPCPA system. The burst operation mode is implemented
in the pump ampliﬁer chain and is transferred in the OPCPA ampliﬁer stages, where
only pulses are ampliﬁed which are temporally overlapped with a pump pulse.
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The output of the OPCPA stage is interesting for the applications at the freeelectron laser FLASH and can be used for the generation of high harmonics (HHG)
for direct seeding of the FEL with a short wavelength, for third-harmonic generation
(THG) for high gain harmonic-generation seeding of the FEL or directly as a pumpprobe laser for experiments at the facility.

1.4

Thesis outline

The thesis is structured as follows:
• A survey of theory and methods used in this thesis is given in chapter 2. This
includes the linear and nonlinear interactions of light with matter. In addition,
a survey of diﬀerent solid-state ampliﬁer techniques is presented in this chapter.
• In chapter 3, an analytical model for the investigation of the thin-disk ampliﬁer is
presented. The model is one-dimensional and includes the burst-mode operation
of the ampliﬁer as well as the inﬂuence of ampliﬁed spontaneous emission (ASE).
This has to be considered for the burst-mode since an unseeded pre-pumping
time of the ampliﬁer is necessary to achieve a ﬂat burst.
• The experimental setup of the ampliﬁer system is described in chapter 4. The
pump ampliﬁer setup is described. A synchronization method for pump and
seed pulses in the OPCPA system by means of a balanced cross-correlator is
presented.
• Chapter 5 summarizes the experimental results achieved with Innoslab ampliﬁer
technique as well as with the thin-disk ampliﬁer. In addition, a comparison of
the experimental results with the analytical model is given. At the end of the
chapter, measurements performed with the balanced cross-correlator for the
pump-seed synchronization are presented.
• A summary of the entire work presented in this thesis is given in chapter 6.

Chapter 2
Theoretical background
In this chapter, the theoretical background on which this work is based is presented.
Starting with the basic properties of laser light, the foundations for modeling the
laser system will be presented in section 2.1. This includes the spatial and also the
temporal properties of Gaussian beams and pulses as well as linear interactions with
matter. In section 2.2, the nonlinear interactions of light with matter are described,
which is the basis for second-harmonic generation and for optical parametric ampliﬁcation. Section 2.3 deals with the techniques for the ampliﬁcation of laser pulses.
This includes the basic properties of chirped-pulse ampliﬁcation, optical parametric
chirped-pulse ampliﬁcation as well as diode pumped solid-state laser technologies. In
particular, ampliﬁers based on Ytterbium doped gain media are investigated. A theoretical description of the properties of this gain medium is given in section 2.4. The
main topic of this thesis is the development of an Yb:YAG thin-disk laser ampliﬁer.

2.1

Properties of light

This section gives an overview on the fundamental properties of laser light. In section 2.1.1 the spatial properties of Gaussian beams are given. This is the basis for the
numerical method for modeling beam propagation, based on the beam propagation
matrices. These are described in detail in section 2.1.2. The temporal properties of
Gaussian pulses will be presented in section 2.1.3 with the properties of pulses in the
time and frequency domain. In section 2.1.4, linear interactions of light with matter
will be discussed. This includes the inﬂuence of matter on the light pulses by means
of dispersion and also linear absorption of light in materials.
7
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Spatial properties of Gaussian beams

In the spatial domain, the intensity distribution I(r, z) of a Gaussian beam with power
P can be described by the following equation [30]:
(
)
2P
r2
I(r, z) =
exp −2
,
(2.1)
πw(z)2
w(z)2
where r is the distance from the beam axis, z is the position along the beam axis and
w(z) is the radius where the intensity of the beam drops to 1/e2 of the peak value.
The development of the beam radius along the beam axis is described by (deﬁnitions
derived from [31]):
√
(
)2
zλ0
w(z) = w0 1 +
,
(2.2)
w02 nπ
with w0 as beam waist, λ0 as center wavelength of the laser beam and n as refractive
index of the medium in which the light propagates. An important parameter regarding
the description of Gaussian beams is the Rayleigh length zR :
nπ 2
zR =
w .
(2.3)
λ0 0
At the distance of one √
Rayleigh length from the beam waist, the Gaussian beam
is expanded by a factor of 2. By using the Rayleigh length, equation 2.2 can be
simpliﬁed to:
√
(
)
λ0 zR
z2
w(z) =
1+ 2 .
(2.4)
nπ
zR
For the full description of a Gaussian beam with central wavelength λ0 , the
position, size of the beam waist and refractive index are fully suﬃcient. Figure 2.1
shows a schematic of the beam parameters given above.
For the propagation of Gaussian beams, it is also useful to deﬁne the radius of
curvature of the wavefront R(z) and the divergence angle Θ of the beam:
(
)
zR2
R(z) = z 1 + 2 ,
(2.5)
z
w0
λ0
=
.
(2.6)
zR
nπw0
With these parameters, one can deﬁne the complex beam parameter q(z), which
leads to a very elegant way to describe the propagation of Gaussian beams with the
ray transfer matrix algorithm described in section 2.1.2. It is deﬁned as:
Θ=

1
iλ0
1
=
−
.
q(z)
R(z) πnw(z)2

(2.7)
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Figure 2.1: Schematic of the Gaussian beam properties [31]. The beam
size w of the Gaussian beam normalized to the waist diameter w0 is
plotted over the propagation distance z normalized to the Rayleigh length
zR .

2.1.2

Beam propagation matrices

For modeling long beam paths with several focusing elements, the ray-transfer matrix
formalism has proved to be a very powerful tool [32]. Every element of the beam
path is given as an ABCD-matrix containing the manipulation of spatial and angular
properties of a laser beam, which is given as a vector with 2 elements. The resulting
equation is then written as (formulas and matrices taken from [31]):
(
) (
) (
)
wout
A B
win
=
·
,
(2.8)
wout ′
C D
win ′
where win and wout are the widths of the in- and outgoing beam, and win ′ and wout ′
are the divergence angles of the in- and outgoing beam, respectively. In geometrical
optics, these parameters can be understood as oﬀset and angle with respect to the
beam axis as well. This equation can be used for calculating the beam propagation
in the x-z-plane or the y-z-plane. For calculating the propagation through n optical
elements with the corresponding ABCD-matrices Mi , the calculation is performed as
follows:
)
)
(
(
win
wout
,
(2.9)
= Mn · Mn−1 · ... · M1 ·
win ′
wout ′
The following matrices (2.10) are the most commonly used: Drift in free space,
thin lenses and spherical mirrors.
)
) (
(
) (
1 0
1 0
1 L
,
(2.10)
,
,
− f1 1
− R2 1
0 1
where L is the path length of the propagating light without optical elements, f is
the focal length of the lens and R is the radius of curvature of the spherical mirror.
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For the propagation of Gaussian beams with the ABCD-matrices, it is useful to use
the q-parameter deﬁned in equation 2.7. After combining the matrices of all optical
elements in the beam path, the q-parameter of the outgoing beam depending on the
q-parameter of the incoming beam is given as:
qout =

2.1.3

qin · A + B
.
qin · C + D

(2.11)

Temporal properties of Gaussian pulses

In the temporal domain, the power distribution P (t) of Gaussian laser pulses is described by the following formula:
(
(
)2 )
t
P (t) = Pp exp −4 ln 2
,
(2.12)
∆τ
where Pp is the peak power of the pulse and ∆τ is the pulse duration measured at
the full width at half-maximum (FWHM). In the frequency domain, the electric ﬁeld
of a Gaussian pulse is deﬁned as [33]:
(
)
(ω − ω0 )2
E(ω) ∝ E0 exp −
,
(2.13)
∆ω 2
where E0 is the peak electric ﬁeld, ω0 is the center frequency of the pulse and ∆ω is
the spectral width. The relationship between pulse duration and spectral bandwidth
is given by the time-bandwidth product (tbp):
tbp = ∆ω · ∆τ,

(2.14)

where ∆ω is the spectral width of the pulse in the frequency domain and ∆τ is the
pulse duration. For Gaussian pulses, the tbp is 0.441. This is directly derived from
the Fourier transformation of the Gaussian pulse. The time-bandwidth product can
be used to deﬁne a lower limit of the pulse duration for a given spectral width of the
laser pulses.
The chirp of the pulse is a linear change of the optical frequency of the laser
ﬁeld within the Gaussian envelope of the pulse. This means that the diﬀerent frequency components of a pulse are shifted in time with respect to each other within
the envelope of the pulse. Up-chirp is then deﬁned as an increase of the instantaneous
frequency with time, while down-chirp is deﬁned as a decrease of the instantaneous
frequency with time. Figure 2.2 shows a schematic of an up-chirped laser pulse, where
the low frequency parts are at the rising edge of the Gaussian pulse envelope.
The characteristics of linear pulse chirp is explained in more detail in section 2.1.3. For quantifying the chirp of a pulse, the rate of change of the instantaneous
frequency is given in Hertz per second. If this number is constant within the temporal
pulse envelope, the chirp is deﬁned as linear.
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Figure 2.2: Schematic of an up-chirp of a Gaussian laser pulse [30]. The
low frequency parts of the laser light are at the rising edge of the pulse
in the temporal domain.

2.1.4

Linear optics: Dispersion and Absorption

Laser pulses consist of a set of frequency components. The dispersion of these components through propagation in matter have to be taken into account. Dispersion
describes the materials wavelength dependent refractive index n(λ). Without absorption in the medium, only the real part of the complex refractive index is non-zero.
Normal dispersion is then deﬁned as:
dn
< 0.
(2.15)
dλ
In the range of absorption of light in matter, the real part of the refractive index
increases with the wavelength, which is called anomalous dispersion:
dn
> 0.
(2.16)
dλ
In the case of anomalous dispersion, the imaginary part of the refractive index
starts to play a role. For the quantiﬁcation of the linear dispersion in a medium, it is
useful to deﬁne the phase velocity of the light wave:
vp =

1
λ0
c0
=√
= ν0 ,
n
ϵ0 µ0 ϵr µr
n

(2.17)

where c0 is the vacuum speed of light, ϵ0 , µ0 , ϵr and µr are the permittivity and
permeability of vacuum and of the material, respectively, and λ0 is the wavelength of
the light. The group velocity of laser pulses is then given by:
vg = vp − λ

dvp
.
dλ

(2.18)
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For broadband laser pulses, the diﬀerence in individual phase velocities of the
diﬀerent frequency components will cause delays of the diﬀerent spectral parts of the
light pulse with respect to each other, leading to a linear chirp of the laser pulse.
When light passes through matter, photons of the incident light can be absorbed
in the medium. This absorption of light can be described by Lambert-Beers law:
I(z) = I0 · exp(−αz),

(2.19)

where z is the penetration depth of the light in the medium, I0 is the intensity of
the light at z = 0 and α is the absorption coeﬃcient which can be derived from the
imaginary part of the complex refractive index by:
α=

4π
nimag ,
λ

(2.20)

with λ as wavelength of the incident light. It can be seen that this absorption coeﬃcient and thus the transmission T = I/I0 of a medium are a function of the
corresponding wavelength. With these parameters, an absorption cross section for a
medium can be deﬁned by:
α(λ)
σ(λ) =
,
(2.21)
Npart
where Npart is the particle density of the corresponding medium. These cross sections
are important for the modeling of rate equations to describe the populations of the
energy levels for laser active materials. In the case of absorption, the corresponding
cross section can directly be measured for example by using a white-light source and
measuring the transmitted spectrum of the corresponding medium. The emission
cross sections of laser active materials are measured by triggering ﬂuorescence of the
medium and measuring the emission spectrum.

2.2

Nonlinear optics

The interaction of light with matter can be divided into linear and nonlinear interaction. The distinction between these two cases is given by the response of the
polarization of the medium on the laser electric ﬁeld. The polarization in the linear
case is given by [31]:
⃗ r, t),
P⃗lin (⃗r, t) = ϵ0 χ(1) (⃗r)E(⃗
(2.22)
where ϵ0 is the dielectric constant of vacuum and χ(1) is the linear electric susceptibility
of the medium. The linear interactions of light with matter are e.g. dispersion,
refraction and absorption (see section 2.1.4).
If the electric ﬁeld reaches magnitudes exceeding 104 V/cm, the interaction of
the light with matter enters the nonlinear regime, where the polarization term given
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in equation 2.22 needs to be modiﬁed to take into account its nonlinear terms. The
resulting polarization for the nonlinear regime reads as follows:
P⃗ (⃗r, t) = P⃗lin (⃗r, t) + P⃗nl (⃗r, t),

(2.23)

with the nonlinear polarization term:
⃗ 2 (⃗r, t) + ϵ0 χ(3) (⃗r)E
⃗ 3 (⃗r, t) + · · · .
P⃗nl (⃗r, t) = ϵ0 χ(2) (⃗r)E

(2.24)

The types of nonlinear interactions are categorized by the order of the nonlinear
susceptibility. The following list gives an overview about the relevant nonlinear
interactions which are important in this thesis:
Second-Order eﬀects
• Second harmonic generation (SHG)
• Sum and diﬀerence frequency generation (SFG, DFG)
• Optical parametric ampliﬁcation (OPA)
Third-Order eﬀects
• Kerr eﬀect, including self-focussing and self-phase modulation
A detailed description of these nonlinear interactions will be given in the following.
Nonlinear interactions: The χ(2) nonlinearity
In the case of two equal monochromatic waves with the same polarization and
frequency νf und , the second order polarization of the medium is described by the
product of the two electric ﬁelds [31]:
⃗ 1E
⃗ 2 = ϵ0 χ(2) E
⃗ 2 = P (2) (0) + P (2) (2νf und ),
P (2) = ϵ0 χ(2) E

(2.25)

where two polarization terms with frequency ν = 0 and ν = 2ν0 appear. The ﬁrst term
describes a rectiﬁed ﬁeld in the medium, which is a macroscopic charge separation
in the material. The second term describes the polarization oscillation with twice
the frequency of the incident wave. This polarization wave emits a new light wave
with twice the optical frequency which is referred to as the second harmonic of the
fundamental wave. The eﬃciency of this process strongly depends the phase relations
between the fundamental and the second harmonic wave. The intensity of the generated second harmonic wave depends on the position z along the beam axis in the
crystal and can be described by:
[
]2
sin(∆kz/2)
2π 2 d2 z 2
2
,
(2.26)
ISHG (z) = If und
ϵ0 c0 λ2f und n2f und nSHG
∆k/2
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where If und is the intensity of the fundamental wave, d is the relevant matrix element
derived from the χ(2) -tensor, nf und and nSHG are the refractive indices for the fundamental and the second harmonic wave and ∆k is the phase mismatch. The intensity of
the converted frequency shows an oscillatory behavior along the z-axis in the crystal.
To avoid this oscillatory behavior and thus optimization of the frequency doubling
process, the phase mismatch should fulﬁll the following condition:
∆k = |kSHG − 2kf und | ≡ 0,

(2.27)

with the wave numbers kf und and kSHG of the fundamental and the second harmonic
wave. Phase matching of the second harmonic generation process can be achieved
in anisotropic materials like birefringent crystals, for example beta barium borate
(BBO, uniaxial crystal). The orientation of the crystal can be chosen such that the
fundamental wave is propagating in the ordinary axis of the crystal, while the second
harmonic is generated in the angle-dependent extraordinary axis, which is then called
type-I phase matching. In the case of type-II phase matching, the two fundamental
beams have perpendicular polarization. The fundamental waves propagate through
the medium in the ordinary and in the extraordinary axis, respectively, and the generated second harmonic beam has extraordinary polarization. The conditions for the
two types of phase matching are:
kSHG (e) = kf und (o) + kf und (o)

(2.28)

for type-I phase matching and
kSHG (e) = kf und (o) + kf und (e)

(2.29)

for type-II phase matching, where o and e are the ordinary and extraordinary waves.
The best phase matching angle, which is the angle between the optical axis of
the crystal and the beam axis, can then be derived with following formula [31]:
2

sin (Θpm ) =

1
n2o,1

−

1
n2o,2

1
n2e,2

−

1
n2o,2

,

(2.30)

with no,1 , no,2 and ne,2 as refractive indices of the ordinary and extraordinary axis
for the fundamental (1) and second harmonic (2) wavelengths. Figure 2.3 shows the
indicatrix of an uniaxial crystal for type-I phase matching.
From this ﬁgure, it can be seen that for a certain angle Θpm , which can be derived
from equation 2.30, the ordinary axis of the fundamental beam and the extraordinary
axis of the second harmonic beam have the same refractive index and thus the wave
vector mismatch is kept close to zero. The ﬁrst demonstration of second-harmonic
generation has been reported for crystalline quartz [2]. Since then, a number of various

2.2. NONLINEAR OPTICS

15

Figure 2.3: Indicatrix of an uniaxial crystal [33].

materials has found application for second harmonic generation. The best crystals for
second-harmonic generation are Beta-Barium Borate (BBO), Lithium Niobate (LBO),
Potassium Titanyl Phosphate (KTP) as well as Potassium Dihydrogen Phosphate
(KDP). Very high conversion eﬃciencies have been shown for KTP (85 %, [34]) and
for LBO (82 %, [35]).
In a more general case, where the incident waves have diﬀerent frequencies ν1 and
ν2 , frequency mixing of the two waves can be achieved. This means that in addition
to second-harmonic generation with ν = 2ν1 and ν = 2ν2 and the DC component with
ν = 0, two new waves with the sum frequency
νsum = ν1 + ν2

(2.31)

νdif f = |ν1 − ν2 |

(2.32)

and the diﬀerence frequency
can be generated. These processes are referred to as sum frequency generation (SFG)
and diﬀerence frequency generation (DFG). These two mechanisms have applications
in optical parametric ampliﬁcation as DFG (see section 2.2) and for the balanced
detection of the timing of two diﬀerent light sources. The balanced detection is
described in more detail in section 4.5 as a tool for stabilizing the arrival time between
the pump and the OPCPA seed pulses.
Nonlinear interactions: The χ(3) nonlinearity
The nonlinear polarization for third-order eﬀects is deﬁned by [31]:
⃗ 3.
⃗ 2E
⃗ 1E
P⃗ (3) = ϵ0 χ(3) E

(2.33)

This equation describes the interaction of three light ﬁelds, which can originate
from the same laser beam or from diﬀerent beams. The third-order nonlinear susceptibility χ(3) is a four-dimensional tensor. For isotropic materials, second-order eﬀects
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are not present. Thus, only the third-order eﬀects need to be taken into account.
Based on the third-order nonlinear polarization, optical birefringence can be induced
in isotropic materials, leading to a change of the refractive index, which is dependent
on the intensity and polarization direction of the incident light pulses. Assuming a
beam with linear polarization in x-direction, the change of the refractive index is given
by [31]:
3 e11 2
(2.34)
∆nx =
Ex = KKerr λEx2 ,
4 2n0
where e11 is the ﬁrst χ(3) -tensor matrix element, n0 is the intrinsic refractive index of
the material, KKerr is the material dependant Kerr constant and λ is the wavelength
of the incident light ﬁeld. This so called Kerr eﬀect can be used for manipulating the
polarization of an incident light beam by applying a strong electric ﬁeld to a medium.
For low intensity laser beams, where the electric ﬁeld of the light has no inﬂuence on
the Kerr eﬀect, the change in the refractive index is only dependent on the external
electric ﬁeld which is applied to the material.
For high laser intensities with a Gaussian distribution, as for example given in
equation 2.1, the change of the refractive index is intensity dependent. The strength
of this refractive index change is then given by [31]:
n(r, I) = n0 + ∆nr = n0 +

3 e11 2
3 e11
E (r) = n0 +
I(r) = n0 + n2 I(r),
8 n0
4 n20 c0 ϵ0

(2.35)

where n2 is the nonlinear refractive index of the medium.
This modulation of the index of refraction leads to a focussing eﬀect on the light
beam, referred to as Kerr lens. If the beam is focussed by Kerr lensing, the intensity in
the medium will increase and thus strengthen the eﬀect. This increasing eﬀect of the
Kerr lens will at some point be interrupted by the divergence of the Gaussian beam,
which gets larger for decreasing beam diameters. This leads to an equilibrium of
divergence and focussing where the light propagates as in a waveguide with constant
diameter.
An important factor for Kerr lensing is the deﬁnition of a critical power Pcrit
where Kerr lensing sets in [31]:
Pcrit =

2 ϵ 0 c 0 λ2 n 0
.
3 πe11

(2.36)

For peak powers below the critical power, the wavefronts of the incident light
beam will remain unaﬀected. At the critical power, the Kerr lens counteracts the
divergence of the laser beam such that the beam diameter will remain the same
throughout the propagation distance, which is called self-trapping of the laser beam.
Beyond the critical power, Kerr lensing sets in. For a very thin medium, where the
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equilibrium stated above is not reached, the dioptric power of the Kerr lens can be
given by [30]:
4n2 d
1
=
P,
(2.37)
f
πw4
where d is the thickness of the medium and w and P are the beam radius and power
of the incident laser pulses, respectively. If the medium is thick enough to reach the
equilibrium, the distance zf from the incoupling facet of the medium to the point
where the waveguide starts is given by [31]:
πw2
zf = √
.
P
λ Pcrit − 1

(2.38)

Although the eﬀect of Kerr lensing can be detrimental in most applications, it
can also be useful for some special purposes. For example, the generation of white-light
in a transparent medium in order to reach a large spectral bandwidth by self-phase
modulation (see below) or passive mode-locking of Titanium Sapphire lasers.
In the temporal domain, the Kerr eﬀect can lead to a change of the refractive
index dependent on the temporal shape of the intensity distribution of the laser pulses.
This will change the phase velocity of the frequency components of the light pulse
within the envelope of the pulse, leading to a temporal chirp of the pulses. For a
material of length L, the phase change of the light is given by [31]:
)
(
dϕ
L dn2
= ν0 1 −
.
(2.39)
dt
c0 dt
Strong self-phase modulation leads to the creation of new frequency components, which results to spectral broadening of the laser pulses [36]. These new optical
frequencies are well ordered within the envelope of the laser pulses in the temporal
domain. Due to this fact, the broadened pulses can be compressed by means of a
dispersive element, as e.g. done in reference [37] with a grating compressor. There
35 fs pulses could be compressed to a pulse duration of sub-4 fs, or 1.5 optical cycles
in the pulse envelope.
An important quantity to describe the nonlinear accumulated phase is the BIntegral, deﬁned by [38]:
∫
2π L
n2 I(z)dz,
(2.40)
B=
λ 0
with L as the medium length. The B-integral describes the on-axis nonlinear phase
shift which an intense laser pulse accumulates by transmission through material. If
the B-integral of a laser pulse is well below 1, the inﬂuence of self-phase modulation
and self focusing can be considered to be very small. For B-integral values exceeding
3, strong self-focusing in the passed medium may occur, leading to a collapse of the
beam radius to very small values. This eﬀect can be detrimental for the ampliﬁcation
of laser pulses in solid-state laser ampliﬁers.

18

2.3

CHAPTER 2. THEORETICAL BACKGROUND

Amplification of laser pulses

This section is dedicated to the techniques for ampliﬁcation of laser pulses. Firstly,
the technique of chirped-pulse ampliﬁcation (CPA), which is important for ampliﬁcation of pulses to high energies used in solid-state lasers and in optical parametric
ampliﬁers is described in section 2.3.1. Optical parametric ampliﬁcation (OPA) in
combination with the CPA technique is referred to as the optical parametric chirpedpulse ampliﬁcation (OPCPA) and will be described in section 2.3.2. Section 2.3.3
will give an introduction on the properties of diode pumped solid-state lasers, with
the corresponding rate equations given in section 2.3.4. The sections 2.3.5 to 2.3.7
will then give an overview on the three ampliﬁer technologies used in the context of
this thesis, which are ﬁber laser ampliﬁers, Innoslab ampliﬁers and thin-disk ampliﬁer
technology.

2.3.1

Chirped-pulse amplification

A very important technique for the ampliﬁcation of laser pulses to high energies is
the chirped-pulse ampliﬁcation (CPA). It is based on stretching the laser pulses in
the temporal domain with for example a grating stretcher, introducing a linear chirp
in the laser pulse. The pulses are then ampliﬁed to high pulse energies and then
recompressed by removing the temporal chirp of the laser pulses with an adequate
dispersive element. A schematic of the CPA technique is shown in ﬁgure 2.4.

Figure 2.4: Schematic of chirped-pulse ampliﬁcation [30]. The seed
laser pulses are stretched in time by means of a dispersive element,
tremendously reducing the pulse peak power. The pulses are then ampliﬁed and after that compressed in a complementary dispersive medium.

The advantage of this technique is that the intensity of the pulses is dramatically
lowered in the ampliﬁcation medium. Thus, optical damages or nonlinearities arising
from high peak powers are avoided. The concept of chirped-pulse ampliﬁcation was
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ﬁrst demonstrated in reference [39]. The implementation of this technique lead to a
breakthrough in the ampliﬁcation of laser pulses to peak powers beyond the terawatt
range. Petawatt laser pulses have been demonstrated for example in reference [40],
with pulse energies of 660 J, compressed to 440 fs with a pulse peak power of 1.5 PW.
Typical stretching factors in the CPA technique are in the range of 1000 to 10000,
stretching pulses from hundrets of femtoseconds to nanosecond pulse durations.
Fiber laser systems also tremendously beneﬁt from CPA because of the very
small mode ﬁeld diameters in the ﬁber. Pulse durations in the nanosecond regime are
required to reduce nonlinear eﬀects such as self-focussing and self-phase modulation
in the ﬁber. Although being a very powerful technique, CPA can not be driven to
very large stretching and compression ratios due to a large amount of dispersion
which would be required from the stretcher and compressor. This would lead to
complicated stretcher setups with very long beam paths. This would result in strong
stability ﬂuctuations of the entire ampliﬁer system. Methods for reaching higher pulse
energies from a ﬁber ampliﬁer by increasing the mode ﬁeld diameter of the ﬁber are
described in section 2.3.5.

2.3.2

Optical parametric chirped-pulse amplification

Optical parametric ampliﬁcation [41, 42] is a second order nonlinear eﬀect, described
in more detail in section 2.1.3. It is based on diﬀerence frequency generation, where
two laser pulses of diﬀerent wavelength, the pump and the signal wave, overlapped in
a medium with a large χ(2) -nonlinearity, generate a third wave called the idler. Generation of the idler is an important eﬀect crucial to conserve energy and momentum of
the light waves participating in the parametric process. The pump wavelength needs
to be shorter than the signal wavelength, such that photons of the pump pulse are
converted to photons of the (lower energetic) signal wavelength and the idler wavelength. The conversion is an instantaneous process, there is no energy storage in the
medium. The advantage is a very low thermal load of the gain material and thus
ampliﬁcation of high energy pulses at high repetition rates is possible. The physical
conservation rules for OPCPA are described by the following equations:
ωs = ωp − ωi

(2.41)

is the energy conservation equation, with the angular frequencies ωs , ωp and ωi for
the seed, pump and idler pulses, respectively, and
!
∆⃗k = ⃗kp − ⃗ks − ⃗ki = 0

(2.42)

is the momentum conservation rule. While the energy conservation is intrinsically
fulﬁlled, the momentum conservation needs to be satisﬁed through phase matching
in the nonlinear medium as already described in section 2.1.3. The eﬃciency of
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the parametric process depends partly from phase matching. The best conversion
eﬃciency can be obtained if the phase relation between pump, signal and idler has a
constant value of
π
(2.43)
Φ = ϕp − ϕi − ϕs = − ,
2
which is always fulﬁlled at the beginning of ampliﬁcation, where the idler wave is not
present. The latter then takes a phase value of
ϕi (0) = ϕp (0) − ϕs (0) +

π
.
2

(2.44)

While propagating through the nonlinear medium, the phase of pump, signal
and idler accumulate with increasing length in the crystal, leading to a rise of the
wave-vector mismatch ∆k. If this phase-mismatch reaches a value of π, the energy
ﬂow reverses. The characteristic coherence length of the parametric process is
Lcoh =

π
.
|∆⃗k|

(2.45)

The coherence length can be increased by choosing the optimal phase matching
conditions. This can be done in diﬀerent ways, for example by quasi-phase matching in
a periodically poled crystal [43] or by birefringent phase matching in a nonlinear crystal. Birefringent phase matching can be achieved in two diﬀerent ways, the collinear
interaction of pump and signal and the non-collinear interaction [44]. Figure 2.5 shows
a schematic of these two methods.

Figure 2.5: Schematic of a) collinear and b) non-collinear interactions
of the pump and signal beam in the parametric ampliﬁcation medium
[45].

In the case of collinear phase matching, the conditions are easy to achieve by
rotating the crystal into the required angle where the best phase matching conditions
are fulﬁlled (see also section 2.1.3). For the ampliﬁcation of broadband pulses, this
geometry has on the other hand the disadvantage that best phase matching can only
be achieved for a very narrow spectral range for the seed if a narrowband pump beam
is used. With non-collinear geometry, phase matching for the diﬀerent frequency
components is achieved by an angular spread of the generated idler wave. In this
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conﬁguration, a new degree of freedom is needed to satisfy the phase matching conditions, which is the angle between the pump and the signal beam in the parametric
gain medium. Very broadband signal pulses can be ampliﬁed in a non-collinear optical parametric ampliﬁer, bringing ultrashort laser pulses with high pulse energies into
reach [46, 47]. This is, together with the reduced heat generation due to the parametric nature of the ampliﬁcation process, a striking advantage of OPAs compared with
solid-state laser ampliﬁers.
Spontaneous decay of the pump photons into a signal and an idler photon can
also occur during the ampliﬁcation, called optical parametric ﬂuorescence (OPF).
This parasitic eﬀect can generate a background on the ampliﬁed pulses, leading to a
reduced temporal contrast. To avoid generation of OPF, a seed with suﬃciently high
pulse energy is needed.
The combination of OPA with the CPA technique to OPCPA greatly beneﬁts
the optical parametric ampliﬁcation process [48, 49]. Not only can the intensity of
the laser pulses in the ampliﬁcation medium be tremendously reduced, it is also
possible to use pump pulses in the picosecond range which can be generated by diode
pumped solid-state lasers (see section 2.3).
OPCPA oﬀers a variety of advantages compared to solid state CPA laser systems:
• A very high parametric gain can be achieved in a single OPCPA stage, the
implementation of several ampliﬁer stages or complicated multipass schemes
can be avoided.
• OPCPA is not limited to laser transitions of active ions as in solid-state laser
systems. A very broad bandwidth range can be ampliﬁed with OPCPA.
• Much weaker thermal eﬀects in the ampliﬁcation medium are to be expected
than in solid-state laser systems since no energy storage in the medium is needed
for the ampliﬁcation. This allows for high average power ampliﬁcation. In
addition, the eﬃciency of an OPCPA is very high since there are nearly no
losses in parasitic lasing of the medium.
• Given a good pump beam quality, which can be achieved for example by ﬁber
laser systems, the output of the OPCPA stages will also have a very high beam
quality.
• OPCPA allows for the generation of wavelength regimes where no laser material has transition lines. For example, wavelengths in the mid-infrared can
be generated by using the generated idler instead of the ampliﬁed seed of the
OPCPA.
However, despite the advantages of OPCPA, some disadvantages of this technique are the requirement of matching pulse durations of pump and signal and a
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precisely matched arrival time of the pulses in the ampliﬁcation medium. In addition,
the pump beam needs to match severe requirements: A high beam quality and high
stability of the pulse energy as well as the pointing of the pump pulses are essential
to operate a functional OPCPA system. Besides matching these requirements of the
pump source, a careful dispersion management in the entire ampliﬁer chain is also
crucial [50]. Thus, very short pulse durations of OPCPA systems have been shown
in the recent years, approaching the few-optical-cycle regime of the output pulses
[28, 29, 51–53]. This in combination with the high achievable gain, lasers exceeding
the terawatt range of pulse peak power have been shown in references [54–58].

2.3.3

Diode pumped solid-state lasers

Light ampliﬁcation in diode pumped solid-state laser (DPSSL) systems relies on the
population inversion of an upper and lower manifold in an active medium. The gain
medium is pumped by a diode laser with an emission wavelength matching the best
absorption cross section. Laser transitions then occur at the wavelength where the
emission cross section is maximal for the medium. By seeding the pumped laser
medium with photons matching the emission wavelength, stimulated emission occurs.
This leads to the emission of photons with the same wavelength as the seed light,
leading to the ampliﬁcation of the incident beam. The ampliﬁcation factor then
depends on the strength of the population inversion between the upper and lower
laser manifold and the intensity of the incident light.
Improvements on diode laser technology, such as very high pump powers and
good beam quality, made high pump intensities available. Thus, DPSSL ampliﬁers
have become powerful and easy to handle devices for the ampliﬁcation of light. In
addition, the use of three-level gain media such as Ytterbium YAG as laser active material has become feasible. A very high pump ﬂuence is needed to populate the upper
laser manifold in these quasi three-level systems (see section 2.4). Diode lasers used
for pumping Neodymium and Ytterbium laser ampliﬁers rely on Gallium Arsenide
(GaAs) as active medium. The emission wavelength can be chosen by fabrication to
match the absorption transitions of the corresponding material. Highest output powers can be reached by combining several diodes to a diode bar, then combining diode
bars to a stack and ﬁnally combining these stacks to an array. The output powers of
these diode arrays are usually in the range of several hundreds of watts.
In the next sections, the three laser technologies used for the experimental setup
are presented. This includes ﬁber laser systems, Innoslab technology as well as the
thin-disk laser technology. The characteristics of these laser systems are compared,
advantages and disadvantages for high power laser operation are explained, necessary
properties to provide the pump pulses for an OPCPA system.
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Rate equations

The foundation for the theoretical models used in this thesis is a set of basic rate
equations. These equations describe the resonant linear interaction of a medium with
light. The equation for populating the upper state is the following (equations taken
from [31]):
dN2
= σ12 · Ip · N1 ,
(2.46)
dt
where N1 and N2 are the lower and upper state population densities, σ12 is the transition cross section from the lower to the upper state and Ip is the intensity of the
pump laser. For stimulated emission, the rate equation reads as follows:
dN2
= −σ21 · Il · N2 ,
dt

(2.47)

with Il as intensity of the seed laser pulses and σ21 as transition cross section from the
upper to the lower laser level. The rate equation for spontaneous decay of the upper
state is:
dN2
1
=−
· N2 ,
(2.48)
dt
τ21
With these three equations, the dynamics of the upper state population in the gain
medium can be fully described.
An important eﬀect for ampliﬁers using a pumped gain medium is gain saturation. This is explained by the fact that an ampliﬁer cannot have an arbitrarily high
gain for high seed pulse energies. If a laser pulse is ampliﬁed in the gain medium, the
number of excited laser ions will be reduced, reducing the population inversion for
the further ampliﬁcation. The Frantz-Nodvick equation can be used for modeling the
gain and thus the output energy of the ampliﬁer [30]:
[

Eout

(
(
)
)]
Ein
= Esat ln 1 + exp (g0 ) exp
−1 ,
Esat

(2.49)

where Eout , Esat and Ein are the output, saturation and input energy, respectively.
g0 describes the initial gain value given by the amount of population inversion. The
saturation energy is calculated by:
Esat = A · Fsat =

A · hν
,
σem + σabs

(2.50)

with A as mode area of the seed beam, hν as photon energy of the emission wavelength
and σem and σabs as emission and absorption cross sections of the laser active material
at the emission wavelength.
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With the Frantz-Nodvick equation, the gain factor gp for a pulse in the ampliﬁcation medium can be calculated to:
[
(
(
)
)]
Ein
Esat
exp (gp ) =
ln 1 + exp (g0 ) exp
−1 .
(2.51)
Ein
Esat
The eﬀect of gain saturation is considered in the simulation described in chapter 3 by a reduced population inversion of the gain medium after each pass of the seed
pulses on the thin-disk gain medium.

2.3.5

Fiber laser systems

In the past decades, a number of diﬀerent ﬁber ampliﬁer concepts has been developed.
We use a rod-type ﬁber ampliﬁer technique (rod length of 1 m versus a diameter of
the active core of several tens of microns). The very large surface-to-volume ratio
allows good heat removal in the ﬁber.
In the most simple version, a ﬁber ampliﬁer consists of a glass ﬁber doped with
a rare earth element [59]. The pump light propagates together with the seed beam in
the ﬁber core. It is absorbed by the active dopant in the ﬁber, leading to an inversion
of the laser levels. The co-propagating seed beam is then ampliﬁed. Using the same
active core for pump and seed light puts strong constraints to the pump source, where
diﬀraction-limited beam quality is needed to couple the pump light into the ﬁber. This
limits the pump power and thus the output power of the ampliﬁer. This is avoided
by using a ﬁber with a large mode ﬁeld area, which in contrast reduces the quality
of the ampliﬁed output beam. A solution to this problem was the invention of the
double-clad step-index ﬁber, where the seed beam is guided in the doped inner core
of the ﬁber and the pump beam is guided in the inner cladding, which has a much
larger mode ﬁeld diameter (and numerical aperture). This has ﬁrst been shown in
reference [60]. A schematic of a double-clad ﬁber ampliﬁer is shown in ﬁgure 2.6.
The advantage of this technique is the possibility to use a pump laser source
with reduced beam quality, but higher output power, as for example the output of
laser diodes. The high beam quality of the output is maintained near diﬀraction-limit.
In continuous mode, the output power of this type of ampliﬁer was increased step by
step from 30 W in 1997 to far more than 1 kW for modern ﬁber laser designs [61–65],
maintaining a very good beam quality of the ampliﬁed output.
It has to be considered that even with the technique of chirped-pulse ampliﬁcation, the intensities of the ampliﬁed pulses reach very high values in the ﬁber gain
medium due to the very small mode ﬁeld area in the active inner core of the ﬁber.
This leads to phase distortions of the pulses due to self-phase modulation and can in
extreme cases lead to the destruction of the gain medium by self focusing of the beam
in the active ﬁber core. This can be avoided by increasing the mode ﬁeld diameter of
the active core. On the other hand, as stated above, this would be accompanied by
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Figure 2.6: Schematic of the double-clad ﬁber technique [30]. The
pump light is launched in the inner cladding of the ﬁber and overlapped
with the active core. The seed light is guided and ampliﬁed in the inner
core, leading to a good output beam quality.

a worse beam quality of the ﬁber output. To estimate if a ﬁber ampliﬁer with large
mode area can achieve single mode operation, it is useful to introduce a normalized
frequency V (or V -parameter) which is dependant on the refractive indices of the
core nc and the cladding nclad of the ﬁber as well as the eﬀective mode ﬁeld diameter
aef f [66]:
√
2π
2π
V =
aef f · N A =
aef f n2c − n2clad ,
(2.52)
λ
λ
where NA is the numerical aperture of the ﬁber. It can be shown that for V < 2.405
single-mode operation of the ﬁber ampliﬁer can be achieved [67]. By careful fabrication of the ﬁber media, large-mode area (LMA) ﬁbers with several 10 µm core
diameter could be demonstrated [68–70]. Further discrimination of higher modes can
be achieved by introducing tapered sections in the ﬁber [71]. Applying these techniques, the single-mode operation of a ﬁber ampliﬁer with 50 µm core diameter was
shown [72]. In this way, LMA ﬁber ampliﬁers with V-parameters between 5 and 10
could be manufactured. Although this value yields that the ﬁber is not operated
in single mode, still very high beam qualities with M2 values well below 1.5 can be
reached. In addition to the fabrication of the refractive index step between core and
cladding, bending losses can be introduced to discriminate the higher order modes in
the ﬁber medium. This has been theoretically described in reference [73] and experimentally shown for example in reference [74]. A ﬁve orders of magnitude diﬀerence of
the bending losses between the fundamental and the ﬁrst higher mode can be reached.
Further modeling of the refractive index proﬁle and thus improving the mode
properties of a ﬁber can be achieved by introducing small air holes along the ﬁber
core. This is then called a photonic-crystal ﬁber (PCF) [75]. Figure 2.7 shows a cut
through such a PCF.
In this ﬁgure, the gray shaded area shows the glass rod of the ﬁber and the black
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Figure 2.7: Schematic view of a photonic crystal ﬁber [65]. The gray
shaded area indicates the the inner cladding for pump guiding, while the
black dots show the air holes which are fabricated into the ﬁber. Λ and
d are the hole distance (pitch) and the hole diameter, respectively. The
left-out hole in the middle is used as active core for seed beam guiding
in the ﬁber.

spots depict the air holes. Two important parameters of a PCF are the hole diameter
d and the hole distance Λ, the so-called pitch. The laser mode is guided in the middle
of the ﬁber, where one hole is missing. This area of the ﬁber can be doped with active
ions for the ampliﬁcation of laser radiation. For this type of ﬁber, the V -parameter
deﬁned in equation 2.52 can be modiﬁed to replace the eﬀective mode-ﬁeld diameter
by the fact that the refractive index step is achieved by leaving the central hole out.
The eﬀective refractive index of the cladding is then dependant on the wavelength.
The new V -parameter then is [65]:
√
2π
VP CF =
Λ n2c (λ) − n2clad (λ).
(2.53)
λ
The single mode condition requires VP CF to be smaller than π. The ratio between
hole diameter and hole distance then gives the operation mode of the ﬁber ampliﬁer.
For values of d/Λ > 0.4, the ﬁber performs in single mode if the relation between the
wavelengths of pump and seed is large enough. For d/Λ < 0.4, the ﬁber becomes singlemode for all wavelengths. In this regime, the ﬁber is called endlessly single mode,
which has been demonstrated and theoretically described in [76, 77]. This endlessly
single-mode behavior is known from step index ﬁbers and can be used to scale the PCF
to single-mode operation. For further scaling of the mode ﬁeld diameter in the PCF
ampliﬁer, more missing holes can be introduced which was shown for example for three
missing holes [78] or for seven missing holes with then more than 50 µm mode ﬁeld
diameter with fundamental mode guidance [79]. By surrounding the inner cladding
of the ﬁber with e.g. a web of silica bridges, a double-clad PCF is formed [80, 81].
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This increases the numerical aperture of the pump light, where the inner clad can be
reduced in size, increasing the brightness of the pump source in the ﬁber ampliﬁer
[82]. In the recent years, a ﬁber ampliﬁer capable of producing an output power
of 830 W at a repetition rate of 78 MHz with femtosecond pulse duration has been
demonstrated [83]. Further scaling of the mode area can be achieved by increasing the
hole distance and diameters of the PCF ampliﬁers. If the distance reaches values of
more than 10 times the wavelength of the guided light, the ﬁber is called a large-pitch
ﬁber (LPF). With this type of ﬁber, average output powers of more than 290 W with
beam quality less than M2 = 1.4 have been reported [84]. In addition to that, recently
a pulse energy of 26 mJ at a repetition rate of 5 kHz with nanosecond pulse durations
has been shown [85].
The ﬁber ampliﬁer technique used in this thesis is a large mode area PCF rod
ampliﬁer. It has the outer dimensions of a rod-type ampliﬁer, which are typically in
the range of a few millimeters, where a PCF is fabricated in the middle of the rod
[86]. The length of the ampliﬁer is limited to below 1 m. The nonlinearity of such
ﬁber is very low, which allows high pump powers. The thickness of the outer cladding
gives the ﬁber enough mechanical stability to avoid coating of the ﬁber, where usually
damages occur at very high power extractions [87].
Fiber ampliﬁers are suitable for high average output power operation, but are restricted to high repetition rates and thus low pulse energies, where the peak intensities
of the pulses are not in the regime for nonlinear interactions with the medium. This
is of tremendous importance because the light propagates a very long distance in the
ﬁber medium. This restriction can be circumvented by the method of coherent combination of diﬀerent laser sources which has been developed in the recent years. There
are diﬀerent approaches to coherently combine ﬁber sources, for example combination
in a polarizer [88, 89], where distinct polarizations of the single sources are combined,
combination in tiled apertures [90, 91] or diﬀractive optical components [92]. All these
techniques are capable of producing output powers in the kW range, but in any of
these cases, a very sophisticated interferometrically stable setup is needed to provide
timing and phase control of the ampliﬁed pulses in the combining element.

2.3.6

Innoslab amplifiers

Slab laser ampliﬁers, as the name suggests, have a slab shaped laser crystal as active
gain medium. Pumping of the gain medium can be done either by surface or by edge
pumping. The ﬁrst possibility is favored for pump sources with very poor spatial
coherence such as ﬂashlamps. For pump sources with good spatial coherence, e.g.
laser diodes, edge pumping is favored because of the increased length of the gain
medium passed by the pump beam, leading to a higher pump absorption eﬃciency.
An additional advantage of edge pumping is that the large surfaces of the crystal
can be used for eﬃcient cooling. This makes the technology suitable for high pump
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powers.
Diﬃcult for slab ampliﬁers is the power extraction. This is because of the
asymmetric shape of the laser gain medium. In the edge pumped geometry, where
cooling is achieved over the large surfaces of the gain medium, a strong thermal lens
evolves in the direction of the heat sinks. This thermal lens is one-dimensional, so
that the laser beam is focused in one direction, but is unaﬀected in the other. One
way of extracting the power is to use the Slab laser in a zig-zag geometry, where the
laser beam follows a zig-zag path in the crystal, following the direction of the onedimensional heat ﬂow. This has the eﬀect that the thermal lens averages out over
the beam path. This has been shown for example in [93, 94]. Figure 2.8 shows a
schematic of the geometry.

Figure 2.8: Zig-zag beam path in a slab crystal (side view) [30]. The
seed beam is coupled into the crystal at brewster angled facets to keep
the coupling losses low. The beam is then kept in the crystal by total
internal reﬂection, following a zig-zag path in the laser crystal.

The beam is kept in the crystal by total internal reﬂection at the boundaries,
except at the brewster angled in- and outcoupling edges of the slab medium. Pumping
of the gain medium occurs perpendicular to the ampliﬁed seed beam. With this type
of ampliﬁer a very high output power can be reached with good beam quality. Average
output powers of 1 kW have been shown with a Nd:YAG zig-zag slab laser [95].
A disadvantage of this type of power extraction is that only a fraction of the
pumped gain medium is used for ampliﬁcation. This leads to problems in the power
extraction eﬃciency and also to parasitic lasing in the regions where no seed is present.
A workaround for this eﬀect is to fold the beam several times through the ampliﬁcation
medium in the plane perpendicular to the thermal lens. This can then be used to
reproduce the beam waist at every pass of the seed in the ampliﬁcation medium,
leaving the beam size in the other axis constant. This way, a much better use of the
gain medium can be achieved, leading to a suppression of parasitic lasing.
The slab laser ampliﬁer used in the frame of this work is based on Innoslab
technology (compare [16]). The large surfaces of the crystal are mounted in a heat
sink to provide good heat removal. Pumping of the gain medium is achieved by diode
laser stacks which are focussed to a line into the crystal by external optics. This is
performed in the direction of the seed laser beam. Figure 2.9 shows a schematic of
the setup.
The seed beam is folded through the crystal several times by a confocal arrangement of curved mirrors. This way, the laser mode is reproduced in the direction of
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Figure 2.9: Schematic of the Innoslab setup [16]. Top left: Top view
of the Innoslab multipass arrangement. The mode of the seed beam is
reproduced during each pass of ampliﬁcation by the thermal lens evolving
in the gain medium. Bottom left: Side view of the multipass arrangement.
The seed beam is expanded for every pass through the multipass by a
confocal arrangement of two curved mirrors with radii of curvature R1
and R2 . Top right: Schematic of the slab crystal as it is used in the
experimental setup.

the thermal lens with every pass and expanded in the other direction by a constant
factor. The intensity of the ampliﬁed beam is kept constant throughout the entire
ampliﬁcation process, which leads to a constant ampliﬁcation factor with every pass.
With this arrangement, very high ampliﬁcation factors of up to 1000 can be achieved
without reaching the damage threshold of the gain medium or the ampliﬁer optics,
which is then restricted to the ampliﬁcation of pulses in the nanosecond regime. The
great advantage of this method for power extraction is that the entire gain medium
is used for the ampliﬁcation of the incident beam, leading to very high pump-to-seed
conversion eﬃciencies and the suppression of parasitic lasing. An output power of
400 W has already been shown in [16].
For the ampliﬁcation of short pulses in the picosecond regime to high pulse energies, the CPA technique described in section 2.3.2 can be used. Seeding can be
performed with ﬁber laser ampliﬁers which deliver a broad bandwidth. This has been
shown in reference [96], where a spectral bandwidth of a ﬁber ampliﬁer supporting
compression to 720 fs at repetition rates of 100 kHz up to 1 MHz has been demonstrated.
Further scaling of this ampliﬁer technique can be achieved by using a second
ampliﬁer stage with only one pass through the ampliﬁer medium. The beam then
needs to be matched to the aperture of the ampliﬁer crystal, which demands a strongly
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elliptical beam mode. This can be achieved by an arrangement of spherical and
cylindrical lenses to prepare the beam for the ampliﬁcation and bringing it back to a
round mode shape after the ampliﬁcation. An ampliﬁer with a multipass ampliﬁcation
stage and a single pass booster ampliﬁcation stage has been demonstrated with an
output power of 1.1 kW [97].

2.3.7

Thin-disk amplifiers

Thin-disk laser ampliﬁers have a very thin laser active medium. The technology was
ﬁrst introduced in the year 1994 [17]. The thin-disk can then be considered as an
active mirror for the ampliﬁcation of light (for example as end mirror in a cavity).
The diﬀerence to slab and rod type lasers is the large aspect ratio of the gain medium,
which is the ratio between the diameter of the gain medium and its thickness. The
front surface of the disk is coated for maximum transmission of the seed and the pump
light, while the back plane is coated for maximum reﬂection of both wavelengths. A
schematic of the thin-disk concept is shown in ﬁgure 2.10.

Figure 2.10: Concept of the thin-disk laser geometry [30]. The facepumped conﬁguration is shown, where the pump light is coupled on the
gain medium with an angle on the front surface of the disk. The seed
beam is coupled perpendicular to the pumped area. Reﬂection of pump
and seed light is performed by a high reﬂectivity coating on the back
face of the disk, double passing the disk gain medium. The heat sink
on the back of the disk provides a 1-dimensional heat ﬂow through the
gain medium which drastically reduces the eﬀect of thermal lensing in
this type of conﬁguration.

The disk gain medium is mounted to a heat sink which provides very eﬃcient
cooling of the medium due to its small thickness, where the heat generation takes
place very close to its surface. Thus, only weak thermal lensing will occur in the disk
because of the low thermal load and the one-dimensional heat ﬂow pointing in the

2.3. AMPLIFICATION OF LASER PULSES

31

direction of the ampliﬁed beam. Power scaling of thin-disk lasers can be achieved by
increasing the mode ﬁeld diameter on the gain medium. For example, for doubling
the pump power, the pumped area needs to be doubled to keep the intensity and
thus the heat generation in the gain medium constant. The thermal lens will then
be reduced by the doubled cooling surface of the disk, which just compensates the
increased sensitivity on thermal changes of the refractive index due to the larger mode
ﬁeld of the seed beam. The power scaling is thus not limited by thermal lensing or
stress of the disk gain medium, but by the diﬃcult fabrication of disks with very large
aspects ratios. Due to these properties of the gain medium, near diﬀraction-limited
output beams with very high output powers can be realized [98–100].
Pumping of the gain medium can be achieved either by edge-pumping or by facepumping (see ﬁgure 2.10 for the latter case). Both methods have their advantages and
disadvantages. The advantage of edge-pumping is that the eﬀective length of the gain
medium is very large, leading to a very eﬃcient absorption of the pump light. This
also puts low constraints to the pump light source. Laser diodes can be used which
are directly placed at the edges of the disk. But since most of the pump light is then
absorbed at the edges of the disk, it has the disadvantage that the power distribution
in the active medium is not homogeneous in the seeded area (which is the center part
of the thin-disk). For face-pumping, a homogeneous distribution of the pump light at
the area where the seed beam is present can be attained. In contrast, a pump light
source with a high beam quality is required. This can be achieved for example by using
the output of a ﬁber laser, which has very good beam quality. Another possibility
is to use the direct output of laser diodes and implementing a homogenizer setup to
obtain a homogeneous pump beam proﬁle on the disk. Thus, face-pumping of the
gain medium is the preferred method. A problem is that due to the small thickness of
the gain medium, many pump passes on the disk are required for eﬃcient absorption
of the pump light. This is performed by reﬂection of the pump beam several times
on the disk by a large parabolic mirror and retro-reﬂecting mirrors, which is shown
in ﬁgure 2.11.
Due to the small thickness of the thin-disk gain medium, a very low single pass
gain around 1.2 is achieved for power extraction. A large number of passes is needed
for eﬃcient laser operation. This can be attained in diﬀerent ways, depending on the
thin-disk laser setup as oscillator or ampliﬁer. In the case of a thin-disk oscillator, a
high number of passes is intrinsic to the cavity design. The small nonlinearities caused
by the use of a thin gain medium together with the power scaling properties of that
concept lead to highest output powers for mode-locked laser operation. These reach
values of more than 140 W, reported in [101, 102]. For an ampliﬁer system operated
in vacuum, the output power could even be increased to 275 W [103]. Pulse energies
of several tens of µJ were reported for picosecond and sub-picosecond pulse durations
[104–106]. Even pulse durations of around 200 fs are possible using the large emission
bandwidth of Yb:YAG as gain medium (see section 2.4) [107, 108].
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Pump beam

Bending mirror
Parabolic mirror

End mirror
Disk module
Cavity

Output coupler
Output beam

Figure 2.11: Multipass cavity for the pump beam in a thin-disk laser
head [Trumpf Laser GmbH]. The pump beam is coupled through a window on the back side of the cavity and projected onto the disk by a
parabolic mirror. After each pass on the disk, the beam is projected to
a new path by prism shaped bending mirrors. An end mirror sends the
pump beam back after 12 passes on the gain medium for optimal pump
absorption in the gain medium. The seed beam is coupled onto the disk
through a hole at the center of the parabolic mirror.

The laser head can be used as active element in a regenerative ampliﬁer for
reaching higher output powers with thin-disk technology [109, 110]. This is achieved
by coupling the seed beam into an ampliﬁer cavity by a polarizer and a Pockels cell.
A large number of round trips on the gain medium is possible. A schematic of a
regenerative ampliﬁer using a thin-disk laser head is shown in ﬁgure 2.12.
With this type of ampliﬁer, high output powers at high repetition rates can
be achieved [111, 112]. For example, output energies of 25 mJ with picosecond pulse
duration at 3 kHz repetition rate has been shown in reference [113]. A limiting factor
on this technique is the use of an active switching element in the cavity, which adds
a nonlinear phase contribution to the ampliﬁed pulses. This limits the output pulse
energy of regenerative ampliﬁers to several 10 mJ.
In order to circumvent the limiting factor of the active switching element, the
thin-disk laser head needs to be operated in a multipass setup. This avoids passing
the light through material and thus tremendously reduces the nonlinearities in the
ampliﬁcation process. Therefore, every pass on the disk needs a new beam path. A
large amount of mirrors is needed to form the multipass. This makes the technology
vulnerable to ﬂuctuations of beam pointing and temperature drifts. A workaround
for this stability problem is relay imaging of every pass on the disk. In spite of this
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Figure 2.12: Schematic of a thin-disk regenerative ampliﬁer [16]. The
pump beam is folded to the disk gain medium by a parabolic mirror and
retro-reﬂecting prism mirrors. The seed beam is coupled into and out of
the cavity by a thin-ﬁlm polarizer and a Pockels cell.

limitation, with a careful alignment of the multipass, pulse energies in the joule range
are possible at low repetition rate [114]. At high repetition rates in the kHz regime,
pulse energies in the mJ range are possible [115, 116], leading to output powers of
several kilowatts.
A very important limiting factor for the eﬃciency of operation of a thin-disk laser
is the inﬂuence of ampliﬁed spontaneous emission (ASE) on the ampliﬁer dynamics
due to the properties of the thin-disk gain medium. This eﬀect has been described
for large-aperture disk lasers in [117, 118]. The origin of the ASE in the disk laser
is spontaneous emission of the upper states. This is radiated isotropically into the
medium, where a certain fraction will be re-absorbed in the gain medium due to the
quasi three-level nature of the gain material Yb:YAG. But some fraction of the ASE
can be back reﬂected at the disk boundaries by total internal reﬂection (TIR) into
the pumped area of the gain medium where it will be further ampliﬁed. The total
internal reﬂection angle is calculated by:
nair
αT IR = arcsin
,
(2.54)
ndisk
with the refractive indices nair and ndisk of air and the disk medium. The spontaneous
emitted photons can pass the pumped region of the disk several times, leading to
a strong ampliﬁcation. This reduces the inversion available for the seed photons.
More detailed descriptions of the ASE dynamics are given in [119–122]. Since the
dimension of the gain medium in forward direction is very small and in addition to
that the front face of the disk has an anti-reﬂective coating, ASE modes can only
evolve perpendicular to the large surfaces inside the disk medium. Therefore, ASE
does not contribute to any noise of the ampliﬁed seed beam. The diﬀerent ASE
modes are summarized into two categories: The ring-type modes, which evolve in the
plane of the disk and are reﬂected by the boundaries such that a ring-type trajectory
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is created, and the transversal modes which directly pass the pumped region of the
disk, performing a zig-zag path through the gain medium. Figure 2.13 shows the two
diﬀerent ASE modes which can evolve in the disk.

Figure 2.13: ASE modes in a disk gain medium (gray shaded area is
the pumped region): a) ring-type modes which are kept inside the disk
by total internal reﬂection only at the disk boundaries, b) transversal
modes which are kept in the disk by total internal reﬂection at the disk
surfaces and the boundaries and c) reduction of transversal modes by
beveling the disk boundaries [123].

From this ﬁgure, it can be seen how diﬀerent ASE modes are kept in the gain
medium by means of total internal reﬂection. In the past, diﬀerent approaches to
suppress these ASE modes have been developed. To reduce the ring-type modes, the
pump spot size has to be smaller than the minimum distance of the ASE modes to
the center of the disk. This distance is given by [124]:
Rmin =

Ddisk
Ddisk nair
sin αT IR =
.
2
2 ndisk

(2.55)

The second approach, as already shown in ﬁgure 2.13, is to bevel the boundaries of the disk gain medium to transmit the transversal modes out of the medium.
Another more sophisticated approach is to introduce a so called anti-ASE cap onto
the disk, an undoped layer where the ASE is not further ampliﬁed. This has for
example been shown in reference [125]. Additionally, the boundaries of the disk gain
medium can be coated with an ASE-absorbing layer which reduces the amount of
back-reﬂected photons in the pumped region.

2.4

Spectral properties of Yb:YAG

In the past decades, various laser active materials have found application in solid-state
lasers. The most prominent examples are Titanium Sapphire (Ti:Sa), Neodymium
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doped Yttrium Aluminium Garnet (Nd:YAG) and Ytterbium doped Yttrium Aluminium Garnet (Yb:YAG). These materials are used in diﬀerent types of ampliﬁer
where their best properties are exploited.
The laser active material used for the ampliﬁers in this thesis is Yb:YAG. The
emission wavelength of Yb:YAG is centered at 1030 nm and the pump wavelength is
around 940 nm. Table 2.1 gives an overview of the properties of the host material
YAG.
Property
Index of refraction
Dispersion
Nonlinear index
Thermal expansion
dn/dT

Value
Units
1.8173
760
fs2 /cm
−16
12.4
10 cm2 /W
7.8 - 8.2
10−6 K−1
8.9
10−6 K−1

Table 2.1: Properties of the host material YAG [126].

The laser ions used in the host material YAG stated in table 2.1, Ytterbium
and Neodymium, have very diﬀerent properties which are compared in the tables 2.2
and 2.3. The material used in this thesis is Yb:YAG, which is a quasi-three-level gain
medium and has advantages compared to Nd:YAG, but also some disadvantages due to
its quasi three-level system (compared to the four-level system Nd:YAG). Figure 2.14
shows the energy level scheme of Yb:YAG with the corresponding laser transitions
and the partition function values for the occupation of the diﬀerent energy sublevels.
The transition wavelengths of the diﬀerent sub-levels are also shown in this ﬁgure.
The following list gives the motivation for the choice of Yb:YAG as laser active
medium in the ampliﬁers used in the context of this thesis and for the development
of the thin-disk ampliﬁer:
• Yb:YAG has a very small quantum defect, which leads to a eﬃcient pumping
without excessive generation of heat in the active medium, reducing the cooling
requirements for high average power laser ampliﬁers. The quantum defect energy
Eq is calculated as [30]:
(
)
λpump
Eq = Epump · 1 −
,
(2.56)
λlaser
with Epump = hνpump the pump photon energy and λpump and λlaser the pump
and laser emission wavelength, respectively. If equation 2.56 is divided by the
pump photon energy, the quantum defect can be calculated. Table 2.2 gives an
overview of the quantum defects of the three laser active materials stated at the
beginning of this section (from [31]).
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Figure 2.14: Energy level scheme for Yb:YAG [127]

Laser material λlaser (nm)
Yb:YAG
1030
Nd:YAG
1064
Ti:Sa
800

λpump (nm)
940
808
532

Eq /Epump (%)
8.7
24
34

Table 2.2: Quantum defects of diﬀerent laser materials.

From this table, it is obvious that due to its very small quantum defect compared
with other laser active materials, Yb:YAG is the most suitable for high power
laser operation.
• Yb:YAG also oﬀers a large gain bandwidth, which is important for the generation
of short pulses. Figure 2.15 shows the wavelength dependent absorption and
emission cross sections of Yb:YAG.
The main absorption peaks of Yb:YAG are located at 915 nm, 941 nm and
968 nm and the emission peak wavelength is located at 1030 nm. Table 2.3 gives
an overview about the spectroscopic properties of the absorption and emission
behaviors of Yb:YAG and Nd:YAG (all values given for 300 K).
• The upper-state lifetime of the Ytterbium ions in the laser active medium is on
the order of a millisecond, which is high compared to other gain mediums. This
is very important for the use of this gain medium as burst-mode ampliﬁer, since
an eﬃcient pre-pumping phase is possible only with a reasonable high lifetime.
The lifetime depends on the doping concentration. Table 2.4 gives an overview
of the upper state lifetimes for diﬀerent doping concentrations.
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Figure 2.15: Emission and absorption cross sections for Yb:YAG [127]

Parameter
pump transition wavelength
pump transition peak cross-section, σp
pump transition linewidth
laser transition wavelength
laser transition peak cross-section, σl
laser transition linewidth

Yb:YAG Nd:YAG
Units
941
818
nm
−20
0.7
6.7
10 cm2
18
<4
nm
1030
1064
nm
2.1
21
10−20 cm2
6
0.6
nm

Table 2.3: Spectroscopic properties of Yb:YAG and Nd:YAG [128].

For a doping concentration of 7 at. %, which is used for the thin-disk lasers presented in this thesis, the ﬂuorescence lifetime of 951 µs is used for the theoretical
modeling. Measurements on the temperature dependence of the lifetimes show
that for a temperature region between 150 and 400 K, which is the temperature
region for the thin-disk laser, the lifetime can be considered as constant [132].
In spite of all these advantages of Yb:YAG as laser active medium, the quasithree level nature of this material has to be considered. This leads to a very strong
re-absorption of the ampliﬁed seed. Thus, very high pump intensities are required in
order to counteract the reabsorption. This is, as stated in section 2.3.3, possible with
very high power laser diode arrays.
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Concentration [% at.]
<1
<10
<15

Lifetime τf [µs]
949
951
955

Source
[129]
[130]
[131]

Table 2.4: Fluorescence lifetimes of diﬀerent doping concentrations in
Yb:YAG.

Chapter 3
Analytical model of the thin-disk
amplifier
An analytical model of the thin-disk multipass ampliﬁer is presented in this chapter.
Based on the basic rate equations of the laser medium, a quasi-2-dimensional model
is developed. The model includes the losses due to ampliﬁed spontaneous emission
(ASE). The model is used to simulate the output power and energy characteristics of
the ampliﬁer setup in diﬀerent conﬁgurations. The special challenge for the modeling
of the ampliﬁer in this case is the simulation of the ampliﬁcation of an entire burst
pattern. This leads to a divided calculation of the ampliﬁer in two steps, ﬁrst a
pre-ampliﬁcation phase, where population inversion of the active gain medium by the
pump light is established, and after that the main ampliﬁcation phase of the input
burst pattern. According to the burst-mode ampliﬁcation of pulses with a burst
repetition rate of 10 Hz, the laser ampliﬁer is never operated in an equilibrium due to
the fact that the upper state lifetime of the laser active ions is much smaller the the
time between two bursts. This has to be taken into account in the simulation. First,
the layout of the model is given in section 3.1. After the introduction to the model,
the implementation of the rate equations into the MatLab code is given in section 3.2.
With the simulation tool set up, ﬁrst the inﬂuence of diﬀerent parameters on the
ampliﬁcation characteristics are given without the inﬂuence of ASE (section 3.3),
followed by the implementation of ASE in the code in section 3.4.

3.1

Layout of the model

In the setup, the disk gain module is modeled as a two-dimensional medium with a
thickness d and a spatial width D. Figure 3.1 shows the layout of the disk as it is used
in the analytical model together with the directions of the pump and seed beam as
well as the ASE modes as implemented in the model.
Pump and seed beam are coupled to the disk on the large surface D. The pump
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seed

pump

d

ASE
unpumped

pumped

unpumped

D
Figure 3.1: Layout of the disk in the analytical model. The disk with
diameter D and thickness d is pumped on the face plane, leading to a
pumped area marked in purple. This area is then seeded by the pulses
which are to be ampliﬁed. ASE modes develop in the transversal direction, are ampliﬁed in the pumped area and reabsorbed in the remaining
unpumped areas. Reﬂection of the ASE modes then occurs at the boundaries of the disk.

light then creates population inversion in the center part of the disk with the intensity
given by the spatial characteristics of the pump light together with the pump power,
which is then seeded with the seed pulses of the ampliﬁed beam. For the creation of
population inversion and for the ampliﬁcation of the seed pulses, the only dimension
used in the simulation is the thickness d of the disk module. The ASE is modeled by
radial modes which pass the pumped region of the disk where the ASE is ampliﬁed,
then passes the unpumped region of the disk where reabsorption of the ASE takes
place and after that the modes are back-reﬂected by the disk boundaries for another
round-trip. For the modeling of the ASE, the corresponding dimension is the spatial
width D of the disk.
As already stated at the beginning of this chapter, the dynamics of the simulation
are divided into two steps, the pre-ampliﬁcation phase and the main ampliﬁcation
phase. The pre-amplﬁcation phase is needed to reach a certain state of population
inversion in the laser active medium such that the ﬁrst pulse of the burst pattern
experiences an ampliﬁcation similar to the subsequent pulses of the burst. A schematic
block diagram of the simulation is shown in ﬁgure 3.2.
The simulation is set up such that during the pumping time the arising ASE gets
directly ampliﬁed while the inversion is created by the pump light. This is due to the
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ASE

Amplification

Pumping

ASE

Amplification

...
Figure 3.2: Block diagram of the analytical model. Starting with the
pre-ampliﬁcation phase in the upper dashed box, the population inversion
in the active medium is modeled. Subsequently, the main ampliﬁcation
phase follows in the lower dashed box, where the pulses in the burst
pattern are ampliﬁed with intermediate pumping of the gain medium.

direct coupling of the dynamics of pumping the laser gain medium with the dynamics
of the ASE development in the disk. The ampliﬁcation of the spontaneous emission
directly decreases the number of active ions in the upper level manifold. After the
pre-pumping phase is completed, the ﬁrst pulse of the pulse train (burst) is ampliﬁed
with a given number Mr of passes on the gain medium. After ampliﬁcation of this
pulse, the medium is re-pumped by the pump source, whereafter the second pulse of
the burst gets ampliﬁed. This scheme is continued until the ampliﬁcation of all pulses
in the burst is modeled. Since the time scale on which the ampliﬁcation occurs (up
to 120 m multipass length, passed by a pulse in 400 ns) is very short compared to
the time scale in between the pulses (10 µs for 100 kHz repetition rate), the dynamics
of ASE don’t need to be modeled during the ampliﬁcation of the laser pulses. The
pre-pumping time needs to be chosen such that all pulses in the burst experience
approximately the same ampliﬁcation and thus a ﬂat burst shape is modeled.
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Implementation of the rate equations

The model based on the basic rate equations stated in chapter 2.3.1 is implemented in
a MatLab code. Pumping the gain medium is combined with the spontaneous decay of
the active ions in the upper state manifold. To account for the dynamics of the upper
state with the spontaneous decay and the rise of ASE, the pumping is divided into
ﬁnite steps in the temporal domain. The rate of creation of the population inversion
is then modeled by:
(
)
∆T
Ip
N2
1
dN2 =
ηabs
−
.
(3.1)
Nsteps h̄ωp
dcr
τf
The term in front of the brackets describes the time steps used for the pumping
with Nsteps as the number of steps used in the simulation. To minimize the error
introduced by the dynamics of ASE and pump absorption in the gain medium, a
number of 100 steps was found to be the optimal value for the simulation. With less
steps, there would be an inﬂuence on the dynamics by means of reducing the total
created population inversion in the active medium. With a higher number of steps,
the dynamics of the simulated results are similar, but the processing speed of the
simulation is reduced. The value ∆T is the time required for pumping the material.
In the case of the pre-pumping phase, this is given by the pre-pumping time while
for the ampliﬁcation phase it is given by the pulse repetition rate of the ampliﬁed
seed. The second term in the brackets describes the spontaneous decay of the upper
state level with density N2 and the upper state lifetime τf . The ﬁrst term in the
brackets then describes the pumping of the gain medium with the photon energy of
the pump light h̄ωp , the pump light intensity Ip and the thickness of the material dcr
which is passed by the pump light. For a full description of the upper state dynamics,
saturation eﬀects have to be taken into account. This is achieved by the absorption
eﬃciency ηabs of the pump photons in the material:
ηabs = 1 − exp [−Mp dcr (σabs,p Ndop − (σabs,p + σem,p )N2 )] ,

(3.2)

with Mp as the number of pump passes on the disk, Ndop as the doping concentration
of the laser active material and σabs,p and σem,p as the absorption and emission cross
sections of the material at the pump wavelength. After each step of pumping, the
density of the upper state level is calculated by:
N2 (n + 1) = N2 (n) + dN2 .

(3.3)

With these equations, the pump absorbtion of the active material is fully described. The rise of the ASE photons in each time step is then described by the
spontaneous decay of the upper state manifold:
dNASE =

N2
∆T
ηASE .
Nsteps
τf

(3.4)
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The eﬃciency term ηASE is introduced, which originates from the fact that
the ﬂuorescence is emitted isotropically and with the full spectral range which is
shown in ﬁgure 2.15. To account for the directions where the photons are emitted,
the angular distribution which contributes to ASE is calculated by using the total
internal reﬂection at the disk faces and boundaries. The relative fraction of the total
created photons contributing to ASE is calculated to 62,86 %. The contribution of the
spectral fraction of ASE is calculated by integrating the ﬂuorescence spectrum and
comparing it with the fraction which will be ampliﬁed by the population inversion of
the gain material. This fraction is calculated to be 16 %. The total density of ASE
photons in the gain medium is then derived according to equation 3.3:
NASE (n + 1) = NASE (n) + dNASE .

(3.5)

For the ampliﬁcation of the ASE photons, two diﬀerent gains for the diﬀerent
regions of the disk have to be deﬁned. The general description of the small signal gain
of the laser active material is given by:
g = N2 (σem,l + σabsl ) − Ndop σabs,l .

(3.6)

The emission cross section σem,l and the absorption cross section σabs,l of the
laser wavelength are used. The ASE photons then pass two diﬀerent regions of the
disk, the pumped and the unpumped region. The ampliﬁcation factor is given by:
dNASE = NASE (exp(g · dmat ) − 1),

(3.7)

where dmat is the distance traveled by the ASE photons in the material. This is for
the pumped region the size of the pump spot and for the unpumped region given by
the diameter of the disk reduced by the pump spot size. After each passage of the
photons through the corresponding parts of the disk, the total number of exited state
ions is reduced by dNASE , while the number of ASE photons in the disk is increased
by the same amount. After each passage, reﬂection losses at the disk boundaries need
to be taken into account, reducing the total number of photons at each reﬂection. For
the thickness of the material passed by the ASE photons, the angular distribution
also has to be taken into account. This has already been done for the calculation of
the fraction of spontaneous emitted photons contributing to the ASE. The eﬀective
thickness is achieved by calculating the path lengths at each emission angle of the
spontaneously emitted photons in the disk and averaging over all these path lengths.
This leads in our case to a factor of 1.4, which has to be multiplied to the value dmat
in order to obtain the real path length for the individual photons.
Finally, the ampliﬁcation of the seed laser pulses Esig for each individual pass
on the disk module is included in the model. This is done with following equation:
√
Esig,out = Esig,in · 1 − L · exp(g · dcr ),
(3.8)
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where g is the small signal gain given in equation 3.6 and dcr is the thickness of the
thin-disk. Same as for the pump absorption, this takes into account the double pass
of the seed pulses during every single pass through the multipass setup. The factor L
is a dimensionless loss parameter which has to be taken into account due to the large
amount of optics used in the multipass. This can be kept very small because of the
quality of the mirrors used in the experimental setup (reﬂectivity well above 99 %).
The reduction of the active ions in the upper state is then described by:
N2,af ter = N2,bef ore − g

Isig
,
h̄ωl

(3.9)

with the intensity Isig and the photon energy h̄ωl of the seed pulses. This calculation
has to be performed for every pass of the seed pulses on the thin-disk. The total
number of passes is then given by Mr . Table 3.1 gives a summary of the parameters
used for the simulation.
Parameter name
Formula sign
Pre-pumping time
∆T
Re-pumping time
∆T
Temperature
T
Pump photon energy
h̄ωp
Pump absorption cross section
σabs,p
Pump emission cross section
σem,p
Pump spot size (FWHM)
dpump
Pump power
Ppump
Number of pump passes
Mp
Pump beam shape
Seed photon energy
h̄ωl
Seed absorption cross section
σabs,l
Seed emission cross section
σem,l
Seed spot size (FWHM)
dseed
Seed pulse energy
Eseed
Number of seed passes
Mr
Number of pulses in burst
Seed beam shape
Crystal thickness
d
Crystal diameter
D
Doping concentration
Ndop
Fluorescence lifetime
τf
Multipass losses
L

Value
< 500
10
293.15
2.11·10−19
3.97·10−25
8.39·10−26
7.35
12.4
24
Supergaussian
1.93·10−19
1.29·10−25
2.16·10−24
2.0
375
30
80
Gaussian
360
17
7
951
0.001

Table 3.1: Parameters used for the simulation.

Units
µs
µs
K
J
m2
m2
mm
kW

J
m2
m2
mm
µJ

µm
mm
% at.
µs
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With all these equations and the corresponding parameters, the dynamics of the
thin-disk ampliﬁer can be simulated for diﬀerent experimental parameters.

3.3

Results without ASE

As described already in section 2.3, the ASE modes develop mainly in the transversal
direction in the thin-disk gain medium. Thus, ASE can not directly be measured
in the thin-disk setup because it is not reachable with measurement devices. So
ﬁrst modeling is achieved without the inﬂuence of ASE to give an estimation of the
maximum achievable output power with the thin-disk laser ampliﬁer.

3.3.1

Influence of pre-pumping time

The ﬁrst investigation done with the code is the inﬂuence of the amount of prepumping time on the burst shape. Therefore, one simulation was done without any
pre-pumping time and one simulation with a too large amount of pre-pumping time.
The resulting burst shapes of these simulations are displayed in ﬁgure 3.3.

a)

b)

Figure 3.3: Burst shapes of the ampliﬁer output: a) No and b) too
long pre-pumping time. In the case of no pre-pumping time, population
inversion is established during the burst which leads to a reduced ampliﬁcation of the ﬁrst couple of pulses. In the case of too much pre-pumping
time, the ﬁrst pulse in the burst experiences a very high ampliﬁcation,
depleting the population inversion which leads for the second pulse to
the behavior of the case of no pre-pumping time.

In the ﬁrst case, where the pre-pumping time is zero, the ﬁrst pulses in the
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burst encounter only a very low population inversion in the active gain medium and
are not fully ampliﬁed. The population inversion is then established during the burst
by the intermediate pumping of the gain medium. This leads to an asymmetric burst
shape with a rising edge at the beginning of the burst. In the second case, where
the pre-pumping time is very long, the ﬁrst pulse of the burst encounters a very high
population inversion in the gain medium, which is far above the inversion level which
is needed to establish a ﬂat burst with approximately the same ampliﬁcation for all
pulses in the burst. Thus, the ﬁrst pulse is ampliﬁed to a very high energy level,
depleting the population inversion for the subsequent pulses. The inversion level for a
ﬂat burst shape then has to be re-established during the remaining part of the burst.
Choosing a too long pre-pumping time can be dangerous for the optics used in the
experimental setup, as the ﬁrst pulse can be ampliﬁed to an energy level above the
damage threshold of the optics and the thin-disk gain medium used in the setup. The
experimentally and theoretically found optimum of the pre-pumping time to achieve
a ﬂat burst shape has been found to be 300 µs.

3.3.2

Influence of doping concentration

For the investigation of the inﬂuence of the doping concentration on the ampliﬁcation
in the thin-disk ampliﬁer, the code was used with a total number of 30 passes on the
thin-disk gain medium. The pre-pumping time was chosen such that a ﬂat burst is
generated in the output of the ampliﬁer. Figure 3.4 shows the maximum achievable
output burst energy in dependence on the doping concentration in a region of 1 to
20 at. %.
The total output energy of the ampliﬁer is increasing to a maximum at around
7 at. % doping concentration. If this value is exceeded, the output energy starts to
decrease for higher doping levels of the active medium. This is explained by reabsorption of the light in the active ions which depends on the total number of active ions
in the medium. With a high level of doping concentration, the pump is absorbed by
a fraction of the active ions, leaving a certain amount of them in the lower level. Due
to the quasi-three-level nature of the active medium Yb:YAG, these lower level ions
will then absorb a fraction of the seed light in the thin-disk gain medium, leading to
a decrease of the total output energy for high doping levels of the crystal.

3.3.3

Influence of number of passes

To ﬁnd the inﬂuence of the number of passes on the ampliﬁcation of the laser pulses in
the ampliﬁer, the simulation was set up with the optimal 7 at. % doping concentration
of the crystal. The pre-pumping time was again chosen such that the output burst
shape is ﬂat. The number of passes was chosen between 1 and 30 passes, which is
experimentally realized in the setup. Between 1 and 15 passes, the step size in the
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Figure 3.4: Inﬂuence of the doping concentration on the maximum
achievable output burst energy. For values above 7 at. %, the total output
energy starts to decrease due to reabsorption in the active ions.

simulation is 1 pass, for more than 15 passes the step size is increased to 2 because the
higher number of passes can only be realized in the setup by retracing the multipass,
using every pass in the setup twice (refer to section 4.4 for details on the experimental
setup). Figure 3.5 shows the simulation results depending on the number of passes in
the ampliﬁer setup.
It can be seen that for a total number of passes on the disk gain medium of
around 20, the total output burst energy of the ampliﬁer starts to saturate. The
slight increase for even higher number of passes can be explained by the gain saturation
described in section 2.3.4, which leads to only slight ampliﬁcation of the laser pulses
for each additional pass on the gain medium. It is important to note that ASE is not
included in the model at this point. With the eﬀects of ASE, the ampliﬁcation per
pass will be reduced, as will be shown in the following section.

3.3.4

Gain curve for optimal parameters

With the optimum parameters found for the ampliﬁer, the characteristics of the burstmode ampliﬁcation can be simulated without the inﬂuence of ASE. This gives an
estimate of the highest achievable output burst energy of the ampliﬁer. Therefore,
a number of passes of 30 is chosen with a doping concentration of the gain medium
of 7 at. % and the right pre-pumping time to achieve a ﬂat burst shape out of the
ampliﬁer. The resulting ampliﬁer characteristics are displayed in ﬁgure 3.6.
It can be seen that with considerable input parameters for the ampliﬁer, a
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Figure 3.5: Inﬂuence of the number of passes on the maximum achievable output burst energy. At a number of around 20 passes on the disk
gain medium, the total output energy of the ampliﬁer starts to saturate
with only a slight increase to a higher number of passes.
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Figure 3.6: Ampliﬁer characteristics for the optimal parameters of the
multipass setup. 30 passes are used with an adequate pre-pumping time
and a gain medium with 7 at. % doping concentration.

maximum output burst energy around 9.7 J can be achieved. This leads together with
the maximum achievable pump energy in the ampliﬁer of 16 J to an optical eﬃciency
of 60 %. The input parameters for the simulation are also the parameters of the disk
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ampliﬁer medium used in the experimental setup. As already mentioned above, these
simulations do not include the inﬂuence of ASE on the ampliﬁer characteristics. A
survey of the ASE inﬂuence will be given in the following.

3.4

Simulations with ASE

As already mentioned at the beginning of the last section, the ASE itself can not
be directly measured in the experimental setup. But with the simulation code and
experimental results, an estimate of the characteristics can be performed. The free
parameter left to model the ASE characteristics is the reﬂection of the ASE modes at
the disk boundaries. Figure 3.7 shows the impact of diﬀerent reﬂection coeﬃcients at
the disk boundaries.
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Figure 3.7: Inﬂuence of the reﬂectivity for the ampliﬁed spontaneous
emission at the disk boundaries on the ampliﬁcation. The blue line shows
the results which best match the experimentally achieved characteristics
of the multipass ampliﬁer.

As will be shown in the experimental results chapter (see section 5.4), a good
conﬁnement of theoretical predictions and experimental results is achieved at a reﬂectivity of 12.5 % (the blue line in ﬁgure 3.7). For less reﬂectivity, the ASE modes which
develop in the gain medium don’t encounter enough ampliﬁcation to match the losses
due to reabsorption in the outer, unpumped regions of the disk and the reﬂection at
the boundaries. For a higher reﬂection, the ASE is ampliﬁed such that there is not
enough population inversion left for the ampliﬁcation of the seed laser pulses. This
manifests in a roll-over at a certain pump energy at which the ASE encounters enough
ampliﬁcation to form a stable mode in the ampliﬁer medium. With this parameter
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ﬁxed, a study is performed to evaluate the inﬂuence of the number of passes on the
ampliﬁer characteristics with ASE taken into account. For this study, the maximum
output burst energy at full pump energy is simulated. The results of this simulation
are displayed in ﬁgure 3.8.
10

Burst energy [J]

8
6
4
2
0

0

10

20

30

40

50

No. of passes

Figure 3.8: Inﬂuence of the number of passes on the maximum achievable output burst energy with ASE taken into account (with 12.5 % reﬂectivity at the disk boundaries). The saturation of the ampliﬁer output
is shifted to a reasonable higher number of passes compared to the case
where ASE is not taken into account. This is due to the reduced population inversion available for seed pulse ampliﬁcation by the ampliﬁcation
of ASE modes in the gain medium.

It can be seen that the number of passes on the gain medium where saturation
in the ampliﬁer can be achieved is shifted to a reasonable higher number. This is due
to the fact that the ampliﬁcation of the seed pulses reduces the inversion which is
available for the ampliﬁcation of ASE more eﬃciently for a higher number of passes.
Thus, due to reabsorption and reﬂectivity losses, the ASE gets nearly fully suppressed
for a high number of seed passes. Unfortunately, the higher number of passes was
not achievable in the experiment due to setup constraints. The available space for
additional mirrors and also the stability of the entire multipass setup needed to be
considered.

Chapter 4
Experimental setup
In this chapter, the diﬀerent experimental setups for testing of the pump ampliﬁer
system are explained. The Titanium-Sapphire oscillators used in the experiment
are described in section 4.1. The entire ampliﬁer system is based on a ﬁber CPA
system with subsequent power ampliﬁers. The ﬁber ampliﬁer system is described in
section 4.2. For the subsequent ampliﬁer systems, there are two diﬀerent options, one
is an Yb:YAG Innoslab laser ampliﬁer (section 4.3) and the other option is an Yb:YAG
thin-disk ampliﬁer, which is described in detail in section 4.4. A temporal diagnostic
tool for pump-seed synchronization is set up and tested for using the ampliﬁer systems
as pump ampliﬁer for the OPCPA system. This is described in section 4.5.

4.1

Titanium Sapphire Oscillator

The seed source of the pump ampliﬁer systems is a Titanium Sapphire (Ti:Sa) oscillator. The oscillator used for the experiments is a Rainbow from Femtolasers. It has
a broadband spectral output ranging from 650 nm to 1000 nm. The same oscillator
is used as a seed for a non-collinear optical parametric chirped-pulse ampliﬁer (nOPCPA) system. A photonic crystal ﬁber (PCF) was used to attain a spectral shift
to 1030 nm. The output power of this PCF solitonic shifter is 800 µW at 108.33 MHz.
This is used to seed the subsequent ﬁber ampliﬁer stages which will be described in
detail in the next section.
In later experiments, a new oscillator provided by Venteon Laser Technologies
GmbH was used for the seed generation for the ﬁber ampliﬁer system and as seed for
the OPCPA system. A Pulse:One OPCPA seed system with a spectral bandwidth
ranging from 620 nm to more than 1100 nm. An output port at 1030 nm is used
directly for the seeding of the ﬁber ampliﬁer system. Accordingly, there is no need of
a PCF wavelength shifter which has caused instabilities in timing as well as in output
power in the former oscillator setup.
Since the output characteristics of the ﬁber ampliﬁer system is not dependant
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on the type of pump seed source used in the individual experiments, it will not be
stated which type of oscillator has been used for the individual ampliﬁer setups. The
diﬀerence in the use of the two types of oscillator is the impact on the OPCPA systems.
The diﬀerent output spectra play a role. In addition to that, the oscillator provided
by Venteon has a much higher long term stability compared to the Rainbow oscillator.
This also has an impact on the characteristics of the individual systems on the long
term stability of the pump ampliﬁer system. The lack of a PCF solitonic shifter in the
case of the Venteon oscillator provides a very stable seed beam for the ﬁber ampliﬁer
system for day to day operation as well as for long term measurements with the laser
system.

4.2

Fiber amplifier

The ﬁber ampliﬁer system used for all experiments consists of two pre-ampliﬁcation
ﬁbers, two main ﬁber rod ampliﬁers and a stretcher/compressor setup. An overview
sketch of the setup is given in ﬁgure 4.1.
The seed laser beam originating from the oscillator is coupled into a single-mode,
polarization-maintaining ﬁber with a length of about 100 m to stretch the femtosecond
pulses to picosecond pulse durations. These pulses are then coupled into an active
Yb-doped ﬁber ampliﬁer. The repetition rate is subsequently reduced to 2 MHz by
an acusto-optic modulator (AOM). The output of the ﬁrst pre-ampliﬁcation stage is
5 mW at 2 MHz repetition rate. These pulses are then further stretched to 2.2 ns with
an Öﬀner-type grating stretcher. After stretching, the pulses are coupled into a second
pre-ampliﬁcation system similar to the ﬁrst one. After this second preampliﬁer, the
repetition rate of the pulses is further reduced by a second AOM. It can be chosen
between the full 2 MHz from the ﬁrst AOM down to several kHz. At 100 kHz repetition
rate, the output power of this second pre-ampliﬁcation system is 2.3 mW.
The output of this preampliﬁer is then coupled into a large-pitch Yb:glass ﬁber
rod with 40 µm inner core diameter, the ﬁrst main ampliﬁer. Independent of the
repetition rate of the input, the laser beam is ampliﬁed to 2 W average output power
in this ampliﬁer. Subsequently, a third AOM is used to either further reduce the
repetition rate for continuous-mode operation or to form the burst of pulses for the
burst-mode operation of the ampliﬁer system. In the latter case, the second AOM
deﬁnes the intra-burst repetition rate while the third AOM deﬁnes the length of the
burst and thus the number of pulses in the burst. After this third AOM, a second main
ampliﬁer rod with 80 µm inner core diameter follows which is capable of amplifying the
seed beam up to 50 W of output power, either in continuous mode or as an intra-burst
output power in the burst-mode operation.
For pulse compression after the ampliﬁcation, a 4-pass Treacy compressor is
used. The second grating is the same as the stretcher grating, with an additional
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Figure 4.1: Schematic setup of the ﬁber ampliﬁcation system. The seed
is coupled into the ﬁber stretcher and the ﬁrst pre-ampliﬁcation stage
(PreAmp1) by mirrors 1 and 2. In the case of the Venteon oscillator,
incoupling is directly achieved by a ﬁber. The repetition rate is reduced
in the ﬁrst acusto-optic modulator (AOM1). Afterwards, the pulses are
stretched to 2 ns in an Öﬀner-type stretcher (not shown in the schematic).
A second pre-ampliﬁcation stage and further reduction of the repetition
rate follow. In the grey shaded area, the two main ampliﬁcation stages
are shown. The ﬁrst one is a PCF-rod with 40 µm core diameter and
the second one is a PCF-rod with 80 µm core diameter. Between the two
main ampliﬁers, the repetition rate can be further reduced or the burst
can be generated by AOM3. ISO: Optical isolator.

small grating to form a grating pair. This grating compressor is also used for the
compression of the pulses from the Innoslab and thin-disk ampliﬁers. The gratings
used are dielectric multilayer gratings which provide a total compressor transmission
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of approximately 80 %.

4.3

Yb:YAG Innoslab amplifier

The Innoslab laser technology has already been described in section 2.3.6, but will
be explained in more detail here. The central part of the Innoslab ampliﬁer is a slab
shaped crystal with the dimensions of 10x10x1 mm3 . The laser medium is pumped
by laser diodes with an emission wavelength of 941 nm. The diode light is focused to
a line onto the front plane of the crystal. This leads in combination with the heat
removal perpendicular to the pump beam to a thermal lens which is also perpendicular
to the pump beam. The seed beam is then coupled into the crystal collinear with the
pump beam and then folded several times through the gain medium. In one direction,
the mode of the beam is directly reproduced by the thermal lens while in the other
direction, the beam size is increased for every pass by a confocal arrangement of
curved mirrors. Thus, the intensity of the ampliﬁed beam stays the same for every
pass in the gain medium keeping the eﬃciency of the laser operation constant and
avoiding optical damage to the components. Although passing several times through
the gain medium, the Innoslab ampliﬁer can be considered as a single pass ampliﬁer
since for every pass a new section of the gain medium is used. A schematic of the
Innoslab technique is shown in ﬁgure 4.2.
In the case of experiments, three diﬀerent types of Innoslab ampliﬁers were
tested. The mechanical properties stated above are the same for all three devices,
the diﬀerence is the number of passes used in the ampliﬁer crystal and in the total
output power of the pumping diodes. The ﬁrst ampliﬁer used is a 250 W output power
ampliﬁer. The pump radiation is provided by four diode stacks with a total output
power of 600 W. This output is collimated and focused as a line in the ampliﬁcation
medium. On the seed side, 9 passes are used in the ampliﬁcation medium, leading to a
total output power of 250 W. The results with this type of ampliﬁer will be presented
in section 5.1.1.
The second type of Innoslab ampliﬁer used in this thesis is speciﬁed to have
500 W output power. In principle, it relies on the same setup as the 250 W ampliﬁer
stated above. The pump is generated by eight diode stacks with a total output power
of around 1.1 kW. Again 9 passes in the ampliﬁcation medium are used to amplify the
pulses, leading to a total ampliﬁcation to 500 W output power. The results with the
500 W Innoslab ampliﬁer are presented in section 5.1.2. This ampliﬁer will be used
both for the ampliﬁcation of pump pulses for the OPCPA system and for seeding the
thin-disk ampliﬁer (see section 5.3).
To further increase the output energy of the Innoslab ampliﬁers, a 1.5 kW booster
ampliﬁer based on the Innoslab technology is implemented in the setup. It consists
of two ampliﬁcation stages as stated for the 500 W ampliﬁer. The pump of each
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Figure 4.2: Schematic of the Innoslab technology [picture provided by
Amphos GmbH]. The input seed beam is folded several times through the
ampliﬁcation medium by folding mirrors and curved end mirrors. There,
for every pass, a new section of the ampliﬁcation medium is used. The
curved mirrors expand the beam for every pass to maintain a constant
intensity of the ampliﬁed beam in the gain medium. The pump is coupled
into the slab crystal through one of the folding mirrors.

individual stage is similar to the pump setup in the 500 W ampliﬁer stage. The
diﬀerence of this booster ampliﬁer stages lies in the coupling of the seed beam to
the ampliﬁcation medium. It is coupled in as a strongly elliptic beam, ﬁtting to
the aperture of the gain medium. Thus, only a single pass in the gain medium is
used, which is suﬃcient for the full power extraction of the laser crystal. Each stage
ampliﬁes the seed beam by a factor of 2 and 1.5, respectively, adding 500 W of output
power to the seed beam. Thus, an output of 1.5 kW is achieved. This ampliﬁer stage
can either be used as pump ampliﬁer for the OPCPA system (section 5.1.3) or for
seed generation of the thin-disk ampliﬁer (section 5.5).
Innoslab laser ampliﬁers are commercial laser systems provided by Amphos
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GmbH, no further details can be given on the pump source, pump and beam optics used in the setup.

4.4

Yb:YAG thin-disk multipass amplifier

The setup of the thin-disk ampliﬁer consists of a pump laser head commercially available at Trumpf Laser GmbH and a home-made multipass setup. The pump source
consists of six stacks of laser diodes which are collimated and homogenized. The
pump radiation is then folded on the thin-disk gain medium by a parabolic mirror
and retro-reﬂecting prism mirrors. 24 pump passes on the gain medium are realized.
The pump beam path in the laser head is shown in ﬁgure 2.11. The pump diodes
have an emission wavelength of 940 nm. The total nominal pump power of the diodes
is 10 kW, but in the burst operation mode they can be operated with a higher voltage leading to 12.4 kW total pump power during the 1.3 ms pump pulse (rectangular
temporal shape). The gain medium of the thin-disk ampliﬁer is an Yb:YAG disk with
a diameter of 17 mm and a thickness of 360 µm. The radius of curvature of the gain
medium is 20 m, which leads to a focal length of the ampliﬁer module of 10 m. It is
mounted on a heat sink providing heat removal through the back plane of the disk.
Thus, the inﬂuence of thermal lensing due to high power pumping of the gain medium
is kept low.
The seed multipass is formed by two planes of mirrors. Figure 4.3a shows a
schematic of the setup. The plane with the back-reﬂecting mirrors is formed by an
array of up to 30 plane mirrors. Part of these direct the beam onto the thin-disk gain
medium and the other part directs the beam to the array of folding mirrors. The
latter one consists partly of defocusing mirrors to counteract the focusing eﬀect of the
curved disk. The radius of curvature of these mirrors is 8 m. The folding mirror array
is projecting the beam to a new beam path after each pass on the disk form a multipass
arrangement. The entire setup is composed such that the angles between the beams
are kept small. This is necessary to avoid losses in the reﬂectivity of the multipass
mirrors. Thus, the number of passes is restricted by the distance between the mirror
array and the thin-disk gain medium. This distance is in turn critical concerning the
stability of the whole ampliﬁer system. Longer distances introduce strong pointing
and temporal ﬂuctuations caused by air ﬂow and temperature changes. Figure 4.3b
and 4.3c show the order in which the beam passes the individual mirrors of the array
of back-reﬂecting mirrors and the mirror array, respectively.
Starting at mirror 1 on the mirror array, the beam is directed to the disk module
and arrives on mirror 2. It is then folded to mirror 1 on the back reﬂecting mirror
array, which then folds the beam to mirror 3 on the mirror array. The second pass on
the disk is realized by using mirror 3 and 4. The beam is folded 15 times on the disk
module where the rectangular mirrors on the back reﬂecting array indicate periscope
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Figure 4.3: Schematic of the multipass setup for the thin-disk ampliﬁer.
a) Schematic of the entire setup. The seed beam originating from either
the ﬁber or the Innoslab laser is coupled into the multipass in transmission
through a thin-ﬁlm polarizer (TFP). The beam is then folded up to 15
times on the thin disk gain medium. After the 15 passes, the polarization
of the seed beam is rotated by 90◦ by a double pass through a quarterwave plate (QWP) and retraced through the multipass setup. Thus, 30
passes on the gain medium are achieved. b) Arrangement of the mirrors
in the folding mirror array with the sequence of passes on the individual
mirrors. c) Arrangement of the mirrors in the mirror array with the
sequence of the passes on the individual mirrors. With retracing, the
mirrors are passed a second time in descending order. Outcoupling of
the retraced beam is attained by reﬂection from the TFP.

mirrors to move the beam to a new level on the mirror array. To achieve a higher
number of passes on the thin-disk gain medium, there is the possibility to retrace
the whole multipass setup. Therefore, mirror 30 on the multipass array is equipped
with a quarter-wave plate which rotates the polarization of the seed laser pulses by
90 degree. The number of passes is doubled. The output beam is then coupled out
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of the multipass array by a thin-ﬁlm polarizer which transmits the input and reﬂects
the output of the ampliﬁer.

4.5

Pump-seed synchronization for OPCPA

For the synchronization of pump and broadband seed pulses in the OPCPA system, a
measurement of temporal drift and jitter is necessary. A balanced cross correlator is
used to ﬁnd the temporal overlap of both pump and seed pulses [133, 134]. This technique relies on sum frequency generation (SFG) in a nonlinear crystal provided that
both pump and seed pulse are temporally and spatially overlapped in the medium.
After a ﬁrst pass through the nonlinear medium, the fundamental beams are separated from the generated sum frequency which is detected by a photomultiplier. The
fundamental pulses are delayed with respect to each other by a dispersive medium
(for example a glass plate) and sent back through the nonlinear medium, generating a second signal of SFG. A schematic of the working principle of balanced cross
correlation is given in ﬁgure 4.4.
Detector 1

Intensity [a.u.]

Difference signal

Detector 2 (with GD)

Delay [a.u.]

Figure 4.4: Schematic of the working principle of balanced cross correlation. Depending on the delay of the reference (green) and signal (red)
pulse, the overlap for sum frequency generation for the diﬀerent detectors
varies. This leads to the characteristic diﬀerence signal. The working region of the balanced cross correlator is depicted by a blue line in the
diﬀerence signal.

There are two possible ways to set up the balanced cross correlator. One way
is to use the same nonlinear crystal for both passes of the fundamental beam (single
crystal balanced cross-correlator). The second way is realized by using a beamsplitter
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for the fundamental beams and two nonlinear crystals (two crystal balanced crosscorrelator). A schematic of the ﬁrst type of setup mentioned is given in ﬁgure 4.51 ,
where two input signals with 800 nm as slave signal and 1550 nm as reference signal
with a sum frequency wavelength of 528 nm are measured with the balanced cross
correlator.

Figure 4.5: Schematic of a single crystal balanced cross-correlator [courtesy of Sebastian Schulz]. The input and reference signals are spatially
combined in a dichroic mirror and focussed into a BBO crystal, generating the sum frequency of both signals. The sum frequency signal is
separated from the input signals in a dichroic mirror and detected by the
forward detector. The input signals then undergo a group delay shift in
a glass plate and refocussed into the BBO crystal, generating a second
sum frequency signal which is detected by the ”reﬂected” detector.

This type of setup has been implemented and tested with the ﬁber ampliﬁer
and the oscillator output in our laser setup. The seed signal of the oscillator was
ﬁltered with a bandpass ﬁlter with a central wavelength of 700 nm and overlapped
with the pump pulses at a wavelength of 1030 nm. The corresponding sum frequency
wavelength is 417 nm. During the measurements, problems arised with back reﬂection
of the generated signal of the ﬁrst pass in the BBO in the detector of the second
pass, which tremendously inﬂuenced the detected signal. To circumvent this type of
problem, the two crystal balanced cross correlator is used. It is set up in a F-shaped
conﬁguration where in each arm both beams are focused in a type-I BBO crystal.
The SFG-signals are ﬁltered with a bandpass ﬁlter with a transmission wavelength of
1

courtesy of Sebastian Schulz: seb.schulz@desy.de
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(400±20) nm and recorded by photomultipliers of type H6780 from Hamamatsu. A
schematic of the setup can be found in ﬁgure 4.6.
coarse delay
700nm filter
seed beam

fine delay
dichroic mirror

pump beam
lenses

beamsplitter

det.
readout
det.
difference
amplifier

BBO crystals

glass plate

Figure 4.6: Schematic of a two-crystal balanced cross-correlator in Fshape conﬁguration. The input pump and seed signals are spatially combined in a dichroic mirror. After splitting the signals in two branches by a
50/50 beamsplitter, each branch is focused individually into a BBO crystal for sum frequency generation. One of the two branches is equipped
with a glass plate for group delay generation of the two input pulses. The
two detected signals are ampliﬁed in a diﬀerence ampliﬁer to provide the
balanced detection signal in the readout.

The readout of the two detectors is achieved by a diﬀerence ampliﬁer of type
DLPVA-100-B-D from FEMTO GmbH. This device provides the diﬀerence voltage of
the two input signals. If the photomultipliers are well balanced, a direction sensitive
output of the balanced cross correlator signal can be achieved. This signal can then
be used to operate a delay stage which is situated in the pump beam path to keep a
constant timing between the two individual pulses. Thus, the long term stability of
the entire OPCPA setup can be tremendously improved since temporal drifts caused
by temperature ﬂuctuations are fully compensated.

Chapter 5
Experimental results
The results achieved with the diﬀerent ampliﬁer schemes are presented and discussed
in this chapter. The results with Innoslab ampliﬁer will be presented in section 5.1,
where a 250 W system, a 500 W system and a 1.5 kW system have been tested. The
results of the investigations on the ﬁber seeded thin-disk ampliﬁer will be presented
in section 5.2. A combination of the thin-disk laser with an Innoslab ampliﬁer as
additional seed preampliﬁer will be presented in section 5.3, where the 500 W Innoslab
ampliﬁer has been used as a seeder for the thin-disk ampliﬁer with a reduced number
of passes. Consecutively, a comparison of the results of the diﬀerent thin-disk ampliﬁer
experiments with the simulation code presented in chapter 3 is presented in section 5.4,
where the inﬂuence of the ampliﬁed spontaneous emission (ASE) can be modeled by
varying the ASE parameters in the code to reach an overlap of the simulated results
with the experimental results. Additionally, an investigation on the use of the thindisk ampliﬁer to reach higher output energies with a stronger seeder and a cascade
of two thin-disk ampliﬁers will be presented. To investigate the capabilities of thindisk ampliﬁers in a cascaded setup, experiments have been performed with a 1.5 kW
Innoslab seeder, where the experimental results are presented in section 5.5. At the
end of the chapter, the measurement results for the pump-seed synchronization for
the OPCPA system are presented in section 5.6. These were achieved using the ﬁber
ampliﬁer for the pump pulses and the oscillator output for the seed pulses for the
OPCPA.

5.1

Innoslab amplifier

In this section, the results obtained with Yb:YAG Innoslab technology are presented.
Starting with a ﬁrst test of the technology with a 250 W ampliﬁer, the capabilities
of this concept are proved (section 5.1.1). The next step was to implement a 500 W
Innoslab ampliﬁer (section 5.1.2), which was tested as a stand alone system and later
used as a seed ampliﬁer for a thin-disk ampliﬁer (see section 5.3). At last, an Innoslab
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62

CHAPTER 5. EXPERIMENTAL RESULTS

booster ampliﬁer was installed to increase the pulse energy to the required parameter
values of 20 mJ per pulse at 100 kHz repetition rate. The results for this system are
presented in section 5.1.3.

5.1.1

250 W amplifier system

The ﬁrst Innoslab ampliﬁer tested was an ampliﬁer delivering 250 W of output power.
The ampliﬁer was operated in a continuous operation mode at diﬀerent repetition
rates. The pulse energy of the output pulses is deﬁned by the output power and
the repetition rate of the ampliﬁer to 20 mJ at 12.5 kHz or 2.5 mJ at 100 kHz. These
two individual operation points are important, as a pulse energy of 20 mJ is speciﬁed
for the OPCPA system and the ampliﬁer needs to be capable of amplifying pulses
at 100 kHz repetition rate. The pulses were then compressed in a grating compressor. The resulting autocorrelation trace measured with a single-shot autocorrelator is
displayed together with a beam proﬁle of the output beam and the seed and output
spectrum in ﬁgure 5.1. The spectra were taken with a Shamrock spectrometer with
a 500 lines per mm grating and a Andor iDus camera. The measured spectra and
autocorrelations throughout this work were averaged over the entire burst with 80
pulses at 100 kHz repetition rate.

a)

b)

Dl=6.4nm

1mm

tac=1.17ps

Dl=2.8nm

Figure 5.1: Compression of the 250 W Innoslab output. a) Output
spectrum of the ampliﬁed seed, b) autocorrelation trace and Gaussian ﬁt
of the compressed pulses. The inset in b) shows the beam proﬁle of the
Innoslab output.

The spectrum of the ﬁber laser seeder is gain narrowed to 2.8 nm. The Fouriertransform-limited pulse duration would be 599.6 fs. The measured pulse duration at
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the compressor output is 830 fs assuming a Gaussian pulse shape (1.17 ps autocorrelation width). The test of this ampliﬁer system produced promising results for the
implementation of the Innoslab ampliﬁer technology in the OPCPA pump ampliﬁer
chain. The results for the ﬁnal Innoslab ampliﬁers will be explained in the following
sections.

5.1.2

500 W amplifier system

The 500 W Innoslab ampliﬁer system has been tested in burst operation mode with two
diﬀerent intra-burst repetition rates. The ﬁrst one was 27.5 kHz to use the ampliﬁer
system as pump ampliﬁer with high pulse energy for the OPCPA system. The second
repetition rate was 100 kHz in order to seed a subsequent thin-disk booster ampliﬁer.
The output burst shapes of both operation modes are displayed in ﬁgure 5.2. It is
acquired with a photodiode of type DET10-A from Thorlabs and recorded with a
Tektronix scope (DPO7254). This measurement setup for the burst proﬁles is used
for all measurements of this kind throughout the entire thesis. There, it has to be
noted that sampling problems with the scope lead to small oscillations on top of the
burst traces.

a)

b)

Figure 5.2: Burst shapes of the 500 W Innoslab ampliﬁer. a) 27.5 kHz
repetition rate and b) 100 kHz repetition rate. The pulse to pulse energy
stabilities are 0.8 % rms for the 27.5 kHz and 1.7 % rms for the 100 kHz
case.

The burst presented in ﬁgure 5.2a is taken with pulses at 27.5 kHz repetition
rate. The burst length is 800 µs with to 22 pulses in the burst. The overall burst
energy is 400 mJ, or a pulse energy of 18.2 mJ. This pulse energy can be used for
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pumping the OPCPA system. The pulse to pulse energy stability within the burst
is 0.8 % rms. The desired stability would be 1 %, which is fulﬁlled in the case of the
27.5 kHz operation. For the case presented in ﬁgure 5.2b, the repetition rate is 100 kHz
with 80 pulses in the burst. The corresponding single pulse energy is 5 mJ. The pulse
to pulse energy stability in this case is 1.7 % rms. This ampliﬁer output has been used
for seeding the thin-disk ampliﬁer as will be described in more detail in section 5.3.
The pulses at 27.5 kHz repetition rate have been compressed in the grating compressor
to be used as pump ampliﬁer for the OPCPA system. The resulting autocorrelation
trace is given in ﬁgure 5.3.

b)

a)

tac=1.31ps

1mm

Figure 5.3: a) Autocorrelation measurement and Gaussian ﬁt of the
output pulses of the 500 W Innoslab ampliﬁer operated at 27.5 kHz repetition rate. b) Stability measurement of the Innoslab output. The inset
shows the output beam proﬁle after compression.

The pulse duration measurement was performed with a PulseCheck 50 autocorrelator from APE GmbH. The measured autocorrelation width of the compressed
pulses is 1.31 ps, or a compressed pulse duration of 929 fs. In addition to the pulse
duration measurements, the output stability of the ampliﬁer has been measured. The
total burst energy stability of the ampliﬁer output is 0.5 % rms at a burst energy of
400 mJ (see ﬁgure 5.3b).

5.1.3

1.5 kW booster amplifier system

To further increase the ampliﬁed pulse energy from the 500 W Innoslab ampliﬁer,
a two-stage Innoslab booster ampliﬁer has been installed and tested. The nominal
output power of this system is speciﬁed to 1.5 kW in continuous operation. The
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ampliﬁer has ﬁrst been tested in continuous operation mode. The resulting output
power characteristics of all three ampliﬁer stages can be found in ﬁgure 5.4.

Output power [W]

1000

500 W Innoslab

800
600
400
200
0
50

1st Innoslab booster
100

150

200

100

150

2nd Innoslab booster
200

100

150

200

Pump current [A]

Figure 5.4: Energetics of all three Innoslab ampliﬁer stages. The plot
is divided into the ﬁrst 500 W stage and the two subsequent booster
ampliﬁers.

It can be seen that the maximum output power of the ampliﬁer does not reach the
speciﬁed 1.5 kW. This is due to a non optimal mode-matching of the ampliﬁer chain.
The ampliﬁer was set up for the burst-mode operation, where a diﬀerent thermal
management of the individual ampliﬁer stages has to be taken into account. Due to
that fact, a misalignment in the ﬁrst Innoslab ampliﬁer with 500 W output power can
not be avoided in the continuous operation mode. This leads to a distorted beam
proﬁle which cannot be ampliﬁed to the speciﬁed 1.5 kW in the subsequent Innoslab
booster ampliﬁers. The total output power of all three Innoslab ampliﬁer stages was
measured to 1.06 kW. After the test of the Innoslab booster in continuous mode, the
seeder of the ampliﬁer was switched to the burst-mode operation for testing. The
resulting shape of the burst can be found in ﬁgure 5.5.
The maximum output power which could be achieved with the ampliﬁer in the
burst operation mode is 1.75 kW in the burst. This is tremendously higher than for
the continuous mode operation which is explained by the fact that the mode-matching
in the ampliﬁer is conceived for burst-mode operation. Additionally, due to the burstmode operation of the ampliﬁer, pump energy is stored in the active medium prior
to seeding which leads to a higher possible ampliﬁcation of the seed pulses compared
to the case of continuous operation. The pulse to pulse energy stability measured for
this burst is 2.1 % rms, which is mostly due to the decrease of pulse energy within the
burst.
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a)

b)

Figure 5.5: Burst proﬁle of the three-stage Innoslab output. The pulse
to pulse energy stability is measured to 2.1 % rms.

5.2

Thin-disk amplifier

This section summarizes the thin-disk ampliﬁer results with the ﬁber ampliﬁer system
(section 4.2) as seed source. The focusing properties of the disk module are presented
in section 5.2.1 and compared to the theoretical value resulting from the radius of
curvature (20 m) of the disk (section 4.4). Followed by that, the results for the ampliﬁcation of the beam are presented with the diﬀerent approaches to reduce the eﬀects
of ampliﬁed spontaneous emission (ASE) stated in section 3.2. The ampliﬁcation with
a large pump spot is given in section 5.2.2. The reduction of ASE inﬂuence is then
given by reducing the pump spot size (section 5.2.3) and beveling the boundaries of
the gain medium (section 5.2.4).

5.2.1

Focus properties of the disk module

Prior to setting up the multipass ampliﬁer system, the focusing properties of the
thin-disk module have been measured. For this, a collimated alignment laser at an
emission wavelength of 1030 nm (type MIL-F-1030 from CNI Lasers) was reﬂected
from the thin-disk module and the propagation of the beam was measured with a
WinCam-D at several distances from the disk module. The results show that the
focus length of 10 m (radius of curvature of the disk of 20 m, see section 4.4) is in
contradiction with the experiment. Figure 5.6 shows the measured beam diameters
depending on the distance from the disk module. These results lead to the assumption
that the stated radius of curvature is larger than the real one. The focal length of 6 m,
together with the bending eﬀect of the cooling system, leads to an assumed radius of
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curvature of the disk of 10 m.
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Figure 5.6: Focus properties of the thin disk module depending on the
distance from the disk. The measurement shows that the beam starts to
diverge after a propagation distance of around 6 m.

The entire multipass was planned with an assumed radius of curvature of 20 m
of the disk. After calculations with beam propagation matrices (see section 2.1),
defocusing mirrors with a focal length of - 8 m were to be implemented in order to
collimate the beam after every second pass on the disk. With the measured focal
length, this was not possible to achieve. In order to circumvent too strong divergences
of the beam in the multipass, not every second mirror in the back reﬂecting array could
be defocusing. An empiric solution was found to keep the beam sizes on the disk at
reasonable values. The resulting plan of the back reﬂecting array and the propagation
of the beam sizes depending on the number of passes on the disk can be found in ﬁgure
5.7.
The curved mirrors are marked with a c. The beam size is kept between 1 and
3 mm at full width at half maximum (FWHM) on the disk. According to simulations
performed with the analytical model presented in chapter 3, the single pass gain is
not too much inﬂuenced by the beam size. Between the minimum and the maximum
value of the beam diameter, a deviation between the corresponding values of the single
pass gain is smaller than 8 %. Increasing the total number of passes to 30 is achieved
by introducing a telescope to manipulate the divergence of the retraced beam.
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Figure 5.7: a) Position of defocusing mirrors for the 30 pass thin-disk
ampliﬁer. Curved mirrors are marked with a c. b) Resulting propagation
of the seed beam sizes through the ﬁrst 15 passes on the disk module.

5.2.2

Non-beveled disk, 9.6 mm pump

First tests of the thin-disk ampliﬁer were performed with a pump spot diameter of
9.6 mm on a non-beveled disk. The proﬁle of the pump beam can be found in ﬁgure 5.8.
For estimating the size of the pump spot, the disk was taken as reference (diameter
of 17 mm). The size of the pump spot is then measured by comparing the FWHM of
the pump spot with the disk diameter. The measurement was performed at the full
pumping power of the thin-disk laser.
The proﬁle of the pump beam shows to be a Supergaussian with a FWHM
diameter of 9.63 mm. After taking the proﬁle of the pump beam, a measurement of
the total output energy was performed. An energy meter, Ophir Vega with PE50BBDIF measurement head, was used to measure the maximum output energy of the
pump diodes.
The maximum output energy was 16.11 J. With a total pump pulse length of
1.3 ms for the burst mode operation, this results in a maximum output power of
12.4 kW during the pump pulse. The intensity Ipump of the pump proﬁle can be
calculated:
4 · Ppump
Ppump
=
.
(5.1)
Ipump =
Apump
π · d2pump
With a pump power of 12.4 kW and the beam diameter of the pump of 9.63 mm,
the resulting pump intensity on the disk calculates to 17 kW/cm2 . The ﬁrst results
with this ampliﬁer setup are shown together with the results of the simulation (see
chapter 3) in ﬁgure 5.9.
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a)

b)

9,6mm

Figure 5.8: Pump proﬁle (a) and line-out (b) of the pump spot on the
disk.
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Figure 5.9: Results of thin-disk ampliﬁer with 9.63 mm pump spot and
a non-bevelled disk. a) Ampliﬁer characteristics of the output energy
depending on the pump energy (black) and simulation results of the ampliﬁer characteristics (red). b) Optical conversion eﬃciency from pump
to seed.

It can be seen from ﬁgure 5.9a that already at a pump energy of around 3 J the
output of the ampliﬁer reaches a saturation. This shows that the eﬀect of the ASE sets
in at low pump energies. The simulated reﬂection of the ASE at the disk boundaries is

16
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28 %. The maximum output energy in this conﬁguration is 300 mJ, which corresponds
to a pulse energy of 3.75 mJ in the burst. With a given seed energy of 375 µJ of the
ﬁber laser ampliﬁer, this corresponds to an ampliﬁcation factor of 10. With 30 passes
in the ampliﬁer, the single pass gain on the thin-disk is 1.08. The optical conversion
eﬃciency ηopt is calculated as follows:
ηopt =

Eout − Ein
.
Epump

(5.2)

Ein , Eout and Epump are the input, output and pump energy. It can be seen
from ﬁgure 5.9b that the maximum attainable conversion eﬃciency is 8.5 %. After
ﬁnding the optimal pump energy for the ampliﬁer, the properties of the setup were
characterized. This includes the output energy stability, burst and beam proﬁles
and compression of the output pulses. A stability measurement of the ampliﬁer was
performed for a time duration of 90 minutes. The mean value of the output burst
energy is 300 mJ with a peak to peak ﬂuctuation of 95 mJ and a standard deviation of
6 mJ, which corresponds to a rms-stability of 2 %. The comparably high value of peak
to peak ﬂuctuations has its origin in beam pointing ﬂuctuations caused by air ﬂow in
the experimental setup. Figure 5.10 shows the output burst proﬁle of the ampliﬁed
beam and a spatial beam proﬁle.

a)

b)

1mm

Figure 5.10: a) Burst proﬁle of the ampliﬁed output. The pulse to
pulse energy stability is 1.5 % rms. b) Beam proﬁle after 30 passes on
the thin-disk ampliﬁer.

It can be seen that there are some structures on the burst proﬁle. The higher
pulse energy at the beginning of the burst is due to the pre-pumping phase, where

5.2. THIN-DISK AMPLIFIER

71

a higher inversion is present in the ampliﬁcation medium. The arising higher ampliﬁcation of the ﬁrst pulse depletes the available inversion for the later pulses, which
manifests as a dip in the burst proﬁle. After this phase, the ampliﬁcation reaches
an equilibrium, where the individual pulses encounter nearly the same ampliﬁcation.
Due to the ASE, there is still a slight decrease of the pulse energy during the burst.
Nevertheless, the pulse to pulse energy stability derived from this measurement is
1.5 % rms. The output of the ampliﬁer has a high quality Gaussian beam proﬁle,
as can be seen in ﬁgure 5.10b. Since the output of the ampliﬁer is directly used for
second-harmonic generation without focussing of the beam, this proﬁle is promising
for eﬃcient second-harmonic generation.
The input and output spectrum of the ampliﬁer are displayed in ﬁgure 5.11a.
It can be seen that the spectrum encounters gain narrowing during the ampliﬁcation.
The FWHM bandwidth of 6.4 nm from the ﬁber laser seeder is narrowed to 2.8 nm
after the thin-disk ampliﬁer. This is in accordance to the gain narrowing of the
Innoslab ampliﬁers.

a)

b)

tac=1.12ps

Dl=6.4nm

Dl=2.8nm
1040

Figure 5.11: a) Spectra of the input (red) and output (black) beams
of the thin-disk ampliﬁer. b) Autocorrelation trace and corresponding
Gaussian ﬁt of the compressed pulses.

The output of the thin-disk ampliﬁer was then aligned through the grating compressor of the ﬁber ampliﬁer for compression to sub-ps pulse durations. The resulting
autocorrelation trace is shown in ﬁgure 5.11b. The measured FWHM width of the
autocorrelation is 1.15 ps. For a Gaussian pulse, this results in a pulse duration of
794.8 fs. Compared to the fourier limit of the pulse duration of 599.6 fs, the measured
pulse duration is a factor 1.3 larger than the theoretical expectation. This is explained
by higher order dispersion which can not be compensated by the grating compressor.
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An option to reduce the inﬂuence of the ASE is to increase the seed pulse energy
of the ampliﬁer. This was achieved by reducing the repetition rate of the ﬁber laser
seeder to 20 kHz while keeping the output power constant. Thus, an increase of a
factor of 5 could be achieved. The resulting energetics of the thin-disk ampliﬁer are
displayed in ﬁgure 5.12.
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Figure 5.12: Comparison of the ampliﬁed pulse energies for 100 kHz
and 20 kHz repetition rate in the thin-disk ampliﬁer. For the 20 kHz case,
the single pulse energy reaches a higher value than for the 100 kHz case,
which is explained by a more suﬃcient suppression of ASE for a higher
seed energy.

It can be seen that the maximum output pulse energy could be doubled by
increasing the seed pulse energy. However, ASE is still setting in at around 3 J of
pump energy. For pump energies of 8 J and above, the output energy is even smaller
than for the lower pulse energy at 100 kHz repetition rate from the seeder. This can
be explained by the longer pumping phase in between two ampliﬁed pulses, where
ASE can be ampliﬁed to higher levels, especially at very high pump powers. But
these results are promising concerning the use of a 500 W Innoslab ampliﬁer as seed
source for the thin-disk ampliﬁer (see section 5.3).

5.2.3

Non-beveled disk, 7.3 mm pump

The next step for reducing the inﬂuence of ASE is the reduction of the pump spot
diameter. This has on the one hand the eﬀect that ring-type ASE modes are suppressed due to the smaller interaction cross section with the pumped volume of the
disk. On the other hand, this increases the intensity of the pump light in the pumped
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volume. Since the diameter of the seed beam is much smaller than the 9.6 mm pump
spot diameter of the ﬁrst tests, this has no inﬂuence on the mode matching in the
ampliﬁer. Thus, the inversion available for the seed ampliﬁcation is increased. A
measurement of the pump spot diameter after changing the pump collimation optics
is shown in ﬁgure 5.13.

a)

b)

7,35mm

Figure 5.13: Pump proﬁle (a) and line-out (b) of the pump spot on the
disk.

From this ﬁgure, the FWHM diameter of the pump spot radius is determined to
7.35 mm. With the parameters stated in section 5.1.2 and according to equation 5.1,
this leads to an intensity of the pump beam of 29.2 kW/cm2 , which is nearly twice
the pump intensity as for the large pump spot diameter. The resulting energetics of
the thin-disk ampliﬁer with the smaller pump spot size are presented together with
the simulation results in ﬁgure 5.14.
For comparison with the larger pump spot, the corresponding energetics curve is
also displayed in ﬁgure 5.14a. It can be seen that there is still an eﬀect of the ASE for
higher pump energies, but the threshold of the inset of these eﬀects has been increased
to 7 J pump energy. The gain reaches a maximum and drops again for higher pump
energies. This is the same eﬀect as already stated in section 5.2.2. The maximum
achievable burst energy of the thin-disk ampliﬁer is 2.05 J, which corresponds to an
average pulse energy of 25.6 mJ in the burst at 100 kHz pulse repetition rate. The
corresponding optical eﬃciency is displayed in ﬁgure 5.14b. The maximum achievable
optical conversion eﬃciency is 42.3 % at 3.8 J pump energy, which is tremendously
higher than with the larger pump spot diameter (a factor of around 5). At the full
output power of the ampliﬁer, a stability measurement was performed. The results
of this measurement are displayed together with the corresponding burst shape in
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Figure 5.14: Results of thin-disk ampliﬁer with 7.35 mm pump spot
and a non-beveled disk. a) Ampliﬁer characteristics of the output burst
energy depending on the pump energy (black) together with the simulated characteristics (blue). For comparison, the results with the large
pump spot are displayed in red. b) Optical conversion eﬃciency from
pump to seed in the case of the small pump spot.

ﬁgure 5.15.
The stability measured over 5 minutes is 0.9 % rms at an average output of 2 J
burst energy. The burst proﬁle at this output power showed an asymmetric shape.
This is due to the limited time for re-pumping the gain medium. Thus, the inversion
needed for the ampliﬁcation of the later pulses can not be re-established by the pump.
Additionally, ASE still plays a role for the ampliﬁcation of the pulses. At the tailing
edge of the burst, the ampliﬁer output reaches an equilibrium such that the last
20 pulses of the burst have the same ampliﬁcation factor. To achieve a ﬂat burst
shape, the pump energy of the ampliﬁer was reduced 3.6 J. Thus, a nearly ﬂat burst
shape could be achieved. The resulting burst shape with the reduced pump energy is
displayed in ﬁgure 5.16.
The output energy of the ampliﬁer is in this case is 1.25 J, which corresponds
to an average pulse energy in the burst of 15.6 mJ with a pulse to pulse stability of
2.4 % rms. The shape of the burst displayed in ﬁgure 5.16b still is not perfectly ﬂat.
It is very similar to the burst achieved with the large pump spot diameter shown
in ﬁgure 5.10. The explanation for that behavior is again given by the dynamics of
the ASE arising in the thin-disk gain medium. The increase at the beginning of the
burst is explained by the reduction of ASE due to the fact that the seed depletes the
inversion which is then not available for the ASE any more. At the tailing edge of the
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Figure 5.15: Stability measurement of the ampliﬁer output at the maximum output power of the ampliﬁer. The inset in this ﬁgure shows the
beam proﬁle of the ampliﬁed beam for the full 30 passes on the gain
medium.

a)

b)

Figure 5.16: Burst proﬁle of the ampliﬁer output with reduced pump
energy to achieve an optimized burst shape. The pulse to pulse energy
stability is 2.4 % rms.

burst, the ampliﬁer reaches an equilibrium.
With the reduction of the pump spot diameter the output of the thin-disk ampliﬁer could be increased by a factor of nearly 7. The fact that ASE eﬀects are still
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present in the energetics as well as in the burst shape shows that the increase is not
only due to a reduction of the ASE, but due to the increase of the pump intensity
on the disk gain medium. Using equation 2.55, it can be calculated that the ratio
disk radius and pump spot radius needs to be at least 1.817 (this ratio is then given
by the ratio of the refractive indices). This is nearly the case for a pump spot of
9.63 mm diameter and a disk diameter of 17 mm, where the ratio can be calculated to
1.765. Thus, the eﬀect of further reducing the pump spot diameter is relatively small.
The ratio for the smaller pump spot of 7.35 mm is then calculated to 2.313. For a
further reduction of the ASE, beveling of the disk boundaries is the next step, which
is presented in the next sections. Since this was done directly after the achievements
presented in this section, no pulse compression measurements where performed. The
primary goal for the further development of the thin-disk laser was to reduce the ASE
to an absolute minimum.

5.2.4

Beveled disk, 7.3 mm pump

The third way of reducing the eﬀect of ASE in the thin-disk ampliﬁer is beveling
the disk boundaries. This was already described in section 2.3.7. The beveling angle
introduced in the thin-disk setup is 60◦ , measured between the back plane of the disk
and the disk boundaries, according to ﬁgure 2.13. Thus, most of the ASE modes
which develop in the gain medium are coupled out of the disk at the boundaries. This
leads to very high output powers of the disk laser, as will be described in the following.
The results for the energetics and optical eﬃciency are displayed in ﬁgure 5.17.
Again, for comparison with the results achieved in the last step, the results
for the non-beveled disk are displayed together with the results for the beveled disk
(ﬁgure 5.17a). The comparison with the simulation will be presented in section 5.4.
The output energy still shows a saturation eﬀect starting around 7 J of pump energy,
but this is now due to a saturation of the single pass gain, as will be further investigated
in section 5.3. The maximum output energy could be increased to 3.56 J in the
burst, which corresponds to an average pulse energy of 44.5 mJ. The average intraburst output power of 4.45 kW is the highest reported for sub-ps thin-disk multipass
ampliﬁers. The maximum optical conversion eﬃciency is measured to be 48.5 %,
which is slightly higher than with the non-beveled disk, but at a higher pump energy
of 5.2 J. The total ampliﬁcation factor of the ampliﬁer in this conﬁguration is 118,
which yields a single pass gain of 1.17 at full pumping power for the 30 passes on the
thin-disk gain medium.
In ﬁgure 5.18a, the output burst at the maximum pump energy with the maximum output energy is shown. It is obvious that this burst has a very asymmetric
shape. Like already explained in section 5.2.3, this is due to the limited re-pumping
time in between the pulses in the burst. Unfortunately, the photo-diode was saturated
during the measurement so that the ﬁrst pulses in the burst could not be resolved.
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Figure 5.17: Results of thin-disk ampliﬁer with 7.35 mm pump spot
and a beveled disk. a) Energetics of the output depending on the pump
energy. b) Optical conversion eﬃciency from pump to seed in the case of
the beveled disk.

a)

b)

Figure 5.18: Burst shapes of the thin-disk ampliﬁer output: a) Shape
at full pump energy, b) optimized burst shape at 4 J pump energy. In the
latter case, the pulse to pulse energy stability is measured to 2.3 % rms.

From the trend at the beginning of the burst, it can be estimated that the ﬁrst pulses
of the burst reach values of 100 mJ. To achieve a ﬂat burst proﬁle, the pump energy
of the thin-disk ampliﬁer was again reduced to a smaller value. At 4 J pump energy,
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a ﬂat burst shape could be achieved, which is displayed in ﬁgure 5.18b. The output
burst energy of the ampliﬁer in this case was 2 J at this pump energy, corresponding to an average pulse energy of 25 mJ in the burst. The burst shape shows a very
slight decrease over the burst, where the ampliﬁer reaches equilibrium. The measured
pulse to pulse energy stability is 2.3 % rms. This value is higher than the anticipated
value of 1 %, which can be attributed to the slight decrease of pulse energy within the
burst shape. Compared to the burst at full pump energy, the level of the ﬂat burst
corresponds to the last pulses of the burst at full pump energy. With the ampliﬁer
operating in the regime of a ﬂat burst, a long-time stability measurement was performed. The duration of this measurement was 70 minutes. The results are shown in
ﬁgure 5.19.

A

B

Figure 5.19: Stability measurement of the thin-disk ampliﬁer with optimized burst proﬁle. Section A depicts the warm-up phase of the ampliﬁer,
section B is the time with stable operation.

The plot is divided into two diﬀerent sections, where diﬀerent dynamics of the
ampliﬁer can be observed. In section A, the ampliﬁer is in a warm-up phase, reaching
a thermal equilibrium of all optics and the ampliﬁer medium itself. This can be seen
by the increase of the burst energy to its maximum value of 2 J at the end of section
A. Section B shows the stable operation of the ampliﬁer for more than 45 minutes,
which is also shown together with a spatial beam proﬁle of the ampliﬁer output in
ﬁgure 5.20.
The stability measurement shown in ﬁgure 5.20a yields an operation stability of
the ampliﬁer of 1.1 % rms over 46 minutes. Compared to the results of the non-beveled
disk, this means an improvement in the stability of nearly a factor of 2. The beam
proﬁle of the ampliﬁer is shown in ﬁgure 5.20b. The ellipticity is 0.9. The output
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1mm

Figure 5.20: a) Detail view of the stable area of the thin-disk ampliﬁer. b) Beam proﬁle of the output beam taken during the stability
measurement.

pulses were compressed in the grating compressor after ampliﬁcation. The results of
the compression are shown together with in- and output spectrum in ﬁgure 5.21.

a)

b)

tac=1.15ps

Dl=6.4nm

Dl=2.8nm
1040

Figure 5.21: a) Spectra of the input (red) and output (black) beams
of the thin-disk ampliﬁer. b) Autocorrelation trace of the compressed
pulses.

As in the experiment with the large pump spot diameter, the spectrum shown in
ﬁgure 5.21a was gain narrowed from 6.4 nm to 2.8 nm. The autocorrelation shown in
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ﬁgure 5.21b yields an autocorrelation width of 1.15 ps FWHM. Assuming a Gaussian
pulse shape, this leads to a compressed pulse duration of 815.6 fs. This is slightly
longer than the result for the large pump spot.
The compressed pulses have been used for second-harmonic generation (BBO
crystal with a thickness of 1 mm and type-I phase matching) with an output burst
energy of 2.5 J. The resulting burst energy in the second harmonic has been measured
to 1 J, corresponding to a pulse energy in the burst of 12.5 mJ. The eﬃciency of the
compressor has been measured to be 80 %, which leads to a compressor output burst
energy of 2 J. The SHG burst energy of 1 J then yields a SHG conversion eﬃciency of
50 %. This leads to a total compression-conversion eﬃciency of 40 %. The stability
of the second harmonic output has been measured to 1.9 %. Due to the nonlinear
behavior of the second-harmonic generation process, it is very sensitive to ﬂuctuations
of the peak power of the incident laser pulses. This leads to a worse stability of the
SHG output. In addition to that, the spatial pointing stability of the ampliﬁer plays
an important role. If the pointing in the compressor changes, a slightly diﬀerent
compression of the laser pulses follows. This then manifests in a diﬀerent peak power
of the laser pulses, changing the eﬃciency of the SHG process. The pointing stability
from the ﬁber laser source has been measured to 40 µm rms with a beam size of 2 mm
FWHM. After 15 passes, the stability decreased to 100 µm rms and after 30 passes,
the stability was measured to 160 µm rms.
Beveling the disk boundaries had a large impact on the dynamics of the ASE.
As will be shown in the next section, this measure is already suﬃcient for reducing
the ASE in the thin-disk gain medium. The output of the thin-disk ampliﬁer is now
limited by a saturation of the single pass gain on the thin-disk gain medium.

5.3

Hybrid Innoslab-Thin-disk amplifier

The last experiment for reducing the ASE in the thin-disk ampliﬁer is to increase the
seed pulse energy as already stated in section 5.2.2. An Innoslab ampliﬁer with an
output power of 500 W (see section 5.1.2) has been implemented in the experimental
setup. The total output energy of this Innoslab ampliﬁer is 400 mJ per burst, corresponding to a pulse energy of 5 mJ. Due to space reasons on the optical table, the
total number of passes on the thin-disk gain medium had to be reduced in order to
keep small angles on the thin-disk, which then also has an impact on the stability of
the output energy of the ampliﬁer. The number of passes used for the experiment was
10. The position of the individual optics in the mirror array and in the back reﬂecting
array is shown in ﬁgure 5.22.
There, only one defocusing mirror is needed for the entire multipass setup. The
results of the Innoslab seeded thin-disk ampliﬁer are shown in ﬁgure 5.23.
The ﬁber seeded results are also included in the energetics curve shown in ﬁg-

5.3. HYBRID INNOSLAB-THIN-DISK AMPLIFIER

a)

5
9

8
2

7

10
3

b)

1

4

81

6

1

3

4

5

4

2

c

Figure 5.22: Position of the individual mirrors in the array. a) Mirror
array for the 5/10 passes on the thin-disk module, b) back reﬂecting
mirror array for the new beam path after every pass on the thin-disk
gain medium. The curved mirror is marked with a c.
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Figure 5.23: Results of thin-disk ampliﬁer with a 5 mJ Innoslab seeder.
a) Energetics of the output depending on the pump energy. b) Optical
conversion eﬃciency from pump to seed for the Innoslab seeder.

ure 5.23a for comparison. The results of the simulation for this setup will be presented
in section 5.4. It can be seen that the two gain curves have the same ampliﬁcation
characteristics. This leads to the conclusion that already with the beveling of the
disk boundaries the inﬂuence of the ASE could be reduced such that the limiting
factor of the ampliﬁer is a saturation of the single pass gain. The maximum output
energy of the Innoslab seeded disk ampliﬁer is 1.96 J in the burst, corresponding to a
pulse energy in the burst of 24.5 mJ. Together with the 400 mJ burst energy from the
seeder, this leads to an ampliﬁcation factor of 4.9 with the 10 passes of the thin-disk
setup. The single pass gain calculated from these numbers is 1.17, which is exactly
the same as for the 30 passes. This shows that the gain of the ampliﬁer is limited by
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the saturated single pass gain. At full output power of the ampliﬁer, a stability measurement was performed for 5 minutes. The results of this measurement are shown in
ﬁgure 5.24. The overall stability during this time period is 0.5 % rms at 1.96 J output
energy.
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Figure 5.24: Stability measurement of the Innoslab seeded thin-disk
output.

One important point to mention is the non-optimal Innoslab ampliﬁer beam
proﬁle, as already discussed in section 5.1. Since the near-ﬁeld of the ampliﬁer is used
for second-harmonic generation, a high quality Gaussian beam proﬁle directly out of
the ampliﬁer is desirable. Figure 5.25 shows the beam proﬁles originating directly
from the Innoslab ampliﬁer and from the output of the thin-disk ampliﬁer.
From this ﬁgure, it can be seen that the output proﬁle of the Innoslab ampliﬁer
shows some wing structures on the left and right side of the main peak. To eliminate
these structures, two diﬀerent approaches can be applied. The ﬁrst one is to introduce
a spatial ﬁlter at the output of the ampliﬁer, which on the other hand would reduce
the pulse energy from the Innoslab ampliﬁer. The second way which was introduced
in the thin-disk setup is to use the pump spot of the disk ampliﬁer as a soft aperture
for the beam. There, the input beam needs to be dislocated with respect to the pump
spot on the disk. This leads to a decreased ampliﬁcation of the corresponding areas of
the beam proﬁle. This was successfully tested with the setup, resulting in the output
beam proﬁle shown in ﬁgure 5.25b.
The ampliﬁed pulses from the Innoslab seeded thin-disk ampliﬁer were then compressed in the grating compressor. The compressed pulse duration was measured with
the PulseCheck 50 autocorrelator from APE. The measured autocorrelation width of
the compressed pulses is 1.23 ps FWHM. Assuming a Gaussian pulse, a compressed
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Figure 5.25: Beam proﬁles of the Innoslab seeder setup: a) input proﬁle
directly from the Innoslab ampliﬁer, b) output proﬁle of the thin-disk
ampliﬁer.

pulse duration of 872 fs is achieved. This is in well agreement with the measurement
performed with the 30 pass ﬁber seeded thin-disk ampliﬁer. The deviation of around
50 fs has its origin in the reduced resolution of the APE autocorrelator compared to
the single-shot autocorrelator used for the measurements stated in section 5.2.

5.4

Comparison of results with simulation

The simulation code introduced in chapter 3 can be used to determine the inﬂuence
of the ASE on the dynamics of the thin-disk ampliﬁer. The results of the thin-disk
with ﬁber seed, small pump spot and beveled disk as well as for the Innoslab seeder
are modeled in the code. The free parameters of the ASE inﬂuence are then modeled
such that the resulting energetics ﬁt to the results achieved in the two experiments.
This is in principle done by taking the parameters stated in chapter 3 and ﬁnding a
reﬂection of the ASE at the disk boundaries where the results ﬁt best to the measured
values. The resulting curves are displayed in ﬁgure 5.26.
It can be seen that for both cases, the ﬁber seeded thin-disk ampliﬁer shown
in ﬁgure 5.26a and the Innoslab seeded thin-disk laser shown in ﬁgure 5.26b, the
simulated energetics ﬁt very well to the measured values. This has been achieved with
an eﬀective reﬂection value of the ASE at the disk boundaries of 12.5 %. This number
appears to be high for a beveled disk, where the ASE modes should be completely
coupled out at the disk boundaries. But it has to be taken into account that this
code uses only one dimension and not all ASE modes which can evolve in the disk
can be included. The only modes which are taken into account are the exclusively
radial modes which have a normal angle of incidence on the disk boundaries. The
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Figure 5.26: Reproduction of the experimental results with the simulation code: a) Fiber seeded thin-disk laser, b) Innoslab seeded thin-disk
laser. A good agreement between the simulated and experimental results
can be observed in both conﬁgurations of the ampliﬁer setup.

modes which are a mixture of ring-type and radial modes need to be modeled by a
relative reﬂection coeﬃcient at the disk boundaries. With the code parameters set
for simulation of the thin-disk ampliﬁer dynamics, an estimation of what is needed to
push the output energy of the ampliﬁer to higher values can be made.
The plan is to use a cascade of two thin-disk ampliﬁers seeded by the high power
Innoslab ampliﬁer to reach the 10 kW power range. Therefore, simulations have been
performed with a 1 kW Innoslab seed for the ﬁrst thin-disk ampliﬁer with a disk
thickness of 750 µm in order to estimate which is the highest output burst energy
with a number of 7 passes on the thin-disk gain module. Then, the output of the ﬁrst
thin-disk ampliﬁer is used as a seed for a second thin-disk ampliﬁer. This thin-disk is
360 µm thick and has already been used for the other experiments presented above.
The results of this simulation are displayed in ﬁgure 5.27.
From ﬁgure 5.27a it can be seen that with the 750 µm disk a total ampliﬁcation
to 5.5 J is achievable. This output burst energy corresponds to a pulse energy of 69 mJ
or an intra-burst output power of 6.9 kW at 100 kHz pulse repetition rate, respectively.
The total gain for the ﬁrst stage of thin-disk ampliﬁer in this case would be 6.9, which
corresponds to a single pass gain of 1.32. If this output is taken as a seed for a second
stage of thin-disk ampliﬁer, the resulting output burst energy reaches a value of 12.1 J,
which then corresponds to 151 mJ pulse energy or 15.1 kW intra-burst output power.
For the second thin-disk ampliﬁer, the total gain would be 2.2, which corresponds to
a single-pass gain of 1.12.

16

5.5. 14 KW FROM 2 STAGE CASCADED THIN-DISK AMPLIFIER

6

a)

b)

85

13
12

5

Burst energy [J]

Burst energy [J]

11
4
3
2
1

10
9
8
7
6
5

0

0

2

4

6

8

10

Pump energy [J]

12

14

16

4

0

2

4

6

8

10

12

14

Pump energy [J]

Figure 5.27: Simulation results for the two-stage cascaded thin disk
ampliﬁer. a) Performance of the ﬁrst stage thin-disk with 1 kW Innoslab
seed. The overall output burst energy of this ampliﬁer stage is 5.5 J,
which corresponds then to an intra-burst output power of 6.9 kW. b)
Results for second stage thin-disk ampliﬁer with the seed taken from the
ﬁrst ampliﬁer stage. The maximum achievable output burst energy in
this conﬁguration is 12.1 J, corresponding to an intra-burst output power
of 15.1 kW.

5.5

14 kW from 2 stage cascaded thin-disk amplifier

To reproduce the simulated results from section 5.4, a two stage cascaded thin-disk
ampliﬁer setup has been implemented in the laser system. The setup has been performed similar to the simulations. The output of a 1.5 kW Innoslab ampliﬁer has
been used as seed for two cascaded thin-disk multipass ampliﬁers. Due to some problems with the spatial beam proﬁles originating from the Innoslab ampliﬁers, a spatial
cleaning of the Innoslab output needed to be implemented. This reduced the available
power for seeding the thin-disk ampliﬁers to around 900 W. A block diagram of the
experimental setup can be found in ﬁgure 5.28.
The ﬁrst thin-disk ampliﬁer ampliﬁes pulses to an output burst energy of 5.4 J.
This results with the 100 kHz intra-burst repetition rate and the burst length of 800 µs
to an intra-burst output power of 7 kW. The gain of this ampliﬁer is then 7.5, with a
single pass gain of 1.33 for the 7 passes on the thin-disk gain medium. Furthermore,
the output characteristics of the ﬁrst stage thin-disk ampliﬁer are in good agreement
with the simulations presented in section 5.4. The resulting properties of the ampliﬁer
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Figure 5.28: Block diagram of the ampliﬁer setup. A 10 W output
of the ﬁber laser is used to seed the 500 W Innoslab ampliﬁer and the
subsequent 1.5 kW booster ampliﬁer. Before being used as seed for the
disk ampliﬁers, the output needs to be spatially ﬁltered to get a Gaussian
beam. The ﬁrst thin-disk ampliﬁer then produces an output intra-burst
power of 7 kW, which is then ampliﬁed to 14 kW in the second thin-disk
ampliﬁer.

are shown in ﬁgure 5.29a (black dots) together with the simulated results (red line).
The single pass gain is nearly double as for the thinner disk. This is in well agreement
with the simulations as well as with the assumption that a disk with double thickness
should deliver a double single pass gain.
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Figure 5.29: Results of the ampliﬁcation in the ﬁrst thin-disk ampliﬁer with a 750 µm thick gain medium. a) Ampliﬁcation characteristics
(black dots) together with the simulated results (red line). The experimental results are in well agreement with the simulated values. b) Optical conversion eﬃciency in the ampliﬁer. The maximum achieved optical
conversion eﬃciency is 33 %.

The optical eﬃciency of the ampliﬁer shown in ﬁgure 5.29b has a maximum
value of 33 % at a pump energy of 7 J. For higher pump energies, the conversion
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eﬃciency is slightly decreasing which is due to ASE eﬀects in the disk. At full pumping
energy, the conversion eﬃciency is still 30 %, which leads to an extracted energy in
the ampliﬁer of 4.8 J. The burst energy stability measured over 5 minutes is 2.5 %
rms. The corresponding measurement is shown in ﬁgure 5.30a.

b)

a)

1mm

Figure 5.30: Stability measurement of the ﬁrst thin-disk ampliﬁer. a)
Burst energy stability measured over 5 minutes, showing a peak to peak
ﬂuctuation of around 1 J, most likely caused by air ﬂuctuations originating from the ﬂow boxes (rms stability of 2.5 %). The inset shows the
output beam proﬁle of the ampliﬁer. b) Output burst shape of the ampliﬁer. The shape of the burst shows to be nearly ﬂat with an average
output pulse energy of 70 mJ over the entire burst pattern. The measured
pulse to pulse energy stability is 1.9 %.

The high peak to peak ﬂuctuations of around 1 J can be explained by pointing
ﬂuctuations in the multipass setup. These originate from air ﬂuctuations and the
long beam path in the ampliﬁer, since no imaging is used in the experimental setup.
The beam proﬁle of the ampliﬁer output is presented in the inset of ﬁgure 5.30a. In
ﬁgure 5.30b, the proﬁle of the output burst is shown, which is ﬂat over the entire
pattern. The measured pulse to pulse energy stability for the output burst is 1.9 %.
This value is still above the anticipated value of 1 %, but this can be attributed to air
ﬂuctuations in the experimental setup. By stabilizing the pointing of the ampliﬁer,
also the pulse to pulse ﬂuctuations are due to be reduced. The output of this ampliﬁer
has been used to seed a second thin-disk ampliﬁer with another 7 passes on a thin-disk
gain medium of 360 µm thickness. The results of this second stage ampliﬁer are shown
in ﬁgure 5.31. The experimental ampliﬁer characteristics are shown as black dots in
ﬁgure 5.31a together with the simulated results as a red line.
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Figure 5.31: Results of the ampliﬁcation of the second stage thin-disk
ampliﬁer, seeded by the full output power of the ﬁrst thin-disk ampliﬁer
stage. a) Ampliﬁer characteristics (black dots) together with the simulated results (red line). The experimental values show a deviation of
the output burst energy at high pumping energies. b) Optical conversion
eﬃciency in the second thin-disk ampliﬁer. The maximum achievable
conversion eﬃciency is 44 %.

It can be seen that the experimental results of the ampliﬁer start to deviate
from the simulation at a pump energy of around 11 J. This can be explained by the
ampliﬁcation process itself. Due to the high conversion eﬃciency of around 42 %
in this ampliﬁer stage (see ﬁgure 5.31b), the pulses in the burst extract an amount
of energy which can not be re-established by the pump in the short time until the
subsequent pulse. Thus, the ampliﬁcation of the pulses is not constant during the
burst pattern which leads on the one hand to a reduced conversion eﬃciency for high
pump energies and on the other hand to an asymmetric burst shape of the ampliﬁer
output at full pumping power. This burst is shown in ﬁgure 5.32b. The single pass
gain for this ampliﬁer at full pump energy is 1.1, while the simulated single pass gain
reaches a value of 1.13.
In ﬁgure 5.32a, the stability of the second stage thin-disk ampliﬁer is shown.
The measured rms stability of this ampliﬁer output is 3 %, while the peak to peak
ﬂuctuation reaches a value of 2.3 J. This is higher than in the ﬁrst stage and can be
explained again by pointing ﬂuctuations in the multipass setup. These are due to the
extended beam path for the second multipass higher than in the ﬁrst and are aﬀected
again by air ﬂuctuations and the pointing stabilities of the precedent ampliﬁer stages.
The inset in ﬁgure 5.32a shows the spatial beam proﬁle of the output of the second
thin-disk ampliﬁer. The burst proﬁle shown in ﬁgure 5.32b shows an asymmetric
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Figure 5.32: Stability measurement for the second thin-disk ampliﬁer.
a) Stability measured over 5 minutes, showing a peak to peak ﬂuctuation
of 2.3 J caused by air ﬂuctuations (rms burst energy stability of 3 %).
The inset in a) shows the spatial beam proﬁle of the ampliﬁed pulses.
b) Burst proﬁle of the ampliﬁed pulses. An asymmetric behavior can be
observed.

shape, which is caused by the high gain for the ﬁrst ampliﬁed pulses in the laser
active medium. This eﬀect has already been described in section 5.2.3. The spectral
width of the ampliﬁed pulses is measured to be 2.8 nm, which is in well agreement of
the precedent measurements with Yb:YAG ampliﬁers. Therefore, compression of the
pulses to sub-ps pulse durations is expected.
In conclusion, it has been shown that it is possible to reach intra-burst output
powers well above the 10 kW level. With the setup shown here, a total intra-burst
output power of more than 14 kW was demonstrated. At 100 kHz repetition rate, this
implies an average pulse energy in the burst of 140 mJ. In order to reach a ﬂat burst
envelope, the repetition rate of the entire ampliﬁer system can be increased such that
the extracted energy per pulse is reduced. This measure would also allow to reach
high pulse energies at higher repetition rates, for example 14 mJ at 1 MHz repetition
rate, which would be the full intra-burst repetition rate of the FLASH facility.

5.6

Pump-seed synchronization

This section is dedicated to the synchronization of pump and seed pulses in the
OPCPA system. The measurements presented here are performed with a two-crystal
balanced cross-correlator (see section 4.5). First tests were performed using 1030 nm
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pulses from the ﬁber ampliﬁer which are cross-correlated with a fraction of the seed
pulses from the oscillator.
In addition to the measurements with the balanced cross-correlator, the possibility of controlling the timing drift with the spectral center of gravity (COG) of the
OPCPA output pulse spectra is investigated. The COG is calculated by:
∑
λi · I(λi )
,
(5.3)
COG = i ∑
i λi
where λi is the wavelength and I(λi ) is the corresponding spectral intensity at the
given wavelength.

5.6.1

Calibration of the Cross-correlator

For the calibration of the balanced cross-correlator, the signal was recorded while
moving the delay stage in 10 µm steps. This corresponds to a delay of 20 µm (66.67 fs)
per step. The measurement was performed by moving the delay stage every 5 seconds
and recording the signal from the balanced cross-correlator. The result from this
evaluation is shown in ﬁgure 5.33.
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Figure 5.33: Calibration curve of the balanced cross-correlator. Shown
is the evaluation of the ﬁrst negative slope of the slope scan.

This can be ﬁtted to estimate the slope of the cross-correlator and thus the calibration constant. From this ﬁt, the slope of the signal is measured to 2.21±0.07 V/ps.
This corresponds to a calibration constant of 451 fs/V. With this number, the temporal drift of the pump laser with respect to the seed laser can be measured. The
deviations from the line ﬁt in the evaluation are due to temporal drifts of the laser
systems during the measurement.
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Free-running system

The ﬁrst measurement is performed to characterize the drift of the pump laser without any stabilization of the system. A one stage OPCPA setup was used for the
experiment. The zero-crossing of the cross-correlator in the slope shown in ﬁgure 5.33
was set as starting point for the measurements. A measurement was started for 60
minutes where the output power of the OPCPA system, the output spectrum and the
signal from the balanced cross-correlator were logged.
The measurements with the balanced cross-correlator in the free-running system
are displayed in ﬁgure 5.34a. A positive temporal drift means that the seed pulses
are positively delayed with respect to the pump pulses so that the leading edge of
the pulses is ampliﬁed in the OPCPA system. A total temporal drift of up to 0.5 ps
can be observed without stabilization. The dynamics of the OPCPA system follow
directly the temporal drift of the ampliﬁer system, which is shown in ﬁgure 5.34b.
The control of the timing in the OPCPA setup is crucial for a stable operation of the
whole system. The ampliﬁed spectrum was acquired with a Shamrock spectrometer
(150 lines per mm grating, Andor iDus camera) in parallel to the output power of
the OPCPA system to investigate the inﬂuence of the temporal drift on the spectral
properties of the ampliﬁed output.
Figure 5.34c shows the evaluation of the spectral COG during the measurement.
It is obvious that the COG follows the timing with a direction sensitive behavior. In
ﬁgure 5.34d, the spectral scan of the OPCPA output is displayed as a 2D color map.
For larger time drifts of more than 0.2 ps between pump and seed, a strong inﬂuence
in the spectral intensity can be observed. This is the case between minutes 10 to 20
of the measurement. In principle, the spectral COG can also be used for stabilizing
the timing of the pump and seed lasers. This has been investigated in more detail
by correlating the measurements from the spectral COG with the signal from the
balanced cross-correlator. A correlation plot of this measurement can be found in
ﬁgure 5.35.
For a certain time delay between pump and seed, the dependence of the COG
on the timing is a linear function. But for larger time drifts of more than 0.2 ps, the
dependence enters a nonlinear regime. This leads to the conclusion that the spectral
COG is only a good measure for smaller time drifts and thus might be sensitive to fast
time drifts, where the balanced cross-correlator is a more robust way to measure the
time delay. In addition, the measurements taken with the balanced cross-correlator
are more precise.
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a)

b)

Figure 5.34: Results of the
free-running system: a) Delay
between pump and seed measured with the balanced crosscorrelator. b) OPCPA output
power. c) Center of gravity
of the measured spectra. d)
Output spectra of the OPCPA
stage.
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Figure 5.35: Correlation plot of the center of gravity (COG) and
the balanced cross-correlator (BXC) measurements. For small time
delays below 0.2 ps, the COG has a linear dependence on the temporal
delay. For larger time delays, the correlation is nonlinear.

5.6.3

Stabilized system

For the stabilization of the ampliﬁer system, the voltage signal from the balanced
cross-correlator is used as a control signal for a delay stage which is implemented
in the pump path of the ampliﬁer. The stage is then moved with a proportional
feedback from the balanced cross-correlator to account for the measured timing drift.
The temporal drift of the pump pulses with respect to the seed pulses could be fully
removed. This is shown in ﬁgure 5.36.
The remaining timing jitter for this measurement is 46 fs rms. The peak-topeak ﬂuctuations are in contrast still very high with a value of 350 fs. This is mainly
due to the fact that the stage used for the stabilization is too slow for very fast
feedbacks. This problem can be solved by using an only-electronic feedback system
with a PID feedback system with a combination of the coarse delay stage and a piezo
actuator which has a faster response time. Finally, the resolution of the balanced
cross-correlator can be increased by implementing thinner BBO crystals for the signal
generation and a thicker glass plate for a bigger temporal shift between the pump and
signal pulses. The stability of the OPCPA output during the measurement is 1.2 %
rms.
Figure 5.37 shows the measured spectra for the stabilized system. It can be
observed that both the spectral stability and the position of the spectral COG have a
much higher stability for the measurement period. The stabilization of the timing also
results in a stable OPCPA output spectrum which is beneﬁcial for the compressed
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b)

a)

Figure 5.36: Stabilized OPCPA system: a) Delay between pump
and seed measured with the balanced cross-correlator, b) OPCPA
output power.
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Figure 5.37: Spectral measurements of the stabilized system: a)
Output spectra of the OPCPA stage, b) center of gravity of the corresponding spectra.

pulse duration of the entire ampliﬁcation system.
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Impact on the OPCPA system

To estimate the impact of the temporal ﬂuctuations on the OPCPA output, additional simulations have been performed for a one-stage OPCPA setup1 . The code
consists of a 2D-model with the z-axis along the the signal propagation axis and a
transverse axis (x-axis). The nonlinear coupled equations for signal, pump and idler
are solved within the slowly varying envelope approximation using a fourth order
Runge-Kutta split-step Fourier-algorithm. With this code, the inﬂuence of the timing
on the ampliﬁcation of ultra-broadband pulses was simulated. The spectrum used
for the simulation code is the measured output spectrum of the Venteon oscillator
(section 4.1). The time delay between pump and seed was changed in a range of -0.4
to 0.4 ps. The resulting dynamics of the OPCPA are displayed in ﬁgure 5.38.
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Figure 5.38: Simulation results for the broadband pulses (bandwidth of 650-1000 nm) with 5.76 fs Fourier-limited pulse duration.
Inﬂuence of the timing delay on a) the output pulse energy and b)
the spectral width of the ampliﬁed pulses.

As can be seen from ﬁgure 5.38a, the inﬂuence on the output energy is very
sensitive around the delay where the maximum ampliﬁcation is achieved. In contrast
to this behavior, the inﬂuence of the timing on the spectral width is smaller (see
ﬁgure 5.38b). A plateau with a width of about 0.4 ps is observable. The Fouriertransform-limited pulse duration achieved from the ampliﬁed spectrum is 5.76 fs.
In a second simulation run, an output spectrum supporting a Fourier-transformlimited pulse duration of 15 fs was used. The timing was changed again to investigate
1

Simulation code kindly provided by Mark Prandolini.
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the inﬂuence of temporal drift and jitter on the stability of the OPCPA output characteristics. The results of this simulation run are shown in ﬁgure 5.39.
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Figure 5.39: Simulation results for the narrowband pulses with 15 fs
pulse duration. Inﬂuence of the timing delay on a) the output pulse
energy and b) the spectral width of the ampliﬁed pulses.

It can be seen that the inﬂuence of the timing variations on the output pulse
energy is similar to the case where the full spectrum was ampliﬁed (ﬁgure 5.39a). In
contrast to the short pulse simulation stated above, the inﬂuence of timing variations
on the spectral width has increased.
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Chapter 6
Conclusion and outlook
In this work, the development and characterization of an Yb:YAG thin-disk multipass
ampliﬁer with outstanding output characteristics regarding the pulse energy and pulse
duration at very high repetition rates has been presented. The fact that this ampliﬁer
is operated in a burst operation mode has made it diﬃcult to ﬁnd optimal operation
parameters due to the non-equilibrium operating conditions of the ampliﬁer. The
challenge there was mainly to ﬁnd a working condition where the output burst has a
ﬂat shape and therefore can be used for second-harmonic generation and in the end
for pumping an OPCPA system.
Beneath the thin-disk ampliﬁer, one topic of this work was to test ampliﬁers
based on the Innoslab technology. This has been performed with three diﬀerent
types of Innoslab ampliﬁer. First tests showed that the technology is capable of
generating pulses with 20 mJ pulse energy at lower repetition rates. For the higher
power Innoslab ampliﬁers, problems arose with the output beam proﬁles. In addition
to that, the output power is restricted in this type of ampliﬁer due to the mode area
which is given by the dimensions of the slab gain medium. This problem can easily
be overcome in the thin-disk laser technology by increasing the spot size on the gain
medium.
First of all, an analytical model has been developed to understand the dynamics
of such an ampliﬁer operated in the burst mode. A two-step model has been developed
including the dynamics of ampliﬁed spontaneous emission, which have to be considered
for the development of a laser ampliﬁer with these high average output powers. In
addition to that, the operation of the laser in a burst-mode had to be taken into
account.
A ﬁrst experimental setup of the thin-disk laser has been developed with a
ﬁber seeding source for the ampliﬁer. There, 30 passes on the thin-disk gain module
have been used to achieve a high ampliﬁcation factor. Diﬀerent methods to reduce the
inﬂuence of ASE in the ampliﬁer were explored. The ﬁrst one was to reduce the pump
spot size for a reduction of ring-type ASE modes and the second one was to bevel the
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disk boundaries. With these two methods, an ampliﬁcation to the kilowatt output
power range could be attained. The only limiting factor of the ampliﬁer was then the
single pass gain. The results of this setup were compared with the predictions made
with the simulation code such that the dynamics of the ASE could be determined.
The output characteristics of this ampliﬁer setup were very promising concerning the
output energy stability and the output beam proﬁle. Due to the very high number of
passes and the resulting length of the multipass of 120 m, the pointing of the ampliﬁer
output was still subject to strong ﬂuctuations.
To circumvent the problem of the long multipass and to exploit a third measure
to reduce the inﬂuence of ASE, a higher seed power was applied using an Innoslab
ampliﬁer with an output power of 500 W or 5 mJ pulse energy. This lead to the
possibility of shortening the multipass of the thin-disk ampliﬁer to 10 passes, which
resulted in a total multipass length of about 20 m. The output characteristics of the
thin-disk ampliﬁer showed that again a single pass gain of 1.17 could be achieved,
which was in well accordance to the results achieved with the ﬁber laser seeder. This
showed that with the methods employed for the thin-disk ampliﬁer, the ASE inﬂuence
could be suﬃciently reduced.
With a cascaded setup of two thin-disk ampliﬁers seeded by an Innoslab ampliﬁer, output intra-burst powers exceeding the 10 kW level have been achieved. Therefore, only 7 passes per thin-disk module were needed to boost the power to the demanded values. The number of 14 kW of intra-burst output power is promising for
the use of the ampliﬁer system as OPCPA pump ampliﬁer at high repetition rates
reaching the 1 MHz frontier. This is of special interest for the application at the
free-electron laser FLASH2, which runs with a maximum repetition rate of 1 MHz.
Also for materials processing applications, this high intra-burst output power is very
interesting in terms of an increased processing speed. During the experiments with
the two stage thin-disk ampliﬁer system, no problems arising from the ASE could be
observed in the ampliﬁers. The simulation code was able to predict the characteristics
of both ampliﬁers with a small deviation for the second stage. This deviation can not
be modeled in the one dimensional simulation code due to the lack of a spatial dimension in the disk gain medium. Therefore, a more sensitive numerical model needs
to be developed which also includes the spatial properties of the ampliﬁed pulses in
the thin-disk gain medium.
For improving the output characteristics of the ampliﬁer in terms of pointing and
temporal stability, a new setup has been engineered and needs to be implemented in
the future. This contains frames for the mirror holders of the multipass which are made
of granite to reduce the inﬂuence of vibrations on the mirror holders. This reduces the
pointing ﬂuctuations which are caused by the environment of the setup. A schematic
of the setup can be found in ﬁgure 6.1. Further improvements of the pointing stability
can be achieved by reducing the inﬂuence of the air ﬂow introduced by the ﬂowboxes
above the optical table. This is achieved by a housing around the thin-disk ampliﬁers.
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To stabilize the temporal properties of the ampliﬁer, Zerodur bars are implemented
in the setup. These have a negligible thermal expansion coeﬃcient such that an
elongation of the setup and thus a timing drift of the ampliﬁer output can be avoided.
The mirror holder frames are coupled to the disk by these Zerodur bars. With these
measures performed in the setup, the entire ampliﬁer system should deliver a spatially
and temporally stable output which can then be used for the OPCPA pumping.
Zerodur bar
Thin-disk module
Mirror arrays

Granite frames

Figure 6.1: Planned setup of the stabilized thin-disk ampliﬁer. The
mirror arrays are mounted on granite frames for a better stability
against vibrations of the experimental environment. Additionally,
these frames are mounted to a ﬁxed distance with respect to the disk
module by Zerodur bars which have a negligible thermal expansion
coeﬃcient. This eliminates the sensitivity of the multipass length to
changes in the environmental temperature.

In addition to the experiments with the thin-disk laser, a method of compensating for the temporal drift introduced by the pump ampliﬁer was developed and tested.
This includes a two-crystal optical balanced cross-correlator which is able to measure
temporal drifts of the pump-to-seed synchronization in a direction sensitive way. The
output signal of this cross-correlator can be used as a feedback signal for an optical
delay line in the pump beam path. Thus, a long term stability of the OPCPA output
can be achieved with an rms jitter below 50 fs. This device still needs to be tested
for its capabilities as feedback system in the burst-mode operation of the entire laser
system. Since this device is conceived only for long time drift compensation, there
should be no problems by implementing it in the burst-mode laser.
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[61] H. Zellmer, A. Tünnermann, H. Welling, and V. Reichel. Double-clad ﬁber with
30 W output power. OSA TOPS: Proc. OAA 16, FAW18, (1997).
[62] V. Dominic, S. MacCormack, R. Waarts, S. Sanders, S. Bicknese, R. Dohle,
E. Wolak, P.S. Yeh, and E. Zucker. 110 W ﬁbre laser. Electron. Lett. 35,
CPD11/1, (1999).
[63] J. Limpert, A. Liem, H. Zellmer, and A. Tünnermann. 500 W continuous-wave
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